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Langmuir-Blodgett (LB) films, prepared by transferring an
amphiphilic molecular monolayer (Langmuir monolayer) from
a water surface onto a solid substrate, represent both archetypal
and prototypical “organized films” (OFs). Known since about
80 years, LB films can be considered from many points of view
as one of the prominent predecessors of what we call nano-
science today [1]. Their impact on interface science over the last
four decades was undoubtedly based on pioneering works such
as the beautiful studies of Kuhn and Mdbius on energy transfer
between molecules arranged with angstrom precision [2], or the
stimulating works of Roberts and Petty [3], which envisaged
many applications. This was most notable in the fields of mo-
lecular electronics and biosensors, which were emerging in
those times and are now undergoing flourishing development.

The interdisciplinary character of OFs, at the fortunately ill-
defined borders between physical chemistry, chemical physics,
biophysics and surface engineering, is a constant that marks the
evolution of the field. In fact, one of us (H.M.) with his group
entered the field many years ago, initially motivated by the
biophysics of membranes and contributed to the development of
new methods to characterize monolayers. Fluorescence micros-

copy and Brewster angle microscopy [4-7] were successfully
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employed to show that Langmuir monolayers exhibit an inter-
esting domain structure on the micrometer scale with peculiar
features due to the anisotropy of the interface. Surface X-ray
diffraction revealed a multitude of ordered and disordered

phases [8] that could be mapped on smectic liquid crystals.

These and other studies, while revealing the interesting two-
dimensional physics of Langmuir monolayers, also brought to
attention some important issues in obtaining films with high
geometric order extending over micrometer length scales. On
one hand, the domain structure causes grain boundaries, which
are almost impossible to remove. Furthermore, the tight packing
of alkane chains in classical LB films prohibits the incorpora-
tion of foreign molecules with high precision. This fact is a sig-
nificant disadvantage if one aims to arrange a molecule in a
controlled way for electronic and optoelectronic applications. In
this respect, defined protein incorporation, for example, for
designing a biosensor, seemed hopeless. Incidentally, these
problems were largely shared by self-assembled monolayers
(SAMs), as exemplified by the most popular examples of
alkanethiols on Au or silanes and siloxanes on SiO,. These are
yet another very broad class of OFs whose investigation

proceeded in parallel with that of Langmuir films [9,10].
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Clearly, the whole research sector benefited from the evolution
of new analysis tools and surface spectroscopy methods, which
allowed for characterization at all length scales. One may first
think of monolayer-sensitive optical methods [11] or of the
wealth of techniques based on third and fourth generation
synchrotron sources. However, the most striking example is by
far represented by the invention and extensive development of
scanning probe methods in the late 1980s. With these methods,
one could learn much more about details of the molecular struc-
ture and the surface order [12,13], penetrating the nanoscale
realm. Furthermore, AFM in particular enabled continuous de-
velopments in manipulating and modifying films, opening the
way to patterning and even to nanolithography methods [14].
This was a crucial step in the development of nanosensors and
biochips, especially in new and emerging fields such as nano-

medicine.

Coming back to LB films, irrespective of other technical diffi-
culties in fabrication and long term stability, the problems
mentioned above made such films less appealing for applica-
tions, emphasizing the need for exploration and invention of
new processes of film fabrication. The most successful of these
processes evolved during the habilitation of Gero Decher. In
this process, popularly known as the layer-by-layer (LbL) tech-
nique, one consecutively adsorbs polyelectrolytes of opposite

charge to form multilayers of nanometer thickness [15,16].

The studies were quickly extended to explore other types of
(i) interactions (towards bio-specific ones and hydrogen bond-
ing), (ii) adsorbents (from polymers to particles, proteins, poly-
valent molecules), and (iii) substrates (from planar to colloidal
particles and porous membranes). The know-how accumulated
on OFs reinforced well-established links with bio-oriented
research, as in the case of lipid—protein interactions [17,18] or
in the development of functional capsules, opening interesting
application perspectives [19-21]. Another side of the field of OF
met the explosion of research on nano-objects such as nanopar-
ticles, carbon nanotubes or the latest, graphene [22]. These have
been used to build hybrid structures endowed with specific
functionalities for applications in strategic technology fields as
varied as theranostics, energy production and storage, and
photovoltaics.

Similar trajectories were observed for SAMs, with increasing
attention on new combinations of functional molecules and sub-
strates, new analysis tools and new preparation methods [23],
which varied significantly from the more traditional deposition
from solution [24]. This is the case for MBE-like deposition in
vacuum or UHV conditions [25], which is of current interest in
the area of organic photovoltaics [26]. This also applies for bio-

logical molecules such as small amino acids, which allow
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fundamental and still open issues to be addressed about the
subtle interplay between molecule-molecule and molecule—sub-
strate interactions in determining the molecular networking at
surfaces [27-29].

These few notes introduce this Thematic Series, which aims to
present a partial overview of the current research on OFs. The
articles emphasize the strong interdisciplinary character, the
evident connections with nanoscience and nanotechnology, and
some directions of expansion of the field of OFs.

This Thematic Series was conceived while organizing ECOF-
14, the European Conference on Organized Films, which took
place in Genova in July 2015, chaired by one of us (M.C.) and
Ornella Cavalleri. This conference has an established tradition
that dates back to a discussion meeting organized in 1986 by
Helmuth Méhwald and Wolfgang Knoll in Munich and a
follow-up meeting organized as a NATO workshop in Paris by
André Barraud in 1988. These meetings finally evolved into a
Europe-based conference, ECOF-3 (Mainz, 1990), organized by
the Mohwald group. The number following the conference
name abbreviation was preserved to indicate successive confer-
ences, and since then, the conference has traveled all over
Europe, with the next conference announced for Dresden, 2017.
It still encompasses lively and fruitful discussions of about 200
participants, again this time with high scientific quality and
openness to nearest neighbor fields, as the readers of this series
are invited to verify.

Maurizio Canepa and Helmuth Méhwald

Genova and Potsdam, February 2016
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Abstract

Two different methods were used to obtain polypyrrole/AuNP (Ppy/AuNP) composites. One through the electrooxidation of the
pyrrole monomer in the presence of colloidal gold nanoparticles, referred to as trapping method (T), and the second one by elec-
trodeposition of both components from one solution containing the monomer and a gold salt, referred to as cogeneration method
(C). In both cases, electrodeposition was carried out through galvanostatic and potentiostatic methods and using platinum (Pt) or
stainless steel (SS) as substrates. Scanning electron microscopy (SEM) demonstrated that in all cases gold nanoparticles of similar
size were uniformly dispersed in the Ppy matrix. The amount of AuNPs incorporated in the Ppy films was higher when electropoly-
merization was carried out by chronopotentiometry (CP). Besides, cogeneration method allowed for the incorporation of a higher
number of AuNPs than trapping. Impedance experiments demonstrated that the insertion of AuNPs increased the conductivity. As
an electrochemical sensor, the Ppy/AuNp deposited on platinum exhibited a strong electrocatalytic activity towards the oxidation of
catechol. The effect was higher in films obtained by CP than in films obtained by chronoamperometry (CA). The influence of the
method used to introduce the AuNPs (trapping or cogeneration) was not so important. The limits of detection (LOD) were in the
range from 107> to 107 mol/L. LODs attained using films deposited on platinum were lower due to a synergy between AuNPs and
platinum that facilitates the electron transfer, improving the electrocatalytic properties. Such synergistic effects are not so

pronounced on stainless steel, but acceptable LOD are attained with lower price sensors.
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Introduction

Polypyrrole (Ppy) is one of the most extensively studied, con-
ducting polymers due to its good electrical conductivity and
redox properties [1,2]. Ppy films can be easily generated by
electropolymerization and used as a strong adherent layer using
different electrochemical techniques [3]. Electrodes that are
chemically modified with Ppy have good electrocatalytic
activity. For this reason, they have been widely used as chem-
ical sensors for the detection of a variety of substances. The
structure and sensing properties of the Ppy films are consider-
ably influenced by the electrochemical method used for the
polymerization (potentiostatic, galvanostatic or potentiody-
namic), by the electrochemical conditions (such as voltage,
intensity, or scan rate), and by other experimental conditions
such as the nature and concentration of the doping agent or the
nature of the substrate [4]. This versatility can be used to better
control the development of electrochemical sensors with the
appropriate selectivity, reproducibility and sensibility towards a
particular application.

Recently, composite nanomaterials based on conducting poly-
mers and metal nanoparticles (NPs) of different metals have
been developed. Gold nanoparticles (AuNPs) have attracted
considerable interest because of their unique optical, electronic
and catalytic properties [5-8]. Conducting polymer—gold
nanoparticle composites exhibit improved physical and chem-
ical properties over their single-component counterparts and are
the focus of intensive research [9-12]. In the case of sensors, it
has been reported that the insertion of NPs into the sensing
layer provides remarkable properties compared to conventional
polymeric matrices. Several examples have been reported in the
literature. For instance, electrochemically deposited Ppy/AuNP
films have demonstrated a great potential to detect DNA [13],
ammonia gas at room temperature [14], caffeine [15] or hydrox-
ylamine [16] among others.

Ppy/AuNP composites can be prepared by chemical and electro-
chemical polymerization. Electrochemical methods provide a
better control of the structure and properties of the composite by
controlling the electrochemical conditions during film genera-
tion [17]. The electrodeposition of the composite can be
achieved using different strategies [18], mainly through the
electrooxidation of the monomer in the presence of colloidal
gold nanoparticles and the corresponding doping agent [19] but
also by electrodeposition of polymer and metal from two sepa-
rate solutions [20,21] or by electrodeposition of both compo-
nents from one solution containing a monomer and a metal salt
[17]. Finally, layers of electrodeposited polypyrrole and gold
nanoparticle films can also been obtained from a single solu-
tion where PPy chains served as the reductant of tetra-

chloroauric acid [22].
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Most of the works devoted to the electrosynthesis of
Ppy/AuNPs films, are often limited to establish recipes to
prepare the films and to tests their electrocatalytic or sensing
properties. It could be expected that the electrocatalytic and the
sensing properties of the Ppy/AuNPs films directly depend on
the polymerization conditions. However, the influence of the
polymerization conditions in the properties of Ppy/AuNPs elec-

trodes has not been yet studied.

One of the fields where electrochemical sensors are having an
important success is in the detection of phenolic compounds,
which are strong antioxidant reagents present in foods, with
beneficial effects on human health [23]. As phenols are elec-
troactive compounds, they can be detected by amperometric or
voltammetric techniques using graphite or platinum electrodes
[24-26]. In addition, electrodes chemically modified with a
variety of sensing materials (e.g., phthalocyanines or conduct-
ing polymers) have been successfully used as voltammetric
sensors for the detection of antioxidants [27]. It has also been
demonstrated that the combined use of electrocatalytic ma-
terials such as phthalocyanines and nanoparticles, can induce
synergistic effects that increase the sensitivity of the sensors
[28]. Following this idea, Ppy/AuNPs composites could be good
candidates as electrocatalytic materials for the detection of
phenols.

The objective of this work was to develop new voltammetric
sensors based on electrodeposited Ppy/AuNps for the detection
of catechol (an antioxidant of interest in the food industry) and
to evaluate the influence of the electrodeposition method in
their performance. For this purpose Ppy/AulNp films doped with
1-decanesulfonic acid (DSA) were deposited using different
methods. The first approach consisted on the electrodeposition
of the Ppy/AuNPs films from a solution containing the mono-
mer and tetrachloroauric acid (denoted as “cogeneration”, C).
The second approach consisted of the electrodeposition of the
Ppy/AuNPs composited from a solution containing the mono-
mer and gold nanoparticles previously formed (denoted as
“trapping” method, T). In both methods, electrodeposition was
carried out by chronoamperometry (CA) and by chronopoten-
tiometry (CP). Particular attention was paid to the study of the
influence of the substrate used for the electrodeposition that was
carried out onto classical platinum electrodes and on stainless
steel substrates. This aspect could play a crucial role not only in
the structure, properties and performance of the sensor but also
in the final price.

The structure and sensing properties of voltammetric sensors

modified with Ppy/AuNPs films prepared under different condi-

tions were evaluated and compared.
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Results and Discussion

PPy/AuNPs films were prepared using two different approaches
referred as “trapping method” and “cogeneration method”,
which are described in the Experimental section. The elec-
tropolymerization of pyrrole was generated under potentiostatic
and galvanostatic conditions on both platinum and stainless
steel substrates, resulting in the formation of nanocomposites

based on gold nanoparticles within the polypyrrole layer.

Electropolymerization of Ppy/AuNPs

Figure 1 shows the potential (£) vs time (¢) curves registered
during the electrodeposition PPy/AuNPs films using a galvano-
static process. The figure compares the results obtained by the
trapping and the cogeneration methods. The CP registered for
Ppy (in the absence of AuNPs) is also shown for comparison.
As expected, as the current pulse was applied, a sharp decrease
in the potential was observed. This was due to the charge of the
double layer capacitance that produces a nucleation process at
the electrode surface. Then, at the potential at which the mono-
mer is oxidized, a stabilization and growth step was attained,
which was characterized by a “plateau”, where the potential
varied only slightly.

1.121

1.084
51.04-
S 1.00
50.96-
& 0.921

0.88- 29 4@ (d)

0.84

0.80 . . i ) . ."(a)

0 50 100 150 200 250 300
Time (s)

Figure 1: Chronopotentiometric curves obtained during the polymer-
ization of (a) Ppy-CPpy, (b) Ppy-CPgs (c) Ppy/AuNPs-T-CPsg

(d) Ppy/AuNPs-T-CPpy, (e) Ppy/AuNPs-C-CPp; and

(f) Ppy/AuNPs-C-CPgs.

The highest nucleation rate (faster electrode potential variation)
was observed when Ppy was polymerized in the absence of gold
nanoparticles or tetrachloroauric acid. At the same time, the
final potential (at which the monomer is oxidized) was clearly
lower for Ppy films. According to these results, it can be
assumed that, the the presence of AuNPs affects the nucleation
of Ppy, making impeding the oxidation of the monomers.

The final potential attained when polymerization was carried
out in the presence of previously formed AuNPs (trapping), was

lower than the potential obtained when AuNPs were generated

Beilstein J. Nanotechnol. 2015, 6, 2052—2061.

in situ (cogeneration). This result seems to confirm that AuNPs
affect the nucleation process. Only a small difference was found
in the final potential attained by Ppy/AuNPs deposited on Pt or
on SS.

Nanocomposites Ppy/AuNP were also prepared by trapping and
cogeneration using CA. Curves show the characteristic stepped
shape of the potentiostatic polymerization: After a short induc-
tion period where diffusion controls the monomer oxidation, the
current increased rapidly with time, where polymer started
nucleating and growing on the electrode surface. Finally, the
current reached a plateau coinciding with a continuous and
gradual polymer growth [29,30]. The calculated charges are
shown in Table 1.

Table 1: Polymerization charges calculated for Ppy and Ppy/AuNPs
composites prepared by chronoamperometry.

Sample Q (Clcm?)

SS Pt
Ppy-CA 0.62 0.62
Ppy/AuNPs-T-CA 0.07 0.08
Ppy/AuNPs-C-CA 0.12 0.22

In good accordance with results shown in previous paragraphs,
also when using CA, the polymerization charge was strongly
dependent on the presence of AuNPs and the mass deposited in
the absence of AuNPs was higher than the mass deposited in the
presence of gold. The charge calculated for films obtained by
cogeneration was higher than that of the films obtained by trap-
ping. That is, the amount of polymer deposited followed the
same trend regardless whether CP or CA was used (Ppy >
Ppy/AuNP-C > Ppy/AuNP-T). This result also points to the role
of AuNPs in the nucleation of Ppy, which impede the the oxi-
dation of the monomers. The coefficients of variation (% CV)
were always lower than 2% regardless of the electropolymeriza-
tion method or the susbstrate used.

Structural characterization: SEM studies

The microscopic structure of the Ppy/AuNP films analyzed by
scanning electron microscopy confirmed the incorporation of
the AuNPs into the Ppy films (Figure 2). They were uniformly
dispersed in the typical granular raspberry PPy matrix. The
structures of films deposited onto SS or Pt were almost iden-
tical.

The average size of the AuNPs was between 30 and 40 nm
(regardless of the method used), which is consistent with the
absorbance at 540 nm observed by colloid that was used to

obtain the nanocomposites by trapping. The number of AuNPs
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Figure 2: SEM images of Ppy/AuNP fims deposited on SS (a) Ppy/AuNP-T-CPss; (b) Ppy/AuNP-C-CPss; (c) Ppy/AuNP-T-CAss;

(d) Ppy/AuNP-C-CAss.

incorporated in the Ppy films was higher when using CP than
that when using CA. In turn, using cogeneration, the amount of
nanoparticles incorporated was higher than using trapping.

Electrochemical impedance spectroscopy

Electrochemical impedance spectroscopy (EIS) can provide
information about the conductivity changes resulting from the
insertion of AuNPs in the Ppy films. The complex impedance
can be plotted as the real (Zieq)) vs imaginary (Zimaginary)
components (Nyquist plot), which are related to the resistance
and capacitance of the cell, respectively. At high frequencies
(left part of the diagram) the semicircular part is associated to
electron-transfer limited processes. The diameter of the semi-
circle is equivalent to the electron-transfer resistance (R). The
linear part that appears at lower frequencies is related to diffu-
sion limited processes. In the case of Ppy deposited by CA, the
Nyquist plot (Figure 3a) was a semicircle (R, 45.54 kQ). The
electrochemical process was thus, dominated by electron

transfer.

The insertion of AuNPs in the Ppy films clearly modified
the electrical behavior. In effect, the Nyquist plot of
Ppy/AuNP-T-CAp; films obtained by trapping (Figure 3b)

showed a semicircle with a smaller R¢; (13.52 kQ) in the high
frequencies region. At low frequencies a straight line with a
slope of 45° was observed indicating a contribution of both
electron transfer and diffusion processes. In Ppy/AuNPs-C-
CAp; films obtained by cogeneration R ; was practically zero
and only the linear part corresponding to diffusion control was
observed (Figure 3c).

These results confirm the ability of AuNPs to reduce the resis-
tance by facilitating the electron transfer. In fact, as observed in
SEM images the number of AuNPs inserted in the films was
higher using cogeneration, explaining the drastic decrease in the
resistance. This is in good agreement with previous published
results that indicated that the presence of AuNPs in the polymer
matrix resulted in an increase in conductivity [31].

EIS results of Ppy/AuNPs films deposited by CP showed
similar trends, but resistance and impedance values were clearly
smaller than those observed in films deposited by CA. For
instance, the impedance values of Ppy/AuNP-C-CPp; were one
third smaller than those obtained by CA (Figure 3d). Again, the
high number of AuNPs inserted in the nanocomposite by CP,
explains the improvement in the conductivity.
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Figure 3: Nyquist plot of films deposited onto Pt registered in 0.1 mol/L KCI.

(c) Ppy/AuNP-C-CApy; (d) Ppy/AuNP-C-CPp;.

It is important to point out, that EIS measurements carried out
in films deposited on SS by CA where irreproducible, indi-
cating that the films obtained were unstable. Films deposited on
SS by CP produced reproducible results but with higher R and
impedance values than those found on the platinum substrate. In
fact, in the Nyquist plot for bare Ppy-CPgg the R ¢ was so high

that the semicircle was not completed.

According to these results, and taking into account that lower
R.¢ values correspond to an increase of the voltammetric signal
[32] the cogeneration combined with chronopotentiometry
seems to be the most suitable electrodeposition technique to

prepare voltammetric sensors.

Electrochemical behavior of Ppy/AuNPs
prepared using different techniques

The electrochemical behavior of Ppy and Ppy/AuNP films was
analyzed using cyclic voltammetry in 0.1 mol/L KCI solution.
The responses are influenced by the polymerization method, the

deposition technique and the type of substrate. Before going

Z,oq (Ohms)

Frequency swept from 105 to 0.1 Hz (a) Ppy-CAp; (b) Ppy/AuNP-T-CAp;

into the details, it is important to notice that, in good accor-
dance with previously published results, the first scan was
always different from the subsequent cycles. Subsequent cycles
were highly reproducible [22]. For this reason, in the next
figures, the fifth scan will be displayed.

For Ppy films deposited on platinum using CA or CP, the first
cycle showed two redox processes corresponding to the polaron
and bipolaron. In successive cycles one single process (anodic
wave at —0.35 V and the corresponding cathodic peak at around
—0.5 V) was found. When deposition was carried out on SS,
voltammograms showed lower intensities and in the case of
Ppy-CAgg, a certain irreproducibility.

When AuNPs were introduced in the films (Ppy/AuNPs), the
preparation method induced important differences. In films
deposited on platinum, the insertion of AuNPs caused an
increase in the intensity of the peaks. Simultaneously the sep-
aration between the anodic and the cathodic waves was reduced.
This is illustrated in Figure 4 for films deposited on Pt by CP.
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According to this, it can be concluded that the reversibility of
the redox processes is improved in Ppy/AuNP composites. The
increase was more pronounced in films deposited by CP than in
films deposited by CA. As the number of AuNPs inserted in the
films was higher in films deposited by CP (Figure 2), the elec-
trocatalytic effect of the AuNPs is confirmed. This is also in
agreement with EIS results that demonstrated that the insertion

of AuNPs increased the conductivity.
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Figure 4: Cyclic voltammograms of Ppy-CPp; (dashed line),
Ppy/AuNPs-T-CPp; (dotted line) and Ppy/AuNPs-C-CPp; (solid line)
immersed in 0.1 mol/L KCI. Scan rate 0.1 V/s.

It is important to point out that, when the deposition was carried
out on SS, a decrease in the intensity of the peaks accompanied
by a separation between the anodic and cathodic waves was
observed. This behavior pointed to the interference between SS
and AuNPs. In addition, some irreproducibility was observed

(as it also happened in EIS experiments).

In fact, a part from the differences already commented in the
electrochemical behavior of Ppy/AuNps films deposited onto Pt
and SS, the most remarkable difference was related to their
stability and lifetime. We already mentioned that the first cycle
was different from the subsequent ones, but the changes occur-
ring in successive cycles were more pronounced in films
deposited on stainless steel substrates. The variation coeffi-
cients calculated in films deposited on Pt by CP or CA were less
than 2% and 5%, respectively. The %CV calculated from films
deposited on SS were 8% for CP and 15-20% for CA. More-
over, when electrodes were withdrawn from the solution and
reintroduced in the tested solution, electrodes deposited onto
SS, changed completely their electrochemical response and
could not be further used.

The above results established the important influence of the

electropolymerization method (CA or CP) and of the nature of
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the substrate in the electrochemical properties of the films. The
influence of the method used to introduce the AuNPs (trapping
or cogeneration) was not so important. In fact, when films were
deposited onto Pt, the differences in the voltammograms
prepared by trapping or by cogeneration were minimal. In
contrast, when SS was used as the substrate, the differences
observed between trapping and cogeneration could be ascribed
to the irreproducibility and therefore conclusions could not be
deduced.

The irreproducibility observed in stainless steel can be clearly
attributed to pitting processes produced by chloride ions. In
consequence, reproducibility could be improved by changing
the supporting electrolyte.

According to this idea, the influence of the supporting elec-
trolyte was further investigated using phosphate buffer. As
expected, the large size and high charge of the phosphate
anions, made difficult the diffusion of anions inside the poly-
meric film producing a broadening of the peaks and the increase
in the separation between the anodic and the cathodic waves
that appeared at —0.15 and —0.8 V, respectively [33] . A part
from the broadening of the peaks, the effects caused by AuNPs
were similar to those observed in KC1 (e.g., increase in the
intensity of the peaks accompanied by a decrease in the sep-
aration between anodic and cathodic waves.

Using phosphate buffer, the pitting processes were avoided and
the reproducibility of films deposited on SS was clearly impro-
ved and was similar to that calculated in films deposited on
platinum (CV less than 5%).

Electrocatalytic and sensing behavior

towards catechol

Once stable Ppy/AuNP electrodes were obtained, their electro-
catalytic and sensing properties towards catechol (a phenolic
compound of interest in the food industry), were analyzed in
terms of signal amplification and peak shifts. Experiments were
carried out in the range between —0.1 and 0.8 V at a scan rate of
0.1 V/s in phosphate buffer. Under these conditions, SS could
be used as a substrate due to the absence of pitting processes.
Notice also that the polaron—bipolaron response of pyrrole
occurs out of this range at negative potentials.

Catechol produced the expected well-shaped redox pair gener-
ated by the two-electron oxidation/reduction of the ortho-dihy-
droquinone to benzoquinone [26]. The reversibility of the peaks
was improved with the incorporation of the AuNPs. Simultane-
ously, the intensity of the peaks increased with the concentra-
tion of AuNPs. This is illustrated in Figure 5 for electrodes
deposited on SS by CP. As observed in the Figure, the

2057



separation between the anodic and cathodic waves was 300 mV
in Ppy-CPss films and only 100 mV in Ppy/AuNP-T-CPgg.

These effects were stronger in films deposited by CP than in
films deposited by CA, due to the higher concentration of
nanoparticles. In contrast, the method to insert the nanoparti-
cles (trapping or cogeneration) only produced small changes in
the intensities and positions of the peaks, probably due to the

minimal differences in the AuNPs concentration.

The electrocatalytic effect was stronger in films deposited on
platinum than in SS. This is in good accordance to previously
published reports that have established that AuNPs exhibit a
catalytic behavior when deposited onto platinum due to the
synergy between both metals [34].

The effect of the concentration of catechol was studied by
immersing the electrodes prepared by CP in 1-107° to
1:1073 mol/L catechol solutions. A linear increase in the inten-

sity of the peaks with the concentration was observed in the
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studied range. The limit of detection (LOD) was calculated
from the calibration curves following the “3sd/m” criterion. As
observed in Table 2, the LODs were in the range from 107 to
107 mol/L. The LOD obtained using Ppy/AuNP composite
films was almost one order of magnitude lower than the one
observed in Ppy films. The synergy between platinum and
AuNPs increased the sensitivity, allowing a further decrease in
the LODs. This synergy is not so important when using SS.
Therefore, the use of SS as a substrate, provides stable sensors
with good LODs while decreasing the price of the devices
considerably.

Conclusion

Ppy/AuNP nanocomposites have been successfully prepared
employing in situ polymerization of pyrrole using tetra-
chloroauric acid as an oxidant in the presence of gold ions and
by trapping AuNPs in a Ppy matrix during the electropolymer-
ization. SEM images confirmed the formation of uniform
nanocomposites on smooth platinum and stainless steel
substrates.

Current (pA)

200 400 600 800

Potential (mV)

200 0

Figure 5: Voltammograms registered using electrodes deposited by CP on SS immersed in 1-107° to 1:103 mol/L solutions of catechol in 0.01 mol/L

phosphate buffer (pH 7.0): (a) Ppy-CPgs (b) Ppy/AuNP-T-CPgs.

Table 2: LOD, sensitivity and regression coefficients calculated from the anodic and cathodic peaks of catechol.

Sensor LOD (mol/L)
(cathodic peak)
Ppy-CPpy 9.1-107°
Ppy/AuNP-C-CPp¢ 2.41075
Ppy/AuNP-T-CPp; 0.9-107°
Ppy-CPss 8.9-107°
Ppy/AuNP-C-CPgg 431075
Ppy/AuNP-T-CPgg 3.2:107°

LOD (mollL)

R? (anodic peak) R?
0.977 5.3-107° 0.989
0.976 8.8-1075 0.996
0.984 0.3-107% 0.981
0.956 7.2-1075 0.975
0.977 3.11075 0.971
0.968 1.1-107° 0.975
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The presence of AuNPs in the polymer matrix resulted in an
increase in the conductivity and in the intensity of the voltam-
metric signals. These variations in conductivity and intensity of
voltammograms are directly related to the number of AuNPs
inserted in the Ppy films.

Irreproducibility observed in the EIS and voltammetric
measurements carried out in KCl using films deposited on stain-
less steel, caused by pitting process can be avoided by using
phosphate buffer as supporting electrolyte.

As an electrochemical sensor, the Ppy/AuNP deposited on plat-
inum exhibited important electrocatalytic activity towards the
oxidation of catechol. The effect was higher in films obtained
by CP than in films obtained by CA. The influence of the
method used to introduce the AuNPs (trapping or cogeneration)
was not so important. The detection limits were in the range of
1073 to 107 mol/L, which is lower than the concentration
usually found in foods and beverages such as wines and musts.
The synergy between Pt and Au nanoparticles gave rise to lower
LODs. In turn, stainless steel can be used as the substrate in the
absence of KCI, with a LOD only slightly higher than those
obtained in sensors deposited on Pt, but at a lower cost.

Experimental

Reagents and solutions

All experiments were carried out in deionized Milli-Q water
(Millipore, Bedford, MA). Pyrrole, tetrachloroauric acid,
1-decanesulfonic acid (DSA), potassium chloride, sodium phos-
phate, potassium phosphate and catechol were purchased from
Sigma-Aldrich. Commercially available reagents and solvents
were used without further purification.10™ mol/L stock solu-
tions of catechol were prepared by solving the corresponding
compound in KCl solution (0.1 mol/L) or phosphate buffer
solution (pH 7.0; 0.1 mol/L). Solutions with lower concentra-
tion were prepared from the stock solutions by dilution.

Preparation of the Au colloidal suspension
The synthesis of AuNPs colloids was carried out according to
the procedure proposed by Slot and Geuze [35]. Two solutions
were prepared: (1) HAuCly (0.25-1073 mol/L) in deionized
water and (2) sodium citrate dehydrate (17-1073 mol/L) in
deionized water. 20 mL of solution (1) was heated until boiling
on a hot plate, then 1 mL of solution (2) was quickly added to
the HAuCly solution while stirring. The mixture was then boiled
for 20 min. Using this procedure, a red colloid with a UV
absorbance maximum at A = 540 nm was obtained.

Instruments
Electropolymerizations and electrochemical studies were

carried out at room temperature in an EG&G Parstat 2273
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potentiostat/galvanostat using a three-electrode configuration.
The same instrument was used for the EIS experiments. UV—vis
spectra were recorded on a Shimadzu UV-2600 model spec-
trometer. A SEM-FEI (QUANTA 200F) was used to record the
images of the electrode surfaces.

Electropolymerization methods

The auxiliary electrode was a conventional Pt electrode. The
reference electrode was an Ag/AgCl electrode in a 3 mol/L KCl
solution. Pt and stainless steel 316L (SS) disks (1 mm diameter)
were used as working electrodes. The disks were polished with
0.3 pm alumina suspension using a microcloth polishing pad
and rinsed with deionized water in an ultrasonic bath.

Electropolymerization of Ppy films

The Ppy films were obtained by electropolymerization from a
solution containing 0.1 mol/L pyrrole and 0.05 mol/L 1-decane-
sulfonic acid (DSA) using two electrochemical techniques:
chronopotentiometry (CP) using a constant potential at 0.8 V
over a period of 300 s, and chronoamperometry (CA) using
0.02 mA over a period of 300 s (except otherwise indicated).
Films were deposited onto Pt and SS.

Electropolymerization of Ppy/AuNPs films

Ppy/AuNPs films were obtained using two different approaches.
On one hand, Ppy/AuNPs films were synthesized by the “trap-
ping method” from a solution containing 0.2 mol/L pyrrole,
0.1 mol/L DSA. This solution was mixed (1:1) with a solution
containing AuNPs previously formed (Au colloidal suspension).
Films were polymerized by chronoamperometry using a
constant potential at 0.8 V over a period of 300 s, and by
chronopotentiometry using 0.02 mA over a period of 300 s.
Sensors obtained by trapping were termed as Ppy/AuNP-T-CA
(obtained by chronoamperometry) and Ppy/AuNP-T-CP
(obtained by chronopotentiometry).

Ppy/AuNPs films were also synthesized using the “cogenera-
tion method” by mixing a solution containing tetrachloroauric
acid 1073 mol/L and a solution containing pyrrole and DSA. In
this method, and according to the oxidation potentials of pyrrole
(0.7 V vs SCE) and the reduction potential of AuCly~ (1 V), the
AuNPs where generated in situ and inserted in the polymeric
film during the electrochemical growth. Also in this case, elec-
tropolymerization was carried out by CA and CP under the
same conditions used for trapping. Sensors obtained by cogen-
eration were termed as Ppy/AuNP-C-CA (obtained by
chronoamperometry) and Ppy/AuNP-C-CP (obtained by
chronopotentiometry).

In all cases, films were deposited onto Pt and SS disks. The type
of substrate will be denoted using a subscript (i.e., Ppy/AuNPs-
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C-CPp; or Ppy/AuNPs-T-CPgg). Once prepared, the polymeric
films were extracted from the generation solution and washed

thoroughly with water.

Electrochemical impedance spectroscopy

(EIS) characterization
EIS was performed in a 0.1 mol/L KCI solution with a
frequency range from 105 to 0.1 Hz and a signal amplitude of

10 mV, at a working potential of 0.0 V.

Tests of the voltammetric sensors

The Ppy and Ppy/AuNPs films were used as working elec-
trodes in electrochemical experiments. The reference electrode
was Ag/AgCI/KCl 3 mol/L and the counter electrode was a plat-

inum wire.

Cyclic voltammetry was carried out at room temperature with a
scan rate of 0.1 V/s in the potential range between —1.0 V and
0.8 V (vs Ag/AgCl) except otherwise indicated.

Calibration curves were constructed from catechol solutions
with concentrations ranging from 1-107> to 1-1073 mol/L. The
limits of detection (LODs) were calculated following the
“3sd/m” criterion, where “m” is the slope of the calibration
graph, and “sd” was estimated as the standard deviation (n = 5)
of the voltammetric signals at the concentration level corres-
ponding to the lowest concentration of the calibration plot
[36,37].
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Materials with bioinspired superhydrophobic properties are highly desirable for many potential applications. Here, nine novel

monomers derived from indole are synthesized to obtain these properties by electropolymerization. These monomers differ by the

length (C4Fy, CgF3 and CgF17) and the position (4-, 5- and 6-position of indole) of the perfluorinated substituent. Polymeric films

were obtained with C4Fg and CgF 3 chains and differences in the surface morphology depend especially on the substituent position.

The polyindoles exhibited hydrophobic and superhydrophobic properties even with a very low roughness. The best results are

obtained with PIndole-6-F¢ for which superhydrophobic and highly oleophobic properties are obtained due to the presence of

spherical nanoparticles and low surface energy compounds.

Introduction

The number of studies about materials with superhydrophobic
properties, characterized by extremely high water contact angles
(0y) and low water adhesion or hysteresis (also known as
“Lotus effect”), grows exponentially because of the importance
for both the scientific and industrial community [1-6]. Superhy-
drophobic properties are quite common in nature, in both
animals and plants, and allow them surviving against predators
or hostile environments such as extremely humid or dry regions,
for example [7-12]. Bioinspiration has shown the importance of

developing structured surfaces in the presence of low surface

energy materials that allow one to obtain more easily superhy-
drophobic properties with higher robustness [13-15]. Control-
ling the surface energy and the roughness is hence fundamental

to achieve the superhydrophobicity.

All kind of materials can be used to reach superhydrophobicity,
but conducting polymers have many advantages such as an easi-
ness to functionalize and opto-electronic properties [16] with
the possibility to introduce various dopants (smart materials)

[17,18]. Conducting polymers are also exceptional materials for
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the control of surface nanostructures and wettability. First of all,
nanostructures of extremely various shapes can be produced in
solution by self-assembly [19-21] or directly formed on
substrates by different strategies such as preferential growth
[22], grafting [23], vapor phase polymerization [24], plasma
polymerization [25] and electropolymerization [26-30]. The last
method allows for a very quick and easy deposition of conduct-
ing polymer films while the formation of surface structures can
be controlled by electrochemical parameters [26] and the used
monomer [27]. In order to control the formation of surface
nanostructures, the core responsible for the polymerization
(such as thiophene, pyrrole or 3,4-ethylenedioxythiophene)
[27-30] is probably the most important parameter. Then, the
polymer can also be controlled by introducing hydrophobic/
hydrophilic substituents or dopant agents [17,18,27-30]. In most
of the cases, fluorocarbon or hydrocarbon chains were used to
reach superhydrophobic properties.

Here, we report for the first time the formation of superhy-
drophobic properties from indole derivatives. Nine novel indole
monomers substituted by fluorocarbon chains of different
length (C4F9, CgF13 and CgF;7) and in different positions (4-, 5-
and 6-position of indole) were synthesized and electropolymer-
ized (Scheme 1). We report the influence of the fluorocarbon
chain length and the substituent position on the surface
morphology and hydrophobicity.

Results and Discussion

Electrodeposition

In order to develop structured polymeric films, the monomers
were electropolymerized. First of all, it was necessary to deter-
mine the oxidation potential (E°*) of all the monomers. These
E°* were determined by cyclic voltammetry and were found to
be in the range of 0.9-1.3 V vs SCE for the functionalized
monomers, as shown in Table 1. A cyclic voltammogram for
Indole-6-Fg is shown in Figure 1, where it is possible to see the
maximum peak of oxidation of the monomer. Then, the poly-

merization was followed from —0.7 V to a potential slightly

CnF2n+1
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o
N Cn':2n+1/\)J\H/\<)j\>
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4-Indole-F, 5-Indole-F,
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lower than E°* (working potential EY) by the same electro-
chemical method. Examples of cyclic voltammograms for the

polyindoles are presented in Figure 2.

Table 1: Oxidation potential (E°X) and working potential (EV) for each
monomer by electrochemical process. Electropolymerization in 0.1 M
of acetonitrile/BugNCIOg4.

oxidation potential  working potential

monomer

E°X (V) EY (V)
Indole 1.64 1.56
Indole-4-F4 1.30 1.23
Indole-5-F4 1.31 1.26
Indole-6-F4 1.13 1.08
Indole-4-Fg 1.19 1.13
Indole-5-F¢g 1.15 1.10
Indole-6-F¢g 1.07 1.03
Indole-4-Fg 1.14 1.08
Indole-5-Fg 1.06 1.01
Indole-6-Fg 0.99 0.96
0.00012 -
0.00010 -
0.00008 -|
é 0.00006 -
0.00004 |
0.00002 |
0.00000 |
-0.00002 ’ . - : T
0.0 0.5 1.0 15 2.0
E/V vsSCE

Figure 1: Cyclic voltammogram of the monomer Indole-6-Fg (1 scan
at 20 mV-s~"). Electropolymerization in 0.1 M of acetonitrile/BusNCIO.

Beu
CnF2n+1\/\[(N N
H

o

6-Indole-F,

Scheme 1: Original indole monomers synthesized and used in this manuscript.
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Figure 2: Cyclic voltammogram of polyindoles. (a) Indole-6-Fg, (b) Indole-6-Fg and (c) Indole-6-F4 (5 scans at 20 mV-s™"). Electropolymerization in

0.1 M of acetonitrile/BugNCIOg4.

These cyclic voltammograms show only little variation in the
polymer oxidation and reduction peaks due to the low conduc-
tivity of the polymers. Also, the short length of the new
oligomers formed during the electropolymerization process
increases their solubility resulting in polymeric films with a
very low thickness. This may be explained by the reaction of
amine groups of indole with the H" ions released during the
electropolymerization process. For these reasons, the deposi-
tion method has been changed and the depositions have been
then performed at constant potential and using different normal-
ized deposition charges, Os, (from 0 to 100 mC-cm™2) in order
to better control the amount of polymer electrodeposited.
However, polymeric films were obtained with all the monomers
except that with CgF 7 chains because their large size induced
very huge steric hindrances during the reaction and the poly-

merization is not favorable.

Surface structures and wettability

The surface structures were characterized by scanning electron
microscopy (SEM) and surface roughness measurements. The
SEM images for Os = 100 mC-cm ™2 are given in Figure 3 and
Figure 4 and the surface roughness measurements can be found
in Table 2. First of all, the surfaces are not very rough, however
differences were observed especially with the substituent posi-
tions. Even if some craters are observed on PIndole-4-Fg, the
substitution in the 4-position gives the less structured surfaces.

By contrast, nanofibers are observed with the substituents in

the 5-position (PIndole-5-F,,) and spherical particles in the
6-position (PIndole-6-F,,). This confirms previous works in
which authors showed that the polymerization is favorable in
the indole positions 2, 3, 5 and 7 [31,32]. Indeed, if the poly-
merization of indole is more favorable in certain positions, the
location of the substituent may influence the polymerization and
the way in which the monomers are linked to one another
forming different structures. This work is also in agreement
with the literature where the authors showed that due to prefer-
able polymerization positions on indole, fiber structures can be
obtained by interfacial polymerization because the polymeriza-
tion is directional, while spheres are obtained when the poly-
merization is equal in all directions [33]. In this case, the poly-
merization of the fluorinated indoles seems to be directional for
PIndole-5-F, and proceeds equally in all directions for
PIndole-6-F,,. For PIndole-4-F,,, the polymerization should not
be favorable to form any structure on the surface. Previous
works showed that one of the main parameters governing the
surface roughness is the solubility of the oligomers formed in
the first instance [26,34]. Hence, higher roughness of
PIndole-6-F, can be explained by the formation of longer
polymer chains. PIndole-5-F4 and PIndole-6-F4 also showed
an increase in roughness for normalized charges of 50 and
100 mC-cm™2 without significant changes in the wettability
comparing the others polyindoles. In contrast, PIndole-4-Fg
showed the same tendency as the other polymers in terms of

conserving the same wettability even if their roughness only
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Table 2: Arithmetic roughness (R,), quadratic roughness (R;) and apparent contact angles (8) for the four probe liquids (water, diiodomethane,
sunflower oil and hexadecane) for the polymers as a function of the normalized deposition charge.

normalized deposition

polymer charge (mC-cm‘z) R4 (nm) Rq (nm)
12.5 13.0 15.9
PIndole 25 10.8 13.2
50 14.3 16.9
100 21.9 31.0
12.5 15.5 19.5
25 12.9 15.8
Pindole-4-Fg 50 12.7 15.2
100 452 65.4
12.5 8.7 13.4
25 9.5 19.0
Pindole-5-Fg 50 8.5 18.1
100 17.7 31.2
12.5 17.5 25.3
25 11.6 18.3
Pindole-6-Fg 50 291 33.4
100 26.3 38.9
12.5 17.0 20.8
25 16.5 20.2
Pindole-4-F4 50 166 196
100 15.4 18.9
12.5 36.8 50.2
25 50.2 67.0
Pindole-5-F4 50 117.0 158.9
100 150.6 194.2
12.5 76.1 99.8
25 71.5 98.8
Pindole-6-F4 50 1745 2433
100 153.3 202.9

exhibited a significant increase at a normalized charge of
100 mC-cm 2.

The wettability properties (Table 2) are in agreement with the
SEM images. The polymers PIndole-4-F,, are just slightly
hydrophobic confirming the low effect of the surface structures
for these polymers, independent of the fluorinated chain size.
The polymers PIndole-5-F, are more hydrophobic with
apparent water contact angles (Oyater) of 124.8° for a normal-
ized deposition charge of 100 mC-cm™2. Here, the contact
angles are not very high because the nanofibers are horizontally
aligned on the substrate. By contrast, the polymers
PIndole-6-F,, display extremely high 0y,,¢er and also superhy-
drophobic properties for PIndole-6-F¢, even with a low rough-

Bwater Bdiiodomethane Bsunflower Bhexadecane
73.2 30.5 13.3 0
71.5 25.3 12.0 0
71.5 23.0 14.6 0
69.8 27.2 10.9 0
109.2 83.1 57.7 65.1
110.0 89.3 65.7 69.3
112.4 88.8 77.0 72.4
109.9 82.3 68.1 72.0
1171 98.7 78.8 75.3
116.3 100.7 92.5 73.8
1221 99.8 96.8 77.5
124.8 103.3 87.0 74.8
146.5 106.5 92.1 79.8
149.3 111.3 86.9 87.7
159.0 116.3 107.1 93.3
158.9 117.6 107.3 92.6
96.7 75.2 39.6 45.6
99.5 83.3 59.4 52.3
100.2 78.8 53.4 60.3
98.7 78.1 59.6 434
107.6 85.7 68.0 48.8
106.4 86.9 84.6 74.4
108.4 85.7 70.2 61.4
106.0 92.6 75.0 711
1271 114.9 97.1 88.6
142.9 122.7 106.7 97.7
133.1 119.5 103.3 93.3
131.2 120.2 100.8 93.4

ness. The differences between the 0y,¢er for the CgF3-polyin-
doles can be seen in Figure 5. Indeed, not only Oy Of
159.0° were measured on this polymer, but also highly oleo-
phobic properties with Opexadecane = 93.3°. Moreover, the
polymer presents extremely low hysteresis and sliding angles

2 as shown in

for normalized charges of 50 and 100 mC-cm™
Table 3. For all polymers, the wettability changed with the
position of the substituent on indole due to the differences
in the structuration and with the increase of the length of the
fluorinated chains. The different normalized charges did not
result in large variations of wettability for any probe liquid,
however, the highest normalized charge (100 mC-cm™2)
presented the best results for wettability and roughness in

almost all polyindoles.
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. Pindole-4-F,

WD 8.0mm

Figure 3: SEM images at two different magnifications (5000% and 25000x) of the polyindoles substituted with CgF43 chains in the different positions.

Table 3: Dynamic water contact angles (hysteresis H and sliding angle
a) for PIndole-6-Fg as a function of the normalized deposition charge.

normalized deposition o o
charge (mC-cm™2) HC) af®)

12.5 sticky behavior
25 sticky behavior
50 2.1 20.6
100 0.8 9.5

In order to explain the effects of the surface structures on the
wetting properties, it is first necessary to prepare smooth
substrates with each polymer and determine the contact angles
(0Y) for each probe liquid. These contact angles are dependent

on the solid—vapor (ygy), solid—liquid (ysr) and liquid—vapor
(yLv) surface tensions following the Young equation [35]
(cos 0Y = (ygv — vsL)/yLv). The smooth substrates were
obtained by reducing the normalized deposition charge (QOs) to

2 in order to cover all the substrate by a very thin

I mC-cm™
polymer layer while avoiding the formation of surface struc-
tures. The roughness and the apparent contact angles of these
smooth substrates are given in Table 4 confirming their ultra-
low roughness and wettability. These results show that the
polymers with C¢F 3 fluorinated chains are intrinsically
hydrophobic (8Y yater > 90°) while the polymers with C4Fg fluo-
rinated chains as well as the polyindoles without fluorinated
chain are slightly hydrophilic (0¥ ater < 90°). As expected the
polymers with CgF 3 fluorinated chains have also the highest
oleophobicity even if the oil contact angles are relatively low.
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Tam

1pm WD 8.1mm

Figure 4: SEM images at two different magnifications (5000% and 25000x) of the polyindoles substituted with C4Fg chains in the different positions.

Pindole-4-F, Pindole-5-F, Pindole-6-F,

109.9° 124.8° 158.9°

Figure 5: Image of a water droplet deposited on PIndole-4-Fg, PIndole-5-Fg and PIndole-4-Fg; Qs = 100 mC-cm™2.
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Table 4: Arithmetic roughness (R,), quadratic roughness (Ry) and apparent contact angles (8) for the four probe liquids (water, diiodomethane,

sunflower oil and hexadecane) for the “smooth” polymers.

polymer Ra (nm) Rq (nm) BYwater GYdiiodomethane BYsunflower eYhexadecane

Pindole 6.3 8.8 79.9 47.3 0 0
Pindole-4-F¢g 6.6 9.5 97.5 51.3 41.5 25.6
Pindole-4-F4 7.3 9.4 78.7 35.6 16.0 0
PIndole-5-F¢ 6.4 9.8 96.8 60.4 47.3 37.9
Pindole-5-F4 6.3 8.1 814 44.9 0 0
PIndole-6-Fg 6.8 9.5 994 66.8 50.7 44 .1
Pindole-6-F4 7.8 10.1 81.1 457 19.5 0

Indeed, two equations (the Wenzel and the Cassie—Baxter equa-
tion) [36,37] depending on Y are very often used to explain the
effect of the surface roughness on the wetting properties. In the
Wenzel equation [36] (cos 6 = r~cos Y, where r is a roughness
parameter), the surface roughness can increase 0, but only if
0Y > 90°. Hence, it is possible to have an extremely high 8.q(er,
but the contact angle hysteresis (/) is usually high because the
surface roughness increases also the solid—liquid interface and
thereby, increasing the adhesion between the water drop and
the surface. Only the Cassie—Baxter equation [37] (cos 6 =
refcos Y + £— 1, where r¢ is the roughness ratio of the sub-
strate wetted by the liquid, f'the solid fraction and (1 — f) the air
fraction) can predict the superhydrophobicity of PIndole-6-Fg,
for example. Here, the presence of a high amount of air between
the droplet and the substrate can lead to extremely high Oy ater
with a very low AH. In the case of PIndole-6-Fg, the presence of
the spherical nanoparticles formed on the surface during the
polymerization allows to trap a high amount of air leading to
superhydrophobic properties. These nanoparticles also induce a
high increase of the surface oleophobicity, for example an
increase of Opexadecane Of 49.2°, from 44.1° on the smooth
surface to 99.3° on the structured surface.

Conclusion

Here we report for the first time the possibility to obtain
hydrophobic and superhydrophobic polymeric films with a very
low roughness by electropolymerization of fluorinated indoles

differing by the length (C4F9, C¢F 3 and CgF7) and the pos-
ition (4, 5 and 6-position on indole) of the perfluorinated
substituent. Polymeric films were obtained for C4Fg and CgF 3
showing several differences mainly with the substituent pos-
ition, affecting the surface morphology and the wetting prop-
erties. The best results were obtained with PIndole-6-F¢ for
which a superhydrophobic state with a self-cleaning condition
and highly oleophobic properties were reached due to the pres-
ence of spherical nanoparticles and the fluorinated compounds
on the surface. This work opens new ways in the formation of
superhydrophobic polyindoles films by electrodeposition for
future applications.

Experimental

Monomer synthesis and characterization

4-(aminomethyl)indole, 5-(aminomethyl)indole and
6-(aminomethyl)indole were purchased from Sigma-Aldrich.
The monomers were synthesized by amidification between the
corresponding (aminomethyl)indole and fluorinated acid
(Scheme 2). More precisely, 0.26 g (1.4 mmol, 1 equiv) of
N-(3-dimethylaminopropyl)-N'-ethylcarbodiimide hydrochlo-
ride (EDC) and 0.17 g of 4-dimethylaminopyridine (DMAP)
(1.4 mmol, 1 equiv) were added to 20 mL of dichloromethane
containing 1 equiv of the corresponding fluorinated acid. After
stirring for 30 min, 0.2 g (1.4 mmol, 1 equiv) of the corres-
ponding (aminomethyl)indole was added. The solution was
stirred at room temperature for 24 h. The crude product was

=z COOH =
/< | b Fan+1 C,,/\/ (0] aw | N
HoN XN NH XN
H EDC/DMAP H
CH,Cl, FopsqCl

Scheme 2: Synthesis way to the indole derivatives.
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purified by column chromatography (stationary phase: silica

gel; eluent: chloroform/methanol 95:5).

N-((1H-Indol-4-yl)methyl)-4,4,5,5,6,6,7,7,8,8,9,9,10,10,11,11,
11-heptadecafluoroundecanamide (Indole-4-Fg): Yield 15%;
yellow solid; mp 163.2 °C; 'H NMR (200 MHz, CD3;0D) &
7.32 (d, J=8.0 Hz, 1H), 7.24 (d, J= 3.2 Hz, 1H), 7.06 (m, 1H),
6.93 (d, J= 6.8 Hz, 1H), 6.51 (dd, J=3.2, 0.9 Hz, 1H), 4.65 (s,
2H), 2.55 (m, 4H); '°F NMR (188 MHz, CD30D) & —82.38 (m,
3F), —115.74 (m, 2F), —122.87 (m, 6F), —123.75 (m, 2F),
~124.52 (m, 2F), —127.29 (m, 2F); !3C NMR (50 MHz,
CD30D) & 172.45, 137.84, 130.34, 128.04, 125.64, 122.22,
119.39, 111.83, 100.41, 42.98, 28.1 (t, J = 23.1 Hz), 27.62 (t,
J = 6.2 Hz); MS (70 eV) m/z: M* 620 (82), CoHgN,** 145
(100), CoHgN™ 130 (92), CgHgN™ 118 (52).

N-((1H-Indol-4-yl)methyl)-4,4,5,5,6,6,7,7,8,8,9,9,9-trideca-
fluorononanamide (Indole-4-F¢): Yield 25%; yellow solid;
mp 150.2 °C; "H NMR (200 MHz, CD;0D) & 7.32 (d, J = 8.0
Hz, 1H), 7.24 (d, J = 3.2 Hz, 1H), 7.06 (m, 1H), 6.92 (d, J=7.0
Hz, 1H), 6.50 (dd, J = 3.2, 0.9 Hz, 1H), 4.65 (s, 2H), 2.55 (m,
4H); 'F NMR (188 MHz, CD30D) 3 —82.43 (m, 3F), —115.74
(m, 2F), —122.93 (m, 2F), —123.91 (m, 2F), —124.60 (m, 2F),
—-127.36 (m, 2F); 13C NMR (50 MHz, CD;0D) & 172.43,
137.81, 130.32, 128.04, 125.64, 122.22, 119.38, 111.82, 100.41,
42.98,27.90 (t, J = 22.5 Hz), 27.47 (t, J = 2.8 Hz); MS (70 eV)
m/z: M* 520 (25), CoHgN,** 145 (100), CoHgN™* 130 (87),
CgHgN™ 118 (59).

N-((1H-Indol-4-yl)methyl)-4,4,5,5,6,6,7,7,8,8,8-undecafluo-
rooctanamide (Indole-4-F4): Yield 21%; yellow solid; mp
139.8 °C; 'H NMR (200 MHz, CD;0D) & 7.32 (d, J = 8.1 Hz,
1H), 7.24 (d, J = 3.2 Hz, 1H), 7.06 (m, 1H), 6.93 (d, J = 7.6 Hz,
1H), 6.50 (dd, J = 3.2, 0.9 Hz, 1H), 4.65 (s, 2H), 2.55 (m, 4H);
19F NMR (188 MHz, CD30D) & —82.69 (m, 3F), —=115.98 (m,
2F), —125.63 (m, 2F), —127.31 (m, 2F); 13C NMR (50 MHz,
CD30D) & 172.37, 137.75, 130.26, 127.98, 125.58, 122.16,
119.32, 111.76, 100.35, 42.91, 27.82 (t, J = 22.1 Hz), 27.50 (t,
J=4.0 Hz); MS (70 eV) m/z: M 420 (40), CoHgN,™ 145 (95),
CoHgN™* 130 (100), CgHgN™ 118 (65).

N-((1H-Indol-5-yl)methyl)-4,4,5,5,6,6,7,7,8,8,9,9,10,10,11,11,
11-heptadecafluoroundecanamide (Indole-5-Fg): Yield 28%;
yellow solid; mp 135.9 °C; 'H NMR (200 MHz, CD3;0D) &
7.47 (s, 1H), 7.33 (d, J = 8.4 Hz, 1H), 7.21 (d, /= 3.1 Hz, 1H),
7.04 (dd, J = 8.4, 1.6 Hz, 1H), 6.40 (dd, J = 3.1, 0.8 Hz, 1H),
4.49 (s, 2H), 2.53 (m, 4H); 'F NMR (188 MHz, CD30D) &
—82.40 (m, 3F), —115.74 (m, 2F), —122.90 (m, 6F), —123.77 (m,
2F), —124.60 (m, 2F), —127.36 (m, 2F); 13C NMR (50 MHz,
CD3OD) 6 172.32, 137.03, 129.90, 129.53, 126.06, 122.45,
120.51, 112.24, 102.24, 45.09, 27.82 (t, J = 21.4 Hz), 27.53 (t,
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J=4.1 Hz); MS (70 V) m/z: M* 620 (4), CoHoN,"™* 145 (100),
CoHgN™ 130 (92), CgHgN* 118 (47).

N-((1H-Indol-5-yl)methyl)-4,4,5,5,6,6,7,7,8,8,9,9,9-trideca-
fluorononanamide (Indole-5-F¢): Yield 51%; yellow solid;
mp 85.5 °C; 'H NMR (200 MHz, CD30D) & 7.47 (s, 1H), 7.33
(d, J=8.3 Hz, 1H), 7.21 (d, J = 3.1 Hz, 1H), 7.03 (dd, J = 8.3,
1.6 Hz, 1H), 6.40 (dd, J = 3.1 Hz, 0.8 Hz, 1H), 4.44 (s, 2H),
2.47 (m, 4H); 'F NMR (188 MHz, CD30D) § —82.45 (m, 3F),
—115.74 (m, 2F), —122.95 (m, 2F), —123.93 (m, 2F), —124.60
(m, 2F), —127.36 (m, 2F); 13C NMR (50 MHz, CD3;0D) §
172.38, 137.10, 129.97, 129.61, 126.13, 122.52, 120.58, 112.31,
102.31, 45.16, 27.86 (t, J = 22.8 Hz), 27.60 (t, J = 3.0 Hz); MS
(70 eV) m/z: M™ 520 (35), CoHgN,* 145 (100), CoHgN™* 130
(90), CgHgN™ 118 (54).

N-((1H-Indol-5-yl)methyl)-4,4,5,5,6,6,7,7,8,8,8-undecafluo-
rooctanamide (Indole-5-F4): Yield 61%; yellow solid; mp
47.7 °C; 'H NMR (200 MHz, CD30D) & 7.47 (s, 1H), 7.33 (d,
J=28.4 Hz, 1H), 7.21 (d, J = 3.1 Hz, 1H), 7.04 (dd, J = 8.4,
1.6 Hz, 1H), 6.40 (dd, J = 3.1, 0.8 Hz, 1H), 4.44 (s, 2H), 2.47
(m, 4H); 1F NMR (188 MHz, CD;0D) & —82.67 (m, 3F),
—115.97 (m, 2F), —125.60 (m, 2F), —127.21 (m, 2F); 13C NMR
(50 MHz, CD30D) 6 172.32, 137.03, 129.91, 129.54, 126.07,
122.45,120.52, 112.24, 102.25, 45.09, 27.78 (t, J = 22.5 Hz),
27.64 (t,J = 3.9 Hz); MS (70 eV) m/z: M+ 420 (98), CoHoN,™*
145 (90), CoHgN™ 130 (100), CgHgN™ 118 (70).

N-((1H-Indol-6-yl)methyl)-4,4,5,5,6,6,7,7,8,8,9,9,10,10,11,11,
11-heptadecafluoroundecanamide (Indole-6-Fg): Yield 30%;
yellow solid; mp 121.0 °C; 'H NMR (200 MHz, CD30D) &
7.49 (d, J= 8.1 Hz, 1H), 7.32 (s, 1H), 7.20 (d, J = 3.1 Hz, 1H),
6.95 (dd, J = 8.1, 1.4 Hz, 1H), 6.40 (dd, J = 3.1, 0.8 Hz, 1H),
4.45 (s, 2H), 2.56 (m, 4H); 'F NMR (188 MHz, CD3;0D) §
—82.39 (m, 3F), —115.76 (m, 2F), —122.86 (m, 6F), —123.78 (m,
2F), —124.58 (m, 2F), —127.29 (m, 2F); 13C NMR (50 MHz,
CD3;0D) & 172.36, 137.73, 132.46, 128.79, 125.87, 121.30,
120.22, 111.47, 102.17, 45.10, 27.79 (t, J = 21.0 Hz), 27.43 (t,
J=5.0 Hz); MS (70 eV) m/z: M" 620 (4), CoHgN,** 145 (100),
CoHgN™ 130 (97), CgHgN* 118 (45).

N-((1H-Indol-6-yl)methyl)-4,4,5,5,6,6,7,7,8,8,9,9,9-trideca-
fluorononanamide (Indole-6-F¢): Yield 19%; yellow solid;
mp 120.7 °C; 'H NMR (200 MHz, CD;0D) & 7.49 (d, J = 8.1
Hz, 1H), 7.31 (s, 1H), 7.20 (d, J = 3.1 Hz, 1H), 6.94 (dd, J =
8.1, 1.5 Hz, 1H), 6.40 (dd, J = 3.1, 0.8 Hz, 1H), 4.45 (s, 2H),
2.47 (m, 4H); 'F NMR (188 MHz, CD30D) 5 —82.45 (m, 3F),
—115.77 (m, 2F), —122.95 (m, 2F), —123.93 (m, 2F), —124.60
(m, 2F), —127.36 (m, 2F); 13C NMR (50 MHz, CD3;0D) &
172.43, 137.80, 132.52, 128.86, 125.93, 121.36, 120.28, 111.54,
102.23, 45.15, 27.88 (t, J=21.0 Hz), 27.58 (t, J = 3.5 Hz); MS
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(70 eV) m/z: M™ 520 (40), CoHoN, ™ 145 (100), CoHgN** 130
(94), CgHgN" 118 (53).

N-((1H-Indol-6-yl)methyl)-4,4,5,5,6,6,7,7,8,8,8-undecafluo-
rooctanamide (Indole-6-F4): Yield 33%; yellow solid; mp
105.7 °C; '"H NMR (200 MHz, CD;0D) & 7.50 (d, J = 8.1 Hz,
1H), 7.31 (s, 1H), 7.20 (d, J = 3.2 Hz, 1H), 6.95 (dd, J = 8.1,
1.5 Hz, 1H), 6.40 (dd, J = 3.1, 0.8 Hz, 1H), 4.45 (s, 2H), 2.58
(m, 4H); 1°F NMR (188 MHz, CD;0D) & —82.66 (m, 3F),
~115.91 (m, 2F), —125.60 (m, 2H), —127.27 (m, 2H); 13C NMR
(50 MHz, CD;0D) 6 172.43, 137.72, 132.45, 128.78, 125.87,
121.29, 120.21, 111.47, 102.21, 45.08, 27.72 (t, J = 21.0 Hz),
27.56 (t,J = 4.0 Hz); MS (70 eV) m/z: M* 420 (85), CoHoN,™*
145 (85), CoHgN™ 130 (100), CgHgN™ 118 (70).

Electrodeposition parameters

The polyindole films were electrodeposited by using a potentio-
stat (Autolab). For this, 2 cm? gold plates were chosen as
working electrode, a carbon rod as counter-electrode while satu-
rated calomel (SCE) was taken as reference electrode. The elec-
trolyte used was a 0.1 mol solution of tetrabutylammonium
perchlorate (BuyNClOy4) in anhydrous acetonitrile. Before the
electrodeposition, the solution was degassed under argon and
0.01 mol of monomer was introduced. After the electrodeposi-
tion, the coated substrates were washed three times in acetoni-

trile and slowly dried.

Polymer and surface characterization

The surface roughness (arithmetic R, and quadratic Ry) were
determined by using a Wyko NT 1100 optical microscope of
Bruker. The data were obtained using the High Mag Phase Shift
Interference (PSI) working mode, the objective 50x and the
field of view (FOV) 0.5x%.

The scanning electron microscopy images were obtained by
using a 6700F microscope of JEOL.

The contact angles were determined by using a DSA30
goniometer of Kriiss. Liquids of different surface tension were
chosen to characterize the surface hydrophobicity and oleopho-
bicity: water (yy = 72.8 mN-m!), diiodomethane (yLy =
50.0 mN-m™'), sunflower oil (ypy = 31 mN'm™!) and hexade-
cane (yLy = 27.6 mN-m™1). The apparent contact angles ()
were obtained by taken the angle at the triple point of a liquid
droplet put on the substrate. The contact angle hysteresis (H)
and sliding angle (o) were determined with the tilted-drop
method. Here, a 6 puL liquid droplet was put on the substrate
and the substrate was inclined until the droplet moving. The
maximum inclination angle is a. The advanced (0,4,) and
receding (0...) contact angles and by deduction the hysteresis

H = 0,4y — 0. were taken just before the moving of the droplet,

Beilstein J. Nanotechnol. 2015, 6, 2078-2087.

the angle in the moving direction being 0,4, and that in the

opposite direction 0.
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Highly selective porous films were prepared by spin-coating deposition of colloidal silica nanoparticles on an appropriate macro-

porous substrate. Silica nanoparticles very homogenous in size were obtained by sol—gel reaction of a metal oxide silica precursor,

tetraethyl orthosilicate (TEOS), and using polystyrene-block-poly(ethylene oxide) (PS-b-PEO) copolymers as soft-templating

agents. Nanoparticles synthesis was carried out in a mixed solvent system. After spin-coating onto a macroporous silicon nitride

support, silica nanoparticles were calcined under controlled conditions. An organized nanoporous layer was obtained characterized

by a depth filter-like structure with internal porosity due to interparticle voids. Permeability and size-selectivity were studied by

monitoring the diffusion of probe molecules under standard conditions and under the application of an external stimulus (i.e., elec-

tric field). Promising results were obtained, suggesting possible applications of these nanoporous films as selective gates for

controlled transport of chemical species in solution.

Introduction

The development of smart nanoporous devices for the sep-
aration of chemical species, ions and biomolecules in solution is
a field of increasing interest for researchers involved in micro-
filtration and separation science [1-7]. In this topic, it is impor-
tant to remind that microfiltration is one of the oldest processes
optimized since the dawn of membrane technology in the
1920s, mostly used for separation of bacteria from water [8]. In

the following years, microfiltration devices have found applica-

tion in several technological fields: water treatments, food
industry, biotechnology, electronics and microfluidics [9-13].
Recently, it has been stated that microfiltration devices account
for almost half of the whole membrane market [14].

Two different kinds of membranes for microfiltration have been

developed over the years: namely screen-filters and depth-filters
[8]. Screen-filters, characterized by having well-ordered straight
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pores, realize the separation by a sieving mechanism based only
on pore size: molecules and/or particles smaller than the pore
diameter pass easily through the porous membrane, whereas
species larger than the pore diameters are retained. They can be
obtained by lithographic techniques or templating approaches
[15,16]. Depth-filters are characterized by having a tortuous
disordered porous network. Even if the real mechanism of sep-
aration is not clear yet, particles are generally supposed to be
retrained within the filter bulk thorough adsorption and mechan-
ical entrapments [8].

A step forward in the preparation of microfiltration devices was
realized by the surface functionalization of macroporous
supports or membranes by nanoporous functional coatings [17-
20]: the macroporous, permeable supports, in fact, can provide
mechanical strength to the thinner functional coatings on top,
thus becoming resistant selective gates [4].

Microsieve membranes are very thin flat-sheet devices with a
well-ordered porous organization. They can be made of
different materials, either inorganic (such as silicon or silicon
nitride) or organic (such as polysulfone or polyethersulfone).
Silicon nitride (Si3N4) inorganic microsieves are mainly used in
the semiconductor industry [21], even though recently they are
finding application in the clarification of milk, beers and juices
as well as in biotechnology for the separation of bacteria and/or
blood cells [7,22].

Silicon nitride microsieves with hexagonally ordered pores
were also employed as substrate for MCM-48 silica films,
giving promising results [4,23,24]. The sol—gel polymerization
process is a key procedure for the bottom-up synthesis of nano-
and mesoporous silica films and in the literature there are

several reviews focusing on this field [25,26]. Conventional
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procedures for the synthesis of mesoporous silica involve the
use of amphiphilic templates [27-30]. Either low molecular
weight surfactants or polymers have been used as structure-
directing agents in the preparation of organic—inorganic hybrid
solutions and they have proved to generate a variety of well-
ordered materials by self-assembling processes [31-35].

Here, we describe the synthesis, deposition and
physicochemical characterization of silica coatings, obtained by
spin-coating deposition of soft-templated silica colloidal
nanoparticles onto commercial Si3N4 microsieves for mem-
brane applications. Moreover, permeability and size-selectivity
were studied by monitoring the diffusion of different probe
molecules under standard conditions and under the application
of an electric field as external stimulus. Selected probe
molecules were the cationic dye methylene blue (MB,
molecular weight (Myw) = 320 Da) and the cationic protein
ribonuclease A (RNAse, My = 13700 Da).

Results and Discussion
Synthesis, preparation and physicochemical
characterization of the colloidal silica

nanoparticles and mesoporous coatings

Amphiphilic block copolymers in solution are able to form
various types of aggregates, such as micelles and vesicles that
can be employed to build novel nanomaterials [36,37]. Figure 1
reports the possible supramolecular organizations of
amphiphiles when dissolved in solution. In particular, by
changing the ratio between the silica precursor (i.e., tetraethyl
orthosilicate, TEOS) and the soft-templating agent (block
copolymer), different architectures of the final oxidic material
can be achieved [27]. The driving force for self-assembling is
the thermodynamic incompatibility of the different blocks in the

ROD (or SHORT HEXAGONALLY
CYLINDRICAL) PACKED ROD
MICELLE MICELLE
VESICLE REVERSE
MICELLE

Figure 1: Schematic representation of different micellar architectures. Hydrophilic polar heads are indicated in blue, whereas hydrophobic non-polar

tails are drawn in red.
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polymeric chains, which brings them to spontaneously segre-
gate in well-defined nanostructures. Therefore, when block
copolymers are mixed to solvents which are selective for one of
the blocks, polymer chains spontaneously aggregate into
micelles having different architectures (i.e., spheres, rods, tubes,
lamellae) and degree of order depending on the physicochem-
ical properties of the block copolymer [38]. Next to the wide-
spread spherical and short cylindrical (rod-like) micellar
systems, also other types of supramolecular organizations were
found, like lamellar sheets [39], worm-like systems [27] and
vesicles [38]. When reverse micellization takes place, reverse
micelles can work as nanoreactors [40] and used to produce
nanoparticles.

Basing on our results, the reverse micellization regime defini-
tively establishes with a TEOS/block copolymer weight ratio of
75/25 and the corresponding samples, obtained after calcina-
tion, appear as aggregates of individual silica nanoparticles with
an average diameter of 25-30 nm (Figure 2A).

Once the colloidal solution is deposited via spin-coating onto
the macroporous support and then calcined to remove organic
moieties, colloidal silica nanoparticles aggregates, forming a
layer covering the macroporous support. Figure 2B represents a
schematic top-view of a single macropore (diameter of 5 pm)

Beilstein J. Nanotechnol. 2015, 6, 2105-2112.

functionalized with nanoparticles in a depth-filter arrangement.
The tortuous porosity is due to the tiny voids between the
nanoparticles (interparticles voids) forming a disordered porous
network. Figure 2C and 2D represent the Si3Ny microsieve
surface before and after functionalization with the colloidal
silica particles. The coating seems to be homogeneous, as
confirmed by insets showing micrographs of the individual
pores collected at higher magnification.

In order to evaluate the porosity of such depth-filter coatings,
thicker samples of large weight were prepared by solvent-
casting and N, adsorption/desorption gas-volumetric analyses
were performed. TEM measurements confirmed that the casting
procedure adopted for this preparation provided a morphology
similar to spin-coated materials (see inset in Figure 3A). The N,
gas-volumetric isotherm shown in Figure 3A is of the IV type,
with a small hysteresis loop of H2 type (from IUPAC classifica-
tion) in the relative pressure range 0.9—1, next to the conden-
sation limit. The BET surface area is of ca. 260 m? g~! and the
DFT pore size distribution curve (Figure 3B) indicates a com-
plex pore size distribution. In detail, pores present a bimodal
distribution, with the presence of meso/macroporosity in the
range 15-200 nm, probably due to interparticle voids (i.e.,
depth-filter porosity), together with a certain degree of micropo-
rosity in the range 1-2 nm, probably due to intraparticle voids

Figure 2: TEM micrograph of 76TEOS/25PS30s-b-PEO25 silica nanoparticles (A), schematic top-view of a depth-filter functionalized 5 um pore (B),
optical micrograph of a SigN4 microsieve before (C) and after (D) fuctionalization with silica nanoparticles. Insets in pictures C and D show the SEM

micrograph of a single microsieve pore collected at high magnification.
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generated from the elimination of poly(ethylene-oxide) moieties

during the calcination step [41].

Transport testing of the functional coating

UV-vis spectroscopy was used to study the diffusion of two
positively charged chemical probes (i.e., MB and RNAse)
through the composite membrane. The hydrodynamic radius of
MB is 0.5 nm [42], whereas the molar diameter of RNAse is
approximately 3.8 nm [43]. According to these values, both
probes should cross the depth-filter device whose porosity is in
the range of 15-200 nm. In Figure 4A the values of percentage
ratio between the effective concentration (C) of probe mole-
cules passed through the membrane and the concentration at the

equilibrium (C,) is plotted as a function of time. The resulting
diffusion curves demonstrate that dye molecules cross the mem-
brane more easily than the protein which is partially blocked: at
the time value of 167 h the diffusion of MB is ca. 10%, whereas
for RNAse it is significantly lower, ca. 3%. These trends evi-
dence a steric selectivity of the silica membrane. Interestingly,
the functionalized membranes can be regenerated and reused by
gently washing them with 2-propanol. Transport tests carried
out using a regenerated membrane gave diffusion curves that
are very similar to those reported in Figure 4A, thus proving
that the proposed composite membranes are not damaged by the
cleaning treatment and can be reused. This means that the inter-
actions between the silica surface and probe molecules are weak
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] . O
184 o E
£ 15 | £ o
Q 12 o -4 J -
© 9- ‘- ° . /.-
6 e
<4 ./.
34 ol e—
0_I . T . T u T . T e T e T . T s T . T s 1 T & T e T . T e T . T . T B T o T e T . T B 1
0 20 40 60 80 100 120 140 160 180 200 0 20 40 60 80 100 120 140 160 180 200 220

Time (hours)

Time (hours)

Figure 4: Concentration of probe molecules transported through the silica nanoparticle-functionalized microsieve. Section A: diffusion (black symbols,
black solid lines) and migration (red symbols, red dotted lines) of MB (circle) and RNAse (triangle). Section B: diffusion (black circle, black solid line)
followed by migration after 140 h (red circle, red dotted line) of MB in a mixed solution containing both MB and RNAse.
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and labile interactions that can be broken by mild treatments.
Also because of this, the membrane selectivity is here mainly
attributed to steric effects, while specific interactions and
adsorption phenomena have been ignored.

In addition, the migration properties of the membrane were
tested by applying an electric field as external stimulus. It was
found that it is possible to accelerate the passage of both probes
trough the membrane without any loss in selectivity. In fact, at
the time value of 147 h the migration of MB is ca. 28%,
showing an increase of 18% with respect to the plain diffusion,
whereas for RNAse migration is ca. 13%, corresponding to an
increase of 10% with respect to the diffusion.

By making a comparison between diffusion and migration
conditions, two main aspects deserve to be stressed. First, the
application of an electric field increases the transport rate of the
two species, which are both positively charged at the pH condi-
tion of the experiment, but it does not affect the membrane
selectivity. This will result in a reduction of the time required
for the separation. Second, the different increase in the trans-
port rate of MB and RNAse under the migration regime proves
that transport is affected by both the probe size and the effec-
tive charge. In fact, after 147 h MB transport passed from 10%
to 28% with an increase of ca. 180%, whereas RNAse passed

from 3% to 13% with an increase of ca. 333%.

Moreover, in order to clarify the effect of RNAse on the MB
transport a further experiment was carried out. A mixed solu-
tion containing both MB and RNAse was prepared and the
transport of MB through the membrane was evaluated exam-
ining the intensity of the signal at 664 nm. As reported in
Figure 4B, the amount of MB diffused in the presence of
RNAse at the time value of 140 h is ca. 1%, whereas for the
neat MB solution it is ca. 9%. Furthermore, it can be observed
that the application of an electric field causes a sharp increase of
the amount of MB passing through the membrane. However,
the amount of dye which migrates in the receiving cell is still
lower if compared to the experiments carried out in the pres-
ence of MB alone. In general, these data suggest that the MB
transport kinetics in the mixed solution were slowed down by
the presence of RNAse.

Further studies are currently in progress in order to elucidate if
this behavior has to be ascribed to specific interactions between
MB and RNAse or to membrane fouling due to preferential
interactions between RNAse and the SizNy4 surface.

Conclusion
Large-mesopore silica thin films were prepared via soft-

templating by using PS-b-PEO block copolymer micelles and

Beilstein J. Nanotechnol. 2015, 6, 2105-2112.

were characterized in order to assess their applicability as selec-
tive gates for controlled dosing and transport of chemical

species in aqueous solution.

The development of mesoporous silica membranes with depth-
filter porous organization opens new perspectives in the produc-
tion of miniaturized devices for separation processes and dosing
of chemicals. In this study, the surface functionalization of
silicon nitride commercial microsieves by means of colloidal
silica nanoparticles has been proposed as a novel strategy to
fabricate composite membranes for microfluidic devices.

The permeability and size-selectivity of the functional
microsieves we have prepared were studied by monitoring the
diffusion of probe molecules with different molecular weight
(i.e., methylene blue and ribonuclease A) under standard condi-
tions and under the application of an external stimulus (i.e.,
electric field). Promising results have been obtained, suggesting
possible applications of these mesoporous films as selective

gates for controlled transport of chemical species in solution.

Experimental
Synthesis and preparation of coatings from

colloidal silica nanoparticles

Colloidal silica nanoparticles were synthesized by sol-gel reac-
tion of tetraethyl orthosilicate (TEOS, 99.0%, Aldrich) in
ethanol (95.0%, Carlo Erba Reagents) under acidic conditions
(HCI 37 wt %, Fluka Chemika), with a TEOS/HCI molar
ratio of 3.5 and in the presence of PSj3pg-b-PEO;5
(M, = 32,000-5-11,000, Polymer Source Inc., Dorval, Canada)
as structure directing agent. Benzene (>99.7%, Riedel-de-Haén)
was used as a solvent to solubilize the block copolymer. All

chemicals were used without further purifications.

Copolymer benzene solutions (1 wt %) were prepared and let
stirring until complete dissolution of the copolymer. Micellar
solutions were obtained by adding the proper amount of sol—gel
solution, as reported in previous studies [27]. In particular, the
TEOS/PS30s-b-PEO;50 weight ratio was fixed to 75/25.

The final solution was spin coated at 1000 rpm for 20 s, using a
8” Desk-top Precision Spin Coating System, model P-6708D vs.
2.0, both onto mica sheets and on commercial silicon
microsieves purchased from Aquamarijn Micro Filtration BV
(Zutphen, Netherlands). Silicon microsieves have on top a
5mm X 5 mm X 0.6 mm Si;Ny membrane with macropores
having a diameter of 5 um and arranged in a hexagonal setting
(Figure 5). After deposition, functionalized hybrid materials
were dried in a hood at RT for at least 12 h in order to reach
complete evaporation of solvents. Hybrid coatings were then

transformed into colloidal silica nanoparticle layers by thermal
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Figure 5: Macroporous commercial silicon nitride microsives purchased from Aquamarijn Micro Filtration BV (Zutphen, Netherlands), having on top a
SigN4 membrane (5 mm x 5 mm x 0.6 mm) with macropores arranged in a hexagonal setting and diameter of 5 um.

treatments in a furnace under air atmosphere (400 °C for 2 h,
ramp of 2 °C/min).

Synthesis and preparation of the colloidal
silica powder

The same reactants described above were used to prepare silica
powders for N gas-volumetric adsorption at 77 K. In this case
the sol—gel solutions were deposited onto glass Petri dishes, the
solvent was evaporated, the hybrid films gently scratched and
then calcined using the same conditions applied for the coating
preparation (400 °C for 2 h, ramp of 2 °C/min). Silica powders
thus obtained were analyzed by HRTEM to verify that their
morphology was identical to that of thin spin-coated films
obtained from the same micellar solution.

Physicochemical characterization

Transmission electron microscopy (HRTEM) was used to eval-
uate the morphology of colloidal silica nanoparticle coatings
after the removal of the templates. Micrographs were obtained
by using a JEOL JEM 2010 instrument (300 kV) equipped with
a LaByg filament. For the specimen preparation a few drops of
water were poured on the supported silica layer. After few
seconds the surface was gently scratched and the functionalized
layer separated from the support. Fragments were then trans-
ferred onto holed carbon coated copper grids by lifting the grids
onto the water layer. Integrity and large-scale homogeneity of
the membranes prepared on silicon microsieves were assessed
by a Leica DM2005 optical microscope equipped with a digital
camera for image acquisition and by scanning electron
microscopy (SEM) [42].

SEM analyses were carried out using a ZEISS EVO 50 XVP
with LaBg source, equipped with detectors for secondary elec-
trons collection and EDS probe for elemental analyses.

N, adsorption-desorption experiments were carried out by

means of ASAP 2020 instrument (Micromeritics) in order to

determine specific surface area (BET model) [44] and porosity
(DFT method) [27,45] of samples. The density functional
theory (DFT) model for slit pores with low regularization was
applied on the adsorption branch of the isotherm in order to
examine simultaneously both micro- and mesoporosity of
samples. The analyses were performed on powdery samples (ca.
100 mg) outgassed for several hours at 300 °C in vacuo
(residual pressure 1072 mbar) to ensure complete removal of

atmospheric contaminants from surface and pores.

Transport tests

Transport tests were carried out following the same procedure
already described elsewhere [42]. A homemade side-by-side
diffusion cell was used, consisting of two half-cells in Pyrex
physically separated by the porous membrane, fixed by two sili-
cone seals covered with Teflon and held together with a metal
clamp. The sealing of the system was evaluated with diffusion
tests performed in the presence of a metallic diaphragm in place
of the membrane. TOC analysis excluded the release of organic
impurities from the device. TOC analysis were carried out with
a Shimadzu TOC-VCSH Total Organic Carbon Analyzer,
equipped with an ASI-V autosampler and fed with zero-grade
air (Sapio, Italy).

Solutions of target molecules, i.e., methylene blue (MB in the
following, Sigma Aldrich, 5.0 x 1074 mol L™!, water solution)
and/or ribonuclease A from bovine pancreas (RNAse in the
following, Sigma Aldrich, 1.0 wt %, water solution) [46], were
put in the donor cell and the passage through the membrane was
evaluated by means of UV-vis spectrophotometric analysis
(UV—vis spectrometer Lambda 25 Perkin—Elmer) performed on
the solution in the receptor cell (filled with water). Diffusion
tests were carried out under continuous stirring in both cells at
acid pH (thus both probes are positively charged). Spectropho-
tometric determination of target molecules was done at 664 nm
for MB and at 277 nm for RNAse. Quantification was
performed with external calibration curves (R2 > 0.9999 for MB
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and RZ > 0.9998 for RNAse, see Figures S1 and S2 in

Supporting Information File 1). Additionally, some tests were

performed applying an external stimulus (i.e., electric field) by

using a battery of 9 V connected with two graphite electrodes

immersed in the two half-cells, with the positive electrode in the

donor cell and the negative one in the receptor cell. Reported

transport tests are averages of two replicas.

Supporting Information

Supporting Information File 1

External calibration curves performed by UV—vis
spectroscopy.
[http://www.beilstein-journals.org/bjnano/content/
supplementary/2190-4286-6-215-S1.pdf]
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Cu,H,-bis-porphyrin (Cu,H,-Pory), in which copper porphyrin and free-base porphyrin are linked together by an ethano-bridge, was

dissolved in chloroform and spread at the air/liquid subphase interface of a Langmuir trough. The bis-porphyrin derivative, floating

film was characterized by reflection spectroscopy and the surface pressure of the floating film was studied as a function of the mean

area per molecule. When aromatic amines are dissolved in the subphase, an evident interaction between the bis-porphyrin host and

the aromatic amine guest is observed. A clear-cut variation of the profile of surface pressure vs area per molecule curve is observed.

Reflection spectroscopy highlights that the aromatic amines dissolved in the subphase are able to induce the syn-to-anti con-

formational switching in the bis-porphyrin derivative. The Langmuir—Schaefer technique has been used to transfer the floating bis-

porphyrin film (when using pure water as a subphase) to a surface plasmon resonance (SPR) substrate and the resulting device was

able to detect the presence of aniline at concentrations as low as 1 nM in aqueous solution. The high selectivity of the SPR

sensing device has been verified by checking the spectral response of the active layer towards other analytes dissolved in the

aqueous solutions.

Introduction
Various porphyrin derivatives, both free-base and metal
complexes, have been widely employed as active molecules

for detecting analytes in vapor as well as in liquid phase

[1-3]. Porphyrins are endowed with good host material

properties and the ability to form films [4], allowing

realization of thin film devices with variable physical and
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chemical properties upon complexation with guest molecules
[5-71.

One of the most appealing classes of porphyrins is the bis-por-
phyrins, which can switch their conformational form as a result
of the interaction with specific guest molecules, such as
analytes [8]. For example, in the case of ethano-bridged bis-por-
phyrins, the structural change between the closed form (syn-
form, Figure 1a) and the open form (anti-form, Figure 1b) can
be easily detected by various spectroscopic methods.

Previously it was shown that doubly metallated bis-porphyrins
transferred onto solid substrates have been effectively used to
detect the presence of amines in aqueous solution [9]. The orga-
nization and orientation of active molecules in corresponding
host—guest interactions play the crucial role of quenching or
enhancing the affinity of a host towards a specific guest. This is
particularly relevant when a structural change can be influ-
enced by environmental conditions [10]. For this reason, a hori-
zontal variation of the Langmuir-Blodgett technique, the
Langmuir—Schaefer (LS) method, is used to transfer the active
layers onto solid supports [11].

In general, procedures to detect and remove amines in water
and food matrices have been established [12,13]. Amines can be
harmful to living organisms and can induce pseudo-poisoning
effects, such as the scombroid syndrome [14], and in some
cases, they may react with other compounds in the human body
promoting the formation of cancer cells [15]. Aromatic amine
sensors with different transduction methods have also been
developed [16-19]. In the present work, a copper, free-base bis-
porphyrin complex of ethano-bridged bis-porphyrin (shown in
the Figure 2), herewith named Cu,H,-Por;, was characterized at
the air/water interface and transferred by means of the LS
method onto a gold SPR substrate for the detection of aromatic

amines in water.

Beilstein J. Nanotechnol. 2015, 6, 2154—2160.

HiC

H3C
H3C

HsC
HsC

Figure 2: Chemical structure of the monometallated copper complex
of the ethano-bridged bis-porphyrin derivative, Cu,Hy-Pors.

Results and Discussion

Air/liquid interface characterization

Cu,H;,-Por, was dissolved in chloroform at a concentration of
1.3-107* M and the UV—vis spectrum was recorded (blue line in
Figure 3). The absorption spectrum is comprised of the absorp-
tions of the individual porphyrin moieties (Cu complex and
free-base) resulting in a broadened Soret band and three peaks
in the Q band region. The maximum absorption peak is centered
at 414 nm, suggesting that the bis-porphyrin derivative is
mainly arranged as the syn-conformer, whilst a minor contribu-
tion from the anti-form cannot be ruled out due to the flexi-
bility of the ethano bridge [20]. After spreading 100 pL of the
chloroform solution onto the ultrapure water subphase, the
isotherm curve was recorded (inset of Figure 3). The surface
pressure vs area per molecule curve shows at least three bends,
indicating the rearrangement of the molecules in the floating
film. A conformational change of the Cu,H,-Por, molecules can
be excluded upon the motion of the barriers as evidenced by the
invariant absorption properties. In fact, Figure 3 (black lines)
demonstrates that the reflection spectra acquired at different
values of surface pressure do not show any appreciable shift of

the maximum reflection peak.

Figure 1: (a) Syn- and (b) anti-conformations of an ethano-bridged bis-porphyrin.
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Figure 3: UV-vis solution spectrum (blue line) and reflection spectra of the Cu,H,-Por, Langmuir film (black lines). The maximum reflection peak is
centered at 414 nm for all the investigated surface pressures (2, 16, 35 and 40 mN/m), suggesting a closed form of the bis-porphyrin derivative as the
major conformer. In the inset, the surface pressure vs area per molecule curve is reported.

The surface pressure vs area per molecule curves of Cu,H,-Por,
spread on ultrapure water and on the subphase containing
aniline (107> M) have very different features (Figure 4a). Both
curves show the first slope variation at a value of 200 AZ. At
least three changes of the curve slope are recorded for the
Cu,Hj,-Por; on water subphase, probably a consequence of the
formation of a multilayer film. The floating film spread on the
subphase containing the aromatic amine showed the first slope
change at about 20 mN/m and another more drastic variation at
37 mN/m. Even though the limiting area per molecule, obtained
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by the extrapolation of the steep region of the isotherm to zero
surface pressure, is in a good agreement with a conformational
change from the anti- to syn- form, such a rationale can be
excluded by the reflection spectroscopy carried out at the air/

water interface (Figure 4b).

Such a behavior confirms the host—guest interaction between
the molecules of the floating film and the analyte dissolved in
the subphase, which is further confirmed by reflection spec-
troscopy at the air/subphase interface. In fact, a red shift of the

(b) 04

T T T T T
360 390 420 450 480

Wavelength / nm

Figure 4: (a) The effect of aniline dissolved in the subphase (10~ M) on the surface pressure vs area per molecule curve (black line) of a bis-por-

phyrin derivative, floating layer in comparison to the ultrapure water subphase (grey line). (b) Reflection spectra of the Cu,Hy-Por, floating film in the
presence of aniline in the subphase (solid black line) in comparison with the reflection spectra of the bis-porphyrin Langmuir film spread on ultrapure
water (filled black circles) and tert-butylamine (stars), putrescine (unfilled circles) and diaminocyclohexane (filled grey circles) aqueous solutions (all
the analytes were dissolved in a concentration of 107> M). All the spectra were recorded at a surface pressure of 12 mN/m and appropriately multi-
plied or divided in order to have the same maximum value of AR of the Cu,H»-Pors floating layer on the ultrapure water subphase.
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Soret band by about 10 nm was induced by the aniline, thus
suggesting the syn-to-anti conformational switching in the
Cu,H,-Por, molecules (Figure 4b). This effect is similar to that
previously observed for bis(zinc porphyrin) [8]. The behavior of
the bis-porphyrin floating film upon interaction with other ali-
phatic acyclic and cyclic amines (fert-butylamine, 1,4-
diaminobutane and 1,2-diaminocyclohexane) dissolved into the
subphase was also checked. It was found that there are no varia-
tions in the absorption spectra, suggesting that the aromatic
group of the analyte is crucial for the conformational switching
in the bis-porphyrin derivative. Therefore, these results
prompted us to test a phenol solution as a subphase for the
Cu,H,-Por; floating film. As highlighted by the invariant reflec-
tion spectrum (Figure 4b), the phenol guest does not induce a
conformational change. Therefore, it is reasonable to suggest
that the simultaneous presence of an amino group and aromatic
ring is necessary to induce the syn-to-anti conformational
change in Cu,H,-Por;. As a further confirmation of such ratio-
nale, for the bis-porphyrin floating film obtained on a water
subphase containing 107> M 2-methyl-2-propanethiol, the syn-
conformer remains unchanged even at high surface pressure

values.

In order to confirm this assumption, the effect of two additional
aromatic amines on the bis-porphyrin derivative, floating film
was investigated. a-Methylbenzylamine and N-methylphenethy-
lamine were dissolved in the subphase at a concentration of
1073 M. As was the case for aniline, a-methylbenzylamine and
N-methylphenethylamine induced the corresponding red shift in
the reflection maximum of the Cu,H,-Por, floating film
(Figure 5). It is likely that the effect of the aromatic amines is
influenced by the steric hindrance of the guest molecule. A
more detailed host—guest interaction mechanism will be the
subject of future investigations.

Amine sensing experiments

In order to utilize the observed host—guest interaction between
the bis-porphyrin derivative and aromatic amines, amine
sensing experiments have been carried out. A Langmuir film of
Cu,Hj,-Por; was repeatedly transferred by the LS method onto
quartz substrates and the UV—vis spectra were recorded with
each additional LS run (Figure 6). For all the LS films, the
maximum absorption peak was the same and centered at
414 nm suggesting that the molecular conformation was not
changed with the deposition process retaining essentially the
closed syn-form as in the case of the floating Cu,H,-Por;

Langmuir film.

The linear relationship between the number of Cu,H,-Por;
layers and the absorbance peak illustrated the good deposition

rate and uniformity of the deposition procedure (Figure 6,

Beilstein J. Nanotechnol. 2015, 6, 2154—2160.
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Figure 5: Normalized reflection spectra of the Cu,H»-Por floating films
spread on a subphase containing N-methylphenethylamine (filled black
circles), a-methylbenzylamine (unfilled circles) and aniline (grey solid
line) (1075 M) compared with the reflection spectrum of the bis-por-
phyrin derivative, floating film recorded on ultrapure water (black solid
line). All the spectra were recorded at a surface pressure of 12 mN/m
and appropriately multiplied or divided in order to have the same
maximum value of AR of the Cu, Hp-Por; floating layer on the ultra-
pure water subphase.

inset). Furthermore, the absorption profile was not changed with
increasing layer deposition, suggesting negligible interlayer
interactions.

Five LS runs of Cu,H,-Por, were deposited on the SPR slide,
and the shift of the SPR angle induced by the injection of amine
aqueous solutions at different concentrations was monitored.
The effect of aniline on the plasmon resonance of the Cu,H,-
Por; film could be detected when only 1 nM of analyte was
fluxed over the active layer (Figure 7a). A semi-logarithmic
dependence of the SPR angle shift on the aniline concentration
is evident at least up to 1 mM with a dynamic range of more
than 6 orders of magnitude (Figure 7b). This behavior can be
explained by the equation:

KC

0=0_ ———
X gC+1

where K is the binding constant and C is the analyte concentra-
tion [21]. If the product KC is relatively small (<<1), the SPR
angle 0 is linearly dependent on the analyte concentration. On
the contrary, when KC is comparable to 1, the linearity is not
preserved. This deviation from linearity was thoroughly studied
and reported in the literature and a semi-logarithmic trend was
proposed [22-24].

The recovery of the SPR device was investigated. The initial

plasmon resonance angle was obtained when the Cu,H;-Por, LS
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Figure 6: UV-vis spectra in the range of 300-800 nm of the Cu,H»-Pory, Langmuir-Schaefer films. The linear dependence of the absorbance on the
LS layer number is highlighted in the inset.
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Figure 7: (a) Reflectance variation of Cu,H-Por; LS films and (b) SPR angle shift as a function of analyte concentration.
film, previously exposed to aniline, was treated for 15 min at
50 °C and then washed with a flow of ultrapure water for 5 min. 0.14 4
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The response of the Cu,H,-Por; device to a-methylbenzyl- ,
amine and N-methylphenethylamine was also monitored and a o 010 ) P 0
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was observed (Figure 8). This behavior is in good agreement S 0084 L
with the reflection spectra recorded on the Langmuir film. g L
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Langmuir film in comparison with aniline. Both the reflection
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spectroscopy and SPR measurements suggested that a-methyl- 2x10* 410" 6x10* 8x10* 1x10°
benzylamine and N-methylphenethylamine weakly interact with Analyte concentration / M
Cu,H;-Por; molecules. However, the injection of phenol solu- Figure 8: SPR angle shift as a function of a-methylbenzylamine (filled
tions (up to 0.01 M) did not induce any detectable shift in the black circles) and N-methylphenethylamine (unfilled circles) concentra-

tion in aqueous solution.

plasmon peak of the SPR sample.
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Conclusion

In this study, an ethano-bridged bis-porphyrin with a free-base
ring and a copper metallated ring was dissolved in a chloro-
form solution and spread at the air/liquid interface of a
Langmuir trough. The floating film was characterized both on
the ultrapure water subphase and on the subphase containing
different amine solutions. The surface pressure vs area per
molecule curve was influenced by the presence of aromatic
amines, and in particular aniline, in the subphase. A confirma-
tion of the host—guest interaction between the floating molecule
and the analyte in the subphase was provided by the reflection
spectroscopy measurements carried out directly at the air/
subphase interface. This interaction induces the syn-to-anti con-
formation switching in the structure of the bis-porphyrin, hence
producing an approximately 10 nm red shift of the absorption
maximum. Neither aliphatic amines nor phenol induced the
same variation in the reflection spectra of the Langmuir film,
suggesting that a cooperative effect of the amine and aromatic
groups is needed. The bis-porphyrin Langmuir film was trans-
ferred onto an SPR substrate and the host—guest interaction with
amines in aqueous solution was investigated. Interestingly, the
preliminary sensor tests evidenced that a significant angle shift
of the surface plasmon resonance was recorded when only 1 nM
of aniline was fluxed on the active layer. According to the
reflection spectroscopy results, this interaction appeared to be
highly selective towards aniline and more general towards
aromatic amines, proposing the Cu,H,-bis-porphyrin derivative
as an effective active layer for aromatic, amine sensors in

aqueous solution.

Experimental
Cu,H;-Por, was synthesized by a previously reported method
[20].

A NIMA trough equipped with two optical fibers was used for
the reflection spectroscopy measurements and the same trough
was employed for transferring the LS films. A chloroform solu-
tion of Cu,H,-Por, was spread onto the aqueous subphase and
the floating film formed was left to stand for 15 min before
starting the Langmuir experiment. A barrier speed of 5 mm/min
was used in all the experiments at the air/water interface. The
reflection spectra were obtained as a difference between the
reflectivities of the clean subphase and the Cu,H,-Por, floating
film.

Aqueous solutions of amines were fluxed over the LS, Cu,Hj-
Por, films deposited on metal/glass substrates (Corning 7059,
with a refractive index of 1.723 at 632.8 nm, gold thickness of
44 nm) by a peristaltic pump. The SPR measurements were

carried out using a Nanofilm apparatus.

Beilstein J. Nanotechnol. 2015, 6, 2154—2160.

References

1. Giancane, G.; Valli, L. Adv. Colloid Interface Sci. 2012, 171-172,
17-35. doi:10.1016/j.cis.2012.01.001

2. Bussetti, G.; Violante, A.; Yivlialin, R.; Cirilli, S.; Bonanni, B.;
Chiaradia, P.; Goletti, C.; Tortora, L.; Paolesse, R.; Martinelli, E.;
D'Amico, A.; Di Natale, C.; Giancane, G.; Valli, L. J. Phys. Chem. C
2011, 115, 8189-8194. doi:10.1021/jp200303t

3. Arnold, D. P.; Manno, D.; Micocci, G.; Serra, A.; Tepore, A.; Valli, L.
Thin Solid Films 1998, 327-329, 341-344.
doi:10.1016/S0040-6090(98)00665-8

4. Hembury, G. A,; Borovkov, V. V.; Inoue, Y. Chem. Rev. 2008, 108,
1-73. doi:10.1021/Cr050005k

5. lIshihara, S.; Labuta, J.; Van Rossom, W.; Ishikawa, D.; Minami, K.;
Hill, J. P.; Ariga, K. Phys. Chem. Chem. Phys. 2014, 16, 9713-9746.
doi:10.1039/C3cp55431g

6. Webb, M. J.; Deroo, S.; Robinson, C. V.; Bampos, N. Chem. Commun.
2012, 48, 9358-9360. doi:10.1039/c2cc33668e

7. Tepore, A.; Serra, A.; Manno, D.; Valli, L.; Micocci, G.; Arnold, D. P.
J. Appl. Phys. 1998, 84, 1416—1420. doi:10.1063/1.368252

8. Giancane, G.; Borovkov, V.; Inoue, Y.; Conoci, S.; Valli, L. Soft Matter
2013, 9, 2302-2307. doi:10.1039/C2sm27141a

9. Manera, M. G.; Ferreiro-Vila, E.; Cebollada, A.; Garcia-Martin, J. M.;
Garcia-Martin, A.; Giancane, G.; Valli, L.; Rella, R. J. Phys. Chem. C
2012, 116, 10734-10742. doi:10.1021/jp3019843

10. Giancane, G.; Valli, L.; Sortino, S. ChemPhysChem 2009, 10,
3077-3082. doi:10.1002/cphc.200900451

11.Ulman, A. Chem. Rev. 1996, 96, 1533—1554. doi:10.1021/Cr9502357

12.0nal, A. Food Chem. 2007, 103, 1475-1486.
doi:10.1016/j.foodchem.2006.08.028

13.Bettini, S.; Santino, A_; Valli, L.; Giancane, G. RSC Adv. 2015, 5,
18167-18171. doi:10.1039/c5ra01699a

14.Kanki, M.; Yoda, T.; Tsukamoto, T.; Baba, E. Appl. Environ. Microbiol.
2007, 73, 1467—-1473. doi:10.1128/Aem.01907-06

15.Ahn, H. J.; Kim, J. H.; Jo, C.; Lee, C. H.; Byun, M. W. J. Food Sci.
2002, 67, 1370-1373. doi:10.1111/j.1365-2621.2002.tb10291.x

16.Azab, H. A,; El-Korashy, S. A.; Anwar, Z. M.; Khairy, G. M.;
Duerkop, A. J. Photochem. Photobiol., A 2012, 243, 41-46.
doi:10.1016/j.jphotochem.2012.05.029

17.Hu, S.-M;; Niu, H.-L.; Qiu, L.-G.; Yuan, Y.-P.; Jiang, X.; Xie, A.-J.;
Shen, Y.-H.; Zhu, J.-F. Inorg. Chem. Commun. 2012, 17, 147-150.
doi:10.1016/j.inoche.2011.12.037

18.Guo, K.; Chen, Y. Anal. Methods 2010, 2, 1156—1159.
doi:10.1039/c0ay00316f

19.Jia, L.; Mane, G. P.; Anand, C.; Dhawale, D. S.; Ji, Q.; Ariga, K.;
Vinu, A. Chem. Commun. 2012, 48, 9029-9031.
doi:10.1039/c2cc33651k

20.Borovkov, V. V; Lintuluoto, J. M.; Inoue, Y. Helv. Chim. Acta 1999, 82,

15.

.Dong, H.; Cao, X.; Li, C. M.; Hu, W. Biosens. Bioelectron. 2008, 23,

1055-1062. doi:10.1016/j.bios.2007.10.026

22.Ensafi, A. A;; Fouladgar, M. Sens. Actuators, B 2006, 113, 88-93.
doi:10.1016/j.snb.2005.02.027

23.Yusof, N. A.; Ahmad, M. Talanta 2002, 58, 459-466.
doi:10.1016/S0039-9140(02)00308-9

24.Filik, H.; Giray, D.; Ceylan, B.; Apak, R. Talanta 2011, 85, 1818-1824.
doi:10.1016/j.talanta.2011.07.052

2

=

2159


http://dx.doi.org/10.1016%2Fj.cis.2012.01.001
http://dx.doi.org/10.1021%2Fjp200303t
http://dx.doi.org/10.1016%2FS0040-6090%2898%2900665-8
http://dx.doi.org/10.1021%2FCr050005k
http://dx.doi.org/10.1039%2FC3cp55431g
http://dx.doi.org/10.1039%2Fc2cc33668e
http://dx.doi.org/10.1063%2F1.368252
http://dx.doi.org/10.1039%2FC2sm27141a
http://dx.doi.org/10.1021%2Fjp3019843
http://dx.doi.org/10.1002%2Fcphc.200900451
http://dx.doi.org/10.1021%2FCr9502357
http://dx.doi.org/10.1016%2Fj.foodchem.2006.08.028
http://dx.doi.org/10.1039%2Fc5ra01699a
http://dx.doi.org/10.1128%2FAem.01907-06
http://dx.doi.org/10.1111%2Fj.1365-2621.2002.tb10291.x
http://dx.doi.org/10.1016%2Fj.jphotochem.2012.05.029
http://dx.doi.org/10.1016%2Fj.inoche.2011.12.037
http://dx.doi.org/10.1039%2Fc0ay00316f
http://dx.doi.org/10.1039%2Fc2cc33651k
http://dx.doi.org/10.1016%2Fj.bios.2007.10.026
http://dx.doi.org/10.1016%2Fj.snb.2005.02.027
http://dx.doi.org/10.1016%2FS0039-9140%2802%2900308-9
http://dx.doi.org/10.1016%2Fj.talanta.2011.07.052

License and Terms

This is an Open Access article under the terms of the
Creative Commons Attribution License
(http://creativecommons.org/licenses/by/2.0), which

permits unrestricted use, distribution, and reproduction in

any medium, provided the original work is properly cited.

The license is subject to the Beilstein Journal of
Nanotechnology terms and conditions:
(http://www.beilstein-journals.org/bjnano)

The definitive version of this article is the electronic one
which can be found at:
doi:10.3762/bjnano.6.221

Beilstein J. Nanotechnol. 2015, 6, 2154—2160.

2160


http://creativecommons.org/licenses/by/2.0
http://www.beilstein-journals.org/bjnano
http://dx.doi.org/10.3762%2Fbjnano.6.221

(J BEILSTEIN JOURNAL OF NANOTECHNOLOGY

Electrochemical coating of dental implants with anodic porous
titania for enhanced osteointegration

Amirreza Shayganpour!, Alberto Rebaudi?, Pierpaolo Cortella3, Alberto Diaspro’
and Marco Salerno™

Full Research Paper

Address: Beilstein J. Nanotechnol. 2015, 6, 2183-2192.
"Nanophysics Department, Istituto Italiano di Tecnologia, via Morego doi:10.3762/bjnano.6.224
30, 16149 Genova, ltaly, 2Rebaudi Dental Office, piazza della Vittoria

8, 16121 Genova, ltaly, and 30dontosalute, via Edmondo de Amicis Received: 08 September 2015
2, 16122 Genova, ltaly Accepted: 11 November 2015
Published: 20 November 2015
Email:
Marco Salerno” - marco.salerno@iit.it This article is part of the Thematic Series "Organized films".
* Corresponding author Guest Editor: M. Canepa
Keywords: © 2015 Shayganpour et al; licensee Beilstein-Institut.
anodization; dental implants; nanopores; surface treatment; titania License and terms: see end of document.
Abstract

Clinical long-term osteointegration of titanium-based biomedical devices is the main goal for both dental and orthopedical implants.
Both the surface morphology and the possible functionalization of the implant surface are important points. In the last decade,
following the success of nanostructured anodic porous alumina, anodic porous titania has also attracted the interest of academic
researchers. This material, investigated mainly for its photocatalytic properties and for applications in solar cells, is usually obtained
from the anodization of ultrapure titanium. We anodized dental implants made of commercial grade titanium under different experi-
mental conditions and characterized the resulting surface morphology with scanning electron microscopy equipped with an energy
dispersive spectrometer. The appearance of nanopores on these implants confirm that anodic porous titania can be obtained not only
on ultrapure and flat titanium but also as a conformal coating on curved surfaces of real objects made of industrial titanium alloys.
Raman spectroscopy showed that the titania phase obtained is anatase. Furthermore, it was demonstrated that by carrying out the
anodization in the presence of electrolyte additives such as magnesium, these can be incorporated into the porous coating. The
proposed method for the surface nanostructuring of biomedical implants should allow for integration of conventional microscale
treatments such as sandblasting with additive nanoscale patterning. Additional advantages are provided by this material when
considering the possible loading of bioactive drugs in the porous cavities.

Introduction
Titanium (Ti) is the standard material used for dental and ortho-  rate of Ti dental implants (>90%), there is still room for opti-
pedic implants, thanks to its very good strength, corrosion resis-  mization of osteointegration, particularly for diabetics, smokers

tance and biocompatibility [1,2]. Despite the very high success and oncology patients [3]. As with most metals, Ti in wet or
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even ambient air environment develops a thin layer of native
oxide, namely TiO, (titania). While it is generally recognized
that surface topography is a major factor for osteointegration of
all implants [4], the lower surface energy of titania as compared
to that of alumina and silica for example [5], makes micro-
nanoscale patterning of this material of even more critical
importance for implant success.

The surface micropatterning of Ti implants is usually achieved
by mechanical (sandblasting) or purely chemical (etching) treat-
ments [4]. However, Ti is also known as a valve metal, similar
to the more common Al [6]. As such, electrochemical (EC)
anodization of Ti, which is a combination of metal etching and
oxide growth in the presence of applied voltage, results in the
formation of porous titania nanotubes grown perpendicular to

the metal — a material called anodic porous titania (APT).

APT is usually of interest for applications in catalysis or opto-
electronics [7]. Here we present its use as a coating for nanopat-
terning the surfaces of dental implants. One advantage of APT
for applications in biomedicine is with respect to its analogue
obtained on Al, namely, anodic porous alumina (APA), which is
mainly used in nanotechnology [8] because no particular pore
order is required in this field. Here, a relatively uniform pore
size and spacing is required and thus the preliminary electropol-
ishing and two-step anodization used for APA to form hexago-
nal pore arrays are not necessary [9]. A single anodization is
sufficient and from this perspective, may represent a simple and
inexpensive nanopatterning procedure for biomedical Ti.

In fact, the application of nanoporous oxides as biological
surfaces (where living cells should adhere and grow) has been
already explored for APA also [10-12]. Generally speaking,
oxide inertness provides biocompatibility, while controlled
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porous patterning allows for tuning the roughness for opti-
mized stimulation of living-cell response. The role of nanoto-
pography in guiding cell differentiation and tissue generation is
not fully understood yet, but is a well-known phenomenon [13-
15]. In extreme synthesis, a nanorough substrate with possible
adhesion/growth factors mimics the extracellular matrix [16].

Since Ti is used for most permanent implants, interest in
nanopatterning biomedical surfaces with anodization has
recently shifted from Al (i.e., APA) to Ti (i.e., APT [17-19]).
However, the anodization of Ti implants poses several chal-
lenges: the Ti used for implants is not ultrapure (as is used in
basic research), but is rather an alloy, and the medical implants
are not flat surfaces, but are 3D objects with curved surfaces.
Therefore, even though positive results have been recently
achieved [20-22], the transfer of the required processes from
laboratory specimens to real implants is not trivial.

The fabrication of APT in itself forms an organized film where
the pores grow in a columnar form with the oxide according to
mutual interaction in a form of self-assembly. In addition,
further opportunities for surface organization are provided by
subsequent functionalization of the APT with functional over-
coating layers of bioactive materials, eventually using the pores
as a template. Here we report on APT fabrication for dental
implants and give an example of pore loading with a bioactive
element.

Results and Discussion

In Figure la,b pictures of the two types of implants investi-
gated, Sweden & Martina (S&M, Figure 1a) and Stark
(Figure 1b), are shown. They are both conical implants of
similar geometry and same nominal Ti purity, namely grade 4

and both available in machined-only form (i.e., not finished

2.00 Energy (keV) 4.00

Figure 1: (a,b) Pictures of the implants used in this experiment, (a) Premium Straight from S&M and (b) Stark. (c) Typical SEM micrograph of the
surface of the implants, as received. (d) Corresponding EDS spectrum of an S&M implant, as received.
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with the final roughening treatment). Indeed, under scanning
electron microscope (SEM) imaging at high (10,000x) magnifi-
cation they looked the same with the typical lay of machined
pieces (Figure 1c). Concurrently, the chemical composition, as
assessed by energy dispersive spectroscopy (EDS), also looked
quite similar. In Figure 1d the EDS spectrum of a typical S&M
implant is shown. It appears that, in addition to Ti from the bulk
implant core and gold (Au) from the coating deposited for SEM
analysis, traces of additional chemical elements are present,
such as carbon, ascribed to organic contamination during pack-
aging, and, to a lower extent, oxygen, ascribed to native metal
oxide on the surface. Contamination of rhodium also appears at
very low levels (estimated =~0.8 at %), which was the same for
both types of implants. According to the producing companies,
these contaminates may be associated with the machining tools
and/or the final washing, or possibly due to cross-contamina-
tion among different manufacturing processes carried out with
the same equipment. In the case of Stark implants, a minor
difference in the spectrum is the occurrence of another minor
peak assigned to Al (see Supporting Information File 1, Figure
S1). While both Ti materials should be of commercial grade 4
(and not grade 5, also called Ti6Al4V, which contains 6 wt %
Al), our interpretation is that the detected Al is yet another cont-
aminant appearing during the bulk metal machining. Al cannot
even be associated with sandblasting by means of alumina abra-

sive particles, since it appears on just-machined implants.

Both types of implants were subjected to two slightly different
processes, both carried out at room temperature (RT) for 1 min:
in one case only anodization was applied (Ti positive, voltage
+150 V), while in the other case, this step was preceded by
inverted polarization (voltage —150 V). The latter step, called
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cathodization, should protonate the surface and make anodiza-
tion more effective according to some literature [23]. The
typical chronopotentiometric and chronoamperometric profiles
of these processes are shown in Figure 2a,b for the cathodiza-
tion pretreatment (where applied) and the standard subsequent
anodization, respectively.

It should be mentioned that the electrochemical settings
involved both a target voltage, V;, and a target current, ir. When
the power supply is switched on, both quantities are simultane-
ously raised and the one that first reaches the target value is
clamped. Therefore, also partly due to the peculiar shape of the
anodized element, it is not always possible to define the whole
process as either potentiostatic or galvanostatic. During this
process the conditions may change, making one target value
easier to attain than the other at a given electrolyte conductivity
and temperature.

Within intermediate ranges of the above quantities (e.g.,
20-180 V and 0.1-1.5 A), thus avoiding the burning regime, the
selected temperature is only of secondary importance with
respect to the applied voltage (or current). Nevertheless, for
proper interpretation of the results, it is important that the
temperature be kept as constant as possible, regardless of its
value. For this reason we chose a temperature close to typical
RT.

From Figure 2a it appears that the cathodization pretreatment
lasted for the whole duration period under conditions of
constant current (i.e., a galvanostatic process) and almost
constant voltage as well, and this was the same for both implant
types. In particular, despite the selected V; = 150 V applied to
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Figure 2: Plots of both current and voltage during the surface modification of the dental implants. (a) Preliminary, optional cathodization pretreatment,
and (b) standard, subsequent anodization. The current, j, is plotted in black, the voltage, V, in blue. The curves were obtained from the anodization of

Stark implants, but were very similar for S&M implants as well.
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the cathode, a value of only =3.5 V was reached, given the low
iy =0.1 A set as a protection limit against unwanted side effects.

The profiles for anodization were similarly equivalent for the
different implants, yet different from the cathodization, as
shown in Figure 2b. In all cases, anodization was self-termi-
nated after a very short time of 2—4 s. When the total passed
charge was calculated, it appeared to be always comparable
(=12 C), which sets a limit to the surface coating of the implants
with the passivating anodic oxide of ~0.1 C/mm?.

The fact that a longer anodization time does not increase the
APT thickness is different from what is known for APA [24],
where the oxide continues to grow at the expense of the under-
lying metal. In fact, in previous extensive studies, the nature of
the porosity resulting in Ti from anodization was also described
to be of a different nature than for Al [25]. The APT pattern was
ascribed to a pitting regime of anodization, occurring above the
electrical breakdown threshold for the material, which would
probably account for the more disordered appearance of the
emerging pores with respect to those of APA.

In Figure 3 the typical results of anodization are shown with
respect to both the surface morphology (SEM, Figure 3a) and
its composition (EDS, Figure 3b). The reported data are from
S&M implants, but equivalent results were obtained for Stark
implants. In Figure 3a, the characteristic nanoporosity of APT
appears. The pores, which are rather irregular, present a broad
size distribution, with a diameter of 100—200 nm. The under-
lying lay of machining is still visible, although partly obscured
by the nanopatterning. Similar pores were obtained in our group

Counts
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on ultrapure Ti (see Supporting Information File 1, Figure S2).
In that case, the temperature was lower and sulphuric acid was
used instead. As a result, the pore edges were sharper, while
here we have rounded pore mouths, in agreement with litera-
ture results [26].

The comparatively large pore size, at the border between nano-
and micro-scale, is associated with the high anodization voltage
used here, which should be proportional to the pore size, similar
to the case of APA [7]. This high voltage has been selected
because, according to Choi [25], no pore formation occurs at a
voltage below =100 V, even if formation of oxide is still
observed. At the same time, it has also been observed in in-vitro
experiments that too small nanopores can even be detrimental
to living cell adhesion, as they may give rise to a kind of
hydrophobic and thus antiwetting behavior [27].

In Figure 3b, the EDS analysis confirms the presence of Ti
oxide on the surface. In fact, the O content significantly
increased with respect to Figure 1d from =3 at % up to
=14 at %. This is consistent with the presence of surface titania
with a thickness significantly higher than native oxide. A stoi-
chiometric ratio to Ti cannot be obtained from EDS (in fact Ti
is still dominant, =73 at %), given the deep penetration (>1 pm)
of the energetic, primary electrons (10 kV) with respect to the
APT thickness (=100 nm), such that the probed volume is
mainly in the bulk of the Ti implant under the surface.

In Figure 3b a new type of contamination, phosphorus, also
appears at a concentration as high as =10 at %. In fact, from
APA fabrication, it is also known that some amount of elec-

2.00

4.00
Energy (keV)

Figure 3: Typical results of anodization for both implant types, with or without cathodization pretreatment. (a) SEM micrograph of the surface showing
the characteristic APT pores and (b) EDS spectrum, showing the increased O content and P contamination.
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trolyte anions (typically 3—8 wt %) are incorporated into the
porous oxide during anodization [6]. The same applies also for
the anodization of Ti, and thus the observed P has to be ascribed
to phosphate anions PO42~ entrapped within the porous oxide
during its growth. Actually, this is the reason why we decided
to use phosphoric acid as the anodizing electrolyte, since phos-
phate is likely to be biocompatible and even bioactive in the
foreseen application of the coatings for osteointegration, due to
its affinity to tri-calcium phosphates or hydroxylapatite.

Both the Stark and S&M implants were made using grade 4 Ti.
Actually, grade 5 Ti is commonly used only for abutments and
other parts, since it presents higher mechanical performance
(e.g., yield stress of 860 MPa vs 550 MPa) but is less biocom-
patible [1].

The successful patterning of Ti by means of oxide nanopores, as
shown in Figure 3a on machined implants, can be of greater
importance when demonstrated on implants patterned on the
microscale by the different and most common methods of either

20KV X10,000 1pm

Beilstein J. Nanotechnol. 2015, 6, 2183-2192.

sandblasting and/or acid etching (simple wet etching in the
absence of driving electrical field). In fact, it is possible that a
combination of both roughening scales, the micro- and the
nano-, may be the most effective procedure for osteointegration
of the pristine Ti surface. Therefore, in a separate set of experi-
ments, we also anodized implants of both types (S&M and
Stark) that were already patterned according to the standard
technique of the respective company. Anodization was
confirmed to be successful in formation of nanopores on the
micropatterned Ti implants also. In Figure 4 we report the case
of Stark implants, but similar results were also obtained for the
S&M implants.

Figure 4 shows the SEM micrographs of finished Stark implants
after their standard process of sandblasting. We can see similar
areas before (left) and after (right) anodization. Additionally, in
both cases, the same area pictured at low magnification (top)
has been taken at higher magnification (bottom). Interestingly,
at lower magnification the same microscale roughness is
observed before and after anodization (Figure 4a,b), meaning

1pm

W20kV X10,000

Figure 4: SEM micrographs of finished Stark implants, before (a,c) and after (b,d) anodization, at 1,000x (a,b) and 10,000% (c,d) magnification. The
high magnification images are close-up views extracted from the corresponding regions (see yellow lines) of the same area. The large arrow repre-

sents the anodization process.
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that the treatment did not destroy it. At the same time, at high
magnification, the typical nanopores due to APT appear on the
anodized implant (Figure 4d) and were not present before
anodization (Figure 4c). In Figure 4d these nanopores are obvi-
ously overlaid onto the microscale roughness due to sand-
blasting. The effectiveness of the anodization treatment is thus
confirmed, which is important in view of real manufacturing
carried out in combination with the standard microscale

patterning processes of sandblasting and wet etching.

According to both SEM morphology and EDS composition, no
significant difference was observed on average after inspection
of several different locations on different implants (N > 6), and
between implants pretreated or not pretreated with cathodiza-
tion. This pretreatment should result in loading the Ti with
hydrogen, which would decrease the oxide breakdown voltage,
and thus increase the pore density at constant potential.
However, we observed no significant change in pore size with
the pretreatment. The previous authors who used that [23]
applied the same anodic potential as set here but a different
electrolyte, namely 1 M sulphuric acid. However, the major
difference, and the possible reason for the lack of this effect in
our case, could be the low current limit of 0.1 A set here.

In any case, the pretreatment should not change either the crys-
talline phase of the formed APT or its thickness. With or
without pretreatment, Tanaka et al. [23] observed a combina-
tion of anatase and rutile for APT by means of X-ray diffrac-
tion spectroscopy. On the other hand, Choi states in his exten-
sive work that rutile is formed at an anodization voltage as high
as 150 V, while amorphous titania is obtained at lower voltages
[25]. The crystalline phase of APT is of some importance since
it seems that, with respect to osteointegration, anatase is
preferred over rutile [28]. Unfortunately, if rutile is formed
upon anodization, no existing easy route is known to convert
this more stable form of titania back to transient anatase. We
performed Raman spectroscopy on both types of anodized
implants, those with or without pretreatment. Again, we
observed no major differences in the different cases. For all
measurements, given the limited thickness of APT, we had to
use collecting conditions of low magnification (objective of
10x), high laser power (=100 mW) and long accumulation time
(1 min) to obtain spectra with reasonable signal to noise ratio. A

representative Raman spectrum is presented in Figure 5.

According to the triplet peaks appearing in Figure 5 at around
395, 519 and 639 cm™! and upon comparison with former data
available in the literature for Raman analysis of anatase titania
[29,30], the APT formed in our case seems not to be rutile but
rather anatase. This is in agreement with the results of anodiza-

tion of Ti by a different group [31].

Beilstein J. Nanotechnol. 2015, 6, 2183-2192.
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Figure 5: Typical uncorrected Raman scattering spectrum of an
anodized implant, representative of all implant types with or without
pretreatment.

The spontaneous phosphate incorporation occurring during
anodization in H3POy is not the only form of doping that may
be exploited in order to increase the possible bioactivity of the
APT coating. In fact, one may explore the possibility to add
different chemical species to the APT coating from those natu-
rally resulting in the dissolved acid electrolyte. Interesting
candidate elements are F, Ca and Mg and P, as demonstrated by
recent loading carried out on implants coated with nanoporous
titania by means of different techniques [22,32,33]. We selected
Mg, which is essential to all living cells for its interaction with
polyphosphate compounds such as ATP, DNA and RNA,
required by many enzymes for their functioning, and present in
many pharmaceutical products. In the research literature, Mg
has also been added to hydroxylapatite to support to bone for-
mation but with varying results (e.g., positive in [34] and
missing in [35]).

With the goal of the incorporation of Mg in the APT coating, in
a separate set of experiments, we added magnesium sulfate
(MgSO0y) to the electrolyte. The salt was added in two different
concentrations (0.5 and 1.5 M) and for two different processing
times of the subsequent anodization (1 and 10 min). The pres-
ence of Mg was confirmed by means of SEM and EDS. In
Figure 6 representative SEM micrographs of the implant
surfaces after anodization with the Mg additive at an intermedi-
ate magnification (1,000%) are shown.

In Figure 6a, it appears that the lower Mg concentration (0.5 M)
for the short anodization time (1 min) gave rise to surface
aggregates covering only a minor portion of the surface,
(20-30%, the image is representative). In Figure 6b, the effect
of increasing the concentration to 1.5 M while keeping the
anodization time at 1 min appears to result in an almost full

coverage of an aggregated overlayer (80-90%). Concurrently,
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Figure 6: SEM micrographs of implants (S&M) anodized in the presence of a Mg additive. (a) 0.5 M Mg, 1 min anodization; (b) 1.5 M Mg, 1 min

anodization; (c) 1.5 M Mg, 10 min anodization.

despite the standard overcoating with 10 nm Au (in order to
avoid the static charging effect due to the electron beam), the
enhanced contrast still appears to be an effect of the thick insu-
lating coating on top of the anodized Ti. As shown in Figure 6c¢,
the case of high concentration (1.5 M) and long anodization
time (10 min) further increases the overlayer coverage, reaching
~100% in all regions (N > 3).

EDS also confirmed the overlayer aggregates comprised of Mg.
A quantitative EDS analysis pointed out that in the above three
cases of Figure 6, the Mg content detected was ~0.5, ~1.0 and
~1.3 at %, respectively. The entire amount of Mg found may
not necessarily be incorporated in the APT or loaded in the APT
pores. However, anodizing seems to enhance this functionaliza-
tion. Indeed, when control implants were submerged after
anodization in Mg solutions with same concentration and for
the same soaking time, we observed a lower Mg content of
~0.1, =0.3 and =0.6 at %, respectively. The reason why Mg is
more effectively coated on the APT when added during
anodization is not clear, since this is a cation, and in principle,
should be preferentially driven to the cathode. However, we
may suppose that at least electrically neutral species containing
Mg are also formed in the electrolyte, such as Mg3(POy), or,
more likely, Mg(OH),. These species with comparatively large
size and low mobility could be trapped within the flow of the

other anions.

An example of EDS chemical mapping is presented in Figure 7.
It appears that all the elemental species of interest, namely Ti, P
from the electrolyte phosphate and Mg additive, are evenly
distributed over the surface (and the same is for O, not shown).

Occasional defects appear, such as in the top right region of
Figure 7 (circled in yellow). The depressed (dark) region on the
morphological image (Figure 7a) probably corresponds to an
area of missing or thinner Mg coating. Indeed, the Mg map
(Figure 7d) shows a locally lower level in that spot. The Ti
(Figure 7b) is apparently more concentrated there, due to the
decreased screening effect of the Mg overlayer (a similar effect
was observed for the map of O). However, the P content
(Figure 7c¢) is also lower in that spot, meaning that not only the
Mg was coated less efficiently but also the APT did not form in
that site. This can be ascribed to the presence of different conta-
minants on the Ti (e.g., C, not mapped here). Therefore, where
no APT forms, the decreased ionic flow lines also prevent
formation of a good Mg overlayer. However, overall, a high
coverage of Mg is obtained on the surface.

As shown in Figure 6a, the Mg overlayer results in apparent
clogging of the APT pores. This may cause the implant to lose
the desired nanostructure patterned by the anodization, at the
cost of gaining the chemical functionalization of Mg. However,
at a longer anodization time, the Mg overlayer itself seems
to form a nanoporous structure. These pores are on average
5-10 times larger than those in the pristine APT (i.e., on the
microscale). We make the hypothesis that the coating is porous
due to local percolation of the ionic current through it, with the
arrangement of such conduction channels favoring the merging
into large pores. In any case, the underlying structure of APT
nanopores, which is made in an inorganic inert material, is not
lost, and will eventually be revealed after bio-utilization of the
Mg overlayer at an implant site, providing interaction with the
host tissue.
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Figure 7: SEM and EDS mapping of the elemental species on the surface of implants (S&M) anodized in the presence of 1.5 M Mg for 1 min.
(a) SEM (backscattered electron) morphology, (b) Ti map, (c) P map, and (d) Mg map.

Conclusion

Anodization in acid electrolyte provides a conformal coating
with pores also formed on curved surfaces of commercial grade
Ti, and is thus a feasible approach for the nanopatterning of

dental implant surfaces.

The implants of the same Ti grade from the two different
companies considered here did not present significant differ-

ences.

In our experience, the cathodic pretreatment did not provide
different morphological, compositional or structural results for
the subsequent anodization at the given electrolyte concentra-
tion, bath temperature, and applied voltage and current condi-
tions.

The nanoporosity resulting from the anodization did not alter

the underlying surface profile on the microscale. Therefore,

when not sufficient to provide osteointegration by itself,
anodization can be an additive treatment in addition to
microscale sandblasting or wet etching.

By anodizing in phosphoric acid, a remarkable doping of the
fabricated APT coating with phosphate ions occurs spontan-
eously, which can be already considered as a biofunctionaliza-
tion of the nanoporous surface. Further in situ functionalization
aiming at improved bioactivity of the nanoporous surfaces may
be obtained by using additive species in the anodizing elec-
trolyte, such as Mg as shown here. The amount of functionaliza-
tion obtained with Mg additive is approximately a factor 10 less
effective than for the phosphate anions of the electrolyte base
acid, and optimization conditions should be sought for optimal
Mg adsorption.

The as fabricated APT was found to be at least partly anatase,
which is desirable for osteointegration. A higher crystallinity,
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with removal of water and residual amorphous APT phase, may
likely be obtained by post-fabrication annealing at moderate

temperatures to avoid the transition to rutile.

The next step in our research will be the further functionaliza-
tion of the organized porous film surface with bioactive mole-
cules such as proteins and adhesion factor, and in vitro experi-
ments with osteoblast-like cell cultures.

Experimental

Implants used

We used dental implants from two different manufacturers,
Sweden & Martina (S&M) and Stark. From the range of avail-
able S&M implants, the type Premium Straight was selected.
Both implant types were of grade 4 Ti and were provided in
machined form only (i.e., without surface treatment for rough-
ening and osteointegration). The implants were sterilized and
sealed in plastic boxes, and were used as received, taking care
to minimize contamination prior to anodization, by handling
only with clean tweezers and gloves. For mounting in the
anodization setup, we took advantage of the metallic screw
available for connection of the abutment, which fit the inner
base cavity of the implants.

Anodization

The implants were suspended vertically upside-down and
submerged in a 1.5 M aqueous solution of phosphoric acid
H3PO4 (Sigma Aldrich, Milan, Italy). The counter electrode
(normally the cathode) was an inert Pt wire (1 mm thickness),
curled in a spiral to form an almost compact circle of =3 cm in
diameter in front of the implants at a distance of =2 cm. The
anodization was carried out by means of a high power supply
(N5751A, Agilent Technologies, USA), connected for both
control and output to a laptop computer. A Visual Basic macro
allowed for the collection of both current (i) and voltage (V)
data from the circuit. The anodization was carried out in
prevailing potentiostatic mode, by setting the target voltage and
target current to 150 V and 0.5 A, in a double-walled beaker
with circulating silicone oil, kept at an approximately constant
temperature of 25 °C (RT) by means of a thermocryostat RP
3530 (Lauda, Germany). The cathodization treatment, when
applied, was set 150 V and applied to the Pt counter electrode
(with the implant set to ground) and 0.1 A target current.

Imaging and chemical analysis

Both types of implants were characterized before and after
anodization by SEM. They were mounted on Al stubs by means
of double-sided adhesive carbon tape and overcoated with a
~10 nm thick layer of sputtered gold before inserting into the
SEM chamber. We used a JSM-6490LA (JEOL, Japan) instru-
ment equipped with energy dispersive spectroscopy (EDS) for
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the chemical identification of the coating composition. For
imaging, the instrument was operated at a primary electron
beam energy of 20 kV, aperture 2, and spot size 30, while for
EDS we used 10 kV, aperture 3 and spot size 60, respectively.

Additionally, on implants not coated with gold, we used a
micro-Raman Raman spectrometer (inVia, Renishaw, UK)
equipped with the software program WiRE 3.4 to assess the
surface resulting from the anodization. A 785 nm wavelength
laser was used together with a 1200 grooves/mm grating,
collecting spectra with a 10x objective in the 100-3200 cm ™!
range. The incident power was ~100 mW with an accumulation
time of 1 min.

Supporting Information

Supporting Information File 1

Additional experimental information.
[http://www.beilstein-journals.org/bjnano/content/
supplementary/2190-4286-6-224-S1.pdf]
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Abstract

We report on the optical fabrication approach of preparing free-standing composite thin films of hydroxyapatite (HA) and
biodegradable polymers by combining pulsed laser ablation in liquid and mask-projection excimer laser stereolithography
(MPExXSL). Ligand-free HA nanoparticles were prepared by ultrafast laser ablation of a HA target in a solvent, and then the
nanoparticles were dispersed into the liquid polymer resin prior to the photocuring process using MPExSL. The resin is poly(propy-
lene fumarate) (PPF), a photo-polymerizable, biodegradable material. The polymer is blended with diethyl fumarate in 7:3 w/w to
adjust the resin viscosity. The evaluation of the structural and mechanical properties of the fabricated hybrid thin film was
performed by means of SEM and nanoindentation, respectively, while the chemical and degradation studies were conducted
through thermogravimetric analysis, and FTIR. The photocuring efficiency was found to be dependent on the nanoparticle concen-
tration. The MPEXSL process yielded PPF thin films with a stable and homogenous dispersion of the embedded HA nanoparticles.
Here, it was not possible to tune the stiffness and hardness of the scaffolds by varying the laser parameters, although this was
observed for regular PPF scaffolds. Finally, the gradual release of the hydroxyapatite nanoparticles over thin film biodegradation is
reported.

Introduction

Interfaces between osteochondral prosthetics and the the most commonly used materials in osteochondral tissue engi-
surrounding bone tissue are of great importance with regard to  neering, since they bear chemical similarity to the mineral
the promotion and enhancement of biological fixation (firm constituent of human bones, are bioactive and can be fairly
bonding of the implant to the host bone by on-growth or easily bioconjugated [1]. HA NPs can enhance cell prolifera-
ingrowth). Hydroxyapatite (HA) nanoparticles (NPs) are one of  tion in bone tissue regeneration [2].
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Tissue engineering is an interdisciplinary field that combines
the principles of life sciences and engineering to improve tissue
growth and functions. Whenever the need arises for a certain
type of scaffold to be produced, all these fields have to be
utilized together to get an appropriate solution.

HA is an essential ingredient of normal bone and teeth and is
widely used for bone tissue regeneration. Given the high degree
of chemical similarity between synthetic HA and the natural
bone mineral, a large number of studies have introduced syn-
thetic HA as bone replacement material for biomedical applica-
tions [3,4]. The benefits of synthetic HA, most notably its
biocompatibility, slow biodegradability and good osteoconduc-
tive and osteoinductive capabilities [5,6], made it a platform for
large-scale biomedical applications, such as controlled drug
release and bone tissue engineering materials [7,8].

Lee et al. [9] reported on cellular responses to crosslinkable
poly(propylene fumarate)/hydroxyapatite nanocomposites and
showed that these nanocomposites are beneficial for hard tissue
replacement due to the excellent mechanical strength and osteo-
conductivity. They used commercially available HA NPs,
whereas we prepared HA NPs by PLAL and controlled the size
by this method. They demonstrated also that the addition of HA
enhanced hydrophilicity and serum protein adsorption, and as a
result, this increased pre-osteoblast cell attachment, spreading,

and proliferation after four days of culture.

Different technical routes have been explored for the synthesis
of HA NPs, including mechanochemical synthesis [10],
combustion preparation [11] and various wet chemistry tech-
niques [12,13]. However, these routes have drawbacks
regarding the synthesis attributed to the use of hazardous sur-
factants that are not suitable for biomedical applications [14].

Pulsed laser ablation of solid targets in liquids (PLAL) for the
production of highly pure nanoparticles, has attracted research
over the last decade mainly because of the simplicity of the
method [15-18]. The main advantages of the technique include
the green synthesis without chemical agents, a high production
yield [17], the possibility to work under ambient conditions, and
the versatility that allows for in situ manipulations [16].

Earlier, we had reported on the incorporation of Au NPs [19]
and titanate nanotubes (TNTs) in and on the scaffolds [20] to
develop poly(propylene fumarate)/diethyl fumarate (PPF:DEF)
scaffolds for specific biomedical applications. We also proved
that these scaffolds did not cause immune rejection [21]. A
constant release of HA NPs during scaffold degradation may
vastly improve the healing process. Also, certain tuning capabil-

ities emerge with PPF:DEF resins when fabrication parameters

Beilstein J. Nanotechnol. 2015, 6, 2217-2223.

are changed [22,23]: The stiffness/Young modulus of our rapid
prototyping-fabricated scaffolds can be adjusted over a range of
four orders of magnitude without any implied modifications
concerning the chemical composition of the resin itself.

In this study, we present the combination of two laser methods
(PLA and MPEXSL) to incorporate HA NPs into biodegradable

polymer resin. We also present HA NPs release studies.

Results and Discussion

Materials characterization

In order to evaluate the effects of nanoparticle incorporation,
the cured resins have been characterized through nanoindenta-
tion, thermogravimetric analysis (TGA), profilometry, and
FTIR measurements similar to a previous work performed on
Au NPs embedded in the same polymer matrix [19]. Shortly,
2D samples were made to measure the changes of penetration
depth (and thus, the layer thickness), while five layer, non-
porous circular scaffolds with 2 mm diameter were prepared for
nanoindentations. For TGA and FTIR, the same 20 layer, 5 mm
diameter non-porous samples were used. For all 3D scaffolds,
the layer thickness was adjusted to 100 pm. Most results were
then compared to our previously acquired data.

Figure 1 shows a TEM image of hydroxyapatite colloidal solu-
tion (Figure 1a) prepared by UV laser ablation of a hydroxy-
apatite target in ethanol solution, and the corresponding size
distribution histogram of the HA NPs (Figure 1b). The mean
size of HA NPS was found to be around 17.2 nm.

Since the particles were already dispersed in ethanol, no surface
modifications were needed to achieve direct compatibility
between the particles and the PPF resin. As seen in Figure 2a,
the added nanoparticles only barely affected the penetration
depth of the light from the XeCl excimer laser (308 nm) even
with the highest particle concentration. On the other hand, TGA
(Figure 2a inset) and nanoindentation (Figure 2b) measure-
ments show that the stiffness of the fabricated samples can be
considered identical, independent of the concentration of the
nanoparticles, as well as the laser parameters. Also, the samples
(samples 1-6) fabricated with three different HA concentra-
tions (50, 100 and 300 ppm) and two different fluences (10 and
30 mJ/cm?) show the same behavior as the ones fabricated
without nanoparticles at 10 mJ/cm? (which corresponds to the
highest stiffness achieved before, sample 7), independently of
the fluence. When the highest fluence (30 mJ/cm?) is used on
the non-NP sample, it leads to a sharp drop in the stiffness
(sample 8), just as expected from our previous results [23].

FTIR (Figure 3a) shows no disparities in the chemical composi-

tion of the HA samples compared to the ,high stiffness” pris-
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Figure 1: TEM image of hydroxyapatite colloidal solution prepared by UV laser ablation of hydroxyapatite target immersed in ethanol solution. b) Size
distribution histogram of the colloidal solution revealing the mean size around 17 nm. The particle size distribution is obtained by using the ImageJ
software. D and o correspond to the mean size and the corresponding standard deviation obtained from a log-normal fitting, respectively.
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Figure 2: a) Profilometry data shows no disparity between the non-NP samples and the 300 ppm HA samples; inset presents TGA which shows that
the HA samples exhibit the same behavior as the ,high stiffness” no-NP samples; b) nanoindentation presents the lacking tuning capability of the HA
samples.
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Figure 3: a) Comparison of the FTIR spectra received for HA samples and samples from previous studies [19,23]. All HA show the same FTIR,
following closely the ,high stiffness” samples fabricated without any nanoparticles. The sole differences that can be found is where the main peak of
the pure HA NPs is and where the three carbonate peaks arise (HA reacting with environmental CO5); b) close-up of peaks 1020 and 980 cm™~" and
c) is a close up of peaks at 2340, 2360 and 2365 cm™".
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tine samples, apart from a slight difference in the ratio of the
peak height of the peaks 1020 and 980 (Figure 3b). Three new
peaks also emerge at 2340, 2360 and 2365 cm™! (Figure 3c).
These latter three are obvious markers of the carbonates formed
by the reaction between the Ha NPs and the CO; in the air
during the laser processing. The slight change in the peak ratio
at 1060 cm™! is supposedly due to the HA NPs having a promi-
nent peak there.

From these measurements, we can claim that HA NPs do not
react chemically with the resin during the photocuring process.
They do not absorb either, but act like scattering points for the
incoming UV irradiation and therefore increase the photocuring
efficiency. This scattering effect also reduces any kind of tuning
capability that we observed before on non-NP and Au NP
resins, resulting in samples with uniformly high stiffness. In
other words, the previously presented possibility to tune the
stiffness is not observed.

Nanoparticle resin

Figure 4 illustrates the degradation, the scaffold swelling, and
HA NPs release during degradation in Dulbecco's Modified
Eagle's Medium (DMEM). In order to test the release of HA
NPs from the bulk scaffolds, 20 layer of 3 mm diameter porous
(400 pm pore size) scaffolds were fabricated from HA
NPs—PPF resins containing HA NPs with different concentra-

Embedded HA NPs
into polymer scaffold

- Scaffold
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tions of 50, 100 and 300 ppm (Figure 4, inset). The scaffolds
were immersed in 100 uL of DMEM solution for 4 weeks. The
degradation medium was extracted daily, then 3 times, 2 times
and once a week. The release profile of Ha NPs during the PPF
scaffold degradation as a function of time was estimated by
inductively coupled plasma optical emission spectrometry
measurements (ICP-OES, ICAP 6300 duo ThermoScientific).
Every time a volume of 25 pL was taken for ICP-EOS analysis
and replaced by the same volume of fresh DMEM solution
buffer.

Results have shown a stable increase in the amount of particles
in the DMEM for the first two weeks. When normalized (to
percentage and considering the diluting effect of the replaced
medium), all concentrations have shown the exact same release
mechanism: a fast ramp up for the first two weeks, followed by
saturation at 80-90% released HA NPs. This release mecha-
nism fits well to our empirical observations concerning the de-
gradation of high stiffness PPF scaffolds in DMEM: the ma-
terial becomes a hydrogel during the first two weeks, then
disperses into the medium in the next 4-6 weeks. Such degrad-
ation obviously leads to a ramp up in the release mechanism
due to the hydrogel transition phase. Of note, the experiment
had to be cancelled after 2 weeks due to contamination: the
vials became infected by fungi, gradually digesting the nanopar-
ticles (data not shown).
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Figure 4: Release and degradation of HA NP-incorporated polymer scaffolds are presented during its degradation in DMEM. The scaffold becomes
hydrogel, swells and releases the HA NPs. The plot shows the released fraction in percent as a function of the time, estimated by inductively coupled

spectrometry (ICP-EOS).
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Conclusion

We presented the combination of two laser processing methods
(PLA and MPEXSL) to incorporate hydroxyapatite nanoparti-
cles (HA NPs) into a biodegradable polymer resin. Ligand-free
production of NPs can be considered a green route of NP syn-
thesis that is beneficial for biological applications. HA NP
release test was performed and showed that a controlled release
of HA NPs is feasible and highly favorable since the HA is
widely utilized along with prosthetics these days and can only
supply the particles for a few days before the pure, sprayed-up
HA layer completely disperses into the surrounding tissue. With
the PPF-HA NP resin, a stable dosing can be achieved for the
most crucial first two weeks of the healing process.

Experimental

Poly(propylene fumarate)

Poly(propylene fumarate) (PPF) has been chosen as the carrier
for the HA nanoparticles following our previous success with
gold nanoparticles (Au NPs) [19]. PPF itself is a versatile syn-
thetic biopolymer, a biodegradable and photocurable material.
The photocrosslinking efficiency is usually adjusted by the
added photoinitiator (PI) concentration (,,chemical tuning”),
though we recently demonstrated that great stiffness tuning
(over four orders of magnitude) could be achieved by changing
various fabrication/laser parameters as well (,,physical tuning”)
[23] with pristine resins as well as the Au NP ones. The obvious
advantage of the chemical tuning over physical tuning is relia-
bility, while physical tuning can be conducted in situ, leading
to a highly versatile, albeit hard to evaluate, fabrication proce-
dure. With the physical tuning, it is also possible to achieve
complex scaffold structures, for instance, mimicking composite
materials.

The PPF used in this work is not commercially available. The
synthesis is reported elsewhere [22]. The PI phenylbis(2,4,6-tri-
methylbenzoyl)phosphine oxide (BAPO) was dissolved in puri-
fied PPF and in the PPF:DEF (7:3 w/w) blend. Diethyl fumarate
(DEF) is applied as diluent to reduce the resin viscosity as

needed for the proper resin recast for MPExSL.

MPEXxSL

Mask-projected excimer laser stereolithography (MPExXSL) is a
rapid prototyping stereolithography method, relying on a layer-
by-layer building-up process where one layer is fabricated by
image projection using pulsed excimer laser radiation. The

method is explained in detail in [22].

Briefly, the method goes as follows: the output beam of a XeCl
excimer laser (at 308 nm wavelength) is coupled to a
customized mask projection optical system with a telescope and

a motorized variable attenuator. The system also includes a
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motorized mask holder (which can house five masks at the same
time) that selects the image to be projected on the resin surface,
adding great control for the scaffold internal architecture for
each layer. The outer shape of the scaffold (e.g., the scaffold
diameter in the horizontal plane) can be further adapted by
means of an iris placed right in front of the mask holder [22].
Above the optical setup, a CCD camera is housed to on-line
image the resin surface and in situ monitor the fabrication

process.

During the stereolithography process, the photocurable resin is
filled in a cup supported by a multi-axis motorized stage. The
proper position of the resin surface to be exposed by the laser is
achieved by moving the sample with an XYZ stage, while a
fourth motorized stage (W) controls the vertical position of the
scaffold-holding platform immersed in the resin container cup.
After one layer is photocured the W stage moves downwards
into the resin and allows the recast of a fresh liquid resin layer
on top of the previously cured layer. The applied light dose
determines the actual photocured depth, i.e., layer thickness,
while the magnitude of the downward step of the W stage deter-
mines the overlap between two adjacent layers.

Hydroxyapatite nanocomposite synthesis by
using two laser-processing methods

Figure 5 presents the experimental setups of the two laser-
assisted methods applied for HA/PPF nanocomposite produc-

tion.

HA NPs were prepared by UV laser ablation of a HA target
placed in ethanol solution using a picosecond laser system
(continuum leopard) delivering 60 ps laser pulses with a wave-
length of 355 nm at a repetition rate of 20 Hz. The synthesis
was performed following the previous work [15]. The laser
pulse energy was controlled with a variable attenuator and fixed
at 42 mJ. A lens with a focal length of 250 mm and a focal pos-
ition of —10 cm with respect to the target surface was used. The
target material (hydroxyapatite from CELLYARDTM pellet,
PENTAX), in the form of a cylinder with a diameter of 5 mm
and a thickness of 2 mm, was placed on the bottom of a quartz
cuvette (dimension 10 x 10 x 30 mm?3) with 2 mL of ethanol
solution. The target was placed on a motorized stage (T-cube
DC Servo controller, Thor labs) that moved at a constant speed
of 1 mm/s in a spiral with an outer radius of 1 mm. The irradi-
ation time was fixed at 120 min. Particle size distribution was
evaluated by TEM.

The HA NP/ethanol colloidal solution was added to the
PPF:DEF during resin production: The colloidal solution was
mixed with DEF, then added to the PPF in 7:3 w/w followed by
1% photoinitiator. In the end, the resin was stirred for 24 h

2221



ps laser beam
wavelength: 355 nm

Pulse width: 60 ps

Rep.rate: 20 Hz

a) b)

Beilstein J. Nanotechnol. 2015, 6, 2217-2223.

| CCD }— Meonitor

variable iris

COMPexPro 110
Light source: XeCl l I
‘Wavelength: 308 nm

Pulse width: 20 ns ’0‘ 11 "

Rep. rate: 1-100 Hz T |

| dichreic mirror

= Ethanol solution

= Hydroxyapatite target

attenuator ( |

glass cup
substrate

polymer resin

XY stage
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under a hood to evaporate all ethanol. Various concentrations of
HA NP resins were made from colloidal with concentrations of
20, 50, 100 and 300 ppm. Each solution was 5 mL.

Characterizations

Inductively coupled plasma optical emission spectrometry
measurement (ICP-OES, ICAP 6300 duo thermo scientific) was
used to determine the quantity of Ha colloidal solution. For this
measurement, 25 pL solution of NPs colloidal solution was
introduced in aqua regia, and after overnight acid digestion the
final volume was adjusted with Milli-Q water to 25 mL. The
dilution factor is kept into consideration while determining the
final concentration.

Height measurements were carried out by a Veeco Dektak 150
profiler with 2 mg of load on the tip.

Stiffness measurements were performed by using a Micro Ma-
terials Ltd. NanoTest. The tests were conducted by applying a
Berkovich tip with a maximum load of 0.6 mN, a dwell time at
maximum load of 30 s, loading and unloading periods of 30 and
15 s, respectively. Every sample has been measured at 16
different points (in a matrix of 4 x 4, the distance between
measurement points was 50 pm). Young’s modulus was calcu-
lated through the Oliver and Pharr method each time. The stiff-
ness of the whole sample was acquired eventually by calcu-

lating the mean value of these aforementioned 16 points.

Thermogravimetric analysis (TGA) was conducted in a TGA
Q500 from TA Instruments. The sample was placed in a plat-
inum pan with an equilibrating step at 30 °C. The annealing
went to 800 °C with a 10 °C/min rate. The nitrogen flow was
50 mL/min.

Transmission electron microscopy (TEM) was performed with a
JEOL Jem1011 microscope working at an acceleration voltage
of 100 kV. Samples were prepared by dropping the colloidal
solution directly onto a carbon-coated 300 mesh copper grid
and allowing the ethanol solution to evaporate under room
temperature and pressure.

FTIR spectroscopy analysis was performed by using the Bruker
Vertex 80V infrared spectrometer. HA-NPs scaffold samples
were analyzed in transmission mode in the range of
600-4000 cm ™!
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Abstract

By first-principle simulations we study the effects of molecular deformation on the electronic and spectroscopic properties as it
occurs for pentacene adsorbed on the most stable site of A1(001). The rationale for the particular V-shaped deformed structure is
discussed and understood. The molecule—surface bond is made evident by mapping the charge redistribution. Upon X-ray photo-
electron spectroscopy (XPS) from the molecule, the bond with the surface is destabilized by the electron density rearrangement to
screen the core hole. This destabilization depends on the ionized carbon atom, inducing a narrowing of the XPS spectrum with
respect to the molecules adsorbed hypothetically undistorted, in full agreement to experiments. When looking instead at the near-
edge X-ray absorption fine structure (NEXAFS) spectra, individual contributions from the non-equivalent C atoms provide evi-
dence of the molecular orbital filling, hybridization, and interchange induced by distortion. The alteration of the C—C bond lengths
due to the V-shaped bending decreases by a factor of two the azimuthal dichroism of NEXAFS spectra, i.e., the energy splitting of
the sigma resonances measured along the two in-plane molecular axes.

Introduction

Pentacene has been studied extensively as it is a potential candi-
date in the field of organic electronic devices [1-5]. It acts as a
p-type organic semiconductor in its intrinsic state with high
hole mobility and exhibits a very high melting point [6]. The
pentacene—Al junction is known to exhibit a Schottky barrier

and, hence, finds numerous applications in the manufacturing of

diodes, transistors and other devices [7-12]. Despite of these
interesting applications, only very few basic studies have been
done on this system. In particular the challenges in the prepar-
ation of a well-ordered Al surface might have hindered the
experimental investigations, while the previous ab initio theo-

retical studies [13,14] on this system were missing long-range
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van der Waals (vdW) corrections. Simeoni and Picozzi reported
a numerical investigation of pentacene on Al(001) by density
functional theory (DFT) with the local density approximation
(LDA) and the generalized gradient approximation (GGA) [13].
They found that the interaction between pentacene and Al is
rather weak and adsorption occurs at a height from the surface
of about 5.71 Bohr (3.02 A) in LDA and of 7.20 Bohr (3.81 A)
in GGA, with a molecular corrugation of 0.74 A in LDA. The
same system was later investigated with LDA and GGA by
Saranya et al. [14] who also obtained a very weak adsorption
energy with pentacene adsorbed at larger distances from the Al
surface (3.4 A) in LDA and comparable to the previous ones in
GGA. Both papers also report Schottky barriers at the junction
due to the interfacial electron transfer.

In our recent work [15], we studied experimentally and
theoretically the adsorption of pentacene on the Al(001) sub-
strate. We performed simulations including the long range vdW
interactions and without them. In the latter case we observed
that the bonding energy is clearly underestimated. In our calcu-
lations including vdW, the most stable adsorption site is found
to be the bridge (B) site where the adsorbed pentacene is bent
around the central C atoms, which are more strongly bound to
the surface Al atoms, forming a V-shape with the long molecu-
lar axis aligned along the [110] direction [15]. A similar
V-shaped deformation was also obtained in the configuration
with the long molecular axis along the [010] direction but with
0.42 eV higher adsorption energy. On the contrary, other
adsorption configurations would result in planar molecular
geometries with higher adsorption energies (at least by 0.7 eV)
and hence are considered unphysical. Scanning tunneling
microscopy (STM) measurements showed that a large
percentage of pentacene molecules adsorb with a V-shape on a
reconstructed Al(001) surface with the longer axis along the
[110] direction. The calculated results of XPS and NEXAFS
assuming the V-shaped adsorption are in agreement with the
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experiments. For comparison only a minor bending of the mole-
cule was reported in experimental and theoretical studies of
pentacene on Au(111) [16], Cu(110) [17], and Cu(001) [18],
while an asymmetric adsorption along the long edge was deter-
mined for Co islands on Cu(111) [19].

The peculiar V-shaped bending attained in our work [15] is a
very interesting feature, which was never reported before and
whose influence on the electronic and spectroscopic properties
of the interface is investigated in this paper. We evaluate by
DFT the screening charges of the adsorbed system and relate
them to the deformation of pentacene. Comparison of the results
with those obtained for the undistorted non-physical adsorption
at top (T) site allows for a better understanding of the system
properties. The contributions to XPS and NEXAFS of non-
equivalent carbon atoms in which a 1s core hole is created are
calculated. Together with the screening charges they allow for a
detailed understanding of the spectral features as modified by
the molecular V-shaped distortion.

Results and Discussion

Origin of the V-shape

In Baby et al. we showed that the most stable bonding configu-
ration of pentacene on Al(001) is the B-site [15]. As depicted in
Figure la,c this configuration is highly distorted around the
central C atoms (1,1°) so as to bind on top of the two surface Al
atoms at the short C—Al distance of 2.20 A. As a comparison,
Figure 1b,d show the undistorted adsorption configuration as it
is calculated at a T site. Bending at the central position is in
agreement with the findings about the reactivity of pentacene
and related molecules [20], as described in terms of the molecu-
lar aromaticity (defined as the ability of the n-electrons to delo-
calize above and below the plane of cyclic molecules resulting
in their extra stabilization [21,22]). If we consider benzene the
most aromatic molecule as an example, as more rings are added

to it, the electron density within the molecule rearranges in such
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Figure 1: Top views (a), (b) and side views (c), (d) of bridge (B) and top (T) sites, respectively, where (a) also shows the numbering of the C atoms.
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a manner that it is largest for the central ring (hence highly reac-
tive even if more aromatic) and decreases towards the outer
ones [23,24]. Taking part in reactions through the most
aromatic central ring is convenient for the molecule as the acti-
vation energy barrier is lower [25]. Furthermore the HOMO
coefficients are highest for the central carbon atoms in acenes
and decrease towards the outer ring ones [25]. Other studies
related reactivity to the ring current showing that this is highest
for the central ring in the case of pentacene and also the highest
proton chemical shift is found for the hydrogen atoms attached
to the central carbon atoms in the case of acenes [26]. All these
results support the reactive nature of the central carbon atoms in
pentacene. In agreement with such properties we verified that
V-shaped pentacene bonds to the Al atoms underneath through
the two central carbon atoms of the innermost phenyl ring as the
distance between them (C1-C1°, see Figure la for numbering)
becomes comparable to the Al-Al one.

Effects of V-shape on bond length

The V-shaped molecular deformation influences the
carbon—carbon bond lengths of adsorbed pentacene. This is
reported in Table 1, in which the bond lengths of the free mole-
cule in the gas phase (g) are compared to those of the molecule
adsorbed flat and bent at T and B sites, respectively. A common
trend is found while moving from the free molecule to the flat
and to the bent adsorbed molecule, as they keep either
increasing or decreasing, conversely decreasing or increasing
the m-character of those bonds [27]. Note that the bond lengths
for g and T cases are very similar and different from those of
the B configuration. Due to the strong coupling between C1 and
the underlying Al atom at the B site the C1-C2 bond experi-
ences the highest variation in length, which increases by 0.07 A
from g to B. Such an elongation occurs because the C1 orbital
modifies from sp® to sp> hybridization, which results in a dis-
placement of the valence electron density of C1 from the
C1-C2 bond to the newly formed C1-Al bond, as recently
discussed for self-assembled monolayers [28]. This further
affects the delicate electron density balance within the mole-
cule, i.e., while the C1-C2 bond length increases (decreasing
n-character), the C2—C2’ bond length decreases (increasing
n-character) at the B site. This kind of rearrangement in the
electron density reduces the aromaticity of the central carbon
ring of pentacene but in a smaller way than that for bending
through the outer rings [25], as discussed before. Furthermore
we observe shorter C2—C2’, C4—C4’ and C6—C6’ bond lengths
(with an average of about 0.02 A) moving from second to fourth
column of Table 1 additionally indicating that the molecule
shrinks along the short molecular axis. On the contrary an
increase in the length of the molecule is observed along the long
axis in the B configuration hinting a slight weakening in the

coupling of outer atoms with respect to those of pentacene in
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gas phase. Summarizing, the differences between the bond

lengths in the two directions reduces.

Table 1: Carbon—carbon bond lengths for free pentacene (g) and for
pentacene adsorbed at the top (T) and the bridge (B) site.

Cc-C g (A) T (A) B (A)
C1-C2 1.400 1.408 1.466
C2-C3 1.411 1.409 1.396
C3-C4 1.390 1.400 1.420
C4-C5 1.429 1.423 1.414
C5-C6 1.368 1.375 1.383
average 1.400 1.403 1.416
Cc2-Cc2 1.458 1.454 1.428
C4-C4’ 1.453 1.448 1.428
C6-C6’ 1.427 1.422 1.410
average 1.446 1.441 1.422

Ground-state electronic properties and

charge transfer

We now quantify the interactions taking place between the
molecule and the metal substrate in terms of charge transfer
upon adsorption. The isodensity plots showing the three-dimen-
sional charge rearrangements for pentacene at B and T sites are
shown in Figure 2, which can be defined using the equation
Ap = p(pentacene/Al) — p(pentacene) — p(Al), where
p(pentacene/Al) is the total charge of the combined system,
p(pentacene) is that of the non-interacting pentacene monolayer
and p(Al) is that of the non-interacting Al substrate (all atoms
are fixed at the same positions as in the combined system). Red
colour indicates regions of higher electron density and blue
ones of lower density. For B site adsorption, at an isovalue of
Ap = 0.005 e/Bohr? we can clearly observe in Figure 2¢ accu-
mulation of electron density between the two central carbon
atoms (C1 and C1’) and the two Al atoms underneath them
confirming the bonding of the molecule at that specific site. At
a lower isovalue (0.002 e/Bohr?), as depicted in Figure 2a,b we
can see that such charge originates from the electronic density
depletion in the close proximity of the C—Al bond, with overall
electron transfer from the surface to pentacene. An excess elec-
tronic charge of AQ = 0.56¢ is calculated on the adsorbed mole-
cule, by means of Lowdin charge partitioning scheme [29,30].
One also observes (see the red regions in Figure 2a,b) electron
accumulation between the atoms C3, C3’ and the surface, while
other C atoms at larger distances are clearly less interacting
with the surface. Intramolecular charge displacements in
Figure 2a show electronic charge accumulation between the
atoms C3—-C2-C2°—C3’. It has to be stressed that at the same
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isovalue, no charge restructuring is visible for the flat molecule
at the T site and hence a lower isovalue of 0.001 e/Bohr? is
chosen in Figure 2d to plot a much less localized charge dis-
placement amounting to AQ = 0.20e.

@A A A& A& A& abdb & OB
SR " " 2 T =
o600 &

O & &ad & & & & &

Figure 2: (a,b) Side views of the isodensity plot showing the bond
charge of pentacene at the B-site for an isodensity = 0.002 e/Bohr3
(red regions: high electron density and blue regions: low electron
density), (c) pentacene at the B-site for an isodensity of 0.005 e/Bohr3,
(d) pentacene at the T-site for an isodensity of 0.001 e/Bohr3.

The structural change in the V-shape of adsorbed pentacene
induces alterations in the molecular orbitals, which are best
perceived by looking first at the gas-phase molecule, but with
the same geometry as that in the B site. In particular, the
Kohn-Sham eigenvalues for bent and flat molecules are
compared in Figure 3. One of the major features emerging is the
reduction in the HOMO-LUMO gap of the free V-shaped mole-
cule by 0.5 eV which decreases further for adsorption at the B
site due to electron transfer. Upon adsorption, these states
broaden and spread as a result of the substantial hybridization
with the Al surface states. In particular for the LUMO an appre-
ciable filling was observed as this state displays an energy range
as large as 4 eV with its main peak below the Fermi energy
level [15]. From the results in Figure 3 we add that the orbital
corresponding to the LUMO+2 of the undistorted free molecule
becomes the LUMO+3 of the V-shaped gas phase molecule
(also compare with Table 2 below). This point is relevant in
explaining the NEXAFS features in the following.

XPS

To understand the XPS features we connect the calculated core
level shifts (CLS) to the screening charge of the system. The
CLS are computed as the difference between the total energy of
the system in the presence of a full core hole on the different
non-equivalent C atoms and its weighted average taking into
account their multiplicity. In Figure 4 we plot the core level C
1s photoemission spectra (XPS) obtained by experiment, and by
simulations for free undistorted pentacene and pentacene
adsorbed at T and B sites. Calculated initial state-binding ener-
gies are indicated as vertical bars with height proportional to the
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Figure 3: Comparison between the Kohn—Sham eigenvalues of the
V-shaped gas phase pentacene with coordinates extracted from the
bridge site adsorption (B) and the undistorted gas phase one (g). The
corresponding orbital wave functions are also shown for each case.

multiplicity of the non-equivalent carbon atoms (see Figure 1).
These vertical bars when broadened (here with pseudo-Voigt
profiles having 0.52 eV Lorentzian and 0.36 eV Gaussian full
width at half maximum) determine the simulated XPS spectra
reported in Figure 4. We remark that the use of a pseudopoten-
tial scheme does not allow us to access the absolute energy
values and hence the simulated spectra are aligned to the experi-
mental ones. The C 1s CLS spectrum computed in the gas phase
[31], Figure 4a, is already able to capture the main features of
the experimental result for adsorbed pentacene [15]. When we
consider pentacene adsorbed on Al(001) at the T site, Figure 4b,
the agreement actually worsens as the spectrum becomes too
broad. Conversely, a good agreement is eventually observed for
such V-shaped molecule on the B site, see Figure 4c, where the
CLSs are smaller, further supporting the structural model.

The differences in the spectra reported in Figure 4 can be under-
stood stepwise as follows. When the molecule is adsorbed
almost undistorted at the T site, it may be affected by the
surface coupling through several effects [32]. First, the full
molecule is subjected to an effective potential due to the Al
surface that influences similarly all atoms in the planar configu-
ration and results in no net CLS. Second, the surface electrons
screen the perturbation of the core hole, which is at the same
distance in all cases determining, a net electron transfer, which
may induce changes in the CLS. This effect can be estimated by
performing additional simulations for the free undistorted mole-

cule to calculate the shifts in binding energies as a function of a
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Figure 4: Experimental C 1s XPS spectrum for pentacene/Al(001)
compared with the simulated spectra of (a) free pentacene, g,

(b) pentacene at the T site and (c) pentacene at the B site. The indi-
vidual contributions from the six non-equivalent carbon atoms are
shown as vertical bars. These are convoluted with pseudo-Voigt
profiles with 0.52 eV Lorentzian and 0.36 eV Gaussian full widths at
half maximum and offset by a constant (see the dashed blue line) to
obtain the simulated spectra (solid red line).
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given excess electronic charge uniformly distributed. Such an
excess charge results in a more negative shift of the binding
energy for atoms C1, C3 and C5 and a more positive one for the
C2, C4 and C6 energies, providing a broader spectrum in the
charged molecule case (not shown in this paper) than in the gas
phase neutral one. In particular, the C1-C2 binding energy
difference amounts to 0.70 eV in the gas phase for neutral mole-
cules and increases to 0.76 eV (0.84 eV) with 0.2 (0.5) addition-
al electrons, in qualitative agreement to the value of 0.86 eV
computed at the T site. Indeed, comparing Figure 4a and
Figure 4b we point out that the excess charge is unevenly redis-
tributed in the molecule, i.e., more electron density around C1,
C3 and C5 and less around C2, C4 and C6, see also the LUMO
amplitude in Figure 3. This reduces/increases the binding
energy of 1s electrons in the first/second group of atoms, res-
pectively [32].

This simple argument alone cannot explain the narrowing of the
spectrum as we move from the T to the B site, where charge
transfer upon adsorption is even higher but the C2—-C1 binding
energy difference amounts to 0.43 eV only (0.54 eV for
C4-C1). Here the additional effect exists that the potential of
the aluminum surface experienced by the various carbon atoms,
is not a constant any more as the C atom heights differ by up to
1.35 A. However, a non monotonic dependence on distance is
observed, as a similar variation with respect to C2 is computed
for C1 and C3 which are at smaller and larger heights respect-
ively. Hence, the variations in screening offered by the system
for the hole at the various sites must play an important role. To
visualize such variations, we evaluated the screening charge
following the C 1s level ionization, which we define as: Ap” =
p(pentacene/Al) — p(pentacene/Al), where p(pentacenef/Al)
is the total charge of the combined system with a full core hole
on the selected C atom, and p(pentacene/Al) is that of the
combined system in its ground state. The same is compared in
Figure 5 for the T and B sites, in the presence of a full core hole
on atoms C1 and C2. We observe that the screening charge at
the T site is similar for the two atoms C1 and C2 (Figure 5a—f),
when seen from the excited atom, and that the largest charge
displacements are localized in its proximity. Conversely, Ap”
for the molecule at the B site (Figure 5g—1) extends throughout
the molecule as it also involves large contributions from the x
system polarizing towards the surface, because the planar
symmetry of pentacene is lost at the B site. Note in particular
the region of electron depletion (blue coloured) that is observed
in Figure 5h,i just above the Al atom located below the
Is-excited C1: such depletion corresponds to a reduction of the
C—Al bond shown in Figure 2c, and is absent in Figure 5k, for
excitation on C2. Hence, a larger destabilization of adsorption is
expected for the core hole in C1 than in C2. Therefore the pres-
ence of core hole reduces the binding energy of C2 and
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Figure 5: Top and side views of the screening charges in the presence of a full core hole on (a,b,c) C1 at the T site; (d,e,f) C2 at the T site; (g,h,i) C1
at the B site and (j,k,I) C2 at the B site for an isodensity value of 0.005 e/BohrS.

increases that of C1 in agreement with a reduction in the differ-
ence between their core level binding energies thereby deter-
mining a narrower spectrum for B site adsorption as seen in

Figure 4c and compensating the effects of electron transfer.

NEXAFS

We wish now to relate the simulated NEXAFS spectrum of
pentacene/Al(001) with the electronic properties of the system.
The calculation of NEXAFS is performed with half a core hole
in the carbon 1s orbital. It is convenient to consider first a mole-
cule in the gas phase but retaining the V-shaped geometry as in
Figure 3. In particular, let us focus on the transitions to the
lowest lying LUMO states with n* symmetry, which charac-
terize the low-energy part of the spectrum for the different C
atoms. This for photon electric field along the z-direction, i.e.,
perpendicular to the plane of the molecule is shown in Figure 6
as a solid line. Owing to the lack of absolute energy reference
from the calculation, this spectrum is arbitrarily offset so as to
align it with the most prominent features in the spectra
measured for absorbed molecules (to be presented subse-
quently). The contributions by individual excitations (initial and
final states) is also marked in Figure 6 by vertical bars
displaying the projected amplitude of the final state on the p,
atomic states of the absorbing atoms, which produces a good
qualitative description of the NEXAFS spectrum [31,33]. One
can see two visibly separated broad features with multiple
peaks. The first one (spanning the energy range between
282.5 ¢V and 284 eV) is completely due to the core—electron
excitations to the LUMO of pentacene. The first peak of the
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second broad feature lying between 284.5 and 285.5 eV is
mainly constituted by the LUMO+1 excitations and partly also
by the LUMO+2 ones. The larger energy contributions to the
second broad feature are from higher lying LUMO+i orbitals.
One has to recall that the presence of a half core hole affects
the molecular orbitals resulting into their intermixing and
hybridization, as compared to the ground state. To show this, in
Table 2 we report the overlap between the molecular orbitals of
the excited V-shaped molecule in gas phase with those of the
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Figure 6: Simulated NEXAFS of the gas phase V-shaped pentacene
from the B-site along the z-direction of the field, perpendicular to the
molecular plane. For excitations from each C atom, the vertical bars
numbered correspondingly show the projection of the various molecu-
lar orbitals, computed with a half core hole in that atom, on the 2p,
state of the same carbon atom, and are referred to the axis on the right
(in %).
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Table 2: Overlap of the molecular orbitals of the gas phase pentacene with a half core hole (hch) at C1 in the V-shaped geometry, with those of the
free molecule in the ground state, g. Values below 0.5% are not reported here.

orbitals of the free molecule in the ground state (g)

C’]hCh

LUMO LUMO+1

LUMO 77.2% —
LUMO+1 — 89.2%
LUMO+2 11.0% —
LUMO+3 — —
LUMO+4 — —
LUMO+5 — —

ground state of the free molecule (g), which are referred as
former LUMOs, selecting as a representative example that of
excited C1.

We can observe that the presence of a half core hole has not
affected the LUMO but has significantly altered the higher
lying LUMOs as also found for perylene derivatives [33] (here,
from the LUMO+2). It is noteworthy that a free pentacene
molecule has a nodal plane for (former) LUMO+1 and
LUMO+2 along the central carbon atoms C1 and C1’ (see
Figure 3) so no contribution to NEXAFS would be expected by
transitions to these molecular orbitals from the 1s orbital of C1
at variance with the result in Figure 6 of a non-negligible contri-
bution from the transition from the C1 1s to the LUMO+2. This
is because we verified that the LUMO+2 and LUMO+3 orbitals
get interchanged due to the V-shaped bending of pentacene
already in the ground state, where its structural deformation
causes the former LUMO+2 to shift to a higher energy than that
of LUMO+3, which is retained also with the core hole. Indeed,
now the LUMO+2 displays contributions by the former LUMO
and LUMO+3 (see Table 2). Furthermore, we can see that
LUMO+3 in Figure 6 has no weight on Cl, as it originates
mostly from the LUMO+2 of the undistorted free molecule
which has moved to higher energy. In the case of adsorbed
pentacene, the molecular orbitals broaden due to hybridization
with the substrate states extending into overlapping energy

ranges, hampering a similar analysis in terms of final states.

Figure 7 shows the simulated NEXAFS spectra for pentacene
adsorbed at the B site in (a) p-polarization with the electric field
perpendicular and (b) s-polarization with the electric field
parallel to the surface. The long molecular axis is directed along
the x-direction and the short one along the y-direction. There,
we show the spectrum decomposed in terms of initial state
effects, and we compare it to the experimental result (dashed
line) [15]. Looking at the upper panel (a) of Figure 7, we can
see a nice agreement between the experimental and simulated

p-polarization (solid line) spectra. The simulated spectrum is

LUMO+2 LUMO+3
— 5.6%

— 51.4%
86.5% —

— 9.5%

— 16.8%

arbitrarily aligned to the most prominent double peaked experi-
mental feature centered at 285.5 eV which can be attributed to
the 1" resonances. The first peak of the n” resonance consists of
contributions from all the atoms except C1 and C4. The second
peak has contributions from all the atoms but with a larger
weight from C4. It can be observed that the 7* resonances in
Figure 7 have narrowed down compared to those of the
V-shaped gas phase pentacene in Figure 6. It was mentioned
before that the V-shaped structural deformation alone reduces
the HOMO-LUMO gap of the free molecule by 0.5 eV which
facilitates the filling of LUMO by getting electronic charge
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Figure 7: (a) Analysis of the initial state effects in the simulated
NEXAFS spectrum and its comparison with the experimental one
measured in p-polarization (electric field along z, i.e., perpendicular to
the surface). (b) Same as (a), in s-polarization. Simulations are shown
for electric field in the x- and y-directions, i.e., along the long and short
molecular axes.
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from aluminum and is hence absent in the NEXAFS spectrum
[15]. In pentacene, C1 has the highest weight on LUMO but
instead a node for LUMO+1 as can be seen in Figure 3. Hence,
the absence of a significant contribution from C1 in the first
peak of the n* resonances in Figure 7 further confirms that it
corresponds to the transitions to the LUMO+1 rather than the
LUMO of the molecule.

Now let us look at the o™ resonances of Figure 7b where the
simulated NEXAFS computed for the molecule at the B site
along the x- and y-directions (long and short molecular axes) are
compared to the experimental NEXAFS in s-polarization. The
experimental s-polarization has been averaged over the [110]
and [001] surface azimuths, which provide very similar results
as differently oriented domains are sampled. The experimental
spectrum still displays some n* resonance leftover centered at
around 285.5 eV. This effect is not completely reproduced in
the simulated spectrum even if we observe some non-zero
contributions, which are due to the V-shaped molecules forming
an angle of about 13° with the surface plane. Looking at the
main 6" peak centered at around 294 eV, we observe a small
energy splitting between transitions with the electric field along
the long and short molecular axes. This phenomenon called the
azimuthal dichroism is much reduced, as compared to that of
the free molecule. In the latter case, such energy splitting
amounts to about 2 eV and was attributed equally to the
intrinsic asymmetry of the molecule and to the shorter C—C
bond lengths along the long molecular axis than that along the
short one [31]. For adsorbed V-shaped molecules, the bond
lengths along the two directions are more similar, as we
reported in Table 1. Still the molecule being inherently
anisotropic determines the residual azimuthal dichroism
reduced to approx. 1 eV. Reporting the initial state contribu-
tions in this energy range, the x-direction spectrum has largest
contributions by the core excitations from C1 whereas the
y-direction one mainly by those from the carbon atoms C2, C4
and C6.

Conclusion

The pentacene/Al(001) system was studied by means of DFT
methods in order to understand how the electronic structure of
the V-shaped adsorbed molecule affects the XPS and the
NEXAFS results. The rationale of the most stable configuration,
the bridge one, where the molecule adsorbs by bending into
V-shape with its long molecular axis along the [110] direction
on the AI(001) with a V-angle of 155°, has been accounted for.
By analyzing the molecule—surface bond charge and how this is
modified to screen the core level excitation, we demonstrate
that the similarity of the observed XPS spectrum for the
adsorbed molecules results from the compensation between a

line shape broadening induced by charge transfer, and a
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narrowing due to excitation site dependent screening. The latter
effect would be absent for non-physical undistorted molecules.
NEXAEFS spectra, resolved into individual atomic initial states,
show no contribution by the LUMO and provide evidence for
hybridization and interchange of molecular orbitals facilitated
by the V-shape. A smaller azimuthal dichroism in NEXAFS
associated with the energy splitting of the sigma resonances, is
computed and explained in terms of modified C—C bond

lengths.

Computational Methods

The DFT calculations of the pentacene/Al(001) system were
carried out using the Quantum-ESPRESSO package [34]. We
choose the GGA as proposed by Perdew, Burke, and Ernzerhof
(PBE) [35] for the exchange correlation functional. Plane waves
and ultrasoft pseudopotentials generated with the Rappe, Rabe,
Kaxiras, and Joannopoulos scheme [36] with a planewave
cutoff of 27 Ry are used for relaxation and total energy calcula-
tions. The aluminum (001) surface is modeled by a slab with
three layers of atoms, in a rectangular (8 x 5) surface unit cell.
The repeated slab method is used with a vacuum space of 20 A
in the z-direction separating adjacent slabs. The surface
Brillouin zone is integrated using a Monkhorst—Pack [37] set of
special 2 x 3 grid of k-points and Methfessel-Paxton smearing
[38] with a broadening of 0.02 Ry. The van der Waals interac-
tions between the molecule and the surface are taken into
account by adding semi empirical London dispersion forces in
the Grimme approach [39] excluding the interactions within the
Al atoms. The coordinates of pentacene deposited on only one
side of the slab as well as the first layer of Al atoms were opti-
mized as presented in Baby et al. [15] and are shown in Figure 1
for selected configurations (B and T sites). Modeling of the
adsorption behavior of pentacene on the reconstructed Al
surface has not been carried out as the molecule-induced recon-
struction was found to be incommensurate and also because the
accurate information about the surface structure is not available
from the experiments. However calculations for the recon-
structed surface are not expected to affect our computed XPS
and NEXAFS spectra which are in very good agreement with
experiments [15].

The XPS spectrum is computed in terms of the core level shifts
(CLS) as defined in the text [40,41]. We remark that, differ-
ently from free molecules, the core hole in adsorbed molecules
is eventually neutralized by the valence electrons from the metal
substrate, so a globally neutral cell was used [42]. The corres-
ponding core level shifts are computed with reference to the
Fermi level of the substrate, as obtained in the experiments. The
NEXAFS spectra are simulated using the xspectra code in
Quantum-ESPRESSO [43,44]. We considered a half core hole
in the carbon 1s orbital following the transition-potential
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approach introduced by Triguero et al. [45] as such calculations
can reproduce the main features of the spectral profiles [31,33].
For XPS and NEXAFS calculations, the core level excitations
were modeled by carbon pseudopotentials with a full and half
core hole, respectively, in the 1s orbital (requiring a higher
plane wave cutoff of 59 Ry). By the pseudopotential approach,
absolute transition energies are not accessible and as a conse-
quence the simulated spectra have been aligned to the experi-

mental ones.
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Abstract

Single-step orthogonal chemical functionalization procedures have been developed with patterned gold on silica surfaces. Different
combinations of a silane and a thiol were simultaneously deposited on a gold/silica heterogeneous substrate. The orthogonality of
the functionalization (i.e., selective grafting of the thiol on the gold areas and the silane on the silica) was demonstrated by X-ray
photoelectron spectroscopy (XPS) as well as time-of-flight secondary ion mass spectrometry (ToF—SIMS) mapping. The orthogo-
nal functionalization was used to immobilize proteins onto gold nanostructures on a silica substrate, as demonstrated by atomic
force microscopy (AFM). These results are especially promising in the development of future biosensors where the selective

anchoring of target molecules onto nanostructured transducers (e.g., nanoplasmonic biosensors) is a major challenge.
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Introduction

The orthogonal self-assembly of different molecules onto a
patterned substrate was first demonstrated in 1989 by
Whitesides and co-workers [1]. Recently, especially with the
development of localized surface plasmon resonance (LSPR)
biosensors, this topic has become a major focus [2-8]. Indeed,
LSPR transduction is expected to yield enhanced signal as
compared to classical SPR transduction. However, the enhance-
ment of the LSPR limit of detection is effective only if the
molecular targets reach the surface of the metallic LSPR active
zones. When dealing with a low concentration of molecular
targets, it is necessary to reduce nonspecific adsorption of
targets outside of these LSPR active zones, and to increase the
specific capture of targets onto LSPR hot spot areas. Orthogo-
nal surface chemical functionalization appears to enable such

directed anchoring of target biomolecules (Figure 1) [6,8,9].

Despite the aforementioned publications, there is still much to
be investigated regarding the orthogonal functionalization of
patterned metal on dielectric surfaces for even greater enhance-
ment of LSPR-based biosensors. First, the orthogonality of the
functionalization is often assumed from “end of process
measurements” (i.e., SPR signal readout occurs after target
immobilization) rather than directly characterized prior to target
immobilization. Second, while biotinylated poly(ethylene
glycol) [5-8] may be well suited to immobilize some biomole-

cules (avidin derivatives), it is worth considering other surface

Beilstein J. Nanotechnol. 2015, 6, 2272-2277.

chemistries. For instance, carboxylic acid-based [10-21], amine-
based [22-26] or other [27,28] self-assembled monolayers may
provide a higher diversity of potential biomolecules to immobi-
lize. Shorter spacer chains (e.g., short alkyl chains) may also be
useful to immobilize the target as close to the metal surface
(i.e., the maximum intensity of the evanescent field) as possible.
If the molecules used for the orthogonal functionalization are
truly selective for each material, it can be expected that the
functionalization of both may be performed simultaneously,
thus simplifying the whole process.

Therefore, this paper presents a facile single-step orthogonal
functionalization protocol to selectively bind different thiols
and silanes (mixed in organic solvent at room temperature) onto
the gold and silica areas of a patterned surface. The chemical
functionalization was verified by direct characterization using
XPS and ToF-SIMS mapping. To this end, microscale gold
structures were used to evaluate the different materials sepa-
rately (especially for XPS characterization, whose spatial reso-
lution is on the order of 10 um) and combined with perfluori-
nated thiols and silanes that give a strong fluorine signal both in
XPS and ToF-SIMS measurements. Finally, an orthogonal
functionalization with biologically pertinent molecules
(antifouling poly(ethylene glycol) silane and biotinylated thiols)
was used for the selective immobilization of proteins onto

metallic nanostructures relevant to the development of LSPR

o(d)

~ )

(b)

vYQYFQ%YQYQY 0
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\- J
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Figure 1: Schematic representation of the use of orthogonal functionalization techniques to enhance the sensitivity of a plasmonic biosensor (with a
constant number of molecules). (A) Functionalization is uniform over the entire surface. The immobilization of probes (c) onto the entire surface,
including the LSPR zone (a) and silica substrate (b). The targets (d) are captured far from the LSPR area. (B) Only the nanotransducer is functional-
ized. Selective immobilization of probes onto the LSPR area (a) only. The targets can absorb onto the silica substrate (b) far from the LSPR zone.
(C) Orthogonal functionalization on the nanotransducer and surrounding surface. Selective immobilization of probes onto the LSPR area only, and
selective nonfouling treatment (e) on the silica substrate. The targets only bind to the enhanced detection area.
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biosensors and characterized by atomic force microscopy
(AFM).

Results and Discussion

Micropatterned gold on a silica substrate (with features of
~100 um) functionalized with either (1) 1H,1H,2H,2H-per-
fluorodecanethiol and 2-[methoxy(polyethylene-
oxy)propyl]trimethoxysilane (F-thiol + PEG/Si) or (2)

Beilstein J. Nanotechnol. 2015, 6, 2272-2277.

trichloro(1H,1H,2H,2 H-perfluorooctyl)silane and 11-mercapto-
1-undecanoic acid (F-silane + MUA) were analyzed using XPS.
For both surfaces, an initial image was acquired using scanning
X-ray imaging (SXI; X-ray beam induced secondary electron
images). This allows the gold microsquares (brighter) and
surrounding silica areas (darker) to be visualized, as shown in
Figure 2 and Figure 3. Then, two different analysis areas
(=10 um in diameter) corresponding to the gold and silica
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Figure 2: An SXI image and XPS spectra of a micropatterned gold on silica substrate sample, orthogonally functionalized with F-thiol and PEG/Si.
The analyzed areas for the spectra were roughly 10 ym and their approximate localization is indicated on the image. The scale bar in the image is

100 pm.
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Figure 3: An SXI image and XPS spectra of a micropatterned gold on silica substrate sample, orthogonally functionalized with MUA and F-silane. The
analyzed areas for the spectra were roughly 10 ym and their approximate localization is indicated on the image. The scale bar in the image is 100 pym.
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surfaces were selected to perform a survey spectrum. High-
resolution spectra of the different peaks could not be obtained
due to the low signal from the small analysis areas. These
spectra show the following:

— When the sample was simultaneously functionalized with a
perfluorinated thiol and a PEG/silane (Figure 2)

1. On gold (left spectrum), fluorine is clearly present as evi-
denced by the F 1s and F KLL peaks, showing the presence of
the perfluorinated thiol (F-thiol, molecular structure given
above the spectrum). Furthermore, no Si 2s or O s peaks were
detected, verifying the absence of PEG/silane. This suggests
that, on the gold areas, F-thiol is specifically grafted while
PEG/Si is not adsorbed.

2. On silica (right spectrum), fluorine is clearly absent as evi-
denced by the lack of F 1s or F KLL peaks, verifying the
absence of the F-thiol. The presence of PEG/silane cannot be
assessed by the silicon or oxygen-related peaks since these are
present on the silica substrate. However, the presence of the
C 1s peak seems to suggest that the silane is indeed grafted,
though a contribution from other sources of carbon cannot be
ruled out.

— When the sample is simultaneously functionalized with
F-silane and an alkylthiol (Figure 3), the orthogonality of the
functionalization is proven by the same arguments as above, the
main one being the presence of fluorine on silica and not on

gold.

Beilstein J. Nanotechnol. 2015, 6, 2272-2277.

We also conducted fluorine mapping on similar orthogonally
functionalized surfaces using ToF-SIMS, which has been
shown to be especially well-suited for the characterization of
chemically patterned surfaces [29,30]. Figure 4 shows the pres-
ence of fluorine in both cases (F-thiol + PEG/Si and F-silane +
MUA). In each case, only fluorine is present (or is very
predominant) on the gold microsquares (Figure 4a) or the
surrounding silica (Figure 4b) but not on both, which demon-
strates the good orthogonality of the single-step orthogonal

functionalization.

(b)

GOLD

SILICA SILICA

Figure 4: ToF-SIMS fluorine mapping of patterned gold on silica
surfaces, orthogonally functionalized with F-thiol + PEG/Si (a) and
F-silane + MUA (b). The scale bars are 100 pm.

Additionally, a nanostructured gold-on-silica substrate was
functionalized with biotinylated thiols and antifouling
PEG/silanes. A similar approach was already used to direct the
immobilization of streptavidin-coated nanoparticles [31] onto
the gold nanostructures. Here, “single” (i.e., not adsorbed on
beads) proteins were immobilized as shown in Figure 5.
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Figure 5: AFM height profiles of gold nanostructures on silica. The reference sample (red) was not functionalized or subjected to protein incubation
and shows a height consistent with the deposition of 8 nm Ti + 30 nm Au. The streptavidin sample (black) was orthogonally functionalized and
subjected to protein immobilization. The increase in size is indicative of the binding of streptavidin on the nanostructure.
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Conclusion

The orthogonal chemical functionalization of patterned metal
on dielectric surfaces appears to be a key process to direct target
biomolecules onto individual nanostructures. This can be useful
in different fields of nanotechnology, especially in the develop-
ment of LSPR-based biosensors. In this paper, we reported
different single-step functionalization procedures of patterned
gold on silica surfaces with alkylthiols and silanes. The direct
chemical characterization using XPS and ToF—-SIMS provided
evidence of the orthogonality, and AFM topography measure-
ments showed the utility of this approach for biomolecule
immobilization. Current work is being undertaken to imple-
ment this methodology into LSPR biosensors.

Experimental

Substrate patterning

A silica thin film (100 nm) was sputtered onto clean silicon
wafers. UV lithography was used to define different patterns
(lines, squares) with typical dimensions ranging from 2 to
100 pm. Electron beam lithography was used to develop the
gold nanostructures (typical dimensions of 100 nm). Titanium
(8 nm) and gold (30 nm) were deposited by electron beam
evaporation. After lift-off, the samples were cleaned by oxygen
plasma treatment (Anatech) at 400 sccm of oxygen, 350 W of
forward power (10 W reflected), 90 Pa, for 5 min to ensure that
no residual resist remained on the surface.

Surface functionalization

HS-(CH3)1-NH-C(O)-Biotin 95% (MU-Biot) was purchased
from ProChimia. 1H,1H,2H,2H-Perfluorodecanethiol
(F-thiol) 97% was purchased from Sigma-Aldrich.
Trichloro(1H,1H,2H,2H-perfluorooctyl)silane (F-silane) 97%
and 2-[methoxy(polyethyleneoxy)propyl]trimethoxysilane 90%
(PEG/Si, MW = 460 g/mol) were purchased from abcr.
Dichloromethane (DCM) 99.9% was purchased from Sigma-
Aldrich then degassed and dried over molecular sieves. The
thiols and silanes were dissolved in dry DCM at room tempera-

ture in different proportions, as given in Table 1.

After plasma cleaning, the resulting gold oxide is unstable and
the samples were allowed to deoxidize for 24 h in fluoroware.
Then, the samples were immersed in thiol/silane solutions under
nitrogen and allowed to react for 48 h. The samples were then

Beilstein J. Nanotechnol. 2015, 6, 2272-2277.

rinsed two times with fresh DCM for 5 min under sonication
(Branson, 42 kHz, 100 W) followed by a stream of ultrapure

water and dried with nitrogen.

Characterization

XPS

XPS characterization was conducted using an ULVAC-PHI
VersaProbe II spectrometer equipped with a monochromatic
Al Ko X-ray source (1486.6 eV). The analysis area can be
adjusted from 200 pm to 10 um and the energy scale was cali-
brated with reference to the C s line at a binding energy of
284.8 + 0.1 eV (C—C/C—H). The charging effect is controlled by
a dedicated neutralizer using a combination of ions and elec-
trons at very low energy (0.1 eV). The X-ray spot can be
scanned with a field of view of 1300 pm. This instrument
allows for the recording of both XPS spectra and SXI images.

ToF-SIMS

ToF-SIMS measurements were performed with a Physical
Electronics (Chanhassen, USA), TRIFT III instrument operated
with a pulsed 22 keV Au ion gun (ion current of 2 nA). Areas of
300 x 300 pm were scanned. Under the present operation condi-
tions, the lateral resolution is on the order of 1 um. Submicron
resolution can be achieved, albeit hindering mass resolution.
The ion dose was kept below the static conditions limits. The
data were analyzed using WinCadence software. The mass cali-

bration was performed on hydrocarbon secondary ions.
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Abstract

A novel and facile method was developed to produce hybrid graphene oxide (GO)—polyelectrolyte (PE) capsules using erythrocyte
cells as templates. The capsules are easily produced through the layer-by-layer technique using alternating polyelectrolyte layers
and GO sheets. The amount of GO and therefore its coverage in the resulting capsules can be tuned by adjusting the concentration
of the GO dispersion during the assembly. The capsules retain the approximate shape and size of the erythrocyte template after the
latter is totally removed by oxidation with NaOCI in water. The PE/GO capsules maintain their integrity and can be placed or
located on other surfaces such as in a device. When the capsules are dried in air, they collapse to form a film that is approximately
twice the thickness of the capsule membrane. AFM images in the present study suggest a film thickness of approx. 30 nm for the
capsules in the collapsed state implying a thickness of approx. 15 nm for the layers in the collapsed capsule membrane. The
polyelectrolytes used in the present study were polyallylamine hydrochloride (PAH) and polystyrenesulfonate sodium salt (PSS).
Capsules where characterized by transmission electron microscopy (TEM), atomic force microscopy (AFM), dynamic light scat-
tering (DLS) and Raman microscopy, the constituent layers by zeta potential and GO by TEM, XRD, and Raman and FTIR spectro-
scopies.
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Introduction

The past decades have witnessed explosive growth in research
on low-dimensional carbon forms with graphene and carbon
nanotubes in the forefront [1-3]. The unique electrical, mechan-
ical, thermal and optical properties of graphene in particular,
and of its derivatives, continue to be explored theoretically and
experimentally in physics, chemistry, engineering and biology
with emerging potential applications of societal importance
[4-7]. The unique properties of graphene (G), which forms
super strong sheets of carbon a single atom thick [8], result
from its planar nature and the sp? hybridization of its carbon
atoms.

Single layer, bi- and few-layer graphene are difficult to work
with in soft matter or wet chemical applications because of
dispersibility issues and the tendency to form multi-layered
agglomerates, which begin to acquire the properties of graphite
[9-11]. Because of these difficulties, most studies of graphene,
whether for layered assembly or other investigations, have been
performed on graphite oxide or its exfoliated form, graphene
oxide (GO), which bears a mix of sp? and sp? hybridized
carbons in an overall planar structure. These derivatives of
graphene can also possess unique and often controllable prop-
erties and have the potential to be reduced to what is called a
reduced form of graphene oxide, rGO, by chemical or physical
means, which can lead to materials with properties more like G
than GO [12-15]. The derivatization of G to form GO leads to
easily dispersible and stable systems containing GO with an
overall surface charge while exfoliated, for example, in water
[16]. The use of GO sheets in the formation of hierarchical
structures and assemblies is a subject of current interest, and if
done by procedures involving wet chemical techniques, offers
much potential for the development of advanced and composite
layered materials.

The assembly of GO in thin films on the basis of its surface
charge can be accomplished using the layer-by-layer technique
(LbL). Although the technique was originally developed for the
alternating assembly of polyelectrolytes (PE) of opposite
charge, LbL can be and has been extended to include particles,
2D layered materials, nanostructures, and lipid vesicles, which
provide charged surfaces, or, which can have complementary
interactions with another material that can lead to a subsequent
or alternating assembly [17]. There are examples in literature of
the assembly of GO with polycations using LbL as a promising
tool for the incorporation of GO into nanoscale organized thin
films and the subsequent electrochemical reduction of the GO
to rGO [18,19].

Using LbL, we explored the assembly of exfoliated GO into 3D
structures and developed micrometre-sized capsules on the
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basis of GO and polyelectrolytes using chicken erythrocyte cells
as templates. Template cells have been used in the past as
capsule templates on the basis of a simple protocol, which
includes the oxidation of the cell components to leave a thin
polymer film in the form of a capsule that mimics the dimen-
sions and topological features of the cell template [20-22]. We
show that by incorporating GO within the LbL assembly on top
of the erythrocytes, 3D closed films containing walls of PE/GO
and an empty volume can be produced.

Capsules based on GO can have applications in drug delivery,
especially for topical applications, as the LbL capsules provide
low degradability and high stability through the GO. The use of
GO in the fabrication of capsules was reported by J. Hong et al.
[23] and by Kurapati et al. [24], the last one with a focus on
drug delivery. The authors, however, use a different protocol
and templates for their fabrication. In the present work, we
produce continuous GO capsules with the shape of cells and
show the presence and location of the GO by Raman confocal
microscopy. Another potential application of these capsules is
for the production of PE/GO films with a high concentration of
GO, which was achievable in the present study by employing a
high concentration of exfoliated GO during the layer by layer
assembly. This is due to the coating protocol employed in
which the cells are suspended in a GO solution and then centri-
fuged. Under these conditions, a high concentration of GO is
achieved on the cell surface leading to a continuous coating.

Once dried, the capsules collapse by losing internal volume and
form planar films with nanoscale thicknesses. Such films could
be used to build additional hierarchical structures or for integra-
tion into devices; moreover, by the judicious choice of reagents,
the GO may be further reduced to form rGO to alter particu-
larly the electronic, mechanical and optical properties of the
films.

Results and Discussion

Graphene oxide was prepared by the strong acid oxidation of
powdered graphite by a modified Hummer’s method [25,26];
characterization data are shown in Figure 1. Multiple TEM
images formed from exfoliated GO in water and dried on lacey
carbon grids show micrometre-size, few-layer GO sheets with
some gentle folds and ripples (Figure 1a,b). The SAED inset in
panel b shows diffraction spots indicative of hexagonal patterns
[27]. Raman spectroscopy (Figure 1c) shows the expected
prominent peaks for GO at 1349 and 1601 cm™!, with a D/G
ratio of 0.8. The D resonance corresponds to the vibration of sp?
carbon while G corresponds to sp> carbon and defects asso-
ciated with vacancies and grain boundaries [28]. The peaks at

higher wavenumbers are also characteristic of graphene oxide.
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Figure 1: GO data; a) and b) TEM images of graphene oxide on lacey carbon, inset: SAED showing diffraction spots of hexagonal patterns; c) Raman
spectrum with 532 nm excitation d) XRD pattern showing (002) with d = 0.737 nm.

XRD results (Figure 1d) indicate the absence of graphite and
show the prominent (002) peak at 12.0 degrees 20, indicating an
inter-planar GO sheet distance of 0.737 nm [29]. Prominent
FTIR bands for GO were observed at 3415, 1723, 1623, 1394
and 1050 cm™! as reported in [30].

A scheme of the layer-by-layer assembly applied on the eryth-
rocytes for the deposition of GO and polymers, as well as for
the subsequent NaOCIl oxidation and capsule generation, is
represented in Figure 2. In the first step, the red blood cells are
crosslinked with glutaraldehyde. The crosslinking is necessary
to insure that the polyelectrolytes will not disrupt the erythro-
cyte membrane. Erythrocytes were chosen because of their
simple structure that lacks a nucleus, which makes the degrada-
tion of the whole cell content with NaOCI solution easier.
Before the coating with GO, four layers of PSS/PAH were
assembled on top of the cell. Despite the erythrocytes have a
slightly negative charged surface the first assembled layer was
PSS, which is also negative. We have observed earlier that the
PSS assembles better as first layer on the cells causing signifi-
cantly less aggregation of the cells [19]. The coating of the cells
with an initial film of PSS/PAH is done to ensure a homoge-

nously charged surface prior to the GO deposition. The
assembly of the polyelectrolytes in the first layers and between
the GO was done in 0.5 M NaCl as in these salt conditions the
polymers assemble in a denser and compact structure, due to the
optimal coiled conformation of the PEs at this ionic strength.

The assembly of exfoliated GO was done in water at pH 10 to
avoid the screening of the charges on the GO. If present,
screening the GO charges could lead to a stronger interaction
between GO sheets in solution leading to aggregation. Charge
screening would also eventually reduce the electrostatic inter-
action between the GO and the polyelectrolyte on the cell,
which would be unfavourable for assembly. Between each GO
deposition, we deposited either one layer of PAH or three layers
of PAH/PSS/PAH. Since the assembly of one layer of PAH
between the GO layers may not be sufficient to lead to a
complete coating of the surface and full recharging, we addi-
tionally prepared capsules assembling three polyelectrolyte
layers in between the GO layers. The addition of three polyelec-
trolyte layers on top of the GO layer makes the procedure more
time consuming but we observe a major improvement in the
stability of the coated cell, thus reducing aggregation.
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b)

d)

Figure 2: Schematic illustrations of a) the glutaraldehyde fixed red blood cells, b) the fixed erythrocytes coated with four layers of PSS/PAH, c) the
fixed cells in (b) coated with additional GO/polyelectrolyte layers and d) the hybrid GO/polyelectrolyte capsule after NaOCI oxidation of the cell.

The removal of the cell interior by NaOCl is based on the oxi-
dation of the cell content, which is mainly proteins, which
become defragmented and are easily eliminated during centrifu-
gation and washing cycles with NaCl and water. Oxidation also
affects the PAH within the layers but a thin polymer film
remains as was shown previously [31]. The possible oxidation
of the GO with NaOCl would increase the percentage of
negative charge on the GO surface.

The morphology and structural characteristics of the capsules
were first studied by TEM which also provided proof of the
core removal. Figure 3a shows an image of the capsules
prepared as a control which do not contain GO. They clearly
retain the shape of the erythrocytes used as templates. The
capsules contain only water and collapse in the dry state to
ellipsoid shaped films. The drying process is responsible for the
appearance of edges on the capsule surface.

Figure 3: TEM micrographs of a) sample 1: (PSS/PAH)4 5%-°M, b) sample 2: (PSS/PAH),0-5M + [GO/(PAH/PSS/PAH)%-3M /GQ] + (PSS/PAH)%-3M,
c) sample 3 (PSS/PAH),%-5M + [GO/PAH], 5 + (PSS/PAH)%-5M using a concentration of 0.1 mg/mL of GO during the assembly.
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In Figure 3b,c we observe two examples of capsules fabricated
with GO at a 0.1 mg/mL concentration with one PAH layer and
three PAH/PSS/PAH layers in between the GO. As for the
polyelectrolyte capsules, the GO capsules also retain the shape
and size of the cells used as templates. The GO capsules are
also empty as they are in a collapsed state after drying. On the
capsule wall we can recognize the presence of a structure of
patches, with dimensions between a few hundred of nano-
meters and one micrometre. GO is recognized in the structure
but embedded within the polyelectrolyte materials. GO is
present on some random spots in the capsule, the rest of the
capsule structure is very similar to the control capsules. The
patches have the characteristic of GO sheets in the range of
micrometres.

We decided to increase the concentration of GO to 0.2 mg/mL
in order to increase the GO coating. For this GO concentration
TEM imaging reveals that indeed the GO coating has become
visible all over the surface of the capsules as can be appreciated
in Figure 4.

Beilstein J. Nanotechnol. 2015, 6, 2310-2318.

In Figure 4a,b the capsules are prepared as in Figure 3a,b but
with a GO concentration of 0.2 mg/mL instead of 1 mg/mL.
Figure 4c,d are magnifications of a selected area from
the corresponding capsules represented in Figure 4a,b,
respectively. The GO sheets can be recognized all over the
surface. Presumably, there is more GO deposited in the areas
that show more contrast. The presence of these darker areas
could imply that there may be GO stacking on top of previ-
ously assembled GO but still separated by PEs. The TEM
images also confirm that by increasing the GO concentration,
there is a complete coverage of the capsules with GO, which is
not observed at the concentration of 1 mg/mL. The TEM
images also proves the formation of a complete and continuous
coating of the capsule surface with GO with only three layers
of GO being assembled, which, interestingly, is not obtained
for the same number of layers on a planar surface. The use of a
layer of PAH or three polyelectrolyte layers between the
GO assemblies does not seem to affect the integrity of the
capsules. Accordingly, we proceeded with the assembly
with just one intermediate polyelectrolyte layer, which results in

Figure 4: TEM micrographs of a) sample 2: (PSS/PAH),0-5M + [GO/(PAH/PSS/PAH)%-5M/GO] + (PSS/PAH)O-M, b) sample 3: (PSS/PAH),%-5M +
[GO/PAH], 5 + (PSS/PAH)%5M, ¢ and d) magnification of samples 2 and 3, respectively. GO concentration was 0.2 mg/mL.
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a reduced number of steps during the assembly for ease of
fabrication.

Although the GO sheets can be recognized by their character-
istic shape, we performed confocal Raman microscopy imaging
to provide additional proof that the patches on the capsule wall
correspond to GO. A representative scan of one capsule is
shown in Figure 5a.

The surface of the capsule was scanned point by point. At each
point, the Raman spectra revealed the presence of characteristic
and strong bands at 1353 and 1598 cm™!, which are character-

Beilstein J. Nanotechnol. 2015, 6, 2310-2318.

istic for the GO and graphene structures and which cannot be
detected in the capsules prepared solely with polyelectrolytes.
The peaks in the Raman spectra of the capsules correspond to
the G and D bands observed in the pristine GO (vide supra),
with the typical shift in the G band to higher frequencies for GO
with respect to graphite [28].

In order to determine the thickness of the capsule walls we
performed AFM imaging of the capsules in the collapsed state.
From the AFM images (Figure 6a) an estimated maximal thick-
ness of about 30 nm could be determined for the capsules,
implying a thickness of the order of 10-19 nm for the walls of

1598

Mapping Area

Figure 5: Raman of the GO-capsules. a) Raman spectra of GO sheets, G band located at 1598 cm! and D band at 1353 cm™'. b) Image of the
sample 2: (PSS/PAH),0-M + [GO/(PAH/PSS/PAH)®-3M /GO] + (PSS/PAH)%-5M capsules onto Si wafer with the selected area to be analysed.

¢) Mapping by intensity of the G band at 1598 cm! of the area selected in b. d) Image of sample 3 (PSS/PAH),0-*M + [GO/PAH], 5 + (PSS/PAH)%-5M
capsules onto Si wafer with the selected area to be analysed. e) Mapping by intensity of the G band at 1598 cm of the area selected in d.

2315



Beilstein J. Nanotechnol. 2015, 6, 2310-2318.

I
0.0

Deflection Error

Figure 6: Atomic force microscope images of dried hybrid PE/GO capsules. a) Height image of a 50 x 50 um scan, with a profile corresponding to the

line drawn in the image. b) Deflection image of the same area analysed in a).

the capsule in the dry state. These values are obtained assuming
that the thickness of the collapsed capsule is twice the thick-
ness of the capsule wall since the capsule loses internal volume
when drying. These values are taken from the maximal and
minimal thickness measured for the capsule. AFM imaging also
confirmed the stability of the capsules, which retain their shape
and integrity after collapsing in air (Figure 6b).

Experimental

Materials

Polyallylamine hydrochloride, (PAH, My, 15 kg/mol), poly-
styrenesulfonate sodium salt, (PSS, My, 70 kg/mol), sodium
hypochlorite with active chlorine 13%, phosphate buffered
saline 10x (PBS), glutaraldehyde solution grade II 25% in
water, Hank’s balanced salt solution 10%, sodium chloride and
graphite powder (<45 pm, >99.99% trace metals basis) were
obtained from Sigma—Aldrich. Lymphocytes isolation solution
(Ficoll) was purchased from Rafer Zaragoza, Spain. Full blood
chicken collected in Alsever's anticoagulant solution was
purchased from Harlan Laboratories Models S.L., Barcelona,

Spain.

Methods

Erythrocytes

Erythrocytes were separated from the chicken blood and the rest
of the plasma components by centrifugation. Chicken blood

conserved in Alsever’s solution was diluted with (Ca, Mg)

Hank’s solution and carefully poured onto a Ficoll solution to
avoid mixing. Afterwards the resulting solution was centri-
fuged at 800g for 30 min at 4 °C depositing the erythrocytes at
the bottom and the rest of the plasma in different phases above
them. Only the erythrocytes were obtained and cleaned twice
with Hank’s solution by centrifugation under the same condi-
tions as before. Cells were then fixed for 1 h at 4 °C with glut-
araldehyde at a concentration of 2.5% in filtered PBS buffer.
After fixation, they were centrifuged and washed in 0.9% NaCl
several times at 10 °C and kept refrigerated.

Graphene oxide

Graphene oxide was prepared by strong acid oxidation of
graphite using Hummer’s method [25] as modified in [26]
where the dispersion was water washed to neutral pH.
Following this, we washed with dilute HCI followed again by
water washes to neutral pH. The graphene oxide was exfoliated
via ultra-sonication and microwave irradiation. FTIR
spectra were taken with a Nexus 470 Spectrometer over
4000-400 cm ™! using multiple scans and 4 cm™! resolution in

transmission mode.

Layer-by-layer assembly

The LbL assembly of GO and polyelectrolytes was performed
on the fixed erythrocytes. Previous to the GO assembly, two
bilayers of PSS/PAH were assembled. The polyelectrolytes
were assembled at a concentration of 1 mg/mL in 0.5 M NacCl.
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Two washings were performed with water between each layer
assembly by centrifugation at 67.08g for 2 min. The first
assembled layer on top of the cells was always PSS since it was
already shown that it assemblies better using a polyanion rather
than a polycation on the erythrocytes, despite the negative
charge of the cells [32]. After the fourth layer was assembled,
GO is deposited in a concentration of 0.1 or 0.2 mg/mL in water
(pH 10). The assembly of GO is performed without NaCl as the
salt would screen the charges of the GO and lead to aggrega-
tion. The incubation time for polyelectrolytes and GO was
always 2 min. After GO deposition, the cells were also washed
in water by centrifugation. GO was assembled alternating with
PAH or with three polyelectrolyte layers; PAH/PSS/PAH, until
a total number of eleven layers was achieved in both cases.
Also, another sample with just nine layers of PEs, without GO,
was assembled as a control, following the same procedure
described above.

Capsule fabrication

Once the GO/polyelectrolyte multilayer was assembled on top
of the cells, they were exposed to aqueous 1% NaOCl. The
oxidizing solution degrades the cells by breaking their protein
constituents through oxidation. After NaOCl treatment, samples
were washed first in NaCl and then in water for several cycles
to remove the products of oxidation.

Electron transmission (TEM) and X-ray diffraction
measurements

Transmission electron microscopy images were taken using a
JEOL JEM-1400PLUS (40-120 kV) equipped with a GATAN
US1000 CCD camera. An aliquot of 5 pL of each sample was
deposited on grids of carbon film 400 mesh Cu, (50/bx) and left
to evaporate. The grid was previously stained with uranyl
acetate.

TEM imaging of the GO was done using an FEI Titan
80-300 kV field emission gun microscope, which has a
symmetrical condenser-objective lens type S-TWIN (with an
spherical aberration Cg = 1.25 mm). The images were acquired
with a CCD camera of samples prepared from water disper-
sions cast on lacey carbon grids.

X-ray diffraction
XRD data for GO were obtained using a Siemens D-5000 oper-
ated at 35 kV and 25 mA and Cu Ko radiation.

Raman spectroscopy and confocal Raman
microscopy

Raman analysis was performed using a Renishaw inVia Raman
microscope with a 100x objective, a 532 nm laser excitation

and a 1800 mm ™! grating. The system was calibrated to the
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spectral line of crystalline silicon at 520.7 cm™!. A drop of a
diluted solution containing the capsules was placed onto a

silicon wafer and left evaporating overnight.

Atomic force microscopy (AFM)

Atomic force microscopy studies were performed using a Veeco
Multimode AFM attached to a Nanoscope V controller. The
samples were imaged in contact mode in air, using a TESP-V2
silicon probe with £ =42 N/m. A drop of a diluted solution with
the capsules was placed on a glass substrate with a thin layer of
Au deposited on top. The sample was left evaporating and after-
wards imaged.

Conclusion

We have shown that 3D micrometre-sized objects in the form of
capsules can be fabricated on the basis of the LbL assembly of
GO and polyelectrolytes on top of fixed erythrocyte cells as
templates. TEM imaging revealed a surface structure composed
of GO sheets when the GO assembly was performed with a high
GO concentration. The presence of GO was confirmed by
Raman spectro-microscopy that revealed the presence of the
GO in the capsule structure. AFM revealed that the capsule
walls are thin films with a thickness of approx. 15 nm. Our
result shows an alternative method for the fabrication of
capsules entailing GO in a dense arrangement that could even-
tually have applications in drug delivery and optoelectronics by
developing hybrid thin polymer films containing graphene
oxide or its reduced form rGO.

Acknowledgements

This work was financially supported by the Marie Curie project
“Higraphen, Hierarchical functionalization and assembly of
Graphene for multiple device fabrication” (HIGRAPHEN)
(Grant ref: 612704). The authors also acknowledge the project
MAT2013-48169-R from the Spanish Ministry of Economy
(MINECO).

References

1. Morris, J. E.; Iniewski, K., Eds. Graphene, Carbon Nanotubes, and
Nanostructures: Techniques and Applications; Taylor & Francis: Boca
Raton, Florida, 2013.

2. Wolf, E. L., Ed. Graphene: A New Paradigm in Condensed Matter and
Device Physics; Oxford University Press: UK, 2014.

3. Hong, J.; Han, J. Y.; Yoon, H.; Joo, P.; Lee, T.; Seo, E.; Char, K;
Kim, B.-S. Nanoscale 2011, 3, 4515-4531. doi:10.1039/c1nr10575b

4. Ziolo, R. F.; Avila, C.; Arizmendi-Galaviz, L. Chapter 4. Graphene,
Carbon Nanotubes and other BCN Materials. In Isotopes in
Nanoparticles: Fundamentals & Applications; Llop Roig, J.;
Gomez-Vallejo, V.; Gibson, P. N., Eds.; Pan Stanford Publishing Pte.
Ltd., 2016.

5. Li, J,; Zeng, X.; Ren, T.; van der Heide, E. Lubricants 2014, 2,
137-161. doi:10.3390/lubricants2030137

2317


http://dx.doi.org/10.1039%2Fc1nr10575b
http://dx.doi.org/10.3390%2Flubricants2030137

10.

1

-

12.

13.

14.

15.

16.

17.

18.

19.

20.

2

e

22.

23.

24,

25.

26

27.

28.

29.

. Enoki, T.; Ando, T., Eds. Physics and Chemistry of Graphene:

Graphene to Nanographene; Pan Stanford, 2013. doi:10.1201/b14396

. Wolf, E. L., Ed. Applications of Graphene, An Overview; Springer

International Publishing, 2014. doi:10.1007/978-3-319-03946-6

. Blees, M. K.; Barnard, A. W.; Rose, P. A.; Roberts, S. P.; McGill, K. L.;

Huang, P. Y.; Ruyack, A. R.; Kevek, J. W.; Kobrin, B.; Muller, D. A,;
McEuen, P. L. Nature 2015, 524, 204-207. doi:10.1038/nature 14588

. Tasis, D.; Papagelis, K.; Spiliopoulos, P.; Galiotis, C. Mater. Lett. 2013,

94, 47-50. doi:10.1016/j.matlet.2012.12.027

Nicolosi, V.; Chhowalla, M.; Kanatzidis, M. G.; Strano, M. S.;
Coleman, J. N. Science 2013, 340, 1226419.
doi:10.1126/science.1226419

.Hernandez, Y; Lotya, M.; Rickard, D.; Bergin, S. D.; Coleman, J. N.

Langmuir 2010, 26, 3208-3213. doi:10.1021/1a903188a

Dreyer, D. R.; Park, S.; Bielawski, C. W.; Ruoff, R. S. Chem. Soc. Rev.
2010, 39, 228-240. doi:10.1039/B917103G

Si, Y.; Samulski, E. T. Nano Lett. 2008, 8, 1679-1682.
doi:10.1021/nl080604h

Hassouna, F.; Kashyap, S.; Laachachi, A.; Ball, V.; Chapron, D.;
Toniazzo, V.; Ruch, D. J. Colloid Interface Sci. 2012, 377, 489-496.
doi:10.1016/j.jcis.2012.03.054

Gao, X.; Jang, J.; Nagase, S. J. Phys. Chem. C 2010, 114, 832-842.
doi:10.1021/jp909284g

Du, W.; Jiang, X.; Zhu, L. J. Mater. Chem. A 2013, 1, 10592—10606.
doi:10.1039/c3ta12212¢c

Decher, G. Science 1997, 277, 1232-1237.
doi:10.1126/science.277.5330.1232

Yang, M.; Hou, Y.; Kotov, N. A. Nano Today 2012, 7, 430-447.
doi:10.1016/j.nantod.2012.08.006

Kotov, N. A.; Dékany, |.; Fendler, J. H. Adv. Mater. 1996, 8, 637—641.
doi:10.1002/adma.19960080806

Donath, E.; Moya, S.; Neu, B.; Sukhorukov, G. B.; Georgieva, R;
Voigt, A.; Baumler, H.; Kiesewetter, H.; M6éhwald, H. Chemistry 2002,
8, 5481-5485.
doi:10.1002/1521-3765(20021202)8:23<5481::AID-CHEM5481>3.0.C
0;2-8

.Moya, S. E.; Georgieva, R.; Baumler, H.; Richter, W.; Donath, E.

Med. Biol. Eng. Comput. 2003, 41, 504-508. doi:10.1007/BF02348097
Georgieva, R.; Moya, S.; Hin, M.; Mitidhner, R.; Donath, E.;
Kiesewetter, H.; M6hwald, H.; Baumler, H. Biomacromolecules 2002,
3, 517-524. doi:10.1021/bm010164n

Hong, J.; Char, K.; Kim, B.-S. J. Phys. Chem. Lett. 2010, 1,
3442-3445. doi:10.1021/jz101441a

Kurapati, R.; Raichur, A. M. Chem. Commun. 2012, 48, 6013-6015.
doi:10.1039/c2cc32248)

Hummers, W. S., Jr.; Offeman, R. E. J. Am. Chem. Soc. 1958, 80,
1339. doi:10.1021/ja01539a017

.Kovtyukhova, N. I; Ollivier, P. J.; Martin, B. R.; Mallouk, T. E;

Chizhik, S. A.; Buzaneva, E. V.; Gorchinskiy, A. D. Chem. Mater. 1999,
11, 771-778. doi:10.1021/cm981085u

Kim, T.-Y.; Kang, H. C.; Tung, T. T,; Lee, J. D.; Kim, H.; Yang, W. S.;
Yoon, H. G.; Suh, K. S. RSC Adv. 2012, 2, 8808-8812.
doi:10.1039/c2ra21400h

Kudin, K. N.; Ozbas, B.; Schniepp, H. C.; Prud'homme, R. K.;

Aksay, I. A; Car, R. Nano Lett. 2008, 8, 36—41. doi:10.1021/nl071822y
Jeong, H.-K;; Lee, Y. P.; Lahaye, R. J. W. E.; Park, M.-H.; An, K. H.;
Kim, I. J;; Yang, C.-W.; Park, C. Y.; Ruoff, R. S.; Lee, Y. H.

J. Am. Chem. Soc. 2008, 130, 1362—1366. doi:10.1021/ja0764730

Beilstein J. Nanotechnol. 2015, 6, 2310-2318.

30.Lee, D. W,; De Los Santos, V. L.; Seo, J. W.; Leon, F. L,;

Bustamante, D. A,; Cole, J. M.; Barnes, C. H. W. J. Phys. Chem. B
2010, 774, 5723-5728. doi:10.1021/jp1002275

31.Moya, S.; Dahne, L.; Voigt, A.; Leporatti, S.; Donath, E.; Méhwald, H.

Colloids Surf., A 2001, 183-185, 27-40.
doi:10.1016/S0927-7757(01)00537-4

32.Gao, C.; Leporatti, S.; Moya, S.; Donath, E.; M6éhwald, H.

Chem. — Eur. J. 2003, 9, 915-920. doi:10.1002/chem.200390113

License and Terms

This is an Open Access article under the terms of the
Creative Commons Attribution License
(http://creativecommons.org/licenses/by/2.0), which

permits unrestricted use, distribution, and reproduction in
any medium, provided the original work is properly cited.

The license is subject to the Beilstein Journal of
Nanotechnology terms and conditions:
(http://www .beilstein-journals.org/bjnano)

The definitive version of this article is the electronic one
which can be found at:
doi:10.3762/bjnano.6.237

2318


http://dx.doi.org/10.1201%2Fb14396
http://dx.doi.org/10.1007%2F978-3-319-03946-6
http://dx.doi.org/10.1038%2Fnature14588
http://dx.doi.org/10.1016%2Fj.matlet.2012.12.027
http://dx.doi.org/10.1126%2Fscience.1226419
http://dx.doi.org/10.1021%2Fla903188a
http://dx.doi.org/10.1039%2FB917103G
http://dx.doi.org/10.1021%2Fnl080604h
http://dx.doi.org/10.1016%2Fj.jcis.2012.03.054
http://dx.doi.org/10.1021%2Fjp909284g
http://dx.doi.org/10.1039%2Fc3ta12212c
http://dx.doi.org/10.1126%2Fscience.277.5330.1232
http://dx.doi.org/10.1016%2Fj.nantod.2012.08.006
http://dx.doi.org/10.1002%2Fadma.19960080806
http://dx.doi.org/10.1002%2F1521-3765%2820021202%298%3A23%3C5481%3A%3AAID-CHEM5481%3E3.0.CO%3B2-8
http://dx.doi.org/10.1002%2F1521-3765%2820021202%298%3A23%3C5481%3A%3AAID-CHEM5481%3E3.0.CO%3B2-8
http://dx.doi.org/10.1007%2FBF02348097
http://dx.doi.org/10.1021%2Fbm010164n
http://dx.doi.org/10.1021%2Fjz101441a
http://dx.doi.org/10.1039%2Fc2cc32248j
http://dx.doi.org/10.1021%2Fja01539a017
http://dx.doi.org/10.1021%2Fcm981085u
http://dx.doi.org/10.1039%2Fc2ra21400h
http://dx.doi.org/10.1021%2Fnl071822y
http://dx.doi.org/10.1021%2Fja076473o
http://dx.doi.org/10.1021%2Fjp1002275
http://dx.doi.org/10.1016%2FS0927-7757%2801%2900537-4
http://dx.doi.org/10.1002%2Fchem.200390113
http://creativecommons.org/licenses/by/2.0
http://www.beilstein-journals.org/bjnano
http://dx.doi.org/10.3762%2Fbjnano.6.237

(J BEILSTEIN JOURNAL OF NANOTECHNOLOGY

Nanostructured surfaces by supramolecular self-assembly of
linear oligosilsesquioxanes with biocompatible side groups

Maria Nowacka, Anna Kowalewska“ and Tomasz Makowski

Full Research Paper

Address:
Centre of Molecular and Macromolecular Studies, Polish Academy of
Sciences, Sienkiewicza 112, 90-363 Lodz, Poland

Beilstein J. Nanotechnol. 2015, 6, 2377-2387.
doi:10.3762/bjnano.6.244

Received: 09 September 2015
Accepted: 27 November 2015
Published: 11 December 2015

Email:

Anna Kowalewska" - anko@cbmm.lodz.pl
* Corresponding author This article is part of the Thematic Series "Organized films".
Keywords:

atomic force microscopy; hydrophilicity; oligosilsesquioxanes;
self-assembly; surface

Guest Editor: M. Canepa

© 2015 Nowacka et al; licensee Beilstein-Institut.
License and terms: see end of document.

Abstract

Linear oligomeric silsesquioxanes with polar side moieties (e.g., carboxylic groups and derivatives of N-acetylcysteine, cysteine
hydrochloride or glutathione) can form specific, self-assembled nanostructures when deposited on mica by dip coating. The mecha-
nism of adsorption is based on molecule-to-substrate interactions between carboxylic groups and mica. Intermolecular cross-linking
by hydrogen bonds was also observed due to the donor—acceptor character of the functional groups. The texture of supramolecular
nanostructures formed by the studied materials on mica was analysed with atomic force microscopy and their specific surface
energy was estimated by contact angle measurements. Significant differences in the surface roughness, thickness and the arrange-
ment of macromolecules were noted depending on the kind of functional groups on the side chains. Specific changes in the
morphology of the surface layer were observed when mica was primed with a monolayer of small organic compounds (e.g.,
N-acetylcysteine, citric acid, thioglycolic or acid). The adsorption of both silsesquioxane oligomers and organic primers was
confirmed with attenuated total reflectance infrared spectroscopy. The observed physiochemical and textural variations in the
adsorbed materials correlate with the differences in the chemical structure of the applied oligomers and primers.

Introduction

The modification of surface properties can be used as a versa-
tile tool in materials engineering for biological and medical
purposes [1-4]. The focus has been more recently shifted
towards hydrophilic surfaces due to their antifouling properties
[5]. Cell biology applications also require new materials that

could mimic the natural biological environment of cells and

resemble the natural extracellular matrix (ECM). The surface
chemical composition and topography that define the free
energy [6-9] also impact the pre-adsorbed protein layer and can
mediate cell-substrate interactions [3,10-21]. Substrates bearing
COOH groups can be used to control the cell behaviour via

interactions with the underlying matrix. For example, surfaces
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carrying COOH groups were applied for studies on the effect of
surface wettability on protein adsorption and adhesion of human
umbilical vein endothelial cells (HUVECs) and HeLa cells [3],
human fibroblasts [14], human mesenchymal stem cells [15,22],
corneal epithelial cells [23], fibroblasts [24], myoblasts [25] and
endothelial cells [26]. Substrates with COOH groups were also
used to elucidate the role of chemistry-dependent differences in
cell differentiation owing to specific binding to proteins
adsorbed on the surface [25,27,28].

Well-defined substrates made of small molecule self-assembled
monolayers (SAMs) [3,14,23-30] and self-assembled polymer
monolayers (PSAMs) [12,31-33] are thus promising candidates
for such purpose-tailored bioengineering tools. The structure of
the SAMs and PSAM:s strongly depends on the operating mech-
anism of adsorption [34,35]. These two types of monolayers can
differ significantly due to conformational variabilities observed
for macromolecular chains. On the other hand, PSAMs offer
improved surface stability, ease in processing, unique chemical
specificity and tunable surface energy [12,31-33,36].

We have recently found that linear oligosilsesquioxanes func-
tionalized with 2-(carboxymethylthio)ethyl side groups
(LPSQ-COOH) can adsorb from their solutions and spontan-
eously form well-ordered and stable, PSAM-type, 2D
nanolayers at the surface of muscovite mica, which renders the
surface exceptionally hydrophilic [37,38]. Muscovite mica,
chosen as a substrate for the present study, is a layered alumi-
nosilicate [KAl»(SizAlO1g)(OH);] that exhibits interesting
surface properties and chemical specificity. Potassium ions
electrostatically bind the alternating aluminosilicate sheets in
the lamellar structure of mica. The mineral can be easily
cleaved along the plane located in the K™ layer to expose a
perfectly smooth surface [39] that can serve as a very good
AFM imaging substrate for studies on biomaterials [40,41] and
polymers [42,43]. Upon exfoliation, K becomes accessible to
acidic molecules and can be involved in the formation of
surface salts. For example, potassium carboxylates generated on
the surface of mica assist the process of adsorption of fatty
acids [44-47] and their derivatives [48].

The character of the interactions between the oligomers and the
substrate also defines the structure of the assemblies of
LPSQ-COOH on mica [37]. It was thus of interest to study if
the morphology of the surface layer of PSAMs and its physico-
chemical properties can be changed by alteration of the mecha-
nism of adsorption on mica. The structure of the PSAMs was
engineered both by alteration of the functional groups on the
surface as well as those belonging to the side chains of LPSQ.
In this report we present the modification of mica with linear

oligomeric silsesquioxanes (LPSQ-COOH/X) with side groups
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bearing 2-(carboxymethylthio)ethyl where the X-groups are
derivatives of N-acetylcysteine (NAC), cysteine hydrochloride
(Cys-HCI) and glutathione (GSH). Such self-assembled PSAMs
based on polysilsesquioxane materials are attractive for surface
nanopatterning and bioengineering, including preparation of
surfaces rich in organic groups typical of the extracellular
matrix in living organisms (e.g., CH3, OH, NH; and COOH).

We have investigated the effect of the kind of functional groups
in side chains of LPSQ-COOH/X on the structure (e.g., surface
roughness, thickness and arrangement of macromolecules
within the coated layer) of the prepared PSAMs. Native mica
was used bare or primed, prior to the coating with
LPSQ-COOH/X, with a monolayer of N-acetylcysteine, citric
acid or thioglycolic acid. The primers are bound to mica by
ionic bonds (carboxylates) and simultaneously provide the sub-
strate with new organic functions capable of hydrogen bonding
[49].

Atomic force microscopy (AFM) and attenuated total
reflectance infrared spectroscopy (ATR-FTIR) were used as
analytic tools for the studies. The changes in the free surface
energy of the prepared hydrophilic surfaces were also investi-
gated for all LPSQ-COOH/X adsorbed on native and primed
mica. The obtained results suggest that both the composition of
side polymer chains and the kind of functional groups on the
surface are key factors defining the structure and properties of
PSAMs based on LPSQ-COOH/X.

Results and Discussion
Supramolecular assemblies of

LPSQ-COOH/X on native mica

Functionalized ladder-like silsesquioxanes (LPSQ-COOH/X)
were prepared (Scheme 1, Table 1) by the two-step addition of
organic thio-derivatives, i.c., thioglycolic acid, N-acetylcys-
teine (NAC), glutathione (GSH) and cysteine hydrochloride
(Cys-HCl), to the side chains of vinyl-containing LPSQ precur-
sors obtained by polycondensation of cyclic tetravinylsilox-
anetetraols [50]. The thiol-ene additions were photoinitiated by
2,2-dimethoxy-2-phenylacetophenone (DMPA) (full experi-
mental data can be found in Supporting Information File 1).
Thin layers of LPSQ-COOH/X were deposited onto freshly
cleaved mica substrates by dip coating from their diluted solu-
tions and the morphology of the coated samples was studied
with AFM (Figure 1).

AFM studies of LPSQ-COOH/X coated on

native mica
The structure and reactivity of LPSQ-COOH/X makes the poly-
mers suitable for the formation of planar PSAMs on various

reactive surfaces. Side carboxylic groups in LPSQ-COOH/X
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Scheme 1: Synthesis of LPSQ-COOH/X.
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Figure 1: AFM height and phase images and the corresponding surface profiles of P1, P2, P3 and P4, dip-coated on bare mica. P1, P3 and P4:
0.045 wt % solutions in THF; P2: 0.045 wt % solution in MeOH; immersion time £ = 5 s.

Table 1: Composition of the prepared LPSQ-COOH/X.

allow for a very efficient polymer anchoring on the surface due
to both multipoint ionic substrate—adsorbate interactions and

Sample Side group amount (mol %) adsorbate—adsorbate hydrogen bonding [37]. The formation of
COOH Cys-HCI  GSH NAC ordered SAMs and PSAMs at the liquid—solid interface can
occur only if it is energetically allowed by entropy—enthalpy

P1 100 - - - . . .
P2 80 20 compensation [51-53]. Thus, the mechanism of adsorption of
P3 80 _ 20 B LPSQ-COOH/X on mica should be discussed with respect to
P4 80 _ _ 20 possible intermolecular interactions between polymer chains

and their relations with the substrate. Macromolecules

consisting of surface-reactive repeating units can made for a
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special case of PSAMs — the one not anchored at the end point
but adsorbed parallel to the surface [31]. The thickness of such
PSAMs depends on the flexibility of the polymer backbone and
its affinity for the surface [54]. In the case of high-affinity
adsorption and rigid polymers, it is close to the chain width.

The results obtained for LPSQ-COOH/X using AFM (topo-
graphic images and height profiles) suggest a specific packing
of the chains on the surface of mica. LPSQ-COOH can form
fine nanolayers (Figure 1) of thickness that correlates well with
the estimated macromolecule width. This was estimated to be
about 1.6 nm, as calculated for the structure of a LPSQ-COOH
oligomer constructed on HyperChem platform and modelled in
vacuum using a molecular mechanics force field MM+ method
(Polak—Ribiere/conjugate gradient optimization algorithm) and
a semi-empirical PM3 method (single point energy calculations
[37]. However, macromolecules of LPSQ-COOH/GSH,
LPSQ-COOH/Cys-HCl and LPSQ-COOH/NAC do not easily
extend parallel to the mica substrate. The surface of coated
samples is covered with globular nano-objects (Figure 1) that
can be possibly formed by single oligomers (or their clusters)
that are coiled due to intramolecular hydrogen bonding between
the compatible side groups. ATR-FTIR spectra (Supporting
Information File 1) confirmed that COOH groups in all the
studied polymers are involved in the formation of adsorbed
surface structures (a substantial decrease of the vc—g band at
~1700 cm™! and emergence of diffuse bands in the formed
PSAMs was observed).

Surface energy of LPSQ-COOH/X coated on

native mica

The surface free energy (ys) of each studied PSAM sample was
determined by measuring the contact angle of water and
glycerol as reference liquids (sessile drop technique and
Owens—Wendt geometric mean Equation S1 described in
Supporting Information File 1 [55]). We have previously
reported [37,38] that the very good wettability of mica coated
with LPSQ-COOH is a result of the structure of adsorbed
nanolayers and the fact that carboxylic groups attached to
oligomers of LPSQ-COOH adopt a specific conformation at the
interface with air. We have analysed the wettability of samples
covered with other LPSQ-COOH/X schemes (Figure 2) to find
that, in spite of their different morphology, they exhibit almost
the same surface energy and the ratio between polar and disper-
sive forces. The COOH moieties in these polymers bind to the
surface of native mica but the remaining polar groups can
interact with neighbouring substituents (e.g., dimerization of
COOH, or formation of amine salts (-COO NH,"— and
—COO NH3%-)) and establish a network of hydrogen bonds.
The slightly poorer wettability of P4 can be ascribed to the pres-
ence of the acetyl group, protecting the NH; function of NAC.

Beilstein J. Nanotechnol. 2015, 6, 2377-2387.
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Figure 2: Surface free energy of LPSQ-COOH/X coated on native
mica determined by wetting angle measurements.

We have analysed the effect of surface roughness on changes in
vs (Figure 1, Figure 2, and Figures Sla, S2a, S3a, S4a and
Table S1 in Supporting Information File 1). All surfaces are
smooth (with root mean squared roughness factor, Rq = 0.03 nm
for native mica and =0.1 = 0.25 nm for PSAMs). No correla-
tion could be found between Ry and ys. The increase of yg
observed for all studied PSAMs can be tentatively linked to the
presence of specific side groups in the adsorbed polymers,
capable of effective hydrogen bonding.

Supramolecular assemblies of
LPSQ-COOH/X on primed mica

The adsorption of LPSQ-COOH/X on native mica is governed
by the formation of surface salts—potassium carboxylates. It was
of interest to alter these ionic interactions between LPSQ and
mica and block the K ions by adsorption of small molecules
[49]. They should be simultaneously capable of the formation of
surface salts and hydrogen bonds with functional groups in side
chains of LPSQ-COOH/X. Consequently, thioglycolic acid
(TG), citric acid (CA) and N-acetylcysteine (NAC) were
selected and used as primers to modify the surface properties of
mica (Scheme 2). They were adsorbed from their diluted solu-
tions in THF or MeOH. The excess of the primer compound
was removed by washing the sample with THF.

NAC CA TG
OH
e HO OH SH
SH
LS Gl o G S
HO

HO™ S0 0 HO SO

KKk kK Kk kK ke

Scheme 2: Functionalization of native mica by adsorption of N-acetyl-
cysteine (NAC), citric acid (CA) and thioglycolic acid (TG).
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The formation of surface salts (potassium carboxylates) by the
used primers was confirmed by ATR-FTIR analysis (Figure 3).
Comparison of the FTIR spectra in the region characteristic to
COOH groups shows almost complete disappearance of vo—q
bands observed for the native compounds and formation of
diffuse bands characteristic for carboxylates [56]. The only
exception is citric acid, which due to the geometric constraints,
cannot adsorb on the surface with all of three COOH groups
present in the molecule. As expected, part of the COOH groups
of adsorbed CA is still available for macromolecules adsorbed
as PSAMs. The carboxylic groups of TG are completely trans-
formed into carboxylates. Quite interestingly, two FTIR bands
characteristic of the amide bond in NAC (amide I at 1567 cm™!
(stretching vibrations of the amide C=0O bond) and amide II at
1523 cm™! (bending vibrations of the N-H bond)) disappeared
after its adsorption on mica. This phenomenon can be ascribed
to changes in geometry of NAC and possible interactions of
C=0 in the amide unit with K™ on the surface of mica.

AFM was used to analyse the structure of coated samples
(Figure 4). We found that the priming compounds evenly cover
the surface. The adherence of the used molecules to mica is
very high. Dewetting of the adsorbed materials was not
observed and the upper layer was not removed or mechanically
deformed with the probing tip of the cantilever during the
measurement. For NAC and CA, specific structures that suggest
formation of multilayered assemblies due to the presence of
hydrogen bond accepting groups were observed. The AFM

mica-CA
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Figure 3: ATR-FTIR spectra (1900-1150 cm~" region) of TG, NAC
and CA before (dotted lines) and after their adsorption on muscovite
mica.

*mica-NAC

mica-TG

Figure 4: AFM height and phase images of bare mica and mica modified with N-acetylcysteine (mica-NAC), citric acid (mica-CA) and thioglycolic acid
(mica-TG). The modified samples were prepared by immersion (¢ = 15 min) of mica in 0.002 M solutions of primers in THF, followed by washing the

excess primer by immersion in pure THF (= 5's).
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micrographs (Figure 4) show that the top layers have thickness
of 0.58 + 1.25 nm, whereas the thickness of a single layer
should be close to 0.5 nm (Supporting Information File 1,
Figure S6). The R, parameter estimated with AFM for these
substrates is low (0.24 nm and 0.095 nm for the topmost layers,
respectively). For both compounds patches of base layers can be
observed that are more smooth (Rq = 0.077 and 0.047 nm).
They do not exhibit clear phase contrast and it cannot be
asserted whether they are areas of well-packed molecules or
bare mica (Rq = 0.032 nm for bare mica). The surface of mica
covered with TG bearing thiol functions (less effective in
hydrogen bonding) is uniform and very smooth (R = 0.117 nm)
except for visible drops of excess primer. Priming mica with
NAC, CA and TG thus yields smooth, chemo-specific,
hydrophilic supports (see later also Figure 9a and Discussion).
The abundance of hydroxyl and carboxyl groups on mica
treated with CA is responsible for its exceptionally high surface
energy.

AFM studies of LPSQ-COOH/X adsorbed on

primed mica

After priming, the mica tiles were air-dried and then the
polymer layer was adsorbed from diluted solutions of function-
alized LPSQ-COOH/X and analysed with AFM and ATR-
FTIR. The structure of PSAMs adsorbed on primed mica
depends both on the type of primer and the chemical structure
of adsorbed macromolecules. The mechanism of adsorption and
the character of formed hydrogen bonds is different than that of

Beilstein J. Nanotechnol. 2015, 6, 2377-2387.

bare mica. In spite of this, the surface and interlayer adherence
is good. The morphology of the samples prepared on muscovite
mica treated with citric acid (mica-CA, Figure 5) is governed by
the presence of the residual carboxyl groups. The homopolymer
P1 (LPSQ-COOH) can form very smooth assemblies on native
mica but on mica-CA it tends to coil into fine particles. This can
be ascribed to the preferential formation of dimeric hydrogen
bonds (intra/intermolecular and surface-P1) involving carboxyl
moieties and the lack of predominant, chain-straightening inter-
actions with mica. This phenomenon illustrates the importance
of strong surface—adsorbate interactions for the formation of
well-assembled PSAMs (Figure 6).

poor surface - polymer interactions

Figure 6: Structure of PSAMs based on LPSQ-COOH/X defined by
surface—polymer interactions (composition of side polymer chains and
the kind of functional groups on the surface).

Figure 5: AFM height and phase images and the corresponding surface profiles of P1, P2, P3 and P4, dip-coated on mica modified with citric acid.
P1, P3 and P4: 0.045 wt % solutions in THF; P2: 0.045 wt % solution in MeOH; immersion time £; = 5 s.

2382



ATR-FTIR studies in the sensitive region (1900-1150 cm™!)
indicate a significant alteration in the nature of interactions
between the studied macromolecules and the surface (Figure 7
and Supporting Information File 1). The most clear changes can
be observed for sample P1 (Figure 7) that binds to the native
mica through ionic bonds with the K layer, and the rest of the
COOH groups involved in the intermolecular interactions form
a network of hydrogen bonds arranged mostly in linear (cate-
meric) structures resulting in a characteristic FTIR vc—g band at
~1720 cm™! [37]. The thermally induced reshuffling of the cate-
meric form into an arrangement with dimeric -COOH--HOOC—

1 Blﬂ 0

1900

1800 1700 1600 1500 1400 1300 1200

wavenumber [cm™]

Figure 7: ATR-FTIR spectra (1900-1150 cm™! region) of P1 adsorbed
on (a) mica-CA, (b) mica-TG, (c) mica-NAC and (d) native mica.

Beilstein J. Nanotechnol. 2015, 6, 2377-2387.

units results in a shift of the ve—g band to 1600 cm™! [38]. A
similar shift can be found for P1 adsorbed on primed mica. It
correlates with the difference in the topographic structure
observed by AFM for P1 adsorbed on native and primed mica
(Figure 1, Figure 5, Figure 8 and Figure 9). It can be surmised
that LPSQ-COOH is anchored on the primed surface (forma-
tion of hydrogen bonds with C=0, SH and NH moieties) but
instead of producing lamellar structures bound by hydrogen
bonds (linear catemeric structures) it adheres to mica as clus-
ters of polymeric chains cross-linked by -COOH---HOOC—
dimers or amine salts (—COO NH,"— and -COO NH;-).

Species P2, P3 and P4, having donor/acceptor NH/NH, units,
can adsorb on mica-CA via formation of complementary
hydrogen bonds with COOH groups, which results in a change
of the surface morphology (Figure 5). P3 bearing GSH units
forms different structures than P2 and P4, which can be
explained by better accessibility of donor/acceptor units in GSH
molecules. Cys-HCI and NAC in P2 and P4 are more hindered
by the polymer matrix.

A similar trend can be observed for samples adsorbed on
supports pretreated with mica-TG or mica-NAC (Figure 8 and
Figure 9). Thiol groups are present on both surfaces. Thiols are
more nucleophilic than hydroxyls and thus their ability for the
formation of hydrogen bonds is different. P1 produces well-
ordered layers on mica-TG and multilayered globular forma-
tions on mica-NAC. P2 and P4 are well-dispersed on surfaces

Figure 8: AFM height and phase images and the corresponding surface profiles of P1, P2, P3 and P4, dip-coated on mica modified with thioglycolic
acid. P1, P3 and P4: 0.045 wt % solutions in THF; P2: 0.045 wt % solution in MeOH; immersion time ;= 5 s.
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height
image

Figure 9: AFM height and phase images and the corresponding surface profiles of P1, P2, P3 and P4, dip-coated on mica modified with N-acetylcys-
teine. P1, P3 and P4: 0.045 wt % solutions in THF; P2: 0.045 wt % solution in MeOH; immersion time =5 s.

obtained with those supports. The morphology of surfaces
covered with P3 suggests good interaction between GSH units
in the polymer and thiol groups on mica.

Surface energy of LPSQ-COOH/X coated on

primed mica

The surface free energy measurements (Figure 10) proved the
proposed model of adsorption of NAC, CA and TG (Scheme 2)
by ionic interactions of COOH substituents with K* ions on the
surface of mica. Such an arrangement of the multifunctional
primers exposes reactive polar groups (e.g., SH, NH, OH and
COOH). Their ability for the formation of hydrogen bonds with
probe liquids (H,O and glycerol) defines the wettability and
chemical specificity of the modified supports (Figure 10a). The
results are in accordance with ATIR-FTIR data (Figure 3).
Citric acid, which was shown to adsorb on mica with part of its
COOH moieties, gives the most hydrophilic surface.

The analysis of the surface roughness and changes in the free
surface energy did not indicate any defined trend that could
indicate an effect of surface structure on its wettability. It must
be stressed that all the prepared samples exhibit Rq < 0.5 nm,
which is characteristic of smooth surfaces.

The modification of mica-CA by adsorption of LPSQ-COOH/X
results in a decrease of the surface free energy (Figure 10b).
The most significant effect was observed for P1. It can be
explained by the formation of dimeric structures by COOH

groups, which was recently reported as the cause for the
decrease of surface wettability [38]. The extent of the surface-
guided organization of P1 directs its arrangement on the support
and changes of the surface energy (Figure 10b,c). P2, in spite of
the apparent lack of lamellar organization on the surface,
exhibits the highest surface free energy among the studied
samples (Figure 10b—d), which can be explained by the pres-
ence of the polar amine function. When NHj is protected by an
acetyl group (polymer P4), the wettability of the coated samples

is lower.

Conclusion

The structure and properties of PSAMs made of ladder-like
oligosilsesquioxanes LPSQ-COOH/X on chemo-reactive
supports (bare and functionalized muscovite mica) have been
analysed. The AFM studies showed that linear oligomers adsorb
on the surface of mica and form various types of structures,
depending both on the morphology of LPSQ-COOH/X and the
chemical specificity of the support. The functional groups in
side chains have a significant impact on the arrangement of
macromolecules, surface pattern and hydrophilicity. The distrib-
ution of the studied macromolecules within the adsorbed
PSAMs is a consequence of both polymer—substrate as well as
inter- and intramolecular bonding. The homopolymer
LPSQ-COOH can form the smoothest layers with macromole-
cules arranged horizontally in the monolayer due to the specific
mechanism of their adsorption on mica. An alternative adsorp-
tion mechanism and the shifting of the orientation of the
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Figure 10: Surface energy of (a) mica pretreated with NAC, CA and TG; (b) P1, P2, P3 and P4 adsorbed on mica-CA; (c) P1, P2, P3 and P4
adsorbed on mica-TG; and (d) P1, P2, P3 and P4 adsorbed on mica-NAC, as determined by wetting angle measurements.

silsesquioxane chains towards more mushroom-like shapes
allows for the possibly for other LPSQ-COOH/X schemes. It
was also found that priming the substrate with small organic
compounds can alter the structure of the adsorbed polymeric
films due to the change of specific interactions between the
polymer and the surface. The presented, simple approach for the
preparation of hydrophilic, nanopatterned surfaces rich in
organic polar groups can be especially useful in bioengineering.

Supporting Information

The supporting information features all experimental
procedures, characterization methods, and NMR spectral
data for the prepared LPSQ-COOH/X materials in addition
to the ATR-FTIR spectra of P1, P2, P3 and P4, adsorbed on
mica-CA, mica-TG and mica-NAC.

Supporting Information File 1

Experimental part.
[http://www.beilstein-journals.org/bjnano/content/
supplementary/2190-4286-6-244-S1.pdf]
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Abstract

We present the results of an investigation of surface-enhanced Raman scattering (SERS) by optical phonons in colloidal CdSe
nanocrystals (NCs) homogeneously deposited on both arrays of Au nanoclusters and Au dimers using the Langmuir-Blodgett
technique. The coverage of the deposited NCs was less than one monolayer, as determined by transmission and scanning electron
microscopy. SERS by optical phonons in CdSe nanocrystals showed a significant enhancement that depends resonantly on the Au
nanocluster and dimer size, and thus on the localized surface plasmon resonance (LSPR) energy. The deposition of CdSe nanocrys-
tals on the Au dimer nanocluster arrays enabled us to study the polarization dependence of SERS. The maximal SERS signal was
observed for light polarization parallel to the dimer axis. The polarization ratio of the SERS signal parallel and perpendicular to the
dimer axis was 20. The SERS signal intensity was also investigated as a function of the distance between nanoclusters in a dimer.
Here the maximal SERS enhancement was observed for the minimal distance studied (about 10 nm), confirming the formation of
SERS “hot spots”.
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Introduction

Since its observation in 1974 [1], surface-enhanced Raman scat-
tering (SERS) has become a powerful technique for detecting
and studying ultra-low quantities of organic and biological
substances [2-7] down to a single molecule [8,9]. The primary
benefit of SERS is that the intensity of Raman scattering
by vibrational modes in molecules is drastically increased
(typically by a factor of 10°-10%) when the molecules are
placed in the proximity of noble metal nanoclusters or on rough
metal surfaces. The locally enhanced electromagnetic field
induced by the localized surface plasmon resonance (LSPR) in
the vicinity of metal surface is responsible for the Raman scat-
tering intensity enhancement, which is proportional to the
fourth power of the enhancement of the local field [3-7]. The
progress in controlled nanostructuring of metal surfaces has led
to the development of high-performance SERS substrates with
an average SERS enhancement factor (EF) well above 100
(EF > 108) for ultrasensitive analysis of organic substances [10-
12]. It was also shown that for single molecular detection, the
EF can reach an ultimate value of 1014-10!3 [8,9].

However, with few exceptions (such as carbon-based materials
[13-16]), inorganic nanostructures have been much less investi-
gated by SERS. It was already shown that several types of semi-
conductor NCs, including CdS [17,18], CdTe [19], CdSe [20-
241, ZnO [25-28], GaN [26], and Cu,S [29,30], reveal the SERS
effect by optical phonons when placed in close proximity of Au
or Ag nanoclusters.

Among those, CdSe NCs have attracted much attention for
SERS experiments for at least two reasons. From one side,
colloidal CdSe NCs are already used in commercial applica-
tions [31]. The information on the crystal structure of the NCs,
their size, shape, and mechanical strain (which can be derived
from the frequencies of the Raman phonon modes as seen in
SERS spectra) is crucial for device performance. From other
side, CdSe NCs are resistant against intense laser irradiation and
have a direct band transition energy located in the same (red)
spectral range as that for LSPR in Au nanoclusters and are
therefore considered as a model system for resonant SERS

experiments.

SERS by optical phonons was previously observed for several
CdSe-based NCs, including pure CdSe and core—shell CdSe/
CdZnS NCs deposited on Au or Ag substrates of various
morphology [20-23]. Resonant SERS enables the observation of
LO phonon modes of the CdSe core in a monolayer of
core—shell CdSe/ZnS NCs deposited on commercially available
SERS substrates [20]. However, the usage of conventional
SERS conditions provides a SERS enhancement that is insuffi-

cient for investigation of an individual nanostructure.

Beilstein J. Nanotechnol. 2015, 6, 2388-2395.

Very recently, it was demonstrated that the phonon spectrum of
individual CdSe nanoplatelets can be probed by SERS when the
semiconductor nanostructure is placed in the gap between a
gold nanocluster and a gold surface (the so-called “hot spot”)
[32]. As in the case of metal nanoclusters in close proximity,
the plasmonic gap supports electromagnetic fields confined in
the gap much that are stronger (typically a few orders of magni-
tude depending on the gap size) than the field located near a
single metal nanocluster or a metal surface [33]. SERS enhance-
ment benefits from the implementation of this experimental
geometry. In particular, it allows the influence of the spatial
confinement and the structure anisotropy on optical phonon

modes in individual CdSe nanoplatelets to be investigated [33].

For the investigation of resonant SERS, it is vitally important to
have metal nanocluster arrays with controlled and intentionally
varied structural parameters as well as homogeneous NC
coverage. While metal nanocluster arrays can be fabricated by
means of electron-beam lithography [34,35], nanoimprint litho-
graphy [36,37], or nanosphere lithography [38,39], the deposi-
tion of homogeneous films of CdSe NCs is possible by using
Langmuir—Blodgett (LB) technology [40-43].

In this paper we report on the study of resonant SERS by CdSe
NC coverage of less than one monolayer deposited onto regular
arrays of Au nanoclusters, with a particular focus on Au dimer
arrays.

Experimental

Colloidal CdSe NCs with a diameter of 5.2 nm purchased from
Lumidot were homogeneously deposited on specially prepared
plasmonic substrates by means of the LB technique, which is
traditionally used for the fabrication of both highly ordered
organic films [44] and NCs with controlled areal density [18] on
a solid substrate [24,29]. The periodic Au nanocluster arrays
were fabricated by direct electron beam writing (Raith-150,
Germany) on (001)-oriented Si substrates and served as SERS-
active substrates. They were fabricated with two areas of Au
nanoclusters with pitch of 150 and 200 nm (Figure 1a). Each
area contained 30 square, 10 x 10 pm? lattices with different
diameters of Au nanoclusters for each lattice, as described in
[24,29]. The fabrication details of regular arrays of Au
nanoclusters and dimers on a Si substrate are presented in [29].
In addition to regular arrays of Au nanoclusters, arrays of paired
Au nanoclusters or dimers were fabricated by electron beam
lithography on a Si substrate covered with 75 nm of SiO,. The
silicon dioxide layer was implemented to combine the benefits
of interference-enhanced Raman scattering and SERS for
further enhancement of the Raman signal [30]. It is worth

mentioning that for regular nanocluster arrays, a silica spacer
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Figure 1: A sketch representing (a) a regular Au nanocluster array and (b) a Au dimer array.

causes an undesirable shift of LSPR energy from the resonant
conditions due to the change of dielectric function of the
surrounding media. However, as will be shown later for dimers
that have LSPR energy distinct from individual nanoclusters,
the resonant conditions are again fulfilled. The distance
between the centers of nanoclusters in a dimer was fixed at
80 nm, while the pitch of dimers in the orthogonal directions
was 200 and 340 nm, as shown in Figure 1b. The nanocluster
size for a dimer was gradually varied from 71 to 40 nm from
array to array. Thus, the gap size between the adjacent
nanoclusters in a dimer was in the range between 9 and 40 nm.
The accuracy in the determination of nanocluster size and gap
size between the adjacent nanoclusters in a dimer in the experi-
ments was about +5 nm, limited by the statistical fluctuation
and size of the gold grains (about 10 nm).

The size, shape, and areal density of CdSe NCs were deter-
mined by SEM using the same Raith-150 system at 10 kV
acceleration voltage, 30 um aperture, and 6 mm working dis-
tance. The high-resolution transmission electron microscopy
(HR-TEM) experiments were performed using a JEM-400EX
(JEOL) electron microscope with an accelerating voltage of
400 keV. The point resolution was 0.165 nm.

The LSPR energy in Au dimer arrays was determined from
reflection measurements carried out using a Bruker Vertex 80v
Fourier transform infrared spectrometer supplied with a Hype-
rion 2000 infrared microscope in the spectral range from
400-1000 nm with an aperture of 10 pm. The reflection from a
part of the same substrate but without dimer arrays was used as

a reference.

Micro-Raman experiments were performed with a LabRam
spectrometer in backscattering geometry at 300 K. The excita-
tion wavelength of Aex. = 632.8 nm (provided by a He—Ne
laser) was used in the Raman experiments. The laser light
incident on the sample surface was focused to a =1 pm spot

diameter with a power of about 0.5 mW. Raman experiments of

CdSe NCs deposited on dimer arrays were carried out with the
incident and scattered light polarized parallel or perpendicular
to the long axis of the dimers.

Results and Discussion
CdSe NCs on regular arrays of Au

nanoclusters

Typical SEM and HR-TEM images of a single monolayer of
CdSe NCs deposited by the LB technique on the plasmonic sub-
strate and on a carbon-coated Cu grid are shown in Figure 2.
This demonstrates a dense, homogeneous coverage of the NCs
for both the Si substrate with a Au nanocluster array and the Cu
grid. The Raman spectrum acquired from the area where CdSe
NCs are deposited on the Si substrate reveals only features

inherent to crystalline Si.

Figure 2: (a) SEM image of a single monolayer of CdSe NCs
deposited on Si (bottom) and Au nanocluster arrays with a pitch of
200 nm (top). (b) HR-TEM image of a single monolayer of CdSe NCs
formed on a carbon-coated Cu grid.

However, the Raman spectra of CdSe NCs deposited on the
nanocluster arrays (Figure 3a) reveal a pronounced peak at
about 207.5 cm™! (denoted as 1LO in Figure 3a) and weaker
peaks at multiple frequencies (about 415 and 623 cm™!), which
are attributed to a confined longitudinal optical (LO) mode and
its overtones from CdSe NCs [45]. From this point on, the vari-
ation of 1LO phonon mode in CdSe NCs deposited on various
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Figure 3: (a) SERS spectra of a single monolayer of CdSe NCs deposited on the nanocluster arrays with decreasing Au nanocluster size. (b) The
SERS EF of LO phonon modes in CdSe NCs as a function of Au nanocluster size for Au nanocluster arrays with a pitch of 150 and 200 nm.

substrates does not exceed 0.6 cm™!. The appearance of new
Raman peaks illustrates the SERS effect by optical phonons in
CdSe NCs. The mode at 520.5 cm™! originates from the optical
phonons of the Si substrate. With decreasing Au nanocluster
size, the SERS intensity of CdSe-related modes shows a
maximum resonant behavior for a Au nanocluster size of about
77 nm, while the intensity of the Si phonon mode gradually
increases. The behavior of the 1LO mode of the CdSe NCs
deposited on the Au nanocluster arrays of different nanocluster
pitches (d = 150 and 200 nm) is rather similar (Figure 3b) and
confirms the resonant character of SERS by optical phonons in
CdSe NCs. As was shown from the micro-ellipsometry
measurements [24], the LSPR energy in the array of 77 nm Au
nanoclusters was about 625 nm. This value is very close to the
excitation energy used in the SERS experiment (632.8 nm) that
leads to the resonant SERS. Note that in the case of CdSe NCs
on Au nanocluster arrays, the double resonance condition is
fulfilled when the excitation energy matches both the transition
energy in the NCs (2.03 eV or 610 nm) and the LSPR energy in
the Au nanoclusters.

The increase of the Si phonon mode intensity with decreasing
Au nanocluster size is due to a larger proportion of bare (not
covered with Au nanoclusters) Si surface for the arrays with Au

nanoclusters of smaller size.

A broad band between 170 and 260 cm™! which appears
pronounced in the SERS spectra (Figure 3a) measured in the
resonant conditions will be further discussed in detail. From this
point, a constant background was subtracted from the SERS

spectra.

The resonance behavior of SERS by optical phonons for
different excitation wavelengths in regular Au arrays with a
period of 150 nm was investigated in detail in our previous
work [24]. It was previously shown [24] that the SERS EF
(determined for Au nanocluster arrays with a pitch of 150 nm)

as a function of nanocluster size has a maximum of about
2 x 103, By increasing the nanocluster pitch up to 200 nm, the
SERS intensity decreases due to the decreased number of Au
nanoclusters. Note that for both Au array periods, the maximal
EF is observed for a Au nanocluster size of 77 nm indicating the
noninteracting character of neighboring Au nanoclusters [24].
The Raman intensity of the 1LO phonon mode in the spectra of
CdSe NCs deposited with the same process on a Si substrate
without Au nanoclusters was below the noise level. A
detectable Raman phonon intensity was obtained when the
acquisition time was increased up to 60 s and was further used

as a reference.

CdSe NCs on Au dimer arrays

To achieve further SERS enhancement, CdSe NCs were
deposited on arrays of Au dimers (Figure 4a). The SERS exper-
iments with Au dimer arrays allow for the reduction of the areal
density of the CdSe NC coverage (as shown in Figure 4b)
without reduction of the SERS signal. This is due to the forma-
tion of localized electric field hot spots within the dimer gap,
which is partially filled with CdSe NCs.

In comparison with Au nanocluster arrays, a dimer array repre-
sents an anisotropic plasmonic structure which is characterized
by two coupled resonance plasmon modes when excited perpen-
dicular to the structure surface [46]. The longitudinal LSPR
mode (which is polarized along the long dimer particle axis)
red-shifts with decreasing gap between the nanoclusters in a
dimer. The other, transverse plasmon mode (polarized in
the orthogonal polarization) blue-shifts very slightly with
decreasing gap.

The LSPR energy in the Au dimer arrays was determined by
micro-reflection measurements using linearly polarized light.
The reflection spectra taken from Au dimer arrays with the
same distance between the nanocluster centers (80 nm) (but

different nanocluster sizes and, thus, different gaps between
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Figure 4: (a) SEM image of submonolayer coverage of CdSe NCs deposited on a Au dimer array. (b) An enlarged fragment of the SEM image of the

structure shown in (a). The dimer gap is denoted as A.
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Figure 5: (a) The representative reflection spectra of Au dimer arrays with decreasing gap size (A =15cm, 1; A=13cm, 2; A=10cm, 3;
A =8 cm, 4) measured with light polarized parallel to (solid) and perpendicular to (dashed) the long dimer axis. (b) The dependence of the LSPR
wavelength on the gap size, A, between dimers. The arrows show the laser excitation wavelength, A, and the wavelength of the scattered

photons, As.

dimers) are presented in Figure 5a. The reflection spectra taken
on areas without Au nanocluster arrays measured with the
corresponding polarizations were used as reference spectra. One
can see from the figure that the reflection spectra measured with
polarization parallel to the long axis of the dimers reveal a
pronounced minimum at about 590 nm for A = 15 nm. This
corresponds to a red-shift with decreasing gap size, reaching a
value of about 655 nm for A = 8 nm. However, the minimum at
580 nm measured with the polarization perpendicular to the
long dimer axis for dimers with a nanocluster size of 65 nm and
a gap size A = 15 nm barely changes when the gap size is
varied. These minima are attributed to the coupled LSPR modes
in dimers as described above. The variation of the LSPR wave-
length with gap size agrees well with the universal scaling
behavior previously reported [46]. The shoulder seen in the
reflection spectra at about 520 nm (2.38 eV) for both polariza-
tions is due to the interband transitions in gold [47].

The data on the LSPR wavelength derived from the reflection

measurements are summarized in Figure 5b. As can be seen, the

LSPR wavelength of the dimers with the smallest gap size
(about 10 nm) is very close to the excitation wavelength
(AL = 632.8 nm). Relative to that of the LO phonon mode
frequency of 207.5 cm™! (about 26 meV), the wavelength of the
scattered photons is somewhat higher (Ag = 641.4 nm) and even
closer to the LSPR wavelength (Figure 5b). Consequently,
between these two values, A; and A, the conditions for the ulti-
mate resonant SERS are fulfilled for which the maximal SERS
enhancement factor is expected [48].

Indeed, the SERS spectra of CdSe NCs on Au dimers with the
smallest gap between nanoclusters measured with 632.8 nm
excitation wavelength and light polarized parallel to the long
dimer axis reveal the most intense LO phonon mode. This mode
appears at 207.5 cm™ ! (Figure 6) superimposed with a broad
background between 170 and 260 cm™! and a weaker feature
due to 2LO scattering near 414 cm™!. The intensity of the LO
mode decreases by a factor of 20 in the orthogonal geometry
(calculated after background subtraction). The background was

fit by two Lorentzian curves centered at about 190 and
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230 em™!. The first can be attributed to scattering by surface
optical modes, which was previously well-investigated in CdSe
NCs [45,49,50]. The latter may originate from SERS by amor-
phous selenium formed on the NC surface due to partial
photodegradation of CdSe NCs under laser illumination [51,52].
This mode has somewhat different intensity and shape for
different Au arrays and depends on the sample preparation
history. The Lorentzian curves obtained as a result of the fitting

procedure are shown in Figure 6.
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Figure 6: SERS spectra of a submonolayer of CdSe NCs deposited on
the dimer array with a gap size of about 10 nm measured at

AL = 632.8 nm with parallel (vertical arrow) and perpendicular (hori-
zontal arrow) polarized light with respect to the long dimer axis. The
Lorentzian curves used for the fit of the Raman spectra as well as the
fitting result are shown by dashed and solid lines, respectively.

Interestingly, the intensity of the Si phonon mode seen in the
spectra polarized parallel to the dimer axis is 30% weaker than
that for the orthogonal polarization. This effect could be
explained by the resonant absorption of the laser light by the
longitudinal plasmon near Au dimers that reduces the Raman
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scattering signal from the underlying Si. The observed
anisotropy of both CdSe- and Si-related phonon modes gradu-
ally decreases with increasing the gap size and disappears for
gap sizes above 20 nm. This means that dimer arrays with rela-
tively large gap sizes behave very similar to the regular Au
nanocluster arrays.

The intensity of the LO mode for the excitation polarized
parallel to the long dimer axis as well as its overtone, 2LO,
decreases with increasing gap size between Au nanoclusters
(Figure 7a,b). The decrease of the CdSe phonon modes is
accompanied by an increase of Si peak by 43% for Au
nanocluster size of 55 nm. The decreasing intensity of the LO
mode in CdSe is associated with a reduction of the electromag-
netic field in the gap between Au nanoclusters responsible for
the SERS effect and with detuning the SERS resonance. The
relatively large increase of the Si peak cannot be explained only
by the decreasing size of the Au nanoclusters (from 70 to
55 nm) and thus larger illuminated area of the bare Si substrate
taking part in the Raman process. The Raman signal from Si
should be proportional to this area. Simple geometrical consid-
eration gives an increase of the illuminated area with decreasing
Au nanoclusters of about 12%, which is sufficiently smaller
than the experimentally observed value of intensity increase
(43%). This effect can again be explained by the resonant
absorption of the laser light by the longitudinal plasmon near
the Au dimers with the smallest gap. This causes an increase of
the “effective” Au nanocluster size (or extinction cross-section)
of up to about 100 nm, and thus the reduction of the Raman
scattering signal from the underlying Si. This conclusion is
consistent with previously reported results [53] confirming that
for noble metal nanoclusters the extinction cross-section can be
up to 10 times larger than their geometrical cross-section. The
absorption by the plasmon is reduced with decreasing Au

nanocluster size, as can be seen in the experiment.

Au nanocluster size/ nm
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Figure 7: (a) SERS spectra of a submonolayer of CdSe NCs deposited on dimer arrays with increasing gap size measured at A, = 632.8 nm with light
polarized parallel to the long dimer axis. (b) The dependence of SERS intensity on the gap size and Au nanocluster size.

2393



Conclusion

LB technology was successfully applied for the formation of a
homogeneous, submonolayer coverage of CdSe NCs on ordered
plasmonic structures fabricated by direct electron beam writing.

The pronounced enhancement of the Raman scattering intensity
by optical phonons in the CdSe NC ensembles deposited on
regular arrays of Au nanoclusters and Au dimers, which reso-
nantly depends on Au nanocluster size and laser excitation
wavelength, provides evidence of the resonant character of the
surface-enhanced Raman scattering effect. A maximal SERS
enhancement by optical phonons in CdSe NCs was achieved for
arrays of Au dimers with a minimal gap between nanoclusters
in a dimer resonantly excited with the light polarized parallel to

the long dimer axis where hot spots are realized.
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In order to form a nanostructured metallic layer below a Langmuir monolayer, radiolysis synthesis was carried out in an adapted
geometry that we call surface X-ray radiolysis. In this procedure, an X-ray beam produced by a synchrotron beamline intercepts the
surface of an aqueous metal-ion solution covered by a Langmuir monolayer at an angle of incidence below the critical angle for
total internal reflection. Underneath the organic layer, the X-ray beam induces the radiolytic synthesis of a nanostructured
metal-organic layer whose ultrathin thickness is defined by the vertical X-ray penetration depth. We have shown that increasing the
X-ray flux on the surface, which considerably enhances the kinetics of the silver layer formation, results in a second growth regime
of silver nanocrystals. Here the formation of the oriented thin layer is followed by the appearance of a 3D powder of silver clusters.

Introduction

Formation of metal nanoclusters and ultrathin metal—organic
systems is an active research field. Indeed, due to their adjust-
able optical, magnetic, electronic, and catalytic properties these
systems demonstrate many applications [1,2]. The usual ap-

proach for the synthesis of this type of material is the chemical

reduction of metal-ion precursors. The radiolysis induced by
reduction of metal ions is generally considered as an efficient
method to control this synthesis in solution as it leads to the for-
mation of monodisperse, tailored, metal nano-objects [3]. The

synthesis route involves the irradiation of a metal-ion aqueous
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solution that induces the radiolysis of water. This results in the
formation of various radicals (e.g., H', HO", € ). In the pres-
ence of a radical scavenger, H® and € ,q induce reduction of the
metal ions into atoms that further aggregate in the solution to
form metallic clusters. Usually y rays or electrons [3] and more
recently X-rays [4,5] are used to perform the irradiation.

In order to increase the variety of shapes of the formed nano-
objects and to vary their properties, we have proposed a tech-
nique that brings together the advantages of both — the radi-
olytic reduction of metal ions to atoms and the self-assembly
properties of surfactant molecules in solution. By the choice of
the organic molecule, we can tune the surface charge of the
formed self-assembly in order to attract the ions in their
vicinity. Therefore, we expect that during the irradiation
process, the aggregation of the reduced atoms takes place
around the organic templates.

We have previously applied this strategy to a spherical and a
planar geometry. In the first case, we observed the formation of
silver nanoshells upon irradiation of an aqueous solution of
linoleic acid micelles that contained silver ions [6,7]. In the
latter case, we were able to form a dense, metallic silver layer
anchored underneath an organic monolayer by irradiating with
an X-ray beam in grazing incidence geometry, a Langmuir
monolayer (mono-molecular layer of insoluble surfactant mole-
cules) deposited on the free surface of a silver-ion aqueous solu-
tion. The thickness of the formed layer (here, 4.5 nm thick)
created with this process is determined by the penetration depth
of the X-ray evanescent wave [4]. Hence, we termed this
method surface X-ray radiolysis. Based on the analysis of the
intensity and the shape of the diffraction peaks that emerge in
the spectra during the radiolysis process, we proved that the
metal layer anchored to the organic monolayer consisted of
silver atoms organized in thin crystallites oriented by the inter-
face [4]. We also studied the kinetics of formation of this silver
layer by total reflection X-ray fluorescence (TRXF) and grazing
incidence off-specular scattering [8]. However, the X-ray
source was the experimental limitation. The experiments were
performed on the “difliq” beamline at Laboratoire pour
I'Utilisation du Rayonnement Electromagnétique (LURE),
which was a first generation synchrotron source with flux
around 108-10% photons/s. Nowadays, third generation sources
deliver about three orders of magnitude higher flux, at least
102 photons/s.

In the present paper, we have used the new SIRIUS beamline
equipped with a liquid surface diffractometer at the SOLEIL
synchrotron [9] to perform X-ray surface radiolysis with a much
higher X-ray flux and follow the evolution of the process for

higher irradiation doses.

Beilstein J. Nanotechnol. 2015, 6, 2406-2411.

Results and Discussion

Figure 1 presents the X-ray fluorescence measurement over
the course of at least 16 h of irradiation for a behenic acid
Langmuir monolayer deposited on silver sulphate and ethanol
aqueous solution (alcohol is added as an HO® radical
scavenger), and compressed up to a surface pressure
of 10 mN/m. The incident photon flux is approximately
10'2 photons/s at the working energy 10.5 keV. In Figure 1a,b
presents a typical fluorescence spectrum (split in two energy
ranges) measured during the irradiation. Figure 1a is the L fluo-
rescence emission due to the presence of silver atoms at the
interface within the irradiated depth. The signal is analyzed by
determining the weight of the individual fluorescence peaks,
fitted by a Gaussian function, centered at each emission energy
maximum, as reported in the literature [10]. Each time-stamped
fluorescence spectrum is then fitted by the sum of these
Gaussian functions weighted by the coefficients previously
determined and a proportionality coefficient, Ag¢). This coeffi-
cient is proportional to the amount of the excited element (here
silver) in the irradiated volume. Therefore, its evolution reflects

the change in the silver concentration. At high energy
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Figure 1: (a) X-ray fluorescence spectrum in the L-line energy range
of Ag, where the green lines are the individual L line components, and
the red is the fit by the sum of all lines. (b) Elastic and Compton peak
analysis of the fluorescence spectrum. (c) Time evolution of the silver
fluorescence intensity during 16 h of irradiation of a behenic acid
Langmuir monolayer deposited on a silver sulphate aqueous solution.
The signal is normalized by the elastic peak intensity.

2407



(Figure 1b), one observes the elastic peak and two peaks at
slightly lower energy, which correspond to Compton scattering
[11]. The three peaks are adjusted by a Gaussian function,
where the elastic peak is centered at 10.5 keV and the intensity
defines the A.(¢) parameter for normalization.

The time evolution of the normalized fluorescence intensity,
Ag/Ae is depicted in Figure 1c. The first hours are characterized
by an initial and fast increase of the fluorescence intensity for
about 30 min after the irradiation started, followed by a constant
fluorescence signal. The fluorescence intensity remains constant
for about 2.5 h and then decreases suddenly down to almost its
initial value at the beginning of the irradiation. Then, it rises up
again up almost to its previous value but also shows strong fluc-

tuations.

The first regime associated with the fluorescence intensity
increase can be associated with an increase of the amount of
silver atoms in the irradiated volume, defined by the X-ray foot-
print (1 x 50 mm?) and the penetration depth (4.6 nm) of
X-rays. Comparing this curve to the result obtained from the
previous experiment performed on a first generation synchro-
tron source with a much lower flux (10° photons/s) [8], a
distinct difference is first observed in the time needed to reach
saturation. This is reduced from 5 h at the LURE down to
30 min at SIRIUS, demonstrating a significant increase of radi-
olysis kinetics, which is of course related to the increase of the
dose rate directly related to the source intensity.

Such a reduction of the saturation time (one order of magnitude)
makes the observation of the film transformation accessible
when irradiation continues after the saturation is reached. The
evolution exhibits two main features: a huge fluctuation ending
with an increase back to the first saturated value of the fluores-
cence intensity, which is followed by a slow decrease and then
increase resulting in a 15% fluctuation of the signal around the
saturation value. This indicates the lack of a strong variation in
the silver concentration in the probed volume in this second

regime.

Two explanations can be proposed for the huge fluctuation: the
first one is associated with the observation of a decrease of the
surface pressure down to zero as the irradiation proceeds. One
can then consider that the fluidity of the monolayer is enhanced,
increasing the in-plane mobility of the patches of irradiated ma-
terial. Thus, the surface region initially irradiated could drift in
and out of the footprint area, leading to various thickness of the
silver film and thus inducing the observed fluctuations. The
second explanation is associated with the loss of silver patches
(that can submerge into the sub-phase) followed by the forma-
tion of new ones by the incident beam.

Beilstein J. Nanotechnol. 2015, 6, 2406-2411.

In order to obtain information about the structure of the formed
layer at the air—water interface, we record the fluorescence
signal (TRXF) simultaneously with the grazing incidence X-ray
diffraction signal (GIXD) over a broad g-range covering the
scattering wave vector transfer for the expected diffraction peak
of 2D and 3D silver crystals. Figure 2, Figure 3 and Figure 4
present the diffraction spectra at different times over the course
of the 16 h irradiation period of Figure 1. During the first
30 min of irradiation, the evolution previously measured at the
LURE was recovered [4,8]. The two peaks (one in-plane at
14.38 nm ™! and one out-of-plane at 13.87 nm™!) assigned to the
L2 phase of Langmuir monolayers of fatty acids [12] are
observed at the beginning of the irradiation (Figure 2). Upon
further irradiation, these peaks vanish (as the surface pressure
decreases) and two new peaks located at gxy = 13.65 nm! and
dxy = 15.52 nm~! appear whose intensity grows with time
(Figure 3). The g, profile of these peaks appears as is character-
istic of a 2D powder, that is, the crystallites present the same
lattice plane parallel to the surface but random in plane orienta-
tion. This result is identical to that previously observed [4].
However, in the g-range of the 3D silver structure, the appear-
ance of weaker peaks is observed, although they are presented
as vertical rods characteristic of a 2D structure.

At longer time (¢ > 30 min), the lower g-range only exhibits
some intensity fluctuations of the 2D diffraction peaks. The
more striking feature is the appearance and growth in the high
g-range of two diffraction rings for ¢ = 19.60 nm™! and
g =22.64 nm™! (Figure 4). Such rings are characteristic of a 3D
powder. These g-values do not correspond to that expected for
the structure of bulk silver crystals, which are located at higher
g-values (e.g., 26.6 nm™! for the 111 reflection). However,
smaller g-values corresponding to a larger feature size have
been reported for small silver clusters exhibiting a crystal struc-
ture different from fcc [13,14]. The final picture of the system
(after 16 h of irradiation) results in the co-existence of a 2D
structure that grows rapidly after the initial irradiation and a 3D
crystal powder that appears after the completion of the forma-

tion of the 2D layer at a longer irradiation time.

Conclusion

Increasing the photon flux allows us to probe the formation
kinetics of the inorganic film at longer time scales when irradi-
ating the surface of a silver solution covered by a Langmuir
monolayer. We evidenced that the growth of silver crystal
continues with transformation of the film structure, even after
the saturation concentration of the silver atoms is reached in the
irradiation volume. However, in this second step, one observes
the growth of clusters that are no longer oriented by the inter-
face, as demonstrated by the appearance of a 3D powder. The

key point of this study is that the appearance of late 3D silver
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Figure 2: Grazing incidence X-ray diffraction spectrum taken at the beginning of the irradiation process of Figure 1c. Top: g, integrated spectrum,
Bottom: gxy—q; intensity maps.
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Figure 3: Grazing incidence X-ray diffraction spectrum taken after two hours into the irradiation process of Figure 1c. Top: g, integrated spectrum,
Bottom: gyy—q; intensity maps.
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Figure 4: Grazing incidence X-ray diffraction spectrum taken after 15 h into the irradiation process of Figure 1c. Top: g, integrated spectrum, Bottom:

Gxy—Qz intensity maps.

crystal growth seems only to appear in the fluorescence signal
with an increase of the fluctuations. This indicates that, under
irradiation, these disoriented crystallites replace the previously
oriented ones. We underline that the probed thickness is defined
by the penetration depth of the X-ray evanescent wave, and
thus, the silver film can be thicker for the latter case. This could
be related to the observation of the evolving FWHM of the 2D
peaks under irradiation. We previously observed [8] that the
in-plane coherence length of the 2D crystal growth (deduced
form the FWHM) is continuous under irradiation, even after the
saturation of the fluorescence intensity is reached. This indi-
cates that when the irradiated volume is completely filled with
oriented 2D crystals, the irradiation induced the in-plane coales-
cence of these 2D crystals. One then obtains a 2D crystal with a
surface area of approximately 10 um? with thickness of about
4.5 nm (equal to the X-ray penetration depth) [4]. However, the
surface energy of the two surfaces of this platelet should differ
since the interfaces are different (water/Ag below and organic
molecule/air above). Such difference should induce a curvature
of the platelet, which could rupture when the surface energy
reaches a critical value. This could lead to the disorientation of
the platelets and the formation of the 3D structures, which are

then thicker than the X-ray penetration depth.

Experimental

The sample preparation procedure was previously described in
detail [4,8]. Droplets of 5 mmol-L~! of behenic acid solution
(C,1H43COOH, Sigma-Aldrich) in chloroform (CHCl3) were
spread onto the silver-ion solution in a Langmuir trough of
700 cm? area and 1 cm depth. The temperature of the subphase
was maintained at 7= 20 = 1 °C. The monolayer was slightly
compressed up to w =10 mN-m™!, the surface pressure at which
the irradiation process is started. The Langmuir trough is
enclosed in a gas-tight box flushed by helium gas. This allows
the deoxygenation of the aqueous phase over the course of the
experimental time scale and prevents bulk oxygenation by air
during the radiolytic process.

The monolayer subphase is made by dissolving silver sulfate,
AgrSOy4 (Sigma-Aldrich, purity 99%), in ultrapure water (Milli-
pore system, 18 MQ-cm) at a silver concentration of
1.5-107% mol-L™!. Ethanol (CH3CH,OH) was added at a
concentration of 0.2 mol-L™! as a radical scavenger [15].
Indeed, irradiation of deoxygenated water leads to the forma-
tion of three radicals, HO", H" and hydrated electrons, € 5. By
addition of ethanol to the aqueous solution, HO® radical species

are readily scavenged and lead to secondary radical creation,
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CH"3CH,OH. The remaining e ,q, H and CH*;CH,0H are
strong reductive agents and thus induce silver-ion reduction into

atoms, which coalesce and finally form the silver aggregates.

The X-ray irradiation and scattering measurements were
performed on the SIRIUS beamline at the SOLEIL synchrotron.
The details and optics of the facility are described elsewhere
[9]. The incident X-ray energy used was 10.5 keV (A =
0.118 nm) and the beam size was 0.1 x 1 mm? (V x H) at the
sample position. The water surface was illuminated at an inci-
dent angle of 1.8 mrad below the critical angle of the air—water
interface (2.04 mrad at 10.5 keV), so that the incident wave was
totally reflected, while the refracted wave became evanescent,
exploring a layer of several nanometers beneath the interface.
The scattered intensity was collected on a very low noise, pos-
ition sensitive, 1D gas detector, with 2048 channels on 150 mm.
A custom-built Langmuir trough was enclosed in a temperature-
controlled, sealed chamber and flushed with helium during data
collection to reduce gas scattering and to avoid beam damage to
the monolayer. GIXD was used to obtain in-plane information
about the molecular structure of the surface. The spectra were
obtained by varying the X-ray, momentum transfer, in-plane
component gyy that is parallel to the air-water interface. The
scattered intensity was measured as a function of the angle, 20,
between the incident and diffracted beam projected onto the

horizontal plane.

The X-ray fluorescence signal was measured using a one-
element, silicon drift detector (Briiker, Germany) equipped with
a collimator and mounted at 30° with respect to the vertical
direction towards the X-ray source in order to reduce the elastic

peak that would otherwise saturate the detector.
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Abstract

Nanoparticles (NP) of poly(lactic-co-glycolic acid) (PLGA) represent a promising biodegradable drug delivery system. We suggest
here a two-step release system of PLGA nanoparticles with a pH-tunable polymeric shell, providing an initial pH-triggered step,
releasing a membrane-toxic cationic compound. PLGA nanoparticles are coated by polyelectrolytes using the layer-by-layer self-
assembly technique, employing poly(acrylic acid) (PAA) as a pH-sensitive component and poly(diallyldimethylammonium chlo-
ride) (PDADMAC) as the releasable polycation. The pH during multilayer deposition plays a major role and influences the titration
curve of the layer system. The pH-tunability of PAA is intensively investigated with regard to the pH region, in which the particle
system becomes uncharged. The isoelectric point can be shifted by employing suitable deposition pH values. The release is investi-
gated by quantitative '"H NMR, yielding a pH-dependent release curve. A release of PDADMAC is initiated by a decrease of the
pH value. The released amount of polymer, as quantified by 'H NMR analysis, clearly depends on the pH value and thus on the
state of deprotonation of the pH-sensitive PAA layer. Subsequent incubation of the nanoparticles with high concentrations of
sodium chloride shows no further release and thus demonstrates the pH-driven release to be quantitative.

Introduction

The use of nanoparticles as drug delivery systems has been
intensively investigated and important progress has been made
within the past decades, establishing reliable methods for
particle preparation and characterization. Formation of nano-
structures based on different materials, such as metals [1],

mineral compounds [2], proteins [3], and a large variety of

polymers [4] is widely used in numerous scientific fields. The
assembly of biocompatible nanoparticle preparation deserves
special attention, if the aim is to apply these nanoparticles as
drug delivery systems in vivo. A commonly used polymer
fulfilling this criterion is poly(lactic-co-glycolic acid) (PLGA),
a copolymer consisting of lactic acid and glycolic acid, which
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has been approved by the authorities to be suitable for pharma-
ceutical application [5]. Nanoparticles of an appropriate size can
be reliably assembled via an emulsion diffusion method, using
poly(vinyl alcohol) (PVA) as a stabilizing agent [6]. A part of
the stabilizer remains associated with the nanoparticles even
after intensive purification procedures because PVA forms an
interconnected network with the polymer at the interface [7,8].
PLGA is well-known for its outstanding biocompatibility and
its hydrolytic biodegradability which varies in dependence of
the relative molar ratio of the monomeric compounds [9].
Subsequent optimization of PLGA-based nanostructures is gen-
erally required in order to add specific properties, such as
reduced opsonisation [10], a prolonged half-life [11] or im-
proved drug targeting. These optimization procedures are gener-
ally performed after particle assembly, since the nanoparticle
formation is influenced by many parameters and often limited
by minor changes in the experimental setup. However, several
further surface modifications are well established these days,
such as covalent ligand binding via crosslinking agents [12,13]
and different adsorption strategies [14].

The layer-by-layer (LbL) self-assembly technique, introduced
by Decher and Hong in the early 1990s [15] has proven to be an
outstandingly valuable method for the fabrication of ultrathin
polyelectrolyte multilayers (PEM) with well adjustable prop-
erties and architecture. Layer build-up is based on alternating
adsorption of cationic and anionic compounds, such as poly-
electrolytes [15], proteins [16], nucleic acids [17,18], dyes [19],
and even colloids [14] onto the surface of charged substrates.
The most common and therefore best investigated multilayer
build-up involves two oppositely charged polyelectrolytes.
Weak polyelectrolytes, such as polyacrylic acid (PAA), with a
pH-dependent charge density can be used to add pH-tunable
properties to the nanoparticle surface to which they are
adsorbed. In case of PAA, a shift of acidity has been reported
by several research groups, comparing free polyelectrolyte
chains in solution to PAA in multilayers [20], and also the
growth behaviour of the layer was shown to depend strongly on
the pH value [21]. In the meantime, polyelectrolyte multilayers
have already in various cases been applied for pH-driven
release, based on weak polyelectrolyte components [22-27].

Nanoparticles can be used as carrier systems for the transport of
drugs to cells and tissues. Once getting in contact with cells
nanoparticles can be taken up by endocytosis. During the
process of endocytosis, nanoparticular drug carriers most often
end up in endolysosomes with a reduced internal pH value. In
order to provide improved accessibility of the drug to the whole
cell, membrane destruction of the endolysosomal bilayer would
be beneficial. We present here the idea of a two-step delivery

system consisting of core—shell nanoparticles. The outer shell is
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susceptible to changes of the pH value, such that the release of a
membrane-toxic cationic compound is triggered by a reduced
pH value in the endolysosomal compartment of the cells. The
idea is that this mechanism might in the future trigger a disrup-
tion of endosomal membranes and therefore enhance the intra-
cellular distribution of the nanoparticles and the drug that is
incorporated in the particle core. In the present work, we
employ biodegradable PLGA nanoparticles, which are modi-
fied by successive adsorption of four polyelectrolyte layers in
total, containing in particular the weak polyanion PAA. We
demonstrate that an appropriate pH stimulus induces a
controlled release of the polycationic species poly(diallyl-
dimethylammonium chloride) (PDADMAC). The successful
pH-triggered release of PDADMAC is concluded from
TH NMR spectroscopy. Although 'H NMR spectroscopy lacks
sensitivity, it has significant advantages with respect to selec-
tivity and robustness compared to current state of the art analyt-
ical methods, such as chromatography and titration strategies
[28], which are commonly applied to detect anionic polymers
[29] or dyes [30]. The obtained release data reveal valuable
information about the pH-tunability of PAA in the complexed
state within a polyelectrolyte multilayer. The quantification of
released PDADMAC is a direct evidence of PEM decomposi-
tion and marks their stability limits. In particular, we find the
stability limits and the released amount of PDADMA to be
dependent on the assembly pH of the multilayers.

Results and Discussion

Nanoparticle coating

Successful nanoparticle synthesis can be concluded from
measurements of particle size, polydispersity index (PDI), and
zeta potential. PLGA nanoparticles were (249 + 4) nm in diam-
eter, showing a narrow size distribution (PDI 0.04 + 0.02) and a
zeta potential of (—53 = 1) mV. After adsorption of the initial
layer of polyethylenimine (PEI), the particles were washed as
described in the Experimental section. The obtained PLGA—PEI
nanoparticles showed only a minor increase in particle diam-
eter (266 £ 4) nm and no significant increase in PDI
(0.07 + 0.03), which indicates no aggregation of nanoparticles
taking place during adsorption or washing. The zeta potential
was inverted to a positive value of (+35 = 4) mV, which could
be attributed to successful adsorption of the cationic PEI layer.

pH-Sensitivity of the PAA layer in dependence on
the adsorption pH value

PAA, as a weak polyelectrolyte with a charge density
depending on pH, can be easily adsorbed onto positively
charged substrates, such as PLGA nanoparticles with an
adsorbed layer of PEI. In order to investigate the effect of the
linear charge density of adsorbing chains on the resulting layer

properties, PAA from solutions adjusted to three different
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pH values, respectively, was adsorbed to PLGA—PEI nanoparti-
cles. Regarding the ionization degree, the titration curve of
PAA shows a typical polyelectrolyte behaviour, since instead of
a steep slope at the pK, value, the degree of ionization smoothly
varies over several pH units [20]. The following experiment
was carried out adsorbing from PAA solutions adjusted to pH 3
(degree of ionization = 10%), pH 5 (degree of ionization
~30%), and pH 7 (degree of ionization = 80%), respectively.
PAA adsorption was successful in all cases, which can be
concluded from the inversion of the zeta potential from positive
to negative values (Table 1).

Table 1: Zeta potential (¢) and hydrodynamic radii (Ry) of PAA-coated
PLGA-PEI nanoparticles in dependence on pH during PAA adsorption.
Nanoparticle radii were obtained in ultrapure water (H,O) and 1 mM
sodium hydroxide solution (NaOH), respectively. All experiments were
performed in triplicate, average values * standard deviations are
shown.

pH (PAA) ¢/mV (H20) Rp/nm (H20) Ry/nm (NaOH)
3 -59+1 130 £2 250+ 2
5 -40+2 126 + 1 142+ 2
7 -30+6 126 £ 2 1345

As shown in Table 1, an obvious trend comparing the zeta
potential after adsorption to the pH of PAA during adsorption
can be extracted. Adsorption of PAA with a low charge density
(pH 3) leads to a highly charged nanoparticle system after
removal of excess polyelectrolyte. During the washing process
using ultrapure water (pH approx. 6), the adsorbed PAA chains
become more deprotonated, resulting in a highly charged poly-
electrolyte layer on the nanoparticle surface. An opposite effect
can be observed considering PAA adsorption at pH 7. Here, the
PAA chain is highly charged and therefore adsorbs in a flat,
stretched conformation on the particle surface. Incubation with
ultrapure water during the washing procedure (pH approx. 6) is
not significantly influencing the charge density of PAA on the
particle surface, hence leading to considerably lower absolute
value of the zeta potential for PAA adsorption at pH 7 as
compared to pH 3. This trend can be underlined considering the
adsorption of PAA at pH 5, resulting in nanoparticles showing a
zeta potential in between the two described cases for PAA
adsorption at pH 3 and pH 7, respectively. Regarding nanopar-
ticle radii, no significant differences can be observed by only
comparing the determined particle sizes in ultrapure water. In
contrast, measurements performed in sodium hydroxide solu-
tion (pH 11), show a drastic swelling behaviour for PAA
adsorbed at pH 3, but only a slight increase in particle size for
PAA adsorbed at pH 5 and pH 7, respectively. This observation
can be attributed to different chain conformations of PAA

during adsorption, in analogy to the conformation in solution:
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Due to repulsive forces between the charge-carrying deproto-
nated carboxylic functions, the PAA chain assumes a stretched
conformation under conditions of high pH values and low salt
concentrations. On the other hand, a low pH value or the pres-
ence of higher amounts of counterions in the polyelectrolyte
solution leads to a coiled conformation. Many multilayer
studies show that in the former case thin layers are formed,
while the latter case yields thicker layers [31]. Several studies
have dealt in detail with the influence of salt on layer thickness
of polyelectrolyte multilayers [15,32-35] while others described
the influence of pH on weak polyelectrolyte layer build-up
[36,37]. General concepts of the relevance of the solution con-
formation have been derived [31]. Concerning charge diluted
chains it can be argued that charge compensation, required to
compensate the charge density of the terminating layer, deter-
mines the surface charge density of the subsequently adsorbing
layer. Thus, an adsorbing charge-diluted chain requires a larger
amount of mass, yielding thicker films [21,38]. At pH 3, PAA is
weakly charged, and therefore adsorbs in a coiled conformation
to yield a thick film. In ultrapure water (pH approx. 6), the
degree of dissociation in the outermost PAA layer is increasing,
causing a layer swelling due to electrostatic self-repulsion.
Particularly noteworthy is the massive increase in hydrody-
namic radius by more than 100 nm, see Table 1. This implies a
significant stretching of single chains after adsorption rather
than a swelling of a compact film, as schematically depicted in
Figure 1. This behaviour is in agreement with earlier work,
where it was shown that particle radii can increase by values on
the order of the contour length, when the terminating layer is
transferred from high salt to low salt conditions [39].

PLGA-PEI-PAA nanoparticle
(water pH =6)

PLGA-PEI-PAAnanoparticle
(1 mM NaGH pH =11)

Figure 1: Sketch of terminating layer conformation for PLGA-PEI-PAA
nanoparticles prepared at pH 3 in a) ultrapure water (pH approx. 6)
and b) in NaOH (pH approx. 11), where PAA is fully charged.

When adsorbing PAA at higher pH values (i.e., pH 5 or pH 7),
the hydrodynamic radii do not differ much compared to neutral
and basic conditions. This can be attributed to the fact that the
PAA chains are notably stretched at pH 5 and pH 7 and there-
fore already adsorb as a flat polymer layer, which remains
tightly adsorbed even under basic conditions. Further character-
ization of the PLGA-PEI-PAA nanoparticles with varying
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adsorption pH was performed by recording titration curves,
where the particle dispersions were titrated with hydrochloric
acid (25 mM). By plotting the zeta potential versus pH, the
isoelectric point (IEP) can easily be determined. The IEP corre-
sponds to a state of charge neutrality, where ( is zero. Thus, it is
an important parameter characterizing the pH region, in which
the particle system is potentially sensitive for pH-triggering. An
IEP of unmodified PLGA nanoparticles can be determined in
the region of pH 2.2 (data not shown). For coated particles, the
IEP depends strongly on the adsorption pH, as shown in
Figure 2.

20

| N
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-20
-30 4
40 A h

-50 4

IEP 3.1 IEP 5.0

-60 ; . : .

6 7

Zeta potential / mV

N
w
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Figure 2: Titration of PLGA—PEI-PAA nanoparticles with HCI (25 mM)
for different pH values during assembly of PAA. PAA assembly at pH 7
(blue), PAA assembly at pH 5 (green), PAA assembly at pH 3 (red).
Experiments were performed in triplicate, average values + standard
deviations are shown.

In order to explain the mechanism behind this data, the prop-
erties of the PAA layers adsorbed at different pH values have to
be taken into account. Considering adsorption at pH 3, PAA
adsorbs as a slightly charged chain, forming a thick layer of
coiled chains with a high surface coverage of carboxylic func-
tions, as previously explained. The IEP strongly depends on the
surface coverage of carboxylic functions. A higher carboxylic
surface coverage requires a larger proton concentration in solu-
tion to yield neutralisation of the surface layer. On the other
hand, at high pH values during adsorption of the PAA layer, a
low surface coverage of carboxylic functions is resulting, which
can be neutralized already at a higher pH value. The overall
probability for complete neutralization of the considered
segment on the particle surface at a certain pH value is there-
fore higher for lower amounts of carboxylic functions in this
segment, which can be directly correlated to the pH of PAA
during adsorption. In case of the titration curves obtained for
PAA adsorbed at pH 5 and pH 7, respectively, a decrease of

surface potential is observed after reaching its maximum value
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(see Figure 2). This can be attributed to surface charge compen-
sation effects induced by the increasing ionic strength, when
adding more hydrochloric acid during the titration experiment.
In summary, the pH-tunable range of the obtained nanoparti-
cles can be controlled by adjusting the adsorption pH of PAA. It
is thus feasible to impose a desired IEP value in the range
between pH 3 and pH 5 onto the resulting particle system by

choosing an appropriate pH value during assembly.

PDADMAC adsorption

After intense investigation of the effects concerning PAA modi-
fication on the particle system, PDADMAC is subsequently
adsorbed in a layer-by-layer fashion. For further layer build-up,
the PAA layer has been chosen to be adsorbed at pH 5, forcing
the particle system to show an IEP in the region of pH 4.
PDADMAC, as a strong polycation, has a charge density that
does not depend on the pH value. However, its adsorption might
depend on the state of charge of the terminating PAA layer.
Therefore, PDADMAC solutions, as well as the PLGA-PEI-
PAA nanoparticle dispersions, have been adjusted to pH 5,
pH 7, and pH 9, respectively. After adsorption and subsequent
washing, nanoparticles are characterized by the hydrodynamic
radius and the zeta potential, as determined at pH 6. The
dependence of the PDADMAC layer on the pH value during
adsorption is shown in Figure 3. All particle samples show a
monodisperse size distribution, indicated by a low polydisper-
sity index (PDI < 0.1).

160
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20 1 L 40

0 T T T
pH 5 pH7 pH9

pH PDADMAC at adsorption

Figure 3: Particle radii (bars) and zeta potential (line plot) of PLGA-
PEI-PAA-PDADMAC nanoparticles in dependence of the pH value
during PDADMAC adsorption. All experiments were performed in tripli-
cate, average values * standard deviations are shown.

As expected, the nanoparticle size does not depend on the
pH value during adsorption of PDADMAC, since the polymer
chain conformation of PDADMAC is independent of the pH
and therefore always adsorbs as a flat, highly charged layer. In
contrast to the particle size, there is a strong influence of the
pH value on the zeta potential of PLGA-PEI-PAA-PDADMAC
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nanoparticles. The pH value of the nanoparticle dispersion
before adsorption determines the degree of ionization of PAA
on the particle surface and therefore leads to differently
pronounced electrostatic attraction to the oppositely charged
PDADMAC. The PLGA-PEI-PAA nanoparticle system shows
negative zeta potentials at pH 5, pH 7, and pH 9, respectively
(data not shown). Adsorption of PDADMAC at pH 5 yields a
slightly decreased zeta potential, which still has a negative
value of (—18 £ 3) mV, when measured in ultrapure water at
pH 6. Apparently, the PAA charge coverage at pH 5 is too low
to bind a sufficient amount of PDADMAC, which could
neutralize even the charge density of PAA present at pH 6. Only
choosing a pH >7 during adsorption leads to positive zeta
potentials of (+15 £ 4) mV for PDADMAC adsorption at pH 7
and (+31 £ 7) mV for adsorption at pH 9. In summary,
PDADMAC adsorption onto PLGA-PEI-PAA nanoparticles
significantly depends on the adsorption pH, due to a varying
state of deprotonation of the PAA layer on the particle surface,
even though PDADMAC provides a charge density of the chain
that does not depend on the pH value.

Terminating PAA layer adsorption

The third polymer layer of PDADMAC is followed by another
layer of PAA, terminating the particle preparation. Figure 4
shows the resulting particle sizes and zeta potentials after each
step of the nanoparticle modification, which underlines the
successful preparation, demonstrated by a constant size and an
inversion of the zeta potential after each adsorption step.
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Figure 4: Hydrodynamic radii (bars) and zeta potential (line plot) in
dependence of the number of polymer layers for the sequence PLGA-
PEI(pH10)-PAA(pH5)-PDADMAC(pH9)-PAA(pH5). All experiments
were performed in triplicate, average values + standard deviations are
shown.

Release of PDADMAC

To probe pH-tunability after adsorption of the second PAA
layer, a titration experiment using HCI (25 mM) was carried
out, as described in the Experimental section. PDADMAC
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desorption was monitored by quantitative '"H NMR spec-
troscopy, using an external standard of resorcinol in D,O as a
reference substance. In Figure 5, '"H NMR spectra of all poly-
meric components are shown, except for PLGA, which is insol-
uble in D,0. Recorded spectra are stacked as a guide to the eye,
while each polymer spectrum is normalized to the signal of
residual water protons (HDO), calibrated by a chemical shift of
4.8 ppm.

PDADMAC Y | S AN VAR .

va JL

80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 00
Chemical shift/ ppm

Figure 5: "H NMR spectra of solutions (50 mM monomer conc.) of
PDADMAC, PAA, PEI, and PVA (from top to bottom). Quantification of
PDADMAC in particle dispersion is based on the absence of signals
between 2.9 and 3.4 ppm for any other polymer than PDADMAC.

Typical broad polymer resonances are observed, where two
characteristic signals for PDADMAC occur at chemical shifts
of 3.15 and 3.25 ppm in a region where all other polymers show
now signal, which makes a quantification of PDADMAC
possible using 'H spectra. Quantification of PEI or PAA is
difficult due to the comparatively lower signal intensities and
some spectral overlap. The reference spectrum of resorcinol
(data not shown) shows only chemical shifts higher than
4.8 ppm, which do not interfere with any polymer signal. For
quantification, the integral of the resorcinol signal at a chemical
shift of 7.1 ppm is used and related to the integrals of the
PDADMAC signals at 3.15 and 3.25 ppm, respectively.

In order to assure the detection of the 'H NMR signal of the
polymers, the nanoparticles have been prepared using D,0O as
solvent in the two final washing steps. For desorption
experiments, the prepared nanoparticle dispersions were
adjusted to pH values between pH 7.4 and pH 0.9 before acqui-
sition of 'H NMR spectra. As a first step, PLGA-PEI(pH 10)-
PAA(pH 5)-PDADMAC(pH 9)-PAA(pH 5) nanoparticles
were investigated. Alternatively, PLGA-PEI(pH 10)-
PAA(pH 5)-PDADMAC(pH 9) nanoparticles have been
prepared, lacking the terminating PAA layer and therefore
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offering the possibility to investigate the influence of the outer
PAA layer on the PDADMAC desorption process. The
desorbed amount of PDADMAC in dependence of the adjusted
pH is related to the total particle surface and given in Figure 6.
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Figure 6: Released amount of PDADMAC per surface area in depend-
ence of the pH. The amount of released PDADMAC was related to the
total particle surface to yield the released amount per surface area.

An obvious dependence of the released amount of PDADMAC
on the pH can be concluded, as a decrease in pH leads to the
release of PDADMAC for both nanoparticle systems investi-
gated. For the nanoparticle system including a terminating PAA
layer, the release process starts at pH <4 and the released
amount reaches a maximum plateau value at about pH 2. The
data follow almost exactly a sigmoidal curve and as a release
point the pH at 50% release can be determined as 3.2. Interest-
ingly, this release only starts at much lower pH values than
expected from previous titration experiments, which show
charge neutrality of the PAA layer for the PLGA-PEI(pH 10)-
PAA(pH 5) nanoparticle system at pH 4.1, see Figure 2. Since
polyelectrolyte layers are dynamic systems of more or less
penetrable polyelectrolyte chains, there will always be an
amount of charge contributing from underlying layers to the
overall electrostatic properties of the polyelectrolyte film.
Overall, the total amount of negative charges present at the
isoelectric point (IEP) can be concluded to be sufficient in order
to preserve a stable PEM, hence preventing PDAMAC to be
desorbed from the nanoparticle surface at pH values greater
than 4. The release curve for the nanoparticle system lacking
the terminating PAA layer also follows a sigmoidal release
curve, but PDADMAC desorption already starts at significantly
higher pH values compared to the PLGA-PEI(pH 10)-
PAA(pH 5)-PDADMAC(pH 9)-PAA(pH 5) nanoparticle
system. Additionally, the total amount of released PDADMAC
is found to be increased by a factor of almost two. This can be
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explained considering the degree of ionization of the PAA layer
in either nanoparticle system: During build-up of the PLGA-
PEI(pH 10)-PAA(pH 5)-PDADMAC(pH 9)-PAA(pH 5)
nanoparticles, the pH is reduced from pH 9 after adsorption of
PDADMAC to pH 5 during adsorption of the final PAA layer,
hence a fraction of PDADMAC may already be released
because of the pH decrease during the adsorption of PAA. This
also explains that the PDADMAC release is starting at lower
pH values in case of the nanoparticle system containing the
terminating PAA layer, since the formerly adsorbed amount of
PDADMAC is already desorbed during build-up of the termi-
nating PAA layer.

After pH-induced release of the polyelectrolyte we tested for
complete release by adding sodium chloride to each sample
solution, such that a final concentration of 2 M was reached.
Dubas and Schlenoff had previously reported a complete
destruction of PDADMAC/PAA multilayers at high salt
concentrations (above 0.6 M) [40]. In our systems there was no
additional release of PDADMAC observed after the increase of
the ionic strength, thus we conclude that a quantitative release
can be achieved by pH treatment alone.

Conclusion

In the present work, we successfully implemented a pH-tunable
entity onto biocompatible PLGA nanoparticles using the LbL
self-assembly technique and demonstrated ways to control the
pH window, in which the nanoparticle surface is pH-sensitive.
Successive adsorption of PDADMAC as a cationic compound
was accomplished, illustrating the importance to choose adsorp-
tion conditions allowing an overcompensation of the nanopar-
ticle surface charge. Furthermore, adsorbed PDADMAC was
successfully released after application of an appropriate
pH-stimulus, leading to well fitted desorption isotherms.
Furthermore, desorption data obtained after omitting the
previous adsorption of a terminating PAA layer clearly show a
partial desorption of PDADMAC during assembly of the termi-
nating PAA layer, emphasising the pH-sensitivity of PEM
consisting of weak polyelectrolytes, such as PAA. The obtained
data not only reveal important information about pH-tunability,
but also about the absolute stability of polyelectrolyte multi-
layers and will therefore facilitate future development of appli-
cations in the field of pH-sensitive nanostructure assembly.

Experimental

Materials: Poly(lactic-co-glycolic acid) (PLGA, Resomer® RG
502H) was purchased from Evonik Industries AG (Darmstadt,
Germany). Resorcinol (analytical grade), ethyl acetate (reagent
grade; >99.5%), deuterium oxide (D;0) (99.9% isotope
purity), poly(vinyl alcohol) (PVA) (87-89% hydrolysed;
My, = 67,000 g/mol), as well as aqueous solutions of poly-
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ethylenimine (PEI) (M, = 50,000—60,000 g/mol; 50 wt %) and
polyacrylic acid (PAA) (M, = 100,000 g/mol; 35 wt %) were
purchased from Sigma—Aldrich (Steinheim, Germany). An
aqueous solution of poly(diallyldimethylammonium chloride)
(PDADMAC) (M, =~ 8,500 g/mol; 28 wt %) was purchased
from Polysciences (Eppelheim, Germany). Adjustments of
pH values were performed by addition of sodium hydroxide
solution (1 mol/L) or hydrochloric acid (1 mol/L), which were
purchased from Waldeck (Miinster, Germany). Washing and
dilution steps were carried out using ultrapure water, having a
resistivity of at least 18.2 MQ-cm. All chemicals were used as
received without further purification.

Solutions: An amount of 500 mg of PVA was dissolved in
50 mL of ultrapure water using gentle heating (60 °C) and
magnetic stirring at 500 rpm. The PVA solution was cooled to
room temperature and filtered (0.22 pm, cellulose acetate filter
unit) directly before use. Additionally, 500 mg of PLGA were
dissolved in 5 mL ethyl acetate. Polyelectrolyte solutions were
diluted to concentrations of 10 mmol/L (PAA and PDADMAC)
and 20 mmol/L (PEI), respectively. All polyelectrolyte concen-
trations were calculated with respect to the monomeric unit of
the corresponding compound. If needed, pH was adjusted by
addition of 1 molar hydrochloric acid (HCI) and 1 molar sodium
hydroxide solution (NaOH).

Dynamic light scattering (DLS): Average particle size, poly-
dispersity, and zeta potential were determined using a Zetasizer
Nano ZS (Malvern Instruments, UK). All measurements were
performed at ambient temperature of (22 £ 0.1) °C in ultrapure
water as dispersant, unless mentioned otherwise. For titration
experiments, a multi-purpose titration device MPT-2 (Malvern
Instruments, UK) was connected to the Zetasizer Nano ZS.
Titrations were carried out by diluting 5 mg nanoparticles
(calculated as dry solids content) with ultrapure water to a final
volume of 12 mL. Hydrochloric acid (25 mM) was chosen as
the corresponding titration agent. During titration experiments,
the pH was decreased step-wise to a final value of 2.5, while
particle diameter, polydispersity, and zeta potential were moni-
tored for each pH step.

Gravimetric analysis: Determination of nanoparticle concen-
tration in dispersion was carried out by gravimetric analysis
using a Sartorius SE2 Ultra microbalance (Sartorius AG,
Gottingen, Germany). An aliquot (20.0 pL) of homogenized
nanoparticle dispersion was transferred to a disposable
aluminium weighing dish, which was weighted previously. The
filled weighing dish was dried for at least four hours in a drying
cabinet (Thermo Fisher Scientific Inc., USA) at 80 °C. The
particle concentration of the initial dispersion was derived from

the weight of the solids content.
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Nuclear magnetic resonance (NMR) spectroscopy: 'H NMR
experiments were performed using a 400 MHz Avance spec-
trometer (Bruker, Rheinstetten, Germany). All measurements
were carried out at room temperature (295 K) and all sample
solutions were prepared in D,0O. For quantitative NMR
measurements of PDADMAC, a solution of resorcinol in D,O
was used as an external standard. It was filled into a melting
point capillary, which was flame-sealed on both ends and
inserted on the central axis of an NMR tube containing the
sample solution. A calibration was carried out by relating the
resorcinol signal at 7.1 ppm to the PDADMAC signals (at 3.15
and 3.25 ppm) of solutions with known PDADMAC concentra-
tions (1 mM and 2 mM). This obtained calibration was used to
determine the amount of PDADMAC desorbed from nanoparti-
cles after applying a pH stimulus.

Nanoparticle preparation: PLGA nanoparticles were prepared
by a modified emulsion diffusion method. The addition of a
stabilizing agent is generally favoured due to increased final
particle stability. Here, poly(vinyl alcohol) (PVA) was used for
particle preparation since it has proven to have outstanding
emulsification properties and a low toxicity at the same time. In
brief, 500 mg of PLGA was dissolved in 5 mL ethyl acetate.
After addition of 10 mL aqueous PVA solution (10 mg/mL), the
obtained emulsion was mixed using an Ultra Turrax T25
homogenization device (IKA Werke GmbH & Co KG, Staufen,
Germany) at 17,000 rpm for 5 min to ensure a small and homo-
geneous droplet formation. The obtained emulsion was added to
40 mL of PVA solution (10 mg/mL) and stirred at 550 rpm at
room temperature for at least 12 h in order to completely evapo-
rate the ethyl acetate phase, leading to final nanoparticle precip-
itation. After particle formation, the dispersion was washed by
centrifugation (Centrifuge 5242, Eppendorf, Germany) and
removal of the supernatant containing excess PVA. The proce-
dure was followed by redispersion in ultrapure water, treatment
by a vortexing device (VWR VV3, Darmstadt, Germany) and
gentle sonication (Bandelin Sonorex PK 102 H, Berlin,
Germany), if necessary. The washing step was performed three
times in order to completely remove the PVA from the aqueous
phase.

Layer-by-layer (LbL) self-assembly: Polyelectrolyte multi-
layers were adsorbed to PLGA nanoparticles using the LbL
self-assembly technique, as described elsewhere [15,41,42]. For
each adsorption step, polymer solution was stirred at 700 rpm
using a magnetic stirrer, while an equal volume of nanoparticle
dispersion (10 mg/mL) was added dropwise. To ensure
complete polymer adsorption, an incubation time of 20 min was
chosen. Excess polymer was washed out by centrifugation at
4,000g for 20 min and removal of the supernatant. The parti-

cles were then redispersed in ultrapure water, using sonication
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and a vortexer, if necessary. By this procedure, particle disper-

sions were washed twice after each adsorption step.
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Abstract

Hybrid graphene oxide/silver nanocubes (GO/AgNCs) arrays for surface-enhanced Raman spectroscopy (SERS) applications were
prepared by means of two procedures differing for the method used in the assembly of the silver nanocubes onto the surface:
Langmuir—Blodgett (LB) transfer and direct sequential physisorption of silver nanocubes (AgNCs). Adsorption of graphene oxide
(GO) flakes on the AgNC assemblies obtained with both procedures was monitored by quartz crystal microbalance (QCM) tech-
nique as a function of GO bulk concentration. The experiment provided values of the adsorbed GO mass on the AgNC array and the
GO saturation limit as well as the thickness and the viscoelastic properties of the GO film. Atomic force microscopy (AFM)
measurements of the resulting samples revealed that a similar surface coverage was achieved with both procedures but with a
different distribution of silver nanoparticles. In the GO covered LB film, the AgNC distribution is characterized by densely packed
regions alternating with empty surface areas. On the other hand, AgNCs are more homogeneously dispersed over the entire sensor
surface when the nanocubes spontaneously adsorb from solution. In this case, the assembly results in less-packed silver nanostruc-
tures with higher inter-cube distance. For the two assembled substrates, AFM of silver nanocubes layers fully covered with GO
revealed the presence of a homogeneous, flexible and smooth GO sheet folding over the silver nanocubes and extending onto the
bare surface. Preliminary SERS experiments on adenine showed a higher SERS enhancement factor for GO on Langmuir-Blodgett
films of AgNCs with respect to bare AgNC systems. Conversely, poor SERS enhancement for adenine resulted for GO-covered
AgNCs obtained by spontaneous adsorption. This indicated that the assembly and packing of AgNCs obtained in this way, although
more homogeneous over the substrate surface, is not as effective for SERS analysis.
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Introduction

Organized films composed of metal nanoparticles have been
extensively studied in recent years owing to their enormous
potential in fields as diverse as photoelectrochemistry [1,2],
optoelectronics [3], energy-harvesting applications [4], cancer
imaging and therapy [5], sensing and biosensing applications
[6,7]. In particular, sensors based on arrays of noble metal
nanoparticles have become increasingly popular for the ultra-
sensitive detection of a variety of species ranging from small
molecules to large proteins by means of surface-enhanced
Raman spectroscopy (SERS) [8,9]. Furthermore, these arrays
offer additional sensing capabilities based on the localized
surface plasmon resonance (LSPR) sensitivity to subtle changes
in the refractive index of the surrounding molecular environ-
ment [10,11].

Nanoparticle arrays differing in chemical composition, size,
shape and bidimensional morphology have been extensively
studied [8,9,12] in the past decades. The existing literature has
revealed that not only the shape and size of metal nanoparticles
determine their physicochemical and optical properties but also
their bidimensional packing affects their properties. Among
others, silver nanocubes (AgNCs) have been demonstrated to
provide an intense and reproducible amplification of the Raman
signal when densely assembled in ordered 2D structures on
solid supports [13-15]. The large SERS effect has been demon-
strated to be strictly dependent on the gap distance of adjacent
nanostructures, commonly termed "hot spots", and many
different approaches have been proposed for their production.
Early methods rely on the random aggregation of silver or gold
nanoparticles induced by a salt [16] whereas more recently
external magnetic field were employed to dynamically control
the interparticle spacing of a nanoparticle monolayer at the
hexane/water interface [17]; however, the fabrication of control-
lable hot spots still remains a remarkable challenge.

The outstanding SERS capability of metal nanoparticle arrays
may be further extended by a proper pairing with graphene or
graphene derivatives due to their exclusive chemical, electronic
and mechanical properties [18]. Graphene oxide (GO) is
derived in the form of single-atom sheets of conjugated sp?
carbon atoms with abundant oxygen-containing functionalities,
which confer to the system additional features including great
chemical stability in aqueous media and superior ability of

capturing and retaining molecules.

Reports on nanoparticle/graphene hybrid nanocomposites
showed that SERS signals arising from graphene/metal hybrid
structures are higher compared to those of the individual
components [19]. Several methods have been proposed for the

fabrication of hybrid composites incorporating plasmonic
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nanoparticles and graphene [20]; preliminary results from this
group evidenced that large SERS enhancement factors were
obtained for rhodamine 6G adsorbed on a combination of
graphene oxide and AgNCs arrays [21]. In a closely related
paper by our group [22], we investigated the influence of thick-
ness and structuring of the graphene oxide layer covering a
Langmuir—Blodgett film of silver nanocubes on SERS detec-
tion, in the same paper [22] we compared the experimental
results with theoretical simulations obtained by a finite element
method (FEM).

In the present paper, we adopt a previously reported procedure
for AgNC preparation [22] but we systematically explore the
interplay between graphene oxide coverage and the morphology
of the underlying AgNC arrays and how the resulting differ-
ences in the structural features of the hybrid system affect the
spectroscopic properties and eventually SERS enhancement.
Different approaches have been explored to assemble nanoparti-
cles, including vacuum deposition, electrochemical deposition,
electrostatic layer-by-layer adsorption and formation of
nanoparticle films at the liquid—liquid interface [23-26]. In the
latter case, assembly of uncapped nanoparticles generally leads
to the formation of loosely packed aggregates and linking func-
tionalities must be employed to decrease the interparticle dis-
tance, which in turns results in rigid arrays with suppressed
elasticity and scarce resistance to mechanical stress. Neverthe-
less, the fabrication of large-scale homogeneous layers required
for SERS detection has not been fully achieved. In this work we
assembled closely packed AgNCs arrays with two different
approaches: Langmuir—Blodgett (LB) transfer onto the solid
support of a floating monolayer of AgNCs (procedure A) and
sequential self-assembly of AgNCs by physisorption onto the
surface (procedure B). The standard LB technique implies the
preparation of a stable floating monolayer at liquid—air inter-
face followed by controlled transfer onto the surface of a solid
substrate [24]. The LB procedure was already employed in a
related paper [22] for the deposition of AgNCs onto solid
substrates, here we extended the preparation protocol investi-
gating in detail the influence of hysteresis effect and monolayer
fluidity on the packing of the resulting LB film. The monolayer
is prepared by deposition and compaction of the nanoparticles
onto water surface, to this aim different approaches can be
chosen depending on particle functionalization: particles
surrounded by a hydrophobic ligand shell can be deposited
directly onto water surfaces [27] either alone or mixed with
organic molecules that act as dispersants in the case of scarce
particle stability at the interface [28]. Other strategies include
choice of non-aqueous monolayer subphases [29] and forma-
tion of the monolayer at water—oil interfaces [27]. Although the

encouraging successful results in SERS amplification of LB



samples, reports on the fabrication procedure are often contra-
dictory and fine experimental control of the resulting structure
is not always satisfactory. Self-assembly of metal nanoparticles
through surface adsorption has received much less attention
[30-32] due to the lack of direct monitoring of the assembly
process in situ. In this work, we followed the formation of an
adlayer of AgNCs on silicon oxide surfaces by means of a
quartz crystal microbalance with dissipation monitoring as a
function of time and AgNCs concentration, obtaining informa-
tion on the kinetics and the mechanism of adsorption as well as
the thickness and viscoelastic properties of the 2D structure at
surface saturation.

Coverage of the resulting nanocube arrays with a graphene
oxide layer was accomplished by spontaneous adsorption of
GO. Although fabrication of GO-covered nanoparticles has
been explored using several methods such as voltammetric
co-reduction [33], formation of composite graphene oxide/
PAMAM-silver nanoparticles through self-assembly followed
by microwave irradiation [34] and GO drop-casting onto amino-
functionalized Ag nanoparticles [19], detailed information on
the GO coating step is not systematically studied and validated.
Since the Raman scattering enhancement is strictly dependent
on the geometry of the system at the nanoscale, controlling how
GO affects the distribution of the AgNCs arrays is a key-step
for the realization of efficient SERS substrates. Here we moni-
tored the adsorption of GO onto AgNCs with a controlled step-
by-step strategy by direct QCM monitoring of the adsorption
process, a method that revealed both the mechanism and
kinetics of the composite formation onto the AgNCs-covered
Si0; surface. The hybrid samples were further characterized by
means of atomic force microscopy that differences in the local

morphology of the GO/AgNCs clusters.

The relationship between surface coverage and morphology and
SERS activity of the GO/AgNCs hybrid structures was
addressed characterizing the SERS behaviour of an extensively
studied model probe such as adenine adsorbed on the resulting
arrays. Preliminary results show that higher SERS intensities
are detected from the GO/AgNCs hybrid nanostructures as
compared to pure Ag nanoparticles for both nanoparticle
packing procedures. Interestingly, we found that although
similar GO coverage was found for both systems, which leads
to similar quantities of adsorbed probe, the morphology of the
nanoparticle layer dictates the effective Raman enhancement

behaviour.

Results and Discussion

Assembly of silver nanocube monolayers
Silver nanocubes (AgNCs) were synthesized through a polyol
synthesis, in the presence of poly(vinylpyrrolidone) (PVP) as a
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stabilizing agent, adopting an established literature protocol
[35]. The resulting nanocube samples were mainly monodis-
perse with 45 nm average size and contained only a
negligible fraction of Ag rods and irregular aggregates [36].
AgNC arrays were prepared with two different approaches:
Langmuir—Blodgett (LB) transfer onto the solid support of a
floating monolayer of AgNC (procedure A) and sequential self-
assembly of AgNCs by physisorption onto the surface (proce-
dure B).

Procedure A. Controlled assembly of AGNCs by
Langmuir—Blodgett technique

The dispersion of silver nanocubes was spread at the water—air
interface from a chloroform solution in a Langmuir trough to
fabricate a monolayer of Ag nanoparticles. In agreement with
the pioneering work by El-Sayed [37], we found that AgNCs
are easily spread at the water—air interface to obtain ordered
floating monolayers, in addition we observed that the shape and
position of n—A isotherms strongly depend on factors such as
the time allowed for solvent evaporation before starting
compression, the amount of substance spread at the interface
and the compression speed. Careful optimization of these para-
meters generated reproducible isotherms up to © = 20 mN/m,
compression beyond this value leads to unstable monolayers
due to incipient collapse of the film and formation of 3D struc-
ture. A typical n—A isotherm for AgNCs is reported in Figure 1a
together with the behaviour of the surface compressional
modulus as a function of surface area.

Surface pressure was found to increase monotonically as avail-
able surface area decreases showing a subtle phase transition
more evident after a first expansion—compression cycle (see
Supporting Information File 1, Figure S1) located at
7n =4 mN/m in contrast with what reported previously [29,37].
We computed the surface compressional modulus from the
experimental n—A data using Equation 1

c. =

S

— A(dr/dA) )

The surface compressional modulus is related to the elasticity
and fluidity of the monolayer [38] and its value identifies the
different monolayer phases: C;~! values lower than 50 mN/m
correspond to a liquid-expanded phase, whereas for highly
condensed phases values as high as 300 mN/m can be observed.
Interestingly, the Cy~! value remains constant as surface pres-
sure increases revealing the presence of a wide domain where
the mechanical features of the film remain unchanged. The
small C;~! values described in Figure 1a, reveal fluid and
elastic phase of the AgNC monolayer, similar low values of the

surface compressional modulus (C;! < 50 mN/m) were found
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Figure 1: Procedure A. Formation of AGNC arrays by means of the Langmuir-Blodgett technique. (a) T-A and Cs~'-A isotherm for AgNCs at the
water—air interface. Optical images (650 x 750 um) of the LB film of AgNC transferred at different surface pressures along the isotherm. (b) Absorp-
tion spectra of AQNC dispersion (dotted line) of a 1 LB layer of AGNC transferred onto glass at 15 mN/m (dashed line) and 20 mN/m (solid line). Inset:

Transmission electron microscopy image of a representative single AgNC.

for nanoparticles trapped at the air—water interface also by other
authors [39] who demonstrated the underlying correlation
between the observed macroscopic transitions in mechanical
properties and the microscopic dynamical phase transitions.
Compression-expansion cycles were performed on AgNC
monolayers arresting compression below 20 mN/m, the results
(reported in Supporting Information File 1, Figure S1) show a
small hysteresis that vanishes completely after the second cycle.
These findings exclude loss of material in the subphase upon
compression and support the formation of elastic arrays of
AgNCs that quickly recover their closely-packed morphology
after expansion thanks to the presence of the PVP polymer
surrounding the nanoparticles. These features also warrant a
successful transfer of the film from the water subphase to the
solid support (Supporting Information File 1, Figure S2), fast
reorganization of the nanocubes at the interface when the ma-
terial is transferred to the solid substrate is evidenced by the
stable value of surface pressure along the transfer process.
Langmuir-Blodgett layers were transferred onto glass and
silicon supports at different target surface pressures spanning
from 0.5 mN/m to 20 mN/m (see Figure 1a), the transfer ratio
(Supporting Information File 1, Figure S2), which reports on
the quality of the transferred layer, was homogenous over the
entire surface and close to one for all the selected surface pres-
sures. Interestingly, conventional amphiphiles cannot be trans-
ferred successfully at low surface pressure whereas for AgNC
significant transfer was obtained also at 0.5 mN/m although
with low nanocube density. Such behaviour, reported also by
other authors for mixed AgNC/phospholipid systems [40], is
likely due to the stabilizing effect of PVP cushion capping the
surface of the nanocubes.

Optical microscopy in reflection mode of LB monolayers of
AgNCs transferred on silicon oxide, reported in Figure la,
shows that as the transfer surface pressure increases, the particle
density and the average size of the nanocube clusters increase,
until a near-continuous monolayer is established around
15 mN/m. Images of the sample collected at 20 mN/m reveal
the presence of 3D clusters of nanocubes supporting the hypoth-
esis of incipient monolayer collapse at this surface pressure.

The principal structural features characterizing the AgNC
assembly obtained with procedure A are summarized in Table 1
together with the results obtained for procedure B.

The data show that the LB layer transferred at 15 mN/m has an
average thickness 6 = 50 nm demonstrating the formation of a
single layer of silver nanotubes. The surface density deter-
mined for QCM measurements for LB transferred directly on
the QCN sensor was 41 NC/pum? which resulted in an average
interparticle distance over the entire sensor surface of 100 nm,
we recall that direct measurement of nanocube density at the
water—air interface is vitiated by the presence of capping PVP
molecules which cannot be directly quantified. Local interpar-
ticle distance estimated by AFM results [40] evidenced much
smaller gaps of 1-3 nm between face-to-face nanocubes nm
within the AgNC clusters.

Extinction spectra were collected for all transferred samples.
Two typical spectra of 1 LB layer transferred at 15 and
20 mN/m together with the spectrum obtained for the disper-
sion of AgNCs are reported in Figure 1b. AgNC dispersion
exhibits a sharp peak around 450 nm that, according to previous



Table 1: Structural parameters for AQNC arrays on silicon oxide.

AgNC packing Surface density,

Interparticle distance,
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-6
procedure NC/um? nm 6, nm ADx10
procedure A 412 1002 50P —
(Ttransfer = 15 mMN/m)
procedure B, 352 1192 32+102 182

sequential adsorption

aValues extracted from analysis of QCM measurements. ®Values extracted from analysis of AFM data.

reports [41,42], can be ascribed to the LSPR of nanocubes with
50 nm edge size in agreement with our TEM results and our
preliminary findings [21] on different nanocube dispersions.
Two minor peaks (348 and 380 nm) are also observed for the
disperse NCs, likely due to the small fraction of Ag particles of
different size and shape in the dispersion as reported earlier
[42]. Spectra obtained for LB monolayers transferred at 15 and
20 mN/m exhibited a red-shifted shoulder at 490 nm together
with the appearance of a new peak at 412 nm and a broader
signal centred at 640 nm; similar spectral features were already

reported for metal nanoparticles on dielectric support [31,43].

These experimental and theoretical studies demonstrate that the
degeneracy of the localized surface plasmon resonance (LSPR)
mode is split in two orthogonal electron oscillations with
respect to the surface plane when a strong near-field interaction
between AgNPs occurs in the 2D array. The cubic geometry of
the nanoparticles provides a large nanoparticle—substrate
contact area, leading to efficient hybridization of dipolar (D)
and quadrupolar (Q) plasmonic resonances, which appear in the
spectra as two separate D and Q peaks with the new Q band
blue-shifted with respect to the D band due to dipolar modes.
Therefore, a regular Ag nanocube array is expected to show an
intense quadrupolar resonance and a dipolar red-shift relative to
the solution of AgNCs, and this effect can be enhanced, or
quenched, by controlling the particle size, the surrounding
dielectric medium and the interparticle distance [27], namely
the Q band is enhanced as the interparticle distance in the
AgNC array decreases [44]. Other groups studied LB arrays of
DOPC/AgNC of similar sizes [43] and AgNP assembly trans-
ferred from the hexane/water interface [44], these authors
assigned the signal observed at 414 nm and 390 nm to
quadrupolar coupling modes and observed a red shift of the
dipolar contribution in agreement with our results. We also
observed the appearance of a broad intense band due to strong
interparticle dipole—dipole coupling centred at 642 nm and
665 nm for LB films transferred at 15 mN/m and 20 mN/m, res-
pectively. Experimental and theoretical studies [45] on two
dimensional (2D) arrays of AgNPs with the different edge-to-
edge distances showed that delocalized long range LSPR results

in a broad band centred at 640 nm for interparticle distance
d = 3 nm and that the band red-shifts with increasing d.
Although a definite assignment in the short wavelength region
is hindered by the superposition of the signal of non-cubic
aggregates to quadrupolar bands, our results show that regular
arrangement of close-packed AgNPs contributes to the efficient
coupling of dipole modes and that such coupling is less effi-
cient for samples transferred at 20 mN/m, likely due to crys-
talline fusion in the collapsed 3D microdomains found in this
samples. These results support our findings that a larger inter-
particle distance and higher aggregated fraction occur as
transfer surface pressure is increased in the case of procedure A.

Procedure B. Controlled assembly of AGQNCs by
spontaneous adsorption on the surface

Spontaneous self-assembly of AgNC on silicon oxide surfaces
was monitored in situ by means of a quartz crystal microbal-
ance as the nanocubes approach the substrate and adsorb on the
surface. In this experiment, the change in frequency, AF, related
to the adsorbed mass, and the change of the dissipation factor,
AD, related to the viscoelastic properties of the adsorbed film,
were measured simultaneously as a function of time. Aliquots
of a 0.3 mg mL ! dispersion of AgNC were added sequentially
in the measuring chamber, additions were made after adsorp-
tion equilibrium was established and after the excess of AgNC
in solution was removed by water rinsing. This procedure was
repeated until no further changes were recorded, indicating that
surface saturation was reached. Typical results for the change in
normalized frequency and dissipation factor for the third
harmonic obtained for a single addition are reported in Figure 2.
The plot shows how both Af3/3 and ADj3 change with time
reaching a constant value only after 2 hours.

Interestingly, the kinetics of each adsorption step cannot be
described by a simple Langmuir adsorption model but includes
both a surface adsorption phase, with a significant change in
Af3/3 and AD3 and a rearrangement step at the surface where
the adsorbed mass changes only slightly. Along the rearrange-
ment step, the dissipation factor does not change significantly

and oscillates around 7 x 1079, a value that is usually asso-
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Figure 2: Procedure B. Formation of AQNC arrays by means of sequential physisorption. Af3/3 (black curve, left axis) and AD3 (red curve, right axis)
as a function of time after a single addition of AGNC in the QCM measuring chamber.

ciated with quasi-rigid layers. As adsorption proceeds in the
following additions, the dissipation increases to values charac-
teristic of elastic films. The structural parameters obtained at
surface saturation for the AgNC layer fabricated with proce-
dure B are reported in Table 1 together with the thickness of the
adsorbed layer that was extracted by the analysis of all over-
tones as reported elsewhere [40,46].

The spontaneous adsorption method yields nanostructures with
average interparticle spacing of 119 nm and an average layer
thickness of 32 nm, comparison with the corresponding parame-
ters obtained for procedure A (see Table 1) shows that both the
adsorbed mass and the average thickness obtained with this
procedure are slightly smaller suggesting lower surface
coverage. In both cases formation of complete bilayers can be
excluded although the presence of domains of 3D clusters
cannot be discarded at this stage. The value of the nanocube
surface density is in agreement with other studies on AgNC.
Sisco and Murphy [47] studied AuNCs electrostatically immo-
bilized on 4-MBA SAM and obtained a NC surface density
ranging from 5.5 to 22 cubes/um? with larger fraction of aggre-
gated structures at higher surface densities (=51%). Wang et al.
[48] studied the formation of AgNC arrays by the dropping
method as a function of AgNC concentration obtaining surface
densities in the range 4.5-32.5 cubes/um?, whereas LB transfer
of the same nanocubes provided larger surface densities of 19 to
49 AgNCs/um? with increasing transfer surface pressure. The
same authors also demonstrated that maximum Raman inten-
sity of the R6G probe and enhancement factor are obtained for

the large surface densities, i.e., 32.5 AgNC/um?.

Absorbance spectra for the AgNC arrays obtained with proce-
dure B were tentatively acquired for glass and silicon oxide
substrates, respectively. Typical results on glass (see Supporting
Information File 1, Figure S3) show that absorbance for
samples obtained with procedure B is very small due the lower
surface coverage and stability obtained through physisorption.
Weak shoulders are visible at 412 nm and 500 nm, as in the
case of LB transfer, but the long-range dipolar contribution at
600 nm is suppressed. Although the weak absorbance does not
allow for an unequivocal conclusion, similar results were
recently obtained also by Park et al. [49] for NC horizontal
transfer on silicon oxide substrates from the liquid-liquid inter-
face. In the absence of a suitable linking functionality the
authors observed the formation of loosely-packed arrays that
exhibited a modest red-shift of the position of the dipole surface
plasmon mode and a very broad extinction profile from 420 to
1200 nm without significant features. Electron microscopy in
the early work by Malynych and Chumanov [50] also revealed
no long-range order within the assembly of nanoparticles when
2D array of 100 nm AgNP were assembled by direct adsorption
of the NP onto modified surfaces.

Adsorption of graphene oxide on AgNC
arrays

Different fabrication methods have been developed for SERS-
active surfaces involving graphene derivatives and nanoparti-
cles including metal evaporation, electrochemical deposition
and layer-by-layer self-assembly techniques [51]. Zarbin's
group [20] directly synthesized and assembled silver nanopar-

ticle/graphene oxide nanocomposites at a water/toluene



liquid-liquid interface whereas Wang et al. [52] proposed to
assemble silver nanoparticles to graphene oxide sheets
employing electrostatic interactions and a polymer, as adhesive
agent, to impart greater stability against aggregation of AgNPs.
Previous investigations are generally focused on spherical
nanoparticles and only recently Fan et al. reported a work on
single-particle SERS efficiencies of Ag nanooctahedra/GO
hybrids built with drop-cast/adsorption method [19]. Most of
these studies report on the fabrication of AgNC onto GO layers,
without any control in situ of the AgNP packing density and of
the morphology of the GO coverage. We adopted a different ap-
proach overlaying GO sheets on prepacked AgNC layers in the
search for a reliable method that allows conjugation of AgNPs
with desired morphologies (densities, sizes and shapes) with
graphene oxide continuous covering. GO forms stable colloidal
dispersions in water thanks to the presence of negatively
charged carboxylic groups on its edges [53]. It has also been
shown that GO flakes posses non-negligible surface activity that
allows for the formation of spreading monolayers at the
water—air interface and for its use in interfacial and flotation
applications [54]. These features suggest that efficient coating
of AgNC layers with graphene oxide may be obtained by direct
adsorption from solution to the AgNC monolayer interface but a
reproducible fabrication protocol of GO layers with controlled
surface density and thickness necessitates a detailed knowledge

Table 2: Main physico-chemical parameters for GO layer on AgNC arrays.

AgNC array packing procedure Surface density, ng/cm?

procedure A 1006
(Tiransfer = 15 mMN/m)
procedure B 1598
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of the mechanism and the kinetics of the process. To this end,
the adsorption of graphene oxide flakes on the surface of the
AgNC arrays was studied monitoring the change in adsorbed
mass and thickness of the process by means of a quartz crystal
microbalance. Preliminary studies demonstrated [21] that a
decrease in frequency upon addition of GO was observed for
GO bulk concentration as low as 4 mg L™! with no mass loss
upon water rinsing, the result indicates stable mass adsorption
on the AgNC coated sensor surface even at low surface density.
The same study [21] also evidenced that rapid increase in
adsorbed mass was recorded up to 40 mg L™}, after this concen-
tration further addition of GO produced only a smaller increase
in GO surface density. Typical results obtained for sequential
adsorption of a 40 mg L ™! solution of GO on AgNC assemblies
obtained with procedure A are reported in Figure 3.

The plots in Figure 3a show a continuous variation in time of
the adsorbed mass in a Langmuir-type behaviour [21]. Interest-
ingly, the increase in mass was paralleled by an increase in ADj
value, which correlates with an increase in the viscoelastic

properties of the adsorbed GO layer.

Analogously, QCM experiments were run to study the process
of deposition of GO on top of AgNC layers assembled with
procedure B, typical plots obtained for [GO] = 40 mg L™! are
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aValues extracted from analysis of QCM with dissipation monitoring measurements. ®Values extracted from analysis of AFM data.
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Figure 3: Change in Af3/3 (black curve, left y-axis) and AD3 (blues curve, right y-axis) upon addition of graphene oxide from aqueous solution to 1 LB
layer of silver nanocubes transferred at 15 mN/m (a) and to silver nanocubes arrays assembled by spontaneous adsorption (b). In all experiments

[GO]=40mg L "and T=20°C.



reported in Figure 3b. Also in this case we observe a prompt
decrease of frequency accompanied by an important increase in
the dissipation factor, the behaviour of these two parameters
with time is not continuous but reveals steps with different
slopes that could be associated to a reorganization of the
adsorbed GO flakes after arrival on the AgNC surface. For
comparison we also recorded the adsorption behaviour of GO
on bare silicon oxide surfaces, the results (Supporting Informa-
tion File 1, Figure S4) revealed that GO adsorption is totally
suppressed in the absence of the AgNC layer. Analysis of the
experimental QCM results obtained for all overtones allowed
for the determination of the surface density and thickness of the
adsorbed GO layer, the values for the samples obtained with
both procedures A and B at the same GO concentration,
[GO] = 40 mg L™!, are summarized in Table 2.

The data reveal that similar GO surface densities are obtained
for both procedures, although larger values are found in the case
of AgNC arrays obtained for spontaneous adsorption. The
average QCM thickness is similar in both cases and corre-
sponds to values much larger than 1 nm, a value previously
ascribed to single flat GO layer [55]. These results could be
explained either in terms of multilayer stacking or, more likely,
with the folding of the GO sheet on the surface, this latter
process is in agreement also with the large dissipation factor
observed. Dissipation changes are large in both cases indicating
that, as the surface density of adsorbed GO increases, the GO
sheets do not adsorb flat onto the AgNCs surface but behave as
an elastic, flexible and continuous layer.

The viscoelastic behaviour of graphene derivatives appear
particularly important also for an emergent class of new
graphene-derived metamaterials as reported also in a recent
paper [56] where McEuen and coworkers describe graphene
kirigami, robust microscale structures with tunable mechanical
properties. Possibility to obtain these structures relies on the
ratio between the in-plane stiffness and out-of-plane bending
stiffness: large values of this parameter translate in membrane-
like material that more easily bend and crumple. Optical
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microscopy in reflection mode images (Figure 4) of the two
systems disclose quite different morphologies although with
similar overall nanocube surface coverage. GO/AgNC assembly
obtained with the LB technique is characterized by densely
packed regions alternated to empty surface areas whereas the
entire sensor surface is more homogeneously covered for GO/
AgNC obtained with procedure B.

Figure 4: Optical images of GO-covered AgNCs prepared with proce-
dure A (a) and B (b).

The larger amount of GO obtained with procedure B (see
Table 2) is therefore strictly related to the smaller fraction of
bare silicon oxide surface exposed. In both cases GO adsorbs
through interactions with the silver surface anchoring exclu-
sively to the outer face of the nanocube, with the large GO
flakes extending and folding on the remaining nanocubes of the
clusters or on the SiO, surface. This rationale is supported also
by high resolution AFM images reported in Figure 5, the
samples exhibit very similar structuring of the GO sheet over
the AgNC assembly.

Figure 5c refers to graphene oxide deposits on silicon oxide
obtained by simple drop casting followed by evaporation and
shows, as expected, the presence of irregularly shaped sheets of
lateral dimension ranging from a few nanometres to microme-
tres with nonuniform thickness ranging from 1.0 nm for single
layers to 3.6 nm for GO terraces where the flakes partly
overlap. AFM data confirm that folding of GO is prompted only
by specific GO—AgNC interactions that anchor the larger GO

Figure 5: (a) AFM image of GO-covered silver nanocubes obtained from Langmuir-Blodgett transfer at 15 mN/m. (b) AFM image of GO-covered
silver nanocubes obtained from direct sequential adsorption. (c) AFM image of the GO flakes on silicon oxide surfaces.



sheets extending the coverage also on the uncovered surface.
AFM analysis (see Table 2) revealed that adsorbed GO has an
average thickness of 7 nm for both procedures. Such high thick-
ness values are in accordance with the formation of folded
geometries of single GO sheets after anchoring to the nanopar-
ticle surface. Nevertheless, AFM measurements reveal a smaller
thickness compared to QCM for the same samples. This was
expected since QCM values are always affected by the pres-
ence of water when hydrophilic substance are involved, as is the
case of GO. Moreover, the presence of multiple GO folds offers
inner surfaces where bound water can be confined, a phenom-
enon that escapes AFM detection but may be promptly revealed
by gravimetric measurements.

Visible spectra for GO covered AgNCs on silicon oxide were
collected in reflection mode using an integrating sphere for
samples obtained with both procedure A and B are reported in
Figure S5 of Supporting Information File 1. The spectra show
that the dipole long-range coupling is broader and red-shifted
for both packing procedures, although a red shift in the pres-
ence of GO was expected due to the higher refractive index of
GO, the visible spectra of GO covered LB films evidenced only
a modest red-shift to 670 nm. The larger shift observed in the
present study may be explained considering that the use of the
integrating sphere allows for the collection of reflected light
coming from all angles and deriving from excitation at different
incident angles with respect to the interface, therefore
suggesting that in-plane and out-of-plane ordering of the
nanocubes obtained with the two procedures are significantly
different. Although the nanocubes are in a single layer with
controlled interparticle distance they have a random rotational
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alignment perpendicular to the substrate and give an average
response that includes all alignments. A strong angle depend-
ence of the extinction and reflection spectra was observed also
by other authors [57] and precludes a clear-cut spectral assign-
ment at this stage.

SERS experiments

We analysed the SERS performances of the GO/AgNCs assem-
blies fabricated using procedure A (LB film of AgNCs) and B
(sequential adsorption of AgNCs) and the results were
compared with those obtained on pristine AgNCs LB films,
excitation wavelength was fixed at 638 nm for both systems for
the sake of comparison. The SERS experiments were conducted
by using adenine as model probe because of its well-known
SERS response and potential to establish interactions with both
noble metal and graphene surfaces [58].

In Figure 6 the SERS spectra of adenine adsorbed from a
9 x 1077 M incubation solution on AgNCs (B) and hybrid
GO/AgNCs substrates (C, D) is displayed. Overall, the signals
exhibit similar spectroscopic features (frequencies, S/N ratio,
intensity), which suggests the occurrence of comparable interac-
tions between the probe and the different substrates. Interest-
ingly, the SERS spectrum of adenine features more detailed
information in the presence of a GO layer, allowing even
weaker Raman peaks (e.g., within the 750-1200 cm™! region)
to be resolved (Figure 6A, system C) possibly due to more
favourable interactions between the adenine molecules and the
substrate and/or a higher local concentration of adenine mole-
cules retained by the GO layer as compared to those adsorbed
on the naked nanoparticle substrates.

1400 1500 1600 1700

Raman shift, cm™!

1300

Figure 6: SERS spectra of Adenine (9 x 1077 M) adsorbed on single LB layer of AGNCs (B), on GO/AgNCs obtained with procedure A (C) and with
procedure B (D). Raman profile from adenine powder is also shown (A). Left: 500-1200 cm™~" Raman shift. Right: 1200-1799 cm~! Raman shift.



The SERS spectra closely resemble the Raman profile of
adenine (A) in the region between 500 and 1200 cm™!,
including the intense ring breathing peak at 730 cm™!, which
undergoes a 10 cm™ ! blue shift ascribed to the interaction with
the metal and GO surfaces. This peak is markedly weaker in the
case of GO/AgNCs obtained with procedure B, which we attrib-
uted to a looser distribution of AgNPs and in turn to a reduced
interparticle electromagnetic coupling and number of hot spots
within the illuminated sample volume. Here the most intense
bands observed are assigned to residual PVP molecules on the
AgNCs surface (Supporting Information File 1, Figure S6).

The characteristic GO bands centred at 1601 cm™! (G band) and
at 1365 cm™! (D band), and corresponding to the tangential
stretching mode of the Epg phonon of sp? atoms and to the
breathing mode of k-point phonons [59], respectively, domi-
nate the Raman shift region between 1200 and 1700 cm™! of the
hybrid substrates (Figure 6 right) at the expense of the adenine
signals. These bands are electromagnetically 50-fold enhanced
by the underlying silver layer and this effect appears more
pronounced for the GO/AgNCs assemblies obtained with proce-
dure A (Supporting Information File 1, Figure S7).

When the samples are incubated with a more concentrated
adenine solution, i.e., [adenine] = 9 X 1074 M, a contribution
from pure Raman occurs (see Figure 7) and overlaps with the
SERS signals and this effect is more pronounced for
GO/AgNCs samples obtained with procedure B. For example,
the SERS contribution to the 730 cm™! band reduces from 65%
to 31% passing from type A to type B GO/AgNCs nanoarrays
(Figure 7a), which again highlights how the non-homogenous
assembly obtained with the Langmuir—Blodgett technique
confers superior SERS activity compared with the samples
obtained by spontaneous adsorption. Accordingly, the Raman
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signals of adenine can be detected against the prevailing GO
bands in the GO/AgNCs substrate obtained by procedure B,
which is not the case of that obtained by procedure A
(Figure 7b).

The spectra in Figure 7 suggest that procedure A is the
preferred approach for the production of reproducible SERS-
active substrates although larger GO coverage and uniformity
are obtained when AgNCs are assembled by spontaneous
adsorption. This behaviour can be rationalized on the basis of
the different clusters distribution obtained with the two pro-
cedures, as shown in the cartoon in Figure 8.

Procedure A Procedure B

Figure 8: Checkboard model for AQNCs arrays on SiO, obtained with
procedure A (surface density = 41 NC/um?2) and procedure B (surface
density = 35 NC/um?).

The scheme in Figure 8 describes a check board representation
of the two systems, the overall number of nanocubes correlates
with the experimental surface coverage reported in Table 1.
Although the average intercube distance found from QCM data
is similar in the two systems, AFM data reveal that a large frac-
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Figure 7: SERS spectra of Adenine (9 x 1074 M) adsorbed on GO/AgNCs obtained with procedure A (red curve) and with procedure B (blue curve).
The Raman spectrum (x10) of adenine powder is also reported (black curve).



tion of the nanocubes are grouped together in the case of proce-
dure A with an average spacing of a few nanometers.
Conversely, self-assembled nanocubes obtained from proce-
dure B are uniformly dispersed as single nanocubes with larger
spacing and only sparse NCs clusters. In the example reported
in Figure 8, we can estimate that in the case of procedure B only
14% of nanocubes are closely packed but this fraction increases
to 38% for samples obtained with procedure A. This picture
may explain SERS results considering that the presence of a
large fraction of AgNCs clusters with small interparticle dis-
tance permits the creation of an efficient hot spot distribution.
Additionally, recent experiments on localized surface plasmon
emission via delayed femtosecond laser pulses confirmed that
small clusters lead to a plasmonic response that provides the

highest peak intensity [60].

Conclusion

Here we stress how a different packing geometry between
assembled silver nanocubes can affect the SERS signal detected
on the surface of a GO covering layer used to improve the
SERS response. A detailed QCM study revealed that GO
coating of the nanocubes resulted in similar GO surface
coverage and thickness for different AgNC arrays as long as
their surface densities are equivalent. Structural characteriza-
tion of the samples evidenced that GO/AgNCs arrays exhibit a
strikingly different distribution of the GO veiled nanocubes that
is reflected in distinct SERS response. While a spontanecous
physisorption of cubes favours the formation of homoge-
neously distributed nanoparticle arrays, the method severely
limits the construction of reproducible SERS-active substrates
due to a large fraction of cubes with a large separation distance.
Instead, a Langmuir—Blodgett transfer of a floating monolayer
of silver cubes produces a large fraction of particle clusters with
small interparticle distance, which generates an efficient hot
spot distribution.

Experimental

Materials. Ethylene Glycol (EG, >99%) was obtained from
Scharlab. Sodium sulfide nonahydrate, PVP (M, = 55000),
silver nitrate and GO solution (4 mg mL™!) were obtained by
Sigma-Aldrich. Aqueous solutions were prepared using ultra-
pure Milli-Q water. Silicon wafers (n-type, no dopant) were
purchased from Sigma-Aldrich.

Synthesis of AgNCs. EG (10 mL) was placed into a flask and
heated under magnetic stirring in an oil bath at 150 °C for 1 h
under a nitrogen flow. Then, 0.175 mL of a 0.72 mg mL"!
sodium sulfide solution and 3.75 mL of a 20 mg mL™! PVP
solution in EG were subsequently added to the flask. The flask
was thermostated for additional 10 min, until a temperature of

150 °C was again established. A silver nitrate solution
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(1.25 mL) in EG with a concentration of 48 mg mL~! was
added dropwise to the reaction flask at a rate of approximately
1 mL min~!. The reaction was stopped after 40 min by placing
the flask in an ice-bath and by adding 30 mL of acetone. The
nanoparticles were then centrifuged at 10000g for 30 min and
then dispersed in ethanol or chloroform by using an ultrasonic
bath. The washing procedure was repeated at least three times
in order to ensure the complete removal of the reagents. The
suspensions of AgNCs thus obtained were stored in centrifuge
tubes at —20 °C.

Transmission electron microscopy measurements. TEM
micrographs of the particles were acquired with a Philips
CM-12 microscope running at 100 kV.

Langmuir-Blodgett film preparation. Langmuir monolayers
were prepared in a symmetric compression trough (KSV3000
trough, KSV Instruments Ltd., Finland) filled with Milli-Q
water (resistivity = 18 MQ cm, pH 5.6 at 20 °C). A suspension
of AgNCs in chloroform (volume = 1.65 mL, [AgNCs] =
3.1 mg mL™!) was deposited dropwise over the water surface
and 40 min were allowed for solvent evaporation before starting
the compression. Surface pressure was measured with a plat-
inum Wilhelmy plate as a function of the surface area at
T =120+ 0.5 °C (Haake thermostatic bath, Germany). Contin-
uous spreading isotherms and hysteresis cycles were obtained
using the same barrier speed of 20 mm min™! in both directions.
The reported results are the average of at least three inde-
pendent measurements. Langmuir—Blodgett films were trans-
ferred, after area cycling, onto quartz slides and SiO,-covered
QCM quartz sensors by vertical dipping at a rate of 2 mm min™!
at several target surface pressures in the range 5 mN/m <« <
20 mN/m. All substrates were rinsed with ethanol and treated in
a plasma cleaner immediately before deposition; different
substrates were simultaneously coated by the same AgNC layer.

Quartz crystal microbalance measurements. QCM experi-
ments with impedance monitoring were performed on a QCM-
72500 (KSV Instruments Ltd) equipped with a thermoelectric
(TE) module (Oven Instruments). The resonant frequency shift
and the change in energy dissipation of a SiO,-coated AT-cut
5 MHz quartz microcrystal were simultaneously measured at its
resonant frequency and at the third, fifth, seventh, ninth and
eleventh overtones. The temperature of the measuring cell was
kept constant at 20 °C with a Peltier element connected to the
TE module. For thin, uniform and rigid or quasi-rigid films in
solution, the resonant frequency is linearly proportional to the
mass density of the deposited film according to the Sauerbrey
equation; for thicker or less rigid films a more complex analysis
must be undertaken since the resonance frequency is affected

not only by the mass attached to the surface but also by the



viscoelastic properties of the adsorbed layer. Frequency and
admittance data were simultaneously recorded and taken into
consideration for the analysis. The QCM experimental data
were analysed by means of the commercial QCMBrowse
analysis software to estimate adsorbed mass and film thickness
[45].

AFM measurements. Non-contact AC mode atomic force
microscopy (AFM) images were acquired in air using a
PicoSPM microscope equipped with an AC-mode controller
(Keysight Technologies, Inc formerly Molecular Imaging). For
optimal resolution rectangular non-contact gold coated
cantilever were used (model Hi'Res-C14 from MicroMash —

http://www.spmtips.com), with typical resonance frequency of

160 kHz, and 1 nm tip radius. The nanocube dimensions were
measured from the height statistics in the topographic AFM
images. Image processing and pseudo 3D rendering was
performed using Gwyddion 2.30 SPM data visualization tool
(http://gwyddion.net/).

UV-vis measurements. UV-vis spectra of the nanocube
suspension in ethanol and of monolayers deposited on quartz
substrates were recorded using a Jasco V-6 UV—-vis—NIR spec-

1

trophotometer with 1 nm slit and 200 nm min™ ' scan rate.

Reflection spectra were the average of 10 scans.

SERS measurements. Raman measurements were performed
at room temperature on an XPlora Horiba MicroRaman with a
638 nm laser as excitation source. We used a 100x objective
with accumulation times of 10 s per spectrum and a 70 pW
power on the sample. The SERS substrates were pre-immersed
ina9x 107 M or 9 x 10~/ M adenine solution for two hours to
ensure that adsorption equilibrium was reached. The samples
were rinsed with deionized water and dried under nitrogen flux
before each SERS measurement.

Supporting Information

The Supporting Information features
compression—expansion cycles and transfer ratios for LB
transfer; absorbance and reflectance spectra for AgNC and
GO/AgNC arrays for procedure A and B; QCM data for
graphene oxide adsorption on bare silicon oxide surfaces;
and SERS and Raman spectra for adenine, PVP and GO.

Supporting Information File 1

Additional thermodynamic and spectroscopic
characterization.
[http://www.beilstein-journals.org/bjnano/content/
supplementary/2190-4286-7-2-S1.pdf]
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The charge behavior of organic light emitting diode (OLED) is investigated by steady-state current—voltage technique and imped-

ance spectroscopy at various temperatures to obtain activation energies of charge injection and transport processes. Good agree-

ment of activation energies obtained by steady-state and frequency-domain was used to analyze their contributions to the charge

injection and transport. We concluded that charge is injected into the OLED device mostly through the interfacial states at low

voltage region, whereas the thermionic injection dominates in the high voltage region. This comparison of experimental techniques

demonstrates their capabilities of identification of major bottleneck of charge injection and transport.

Introduction

Since the discovery of organic electroluminescent (EL) materi-
als such as tris(8-hydroxyquinolinato)aluminum(IIl) (Alq3),
organic light-emitting devices (OLEDs) have drawn huge atten-
tion in electronics [1]. OLED devices are envisioned as future
light sources because of possible flexibility, transparency, and
low-cost large-area production; however, OLEDs have recent
reached luminous efficacy over 130 Im/W [2,3] that is double of
fluorescent tube efficacy (60—70 lm/W), which is the current
benchmark for novel light sources [4].

Organic semiconductors have zero doping level and very low
intrinsic charge density, therefore all charges in OLED device
are injected from the electrodes. As a result, the energy band
diagram analysis plays a key role in the study of the charge
injection/transport phenomena. Although, these important ideas
are well-accepted in the development of high-performance
OLED devices, deep understanding of the physical processes
regarding the injection and transport of charge carriers is

needed for further device performance improvement. In details,
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the organic—organic and metal—organic interfaces determine
injection properties, whereas the conductivities of organic
layers limit the charge transport properties. Charge transport in
organic semiconductors has been widely studied by electrical
characterization techniques such as steady-state current
density—voltage characteristics [5,6], or measurement in time-
or frequency-domain, such as transient currents [7] and imped-
ance spectroscopy [8,9]. Furthermore, the measurements can be
extended by the temperature dependence of electrical proper-
ties which reveal the thermally activated charge behavior [10].
It should be noted here that the electrical properties of organic
devices are strongly dependent of device fabrication. Therefore,
a detailed comparison of results obtained at various devices is
not applicable although identical materials/structures are used.
Hence, the correlation between obtained results of different
characterization techniques is reliable only for the same device.

This study demonstrates charge transport properties in OLED
devices formed by indium tin oxide (ITO)/N,N'-di-1-naphthyl-
N,N'-diphenyl-1,1'-biphenyl-4,4'-diamine (a-NPD)/Alq3/Al
system. The steady-state current—voltage characteristics re-
corded at various temperatures have been used to evaluate the
activation energy of electric conductivity. Obtained results are
compared with energy band diagram to identify major energy
barriers limiting the current.

Experimental

The study of the charge transport properties of OLED devices
has been done on the organic double-layer sandwiched between
two electrodes ITO/a-NPD/Alq3/Al. The devices were grown
on glass slides precoated with ITO with sheet resistance lower
than 10 Q/sq. The substrates were cleaned sequentially in ultra-
sonic bath by isopropanol and deionized water and then treated
by oxygen plasma to remove organic residues. Prior to the
organic material deposition the substrates were heated up to
200 °C during 30 min in vacuum better than 107> Pa. Devices
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were formed by sequential thermal evaporation of hole trans-
port material a-NPD (Sigma-Aldrich) followed by a layer depo-
sition of electroluminescent material Alq3 (Tokyo Chemical
Industry). The thicknesses of a-NPD and Alq3 were 150 and
50 nm, respectively, deposited at constant deposition rate of
0.6 nm/min. The Al electrode of 100 nm in thickness has been
deposited through the shadow mask. All deposition processes
have been done without braking of vacuum to avoid unintended
defects. The OLED active area of 4 mm? was formed by
overlap of ITO and Al electrodes.

All electrical characterizations have been done under vacuum in
temperature range from 200 to 325 K. The steady-state
current—voltage characteristics have been recorded using an
Agilent Semiconductor Parameter Analyzer 4155C in the
voltage range from —0.5 to 10 V. The frequency measurements
have been carried out by the MODULAB MTS system with
offset from —0.5 to 8 V with the probe signal AC amplitude of
10 mV. The impedance magnitude and phase frequencies
ranged from 10 Hz to 1 MHz.

Results and Discussion

Figure 1 depicts a set of current density—voltage (J—F) charac-
teristics recorded at various temperatures from 200 to 325 K.
The OLED device exhibits rectifying property with an on/off
ratio of about 104 at room temperature. Note that in low-
conduction materials, ohmic transport is common for the low-
voltage region, whereas the space-charge limited current
(SCLC) regime usually governs the carrier transport at higher
voltage region. Since, the well-known Mott—Gourney square
law J oc V2 is valid only for the single-carrier transport in trap-
free material, in real OLED devices the power exponent of the
voltage usually reaches values higher than 2. The voltage
dependencies in a log—log scale can be apparently divided to
three regions in accordance to the different power exponent
represented by the slope of the J—V characteristics.
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Figure 1: (a) Schematic diagram of the device ITO/a-NPD/Alq3/Al. Steady-state current—voltage characteristics (b) in linear scale, the inset shows
current density—voltage characteristic and electroluminescence—voltage characteristic at 300 K in a semi-log scale, and (c) in log—log scale recorded
over temperature range from 200 to 325 K. Abbreviations TFL and 2C-SCLC stand for trap-fill-limit and two-carrier space-charge limited conditions,

respectively.
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At voltages below 2 V the low charge injection region can be
recognized, since the current density J follows applied voltage
bias V linearly,

Vv
J=en —, 1
“effL (D

where e'n is the charge density (e: elementary charge, n charge
carrier density), [ is the effective charge mobility, and L the
organic film thickness. Note that the effective charge mobility
Ueff includes charge trapping phenomenon as follows,

Mmob

Hefr = Mo )

Mmob T Prap

where py is trap-free charge mobility, nyop and 71y, are mobile
and trapped charge carrier densities, respectively. In the voltage
region from 2 to 3 V an abrupt increase of the current density is
observed. Note that the significant rise of the current in certain
voltage region only is usually assigned to the trap-filled-limit
(TFL) voltage. In other words, the charge transport properties of
organic films are changed due to filling of all localized states
and charge carriers are no more influenced by the trapping
mechanism. At voltages higher than 3 V the rise of current den-
sity slows down to J oc I3 and follows two-carrier space-charge
limited conditions (2C-SCLC),

125 y3

J=—¢ep . t—, (3)
L

18

where ¢ is the dielectric constant of the organic film, . and py,
are electron and hole mobilities, respectively, and t is carrier
lifetime [13]. However, the 2C-SCLC model is fully valid only
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if no injection barrier is present at metal-organic semiconduc-
tor interface. Previous studies revealed that observed current
density—voltage characteristics can be also associated with
thermionic emission or Fowler—Nordheim tunneling [14-16].
Hence, to distinguish between space-charge limited current and
interface limited current is required more deep analysis.

The impedance spectroscopy is well-established characteriza-
tion technique used to study the dielectric layers properties in
frequency domain. It can be applied to investigate the dynam-
ics of mobile charge carriers in the bulk of the layer or at the
interfacial region between two layers. Here, the impedance
spectroscopy has been applied for detail characterization of dif-
ferent charge transport regions estimated by current
density—voltage measurements, since impedance spectroscopy
is capable to distinguish charge relaxation processes with
dissimilar relaxation times. Figure 2 illustrates impedance
phase-shift spectra in all investigated voltage regions. Note that
all spectra share a common decrease of the phase in high fre-
quency region that originates from the parasitic series resis-
tance of about 60 Q. Interestingly, the low-injection region is
represented by the impedance spectra that exhibit two transi-
tions between different phases, as depicted in Figure 2a. Each
transition of phases stands for a different relaxation process.
However, due to the low current density the phase saturates in
low frequency region at 90 degree that represents capacitor-like
behavior. The relaxation processes are obviously thermally
stimulated, and one of the processes is significantly more sensi-
tive to a rise of temperature. In other words, two processes have
strongly dissimilar activation energies. In the voltage range that
has been assigned to TFL again two relaxations are observed.
However, rising the current density induces saturation of the
impedance phase at the value in between capacitor-like behav-
ior (90 degree) and resistor-like behavior (0 degree). Surprising-
ly, at higher voltages only one charge-relaxation process is
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Figure 2: Impedance phase frequency spectra recorded in the temperature range from 200 to 325 K with the step of 25 K at voltage biases of (a) 1V,

(b) 2V, and (c) 4 V. Inset depicts detail view of the phase spectra.
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present and the device exhibits pure resistor-like behavior in the
low-frequency region.

The evaluation has been done using electrical equivalent
circuits shown in Figure 3a and fitting results have been found
sufficient, see Figure 3b. Obtained values of equivalent elec-
trical circuit elements are depicted in Figure 3c and Figure 3d.
The resistances R| and R, are related to the charge injection/
transport phenomena and exhibit strong voltage dependencies.
Higher resistance stands for process representing major charge
injection/transport limitation in low voltage region, but it dimin-
ishes at higher voltages. On the other hand, capacitances C; and
C, consisting of a geometric capacitance (constant contribution
of approx. 1 nF) and a differential capacitance (charge-depend-

ent contribution) are almost independent of the voltage.

Since a high current density is a characteristic feature of the
2C-SCLC region, the major charge relaxation phenomenon
should be related to the charge transport. Hence, in regions of a
high applied voltage the relaxation time #),x obtained from the
impedance spectra analysis has been assigned to the transit time
t, across the organic film as #; = 0.72¢.c12x [8]. The effective
mobility can be evaluated in accordance to the time-of-flight
model [9] as,
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The effective mobility value is in good agreement with hole
mobility in Alg3 [9]. Since the hole mobility of a-NPD ranges
from 107 to 1073 ¢cm?/Vs [11,12], the hole mobility in Alq3
represents the charge transport bottleneck. It is interesting to
note that estimated effective mobility follows the Poole—Frenkel
dependence on the electric field,

E, —\[BF
Hetf =Ho €XP| —— |

T ®)

where E, is the activation energy of the relaxation process,
B=+ & I me is the Schottky parameter, F is the intensity of
electric field, and £T is the thermal energy (k: Boltzmann con-
stant, 7: thermodynamic temperature), as demonstrated in
Figure 4. The electric field F is assumed as an average field
across the device F'= V/L, which is in good agreement with zero
charge contribution to the capacitance. It should be mentioned
here that the Poole—Frenkel model represents the charge-carrier
hopping between localized states or thermionic emission
through the energy barrier (the Schottky effect), where the
energy barrier £, is suppressed by the local electric field ' [17].
Therefore, the evaluation of the activation energies is required
for further understanding the charge-relaxation processes in
OLED devices.

Charge injection/transport phenomena are thermally activated
processes that follow the Boltzmann distribution. The Arrhenius
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Figure 3: (a) Electrical equivalent circuit model used for data evaluation, (b) the comparison of recorded and fitted impedance phase spectra at
temperature 250 K. Symbols represent the experiment, solid line show the equivalent circuit model evaluation. Obtained values of (c) resistances and

(d) capacitances of equivalent electrical circuit.
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Figure 4: Electric field dependence of the effective mobility at the tem-
perature of 300 K. The solid line represents the linear fit.

plots of conductivities have been used to evaluate activation
energies, as shown in Figure 5a. Since the conductivity G is
affected by charge density and carrier mobility,

G=e-npy, (6)

it reflects the impact of charge traps on the carrier transport as
well as that of energy barriers on the carrier injection. Figure 5b
depicts the voltage dependence of the activation energies esti-
mated from the steady-state current—voltage and impedance
spectroscopy conductivities. In the low-injection region two re-
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laxations with different activation energies are observed. Note
that the activation energy of about 0.5 eV is voltage-indepen-
dent up to the 2C-SCLC region (3 V or higher voltage), while
the other one is gradually increasing with the rise of the voltage.
In the 2C-SCLC region the activations energies estimated from
the steady-state and frequency analyses are in good agreement.
It should be mentioned here that the decay of the activation
energy in 2C-SCLC region follows the square root of the elec-
tric field as predicted by the Poole—Frenkel or thermionic emis-
sion model. As a result, this charge relaxation can be assigned
to an injection of the charge over the energy barrier lowered by
the external field. On the other hand, the other relaxation in the
low-injection region is ascribed to the charge injection through
the interfacial states. An increase of the voltage causes a gradual
filling of states that represents rise of the activation energy.
After the filling of all interfacial states the charge is injected
only over the interfacial barrier, which stands for second charge
relaxation. This assumption is supported by diminishing of
interfacial state relaxation after reaching of TFL region. Since
steady-state methods are sensitive only to the major bottleneck
of the charge injection/transport, we can conclude that the
charge is injected into the OLED device mostly through the
interfacial states in the low-voltage region, whereas the
thermionic injection dominates in the high-voltage region.

The energy band diagram reconstruction is required for further
identification of the energy barrier origin. The work function of
cleaned ITO electrodes is at a level of 4.9 eV [18,19], while the
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Figure 5: (a) Arrhenius plot of conductivities estimated from steady-state current density—voltage measurement and impedance spectroscopy spectra
at voltage bias of 4 V and (b) evaluated voltage dependence of activation energies. (c) Energy band diagram model.
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Al electrode reaches only 4.2 eV [20]. The energies of the
highest occupied molecular orbitals (HOMO) and lowest unoc-
cupied molecular orbitals (LUMO) of a-NPD and Alqg3 are also
known [21,22]. As a result, in accordance with the energy band
diagram of the investigated OLED device, see Figure Sc, the
only interface that satisfies these requirements is the ITO/a-
NPD interface. Therefore, we can conclude that hole injection
properties determine the performance of the ITO/a-NPD/Alq3/
Al device. Furthermore, it is known that the high electron-injec-
tion barrier at the Alq3/Al interface suppresses the electron den-
sity in the OLED device and the hole density dominates in the
OLED device [23]. Therefore, the holes are the main contribu-
tion to the charge injection/transport processes and activation

energies of electron-related processes are not observable.

Conclusion

This paper suggests methodology suitable for study of charge
transport properties in OLED device structure ITO/a-NPD/
Alq3/Al by steady-state current density-voltage measurement
and impedance spectroscopy spectra. The current density-
voltage characteristics revealed presence of three different
regions: (i) low injection region, (ii) trap-fill-limit region, and
(iii) two-carrier space-charge limited current region. The analy-
sis of impedance spectroscopy spectra found two charge relaxa-
tions in low injection region, while the only one at higher
applied voltages. The detail analysis of activation energies
voltage dependence suggested that at low voltages the charge is
injected by hopping through interfacial localized states, while at
high voltages is dominant thermionic injection.
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Background: The adsorption of organic molecules on metal surfaces has a broad array of applications, from device engineering to

medical diagnosis. The most extensively investigated class of metal-molecule complexes is the adsorption of thiols on gold.

Results: In the present manuscript, we investigate the dependence of methylthiol adsorption structures and energies on the degree

of unsaturation at the metal binding site. We designed an Auy cluster with a broad range of metal site coordination numbers, from

3 to 9, and examined the binding conditions of methylthiol at the various sites.

Conclusion: We found that despite the small molecular size, the dispersive interactions of the backbone are a determining factor in

the molecular affinity for various sites. Kink sites were preferred binding locations due to the availability of multiple surface atoms

for dispersive interactions with the methyl groups, whereas tip sites experienced low affinity, despite having low coordination

numbers.

Introduction

The interactions between organic molecules and metallic
surfaces have been the subject of significant interest in recent
years, because of their fundamental relevance in a broad array
of nanoscience applications. One area of interfacial research has
focused on the binding properties of aminoacids and peptides
on metal substrates [1-12], due to the relevance of these interac-
tions in device fabrication for biological sensors [13-16], for in

vivo nanoparticle imaging, tagging and tracing [17-20], and for

developing a general understanding of nanoparticle biosafety
[21,22], among other issues. The sulfur-containing aminoacids
cysteine, homocysteine and methionine are often targeted for
such investigations, because of the binding affinity of sulfur-
based groups to metal atoms.

Much is known of the adsorption behavior of sulfur-containing
aminoacids on low-Miller-index [(111), (100), (110)] gold and
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silver surfaces [3,23-35], though many questions regarding
binding modes and condensed phase behavior still remain.
Quantum calculations have been used to examine the behavior
of single molecules or small molecular clusters on ideal
surfaces [23-27,33,34,36,37]. Several classical simulation
studies also exist, generally focused investigating peptide
behavior at a metal surface [38-40]. A still outstanding issue is
the change in aminoacid or peptide behavior upon adsorption on
non-ideal surfaces, i.e., substrates with adatoms, high-Miller-
index facets or surface curvature have been examined individu-
ally [41-45], but no rigorous studies of the dependence of
surface binding on site reactivity or coordination have so far
been done for aminoacids.

That unsaturated metal atoms bind more strongly to adsorbates
has been long established in the literature, particularly as a
result of nanoparticle-molecule studies. Several thorough
studies by Nerskov and co-workers [46-48] investigated site
coordination effects on the catalytic oxidation on Pt and Au
nanoclusters, seeking to elucidate the experimentally observed
dependence of catalytic activity on nanoparticle size and shape.
A recent experimental study by Mostafa et al. [49] convinc-
ingly argued that the catalytic activity of Pt nanoparticles for the
oxidation of 2-propanol was positively correlated to not only
the average unsaturation of the surface metal atoms, but also to
the fraction of edge and corner atoms, which present the lowest

coordination.

With an end goal of developing a coordination-dependent de-
scription of aminoacid-surface interactions, we focus, in the
current work, on the surface-binding groups. To this end, we
replaced molecular backbones with methyl groups, in order to
remove factors such as lone-pair or charge-group surface inter-
actions, and the overall backbone—surface interaction. We
designed a 20-atom Au cluster, with gold atom sites spanning
an array of coordination numbers N;, with i = 3-9, and investi-
gated the binding behavior of single molecules of methylthiol in
its non-dissociated and dissociated forms, as a model for the
surface-binding group of physisorbed and chemisorbed thiols.
The cluster itself was built to model various coordination sites
that may be found on planar substrates, or along the surface of
much larger Au clusters, and was thus held unoptimized, as
discussed in some detail below.

The adsorption of methylthiol, and other thiols, at Au substrates
has been the focus of a large number of studies, given its broad
relevance in spectroscopy, sensing, nanotechnology and
biophysics. Many reviews have been written in the last two
decades on the topic of thiol adsorption on gold flat surfaces
and clusters [50-62], and on that of aminoacid—gold binding
[3,10,63-69]. We refer the reader interested in the broader field
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to these works, as well as many article collections and dedi-
cated journals, and discuss here primarily those studies directly
related to the principal focus of the current work: the depen-
dence of binding structures and stabilities on metal site coordi-
nation, in the reduced model of methylthiol-Au, interaction.
We find that, despite the limited size of the adsorbate, disper-
sive interactions play an important role in determining preferred
adsorption sites. The strongest adsorption occurred at sites that
were relatively unsaturated, but also provided sufficient neigh-
boring surface atoms available to interact dispersively to the
molecular backbone.

Experimental

Configurational sampling. Zero-temperature DFT calcula-
tions suffer from an inability to broadly sample the configura-
tional space, and are often trapped close to the initial (user
input) configuration. This limitation can be particularly
problematic in cases where there is an overwhelming contrib-
utor to the potential energy surface such as in the case of mole-
cule—surface interactions [70]. An elegant workaround is to use
thermal energy as provided by an ab initio molecular dynamics
methodology, but this is computationally unfeasible except for
small systems. Our group has chosen to provide a broad set of
input geometries, often selected via a separate set of classical
calculations [23].

Here, we perform a systematic scan of possible initial struc-
tures by sampling the configurational space through four vari-
ables: the distance from the adsorbate headgroup to a gold
binding site d, the polar angle 0 (the angle between the prin-
cipal axis of the adsorbate and the axis normal to the binding
surface), the azimuthal angle ¢ (describing the in-plane orienta-
tion of the projection of the adsorbate principal axis), and the
relative location of the headgroup with respect to the substrate
atoms (Figure 1). Three initial molecule—surface distances were
used for all adsorbates (4.1, 4.3 and 4.5 A), equilibrating to an
average S—Au distance of 2.5 A. Initial configurations were
parallel to the surface plane (6 = 90°), and the in-plane angle ¢
was sampled in 12 increments of 30°. Initial headgroup loca-
tions were considered at both bridge and atop sites. On the Auy
cluster, ten atop sites and 18 bridge sites were considered for
each molecule. Overall, 672 initial structures were considered
for each of methylthiol and methylthiolate. Additional calcula-
tions were performed for low-coordinated binding sites, to
ensure proper sampling of the configurational space. The most
stable equilibrated configurations, their binding energies and
bond lengths for the different binding sites are discussed in the
following pages.

The small Au cluster was designed as a cut from an ideal Au fcc

lattice, built to exhibit a variety of kink, edge and surface

54



Beilstein J. Nanotechnol. 2016, 7, 53—-61.

Figure 1: Configurational variables sampled and cluster geometry. In (a) and (b), d is the sulfur—gold distance, 6 is the polar angle (90° in each initial
configuration), and ¢ is the azimuthal angle. In (c), the site nomenclature is given in letters.

binding sites, with a broad array of coordination numbers. In
order to preserve the designed coordination numbers, the cluster
was held unoptimized in the calculations presented here. This
approximation neglects the significant relaxation effect of the
adsorbate on substrate geometry, but was necessary in order to
avoid reorganization of the cluster to a more spherical shape.
Such reorganization would preclude the study of the site coordi-
nation dependence of adsorption energies and structures, which
is the subject of the present work. Below, the coordination
number (CN) refers to the numbers of gold-atom neighbors
around a particular gold atom. For example, a CN(9) binding
site (a central atom on a (111) surface) has nine gold atoms
around the central gold atom. On the Auy cluster, only the 10
gold binding sites on the top layer were studied (labeled a—j in
Figure 1c).

Density functional theory (DFT) methodology. Calculations
were performed using the generalized gradient approximation-
based Perdew—Burke—Ernzerhof (PBE) functional [71] with and
without dispersion corrections, in the SIESTA 3.2 package
[72,73]. Core electrons were described in terms of the core
pseudopotentials constructed in the scheme of Troullier and
Martins [74] with relativistic corrections for the gold atoms.
Valence electrons were described using pseudo-atomic orbitals
with a polarized triple-C (TZP) basis set. The pseudo-atomic
orbitals (PAOs) in SIESTA are strictly localized and fall to zero
outside a given cut-off radius, chosen by specifying a value of
energy shift. Previous calculations by our group and others
[36,75] suggested 1 mRy energy shift (equivalent to 6 A for the
cutoff radius of the carbon PAO with the smallest ).

A Grimme-type medium range van der Waals correction was
included in the PBE-D2 calculations [76]. Dispersion coeffi-
cients and van der Waals radii for H, C, N, and S were taken
from the original Grimme paper [76], and those for Au, from
Liu et al. [77]. The addition of the dispersion correction
enhanced non-dissociative binding energies in MeSH by 0.2 to
0.7 eV, and moderately increased chemisorption energies (MeS)
by 0.2 to 0.5 eV.

Non-dissociative adsorption. The binding energy in non-disso-
ciative adsorption was calculated as the enthalpy of the binding
process:

ABpinding = EMeSH-Ausy, _(EAu20 + Enesn ) (1

For unbound systems, the basis set superposition error (BSSE)
was estimated using a counterpoise (CP) correction:

MeSH—Au20 _ EAUZO

Epsse.au = Epyy ¢ Augg.t? )
_ MCSH—AU2O MeSH
EpsseMesH = Eyesir  — EMeSH.f €))

where f indicates the final geometry, subscripts indicate the
molecule being considered, and the superscripts indicate the
basis set in which each energy was evaluated. Egggg 1s a nega-
tive value. Applying the CP correction to the binding energy,
one gets

cp
Ebinding = Ebinding _(EBSSE,Au + EBSSE MeSH ) )

Dissociative adsorption. Calculated binding energies for the
dissociative adsorption took into account the release of hydro-
gen as Hj:

1
Ebinding = [EMeS-AuZO > E, J - (EAu20 + EMesH ) Q)

BSSE corrections were not calculated for the dissociative
adsorption case, as considering the complex in the molecular
(gold + adsorbate) basis set is appropriate in the context of
chemical bonding of the two.
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Results and Discussion
Dissociative binding of methyl thiol on the

Aupq cluster

Despite the small size of the molecular backbones considered in
this study, dispersive interactions held an important place in de-
termining binding methylthiolate/Au binding strengths. As
illustrated by the binding data in Table 1, the adsorption energy
did not follow a direct, monotonous relationship with the degree
of unsaturation of the gold atoms at the binding site. Instead, a
convolution of site reactivity and van der Waals attraction was
found to determine the preference of methylthiolate to one or
another binding site. As a result, adsorption was strongest at the
kink sites (cf and fg), at edge sites where strong methyl-Au
dispersive interactions could be established with the bottom
layer (bc), and at sites where strong unsaturation was supple-
mented by favorable but weaker dispersive interactions (ij, hi
and dh). On the other hand, strongly unsaturated tip sites with
fewer neighboring gold atoms (ab, ad and jg) adsorbed weakly.

The strongest binding arose at the relatively well-coordinated
kink site, cf, with the methyl group aligned in an equatorial po-
sition, and interacting with the bottom layer of the cluster.
Coordination numbers at site ¢f were relatively high (6 and 8),
with 7 neighboring atoms located at less than 5 A of the methyl
group and available for dispersive interactions. In contrast, the
low-coordinated tip site ad had coordination numbers 3 and 6,
with only 4 neighboring atoms (see Figure 1) within 5 A of the
carbon atom, but showing weak dispersive and overall binding
energies. The importance of dispersive interactions of the
methyl group in establishing binding site preference is illus-
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trated by the strong correlation between the overall binding
energy (Ey, in Table 1) and the additional dispersive interaction
of the PBE-D2 formalism (£}, in Table 1) in this case.

Regardless of binding site, the thiol group adsorbed to the Auy
cluster in a two-bond, off-bridge configuration. In general,
Au-S bond lengths were between 2.4 and 2.5 A (see Table 1),
with the sulfur atom generally located roughly along one of the
gold lattice planes that intersect the two layers. The relative
location of the thiolate group was determined to a great degree
by the optimization of the methyl group interactions. The struc-
tures of the most stable configurations reported in Table 1 are
shown in Figure 2.

Methyl groups experienced weak dispersive binding to Au
atoms in the facets neighboring the binding site, with nearest
C-Au distances around 3.3-3.7 A in the most stable configura-
tions. Table 1 includes the number of neighboring Au atoms
(atoms within 5 A of a methyl group), and their average C—Au
distance. Several minima were found within thermal energy of
the most stable adsorption configuration, with very different
methyl group orientations, but similar binding distances. At the
strongly binding cf kink site, a configuration with the methyl
group pointing away from the kink, but interacting with the top
layer of surface atoms, experienced only a 0.04 eV energy
penalty, whereas slight changes in the location of the methyl
group relative to the surface carried a 0.02 eV penalty (see
Figure 2a—c). It should be specified that, although multiple low-
energy configurations could be found for each site, with the
methyl group interacting with various regions of the substrate,

Table 1: Binding energies and relevant distances for methylthiolate—gold adsorption.

site? CN (Au) Ep (eV)° (dy,dp) (A Nneigh.d dc-Auzavg (A Em (eV)f
ab 3,7 -0.62 (2.46, 2.49) 4 3.82 -0.30
ab 3,7 -0.60 (2.45, 2.49) 3 3.54 -0.28
ab 3,7 -0.58 (2.44, 2.47) 3 3.61 -0.26
bc 7,6 -1.06 (2.45, 2.43) 4 3.54 -0.40
cf 6,8 -1.16 (2.42, 2.49) 7 3.80 -0.57
cf 6,8 -1.14 (2.40, 2.46) 6 3.71 -0.52
cf 6,8 -1.12 (2.44, 2.47) 5 3.91 -0.43
fg 8,4 -0.92 (2.53, 2.44) 7 3.79 -0.55
ad 3,6 -0.65 (2.44, 2.49) 4 3.74 -0.29
dh 6, 4 -0.95 (2.47,2.41) 4 3.73 -0.30
hi 4,5 -0.95 (2.42, 2.46) 4 4.03 -0.21
ij 5,4 -1.00 (2.47, 2.40) 4 3.72 -0.28
gj 4,4 -0.78 (2.41,2.48) 3 3.46 -0.28

@The indices of the gold atoms are as indicated in Figure 1c. Several equilibrated structures are indicated for some of the binding sites, in decreasing
order of their binding energies. bBinding energy calculated by Equation 5. “Distances from the sulfur atom to the two Au binding sites. dNumber of

neighboring atoms (at less than 5 A from the methyl group) available for dispersive interactions. This number includes the two Au atoms bound to the
sulphur. ®Average distance from the carbon atom to the neighboring Au atoms. fThe Molecular Mechanics energy as reported by SIESTA, describing

overall dispersive interactions.
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Figure 2: The most stable binding configurations for binding sites on the model Auy cluster. The figures indicate structure for sites cf (a—c), ab (d),
bc (e), fg (), ad (g), dh (h), hi (i), ij (j) and gj (k). For site cf, the three most stable configurations are presented in panels a—c, in the order of decreas-

ing stability. Binding site atoms are indicated in the figure.

the full methyl group desorption (an upright configuration still
bound at the thiol end) carried an energetic cost between 0.8
and 1.2 eV. This was consistent with experimental and compu-
tational reports of methane adsorption on gold surfaces [78,79].

The importance of dispersive corrections in

chemisorbed systems

Given the importance of dispersive interactions in the adsorp-
tion behavior of methylthiolate on Au as emphasized in the
previous section, it was deemed necessary to incorporate disper-
sive corrections in the DFT formalism we employed. However,
uncorrected DFT also includes some dispersion. To understand
the actual impact of the correction on the observed adsorption
behavior, a series of binding energies obtained using PBE
without the van der Waals correction were also calculated and
are provided in Table 2. As illustrated in the table, binding ener-
gies obtained using the pure PBE functional were weaker and

much more homogeneous across the various binding sites.

Whereas S—Au binding distances were relatively unchanged
from the PBE-D2 methodology discussed above, the methyl
group experienced significant location changes in the PBE ap-
proach: A case in point is made by the comparison of the PBE
ground state of the cf-bound methylthiolate, which had the

Table 2: Methylthiolate—gold binding energies estimated without
dispersive corrections.

site? Ep (eV)

ab -0.33
bc -0.65
cf -0.71
fg -0.45
ad -0.42
dh -0.69
hi -0.74
ij -0.75
dj -0.56

@Headings are identical to those described in Table 1.

methyl group located above the surface. This structure was
somewhat similar to the third-lowest binding configuration of
the PBE-D2-calculated complex (also with the methyl group
above the cluster top facet, see Figure 2c and Table 1). In the
uncorrected PBE cf structure, 5 nearest neighbors could be
found within 0.5 A of the carbon atom, but the structure was
more upright, with a larger average C—Au distance (by 0.15 A).
Despite the empirical character of DFT-D2 methods, these
results indicate that inclusion of dispersion terms is essential in
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order to obtain reasonable binding strengths and molecular
orientations, for even the simplest molecule—surface complexes.

Non-dissociative adsorption: the methylthiol

form

Depending on adsorption conditions, and particularly on less
reactive surfaces, many thiols maintain their mercapto group
undissociated [80,81]. The thiol group then binds to the gold
substrate through a single surface atom [23]. We examined here
the behavior of complexes of undissociated methylthiol and our

(a)
e
5

(e)
o
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Auy cluster. The single-bond configuration provided signifi-
cantly more orientational freedom to the adsorbate, as illus-
trated in Figure 3. This in turn allowed both the methyl group
and the mercapto hydrogen to approach the surface closely,
resulting in overall stronger dispersive interactions relative to
the thiolate case (See E,, in Table 1 and Table 3).

The case of thiol (non-dissociative) adsorption is a clear
example of the duality of thiol group—methyl group binding in
these systems. The weaker thiol-gold bond, with single coordi-

Figure 3: The most stable binding configurations for binding sites on the model Auyq cluster. The figures indicate structure for sites a—j (panels (a—j),

respectively). Binding site atoms are indicated in the figure.

Table 3: Binding energies and relevant distances for methylthiol-gold physical adsorption.

site? CN (Au) Ep (eV)° d(A) Nreigh. dc-Ausavg Em (eV)
a 3 -1.04 244 4 4.16 -0.23
b 7 -1.08 2.51 6 3.96 -0.57
c 6 -1.43 2.48 7 3.90 -0.68
d 6 -0.70 2.56 3 3.95 -0.31
e 9 -0.74 2.67 5 3.88 -0.63
f 8 -0.92 2.55 6 4.06 -0.57
g 4 -1.26 2.46 6 3.69 -0.54
h 4 -0.94 2.47 2 3.45 -0.26
i 5 -0.75 2.64 5 3.91 -0.47
j 4 -1.03 2.45 2 3.44 -0.27

a|f not otherwise specified, headings are they same as in Table 1. PBinding energies were calculated by Equation 4.
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nation, was more free to move in response to favorable methyl
binding conditions. This was apparent in a disconnect between
the dispersive added energy (E},) and the binding energy trends,
which had been well correlated in the case of thiolate adsorp-
tion. As shown in Table 3, systems where dispersive forces
were relatively high could be overall more weakly bound when
compared to systems where dispersive interactions are rela-
tively weak: for example, binding at atoms h and i, in Table 3,
where the dispersive and binding energies were negatively
correlated. On the other hand though, strong dispersive forces in
the i-bound thiol were due primarily to methyl-surface interac-
tions, as the relatively long bond length indicated that the thiol
group had moved away from the surface. Similar observations
can be made for binding at sites d, e and f, with strong overall
dispersive forces but relatively long binding distances. The
strongest bonds were formed when both of the groups could be
satisfied (at sites ¢ and g, for example.)

In thiol adsorption, the use of dispersion corrections becomes
important for describing both the thiol group and the methyl
group interaction with the substrate. As shown in Figure 4,
uncorrected PBE provides good estimates of bonding strengths
and bond lengths only in those systems characterized by rela-
tively strong S—Au bonds (and therefore short S—Au bond
distances). The length of weaker bonds was overestimated by
uncorrected PBE, as well as the strength of the surface interac-
tions of the methyl group, leading to significant structural
changes between the two methodologies.

Conclusion

In order to develop an understanding of thiol binding on com-
plex-structured metal surfaces, we pursued an investigation of
dissociative and non-dissociative adsorption at a model 20-atom
Au cluster. The cluster model presented a series of distinct
available binding sites, with coordination numbers between 3
and 9. To limit the set of competing interactions involved in the
adsorption process, we examined methylthiol-Au complexes in
a broad examination of their configurational space. We found
that, even for small molecules such as methylthiol, dispersive
interactions provide an important component of binding
affinity. The molecules bound preferentially to kink sites that
provided a maximum number of neighboring substrate atoms
available for methyl group stabilization. Despite known issues
with the empirical nature of dispersive corrections, their inclu-
sion in calculations was essential in order to access reasonable
binding structures, particularly for more weakly-bound molec-
ular groups. In effect, a direct parallel between binding prefer-
ence and the coordination of the adsorption site cannot be
drawn without first examining the binding environment and
backbone interactions, for even the simple molecules consid-

ered here.
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Figure 4: The importance of dispersive corrections in non-dissociative
adsorption. Site symbols are given on the abscissa. D2 corrected and
uncorrected S—Au bond lengths are shown by red squares and
turquoise diamonds, respectively, in the top graph. vdW-Corrected
bond energies, uncorrected bond energies and the D2 contribution to
the corrected energy are shown by blue circles, purple stars and green
triangles, respectively, in the bottom graph.
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We have explored morphology of DNA molecules bound with Cu complexes of piroxicam (a non-steroidal anti-inflammatory drug)

molecules under one-dimensional confinement of thin films and have studied the effect of counterions present in a buffer. X-ray

reflectivity at and away from the Cu K absorption edge and atomic force microscopy studies reveal that confinement segregates the

drug molecules preferentially in a top layer of the DNA film, and counterions enhance this segregation.

Introduction

Condensed state behaviour of DNA, the best-known biopoly-
mer, in a confined space is a matter of interest due to its rele-
vance in living systems. Within cells DNA molecules remain in
a confined space crowded by other molecules and ions. Thus,
there are three aspects of the situation, which demand elucida-
tion — the role of the ions, of the molecules (especially macro-
molecules) and of the confinement in the length scales of nano-
meters and micrometers — in maintaining the stability and
homogeneity of the phase of the mixture [1-4] as well as of the

structure of the DNA molecules [5]. Studies on the first aspect
have established that depending on counterion concentrations
and valencies, DNA molecules in bulk solution exhibit isotropic
to liquid crystalline phase transition and under extreme condi-
tions they can form crystalline states [6]. Again, a mixture of
DNA and other macromolecules undergoes spontaneous segre-
gation and organization under micrometre-scale confinement
[7]. Regarding confinement effects at the nanometer scale, we

have observed that in absence of counterions DNA molecules
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form layered structures aligned laterally to the film surface,
whereas in case of films prepared from buffered solution there
is no such layering due to the increased orientational entropy of
entangled shorter DNA molecules [8,9]. This indicates that both
confinement and presence of charged and neutral species in the
environment dictates the structure and dynamics of DNA aggre-
gation and lead us to explore the confinement effect on other bi-

ologically relevant DNA composites.

We have focussed on the effect of one such biologically active
molecule, piroxicam, which is an enolic acid. It is used as a
nonsteroidal anti-inflammatory drug (NSAID) for symptomatic
relief from rheumatoid arthritis, osteoarthritis and spondylitis
[10]. However, the metal-complexes of this molecule form
another group of drugs of even greater interest due to their anti-
cancer activity [11,12]. In this context, the attachment of these
drugs to DNA molecule gains special importance, since this de-
termines their biofunctionality [13,14]. It is already reported
that a Cu(Il) complex of piroxicam intercalates within the DNA
backbone [15-17]. Motivated by these observations, we have
studied effect of counterions on the confined state of
metal-drug—-DNA complexes, because within living systems
such complexes exist in the presence of various salt ions, in a
highly confined state.

Here we report structural studies of a metal-drug—DNA com-
plex within thin films, i.e., under one-dimensional confinement
and of the influence of counterions on this confined system.
Specifically, we have studied thin films comprising of compos-
ites of DNA and a Cu(II) complex of piroxicam in presence and
absence of buffer molecules. Using anomalous X-ray reflec-
tivity we have probed its out-of-plane structure whereas atomic

force microscopy has provided us its in-plane morphology.

Experimental

Polymerized calf thymus DNA (Sisco Research Laboratory,
India) dissolved in triple-distilled water formed a pristine stock
solution. The absorbance ratio Aygo/Ajgq of the solution at 260
and 280 nm being in the range 1.8 < Apg0/Asgp < 1.9, indicat-
ed that no further deproteinization of the solution was neces-
sary. The nucleotide concentration of the stock solution,
assuming &»¢9 = 6600 M~'em™, was found to be 1.8 mM. The
stock solution was diluted to the desired concentration of
800 puM in triple distilled water. 10 mM of sodium cacodylate
(Merck, Germany) solution in triple-distilled water was adjusted
to the desired pH of 6.7 with hydrochloric acid and was used as
stock buffer solution. Each molecule of sodium cacodylate
effectively contributes one Na™ ion.

The Cu—piroxicam complex was synthesized following an
established protocol [18] and was characterized by FTIR, EPR,
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and elemental analysis as described in a previous work [19].
Figure 1 shows the structure of the piroxicam molecule along
with its Cu(II) complex. Piroxicam was purchased from Sigma
Chemicals and was used without further purification. A stock
solution of piroxicam of strength 0.5 mM was prepared in spec-
troscopic grade ethanol, because of poor solubility of pirox-
icam in water. CuCl, was purchased from Sigma Chemicals and
stock solution was prepared by dissolving it in water. Concen-
tration of stock Cu(II)-piroxicam solution was maintained at
37.4 uM. This stock solution was mixed with DNA stock solu-
tion of concentration 800 uM resulting in a fraction of 0.046 of
drug-metal complex in DNA. We have worked with two solu-
tions of drug—metal complexes mixed with DNA, one in pres-
ence and the other in absence of buffer. When mixed with
DNA-buffer solution, the buffer concentration was maintained
at 10 mM.

(a) OH O N7 |
AN
H
N
'S "CH
o

(b)

L = solvent

Figure 1: Structure of (a) piroxicam molecule and (b) Cu(ll)—piroxicam
complex.

Films were prepared by spin-coating the solution on amor-
phous fused quartz substrates at ambient condition using a spin-
coater (Headway Research Inc., USA). Before spin-coating the
fused quartz (Alfa Aesar, USA) substrates were cleaned
and hydrophilized by boiling in 5:1:1 H,O/H,0,/NH4OH solu-
tion for 10 min, followed by sonication in acetone and ethanol
respectively, then rinsing by Millipore water (resistivity
~ 18.2 MQ-cm) and subsequent removal of water by spinning
the substrate at high speed (4000 rpm).

To extract out-of-plane information specular X-ray reflectivity
profiles of these thin films were recorded with step size 5 mdeg
at the Indian Beamline (BL-18B) at Photon Factory, High
Energy Accelerator Research Organization (KEK), Japan. Both
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anomalous and normal X-ray reflectivity data was collected to
check the spatial distribution of Cu along the film depth. Cu has
two absorption edges in X-ray regime which are at 8.98 keV
(K1 edge) and 1.096 keV (L1 edge). As Indian Beamline oper-
ates within 6-20 keV, anomalous reflectivity data was taken at
K1 absorption edge of Cu (at wavelength 1.38 A, energy
8.98 keV). For normal X-ray reflectivity we chose a wave-
length which is away from the absorption edge. So we shifted to
energy 11.736 keV which corresponds to wavelength 1.08 A.
To avoid radiation damage the sample was kept in nitrogen at-
mosphere. To analyse all XRR data we have used Minpack
fitting package [20] based on Levenberg—Marquardt algorithm.
It provides the local minimum of nonlinear least squares func-
tions of several variables. Here an iterative process continues
and termination occurs when the relative error between two
consecutive iterates is below 1072, Atomic force microscope
(AFM) images recorded in tapping mode using Nanonics Multi-
View1000 with glass tips of about 20 nm diameter, provides
in-plane information. The images were analyzed using WSxM
software [21].

Results and Discussion

Figure 2 shows the topography of the film surfaces as obtained
from AFM. The top surface of the film comprising
drug—metal-DNA complex has a lower height variation (rms
roughness 4.28 A) whereas the film with added buffer has an
increased roughness (rms roughness 8.97 A). We took
several images from different regions of the sample. Here we
are reporting the average roughness values from five such dif-
ferent images. For Cu(Il)—piroxicam—DNA film rms roughness

X (um)°
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is 4.51 A with a standard deviation of 0.41 A. For Cu(II)—pirox-
icam-DNA-buffer film rms roughness is 8.35 A with a relative-
ly high standard deviation of 1.08 A.

This is also apparent from the typical line profiles shown in
Figure 2. The phase images shown inset indicate the clear pres-
ence of clusters of a material different from the film at the base
of the buffered film, whereas such clustering is not so pro-
nounced in the unbuffered film. We have carried out X-ray
reflectivity (XRR) experiments of the films, which provide us
electron density profiles (EDP) of the film along its depth. To
analyze the anomalous reflectivity profiles we have used the
distorted wave Born approximation (DWBA) method [22,23],
which only requires an ansatz of the average electron density of
the film and provides the electron densities of different “layers”
of the film (of thickness decided by the spatial resolution)
through Fourier transforms [24]. In contrast to the usual anom-
alous scattering analysis formalism [25] here we have not
considered any interfacial width between the “layers”. The
reflectivity profiles of the films and EDPs along the depth of the
film extracted from the fits are shown in Figure 3. It is to be
mentioned that in the DWBA model “layers” do not extend into
the substrate. To plot EDP, as shown in Figure 3b and
Figure 3d, we have further convoluted the DWBA EDP with the
average electron density of the substrate and of air (pg = 0.68
and p,;; = 0) and as well as with the roughnesses of those inter-
faces (6, = 10 A and og = 7 A). The values of these parame-
ters were obtained from the DWBA fit and during fit it was
always taken care that the roughness values do not exceed the
“layer” thickness.

2 6.72 nm

2 3
X (um)

Figure 2: AFM height image of (a) Cu(ll)-piroxicam-DNA film (scan size 5 ym x 5 um) and (b) Cu(ll)-piroxicam—DNA-buffer film (scan size
5 um x 5 ym). Insets (a) and (b) show corresponding phase images. Lower panel shows the corresponding line profiles along the blue lines drawn on

respective height images.
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Figure 3: X-ray reflectivity data at and away from Cu absorption edge (up shifted for clarity). Symbols: experimental data points; line: fit with DWBA
formalism. (a) Reflectivity profiles of Cu(ll)—piroxicam—DNA film, (b) corresponding EDPs. (c) Reflectivity profiles of Cu(ll)—piroxicam—DNA—buffer film,

(d) corresponding EDPs.

We observe that the film prepared from a solution containing no
counterions has a thickness of 42 A, whereas the film prepared
from solution with added buffer has a lower thickness of 36 A.
These small thickness values establish that we have succeeded
in creating a confined state of this complex. A reduction of the
film thickness after addition of buffer can be explained through
a better neutralization of DNA molecules by the buffer mole-
cules. This in turn reduces the persistence length of the DNA
molecules, makes them softer and more entangled and hence
more compact [26]. Considering the fact that DNA molecules
have a diameter of 22-26 A, the magnitude of the film thick-
nesses suggests a lateral alignment of DNA molecules within
the film similar to the case of film formed from “pristine” DNA
molecules [8].

Anomalous X-ray scattering data provides us the distribution of
an effective density of Cu atoms along the film depth. Within
any material X-rays interact with electrons only. Hence, the
presence of a particular element is observed by X-ray, when the
X-ray energy matches with any absorption edge of that element
and the radiation is absorbed. As the beam is no more scattered
by the the electrons of that element, the scattered beam provides
a lower value of electron density. The effective electron densi-
ties for X-ray energies away from edge (p?(z)) and at the edge
(pS(z)) of an element, Cu in our case, is given by [27],

p*(2) =Ny (2) Z3 M

and

pe (Z)=Ncu (Z)ngf P 2

where Ncy(z) is the atomic density of the element Cu. It is inde-
pendent of energy and effective atomic number Z¢r of the ele-
ment as observed by X-ray. Hence, the difference yields the

effective electron density for the element Cu,

p?(2)=p%(2) = Ney (2)AZgr = ApET (2), )

where AZ g = ZZ — Z&¢ . The difference in electron densities,
Ap%fﬁ represents the abundance of Cu. Figure 4a shows this
variation along the film depth for both films. We observe a rela-
tive abundance of Cu near the air—film interface suggesting a
Cu-rich upper layer for both films. This effect is more en-
hanced in the case of the buffer film, indicating counterions en-
hance the Cu proportion in this layer. This suggests that a
drug—DNA segregation occurs with buffering leaving more
drug-metal composites at the surface increasing its roughness
and clustering as observed from AFM topography (Figure 2). In
Figure 4b we have compared the line profiles drawn over two
images. The horizontal lines denote corresponding average
height of the profiles (6.38 A and 20.37 A for without
buffer and with buffer films, respectively). Their difference of
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Figure 4: (a) Variation of Apc,¢ff along the film depth for both Cu(ll)—piroxicam—DNA and Cu(ll)-piroxicam—DNA-buffer films. (b) Comparison of the
line profiles along the blue lines drawn on respective height images of Figure 2. The horizontal lines denote corresponding average heights of the

profiles.

approx. 14 A matches closely with the lateral width of pirox-
icam molecules [28,29].

The structures of piroxicam molecule and Cu(ll)—piroxicam
complex as depicted in Figure 1 show a planar structure of the
complex which intercalates in a DNA backbone parallel to the
bases in solution [28]. In our case we observe an asymmetric
distribution of Cu atoms with respect to the DNA molecules
aligned laterally over the hydrophilic substrate leading to a pref-
erential enrichment at the top surface of the films. It was ob-
served earlier [8,19,30] that the negatively charged phosphate
groups of DNA also attach with the hydroxyl-terminated hydro-
philic quartz substrate through short-range interactions such as
hydrogen bonds that dominating over the long-range but weak,
screened Coulomb attraction. Due to this short-range interac-
tion, the hydroxyl-terminated substrate prefers DNA molecules
rather than the neutral metal-drug complex. On the other hand,
at the surface, due to the absence of any such short-range inter-
actions, the intercalation of the Cu(II) complex of piroxicam is
allowed, quite similar to the case of bulk solution. This is
shown in Figure 5a. In presence of counterions, the phosphate
groups of the DNA backbone get neutralized. This causes two
effects, (a) the short-range interactions become even more
dominant causing a stronger adhesion to substrate, (b) the pres-
ence of counterions in buffer solution neutralizes the polyan-

(a)Drug-metal-DNA thin film

Quartz Substrate

ionic DNA backbone to some extent. Charge neutralization of
the backbone reduces the persistence length of DNA, making it
more floppy. A floppy DNA is better accommodated nearer to
the surface as shown in Figure 5b. Enhanced segmental flexi-
bility of DNA in presence of buffer promotes not only closer
approach to the surface but also helps in orienting the Cu-bear-
ing drug molecule more towards the top. These considerations
qualitatively explain the enrichment of the Cu—drug complex at
the surface and the reduced thickness of the film made from
solution with added buffer. This is shown in Figure 5b.

It is to be noted that we have explored the role of very high salt
concentrations (500 mM) in case of pristine DNA thin films, as
reported in [9]. At such high salt concentrations, we observed
salt crystals over the film. Also at concentrations above
100 mM the persistence length of DNA molecules saturates to
approx. 50 nm due to complete neutralization of DNA back-
bone. At salt concentrations of approx. 10 mM DNA is the
onset of full neutralization. To explore counterion effects we
have restricted ourselves to this onset regime [31].

Conclusion

We have carried out a preliminary exploration of the morpho-
logical effects of counterions on a metal-drug—DNA complex
within a thin film. The metal-drug complex intercalates within

(b) Buffered drug-metal-DNA thin film

R AR AT
X '~7‘»j{2/.\! ;4

Quartz Substrate

Figure 5: Schematic of (a) metal-drug—DNA film and (b) metal-drug—DNA-buffer film.
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the DNA backbone and prefers to remain near the top surface of
the film. Addition of buffer molecules results in the presence of
more metal-drug composites at the top surface of the film and a
reduction of the film thickness. We have explained these find-
ings qualitatively, invoking enhanced short-range drug—-DNA
and substrate—DNA interactions that are influenced by the
buffer.
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Abstract

The enantiomers poly(D-lactic acid) (PDLA) and poly(L-lactic acid) (PLLA) were alternately adsorbed directly on calcium
carbonate (CaCO3) templates and on poly(styrene sulfonate) (PSS) and poly(allylamine hydrochloride) (PAH) multilayer precur-
sors in order to fabricate a novel layer-by-layer (LBL) assembly. A single layer of poly(L-lysine) (PLL) was used as a linker
between the (PDLA/PLLA),, stereocomplex and the cores with and without the polymeric (PSS/PAH),/PLL multilayer precursor
(PEM). Nuclear magnetic resonance (NMR) and gel permeation chromatography (GPC) were used to characterize the chemical
composition and molecular weight of poly(lactic acid) polymers. Both multilayer structures, with and without polymeric precursor,
were firstly fabricated and characterized on planar supports. A quartz crystal microbalance (QCM), attenuated total reflection
Fourier transform infrared spectroscopy (ATR-FTIR) and ellipsometry were used to evaluate the thickness and mass of the multi-
layers. Then, hollow, spherical microcapsules were obtained by the removal of the CaCOj sacrificial template. The chemical com-
position of the obtained microcapsules was confirmed by differential scanning calorimetry (DSC) and wide X-ray diffraction
(WXRD) analyses. The microcapsule morphology was evaluated by scanning electron microscopy (SEM) and transmission elec-
tron microscopy (TEM) measurements. The experimental results confirm the successful fabrication of this innovative system, and

its full biocompatibility makes it worthy of further characterization as a promising drug carrier for sustained release.
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Introduction

The polycationic/polyanionic layer-by-layer (LBL) deposition
on surfaces has been widely studied since the first description
by Decher et al. [1-3]. The alternate adsorption of negatively
and positively charged poly(styrene sulfonate) (PSS) and
poly(allylamine hydrochloride) (PAH) on sacrificial templates
have been the most widely characterized and applied materials
for the production of hollow microcapsules [4-6]. The potential
of these multilayer structures for biotechnological and biomedi-
cal applications, such as biosensors and carriers for drug deliv-
ery, led researchers to extend this technique beyond multilayer
structure fabrication based on electrostatic interactions [7-11].

Over the years, other interactions such as covalent bonding [12-
14], hydrogen bonding [15-17] and hydrophobic interaction
[18-20] have been investigated, and also non-water-soluble
polymers, viruses [21], proteins [22-26], and amphiphiles [27-
29] have been used in LBL multilayers.

Among the non-water-soluble polymers, the aliphatic polyester
poly(lactic acid) (PLA) has been widely used in the biomedical
field due to its extraordinary biocompatibility, biodegradability
and mechanical properties [19,30-33]. Lactic acid, which is the
degraded product from PLA, is fully biocompatible in human
bodies, and therefore medical materials made from PLA, such
as surgical suture, implants, as well as drug carriers, are in high
demand. Recently PLA-based polymers have been used for the
fabrication of drug carriers by a LBL self-assembly technique
[15,17,34]. As an example, the stepwise assembly of poly(L-
lactic acid) (PLLA) and poly(D-lactic acid) (PDLA) enantio-
mers, forming a racemic crystal called a stereocomplex, has
been successfully realized [35]. However, PLA capsules made
by the LBL technique with an entirely biocompatible procedure
remain a challenge [36-38].

The possibility to assemble these polymers, as well as other
biocompatible polymers such as poly(methyl methacrylate)
(PMMA) [39-41], poly(lactic-co-glycolic acid) (PLGA) [42]
and poly-g-caprolactone (PCL) [43,44], is extremely interesting
for the fabrication of innovative multilayer structures to be used
in drug delivery applications.

In this work, we proposed the LBL assembly of PDLA/PLLA
layers onto a (PSS/PAH),/PLL precursor (PEM) [45,46]. This
innovative configuration, involving both water-soluble and non-
water-soluble polymers, could represent a promising drug
carrier model. The multilayer structure was first characterized
on planar supports, and then transferred onto spherical sacrifi-
cial templates, in order to build hollow microcapsules. Nuclear
magnetic resonance (NMR) and gas permeation chromatogra-

phy (GPC) were used to characterize the chemical composition
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and molecular weight of synthetic PLA polymers. Ellipsometry
and quartz crystal microbalance (QCM) were used to monitor
the step-by-step assembly and to evaluate the thickness and the
mass of the multilayers. The use of ellipsometry to characterize
the layer growth gave us information about the thicknesses of
the films compared to the previously used QCM technique,
which only gave information about mass change [35]. Attenu-
ated total reflection Fourier transform infrared spectroscopy
(ATR-FTIR) was used to verify the stereocomplex formation
and its effective adsorption onto the polyelectrolyte precursor.
Differential scanning calorimetry (DSC) and wide X-ray
diffraction (WXRD) analyses were also used to confirm the
stereocomplex formation. The multilayer structure was then
built on spherical sacrificial templates and then morphological-
ly characterized by scanning electron microscopy (SEM) and
transmission electron microscopy (TEM).

Results and Discussion
Chemical composition and molecular weight

of PLA polymers

The chemical structure of PDLA and PLLA was characterized
by 'H NMR. As can be seen in Figure la, the peak at 1.61 ppm
belongs to the methyl group while the 5.19 ppm peak was
assigned to the protons of the CH, group. The small peak
between 7-8 ppm was assigned to the deuterated chloroform
(CDCls) solvent. The spectra of Figure 1a and Figure 1b appear
very similar, meaning that two polymers with the same chemi-
cal composition were synthesized.

GPC curves shown in Figure 2 confirm that both PDLA and
PLLA (having a relatively narrow molecular weight distribu-
tion) were obtained via ring-opening polymerization. The mo-
lecular weight of PDLA and PLLA are 37511 and 59223 g/mol,
respectively. This was suitable for our usage due to the use of
polymers with similar molecular weights in LBL assembly [46].
Thus, these polymers were used for LBL assembly directly after

synthesis and purification.

QCM measurements

As a first step, the LBL assembly of PEM and PLA polymers
was carried out on QCM electrodes in order to monitor the
effective multilayer growth. The QCM frequency shift, due to
the deposition of material onto the electrode surface, was
measured and the related adsorbed mass was calculated. Two
kind of samples were compared, PLL/(PDLA/PLLA)3 multi-
layers deposited on (PAH/PSS)4/PSS multilayer precursor or
directly on the crystal surface (Figure 3).

Figure 3 shows the step-by-step mass growth of the multilayer
as a function of each deposited layer. Since the quartz crystal
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Figure 1: The NMR spectra for PDLA (a) and PLLA (b).
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Figure 2: GPC curves of the synthesized PLLA and PDLA.

surface is mostly negatively charged, PAH was deposited as the
first layer. The PEM structure shows a mean mass of 85.38 ng,
with a mean frequency shift of 155.4 Hz. The total mass of
adsorbed PLA layers with PEM precursor was found to be
1468 ng with a mean mass of 245 ng/layer (Figure 3a). Addi-
tionally, the total mass of the PLA layers without PEM precur-
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sor was found to be 1400 ng with a mean mass of 233 ng/layer
(Figure 3b). The gradual growth of the PLA layers confirmed
the successful deposition of the polymers in both cases.
Comparing the two structures, no significant differences were
found in terms of amount of deposited material, indicating that
the PEM structure has no particular influence on the PLA
adsorption (Figure 3c¢). However, some observations can be
made about the PLA adsorption dynamics, which are better
highlighted in Figure 3c. As shown in Figure 3c, in the pres-
ence of PEM precursor, the adsorbed mass of the first layer of
PDLA is higher with respect to the successive layers. A similar
behavior can be observed without the presence of the PEM pre-
cursor as it relates to the second PDLA layer. These differences
may be due to the presence of the PEM precursor, which could
have greater adsorption capability compared to the bare crystal.
A higher amount of PLL adsorbed mass was also registered in
the presence of the precursor (data not shown). However, no
significant influence of this dynamic was observed on the final
structure.

Ellipsometry
The kinetics of the growth of PLA films on a flat silicon
substrate was also studied. Two samples were compared, a

(c)

PDLA PLLA PDLA

Number of Layers

PLLA PDLA PLLA quartz PDLA PLLA PDLA PLLA PDLA PLLA
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Figure 3: PLL/(PDLA/PLLA)3 multilayer deposition with (PAH/PSS)4/PSS precursor (a) and without (b), and (c) comparison of PLL/(PDLA/PLLA)3

multilayer deposition, with and without (PAH/PSS)4/PSS precursor.
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PLL/(PDLA/PLLA)s; multilayer deposited onto (PAH/PSS),
precursor and onto bare silicon. The thickness of the
PLL/(PDLA/PLLA)s multilayers deposited onto the precursor
as shown in Figure 4a was found to be 22.84 nm while the
thickness of the PLL/(PDLA/PLLA)s multilayers deposited
onto bare silicon (Figure 4b) was found to be 23.5 nm, indicat-
ing again that the polyelectrolyte multilayer precursor has no
particular effect on the thickness of the PLA multilayer. This is
different from the results of other research on the behavior of
the growth of conventional polyelectrolyte multilayers, where
the underlying precursor was shown to have some influence
[47].

Another phenomenon that was observed is that an odd number
of PLA layers is always thicker than an even number of layers.
This is due to the “dotted-structure” formation during the PLA
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layer deposition [35]. As the process of each PLA deposition
takes longer than the polyelectrolyte assembly, each odd num-
ber layer can hardly cover the whole substrate surface
uniformly within each deposition. Hence, the next even number
layer deposits on the uncovered surface during the formation of
the stereocomplex with the former layer, which is reflected as a
thinner layer after its deposition.

Coating of microparticles and fabrication of

capsules out of stereocomplex

ATR-FTIR measurements

The PDLA/PLLA stereocomplex formation was monitored by
ATR-FTIR. Figure 5a shows the PDLA/PLLA stereocomplex
spectrum obtained by mixing 1:1 solutions at 50 °C. As previ-
ously reported [48], the 1:1 blend of low molecular weight
PLLA and PDLA solutions in acetonitrile is desired for the
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Figure 4: Kinetics study on the thickness of the PLL/(PDLA/PLLA)s multilayer on a silicon substrate with (PAH/PSS)4 precursor (a) and without (b).

3 o ——1083 1755 — | 10867'
@ ot ||
g— ‘ 1183 —P| T
| i I
| | |\” l
@
Ol . [ e
§ ’ 1200 —|||' | g " hy ‘|H g
2 \ \ 2 —— H ] v '} J | adPi!
‘ ‘ ‘ | , | |(PsS/PAHYPSSIPLLIPDLAPLLA, \ ) \‘} ‘H
& AN |“ [
o WA ETFARNY
A] | \\ 11 v PDLA/PLLA stereocomplex i ),\ MRS VARV,
D S \/7_»7/‘ ~nad Lo M) v
4000 3500 aoloo 25'00 2oloo 152)0 1oloo 500 4000 3500 3000 25'00 2000 15'00 11;00 500

Wavenumber cm™

Wavenumber cm™

Figure 5: PDLA/PLLA stereocomplex spectrum by simple mixing (a) and comparison with PLA capsules with (PAH/PSS)4/PSS/PLL precursor (b).
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stereocomplex crystallite formation. The crystallization
promotes the v(C=0) spectral band at 1748 cm™!, clearly visible
in Figure 5a. Furthermore, two peaks at 909 and 1040 cm™! can
be identified, which are the characteristic bands of the
PDLA/PLLA stereocomplex. C—O—C and C—C peaks were also
visible at 1182 and 1209 cm™!, respectively. Finally, bands at
2995 and 2944 cm™! can be assigned to the CH3 asymmetric
stretching and CH; stretching, respectively, which confirmed

the successful stereocomplex formation [49,50].

Figure 5b shows the comparison between the spectra of
the PDLA/PLLA stereocomplex and the capsules with
PDLA/PLLA stereocomplex as outer layers. In this case, PDLA
and PLLA were not mixed but rather adsorbed onto the PEM
capsules by the LBL technique. The characteristic peaks of the
stereocomplex were detected, confirming the successful LBL
deposition of PLAs on the polyelectrolyte capsule shell.

WXRD curves

Since the change in crystallinity is one of the differences that
occurred during the formation of the stereocomplex polymer,
WXRD was used to confirm the successful formation of the
PLA stereocomplex modified microcapsules [51]. It can be seen
in Figure 6 that PDLA and PLLA polymers have the same
diffraction peaks in the spectrum which are at 6 = 15.1°, 16.5°,
and 18.1° and are the typical peaks of poly(lactic acid). The
diffraction peaks of the PDLA/PLLA film are at 6 = 12° and
22.1° (which is an overlap of the peaks at 20.8° and 24.1°). The
peaks of the microcapsules situate at 6 = 12°, 20.8° and 24.1°,
which are uniquely assigned to PLA stereocomplex, demon-
strating that the PLA microcapsules assembled are in the struc-

ture of stereocomplex [52].

Typical XRD peak of

stereocomplex PLA at 21°, 24°
Typical XRD peak of

stereocomplex PLA at 12° Peaks at 21°, 24° overlapped

26(°)

Figure 6: The WXRD spectra of PDLA, PLLA, PDLA/PLLA complex
film and PDLA/PLLA complex microcapsules.
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DSC curves

It is known that the melting point will shift to a higher degree
once two enantiomeric polymers have formed their stereocom-
plex polymer due to the increased crystallinity. This is because
the enantiomeric polymers attract each other with van der Waals
force, creating a more complementary and rigid structure, which
leads to a higher melting point.

In order to know whether the PDLA/PLLA complex had been
formed after the PLA microcapsules were obtained, DSC was
used to measure the melting points of four different samples
(Figure 7). As described in the literature, the melting points for
PDLA and PLLA are approximately 170 °C, which is very
close to the melting points of the PLA polymers measured in
our experiment [35]. The melting points for PDLA/PLLA films
and microcapsules are 213.4 °C and 213.1 °C, respectively.
This result indicated that the PLA complex microcapsules had
been obtained during the LBL process as the melting point of
the PDLA/PLLA stereocomplex is at approximately 220 °C
[35].

capsule (0.911mg)

2131 PDLA/PLLA film
(3.124 mg)
PLLA(3.658 mg)
213.4

PDLA (5.823 mg)

Figure 7: The DSC curves of PDLA, PLLA, PDLA/PLLA complex film
and PDLA/PLLA complex microcapsules.

SEM measurements

A qualitative characterization was also carried out by SEM
measurements. Figure 8 shows two different shell structures,
specifically (PSS/PAH)4/PSS/PLL (Figure 8a) and (PSS/
PAH)4/PSS/PLL(PDLA/PLLA); (Figure 8b) on cores. The
images clearly present different morphologies. A polyelec-
trolyte shell on cores, without PLA layers, shows a significant
greater roughness when compared to the shell on cores with the
addition of PLA. The shell with PLA layers, in fact, seems to be
smoother and presents more gentle features with respect to the
only PEM structure. Furthermore, from observation of

Figure 8b, the shell can be considered rather homogeneous.
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Figure 8: (PSS/PAH)4/PSS/PLL (a), (PSS/PAH)4/PSS/PLL(PDLA/PLLA);3 (b) and (PSS/PAH)4/PSS/PLL(PDLA/PLLA)3/PSS (c) multilayer structures
on cores.

Finally, Figure 8c confirms the effective LBL deposition. The
multilayer structure (PSS/PAH)4/PSS/PLL(PDLA/PLLA)3/PSS
was built on calcium carbonate cores, and then moved from
acetonitrile to water. A drop of the aqueous dispersion was let
to evaporate at room temperature. In this sample, the structure
of the calcium carbonate core is visible in some points where no
shell is present. The different morphologies between the bare
calcium carbonate core and the coated surface can be clearly
noticed, confirming the successful assembly of the capsule
shell. Since particles coated with (PSS/PAH)/PSS/PLL(PDLA/
PLLA)3 and (PSS/PAH)4/PSS/PLL(PDLA/PLLA);/PSS have
different terminating layers, which usually have different sur-
face morphologies, they look different in the SEM image. As
demonstrated in previous studies, particle coating layers that
terminate with PLA appear smoother [53], while those with PSS
as the outmost layer appear rough [54].

TEM measurements

Hollow microcapsules with the multilayer structure
PLL(PDLA/PLLA) as the shell were characterized by TEM
measurements. Figure 9a shows that most of the microcapsules
look intact and flat, without evident defects, which indicates the
proper core removal without damage. In addition, as can be

seen in Figure 9b, the thickness of the PLL/(PDLA/PLLA)(
multilayer is approximately 100 nm. Hence, the thickness of
each PDLA/PLLA bilayer is estimated to be 10 nm. Interest-
ingly, the thickness of the PLA layers on the silicon substrate
(see Ellipsiometry) was not as thick as that of the microcap-
sules. A reasonable explanation is that for the microcapsules,
the layers were adsorbed on CaCO3 templates where the sur-
faces are more porous and able to accommodate more polymer
within the pores of CaCOj3. In contrast, the smooth silicon sub-
strate is less able to adsorb polymer molecules.

pH stability of microcapsules is indeed very important as some
polyelectrolytes microcapsules are sensitive to pH change. We
examined our PLA microcapsules at pH 1 and 13, and no
obvious change was found after 30 min of treatment with
hydrochloride acid and sodium hydroxide, meaning that these
PLA stereocomplex microcapsules are stable in acidic or basic
conditions. This is due to the lack of pH-sensitive functional
groups on the PLA polymers.

Conclusion
PLA stereocomplex microcapsules were successfully fabricated
by the LBL technique using CaCOj as a sacrificial template and

Figure 9: PLL(PDLA/PLLA)1o hollow microcapsules (a) and magnification of the PLL(PDLA/PLLA)1¢ hollow microcapsule shell (b).
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enantiomeric PLAs with and without PEM precursor as the
shell material. This is the first attempt at fabricating PLA
stereocomplex microcapsules through a fully biocompatible
process.

The kinetics study and the gravimetric measurements of PLA
layer adsorption on flat substrates showed a successful deposi-
tion. The presence of the PEM precursor does not seem to have
a particular effect on the growth of the PLA stereocomplex
layers as there was no evident difference in the thickness and
mass of the PLA. The change in the melting point and crys-
tallinity of the obtained microcapsules indicated that the stereo-
complex was obtained. The presence of the stereocomplex was
also confirmed by the IR measurements. The SEM images
showed a qualitative difference in the template surfaces coated
with PLA and PEM layers respect to those coated only with
PEM precursor. The characterization by TEM confirmed a suc-
cessful template removal, resulting in intact, hollow capsules.

In conclusion, a novel, multilayer structure, involving both
water- and non-water-soluble polymers, was successfully fabri-
cated. The use of the highly suitable LBL technique as a simple
and inexpensive assembly technique allowed for the fabrication
of stable, hollow microcapsules as promising drug delivery
carriers for biomedical applications. The combination of the
physical and mechanical properties of such materials could
make it possible to modify characteristic features, such as sur-
face morphology, in order to modulate important delivery
factors, like permeability and release rate.

Experimental

Materials

Sodium carbonate, calcium chloride, poly(styrene
sulfonate) (PSS, MW 70,000), poly(allylamine hydrochloride)
(PAH, MW 58,000), poly(L-lysine-hydrobomide)
(MW = 30,000-70,000), L-lactide, D-lactide, tannous octoate,
ethylenediaminetetraacetic acid (EDTA) were obtained from
Sigma-Aldrich and used without any further purification. HPCL
gradient grade acetonitrile, dichloromethane and diethyl ether
were purchased from Fisher Chemical and were used as
received. The water used in the experiments and for the prepa-
ration of solutions was purified by a Milli-Q system and had a
resistance of 18.2 MQ-cm.

Methods

Synthesis and characterization of PLLA and PDLA
Typically, 10 g of lactide and 0.5% tannous octoate (as a cata-
lyst) were added to a conical flask. Then the conical flask was
place into a vacuum oven at 180° after being sealed and the
ring-opening polymerization lasted for 12 h. Afterwards, the

crude polymer was dissolved in dichloromethane and precipi-
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tated in diethyl ether and this process was repeated three times

to get rid of impurities and small molecules.

'H NMR characterization was carried out using a Bruker AV
spectrometer at a frequency of 400 MHz at room temperature.
CDCl;3 and tetramethylsilane were used as solvents for the sam-
ples and internal reference, respectively. The sample concentra-

tions were all fixed at 5 mg/mL.

The molecular weight and polydispersity index of synthesized
PLAs were measured by GPC. THF was used as the eluent at a
flow rate of 1.0 mL/min, while 2% of triethylamine was added
to the solvent before dissolving the samples to avoid the tailing
and adsorption phenomenon. The concentration of the polymer

samples were all at 2 mg/mL.

Microcapsule preparation

Calcium carbonate microparticles (3 um in diameter) were
synthetized by mixing at 900 rpm with volumes of 0.33 M
calcium chloride and 0.33 M sodium carbonate solutions ac-

cording to the following reaction [55,56]:

CaCl, + Na,CO3; — CaCOj; + 2NaCl 1)

Calcium carbonate microparticles were used as sacrificial
microtemplates for the assembly of polymeric microcapsules.
As soon as the microparticles were synthetized, the adsorption
steps (15 min in duration) of anionic PSS (2 mg/mL in
0.5 M NaCl) and cationic PAH (2 mg/ml in Milli-Q water) fol-
lowed. After each adsorption step, three washings in Milli-Q
water (1500 rpm for 1 min) were carried out. Once the four bi-
layer structures were deposited, one layer of PLL (5 mg/mL in
Milli-Q water) was let to adsorb for 30 min on the top of the
(PSS/PAH) multilayer, and again three washings followed. At
this point, the coated templates were transferred in acetonitrile
for the next PLA adsorption steps. PDLA and PLLA (5 mg/ml
in 45 °C Acetonitrile) were let to adsorb for 1 h in acetonitrile at
45 °C, and each adsorption step was followed by three washing
steps in acetonitrile. The process was carried out until three
(PDLA/PLLA) bilayers were adsorbed, and the final structure
(PSS/PAH)4/PSS/PLL(PDLA/PLLA)3 was obtained.

The same procedure was used for the fabrication of the multi-
layer structure PLL(PDLA/PLLA), directly on calcium
carbonate microtemplates. The obtained PLA-coated particles
were then transferred back to water after washing off the
organic solvent and the CaCOj cores were solubilized by
0.2 M EDTA solution. The hollow microcapsules were redis-

persed in water and were stored in a refrigerator at 4 °C.
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Quartz crystal microbalance

A homemade quartz crystal microbalance (QCM) with a reso-
nance frequency of 10 MHz was used for measurements. Before
the multilayer deposition, the quartz electrodes were cleaned
with piranha solution (H,S04:30% H,0, aqueous solution,
3:1 in volume) for 2 min, followed by two washing steps in
pure water and a final drying step in nitrogen flux. The amount
of polymer adsorbed, Am, could be calculated by measuring the
frequency decrease in the QCM, AF, using the following
equation:

—AF (Hz) = 0.55Am(ng), )

derived from Sauerbrey’s equation [57],

2R}
~AF(Hz) = ——=2

———=Am(ng), 3
Afiope 3)

where F is the resonance frequency of the quartz crystal
oscillator, 4 is the area of the electrode (0.205 cm?), pq is the
quartz density (2.648 g/cm?), and Mq is its shear modulus
(2.947-10'! g/cm-s?).

The cleaned electrodes were immersed into aqueous solutions
of PSS and PAH (2 mg/mL) for 15 min and PLL (5 mg/mL) for
30 min, then taken out, rinsed thoroughly with pure water, and
dried with N». Since the quartz crystal surface is mostly nega-
tively charged, PAH was deposited as the first layer.

The QCM was then immersed into acetonitrile solutions of
PDLA and PLLA (5 mg/mL) for 1 h at 45 °C. Again, after
removal from the PLA solutions, the coated electrodes were
rinsed thoroughly with acetonitrile at 45 °C and dried with N.
The deposition steps were repeated until the desired multilayers,

with and without PEM precursor, were obtained.

Ellipsometry

The thickness of the PLA films deposited on silicon substrates
was measured by a J. A. Woollam alpha-SE ellipsometer. A
proper model should be chosen before the measurement to fit

the given substrate and to minimize the error.

Before deposition of PLA, PLL was deposited on the silicon
substrate to establish an interaction with PLA to form multi-
layers [45]. In detail, a 1 x 1 cm silicon substrate was immersed
in a polylysine solution at a concentration of 5 mg/mL at 25 °C

for 30 min. After the washing and drying steps, the substrate
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was alternately incubated in the PDLA/PLLA solutions for a
similar deposition process. The measurement of thickness was
recorded after the substrate was completely dried, after each
deposition step.

ATR-FTIR measurements

Attenuated total reflection Fourier transform infrared spec-
troscopy (ATR-FTIR) spectra were obtained with a Bruker
A225/Q device equipped with a Bruker MCT detector. Each
spectrum was recorded with a total of 32 scans at a 4 cm™ ! reso-
lution. The PDLA/PLLA sterecocomplex was obtained by
mixing 1:1, 5 mg/mL solutions at 50 °C. The samples were pre-
pared by pouring drops of the stereocomplex and the microcap-
sules on glass slides. The solvent was allowed to evaporate at

room temperature for at least 48 h before measurement.

Differential scanning calorimetry

The melting point of different PLA samples was characterized
by a Mettler Toledo DSC822¢ instrument. The polymer powder
was first filled into a steel sample holder and then was sealed by

immobilizing a cap before being put into the instrument.

Wide X-ray diffraction
Wide angle X-ray diffraction spectrometry was employed to
analyze the crystallinity of the polymers with a Siemens D5000

X-ray powder diffractometer ranging from 5° to 30°.

Scanning electron microscope

SEM measurements were carried out with an Inspect FEI instru-
ment from Oxford Instruments at an operation voltage of 10 kV.
A drop of the sample solution was placed onto a glass wafer,
dried overnight at room temperature, and sputtered with gold

before analysis.

Transmission electron microscope

A JEOL 2010 TEM was applied to observe the inner morpholo-
gy of PLA microcapsules as well as roughly measuring the
thickness of their shell. The diluted microcapsule solution was
pipetted onto a copper grid and left to dry in air overnight

before measurement.
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Abstract

This work addresses the formation and the internal morphology of polyelectrolyte layers obtained by the layer-by-layer method. A
multimodal characterization showed the absence of stratification of the films formed by the alternate deposition of poly(diallyl-
dimethylammonium chloride) and poly(sodium 4-styrenesulfonate). Indeed the final organization might be regarded as three-
dimensional solid-supported inter-polyelectrolyte films. The growth mechanism of the multilayers, followed using a quartz crystal
microbalance, evidences two different growth trends, which show a dependency on the ionic strength due to its influence onto the
polymer conformation. The hydration state does not modify the multilayer growth, but it contributes to the total adsorbed mass of
the film. The water associated with the polyelectrolyte films leads to their swelling and plastification. The use of X-ray photoelec-
tron spectroscopy has allowed for deeper insights on the internal structure and composition of the polyelectrolyte multilayers.
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Introduction

The new requirements of science and technology have created
an increasing interest for the fabrication of materials with
reduced dimensionality for their application in several fields, in-
cluding optics, electronics, coatings and biomaterials (drug
delivery and tissue engineering). In order to create the afore-
mentioned materials, the development of new bottom-up tech-
niques, which allow one to control the properties and structure
of the materials at the sub-micrometric scale, has become neces-
sary [1-3]. Among these techniques, the layer-by-layer (LbL)
self-assembly has become probably one of the most promising
[4,5], due to its high versatility and low costs [6,7]. Further-
more, a very broad range of compounds can be assembled
through LbL: synthetic polyelectrolytes, biopolymers — such as
peptides, proteins and nucleic acids — colloidal particles, car-
bon nanotubes, and/or microgels [8-10], which confers to this
method an almost unlimited chemical versatility. Even though
the method frequently makes use of electrostatic interactions,
the multilayers can also be built based on other intermolecular
forces, for instance hydrogen bonds, acid—base reactions, cova-

lent cross-linking and host—guest interactions [11,12].

Polyelectrolyte multilayers can be considered an example of
non-equilibrium materials, because the corresponding soluble or
insoluble complexes are more stable from the thermodynamic
point of view [13]. Thus, the structure and properties of the
final film are expected to be strongly dependent on the experi-
mental protocol followed for its fabrication. Many variables
have strong influence on the final structure of LbL films, hence
to know their role during film formation is critical for control-
ling the structure and physicochemical properties of the films
[13]. Among the most relevant variables are the charge density
of the molecules, the concentration of the solution used, ionic
strength, solvent quality for the molecules, pH, and temperature
[13].

In the last years, a lot of theoretical and experimental research
effort has been spent to understand the different growth mecha-
nisms that appear during the alternate deposition of the layers,
the quantification of the adsorbed amount of material in each
adsorption cycle, as well as the developments of technological
applications for the manufactured systems [3]. Despite the ex-
tensive research, certain aspects that play an important role in
the applications for these systems still remain unclear [14].
Among these aspects the internal composition of the multi-
layers (ionic composition and water content), the internal struc-
ture of the films and their mechanical properties are probably
the most important [15-19].

This work studies polyelectrolyte multilayers formed by
poly(diallyldimethylammonium chloride) (PDADMAC) and
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poly(sodium 4-styrenesulfonate) (PSS) from solutions of differ-
ent ionic strength [19-22]. This system is well-studied in litera-
ture and can be considered as a paradigm for the study of the
multilayer behavior even though their practical applications are
limited [16,19,23-25]. We have performed a study to analyze
the effect of the ionic strength on the internal structure and
composition of polyelectrolyte multilayers with a variety of
techniques. Following this approach, we have contributed to
solve some controversial aspects related to the role and distribu-
tion of the ions and water within the films, i.e., the internal
composition of the films, as well as to the internal morphology
of the films, i.e., the absence of stratification. Furthermore, the
comparative study of multilayers as prepared and after drying
has allowed us to deepen the understanding about the physico-
chemical foundations that govern the formation and properties
of polyelectrolyte films.

Experimental

Chemicals

The poly(sodium 4-styrenesulfonate) (PSS) used had a molecu-
lar weight of 70 kDa. The poly(diallyldimethylammonium chlo-
ride) (PDADMAC) had a molecular weight in the range of
200-350 kDa. Both polymers were purchased from Sigma-
Aldrich (Germany) and used without further purification. The
ionic strength of the solutions was controlled by adding NaCl
(Sigma-Aldrich, purity > 99.9%). The water used for all the ex-
periments was of Milli-Q quality (Millipore RG model). All the
experiments were done at (298.1 £ 1.0) K.

Layer-by-layer assembly

In a similar manner as described in [8], the multilayers were
formed from polyelectrolyte solutions of different ionic
strengths, /. Between the adsorption of successive layers, the
multilayers were rinsed with the solvent used for preparing the
polyelectrolyte solutions. The rinsing process removed the
polymer chains that were not strongly adsorbed. Thus the fabri-
cation of the films follows a typical adsorption sequence poly-
cation—rinsing—polyanion-rinsing. All the adsorption steps were
performed under static conditions, without any stirring in the
adsorption cell.

For some of the studies performed, the drying of the multi-
layers was carried out between the rinsing and the deposition of
the second polyelectrolyte layer following the above described
procedure. For this purpose, the films were exposed to highly
purified nitrogen flow after each adsorption-rinsing cycle.

Dissipative quartz crystal microbalance (QCM-D)

We have used a dissipative quartz-crystal microbalance (QCM-
D) from KSV (Model QCM Z-500, Finland) for the study of the
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wet films, and an impedance/gain phase analyzer from Hewlett-
Packard (HP4194A, U.S.A.) coupled to a QCM electrode for
the study of the dry films. In similar manner as described in
[19], the gold coated AT-cut quartz crystals were cleaned with
piranha solution (70% H,S04/30% H,0;) over a period of
thirty minutes and then thoroughly rinsed with pure water. The
characteristic frequency of the quartz crystal in vacuum was
fo = 5 MHz. A self-assembled monolayer of sodium
3-mercapto-1-propanesulfonate was initially formed on the sur-
face of the gold electrode of the quartz crystal, in order to
obtain a charged substrate [19]. QCM-D provided the imped-
ance spectra of the crystal for the fundamental resonance fre-
quency and for its odd overtones, v, up to 11 [26].

Ellipsometry

An imaging null-ellipsometer from Nanofilm (Model EP3,
Germany) was used; all the experiments were carried out on a
solid-liquid cell at a fixed angle of 60°. Silicon wafers
(Siltronix, France) were used as the substrates. In order to
obtain the ellipsometric thickness, 4, and the refractive index,
ng, of the layers a four layer model has been used, as in a
previous work [20]. From the results obtained from ellipsom-
etry it was possible to calculate the mass adsorbed on the sub-
strate, I', using De Feijter’s equation [27],

r:(”f_”l)hop 0
(dn/dc)T ’

where n¢ and ny, are the refractive index of the film and solvent,
respectively. The (dn/dc)y values measured for PDADMAC and
PSS are 0.213 and 0.178 cm?/g, respectively [20].

X-ray reflectivity

The reflectivity experiments were performed using silicon as
substrates. X-ray experiments were made in a conventional
diffractometer X Pert Pro MRD from Panalytical (Netherlands).
The analysis of X-ray reflectivity data was made using the soft-

ware Package Parrat 32 from HMI (Berlin, Germany).

X-ray photoelectron spectroscopy

Surface chemical analysis of the samples was carried out by
X-ray photoelectron spectroscopy (XPS) by using an
ESCAPROBE P (Omnicron) spectrometer. The measurements
were carried out with a Mg Ka (1253.6 eV) source operated at
150 W. The residual pressure was lower than 1077 Pa during the
collection of the spectra. The hemispherical analyzer EA 125
operated in constant analyzer energy mode and the pass energy
was switched to 20 eV for transitions C 1s, Cl 2p, N 1s, Na 1s,
O 1s and S 2p. Under these conditions the FWHM of the Ag
3ds/, peak at 368.1 eV was 1.0 eV. Angle resolved spectra were

Beilstein J. Nanotechnol. 2016, 7, 197-208.

collected at five sequentially increased electron emission angles
to the normal of 10° from 0 to 40°, without modification of the
source-to-detector configuration. This methodology provides
information in depth equal to the cosine of the angle between
the surface normal and the analysis direction. Data analysis of
core level XPS spectra was conducted with Casa-XPS software,
Relative sensitivity factors (RSF) employed: C 1s (1); Cl 2p
(1.48); N 1s (1.77); Na 1s (7.99); O 1s (2.85); and S 2p (1.25).

Surface potential measurements

A Kelvin probe from Trek, Inc. (U.K.), located approximately 2
mm above the substrate, was used in order to measure the sur-
face potential (AV) of the multilayer in the dry state after each
cycle of deposition. The surface potential measurements are

referenced to the value of AV of the bare solid—air interface.

Atomic force microscopy

AFM measurements were performed in air at room temperature
using a Nanoscope III (Digital Instruments, USA) in the tapping
mode. A silicon tip, model RTESP (Veeco Instrument Inc,
USA), was used for the measurements. The AFM images were
processed using the software WSxM from Nanotec Electronica
[28].

Results and Discussion

Wet films vs dry films

The growth of polyelectrolyte multilayers of (PDADMAC +
PSS)y was followed by monitoring the frequency shift (Af) of
the QCM-D normalized by the overtone number (v), —Af/v, as a
function of the number of bilayers (V) [19,29]. It is well known
that the adsorbed mass calculated using Sauerbrey’s equation
underestimates the real mass of viscoelastic films [30-32].
Figure 1 shows the frequency shift as a function of N for wet
and dry multilayers (PDADMAC + PSS)y. The differences be-
tween wet and dry multilayers are consequence of differences in
the preparation method (see section “Layer-by-layer
assembly”). The introduction of a drying step is expected to

have a strong effect on the multilayer growth.

From the results shown in Figure 1 it is possible to evaluate dif-
ferent aspects of the behavior of the multilayers related mainly
to their growth. The adsorbed mass increases (higher decrease
in the resonance frequency of the overtones) with the ionic
strength, /, in both wet and dry films. This is explained consid-
ering the conformational changes of the polyelectrolyte chains
due to the modification of the ionic strength [19]. In fact, the
increase of / leads to a screening of the charge of the chains that
leads to the change from an extended to a coiled conformation.
Thus the number of molecules that can be adsorbed to coat the
surface increases and consequently the surface coverage in-

creases. Furthermore, the increase in / provokes the transition
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Figure 1: The reduced frequency of the quartz crystal for the different overtones measured (overtones v = 3, 5 and 7) as a function of N for multi-
layers (PDADMAC + PSS)y formed from solutions with different ionic strength. (a) 0.05 M (b) 0.10 M (c) 0.30 M (d) 1.00 M. In all the plots: Wet multi-

layers (open symbols) and dry multilayers (solid symbols).

from a linear dependence of the mass on N to a non-linear one,
in accordance with previous results [19,23-25]. High values of /
lead to the adsorption of coiled chains, increasing the area avail-
able to the adsorption in the successive deposition cycles and
consequently the growth dependence on N becomes supra-
linear. This is also associated with an increase of roughness of
the films (roughness data for different (PDADMAC + PSS)y
are reported in Table 1) as it can also be seen in the AFM image
analysis in Figure 2.

Table 1: Roughness for (PDADMAC + PSS)y multilayers at different
ionic strengths (dry films).
CNacl [M] N

roughness [nm] technique

3 6+2 X-ray reflectivity

6 3.8+05 AFM

6 6+1 X-ray reflectivity
0.10 9 4+1 X-ray reflectivity

12 5+1 X-ray reflectivity

15 78+05 AFM

15 6+2 X-ray reflectivity
0.50 12 12.1+0.5 neutron reflectivity
1.00 7 17.8+0.5 AFM

The AFM images (Figure 2) show a more inhomogeneous
topology and a higher roughness for the film built using solu-
tions with high ionic strength. Recent works have shown that

the increase of roughness is deeply related to the non-linear

growth [21,22,30,31,33]. But this influence of the increasing
roughness on the transition between different growth mecha-
nisms does not allow us to rule out the contributions associated
with inter-diffusion of the polymers [10,34,35]. However, a
quantitative discussion of the potential effect of the inter-diffu-
sion to the multilayer growth on the basis of equilibrium results
is difficult, and no additional discussion related to this aspect
will be included.

It is worth mentioning that the growth trend, i.e., the depen-
dency of the adsorbed mass on N, is not modified by the drying
of the films. This allows us to suggest that the growth trend is
determined exclusively by the specific interactions occurring in
the system and the polymer conformation, without effects due
to the hydration/swelling phenomena associated with the

uptake/release of water.

Even though the N dependence of the adsorbed mass is not
changed by the drying process, other aspects are strongly modi-
fied by the film drying, among them the most evident is the
adsorbed mass (see Figure 1). Because the QCM-D detects both
the polymer adsorbed and the hydration water, drying of the
films reduces the adsorbed mass (lower resonance frequency
shift). The drying process makes the polymer matrix shrink,
which is critically related to the mechanical properties of the
film. In fact, from the separation of the values of —Af/v for the
different overtones found in the QCM-D results [30-32], it is
possible to predict the existence of modifications in the me-

chanical behavior of the films due to the drying process.
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Figure 2: AFM images and height profiles taken along the diagonal of the images for multilayers (PDADMAC + PSS)y built using solutions with two

different ionic strength. (a) 0.10 M (N = 15). (b) 1.00 M (N = 7).

The dependence of the normalized frequency on the number of
the overtone allows us to make a qualitative discussion about
the viscoelastic character of the layers [36]. The drying process
leads to the collapse of the different overtones of the quartz
crystal in a master curve. This is related to the transition from a
viscoelastic behavior (lacked overlapping of the overtones) to a
rigid one (Sauerbrey limit where the overtones define a master
curve) [31]. Thus, it is possible to ascribe this change in the me-
chanical behavior of the layers to the release of water that leads
to an increase of the ionic pairing and consequently to an in-
creased rigidity of the multilayers in agreement with the results
by Nolte and co-workers [37]. The presence of water induces a
plastification of the film with the corresponding effect on the
mechanical response of the multilayer. In addition, the increase
of the ionic strength increases the viscoelastic character of the
films, which is correlated to the formation of layers with more
swollen chains [19]. It is expected that these swollen chains trap
higher amounts of water, which leads to the most important
plastifying effects [19]. We have calculated the water content
using QCM-D and ellipsometry data following the method pro-
posed by Voros [19,38-41]. Figure 3 shows the water weight
fraction, Xy, for (PDADMAC + PSS)y films.

The water content decreases as N increases, which agrees with
the behavior reported for other films [42,43]. This behavior is
due to the fact that the first layers adsorbed form an inhomoge-
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Figure 3: (a) Weight fraction of water as a function of N, obtained
following the methodology proposed by Véros [38], for (PDADMAC +
PSS)y films formed at two different ionic strengths: 0.10 M (solid
squares) and 0.50 M (open circles). (b) ) Weight fraction of water as a
function of the ionic strength for (PDADMAC + PSS)y films: obtained
through the methodology proposed by Véros [38] (solid triangles) and
through XPS (open triangles). The solid lines are to guide the eye.

neous film, forming isolated island that coalesce as NN increases
[33,44,45]. This mechanism is also supported by the theoretical
considerations based on the electrostatic interaction of charged
objects onto opposite charged surfaces [46]. The results in
Figure 3 point out that X, slightly increases with ionic strength,
as expected from the adsorption of more hydrated chains at
higher values of ionic strength. Multilayers with high N present
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always average values of water content around the 20-60% of
the total weight of the multilayer. Figure 3b shows that XPS
technique leads to the same qualitative trend. Even though, the
water content is not directly obtained from XPS measurements,
it is possible to estimate it as

[H,O] = [oxygen] -3 -[sulfur]. )

It is worth mentioning that the water content estimates from
XPS refer to the water molecules that remain trapped in the
multilayer after the drying process [47]. This allows for
explaining the differences observed in the results obtained using
the two procedures described above (see Figure 3b). The
residual water that remains in the multilayer is more or less half
of the quantity that exists under wet conditions, and it is related
to the increase of the relative proportion of counterions in the
multilayer with ionic strength as will be discussed in the
following.

The swelling ratio of the films can be calculated following
Schonhoff et al. [48] according to

hop —hx.
S = op X-ray ’ 3)
hop

where Ay, is the thickness calculated from ellipsometry for wet
films, and /x_;ay the value obtained using X-ray reflectivity for
dry multilayers. The results are shown in Figure 4.

For multilayers obtained at an ionic strength of 0.10 M, S is in
the range of 20-35% and slightly increases with N, which is
qualitatively similar to what was found by Dodoo and
co-workes [49]. This is in agreement with a transition from an
intrinsic compensation to an extrinsic one with the increase of N
[50,51] that has a strong influence on the viscoelastic character
of the film (Figure 1) [36] due to the reduction of the ionic
cross-linking between chains in adjacent layers associated with
the transition between intrinsic to extrinsic compensation.
Table 2 reports the swelling ratio for multilayers formed at two
different ionic strengths with N = 12.

The degree of swelling of the multilayers can be related to the
rigidification of the films upon drying (Figure 1). It is expected
that films with low degree of swelling exhibit a strong ionic
cross-linking under hydrated conditions with their rigidity
almost unaffected during the drying process. On the other side,
the films with the higher degree of swelling (under conditions
of high ionic strength) are expected to exhibit a low level of
ionic cross-linking, which leads to their rigidification upon

dehydration. This is in accordance with the results obtained by
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Figure 4: (a) Multilayer thickness of (PDADMAC + PSS)y films formed
at an ionic strength of 0.10 M as a function of N, measured under wet
conditions (ellipsometry) and dry conditions (X-ray reflectivity).

(b) Swelling ratio as a function of N for the multilayers of part a. The
lines are to guide the eye.

Table 2: Thicknesses (ellipsometry (wet films), hop, and X-ray reflec-
tivity (dry films), hx.ray) and swelling ratio, S, for (PDADMAC + PSS)y
multilayers (N = 12) formed from solutions with two different ionic
strengths.

CNacl [M]  wet films hgp [nm] dry films S

hx-ray [Nnm]
0.10 84 +5 593 0.30 £ 0.05
0.50 316+5 95+ 13 0.67 +0.03

Secrist and Nolte for spin-coated multilayers of (poly(allyl-
amine) + poly(acrylic acid))y [52].

Internal structure: evidence of a

non-stratified system

X-ray photoelectron spectroscopy (XPS) provides valuable
information about the surface chemistry of the samples. A
method to provide depth profiles (with different penetration
depths, x) is angle-resolved XPS. In this method the electron
path through the solid, i.e., three times the inelastic mean free
path, is related to the change of the emission angle, o,

x=3A-cosq. 4)

At higher emission angles (with respect to the normal angle) a

higher surface sensitivity is achieved. In order to obtain insights
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on the internal structure of the LbL films, we collected spectra
at different emission angles while recording two different ele-
ment representing each of the polymers, nitrogen for
PDADMAC and sulfur for PSS. Thus, XPS can reveal informa-
tion about a lamellar or disordered structure of the samples.
Figure 5a and Figure 5b report the dependence of the element
content of nitrogen and sulfur in the films on the ionic strength

for different emission angles.
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Figure 5: (a) Dependence on the salt concentration of the atomic frac-
tion of nitrogen in (PDADMAC + PSS)y films, obtained by XPS mea-
surement at different angles of electron emission: (squares) -40°,
(circles) —30°, (upward triangles) —20°, (downward triangles) —10°,
(diamonds) 0°, (leftward triangles) 10°. The solid lines are to guide the
eye. (b) Dependence on the salt concentration of the atomic fraction of
sulfur in (PDADMAC + PSS)y films, obtained by XPS measurement at
different angles of electron emission: (squares) —40°, (circles) -30°,
(upward triangles) —20°, (downward triangles) —10°, (diamonds) 0°,
(leftward triangles) 10°. The solid lines are to guide the eye.

(c): Dependence on the salt concentration for the ratio between posi-
tive and negative charges in (PDADMAC + PSS)y films, obtained by
XPS measurement at normal angle of incidence and 0° emission
angle. The solid line is to guide the eye.

0.00
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The atomic content remains almost constant with increasing
ionic strength. Indeed, the atomic fractions of nitrogen and
sulfur are both independent of the angle of incidence. This
confirms the strong interdigitation of the successively adsorbed
layers; PDADMAC and PSS form quasi-homogeneous mixed
films. It is expected that this absence of stratification in the
multilayer define the interactions within the film and the prop-
erties of the manufactured materials. Additional evidence of this
absence of stratification can be obtained from the XPS measure-
ments following the method proposed by Raposo and
co-workers [47]. We have measured the ratio between the total
content of positive (sodium and nitrogen) and negative charges
(sulfur and chloride) in the multilayers. Values of this ratio
close to unity indicate non-stratified films whereas values
higher or lower than unity evidence the stratification of the
multilayers [47]. Figure 5S¢ shows the dependence of this ratio
for (PDADMAC + PSS)y multilayers on the ionic strength.
These results confirm the absence of stratification of the films,
in agreement with previous studies based on reflectivity tech-
niques (X-Ray and neutrons) [19,21,22], and contrast with the
stratification found for [poly(allylamine) + PSS]y multilayers
[17,18].

Moreover, a more detailed analysis of the XPS results in
Figure 5a and Figure 5b provides additional insights in the
adsorption of the different polymers in the multilayers. It is ob-
served that the nitrogen content slightly increases with the ionic
strength, while the content of sulfur remains constant, which
means that the ionic strength affects the adsorption of
PDADMAC but has a negligible effect on the adsorption of
PSS. As it will discussed below this conclusion agrees with

ellipsometry results.

Ellipsometry is a technique that evaluates the adsorbed mass
through the refractive index contrast between the adsorbed
layers [53] and allows one to obtain the adsorbed mass of each
layer. Figure 6a shows the thickness change, Ak, for the
adsorption of each layer for wet multilayers (PDADMAC +
PSS)y under different assembly conditions (linear and non-
linear growth). They show a clear odd—even effect in the
successive adsorption cycles [19,54]. These results confirm the
dependence on the ionic strength of the adsorbed amount of
PDADMAC discussed above (the change from 0.10 M to
0.50 M leads to a thickening of the PDADMAC layers by a
factor of six), whereas the adsorption of PSS does not show any
significant change. This reflects the importance of the assembly
conditions in the control of the multilayers fabrication.

The ellipsometric thickness can be related to the number of

polymeric chains by a simple modification of de Feijter’s equa-

tion (Equation 1) as we have discussed in a previous publica-
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Figure 6: (a) Variation of thickness, obtained using ellipsometry for the
adsorption of single layers, as a function of N for (PDADMAC + PSS)y
films formed at two different ionic strengths: 0.10 M and 0.50 M.

(b) Dependence on the salt concentration of the ratio between nitrogen
and sulfur contents in (PDADMAC + PSS)y, films obtained from ellip-
sometry (solid squares) measurements average over 12 bilayers and
by XPS (open circles) measurements at 0°. The solid line is to guide
the eye.
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tion [42]. Following this approach it is possible to assume that
the monomer surface density, ppmonomers fOr €ach single layer
can be obtained as

NI

Pmonomer = >
M,

®)

where Ny is the Avogadro constant, I' the surface concentration
obtained by de Feijter’s equation (Equation 1) and M, is the
molecular weight of the monomers. Equation 5 quantifies the
surface density of the marker atoms p(X) = Pmonomer
(X = nitrogen or sulfur). Considering this, we can define the
ratio between the atomic contents of nitrogen and sulphur in the
multilayer directly by the following expression,

3 p(nitrogen)
b= p(sulfur) &)

Figure 6b reports the average ratio between the atomic contents
of nitrogen and sulphur in the multilayer obtained from ellip-
sometry. For this purpose, the average value obtained over
twelve bilayers will be considered. The ratio obtained from XPS
results obtained at normal emission angle is reported together to
the average ratio calculated from Equation 6 based in ellipso-
metric measurements. The results obtained using both tech-
niques show a good qualitative agreement. In both cases, an in-
creasing trend is observed in the atomic ratio with the increase

of the ionic strength.

Chemical composition of the multilayers

The XPS report allows one to perform a detailed chemical char-
acterization of the multilayers. Figure 7 shows the chemical
composition of the main components of the multilayers in rela-

0.20

m  [Sodium}[Carbon] :
[Chloride][Carbon] 3

B L]

XPS atomic percentage ratio

NaCIl/M

Figure 7: Atomic ratios obtained from XPS measurements at an angle of electron emission of 0°. (a) Ratios of [nitrogen]/[carbon] and [sulfur]/[carbon].
(b) Ratios [sodium]/[carbon] and [chloride]/[carbon]. The solid line is to guide the eye.
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tion to those of the carbon, since it is expected that the carbon

content is not sensitive to V.

The contents of sulphur and nitrogen decrease with increasing
ionic strength, whereas those of the counterions increase, in
qualitative good agreement with the results of Raposo et al. [47]
for multilayers of PSS + poly(o-methoxyaniline) emeraldine
salt. This behavior is explained by the co-deposition of counter-
ions with the polymer chains, which becomes more prominent
as the ionic strength increases. This type of behavior is on the
basis of a charge compensation mechanism that will be dis-
cussed below. The compensation mechanism is related to the
relative proportion between the number of polymer chains
defined by the nitrogen and sulfur contained in the multilayers
and the number of counterions (sodium and chloride). Consid-
ering this fact, the simultaneous deposition of counterions and
polymer chains from the bulk govern the ionic pairing between
adjacent layers.

Charge in polyelectrolyte multilayers

The charge of polyelectrolyte multilayers is one of the most
critical aspects for the understanding of the physicochemical
phenomena occurring in these soft systems. When we speak
about the charge in polyelectrolyte multilayers, it is necessary to
consider two different aspects that influence the film assembly:
the charge inversion (overcompensation) that occurs during
the deposition of the successive layers, and the charge
compensation that ensures the neutrality of the supramolecular
architecture.

The charge inversion or overcompensation has been tradition-
ally considered as the main driving force for the assembly of
polyelectrolyte films obtained by LbL methods [16,55]. In order
to evaluate the charge inversion due to the sequential adsorp-
tion of layers with opposite charge, measurements of the
changes of the surface potential, AV, have been performed
(Figure 8a). The surface potential value changes between posi-
tive and negative values for the alternated adsorption of poly-
cation and polyanion layers, respectively. Note that even the
changes of the surface potential with N are similar to those ex-
pected for the (-potential; the absolute values measured by the
Kelvin probe are referred directly to the potential on the sur-
face whereas conventional measurements of {-potential are re-
ferred to an average charge within a larger area of the surface
layer [56]. Figure 8a shows the surface potential of multilayers
(PDADMAC + PSS)y adsorbed at different ionic strength as a
function of N.

The AV values for the polyelectrolyte multilayers do not show
any dependence on the ionic strength, which indicates the exis-

tence of a self-limited adsorption determined by the specific
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Figure 8: (a) Changes in the surface potential, AV, as a function of N
for (PDADMAC + PSS)y films formed at different ionic strengths. The
different symbols represent different ionic strengths: (open squares)
0 M, (open circles) 0.05 M, (open triangles) 1.00 M. (b) Ratios of
[sodium]/[sulfur] and [chloride]/[nitrogen] as a function of the ionic
strength obtained for dry multilayers from XPS spectra. The lines are
to guide the eye.

nature of the polyelectrolyte pair [22,57], i.e., the adsorption of
a polyelectrolyte occurs until a certain degree of charge inver-
sion is reached, independently of the assembly conditions. This
is explained considering that the increase of the ionic strength
reduces the effective charge density of the polyelectrolyte
multilayers, thus the overcompensation threshold is reached for
higher amounts of adsorbed polymer.

Despite the charge overcompensation, the multilayer must be
neutral from a macroscopic point of view [15,16,58]. A quanti-
tative evaluation of the compensation can be obtained from the
ratio of monomers with positive and negative charge in adja-
cent layers as was described in [8,42]. This method showed the
extrinsic compensation for the (PDADMAC + PSS)y system,
independently of the ionic strength [19]. In addition, the content
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in PDADMAC is always higher than that of PSS as discussed
above. This allows one to conclude that the content of chloride
anions must be higher than that of the sodium cations. This
latter is related to differences of the type of compensation
implied in polycation and polyanion layers in agreement with
the results by Lehaf and co-workers [59]. They found that
PDADMAC-capped multilayers evidence a strongly extrinsic
compensation whereas PSS-ended films are intrinsically

compensated.

Moreover, the increase of the compensation ratio with the ionic
strength is ascribable to the effect of entropic factors on the
adsorption of the polyelectrolyte multilayers [16,19,58]. For
low ionic strengths, the release of counterions strongly in-
creases the entropic contribution to the adsorption process. This
makes the charge compensation by the ionic pairing between
polyelectrolytes in adjacent layers more favorable than the
compensation through condensation of counterions. On the
other side, the increase of the ionic strength reduces the impor-
tance of the entropic factor with the subsequent increases of the
extrinsic compensation with counterions association to the
films. Additional insights related to the charge compensation
can be obtained using XPS [47,60,61]. Figure 8b reports the
ratios of [sodium]/[sulfur] and [chloride]/[nitrogen].

Figure 8b shows that the role of the extrinsic compensation in
PDADMAC layers is significantly enhanced with the increase
in the ionic strength. This is associated to the strong screening
effect of NaCl on the charge of PDADMAC. This implies that
the amount of counterions associated with the PDADMAC
layers increases with the ionic strength. On the opposite side,
PSS layers show different behavior with the ratio that defines
the degree of extrinsic compensation of PSS layers being almost
independent on the ionic strength up to values higher than
0.5 M, where a slightly increase of the ratio of [sodium]/[sulfur]
occurs. This is a further confirmation of the reduced effect of
NaCl on the adsorption of PSS for low and moderate ionic
strengths. The different trends found for the ratios of
[sodium]/[sulfur] and [chloride]/[nitrogen] agree with the
conclusion obtained from ellipsometry.

Conclusion

The electrostatic self-assembly, using the LbL approach, of
polyelectrolyte layers formed by PSS as polyanion and
PDADMAC as polycation has been studied through different
techniques that allowed for a better understanding of the multi-
layer internal composition and interactions. Different physico-
chemical aspects have been evaluated for this model system and
it has been possible to conclude that the growth and properties
of (PDADMAC + PSS)y films are mainly controlled by a com-
plex interplay between three main parameters such as the hydra-
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tion/swelling induced by the solvent, the charge compensation
mechanism and the ionic pairing between polyelectrolytes in
adjacent layers. The study of hydrated and dry films have
demonstrated that the main physicochemical features of poly-
electrolytes multilayers are similar independently of the hydra-
tion of the films with the water playing a key role in the
swelling of the supramolecular architecture and adding mass to
the hydrated films. The important contribution of the water as
swelling agent of the films plays a central role for controlling
the ionic cross-linking between adjacent layers, and conse-
quently the mechanical properties of the films. The results have
pointed out that swollen layers present always a most visco-
elastic character than shrunk and dry films. The analysis of the
structural aspects has pointed out the formation of intermixed
layers of PDADMAC and PSS without evidences of stratifica-
tion in the films.

Acknowledgements

This work was supported in part by MINECO under grant FIS
2012-28231-C02-01 and FIS 2014-62005-EXP, by ESA under
grants FASES and PASTA, and by EU under grant Marie Curie
ITN-CoWet, and carried out in the framework of the ESF-
COST Actions CM1101 and MP1106. The authors are grateful
to the CAI of Spectroscopy and of X-ray diffraction both of the
Complutense University of Madrid for the use of their facilities.
EG and AM want to thank to the MINECO and RSC for the
JdC contract and the Newton Fellowship, respectively.

References

1. Lehn, J.-M. Science 2002, 295, 2400-2403.
doi:10.1126/science.1071063

2. Lehn, J.-M. Proc. Natl. Acad. Sci. U. S. A. 2002, 99, 4763—-4768.
doi:10.1073/pnas.072065599

3. Decher, G.; Schlenoff, J. B., Eds. Multilayer Thin Films-Sequential
Assembly of Nanocomposite Materials; Wiley-VCH: Berlin, Germany,
2003.

4. ller, R. K. J. Colloid Interface Sci. 1966, 21, 569-594.
doi:10.1016/0095-8522(66)90018-3

5. Decher, G. Science 1997, 277, 1232—-1237.
doi:10.1126/science.277.5330.1232

6. Hammond, P. T. AIChE J. 2011, 57, 2928-2940.
doi:10.1002/aic.12769

7. Schlenoff, J. B. Langmuir 2009, 25, 14007-14010.
doi:10.1021/1a901950c

8. Guzman, E.; Chulia-Jordan, R.; Ortega, F.; Rubio, R. G.
Phys. Chem. Chem. Phys. 2011, 13, 18200—18207.
doi:10.1039/c1cp21609k

9. Correa-Duarte, M. A.; Kosiorek, A.; Kandulski, W.; Giersig, M.;
Liz-Marzan, L. M. Chem. Mater. 2005, 17, 3268-3272.
doi:10.1021/cm047710e

10. Picart, C.; Mutterer, J.; Richert, L.; Luo, Y.; Prestwich, G. D.;
Schaaf, P.; Voegel, J.-C.; Lavalle, P. Proc. Natl. Acad. Sci. U. S. A.
2002, 99, 12531-12535. doi:10.1073/pnas.202486099

206


http://dx.doi.org/10.1126%2Fscience.1071063
http://dx.doi.org/10.1073%2Fpnas.072065599
http://dx.doi.org/10.1016%2F0095-8522%2866%2990018-3
http://dx.doi.org/10.1126%2Fscience.277.5330.1232
http://dx.doi.org/10.1002%2Faic.12769
http://dx.doi.org/10.1021%2Fla901950c
http://dx.doi.org/10.1039%2Fc1cp21609k
http://dx.doi.org/10.1021%2Fcm047710e
http://dx.doi.org/10.1073%2Fpnas.202486099

11.Burke, S. E.; Barrett, C. J. Langmuir 2003, 19, 3297-3303.
doi:10.1021/1a026500i

12. Sukhishvili, S. A.; Granick, S. Macromolecules 2002, 35, 301-310.
doi:10.1021/ma011346¢c

13.von Klitzing, R. Phys. Chem. Chem. Phys. 2006, 8, 5012—-5033.
doi:10.1039/B607760A

14.Lavalle, P.; Voegel, J.-C.; Vautier, D.; Senger, B.; Schaaf, P.; Ball, V.
Adv. Mater. 2011, 23, 1191-1221. doi:10.1002/adma.201003309

15.Farhat, T.; Yassin, G.; Dubas, S. T.; Schlenoff, J. B. Langmuir 1999,
15, 6621-6623. doi:10.1021/1a990631a

16. Schlenoff, J. B.; Dubas, S. T. Macromolecules 2001, 34, 592—-598.
doi:10.1021/ma0003093

17.Schmitt, J.; Griinewald, T.; Decher, G.; Pershan, P. S.; Kjaer, K.;
Losche, M. Macromolecules 1993, 26, 7058-7063.
doi:10.1021/ma00077a052

18.Ldsche, M.; Schmitt, J.; Decher, G.; Bouwman, W. G.; Kjaer, K.
Macromolecules 1998, 31, 8893-8906. doi:10.1021/ma980910p

19.Guzman, E.; Ritacco, H.; Rubio, J. E. F.; Rubio, R. G.; Ortega, F.
Soft Matter 2009, 5, 2130-2142. doi:10.1039/b901193e

20.Guzman, E.; Ritacco, H.; Ortega, F.; Svitova, T.; Radke, C. J.;

Rubio, R. G. J. Phys. Chem. B 2009, 113, 7128-7137.

doi:10.1021/jp811178a

.Guzman, E.; Ritacco, H.; Ortega, F.; Rubio, R. G. Colloids Surf., A

2011, 384, 274-281. doi:10.1016/j.colsurfa.2011.04.005

22.Guzman, E.; Ritacco, H. A.; Ortega, F.; Rubio, R. G. J. Phys. Chem. C
2012, 116, 15474-15483. doi:10.1021/jp304522t

23. lturri Ramos, J. J.; Stahl, S.; Richter, R. P.; Moya, S. E.
Macromolecules 2010, 43, 9063-9070. doi:10.1021/ma1015984

24.McAloney, R. A.; Sinyor, M.; Dudnik, V.; Goh, M. C. Langmuir 2001,
17, 6655-6663. doi:10.1021/1a010136q

25.McAloney, R. A; Dudnik, V.; Goh, M. C. Langmuir 2003, 19,
3947-3952. doi:10.1021/1a026882s

26.Johannsmann, D. Phys. Chem. Chem. Phys. 2008, 10, 4516—4534.
doi:10.1039/B803960G

27.De Feijter, J. A.; Benjamins, J.; Veer, F. A. Biopolymers 1978, 17,
1759-1772. doi:10.1002/bip.1978.360170711

28.Horcas, |.; Fernandez, R.; Gémez-Rodriguez, J. M.; Colchero, J.;
Gomez-Herrero, J.; Baro, A. M. Rev. Sci. Instrum. 2007, 78, 013705.
doi:10.1063/1.2432410

29. Salomaki, M.; Kankare, J. J. Phys. Chem. B 2007, 111, 8509-8519.
doi:10.1021/jp067344h

30. Sauerbrey, G. Z. Phys. 1959, 155, 206—222.

31.Johannsmann, D.; Mathauer, K.; Wegner, G.; Knoll, W. Phys. Rev. B
1992, 46, 7808-7815. doi:10.1103/PhysRevB.46.7808

32.Du, B.; Johannsmann, D. Langmuir 2004, 20, 2809-2812.
doi:10.1021/1a035965I

33.Haynie, D. T.; Cho, E.; Waduge, P. Langmuir 2011, 27, 5700-5704.
doi:10.1021/la104516a

34.Jomaa, H. W.; Schlenoff, J. B. Macromolecules 2005, 38, 8473-8480.
doi:10.1021/ma050072g

35. Lavalle, P.; Picart, C.; Mutterer, J.; Gergely, C.; Reiss, H.;
Voegel, J.-C.; Senger, B.; Schaaf, P. J. Phys. Chem. B 2004, 108,
635-648. doi:10.1021/jp035740j

36. Steinem, C.; Janshoff, A., Eds. Piezoelectric Sensors; Springer: Berlin,
Germany, 2007.

37.Nolte, A. J.; Treat, N. D.; Cohen, R. E.; Rubner, M. F. Macromolecules
2008, 41, 5793-5798. doi:10.1021/ma800732j

38.Voros, J. Biophys. J. 2004, 87, 553-561.
doi:10.1529/biophysj.103.030072

2

=

Beilstein J. Nanotechnol. 2016, 7, 197-208.

39.Guzman, E.; Ortega, F.; Baghdadli, N.; Cazeneuve, C.; Luengo, G. S.;
Rubio, R. G. ACS Appl. Mater. Interfaces 2011, 3, 3181-3188.
doi:10.1021/am200671m

40.Guzman, E.; Ortega, F.; Prolongo, M. G.; Starov, V. M.; Rubio, R. G.

Phys. Chem. Chem. Phys. 2011, 13, 16416—16423.
doi:10.1039/c1cp219679g

.Guzman, E.; Ortega, F.; Baghdadli, N.; Luengo, G. S.; Rubio, R. G.

Colloids Surf., A 2011, 375, 209-218.
doi:10.1016/j.colsurfa.2010.12.012

42.Guzman, E.; Miguel, V. S.; Peinado, C.; Ortega, F.; Rubio, R. G.
Langmuir 2010, 26, 11494-11502. doi:10.1021/1a101043z

43.Wong, J. E.; Rehfeldt, F.; Hanni, P.; Tanaka, M.; von Klitzing, R.
Macromolecules 2004, 37, 7285-7289. doi:10.1021/ma0351930

44 Kujawa, P.; Moraille, P.; Sanchez, J.; Badia, A.; Winnik, F.

J. Am. Chem. Soc. 2005, 127, 9224-9234. doi:10.1021/ja044385n

45. Carriére, D.; Krastev, R.; Schénhoff, M. Langmuir 2004, 20,
11465-11472. doi:10.1021/1a0486436

46. Grosberg, A. Yu.; Nguyen, T. T.; Shklovskii, B. |. Rev. Mod. Phys.
2002, 74, 329-345. doi:10.1103/RevModPhys.74.329

47.Raposo, M.; Lourengo, J. M. C.; Botelho do Rego, A. M.;

Ferraria, A. M.; Ribeiro, P. A. Colloids Surf., A 2012, 412, 1-10.
doi:10.1016/j.colsurfa.2012.05.005

48. Schonhoff, M.; Ball, V.; Bausch, A. R.; Dejugnat, C.; Delorme, N.;
Glinel, K.; von Klitzing, R.; Steitz, R. Colloids Surf., A 2007, 303,
14-29. doi:10.1016/j.colsurfa.2007.02.054

49.Dodoo, S.; Balzer, B. N.; Hugel, T.; Laschewsky, A.; von Klitzing, R.
Soft Mater. 2013, 11, 157-164. doi:10.1080/1539445X.2011.607203

50.Koéhler, R.; Steitz, R.; von Klitzing, R. Adv. Colloid Interface Sci. 2014,
207, 325-331. doi:10.1016/j.cis.2013.12.015

51.Volodkin, D.; von Klitzing, R. Curr. Opin. Colloid Interface Sci. 2014,
19, 25-31. doi:10.1016/j.cocis.2014.01.001

52. Secrist, K. E.; Nolte, A. J. Macromolecules 2011, 44, 2859-2865.
doi:10.1021/ma101983s

53.Azzam, R. M. A,; Bashara, N. M. Ellipsometry and Polarized Light;
Elsevier: Amsterdam, Netherlands, 1987.

54.Nestler, P.; Block, S.; Helm, C. A. J. Phys. Chem. B 2012, 116,
1234-1243. doi:10.1021/jp208837m

55.Shin, Y.; Roberts, J. E.; Santore, M. M. J. Colloid Interface Sci. 2002,
247, 220-230. doi:10.1006/jcis.2001.8100

56.lkuma, K.; Madden, A. S.; Decho, A. W,; Lau, B. L. T.

Environ. Sci.: Nano 2014, 1, 117—122. doi:10.1039/C3EN00075C

57.Ladam, G.; Schaad, P.; Voegel, J. C.; Schaaf, P.; Decher, G.;
Cuisinier, F. Langmuir 2000, 16, 1249. doi:10.1021/1a990650k

58.Dubas, S. T.; Schlenoff, J. B. Macromolecules 1999, 32, 8153—-8160.
doi:10.1021/ma981927a

59. Lehaf, A. M.; Hariri, H. H.; Schlenoff, J. B. Langmuir 2012, 28,
6348-6355. doi:10.1021/1a300482x

60. Lourengo, J. M. C.; Ribeiro, P. A.; Botelho do Rego, A. M.;

Braz Fernandes, F. M.; Moutinho, A. M. C.; Raposo, M. Langmuir
2004, 20, 8103-8109. doi:10.1021/1a049872v

.Lourengo, J. M. C.; Ribeiro, P. A.; Botelho do Rego, A. M.; Raposo, M.

J. Colloid Interface Sci. 2007, 313, 26-33.

doi:10.1016/j.jcis.2007.04.040

4

-

6

=

207


http://dx.doi.org/10.1021%2Fla026500i
http://dx.doi.org/10.1021%2Fma011346c
http://dx.doi.org/10.1039%2FB607760A
http://dx.doi.org/10.1002%2Fadma.201003309
http://dx.doi.org/10.1021%2Fla990631a
http://dx.doi.org/10.1021%2Fma0003093
http://dx.doi.org/10.1021%2Fma00077a052
http://dx.doi.org/10.1021%2Fma980910p
http://dx.doi.org/10.1039%2Fb901193e
http://dx.doi.org/10.1021%2Fjp811178a
http://dx.doi.org/10.1016%2Fj.colsurfa.2011.04.005
http://dx.doi.org/10.1021%2Fjp304522t
http://dx.doi.org/10.1021%2Fma1015984
http://dx.doi.org/10.1021%2Fla010136q
http://dx.doi.org/10.1021%2Fla026882s
http://dx.doi.org/10.1039%2FB803960G
http://dx.doi.org/10.1002%2Fbip.1978.360170711
http://dx.doi.org/10.1063%2F1.2432410
http://dx.doi.org/10.1021%2Fjp067344h
http://dx.doi.org/10.1103%2FPhysRevB.46.7808
http://dx.doi.org/10.1021%2Fla035965l
http://dx.doi.org/10.1021%2Fla104516a
http://dx.doi.org/10.1021%2Fma050072g
http://dx.doi.org/10.1021%2Fjp035740j
http://dx.doi.org/10.1021%2Fma800732j
http://dx.doi.org/10.1529%2Fbiophysj.103.030072
http://dx.doi.org/10.1021%2Fam200671m
http://dx.doi.org/10.1039%2Fc1cp21967g
http://dx.doi.org/10.1016%2Fj.colsurfa.2010.12.012
http://dx.doi.org/10.1021%2Fla101043z
http://dx.doi.org/10.1021%2Fma0351930
http://dx.doi.org/10.1021%2Fja044385n
http://dx.doi.org/10.1021%2Fla0486436
http://dx.doi.org/10.1103%2FRevModPhys.74.329
http://dx.doi.org/10.1016%2Fj.colsurfa.2012.05.005
http://dx.doi.org/10.1016%2Fj.colsurfa.2007.02.054
http://dx.doi.org/10.1080%2F1539445X.2011.607203
http://dx.doi.org/10.1016%2Fj.cis.2013.12.015
http://dx.doi.org/10.1016%2Fj.cocis.2014.01.001
http://dx.doi.org/10.1021%2Fma101983s
http://dx.doi.org/10.1021%2Fjp208837m
http://dx.doi.org/10.1006%2Fjcis.2001.8100
http://dx.doi.org/10.1039%2FC3EN00075C
http://dx.doi.org/10.1021%2Fla990650k
http://dx.doi.org/10.1021%2Fma981927a
http://dx.doi.org/10.1021%2Fla300482x
http://dx.doi.org/10.1021%2Fla049872v
http://dx.doi.org/10.1016%2Fj.jcis.2007.04.040

License and Terms

This is an Open Access article under the terms of the
Creative Commons Attribution License
(http://creativecommons.org/licenses/by/2.0), which

permits unrestricted use, distribution, and reproduction in

any medium, provided the original work is properly cited.

The license is subject to the Beilstein Journal of
Nanotechnology terms and conditions:
(http://www.beilstein-journals.org/bjnano)

The definitive version of this article is the electronic one
which can be found at:
doi:10.3762/bjnano.7.18

Beilstein J. Nanotechnol. 2016, 7, 197-208.

208


http://creativecommons.org/licenses/by/2.0
http://www.beilstein-journals.org/bjnano
http://dx.doi.org/10.3762%2Fbjnano.7.18

(J BEILSTEIN JOURNAL OF NANOTECHNOLOGY

Characterisation of thin films of graphene—surfactant
composites produced through a novel
semi-automated method

Nik J. Walch™1, Alexei Nabok?, Frank Davis' and Séamus P. J. Higson':3

Full Research Paper

Address: Beilstein J. Nanotechnol. 2016, 7, 209-219.
ICranfield Biotechnology Centre, Cranfield University, College Road, doi:10.3762/bjnano.7.19
Cranfield, MK43 0AL, UK, 2Sheffield Hallam University, Materials &

Engineering Research Institute, Howard Street, Sheffield, S1 1WB, Received: 31 August 2015

UK and 3The University of Chichester, College Lane, Chichester, Accepted: 21 January 2016

West Sussex, PO19 6PE, UK Published: 08 February 2016

Email: This article is part of the Thematic Series "Organized films".

Nik J. Walch” - N.J.Walch@Cranfield.ac.uk

Guest Editor: M. Canepa
* Corresponding author

© 2016 Walch et al; licensee Beilstein-Institut.
Keywords: License and terms: see end of document.
characterization; ellipsometry; graphene; "H NMR; surfactant

Abstract

In this paper we detail a novel semi-automated method for the production of graphene by sonochemical exfoliation of graphite in
the presence of ionic surfactants, e.g., sodium dodecyl sulfate (SDS) and cetyltrimethylammonium bromide (CTAB). The forma-
tion of individual graphene flakes was confirmed by Raman spectroscopy, while the interaction of graphene with surfactants was
proven by NMR spectroscopy. The resulting graphene—surfactant composite material formed a stable suspension in water and some
organic solvents, such as chloroform. Graphene thin films were then produced using Langmuir-Blodgett (LB) or electrostatic layer-
by-layer (LbL) deposition techniques. The composition and morphology of the films produced was studied with SEM/EDX and
AFM. The best results in terms of adhesion and surface coverage were achieved using LbL deposition of graphene(—)SDS alter-
nated with polyethyleneimine (PEI). The optical study of graphene thin films deposited on different substrates was carried out using
UV-vis absorption spectroscopy and spectroscopic ellipsometry. A particular focus was on studying graphene layers deposited on
gold-coated glass using a method of total internal reflection ellipsometry (TIRE) which revealed the enhancement of the surface
plasmon resonance in thin gold films by depositing graphene layers.

Introduction

Since its initial discovery and development by Novoselov et al.  graphene is responsible for the electrical properties of the mate-
[1] graphene has been of great interest to the scientific commu-  rial as the movement of n-bonds between adjacent carbon atoms
nity due to its interesting optical and electrical properties. can be used to transmit an electrical current. Because of this
Graphene is defined as a single layer of sp2-hybridised carbon electrical activity in particular, graphene is being examined as a

with no third dimension. The double-bonded structure of base material in a number of different applications including
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sensor applications, for use in flexible electronics [2] and

graphene-based printable inks for printed electrical circuits [3].

Graphene has reportedly been produced in a number of differ-
ent ways. The method chosen for this research is sonochemical
exfoliation in water in the presence of a surfactant, as first re-
ported by Notley et al. [4]. This method was chosen for a num-
ber of reasons; firstly, it does not require the use of hazardous
chemicals such as sodium nitrate, sulfuric acid, potassium
permanganate and hydrazine hydrate, which are used in the oxi-
dation of graphite to graphite oxide and the subsequent reduc-
tion to graphene [5], and secondly it guarantees single-layer or
few-layer graphene, rather than the potentially larger products
or graphene sheets with an uneven size distribution that might
be produced in other techniques such as mechanical exfoliation
(the “scotch tape” method). The sonochemical method was
carried out using a semi-automated apparatus designed specifi-
cally for the purposes of this research.

In previous work [6] we manufactured graphene—surfactant
complexes using the Notley method and applied them to carbon
electrodes, thereby enhancing their electrochemical activity.
Further work was then carried out on optimising graphene pro-
duction, characterising the products and also depositing
graphene layers by more controlled techniques than simple

casting.

In this work a semi-automated technology of graphene produc-
tion by sonochemical exfoliation of graphite in the presence of
ionic surfactants is described in detail. The composite graphene-
surfactant materials produced were characterised with NMR
and Raman spectroscopy to confirm the formation of graphene.
Thin films of graphene composites were deposited using the
techniques of Langmuir-Blodgett (LB) and electrostatic layer-
by-layer (LbL) deposition. Films composed of these new
graphene composite materials were then characterised using
SEM, AFM, and spectroscopic ellipsometry. The study of SPR
in gold films coated with graphene using total internal reflec-

tion ellipsometry was carried out for the first time.

Experimental
Semi-automated sonochemical exfoliation of

graphene

Two different surfactants were used to synthesise graphene—sur-
factant complexes: sodium dodecyl sulfate (SDS) and cetyltri-
methylammonium bromide (CTAB). Firstly the surfactant solu-
tions were prepared by dissolving in water. The SDS solution
was made to a concentration of 462.9 mg-mL™! while the
CTAB solution concentration was made up to 49.7 mg-mL™!.
These solutions were prepared and then placed into a water bath
heated to 50 °C to aid dissolution.

Beilstein J. Nanotechnol. 2016, 7, 209-219.

Once dissolved, the surfactant solution was placed into the sur-
factant reservoir of the synthesiser. This solution was then
pumped into the reactor during synthesis at a rate of
35 pL-min! giving an addition rate of 16.2 mg-min~! for SDS
and 1.74 mg'min~! for CTAB. The addition rate was crucial to
maintain a surface tension of 41 mJ-m~2, which is both the
optimum surface tension for graphene production and also the
surface free energy of graphene. The graphite suspension
(10-50%) was then placed into the reactor, and sonicated con-
tinuously for 120 min at a power of 50 W. A total of 3.15 mL of
surfactant solution was added in each case over the course of
the synthesis. The sonication step was carried out in a fume
cabinet, as an aerosol containing potentially harmful graphene
nanoparticles is produced at this stage. A schematic diagram of

this apparatus is shown below (Figure 1).

Data
Logger
A I

b

(=2

il

H
c
E

Figure 1: A schematic diagram of the apparatus used to synthesis
graphene. (A) surfactant solution, (B) peristaltic pump, (C) heat,

(D) ultrasonic probe, (E) reactor, (F) water, (G) magnetic stirring unit,
(H) sampling loop, and (1) photometric flow cell.

The apparatus was designed to alleviate the time constraints of
the Notley method. In that method, solid surfactant must be
added every 5 min whilst continuous sonication is carried out.
This method with its continuous addition of aqueous surfactant
eliminates the need for constant supervision of the process as
well as providing the reproducibility of automation. This is only
semi-automated, however, as full automation would require the
monitoring of surface tension throughout the synthesis as well
as automatic adjustments to the surfactant flow rate to maintain
this at the required level of 41 mJ-m™2.

Figure 1 depicts the assembled apparatus, the function of which
is explained here. The aqueous suspension of graphite is placed
into the reactor (E). The graphite is kept in suspension throug-
hout the procedure using a magnetic stirrer (G). The ultrasonic
probe (D), operating at a power of 50 W, penetrates approxi-
mately 1 cm into the graphite suspension. The surfactant solu-
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tion (A) is pumped into the reactor via a peristaltic pump (B).
The reservoir containing the surfactant and the tubing carrying
it to the reactor are heated to 50 °C in a water bath (C) to
prevent precipitation of the surfactant from solution in the
tubing. A water trough (F) is used as a heat sink to dissipate any
heat produced in the reactor during synthesis, as the tip of the
ultrasonic probe can reach temperatures of up to 100 °C during
continuous operation. The heat sink is stirred continuously, also
using the magnetic stirrer (G), to maximise cooling efficiency.
A sampling loop (H) continuously cycles the liquid contents of
the reactor through a photometric flow cell (I) which deter-
mines the concentration of graphene by measuring the absor-
bance at 650 nm. The concentration data is then recorded using
a data logger.

Upon completion of the 120 min cycle, the contents of the
reactor were removed and placed into a 50 mL centrifuge tube
and spun at 3500 rpm for 20 min. The supernatant was then re-
moved and the pellet (containing mostly unreacted graphite as
well as some precipitated graphene) was re-suspended in 40 mL
of deionised water. This was then centrifuged at 3500 rpm for
20 min. This process was repeated until no more graphene was
contained in the supernatant. If a dry sample was required, then
the graphene suspension was frozen and then placed into a
freeze dryer (Labogene) for 3—4 days (depending on the sample
size) and then subsequently into a vacuum oven at 70 °C

overnight to remove all traces of water.

Characterisation of graphene-surfactant

composite material

Graphene—surfactant complexes were characterised by using a
range of different techniques. The presence of graphene was de-
termined by Raman microscopy. The concentration of graphene
in solution was obtained by spectrophotometry. The absor-
bance of a graphene solution at a wavelength of 650 nm was de-
termined and the Beer—Lambert law applied, using an extinc-
tion coefficient of 13.9 mg~mL71~cm*1 [7]. The interaction of
the surfactant with the graphene surface was also analysed
using NMR spectroscopy. Dried graphene—surfactant complex
was dissolved in D,O and placed into an NMR tube. Another
tube containing the surfactant alone was also prepared. Both
were scanned individually and then the spectra were compared
to show shifts in peak position corresponding to interaction be-
tween the surfactant and the graphene. NMR experiments were
performed on a Bruker 400 MHz spectrometer running topspin
analysis software. This analysis works according to the nuclear
Overhauser effect (NOE). The NOE, which is present in nuclear
magnetic resonance (NMR) spectroscopy, can be used to deter-
mine the amount of contact between the surfactant and the
graphene sheet. This is achieved by observing peak shifts that
occur when two nuclei are within 5 A of each other. The dried
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graphene sample was deposited onto a glass microscope slide
and then scanned using a Renishaw In-Via Raman microscope
at an excitation wavelength of 532 nm. Data were recorded be-
tween 100 and 3200 cm ™!,

Deposition of thin films of

graphene-surfactant composites
Langmuir—Blodgett and Langmuir—Schaefer
deposition

Both composite materials obtained, e.g., graphene(+)CTAB and
graphene(—)SDS, appeared to be soluble in water due to the
presence of ionic groups, NMe;" and SO3™, respectively. Yet,
the presence of alkyl chains and n-systems facilitated their solu-
bility in chloroform, hence the use of the Langmuir-Blodgett
(LB) technique (Nima 610 trough) was an obvious choice for
the deposition of thin films. The standard LB procedure was
applied [8]: a 1 mg-mL™! solution of graphene(+)CTAB in
chloroform was spread onto the surface of deionised water
(Millipore). Surface pressure was then recorded using a
Wilhelmy plate-based sensor. Because of the unknown ratio of
graphene/surfactant within the complex the area per molecule
(or repeated unit) was difficult to calculate, so the area was
presented in actual units of cm?. Another method known as
Langmuir—Schaefer (LS) deposition [9] was also used to
prepare monolayer films. In this technique the hydrophilic sub-
strate is held horizontally to the assembled monolayer and then
lowered slowly to gently touch water surface and the mono-
layer is then transferred onto the substrate surface. Organised
monolayer films obtained in this fashion were then charac-
terised by AFM (Nanoscope III) operating in tapping mode
using Veeco cantilevers with silicon nitride tips having a radius
of less than 10 nm.

Electrostatic LbL deposition

Much better results (in terms of adhesion and surface coverage)
were obtained by using a simple technique of electrostatic
layer-by-layer (LbL) deposition, a well-established technique
developed first for polyelectrolytes [10] and later adapted for
deposition of other objects, such as nanoparticles and biomole-
cules (proteins, antibodies, enzymes, DNA) [9,11]. Multi lay-
ered films of graphene were deposited onto gold-coated glass
microscope slides by alternating layers of graphene—surfactant
with oppositely charged polyelectrolytes, e.g., graphene(+)-
CTAB layers alternated with polyanionic layers of sodium poly-
styrene sulfonate (PSS), while graphene(—)SDS was alternated
with layers of polycationic species such as polyallylamine
hydrochloride (PAH) or polyethyleneimine (PEI). Alternating
layers of graphene(—)SDS and graphene(+)CTAB was also
attempted. The films were deposited by consecutive dipping of
gold-coated glass or silicon wafers into 1 mg'-mL™! solutions of

the above materials in deionised water. The mutlilayered films

211



obtained were then characterised with scanning SEM combined
with EDX (energy dispersing X-ray) elemental analysis (SEM
NOVA) and AFM.

Optical characterisation of thin

graphene-surfactant films

Spectroscopic ellipsometry study

UV-vis spectra of graphene—surfactant samples are featureless
showing almost constant absorbance over the spectral range of
350-800 nm, while the main absorption band of graphene lies
in the UV region at about 280 nm. Therefore, optical properties
of novel graphene—surfactant composites were studied via spec-
troscopic ellipsometry using a J. A. Woollam M2000 instru-
ment operating in the spectral range of 370—-1000 nm. The mea-
surements were performed on graphene—surfactant films
deposited on different substrates, i.e., glass, silicon, and gold-
coated glass. Experimental parameters were found by fitting
data, the procedure for which is explained in the Results and
Discussion section below.

For the LbL deposition of alternating layers of graphene(—)SDS
and graphene(+)CTAB on gold-coated glass slides, a gold film
of approximately 25 nm thickness was thermally evaporated
onto a 3 nm under layer of chromium (which was used to
improve adhesion between the gold and the glass). Metal evapo-
ration was carried out in a vacuum of 107 Torr using an
Edwards 360 unit. Prior to LbL deposition, gold-coated slides
were treated overnight in cystamine hydrochloride solution in
order to make the gold surface positively charged. Then LbL
deposition started with the layer of graphene(—)SDS (nega-
tively charged) followed by deposition of graphene(+)CTAB
(positively charged). This procedure was repeated four times, so
that four graphene bilayers were deposited. Layer by layer
deposition onto other substrates was performed in a similar

manner.

TIRE study

The surface plasmon resonance (SPR) phenomenon in graphene
films deposited on thin films of gold was studied in more detail
using the method of total internal reflection ellipsometry
(TIRE), which was developed in the last decade [12-14]. TIRE
experimental set-up (shown schematically below as inset in
Figure 12) was built on the basis of a J. A. Woollam M2000
spectroscopic instrument, in which the light is coupled into a
thin gold film deposited on glass through a 68° prism providing
total internal reflection conditions. The cell attached under-
neath allows for measurements in different media. The advan-
tage of using TIRE is a 10-fold sensitivity enhancement com-
pared to traditional SPR [15]. The samples were constructed by
electrostatic LbL deposition of PEI and graphene(—)SDS on
chromium/gold-coated glass slides, as described above.
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Results and Discussion
Characterisation of graphene—surfactant

composite material

Graphene was synthesised using graphite suspensions of
10-50% using either SDS or CTAB as the surfactants. The con-
centration of the final graphene solution obtained from each
synthesis was determined by spectrophotometry (Figure 2).
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Figure 2: Effect of the initial graphite suspension concentration in
water on the final graphene concentration after sonication for 120 min
in the presence of different surfactants.

'"H NMR measurements of the graphene—surfactant complex,
when compared to 'H NMR measurements of the surfactant
alone, shows shifting of peaks representing hydrogens involved
in the complexation interaction (Figure 3). The data shows a
peak shift towards the left for almost every peak. This is a
shielding effect caused by the delocalised electrons in the
graphene sheet, which only occurs when the proton is in close
proximity (less than 5 A) and involved in van der Waals inter-
actions. This suggests that the hydrophobic chains of each sur-
factant lie flat against the graphene sheet with the exception of
carbon-1 (the carbon attached directly to the polar head group),

[ppm]

Figure 3: "H NMR spectra of the graphene—surfactant complexes
(blue) stabilized with SDS (top) and CTAB (bottom) compared with the
surfactant alone (red).
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which is pulled away from it by the polar head group and there-
fore does not undergo as much of a shielding effect in the

SDS—graphene complex.

Additionally, for the CTAB—graphene complex, two of the
methyl groups on the quaternary amine are interacting with the
graphene sheet. This is shown by the splitting of the peak into
three peaks. This interaction causes the CTAB to lie much
flatter against the graphene than SDS, resulting in the polar
head being pulled closer to the sheet. This is why the peak for
carbon-1 in the CTAB—graphene complex is displaced further
towards the left than its equivalent in the SDS-stabilised
graphene.

The peak representing carbon-1 in SDS (at around 4 ppm) is
shifted downfield by complexation with the graphene. This
means that the protons are deshiclded by the presence of
graphene. Since the carbon—sulfur bond is polar the electron
density around the carbon atom is already lower than it would
normally be in a carbon—carbon bond. Repulsion between the
graphene and the sulfate group could cause lengthening of the
carbon—sulfur bond. This could in turn lead to a lower electron
density around the nuclei responsible for this peak [16].

The sample was also analysed using Raman spectroscopy
(Figure 4) which, when compared to the spectrum for graphite,
was used to verify the presence of graphene. The spectrum
shows intense peaks at 1350 cm™! (D) and 1620 cm™! (G & D).
Additionally the peak labelled 2D is slightly broader, between
2650-2700 cm™!. This is indicative of graphene flakes with a
high number of edge defects [17].

2000
1800
1600
1400
1200 ‘

2D
l

f| D+O

,|
‘.~'J\-»

o P

1000
800
GO0 D
400
200

0

Intensity

100 600 1100 1600

2100

2600 3100

Frequency (cm-1)

Figure 4: The Raman spectrum of surfactant-stabilised graphene (red)
compared with the spectrum of graphite (blue).

The G band is present in all sp2-hybridised carbon materials,
and is caused by stretching of the C—C bond. The reduction in
intensity in the graphene spectrum compared with the graphite

spectrum is caused by the reduced number of layers. The D and
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D’ bands are caused by disorder in the graphene flakes. The D’
band is present when there are surface defects, such as charging
or other impurities adsorbed onto the surface. The D band is
caused by edge defects such as a “zig-zag” or “chair” shape on
the edge. Edge defects provide an enhancement to electrochem-
ical systems by increasing the total capacitance of the electrode
surface. Both the D and the D’ band are not present in pristine
graphene with straight edges [17].

The 2D band is also present in many sp2-hybridized systems
and can be used to estimate the number of layers [18]. How-
ever the intensity is also dependant on the excitation laser fre-
quency and so cannot be solely relied upon. Further details on
the electrochemistry and usage of graphene produced by this
method are detailed in another paper [6].

Deposition of thin films of

graphene—surfactant composites
Langmuir—Blodgett (Langmuir—Schaefer) deposition
Typical surface pressure vs area diagrams of graphene(+)CTAB
in Figure 5 showed the formation of a stable monolayer on the
water surface, similar to that found for classical amphiphilic
compounds. The consecutive compressions of the monolayer
did not yield substantial losses of material caused either by the
monolayer collapse or dissolving the material in water.

Graphene(—)SDS composite showed a similar behaviour.
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Figure 5: Surface pressure/area isotherms of graphene(+)CTAB
monolayers on the water surface. Numbers 1, 2, and 3 indicate
consecutive compressions of the monolayer.

However, for LB deposition onto hydrophilic substrates such
as glass or oxidised silicon, which are slightly negatively
charged due the presence of OH™ groups, positively charged
graphene(+)CTAB was chosen; as this provided good adhesion
between the substrate and monolayer.

Attempts at depositing thin films of graphene(+)CTAB using a
traditional LB process, e.g., vertical dipping and withdrawing
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the substrate through the monolayer, were not successful since
the transfer ratio was poor. The first withdrawal yielded about
60%. After that the layer was shown to peel off during subse-
quent dipping cycles. The overall transfer ratio by area (when
substrate surface area was compared with graphene LB iso-
therm) was 10-20%. The most significant cause of this was
poor adhesion of the first graphene layer to hydrophilic sub-
strates. This could be improved in future work through the use
of substrates with surface modifications that either enhance the
surface charge or make the surface more hydrophobic. Much
better results were obtained using the horizontal lifting method
known as Langmuir—Shaefer (LS) deposition [8], in which the
hydrophilic substrate is held horizontally to the assembled
monolayer and then lowered slowly to gently touch the water
surface. The monolayer is then transferred onto the substrate
surface. Only a single layer of graphene(+)CTAB could be
deposited by LS deposition. Attempts to deposit multilayers by
the LS technique failed, as the deposited layers began to peel
off upon consecutive depositions.

Organised monolayer films obtained in this fashion were then
characterised by using AFM (Nanoscope III) operating in
tapping mode using Veeco cantilevers with silicon nitride tips
having a radius of less than 10 nm. A typical AFM image of
graphene(+)CTAB flakes deposited onto a piece of silicon

wafer using LS method is shown in Figure 6. The larger

25nm

-25nm
m
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scale image (a) shows a number of irregularly shaped
graphene(+)CTAB flakes with gaps between; the flakes were
sometimes shown to overlap, forming double and sometimes
triple layers. Image (b) shows, a pseudo 3D image of a flat indi-
vidual flake of about 500 nm in size with another smaller flake
lying on top.

Sectional analysis of AFM image along the lines shown, allows
for an estimation of the graphene(+)CTAB flake thickness at
2 nm, which is significantly higher than the reported thickness
of pristine graphene of 0.355 nm [19]. The obtained value of
2 nm for an individual graphene(+)CTAB is likely due to the
presence of surfactant molecules, CTAB in this case.

It is clear from these images that the surface coverage is not
optimal. Additionally the graphene flakes were seen to change
position and shape during scanning, suggesting poor adhesion
to the silicon surface. This could potentially be overcome in
future work by using surface-modified silicon wafers for sam-
ple deposition.

Electrostatic LbL deposition
The multi layered films obtained from layer-by-layer deposi-
tion method were characterised with scanning SEM combined

with EDX (energy dispersing X-ray) elemental analysis (SEM
NOVA) and AFM.
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Figure 6: AFM images of the same sample of a graphene(+)CTAB layer deposited onto a silicon substrate using the LS method: (a) 2D image 5 pm;
(b) pseudo-3D image of individual graphene flake. (c) Sectional analysis of the image in (a).
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Not all alternating combinations worked well, however. For ex-
ample, the most promising combination of graphene(+)CTAB
with graphene(—)SDS was not successful, while the alternation
of graphene(+)CTAB with PAH (or with PEI) proved to be
optimal. Deposition on glass or silicon samples was performed
by electrostatic adsorption of PAH (or PEI) for 20-30 min
followed by dipping into a solution of graphene(—)SDS for
10—15 min. This sequence was repeated several times with a

typical incubation time of 10—15 min.

Figure 7 shows an SEM image of alternating layers of PAH and
graphene(—)SDS deposited onto a silicon substrate. Separate
flakes are clearly visible, the largest of which is approximately
30 pum across. EDX spectral analysis (b) performed on a flake
show a dominating peak of carbon while on the empty space (c)
silicon is the dominant peak. This shows that the graphene
flakes consist predominantly of carbon, with a few trace ele-
ments. Deposition of the first few layers gives a less than
optimal coverage. The reason for this is likely poor adhesion
between layers of graphene(—)SDS and PAH. Deposition of
subsequent layers greatly improves the coverage by overlap-
ping adjacent graphene flakes.

Figure 7: (a) SEM image of PAH/graphene(-)SDS layer on a silicon
surface; (b) EDX spectra recorded on a graphene flake, and (c) an
empty space.
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Adhesion between graphene and substrate was greatly im-
proved when using a branched polycation such as PEI. The
AFM image of graphene(—)SDS deposited onto a layer of PEI
in Figure 8 shows far better surface coverage. However it can
be seen that graphene flakes overlap and form double and, in
some cases, triple layers.

Sectional analysis performed on the sample shows the double
and triple layers, and shows the thickness of a single flake at
approximately 2.5 nm. This is a somewhat higher than that for
LS films in Figure 6; the difference could potentially be caused
by the presence of the PEI layer.

Optical characterisation of thin

graphene-surfactant films

Spectroscopic ellipsometry study

The analysis of graphene films by spectroscopic ellipsometry
has already been carried out by other groups, and so is fairly
well described [20,21]. A typical set of spectra of ¥ and A of
graphene(—)SDS deposited on Si by alternation with PAH are
shown in Figure 9a. Numbers 1, 2, and 3 indicate the number of
PAH/graphene bilayers deposited. It can be seen from the
data that all ¥ spectra almost coincide with each other, while
the A spectra shift downwards upon deposition of bilayers of
PAH/graphene(—)SDS.

The thickness values (d) and dispersions, e.g., spectra of refrac-
tive index (n) and extinction coefficient (k) of graphene films
can be found by fitting the above spectra to the model using the
dedicated software by J. A. Woollam. In this particular case, the
model of the reflecting system consists of the following three
layers: (1) Si substrate; (2) the layer of native oxide (SiO;)
which is typically present on the surface of Si; (3) the deposited
layer of PAH/graphene(—)SDS. The ambient was air. Optical
parameters for Si and SiO, were taken from the J. A. Woollam
database. The fitting was first performed for ellipsometric spec-

Height (nm)

100 150 m
Horizontal Distance (nm)

Figure 8: (a) AFM image (tapping mode) of a PEl/graphene(-)SDS film, and (b) a corresponding sectional analysis.
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Figure 9: (a) Spectra of ellipsometric parameters W and A recorded on
a bare silicon surface (*) and on PAH/graphene(-)SDS films deposited
on it (the numbers 1, 2, 3 correspond to the number of PAH/graphene
bilayers); (b) The example of data fitting for one bilayer of PAH/
graphene deposited on silicon using a three-layer model.

tra of the Si/SiO; substrate. For the set of data in Figure 9a, the
fitting for the thickness of the native SiO, layer was performed
first using the data for the bare Si substrate. The thickness of
SiO; layer obtained (d = 3.2 nm) was then fixed for consecu-
tive fittings. The PAH/graphene(—)SDS film was considered as
one layer in the following fittings which is justified by the fact
that aliphatic chains of SDS interlock with PAH and form a
mixed composite layer of PAH/graphene(—)SDS. Several
possible models were tried for fitting PAH/graphene(—)SDS
layers, and the best results were achieved using a Lorentz oscil-
lator model from the J. A. Woollam data analysis software,
which is given below as a dispersion function of a complex
dielectric permittivity, g(hv):

A
8(hv)=8100 +Z 5 I; X
k Ek —(hV) —jBth

where €], is the dielectric permittivity at infinite frequency, Ey,
Ay and By, are, respectively, the position, amplitude, and half-
width of the k-th Lorentzian peak. There could be a number of
peaks from 1 to k. The best fit was obtained with the use of a
single Lorentzian with the following parameters: €1, = 1.31,
Ep=0.625 eV, Ay = 1.759 (eV)?%, B, = 3.86 eV. The presence of
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the Lorentz peak in the IR region gives a featureless dispersion
of k for graphene—surfactant composite films in the visible spec-
tral range similar to that reported in [22,23]. The absorption
peak of graphene reported earlier [22,23] at about 260 nm is
outside the spectral range of our ellipsometric instrument
(370-1000 nm). The example of ellipsometry data fitting for
one PAH/graphene bilayer deposited on Si is shown in
Figure 9b with the dotted (fitting) lines almost perfectly repro-
ducing the experimental spectra (solid lines). The thicknesses
were found to be of 6.65, 9.3, and 10.88 nm for 1st, 2nd, and
3rd PAH/graphene bilayer, respectively. Although the d value
of the first bilayer appeared to be too high, the average thick-
ness increment Ad = 3.63 + 2 nm is reasonable and close to that
observed with AFM.

Spectroscopic ellipsometry measurements were carried out on
samples after each layer was deposited and similarly to the
previous experiments, ¥ spectra did not change much while the
A spectra exhibited downward shifts upon deposition of the
layers. The ellipsometry data fitting was performed in a similar
way as described above using a three layer model containing the
substrate glass, the chromium/gold layer, and the graphene
layer. The ambient was air. The parameters d, n(A) and k(L) of
the chromium/gold layer were found by fitting the data for
uncoated samples, and then used as fixed parameters for subse-
quent fittings. The graphene layers were modeled through a
Lorentz oscillator as before, the values for thickness obtained
are plotted against the graphene layers deposited in Figure 10.
As one can see the deposition is not consistent, the graphene
layers started to peel off after 3rd deposition most likely
because of poor adhesion between graphene layers. However,
the thickness increment of 0.87 + 0.03 nm in the middle of the
graph is much smaller and corresponds to graphene—surfactant
layers without intermediate polycation layers.

Thickness (nm)
(7] = (0] L=}

5]

Gri-l1 Gri+}l Gri-)2 Gri{+}2 Gri-}3 Gr{+)3 ar{-}4 Gr{+}4

Layers

Figure 10: The variation of the film thickness upon deposition of alter-
nating graphene(-)SDS and graphene(+)CTAB graphene layers on
gold-coated glass slides.

As mentioned above, the use of PEI as a binding layer alter-
nating with graphene(—)SDS improving the deposition of
graphene. The ellipsometry spectra recorded on samples of PEl/
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graphene(—)SDS deposited on gold-coated glass are shown in
Figure 11a. Both ¥ and A spectra show the characteristic fea-
tures at around 450 nm associated with surface plasmon oscilla-
tions in thin gold films. Also, the spectra shift upwards and
downwards, respectively, upon deposition of PEI/graphene
layers, which is consistent with the thickness increment of
2.5 nm obtained by fitting of the data in Figure 11a. Following
the approach developed in [24], in Figure 11b we attempted to
present these data as differential spectra of % =¥ — ¥*, and
OA = A — A* (W* and A* correspond to spectra of uncoated gold
samples), which allows one to clearly distinguish a contribution
of deposited layers.

It is quite remarkable to observe spectral features around the
plasmon-resonance frequency of the gold substrate, which are
not related to graphene itself [22,23] but rather appeared as a
result of the interaction of m-electrons in graphene with free
electrons in the gold film.

TIRE study

The samples were constructed by electrostatic LbL deposition
of PEI and graphene(—)SDS on chromium/gold-coated glass
slides, as described above. The results obtained are shown in
Figure 12 as TIRE spectra of ¥ and A. The spectra of ¥
resemble a traditional SPR curve with the maximum corre-

sponding to conditions of total internal reflection of light, while
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Figure 11: (a) ¥, A and (b) dW¥, dA spectra of PEl/graphene(-)SDS
films deposited on gold-coated glass slides.
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the minimum is the actual plasmon resonance. The spectra of A,
which do not exist in traditional SPR, represent a new phase-

related characteristic and show a sharp drop near the resonance
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Figure 12: TIRE spectra of (a) W, and (b) A recorded on a bare gold-
coated glass slide (*) and after deposition of bilayers of PEI/
graphene(-)SDS. Numbers 1, 2, and 3 indicate the number of bilayers
deposited. The inset shows the geometry of TIRE set-up.

Deposition of graphene layers made the SPR minimum even
lower on the ¥ spectra while causing an additional phase shift
on A spectra. The enhancement of the SPR peak due to the
deposition of graphene layers is observed for the first time. It is
interesting to note that graphene itself does not show plasmonic
behavior in the visible spectral range as was proven by ellip-
sometry measurements shown before (Figure 9). At the same
time the interaction of m-electrons in graphene and free
electrons in gold (which we suspected earlier) may lead to
the enhancement of SPR in gold layers. The TIRE data fitting
revealed a similar thickness increment of 2.5 nm per PEI/
graphene bilayer which was reported earlier.

Conclusion
A simple semi-automated technique for graphene production by

aqueous sonochemical exfoliation of graphite in the presence of

217



ionic surfactants, e.g., CTAB or SDS, was developed. Full
automation could be potentially achieved by adding surface
tension sensors to control the amount of surfactant being added
to the reactor, thus maintaining a constant and optimum surface
tension. The formation of individual graphene flakes and the
interaction of alkyl chains of the surfactants with graphene
were, respectively, confirmed with Raman spectroscopy and
NMR measurements.

The two different graphene-surfactant complexes produced
(graphene(+)CTAB and graphene(—)SDS) appeared to be
soluble in water and thus suitable for electrostatic LbL deposi-
tion. Both compounds were also found to be amphiphilic and
soluble in chloroform, hence it was possible to form stable
monolayers on the water surface. Thin films of the above
graphene composites were deposited onto different solid sub-
strates, i.e., silicon, glass and gold-coated glass, using either
electrostatic LbL or LB (LS) deposition techniques. SEM and
AFM study showed that LB (or LS) films of graphene(+)CTAB
had poor surface coverage and adhesion to the substrate. Elec-
trostatic LbL deposition of graphene by alternation of graphene
with oppositely charged polyelectrolytes was much more prom-
ising in these aspects. Several combinations of materials were
tried including the alternation of graphene(+)CTAB and
graphene(—)SDS. The best results were achieved by alternation
of graphene(—)SDS with PEI. AFM study allowed the estima-
tion the thickness of an individual graphene—surfactant flakes of
about 2.0-2.5 nm.

The spectroscopic ellipsometry study of graphene thin films
gave similar values for the thickness of the graphene—surfactant
composite layer. While the dispersions of refractive index and
extinction coefficient were modelled by a single Lorentzian
peak lying in the IR region, the absorption peak of graphene at
approximately 260 nm was outside the spectral range
(370-1000 nm) of the ellipsometric instrument. Interesting
results were obtained when studying the SPR effect in gold
films coated with a few layers of graphene using both external
and internal (TIRE) reflection ellipsometry. Even though
graphene itself axhibits no spectral features associated
with plasmon oscillations in the above spectral range, the depo-
sition of graphene layers on gold progressively enhances the
plasmon resonance in TIRE ¥ spectra and caused an extra
phase shift in TIRE A spectra. This phenomenon can be
explored in the future for enhancing the performance of SPR-
based biosensors.
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Abstract

Background: DNA hybridization is at the basis of most current technologies for genotyping and sequencing, due to the
unique properties of DNA base-pairing that guarantee a high grade of selectivity. Nonetheless the presence of single base mis-
matches or not perfectly matched sequences can affect the response of the devices and the major challenge is, nowadays, to distin-
guish a mismatch of a single base and, at the same time, unequivocally differentiate devices read-out of fully and partially matching
sequences.

Results: We present here two platforms based on different sensing strategies, to detect mismatched and/or perfectly matched com-
plementary DNA strands hybridization into ssDNA oligonucleotide monolayers. The first platform exploits atomic force microsco-
py-based nanolithography to create ssDNA nano-arrays on gold surfaces. AFM topography measurements then monitor the varia-
tion of height of the nanostructures upon biorecognition and then follow annealing at different temperatures. This strategy allowed
us to clearly detect the presence of mismatches. The second strategy exploits the change in capacitance at the interface between an
ssDNA-functionalized gold electrode and the solution due to the hybridization process in a miniaturized electrochemical cell.
Through electrochemical impedance spectroscopy measurements on extended ssDNA self-assembled monolayers we followed in
real-time the variation of capacitance, being able to distinguish, through the difference in hybridization kinetics, not only the pres-
ence of single, double or triple mismatches in the complementary sequence, but also the position of the mismatched base pair with
respect to the electrode surface.

Conclusion: We demonstrate here two platforms based on different sensing strategies as sensitive and selective tools to discrimi-

nate mismatches. Our assays are ready for parallelization and can be used in the detection and quantification of single nucleotide

mismatches in microRNAs or in genomic DNA.
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Introduction

Most current technologies for genotyping and sequencing are
based on DNA hybridization, exploiting the high grade of selec-
tivity due to the unique properties of DNA base pairing. Al-
though the understanding of the behaviour of nucleic acids on a
solid surface has made huge progress from the seminal work of
Southern [1] due to the rapid development of DNA microarray
and DNA microarray-based techniques [2,3], there are still open
questions and bottlenecks limiting the selectivity and the sensi-
tivity of devices that are based on the hybridization of DNA [4].
One example is the detection of single nucleotide polymor-
phism (SNP) [5]. Single-base variations in a DNA/RNA se-
quence afflict 1 out of 1000 base pairs in the genome causing
small differences in individuals belonging to the same species.
This can lead to diseases [6-8] or drastically affect the response
to pharmacological treatments [9]. SNPs are particularly rele-
vant for applications in the field of pharmacogenomics and
population genetics, as a diagnostic tool towards a personalized
approach to diseases [10]. However, state-of-the-art devices still
are not fully able to identify a single-base mismatch nor to
unequivocally distinguish fully and partially matching se-
quences during hybridization [11,12].

The most common strategies for mismatch detection can be
divided in three different categories: hybridization-based detec-
tion, detection based on thermal denaturation and protein-medi-
ated detection [5]. For each strategy, different read-out systems
and experimental designs have been reported, which include
fluorescence [13], surface plasmon resonance [14,15], electro-
chemical [16,17], atomic force microscopy [18,19], colori-
metric assays [20], Raman spectroscopy [21]. However, all
these state-of-the-art technologies are limited in multiplexing
implementation, mutation discrimination and/or sample
throughput. Therefore the field is still open for an optimization
of strategies to overcome the current limitations [22].

We present here two platforms, which are based on different
sensing strategies, to detect mismatched and/or perfectly
matched hybridization of complementary DNA strands into
ssDNA oligonucleotide monolayers. The first platform exploits
atomic force microscopy-based nanolithography (nanografting)
to create ssDNA nano-arrays on gold surfaces and then AFM
topography measurements to monitor the variation of the height
of the nanostructures after loading the complementary/mis-
matched strands in the liquid cell. In the last years we opti-
mized this nanomechanical approach, which is based in the dif-
ferent rigidity of ss- and dsDNA [23-25], enabling the ultrasen-
sitive detection of biomarkers [26]. The second strategy exploits
the change in capacitance during the hybridization process,
measured at the interface between a ssDNA-functionalized gold

electrode and the solution in an electrochemical cell. In a
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previous work we demonstrated the ability to follow the hybrid-
ization of perfectly matched sequences in real time through
electrochemical impedance spectroscopy (EIS) measurements
on extended ssDNA self-assembled monolayers (SAMs) [27].
Here we successfully tested EIS for the detection of mis-
matched sequences. From the analysis of hybridization kinetics
we distinguished the presence of single or multiple mismatches

and their relative position.

Both nanoarrays and EIS devices hold the premises for paral-
lelization, multiplexing and low-volume analysis, making them
amenable for point-of-care diagnostics of SNPs. Moreover a
comparative analysis between the two techniques allows for a
deep understanding of hybridization processes in the presence
of single and multiple mismatches.

Experimental
Fabrication and measurement processes of
AFM-based assays

Gold-coated substrates were immersed in 300 uM of top
oligo(ethylene glycol)-terminated alkylthiols (TOEG®6:
HS—(CHj);—(OCH,;CH;)¢—OH) ethanol solutions, overnight,
to allow for the adsorption and assembly of a full monolayer
with bio-repellent characteristics [28]. The samples were then
removed from the solution, rinsed with ethanol and water to
remove loosely bound molecules and placed in a customised

liquid cell for the AFM experiments.

All AFM experiments were carried out on a XE-100 Park
Instruments with a customised liquid cell. Si cantilevers
(NSC36B Mikromasch, spring constant: 0.6 N/m) were used for
the nanografting experiments. Briefly, the AFM tip is scanned
at high load (approx. 100 nN) over the TOEG6 SAM, operating
in a buffer solution (10 mM Tris-HC1, 1 mM EDTA, (hereafter
TE), 1 M NaCl, pH 7.1) containing 5 uM thiolated ssDNA
oligonucleotides. The applied load is sufficient to displace the
TOEG6 molecules from the gold surface, which are subse-
quently locally substituted by the thiolated ssDNA molecules,
creating ssDNA patches embedded in the surrounding TOEG6
carpet. Exchanging the buffer and the thiolated ssDNA probes,
it is possible to sequentially immobilize different sequences on
the same substrate. The parameters for nanografting have been
properly chosen to obtain a surface density of probes optimal
for the detection of target hybridization, following previous
works of our group [23-25]. After the immobilization the
ssDNA patches are measured through AFM topographic
imaging in soft contact with standard silicon cantilevers
(CSC38 Mikromasch, spring constant: 0.06 N/m) at 1 Hz scan
rate, applying a force of 0.1 nN. Hybridization was monitored

after the addition of the required target solutions (1 uM target in
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TE buffer 1 M NaCl) into the AFM liquid cell for 1 h. All DNA

sequences used in the present work are listed in Table 1.

Fabrication and measurement processes for
EIS-based assay

Detailed fabrication processes and layout of the electrochemi-
cal impedance spectroscopy experiments have been reported by
laneselli and co-workers [27]. Briefly, the setup (a scheme is re-
ported in Figure S1, Supporting Information File 1) consists of
a glass slide with lithographically fabricated working (WE) and
counter (CE) gold electrodes. The two electrodes are covered
with insulating resist leaving exposed to the solution only the
active part, to avoid spurious effects. To confine the drop of
solution and to carefully position the reference electrode (a clas-
sical millimetre-sized Ag/AgCl pellet electrode) we placed
around the electrodes a silicone circular cell (6 mm in diameter,
4 mm in height). The WE and CE electrodes were functionali-
zed with thiolated ssDNA molecules using a well-established
procedure for DNA SAMs on gold [23,29]. Initially the elec-
trodes were wetted for 10 min with a drop of a high-ionic-
strength buffer, TE 1 M NaCl, containing 1 uM thiolated
ssDNA. In this way a low-density ssDNA SAM (about 2 x 1012
to 3 x 10!2 molecules/cm?) was obtained [29]. After DNA-
functionalization the devices were rinsed with the buffer solu-
tion used for the measurements, 100 mM KCI, and the capaci-
tance at the electrode/electrolyte interface was measured. In the
hybridization step the cell is filled with a drop of the same
hybridizing buffer solution, 100 mM KCl, containing the com-
plementary or partially complementary DNA strand at different
concentrations.

The electrochemical current /s is monitored between WE and
CE with a Heka PG340 USB potentiostat upon application of a
10 mV AC voltage at 100, 200, 250 and 400 Hz. In this regime
of frequencies the total impedance is dominated by the capaci-
tance at the electrode/electrolyte interface, allowing for the ex-
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traction of the differential capacitance simply from a linear fit
of I;;ms. The functionalized electrodes can be regenerated after
the hybridization process by means of a thermal treatment in TE
buffer (pH 9) for 1 h in oven at a temperature 10 °C higher than
the melting temperature of the used DNA sequence. The differ-
ential capacitance after the regeneration treatment maintains its
original value within the error bars (Figure S2, Supporting

Information File 1).

Results and Discussion

Atomic force microscopy-based assay

In Figure 1 we report a schematic representation of the AFM-
based assay. We immobilize by means of nanografting on a
gold surface two ssDNA sequences, differing by one base (re-
ported as a red mark), and carefully measure the height of the
DNA nanostructures with respect to the surrounding biorepel-
lent self-assembled monolayer, this last serving as a constant
reference for the height measurements (hsspna, Figure la).
Then we hybridize with a sequence that is perfectly comple-
mentary to one of the two sequences. We expect the perfect
matched (PM) sequence and the one-base mismatched (MM)
sequence hybridization to produce a similar increase in height,
which follows the change in the nanomechanical properties
from ssDNA to dsDNA configuration (hgspna, Figure 1b). We
then perform a thermal treatment to selectively de-hybridize
only the MM sequences, as we can measure from the different
height response of the two grafted ssDNA structures
(after treatment> Figure 1c). Since the non-perfectly matching se-
quence will have a reduced melting temperature with respect to
the perfectly matched (PM) sequence (71,(MM) < T1,,(PM)), its
de-hybridization will be favoured upon annealing to a tempera-
ture (7,n) close or slightly higher than the melting temperature
of the perfect matched sequence (7;,(MM) < T},,(PM) < Tapp).
We have used our AFM-based nanomechanical approach to
distinguish single mismatched DNA base pairs of single nucleo-
tide polymorphisms (SNPs), in particular a T-G mismatch.

Table 1: List of the sequences used for the AFM and EIS experiments. The position of the mismatches are typeset in bold.

sequence name sequence

HS—(CH,)e—5—caaaacagcagcaatccaaagatcagacacccgattacaaatgc—3’
5'—tcatttgtaatcgggtgtcggatcettggattgctgctgttttg—3’
5'—gcatttgtaatcgggtgtctgatctttggattgctgctgttttg—3’
5'—gcatttgtaatcgggtgtcggatcettggattgctgctgttttg—3’

HS-SNP-C HS—(CHy)g—5-tgataatcattacaaaactgaaata—3’
HS-SNP-T HS—(CHy)s—5—tgataatcattataaaactgaaata—3’
SNP-coC 5'—tatttcagttttgtaatgattatca—3’

SNP-coT 5'—tatttcagttttataatgattatca—3’

HS_ssDNA

cDNA_3MM

cDNA_PM

cDNA_2MM

cDNA_DOWN 5'—tctttggattgctgctgttitg—3’

cDNA_UP 5'—gcatttgtaatcgggtgtctga—3’
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Figure 1: Schematics of the atomic force microscopy-based assay.

We graft two sets of ssDNA nanostructures, whose sequences differ
by one single base, highlighted by a red dot (panel a, b,c). By means
of careful AFM topographic measurements, we record the height varia-

tion over the ssDNA nanostructures, (hsspna, panel a) upon hybridi-

zation with a strand fully matching only the left grafted strand (hgspna
panel b), upon thermal treatment, (hafter treatment, Panel c), evidencing

the different de-hybridization behaviour of perfectly matched se-
quences vs mismatched sequences.
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In particular, we chose to immobilize on the surface two
25 bases-long ssDNA sequences, HS-SNP-C and HS-SNP-T
(see Table 1) differing from one cytosine vs one thymine. We
produced by nanografting patches of each of the two ssDNA se-
quences into 1 pm? areas in the biorepellent TOEG6 SAM,
using the same grafting parameters (Figure 2a). After grafting,
the sample was incubated with the sequence SNP-coC fully
matching one strand and matching the second one but for one
base, originating a T/G polymorphism. In Figure 2b we report
the AFM topographic image after incubation with SNP-coC
targets for 1 h. The height variation (Ah = h — hggpna) after the
hybridization step is very similar for the two different se-
quences (Figure 2d), evidencing the impossibility to clearly
distinguish the presence of the mismatched base only by means
of height measurements. We therefore designed a melting ex-
periment: we kept the sample in TE buffer, pH 9, for 1 h at
60 °C, a temperature slightly higher than the melting tempera-
ture of the PM sequence (Ts™ = 57 °C, T,;MM = 53 °C). In
Figure 2¢c we report the AFM topographic image after the ther-
mal treatment and in Figure 2d the relative height changes. We
can observe a sensible height decrease in the HS-SNP-T probe
only, matching almost completely the initial ssDNA value. This
is the sign of a complete de-hybridization of the mismatched
sequence, whereas the perfect match probe is only slightly
perturbed by this thermal treatment.

These successful preliminary experiments demonstrate that our
system has the ability to detect mismatches after precise

After Hybridization (b)

15 nm

12

HS-SNP-T
| = Hssnpc (d)

w
1
—

——

T

h-hsspna (nm)

Ah=

Hybridization Thermal treatment

Figure 2: Schematic view and AFM topographic images of HS-SNP-C and HS-SNP-T nanografted patches (a) before and (b) after incubation with
SNP-C for 1 h and (c) thermal treatment. (d) Histogram of the height variation with respect to the ssDNA patches (Ah = h — hgspna) after the hybridi-
zation with SNP-C-Co sequence and after the thermal treatment (1 h at 60 °C).
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annealing steps, as the ones used in current melting-based SNPs
assays [30,31]. The novelty of our assay resides in the possibili-
ty of reducing the dimensions of the spots (below 1 um?) and to
work multiplexing in small volumes. The use of locked nucleic
acids or enzyme-based strategies [22] might improve sensi-
tivity further possibly circumventing the annealing step.

Electrochemical impedance spectroscopy-

based assay

Despite the high sensitivity, the AFM assay does not allow, at
the moment, for a real-time investigation of binding events. In
order to overcome such limitations, we tested in parallel another
device developed in our laboratory [27], based on electrochemi-
cal impedance spectroscopy (EIS) [32]. The device exploits the
capacitive effects at the interface between an electrode and an
electrolytic solution. When a potential is applied to the gold
electrode the free ions in solution will rearrange close to the
surface creating the so-called double layer capacitance (Cpr)
[33,34]. In presence of a molecular layer between the solution
and the electrode, an additional capacitance in series has to be
taken in account. In our case, similarly to the AFM experi-
ments, we functionalized the electrode with a low density
ssDNA monolayer that serves as a probe for hybridization
studies. In Figure 3 we report a scheme of the device as a series
of two capacitances, one due to the charged DNA strands,
CsspNa and the other (Cpy) to the pure ionic solution [35]. The
measurements of the total differential capacitance will be domi-
nated by the smaller capacitance and, since Cipnp (densities of
about 10 pF/cm?) < Cpy. (densities of about 40 puF/cm?) [27],
will give us a reasonable estimation of the Cgspya. In the
approximation of parallel plate capacitance we can write

+ CoL

$58588 T

Cy (nF)

0.85 =

0.60 -

1.05 ! -

0.95 =

0.90

0.80 o
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0.70 4
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CsDNA as €€g(A4/d), where A is the area of the electrode, d the
thickness of the ssDNA layer, and ¢y and ¢ are the dielectric
constant of vacuum and ssDNA layer, respectively. When we
insert a complementary strand in the electrochemical cell, the
molecular recognition between the two strands will cause a
change in the capacitance at the interface, due to a combination
of height changes, displacement of water molecules upon
binding of new strands, and rearrangement of charge density,
bringing to a new value for the capacitance, Cgspna [36]. Our
device can follow the variation of capacitance in real time,
allowing for the study of the kinetic of hybridization. Indeed,
the eventual presence of a mismatch should change the kinetic
of the binding, as already reported by pioneering work of
Georgiadis’s group [37,38]. Therefore, following in real time
the variation of the capacitance we expect to distinguish the
presence of mismatched sequences.

We functionalized the electrode with the HS-SNP-T probe and
measured the capacitance at the electrode (red dots in Figure 3).
The value of Cyspna 1s shown to be constant over an hour of
continuous measurements, as already demonstrated by laneselli
et al. [27]. After addition of the perfectly matching sequence
SNP-coT (blue squares) in the electrochemical cell, we ob-
served a fast decrease of the capacitance, followed by a subse-
quent slow decay that reaches a plateau at a value of capaci-
tance 36% less than the initial value, as a sign of the occurred
hybridization. When we insert on the regenerated electrode with
the HS-SNP-T probe the mismatched sequence SNP-coC (green
triangles) we observe a slower decay of the capacitance tending
to a plateau much closer to the initial Cispya value than the
perfectly matched one (21% variation), confirming a different

1.20 o =

Hybridization in Real Time

115+ -

® HS-SNP-T ssDNA
m  ssDNA + SNP-coT DNA 10 nM
A ssDNA + SNP-coC 10 nM

1.00 4 -

i
]
i

0.65 4 -

0 20 40 60 80 100 120 140 160
Time (min)

Figure 3: Schematic representation of the electrode/electrolyte interface. The first layer in contact with the gold electrode is the ssDNA self-assem-
bled monolayer, modelled as a capacitance Csspna. Then we have the ions present in solution that arrange in response to the gold and DNA charges
forming the so-called double layer capacitance Cpy, in series with Csspna. When hybridization occurs, the binding of the complementary strand will
produce a change in capacitance due to height changes, substitution of water molecules in the biological layer, and changes in the electrical charge
density. The capacitance, extracted from the impedance measured in our electrochemical setup, is plotted versus time for the ssDNA-functionalized
electrode (red curve) and for the mismatched (green) and perfectly matching (blue) complementary sequences.
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kinetic behaviour and a less efficient hybridization. Our results
are in good agreement with previous reports of Georgiadis
based on SPR measurements [38]. We can observe here that the
EIS measurements allow for distinguishing the mismatched and
perfectly matched sequences by observing a different kinetic
behaviour and a different capacitance plateau, whereas AFM
was not able to directly detect a height difference. Indeed, the
changes of capacitance at the functionalized electrode are the
results of a combination of changes of height in the molecular
case and rearrangement of charge density. The distortions on
the DNA structure due to the mismatched bases can modify the
charge distribution inside the molecular layer [39], causing a
change in the capacitance that is readable in the EIS measure-
ment, even if does not significantly affect the height of the layer
after the hybridization.

We further tested our device exposing a 44 bases ssDNA
(HS_ssDNA_44) probe to five different sequences: a perfect
match (cDNA_44 PM), a double mismatch (cDNA_ 44 2MM),
a triple mismatch (cDNA_ 44 3MM), and two 22 bases se-
quences complementary to the bottom half (cDNA_44 DOWN)
and top half (¢cDNA_44 UP) part of the ssDNA_44 sequence,
respectively.

In Figure 4a we report the study of the kinetics of DNA hybridi-
zation in the presence of 2 MM (green triangles) and 3 MM
(black markers) mismatches compared with the PM (blue
squares) sequence. We can clearly distinguish the behaviour of
the three differently matching sequences. As expected we
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measured a slower kinetics and a lower plateau value going
from the PM (36% variation) to 2 MM (17% variation) and
finally to 3 MM (10% variation). Analogously, we observe in
Figure 4b the evolution of the differential capacitance in pres-
ence of two 22 bases-long sequences complementary to the
bottom half (¢cDNA_ 44 DOWN) and top half (¢cDNA_ 44 UP)
part of the ssDNA 44 sequence, respectively. The curves
follow more or less the same trend: an initial fast decay and
then a slow decay to an asymptotic value representative of the
efficiency of the hybridization. The kinetics and the asymptotic
value are, respectively, slower and lower for the two half se-
quences with respect to the PM. Notably, the kinetics and effi-
ciency of hybridization is much lower for the down matching
sequence than for the up matching sequence. The 44 bases
probe brush can in fact hinder the hybridization of the bottom
part, while the upper part is made more available for the target
sequence. Noteworthy, we observe a sensible variation between
up and down hybridization in the presence of as low as 20 nM
target concentration. The increase in sensitivity with respect to
previous results reported by Georgiadis group [38] can be attri-
buted to the applied electric field during the EIS real time
hybridization measurements. Such electric field can indeed
favour the hybridization process, as already reported by [40],
accelerating the kinetics and improving the efficiency of the
hybridization.

Conclusion
We proposed here two different sensing strategies based on the
use of ssDNA monolayers tethered to gold substrates, for the
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Figure 4: Differential capacitance measurements of the kinetics of DNA hybridization in presence of multiple mismatches (a) and in presence of
partially complementary sequences (b). The red signal represents the differential capacitance of a low-density 44 bases ssDNA SAM functionalized
WE measured in 100 mM KCI. (a) In blue we report the hybridization with the fully matching sequence, in green the hybridization with a sequence with
2 MMs, and in black the hybridization with a sequence with 3 MM. (b) In blue we report the hybridization with the fully matching sequence, in orange
the hybridization with a 22mer sequence complementary with the upper part (far from the gold surface) of the target and in purple the hybridization
with a 22mer sequence complementary with the lower part (close to the gold surface) of the target.
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detection of mismatches in DNA oligonucleotides. Both the
strategies are label-free and are sensitive enough to detect point
mutations. In Table 2 we report a comparison between the per-
formance of our two approaches (nano-mechanical and electro-
chemical) and current label-free surface-based biosensing
strategies, according to recent literature. As we can see from
the table, SPR strategies seem to be the most promising in
terms of limit of detection. However, in these devices the sur-
face area is larger, limiting multiplexing and small volume

operations [14,15].

By contrast, the nano-mechanical approach on DNA nanoar-
rays although hampered by the time consuming processes of
annealing and AFM height measurements (in line with bench-
mark of AFM-based assays reported in literature [11,18,19]),
allows for a straightforward multiplexing. Ultimate sensitivity
has been demonstrated for these arrays (100 pM, [41]), making
them overall amenable to less invasive diagnostic analysis with
a sensible reduction of the volume of the analyte till single
cell [26].

Finally, our electrochemical measurements combine high sensi-
tivity with real-time analysis, allowing for an accurate study of
the kinetics and of the efficiency of the hybridization in mis-
matched targets. In our case, we were able to clearly distin-
guish the presence of single, or multiple mismatches and also
the position with respect to the gold surface of the missing base-
pairs. Due to the relatively simple geometry, the device could
be easily further miniaturized and integrated in multiplexed
arrays through microfluidic systems, allowing for point-of-care
diagnostics. Our results demonstrated that nano-mechanical and
EIS strategies are state of the art for the detection of SNP, con-
firming the relevance of immobilized DNA on solid supports in
life science studies, including single cell RNA characterization,
gene expression profile and genetic variability. Moreover, the
complementarity of the two techniques (one more sensitive to
the morphological and mechanical changes of the DNA layer,
the other more sensitive to its charge density) let us conclude
that the structural deformations related to a single mismatch
have a strong influence on the charge distribution only, leaving
the molecular structure not significantly affected.
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Supporting Information

Supporting Information features a schematic view of the
EIS setup, details of temperature stability of DNA
nanobrushes for the AFM-based assays, and regeneration
efficiency of ssDNA functionalized electrode for EIS

measurements.

Supporting Information File 1

Additional experimental data.
[http://www.beilstein-journals.org/bjnano/content/
supplementary/2190-4286-7-20-S1.pdf]
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Abstract

Ceramide-1-phosphate (C1P) plays an important role in several biological processes, being identified as a key regulator of many
protein functions. For instance, it acts as a mediator of inflammatory responses. The mediation of the inflammation process happens
due to the interaction of C1P with the C2 domain of cPLA,,, an effector protein that needs the presence of submicromolar concen-
trations of calcium ions. The aim of this study was to determine the phase behaviour and structural properties of C1P in the pres-
ence and absence of millimolar quantities of calcium in a well-defined pH environment. For that purpose, we used monomolecular
films of C1P at the soft air/liquid interface with calcium ions in the subphase. The pH was varied to change the protonation degree
of the C1P head group. We used surface pressure versus molecular area isotherms coupled with other monolayer techniques as
Brewster angle microscopy (BAM), infrared reflection—absorption spectroscopy (IRRAS) and grazing incidence X-ray diffraction
(GIXD). The isotherms indicate that C1P monolayers are in a condensed state in the presence of calcium ions, regardless of the pH.
At higher pH without calcium ions, the monolayer is in a liquid-expanded state due to repulsion between the negatively charged
phosphate groups of the C1P molecules. When divalent calcium ions are added, they are able to bridge the highly charged phos-
phate groups, enhancing the regular arrangement of the head groups. Similar solidification of the monolayer structure can be seen in
the presence of a 150 times larger concentration of monovalent sodium ions. Therefore, calcium ions have clearly a strong affinity
for the phosphomonoester of C1P.

Introduction

Ceramide-1-phosphate (C1P) is a sphingoid analogue of phos-
phatidic acid, which has a sphingoid base with a phosphomo-
noester head group (Figure 1). It is synthesized in the trans-
Golgi network (TGN), where ceramide is phosphorylated into
C1P in a reaction catalyzed by a ceramide kinase [1,2]. Several

reviews about the function of C1P describe its role in a number

of biological functions as cell growth, survival and mediation of
macrophage migration and control of inflammatory responses
[3-5].

According to the work of Chalfant and co-workers [6,7], C1P
mediates inflammatory responses by activation of the cytosolic
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Figure 1: Chemical structure of fully protonated C1P.

phospholipase A2a (cPLAja). cPLAja is the major phospholi-
pase that regulates eicosanoid synthesis in response to inflam-
matory agonists. The binding site for C1P was determined to be
within the C2-domain of cPLAj»a, by a calcium-dependent

mechanism [3,6,7].

For a better understanding of the mechanisms underlying the
described biological functions, Langmuir monolayers at the soft
air/water interface are convenient model systems. They can be
especially used to study interactions at membrane surfaces. By
changing the subphase conditions, such as pH, ionic strength,
or/and the type of ions (Hofmeister effects), it is possible to
study their influence on the phase state of the lipids. Having this
in mind, Kooijman and co-workers [8] studied the behaviour of
CI1P monolayers in the absence and presence of Ca2* and found
interesting results. On pure water, C1P forms a condensed
monolayer, while at pH 7.2 the electrostatic repulsion of the
negatively charged phosphomonoester head groups becomes
more important and the monolayer is in a less solid-like state.
Also at pH 7.2, the monolayer has a higher charge density than
on water. They also determined the pK,, in presence of other
lipids (DOPC and DOPE), and found that the environment has a
strong influence on the charge state of the phosphomonoester
head groups [9]. The pK,, of C1P is in the range of physiologi-
cal values (5 < pH < 8) and similar to the one of lyso-phospha-
tidic acid (LPA) [10].

Since the monolayer studies were performed in a non-defined
protonation region, either water or pH 7.2, we studied the phase
behaviour and structural properties at more extreme values,
namely at pH 4, where C1P should be mostly protonated, and at
pH 9, where we expect the C1P to be completely deprotonated.
The aim of these experiments is to provide a complete physico-
chemical characterization of C1P towards a better under-
standing of the influence of pH and ions in the subphase. This
study can lead to better comprehension of the mechanism and
potential role of this important sphingolipid in biological mem-

branes and cellular environment.

Results and Discussion
The C1P monolayer was studied at pH 4 and pH 9. While at
pH 9 the head groups of C1P should be mostly deprotonated
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and therefore twofold negatively charged, these groups are
highly protonated at pH 4. Figure 2 displays the surface pres-
sure—area isotherms at pH 4 and pH 9 with and without calcium
in the subphase.

For pH 9, a solution of 10 mM borax buffer has been used, and
for pH 4, a 10 mM citric buffer. Either 150 mM NaCl was
added to mimic the physiological environment and 1 mM
EDTA to chelate traces of divalent cations, or the EDTA was
substituted by 1 mM CacCl,.

On the pH 9 subphase without calcium, the isotherms indicate
an expanded phase (LE) at low lateral pressures and a first-
order phase transition from LE to LC (condensed state). At
10 °C, this phase transition is not seen. As the temperature in-
creases, the phase-transition pressure increases. This depen-
dence is characteristic of a first-order transition. Unfortunately,
the domains appearing in the two-phase coexistence region are
too small for the lateral resolution of our BAM instrument
(about 2 pm), and therefore we were not able to follow the nu-
cleation and growth processes associated with the LE/LC phase
transition (data not shown). The calculated critical temperature
T, (see section 1 in Supporting Information File 1) for this
system, i.e., the temperature above which the LC phase cannot
be reached anymore upon compression of the monolayer, was
found to be about 38 °C, which is slightly lower than the transi-
tion temperature Ty, of a gel to a liquid-crystalline phase ob-
tained by Kooijman et al. [9] (ca. 44 °C) for the bulk system at
pH 7.4. Most likely, the difference in temperatures can be attri-
buted to a different protonation state of C1P in the two cases.
Therefore, we might conclude that 7, and 7}, are the same
showing that the lateral packing in the monolayers and in the bi-

layers is identical [11].

At pH 4 without calcium, the isotherms have a shape character-
istic of a condensed phase. The resublimation (transition from
gas-analogous to condensed state) occurs at nearly zero pres-
sure. As a first assumption, we expect the C1P head groups to
be mostly deprotonated at pH 9. This leads to strong electro-
static repulsion between the twofold negatively charged phos-
phomonoester head groups favouring the disordered LE phase.
In contrast, the head groups are expected to be mostly proto-
nated at pH 4 allowing the molecules to pack in a tighter way,
favouring the ordered LC phase.

When calcium is added, the isotherms of the pH 9 subphase
change drastically. Now, the typical behaviour of a fully
condensed monolayer even at low pressures can be seen. At
pH 4, no pronounced changes are seen, and the monolayer is at
all lateral pressures in the condensed state. The isotherm on

water is also fully condensed (Figure S1, Supporting Informa-
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Figure 2: Surface pressure—area isotherms at (a) pH 9 without calcium (borax buffer with 150 mM NaCl and 1 mM EDTA), (b) pH 9 with calcium
(borax buffer with 1 mM CaCl, and 150 mM NacCl), (c) pH 4 without calcium (citric buffer with 150 mM NaCl and 1 mM EDTA), and (d) pH 4 with
calcium (citric buffer with 1 mM CaCl, and 150 mM NaCl) at different temperatures (indicated).

tion File 1), which is in perfect agreement with the isotherm ob-
tained by Kooijman [8]. This is not surprising, since the pH of
water saturated with CO; is around 6. All the condensed iso-
therms are supported by Brewster angle microscopy images.
Figure 3 is shown as an example of a stiff and crystalline mono-
layer observed on a pH 4 subphase without calcium. At very

low pressure, the image indicates some holes, which are re-
moved by compression.

The monolayers in the condensed state are not perfectly repro-
ducible concerning the areas per molecule (as already reported
by Kooijman [8]). They exhibit hysteresis between compres-

0.4 mN/m

21.3 mN/m

Figure 3: BAM pictures obtained at pH 4 without calcium (citric buffer with 150 mM NaCl and 1 mM EDTA) at selected surface pressures (indicated).
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sion and decompression, which proves the highly crystalline
state of these systems and leads to limitations in a precise deter-
mination of molecular areas. The isotherms were measured at
several temperatures to investigate whether the first-order tran-
sition between LE and LC can be obtained. However, only
condensed monolayers have been obtained in the accessible
temperature range. Only at pH 4 without calcium, the isotherm
measured at 30 °C is clearly shifted to smaller area values, most
probably due to a slightly increased solubility of C1P in this
subphase.

Infrared reflection—absorption spectroscopy (IRRAS) has been
used to determine the phase state of the aliphatic chains on the
different subphases. For this purpose, the CH, symmetric and
asymmetric stretching vibration bands of IRRAS spectra have
been carefully analyzed. If the chains are in an ordered
condensed (all-trans) state, the corresponding characteristic
bands are at wavenumbers v < 2920 cm ! (VasymCH2) and
v <2849 cm! (vsymCH2). Wavenumbers v > 2924 cm™!
(VasymCHp) or v = 2854 cm ™! (vsymCH>) are characteristic for
the liquid-like (gauche) state of the chains [12]. Figure 4
displays the wavenumbers of the a5y, CHp band of C1P on the
different subphases.

30{ @ =
254
E 20 oom ]
Z 15
® 10] o0 = -
51 ee@ u ]
2918 2920 2922 2924 2926
v[cm'l]

Figure 4: Wavenumbers of the CH, asymmetric stretching vibration
band (incidence angle 40° and s-polarization) of C1P monolayers at
30 °C on different subphases: (red square) pH 9 without calcium
(borax buffer with 150 mM NaCl and 1 mM EDTA), (red circles) pH 9
with calcium (borax buffer with 1 mM Ca2* and 150 mM NaCl), (blue
squares) pH 4 without calcium (citric buffer with 150 mM NaCl and

1 mM EDTA), and (blue circle) pH 4 with calcium (citric buffer with

1 mM Ca?* and 150 mM NaCl), determined by IRRAS.

The IRRAS data show the same tendency as the isotherms. At
pH 4 without calcium, C1P is in a condensed state with slightly
higher wavenumbers at low pressures (less dense packing of
molecules). Upon compression, the same low wavenumbers
(approx. 2918.5 cm™!) are reached as in the system with

Beilstein J. Nanotechnol. 2016, 7, 236-245.

calcium (the packing and therefore the wavenumbers do not
change upon compression). At pH 9 without calcium, high
wavenumbers at low pressures (approx. 2926 cm™!) indicate the
disordered LE state, which upon compression undergoes the
transition into the LC phase with lower wavenumbers (approx.
2920 cm™ 1), but not as low as in the other systems. At pH 9, the
electrostatic repulsion between the negatively charged head
groups leads to an expanded state. These repulsive forces
prevent a high packing density even at high lateral pressures.
Interestingly, on the pH 9 subphase with calcium, the C1P
chains are in a highly condensed state (all-trans conformation)
with very low wavenumbers (approx. 2918.2 cm™!). All temper-
atures studied show the same tendency (data of IRRAS mea-

surements at 10 °C and 30 °C not shown).

C1P has three dissociation states due to its phosphomonoester
head group. The equilibrium constants pK,; and pK,, deter-
mine the state of C1P, defining whether the molecule will be
completely deprotonated, one-fold deprotonated or neutral (no
deprotonation) at a certain pH. The pK,, of C1P was deter-
mined by Kooijman et al. [9] to lie within pH 5 and 8. The
dissociation behaviour of C1P was shown to be similar to the
one of LPA, obeying the electrostatic/hydrogen bond switch
model, and to a certain extent to the one of phosphatidic acid
(PA) [10]. The pK,; of LPA and PA is in the pH range between
2 and 4 [13]. To our knowledge, the pK,; of C1P is not de-
scribed in the literature. We expect C1P to be one-fold deproto-
nated at pH 4 and completely deprotonated at pH 9. In an
attempt to get more information about the deprotonation state of
the C1P monolayer, the phosphate vibration bands of IRRAS
spectra were analyzed and are depicted in Figure 5. The asym-

metrical and symmetrical stretching vibration bands of PO32~

0.004 -

0.002 -

Ia.u.]

0.000{-

-0.002 4

1100 1000 900

v [cm'l]

1300 1200

Figure 5: IRRAS spectra (incidence angle 40°, s-polarization) of C1P
monolayers on the different subphases (red lines — pH 9 buffer; blue
lines — pH 4 buffer; solid line — with calcium; dotted line — without
calcium) at 20 mN/m and 30 °C. The spectra are shifted (y-axis) for
better clarity.
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are described to be located at approx. 1080 cm™! and approx.
1000 cm™! and the P-O—(H) stretching mode at approx.
925 cm™! [14].

It is important to note that the phosphate bands region is noisy
and the accurate analysis of the peak position of the bands is
challenging. Therefore no fitting was performed, and the peak
positions were defined by an eye analysis. Apart from the asym-
metrical PO32” band of C1P on the pH 9 subphase with
calcium, which shows a pronounced intensity, the bands are
either very broad or seem to be a doublet. Doublets were
already described for phosphonic acid salts in IR [14]. Howev-
er, the broadening of the bands could also indicate a superposi-
tion of bands due to different protonation states of the mole-

cules in the system.

At pH 4 without calcium, a band at approx. 970 cm™! and a
very broad band composed of at least two contributions, one
doublet around 1012 cm™! and the other one around 1068 cm™!
are present. In comparison with LPA and PA, the pK,; of C1P
is expected to be in the range of 2 < pH < 4, hence at pH 4 C1P
should be one-fold deprotonated. The ionic strength of the
subphase can influence the dissociation degree of the mono-
layer, since the counter-ions interact with the charged head
groups. Usually the pK, values decrease with increasing ionic
strength. The doublets seem to indicate a coexistence of
one-fold deprotonated and neutral C1Ps. When calcium is
added to the system such bands change slightly the position to
approx. 966 cm™!, approx. 1007 cm™! (very weak band) and
one doublet around 1066 cm™! (approx. 1052 and approx.
1079 em™). The slightly lower wavenumbers and shape of the
bands give an overall impression that almost all C1P molecules
are now neutral. The wavenumbers of the acyl chains support
this assumption: the monolayer without calcium has slightly
lower wavenumbers (less condensed monolayer) due to electro-
static repulsions between the charged oxygen ions of the phos-
phomonoester head group. Interestingly, molecular dynamics
simulations of dimyristoylphosphatidate (DMPA™) monolayer
in water environment (and therefore one-fold deprotonated) re-
ported no difference between the effect of Ca2" or Na* ions on
the properties of a condensed phase monolayer [15].

At pH 9, CI1P is expected to be completely deprotonated. The
wavenumbers are shifted to higher values. The bands for the
subphase without calcium are located at approx. 974 cm™!,
approx. 1011 ¢cm™! and a doublet (approx. 1072 and
1088 cm™!). We assume CI1P on the pH 9 subphase without
calcium is most likely not 100% deprotonated since the doublet
is still present. When calcium is added to the subphase the
wavenumbers are even more shifted to higher wavenumbers and

the asymmetrical PO32~ band is no longer a doublet. The bands
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are located at approx. 995 cm™!, approx. 1045 cm™! and
1100 cm™L. Such clear shift to higher wavenumbers was already
observed by Laroche et al. [14] in the case of a DMPA/Ca%"
complex, where the bridging of the head groups of neigh-
bouring molecules mediated by calcium was found. Neverthe-
less, even if the phosphate bands indicate that Ca2* ions have a
stronger influence on the charge state of the monolayer (slightly
deprotonated at pH 9) compared to a higher concentration of
Na*, no quantitative information about the deprotonation state
of the monolayer is available. Again, at all temperatures and
pressures studied the same tendency was found.

This interesting calcium dependence was further investigated by
means of grazing incidence X-ray diffraction (GIXD) at
synchrotron facilities. The Langmuir trough is in an air-tight
container filled with helium to avoid signal reduction due to
absorption and scattering of photons in air. The incident beam is
at an angle below the critical angle for total external reflection.
The diffraction pattern is then collected by a linear detector
which is scanned in the in-plane direction. The parameters of
the unit cell of the lipid chains can be calculated based on the
Oy, and Q; values of the observed Bragg peaks. All the details
of GIXD measurements and analysis can be found in [16-18].

Figure 6 is shown as an example of the results obtained for C1P
at pH 4 with calcium in the subphase. The contour plots display
the diffracted intensities versus the in-plane (Q,,) and out-of-
plane (Q,) components of the scattering vector. Bragg peaks
and Bragg rods can be extracted to yield structural information
as the in-plane lattice, the tilt of the chains, the lattice distortion,
and the cross sectional area (4() of one chain [16-18].

C1P on the pH 4 buffer at 10 mN/m shows three diffraction
peaks indicative of the presence of an oblique in-plane lattice
with a tilt of (18.6 = 1.0)° and an area per molecule of
(40.2 + 0.8) A2, which transforms between 10 and 30 mN/m
into a rectangular lattice of NN (nearest neighbour) tilted
chains. At 40 mN/m, only one Bragg peak has been observed
indicating a hexagonal packing of untilted chains. The extrapo-
lated tilting transition pressure is 38.9 mN/m (see below and
section 3 in Supporting Information File 1).

On water, the presence of two Bragg peaks at non-zero O,
values demonstrates the existence of a rectangular unit cell with
molecules tilted in the direction of next-nearest neighbours
(NNN) and an area per molecule of (41.0 = 0.8) A2. Above
5 mN/m, the super-liquid (LS) phase (hexagonal unit cell with
non-tilted molecules) is observed. Interestingly, the results ob-
tained by Kooijman et al. [8] show a different picture, since at
10 mN/m the tilt angle is (18 £ 1)°. In our experiments, at the
same pressure, non-tilted molecules are observed. This could be
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Figure 6: Contour plots of the corrected X-ray intensities plotted versus the in-plane (Qyy) and out-of-plane (Qz) components of the scattering vector
for C1P monolayers on the pH 4 subphase with calcium (citric buffer with 1 mM Ca2* and 150 mM NaCl) at 10 mN/m (left), 30 mN/m (middle) and

40 mN/m (right).

attributed to possible traces of divalent ions in the Millipore
water used in our experiments with no addition of EDTA, and
supports the finding that small amounts of divalent ions have a

big influence on the behaviour of C1P.

Plotting 1/cos(f) versus the surface pressure (z is the tilt angle of
the chains) allows for the determination of the tilting transition
pressure. The only assumption one has to make is that the cross-
sectional area of the chains remains constant on compression
and that the isotherms show an almost linear relationship be-
tween area and pressure in the condensed state [19]. In Figure 7,
the lines are linear fits to the experimental data. On water, the
tilting transition occurs already at low lateral pressures
(5.2 mN/m). As already discussed, at pH 4 with calcium the

extrapolated tilting transition pressure is 38.9 mN/m.
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Figure 7: 1/cos(t) as a function of the surface pressure of C1P mono-
layers at 20 °C on (red circle) pH 9 with calcium; (red square) pH 9
without calcium; (blue circle) pH 4 with calcium; (blue square) pH 4
without calcium; and (black square) on water.

At the same pH but without calcium in the subphase, the chains
are packed in an oblique in-plane lattice at 5 mN/m, but with a
larger tilt angle of (21.8 £ 1)°. Consequently, the in-plane area
per molecule is (42.2 + 0.8) A2. The lattice transforms upon
compression, and at 30 mN/m hexagonal packing of untilted
chains is observed. The extrapolated transition pressure
(23.1 mN/m) is lower than on the calcium containing subphase.
Apparently, the presence of divalent calcium ions leads to a
higher degree of dissociation compared to the monovalent

sodium.

On the pH 9 subphase without calcium, a rectangular unit cell
with chains tilted in the NNN direction is observed at low pres-
sures. The tilt direction changes to NN at 30 mN/m, where the
tilt amounts to (14.3 + 1)° and the in-plane area per molecule is
42.4 A2 The extrapolated tilting transition pressure is much
higher (46.8 mN/m). On the pH 9 subphase with calcium, the
oblique structure is seen at all pressures investigated. The tilt
changes only marginally on compression (21 £ 1)°. Therefore,
the structure is very rigid and does almost not respond on
compression of the film. Furthermore, the extrapolated tilting
transition pressure is an unrealistic value of 114 mN/m. The
divalent calcium ions are able to bridge the highly charged
phosphate groups and solidify the monolayer structure, in
contrast to all the other systems. Calcium seems to be the key
element to bridge the charged head groups leading to a very
rigid arrangement of the molecules. It is interesting to note that
calcium has this strong effect even in the presence of a 150-fold

larger concentration of monovalent sodium ions.

Plotting the lattice distortion as a function of the sinus square of
the tilt (Figure 8) according to a modified Landau theory
usually shows a linear dependence [17]. An extrapolated zero

distortion at zero tilt indicates that the lattice distortion is
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caused only by the tilt of the molecules [20]. However, this is
not the case for the monolayer on the pH 9 subphase with
calcium, since the distortion remains more or less constant at
0.18. The cross-sectional area is not extraordinarily small
((19.7 + 0.04) A2 at 30 mN/m) but is clearly smaller compared
to all the other systems. Even if the value is not yet the one ob-
served for herringbone or pseudo-herringbone packing, which is
usually the source for lattice distortion apart from the chain
tilting, the packing has clearly a strong influence on the distor-
tion. Strong interactions in the hydrophilic head group region
mediated by the calcium ions bridge the negatively charged
phosphate head groups and enhance the solid arrangement of
the molecules to form a strongly condensed monolayer.
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Figure 8: Lattice distortion as a function of sin?(f) of C1P monolayers
at 20 °C on (red circle) pH 9 with calcium; (red square) pH 9 without
calcium; (blue circle) pH 4 with calcium; (blue square) pH 4 without
calcium; and (black square) on water.

The differences in the tilt transition pressure are in agreement
with all the other data. On the pH 4 subphase without calcium,
the C1P monolayer presents a mixture of one-fold deprotonated
and neutral molecules. The electrostatic repulsions between the
slightly negatively charged head groups are responsible for the
larger areas per molecule and larger tilt angles. Upon compres-
sion, the strong van der Waals forces between the acyl chains
and the screening effect of sodium ions surpass the electrostatic
repulsions allowing C1P to transform into the untilted state. On
the pH 4 subphase with calcium, the head groups interacting
with calcium ions obviously require a larger effective area.
Therefore, a much higher lateral pressure is needed to observe
the untilted state. However, calcium is not able to bridge the
single-charged head groups in an effective way as observed for
the system on the pH 9 subphase. In the case of the pH 9
subphase without calcium, the untilted state is reached at much
higher lateral pressures due to stronger electrostatic interactions.
The presence of calcium ions leads to a very rigid structure,

which does not change upon compression.
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In a study of the Chalfant group [21], the activation of cPLA»a
by C1P was found to be related with the chain length, showing
an increase in activity with increasing chain length. It is known
for other lipids that the chain length has an influence on the
structural properties of the lipids. For example, in saturated
fatty acids an expanded phase is dominantly found up to Cy,
chains, and lipids with longer chains exhibit only condensed
phases [17]. Therefore, comparing the data of Chalfant and
co-workers with our results, we suggest that the activation of
cPLAja by C1P is connected with the rigidity of the C1P struc-
ture, which is enhanced in the presence of calcium ions.

Conclusion

The results presented clearly show the influence of the proton-
ation degree of C1P head groups on its interaction with calcium
ions. At higher pH without calcium ions, the C1P monolayer is
at low lateral pressures in a liquid-expanded phase (LE) due to
repulsive forces between the negatively charged phosphate head
groups. At pH 4, the C1P head groups are either one-fold depro-
tonated or neutral (most probably a mixture of protonation
states). The strong van der Waals forces between the chains
allow the system to be in a condensed state. When calcium is
added to the subphase, at both pH values, only a condensed
phase state is observed. At pH 4, the systems with and without
calcium are quite similar. However, the untilted state on the
subphase with calcium is reached only at higher lateral
pressures compared to the system without calcium. This
intriguing behaviour let us believe that calcium is able to
stabilize the one-fold deprotonated molecules in the system,
even though less effectively than in the presence of two nega-
tive charges in the head groups. Sodium does not seem to be
able to neutralize the negative charges so efficiently. At pH 9,
when the C1P is mostly deprotonated, the divalent calcium
interacts strongly with the negatively charged phosphate groups
and bridges the head groups, enhancing a solid-like arrange-
ment of the molecules in a condensed phase. The solidification
effect of the monolayer by calcium ions is clear since the same
effect is not seen with the 150-fold larger concentration of

sodium ions.

This work shows clearly the affinity of calcium for the phos-
phomonoester of C1P and its big influence on the phase state of
the lipid, which is pH-dependent (competition between repul-
sive electrostatic and attractive van der Waals forces). This
result supports the calcium-mediated interaction of C1P with
the C2 domain of cPLa2a (effector protein).

Since C1P is involved in many biological functions, its interac-
tion with other ions could also be of interest. Furthermore, the
potential to form solid-like domains (rafts) will critically

depend on the intracellular pH and the presence of divalent
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cations, therefore the information presented in this work will

help to better understand some of these biological mechanisms.

Experimental

Materials

Ceramide-1-phosphate (N-hexadecanoyl-D-erythro-sphingo-
sine-1-phosphate) was purchased from Matreya, LLC (PA,
USA). EDTA (299.4%), NaCl (299.5%), NaOH (>99.5%),
CaCl, (>299%) and HCI were purchased from Sigma Aldrich
GmbH (Taufkirchen, Germany). Chloroform (>99.9%) and
citric acid monohydrate (=99.5%) were purchased from Carl
Roth GmbH (Karlsruhe, Germany) and methanol (>99.9%)
from VWR Chemicals (Fontenay-sous-Bois, France). Sodium
tetraborate decahydrate (=99.5%) was purchased from Merck
KGaA (Darmstadt, Germany). NaCl was heated to 600 °C to
remove potential organic impurities. All other chemicals and
salts were used without further purification. For monolayer ex-
periments, Milli-Q Millipore water with a specific resistance of
18.2 MQ-cm and pH approx. 6.2 was used.

Monolayer experiments

For monolayer experiments, a stock solution with a concentra-
tion of around 1 mM of C1P was prepared in a chloroform/
methanol/0.5 N HCI (2:0.9:0.1 v/v) mixture, and vortexed until
the solution was completely limpid. This mixture of solvents
has been proved previously to be the most adequate one to
dissolve C1P [8]. A 10 mM citrate buffer solution was used as
subphase for pH 4 and a 10 mM borax solution was used for
pH 9 (pH adjusted with NaOH/HCI). NaCl in a concentration of
150 mM was added to mimic the physiological environment,
and 1 mM EDTA to chelate traces of divalent cations in the
buffer solution. In case of a subphase with calcium, the EDTA
was replaced by 0.001 M CaCl,.

The stock solutions were drop-wise given onto the subphase
using a 100 pL micro-syringe, and 10 min were allowed for the
evaporation of the solvent. The pressure—area isotherms were
recorded on a computer interfaced custom-made Langmuir
trough. The trough is equipped with a Wilhelmy balance using a
glass plate. The compression speed was 3 AZ:molecule!-min!.
The temperature was kept constant at the desired value with an

accuracy of £0.1 °C.

Infrared reflection—absorption spectroscopy
(IRRAS)

Infrared reflection—absorption spectra were recorded on a
Vertex 70 FTIR spectrometer (Bruker, Ettlingen, Germany).
The setup includes a MCT detector cooled with liquid nitrogen
and coupled to a film balance (R&K, Potsdam, Germany),
placed in an enclosed container to allow for a constant water

vapor atmosphere. A sample trough with two movable barriers
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and a reference trough (subphase without monolayer) allows for
the fast recording of sample and reference spectra successively
by a shuttle technique. The infrared beam is focused on the
liquid surface by a set of mirrors. The angle of incidence normal
to the surface can be varied by moveable arms. A KRS-5 wire
grid polarizer is used to polarize the infrared radiation either in
parallel (p) or perpendicular (s) direction. Reflectance—absor-
bance spectra were obtained by using —log(R/R), with R being
the reflectance of the film covered surface and Ry being the re-
flectance of the same subphase without the film. Each IRRAS
experiment was started 1 h after spreading. FTIR spectra were
collected with a scanning velocity of 20 kHz and a resolution of
8 cm ™!, using 200 scans for s-polarized light and 400 scans for
p-polarized light and saved in OPUS 6.0%. For data analysis,
spectra obtained with s-polarized light at 40° angle of incidence
were used. IRRA spectra were shifted to zero between
1950 cm™! and 2250 cm™!. To determine the position of the
asymmetric CH,-stretching vibration band, a non-linear fit
using Lorentz function in Origin 9® was used.

Brewster angle microscopy (BAM)

The morphology of the monolayer was imaged with a Brewster
angle microscope, BAM2plus from NanoFilm Technologie
(Géttingen, Germany), equipped with a miniature film balance
from NIMA Technology (Coventry, UK). The microscope was
equipped with a frequency-doubled Nd:YAG laser (532 nm, ca.
50 mW), a polarizer, an analyzer, and a CCD camera. When
p-polarized light is directed onto the pure air/water interface at
the Brewster angle (approx. 53.1°), zero reflectivity is observed.
When a monolayer is added, the light starts to be reflected due
to the change of the refractive index of the surface layer. This
change is registered by the CCD camera after passing the
analyzer. BAM images of 355 x 470 um? were digitally re-
corded during compression of the monolayer. The lateral reso-
lution is ca. 2 pm.

Grazing incidence X-ray diffraction (GIXD)
Grazing incidence X-ray diffraction (GIXD) experiments were
performed at the beamlines BW1 at DESY, Hamburg,
Germany, and ID10 at the ERSF, Grenoble, France. The setup
includes a Langmuir trough, equipped with one moveable
barrier and a Wilhelmy surface tension sensor. The temperature
was kept at 20 °C by a thermostat. During experiments, the
trough was kept hermetically sealed and flushed with He.

At BW1 (DESY, Hamburg) the synchrotron beam was mono-
chromated through a beryllium(002) crystal to a wavelength of
1.304 A (energy: 9.5 keV). The incidence angle at the liquid
surface was 0.11°, which is around 85% of the critical angle for
total external reflection for water at this X-ray wavelength. A

Mythen detector (Paul Scherrer Institute, Villigen, Switzerland)
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was rotated around the sample in order to detect the intensity of
the diffracted beam as a function of the vertical scattering angle
af and the horizontal scattering angle 26. A Soller collimator
(JJ X-Ray, Denmark) was located between the sample and the
detector.

At ID10 (ESRF, Grenoble) the synchrotron beam was mono-
chromated by a germanium(111) crystal to a wavelength of
0.56 A (energy: 22 keV). The incidence angle at the liquid sur-
face was 0.033°, which is around 85% of the critical angle for
total external reflection for water at this X-ray wavelength. A
Mythen detector (Dectrys, Baden, Switzerland) was rotated
around the sample in order to detect the intensity of the
diffracted beam as a function of the vertical scattering angle ar
and the horizontal scattering angle 20. A Soller collimator
(JJ X-Ray, Denmark) was located between the sample and
the detector. The setup was already described elsewhere
[22,23].

The accumulated position-resolved counts were corrected for
polarization, effective area, and Lorentz factor. In the case of
ID10 the contour plots of the corrected intensities were plotted
as a function of the in-plane (Qy,) and out-of-plane (Q,) compo-
nents of the scattering vector in PyMca and cuts representing
the Bragg peaks of the in-plane and Bragg rods of the out-of-
plane direction were determined. Model peaks (Lorentzian in
the in-plane direction (Qy,) and Gaussian in the out-of-plane
direction (Q,)) were fitted to the corrected intensities, and struc-
tural information, as the tilt, distortion, cross-sectional area (4()
and the in-plane lattice area of one chain (4,)) were extracted
[16-18].

Supporting Information

Supporting Information File 1

Full experimental data.
[http://www.beilstein-journals.org/bjnano/content/
supplementary/2190-4286-7-22-S1.pdf]
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Abstract

This report examines the assembly of chalcogenide organic molecules on various surfaces, focusing on cases when chemisorption is
accompanied by carbon—chalcogen atom-bond scission. In the case of alkane and benzyl chalcogenides, this induces formation of a
chalcogenized interface layer. This process can occur during the initial stages of adsorption and then, after passivation of the sur-
face, molecular adsorption can proceed. The characteristics of the chalcogenized interface layer can be significantly different from
the metal layer and can affect various properties such as electron conduction. For chalcogenophenes, the carbon—chalcogen atom-
bond breaking can lead to opening of the ring and adsorption of an alkene chalcogenide. Such a disruption of the m-electron system
affects charge transport along the chains. Awareness about these effects is of importance from the point of view of molecular elec-
tronics. We discuss some recent studies based on X-ray photoelectron spectroscopy that shed light on these aspects for a series of

such organic molecules.
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Introduction

In recent years research related to various applications such as
catalysis, sensor development, hydrogen storage, thin films, and
molecular electronics has focused on the study of self-assem-
bled monolayers (SAMs) with different combinations of molec-
ular architecture, and in particular, different molecule anchoring
head groups. The latter determines the binding to the substrate
and plays an important role in defining the molecular ordering
and electronic coupling, which determines the charge flow be-
tween the molecular components and the substrate electrode.
Much work on various aspects of assembly and its uses has
been performed with sulfur head group (thiol) molecules [1-27],
but interest in other head group atoms such as C [28,29], N [30]
and other chalcogenides has also received increased attention.
In particular, selenium head group SAMs have attracted much
attention and significant research has resulted [31-43] for sub-
strates such as Au and Ag. There is considerable discussion in
the literature about the strength of the head group substrate
bond [14,34,41] and whether or not it provides a better conduc-
tance pathway than sulfur. Besides the case of self-assembly on
bulk metal surfaces, the knowledge of the physics and chem-
istry of chalcogenide SAMs on metal nanoparticle surfaces is
also very important as they are widely used in different areas.

In this paper, we focus on recent work where the interaction
with the substrate is strong and can lead to dissociative pro-
cesses. This is, for instance, the case of copper and transition
metals (Ni and Pd), which are characterized by a greater reactiv-
ity than gold. Thus, in the case of thiophene, dehydrogenation
and desulfurization is well known to occur on transition metal
surfaces [44,45]. A few years ago, the research groups of Nuzzo
[46], Whitesides [46] and others [48] noted that for alkane thiol
SAMs, the initial desulfurization occurs via S—C bond scission.
This leads to the formation of a sulfidic interface layer, upon
which a more or less ordered molecular layer can eventually
form. This was noted for the case of alkanethiol SAMs on Pd
and it was shown that this led to interesting consequences, such
as greater resistance to corrosion by chemical etchants [46,47].
In biotechnology applications, a greater resistance to invasion
by cells was observed in this case as opposed to the case of the
same SAMs on gold [46,47]. Similarly, in some examples of
thiol adsorption on Cu, there exists evidence [26] of S—C bond
scission with sulfur remaining on the surface.

It is clear that such processes strongly affect the interface prop-
erties and in particular the characteristics of charge transport
through such a sulfidic interface layer would be strongly
affected.

In the context of the use of nanoparticles in various applica-

tions [49-52] such as in catalysis, sensing or hydrogen storage,
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capping the nanoparticles using thiols leads to important ques-
tions related to the nature of the interface layer. For instance, in
the case of palladium nanoparticles there has been a contro-
versy [53-55] about whether the thiol was adsorbed on the metal
core or rather if the metal core was capped by a PdS layer on
which the alkanethiol was formed. This has obvious implica-
tions in hydrogen storage applications, for example, where
hydrogen permeation into Pd [52] is inhibited by a sulfidic
layer.

While it might not seem surprising that such dissociative pro-
cesses may take place on reactive substrates, it is noteworthy
that this has been invoked for the case of thiol and selenol
SAMs on Au [30], as well as in the case of ultrathin layers of
thiophene derivatives on Au. In the latter case, S—C bond scis-
sion occurs, leading to the opening of the ring and observation
of thiolate species [52-63]. The loss of aromaticity and planarity
can thus occur and this interrupts the m-electron system and
impairs charge transport along the chains. There are indications
of the appearance of atomic S on the surface [60,61,63], i.e.,
complete desulfurization for these thiophenes.

Finally, experiments show that the presence of these reactive
channels depends on the preparation method, e.g., vacuum
versus liquid phase adsorption [56-58], or also deposition onto
bulk metal versus evaporation of electrodes onto a molecular
layer [64,65]. This point is of much importance when creating
contacts to these organic species.

It should be noted that in many cases the conclusions of the
above mentioned investigations of dissociation processes in
thiol self-assembly rely on the knowledge of the characteristic
S 2p core level binding energies (CLBEs) for atomic S adsorp-
tion and the thiolate sulfur. These are usually deduced from
X-ray photoelectron spectroscopy (XPS) studies. Thus, it was
noted in the Pd case that the S 2p region spectra differed signifi-
cantly from those observed for Au and Ag substrates. This is
because of contributions from both atomic and thiolate sulfur.
The situation is in general complicated by the fact that molecu-
lar adsorption can occur on alternative or “unusual” adsorption
sites, in the sense that they are not observed in well-ordered
SAMs [27]. For these cases, it has been observed that the thio-
late CLBE can be close to that of atomic S on Au and Ag. This
engenders serious ambiguities. Interestingly, on transition
metals such as Rh, W and Ni, there are observations of multi-
component S 2p spectra [66-68], which could be due to some
type of interface sulfide layers. Understanding the interfaces in
these situations is thus very important. A good knowledge of
monolayer atomic chalcogen adsorption is obviously an impor-

tant prerequisite, as well as information regarding the CLBEs of
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S 2p (Se 3d, etc.) for such coverages is essential. This is still
frequently unavailable, and obtaining precise spectroscopic
information on this aspect is an essential complement to the in-
vestigation of other characteristics of molecular adsorption.
Furthermore, there is currently much interest in nanostructured
metal chalcogenides and ultrathin films, and in this context, this
data is also of significant relevance.

In this progress report, we discuss recent work performed
mainly in our groups on chalcogen SAM formation on reactive
substrates, for which there exists few studies. We summarize
selected, recently published work, as well as new data for
alkane and aromatic chalcogenide molecules on Au, Cu, Pd and
Ni surfaces. The main systems discussed are schematized in
Figure 1. We chose alkane chalcogenide molecules that have
been extensively studied on Au and a few aromatic molecules
such as benzenedithiol, thiophene derivatives and selenophene
that are of interest in molecular electronics.

Experimental

The experimental procedure has been outlined in detail in
previous publications [22-24,26,27,43,48,69] and here we
provide only essential points about new experiments relevant to
this report.

Sample preparation

Sulfur and selenium adsorption was performed, as in an earlier
study [69], by immersion into a 0.1 mM Na,S or NajSe solu-
tion in 0.1 M aqueous NaOH. Na,Se, alkanethiols, thiophenes
and selenophene were purchased from Sigma-Aldrich and o,®-
dihexylquaterthiophene (DH4T) from SYNCOM, and all were
used as supplied. DC6DSe ((CH3CHj3)5Se), was synthesized
according to the procedure described in an earlier publication
[43] and in Supporting Information File 1.

Cc6Se
SeH Ni
BDMT /—Q—\ Cu
HS SH
Seph Se\ Cu
—
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Adsorption of DC6DSe was performed with a 1 mM solution in
ethanol. It is known to lead to hexaneselenol adsorption on Au
[37]. Thiophene and bithiophene adsorption was performed
from a 1 mM ethanolic solution, whereas for DH4T, adsorption
was performed from a 1 mM solution in dicholoromethane. In
all cases a 24 h immersion time was used. Selenophene adsorp-
tion was performed from pure selenophene for 1 h.

The Au samples were prepared by evaporation onto hot mica
that had been degassed for three hours at 300 °C. Au deposition
was done at this temperature and then a brief heating to 550 °C
was performed. The Cu(111), Pd(111) and Ni(111) monocrys-
tals were purchased, oriented and polished, from Mateck or
from the Surface Preparation Laboratories. In situ surface prep-
aration was performed as usual by cycles of sputtering and
annealing, and the surface cleanliness and crystallinity was
checked by XPS and low energy electron diffraction (LEED).

The prepared samples were extracted from the ultra-high
vacuum preparation chamber under N, flow and immediately
immersed into the solutions. Thereafter, they were rinsed in the
corresponding solvents and dried by N, gas. The samples were
then immediately transferred into the analysis chamber.

Photoemission

The photoemission experiments were performed mainly on the
BEAR beamline [22-24,26,27] at the Elettra (Trieste, Italy)
synchrotron and the TEMPO beamline [43,48,69] at the Soleil
(St. Auban, France) synchrotron. The experimental procedures
are described in the indicated references. The energy resolution
was about 50 meV and 200 meV on the TEMPO and BEAR
beamlines, respectively. The measurements on thiophenes
were performed using a VG-Microtech K-Alpha spectrometer
incorporating a monochromatic X-ray source with an Al anode

/TN
T [\ EDOT O O
S
[\
o [ ] S
S S

H3C(HxC)s (CHz)sCH3

Au

Figure 1: The main molecule—-metal combinations discussed in this report: alkane chalcogenides (CnT), 1,4-benzenedimethanethiol (BDMT),
selenophene (Seph), 3,4-ethylenedioxythiophene (EDOT), thiophene (T), bithiophene (2T), and a,w-dihexylquaterthiophene (DH4T). Other examples

of EDOT family compounds are mentioned later.
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at the Orsay campus. In this case, the energy resolution was
500 meV.

The binding energy in the XPS spectra was calibrated with
respect to the Au 4f5), peak, set at 84 ¢V. The calibration error
is estimated to be 50 meV at TEMPO and about 100 meV at
BEAR. With some exceptions (indicated later in the text), we
used a photon energy corresponding to a final kinetic energy of

~100 eV in order to maximize surface contributions.

Because X-ray irradiation is known to lead to alterations in the
organic layers, particular care was taken to distinguish this
effect. This was done by comparing the spectral shapes for
successive scans and performing measurements on several
points on the sample. A detailed discussion of this can be found
in the original publications [26,48] and in the selenophene
section below.

NEXAFS spectra presented here were recorded in partial yield
mode by measuring the carbon Auger signal that appears
consistent with the total yield measurements. We have used
synchrotron light with 100% horizontal linear polarization. To
probe the molecule orientation over the surface, we varied the
polar angle by rotating the sample around the z-axis (the polari-
zation is parallel to the surface plane for ® = 90°).

Results and Discussion
1,4-Benzenedimethanethiol adsorption on

copper surfaces

Dithiol SAMs have attracted attention in particular because the
two thiol ends can be used as linkers between metal electrodes
and thus metal-organic heterostructures can be constructed [70-
74]. 1,4-Benzenedimethanethiol (BDMT) has been the object of
several investigations on gold [21-25,75] and this dithiol was
used in one of the first studies of molecular conductance [70].

(a) hv=260eV
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Many of these studies use gold electrodes. It was interesting to
extend these investigations to another prototype electrode
metal: copper. This prompted the work described below.
Studies of alkane and phenyl thiols do exist and they conclude
that an ordered thiol layer is formed [76-78].

BDMT evaporative adsorption was studied on Au(111),
Cu(100) and Cu(111) surfaces by Alarcon et al. [25,79] using
time-of-flight ion scattering [80], which allows the study of the
surface composition without inducing noticeable damage. It was
observed that in the case of the copper surfaces, at the onset of
adsorption, a substantial amount of sulfur on the surface
appeared, while the carbon concentration remained small and
increased only after addition of a much larger amount of
BDMT. This could be interpreted as initial BDMT decomposi-
tion due to S—C bond scission that led to the presence of atomic
S on the surface. This was surprising since such S—C bond scis-
sion was not observed for room temperature adsorption of
alkanethiol and phenyl thiol [76-78].

To verify this, a high-resolution XPS study was performed [26]
and S 2p spectra were recorded from low sub-monolayer cover-
age to very high exposures. Figure 2a shows the S 2p spectrum
after exposure of a Cu(100) surface to 50 langmuir of BDMT.
For dithiol adsorption on Au, in the case of well-ordered SAMs,
one observes two doublets with the S 2p components located at
about 162 eV and 163.1 eV. The former corresponds to thiolate
sulfur (bound to Au) and the latter to the sulfur of the “free” SH
end group on the top of an upright SAM. In the case of Cu at
the lowest exposure, a strong component at 161.4 eV is ob-
served. This could be due to an alternative adsorption site or to
atomic S from dissociation. To clarify this, one needs informa-
tion on the CLBEs for atomic S adsorption on Cu. Atomic S
adsorption on Cu(100) and Cu(111) surfaces [81-87] leads to
rather complex surface structures explored in several STM

S 2p Cu(100)
BDMT 50L

(b)S2p hv=260eV
Cu(100)
300°C
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(c)S2p hv=260eV
Cu(100)
450 °C
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Figure 2: (a) S 2p XPS spectra for a small dose of BDMT evaporated [26] onto Cu(100). (b,c) S 2p spectra for S adsorption onto Cu(100) [82] from
NayS. The solid lines are fits using Voigt contours and the appropriate spin—orbit splitting of the S 2p3/, and S 2p4,, components. Figure adapted with

permission from [82], copyright 2014 American Chemical Society.
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studies [81,84,85] and these are still being actively studied
[82,86,87].

Although the S 2p binding energies for bulk copper sulfide are
known, with a rare exception [83], there was previously not
much information on CLBEs for sub-monolayer chemisorbed
phases. A detailed photoemission study was therefore per-
formed [82], revealing multicomponent S 2p spectra with dif-
ferent CLBEs corresponding to differently coordinated S atoms
for different coverages (Figure 2b,c). The spectra in Figure 2b,c
were taken after a pristine UHV prepared Cu surface was
dipped into a Na;S solution and then annealed to the indicated
temperatures. This leads to the appearance of well-ordered
structures that are identifiable by LEED. The 161.4 eV CLBE
corresponds closely to one of the observed components for
BDMT adsorption. It was also found [26] that annealing the
BDMT-exposed Cu results in the molecular decomposition and
appearance of residual S on the surface with this binding
energy.

A careful analysis of the relative intensities of the C 1s and S 2p
peaks in BDMT adsorption shows [26] that at this low 50 lang-
muir exposure, the amount of carbon present on the surface is
much lower than could be expected. These measurements thus
indicate that in the initial stages of adsorption, S—C bond scis-
sion occurs, leading to sulfidation of the Cu surface. Thereafter,
when the surface is passivated, molecular adsorption occurs.
The remaining molecular fragment after dissociation appears to
leave the surface. Possibly [26], the loss of this fragment could
be mediated by a H-atom transfer, leading to the formation of a
less reactive, CHs-terminated species and the sulfurized (Cu—S)
surface:

Cu + HS—CH,~R—CH,~CHj3 — Cu-S + CH3~R—CH,—CHj

Alkanechalcogenides on Pd

The formation of alkanethiol SAMs on Pd was reported by
several authors [46,47]. The research groups of Nuzzo and
Whitesides concluded that alkanethiol SAMs [46,47] were not
formed directly on the Pd(111) surface, but rather on a PdS
interface layer. Similar conclusions were recently reached by
others [88].

Let us first look at the adsorption of sulfur on Pd. Previous
studies [81,89-92] showed the existence of several structures in
the sub-monolayer range, namely: the (V3 x ¥3)R30° phase and
the more complex (V7 x V7)R19.1° phase. The (V3 x V3)R30°
forms at lower temperatures and corresponds to a simple sulfur
overlayer. The (N7 x VT)R19.1° phase (for simplicity we shall
call it the \7 phase) has been observed upon annealing sulfur-

ized surfaces. The sulfur coverage in this case is estimated to be
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3/7. A theoretical analysis [92] shows that this corresponds to a
single PdS atomic overlayer as proposed by Liu et al. [89]. The
S atoms lie at slightly off-bridge sites and are slightly below the
Pd atom plane.

A theoretical study of thiol adsorption by Carro et al. [88]
considered the formation of the thiol layer on a (V7 x \/7)R19.1°
PdS layer and concluded that upon thiol adsorption, some Pd
adatoms are extracted from the PdS layer. The thiols attach to
these “extracted adatoms”.

In order to shed light on characteristics of thiol adsorption, we
first studied [48] sulfur adsorption on Pd(111) since CLBEs for
S on the V7 phase were not known. Thereafter, dodecanethiol
(C12T) adsorption was performed on pristine Pd. We also in-
vestigated C12T adsorption on both presulfurized and presel-
enized Pd surfaces, which allowed us to highlight characteris-
tics of adsorption on a chalcogenide interface and distinguish
between the thiol S and the interface chalcogen atom. We

briefly summarize here the main findings of this study.

Figure 3a shows the measured XPS spectrum in the S 2p region.
As observed in previous investigations, the spectrum is broad,
without well-defined features. It was fitted with two main
doublet components at 161.71 and 162.45 eV and significantly
smaller structures at 163.26 and 164.26 eV. These values were
similar to previous reports [46,47,88] in a low resolution study
on polycrystalline Pd with components at 162.1 eV (or
162.3 eV) and 162.9 eV (or 163.2 eV). It was suggested [88]
that the thiolate CLBE has the higher binding energy, whereas
the lower one corresponds to the sulfide phase; although in
many cases of thiol adsorption on metal, the thiolate S 2p CLBE
is close to 162 eV.

The S 2p spectrum for a sulfurized surface prepared in a Na,S
aqueous solution followed by annealing to a few hundred
Celsius (Figure 3b) was studied. The initial spectrum was found
to be broad with a lower energy component. From angular mea-
surements (i.e., normal and grazing emission), it was concluded
that this component corresponds to atoms in an upper layer.
Upon heating, essentially only one doublet component is left in
the spectrum as shown in Figure 3b. LEED measurements indi-
cate that under this condition, a well-defined V7 phase exists. A
comparison with the thiol spectrum in Figure 3a then suggests
that if this is really the underlying sulfide layer, the thiolate

component lies at lower binding energies.

To explore this further, the V7 phase PdS surface was first pre-
pared and then exposed to C12T. The result was remarkably
similar to the one for direct C12T adsorption. Therefore, the fits
to the C12T/PdS spectra suggest that the thiolate peak lies at
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Figure 3: (a) XPS spectra [48] in the S 2p region before (blue, normal emission; red, grazing emission) and after annealing at 450 °C (green line).
(b) Comparison of S 2p spectra [48] for the V7 PdS surface after annealing (blue line), PdS with adsorbed C12T molecules (red line), and clean
Pd(111) with C12T molecules (green line). Figure adapted with permission from [48], copyright 2014 American Chemical Society.

161.8 V. This results in the PdS S 2p peak being split into two
main components at 162.35 and 162.96 eV, suggesting a re-
structuring occurs in the PdS layer (as would be expected from
the model of Carro et al.) [88]. An important aspect in XPS
analysis is potential radiation damage to molecular films. This
was carefully checked and was found not to affect the above
conclusions (see original publication [48] for details).

In a final twist in this investigation, we similarly prepared a
selenized Pd surface in a Naj)Se solution and later adsorbed the
thiols onto this surface [48]. This was done in order to distin-
guish between the thiol S and the interface chalcogen atom. The
Se 3d XPS spectra of the selenized surface, after annealing to
500 °C, are shown in Figure 4a. Interestingly, in this case, on
both the initial selenized surface and after annealing, we ob-
tained multicomponent spectra. In both cases, from angular
emission measurements the lower energy feature appears to cor-
respond to outer lying Se atoms. The LEED results for the
annealed surface [48] were akin to the V7 PdS phase, except

that multiple spots suggested a more complex structure with
widely spaced, rotated domains.

C12T adsorption on the annealed, selenized surface resulted in
changes in intensity of the Se 3d features: a clear decrease of
the outer lying Se 3d peak was especially noticeable, indicating
changes in the layer occurred. The S 2p XPS spectrum
(Figure 4b) had a prominent doublet at 161.8 eV, as was
deduced for the PdS surface case, supporting the attribution of
the peak to thiolate for C12T adsorption on Pd and PdS. The
higher energy component was attributed to X-ray damage
effects, while the 162.3 eV component may be a different thio-
late energy at a different adsorption site.

Measurements were also more recently performed for C6DSe
adsorption on pristine Pd(111). The Se 3d XPS spectrum is
shown in Figure 4c. As for the case of alkanethiol adsorption,
the spectrum is broad. Its shape can be reproduced by fitting
with two main components at 54.1 eV and 54.8 eV in addition

(a) Se 3d hv = 466 eV [
Se/Pd Normal

[ § C12T/Se/Pd
After heating 500 }

[t

(b) S 2p hv = 260 eV

(c)Se 3d hv =184 eV §}
DC6DSe/Pd  §

60 58 56 54 5. 170 168 166
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Figure 4: (a) XPS in the Se 3d region [48] after initial selenization of Pd with atomic selenium and heating to 500 °C. (b) XPS spectrum [48] in the
S 2p region after C12T adsorption on the selenized surface (see text). (c) XPS in the Se 3d region after adsorption of DC6DSe (this work). Figure
adapted with permission from [48], copyright 2014 American Chemical Society.
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to two smaller ones at 55.5 and 56.7 eV. The spectrum is
remarkably similar to that corresponding to atomic Se adsorp-
tion. Although a detailed study for C12T was not performed,
this similarity strongly suggests that we are dealing with C6DT
dissociation and formation of a PdSe interface, possibly with
molecular adsorption on this interface layer.

Alkaneselenide and Se on Ni

The study of thiol and selenol SAM adsorption on Pd was ex-
tended here to the study of C6DSe adsorption on Ni and
complemented by an investigation of Se interaction with
Ni(111). We looked at Ni, since amongst other uses it can be
employed as an electrode material. Additionally, Ni nanoparti-
cles [93-97] are an example of magnetic nanoparticles [95] that
are useful as catalysts [96], in magnetic fluids, as well as for
binding and even magnetic separation of proteins [97]. As for
other metals, undesirable oxidation has led to research into
protection by chalcogenide SAMs, and while thiol adsorption
has been investigated in some works [98], selenium head group

molecule adsorption requires further study.

High-resolution XPS spectra were acquired on the Ni(111) sur-
face selenized in the aqueous Na,Se solution and also on the
annealed selenized sample. LEED measurements were per-
formed to ascertain existence of ordered phases on the annealed
surface. We will only focus on the main Se 3d results here, but
results of the other XPS and LEED measurements are given in
Supporting Information File 1, Figures S1-S3.

The XPS spectrum in the Se 3d region after annealing the sam-
ple to 500 °C is shown in Figure 5 along with fits using Voigt
contours (Supporting Information File 1, Table S1). The initial
broad spectra obtained after immersion into solution and after
heating to 300 °C are given in Supporting Information File 1,
Figure S2 and Table S1. As shown in Supporting Information
File 1, Figure S2, the spectrum peak positions shift and narrow
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upon heating. Heating to 500 °C leads to further decrease in
width of the spectrum, which retains its main “B” component
and has smaller features that appear to be remnants of contribu-
tions from differently coordinated Se atoms observed at lower
temperatures (see Supporting Information File 1, Table S1).
Indeed, LEED measurements on the heated samples show com-
plex patterns that evolve with temperature (Supporting Informa-
tion File 1, Figure S3).

High-resolution XPS measurements were performed for C6DSe
adsorption from a millimolar solution in ethanol for an incuba-
tion time of one hour. Figure 5b shows the Se 3d region spectra
for Ni(111). The spectrum, as was observed for Pd, is rather
broad and can be fitted with several doublet components as
shown in the figure (see Supporting Information File 1, Table
S2). This suggests that here, as previously reported for thiol
SAMs on Ni, we deal with Se—C bond breaking processes.

The attribution of the different components is challenging. In
alkaneselenide adsorption on Au, the Se 3ds,; CLBE of selenol
for well-ordered SAMs is found to be close to 54.6 eV
[32,37,39,43]. Here, however, as seen in Figure 5a, this energy
corresponds to that of atomic Se on Ni for the case of an
annealed surface (peak B). This comparison would lead to the
tentative attribution of the two lower CLBE components
(Figure 5b, A’ and B’) to the presence of atomic Se due to Se—C
bond scission. The higher energy peak, C’, could then be due to
molecular Se, and the peak D’ could possibly be due to a differ-
ent atomic Se species.

As in the case of thiols on Pd, it is possible that in the initial
stages of alkaneselenide adsorption we observed Se—C bond
scission with the formation of a passivated Se—Ni surface.
Thereafter, C6DSe adsorption occurs, which also leads to modi-
fications in the structure of the Se—Ni surface layer as was the
case for Pd. The attribution of the different components in the

(a) Se 3d at 500°C
Se Ni(111)
hv =184 eV
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Figure 5: XPS in the Se 3d region after (a) initial selenization of Ni with atomic selenium and heating to 500 °C and (b) after adsorption of DC6DSe on

Ni. See Supporting Information File 1, Tables S1 and S2 for peak positions.
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spectrum is only tentative and a more in-depth analysis is still

necessary.

Thiophene-family compounds

Thiophene derivative, m-conjugated systems have attracted
much attention in molecular electronic applications [63-65,99-
101] because of their interesting properties, structural versa-
tility, intrinsic charge transport behavior with high carrier
mobility, and high light harvesting efficiency. Their use
includes application in field effect transistors, solar cells and
light emitting diodes. A number of studies have been devoted to
the assembly of these molecules on metallic electrodes [102-
104] and in particular on gold surfaces [56-65]. They reveal

peculiar features and differences in adsorption characteristics.

Evaporative assembly of thiophene onto Au(111) by Nambu et
al. [56] at low temperatures (around 120 K) shows initial
adsorption in a lying down configuration and then a transition to
a more standing up configuration, until at high exposures a
multilayer is formed. The S 2p3,, CLBE for multilayer thio-
phene is about 164.5 eV whereas at monolayer coverage it was
found to be 163.8 eV. This difference in position is due to the S
Au surface interaction in the monolayer of the molecularly
adsorbed thiophene. In liquid phase adsorption, on the other
hand, a single doublet is observed with S 2p found at 162 eV,
and this has been attributed to S—C bond scission leading to the
appearance of a thiolate sulfur of an alkene chain. A shift to
higher energy and broadening of the C 1s peak is also observed.
In NEXAFS measurements, for molecular adsorption in
vacuum, the spectrum is characterized by a sharp peak at about
285 eV related to the m*1 orbital of thiophene, which disap-
pears for liquid phase adsorption, indicating breaking of the

thiophene molecule.

The work of Noh and Hara’s groups [57,58], however, found a
main peak with S 2p3/, CLBE near 162 eV and a smaller extra
feature at 161 eV in liquid phase adsorption. The latter was
tentatively attributed to atomic sulfur due to complete desulfur-
ization of thiophene or possibly to adsorption at an alternative
adsorption site. For thiols, this question of alternative adsorp-
tion sites was recently discussed by Jia et al. [27]. Interestingly,
in the case of bithiophene adsorption [58], no significant disso-
ciation was observed with the XPS spectrum composed of a
single doublet S 2p at 163.4 ¢V. This led to the conclusion [58]
that the adsorption state of the thiophenes depends on the num-
ber of units in the thiophene oligomer. Yet another conclusion
was reached by Liu et al. [60], who reported for thiophene a
S 2p3,; binding energy of 163.4 eV for low temperature adsorp-
tion, whereas at room temperatures it was close to 161 eV. Thus
there exist rather different accounts on thiophene adsorption on
Au.
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Studies of 3,4-ethylenedioxythiophene (EDOT) and its deriva-
tives [62] (Figure 6a) on polycrystalline Au, Au(111) and Au
nanoparticle (AuNP) surfaces from vapor phase and solution
has also revealed complex S 2p spectra (Figure 6a) with compo-
nents corresponding to molecular adsorption and the appear-
ance of thiolate and possibly atomic sulfur. Thus, these compo-
nents were observed with various degrees of intensity for
EDOT, bi-EDOT, 3°,4’-ethylenedioxy-2,2":5",2”-terthiophene
(TET), and the polymer (PEDOT). The dissociation process
would not, in this case, depend on the number of units.

A recent detailed study [63] was performed for the case of a,o-
dihexylquaterthiophene (DH4T) which, because of its high
carrier mobility [63], is of great interest for organic electronics.
We studied the assembly on Au surfaces from photoemission
and XPS spectra in the S 2p region as shown in Figure 6B. For
a thick, DH4T layer one observes the S 2p3/; peak related to
thiophene rings at about 164 eV (peak 1), while for the thin
layer, the same feature shifts to 163.4 eV (peak 2). This is due
to the presence of thiophenes at the close interface with Au.
One also observes features at about 162 eV (peak 3) and 161 eV
(peak 4), attributable to the strong reaction, leading to S—C bond
breaking and the appearance of thiolate (peak 3) and possibly
atomic S (or possibly molecules at a different adsorption site;
peak 4). A similar spectrum is obtained when Au is evaporated
onto the thick DH4T layer [63] and reactions likely occur at the
diffuse interface. Indeed, the partial penetration of Au into the
layer may occur, as this has been observed in metal evaporation
onto organic samples. This was noted for Au, Ag and Cu elec-
trode evaporation onto other thiophenic derivatives such as
poly(3-hexylthiophene), where penetration of the metal into the

layer was also suggested to occur [64,65].

New experiments were performed on adsorption of thiophene
(1T), bithiophene (2T) and DH4T on Au(111) surfaces pro-
duced by evaporation of Au onto mica. Several sets of measure-
ments were performed with variable results. The S 2p XPS
spectra are shown in Figure 7 along with fits using Voigt
contours. They show the existence of multiple doublet compo-
nents with S 2p at 163.5, 162 and 161.5 eV, corresponding to:
a) peak 2 - the thiophene molecule interacting with Au, b) peak
3 - a thiolate S of an alkene chain of the broken thiophene mole-
cule and c) peak 4 - a large component either due to atomic
sulfur or an alternative adsorption site of the molecules, respec-
tively. Here we use the same notation as in Figure 6B [63]. For
1T we only see components corresponding to fragments from
dissociation. In the case of 2T and DHA4T, there is a component
corresponding to adsorbed thiophene interacting with Au. The
2T result differs from that reported earlier [58], where the XPS
study concluded that there was no dissociation. We were able to

obtain such spectra quite systematically. Finally, for 2T the
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Figure 6: (A) EDOT-related molecules and XPS S 2p spectra for these cases [62]. Figure adapted with permission from [62], copyright 2011 Amer-
ican Chemical Society. (B) XPS spectra for DH4T [63] on gold for different cases of deposition as indicated for each curve. In this panel, the spectra
refer to: @) 15 nm thick layer of DH4T on Au, b) DH4T layer on AlQ3 film on Au, c) a 1 nm DH4T layer on Au and c) a 5 nm layer of Au evaporated
onto a 15 nm DHA4T layer on Au. Figure adapted with permission from [63], copyright 2014 John Wiley & Sons, Inc.

spectrum was fitted with a higher energy component (peak 1)

ascribed to thiophene not interacting with Au, and for which the
CLBE is similar to the one found for a thick molecular layer of
thiophene (Figure 6B, peak 1).

The DHAT spectrum shows the same components as in the
preceding study, albeit with different relative intensities and
without the multilayer component (peak 1, Figure 6B). Here, for
DHA4T, we show data for two different samples, prepared under
the same conditions, but which give very different results. We
emphasize this variability, which we attribute to differences in
the surface characteristics that can lead to differences in reactiv-
ity and changes in the relative intensity of components related

to dissociation channels. This can also explain the difference

; = — between the characteristics of the spectra shown here and earlier
166 164 162 160 158 works. Note also that as mentioned above and shown for thiols

172 170 168

Binding Energy (eV) . . .
[27], adsorption of the S atom of the alkene chain at different
Figure 7: XPS S 2p spectra for 1T, 2T and DH4T adsorption on Au adsorption sites could lead to different CLBEs close to 162 and
films on mica. The DT spectra are shown for two different samples pre- 161.5 eV. This may depend on the order and packing density of

pared in the same manner.
the molecules.
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From these results, one sees that on Au (which is considered to
be nonreactive), thiophene and its various derivatives undergo
S—C bond scission. The catalytic activity and electron transfer
processes for Au have been extensively investigated in recent
years and are shown to be quite large on nanoclusters [105-
110]. This has been related to low coordination sites [109,110]
and to the density of steps and different kinds of surface defects.
Variability, to the extent of dissociation processes, could thus

be expected depending upon the structure of the surface.

Selenophene on Cu(111)

Selenophene (Seph)-based compounds are considered interest-
ing alternatives [111] to thiophene. Selenophene adsorption on
Au surfaces in vacuum and from liquid was reported by Kondoh
et al. [112], who, as for thiophene, reported molecular adsorp-
tion of selenophene in UHV, but dissociative adsorption from
liquid phase adsorption. This was deduced from changes in the
Se 3p peak positions and strong differences in NEXAFS spec-
tra. In adsorption in UHV, a strong peak due to the selenophene
n orbital was observed, whereas it was very strongly reduced

for liquid phase adsorption.

Along the lines of the other studies, we first examined Se
adsorption on Cu(111) from a NaySe solution, with the objec-
tive of determining the Se CLBEs on Cu surfaces for ordered
sub-monolayer structures. The photoemission data concerning
Cu 2p and Cu 3p levels and the Cu Auger results are very simi-
lar to the case of sulfur adsorption [82] and we do not go into
them here. The XPS spectrum in the Se 3d region after initial
adsorption is broad with the Se 3ds,, peak at 54.3 eV. The re-
sulting spectra after annealing to 300 and 500 °C are shown in
Figure 8, which includes fits using Voigt profiles. After the first
annealing step, two main components are observed with Se
3ds/; CLBEs 0of 53.9 ¢V (A) and 54.2 ¢V (B) and a small fea-
ture (C) at 54.5 eV, indicating differently coordinated Se atoms.
After the second annealing, component A dominates the spec-
trum. These changes are also reflected in LEED images, where
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rather different structures are observed after annealing. These

will not be discussed in this short report.

High-resolution XPS and NEXAFS spectra for selenophene
adsorption onto Cu(111) are shown in Figure 9. We show the
results of two sets of measurements (Figure 9a,b and
Figure 9c,d, corresponding to what we later call Sample 1 and
Sample 2, respectively). In both cases, the Cu(111) surface
preparation and incubation in pure selenophene was performed

in the same manner.

The XPS spectra display a considerable variability as for the
thiophene case. In general, a broad Se 3d spectrum is observed,
which can be fitted with three with Se 3d components located at
54.3 eV (A), 54.85 eV (B) and 55.8 eV (C). The relative inten-
sities of these components vary greatly between the two mea-

surements sets.

On the basis of a comparison with the Se 3d spectra for atomic
Se adsorption on Cu and with the CLBE of selenol adsorption
on Au, we could ascribe the different components in the Se 3d
spectrum to: a) presence of Seph Se 3d components, b) Seph
dissociation, leading to alkene-selenol-like CLBEs and
c¢) possible atomic Se or molecules adsorbed on different
adsorption sites. The CLBE for atomic Se adsorption lies at
lower energies after high temperature annealing (Figure 9), but
we cannot entirely rule out its presence in this spectrum,
because one does see higher energy components at the lower
temperature.

Further information comes from NEXAFS spectra shown in
Figure 9b,d. In Figure 9b, for Sample 1, the NEXAFS spectrum
is dominated by a peak at 285.5 eV ascribable to the ©*1 orbital
of selenophene. For Sample 2 this peak is much weaker. We
also see that for Sample 1 in the XPS 3d spectrum, the B peak is
most intense, whereas for Sample 2 it is the A peak that domi-
nates the spectrum. In this case, there is also a more prominent

(a) Se 3d at 300°C
Se Cu(111)
hv = 260 eV

(b) Se 3d at 500°C
Se Cu(111) A
hv = 260 eV !

58 57 56 55 54 53
Binding energy (eV)

5258 57 56 55 54 53 52

Binding energy (eV)

Figure 8: Se adsorption on Cu(111) from a Na,Se solution and after heating to the indicated temperatures.
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Figure 9: Selenophene (Seph) adsorption on Cu(111). (a,c) Se 3d spectra and (b,d) NEXAFS spectra for the indicated angles.

peak at 288.4 eV and a shoulder at 292.2 eV, which could be
related to the alkene chain. We rule out that this difference in
Sample 2 is due to X-ray irradiation effects since measure-
ments as a function of scanning did not reveal any significant
changes (see Supporting Information File 1, Figure S4).

On the basis of these results, it would seem reasonable to
ascribe peak B to selenophene interacting with the surface.
Furthermore, peak A can be related to Se adsorption corre-
sponding to one Se—C bond breaking, leading to an alkene chain
appearance. Finally, the higher energy C component can be
related to residual (after rinsing) selenophene remaining on the
surface (e.g., on top of the rest of the molecular film) and not
reacting strongly with Cu. This is schematically illustrated in
the inset of Figure 9a. These attributions follow the scheme for
thiophene described above. The peaks in the fit are somewhat
broad, which may reflect presence of atomic Se at the lower
energy end of the spectrum and also different bonding configu-
rations of molecules. The NEXAFS spectra suggest, in both
cases, that the molecules are either strongly tilted from the sur-

face normal or that a large fraction of the layer is disordered.

Selenophene adsorption thus shows the possibility of dissocia-
tion with Se—C bond scission and underlines again the vari-
ability, which could be related with surface morphology, differ-
ent probabilities of reactive bond breaking or different adsorp-

tion configurations.

Conclusion

The results presented here show that in a number of cases in
self-assembly of chalcogenide molecules on metal surfaces,
dissociation processes are observed that correspond to
chalcogen-atom/C-bond scission. While in case of the more
reactive transition metals this may not appear surprising, these
processes are also observed on the less reactive coinage metal

surfaces, including gold.

In the case of the copper surface, earlier studies of alkanethiol
and phenyl thiol adsorption did not reveal existence of any
dissociation process, but we see that in the case of BDMT S-C
bond scission is observed at room temperature. This occurs in
the early stages of adsorption, corresponding to the lying down
phase, leading to formation of a sulfurized surface on which
molecules are later adsorbed after its passivation. There are,
until now, no theoretical studies that would help to understand
these differences and in what way the presence of the methy-
lene unit promotes dissociation, as opposed to the case of
alkane and phenyl thiols. Such studies in the early phase of
adsorption would be most interesting.

In the case of Pd and Ni, we see that also chalcogenide mole-
cule adsorption is accompanied by formation of a chalcoge-
nized interface layer on which molecules are then adsorbed.
One can expect that capping nanoparticles with these mole-

cules would lead to formation of metal-metal chalcogenide,
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core/shell nanoparticles, which has been shown to have interest-

ing specific properties.

In the case of chalcogenophene molecules, we also observed
that even for gold, S—C (Se—C) bond scission occurs, leading to
opening of the ring and loss of aromaticity. This interrupts the
n-electron system and impairs charge transport along the chains,
which is a problem in molecular electronics. There are indica-
tions of the appearance of atomic S/Se on the surface that corre-
sponds to complete removal (dechalcogenation) of the mole-
cules. It has been suggested that this may be accompanied by
metallocycle formation [56,112].

In general, such dissociation processes leading to formation of
chalcogenide interface layers accompanied by changes in mo-
lecular properties can adversely affect charge transport. In metal
deposition on dithiol SAMs, which has been considerably dis-
cussed, the reaction with the metal with S—C bond scission
would result in cutting the link with the rest of the molecule. In
molecular electronics applications, this would result in a disrup-

tion of current flow.

In this work, we have strived to underline the variability in the
adsorption results, where we see that under seemingly similar
preparation conditions, quite different results are obtained with
significant dissociation occurring in some cases, even though
the preparation procedures appear to be reasonably good. We
would relate this at least partly to surface morphology, since re-
activity can be large at low coordination sites and depends
on the density of steps and different kinds of surface defects.
It is important to delineate this from the point of view of
creation of metal contacts in organic electronic devices. This
should be taken into account in general, including the case of
evaporative deposition or contact printing [72] by transfer from
a stamp.

We hope that this report will stimulate further investigations of
these reactive processes and be useful to researchers dealing

with these systems in various applications mentioned here.

Supporting Information

Supporting Information File 1

Case studies of formation of chalcogenide self-assembled
monolayers on surfaces and dissociative processes.
Selenide synthesis; XPS spectra for selenium on nickel and
tables of Se 3d peak positions; LEED images for Se on
Ni(111); X-ray damage verification for selenophene.
[http://www.beilstein-journals.org/bjnano/content/
supplementary/2190-4286-7-24-S1.pdf]
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Abstract

In this work the interactions of an anticancer drug daunorubicin (DNR) with model thiolipid layers composed of 1,2-dipalmitoyl-
sn-glycero-3-phosphothioethanol (DPPTE) were investigated using Langmuir technique. The results obtained for a free drug were
compared with the results recorded for DNR attached to SWCNTSs as potential drug carrier. Langmuir studies of mixed
DPPTE-SWCNTs-DNR monolayers showed that even at the highest investigated content of the nanotubes in the monolayer, the
changes in the properties of DPPTE model membranes were not as significant as in case of the incorporation of a free drug, which
resulted in a significant increase in the area per molecule and fluidization of the thiolipid layer. The presence of SWCNTs-DNR in
the DPPTE monolayer at the air—water interface did not change the organization of the lipid molecules to such extent as the free
drug, which may be explained by different types of interactions playing crucial role in these two types of systems. In the case of the
interactions of free DNR the electrostatic attraction between positively charged drug and negatively charged DPPTE monolayer
play the most important role, while in the case of SWCNTs-DNR adducts the hydrophobic interactions between nanotubes and acyl
chains of the lipid seem to be prevailing. Electrochemical studies performed for supported model membranes containing the drug
delivered in the two investigated forms revealed that the surface concentration of the drug-nanotube adduct in supported mono-
layers is comparable to the reported surface concentration of the free DNR incorporated into DPPTE monolayers on gold elec-
trodes. Therefore, it may be concluded that the application of carbon nanotubes as potential DNR carrier allows for the incorpora-
tion of comparable amount of the drug into model membranes with simultaneous decrease in the negative changes in the membrane
structure and organization, which is an important aspect in terms of side effects of the drug.

524


http://www.beilstein-journals.org/bjnano/about/openAccess.htm
mailto:dorota.matyszewska@chem.uw.edu.pl
http://dx.doi.org/10.3762%2Fbjnano.7.46

Introduction

Daunorubicin (DNR) is an anthracycline antitumor drug, which
finds application in the treatment of various types of cancer in-
cluding leukemia, breast cancer, ovarian cancer, lung carci-
noma and several sarcomas (Figure 1). Its mode of action
consists in the intercalation into DNA double strand, which
leads to the inhibition of the process of duplication and tran-
scription of mRNA as well as DNA damage by the inhibition of
topoisomerase II [1,2]. However, the second mechanism involv-
ing the increased production of ceramides inside cells has been
recently postulated [3]. Application of this drug in the cancer
treatment is limited because of serious side effects including
drug-induced heart failure, which is mainly associated with the
process of the reactive oxygen species formation as well as the
formation of hydroxyl radicals by free iron cations in the Fenton
reaction [4]. Therefore, numerous studies focus on the applica-
tion of different drug delivery systems (DDS) to transport
daunorubicin to cancer cells [5].

Daunorubicin

P H
o O/\/S

d H O~ Na*

SWCNTs-DNR

Figure 1: Structures of daunorubicin (DNR) and 1,2-dipalmitoyl-sn-
glycero-3-phosphothioethanol (DPPTE) used as a component of model
membranes and single-walled carbon nanotubes modified with
daunorubicin (SWCNTs-DNR).
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Drug delivery systems are aimed at providing enhanced trans-
port of therapeutic agents directly to the targeted organs and
tissues, which enables the elimination or significant decrease in
the side effects of a drug. One of the most common type of drug
nanocarriers includes liposomes, which are commercially avail-
able daunorubicin formulation (Daunoxome®) used in the treat-
ment of Kaposi’s sarcoma [6]. Despite that, there are still nu-
merous studies on the improvement of this drug delivery system
aiming at enhancing drug loading into cells by using specific
interactions between targeting agents and their receptors, such
as for example folates and transferrin [7,8]. Additionally, lipo-
somes are also prepared in such a way that simultaneous
loading of two drugs into a liposome in order to improve the
efficiency of the treatment is possible [9]. Dual drug loading is
also employed in case of other DDS such as biodegradable
polymers, which co-assemble into composite micelles [10].
Another type of common drug carriers includes nanoparticles.
Magnetic Fe3O4 nanoparticles are often employed because they
give possibility to control the transport by applying external
magnetic fields. Such magnetic nanoparticles conjugated with
DNR were reported to induce apoptosis of cancer cell lines
[11,12]. Other examples of nanoparticles include titanium
dioxide (TiO;) and gold nanoparticles (AuNPs) [13,14]. In the
latter case the nanoparticles were also modified with aptamer —
single-stranded DNA or RNA sequences showing high speci-
ficity and affinity to their targets, which were employed as mo-
lecular targeting agents for targeted drug transport.

Carbon nanotubes (CNTs) are among the promising drug
delivery systems. They attract scientists’ attention due to their
properties such as stability, robustness, high drug carrying
capacity and ability to penetrate cell membranes [15]. Although
toxicity of the nanotubes is an issue, it strongly depends on the
dimensions and type of functionalization, which may signifi-
cantly increase their biocompatibility [16,17]. There are differ-
ent mechanisms proposed to explain the cellular uptake of
CNTs including the passive diffusion in a non-invasive manner
(tiny nanoneedle mechanism) [18]. Carbon nanotubes have been
successfully used to transport different types of anticancer
agents including camptothecin, doxorubicin and daunorubicin
[19]. The two main methods of attaching the drugs comprise
either covalent attachment or physical adsorption based on n—n
stacking interactions. There are a few reports in the literature on
the preparation and characterization of CNTs-DNR adducts
used as drug delivery systems. In those works daunorubicin was
conjugated to either polyethylene glycol (PEG) functionalized
single-walled carbon nanotubes (SWCNTSs) [20] or to aptamer-
wrapped SWCNTs via n—n interactions. In both cases the cyto-
toxicity of the conjugates was verified on the selected cancer

cell lines.
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In this study the influence of both free daunorubicin and
daunorubicin attached via covalent bond to single-walled car-
bon nanotubes (SWCNTs, Figure 1) on model biological mem-
branes was investigated using Langmuir technique. The model
membranes were composed of 1,2-dipalmitoyl-sn-glycero-3-
phosphothioethanol (DPPTE, Figure 1). This thiolipid has been
used so far either as a tethering layer in tBLM systems em-
ployed, e.g., for studying ion-channel proteins on electrode sur-
faces or as a model membrane in the studies of a lipolytic en-
zyme, phospholipase A2, which was employed as a tool for
modifying the structure of supported thiolipid layers in a con-
trolled way [21,22]. Due to the presence of a thiol group in the
polar headgroup region, this lipid has negative charge and it is
possible to transfer monolayers onto solid support by means of
both Langmuir—Blodgett method and self-assembly, which
results in the differences in the packing of the thiolipid mole-
cules in the supported layers depending on the mode of transfer
[23]. Our previous results of Langmuir studies show that
daunorubicin in a free form may easily incorporate into the
DPPTE layers during their formation and significantly change
the properties of the layers [24]. The effect of daunorubicin at-
tached to carbon nanotubes as potential drug carrier on the
properties of model membranes is compared to that reported for
a free drug. In order to obtain more detailed information on the
interactions between DNR in the two investigated forms the
electrochemical techniques were also employed to study the
supported lipid layers containing both free DNR and SWCNTs-
DNR adducts.

Experimental
Langmuir monolayers at the air—water
interface

Langmuir monolayers were prepared using a KSV LB trough
5000 (KSV Ltd., Finland) equipped with hydrophilic barriers
and a Wilhelmy balance made of a filter paper used as a sur-
face pressure sensor. The experiment was controlled with soft-
ware version KSV 5000. 1,2-dipalmitoyl-sn-glycero-3-phospho-
thioethanol (sodium salt, DPPTE, Avanti Polar Lipids) was dis-
solved in chloroform to give 1 mg/mL stock solution. Carbon
nanotubes used for the modification were commercial, oxidized
nanotubes SWCNT(s)-COOH (CheapTubes, Brattleboro, USA)
with the diameter of 1-2 nm and length of 5-30 pm. The modi-
fication at the ends of the nanotubes as well as in the defect
sites was obtained by the formation of SWCNTs-end hydrazide,
which was then mixed with daunorubicin to form hydrazone.
The detailed procedure of the covalent end modification of
single-walled carbon nanotubes with daunorubicin by the for-
mation of hydrazone was inspired by the protocol previously
described for side and end carboxylated SWCNTs modification
[25]. Basing on the TGA analysis such modification procedure

yields the functionalization degree in the order of approxi-
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mately 1.25 x 1077 mol of drug per 1 mg of carbon nanotubes
(approximately 1.5 x 1073 mol of drug per 1 mol of carbon).
Mixed DPPTE-SWCNTs-DNR dispersion was prepared by
weighing approximately 0.5 mg of modified nanotubes and
adding the appropriate volume of DPPTE stock solution in
order to obtain the desired weight ratio of carbon nanotubes to
thiolipid. Prior to the deposition at the air—water interface, the
mixed solutions were sonicated in the ultrasonic bath (Emag,
Germany) for approximately 30 min to ensure carbon nano-
tubes dispersion. Langmuir monolayers were prepared on either
Milli-Q ultra-pure water (resistivity 18.2 MQ/cm) subphase
(mixed DPPTE-SWCNTs-DNR monolayers) or subphase con-
taining daunorubicin (AK Scientific, USA). After careful
cleaning of the subphase, a few drops of the solution (DPPTE or
mixed DPPTE-SWCNTs) were spread on the subphase using a
Hamilton microsyringe and the solution was left for approxi-
mately 15 min for solvent evaporation. Barrier speed during
compression was 10 mm/min (7.5 cm®/min). Experiments were
performed at room temperature (21 £ 1 °C).

Langmuir—Blodgett transfer

Supported DPPTE or mixed DPPTE-SWCNTs-DNR mono-
layers were prepared by means of Langmuir—Blodgett method.
Prior to the transfer, gold electrodes (10 x 10 mm slides, Ssens,
The Netherlands), which were 200 nm thick gold films evapo-
rated onto borosilicate glass precoated with an underlayer of
chromium, were flame annealed, cleaned in the mixture of
H,0,/NH3/H,O with 1:1:5 ratio at 70 °C for approximately
5 min and thoroughly rinsed with Milli-Q water. The DPPTE
and mixed DPPTE-SWCNTs-DNR layers were deposited on
the gold surface by vertical withdrawal of the electrode at the
speed of 25 mm/min to give a transfer ratio of 1.0 + 0.1. The
target surface pressure, at which the layers were transferred was
equal to 30 mN/m and 35 mN/m for DPPTE and mixed
DPPTE-SWCNTs-DNR monolayers, respectively. After the LB
deposition and before the electrochemical measurements, the
electrodes were dried in air for approximately 2 h.

Electrochemical experiments

Electrochemical experiments were performed using AutoLab
AUT 71819 with the GPES 4.9 software in the three electrode
system with Ag/AgCl as a reference electrode and platinum foil
(10 x 10 mm plate) as a counter electrode. Phosphate buffer
(50 mM, pH 6.9) prepared from sodium phosphates (Avantor,
Poland) was used as a supporting electrolyte.

Results and Discussion

Monolayer studies at the air—water interface
In order to study the influence of daunorubicin in a free form
and attached to carbon nanotubes as potential drug carrier,

Langmuir technique has been employed. Drug in a free form
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was dissolved in the subphase, on which monolayers of DPPTE
were formed. In case of DNR attached to carbon nanotubes, it
was impossible to dissolve the carbon nanotube adducts in the
subphase due to their insufficient solubility in water. Therefore,
the mixed layers composed of DPPTE and SWCNTs-DNR
adduct were prepared with either prevailing weight ratio of
nanotubes or prevailing weight ratio of thiolipid. The isotherms

are shown in Figure 2.

80

70+

-1

60
50 -
40
30 -
20
10

Surface pressure / mN m

04 —
T T T T T T T T T T T T T T T T T T T
0 20 40 60 80 100 120 140 160 180

2
Area per molecule / A

Figure 2: Surface pressure-area per molecule (T7—A) isotherms of
DPPTE monolayer on water subphase (black), mixed layers of
DPPTE:SWCNTs-DNR weight ratio of 1:5 (red), mixed layers of
DPPTE/SWCNTs-DNR weight ratio of 10:1 (green), DPPTE mono-
layer on subphase containing 102 DNR (blue).

Despite the fact that the experimental procedure differed in case
of the two investigated forms of the drug (free drug was dis-
solved in the subphase, while drug-carbon nanotube adduct was
mixed with thiolipid and administered as a mixture at the
air—water interface), which makes the direct comparison more
difficult, some interesting and new insight into such interac-
tions may be still provided. It can be clearly observed that in the
presence of daunorubicin in a free form in the subphase the
shape of the isotherm changes significantly and the isotherm is
shifted towards larger areas per molecule (Figure 2). As ob-
served in our previous studies concerning the influence of DNR
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on thiolipid model membranes [24], characteristic parameters
describing the properties of the monolayer are also significant-
ly changed (Table 1). The area per molecule in a well-orga-
nized monolayer increases from the value of 44 A2 correspond-
ing to the DPPTE monolayer formed on pure water subphase to
the value of 74 A2 in the presence of the drug in the subphase.
Such a significant increase is caused by the incorporation of
DNR molecules into the thiolipid layer. Additionally, the shape
of the isotherms is altered and the broad plateau region corre-
sponding to the phase transition is clearly visible at relatively
high surface pressure of 38 mN/m (Figure 2). Significant
changes concern the compression modulus and its maximum
value. The compression modulus is defined as [26]:

O

where A4 is area per molecule, and =n is surface pressure.
Compression modulus gives information on the state, in which
the monolayer is at a given surface pressure. The maximum
value of compression modulus obtained for DPPTE mono-
layers formed on pure water subphase is equal to 395 mN/m,
which corresponds to the solid state of the monolayer [27]. In
the presence of DNR in the subphase the maximum value
decreases to 80 mN/m (Table 1), which indicates liquid
expanded phase of the monolayer (Figure 3).

Different situation occurs when daunorubicin attached to car-
bon nanotubes is introduced into DPPTE monolayers. In case of
mixed DPPTE-SWCNTs-DNR layer the isotherms are only
slightly altered. When the amount of drug carrier is relatively
small compared to the prevailing amount of the lipid (DPPTE/
SWCNTs-DNR weight ratio of 10:1), the isotherm shape is not
significantly changed (Figure 2). The area per molecule in-
creases by several angstroms from the value of 44 A2 corre-
sponding to the DPPTE monolayer formed on pure water
subphase to the value of 49 A2, but other characteristic parame-
ters such as collapse area and collapse pressure do not change
greatly (Table 1). Interestingly, the presence of small amount of
SWCNTs leads to the increase in the maximum value of
compression modulus compared to DPPTE monolayers formed

Table 1: Characteristic parameters of DPPTE Langmuir monolayers in the presence of free daunorubicin and daunorubicin attached to carbon nano-

tubes.
Substance AglA?
DPPTE 445+0.3
DPPTE + 107 DNR 73.8+26
DPPTE/SWCNTs-DNR 1:5 50404
DPPTE/SWCNTs-DNR 10:1 48.6 £ 0.7

AcollA2 Teon/mN m™" Cs l/mN m™!
36.6+£0.2 65.2+1.7 395 + 25
335426 64.4 £2.0 80+5
39.2+0.3 64.7£0.8 325+ 15
39.0 £ 0.1 63.8+0.3 450 £ 10
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Figure 3: Compression modulus versus surface pressure plot for
DPPTE monolayer on water subphase (black), mixed layers of
DPPTE/SWCNTs-DNR weight ratio of 1:5 (red), mixed layers of
DPPTE/SWCNTs-DNR weight ratio of 10:1 (green), DPPTE mono-
layer on subphase containing 10~ DNR (blue).

on water subphase (Figure 3). However, the presence of bigger
amounts of carbon nanotubes in the mixed layers (DPPTE/
SWCNTs-DNR weight ratio of 1:5) affect the DPPTE mono-
layer more significantly. Although the increasing amount of
carbon nanotubes in the mixed layer does not lead to a signifi-
cant increase in the area per molecule compared to the value ob-
tained for mixed DPPTE-SWCNTs-DNR monolayers with the
prevailing amount of the lipid (Table 1), more pronounced
changes are observed in case of the compression modulus. Its
value decreases to 325 mN/m, which is 70 mN/m less than the
value reported for pure DPPTE monolayer, but it is still in the
range corresponding to the solid phase. It should be also noted
that for the same weight ratio of the components there is no sig-
nificant difference between the effect of the unmodified CNTs
and CNTs—drug adducts in the mixed layer. Since the molar
percentage of the DNR in the adduct is equal only to 0.15% (see
Experimental section), the absence or presence of the drug on
the nanotubes will not result in the detectable changes in the
isotherms, as has been shown in control experiments. The iso-
therms obtained for mixed layers containing DPPTE and car-
bon nanotubes with and without drug are almost identical. The
exemplary DPPTE isotherms recorded in the presence of nano-
tubes without and following modification with the drug are

shown in Supporting Information File 1, Figure S1.

The observed changes in the DPPTE monolayer behavior in the
presence of both free drug and drug attached to carbon nano-
tubes should be explained in terms of the different driving
forces responsible for the interactions. In case of free daunoru-
bicin interactions, such significant changes in the isotherm

shape and dramatic decrease in the maximum value of compres-
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sion modulus implies that upon the incorporation into DPPTE
monolayer, DNR disorganizes the thiolipid monolayer and
causes its fluidization. Changes in the properties of DPPTE
membrane were attributed to the electrostatic interactions [24].
Since the thiolipid molecules are negatively charged and pKa of
daunorubicin is equal to 8.4 [28], at the pH corresponding to
pure water there is electrostatic attraction between the nega-
tively charged polar heads of the lipid and positively charged
drug. Obviously, hydrophobic interactions between the hydro-
phobic part of the drug and acyl chains of the lipids should be
also taken into account, but electrostatic interactions seem to be
playing the most important role, especially in case of the inter-
actions at lower surface pressures, when the drug dissolved in
the subphase first interacts with polar heads of the lipid. How-
ever, with the increasing surface pressure DNR molecules may
penetrate deeper into the monolayer and then hydrophobic inter-
actions also play important role. Consequently, those types of
interactions result both in the observed changes in the Cs™!
values, as well as in the significant increase in the area per mol-
ecule in the organized layer (Table 1) as reported before [24].

In case of the effect of SWCNTSs modified with DNR different
explanation may be given. The unexpected increase in the
maximum value of compression modulus for the mixed layers
with the prevailing amount of thiolipid may be caused by the
fact that due to the presence of relatively small amounts of car-
bon nanotubes in the monolayer the thiolipid molecules become
more oriented with less tilted hydrocarbon chains, which leads
to the observed increase in the maximum value of compression
modulus. In the same time, the nanotubes occupy the interfacial
area and therefore a small increase in the area per molecule is
observed (Table 1). The increasing amount of the nanotubes in
the mixed layer results in some fluidization of the DPPTE
monolayer because the increasing number of nanotubes
prevents from the hydrophobic interactions between acyl chains
of the lipid and thus leads to the disorganization of the layer.
However, this influence is not as significant as the influence of
DNR in the free form and therefore it does not introduce the
change of the phase of the monolayer. Additionally, the rela-
tively small increase in the area per molecule with the increas-
ing content of the nanotubes in the thiolipid monolayer (from
48.6 to0 50.4 AZ for the prevailing weight ratio of the lipid and
the nanotubes, respectively, Table 1) indicates that the nano-
tubes may form aggregates or bundles and do not distribute
evenly within the thiolipid monolayer. They may be also
squeezed out from the monolayer into the subphase or into the
close vicinity of the monolayer. Alternatively, closing the
barriers and increasing the surface pressure may lead to the
above mentioned formation of aggregates or bundles. More-
over, in the presence of SWCNTs-DNR conjugates the iso-
therms are only slightly shifted towards larger areas per mole-
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cule but their shape is not altered. Similar observation was
made by Cancino et al., who studied the effect of carbon nano-
tubes-dendrimers nanoconjugates on DPPC monolayers [29].
The presence of such types of adducts did not significantly
affect the properties of lipid monolayers.

In conclusion, the effect of the free drug and drug attached to
the potential carrier on the properties of model thiolipid mono-
layer is different. Daunorubicin in the free form significantly
changes the properties of DPPTE monolayers by increasing the
area per molecule in the monolayer and causing their immense
fluidization. The electrostatic interactions between positively
charged drug and negatively charged polar headgroups of the
lipid are most relevant in this case. The influence of carbon
nanotubes modified with DNR on the properties of DPPTE
monolayers is less pronounced. The observed areas per mole-
cule are only slightly increased compared to pure DPPTE
monolayer, which implies that although CNTs occupy the inter-
facial area, the change in the organization of the lipid mole-
cules is not as big as in case of a free drug. It may be explained
by a different mechanism responsible for the interactions in this
case. Although the amine group of DNR attached to the ends of
carbon nanotubes is protonated as in a free drug, which still
gives the possibility of the electrostatic interactions, the hydro-
phobic interactions with nanotubes seem to play the crucial role.
First of all, the drug modification of the nanotubes provides rel-
atively small mole fraction of the drug with respect to the nano-
tube, as stated in the Experimental section. Secondly, the modi-
fication at the end (and defect sites) of the nanotubes leaves the
sides of the nanotubes unmodified. Therefore, due to the strong
hydrophobicity of the nanotubes one may suppose that al-
though electrostatic interactions between the attached drug and
polar heads of the lipid are still possible, the hydrophobic inter-
actions between carbon nanotubes and acyl chains of the lipids
will be determining the overall interactions in this case.

Electrochemical studies

Since daunorubicin is electroactive and undergoes 2¢ /2H*
redox process (Scheme 1), the interactions of the drug in a free
form and attached to carbon nanotubes with model membranes
may be also followed using electrochemistry. After the LB
transfer described in detail in Experimental section, supported
layers were characterized by electrochemical techniques. First,
in order to verify the presence of daunorubicin attached to car-
bon nanotubes in the mixed layer on the electrode, cyclic vol-
tammetry was performed. The reduction—oxidation peaks ob-
served in voltammograms correspond to the electrode process
of the quinone-hydroquinone group (Figure 4) [30]. Basing on
the results obtained for the supported mixed DPPTE-SWCNTs-
DNR monolayers with the prevailing amount of nanotubes it

has been shown that the drug is present at the electrode surface.
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Additionally, the linear dependence of the peak current versus
the scan rate proves the adsorptive character of the observed
electrode process and thus confirms that the electroactive drug
is covalently attached to the carbon nanotubes supported at the
electrode surface.

Scheme 1: The electrode processes of daunorubicin.

In order to assess the interactions of the free daunorubicin with
model membranes, DPPTE monolayers were transferred by
means of LB method onto gold electrodes and were exposed to
107> M DNR solutions for 600 s to ensure the incorporation of
the drug into the model membrane. The optimal incubation time
of the model membrane in the drug solution was based on our
previous studies, which showed that after this time cyclic
voltammograms become stable [24]. Alternatively, it is also
possible to incorporate the drug into the model membrane
during its formation and then transfer it onto the electrode [31].

It should be also stressed that the concentration used for the
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Figure 4: Cyclic voltammograms recorded at the increasing scan rate
for mixed DPPTE/SWCNTs-DNR (1:5 w/w) layers transferred onto
gold electrodes by means of LB method for end modification of nano-
tubes. Inset: dependence of peak current vs scan rate.

incubation of the modified electrodes is consistent with the
DNR concentration used in monolayer studies. Additionally, it
corresponds to the concentrations used in the in vitro studies.
The ICs( value, which is defined as the concentration of a drug
that inhibits cell growth by 50%, given in the literature usually
varies from 107® M to 107> M depending on the type of cell
lines [32-34].

In the next step, voltammograms obtained after the incubation
in DNR solution were compared with the voltammograms re-
corded for electrodes modified with DPPTE monolayer (before
exposure to DNR) and electrodes modified with mixed
DPPTE-SWCNTs-DNR monolayers (Figure 5). In case of both
DPPTE monolayers exposed to DNR solution and mixed
DPPTE-SWCNTSs-DNR monolayers the oxidation—reduction
peaks corresponding to the electrode process of daunorubicin
are observed and the peak currents are similar. The control ex-
periments on the effect of unmodified SWCNTs in the sup-
ported layers are not shown because in the absence of electroac-
tive species such as daunorubicin attached to carbon nanotubes
on the electrode surface, no reduction—oxidation peaks can be
observed, since neither unmodified carbon nanotubes, nor
thiolipid undergo reduction—oxidation processes in the poten-
tial range investigated. Therefore, in such case only the
blocking of the electrode by the mixed DPPTE-SWCNTs-bare
could be seen, similarly to the blocking of the electrode by the
monocomponent DPPTE monolayer (Figure 5).

In order to compare the results for the two types of modified

electrodes in a more detailed way, surface concentration of the
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Figure 5: Cyclic voltammograms recorded for gold electrode modified
with DPPTE monolayer (black), mixed DPPTE/SWCNTs-DNR (1:5
w/w) layer (red) and DPPTE monolayer exposed to 10~ M DNR solu-
tion for 600 s (green). Scan rate: 500 mV/s.

drug may be calculated. The surface concentration of daunoru-
bicin can be estimated using the following equation:

I' = O/nFA 2)

where I is surface concentration (mol/cm?), Q is charge under
cathodic peak (C), n is number of electrons, F' is Faraday con-
stant and 4 is electrode area (cm?). The surface concentration
calculated based on the cyclic voltammogram for the electrode
modified with mixed DPPTE-SWCNTs-DNR monolayer is
equal to 0.67 x 10710 mol/cm2, while the value obtained for
DPPTE supported monolayer exposed to DNR solution is equal
to 0.60 x 10710 mol/cm? as reported before [24]. Moreover, the
values obtained for the mixed layer containing modified carbon
nanotubes are comparable to the values reported for carbon
nanotubes derivatized with antraquinone [35] and other types of
electroactive species [36,37].

It is interesting to compare the surface concentrations of the
drug incorporated into the supported model membranes in the
two forms: free and attached to drug carriers. However, due to
different solubilities, the experimental procedures are different:
free drug is more soluble and, therefore, can be dissolved in the
subphase from which it penetrates the lipid monolayer, while
drug—carbon nanotube adduct is added to the thiolipid and
chloroform and next the mixed sample is placed at the air—water
interface. Therefore, the initial concentrations of the drugs
cannot be easily compared. Our solution was to transfer the
layer onto a solid substrate (electrode) and evaluate the amount
of the drug present in the model membrane supported on the
electrode by electrochemistry. In case of daunorubicin in the

free form the estimation was based on the DNR concentration in
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the subphase (107> M) and surface concentration of the drug
incorporating into the model membrane precompressed to
30 mN/m [24], while in case of DNR attached to carbon nano-
tubes the content of DNR (1.25 x 1077 mol of drug per 1 mg of
carbon nanotubes) in the total amount of the DPPTE-SWCNTs-
DNR adduct (with respect to the DPPTE/SWCNTs-DNR ratio)
administered at the air—water interface as a mixed layer and
transferred onto the electrode was taken into account. The esti-
mated amount of daunorubicin in the supported model mem-
brane is equal to 2.4 x 10713 and 2.1 x 10713 mol for the free
drug and drug attached to carbon nanotubes, respectively. It
should be noted that the surface concentration of DNR calcu-
lated based on electrochemical experiments is also the same for
both mixed DPPTE-SWCNTs-DNR monolayer and incorporat-
ed drug in the free form. This proves that the amount of the
drug in the model membrane is similar for both types of the
drug delivery: direct or bound to the nanocarrier. However,
basing on the results of monolayer studies, the effect of
SWCNTs-DNR adducts on the properties of model DPPTE
membranes is much smaller than the one observed for a free
drug (Figure 2 and Figure 3). It is especially important in the
view of the application of carbon nanotubes as drug carriers.
These results prove that CNTs modified with DNR may provide
the same amount of the therapeutic agent as the drug in the free
form but in the same time they do not influence the organiza-
tion and properties of the membranes to such extent as the free

drug.

Conclusion

Interactions of anticancer drug daunorubicin with model
thiolipid membranes were investigated using Langmuir tech-
nique and electrochemical methods. The drug was either in the
free form dissolved in the subphase, on which the DPPTE
monolayer was formed, or attached to single-walled carbon
nanotubes, which are potential drug carriers. In this case,
drug—carrier adducts were deposited onto the air—water inter-
face forming the mixed layers of DPPTE with differing weight
ratio of the components. Langmuir studies revealed that DNR
influences the properties of the thiolipid monolayer leading to a
significant increase in the area per molecule. Additionally, the
organization of the monolayer changes: the maximum value of
the compression modulus implies that upon incorporation of the
drug in the free form, the layer changes its phase from solid to
liquid. The observed differences in the properties of the mono-
layer are caused by the electrostatic interactions between the
positively charged drugs and negatively charged polar heads of
the lipid. Results of the studies with SWCNTs-DNR conjugates
revealed that their influence on DPPTE monolayers is much
less pronounced. The characteristic parameters such as area per
molecule do not change as significantly as in case of a free

drug. Moreover, the organization of the monolayer is not influ-
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enced to such a large extent and even at the higher weigh
content of CNTs in the mixed layer, the monolayer retains its
solid character. In this case hydrophobic interactions between
the nanotubes and DPPTE molecules seem to play the most im-
portant role.

Electrochemistry was also employed to compare the model
membranes containing daunorubicin in the two investigated
forms. Cyclic voltammetry performed for the electrodes modi-
fied with DPPTE monolayers containing daunorubicin either in
the free form or attached to carbon nanotubes proved the pres-
ence of the electroactive drug at the electrode surface. More-
over, it was shown that the surface concentration of the drug on
the electrode surface is similar for both the drug in a free form
and the drug—nanocarrier adduct. This observation proves that
application of single-walled carbon nanotubes as drug delivery
system allows for the transport of the comparable amount of the
drug with respect to the drug in a free form but the influence of
the drug—carrier adduct on the model membranes is much
smaller. This conclusion is important from the point of view of
side effects of the drug treatment and confirms the efficiency of
the application of carbon nanotubes as drug delivery systems.

Supporting Information

Supporting Information File 1

DPPTE isotherms.
[http://www.beilstein-journals.org/bjnano/content/
supplementary/2190-4286-7-46-S1.pdf]
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Abstract

Background: A versatile strategy for protein—surface coupling in biochips exploits the affinity for polyhistidine of the nitrilotri-
acetic acid (NTA) group loaded with Ni(II). Methods based on optical reflectivity measurements such as spectroscopic ellipsom-
etry (SE) allow for label-free, non-invasive monitoring of molecule adsorption/desorption at surfaces.

Results: This paper describes a SE study about the interaction of hexahistidine (Hisg) on gold substrates functionalized with a thio-
late self-assembled monolayer bearing the NTA end group. By systematically applying the difference spectra method, which
emphasizes the small changes of the ellipsometry spectral response upon the nanoscale thickening/thinning of the molecular film,
we characterized different steps of the process such as the NTA-functionalization of Au, the adsorption of the Hisg layer and its
eventual displacement after reaction with competitive ligands. The films were investigated in liquid, and ex situ in ambient air. The
SE investigation has been complemented by AFM measurements based on nanolithography methods (nanografting mode).

Conclusion: Our approach to the SE data, exploiting the full spectroscopic potential of the method and basic optical models, was
able to provide a picture of the variation of the film thickness along the process. The combination of 6A;11 j(A), ¥+ ;(A) (layer-ad-
dition mode) and SATiv,M(k), BTTiv’iH(k) (layer-removal mode) difference spectra allowed us to clearly disentangle the adsorption
of Hisg on the Ni-free NTA layer, due to non specific interactions, from the formation of a neatly thicker Hisg film induced by the
Ni(Il)-loading of the NTA SAM.
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Introduction

The design of biosensing devices requires precise immobiliza-
tion, with controlled orientation, of functional proteins on a sur-
face, generally consisting of a substrate functionalized with a
molecular receptor layer [1,2].

After seminal works [3], the interaction of chelated Ni ions with
oligohistidine peptides has been largely implemented over the
years for the affinity purification of recombinant proteins [4-6],
and for the development of bioanalytical surfaces [7-12]. To
this purpose, self-assembled monolayers (SAMs) terminated
with the nitriloacetic acid (NTA) group, after loading with
nickel ions (Ni(Il)), provide platforms able to specifically bind
his-tag proteins [13-18] and enzymes that retain their activity
upon immobilization [19-21]. The affinity between the adsor-
bent surface and the protein can be modulated, e.g., by using
multi-chelator constructs [22,23] or double hexahistidine tags
[24].

Among applications, the NTA-Ni(II)-His coupling has been
exploited for the functionalization of nanoparticles [25-27] and
atomic force microscopy (AFM) tips [28] as well as for more
biologically oriented applications such as the delivery of poly-
meric gene vehicles [29] or for the design of NTA-functionali-
zed fluorescent probes able to track cellular events in situ by
targeting specific His-tagged proteins [30,31].

Beyond selectivity, the reversibility of the NTA-Ni(II)-His cou-
pling upon reaction with competitive ligands [32] makes this
strategy a versatile system for the development of highly sensi-
tive, specific and renewable sensing devices [33].

A high-performance sensor needs to integrate a specific binding
scheme with a sensitive, non-destructive transduction of the
binding event into a measurable signal. Optical methods based
on optical reflectivity, such as surface plasmon resonance (SPR)
and ellipsometry, allow for label-free, non-invasive, in situ
monitoring of molecular adsorption/desorption at surfaces [34-
40]. While SPR-based methods require supports with specific
plasmonic properties, ellipsometry methods can be employed on
a variety of reflecting solid surfaces. Spectroscopic ellipsom-
etry (SE) can detect molecular adsorption on the receptor layer
through the observation of thickness variations and, more
specifically, through the spectroscopic characterization
of UV—vis absorptions related to the analyte or to the
receptor—analyte bond.

At variance with more traditional fields of application of SE
[41-43], a reliable analysis of SE data on ultrathin films, at the
nanometer scale thickness, must rely on the evaluation of the

fine changes of the ellipsometry response upon the thickening/
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thinning of the molecular film. Such variations can be empha-
sized looking at so-called difference spectra [44], 6'¥;+1 ;(M),
8A;+1,i(A), where the suffix labels the difference between the
spectra taken after and before the addition of the (i + 1)-th layer
in a multilayer stack.

Our approach, developed in recent years [45,46], aims to
exploit, under an unconventional perspective, the full spectros-
copic potential of difference spectra. Regarding the important
class of thiolate SAMs on flat gold films, careful analysis of
d-spectra allowed us to disentangle spectral features related to
the SAM and to the S—Au interface region [46] as well as to
identify fingerprints of molecular UV—vis absorptions [47,48],
with sub-monolayer sensitivity.

In a very recent work we successfully combined our approach
with thickness determination based on AFM measurements
exploiting smart nanolithography methods, such as the so-called
nanoshaving [49], that considerably helped to reduce the uncer-
tainty related to the correlation between thickness and refrac-
tive index that is typical of ultrathin films.

A step forward, we intend to apply the same methods to control
the adsorption of the analyte layer (AL) on the receptor layer
(RL), eventually distinguishing between specific and non-spe-
cific binding. In this article we describe a study about the inter-
action of Hisg on gold substrates functionalized with NTA
(Figure 1). While on simple NTA-terminated films only non-
specific adsorption of Hisg is expected, the loading with Ni(I)
endows the RL with specific affinity towards Hisg. We investi-
gated the sequence of steps of the process (schematically
sketched in Figure 1) beginning from the functionalization of
Au until the final regeneration of the NTA layer through dis-
placement of Hisg. To this aim we will introduce convenient
8Aj’,i () and 5\P2L',,‘ +1(A) difference spectra where the suffix
labels the difference between the spectra taken after and before

the removal of the (i + 1)-th layer in a multilayer stack.

The systems were investigated in situ in liquid, and ex situ in
ambient air. The experiments aimed to explore the variation of
film thickness after convenient stages of the process as well as
to detect spectral features that could be eventually related to the
specific NTA-Ni(I)-Hisg interaction. The SE investigation has
been usefully complemented by AFM measurements based on
SAM nanolitography (both shaving and grafting modes).

Results and Discussion
Substrate functionalization: the NTA-SAM

The first step of the experiment consisted of the formation and

the characterization of the NTA-terminated precursor SAMs.
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Figure 1: (a) Chemical structure of the HS-C11-EG3-NTA (NTA1) molecule; (b) sketch of the steps of sample preparation: (0) substrate preparation,
(1) formation of the NTA SAM, (1) Ni(ll) loading and (2) adsorption of Hisg. Step (17) was skipped for a subset of samples in order to check non-spe-
cific Hise—NTA interactions. The ellipsometry analysis focused on steps (0), (1), (2).

Details on the preparation are reported in the Experimental
section. Note that an accurate characterization of the precursor
receptor SAM is a necessary prerequisite for a reliable interpre-
tation of measurements about adsorption of analytes. Ex situ SE
0A1 o and 8%  spectra are presented in Figure 2 for two types
of SAMs (HS-C11-EG3-NTA, NTAL1, and HS-C16-EG3-NTA,
NTAZ2). The suffixes 1 and 0 of 6A; g and 6'¥'; ¢ correspond to
the SAM—Au and to the Au system, respectively. The results
from NTA SAMs are compared with those obtained recently for
oligo(ethylene glycol)-terminated alkanethiols, HS-C11-EG3
(T-OEG3) and HS-C11-EG6 (T-OEG®6), for which the thick-
nesses were accurately determined by SE and AFM nanolithog-
raphy [49].

The shape of the NTA spectra closely resembles that of T-OEG
SAMS and does not show any evident features typical of
intrinsic molecular optical absorptions [47,50]. Thus, the data
are presented in comparison with a set of simulations based on
the model of a transparent film (TF) onto the substrate (Au),
assuming for TF a Cauchy-type dispersion formula [42]:

————=; x=0. (D

The shaded areas in Figure 2 span the representative range of
1.35 < npp £ 1.50 [51], for three indicative values of the film
thickness dyg. The coefficient B was set to the value found in
the analysis of T-OEG molecules (0.005) [49]. Note that the
extension of the shaded bands provide an intuitive picture of the
well-known correlation between refractive index and thickness
that is typical for ultrathin films.

Systematic studies carried out in our group and, in particular,
the analysis of the TF|Au model performed in [49] showed that
3A1 o and 8¥ o spectra provide a somewhat complementary
information. While the A o spectra are sensitive to the proper-
ties of film + interface throughout the whole spectral range, the
3% o spectra show an interesting behavior in connection with
the high reflectivity onset of Au which is evident in ¥ spectra
(Figure 2b) between 500 and 550 nm.

Above this threshold, going towards the NIR, the TF|Au model
predicts that ¥ tends to assume values close to 45° insensitive
to transparent films: Simulated 6'¥'; o values vanish. Negative
experimental 6'¥'; ¢ values are due only to the absorptive proper-
ties of the interface layer, in connection with the formation of a
strong molecule—gold bond [46,52].

In contrast, below the threshold, 6'¥1 ¢ spectra bear substantial

information only about the transparent part of the film [49].
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Figure 2: (a,b) Ex situ experimental SE spectra obtained on gold sub-
strates. (c—f) Ex situ experimental difference spectra (8A4,9 = A1 — Ao,
8W1 9 =W - Wp) obtained for NTA2 (red full diamonds) and NTA1
(red open circles) SAMs. Panels c and d: 65° angle of incidence,
panels e and f: 70° angle of incidence. Data from T-OEG6 and
T-OEG3 SAMs [49] are also shown for reference. Thin vertical bars
represent the experimental uncertainty related to data dispersion over
the investigated samples. Shaded areas illustrate the results of simula-
tions based on the TF|Au model, for three values of the SAM thick-
ness (dtr = 2, 3 and 4 nm). For 8/ o patterns (left) the top and bottom
borders of the shadings correspond to ntg = 1.35 and 1.50, respective-
ly. For the 8%+ o spectra (right panels) the order is reversed.

Further, compared to the A o spectra, 8% o spectra are less
affected by the correlation between nyg and drg.

Thus, from careful inspection of the §'¥'; ¢ patterns in Figure 2,
and considering the uncertainties of experiment and model, one
can estimate dyp values of 2.2 = 0.3 and 3.1 £ 0.3 nm for the
NTAI1 and NTA2 SAMs, respectively. Negative 8% o values,
which are substantially common to all the SAMs of Figure 2
and closely comparable to other well-structured thiolate—Au
SAMs [46,47,53,54], can be effectively reproduced by simula-
tions considering an effective interface layer [55] with effective
thickness dj of the order of 0.2 nm [46,49]. The sum D of dj and
dtr (2.4 £ 0.3 and 3.3 + 0.3 nm for the NTA1 and NTA2

Beilstein J. Nanotechnol. 2016, 7, 544-553.

SAMs, respectively) accounts for the total film thickness that is
reflected in the 8A ( spectra.

The AFM images of Figure 3a are representative of experi-
ments of nanografting of T-OEG6 molecules in NTA SAMs.
The latter were deposited with the same procedures applied in
the SE measurements. The grafted areas are darker than the sur-
rounding SAM carpet, indicating a lower height level. The
histograms reported in Figure 3¢ show distributions that can be
fitted by the superposition of two Gaussian curves. One, related
to the T-OEG®6 surface is taken as the reference; the second cor-
responds to the surface of the NTA SAM. The separation
between the centers of the Gaussian curves provides
AhNTA-TOEGS, the height difference between the NTA and
T-OEG6 SAMs.

After repeating this procedure for ten grafted patches we were
able to obtain an average value of AhnTA2-TOEGe ©f
0.95 £ 0.15 nm (Figure 3d). Regarding NTA1 SAMs, the
contrast with the nanografted T-OEG6 patches is much lower
(Figure 3b). In this case the analysis of images provides
AhNTA1-TOEG6 Of 0.2 £ 0.1 nm (Figure 3d). Combining these
findings with the AFM results regarding the height of T-OEG6
SAMs presented in [49], which amounted to 2.4 + 0.3 nm, we
obtain for the NTA1 and NTA2 films an AFM thickness of
2.6 £ 0.4 and 3.4 £ 0.5 nm, respectively.

The height difference between NTA2 and NTA1 SAMs
measured with AFM (AAnta2-NTA1 = 0.8 nm) and the thick-
ness difference obtained by SE (ADnTA2-NTA1 = 0.9 nm) agree
with the nominal length difference between the two molecules,
of about 0.8 nm. However, although AFM and SE findings are
compatible within the experimental uncertainty, the measure-
ments by AFM yield height values that are systematically larger
than the ellipsometry thickness. Small discrepancies between
the two methods appear conceivable and even expected for
several reasons. First of all, we need to consider that the NTA
head is more charged than the OEG termination and can be re-
sponsible of an increased electrostatic repulsion and therefore of
an increased height during the measurements in liquid. More-
over, we should consider systematic differences regarding the
macroscopic area probed by the optical beam in SE vs the
microscopic area probed by AFM and the different environ-
ment of the measurements (liquid for AFM, air for SE).

Note that SE does not provide direct information about molecu-
lar orientations in the SAM and about the SAM organization.
Such properties should be probed through surface-sensitive in-
frared spectroscopy methods such as reflection—absorption in-
frared spectroscopy [56]. Nevertheless, the values of film thick-
ness determined by SE and AFM testify the formation of

547



Beilstein J. Nanotechnol. 2016, 7, 544-553.

(d)

P
i L o
)
s
0.8+ F 2
[0}
L a
By
0.6 - Z
Z
>
i L T
0.4+ F g
o
I (2]
7 0.2 l +
T T T T T 0.0 T
-4 4 NTA1 NTA2

2 0 2
Height (nm)

Figure 3: (a) Atomic force microscopy image showing two nanografted patches of T-OEG6 in a NTA2 SAM (b) the same for a NTA1 SAM. The white
scale bar corresponds to 1 um. (c) Height histograms corresponding to the AFM images in (a) and (b). The reference has been set at the center of the
Gaussian distribution related to the squared dark areas in the images. (d) Synthesis of histogram analysis for the NTA1 and NTA2 samples investigat-
ed providing the average values of AhnTa-ToEGE @and AhnTa1-ToEGs (for details see the text).

compact NTA SAMs, which can be used for second-layer
adsorption experiments.

Hisg—NTA interaction

Exploratory checks showed that the variations induced by Ni(II)
loading on the NTA/Au SE spectra were very small. Thus, we
decided to study the Hisg adsorption (step (2) in Figure 1) by
referencing the difference spectra to the data of the NTA film.
Specific or non-specific interactions of Hisg are therefore
probed through a comparison of the results obtained with or
without the Ni(II) pre-loading. We adopted preparation proto-
cols described in literature [57], which are summarized in the
Experimental section.

8/, 1 and 8¥, 1 difference spectra shown in Figure 4a,b are rep-
resentative of the observed behavior. Despite the reduced
refractive index mismatch between the film and the ambient and
the use of cell windows tending to lower the signal-to-noise
ratio, the emerging picture appears rather sharp.

In the case of Ni-free RL (light grey circles) we found very low
8%, 1 and 8A; | spectral values, over the whole wavelength
range. These results suggest a very modest thickness increment.
In facts, the formation of films uniformly spread on gold-like
substrates, even if very thin, usually induces a well-defined
relative maximum of 8A;y1 ; at about 500 nm [46,52]. This is
actually missing in the data, possibly indicating the formation of
a low-coverage sub-monolayer [58], a situation that is compati-
ble with non-specific Hisg—NTA interactions, in accordance
with literature [10].
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Figure 4: Hisg adsorption on the NTA/Au system and subsequent
treatment with imidazole/EDTA. The SE data are derived from in situ
(buffer) measurements at 65° angle of incidence. (a,b) 8A; 1 and 8¥> 1
difference spectra; the suffixes 1 and 2 indicate the NTA1/Au system
before and after the exposure to Hisg molecules, respectively. Black
and light grey symbols refer to measurements with and without Ni(ll)
loading, respectively. Arrows indicate possible weak optical absorp-
tions (see the text for details). (c,d) Red symbols: 6AJ§,’2, 6‘!{[2 spec-
tra; the suffixes 1’ and 2 stand for the Hisg/NTA1/Au system after and
before the treatment with chelating agents. The blue dashed curves
represent —SAJQ,VZ and —85'~I"1T,2 spectra.
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Conversely, well-structured spectra were observed after the
interaction of Hisg with Ni-loaded NTA SAMs (black open
circles), testifying the formation of a well-defined layer. Note in
passing that Ni(II) loading and subsequent Hisg adsorption have
very little influence on the §¥; ; values above 550 nm, which
are overall positive and close to zero. This finding suggests that
the percolation of Ni through the compact NTA SAM down to
the S—Au interface is likely negligible.

In order to add confidence about the formation of the
Ni(Il)-Hisg complex, we analyzed its interaction with competi-
tive chelating agents eventually leading to the regeneration of
the NTA film. Representative difference between spectra
measured after and before the imidazole/EDTA treatment, for
brevity SA;’Z and 6‘1’;,2, are shown in Figure 4c¢,d (red open
circles).

The graphic choice in panels ¢ and d emphasizes that SAT, , and
8‘1—’;’2 spectra are specular (with respect to the null le\;el) to
8A; 1 and 8¥; 1 spectra which have been considered until now
(and in all our previous works on SAMs on Au). 8A;4; ; and
8¥;11 i, were always associated with the addition of a molecu-
lar layer (for example the NTA layer on the Au substrate or the
Hisg layer on the NTA/Au system). In the case of Figure 4c.d,
positive 6A; , and low-wavelength, negative S‘PI 5 (red
curves) indica’te a neat decrease of the thickness, to be aésociat-

ed with the removal of molecular layer 2 (Hisg).

Further insight into thickening or thinning of the films
following specific adsorption and removal of Hisg was ob-
tained from ex situ measurements. In Figure 5, 8A; 1 and 6'¥ ;
spectra (black symbols), related to the Hisg adsorption, are com-
pared with 6A ; and 8% 1 spectra (grey symbols) obtained
after the completion of the imidazole/EDTA treatment. Note
that these difference spectra are referenced to the NTA/Au film.
In the figure, we also report the A o and 6%y o spectra from
Figure 2, referenced to the bare gold substrate. Ideally, dAp
and 3%y 1 should present values close to the zero. Indeed, they
appear significantly lower than the 3A; | and 8¥; ; spectra, in-
dicating the thinning of the film.

The ex situ measurements are also useful for an estimate of the
second layer thickness exploiting its rough proportionality with
the NIR 8A; ; values, considering the NTA/Au film as refer-
ence and performing the same type of analysis as that in
Figure 2. With a reasonable guess for the Hisg layer refraction
index in the range of 1.35-1.40, the layer thickness is estimated
in the range of 1.5-1.7 nm range. Analogously, we can also
estimate that the imidazole/EDTA treatment removed ~75% of
the Hisg layer. The removal percentage could be even higher

considering the conceivable effect of imidazole/EDTA resid-
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Figure 5: 6/, 1 and 8¥; 1 spectra (black circles), related to the Hisg
adsorption, are compared with 6A1 4 and 8¥ 1 1 spectra (grey trian-
gles) obtained after the completion of the imidazole/EDTA treatment.
These difference spectra are referenced to the NTA/Au system. 841 o
and 8%+ o spectra associated to the deposition of NTA1 on the Au sub-
strate (red circles) are also reported for comparison.

uals in 8Aq j and 6'¥'y 1 spectra. Therefore, the SE analysis of
both in situ and ex situ data is able to follow the thickness varia-
tions induced by the addition/removal of the Ni(II)-Hisg layer.

An important step further would be the detection of spectral
fingerprints of the Ni(II)-Hisg bond. In this respect, a compre-
hensive transmission spectroscopy study in solution reported
optical absorptions of the Ni(II)-Hisg complex in the spectral
range of 300—700 nm. Shape and intensity of absorption bands
were found to depend on the Ni(II)/Hisg concentration ratio and
the pH value of the solution [15]. Indeed, in previous SE works
on other SAMs on gold, we could detect optical molecular
fingerprints as characteristic narrow-band dips in difference
spectra. Specific examples are the intense Soret band observed
in in situ spectra of cytochrome C SAMs [48,50] or the UV
absorptions of carbazole groups [47]. Detection of molecular
fingerprints becomes definitely easier as the thickness scales up,

as in the case of a 30 nm thick photochromic polymer film [59].

Due to index matching issues, observation of optical absorp-
tions in SAMs becomes easier in liquid with refractive index
close to that of the film [48,50]. A close look at in situ data
(Figure 4) shows fine spectral features (indicated by arrows)
which cannot be reproduced by a simple Cauchy model, and
could be tentatively attributed to optical absorptions. However,
these features are not intense and sharp enough for an unambig-
uous assignment, which would require, e.g., a check of K-K
consistency, as it was possible in previous experiments on other
molecular systems [48,50,59]. Therefore the direct spectroscop-
ic detection of the Ni(II)-Hisg compound is still uncertain and

will require further investigation.
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Conclusion

We have applied spectroscopic ellipsometry to investigate the
interaction of Hisg with gold surfaces functionalized with a
thiolate, OEG SAM bearing the NTA end-group, a system
which is of recognized relevance for the design of a whole class
of bio-sensing devices.

Indeed, ellipsometry was already employed to study related
systems. In [37], about mixed layers of bis-NTA thiols with
inert OEG thiols, the authors thoroughly reported on imaging
ellipsometry measurements at a single wavelength. They
exploited variations of A and ¥ to obtain information about the
thickness and homogeneity of the mixed layers while their func-
tionalities were probed using imaging SPR. In [51] the
NTA-Ni(II)-mediated immobilization of Hisg-tagged green
fluorescent protein on a silica surface was reported. Ellipsom-
etry, at two wavelengths, was exploited mainly to characterize
the precursor NTA SAM (about 15 nm thick) while the interac-
tions with proteins of the NTA surface were studied by fluores-
cence methods. Spectroscopic ellipsometry was also frequently
used on other NTA-related systems as an ancillary characteriza-
tion method [10,60,61].

To our knowledge this is the first time that SE has been used to
comprehensively address the process, from the characterization
of the precursor NTA layer to the study of the Ni(II)-mediated
Hisg absorption and the final regeneration of the NTA layer ob-
tained by exposure to competitive chelating agents.

Our approach, progressively developed in recent years, is based
on the careful analysis of SE difference spectra bearing infor-
mation on the small changes of the ellipsometry response upon
the thickening or thinning of molecular films with nanoscale
thickness, and aims to fully exploit the rich broadband potential
of SE, a point which marks the difference with single wave-
length techniques, including SPR. Difference spectra, measured
for hundreds of wavelengths ranging from the short UV to the
NIR, proved able to show the variation of film thickness related
to a complex process consisting of addition and removal of

several organic layers.

Our investigation addressed the characterization of the NTA
SAM on gold, exploiting the powerful cross-check with AFM
measurements of the SAM height based on smart nanolitog-
raphy methods. The SE data, which have been interpreted with
basic models, provided a reliable evaluation of the thickness
and optical properties of compact NTA SAMs. The accurate
knowledge of the properties of the functionalizing SAMs
constituted the necessary base for the second step of the experi-
ment which regarded the investigation of the NTA reaction with

Hisg. The experiments were not conclusive regarding the direct
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spectroscopic detection of the NTA-Ni(II)-Hisg bond, which
will deserve further investigation. Nonetheless, the combina-
tion of 6A,¥;41 ;(A) (layer-addition mode) and SA,‘P}I,H(X)
(layer-removal mode) allowed us to clearly disentangle ti1e for-
mation of a Hisg film induced by Ni(Il)-loading of the NTA
SAM from the non-specific adsorption of Hisg on the Ni-free
NTA layer.

This investigation is intended to form a solid analytical back-
ground towards the study of layered systems of greater com-
plexity such as the interaction of NTA with Hisg-tag proteins, or
the DNA/DNA hybridization, which is ongoing in our laborato-
ries. Further, this paper describes a quite general method, which
can be applied to other forms of organized organic nano-multi

layers on solid as well liquid reflecting substrates.

Experimental

Gold substrates and reagents

Gold films for optical measurements were purchased from
Arrandee™ (200 nm thick, deposited on glass with a Cr
primer). For AFM measurements Ulman-type [62] ultra-flat
stripped gold surfaces were preferred. Ultra-flat gold samples
were prepared by UHV deposition of gold onto a freshly
cleaned Si(111) wafer. A silicon sample was then glued on the
gold surface and cured overnight at 130 °C. Ultraflat and clean
gold surfaces are obtained by mechanically stripping the silicon

wafer substrate from the silicon gold sandwich [49,62].

(1-Mercaptoundec-11-yl)tri(ethylene glycol) and (1-mercap-
toundec-16-yl)tri(ethylene glycol) with NTA (for brevity NTA1
and NTA2) were purchased from Prochimia Surfaces. Hexahis-
tidine Hisg (840.85 g/mol) was purchased from GenScript.
Ethylenediaminetetraacetic acid (EDTA), imidazole,
tris(hydroxymethyl)aminomethane (Tris), NaCl and NiCl, were
purchased from Sigma-Aldrich.

NTA SAM deposition and interaction with
Hisg

Clean Arrandee samples or freshly stripped Ulman gold sam-
ples were incubated for 24 h in 15 uM NTA1 (NTAZ2) solution,
using ethanol as solvent. For ex situ optical measurements the
NTA/Au samples were rinsed with ethanol and dried with N,
flow. A subset of NTA/Au samples were transferred in a salt
buffer solution (20 mM Tris and 150 mM NaCl, pH 7.4) for
subsequent characterization and treatments. After a first optical
characterization in the new medium, the samples were
immersed in 0.5 M EDTA (pH 8.6) solution for 15 min in order
to remove undesired divalent metal ions and rinsed in MilliQ
water. Soaking the NTA samples in a solution of 10 mM NiCl,
in 20 mM Tris (pH 7.4) for 5-10 min allowed for the coordina-
tion of NTA COOH groups with Ni%* ions. The samples were
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then immersed in the salt buffer solution containing a 170 pM
concentration of Hisg. A subsets of samples were exposed to
Hisg without pre-emptive Ni loading. Finally the samples were
rinsed with the buffer solution, characterized by SE in situ,
rinsed in MilliQ water, fluxed with N, and characterized by SE
ex situ. Regeneration of the NTA/Au surface was accomplished
by rinsing the sample in 0.4 M imidazole in 20 mM Tris solu-
tion and then in 0.5 M EDTA (pH 8.6) solution.

Spectroscopic ellipsometry

SE measurements were performed on a rotating compensator
instrument (M-2000, J.A.Woollam Co.Inc.). Ex situ data were
collected at 65-70° angle of incidence. The presented spectra
were obtained after the averaging over five samples and over
four different zones of each sample. In situ measurements were
conducted in a custom-made Teflon cell with 65° angle of inci-
dence. The in situ data are presented in the transparency
region of the solvent. Principles and applications of SE are
detailed in books [42,43] and reviews [63,64]. Briefly, standard
ellipsometry consists in the investigation of the coefficient
p=7, /7, =tan ¥ ¢'® where 7, and 7 are the complex Fresnel
reflection coefficients related respectively to p- and s-polariza-
tion. The ellipsometric analysis is performed through compari-
son between experimental and simulated data. Simulations are
based on models that take into account optical and morphologi-

cal properties of the layered sample.

AFM nanografting and imaging

AFM experiments were carried out with a XE100 (Park Instru-
ments) instrument in custom liquid cells. For nanografting, the
freshly prepared NTA SAM samples were glued in a custom
liquid cell filled with a solution of 30 pM HS-C11-OEG6
(T-OEG6) in ethanol. During the nanografting process, we
operated in contact mode with commercial AFM tips (NSC19
Mikromasch, k= 0.6 N/m), applying a high load (100 nN) in a
confined (from 0.5 x 0.5 to 2 x 2 um?) scanning area. The
applied load is sufficient to displace the NTA molecules that are
substituted by the T-OEG6 molecules present in the ethanol
solution [65,66]. The nanografted areas have been then imaged
in soft contact mode in ethanol or in saline buffer (Tris-HCI
20 mM, NaCl 150 mM, pH 7.4) with commercial cantilevers
(CSC38 Mikromasch, £ = 0.03 N/m) at the minimum force
detectable (0.1 nN). Images and data were analyzed with XEI

(Park Instruments) and Igor Pro (Wavemetrics Inc.) software.
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