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Given the significant and time-critical problems of energy
shortage, environmental protection, and biomedical issues, the
creation of new functional materials and systems for efficient
energy production and storage [1,2], environmental remedia-
tion with sensitive pollutant detection [3,4], and biological and
biomedical applications [5,6] is a crucial matter. In addition to
the intrinsic functionality of bulk materials, control of their
internal structure on the nanometer-scale is realized to be
increasingly important to obtain high efficiency and specificity
in their functions. For this general demand, the bottom-up
creation of functional materials and systems from nanometer-
scale and molecular units using nanotechnology principles is
necessary. This can be accomplished by the conceptual fusion
of nanotechnology with the other research fields such as atom/
molecular manipulation, organic synthesis, supramolecular
chemistry, and bio-related technology. This task is assigned to
an emerging concept, nanoarchitectonics (Figure 1) [7-9].

The nanoarchitectonics concept was initially proposed by
Masakazu Aono [10,11] who envisioned the production of func-
tional materials with the following principles: (i) construction

Figure 1: Outline of the nanoarchitectonics concept.

of functional materials and systems by organizing nanometer-
scale structures (nanounits) even with some unavoidable unreli-
ability; (ii) the properties of the structures may differ from those
of the individual nanounits, whereby their interactions may
synergistically create new functionalities; (iii) unexpected func-
tionality may be included through assembling or organizing a
very large number of nanounits; (iv) new theories and computa-
tional approaches are developed to support these fabrication
processes. Because the features of the nanoarchitectonics
concept are general and applicable to most materials systems,
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this concept can be applied to many research targets. In fact, the
nanoarchitectonics concept has already been applied in various
fields, including materials production [12,13], structural fabri-
cation [14,15], sensing [16,17], catalysis [18], energy [19],
environmental [20], devices [21,22], and bio-related [23,24] ap-
plications.

Accordingly, the goal of the thematic issue “Nanoarchitec-
tonics: bottom-up creation of functional materials and systems”
was to collect leading research examples that employ the
nanoarchitectonics concept. These examples range from funda-
mental studies on structural formation and control to applica-
tion-oriented approaches in biology, physical science, and
device technology.

As examples of some fundamental studies on the formation and
control of nanounits, in one work, the chiral structure was found
to control the self-assembly of nitrocinnamic amide
amphiphiles [25]. Works related to the formation of higher-
dimensional materials included, for example, the self-assembly
of crystalline cellulose oligomers that resulted in nanoribbon
networks [26], silicon nanowires that were formed by metal-
assisted chemical etching (MACE) [27], and the formation of
high-tolerance crystalline hydrogels from cyclic dipeptides
upon self-assembly [28]. In addition, a review on the use of
DNA as the fundamental material building block for molecular
and structural engineering [29] gives insight into this interest-
ing field of research which has great potential.

The nanoarchitectonics concept has been applied for various
bio-related applications, for example, in the small-protein-in-
duced cellular uptake of complex nanohybrids [30], the con-
trolled drug release from layered double hydroxide/sepiolite
hybrids [31], and cell surface engineering with halloysite-doped
silica cell imprints for shape recognition of human cells [32]. In
another example, magnetic nanoparticles were attached to
microbubble shells for enhanced biomedical imaging [33]. In a
final example, the detection of the prostate-specific antigen bio-
marker was expedited by application of advanced data process-
ing and computational tools [34]. The molecular architecture
plays a crucial role for obtaining high sensitivity and speci-
ficity in immunosensors, thus tools which speed up the ability
to analyze the large amounts of data produced could significant-
ly contribute to the field of immunosensing.

Some terrific examples of the application of the nanoarchitec-
tonics concept for engineering applications and the physical
sciences include a report by Ruiz-Hitzky et al., where they sum-
marize how photoactive clays incorporating TiO2 and ZnO
nanoparticles exhibit distinct and useful properties [35]. Other
examples include a self-assembled MoS2-based composite that

was developed for energy conversion and storage purposes [36],
a silver-nanoparticle/cellulose-nanofiber composite that was
applied for surface-enhanced Raman spectroscopy [37], bio-
nanocomposites with clay nanoarchitectures for electrochemi-
cal devices [38], a biomimetic nanofluidic diode with poly-
meric carbon nitride nanotubes [39], and a unique Janus-micro-
motor applied as a luminescence sensor for sensitive TNT
detection [40].

The variety of nanoarchitectonics approaches collected in this
thematic issue strikingly demonstrates the wide-range applica-
tion of this concept. In addition to the bottom-up creation of
new functional materials and systems, the inclusion of several
additional factors, such as biocompatibility [41] and connection
with wet ionic systems [42] that are low cost and emission-less
in nature, would facilitate the development for practical usage
in the near future.

Katsuhiko Ariga

Tsukuba, February 2020
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Abstract
Thought as raw materials clay minerals are often disregarded in the development of advanced materials. However, clays of natural

and synthetic origin constitute excellent platforms for developing nanostructured functional materials for numerous applications.

They can be easily assembled to diverse types of nanoparticles provided with magnetic, electronic, photoactive or bioactive proper-

ties, allowing to overcome drawbacks of other types of substrates in the design of functional nanoarchitectures. Within this scope,

clays can be of special relevance in the production of photoactive materials as they offer an advantageous way for the stabilization

and immobilization of diverse metal-oxide nanoparticles. The controlled assembly under mild conditions of titanium dioxide and

zinc oxide nanoparticles with clay minerals to give diverse clay–semiconductor nanoarchitectures are summarized and critically

discussed in this review article. The possibility to use clay minerals as starting components showing different morphologies, such as

layered, fibrous, or tubular morphologies, to immobilize these types of nanoparticles mainly plays a role in i) the control of their

size and size distribution on the solid surface, ii) the mitigation or suppression of the nanoparticle aggregation, and iii) the hierar-

chical design for selectivity enhancements in the catalytic transformation and for improved overall reaction efficiency. This article

tries also to present new steps towards more sophisticated but efficient and highly selective functional nanoarchitectures incorporat-

ing photosensitizer elements for tuning the semiconductor–clay photoactivity.
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Figure 1: Schematic representation of the crystal structures of the following clay minerals: kaolinite (A), montmorillonite (B), sepiolite (C), halloysite
nanotubes (HNT) (D), and the metal oxides, anatase (E) and wurtzite (F), obtained by applying the VESTA software using the following color codes:
silicon oxide tetrahedron – blue: Si, red: O. In kaolinite and halloysite – aluminium oxide-hydroxide octahedron: green, red: O; magnesium oxide octa-
hedron: brown, red: O. In montmorillonite – Al,Mg octahedron: pale blue; Ti: pink; Zn: gray. Panel D shows the nanotubular morphology of HNT result-
ing from the rolling of layers of 1:1 aluminium phyllosilicate with the same structural arrangement as kaolinite. TEM images of (G) montmorillonite and
(H) sepiolite clay minerals.

Review
Introduction: immobilization of nanoscale
TiO2 and ZnO on clay minerals
Nanoarchitectonics is a term coined by Japan's National Insti-

tute for Materials Science (NIMS), which refers to the nano-

scale design of complex materials through a deep and detailed

understanding of the interactions between individual nanostruc-

tures and their organization [1-3]. 2D nanoarchitectures have

been recently reviewed by Ariga and collaborators [4-6].

Among 2D solids, clay minerals have been widely studied as

versatile components for the preparation of functional nanoar-

chitectures by means of their assembly with diverse active com-

pounds including nanoparticles (NPs) of variable nature, such

as metal-oxide NPs, which is of great interest for many diverse

applications [7-11]. As it is well known, clay minerals are a big

family of silicates showing diverse structural arrangements and

morphologies (Figure 1) with topologies able to accommodate a

variety of NPs of semiconductors such as TiO2 and ZnO. TiO2

and, to a minor extent, ZnO NPs in the form of anatase and

wurtzite phases (Figure 1E and 1F, respectively), are semicon-

ducting materials that have been assembled at the nanometer

scale with clay silicates and deeply investigated due to their

useful properties for various applications, including heterogen-

eous photocatalysis, antibacterial activity, and water splitting

[12-20]. Both semiconducting solids are more efficient as

photocatalysts than the corresponding bulk TiO2 and ZnO

powders when they are present as NPs. This fact could be

simply explained by the fact that the smaller particles normally

have a larger surface-to-volume ratio.

Many studies have focused on the photocatalytic activities of

TiO2 and ZnO supported on clays, clay minerals and related

solids that include layered double hydroxides, such as hydrotal-

cite, and layered polysilicates, such as magadiite. However, this

article will focus only on materials based on clay minerals. The

emphasis of these studies has been the photodegradation of

diverse organic compounds, including the photodecolorization

of dyes such as methylene blue (MB), methyl green (MG), acid

red G, acid yellow 11, acid orange 11, and Congo red, in water,

as well as other photo-applications, for instance, water splitting

under UV or visible/solar light irradiation (Table 1). Among the

2D clay-based solids (layered silicates), montmorillonite and

other smectites used for assembly with diverse NPs exhibit

excellent adsorption, rheological, ion-exchange, and swelling

properties as well as a large relative surface area for incorporat-

ing the NPs. Kaolinite clay presents lower values of ion-

exchange capacity and a smaller relative surface area as, in

general, the interactions only involve its external surface. How-

ever, the latter aluminosilicate shows a chemical inertness that
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Table 1: Selected examples of catalytic applications of TiO2@clay and ZnO@clay nanoarchitectures.

clay-based nanoarchitectures photodegradation other applications
clay component semiconductor

component

kaolinite TiO2 Kutláková et al. (2011) [94]; Zhang et al.
(2011) [95]; Chong et al. (2009) [96];
Barbosa et al. (2015) [98]

CO2 reduction, Kočí et al. (2011) [97]

kaolinite ZnO M. Kutláková et al. (2015) [172] antibacterial activity, Dĕdková et al.
(2016) [173]

halloysite TiO2 Papoulis et al. (2013) [174]; Wang et al.
(2011) [123]; Li et al. (2015) [175]; Du
et al. (2014) [176]; Papoulis et al. (2010)
[114]

—

hectorite TiO2 Ma et al. (2009 & 2010) [103,108],
Kibanova et al. (2009) [101]; Belessi
et al. (2007) [102]

—

Laponite® TiO2 Zhu et al. (2002) [177] —
Ce–Ti-pillared Laponite® TiO2 Lin et al. (2010) [178] —
Zr–Ti-pillared Laponite® TiO2 Lin et al. (2011) [179] —
stevensite TiO2 Bouna et al. (2014) [180] —
beidellite TiO2 Rhouta et al. (2015) [99] —
Ti-pillared beidellite TiO2 — cracking of cumene, Swarnakar et al.

(1996) [181]
TiO2-pillared saponite TiO2 — degradation of NOx gas, Nikolopoulou

et al. (2009) [182]
montmorillonite, bentonite
and related smectites

TiO2 Sun et al. (2015) [105]; Manova et al.
(2010) [106]; Rossetto et al. (2010) [104]

—

montmorillonite, bentonite
and related smectites

ZnO Fatimah et al. (2011) [89]; Khumchoo
et al. (2016) [46]; Ye et al. (2015) [120];
Akkari et al. (2016) [118]; Xu et al. (2014)
[124]

montmorillonite and
related smectites

TiO2/ZnO Bel Hadjltaief et al. (2016) [158]; Tobajas
et al. (2017) [159]

montmorillonite
(CTA-organoclay)

ZnO — antibacterial activity, Gu et al. (2015)
[117];

lightweight expanded clay
aggregates (LECA)

TiO2/ZnO — removal of ammonia from wastewater;
Mohammadi et al. (2016) [161]

montmorillonite–kaolinite TiO2 — removal of Pb(II), Cu(II), Zn(II), and
Cd(II); Đukić et al. (2015) [183]

bentonite TiO2 — Degradation of volatile organic
compounds (VOCs); Mishra et al.(2018)
[184]

rectorite TiO2 Bu et al. (2010) [185]; Zhang et al. (2011)
[186]; Yang et al. (2012) [187]

—

rectorite ZnO Li et al. (2014) [188] —
rectorite TiO2/ZnO Wang et al. (2018) [163] —
sepiolite TiO2 Aranda et al. (2008) [109];Suárez et al.

(2008) [112]; Ökte & Sayınsöz (2008)
[113]; Du et al. (2015) [189]a; Zhou et al.
(2017) [190]

photoreforming of methanol,
Pérez-Carvajal et al. (2016) [131]b

sepiolite ZnO Xu et al. (2010) [90]; Akkari et al. (2016)
[118]

removal of H2S by chemisorption, Portela
et al. (2015) [122]

sepiolite TiO2/ZnO Vaizoğullar (2017) [160]
palygorskite TiO2 Zhang et al. (2011) [191]c; Bouna et al.

(2011) [111]; Papoulis et al. (201) [115]
Stathatos et al. (2012) [116]

degradation of NOx gas, Papoulis et al.
(2010) [114]

palygorskite ZnO — antibacterial activity, Huo and Yang
(2010) [121]

acontaining Ag2O/TiO2; bPt- or Pd-doped TiO2; ccontaining SnO2/TiO2.



Beilstein J. Nanotechnol. 2019, 10, 1140–1156.

1143

is useful for its use as support of the semiconducting NPs

considered here.

According to the “Web of Science” (WoS) [21] around

10,000 papers have been published in the last decade in connec-

tion with the topic of TiO2 NPs used as photocatalysts, indicat-

ing the high interest in the use of these materials for this type of

applications. In fact, titanium dioxide (anatase phase) can be

considered the most extensively studied solid among the diverse

transition-metal oxides and transition-metal chalcogenides in-

vestigated with that focus over the last decades. However, TiO2

has disadvantages such as limited activity together with a

reduced sensitivity to sunlight. Hence, alternative semiconduc-

tors such as ZnO are increasingly investigated for processes

concerning environmental remediation, antibacterial activity

and chemical technologies for hydrogen production and synthe-

sis of organic compounds [22]. Anyway, according to WoS, in

the given period TiO2 NPs appear to be cited ten times more

often than ZnO NPs regarding their use as photocatalysts.

One of the main applications of clay–semiconductor materials is

the mineralization of organic pollutants, which represents an

ideal solution for the remediation of wastewater contaminated

with diverse organic species. This process consists in the oxida-

tive decomposition of organic pollutants to non-toxic inorganic

species such as carbon dioxide, avoiding the formation of any

kind of residual sludge [23]. In fact, advanced oxidation pro-

cesses (AOP) might be considered as promising technologies

for the sustainable removal of pollutants from urban, industrial

and agricultural wastewater. They are based on the in situ gen-

eration of reactive species as hydroxyl radicals (OH•) with high

oxidizing capability [24]. AOP include Fenton and photo-

Fenton reactions based on the combination of chemical

oxidants, e.g., hydrogen peroxide, and UV irradiation, and other

photocatalytic reactions assisted by semiconductor photocata-

lysts. The use of TiO2 and ZnO NPs, particularly the anatase

and wurtzite phases, as heterogeneous photocatalysts attracted

great attention over the last years. Atmospheric oxygen is used

as oxidant to achieve complete mineralization of harmful

organic compounds, such as pesticides, phenols, dyes, and phar-

maceuticals drugs to water, CO2, and non-toxic inorganic

residues under solar light or UV irradiation. Advantages such as

low cost and chemical stability are essential requirements of

this type of photocatalysts [25,26]. In addition, highly toxic

heavy metals such as Cr(VI) and Hg(II) can be removed

from aqueous environments by photoreduction employing NPs

as heterogeneous photocatalysts leading to insolubilization

[23,27-29].

Based on the redox and photoactive properties, TiO2 and ZnO

are the most commonly reported nanoparticulated materials for

photocatalytic applications as they can be considered to be

chemically stable and easily available (inexpensive commercial

products) [12,13,30-33]. In this context, ZnO appears as a better

candidate for water cleaning compared to the more commonly

used TiO2. In fact, ZnO shows a wider absorption in the visible-

wavelength region than TiO2, which is advantageous [34-43].

A possible higher catalytic activity of ZnO compared to TiO2

has also been discussed. However, contradictory arguments and

results have been reported [20]. The origin of the experimental-

ly observed differences in the photoactivity are not yet clear due

to the effect of complex parameters including light absorption,

charge recombination, changes in the available surface area and

chemical reactivity [44,45]. Another characteristic of ZnO is its

lower chemical stability compared to TiO2, particularly in

acidic solution, which can be a drawback for practical applica-

tions [46,47].

By changing morphology, doping, and conformation, i.e. as

films, of the nanoparticles the intrinsic opto-electronic proper-

ties of the semiconductor as well as its chemical stability and

surface reactivity can be modified [48,49]. TiO2 and ZnO NPs

with different shapes, sizes and exposed crystal facets were

assembled to yield hollow particles, fibers, nanosheets, nano-

wires, nanorods, nanoflowers and nanobelts through various

synthesis routes including template synthesis [50-53]. Control-

ling the NP morphology can be advantageous for the following

purposes: i) to increase the available surface area for the reac-

tant access, ii) to obtain stable aqueous suspensions for effi-

cient light transmission (or to suppress light scattering), and

iii) to expose specific catalytically active facets. Synthesis

strategies of hierarchically designed TiO2 and ZnO nanoarchi-

tectures with controlled morphology, crystallinity, anisotropic

shape, and composition have been investigated recently. The

aim was to obtain accessible and interconnected porous

networks with increased specific surface area for the adsorption

of reactants and diffusion of the products [54].

Photocatalysts need to be removed and recovered from the

suspension after use. When the photocatalysts are present as

nanoscale particles, their aqueous suspensions become more

stable, reducing unfavorable effects such as scattering. Howev-

er, the recovery of the NPs, e.g., through filtration, can be very

difficult, which may add substantial costs to industrial pro-

cesses involving these materials. In addition, the tendency of

the particles to aggregate, especially at high concentrations,

may cause changes in the transparency and viscosity of the

suspensions.

To overcome these drawbacks, the development of active

photocatalysts based on supported NPs appears as a promising
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solution to these problems. Hence, the development of efficient

nanoarchitectured clay–semiconductor NP materials is an

attractive option.

TiO2 and ZnO NPs assembled with different inorganic solids

(substrate or matrix components) are advantageous not only for

photocatalytic purposes but also for applications as pigments

and cosmetics, where colloidal and surface characteristics play a

significant role. TiO2 and ZnO NPs have been prepared in the

presence of inorganic matrices by in situ formation in the avail-

able nanoscale spaces of the solid substrates, resulting in con-

trolled size and shape of the supported TiO2 and ZnO NPs. The

involved inorganic matrices can be of very diverse nature such

as silica and silicates (mesoporous silicas, zeolites, clays, and

clay minerals), carbonaceous materials (carbon nanotubes,

graphene, graphene oxide, and activated carbon), layered

double hydroxides, layered polysilicates (magadiite and

kenyaite), and metal organic frameworks. The role of the inor-

ganic matrices in the assembly of the semiconductor NPs [55-

59] is: i) to control the particle size and the size distribution of

the growing NPs; ii) to immobilize the NPs either on the

external surface or within nanoscale spaces, e.g., pores and

intracrystalline cavities; iii) to diminish/to avoid NPs aggrega-

tion; iv) to suppress the NPs dissolution; v) to yield stable

suspensions more suitable for photocatalytic reactions; vi) to

facilitate percolation in membrane or column designs for the

easier separation and collection of products; and vii) to enable

molecular recognition in photocatalysis through the well-

defined nanopores in the inorganic component.

Well-defined nanoporous solids such as zeolites and meso-

porous silicas have been used as templates in the growth of NPs

with precisely controlled particle size and shape replicating size

and shape of the pores. Thus, a novel class of nonlinear optical

materials based on host–guest composites has been prepared

using zeolites as inorganic crystalline hosts [60-66]. Nanoarchi-

tectures composed of zeolites and mesoporous silica and TiO2

or ZnO NPs have been reported as efficient photocatalysts as

well as photoluminescent materials [67-69]. The formation of

TiO2 and ZnO NPs on the external surface, in addition to the

NPs confined in the nanopores, is still an important challenge.

Recently, the size-controlled synthesis of TiO2 NPs within

mesoporous silica (SBA-15) has been reported, where, accord-

ing to Vibulyaseak and co-workers [70], the NPs formation

occurred exclusively in the mesopores.

The aim of this work is to summarize and critically discuss the

different experimental options in the use of TiO2 and ZnO NPs,

assembled with clay minerals and related solids, emphasizing

on their structural and textural characteristics in relation to their

photocatalytic activity.

Synthetic strategies for the preparation of
TiO2 and ZnO nanoarchitectures: modulation
of their physical and
chemical characteristics
As introduced above, different functional nanoarchitectures for

various applications have been synthesized from clay minerals

taking advantage of their natural abundance and eco-friendly

nature, as well as their unique structural and textural features. It

is well known that these silicates show different nanostructures

and particle shapes, such as lamellar (smectites and kaolinites),

fibrous (sepiolite and palygorskite), and tubular (halloysite)

morphologies (Figure 1). Mainly on the basis of the ion-

exchange of their interlayer inorganic cations and to the pres-

ence of reactive hydroxyl groups at their external surfaces, it is

possible to modify in a controlled manner the surface character-

istics of clay minerals introducing new suitable functions

leading to hierarchically structured nanoarchitectures [8,10,11].

A useful strategy to enhance the photocatalytic activity of

metal-oxide NPs considered here consists in their distribution as

homogenously as possible on the surface of clay minerals acting

as supports and provided with large specific area and porosity.

Among the clay materials (Figure 1), layered silicates such as

smectites are of particular interest as they have been largely

used in adsorption and catalysis applications due to their valu-

able properties as expandable interlayer space, low cost and en-

vironmentally friendly nature [71]. Similarly, fibrous silicates,

i.e., palygorskite and sepiolite, are characterized by a large spe-

cific surface area and microporosity, as well as the presence of

external silanol groups, which can immobilize species includ-

ing NPs of diverse nature [11,72]. Halloysite (Figure 1D) is a

layered aluminosilicate with a silica/alumina composition simi-

lar to that of kaolinite that can be present as a tubular clay

(halloysite nanotubes, HNTs) with diameters of 50–80 nm

(external) and 10–15 nm (internal), and a typical length of ca.

1000 nm [73-75]. The external surface of HNTs is composed of

siloxane groups (Si–O–Si) while the internal surface is covered

by aluminol groups (Al–OH) with a structural arrangement sim-

ilar to that of the kaolinite 1:1 phyllosilicate (Figure 1D). These

groups able to interact with diverse compounds entering the

cavities, facilitating their immobilization [76-79]. The morphol-

ogy of HNTs yields some advantages with regard to the devel-

opment of new architectures, including the immobilization of

TiO2 and ZnO NPs.

Semiconductor NP–clay nanoarchitectures prepared from

natural or synthetic clay minerals have been extensively investi-

gated, involving both the assembly of already formed metal-

oxide particles as well as the in situ formation of NPs [80-83].

The assembly of TiO2 and ZnO NPs with clays of different
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characteristics takes place mainly on the external surfaces.

However, in materials produced from layer silicates of the

smectite group, the interlayer space may also be involved. In

this case, it is important to control the synthesis procedures in

order to obtain the desired surface properties of the NPs, as well

as suitable size and shape and nanopore characteristics in the re-

sulting pillared layered structures.

The formation of house-of-cards-like structures during the prep-

aration of ZnO NPs in the presence of smectites as a result of

the re-stacking of the exfoliated nanosheets has been reported

[84]. Due to the variety of hierarchical structures and particle

locations (at the external surface or in the interlayer space), the

resulting particle size distribution of ZnO NPs can be very

wide, affecting the physio-chemical characteristics of the result-

ing clay-based nanoarchitectures [85-87].

Nanotubular halloysite and microporous fibrous silicates such

as sepiolite and palygorskite can be also considered as good

candidates for the size-controlled growth of NPs, due to their

well-defined nanopore structure and other surface characteris-

tics. However, in the case of sepiolite and palygorskite, the

sizes of the available nanospaces are too small for the genera-

tion of TiO2 and ZnO NPs within the nanopores [72]. In this

case, mesopores, which can be ascribed to inter-fibre regions,

could facilitate the growth of the semiconductor NPs. This

happens in the same way as that occurring at the external sur-

face of the fibrous clay minerals with the participation of sur-

face Si–OH groups for anchoring the TiO2 and ZnO NPs.

The assembly of TiO2 and other types of semiconducting NPs

takes place very often on the external surface of clay minerals

[8,11]. The particle shape and size have been evaluated by

transmission electron microscopy (TEM) and X-ray diffraction

(XRD) using the Scherrer equation, in addition to the spectros-

copic information obtained from the shift of the UV–vis absorp-

tion band to a shorter wavelength region, showing quantum-size

effects. The advantages of clay minerals acting as supports for

TiO2 and ZnO NPs are the presence of surface electrical charge

and/or the elevated concentration of hydroxy groups on the

available surface, which can have an important influence on the

NPs immobilization as well as on the structural stability during

the photocatalytic reactions. In addition, the immobilization of

NPs on clay surfaces is a key advantage for the easier recovery

of the photocatalyst from the reaction medium compared to bare

NPs [88-93].

Clay-based nanostructured materials prepared by in situ forma-

tion of NPs can be achieved by applying various procedures

such as impregnation by precipitation, sol–gel, solvothermal

and microwave-assisted reactions. As already indicated, clay-

based nanoarchitectures containing TiO2 NPs (anatase phase)

are currently the most extensively studied clay–semiconductor

systems for photocatalysis applications. Various procedures

have been reported to produce kaolinite clay mineral fully

coated with TiO2 NPs [94-98]. An example of these methods is

the in situ formation of titanium dioxide and its anchorage on

the external kaolinite surface through sol–gel methods as, for

instance, one based on the controlled hydrolysis titanium(IV)-n-

butoxide in ethanol, resulting in heterocoagulation with kaoli-

nite in aqueous suspensions [96]. However, kaolinite can be

expanded by the intercalation of polar molecules such as urea,

dimethyl formamide and dimethyl sulfoxide (DMSO), which

could facilitate the access of other compounds to the interlayer

region of this phyllosilicate. Németh and co-workers [85]

claimed the generation of ZnO NPs in the interlamellar space of

kaolinite following an alkaline hydrolysis of the clay treated

with a solution of Zn-cyclohexanebutyrate dihydrate in DMSO.

From the XRD patterns, it has been found that at low ZnO

loading confined NPs of a very small size (1–2 nm) are pro-

duced, whereas at high ZnO loading, a part of the ZnO NPs

grew at the external surface of kaolinite. The absorption onset

of ZnO in layered clay minerals showed a strong blue-shift

compared to bare ZnO prepared at the same precursor concen-

trations. In kaolinite, the particle size of ZnO was larger and the

intercalation ratio was smaller than in montmorillonite 2:1 (a

typical smectite clay mineral). In this last case, the average par-

ticle size of ZnO (2.6–13.0 nm) obtained from the same concen-

tration of the precursor was affected by the cation-exchange

capacity of the clay minerals [85].

Layered clay minerals belonging to the smectite group, such as

montmorillonite, hectorite, stevensite and beidellite [99-108], as

well as fibrous silicates such as sepiolite and palygorskite [109-

116] have been also assembled with TiO2 NPs yielding various

clay-based nanoarchitectures with photocatalytic activity (Ta-

ble 1). For instance, a method to develop TiO2@hectorite as

multilayer films using layer-by-layer self-assembly has been re-

ported by Ma and co-workers [103]. TiO2 NPs have been also

precipitated in the presence of layered silicates such as mont-

morillonite and hectorite using Ti alkoxides or TiCl4 and TiCl3

as precursors. Similarly, ZnO NPs have been assembled with

diverse smectites [46,89,117-120] and fibrous clay minerals

[87,90,118,121,122].

The characteristics of the NPs on clay minerals vary depending

on the preparation conditions. For instance, in the case of

TiO2@clays formed by the hydrolysis at 90 °C of titanium(IV)

oxysulfate in a kaolinite suspension, anatase NPs of 18 nm size

were formed. In this case, a preferential growth at the edges of

platy aluminosilicate particles was observed [94,97]. This pref-

erence can be tentatively ascribed to the anchorage of TiO2 NPs
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through the aluminol groups located at the kaolinite edges.

These NPs grew from 6 to 18 nm during calcination at

500–700 °C with a phase transition from anatase to rutile taking

place at ca. 650 °C [96]. Layered silicates, such as kaolinite and

montmorillonite, also stabilize the formation of ZnO NPs

(Figure 2A) from zinc cyclohexanebutyrate hydrolyzed in

dimethyl sulfoxide. The particle size is clearly influenced by the

nature of the clay [85]. In the case of HNTs, TiO2 NPs of

5–15 nm size were formed inside the halloysite tubes (lumen) as

observed by TEM (Figure 2B) [123]. Moreover, Papoulis and

co-workers [114] have been reported that the particle size of

TiO2 NPs is about 3–15 nm in the macropores of the clay,

which corresponds to the central hole in HNTs, leading to the

blockage of the lumen. The particle size of titania NPs homoge-

neously deposited on the external surface of palygorskite

fibrous clay was 10–30 nm as detected by SEM [114]. In

another example, ZnO NPs from zinc acetate ca. 20 nm were

exclusively located at the external surface of the palygorskite

silicate fibres [121]. ZnO can be also directly formed on the

external surface of sepiolite fibres (Figure 2C), using zinc

acetylacetonate as precursor [87].

As reported by Fatimah et al. [89], ZnO@montmorillonite ma-

terials can be synthesized from a Zn solution and cetyltri-

methylammonium (CTA)-montmorillonite organoclays. In

these materials, the bandgap energy of ZnO is decreased com-

pared to bare ZnO NPs, which results in a faster photodegrada-

tion of MB. In experiments to prepare ZnO@clay nanoarchitec-

tures using smectites such as natural montmorillonite, synthetic

saponite, as well as the corresponding CTA-smectites, Khaora-

papong and co-workers [46,92,93] synthesized diverse photo-

catalysts where the ZnO NPs were formed on the inner and/or

outer surfaces of the CTA-smectites. The photoluminescence at

visible wavelengths (blue and green emission at around

436–438 nm and 544–548 nm) of ZnO hybridized with CTA-

smectites varies depending on the ZnO loading. This was attri-

buted to defects, such as oxygen vacancies in ZnO, and trapped

surface charges. The photoluminescence intensity of ZnO in

saponite and CTA-saponite was stronger than in montmoril-

lonite and CTA-montmorillonite, suggesting that the iron atoms

in montmorillonite play a significant role through the quenching

of excited states. In the photodegradation experiments, the

ZnO–smectite nanoarchitectures show a longer life time at low

pH values than bare ZnO. This was attributed to the dissolution

of ZnO in acidic solution, which is suppressed by the hybridi-

zation with smectites [46,92,93]. CTA-smectites treated with a

hydrothermal solution intercalation method at 70 °C for 10 h

lead to ZnO@CTA-montmorillonite where the ZnO NPs are

either embedded in the interlayer space of the organoclays or

dispersed on its external surface. These nanomaterials can be

applied as antibactericide. It has been observed that they destroy

Figure 2: TEM images of (A) ZnO NPs on montmorillonite with nano-
crystal aggregation; reprinted with permission from [85], copyright
2004 American Chemical Society; (B) TiO2@HNTs nanoarchitecture
showing the titania NP assembled inside the lumen of the halloysite
tubes; adapted with permission from [123], copyright 2011 American
Chemical Society; and (C) ZnO@sepiolite where the ZnO NPs were
generated on the external surface of the fibrous clay from zinc acetyl-
acetonate following the protocol described in [87].

the cellular surface structure of Microcystis aeruginosa, and

also inhibit the physiological activity of M. aeruginosa, when

exposed to UV light [117]. Other alternative approaches include
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Figure 3: Synthesis of clay–semiconductor nanoarchitectures by the “organoclay colloidal route” involving either smectites (A) or fibrous clays (B) in
the following steps: a) replacement of inorganic cations by alkylammonium ions forming the intermediate organoclay, which is treated with metal-oxide
precursors being transformed (b) into intermediate compounds that after calcination (c) finally yield the nanoarchitecture containing the photoactive
semiconductor. TEM Images (on the right) of A: ZnO@smectite from Gafsa, where ZnO NPs were previously prepared from Zn acetate [118], and
B: TEM of TiO2@sepiolite, where TiO2 NPs were prepared from titanium isopropoxide; reprinted with permission from [109], copyright 2008 American
Chemical Society.

the direct precipitation of the ZnO from Zn salts in presence of

bentonite dispersed in ethanol [124] or the association of ZnO

NPs with Laponite® using poly(vinyl alcohol) as binder agent

[125]. In both cases, the resulting materials show photocatalyt-

ic activity and are easily recoverable from the reaction medium.

The so-called “organoclay colloidal route” [71,109,126] repre-

sents an innovative approach to prepare, under mild conditions,

porous nanoarchitectures from alkylammonium-exchanged

smectite clays combined to metal-oxide NPs already synthe-

sized or formed in situ by incorporation of the corresponding

precursors (alkoxides, salts in alkaline medium and metal com-

plexes) as schematized in Figure 3. Of particular relevance is

the irreversible delamination of the 2:1 charged layered sili-

cates, e.g., smectite clay minerals, taking place during the hete-

rocoagulation of hydrolyzed alkoxides previously incorporated

in the surfactant–clay interface, as it was first reported by

Letaïef and Ruiz-Hitzky [126,127]. In the same way, organ-

oclays dispersed in an organic solvent can facilitate the incorpo-

ration of already formed metal-oxide nanoparticles, leading to a

loss of the stacking order in the silicate layers due to the

assembly with ZnO NPs [118].

The protocol schematized in Figure 3A, a very convenient path-

way to produce functional nanoarchitectures by using alkyl-

ammonium-exchanged layered clays, has been applied to

produce TiO2@clay and ZnO@clay materials. Following this

approach, micro- and mesoporous clay–semiconductor nanoar-

chitectures with high pore volume and increased specific sur-

face area due to clay delamination have been obtained. In some

of these materials, the TiO2 and ZnO NPs generated from the

corresponding alkoxides, salts or coordination complexes,

remain associated with the delaminated clay sheets, resulting in

stable and efficient photoactive catalysts of particular interest

for the removal of organic pollutants from wastewater

[84,87,89,106,107,118,128]. Akkari and co-workers [118] have

recently applied this procedure to assemble ZnO NPs, previ-

ously synthesized by hydrolysis of Zn acetate, with organ-

oclays derived from two different smectites (Figure 3A),

leading to ZnO@smectite nanoarchitectures in which the

delaminated silicate remains associated with ZnO NPs of 7–10

nm size. The specific surface area values are of the order of

50–100 m2/g whereas the ZnO NPs alone exhibit values below

15 m2/g. The mesoporosity (ca. 0.25 cm3/g total porosity)

together the photoactivity of the ZnO NPs make these materials

suitable photocatalysts for the removal of organic dyes from

water [118]. ZnO–clay nanoarchitectures have been prepared by

in situ generation of ZnO NPs using Zn acetylacetonate precur-

sor in isopropanol under reflux in the presence of the organ-

oclays, leading to intermediate ZnO@clay organo-heterostruc-

tures. After calcination, the organic matter (alkyl groups from

the organoclay) is eliminated and the ZnO NPs remain assem-

bled to the clay surface [83]. These materials exhibit good

photoactivity useful for the removal of organic pollutants such

as pharmaceutical drugs from water.

In recent years, fibrous clays are attracting increasing interest as

supports for the assembly with a large variety of nanoparticles
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Figure 4: ZnO-Fe3O4@sepiolite nanoarchitecture prepared in two steps: First, the fiber clay is modified by assembly of magnetite NPs. After that, the
ZnO NPs are added yielding a magnetic photocatalyst. The STEM images on the right shows the silicate component (red), the magnetite NPs (green)
and the ZnO NPs (blue) analyzed with an EDAX detector and a Gatan Tridiem energy filter; reprinted with permission from [133], copyright 2017 Else-
vier.

in the search of new functional and multifunctional nanostruc-

tured materials [11]. The procedures used to assemble TiO2 and

ZnO NPs with sepiolite and palygorskite include the in situ gen-

eration from salts [90,122,129] or alkoxide precursors in pres-

ence of organoclays [109,111], directly on the clay surface from

precursors dispersed with surfactants [116] or without

[129,130], as well as the direct attachment of already formed

particles to the clay [118,122]. The characteristics of the result-

ing materials are strongly influenced by the preparation condi-

tions as the generated NPs show significant differences in size,

degree of self-agglomeration as well as dispersion on the sur-

face of the clay, which may influence the resulting properties of

the materials.

The principle of using the interfaces in layered clays is also

applicable to fibrous clays with the generation of NPs homoge-

neously distributed on the surface of sepiolite or palygorskite

[109,111,118]. Figure 3 also shows TEM images of TiO2 pro-

duced in a controlled sol–gel process on the external surface of

sepiolite modified with cetyltrimethylammonium ions. A cover-

age of the silicate surface by small NPs (4–8 nm diameter) suit-

able for photocatalytic applications is clearly seen [109]. An

advantage of the organoclay colloidal route is the possibility to

incorporate NPs of different nature, in one or multiple steps,

which can be of interest for the introduction of diverse function-

alities in the resulting nanoarchitectures [131,132]. The incor-

poration of various types of NPs using neat clay and applying a

two-step synthesis has been reported. A recent example of

this refers to the incorporation of ZnO nanoparticles to a

Fe3O4-sepiolite nanoarchitecture previously prepared by

in situ formation of superparamagnetic iron-oxide nanoparti-

cles on the external surface of sepiolite fibres. The resulting

ZnO–Fe3O4@sepiolite nanoarchitecture exhibits photoactivity

due to the ZnO NPs, and the presence of magnetite NPs facili-

tates the recovery by the use of a magnet (Figure 4) [133].

Moreover, the presence of iron oxide could be useful also to

profit from possible Fenton processes improving the overall

photocatalytic efficiency. This opportunity would be of interest

for future developments of multifunctional nanoarchitectured

photocatalysts.

Tuning the photoactivity of TiO2–clay and
ZnO–clay nanoarchitectures:
catalytic applications and perspectives
Nanoparticulated TiO2 has almost the same bandgap character-

istics than ZnO, with bandgap energies of 3.20 eV and 3.37 eV,

respectively [48,134-136]. Therefore, the photocatalytic capa-

bility of both types of NPs should be quite similar. Apart from

these large bandgap energy values, both metal oxides exhibit a

large exciton binding energy, large piezoelectric constants and

strong photoluminescence. This is of interest not only for appli-

cations as photocatalysts but also as sensors, solar cell devices,

disinfectants, and cosmetics [137,138].

As discussed above, the dispersion of the semiconducting NPs

on inert porous solids of large specific surface area is consid-

ered to be beneficial for the photocatalytic activity. Recently,

strategies have been reported to improve the performance of

photocatalysts via doping, or the introduction of semiconductor

heterojunctions by combining them with transition metals or

with other semiconductors. Among them, semiconductor

heterojunctions have attracted great attention [139]. The doping

of TiO2 and ZnO NPs with the aim to conveniently tuning the

bandgap energy values can be a suitable option. In this context,

it has been verified for both types of NPs, a decrease in the

bandgap values by doping with Ag, Pd and other transition

metals such as Zr, W, Ce, Sn, Sb and In improve the photoac-

tivity efficiency [140]. Alternatively, combination of TiO2 and

ZnO with other metal oxides leads to mixed oxide NPs, includ-

ing the TiO2–ZnO compositions, which exhibit alternative inter-

esting semiconductor–semiconductor heterojunctions. Finally,

another approach to increase the photo-efficiency of the consid-
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Figure 5: (A) TEM image of the Pt–TiO2@sepiolite clay nanoarchitectures prepared by a photodeposition procedure, reprinted with permission from
[131], copyright 2015 Elsevier; (B) hydrogen production in methanol photoreforming using this Pt-doped clay nanoarchitecture as catalyst [131].

ered systems is the photosensitization of TiO2 and ZnO NPs to

obtain visible-light responsive photocatalysts as well as solar-

cell components [93,141,142]. These approaches to control the

intrinsic characteristics of the NPs with the aim of modulating

and improving their photoactivity are discussed below.

Li and co-workers [143] have prepared ZnO@kaolinite doped

with Pd(II) following a soft chemistry procedure that involves

the use of PdCl2 and polyvinylpyrrolidone as starting reagents.

Interestingly, they reported a considerable increase of the pho-

tocatalytic activity in the degradation of methylene blue (MB)

in water solution under UV irradiation for Pd–ZnO@kaolinite

compared to Pd@ZnO, ZnO@kaolinite, and pure ZnO under

equivalent experimental conditions. Pd- and Pt-doped

TiO2@clay nanoarchitectures based on sepiolite and montmo-

rillonite have been also prepared by applying two different

strategies: i) in situ incorporation of the noble-metal precursor

(typically acetylacetonate) in the suspension of commercial

organoclays (e.g., Cloisite®30B and sepiolite Pangel B20, pre-

pared by modification of montmorillonite and sepiolite with

cationic surfactants, respectively) during sol-gel process, and

ii) selective photodeposition of the noble metal in the previ-

ously formed TiO2@clay nanoarchitecture [131]. The good

dispersion of the noble-metal NPs, clearly revealed by TEM

(Figure 5A), leads to efficient nanostructured materials for the

photocatalytic production of hydrogen tested in methanol

photoreforming. Herein, montmorillonite-based nanoarchitec-

tures are less efficient as hydrogen production catalyst than

nanoarchitectures derived from sepiolite. Higher rates of hydro-

gen production are obtained with the Pt-doped TiO2@sepiolite

nanoarchitectures obtained by photodeposition (Figure 5B).

Photocatalysts based on Ag-doped ZnO@montmorillonite re-

ported by Sohrabnezhad and Seifi [144] are another example for

the enhancement of photocatalytic activity through doping.

Silver metal NPs (Ag) were prepared from AgNO3 and

deposited over ZnO@montmorillonite following a green ap-

proach for the Ag+ reduction. Here again, the doped nanoarchi-

tecture (Ag–ZnO@montmorillonite) exhibited a better

efficiency than the corresponding ZnO@montmorillonite and

Ag@ZnO samples, in this case tested in the MB removal from

water solutions.

Belver and co-workers [145-147] have recently reported that

doping of TiO2@clay nanoarchitectures with elements such as

W, Zr and Ce leads to enhanced solar photocatalytic activity for

the removal of organic pollutants such as pharmaceutical drugs,

organic dyes, and phenols in aqueous solution. The single-step

synthesis yields W–TiO2, Zr–TiO2 and Ce–TiO2 immobilized

on the surface of delaminated layered clay derived from mont-

morillonite. The resulting doped TiO2@clay materials showed

high specific surface area values and a slight reduction of the

TiO2 bandgap leading to improved efficiency in the degrada-

tion of antipyrine, atrazine, rhodamine B and phenol using

solar-light irradiation.

Chen and co-workers [148] have also studied the doping of

TiO2@montmorillonite introducing heteroelements such as C

and V. A bandgap reduction to 2.25 eV, corresponding to a light

wavelength of 550 nm suitable for a photocatalyst responsive to

visible light was reported. The co-doping of N and S [149] and

Cu, Ag, and Fe on TiO2@bentonite has also been reported

[150]. Other authors also reported the modification of the pho-

toactivity characteristics by the deposition of metallic particles

such as Ag, V, and Pt on TiO2@montmorillonite [151-157].

Novel TiO2–ZnO@clay nanoarchitectures have been recently

prepared from diverse clay minerals with improved photoac-

tivity in the resulting materials [158-161]. Probably the first

contribution was introduced by Bel Hadjltaief and co-workers
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[158], using a Tunisian Na+-smectite treated with titanium(IV)

isopropoxide and zinc acetate. This ZnO–TiO2@clay material

shows that a rapid and complete mineralization of methyl green

dye in water can be achieved with the additional of ZnO provid-

ing a higher photocatalytic activity to the starting clay or the

TiO2@clay nanoarchitecture. Related ZnO–TiO2@clay

materials based on commercially available expanded clay

aggregates (LECA), apparently belonging to the smectite

family, have been also positively tested as photocatalyst for the

removal of ammonia from wastewater (Table 1) [161]. Also,

TiO2–ZnO@clay nanoarchitectures derived from a smectite

(Cloisite®30B) have been also prepared by sol–gel reactions

involving the delamination of the silicate. The resulting

materials show good photocatalytic activity for the photodegra-

dation of pollutants such as the pharmaceutical drugs

acetaminophen and antipyrine and the pesticide atrazine

[147,159,162]. TiO2–ZnO@clay materials have been also pre-

pared from fibrous clay minerals such as sepiolite, as recently

reported by Vaizoğullar [160]. The TiO2–ZnO@sepiolite

nanoarchitecture shows good catalytic activity (ca. 85%) in the

photodegradation of the antibiotic flumequine in aqueous solu-

tion. Interestingly, the sepiolite nanoarchitecture shows

better degradation efficiency than the semiconducting compo-

nents alone according to the following sequence [160]:

TiO2–ZnO@sepiolite > TiO2–ZnO > TiO2 > ZnO.

It can be summarized that this type of nanostructured materials

prepared from diverse clay minerals constitutes a promising

way to enhance the photoactivity of the semiconductors. The

idea can be extended to structurally more complex clays, as it is

the case of rectorite, a 1:1 regular interstratification of two phyl-

losilicates (mica/montmorillonite), and the commercial clay

aggregates named as LECA. Both, silicates involved in the

assembly of TiO2–ZnO lead to photocatalysts useful for the

removal of pollutants in wastewater [161-163].

Due to the abundance of clay minerals in nature, these results

are relevant for the production at large scale of eco-friendly ma-

terials for depollution of water using light as energy source. Ad-

ditional investigations to ascertain the observed photoactivity

and to explain the involved mechanisms are still needed.

Regarding possible future contributions in the use of mixed-

oxide NPs, it would be also of interest to explore new synthetic

procedures for the preparation of nanoparticulated TiO2–ZnO

solids. See for instance the recent and systematic studies de-

veloped by Bachvarova-Nedelcheva et al. [164], which could be

used for the assembly of diverse types of clay minerals.

According to the Encyclopedia Britannica, the term “photosen-

sitization” is defined as “the process of initiating a reaction

through the use of a substance capable of absorbing light and

transferring the energy to the desired reactants” [165]. There-

fore, photosensitization represents an additional improvement

of the photoactivity tuning of semiconductor–clay nanoarchitec-

tures. For instance, tris(2,2′-bipyridine)ruthenium(II) has been

used as photosensitizer for titania, being further applied to

TiO2@clay nanoarchitectures. In this way, a synthetic saponite

containing tris(2,2′-bipyridine)ruthenium(II) intercalated in the

interlayer space was complexed with TiO2 NPs [166]. The re-

sulting material shows enhanced stability toward visible-light

irradiation, if compared with the TiO2 (P25) standard material

photosensitized by an analogous commercially available photo-

sensitizer (tris(2,2′ -bipyridine-4,4′-dicarboxylic acid)rutheni-

um(II) dichloride, abbreviated as Ru470). The stability of the

two samples was compared by measuring the color change

after visible-light irradiation from a solar simulator. The

colour of the clay nanoarchitecture (hereafter abbreviated as

[Ru(bpy)3]2+–TiO2@clay) did not change after irradiation for

4 h, while bleaching of Ru470 on P25 was observed. The supe-

rior stability of [Ru(bpy)3]2+–TiO2@clay upon the irradiation

was explained as follows: [Ru(bpy)3]2+ was separated from the

TiO2 surface by the clay nanosheet, while the photoexcited

complex can still interact with TiO2 due to the hybrid structure

(at an appropriate distance). The [Ru(bpy)3]2+–TiO2@clay in-

duced the direct oxidation of aqueous benzene to phenol under

visible-light irradiation (Figure 6). The oxidation of aqueous

benzene to phenol was very efficient (the maximum yield of

benzene conversion and the selectivity of phenol are 72 and

96%, respectively) after visible-light irradiation for 5 h. The

photocatalytic reaction efficiency on the oxidation of benzene

(referred to both benzene elimination yield and the selectivity of

the formation of phenol) was substantially changed when the

reactions were conducted in the presence of phenol (starting

from a benzene/phenol mixture in water). There is a demand for

an alternative to the commonly used cumene process in the pro-

duction of phenol. A photocatalytic reaction with high yields

and selectivity of phenol can be highly suitable for mass

production [167]. The difficulties in the application to

continuous-flow systems has been solved by processing

the [Ru(bpy)3]2+–TiO2@clay nanoarchitecture as a film to be

mounted in a f low reactor [168].  The f i lm of the

[Ru(bpy)3]2+TiO2–@clay photocatalyst is stable and can be

reutilized, which is a very important advantage for the flow

system. A simpler continuous-flow reactor was designed by

Meshram and co-workers [169].

Conclusions and Future Perspectives
Clay minerals are abundant, low-cost and benign materials that

can be advantageous over other kinds of inorganic solids used

in heterogeneous catalysis. They represent a source of compo-

nents easily applicable to the development of new photocata-

lysts based on these silicates. We have above examined how
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Figure 6: The structural arrangement of the [Ru(bpy)3]2+–TiO2@clay nanoarchitecture and its photocatalytic activity in the conversion of benzene to
phenol. Adapted with permission from [167], copyright 2016, The Royal Society of Chemistry.

titanium oxide and zinc oxide NPs can be assembled to diverse

type of clay minerals of variable topologies leading to

nanoarchitectured materials with more or less tunable photoac-

tivity.

Optimization and streamlining of synthetic processes must be

achieved in order to tailor the physical and chemical character-

istics of those materials. For instance, efforts have been made to

combine TiO2 NPs with clays and clay minerals by a simple

mixing to obtain a modified catalytic activity of titanium

dioxide in aqueous clay suspensions [170]. In addition,

mechanochemical methods [171] seem to be applicable to the

complexation of TiO2 with clays and clay minerals as alterna-

tive synthetic route.

Doping of TiO2@clay and ZnO@clay photocatalysts with dif-

ferent metals, particularly noble metals, as well as the use of

semiconducting mixed oxides, e.g., TiO2/ZnO, are promising

approaches, necessary to deeply study the correlations between

electronic configuration, bandgap energy and photochemical

efficiency. Improvements could be expected by controlled mod-

ification of the electronic characteristics, or by adding conduct-

ing polymers with different degrees of transparency, or black

electronic collectors such as graphene and CNT components to

the nanoarchitectured clay-based materials.

Photosensitization using organic components is a potential way

to improve the photo-efficiency of these systems, which can,

coupled to the beneficial effect provided by the metal doping of

both semiconducting oxides, further improve the photoactivity

of these new nanomaterials.

Nowadays, the main application is the removal of organic pollu-

tants from contaminated wastewater. However, new challenges

are developments regarding applications related to antibacterial

activity and uses in the production of fine chemicals through

photo-assisted organic syntheses. The use as films and mem-

branes appears as a valuable alternative for industrial processes.

Moreover, the clays can be used as substrates for the incorpora-

tion of additional active species, e.g, NPs or organic and biolog-

ical species, for the production of multifunctional nanoplat-

forms as components of sensing devices and solar cells.
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Abstract
A highly active surface-enhanced Raman scattering (SERS) substrate was developed by facile deposition of silver nanoparticles
onto cellulose fibers of ordinary laboratory filter paper. This was achieved by means of the silver mirror reaction in a manner to
control both the size of the silver nanoparticles and the silver density of the substrate. This paper-based substrate is composed of a
particle-on-fiber structure with the unique three-dimensional network morphology of the cellulose matrix. For such a SERS sub-
strate with optimized size of the silver nanoparticles (ca. 70 nm) and loading density of silver (17.28 wt %), a remarkable detection
limit down to the sub-attomolar (1 × 10−16 M) level and an enhancement factor of 3 × 106 were achieved by using Rhodamine 6G
as the analyte. Moreover, this substrate was applied to monitor the molecular recognition through multiple hydrogen bonds in be-
tween nucleosides of adenosine and thymidine. This low-cost, highly sensitive, and biocompatible paper-based SERS substrate
holds considerable potentials for the detection and analyses of chemical and biomolecular species.

1270

Introduction
In the last decades, impressive advances have been made in
nanoscience and nanotechnology both in fundamental research
and practical applications. The basis for nanoscience and nano-
technology, the construction of functional materials with specif-
ic structural features at the nanoscale, is now stepping up from
“nanofabrication” to “nanoarchitectonics” [1]. Nanoarchitec-

tonics as a novel paradigm to create specific materials by
assembling the corresponding nanoscale building blocks was
first proposed by M. Aono and co-workers in the year 2000
[2,3]. The concept has been recently extended extensively and
deepened systematically by K. Ariga and his colleagues [4-14].
Various functional units ranging from atoms and molecules to
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polymers, biomacromolecules and nanoscale objects are em-
ployed for the construction of specific nanoarchitectures by
various chemical methodologies such as self-organization and
layer-by-layer self-assembly [7,15-17]. In particular, layer-by-
layer self-assembly holds significant potentials for the fabrica-
tion of a large variety of functional nanoarchitectures [18-25]. It
has been demonstrated that the different nanoarchitectures de-
veloped so far have prominent application potentials in the
areas of sensors and devices [26-30], catalysts [17,31,32],
energy materials [16,32,33], as well as bio-oriented applica-
tions [34-42]. In the current work, a functional nanoarchitec-
ture composed of silver nanoparticles anchored on cellulose
nanofibers was fabricated, which is shown to be a highly effec-
tive substrate for surface-enhanced Raman spectroscopy
(SERS).

SERS, a powerful molecular spectroscopy method, is widely
used in the trace detection and characterization of various
chemical and biological substances where the substrates are
crucial for obtaining an enhanced Raman signal [43-45].

The Raman signal of SERS is enhanced remarkably in the “hot
spots” that are generated in the nanogaps of plasmonic metal
nanoparticles (e.g., Au, Ag and Cu) through the amplification of
the electromagnetic field caused by localized surface plasmon
resonance [46]. In order to create more nanogaps and to
generate more hot spots to improve the SERS effect, a number
of nanostructures based on metal particles were prepared by dif-
ferent methods, such as thermal evaporation [47], electrospray
[48], inject printing [49], successive ionic layer absorption and
reaction (SILAR) [50], and photochemical methods [51]. How-
ever, there are still challenges regarding the facile fabrication of
the SERS substrates with high spectroscopic performance.

Regarding SERS substrates, the choice of the substances em-
ployed on which the metal nanoparticles are deposited influ-
ences both the collection efficiencies and detection sensitivities.
Cellulose, such as laboratory filter paper and bacterial nanocel-
lulose, have been considered as superior candidates for the fab-
rication of SERS substrates with silver nanoparticles, due to
their low cost, wide availability, as well as flexibility, porta-
bility and biodegradability [52-54]. The high surface density of
hydroxy groups in cellulose results in a sufficient stability of
the deposited silver nanoparticles via Ag–O bonding [52].
Moreover, the unique three-dimensionally cross-linked porous
structure and the hierarchical morphologies at micro- and nano-
scale of bulk cellulose lead to the creation of more hot spots by
the loaded silver nanoparticles, and therefore, to higher SERS
enhancement. Furthermore, cellulose materials such as filter
paper are structurally porous, physically flexible and hydro-
philic, which allows for a facile and efficient collection of the

analytes from solution media. Hence, a number of works have
been reported concerning the fabrication of SERS substrates by
deposition of silver particles onto cellulose filter paper by
means of the silver mirror reaction [55-59]. In order to ensure
the effective loading of silver particles on the cellulose fiber
surfaces, relatively high reaction temperatures (above 45 °C)
[55-58] or strong reducing agents (such as formaldehyde) [59]
were applied in the reactions, which resulted in rather large
sizes and excessive loading densities of the silver particles.
Eventually this led to somewhat low sensitivities of the sub-
strates, because detection limits at the sub-attomolar level could
not be achieved.

In the present work, a SERS substrate was fabricated by the
deposition of silver nanoparticles (Ag-NPs) onto the surfaces of
the cellulose nanofibers (NFs) in ordinary laboratory filter
paper by means of the one-step silver mirror reaction. Both size
and density of the of the silver nanoparticles on the substrates
could be controlled. This paper-based silver-nanoparticle/cellu-
lose-nanofiber (Ag-NP/cellulose-NF) showed a very good
SERS performance. In the optimized case, the detection limit
of Rhodamine 6G (R6G) was as low as 1 × 10−16 M (sub-atto-
molar level) with just a small droplet of solution needed
(10 µL). This is superior to some of the reported works
mentioned above [55-59]. The SERS substrate was also applied
to monitor the molecular recognition through multiple hydro-
gen bonds between adenosine and thymidine. This paper-based
SERS substrate could hold potential in the detection of trace
amounts of analytes and for the spectroscopic study of biomole-
cules.

Results and Discussion
Characterization of the Ag-NP/cellulose-NF
composite
The silver-nanoparticle/cellulose-nanofiber SERS substrates
were fabricated by deposition of silver nanoparticles onto the
surfaces of the cellulose nanofibers of ordinary laboratory filter
paper by the silver mirror reaction. As described in the Experi-
mental section, the sizes of the silver nanoparticles and the final
silver densities of the substrates were adjusted by varying the
deposition time. The substrates obtained after deposition times
of 2, 4, 6, 8, and 10 min are denoted as sample Ag-NP/cellu-
lose-NF–A, B, C, D, and E, respectively.

The field-emission scanning electron microscopy (FE-SEM)
images of the Ag-NP/cellulose-NF composite sheets in Figure 1
show that the surfaces of the cellulose fibers are decorated with
silver particles. The comparison with SEM images of bare filter
paper (Supporting Information File 1, Figure S1) shows that the
structural integrity of the filter paper was not affected by the
deposition process. With increasing reaction time, the particle
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Figure 2: TEM image of Ag-NP/cellulose-NF–C (a), and HR-TEM image of an individual silver nanoparticle showing the lattice of metallic silver (b).

Figure 1: FE-SEM micrographs of the paper-based SERS substrates
Ag-NP/cellulose-NF–A (a,b), B (c,d), C (e,f), and D (g,h), which were
fabricated with reaction times of 2, 4, 6, and 8 min, respectively.

size increased gradually; and excessive reaction time resulted in
much larger particle sizes and obvious aggregation of the silver
particles, as seen for the samples Ag-NP/cellulose-NF–D
(Figure 1g,h) and –E (Supporting Information File 1, Figure
S2), where the cellulose fibers are fully coated with silver
layers. In the samples Ag-NP/cellulose-NF–A, –B and –C
(Figure 1a–f), silver nanoparticles with an average size of 46.5,
70.2, and 75.8 nm (Supporting Information File 1, Figure
S3a,c,e), respectively, are uniformly anchored on the cellulose

fibers. According to energy-dispersive X-ray (EDX) analyses,
the silver contents of the corresponding samples were 0.49,
9.61, and 17.28 wt %, respectively (Supporting Information
File 1, Figure S3b,d,f). As demonstrated in Figure 1f, more
nanogaps between the silver nanoparticles exist in the substrate
Ag-NP/cellulose-NF–C, which would be beneficial for the en-
hanced SERS effect.

Figure 2a shows the transmission electron microscopy (TEM)
image of the sample Ag-NP/cellulose-NF–C showing the silver
nanoparticles anchored on the cellulose fibers. The amount of
the silver nanoparticles observed is much less than that of the
FE-SEM image (Figure 1f), which is because some nanoparti-
cles were apparently lost from the as-prepared sample during
the preparation procedure of the specimen, as noted in the Ex-
perimental section. The high-resolution TEM (HR-TEM) image
of an individual silver nanoparticle is displayed in Figure 2b,
the lattice spacing of 0.236 nm observed is corresponding to the
(111) plane of metallic silver [60], confirming the formation of
the silver nanoparticles.

Figure 3a shows the X-ray diffraction (XRD) patterns of the
prepared Ag-NP/cellulose-NF composites. Two series of
diffraction peaks were observed. The ones located at 2θ = 15.0°,
16.5°, 22.8°, and 34.1° are ascribed to the ( ), (101), (002),
and (040) planes of crystalline cellulose, respectively [61]; and
the other ones located at 2θ = 38.1°, 44.3°, and 64.4° are
assigned to the (111), (200), and (220) planes of metallic silver
phase, respectively [60]. It is noticed that the diffraction peak
intensities of metallic silver increased along with the increment
of the silver content in the samples, which agrees well with the
FE-SEM results. The reflectance UV–vis spectra of the sam-
ples are presented in Figure 3b. No obvious absorption band
was observed for the bare cellulose filter paper (Supporting
Information File 1, Figure S4). For sample Ag-NP/cellulose-
NF–A, the strong surface plasmon resonance absorption band of
silver nanoparticles was observed at around 400 nm. With in-
creasing size of the silver nanoparticles, this band gradually
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Figure 3: X-ray diffraction patterns (a) and diffuse reflectance UV–vis spectra (b) of Ag-NP/cellulose-NF–A, B, C, D, and E. X-ray photoelectron spec-
troscopy (XPS) survey spectrum (c) and high-resolution XPS spectrum of the Ag 3d region (d) of sample Ag-NP/cellulose-NF–C.

broadened and red-shifted to 450 nm for sample Ag-NP/cellu-
lose-NF–E. It is known that, along with the increment of the
silver nanoparticle sizes, the corresponding surface plasmon
resonance band red-shifts to higher wavelengths [62]. It is also
seen that every spectrum shows a shoulder band between 350
and 400 nm, which becomes more prominent with increasing
silver nanoparticle size. This is because multipole transitions of
surface plasmons become more prominent with the increment
of the particle size [62]. These results are in accordance with
the electron microscopy observations discussed above.

The X-ray photoelectron spectroscopy (XPS) survey spectrum
of sample Ag-NP/cellulose-NF–C is shown in Figure 3c,
showing the distinct peaks of carbon, oxygen and silver.
Figure 3d shows the corresponding high-resolution spectrum of
the Ag 3d region, where the two peaks located at 368.4 and
374.4 eV are attributed to the binding energies of Ag 3d5/2 and
Ag 3d3/2 of metallic silver, respectively [60]. This result indi-
cates metallic silver in the as-prepared paper-based SERS sub-

strate, which is in good agreement with the afore-mentioned
characterizations.

SERS performance of the Ag-NP/cellulose-
NF substrate
The performance of the Ag-NP/cellulose-NF composite sheets
as SERS substrates was investigated by using Rhodamine 6G
(R6G, inset of Figure 4a) as probe molecule. Neither the filter
paper itself nor the pure Ag-NP/cellulose-NF substrate gave any
spectral peak in the wavenumber region measured (Supporting
Information File 1, Figure S5). R6G is employed as the model
analyte due to its strong affinity to silver particles and its
distinct Raman fingerprint [53]. All samples gave the character-
istic Raman scattering bands of R6G at relatively high concen-
trations (Figure 4; Supporting Information, Figure S6). As
marked in Figure 4b, the bands located at 611, 771, and
1125 cm−1 are assigned to the C–C–C ring in-plane, out-of-
plane bending, and C–H in-plane bending vibrations, respec-
tively; and those at 1186, 1310, 1360, 1510, and 1575 cm−1 are
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Figure 4: SERS spectra of Rhodamine 6G (R6G) at different concentrations obtained by employing Ag-NP/cellulose-NF–A (a), –B (b), –C (c), and –D
(d) composite sheets as the substrates. The characteristic band at 1360 cm−1 was used as the reference, and the SERS measurements were
acquired from four randomly selected locations on each of the samples. The inset of (a) is the molecular structure of R6G.

associated with the totally symmetric modes of in-plane C–C–C
stretching vibrations [63,64].

It is seen from the spectra in Figure 4a that the intensities of the
Raman signals decreased along with the decrement of the con-
centrations of R6G. The most intense Raman band at 1360 cm−1

was adopted to compare the detection limit of the series of sub-
strates.

The substrate Ag-NP/cellulose-NF–C exhibited the highest
SERS enhancement, a detection limit as low as 1 × 10−16 M
was achieved (Figure 4c). It is known that the SERS signals
mainly result from the plasmon coupling of the metal particles,
which depends considerably on the density and morphology of
the particles. For substrates Ag-NP/cellulose-NF–A and –B, the
detection limits are 1 × 10−10 M and 1 × 10−12 M, respectively
(Figure 4a,b), which is due to the large distance between the

neighboring silver nanoparticles. And, as for the samples
Ag-NP/cellulose-NF–D and –E, the corresponding detection
limits are 1 × 10−12 M (Figure 4c) and 1 × 10−10 M (Support-
ing Information File 1, Figure S6), respectively. This is
because, as seen from the FE-SEM images of the two sub-
strates (Figure 1h; Supporting Information File 1, Figure S2),
large aggregates of silver particles were formed during the
prolonged reaction time, which resulted in a reduced number of
hot spots. It can thus be concluded that, sample Ag-NP/cellu-
lose-NF–C possesses the optimal loading density and morphol-
ogy of the silver nanoparticles for SERS application. This
SERS substrate is usable for the trace detection of the analyte.

In order to better understand the high SERS activity of the sub-
strate Ag-NP/cellulose-NF–C, finite element method (FEM)
modeling was performed to investigate the localized electric
field intensity (Emax) of the silver nanoparticles (diameter
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Figure 5: Electric field intensity distributions (indicated by the color bar) of the silver nanoparticles (diameter 70 nm) with different inter-particle spac-
ings of 15 nm (a), 5 nm (b), 1 nm (c), and aggregated particles (d) at an excitation wavelength of 514 nm.

70 nm) with different inter-particle spacings. The obtained elec-
tric field intensity distributions are shown in Figure 5. The
maximum values of the electric field intensities for inter-parti-
cle spacings of 15, 5, and 1 nm are 5.7, 9.2, and 40.7 V/m, re-
spectively, and the value for the aggregated nanoparticles is
4.8 V/m. This result indicates that a smaller inter-particle dis-
tance of the silver nanoparticles leads to stronger electric fields.
The sample Ag-NP/cellulose-NF–C shows a small inter-parti-
cle distance and, therefore, exhibits the best SERS activity. Ac-
cording to the fourth-power dependence of the enhancement
factor on the electric field intensity, the enhancement factor of
this substrate was estimated to be ca. 3 × 106.

Compared with previously reported cellulose-based SERS sub-
strates, our current substrate shows a better SERS activity. For
example, the bacterial nanocellulose adsorbed with gold nano-
particles in the form of a hydrogel had a detection limit of
1 × 10−9 M for R6G [54], the Au–Ag bimetallic microfluidic
SERS sensor had a detection limit of 1 × 10−13 M for the same
analyte [64]; and a detection limit of 1 × 10−6 M was offered by
a hybrid substrate composed of cellulose nanofibrils and silver
nanoprisms [65]. Two further examples are the silver dendrite
decorated filter membrane and the silver nanoparticle deco-
rated plasmonic paper, which both had a detection limit for
R6G of 1 × 10−11 M [56,66]. The current paper-based Ag-NP/
cellulose-NF SERS substrate achieved a remarkable detection

limit at the sub-attomolar (1 × 10−16 M) level, which offers an
outstanding potential for the detection and analyses of trace
amounts of analytes.

This active paper-based SERS substrate was employed to detect
the molecular recognition through multiple hydrogen bonds be-
tween nucleosides to test its potential in monitoring biomole-
cules. Figure 6 shows the Raman spectra obtained from adeno-
sine and thymidine, measured before and after the molecular
recognition between the two nucleosides on the substrate. Com-
pared to the Raman spectra of the powder samples of adenosine
and thymidine (Supporting Information File 1, Figure S7), dif-
ferent spectral features were observed. For adenosine (Figure 6,
black curve), the strong scattering band located at 731 cm−1 is
attributed to the ring breathing vibration of the adenine moiety,
and the band at 1326 cm−1 is assigned to the stretching vibra-
tion of C–N and the bending vibration of C–H [67]. For
thymidine (Figure 6, red curve), the weak bands at 799 and
1194 cm−1 are due to the ring breathing vibration and C–CH3
stretching vibration of the thymine moiety, respectively [68]. It
was noticed that the signal intensities of thymidine are much
weaker than those of adenosine. This is because the amino
group contained in the adenine moiety of adenosine leads to a
much stronger interaction between the molecule and the sur-
face of the silver nanoparticle. After the molecular recognition
process occurred for the two nucleosides, similar spectra
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Figure 6: SERS spectra of adenosine and thymidine (both 10 µM), and the surface mixture of adenosine and thymidine obtained by employing the
paper-based substrate Ag-NP/cellulose-NF–C.

(Figure 6, green and blue curves) were observed for both addi-
tion sequences (see Experimental section). The relative intensi-
ty of the band at 731 cm−1 of adenosine decreased, the band at
799 cm−1 of thymidine disappeared, and the initial band at
1326 cm−1 of adenosine became much weaker and red-shifted
to 1305 cm−1. Moreover, two new bands at 1382 and
1422 cm−1 attributed to the ring breathing vibrations of the
thymine moiety of thymidine raised. These spectral features,
which depend on the specific molecular orientation of the
analyte on the silver surface, indicate the formation of comple-
mentary hydrogen bonds between the adenine and thymine
moieties of the two nucleosides. This result demonstrates the
potential of the SERS substrate for biomolecular analyses.

Conclusion
In summary, a paper-based SERS substrate with high activity
was fabricated by the facile deposition of silver nanoparticles
onto the cellulose fibers of laboratory filter paper. That is, the
substrate exhibits a silver-nanoparticle/cellulose-nanofiber
nanoarchitecture. Because of the optimized loading density and
morphology of the deposited silver nanoparticles, as well as the
unique structure of the cellulose matrix, this substrate exhibits a
high SERS activity. A sub-attomolar-level detection limit is
achieved for the detection of Rhodamine 6G. The substrate may
be applicable for facile and sensitive analyses of chemical and
biomolecular substances using Raman spectroscopy.

Experimental
Chemicals
Silver nitrate (AgNO3), β-ᴅ-glucose and concentrated ammonia
were bought from Sinopharm Chemical Reagent Co., Ltd.
(Shanghai, China); sodium hydrate (NaOH) was purchased
from Shanghai Titanchem Co., Ltd. (Shanghai, China);
Rhodamine 6G (R6G, 98.5%) was obtained from J&K Chemi-
cal Ltd. (Shanghai, China); adenosine and thymidine were pur-
chased from Fluorochem Ltd. (Derbyshire, UK). All the chemi-
cals were guaranteed reagents and were used without further
purification. Commercial laboratory filter paper (quantitative
ashless) was purchased from Hangzhou Xinhua Paper Industry
Co., Ltd. (China). The water used in all the experiments was
purified by using a Milli-Q Advantage A10 system (Millipore,
Bedford, MA, USA) with a resistivity higher than 18.2 MΩ·cm.

Fabrication of the paper-based
Ag-NP/cellulose-NF composites
The silver nanoparticles (Ag-NPs) were deposited onto the
surface of the cellulose nanofibers (NFs) of the filter paper by
means of the silver mirror reaction. Briefly, 2.50 mL of fresh
aqueous NaOH solution (5.0 wt %) was added into 50.0 mL ice-
bath cooled fresh aqueous AgNO3 solution (3.0 wt %), where-
upon the brown AgOH precipitate was formed; afterwards,
concentrated aqueous NH3 solution was added dropwise under
swift stirring into the mixture until the precipitate dissolved.
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Then, 15.0 mL of aqueous β-ᴅ-glucose solution (10 wt %) was
added into the prepared Tollens’ reagent under continuous stir-
ring. The solution obtained was immediately poured into a Petri
dish where 5 pieces of filter paper (size 1 × 1 cm2) were placed.
In order to control the size and final density of the deposited
silver nanoparticles, the filter paper pieces were left in the
solution for different periods of time (2, 4, 6, 8, and 10 min).
The corresponding piece of filter paper was the removed from
the solution, thoroughly washed with water and ethanol, and
dried in nitrogen flow. The corresponding silver-nanoparticle/
cellulose-nanofiber (Ag-NP/cellulose-NF) composites obtained
were denoted as Ag-NP/cellulose-NF–A, B, C, D, and E, re-
spectively.

Characterizations
Direct surface observations of the Ag-NP/cellulose-NF compos-
ite sheets by field-emission scanning electron microscopy
(FE-SEM) were carried out in a Hitachi SU-70 electron instru-
ment with an EDAX HORIBA X-Max 80006 equipment
working at accelerating voltages of 3.0 kV. To prepare the sam-
ples for transmission electron microscopy (TEM) measure-
ments, a small piece of the corresponding sample was cut from
the sheet and stirred in 5.0 mL of ethanol overnight to yield a
suspension, which was dripped onto a carbon-coated copper
grid followed and dried in air. TEM and high-resolution TEM
(HR-TEM) images were acquired using a Hitachi HT-7700
instrument working at an acceleration voltage of 100 kV and a
JEM 2100F electron microscope operated at an accelerating
voltage of 200 kV, respectively. To obtain the size distributions
of the silver nanoparticles in the samples, the size of 100
randomly selected particles in a TEM images was measured
manually. Powder X-ray diffraction (XRD) patterns were
acquired on a Philips X’Pert Pro diffractometer with a Cu Kα
(λ = 0.15405 nm) radiation source. Diffuse reflectance UV–vis
spectra were recorded by using a Shimadzu UV-2450 spec-
trophotometer in the diffuse-reflectance mode using an inte-
grating sphere accessory with BaSO4 as reference. X-ray photo-
electron spectra were acquired by using a VG Escalab Mark 2
spectrophotometer equipped with a Mg Kα X-ray source
(hν = 1253.6 eV), the peak positions were internally referenced
to the C 1s peak at 285.50 eV.

SERS measurements
The Ag-NP/cellulose-NF composite sheets were used as SERS
substrates, and aqueous solutions of R6G with different concen-
trations (from 1 × 10−6 M to 1 × 10−18 M) were used as the test
samples. 10 μL R6G solution with the given concentration was
dripped onto the Ag-NP/cellulose-NF substrate using a pipette;
after the solvent was volatilized, the sample was put on a glass
slide to carry out the SERS measurement. The spectra were
acquired using a Jobin Yvon LabRam HR UV Raman spec-

trometer, which was operated at an excitation wavelength of
514 nm with a maximum power of 250 mW. The SERS signals
were recorded from four randomly selected points on the paper
substrate with an integration time of 5 s for each spectrum. To
monitor the molecular recognition between adenosine and
thymidine, 10 μL aqueous solution (10 µM) of each nucleoside
was dripped separately onto two pieces of the paper substrates;
after the evaporation of the solvent, 10 μL aqueous solution of
the complementary nucleoside was dripped onto the corre-
sponding paper substrate, and then the SERS spectra were
measured after drying under the same experimental conditions
as noted above. The finite element method (FEM) modeling of
the plasmonic properties of the silver nanoparticles of the
Ag-NP/cellulose-NF–C substrate was conducted by employing
the RF module of Comsol Multiphysics, and the parameters
adopted were based on the silver nanostructures from the
FE-SEM observation, together with the excitation at 514 nm.
The optical constants of metallic silver were acquired from the
literature [69].

Supporting Information
FE-SEM micrographs of the paper-based SERS substrate
Ag-NP/cellulose-NF–E; histograms of the silver
nanoparticle size distribution and EDX spectra of the
samples Ag-NP/cellulose-NF–A, –B, and –C; SERS spectra
of R6G at different concentrations obtained by using
substrate Ag-NP/cellulose-NF–E.

Supporting Information File 1
Additional figures.
[https://www.beilstein-journals.org/bjnano/content/
supplementary/2190-4286-10-126-S1.pdf]
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Abstract
Based on the unique ability of defibrillated sepiolite (SEP) to form stable and homogeneous colloidal dispersions of diverse types
of nanoparticles in aqueous media under ultrasonication, multicomponent conductive nanoarchitectured materials integrating
halloysite nanotubes (HNTs), graphene nanoplatelets (GNPs) and chitosan (CHI) have been developed. The resulting nanohybrid
suspensions could be easily formed into films or foams, where each individual component plays a critical role in the biocomposite:
HNTs act as nanocontainers for bioactive species, GNPs provide electrical conductivity (enhanced by doping with MWCNTs) and,
the CHI polymer matrix introduces mechanical and membrane properties that are of key significance for the development of elec-
trochemical devices. The resulting characteristics allow for a possible application of these active elements as integrated multicom-
ponent materials for advanced electrochemical devices such as biosensors and enzymatic biofuel cells. This strategy can be
regarded as an “a la carte” menu, where the selection of the nanocomponents exhibiting different properties will determine a func-
tional set of predetermined utility with SEP maintaining stable colloidal dispersions of different nanoparticles and polymers in
water.

1303

Introduction
In recent years, the “nanoarchitectonics” concept has helped to
develop a large variety of materials with new functionalities
[1-6]. Among them, different types of functional materials
based on clay minerals have been also prepared; pillared clays

and polymer–clay nanocomposites are the best-known exam-
ples [7]. Besides classical layered silicates, clays showing other
morphologies, such as fibrous (sepiolite and palygorskite) and
tubular (halloysite and imogolite) clays, could also be interest-
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ing nanoparticulated solids in this context [8-11]. Sepiolite
(SEP) and palygorskite are attracting increasing attention in the
development of nanoarchitectured materials in applications
such as catalysis or biomedicine [8]. The presence of silanol
groups at the external surface of the clay fibers allows for the
easy assembly with different species facilitating the design and
the build up of functional materials. On the other hand, tubular
nanoclays, such as halloysite nanotubes (HNTs), are interesting
containers for the controlled chemical reactions at nanoscale
interfaces and the delivery of active compounds thanks to their
unique nature [12], which could be advantageous when inte-
grated as component in nanoarchitectured materials.

Halloysite nanotubes are aluminosilicates of cylindrical shape
with the length ranging between 500 and 1000 nm and a lumen
diameter between 15 and 70 nm [13]. The lumens represent an
ideal nanospace for the uptake and preservation of diverse func-
tional species including drugs, proteins, and enzymes [14-18],
even serving as nanoreactor for chemical processes [19]. Of
particular interest is the use of HNTs for the uptake of enzymes
in an approach for the development of (bio)electrochemical
devices like biosensors and enzymatic biofuel cells (EBCs)
[20,21]. However, one of the main problems limiting the prepa-
ration of HNT-based nanoarchitectured materials is the low
colloidal stability of HNTs in aqueous media. This ultimately
leads to inhomogeneous and badly performing nanocomposites
in spite of the different approaches that have been developed to
obtain homogeneous dispersions within different polymeric
matrices [22-24]. Therefore, other and more efficient colloidal
stabilizers are needed to fully exploit the potential of HNTs.

It has been recently observed that fibrous sepiolite clay mineral
of rheological grade (see Experimental section) develops highly
stable and viscous suspensions after sonomechanical treatment
in water. Dispersions of disaggregated sepiolite can efficiently
suspend nanoparticles of different topologies and hydrophobic
nature such as graphene nanoplatelets (GNPs) and multiwalled
carbon nanotubes (MWCNTs) in water [25,26]. In fact,
following this approach it was possible to prepare multifunc-
tional and homogeneous nanocomposite materials such as self-
supported sepiolite–nanocarbon hybrid buckypapers [25] and
conducting bionanocomposites [26]. Therefore, the present
study explores the potential of sepiolite for stabilizing aqueous
HNT suspensions.

SEP is a microcrystalline hydrated magnesium silicate with
fibrous morphology and dimensions depending on the geolog-
ical environment of its origin [27]. For instance, an aspect ratio
of up to 100 and diameters ranging from 10 to 50 nm are
usually observed in sepiolite samples from Taxus basin (Spain)
deposits [28]. The unique property of this nanofibrous clay is its

Figure 1: Schematic representation of the different components inte-
grated in the bionanocomposite materials, i.e., (A) sepiolite fibrous
clay, (B) halloysite nanotubes, (C) graphene nanoplatelets, (D) multi-
walled carbon nanotubes, and (E) chitosan biopolymer, prepared in
aqueous media under ultrasound irradiation (US). The resulting
nanoarchitectured materials can be formed into films (F) or foams (G).

ability to largely disaggregate in water after ultrasound treat-
ment, creating thus a rigid, percolated network that can sustain
co-dispersed compounds or reinforce polymer matrices
[25,26,29]. Interestingly, HNTs are known to maintain their
ability to act as nanocontainers even when dispersed in a multi-
component system included in polymer matrices [22]. It has
been observed that positively charged polymers such as
chitosan (CHI) can electrostatically incorporate the previously
loaded halloysite through interactions with its external surface,
leaving the lumen unaffected. This offers interesting possibili-
ties for further inclusion of diverse guest species [30,31]. In ad-
dition, the role of the polymer matrix is crucial to process ad-
vanced bionanocomposite materials either as films or as foams
[32-34]. This type of hybrid material offers the advantage of a
large interface improving the contact efficiency between the
entrapped active molecules and the external environment
allowing for the development of promising devices for
biosensing [35,36] and enzymatic biofuel cells (EBCs) [37,38].

In this work, conducting multicomponent nanoarchitectured
materials involving HNTs, GNPs, MWCNTs, and a CHI matrix
were prepared and processed as films and foams from aqueous
suspensions of the components dispersed through ultrasound ir-
radiation as schematized in Figure 1. The incorporation of
glucose oxidase (GOx) into the lumen of HNTs has been
chosen here as an example for the immobilization of bioactive
species, which can be crucial to design (bio)electrochemical
devices with high performance and long life-time. The SEP,
GNP, and MWCNT components are also expected to behave as
polymer nanofillers to ensure the mechanical strength and elec-
trical conductivity of the prepared bionanocomposite films and
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foams [26]. Moreover, MWCNTs are supposed to act as nano-
wires improving the contact between the active site of the
immobilized enzymes and an electrode surface via direct elec-
tron transfer [39].

The resulting multicomponent systems have advantages such as
high electrical conductivity and flexibility that make the bio-
nanocomposite films appropriate components for biosensors
[35,40] for glucose detection, while the relatively high porosity
of the bioactive foams enhances the power density and opera-
tional stability of EBCs [37,41].

Herein, the performance of the biosensor was evaluated by
cyclic voltammetry exploiting the mediated electron transfer
(MET) mechanism and the power density of the assembled
biofuel cell is examined through polarization curves obtained
with linear sweep voltammetry in the direct electron transfer
(DET) mode.

Results and Discussion
Preparation of bionanocomposite films and
foams
The preparation of multicomponent nanoarchitectured materi-
als used as functional nanofiller in the further preparation of
bioactive and conducting nanocomposites was carried out by
mixing of SEP and HNT nanoclays with GNPs and MWCNTs
in aqueous media assisted by sonomechanical treatment as
schematized in Figure 1. The generation of homogeneous and
stable multicomponent dispersions in water (Figure 2) can only
be accomplished thanks to the rheological properties of the SEP
fibrous clay (Pangel® S9) under ultrasound irradiation.

Figure 2: Photographs of dispersions of 1 wt % of a multicomponent
bionanocomposite (composition of sample Film-1 given in Table 2);
A) freshly prepared and B) after five months.

The incorporation of these components into a polymeric CHI
matrix results in composite materials that can be processed
either as films or as foams. In agreement with previous works
[25,26], the ultrasound treatment of this type of sepiolite in

aqueous medium promotes the homogeneous dispersion of
diverse nanoparticulated components. It can be inferred that the
disaggregated fibres of sepiolite form an interpenetrated
network representing, in the present case, a steric hindrance for
GNPs, MWCNTs, and HNTs to aggregate. This avoids phase
segregation and particle sedimentation. These dispersions
remained stable for more than five months (Figure 2B) and
proved to be suitable for preparing self-supported, flexible films
by solvent-casting (Figure 3B) as well as foams by freeze-
casting (Figure 3C).

Figure 3: Schematic representation of particle assembly in the multi-
component bionanocomposites: A) cross section of processed materi-
als: HNTs and SEP are represented as tubes and fibres, while
chitosan, GNPs and MWCNTs are depicted in the black matrix.
Photographs of B) Film-1 and C) Foam-1. SEM micrographs of the
film: D) upper surface, F) and H) cross section; SEM micrographs of
the foam: E) and G) pore architecture, I) cell walls.

The lamellar arrangement of the bionanocomposite films is
schematized in Figure 3A, while SEM images (Figure 3D,F)
reveal that the components are uniformly distributed throug-
hout the film and are organized as a compact particle assembly
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Table 1: Apparent, skeletal, and relative density together with the corresponding porosity of the bionanocomposite foams.

sample NCa

(wt %)
GNPb

(wt %)
CHI
(wt %)

ρapp
c

(g·mL−1)
ρsc

d

(g·mL−1)
ρrel

e porosity
(%)

Foam-1 18 55 15 0.071 1.9 0.04 96
Foam-2 12 36 45 0.072 1.4 0.05 95
Foam-3 10 30 54 0.076 1.2 0.06 94
Foam-4 6 18 72 0.080 0.7 0.1 89
Foam-5 2 6 91 0.081 0.4 0.21 79

aNC = total amount of nanoclays; the ratio between both clay minerals (SEP/HNTs) was kept at 1:1. bThe ratio between both nanocarbons (GNPs/
MWCNTs) was kept at 5:1. cρapp denotes the apparent density. dρsc denotes the skeletal density. eρrel denotes the relative density calculated as
ρapp/ρsc.

within the chitosan matrix. Furthermore, the film cross section
(Figure 3F) displays the typical layered structure of films sol-
vent-cast from fibre dispersions [26,29,42]. Importantly, the
access to the lumen of the HNTs appears to remain unblocked
despite the assembly with the other components (Figure 3H),
which is crucial for the effective use of HNTs as nanocon-
tainers for bioactive molecules. The presence of MWCNTs was
not detected in the SEM images given their small size and low
concentration (2–5%) in the bionanocomposites.

Freeze-casting rendered foams of high uniformity and shape
fidelity (Figure 3C). The foams display open, cell-like pores
(Figure 3E,G) with a pore diameter of 13 ± 4 μm and a cell wall
thickness of 0.2–0.4 μm (Figure S1, Supporting Information
File 1), comparable to similar freeze-cast clay nanocomposite
foams [43,44]. Halloysite nanotubes are visible on the surface
of the cell walls with free access to the lumen (Figure 3I).

The porosity of the foams was estimated from their relative
density values (Table 1). It was found that foams with a high
content of chitosan showed the lowest porosity, i.e., 89%. The
porosity of films with low chitosan content was 96%. In fact, by
reducing the chitosan content (and concomitantly increasing the
clay and GNP content) the apparent density slightly decreases,
while the skeletal density increases due to the higher density of
the solid components. Consequently, the relative density
decreases and the porosity increases. It is interesting to note that
the foam structure does not seem to collapse after reducing the
polymer content, which would otherwise lead to higher
apparent density values. The increased apparent density of the
foams at higher chitosan content might be attributed to the ten-
dency of the polymer matrix to create a more compact assembly
of the particulate components [44,45]. The high porosity is also
reflected in the nitrogen adsorption/desorption isotherms
(Figure S2a,b in Supporting Information File 1). The BET spe-
cific surface area of the samples Film-1 and Foam-1 was 5 and
58 m2·g−1, respectively.

The microstructure of the films was characterized by X-ray
diffraction (XRD). The diffractogram of Film-1 displays the
main reflections of both nanoclays and GNPs without 2θ dis-
placement (Figure S3, Supporting Information File 1). This sug-
gests that, in contrast to other polymer–HNT composites, no
intercalation of chitosan into the halloysite interlayer spacing
occurred, and thus, halloysite still remains in its dehydrated
form (Figure S4, Supporting Information File 1) [30,34].
Furthermore, a change in the relative intensity of the main
halloysite reflections is observed as a typical consequence of a
preferential in-plane orientation of the nanotubes in the film
architecture (Figure S4, Supporting Information File 1) [46].

The mechanical properties of the bionanocomposite materials
were evaluated in stress–strain measurements (Figure S5, Sup-
porting Information File 1), analysing the influence of the
nanofiller content on the elastic behaviour as it has been de-
scribed in related biopolymer-based nanocomposites [26]. The
results show that the Young’s modulus of the films (Figure 4A)
increases with the clay nanofiller content from 5 GPa for pure
chitosan up to 11 GPa for the sample Film-4, which contains
40% of clay components.

These findings are in good agreement with the mechanical
properties of similar composite materials based on sepiolite,
MWCNTs and poly(vinyl alcohol) [25], sepiolite, graphene
nanoplatelets, and biopolymers (e.g., alginate, gelatine) [26]
and cellulose or foams of microfibrillated cellulose and starch
[47], which exhibit Young’s moduli in the range from 0.1 to
9 GPa. The high stiffness of these materials has been previ-
ously attributed to the sepiolite fibres that strongly interact with
chitosan chains and may also interlock hindering physical
movement and sliding of the other particulate components [48].

The mechanical test (Figure 4B) of the bionanocomposite
foams confirmed the crucial role of the chitosan matrix confer-
ring robustness to these systems as the Young’s modulus of
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Figure 4: Young’s moduli and electrical conductivity of HNTs/SEP/GNPs/MWCNTs/CHI films (A, C) and foams (B, D), respectively.

0.2 MPa for a foam without chitosan (with the composition of
1:1:1:0.3 in HNTs/SEP/GNPs/MWCNTs) increases to 3.5 MPa
after incorporation of the biopolymer (45 wt %). This increase
can be correlated to the strong interaction between the chitosan
matrix and the sepiolite fibres as well as to an increase in the
relative density that produces a decrease in porosity, commonly
related to a smaller pore size and a lower tendency to collapse
than in the case of larger macropores [48,49]. In contrast, a de-
crease in the compression modulus (1.4 MPa) was found for the
sample with a higher content of chitosan (72%), suggesting a
synergic effect of both clays as reinforcing fillers of the
polymer and as adhesive agent, which is required to improve
the mechanical properties of the designed samples [50,51]. The
obtained compression modulus is comparable to values
measured for other chitosan/clay foams (1.4 MPa) [51] and sig-
nificantly higher than those of self-assembled graphene hydro-
gels (0.03–0.3 MPa) [52]. Notably, the specific modulus of
the bionanocomposite foams was 50 kNm·kg−1, which is
considerably higher than values reported for silica aerogels
(5–20 kNm·kg−1) [53] and is on par with polystyrene foams
(10–100 kNm·kg−1) [49] and other bionanocomposite
graphene–clay foams (77 kNm·kg−1) [43].

A high electrical conductivity of the bionanocomposite films
and foams is crucial for their application in electrochemical
devices. The conductivity was therefore assessed by the van der
Pauw method based on the four-point technique [26]. This
method is useful to accurately measure the surface properties of
a sample of arbitrary shape. Figure 4C displays the in-plane
electrical conductivity of the films as a function of the
MWCNT content (composition of samples in Table 2).

A remarkable value of 2900 S·m−1 is obtained at 5 wt % of car-
bon nanotubes, while the percolation threshold for electrical
conductivity is at 4 wt % MWCNT content. The conductivity
values are higher than the values reported previously for
sep io l i t e–nanocarbon–polymer  b ionanocompos i tes
(1000–2500 S·m−1 [14,15]). The high in-plane conductivity
found here can be attributed to a synergic effect of MWCNTs
and the lamellar assembly of graphene nanoplatelets in the
plane of the film as observed by SEM (see Figure 3F). The
MWCNTs act as nanowires connecting the GNPs, which facili-
tates the electron percolation across the insulating network of
polymer and clay components [26,29]. In addition, the polymer
matrix appears to have a significant influence on the electrical
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Table 2: Composition and nomenclature of the prepared samples.a

sample NCc

(wt %)
GNPd

(wt %)
CHI
(wt %)

films Film-1b 22 55 18
Film-2 28 40 28
Film-3 36 30 31
Film-4 40 20 38

foams Foam-1b 18 55 15
Foam-2 12 36 45
Foam-3 10 30 54
Foam-4 6 18 72
Foam-5 2 6 91

aThe sepiolite (SEP)/halloysite (HNTs) ratio was kept at 1:1. bGOx
loaded into HNTs for biosensor and EBC assays. cNC = total amount
of nanoclays. The ratio between both clay minerals (SEP/HNT) was
kept at 1:1. dIn the film composition the ratio between both nanocar-
bons (GNPs/MWCNTs) was kept at 10:1, whie in the foam it was 5:1.

conductivity. While having a similar GNP/MWCNT content
bionanocomposites with different polymer matrices showed dif-
ferent conductivity values, i.e., 2700 S·m−1 for alginate,
900 S·m−1 for gelatin, and 300 S·m−1 for poly(vinyl alcohol),
and the chitosan matrix discussed here yielded conductivity of
2900 S·m−1 [26]. The increase of the conductivity in chitosan
films can tentatively be ascribed to the presence of physically
adsorbed water not only on the nanoclay surfaces. it might also
be associated with the polymer matrix enhancing electrical
conductivity trough ionic species and proton diffusion [54,55].

The electrical conductivity of the bionanocomposite foams is
presented in Figure 4D. The foams displayed conductivity
values of ca. 4.5 S·m−1, which is significantly lower than that of
films of similar composition. This is attributable to the higher
porosity and separation of the charge carriers. However, the
electrical conductivity of these foams is considerably higher
than that of other related graphene-based foams (0.5 S·m−1

[52]). The electrical percolation threshold of the foams was
around 6.5 wt % MWCNT content. The higher value in foams
reflects a poorer connectivity between carbon nanoparticles
dispersed in the clay–polymer matrix probably due to the high
porosity, requiring a larger amount of GNPs/MWCNTs to form
a conducting network within the matrix of the bionanocompos-
ite. In any case, the percolation threshold is on par or slightly
lower than the values for related MWCNT–polymer compos-
ites, which are in the range of 4–9 wt % [56,57].

The bionanocomposite sample Film-1 was used to evaluate the
stability of these multicomponent hybrid materials in water
showing a mass loss of only 3.2 wt % over the course of two
months. This excellent stability, together with the good elec-
trical and mechanical properties, suggest that the prepared

multicomponent bionanocomposite can be suitable as electrode
material in aqueous media. Moreover, the successful incorpora-
tion of HNTs as nanoreactor prompted the use of these bionano-
composite materials in bioelectrocatalysis applications (see
below).

Immobilization of glucose oxidase in the
lumen of HNTs
The developed multicomponent bionanocomposites were used
for the immobilization of the enzyme glucose oxidase in the
search of multifunctional properties of interest in bioelectro-
chemical applications. GOx was chosen as a prototypic bioac-
tive component because of its properties and compatibility with
HNTs, i.e., an appropriate size (5.4 nm) as well as an appro-
priate isoelectric point (at pH 4.0–4.5) for inclusion and immo-
bilization at the surface of the halloysite lumen. Then, HNTs
were exploited as nanocontainers for GOx, avoiding the direct
interaction the protein with the sepiolite fibres that may lead to
enzymatic inactivity [58,59]. In fact, assays showed a drastic
loss of enzymatic activity when GOx was incorporated in the
film without previous immobilization within HNTs. Hence,
GOx was immobilized in the HNT clay prior to its incorpora-
tion into the multicomponent mixture. The uptake of GOx was
7.7 ± 0.2 wt % according to CHN elemental analysis. The en-
zyme immobilization was also confirmed by FTIR spectrosco-
py (Figure S6 and Table S1, Supporting Information File 1).
The HNT–GOx spectrum clearly shows the presence of bands
assigned to the symmetric stretching of C–H aliphatic groups
and the amide groups of GOx [60]. In particular, there is no sig-
nificant variation in the amide I and amide II vibrations of the
immobilized GOx enzyme with respect to unsupported GOx.
This observation strongly supports that the adsorption of GOx
in HNTs occurs via non-deteriorating electrostatic interactions
[57]. This physical entrapment, in contrast to immobilization
via covalent bonding is essential for the preservation of the en-
zyme structure and bioactivity [38,58].

The presence of GOx in the lumen of HNTs was also evi-
denced by measuring nitrogen adsorption/desorption isotherms
(Figure S7, Supporting Information File 1). Compared to pris-
tine HNTs, a notable decrease of the specific surface area from
25 to 19 m2·g−1 for HNT–GOx could be observed. The volume
of the mesopores was also reduced after GOx uptake (Table S2,
Supporting Information File 1) in agreement with a partial pore
blockage, supporting the hypothesis that the majority of GOx
was loaded into the lumen of HNTs [24].

With the GOx-loaded HNTs a multicomponent bionanocom-
posite film (Film-GOx) and foam (Foam-GOx) were prepared
with the composition of Film-1 and Foam-1, respectively (see
Table 2). The enzymatic activity of Film-GOx was confirmed in
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Figure 5: A) Scheme of an EBC (left) and a biosensor (right) with the electrode microstructure and biocatalytic oxidation of glucose at the bioactive
nanocomposite interface. B) Effect of glucose on the Film-GOx sample in CV measurement in PBS, pH 7 and 0.1 mM of potassium ferricyanide at a
scan rate of 5 mV·s−1. C) Sensor response as a function of the glucose concentration. The red line is a linear fit. ΔI = steady-state current at 0.45 V.
D) LSV measurement of Foam-GOx immersed in PBS at pH 7 and in the presence of 0.1 M glucose in PBS at the same pH vaue. E) Polarization
curve obtained by LSV measurements at a scan rate of 1 mV·s−1. The medium is PBS with 1 M glucose at pH 7 and pH 5.5.

a test with peroxidase and 2,2'-azino-bis(3-ethylbenzothiazo-
line-6-sulphonic acid (ABTS), indicating that the preparation
procedure did not affect the response of the entrapped GOx
towards glucose (Figure S8, Supporting Information File 1).

Detection of glucose with a film-GOx
biosensor
The GOx-loaded bionanocomposite film (Film-GOx) was tested
as biosensor for the detection of glucose (Figure 5A).

The performance of the biosensor was studied by cyclic voltam-
metry (CV) in the presence of potassium ferricyanide as medi-
ator, relying on the mediated electron transfer (MET) mecha-
nism. Figure 5B shows the CV curve of the biosensor in
response to 50 mM glucose in phosphate-buffered solution
(PBS). The intensity of the oxidation and reduction peaks of
Fe(CN6)4− at 0.19 and 0.33 V, respectively, increases signifi-
cantly in presence of glucose. Together with the change of the
CV curve shape this confirms the catalytic behaviour of the
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immobilized enzyme [61,62]. The steady-state current as a
function of the glucose concentration is depicted in Figure 5C
showing Michaelis–Menten behaviour, i.e., an effect of the sub-
strate concentration on the rate of the enzyme-catalysed reac-
tion. The use of potassium ferricyanide as mediator enabled a
fast electron transfer between the enzyme and the electrode sur-
face. In fact, a fit of the curve with the Lineweaver–Burk plot
(Figure S9, Supporting Information File 1) rendered a
Michaelis–Menten constant (Km) of 9.3 mM, which is smaller
than those reported for GOx in solution (33 mM) [62] and GOx
immobilized in mesopores of Al2O3 membranes (10–30 mM)
[63], sol–gel-derived composite films (14 mM) [64], and simi-
lar devices based on graphene and carbon nanotubes
(4–15 mM) [65,66]. The low Km value is indicative of an excel-
lent performance attributed to strong substrate binding and high
enzymatic activity of the immobilized GOx [65].

The linear range of the biosensor was 0–1.1 mM glucose and
the sensitivity was as high as 34 µA·mM−1. These results also
reflect the stronger response of the designed biosensor to low
amounts of glucose with respect to other devices based on
immobilized GOx on, for instance, graphene, CNTs, and
buckypapers (10–25 µA·mM−1) [46,66,67], the external sur-
face of functionalised HNTs (5.2 µA·mM−1) [20], a polymeric
matrix (5 µA·mM−1) [68] or a chitosan-modified matrix
(1.2 µA·mM−1) [69].

The crucial role of HNTs as protective containers for the en-
zymes was underlined by immobilizing GOx directly on bio-
nanocomposite films prepared without the incorporation into
halloysite, where the enzyme was directly integrated in the
system after the ultrasonication treatment. The CV curves of
these films showed no response to glucose (Figure S10, Sup-
porting Information File 1), suggesting the inactivity of the
entrapped enzyme. This is probably due to the direct interac-
tion of the enzyme with sepiolite and shows the necessity to
load the enzyme into the clay nanotubes. It is well known that
the electrostatic interaction of proteins with the external surface
of sepiolite can be very strong and, in some cases, might cause
the loss of the biological functionality [60].

Application of foam-GOx as anode in a
membrane-less and open-air biofuel cell
It is well known that redox mediators are required for most of
the GOx-based bioelectrocatalysis applications to guarantee an
efficient electron transfer process from the enzyme to the elec-
trode interface [70]. Therefore, in a preliminary assay, Foam-
GOx was tested in the presence of Fe(CN6)4− as mediator and
separated from the cathode chamber by a Nafion® membrane.
A power density of 565 µW·cm−3 and 31 µW·cm−2 was gener-
ated (Figure S11, Supporting Information File 1). Next, the

EBC performance was evaluated under open-air conditions and
in the absence of any mediator or expensive proton exchange
membranes. Figure 5A illustrates the EBC designed as a one-
pot cell. The GOx enzyme catalyses the conversion of glucose
in gluconic acid as follows [71]:

(1)

The reaction occurring on the anode surface is:

(2)

while the Pt cathode catalyses the reaction:

(3)

Linear sweep voltammetry (LSV) experiments were carried out
to evaluate the electrocatalytic properties of the bionanocom-
posite Foam-GOx as 3D bio-anode. Figure 5D displays the cat-
alytic behaviour during the oxidation of glucose. In fact, with
the addition of 0.1 M glucose, a clear increase (blue line) of the
anodic current appears compared to that in PBS without
glucose. For the here designed mediator-less cell, this behav-
iour is correlated to a direct electron transfer mechanism at the
interface between the active site (FAD) of the enzyme and the
conducting elements of the electrode surface [72,73]. The cur-
rent increase occurs at a voltage of 0.35 V, which is higher than
the typical FAD/FADH2 standard voltage (−0.460 V at pH 7.0
and 25.8 °C) probably because of the presence of carbon nano-
tubes that can influence the electrochemical response [60].

The polarization measurements were carried out in a concen-
trated glucose solution (1 M) to estimate the maximum power
density regardless of the glucose content [70,71]. The polariza-
tion curves for the described biofuel cell working at two differ-
ent pH values are shown in Figure 5E. The polarization curves
show the common behaviour of microbial fuel cells (MFCs) and
EBCs and can be divided into three zones as shown in
Figure 5E, commonly called the activation zone (I), ohmic
losses (II), and the mass-transport zone (III) [72,73].

The open-circuit potential (OCP) of the cell at pH 5.5 was
0.442 V, while at pH 7 the OCP was 0.298 V. This finding can
be correlated to the combination of effects such as a more suit-
able working pH value for glucose oxidase (the optimal
working pH value of GOx is close to 5) and a faster oxygen
reduction at the cathode surface. The presence of the acidic me-
dium, in fact, can favour the proton migration from the anode to
the cathode surface leading to an increase of the half-cell poten-
tial [70]. The power output of the EBC was different for the two
pH values. Compared to pH 7 the cell working at pH 5.5 exhib-
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Table 3: Performance of different published EBFC systems utilizing DET or MET mechanisms.

anode cathode mechanism OCP (V) power density reference

GOx-graphene/SWCNT co-gel BOD-graphene/SWCNT
co-gel

DET 0.61 190 µW·cm−2

650 µW·cm−3
[72]

graphite/GOx/catalase/ubiquinone graphite/PPO/quinhydrone MET 0.27 24 µW·cm−3 [74]
CNT/GOx/catalase CNT/laccase DET 0.57 193 µW·cm−2

161 µW·cm−3
[75]

Fc-MeOH/GOx CNPs ABTS2-/BOD CNPs MET 0.50 95 µW·cm−2 [76]
GOx/SWNT/Ppy composite tyrosinase/CNPs/Ppy

composite
DET — 158 µW·cm−3 [77]

CDH/AuNPs MvBOx/AuNPs DET 0.57 1 µW·cm−2 [78]
GMC/GOx/GA Pt DET 0.48 22 µW·cm−2 [79]
CNTs/FcMe2-LPEI/Lactate CNTs/Ar-pyr/BOx MET 0.44 2.4 µW·cm−2 [80]
Foam-GOx Pt MET 0.32 31 µW·cm−2

565 µW·cm−3
this work

Foam-GOx Pt DET 0.44 6.5 µW·cm−2

120 µW·cm−3
this work

its an increase in volumetric power density from 47.8 µW·cm−3

at 0.081 V to 120 µW·cm−3 at 0.116 V and in current density
from 1.3 mA·cm−3 to 2.6 mA·cm−3, respectively, as well as a
rise in surface power density from 2.6 µW·cm−2 to 6.5
µW·cm−2. These values are in good agreement with other EBC
systems, indicating a good performance the Foam-GOx bio-
nanocomposite (Table 3).

The decrease of power density compared to the cell working in
presence of redox mediator is associated with a slower electron
transfer at the enzyme–electrode interface. Nevertheless, the
confined GOx in halloysite nanotubes was able to operate even
in the DET mechanism, allowing for a use in physiological
environments [72,74].

Furthermore, the high surface area promotes a better contact be-
tween glucose and the active sites of the enzyme, but at the
same time the high porosity of 96% of the bio-anode helps to
delay the leaching of bioactive components. Before being re-
leased into the surrounding medium, the enzyme must take a
tortuous path through the pore system of the foam, resulting in a
good stability over time. A preliminary evaluation of this effect
was carried out by repeating the test after a period of five days
of storage in PBS at 30 °C, after which 93% of the initial power
was retained.

Conclusion
This work reports a preliminary study showing the viability to
integrate nanoclays, biopolymers, and graphene-based conduct-
ing components into homogeneous multifunctional nanoarchi-
tectured materials. The presence of sepiolite fibrous clay,
together with ultrasonication, is the key to disperse all these
components in water. The resulting stable colloids can be

processed as films and foams displaying acceptable mechanical
properties, good electrical conductivity, and controlled porosity
useful for diverse applications at the nanoscale. HNTs were
efficiently loaded with 7.7 wt % of the model enzyme glucose
oxidase that retained high enzymatic activity inside the
halloysite lumens. This allows for the exploration of the multi-
component bionanocomposites as functional components of
electrochemical devices such as biosensor and as 3D bio-anode
in a biofuel cell. The latter revealed a volumetric power density
of 120 µW·cm−3 and a good stability over time at elevated tem-
peratures (the power density decreased by only 7% after five
days of storage at 30 °C). These bioelectrocatalysis results are
representative for an incipient development that could be
sextended in the future to other fields of interest, especially
considering the versatility of halloysite as nanocontainer of
various bioactive species [17]. The possibility to introduce addi-
tional functionalities by modification of sepiolite, for instance,
by incorporating magnetic or photoactive nanoparticles [8],
could pave the way to further applications of these multicompo-
nent functional bionanocomposites in the near future.

Experimental
Materials
Sepiolite (SEP) from the Vallecas-Vicálvaro clay deposits
(Madrid, Spain) was provided by TOLSA S.A. (Spain) as a
commercial, rheological grade product (Pangel® S9). This
microfibrous clay has a low cationic exchange capacity
(ca. 15 meq·(100 g)−1) and high specific surface area
(ca. 300 m2·g−1). Dehydrated halloysite nanotubes (HNTs) from
the New Zealand China Clays deposits were provided by
Imerys (France). Before use, HNTs were ground and sieved
through a 250 µm mesh. Glucose oxidase (GOx; type VII-S,
181,500 U·g−1 solid; E.C.1.1.3.4 from Aspergillus niger) was
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supplied by Sigma-Aldrich. Graphene nanoplatelets (GNPs) are
multilayered graphene sheets that were supplied by KNANO
(China) under the name of KNG-150. They are composed by
more than ten carbon layers with 5–15 nm thickness and
1–20 µm diameter, showing an electrical conductivity of
12000 S·m−1 and a specific surface area of 41 m2·g−1 (accord-
ing to the manufacturer). Multiwalled carbon nanotubes
(MWCNTs), with more than 95% of carbon content, were ob-
tained from Dropsens S.A. (Spain) and used without further
treatment. The average diameter of the tubes was 10 nm and the
average length 1.5 µm. Acetic acid (ca. 99.5%) was obtained
from Merck. Anhydrous D-glucose (99 %) was obtained from
Scharlau. Peroxidase (HRP; type II, 120,000 U·g−1 solid;
E.C.1.11.1.7 from horseradish) were purchased from Sigma
Chemical Co., 2,2'-azino-bis(3-ethylbenzothiazoline-6-
sulphonic acid) (ABTS) was obtained from Fluka. Trisodium
phosphate dodecahydrate (ca. 98%), was furnished by Sigma
and phosphoric acid (85%) by Carlo Erba. Bi-distilled water
(18.2 MΩ·cm) was obtained from a Maxima Ultra Pure Water
system from Elga. Chitosan with a medium molecular weight of
190–310 kDa, 75–85% deacetylated, was obtained from
Aldrich.

Preparation of colloidal suspensions and
films and foams
The preparation of the multicomponent bionanocomposites is
shown in Figure 1. Two sets of aqueous mixtures of chitosan
(CHI) and different proportions (Table 2) of SEP/HNTs/GNPs/
MWCNTs were prepared at overall concentrations of 0.2% w/v
and 8% w/v, respectively. First, the appropriate amounts of both
nanoclays and GNPs/MWCNTs were dispersed in bi-distilled
water and exposed to pulsed ultrasonic waves (VC750 Sonics
Vibra-Cell, operating at 20 kHz) using a 13 mm standard probe.
Separately, chitosan was slowly dissolved in an aqueous solu-
tion of 1% v/v acetic acid at 70 °C and added to the SEP/HNTs/
GNPs/MWCNTs dispersion under magnetic stirring.

The bionanocomposite films were processed by solvent-casting
from the 0.2% w/v dispersion on polyester Petri dishes and
dried at 30 °C and 60% relative humidity (RH) in a CLIMA-
CELL EVO Stability Chamber (Incubator model 111L).

The bionanocomposite foams were prepared by freeze-drying
(Cryodos-80, Telstar) of the 8% w/v dispersion, which was cast
in cylindrical plastic containers and plunged in liquid nitrogen.

Immobilization of glucose oxidase in
halloysite nanotubes and their incorporation
in bionanocomposite matrices
Glucose oxidase (100 mg) was dissolved in water (1 mL) and
mixed with HNTs (200 mg). Then, the sample was vortexed

and sonicated in an ultrasound bath until no aggregates of
halloysite were visible. In order to ensure the complete infiltra-
tion of the HNT lumens by the GOx solution the samples were
subject to alternating cycles of reduced pressure (approx.
70 Torr). The loaded HNT-GOx was separated from the solu-
tion by centrifugation, washing and finally dried overnight in a
desiccator at 30 °C and stored at 4 °C until usage. HNT-GOx
was added to the SEP/GNPs/MWCNTs/CHI mixtures
(0.2% w/v and 8% w/v) described above, obtaining the compo-
sitions Film-1 and Foam-1 (Table 2). The resulting suspensions
were processed by solvent-casting and freeze-casting to obtain
the bioactive films (film-GOx) and the bioactive foams (foam-
GOx), respectively, and were stored at 4 °C until usage.

Characterization techniques
The morphology of the prepared bionanocomposite films and
foams was evaluated by scanning electron microscopy (SEM)
using a SEM Philips XL 30 S-FEG microscope. Before exami-
nation, the samples were fractured in liquid nitrogen. The FTIR
spectra of HNT-GOx samples were acquired with a BRUKER
iFS spectrophotometer 66Vs. X-ray diffractograms were ob-
tained with a D8-ADVANCE diffractometer (Bruker), using
Cu Kα radiation. The voltage and current sources were set at
40 kV and 30 mA, respectively. Diffractograms were recorded
at a goniometer speed of 0.5 s per step between 4° and 60° (2θ).
The BET specific surface area and the pore size distribution
(Barret–Joyner–Hallenda method) were determined from
nitrogen adsorption/desorption isotherms obtained on a
Micromeritics ASAP 2010 analyser. The samples were
degassed at 120 °C under vacuum. The stability of the bionano-
composites in water was assessed by immersing a piece of the
film in bi-distilled water for two months and noting the weight
loss. The relative density (ρrel) of the bionanocomposite foams
was estimated from the skeletal density using the following
values :  SEP = 2 .3  g ·mL−1 ,  HNTs = 2 .2  g ·mL−1 ,
G N P s  =  2 . 3  g · m L− 1 ,  M W C N T s  =  2 . 1  g · m L− 1 ,
chitosan = 0.2 g·mL−1. The mechanical properties of the films
and foams were assessed under ambient conditions by using a
universal test machine (Instron Model 3345) equipped with a
5 kN load cell and at 1 mm·min−1 frame speed. At least three
measurements were performed per sample. The electrical
conductivity was determined by the four-point method, using a
Solartron 1480 potentiostat (MultiStat). Elemental chemical
analysis (CNHS Perkin Elmer 2400 analyzer) was carried out to
estimate the amount of GOx loaded into the HNTs.

Biosensing test
Cyclic voltammetry (CV) was performed with a standard three-
electrode electrochemical cell connected to a Solartron 1480
MultiStat potentiostat. A platinum wire was used as a counter
electrode and Ag|AgCl (soaked in 1.0 M KCl) was used as a
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reference electrode. In the biosensing tests, the working elec-
trode was a film of 30 × 5 mm × 0.014 (3.49 mg, containing
0.028 mg of immobilized GOx) immersed in a potassium ferri-
cyanide solution (0.2 mM) as mediator containing 0.1 M of
phosphate buffered solution (pH 7). CV was performed in a
potential range from −0.2 to 0.6 V at a scan rate of 5 mV·s−1.

Biofuel cell test
Polarization curves were obtained from linear sweep voltam-
metry performed with a μStat 100 potentiostat (Dropsens,
Spain) in a two-electrode configuration. The glucose/air biofuel
cell was assembled by coupling the bioactive foam, as anode, to
a Pt wire as cathode in a one-pot cell working in 0.1 M of
glucose and 0.1 M PBS, at two different pH values (7 and 5.5)
and saturated with air. The foam was connected to the potentio-
stat with a copper wire, glued with colloidal graphite and
covered by an epoxy resin as isolating material. All tests were
run three times at a scan rate of 1 mV·s−1 starting from the
open-circuit potential (OCP, I = 0) to the short-circuit cell
voltage (I = Imax). From the data of Vcell as a function of I, the
power (P) was calculated according to Equation 4.

(4)

Finally, the power density was obtained as a surface power den-
sity (μW·cm−2) with the roughness factor (ECSA) calculated
from the CV measurements, and as a volumetric power density
(μW·mL−1) considering a specific volume (0.02 cm3), calcu-
lated from the specific density (1.9 g·mL−1 ) [29].
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Abstract
A controllable ion transport including ion selectivity and ion rectification across nanochannels or porous membranes is of great
importance because of potential applications ranging from biosensing to energy conversion. Here, a nanofluidic ion diode was real-
ized by modifying carbon nitride nanotubes with different molecules yielding an asymmetric surface charge that allows for ion
rectification. With the advantages of low-cost, thermal and mechanical robustness, and simple fabrication process, carbon nitride
nanotubes with ion rectification have the potential to be used in salinity-gradient energy conversion and ion sensor systems.
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Introduction
Ion transport is the basis of energy and sensory systems in
living organisms [1]. All biological signal transport and trans-
duction processes, including pain, haptics, vision, audition,
olfaction, and muscular movement, as well as energy conver-
sion and consumption are associated with ion transport [2,3].
For example, a plant injured on one leaf by a nibbling insect can
alert its other leaves to begin anticipatory defense responses by
Ca2+ ion transport [4]. A very significant ion-transport mecha-
nism based on Na+ and K+ across cell membranes results in the

generation of the action potential, which plays a crucial role in
the sensory system of intelligent life [5]. In the process of
photosynthesis, light-driven passive ion transport results in a
proton gradient across cell membranes, which enables the pro-
duction of adenosine triphosphate (ATP) via ATP synthase [6].
All these passive and active ion transport processes in vivo
occur in biological protein nanopores, which are very fragile.
Therefore, it is challenging to reproduce a similar ion transport
in vitro [7]. In the last decades, scientists from chemical and
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material fields have attempted to achieve similar ion transport
in solid-state nanopores or nanochannel systems, and other
applied technologies [8-11].

The ion transport in solid-state materials has been studied with
various nanostructures, i.e., 1D nanopores/nanochannels/nano-
tubes, 2D layered membranes, and 3D porous membranes,
which can be fabricated from inorganic, organic, and polymer
materials [12,13]. To date, three main ion-transport properties,
namely, ion selectivity, ion rectification and ion pumping of bi-
ological ion channels have been successfully achieved in solid-
state materials [14-16]. All these controllable active and passive
ion transport mechanisms are based on the electrical double
layer (EDL) effect [17,18]. In a charged nanochannel, only one
ionic component can be transported across the nanochannel
when the diameter of the nanochannel matches or falls below
the Debye screening length because of the electrostatic interac-
tions between the ions and the charged channel walls. As a
result, positively charged nanochannels preferentially transport
anions instead of cations, while the negatively charged nano-
channels selectively transport cations [19-21]. This is the origin
of ion selectivity. To realize ion rectification, asymmetric nano-
channels and/or asymmetric surface-charge distributions are
needed. In this case, the selected ions will be transported prefer-
entially from one to the other side, which is the origin of ion
rectification (or ion-diodes) [22]. Rectified ion transport is
highly desired because it can suppress ion transport in unspe-
cific directions, which plays a crucial role in accurate sensory
systems and the generation of blue energy from salinity gradi-
ents [23,24].

We fabricated a carbon nitride nanotube membrane (CNNM)
via an anodic aluminium oxide (AAO)-templated vapor deposi-
tion–polymerization process. Subsequently, the CNNMs were
modified with 3-allyloxy-2-hydroxy-1-propanesulfonic acid or
allylamine through a unilateral photo-functionalization process.
The photo-functionalization allows for the spatial control over
the process and, hence, the introduction of a gradient of charged
grafted molecules. Thus, asymmetric membranes are formed
and ion-diode properties are obtained.

Results and Discussion
Fabrication of carbon nitride nanotube
membrane
Graphitic carbon nitride (g-CN) was chosen as it is formed from
tri-s-triazine moieties interconnected via tertiary amines in a
well-defined way without doping or modification, composed of
only the two earth-abundant elements carbon and nitrogen.
Moreover, it meets our requirements to fabricate negatively
charged carbon nitride nanotubes and a fully condensed conju-
gated structure that stabilizes the π-electron system for a high

charge mobility [25]. The g-CN nanotube membrane (CNNM)
was fabricated through vapor deposition–polymerization of
melamine as the starting material (Figure 1a), which is a
common way to obtain g-CN [25-27]. In this work, melamine
and the AAO membrane with a pore diameter of 100 nm were
placed in a tube furnace with N2 flow (Figure 1b) [16]. The
evaporation temperature was set to 573 K while the polymeriza-
tion temperature was set to 773 K. Then, the evaporated precur-
sor was deposited and polymerized in the porous AAO mem-
brane, generating carbon nitride nanotubes. Figure 1c shows a
schematic of a bare AAO membrane and the carbon nitride
nanotubes formed in the AAO membrane. Similar to bulk g-CN
fabricated by thermally induced polycondensation, the CNNM
has a planar one-dimensional molecular structure based on
NH-bridged tri-s-triazine units [25]. Meanwhile, the diameter of
CNNMs can be well adjusted by controlling the amount of pre-
cursor (Figure S1, Supporting Information File 1). CNNMs
fabricated by this approach possess a high nitrogen content with
excellent chemical and thermal stability (Figures S2 and S3,
Supporting Information File 1). It is also environmentally
friendly, sustainable, and can be facilely synthesized on large
scales with low cost [28,29].

Figure 2a shows the typical SEM image of the AAO membrane,
CNNM@AAO, and the CNNM. After polymerization, there are
carbon nitride nanotubes grown on the walls of the AAO
nanochannels. The AAO substrate can be removed by immer-
sion in 1 M hydrochloric acid to obtain the free-standing
CNNM. The carbon nitride nanotubes have an external diame-
ter of about 100 nm, and an inner diameter of about 60 nm. The
chemical structure of carbon nitride nanotubes was further
analyzed using FTIR (Figure 2b). The bare AAO substrate
showed no obvious absorption peaks, while CNNM@AAO
showed broad peaks between 3500 and 3000 cm−1, which origi-
nate from the terminal amino groups. The typical stretching
modes of CN heterocycles were found at 1200 to 1600 cm−1,
and the characteristic breathing mode of the triazine units
was found at approximately 800 cm−1 after polymerization,
thus indicating the formation of carbon nitride nanotubes [30-
32].

Beyond that, high-resolution XPS spectra of C 1s and N 1s
were illustrated in Figure 2c and Figure 2d, which further
confirm the tri-s-triazine-based carbon nitride structure. The
C 1s spectra can be deconvoluted into three peaks centered at
284.8, 286.4, and 287.9 eV, while N 1s spectrum can be decon-
voluted into three peaks at 398.6, 399.7, and 400.9 eV. The
C 1s peaks at 286.4 and 287.9 eV are associated to the major ar-
omatic carbon species in the graphitic carbon nitride frame-
work, representing the sp2-hybridized carbon atoms in the
N-containing aromatic ring. The N 1s peak in 398.6 eV is from
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Figure 1: Fabrication process of carbon nitride nanotubes. (a) Synthetic route of polymeric carbon nitride nanotubes. (b) Schematic illustration of the
fabrication process by vapor deposition–polymerization. (c) Schematic diagram of AAO substrate, carbon nitride nanotubes and molecular structure of
the carbon nitride nanotubes.

the sp2-hybridized nitrogen in the tri-s-triazine rings. The peak
at 399.7 eV indicates the tertiary nitrogen N–C3 groups. In ad-
dition, the terminal amino groups on the surface are also con-
firmed by the peak at 400.9 eV. All these results are consistent
with graphitic carbon nitride powder reported before [28,33] in-
dicating the formation of carbon nitride nanotubes.

Ion transport in carbon nitride nanotube
membrane
As reported before [34,35], the graphitic carbon nitride fabri-
cated by thermal polymerization has a negative surface charge
in the initial state because of the incomplete polymerization or
condensation with electron-rich –NH terminal groups. The
negative surface charge is a crucial factor in ion transport. To

confirm that confinement effects as well as the surface charge
control the ion-transport properties [36-38], we measured the
conductance of KCl electrolyte both in bulk solution and across
the carbon nitride nanotubes (Figure S4, Supporting Informa-
tion File 1). Figure 3 showed the conductance as a function of
salt concentration (KCl) both in bulk solution and across the
CNNM. The conductivity of the bulk solution is proportional to
the concentration of KCl, while the ionic conductance across
the carbon nitride nanotubes remarkably deviates from the bulk
value of 0.1 M to 10−6 M with a leveling of the current at
approximately 0.35 µA. This indicates that the ion transport
through the CNNM is fully governed by surface charges,
which provides a possibility to control the ion transport by
CNNMs.
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Figure 2: Carbon nitride nanotube properties. (a) SEM images of AAO substrate, carbon nitride nanotubes grown in the AAO substrate after polymeri-
zation, and carbon nitride nanotubes after removing the AAO substrate. (b) FTIR spectra before and after polymerization. (c) High-resolution XPS
C 1s spectra of carbon nitride nanotubes, indicating two typical C 1s peaks at 284.8 and 287.9 eV. The former can be assigned to the sp2-hybridized
carbon atoms in the N-containing aromatic ring, while the latter is typically assigned to impurity carbon, such as graphitic C or grease. (d) High-resolu-
tion XPS N 1s spectra that are deconvoluted into three peaks, 398.6 eV (C=N–C), 399.7 eV (N–C3), and 400.9 eV (C–NH–C and C–NH2).

Figure 3: Conductance as a function of the salt concentration, indicat-
ing ion transportation controlled by surface charges in carbon nitride
nanotubes (black squares). The red curve shows the data of the bulk
solution (red curve).

Modification of the carbon nitride nanotube
membrane
The current–voltage (I–V) measurements of the bare carbon
nitride nanotubes showed that ion transport across the CNNM is
symmetric. The CNNM shows no ion rectification because of
its symmetric structure and surface-charge distribution (Figure
S5, Supporting Information File 1). In order to obtain rectified
ion transport, we modified the carbon nitride nanotubes unilat-
erally with a solution of 3-allyloxy-2-hydroxy-1-propanesul-
fonic acid sodium salt (AHPA) and with allylamine (AA)

(Figure 4a). As reported before [39,40], radicals can be created
on the surface of g-CN through irradiation with visible light and
different molecules can then be grafted to integrate various
functionalities. The modification of CNNM with AHPA was
confirmed by elemental mapping. As shown in Figure 4b,
elemental mapping of the AHPA-modified membrane clearly
shows the existence of sulfur atoms on the surface while
unmodified side only contains carbon and nitrogen (Figure S6,
Supporting Information File 1). The AHPA modification was
also confirmed by FTIR spectra recorded before and after modi-
fication (Figure 4c). After modification, there is an obvious
peak near 2950 cm−1, which corresponds to the C–H bond
stretching, originating from grafted AHPA molecules. In the
case of the AA-modified membrane, FTIR spectra showed simi-
lar phenomena before and after modification (Figure 4c). The
obtained results showed that AHPA and AA molecules are
grafted successfully onto the CNNM.

Ion diode based on the modified carbon
nitride nanotube membrane
Figure 5a shows the I–V curves before and after unilateral func-
tionalization with AHPA. Before modification, the I–V curve is
symmetric; while after AHPA modification, the ionic current at
−0.5 V increased from −0.3 to −1.0 μA and the ionic current at
+0.5 V only increased from 0.3 to 0.42 μA. This means the
AHPA-modified CNNM shows an obvious ion rectification due
to the unilateral introduction of negatively charged groups.
Analogously, the AA-modified CNNM also showed asym-
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Figure 4: (a) Scheme of the unilateral modification process and surface properties after modification. (b) The SEM view and corresponding elemental
mapping (C, N, S) of CNNM after unilateral AHPA group modification. (c) FTIR spectra before and after the unilateral modification with AHPA and AA
groups.

Figure 5: (a) Current–voltage curves before and after unilateral modification with AHPA. (b) Current–voltage curves before and after unilateral modifi-
cation with AA.

metric ion transport. The ionic current at +0.5 V increased from
0.3 μA to 0.6 μA while ionic current at −0.5 V did not change
after modification (Figure 5b). The asymmetric ion transport

can be ascribed to the asymmetric surface distribution of nega-
tively charged amino groups. Overall, the deviation from the
reference material is shifted towards negative values in the case
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of AHPA modification and towards positive values in the case
of AA modification. This can be attributed to the incorporation
of oppositely charged functional groups. Thus, it is possible to
tailor the direction of ion rectification via the photofunctional-
ization process and the choice of grafted molecules.

Conclusion
We fabricated a carbon nitride nanotube membrane by simple
vapor deposition–polymerization and modified it via a photo-in-
duced functionalization process to alter the ion transport proper-
ties. The carbon nitride nanotube membrane showed ion trans-
port that was governed by surface charges of the electron-rich
–NH terminal groups. After unilateral modification with AHPA
and AA molecules, the symmetric surface charge distribution
was altered, leading to ion rectification in the CNNM. With the
advantages of low-cost, thermal and mechanical robustness, and
simple fabrication process, the CNNM with ion rectification has
the potential to be used in the energy generation through
salinity gradients and ion sensor system.

Experimental
Materials: Unless otherwise noted, all of the commercial
reagents were used as received. Allylamine (98%, Sigma-
Aldrich), 3-allyloxy-2-hydroxy-1-propanesulfonic acid sodium
salt solution (40 wt %, AHPA, Sigma-Aldrich) and melamine
(purity >98.0%, Sigma-Aldrich). 60 μm thick AAO membranes
with a pore width of 84 ± 16 nm were purchased from Heifei
Puyuan Nano, China. Glass test tubes for vapor deposition–po-
lymerization (VDP) were purchased from Merck Millipore.

Characterizations: The released CNNM was transferred to a
quartz glass substrate and analyzed. X-ray photoelectron spec-
troscopy (XPS) was performed by an ESCALab220i-XL elec-
tron spectrometer from VG Scientific using 300W Al Kα radia-
tion, while the base pressure was about 3 × 10−9 mbar. The
binding energies were referenced to the C 1s line at 284.8 eV
from adventitious carbon. A scanning electron microscope
(SEM) JSM-7500F (JEOL) at an accelerating voltage of 3 kV
was used to get the top view of the CNNs. X-ray diffraction
(XRD) patterns were recorded with a Bruker D8 Advance
instrument with Cu Kα radiation. Fourier transform infrared
(FTIR) spectra were recorded with a Thermo Scientific Nicolet
iS5 FTIR spectrometer.

Fabrication of CNNM: The carbon nitride nanotube mem-
brane was fabricated by a VDP method described before [16].
Firstly, the commercial AAO membrane (diameter: 5 mm) was
cleaned with ethanol and deionized water, then dried with
nitrogen. Subsequently, the cleaned AAO and the precursor
melamine were put on the bottom of the glass test tube. The
samples were placed in the oven to heat to 773 K with a heating

rate of 10 K/min, and then kept for 4 h to ensure polymeriza-
tion. After the temperature naturally cooled down to ambient
temperature, the AAO membrane turned from transparent white
to brown, and yellowish carbon nitride power at the bottom of
the test tube was obtained. To get a pure carbon nitride
nanotube for TEM or SEM, the carbon nitride nanotube
membrane was immersed in 1 M acid for chemical etching
(72 h), then cleaned by deionized water and dried in an oven at
60 °C.

Modification: In a similar manner as described in our previous
paper [39], 1 g of AHPA solution (40 wt % in water) and 1 g of
deionized water were mixed (or 1 g of allylamine and 1 g of
ethanol). The mixture was sonicated for 10 min, and nitrogen
was flushed through the mixture for 3 min for the removal of
dissolved oxygen. The CNNM was placed in a glass dish, then
AHPA or AA solution was dropped onto the surface of the
CNNM. The mixture was irradiated by 50 W LED daylight
sources for the desired reaction time. Afterward, the mixture
was vacuum-filtered, washed three times with water
(3 × 50 mL), and washed once with acetone (20 mL).

Ion diode measurements: The setup for the measurement of
the ion diode properties is shown in Figure S3 (Supporting
Information File 1). The membrane was caught in a H-cell with
electrolyte. A Ag/AgCl electrode was used to collect the ionic
current. The I–V curves were adjusted to zero current at zero
voltage to remove small offsets experienced between runs. All
measurements were carried out at ambient temperature. The
main transmembrane potential used in this work was stepped
from −0.5 to +0.5 V at 0.05 V/step with 1 s/step (0.05 V/s).
CNNMs before and after modification were mounted between
two chambers of a custom-made H cell, which was filled with
electrolyte. Ag/AgCl electrodes were used to collect the current
and voltage signals. The ionic current was measured with a
Keithley 6430 picoamperemeter (Keithley Instruments, Cleve-
land, OH).

Supporting Information
Supporting Information File 1
Additional experimental data.
[https://www.beilstein-journals.org/bjnano/content/
supplementary/2190-4286-10-130-S1.pdf]
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Abstract
An active TNT (2,4,6-trinitrotoluene) catalytic sensor based on Janus upconverting nanoparticle (UCNP)-functionalized micro-
motor capsules, displaying “on–off” luminescence with a low limit of detection has been developed. The Janus capsule motors were
fabricated by layer-by-layer assembly of UCNP-functionalized polyelectrolyte microcapsules, followed by sputtering of a platinum
layer onto one half of the capsule. By catalytic decomposition of hydrogen peroxide to oxygen bubbles, the Janus UCNP capsule
motors are rapidly propelled with a speed of up to 110 μm s−1. Moreover, the Janus motors display efficient on–off luminescent
detection of TNT. Owing to the unique motion of the Janus motor with bubble generation, the likelihood of collision with TNT
molecules and the reaction rate between them are increased, resulting in a limit of detection as low as 2.4 ng mL−1 TNT within
1 minute. Such bubble-propelled Janus UCNP capsule motors have great potential for contaminated water analysis.
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Introduction
Water pollution has become a worldwide social problem. For
example, the explosive TNT (2,4,6-trinitrotoluene), which is a
highly toxic substance, has been widely used in military appli-
cations. The United States Environmental Protection Agency
(USEPA) has classified TNT as hazardous waste, as it is

possibly carcinogenic and mutagenic. Consequently, TNT-con-
taminated water has become one of the most serious pollution
problems in war and military testing areas [1-7]. To date,
various approaches including mass spectroscopy [8], ion
transfer spectroscopy [9], surface plasmon resonance [10],
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molecularly imprinted polymers [6], and fluorescence polariza-
tion [11] have been proposed to detect TNT. However, most of
these techniques have major limitations such as cumbersome
pretreatment, complicated operation, long detection time and
high cost. In recent years, owing to their simplicity, rare-earth-
doped upconverting nanoparticles (UCNPs) have been de-
veloped for the detection of TNT [12]. Despite the advantages
of UCNP-based TNT detection, it is still restricted by passive
diffusion of TNT and UCNPs. Therefore, there is a significant
need for the development of a fast and facile strategy to detect
TNT that does not involve complicated sample pretreatment or
expensive equipment.

Recently, synthetic micro/nanomotors have attracted tremen-
dous attention because of their unique features and enormous
potential applications in different fields [13-20]. Based on the
concept of nanoarchitectonics [21,22], various kinds of micro/
nanomotors have been fabricated, such as Janus capsule micro-
motors [23], tubular micromotors [24], helical nanomotors [25],
nanowire motors [26], and nanorod motors [27]. Unlike inert
particles that move by Brownian motion, micro/nanomotors can
actively swim in solutions by converting energy from the envi-
ronment (e.g., chemical fuel, light, acoustic or magnetic) into
mechanical movement [28-37]. The active motion of micro/
nanomotors has been proposed to improve reaction yields by
overcoming the limitation of passive diffusion and enhancing
the interaction between the reactants. However, self-propelled
micromotors, to our knowledge, have never been explored for
the detection of TNT.

Here, we report the first example of catalytic Janus capsule
micromotors as luminescence quenching based sensors for
active TNT detection. The Janus capsule micromotors were
fabricated by depositing a thin platinum (Pt) film onto one
hemisphere of the UCNP-functionalized hollow polyelectrolyte
microcapsules. These as-prepared Janus micromotors can au-
tonomously move by catalytic decomposition of hydrogen
peroxide fuel into oxygen at a speed of up to 110 μm s−1

(22 body lengths per second). Meanwhile, the Janus microcap-
sules are able to actively adsorb and detect TNT based on the
luminescence quenching of the UCNPs by TNT. The combina-
tion of efficient self-propulsion and TNT detection by these cat-
alytic Janus micromotors demonstrates the potential for water
pollutant analysis.

Results and Discussion
The Janus UCNP-functionalized hollow polyelectrolyte capsule
micromotors were prepared via a template-assisted method as
schematically shown in Figure 1a. Briefly, eight bilayers of
poly(allylamine hydrochloride) (PAH) and poly(styrene sulfo-
nate) (PSS) were alternately deposited onto the surface of 5 μm

silica particles by layer-by-layer (LbL) assembly [38-41]. The
as-prepared particles were subsequently modified with amine-
functionalized UCNPs through electrostatic interactions and
then were dispersed on a glass slide to form a monolayer. After
sputtering of a 20 nm thin film of Pt, the Janus UCNP-functio-
nalized capsule motors were obtained by removing the silica
cores with hydrofluoric acid.

To prepare the Janus UCNP capsule motors, NaYF4:Yb3+/Er3+

UCNPs were firstly synthesized following a previously
published procedure with several modifications [42]. After
treatment with poly(acrylic acid) (PAA), the surface of the
UCNPs were functionalized with 3-aminopropyltriethoxysilane
(APTES) to introduce the amine group. The nanostructure and
morphology of the synthesized UCNPs were investigated by
transmission electron microscopy (TEM). The TEM images in
Figure 1b show that both the as-prepared UCNPs (inset image)
and the APTES-modified UCNPs have good monodispersity
and a hexagonal structure. The diameter of the APTES-UCNPs
increased from 65 nm to 71 nm after modification with APTES.
The chemical groups on the surface of the UCNPs were illus-
trated by Fourier-transform infrared (FTIR) spectroscopy.
Figure 1c shows the FTIR spectra of the UCNPs and APTES-
UCNPs. Compared with the FTIR spectrum of unmodified
UCNPs, a notable transmission band peak at 1128 cm−1 (blue
circle), attributable to the Si–O stretching vibration, can be seen
in the FTIR spectra of APTES-UCNPs. These results indicate
that the UCNPs were successfully modified with APTES. It has
been demonstrated that the amine group is important to allow
UCNPs to detect TNT. To verify the functionalization of the
APTES-UCNPs with amine groups, the surface charge of the
UCNPs before and after modification was measured. As shown
in Figure 1d, the zeta potential changed from −22.08 to
17.3 mV, indicating the successful surface amine group
functionalization. Moreover, the fluorescence emission
spectrum shows that the surface functionalization did not
affect the photoluminescence properties of the UCNPs
(Figure 1e).

Furthermore, the structure and morphology of the Janus UCNP
capsule motors were systematically characterized. The TEM
images in Figure 1f show a microcapsule after functionalizing
with UCNPs. It is evident that the APTES-UCNPs were
uniformly dispersed on the surface of the microcapsule. After Pt
sputtering and removal of the silica core, the Janus UCNP
capsule motors were obtained. As shown in Figure 1g, the
as-prepared APTES-UCNPs were partially covered with a Pt
cap, displaying a Janus structure. The scanning electron micros-
copy (SEM) image in Figure 1h further confirms the asym-
metric distribution of Pt on the one side of the Janus UCNP
capsule motors. Due to the partial coverage of the Pt layer, the
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Figure 1: (a) Schematic representation of the fabrication process of Janus UCNP-modified polyelectrolyte capsule motors. (b) TEM images, (c) FTIR
spectra, (d) zeta potential and (e) fluorescence emission spectrum of UNCPs with different surface functional groups. TEM images of UCNP-modified
capsule (f) and Janus UCNP capsule motor (g). (h) SEM image of the Janus UCNP capsule motor. (i) Fluorescence microscope image of the Janus
UCNP capsule motors.

Janus UCNP capsule motors show a semicircle shape under ex-
citation with a 980 nm laser (Figure 1i). These results confirm
that the Janus UCNP capsule motors were successfully pre-
pared.

The autonomous motion of the Janus UCNP capsule motors
was recorded by using microscopy. To better explore the move-
ment behaviour of the Janus UCNP capsule motors, the corre-
sponding motion trajectories, speed, and oxygen bubble fre-
quency were studied systematically. The typical time-lapse
images in Figure 2a–d (taken from the corresponding video in
Supporting Information Files 1–4) show the trajectories of the
motors in H2O2 solution with a concentration of 1%, 3%, 5%
and 10% over a period of 1 s, respectively. It could be obvi-
ously seen that the Janus UCNP capsule motors swim in the
H2O2 solution under the propulsion of oxygen bubbles that are

generated by the catalytic decomposition of H2O2 fuel on the Pt
side. The dependence of the H2O2 fuel concentration on the av-
erage speed of the motors was investigated. As shown in the
Figure 2e, the average speed of the motors increased with in-
creasing concentration of H2O2. It can be found that the aver-
age speed of the Janus UCNP capsule motors increases from
≈13 µm s−1 (≈2.6 body lengths s−1) at 1% H2O2 to ≈110 µm s−1

(≈22 body lengths s−1) at 10% H2O2. By analysing the released
oxygen bubbles, we also obtained the relationship between the
bubble expulsion frequency and the speed of the Janus UCNP
capsule motors (Figure 2f). We found that the bubble expulsion
frequency exhibits a similar trend with the concentration of
H2O2, indicating a positive correlation between the oxygen
bubble expulsion frequency and the speed of the motors. Taken
together, these results demonstrate that the obtained Janus
UCNP capsule motors have desirable motion capability and
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Figure 2: Images of the Janus UCNP capsule motors for different H2O2 concentrations: (a) 1%, (b) 3%, (c) 5% and (d) 10% after a period of 1 s.
(e) Effect of the H2O2 concentration on the average speed of the Janus UCNP capsule motors. (f) Relationship of the oxygen bubble expulsion fre-
quency of Janus UCNP capsule motors with different H2O2 concentration.

their movement speed can be controlled by adjusting the con-
centration of H2O2 and the expulsion frequency of the oxygen
bubbles.

Figure 3a schematically illustrates the Janus UCNP capsule
motor based, real time luminescence on–off detection of TNT.
The luminescence quenching mechanism involves the Janus
UCNP capsule micromotor and TNT. Owing to the active
motion of the motors, the amino groups of the PAA chains
modified on the surface of the UCNPs could chemically recog-
nize the TNT molecules efficiently and form a Meisenheimer
complex which has a strong absorption within the emission
spectrum of the UCNPs. Due to the fluorescence resonance
energy transfer from the excited UCNPs to the complex, the lu-
minescence intensity of the Janus UCNP capsule motor is
reduced, simplifying the visual detection of TNT. To assess the
TNT detection capacity of the motors, they were dispersed in
5% H2O2 with and without TNT at pH 12. It was found that the
upconversion luminescence of the Janus UCNP capsule motor
exhibits no obvious change in movement in 5% H2O2 without
TNT (Figure 3b and Video Supporting Information File 5). The
time lapse image in Figure 3c (captured from the video in Sup-

porting Information File 6) demonstrates that the upconversion
luminescence of the Janus UCNP capsule motor decreased
gradually with via self-propelled movement in 5% H2O2 with
0.5 mg mL−1 of TNT, indicating that the green upconversion lu-
minescence (543 nm) of the UCNPs was quenched by the pres-
ence of TNT.

The TNT sensing capability of these Janus UCNPs capsule
motors was further evaluated by measuring the luminescence
intensity. Figure 3d illustrates the time-dependent lumines-
cence response of Janus UCNP capsule motors in TNT-contam-
inated H2O2. The motors were self-propelled for 3 min in
5% H2O2 containing 0.2 c (here, c = 1 μg mL−1) TNT and
showed instant luminescence quenching, while both the UCNPs
and static Janus UCNP capsule motors displayed no obvious lu-
minescence quenching under the same conditions. This finding
demonstrates that the TNT detection efficiency of active Janus
UCNP capsule motors is higher than that of the passive UCNPs
and UCNP capsules owing to the continuous fluid mixing and
the enhanced real time reactions between TNT and the Janus
UCNP capsule motors [43]. Furthermore, the luminescence
quenching effect of the Janus UCNP capsule motor is more
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Figure 3: (a) Schematic illustration of the on–off luminescent detection of TNT by the Janus UCNP capsule motors. (b) Time lapse image of a Janus
UCNP capsule motor in 5% H2O2 without TNT in 5 s under a 980 nm laser excitation. (c) Time lapse image of a Janus UCNP capsule motor in
5% H2O2 with 0.5 mg mL−1 of TNT in 9 s under 980 nm laser excitation. (d) Time-dependent luminescence quenching of different samples in TNT
solution with different concentrations (c = 1 μg mL−1). (e) Plot of the luminescence quenching effect of Janus UCNP capsule motors in different H2O2
concentrations with a TNT concentration of 0.2 μg mL−1 for 3 min. (f) Luminescence intensity of a Janus UCNP capsule motor after autonomous
movement for 1 min in a TNT solution in response to the TNT concentration and the resultant fitting equation. The inset demonstrates a linear rela-
tionship between the luminescence intensity of the Janus UCNP capsule motors and the natural logarithm of the TNT concentration.

obvious in TNT solutions with higher concentration. We also
found that the TNT detection efficiency of the Janus UCNP
capsule motors increases with the increase of the H2O2 concen-
tration (Figure 3e).

To determine the relationship between the TNT concentration
and the luminescence quenching of the motors, they were
dispersed in 5% H2O2 containing TNT with a concentration
from 0 to 5 μg mL−1. After motion for 1 min, the luminescence
quenching of the Janus UCNP capsule motor was tested using a
fluorescence spectrometer. As shown in Figure 3f, the lumines-
cence quenching of the motor firstly presents a linear relation-
ship with the increase of the TNT concentration and then
decays exponentially. The specific relationship can be fitted to
the formula y = 79.66 exp(−cTNT/0.66) + 24.45. The inset
image in Figure 3d shows that a linear relationship exists be-
tween the luminescence intensity of the Janus UCNP capsule
motors and the natural logarithm of the TNT concentration. The
corresponding limit of detection (LOD) is calculated to be

2.4 ng mL−1 according to the equation LOD = (3SD)/k, where
the SD is the standard deviation of the luminescence intensity
of the Janus UCNP capsule motors and the k is the slope of the
calibration curve (k = 18.95). Compared with the LOD of
passive UCNPs (8.4 ng mL−1), the TNT detection efficiency is
enhanced by 3.5 times.

Conclusion
We have developed a micromotor-based active sensor for the
detection of TNT based on the on–off luminescence of a Janus
UCNP capsule motor. The Janus UCNP capsule motors were
fabricated by layer-by-layer assembly combined with vacuum
deposition. These Janus motors with a catalytic Pt layer can be
propelled by oxygen bubbles at a speed of up to 110 μm s−1 in
10% H2O2 fuel. Owing to their active motion capability, the
as-prepared Janus motor could quickly absorb TNT molecules.
More importantly, the Janus UCNP capsule motor can effec-
tively detect TNT based on the on–off luminescence of amine-
functionalized UCNPs. Benefiting from the enhanced autono-
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mous motion, the LOD of the Janus UCNP capsule motors
(2.4 ng mL−1) is 3.5 times better than that of static UCNPs
within shorter analysis time. Such a micromotor could be used
as a multifunctional platform integrating autonomous motion
and TNT detection for efficient and rapid detection of environ-
mental pollutants.

Experimental
Materials
Silica spheres with a diameter of 5 µm were obtained from
Baseline Chrom Tech, Tianjin, China. Poly(styrene sulfonate)
sodium salt (PSS, Mw = 70 000), poly(allylamine hydro-
chloride) (PAH, Mw = 70 000), poly(acrylic acid) (PAA, Mw =
1800), Y(NO3)3·6H2O, Er(NO3)3·6H2O, and Yb(NO3)3·6H2O
were purchased from Sigma-Aldrich. 2,4,6-Trinitrotoluene
(TNT) was purchased from Best-reagent, Chengdu, China.
3-Aminopropyltriethoxysilane (APTES), ethylene glycol
dimethacrylate (EGDMA) 2,2’-azobisisobutyronitrile (AIBN),
1-octadecene (ODE, 90%) and oleic acid (OA, 90%) were ob-
tained from Aladdin Chemistry Co. Ltd. NaOH, NH4F, ethanol,
methanol, cyclohexane, trichloromethane, acetonitrile, NaCl,
Na2HPO4, and NaH2PO4 were purchased from Tianjin Tianli
Chemical Reagent Co. Ltd. Hydrofluoric acid (HF) and hydro-
gen peroxide (H2O2) were obtained from Beijing Chemical
Works, China. All commercial materials were used without
further purification.

Preparation of Janus UCNP capsule motors
NaYF4:Yb/Er upconversion nanoparticles were firstly fabri-
cated using a previously published method [42]. The obtained
UCNPs (100 mg) were then mixed with PAA (300 mg) in
10 mL ethanol/chloroform (1:1) solution for 12 h at the room
temperature. Then, the as-prepared PAA-UCNPs (80 mg) were
added into 20 mL ethanol/acetonitrile (1:1) solution containing
APTES (12.5 μL), EGDMA (25 μL), and AIBN (25 mg). After
heating to 45 °C for 6 h, the amine-group-functionalized
UCNPs were obtained.

To prepare Janus UCNP capsule motors, eight bilayers of PAH/
PSS were deposited onto the surface of 5 μm silica particles
through layer-by-layer assembly. Then, 1 mg of (PAH/PSS)8-
coated particles were mixed with 10 mg of amine-group-func-
tionalized UCNPs for 1 h under continuous shaking, and excess
UCNPs were removed by centrifugation. The Janus structure
was prepared by depositing a monolayer of UCNP-coated silica
particles on glass substrates and sputtering 20 nm of Pt onto the
surface of the UCNP-coated silica particles, followed by
peeling off the particles from the substrate. The silica cores
were then dissolved by treating the particles with 0.5 M HF.
The Janus UCNP capsule motors were obtained after three
centrifugation/water washing steps.

Analysis of the movement of the Janus
UCNP capsule motors
The movement studies were accomplished by dropping Janus
UNCP capsule motors into hydrogen peroxide solutions of dif-
ferent concentration (1–10 vol %). The self-propelled motion of
Janus UCNP capsule motors was recorded by using an Olympus
BX53 fluorescence microscope. The trajectories of the motor
movement were tracked by using the software of Image J and
the motion velocity was analyzed using Origin 8 software.

Characterization
SEM imaging was carried out by dropping sample solutions
onto the surface of silicon wafer. After drying, samples were
observed using a Hitachi S-5200 microscope. For TEM obser-
vation, samples were dropped onto the carbon film of the
copper grids and observed using a Hitachi H-7650 microscope.
UV−vis absorption spectra were recorded using a Hitachi
U-4100 spectrophotometer. FTIR spectra were collected in the
wavelength range from 4000 to 500 cm−1 by a Thermo Fisher
4700 Fourier transform infrared spectrophotometer with the
KBr method. Upconversion luminescence was measured using
a HORIBA Jobin Yvon FluoroMax-4 spectrophotometer with a
980 nm diode laser at a power of 1 W cm−2 (Shanghai Laser &
Optics Century Co. Ltd).

Supporting Information
Supporting Information File 1
The motion of a Janus UCNP capsule motor in 1% H2O2
solution.
[https://www.beilstein-journals.org/bjnano/content/
supplementary/2190-4286-10-131-S1.mov]

Supporting Information File 2
The motion of a Janus UCNP capsule motor in 3% H2O2
solution.
[https://www.beilstein-journals.org/bjnano/content/
supplementary/2190-4286-10-131-S2.mov]

Supporting Information File 3
The motion of a Janus UCNP capsule motor in 5% H2O2
solution.
[https://www.beilstein-journals.org/bjnano/content/
supplementary/2190-4286-10-131-S3.mov]

Supporting Information File 4
The motion of a Janus UCNP capsule motor in 10% H2O2
solution.
[https://www.beilstein-journals.org/bjnano/content/
supplementary/2190-4286-10-131-S4.mov]
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Supporting Information File 5
The motion of a Janus UCNP capsule motor without
luminescence quenching in 5% H2O2.
[https://www.beilstein-journals.org/bjnano/content/
supplementary/2190-4286-10-131-S5.mov]

Supporting Information File 6
The on–off luminescence detection of TNT using a Janus
UCNP capsule motor.
[https://www.beilstein-journals.org/bjnano/content/
supplementary/2190-4286-10-131-S6.mov]
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Abstract
The construction of flexible electrochemical devices for energy storage and generation is of utmost importance in modern society.
In this article, we report on the synthesis of flexible MoS2-based composite paper by high-energy shear force milling and simple
vacuum filtration. This composite material combines high flexibility, mechanical strength and good chemical stability. Chronopo-
tentiometric charge–discharge measurements were used to determine the capacitance of our paper material. The highest capaci-
tance achieved was 33 mF·cm−2 at a current density of 1 mA·cm−2, demonstrating potential application in supercapacitors. We
further used the material as a cathode for the hydrogen evolution reaction (HER) with an onset potential of approximately −0.2 V vs
RHE. The onset potential was even lower (approximately −0.1 V vs RHE) after treatment with n-butyllithium, suggesting the intro-
duction of new active sites. Finally, a potential use in lithium ion batteries (LIB) was examined. Our material can be used directly
without any binder, additive carbon or copper current collector and delivers specific capacity of 740 mA·h·g−1 at a current density
of 0.1 A·g−1. After 40 cycles at this current density the material still reached a capacity retention of 91%. Our findings show that
this composite material could find application in electrochemical energy storage and generation devices where high flexibility and
mechanical strength are desired.
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Introduction
The world’s growing population has a nearly ever-increasing
demand for energy. Due to the well-known problem of global
warming, there are efforts to shift energy production from
burning fossil fuels towards renewable energy sources. Howev-
er, most of the established renewable energy sources are not
suitable to meet the energy consumption requirements today.
Hence, energy storage and conversion continues to be an impor-
tant and urgent issue [1,2].

Lithium ion batteries (LIBs) are one of the most promising
energy storage devices, combining high energy density and
extremely low self-discharge. Nevertheless, in order to fulfill
the (prospective) requirements and to extend their application to
large energy storage systems or to the electromobility sector, an
improvement in the energy storage capacity is necessary. Lay-
ered dichalcogenide materials such as molybdenum sulfide
(MoS2) are promising candidates for the replacement of the
commercial anode material graphite. Apart from this specific
application, chalcogenide materials also find numerous
applications in various scientific fields [3-5]. During charge/
discharge, MoS2 undergoes a 4-electron process resulting
in a theoretical specific capacity of 669 mA·h·g−1, which
is almost two times higher than that of graphite (372 mA·h·g−1)
[6].

However, poor electrical conductivity, capacity fading and large
volume changes upon charge and discharge make the commer-
cialization of MoS2 in LIBs problematic [6,7]. In order to
address this issue, the fabrication of MoS2 composites and car-
bonaceous support materials (such as amorphous carbon [8],
carbon nanofibers [7], carbon nanotubes [8] and graphene [9])
has already been demonstrated to be quite attractive. Typically,
the electrodes are prepared by mixing these composites as
active material with a polymeric binder, conductive carbon and
an organic solvent to form a slurry, which is then coated onto a
copper foil (current collector). The copper foil and the addi-
tives increase the overall weight, which dramatically decreases
the gravimetric energy density. These electrodes are not applic-
able as anodes in flexible batteries due to the loss of contact be-
tween the active material and the current collector upon
bending deformation [10]. However, there are promising reports
on freestanding MoS2/carbonaceous composite electrodes
which have demonstrated attractive electrochemical perfor-
mance [9-25].

Beside LIBs, supercapacitors (SCs) are seen as next-generation
energy storage devices having a high specific power, fast
charge–discharge rate and excellent cycling stability [2]. Free-
standing, binder-free electrodes are also of great interest, as
they can be used in flexible SCs [26]. In this regard, two-dimen-

sional (2D) graphene has attained significant interest. Neverthe-
less, materials with higher performance are necessary [26,27].
MoS2 is seen, due its layered graphene-analogous structure, as a
promising alternative providing a large surface area, which is
favorable for double-layer charge storage [27,28]. Moreover,
Mo can occupy multiple oxidation states, which enables a
pseudo-capacitive charge transfer by insertion of electrolyte
ions, such as Li+, Na+, K+ and H+ [28,29]. Upon cycling, MoS2
sheets can restack resulting in a decreased surface area, which is
then followed by poor capacitive performance. Moreover, an
appropriate heat management scheme has to be taken into
account in real applications as it has been already shown for
other nanomaterials [30,31]. Introducing support materials,
such as graphene or carbon nanotubes (CNTs) can alleviate
these problems and improve the performance of the materials
[26].

Another popular related field in the context of energy storage
and sustainable energy production is water splitting to produce
hydrogen. The best catalysts for the hydrogen evolution reac-
tion (HER) are unequivocally based on platinum and iridium,
however the scarcity and the high cost of these materials are
tremendous disadvantages for the production of hydrogen on an
industrial scale [16]. Hence, it is necessary to develop new cata-
lysts which are abundant, inexpensive and chemically robust
[16]. MoS2 is again a promising candidate. Theoretical and ex-
perimental studies have successfully demonstrated that nano-
scale MoS2 is more appropriate than the bulk phase equivalent.
The surface of the bulk phase mainly consists of thermodynami-
cally more stable basal sites, which are catalytically less active.
In contrast, the sulfur edge sites of MoS2 are highly catalytical-
ly active towards HER [32-34]. However, MoS2 possesses only
a low intrinsic conductivity, which hinders the charge
transport [35]. Using MoS2 together with conducting support
materials, such as multiwalled carbon nanotubes (MWCNTs)
has already been demonstrated to improve the catalytic proper-
ties [35].

Herein, we report on the synthesis of a freestanding MoS2-
based composite paper using a small addition of single-walled
carbon nanotubes (SWCNTs) and shear-force milling in
N-methyl-2-pyrrolidone (NMP). The paper was prepared simply
by vacuum filtration of the slurry on top of a filter. The result-
ing material exhibits high flexibility and combines the high
conductivity of SWCNTs and electrochemical potential of
MoS2. We also show that the material finds use as an anode in
LIBs, supercapacitor electrodes and HER catalyst. The applica-
tion for LIBs seems particularly promising as this composite
material requires no additional binders, conductive additives or
a current collector.
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Figure 1: Image of the MoS2-based composite paper showing its size and flexibility.

Figure 2: SEM micrographs of (a,b) plane and (c,d) cross-section images of the composite paper at different magnifications.

Results and Discussion
Characterization of morphology, composition
and mechanical properties
The synthesized composite material based on MoS2 and
SWCNTs was prepared by shear-force milling of MoS2 powder
with SWCNTs. We then prepared a paper-like material by
filtration of the mixture on top of a filter. The self-assembled

material was denoted as MoS2-based composite paper. A
picture of the composite paper is shown in Figure 1.

We investigated the morphology of this compound material by
scanning electron microscopy (SEM) with results shown in
Figure 2. The morphology images of the top side of the com-
posite paper (Figure 2a and 2b) show a homogeneous distribu-
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Figure 3: Core-level X-ray photoelectron spectra of a) Mo 3d region, b) S 2p region, and c) C 1s region.

tion of SWCNTs among the MoS2 sheets. SEM micrographs of
the cross-section (Figure 2c and 2d) also illustrate that the
SWCNTs significantly contribute to the flexibility and mechan-
ical strength of the composite as they hold individual sheets
together.

We also performed the composition characterization by energy-
dispersive spectroscopy (EDS). The elemental composition
maps (Supporting Information File 1, Figure S1) revealed a ho-
mogeneous distribution of elements. We have also identified
(Supporting Information File 1, Table S1) that there was about
2.1 wt % of iron in the sample. This contamination originates
from the carbon nanotubes, where iron usually serves as a cata-
lyst for their growth [36].

X-ray photoelectron spectroscopy (XPS) was used to track the
degree of degradation of the MoS2 sheets. Components origi-
nating from MoS2 and MoO3 were identified in the core-level
Mo 3d spectrum (Figure 3). The positions of the individual
components are in agreement with previous reports for MoS2
and MoO3 [37,38]. The deconvolution revealed that the MoO3
content was about ≈12 atom %. This degree of oxidation is
lower than in the case of chemically exfoliated MoS2, which is
possibly due to a slightly lower degree of exfoliation [39]. Ad-
ditionally, no oxidation was observed for sulfur as only states
originating from sulfides were identified in the S 2p spectrum
(Figure 3b) [40].

The chemical states of the SWCNTs could not be precisely de-
termined due to the overlap with adventitious carbon. However,
the conditions used during our experiment were highly unlikely
to cause any chemical changes in the SWCNTs.

Additionally, the mechanical properties of prepared MoS2-
based composite paper were evaluated. The tensile strength and
tensile ductility are important material parameters that influ-
ence material’s final applicability. The tensile strength of the
prepared material reached a value of 3.02 MPa while tensile

Table 1: Capacitance of MoS2-based composite paper measured
using various discharging current densities.

Discharging current density
(mA·cm−2)

1 2 3 4 5 6

Capacitance (mF·cm−2) 70 40 35 33 29 28

ductility was 7.74%. It should be mentioned that the prepara-
tion of paper solely from MoS2 sheets is not possible since there
is no material holding the individual MoS2 sheets together. On
the other hand, paper made of only SWCNT possesses a tensile
strength of 5.95 MPa and tensile ductility of 2.45%. Therefore,
incorporation of MoS2 sheets into SWCNT paper results in de-
creased tensile strength and increased tensile ductility and the
as-prepared MoS2-based composite paper is able to undergo
significant plastic deformation before rupture in the material
occurs.

Electrochemical performance of freestanding
MoS2-based composite paper
First, we tested the MoS2-based composite paper for applica-
tions in supercapacitors (SCs). The capacitance was measured
by a chronoamperometry technique in KCl solution (1 M) using
different charging–discharging current densities (1–5 mA·cm−2)
in a potential range determined by cyclic voltammetry (CV)
shown in Supporting Information File 1, Figure S2. The CV
curves demonstrate the rectangular shape pointing out the elec-
tric double-layer capacitance as the origin of capacitive behav-
ior. The capacitance C in units of mF·cm−2 was calculated from
the value of discharging current I, discharging time t, maximal
voltage U and the area of the electrode that comes into contact
with the electrolyte solution S. The calculation was performed
using equation: C = (2·I) / (S·U/t).

The calculated values are summarized for each discharging cur-
rent in Table 1. Charging–discharging curves of MoS2-based
composite paper obtained using the chronoamperometry mea-
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Table 2: Performance of various electrode materials in the literature compared to this work.

Ref. Electrode material Electrolyte Capacitance (mF·cm−2)

this work MoS2-based composite paper KCl 33
[41] interdigital MWCNT electrode PVA/KOH 107.3
[42] CNT PVDF-HFP/EMIMTFSI 2.88
[43] graphene PVA-H2SO4 2.32
[44] graphene–CNT KCl 2.8

Figure 4: Charging–discharging curves of MoS2-based composite
paper obtained by chronoamperometry in 1M KCl solution using differ-
ent current densities.

surement are shown in Figure 4. We also compared the capaci-
tance of our composite MoS2-based composite paper with other
reported materials (see Table 2). The capacitance of our com-
posite material exhibits a competitive value compared to other
materials reported in the literature.

The freestanding MoS2-based composite paper was also tested
as an anode material for LIBs. Hence, the MoS2-based compos-
ite paper was used directly as an anode without any binder, car-
bon additive or a Cu-foil current collector. Figure 5a shows the
first four cycles of the cyclic voltammetry (CV) curves of the
MoS2-based composite paper. The measurements were per-
formed at a scan rate of 0.1 mV·s−1 in the voltage range of
0.01–3.0 V vs Li/Li+. In the initial cathodic scan, two dominant
reduction peaks at around 1.0 and 0.3 V are detectable
(Figure 5a). The first is associated with the insertion of lithium
ions into the van der Waals spaces between the MoS2 layers
forming LixMoS2 accompanied by a phase transformation from
trigonal prismatic (2H) to octahedral (1T) (see the following
Equation 2) [8,20,21]. The peak at ≈0.3 V corresponds to the
conversion of the previously formed LixMoS2 into metallic Mo
and LiS2 (see the following Equation 3) and the decomposition

of the electrolyte followed by the formation of a solid elec-
trolyte interphase (SEI) layer [18,20]. The prominent anodic
peak at ≈2.5 V results from the conversion of Li2S to sulfur and
lithium ions (see the following Equation 4) [20]. During the
following discharge cycles the two peaks at ≈1.0 and ≈0.3 V
diminish and three new reduction peaks at around 1.8, 1.1 and
0.3 V appear, which can be ascribed to the following reactions
(Equations 1–3):

(1)

(2)

(3)

(4)

Hence, the reduction peak at ≈1.8 V and the oxidation peak at
2.5 V form together a reversible redox couple [20]. Starting
with the second cycle, a shallow oxidation peak arises at ≈1.7 V
which can be attributed to the partial oxidation of metallic Mo
to MoS2 [21,45].

Moreover, the electrochemical performance of the MoS2-based
composite paper is evaluated by galvanostatic discharge/charge
measurements as well. The lithiation and delithiation plateaus
(Figure 5b) obtained at a current density of 0.2 A·g−1 are
consistent with the reduction and oxidation peaks gathered from
the CV measurement.

In the first cycle, discharge and charge capacities of 870 and
684 mA·h·g−1 were obtained, respectively. This corresponds to
a coulombic efficiency of 79%, as shown in Figure 5b and
Figure 5d. The irreversible initial capacity loss is mainly attri-
buted to the formation of the SEI layer [8,17,20]. During the
subsequent cycles, coulombic efficiencies of ≤97% are reached,
which implies a good cycling reversibility (Figure 5d). After
40 cycles a specific capacity of 675 mA·h·g−1 is reached
equaling a capacity retention of 78% compared to the initial
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Figure 5: Electrochemical analysis of the freestanding MoS2-based composite paper. (a) CV curves at a scan rate of 0.1 V·s−1, (b) discharge/charge
voltage profiles at 0.2 A·g−1, (c) reversible capacities at different current densities ranging from 0.1 to 2.0 A·g−1 and (d) cycling performance and
coulombic efficiency at 0.2 A·g−1.

cycle or 91% when compared to the second cycle. It should be
noted that for the calculation of the specific capacitiy the total
mass of the freestanding MoS2-based composite paper elec-
trode was used.

Moreover, the rate performance of the freestanding MoS2-based
composite paper electrodes was further investigated (Figure 5c).
The composite delivers 740, 721, 596, 190 and 49 mA·h·g−1, at
current rates of 0.1, 0.2, 0.5, 1 and 2 A·g−1, respectively. The
slightly increasing capacity during the 2 A·g−1 step may be at-
tributed to the high current rate activation of new Li+ storage
sites, originating from the opening up of blocked ends of
SWCNTs [8]. Interestingly, when the current density was set
back to 0.1 A·g−1 the capacity reached 681 mA·h·g−1

(80th cycle) equaling a capacity retention of 91% compared to
the second cycle, also confirming the high structural stability of
the freestanding MoS2-based composite paper. The kinetic anal-
ysis of the MoS2-based composite paper is described in Sup-
porting Information File 1, Figure S2.

Finally, we tested the MoS2-based composite paper as a cata-
lyst for the hydrogen evolution reaction (HER). The results are
shown in Figure 6. Apart from the pristine material, we also
treated the paper with n-butyllithium (BuLi) solution to intro-

duce new active sites in the form of edge sites as well as
defects. The pristine as-prepared material exhibited an onset
potential of about −0.195 V vs RHE. On the other hand, BuLi-
exfoliated MoS2-based composite paper showed improved ac-
tivity with an onset potential of about −0.095 V vs RHE. These
differences clearly demonstrate that new sites were indeed
introduced by the treatment. However, Figure 6 also demon-
strates that BuLi-treated samples exhibited substantially higher
(171 mV/dec) Tafel slope values than the pristine sample
(105 mV/dec). This discrepancy could be caused by a loss of
proper connection between the MoS2 sheets and SWCNTs and
a decrease in conductivity. This claim is supplemented by the
fact that the paper material exhibited lower flexibility than the
original one.

Conclusion
Using shear-force milling, we prepared a freestanding MoS2-
based composite paper material. This method is very simple and
takes advantage of the fact that a paper-like material is self-
assembled on top of a filter during vacuum filtration. The re-
ported material exhibits high structural integrity and flexibility.
The composite was tested in various electrochemical applica-
tions covering supercapacitors, anodes in lithium ion batteries
and hydrogen evolution catalysis. In terms of supercapacitors,
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Figure 6: Linear sweep voltammetry curves for the hydrogen evolu-
tion reaction measurements in 0.5 M H2SO4, 2 mV·s−1.

our material exhibits a capacitance of 33 mF·cm−2 at a current
density of 1 mA·cm−2. This value is competitive with other re-
ported materials based on carbon nanomaterials. This material
can also be used as a hydrogen evolution reaction catalyst. The
as-prepared materials exhibits an onset potential of approxi-
mately −0.195 V vs RHE and is capable of reaching current
densities as high as 100 mA·cm−2. Additionally, we treated the
material with n-butyllithium to further enhance the HER activi-
ty. The resulting material exhibited a lower onset potential,
however, the exfoliation of MoS2 sheets resulted in a loss of
connection between the MoS2 sheets and SWCNTs. Ultimately,
this led to a decrease in the conductivity, and consequently,
substantial increase in the Tafel slope value. The MoS2-based
composite paper was also tested as a freestanding anode in LIBs
without additives such as binders or conductive agents. After
the initial loss of specific capacity due to the formation of the
solid electrolyte interface, the composite delivers a specific
capacity of 740 mA·h·g−1 at 0.1 A·g−1. Moreover, the material
retains 91% of its capacity after 40 cycles. A high capacity
retention was also observed after the rate performance tests.
These findings show that the reported material is also promis-
ing for application in flexible batteries.

Experimental
Materials
MoS2 was purchased from Alfa Aesar, TUBALLTM SWCNTs
were purchased from OCSiAl, and N-methyl-2-pyrrolidone
(NMP) was purchased from Sigma-Aldrich.

The PuriEL electrolyte (1.15 M LiPF6  in ethylene
carbonate/ethyl methyl carbonate/dimethyl carbonate
(EC/EMC/DMC) = 2:2:6 v/v + 1.0 wt % fluoroethylene

carbonate (FEC), soulbrain MI) and lithium metal (Rockwood)
were used as received.

Preparation of MoS2-based composite paper
125 mg of MoS2 powder and 12.5 mg of SWCNTs were added
to 80 mL of Ar-purged NMP. The suspension was then exfoli-
ated under Ar atmosphere for 2 h at 16,000 rot/min using a
high-energy shear-force disperser. After that, the mixture was
vacuum-filtered on top of a nylon filter and washed with metha-
nol several times. The use of methanol significantly shortens
the time necessary for drying. The resulting material was then
self-assembled into the form of a paper-like material. After
drying under vacuum, the material was directly used.

Battery assembly and electrochemical
measurements
The freestanding MoS2-based composite paper was cut into
round disks with a diameter of 18 mm (254.5 mm2). They were
directly used as an anode in ECC-PAT-Core (EL-Cell) battery
test cells assembled in an argon-filled glove box using lithium
metal both as the counter and reference electrode and an
EL-CELL ECC1-01-0011-A/L glass fiber membrane as a sepa-
rator. The used electrolyte consisted of a commercial mixture of
1.15 M LiPF6 in EC/EMC/DMC at a 2:2:6 v/v and 1.0 wt %
FEC.

The electrochemical measurements were performed at room
temperature using an Autolab potentiostat/galvanostat
(PGSTAT302N) with a FRA32M module or an Autolab multi-
potentiostat M101 with a 8AUT.M101 module operated with
Nova 1.11 software. The cyclic voltammograms were recorded
in a potential range of 0.01–3.0 V vs Li/Li+ using a scan rate
ranging from 0.05 mV·s−1 to 1 mV·s−1. The cells were charged
and discharged galvanostatically at different C rates (0.1 to
2 A·g−1) in a voltage range of 0.01–3.0 V vs Li/Li+.

Supercapacitors
A disk with diameter of 14 mm was cut from the vacuum-
assembled MoS2-based composite paper material. Then it was
placed into an electrochemical holder (InRedox, USA) which
was placed in the middle of platinum basket (counter electrode).
A saturated calomel reference electrode was used as the refer-
ence electrode and the measurements were performed in
1 M KCl solution. The exposed area was a disk with 0.94 mm
diameter. In order to measure the charge–discharge curves,
several charging–discharging currents (1–5 mA·cm−2) were
used to charge the material to −0.8 V vs SCE.

Hydrogen evolution reaction
For the HER measurements, the pristine sample was placed in
an electrochemical holder (InRedox, USA) which was inserted
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into the 0.5 M H2SO4 electrolyte with SCE and a carbon rod as
the reference and counter electrodes, respectively. The scan rate
was 2 mV·s−1. For the n-butyllithium treated sample, the foil
was left in n-butyllithium solution (2.5 M solution) for several
days under inert Ar atmosphere. After that, water was added to
the solution. The foil was then dried and used.

Characterization
The morphology was investigated using scanning electron
microscopy (SEM) with a FEG electron source (Tescan Lyra
dual beam microscope). The elemental composition and
mapping were performed using an energy dispersive spectros-
copy (EDS) analyzer (X-MaxN) with a 20 mm2 SDD detector
(Oxford Instruments) and AZtecEnergy software. A 10 kV
beam was used for the measurements.

High-resolution X-ray photoelectron spectroscopy (XPS) was
performed using an ESCAProbeP spectrometer (Omicron
Nanotechnology Ltd, Germany) with a monochromatic alumi-
num X-ray radiation source (1486.7 eV). Wide-scan surveys of
all elements were performed (0–1000 eV, step 0.5 eV) with
subsequent high-resolution scans of the C 1s, S 2p and Mo 3d
regions with a step of 0.05 eV.

The dynamic mechanical analysis was measured on a DMA
DX04T (by RMI, Czech Republic) device. A sample with
dimensions 7.600 mm (width), 0.173 mm (thickness) and
10.200 mm (active length) was loaded with a tensile longitu-
dinal sinusoidal deformation with the amplitude of 0.02 mm
and pretension of 0.03 mm. The temperature range was 20 to
200 °C with a heating rate of 2 °C·min−1 in air atmosphere.
From the results, the values of the moduli and loss factor were
evaluated as the second-order sliding average.

Supporting Information
Supporting Information File 1
Additional experimental results.
[https://www.beilstein-journals.org/bjnano/content/
supplementary/2190-4286-10-147-S1.pdf]
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Abstract
Chiral nanostructures, such as α-helical proteins and double helix DNA, are widely found in biological systems and play a signifi-
cant role in the biofunction of life. These structures are essentially fabricated through the covalent or noncovalent bonds between
small chiral molecules. It is thus an important issue to understand how small chiral molecules can form chiral nanostructures. Here,
using a series of isomeric nitrocinnamic amide derivatives, we have investigated the self-assembly behavior and the effect of the
substituent position as well as the solvent on the formation of chiral nanostructures. It was found that totally different chiral nano-
structures were formed due to the different positions of the nitro group on the cinnamic amide. Moreover, it was found that the
chiral sense of the self-assembled nanostructures can be regulated by the solvent whereby helicity inversion was observed. This
work provides a simple way to regulate the self-assembly pathway via molecular design and choice of solvent for the controlled
creation of chiral nanostructures.
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Introduction
The helical structure is widely found in biological systems and
is considered to be a basic characteristic of living matter and
perhaps even a requirement for life [1,2]. For example, the
α-helix of peptides, the DNA double helix, and the triple helix
of collagens are vital biological structures. It is an important
issue to understand how such chiral nanostructures can be

formed from simple small molecules. Nanoarchitectonics is a
useful technology to create a new class of materials by con-
trolled arrangement of structural nanoscale units such as atoms,
molecules and assemblies [3-5]. It is also an efficient strategy to
mimic helical structures [6-8]. Based on the concept of architec-
tonics, amino acids [9-11], oligopeptides [12,13], saccharides
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[14-16], steroids [17,18] and diaminocyclohexane derivatives
[19,20] have been reported to self-assemble into helical struc-
tures, mimicking the natural helical structures found in biologi-
cal systems. Generally speaking, the common feature of these
building blocks is that chiral centers are contained. The synergy
between various noncovalent interactions, including hydrogen
bonding [21,22], π–π stacking [23,24], and hydrophobic interac-
tions [25,26] provided by other moieties in self-assembly units,
cause the chiral information to be accumulated and finally to
express as helical structures. Then the question arises: will the
chiral centers absolutely determine the chiral sense of the
formed structures? Or do other noncovalent interactions have an
influence on the chiral structures? Isomers with the same chiral
center are good model compounds to investigate the effect of
molecular structure on the chiral sense of self-assembled struc-
tures. In our previous study [27], three isomeric pyridine-con-
taining ʟ-glutamic amphiphiles have been found to self-
assemble into different nanostructures including nanofibers,
nanotwists and nanotubes, depending on the substituent posi-
tion in the pyridine ring. However, we did not observe inver-
sion in the helical sense of the formed self-assembled nano-
structures due to the macroscopic chirality of nanofibers and
nanotubes, which makes them difficult to be directly detected
by a microscope.

On the other hand, helical architectures in many bimolecular
systems have been shown to exhibit helicity inversion along
with specific biofunctional transformations upon stimuli [28].
Thus, many attempts have been made towards understanding
the reversal of handedness of helical biological systems. The
chiral self-assembly gained from various noncovalent interac-
tions is a very good biomimetic system due to the intrinsic
dynamic nature of such materials and smart response to external
stimuli. There are some works on the dynamic helical inversion
in self-assembled structures triggered by the change of pH value
[29,30], solvents [31,32], temperature [33,34], and photo-irradi-
ation [35,36]. Inverse chiral nanostructures have exhibited their
tunable functions in the field of asymmetric catalysts [37-39],
chiral separation [40,41], and circular polarized luminescence
[42,43]. In this case, tunable chiral functions can be found in
the compounds with the same absolute configuration depending
on the environmental conditions. Thus, more and more efforts
should be made towards exploring self-assembled structures
demonstrating helicity inversion, especially when the inversion
directly occurs in nanostructures, i.e., chiral nanostructures with
left-handed (right-handed) sense changed to right-handed (left-
handed) upon external stimuli.

Based on these considerations, herein, we design three isomeric
nitrocinnamic amide-containing ʟ-glutamic amphiphiles, which
differ in the position of the nitro group on the cinnamic amide,

and interestingly, we found that chiral structures with totally
opposite helical sense can be obtained in the self-assembly of
these ʟ-glutamic amphiphiles, depending on the position of the
nitro group. Furthermore, according to our previous study [43],
the cinnamic amide assembly was closely related to the choice
of solvent, and the photo-dimerization of the cinnamic amide
moiety only occurred for methanol and ethanol. Other solvents
could not be shown to induce this kind of transformation. We
speculated that methanol or ethanol may affect the hydrogen
bonding between the amide moieties, which differed from other
kinds of solvents. In order to further confirm the specificity of
methanol and investigate whether the solvent can cause the
helicity inversion, in this study, we explore the self-assembly
behavior of three nitrocinnamic amide-containing ʟ-glutamic
lipids in various solvents.

Results and Discussion
Self-assembly of NCLG
Three chiral amphiphile materials, named as 2NCLG, 3NCLG
and 4NCLG (as an acronym related to the precursor nitrocin-
namic ʟ-glutamic acid (NCLG)), were designed and synthe-
sized by covalently linking three trans-nitrocinnamic acids
(2-NCA, 3-NCA and 4-NCA), respectively, to the organic lipid
gelator N,N’-bis(octadecyl)-ʟ-glutamic diamide (LGAm) (as
shown in Figure 1). The difference between the three gelators is
the substituent position of the nitro group on cinnamic acid. All
of these gelators could be dissolved in organic solvents with
heating, and the self-assembled molecules formed after cooling
down to ambient temperature. At the same concentration
(12 mg/mL), 2NCLG and 4NCLG formed white gels in EtOH,
while 3NCLG precipitated in EtOH, as shown in Figure 1.

SEM characterization
Furthermore, the morphology of the 2NCLG, 3NCLG and
4NCLG assemblies in ethanol was analyzed by scanning elec-
tron microscopy (SEM). Figure 2 shows the detailed SEM
images of the self-assembled structures. Upon SEM observa-
tion, 2NCLG self-assembled into a right-handed helical
nanofiber with a helical pitch of about 250 nm and a width of
approximately 70 nm, as shown in Figure 2a. As for 4NCLG
assemblies, a similar right-handed helical nanofiber was ob-
tained (Figure 2c). In contrast, a left-handed superhelical struc-
ture with a helical pitch of around 500 nm was observed in the
3NCLG system, which was formed by dozens of nanofibers.
The nanohelix finally aggregated into microspherical structures
(Figure 2b,d). Because of the wide field of view of the SEM
illumination over the 3NCLG (Supporting Information File 1,
Figure S1), the process of self-assembly was fast and the
formed nanofiber structures tangled together into a superhelix.
The superhelix then bundled together and formed microspher-
ical structures. The microspherical structures finally aggregated



Beilstein J. Nanotechnol. 2019, 10, 1608–1617.

1610

Figure 1: Molecular structure of three nitrocinnamic amide-containing ʟ-glutamic amphiphiles and photographs of their self-assembled molecules in
ethanol.

Figure 2: SEM images of NCLG assemblies in EtOH: (a) 2NCLG, (b,d) 3NCLG, and (c) 4NCLG self-assembled structures. The concentration is
12 mg/mL.
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Figure 3: (a) UV–vis spectra of 2NCLG, 3NCLG, 4NCLG ethanol solu-
tions and self-assembled molecules. (b) CD spectra of 2NCLG,
3NCLG and 4NCLG self-assembled molecules.

together and precipitated from the EtOH solvent. However, for
the 2NCLG and 4NCLG structures, the process of self-
assembly was slower than for 3NCLG and the nanofiber entan-
gled together and formed 3D network gels. The SEM results
reveal that the nanoscale chirality of the 3NCLG assembly is
opposite to that of the 2NCLG and 4NCLG assemblies. It is
suggested that the nanoscale chirality of the formed nanostruc-
tures did not strictly follow the chirality of the chiral carbon
centers in glutamide. We speculate that the substituent position
of NO2 might affect the arrangement of molecules in the self-
assembly process and subsequently lead to a different packing
model of the NCLG compounds.

UV–vis and circular dichroism spectra
In order to further understand the different self-assembly behav-
iors among the NCLG molecules, the UV–vis spectra and circu-
lar dichroism (CD) spectra were investigated (Figure 3).
Figure 3a shows the UV–vis spectra of NCLG solutions and
assemblies in ethanol. It can be clearly observed that the
2NCLG, 3NCLG and 4NCLG solutions exhibited main absorp-

tion bands at approximately 249 nm, 263 nm and 306 nm, re-
spectively, which can be ascribed to π–π* transitions. In addi-
tion, 2NCLG and 3NCLG showed a shoulder absorption peak at
approximately 315 and 325 nm, respectively, while all the main
absorption bands of the NCLG assemblies in ethanol showed a
blue shift to 241 nm, 258 nm and 293 nm, respectively. This
result suggests a H-like aggregation of NCLG molecules
through π–π stacking. CD spectroscopy is considered to be a
useful technique to monitor the supramolecular assembly.
Consequently, distinct CD signals were obtained for the assem-
blies of the three NCLG molecules, as shown in Figure 3b. A
negative Cotton effect at around 355 nm was observed for the
2NCLG gel, while a positive Cotton effect at about 300 nm and
370 nm appeared for the 3NCLG assembly. As for the 4NCLG
system, a positive Cotton effect was detected at 371 nm and a
negative one at 333 nm with a crossover at 348 nm. These CD
bands were wider than the absorption bands of NCLG assem-
blies, which may be due to the chiral scattering [44]. Similar to
previous reports [45], the hot solution of the three NGLG mole-
cules was CD silent, while the distinct CD signals of the gels
and precipitates supported the theory that the formation of
assemblies and the chirality of ʟ-glutamic acid was transferred
to the cinnamic amide moiety. In our previous work, the self-
assembly of cinnamic acid derivatives was photo-responsive,
while in this work, we found that the self-assembled molecules
of the three gelators did not show photo-responsive properties
under UV-light irradiation, in the CD spectra or in the morphol-
ogy of the nanostructures. Supporting Information File 1,
Figure S2 shows that the morphology of all the nanostructures
remained intact, and the supramolecular chirality of the self-
assembled molecules monitored by CD did not show inversion.

X-ray diffraction analysis
To understand the different structure of the three NCLG com-
pounds, X-ray diffraction (XRD) measurements were further
adopted to evaluate the assembled structures of the three gela-
tors. As shown in Figure 4a, for 2NCLG xerogels, a series of
sharp diffraction peaks were observed at 2θ = 2.51, 5.11, 10.21,
12.83 and 15.57, with a d-spacing ratio of 1:1/2:1/4:1/5:1/6. The
diffraction pattern is related to the lamellar structure with the
d-space of 3.50 nm. As for 4NCLG gels, the XRD pattern was
almost similar to the 2NCLG assembly. A number of diffrac-
tion peaks occurred at 2θ = 2.51(100), 5.20(200), 10.23(400),
12.97(500) and 15.59(600), which clearly illustrated that the
4NCLG assembly also presented a lamellar structure. However,
only 2θ = 5.56 and 10.74 diffraction peaks were observed for
the 3NCLG assembly. Considering the structural similarity of
the three NCLG molecules, we speculated that the first diffrac-
tion peak for 3NCLG did not appear. Then the lamellar struc-
ture with a d-spacing of ≈3.20 nm was obtained for the 3NCLG
assemblies, although the order is lower than that of 2NCLG and
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Figure 4: (a) XRD patterns of the 2NCLG assembly (black), 3NCLG
assembly (red) and 4NCLG assembly (blue). (b) Proposed packing
model of the three molecules.

4NCLG. Actually, the length (L) of the NCLG compounds is
about 3.6–3.7 nm, as simulated by gaussview. The XRD pattern
revealed that the d-spacing of the lamellar structure was
3.50 nm for 2NCLG and 4NCLG and 3.20 nm for 3NCLG,
which is shorter than the length of two molecules (actually,
even less than one molecular length) (Figure 4b). This result in-
dicates that the NCLG assemblies might form a bilayer struc-
ture with high interdigitation of the alkyl chains, where the bi-
layer structure experiences a large tilt.

Fourier-transform infrared (FTIR) spectra
In order to elucidate the formation mechanism of the helicity
and nanostructures of the self-assembled molecules, FTIR spec-
troscopy was employed to evaluate the formation mechanism of
self-assembly. As shown in Figure 5, for the 2NCLG and
4NCLG assemblies, two absorption bands at ≈3330 cm−1 and
≈3284 cm−1 were observed, which can be ascribed to the N–H
stretching vibration. While for 3NCLG, the shoulder absorp-
tion band showed a red shift to ≈3328 cm−1 and the main
absorption band displayed a blue shift to ≈3302 cm−1, which
illustrated the weaker hydrogen bonding between 3NCLG mol-
ecules than that of 2NCLG and 4NCLG. The CH3 and CH2
stretching vibration bands of alkyl chains at ≈2955, 2920 and
2849 cm−1 showed no obvious change. The band at ≈1650 cm−1

was almost the same for all the three assemblies, which was
assigned to the C=O stretching vibration of the amide I. Howev-
er, the amide II band of the C–N–H bending vibration of the

Figure 5: FTIR spectra of the 2NCLG assembly (black), 3NCLG
assembly (red) and 4NCLG assembly (blue) obtained in EtOH.

2NCLG and 4NCLG assemblies was at ≈1560 cm−1, while the
band red-shifted to ≈1554 cm−1 for the 3NCLG assemblies. It
also indicated that the hydrogen bonding between 3NCLG was
weaker than the other two compounds. In addition, the absorp-
tion bands at ≈1520–1530 cm−1 and ≈1340–1350 cm−1 could be
ascribed to the antisymmetric and symmetric stretching vibra-
tion of the nitro group, respectively. The absorption bands at
≈970–980 cm−1 were assigned to trans-vinylene C–H out-of-
plane deformations and the ≈779–785 cm−1 absorption bands
were attributed to cis-vinylenene C–H out-of-plane deforma-
tions. The detailed information of the FTIR spectra is given in
Table 1.

Based on the data of FTIR spectra, we speculate that the
helicity inversion of 3NCLG nanostructures might be due to the
weak hydrogen bonding between 3NCLG molecules as com-
pared to that of 2NCLG and 4NCLG. It also caused a relatively
loose molecular packing of 3NCLG, which was also illustrated
in the XRD patterns.

Next, we tried to simulate the packing model of the three
NCLG compounds and two randomly adjacent molecules of
NCLG were extracted from their crystals. As shown in
Figure 6, it can be clearly observed that the packing model of
the 2NCLG molecules was very similar to that of the 4NCLG
molecules. Both of the molecules are misaligned in their crystal,
which indicates that the bottom molecule is not directly below
the upper one. Additionally, the length of intermolecular hydro-
gen bonds of 2NCLG and 4NCLG assemblies were found to be
1.2 Å and 2.0 Å, respectively. While for 3NCLG, the bottom
molecule is right below the upper one and the length of inter-
molecular hydrogen bonds is 2.3 Å (i.e., longer than that of
2NCLG and 3NCLG). This result further demonstrated that the
hydrogen bonding of the 3NCLG assembly was weaker than for
the 2NCLG and 4NCLG assemblies. The difference in hydro-
gen bonding eventually led to different packing of the self-
assembled molecules. The strong hydrogen bonding favored the
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Table 1: Assignment and description of FTIR absorption bands of the three NCLG assemblies.

Frequency/cm−1 Assignment and description
2NCLG 3NCLG 4NCLG

3330 3328 3330 N–H stretching vibration
3284 3298 3284 N–H stretching vibration
2957 2955 2955 CH3 asymmetric stretching vibration
2920 2920 2920 CH2 asymmetric stretching vibration
2851 2849 2849 CH2 symmetric stretching vibration
1651 1642 1650 amide I band (C–O) stretching vibration
1608 1610 1608 C=O stretching vibration in benzene ring
1561 1588 1559 amide II band (C–N–H) stretching vibration
1525 1549 1524 NO2 antisymmetric stretch vibration
1344 1325 1344 NO2 symmetric stretch vibration
979 971 979 trans-vinylene C–H out-of-plane deformation
785 779 none cis-vinylene C–H out-of-plane deformation

Figure 6: Illustration on the self-assembly mechanism of NCLG isomers.

formation of right-handed nanohelical structures, while the
opposite chirality of the left-handed superhelix of 3NCLG was
attributed to the weak hydrogen bonding in these assemblies.

Helicity inversion in self-assembly: effect of
solvent
In addition, the effect of solvent on the 3NCLG self-assembly
was also explored. The 3NCLG molecule could readily form
transparent gels in DMF and THF when the concentration was

above 8 mg/mL, while it formed a precipitate in methanol at the
same concentration, likely indicating the different self-assembly
behaviors of 3NCLG. Firstly, SEM was used to characterize the
xerogels and dried precipitate, as shown in Figure 7. As we ex-
pected, the left-handed superhelix of 3NCLG precipitated in
methanol was observed and the nanohelix (Figure 7a) further
aggregated into microspherical structures (Figure 7b), which
was likely due to the nanostructure of the ethanol assembly.
However, both DMF organogels and THF organogels consist of
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Figure 7: SEM images of the 3NCLG assembly in (a,b) MeOH, (c) DMF, and (d) THF. The concentration is 12 mg/mL.

right-handed helical nanostructures (Figure 7c and 7d). We
speculated that the opposite chirality in DMF and THF assem-
blies to that of those in ethanol and methanol was also related to
the intermolecular hydrogen bonding. Besides, 2NCLG formed
right-handed nanohelix both in DMF and THF, which is the
same as in ethanol. The 4NCLG gelator formed nanotube struc-
tures both in DMF and THF, which is different from the
nanohelix that formed in ethanol (Supporting Information
File 1, Figure S3). These results indicated that the choice of sol-
vent had a significant effect on the formed nanostructures.

To support our speculation, the 3NCLG assemblies in DMF and
THF were monitored by FTIR spectroscopy, as shown in
Figure 8. We mainly focused on the N–H stretching vibration,
the amide I stretching vibration and amide II bending vibration.
For 3NCLG assemblies obtained in DMF and THF, the main
absorption bands of the N–H stretching vibration were ob-
served at ≈3292 cm−1 which showed a red shift from
≈3328 cm−1 compared to the N–H band of 3NCLG in ethanol.
This result illustrates the stronger hydrogen bonding in 3NCLG
DMF and THF assemblies. Moreover, the amide II, C–N–H
bending vibration blue-shifted to ≈1562 cm−1 for 3NCLG in
DMF and THF compared to 3NCLG in ethanol assemblies,
which also proved that a relatively strong hydrogen bonding
exists in the 3NCLG assemblies formed in DMF and THF. This

Figure 8: FTIR spectra of the 3NCLG assembly in ethanol (black), in
DMF (red) and in THF (blue).

may be because the protic solvents ethanol and methanol could
affect the hydrogen bonding between 3NCLG molecules. The
result is that the 3NCLG self-assembled molecules obtained in
ethanol and methanol present opposite helicity to those ob-
tained in DMF and THF.

Conclusion
In conclusion, we found that the self-assembled structures of
three isomeric nitrocinnamic amide derivatives showed vari-
able helical sense depending on the substituted position of the
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Scheme 1: Synthesis scheme of the target chiral compounds 2NCLG, 3NCLG and 4NCLG.

nitro group of the cinnamic amide. This varying helical sense
occurred even though the molecular chirality of the three NCLG
molecules was derived from the same source, i.e., ʟ-glutamic
acid. At the same time, the variation in the substituted position
also led to different gelation abilities. Additionally, it was
demonstrated that the chirality of a nanostructure can also be
regulated by choice of solvents. The chiral inversion of these
nanostructures was found to be related to the intermolecular
hydrogen bonding of cinnamic amide amphiphiles.

Experimental
Chemicals and materials
N-(tert-Butoxycarbonyl)-ʟ-glutamic acid (Boc-ʟ-Glu) and
4-nitrocinnamic acid (4-NCA) were purchased from TCI.
1-Octadecylamine was bought from Alfa Aesar. 1-Hydroxy-
benzotriazole (HOBt) was purchased from dams-beta. Trans-2-
nitrocinnamic acid (2-NCA), trans-3-nitrocinnamic acid
(3-NCA) and (N-(3-dimethylaminopropyl)-N'-ethylcarbodi-
imide hydrochloride (EDC·HCl) were purchased from J&K.
Dichloromethane, sodium bicarbonate (NaHCO3) and hydro-
chloric (HCl) and were supplied by Beijing Chemical Regent
Company (China). Ethanol, N,N-dimethylformamide and tetra-
hydrofuran were bought from Xilong Scientific. Milli-Q water
(18.2 MΩ·cm) was used in all cases. All the chemicals and sol-

vents were bought from commercial suppliers and used without
further purification.

Synthesis of NCLG gelators
The synthesis and characterization of the precursors N,N’-bis-
octadecyl-ʟ-glutamic diamide (LGAm) has been reported previ-
ously [46]. 2-NCA, 3-NCA and 4-NCA (0.59 g, 3.07 mmol)
were respectively dispersed into 200 mL of dichloromethane
with N,N'-bisoctadecyl-ʟ-glutamine (LGAm; 1.0 g, 1.54 mmol).
The mixture was then stirred for 30 min. Then, 1-hydroxy-
benzotriazole (HOBt; 0.42 g, 3.07 mmol) and N-(3-dimethyl-
aminopropyl)-N'-ethylcarbodiimide hydrochloride (EDC·HCl;
0.59 g, 3.07 mmol) were added to the reaction flask. The mix-
ture was then stirred and heated under reflux for 3 days. The
solvent was removed by filtration and the residue was washed
with dichloromethane several times. The crude products were
then heated to dissolve in ethanol (50 mL) and added into
nearly saturated aqueous NaHCO3 solution (500 mL) with stir-
ring for 20 min. The sovent was then removed by filtration and
the white product was washed with water. The dried product
was dissolved in ethanol (50 mL) again by heating and the hot
solution was then poured into aqueous HCl solution (500 mL).
Finally, the dried product was purified by recrystallization four
times in EtOH/THF to obtain the target compounds: 2NCLG
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(0.71 g, 56% yield), 3NCLG (0.94 g, 74% yield) and 4NCLG
(0.90 g, 71% yield) (Scheme 1).

2NCLG: 1H NMR (500 MHz, DMSO-d6, 100 °C, TMS) δ
0.83–0.94 (t, 6H), 1.20–1.50 (m, 60H), 1.36–1.50 (m, 4H),
1.80–1.90 (m, 1H), 1.93–2.00 (m, 1H), 2.10–2.20 (m, 2H),
3.12–3.17 (m, 4H), 4.33–4.44 (q, 1H), 6.73–6.82 (d, 1H),
7.35–7.43 (s, 1H), 7.53–7.66 (m, 2H), 7.68–7.81 (m, 3H),
7.96–8.07 (m, 2H); MALDI–TOF–MS m/z: [M]+ calcd. for
C50H88N4O5, 825.26; found, [M + Li]+ 833.5, [M + Na]+

847.5.

3NCLG: 1H NMR (500 MHz, DMSO-d6, 100 °C, TMS) δ
0.83–0.93 (t, 6H), 1.19–1.50 (m, 60H), 1.36–1.50 (m, 4H),
1.78–1.90 (m, 1H), 1.93–2.04 (m, 1H), 2.10–2.19 (m, 2H),
3.03–3.17 (m, 4H), 4.34–4.44 (q, 1H), 6.90–7.00 (d, 1H),
7.34–7.44 (s, 1H), 7.50–7.60 (m, 2H), 7.62–7.74 (d, 1H),
7.90–8.02 (m, 2H), 8.14–8.22 (m, 1H), 8.34–8.40 (s, 1H);
MALDI–TOF–MS m/z: [M]+ calcd. for C50H88N4O5, 825.26
[M]+; found, [M + Li]+ 833.5, [M + Na]+ 847.5.

4NCLG: 1H NMR (500 MHz, DMSO-d6, 100 °C, TMS) δ
0.80–0.93 (t, 6H), 1.16–1.50 (m, 60H), 1.36–1.52 (m, 4H),
1.81–1.93 (m, 1H), 1.93–2.04 (m, 1H), 2.09–2.29 (m, 2H),
3.03–3.16 (m, 4H), 4.33–4.43 (q, 1H), 6.88–6.98 (d, 1H),
7.33–7.45 (s, 1H), 7.48–7.62 (m, 2H), 7.76–7.85 (d, 2H),
7.95–8.07 (d, 1H), 8.17–8.28 (d, 2H); (MALDI–TOF–MS) m/z:
[M]+ calcd. for C50H88N4O5, 825.26; found, [M + Li]+ 833.5,
[M + Na]+ 847.5.

General characterization
MALDI–TOF–MS was recorded on a Bruker Autoflex III
instrument. Nuclear magnetic resonance (NMR) was character-
ized on a Bruker AVANCE III HD 500 machine. The gel and
precipitate were cast onto single-crystal silica plates and then
coated with a thin layer of Pt after drying to increase the
contrast. After that, the morphology was observed with a
Hitachi S-4800 FE-SEM operating at an accelerating voltage of
10 kV. UV–vis spectra were recorded with a Hitachi U-3900
spectrophotometer in quartz cuvettes (light path 0.1 mm and
1 cm). CD spectra were measured with a JASCO J-810 CD
spectrophotometer in quartz cuvettes with a 0.1 mm path length
over a range of 200–800 nm. XRD analysis was performed on a
Rigaku D/Max-2500 X-ray diffractometer (Japan) with Cu Kα
radiation (λ =1.5406 Å). The operating voltage was 40 kV and a
current of 200 mA was used. The samples were cast on silicon
substrates and dried in air for XRD measurements. Fourier-
transform infrared (FTIR) spectroscopy was recorded with a
Bruker TENSOR-27 spectrophotometer. The testing range was
400–4000 cm−1 and the wavenumber resolution was 4 cm−1 at
room temperature.

Supporting Information
Supporting Information File 1
Additional experimental data.
[https://www.beilstein-journals.org/bjnano/content/
supplementary/2190-4286-10-156-S1.pdf]
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Abstract
In this work, organic–inorganic hybrid nanoarchitectures were prepared in a single coprecipitation step by assembling
magnesium–aluminum layered double hydroxides (MgAl-LDH) and a sepiolite fibrous clay, with the simultaneous encapsulation of
the herbicide 2-methyl-4-chlorophenoxyacetic acid (MCPA) as the MgAl-LDH retains its ion exchange properties. The synthetic
procedure was advantageous in comparison to the incorporation of MCPA by ion exchange after the formation of the LDH/sepio-
lite nanoarchitecture in a previous step, as it was less time consuming and gave rise to a higher loading of MCPA. The resulting
MCPA-LDH/sepiolite nanoarchitectures were characterized by various physicochemical techniques (XRD, FTIR and 29Si NMR
spectroscopies, CHN analysis and SEM) that revealed interactions of LDH with the sepiolite fibers through the silanol groups
present on the outer surface of sepiolite, together with the intercalation of MCPA in the LDH confirmed by the increase in the basal
spacing from 0.77 nm for the pristine LDH to 2.32 nm for the prepared materials. The amount of herbicide incorporated in the
hybrid nanoarchitectures prepared by the single-step coprecipitation method surpassed the CEC of LDH (ca. 330 mEq/100 g), with
values reaching 445 mEq/100 g LDH for certain compositions. This suggests a synergy between the inorganic solids that allows the
nanoarchitecture to exhibit better adsorption properties than the separate components. Additionally, in the release assays, the herbi-
cide incorporated in the hybrid nanoarchitectures could be completely released, which confirms its suitability for agricultural appli-
cations. In order to achieve a more controlled release of the herbicide and to act for several days on the surface of the soil, the
hybrid nanoarchitectures were encapsulated in a biopolymer matrix of alginate/zein and shaped into spheres. In in vitro tests carried
out in bidistilled water, a continuous release of MCPA from the bionanocomposite beads was achieved for more than a week, while
the non-encapsulated materials released the 100% of MCPA in 48 h. Besides, the encapsulation may allow for better handling and
transport of the herbicide.
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Figure 1: Schematic representations of (A) sepiolite and (B) layered double hydroxide structures, (C) molecular structure of 2-methyl-4-chlorophe-
noxyacetic acid (MCPA), and schemes of the synthesis of the hybrid MCPA-LDH/sepiolite nanoarchitectures by (D) ion exchange and (E) one-step
coprecipitation.

Introduction
Nanoarchitectonics is a definition attributed to the development
of materials with new functionalities based on a controlled
arrangement of nanoscale structural units through their mutual
interactions [1]. The term “nanoarchitectonics” coined at the
"MANA" research center (Nanoscale Materials Division of the
National Institute of Materials Science (NIMS) in Japan) is
based on five main concepts: i) controlled self-organization,
ii) chemical nanomanipulation, iii) field-induced material
control, iv) new manipulations of atoms and molecules, and
v) theoretical modeling and design [1,2]. Based on these
premises a large number of nanoarchitectonic materials have
been prepared including mesoporous solids, self-organized
block-copolymers, supramolecular materials, and macromolec-
ular systems of DNA and cells [2-5]. In this context, clay-based
nanoarchitectonic materials have been developed over the
years, starting from classical pillared clays and porous clay
heterostructures (PCH) to more innovative materials involving
the assembly of different types of nanoparticles and other
species, and clays of different origin and morphology [6-11].
There are diverse methodologies and synthesis strategies to
provide new functionalities to clays. Particularly useful for con-
structing nanoarchitectures is the use of organic–inorganic in-
terphases as those provided by organoclays [12]. Besides
typical 2D layered clays, fibrous (sepiolite, palygorskite) and
tubular (halloysite, imogolite) clays are attracting growing

interest in the development of a large variety of functional
nanomaterials and nanocomposites for application in diverse
fields [13-15].

Sepiolite (Figure 1A) is a natural hydrated magnesium silicate
with the ideal formula [Si12O30Mg8(OH,F)4](H2O)4·8H2O
[16,17], which exhibits high surface area and adsorption
capacity due to the presence of silanol groups on the external
surface of the clay fibers. These ≡SiOH groups are arranged
regularly along the structural edges of the fiber, being advanta-
geous to produce functional nanoarchitectures. Thus, in recent
years the number of publications related to the assembly of dif-
ferent types of nanoparticulated solids (e.g., metals, metal
oxides, and graphene) and sepiolite or palygorskite has in-
creased, yielding nanoplatforms useful in a large number of ap-
plications from catalysis, environmental remediation, energy
production and storage to biomedicine [14,18]. The co-assem-
bly of particles can be reached through several methods, from
the direct assembly of the clay to diverse nanoparticulated
solids to the in situ generation of nanoparticles in the presence
of the clay [14]. One of the key points in these strategies is to
reach a good disaggregation of the fibrous particles to favor the
exposition of the clay surface for the assembly with other parti-
cles, either present in the medium or in the process of growing.
Examples are the direct assembly of carbon nanotubes and sepi-
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olite under ultrasonic irradiation [19] and the generation of lay-
ered titanosilicates in the presence of sepiolite [20]. In this
context, the use of organic–inorganic interphases has proved
highly effective to facilitate the co-assembly process, which
favors the formation of more homogeneous and, in general,
better organized nanoarchitectures [12].

Layered double hydroxides (LDH), often called anionic
c l a y s ,  a r e  2 D  s o l i d s  o f  t h e  g e n e r a l  f o r m u l a
[M(II)1−xM(III)x(OH)2]x+(An−)x /n ·mH2O (Figure 1B),
consisting of positively charged brucite-like layers that are
balanced with anions and water molecules in the interlayer
space [21]. Although there also exists in nature a Mg–Al lay-
ered double hydroxide, namely hydrotalcite, LDH materials can
be easily prepared by coprecipitation from metal solutions at a
controlled pH value. This procedure and other protocols of syn-
thesis together with the possibility to stabilize solids involving a
large variety of metal ions have provided a large variety of
LDH compounds of interest in numerous applications as adsor-
bents of anionic pollutants, catalysts, additive of polymers, as
components in diverse electrochemical devices (such as super-
capacitors, sensors, and biosensors), in drug delivery and con-
trolled-release formulations, or in non-viral gene transfection
[21-26]. The fact that the stability of LDH varies with the
pH value has proved advantageous in some of the above
mentioned applications, in particular, for uses as host substrate
in the immobilization of active species (e.g., drugs, pesticides,
and DNA) for controlled-delivery applications [27-29]. LDH
have been also used in the construction of different types of
nanoarchitectonic materials. The used strategies included wet
impregnation and layer-by-layer approaches to produce diverse
type of multilayer heterostructures, e.g., ZnCr-LDH/TiO2 films
[30], in situ formation of the LDH in presence of other nanopar-
ticles, e.g., sepiolite [31], and reconstruction of the LDH from
parent “layered double oxides” in the presence of diverse
species, e.g., silica nanoparticles [32].

Nanoarchitectonic materials involving the growth of LDH
nanoparticles in the presence of fibrous clay silicates were
patented several years ago [33]. Direct co-assembly of already
formed particles of each component does not produce true
nanoarchitectonic materials. Hence, it is necessary to grow the
LDH in the presence of the fibrous clay [31]. In fact, the pres-
ence of silanol groups along the external surface of the silicate
fibers act as anchoring points at which the LDH grows, forming
LDH particles with their characteristic sandrose structure sur-
rounding the clay fibers [31]. The resulting materials may show
dual ion exchange behavior due to the anion and cation
exchange properties of LDH and sepiolite components, respec-
tively. This type of nanoarchitectonic materials could be of
interest as adsorbents for the removal of pollutants from water,

for instance dyes [31] and, As(III) and As(V) species [34].
Moreover, they could be used as precursors for supported
metal-oxide nanoparticles that could be of interest in catalysis
[31]. MgAl-LDH/sepiolite nanoarchitectures have been also
satisfactorily tested as nanofiller in Nafion membranes for fuel-
cell applications [35]. With these premises, the current aim is to
ascertain if it is possible to develop organic–inorganic hybrid
materials using LDH-sepiolite nanoarchitectonic materials, as
the presence of an organic counterpart could be of interest for
introducing additional functionalities. Thus, in this first work,
we have explored the incorporation of an anionic molecule, the
herbicide 2-methyl-4-chlorophenoxyacetic acid (MCPA,
Figure 1C), as it is expected to easily associate with the LDH.
The resulting materials showed MCPA release properties that
allow for the application of these systems for the controlled
delivery of this herbicide. Hybrid nanoarchitectures were pre-
pared profiting from the anion exchange properties of the
MgAl-LDH/sepiolite and also by coprecipitation of the MgAl-
LDH in the presence of an aqueous dispersion of sepiolite in
which MCPA was also present. Differences in composition,
structure and release behavior between the developed hybrid
nanoarchitectures prepared by the two methods were examined
and analyzed. In view to apply these materials in agriculture,
the efficiency of formulations based on the hybrid nanoarchitec-
tures was explored in in vitro tests of MCPA release,
confirming the improvement of retention properties. For a better
control in the MCPA release, the hybrid nanoarchitectures were
also combined with mixtures of alginate–zein biopolymers [36]
to improve the retention properties.

Results and Discussion
MCPA-LDH/sepiolite hybrid nanoarchitec-
tures
The preparation of MgAl-LDH/sepiolite (LDH/Sep) hybrid
nanoarchitectures was firstly achieved by ion exchange of
MCPA herbicide anions with the chloride ions present in
LDH/Sep nanoarchitectures previously prepared following the
protocol reported elsewhere by Gomez-Avilés et al. [31]
(Figure 1D). XRD patterns (Figure 2A) of both nanoarchitec-
tures, as prepared and after the ion exchange reaction, showed
the most intense peaks in the patterns of the pure sepiolite and
the LDH. The differences in the position of the most intense
peak ascribed to the LDH in the neat nanoarchitectures and
most of the hybrid nanoarchitectures confirm the intercalation
of MCPA in the LDH supported on the sepiolite fibers. The
d(003) reflection is shifted towards lower 2θ angles, resulting
from an increase of the basal spacing from 0.77 to 2.15 nm,
with values similar to those observed when MCPA is interca-
lated in the LDH [37,38]. FTIR spectra (Figure 2B) shows
bands ascribed to the organic component in all of the hybrid
nanoarchitectures, although, as occurs in the MCPAie-LDH
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Figure 2: (A) XRD patterns and (B) FTIR spectra of individual components (sepiolite, LDH, and MCPA), MCPAie-LDH intercalation compound and the
neat LDH/Sep and MCPAie-LDH/Sep hybrid nanoarchitectures.

Table 1: Amounts of MCPA in mEq/100 g of the hybrid and materials prepared by the ion exchange method.

sample LDH/Sep real ratio MCPA-LDH/Sep real ratio mEq of MCPA/100 g of LDH

MCPAie-LDH — — 278
MCPAie-LDH/Sep1:1_150C 0.94:1 0.90:1 269
MCPAie-LDH/Sep0.5:1_150C 0.47:1 0.45:1 325
MCPAie-LDH/Sep0.3:1_150C 0.28:1 0.27:1 452

intercalation compound, interactions with the inorganic sub-
strate modified the position of the bands. This affects specially
to the very intense bands at 1748 and 1707 cm−1 assigned to the
νC=O vibration modes of the carboxylic group of MCPA, which
are not observed in the spectra of both the MCPAie-LDH and
the MCPAie-LDH/Sep1:1_150C hybrids (Figure 2B). They are
shifted towards lower wavenumbers expected at around
1610 cm−1 (symmetric and asymmetric stretching vibration of
ionized COO− groups) [39] as the carboxylic group should be
present as carboxylate. In fact, the spectra show a large band in
the range of 1630–1600 cm−1 due to the overlap of such bands
with the one ascribed to δHOH vibration modes of water mole-
cules adsorbed on the inorganic solids that appear at around
1630 cm−1 [40]. In addition around 1360 and 1365 cm−1, in the
initial LDH and in the MCPAie-LDH, a possible contamination
with carbonate ions during the preparation of the materials is
observed (Figure 2B) [41].

The amounts of MCPA present in each nanoarchitecture were
determined by elemental chemical analysis (CHN) and
expressed in relation to the amount of LDH present in the
nanoarchitectures (Table 1). The expected anion exchange

capacity (AEC) of the LDH is around 330 mEq/100 g LDH, and
so the content in MCPA in the MCPAie-LDH intercalation
compound suggests the ion exchange process is incomplete in
the adopted experimental conditions. The content of MCPA in
the MCPAie-LDH/Sep1:1_150C hybrid nanoarchitecture is sim-
ilar to that of the MCPAie-LDH hybrid. However, the expected
content for a complete ion exchange is reached in the MCPAie-
LDH/Sep0.5:1_150C material. This effect could be ascribed to
a lower degree of agglomeration of the LDH particles grown on
the sepiolite fibers in the nanoarchitecture with lower content in
LDH, which may favor a faster ion exchange reaction. In fact,
in MCPAie-LDH/Sep0.3:1_150C, in which the sepiolite fibers
are less covered, the amount of MCPA surpassed the ion
exchange capacity of the LDH. This fact might be related to
interaction of MCPA anions with hydrogen atoms of the silanol
groups on the surface of sepiolite, acting as new points for
MCPA adsorption. In fact, sepiolite may adsorb MCPA up to
approx. 100 mg of MCPA per gram of sepiolite (see Figure S1,
Supporting Information File 1).

Figure 3 shows images obtained by FE-SEM and TEM from the
neat sepiolite and from the hybrid nanoarchitectures. The
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Figure 3: FE-SEM images of (A) sepiolite, (B) LDH/Sep1:1_150C and (C) MCPAie-LDH/Sep1:1_150C nanoarchitectures; TEM images of
(D) LDH/Sep0.5:1_150C, and the LDH/Sep1:1_150C nanoarchitecture (E) before and (F) after the ion exchange treatment with MCPA.

FE-SEM images show that the sepiolite fibers appear covered
and compacted after the coprecipitation process to produce the
corresponding nanoarchitecture. The aspect of the as prepared
material and the material recovered after the intercalation of
MCPA in the LDH component does not vary significantly. This
fact is confirmed by TEM (Figure 3E,F), where it is possible to
distinguish the presence of small flat particles attached to the
fibers in both nanoarchitectures. These images also confirm that
the ion exchange treatment is in fact a topotactic intercalation
process that does not affect the nature of the LDH/sepiolite
nanoarchitecture, confirming also the stability of this type of
materials. In addition, FE-SEM and TEM images (Figure S2,
Supporting Information File 1) show that the starting LDH and
the MCPAie-LDH material exhibit small and uniform particles
around 100 nm in diameter.

MCPA-LDH/sepiolite hybrid
nanoarchitectures prepared via
coprecipitation
MCPA-LDH intercalation compounds can be also produced by
coprecipitation of the LDH in the presence of sepiolite and
MCPA. The high pH value during the formation of MgAl-LDH
facilitates the incorporation of MCPA as charge-compensating
interlayer anion. The amount of adsorbed MCPA varies with
the LDH/sepiolite ratio in the hybrid nanoarchitecture. Unex-
pectedly, large amounts of MCPA are taken up when the

amount of LDH is reduced (Table 2). Moreover, it seems that
the presence of large amounts of MCPA is accompanied by a
lower yield of assembled LDH particles in the nanoarchitecture,
which can be reduced to half for nanoarchitectures with a theo-
retical LDH/sepiolite composition of 0.5:1. In most of the pre-
pared hybrid nanoarchitectures, the amount of MCPA exceeds
the anionic exchange capacity of the LDH (ca. 330 mEq/100 g),
which suggests that a part of the MCPA is adsorbed by another
mechanism, perhaps on the external surface of the sepiolite clay
or in interaction with the clay and the LDH particles. We have
confirmed that at the pH value used in the synthesis process
there is no precipitation of Al-MCPA or Mg-MCPA salts, al-
though at lower pH values it is possible to produce precipitates
in the presence of Al3+ ions. As reported in previous studies
[42] and mentioned above, it has been demonstrated that sepio-
lite does not absorb large amounts of MCPA. However, we
have observed that the adsorption of MCPA on sepiolite in-
creases in the presence of Mg2+ and Al3+ salts at pH values
below those required for the precipitation of the LDH (Table
S1, Supporting Information File 1). This might occur during the
coprecipitation of the LDH in the presence of MCPA. Given
that this synthesis involves an organic molecule, the hybrid
nanoarchitectures were heat-treated at 150 °C as in [31], and
also at a lower temperature of 60 °C. Both thermal treatments
resulted in similar materials, showing that lower temperatures
could be used when less stable organic molecules are involved.
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Table 2: LDH yield, LDH/Sep ratio and amount of MCPA incorporated in the hybrid nanoarchitectures prepared via coprecipitation.

sample LDH yield (%) LDH/Sep real ratio mEq MCPA/100 g LDH

MCPA-LDH 89.7 — 303
MCPA-DH/Sep2:1_60C 84.0 1.68:1 336
MCPA-LDH/Sep2:1_150C 82.0 1.64:1 356
MCPA-LDH/Sep1:1_60C 81.0 0.81:1 385
MCPA-LDH/Sep1:1_150C 78.0 0.78:1 421
MCPA-LDH/Sep0.5:1_60C 78.0 0.39:1 433
MCPA-LDH/Sep0.5:1_150C 77.0 0.38:1 445
MCPA-LDH/Sep0.3:1_60C 54.4 0.18:1 1266
MCPA-LDH/Sep0.3:1_150C 41.4 0.19:1 1180

Figure 4: XRD patterns of hybrid nanoarchitectures prepared by
coprecipitation of MgAl-LDH in the presence of sepiolite and MCPA at
different theoretical LDH/sepiolite ratios (x:1).

XRD patterns of the hybrid nanoarchitectures (Figure 4) con-
firmed that in all cases MCPA is intercalated in the interlayer
space of the coprecipitated LDH, as indicated by the presence
of the d(003) reflection peak characteristic of the LDH struc-
ture at a 2θ angle around 4.5°. From that reflection, basal
spacing values of 2.32 nm are deduced in the LDH present in
the hybrid nanoarchitectures, which is similar to that deter-
mined in MCPA-LDH intercalation compounds prepared by
both ion exchange and coprecipitation. The structure of sepio-
lite is maintained in all samples, independent of the proportion
of LDH, while the most intense peak of the LDH decreased in
intensity at the same time that the proportion of LDH/sepiolite
is lowered. In addition, the LDH peaks d(110) and d(113) are
observed in all the nanoarchitectures formed, confirming the
formation of the LDH structure for all the studied LDH/sepio-
lite ratios.

The formation of true hybrid nanoarchitectures was confirmed
by infrared and NMR spectroscopy. For this purpose, the spec-

tral region of the OH vibration bands of the Si–OH and
Mg–OH groups was analyzed in detail. These bands appear at
approximately 3720 and 3680 cm−1, respectively, in the IR
spectrum of pure sepiolite [43]. The band attributed to the OH
vibration of the Mg–OH groups is observed in the hybrid
nanoarchitectures with apparently the same intensity. In
contrast, the intensity of the band at 3720 cm−1 associated with
vibrations of Si–OH groups is attenuated in the hybrid nanoar-
chitectures, indicating that part of those silanol groups are in
interaction with other species as observed in other modifica-
tions of sepiolite [44-47]. This perturbation originates from
hydrogen interactions between the silanol groups of the silicate
and LDH particles, inducing a shift of the associated IR band
towards lower frequencies. In fact, the band practically
becomes imperceptible, mainly in the MCPA-LDH/Sep hybrid
nanoarchitectures after thermal treatment at the highest temper-
ature (Figure 5A). Also, this band is not observed in samples
containing the highest proportions of LDH with respect to sepi-
olite, where the LDH particles may be completely covering the
sepiolite fibers. The chemical interactions between the LDH
and sepiolite components in the LDH/Sep hybrid nanoarchitec-
tures prepared by coprecipitation were also corroborated by
29Si MAS NMR (Figure 5B). As previously reported [31], the
spectrum of MgAl-LDH/Sep is different from that of pure sepi-
olite. The spectrum of neat sepiolite shows three Q3 signals and
one Q2 signal. The latter one is associated with the silanol
groups [48]. In the spectra of the MCPA-LDH/Sep0.5:1_60C
and MCPA-LDH/Sep0.5:1_150C hybrid nanoarchitectures the
Q3 signals are slightly shifted to values around −92.3, −94.8
and −98.4 ppm, while the Q2 signal is practically not detected
(Figure 5B). In addition, a new Q3 signal, is observed at
−96.6 ppm, which could be associated with a new type of Si
environment coming from the condensation of the silanol –OH
groups on the surface of the sepiolite fibers with the hydroxy
groups of the co-precipitated LDH particles, as previously re-
ported for neat LDH/sepiolite nanoarchitectures [31]. The small
differences observed in the FTIR and NMR spectra of hybrid
nanoarchitectures prepared by consolidation at 60 and 150 °C
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Figure 5: (A) FTIR (3800 to 3600 cm−1 region) and (B) 29Si MAS NMR spectra of neat sepiolite and hybrid nanoarchitectures prepared by coprecipi-
tation of the MgAl-LDH in the presence of sepiolite and MCPA at different theoretical LDH/sepiolite ratios (x:1).

indicate the high stability of the prepared materials after both
thermal treatments. This confirms the possibility of consoli-
dating the hybrid nanoarchitectures at mild temperatures below
150 °C. FTIR spectroscopy also confirms the incorporation of
MCPA through interaction with the LDH (Figure S3, Support-
ing Information File 1), as discussed for the hybrid nanoarchi-
tectures prepared by ion exchange.

The FE-SEM images of the MCPA-LDH/Sep hybrid nanoarchi-
tectures (Figure 6) confirm that sepiolite fibers are covered by
LDH nanoparticles, which are more agglomerated in the hybrid
nanoarchitectures containing higher amounts of LDH. In the
structures with lower LDH content, the layered solid grows in
particles of smaller size and TEM images clearly confirm that
they remain attached to the silicate fibers (Figure 6F).

In vitro release of MCPA in water
The release of MCPA from the hybrid nanoarchitectures was
evaluated in in vitro tests in deionized water (pH approx. 5.5),
simulating the conditions of rain. The kinetics of the release
depends on the nanoarchitecture composition (Figure 7), but in
all cases an initial fast release is observed, followed by another
zone showing slower kinetics. These two regimes could be due
to the initial release of more accessible MCPA, most likely
related to interparticle diffusion, while the second zone could be

due to diffusion of the intercalated herbicide molecules. The
MCPA-LDH system showed the slowest release of MCPA, with
around 35% lixiviated from the inorganic host after 8 h, being
this value similar to those found for the release from MCPAie-
LDH [49]. Other studies reported a complete release of the
herbicide in a similar time [50]. In contrast, the release from the
MCPAie-LDH/Sep1:1_150C hybrid nanoarchitecture, where the
MCPA was incorporated by ion exchange showed a very rapid
release, with practically 75% of the MCPA leached after the
first 8 h. This result clearly confirms that the presence of the
LDH as small nanoparticles attached to the fibrous clay may
favor a rapid release of the intercalated species. In the hybrid
nanoarchitectures prepared by coprecipitation and the same
LDH/sepiolite ratio the release is slower. The slowest release
occurred from the nanoarchitecture consolidated at 60 °C. A
similar trend was observed when comparing the release from
coprecipitated hybrid nanoarchitectures of other compositions
consolidated at 60 and 150 °C (Figure S4, Supporting Informa-
tion File 1). There is no clear explanation yet for this behavior.
It might be ascribed to the different degree of hydration or the
presence of OH− species in the systems consolidated at lower
temperature, which determines a different mechanism of attack
of H+ to produce the degradation of the LDH and the subse-
quent release of entrapped MCPA. The fastest kinetics is ob-
served with the lowest LDH content (Figure 7 and Figure S4,
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Figure 6: FE-SEM images of (A) MCPA-LDH/Sep2:1_150C, (B) MCPA-LDH/Sep1:1_150C, (C) MCPA-LDH/Sep0.5:1_60C, (D) LDH/Sep0.5:1_150C,
and (E) MCPA-LDH/Sep0.5:1_150C hybrid nanoarchitectures prepared by coprecipitation from different LDH/sepiolite ratios; (F) TEM image of the
MCPA-LDH/Sep0.5:1_60C hybrid nanoarchitecture.

Figure 7: (A) In vitro release of MCPA from the hybrid formulations in
deionized water (pH approx. 5.5), and (B) zoom of the same graph
showing the release behavior in the first 500 min of the study.

Supporting Information File 1). This behavior is probably
related to the fact that size and aggregation state of the LDH
nanoparticles increase with the LDH content in the nanoarchi-
tecture, slowing down the kinetics of the process. The measured
release after 8 h of contact with water varies with values of
around 50% for nanoarchitectures consolidated at 60 °C (e.g.,
43 and 51% for the 1:1 and 0.5:1 LDH/Sep nanoarchitectures,
respectively) to around 70% for nanoarchitectures consolidated
at 150 °C (e.g.,  73% for MCPA-LDH/Sep1.1_150C,
Figure 7B). After 8 h the release evolves differently towards a
steady state, and after 48 h only the MCPA-LDH/Sep0.5:1_60C
system completely released MCPA. These results confirm that
the release of the herbicide from the hybrid nanoarchitectures
may be tuned by selecting the specific composition and charac-
teristics of the system, which makes them of interest for agricul-
tural purposes.

Given that the amount of initial release of MCPA in all the
formulations is quite high, the encapsulation of the hybrid
nanoarchitectures in a protective biopolymer matrix was pro-
posed to afford a better control over the release of the herbicide.
In a previous study [49], a biopolymer mixture of alginate and
zein incorporating the MCPAie-LDH hybrid prepared by ion
exchange was able to reduce the initial release of MCPA by
approximately 10–15% in the first 8 h. In the current work, the
MCPA-LDH/Sep0.5:1_60C nanoarchitecture was selected, as it
releases 100% of the herbicide after a period of 48 h. The
hybrid was dispersed in an alginate/zein matrix, with 17% of
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zein with respect to the total biopolymer mass. The mixture was
added dropwise to a CaCl2 solution to produce bionanocompos-
ite beads [36,49]. The encapsulation efficiency of the prepared
bionanocomposite material was 51.2%, similar to that of other
release systems based on the same encapsulation matrix [36].

In the bionanocomposite beads, the hydrophilicity of alginate is
reduced by the presence of zein, contributing to a better control
over the herbicide release. Figure 8 shows that release of
MCPA from the A-Z@MCPA-LDH/Sep system is slower in the
first 8 h than release from non-encapsulated systems, reaching
approx. 40% after 48 h. A continuous study of the
A-Z@MCPA-LDH/Sep0.5:1_60C formulation over 8 days was
carried out, showing a release close to 70% in the presence of
the biopolymer matrix. This result suggests that the bionano-
composite could reach 100% of MCPA release after about two
weeks.

Figure 8: (A) In vitro release of MCPA encapsulated in the
A-Z@MCPA-LDH/Sep bionanocomposite system over a period of
8 days in deionized water (pH 5.5), and (B) zoom of the same graph in
the first 48 h of release.

Conclusion
This work reports on two procedures to prepare hybrid LDH/
sepiolite nanoarchitectonic materials in which the herbicide
MCPA is intercalated in the inorganic layered compound. The

stability of the prepared MgAl-LDH/sepiolite nanoarchitec-
tures allows for the ion exchange of interlayer anions by the an-
ionic MCPA species. Moreover, it is possible to produce hybrid
MCPA-LDH/sepiolite nanoarchitectures in a single coprecipita-
tion step. This last approach allows for the incorporation of
higher amounts of MCPA than the ion exchange reaction with
the additional advantage of being less time-consuming. FTIR
and 29Si NMR spectroscopic analysis corroborated that the
LDH particles in the coprecipitated hybrid nanoarchitecture are
chemically linked to the silanol groups that cover the silicate
fibers, producing stable systems even using consolidation tem-
peratures as low as 60 °C. The developed hybrid nanoarchitec-
tures have been tested in vitro as systems for the controlled
release of the incorporated organic species MCPA. In vitro tests
carried out in deionized water showed that the herbicide release
kinetics depended on the nanoarchitecture composition and the
method of preparation. The materials with higher LHD content
showed slower release rates. The herbicide could be complete-
ly released from the hybrid nanoarchitectures, confirming their
suitability for the controlled release of pesticides in agriculture.
To better control the release process, the hybrid nanoarchitec-
tures can be encapsulated in a protective biopolymer matrix,
such as alginate–zein, which delays the complete release up to
several weeks. The presence of sepiolite in the hybrid nanoar-
chitectures could associate other active species to the formula-
tion, profiting from the high capacity of this clay to adsorb nu-
merous types of molecules. Finally, it is worthy to mention that
the coprecipitation method opens the way to the production of
other hybrid systems incorporating diverse organic and poly-
meric anionic species associated with nanometric LDH parti-
cles for controlled drug delivery and other applications.

Experimental
Starting reagents and materials
4-Chloro-2-methylphenoxyacetic acid (MCPA) was purchased
from Sigma-Aldrich (MW 200.62 g·mol−1, 97% purity). Sepio-
lite from Vallecas-Vicálvaro (Spain) was provided by TOLSA
S.A. as Pangel® S9, a commercial product of rheological grade
that contains more than 95% pure sepiolite. Zein (Z) from
maize, and alginate (A) were purchased from Sigma-Aldrich.
Absolute ethanol was supplied by Panreac. Aqueous solutions
were prepared from chemicals of analytical reagent grade:
AlCl3·6H2O (>99%, Fluka), MgCl2·6H2O (99%, Carlo Erba),
NaOH (≥98%, Fluka), ZnCl2 (>98%, Fluka). Deionized water
(resistivity = 18.2 MΩ·cm) was obtained with a Maxima Ultra-
pure Water from Elga.

Preparation of MCPA-LDH/sepiolite
nanoarchitectures
MgAl-LDH/sepiolite (LDH/Sep) nanoarchitectures were pre-
pared following the protocol described elsewhere [31]. In brief,
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a solution of MgCl2 and AlCl3 (9.34 mmol and 4.68 mmol) was
drop-wise added to a dispersion of 4 g of sepiolite in 350 mL of
deionized water at a rate of 2 mL/min, while kept under N2 flux
to assure the removal of CO2. At the same time, a solution of
1 M NaOH was added with the 800 Dosino automatic dispenser
from Metrohm in order to maintain the pH value constant at 9.
After the addition of the salts to reach LDH/sepiolite products
with 1:1, 0.5:1 or 0.3:1 theoretical weight ratio, the system was
kept under magnetic stirring under a N2 flux for 24 h. The re-
sulting LDH/Sep products were recovered by centrifugation,
washed three times with deionized water, and dried at 150 °C
under N2 flux (100 mL/min) for 3 h to consolidate the nanoar-
chitectures. For comparison, a LDH solid was prepared in the
same way but without the presence of sepiolite. The intercala-
tion of MCPA by ion exchange was performed using a solution
of the herbicide prepared by dissolving 1.5 g of MCPA in
125 mL of ionized water and adjusting its pH value to 7 with
1 M NaOH to assure the presence of the organic molecule as an
anion. This solution was slowly added to a dispersion prepared
with 0.5 g of the selected LDH/Sep nanoarchitecture, or the
LDH, in 125 mL of deionized water, with a final pH of approxi-
mately 9. The system was then kept under magnetic stirring and
N2 flux for 72 h at room temperature. Subsequently, the solid
was recovered by centrifugation, washed three times with water
and dried at 60 °C overnight. The resulting materials were
labeled as MCPA ie-LDH, MCPA ie-LDH/Sep1:1_150C,
M C P A i e - L D H / S e p 0 . 5 : 1 _ 1 5 0 C  a n d  M C P A i e -
L D H / S e p 0 . 3 : 1 _ 1 5 0 C .

In the same way, MCPA-LDH/sepiolite hybrid nanoarchitec-
tures were prepared in one step by coprecipitation of the MgAl-
LDH in presence of both sepiolite and MCPA. LDH formed on
the surface of sepiolite fibers with intercalated herbicide anions
instead of Cl− ions. To this end, 4 g of sepiolite and 2.5 g of
MCPA were dissolved in 350 mL of decarbonated deionized
water. Again, the solution of MgCl2 and AlCl3 was varied in
order to obtain hybrid nanoarchitectures with 2:1, 1:1, 0.5:1 and
0.3:1 theoretical LDH/Sep weight ratio. After the addition of
the salts, the system was kept under magnetic stirring and N2
flux for 24 h. The solid was washed and recovered by centrifu-
gation and then subjected to a controlled heat treatment at 60 or
150 °C for 3 h under air flow (100 mL/min) to consolidate the
nanoarchitectures prepared from MCPA-LDH/Sep. The hybrid
nanoarchitectures were labeled as MCPA-LDH/Sep2:1_60,
MCPA-LDH/Sep2:1_150C, MCPA-LDH/Sep1:1_60C, MCPA-
LDH/Sep1:1_150C, MCPA-LDH/Sep0.5:1_60C and MCPA-
LDH/Sep0.5:1_150C, MCPA-LDH/Sep0.3:1_60C and MCPA-
LDH/Sep0.3:1_150C. Following a similar protocol, the LDH
was also coprecipitated in the presence of only MCPA to
produce the corresponding MCPA-LDH intercalated material,
which in this case was dried at 60 °C.

Preparation of alginate–zein
bionanocomposite beads
Alginate/zein beads were prepared following the following pro-
cedure adapted from Alcântara and co-workers [36]: i) The re-
quired amount of alginate to achieve a final total concentration
of 2% in biopolymers was dissolved in 83 mL of water previ-
ously heated at 60 °C; ii) the required amount of zein (17% of
the total biopolymer mass) and 34 mg of MCPA or the required
amount of the MCPA-LDH or MCPA-LDH/Sep hybrids con-
taining 34 mg of MCPA were incorporated into 20 mL of
ethanol–water (80%,v/v); iii) the mixture was homogenized,
and then slowly added to an alginate solution under magnetic
stirring for approximately 30 min; iv) the formed gel was
poured with a burette into a 5% CaCl2 solution to form the bio-
nanocomposite beads, which were kept under constant stirring
for 15 min. At the end of the process, the beads were washed
with deionized water to remove residual Ca2+ ions and finally
dried at 40 °C overnight. In this way, the following
alginate–zein (A-Z) bionanocomposite beads were prepared:
A-Z@MCPA-LDH and A-Z@MCPA-LDH/Sep0.5:1_60C, in-
corporating the intercalation compound or the hybrid nanoarchi-
tecture, respectively.

Characterization
Powder X-ray diffraction (XRD) data were collected on a
Bruker D8 Advance diffractometer using a Cu Kα source, with
a 2θ scan step of 2°·min−1 between 2 and 70°. The amount of
the MCPA herbicide incorporated into the MCPA-LDH interca-
lation compounds and the MCPA-LDH/Sep hybrid nanoarchi-
tectures was determined by CHN elemental chemical analysis
using a LECO-CHNS-932 analyzer. Fourier transform infrared
spectra (FTIR) were recorded from 4000 to 400 cm−1 with
2 cm−1 resolution in a Bruker IFS 66V-S spectrometer. Sam-
ples were prepared as pellets diluted in KBr or as pure samples
pressed to form a tablet. 29Si solid-state MAS spectroscopy at
79.49 MHz was carried out on a BRUKER AV-400-W spec-
trometer equipped with a 4 mm MAS NMR probe, with the
samples rotating at a rate of approximately 10 kHz and using a
π/2 pulse of recycle delay of 5.9 μs and 5.0 s. Chemical shifts
are referenced to tetramethylsilane (TMS) at δ = 0 ppm. Sur-
face morphology of the samples was studied with the field-
emision scanning electronic microscope (FE-SEM) FEI-NOVA
NanoSEM 230, and TEM images were performed on a JEOL
2100F STEM 200 kV microscope.

Release of MCPA in water
The release of MCPA from the MCPA-LDH hybrid, MCPA-
LDH/Sep nanoarchitectures and the A-Z bionanocomposite ma-
terials was performed in 100 mL deionized water at pH 5.5,
with the addition of the required quantity of material to provide
20 mg of MCPA. The experiment was maintained at room tem-
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perature under slow magnetic stirring. At predetermined times,
aliquots of 3 mL were analyzed and evaluated by UV spec-
trophotometry at 279 nm [51] to determine the concentration of
the released herbicide. After the analysis, the collected solution
was returned to the initial solution to keep the volume constant.
All experiments were performed in triplicate.

Supporting Information
Supporting Information File 1
Additional experimental data.
[https://www.beilstein-journals.org/bjnano/content/
supplementary/2190-4286-10-163-S1.pdf]
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Abstract
Crystalline poly- and oligosaccharides such as cellulose can form extremely robust assemblies, whereas the construction of self-
assembled materials from such molecules is generally difficult due to their complicated chemical synthesis and low solubility in
solvents. Enzyme-catalyzed oligomerization-induced self-assembly has been shown to be promising for creating nanoarchitectured
crystalline oligosaccharide materials. However, the controlled self-assembly into organized hierarchical structures based on a
simple method is still challenging. Herein, we demonstrate that the use of organic solvents as small-molecule additives allows for
control of the oligomerization-induced self-assembly of cellulose oligomers into hierarchical nanoribbon network structures. In this
study, we dealt with the cellodextrin phosphorylase-catalyzed oligomerization of phosphorylated glucose monomers from ᴅ-glucose
primers, which produce precipitates of nanosheet-shaped crystals in aqueous solution. The addition of appropriate organic solvents
to the oligomerization system was found to result in well-grown nanoribbon networks. The organic solvents appeared to prevent ir-
regular aggregation and subsequent precipitation of the nanosheets via solvation for further growth into the well-grown higher-
order structures. This finding indicates that small-molecule additives provide control over the self-assembly of crystalline oligosac-
charides for the creation of hierarchically structured materials with high robustness in a simple manner.
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Introduction
Nanoarchitectonics is an emerging concept based on nanotech-
nology and other scientific fields, such as supramolecular chem-
istry, for constructing functional materials and systems in a
bottom-up manner with the harmonization of mutual interac-
tions [1-11]. Such harmonized mechanisms are found ubiqui-
tously in biological systems consisting of a huge number of
components; biomolecules, such as DNAs and peptides, and
even living cells have therefore attracted considerable attention
in nanoarchitectonics [1,4,11]. Achievements include nanopat-
terning [12], drug delivery [13], molecular sensing [14],
nanodevices [15,16], and cell architectures [17,18]. On the
other hand, crystalline poly- and oligosaccharides, such as
cellulose and chitin, lag behind in nanoarchitectonics despite
the superiority of their assemblies in terms of physicochemical
stability and mechanical properties [19,20]. Plausible reasons
are their complicated chemical synthesis [21] and low solu-
bility in solvents [22,23], which prevent crystalline poly- and
oligosaccharides from undergoing controlled self-assembly into
ordered nanostructures in vitro. Nevertheless, naturally derived
nanostructures (called nanocellulose [19,24,25] and nanochitin
[20,26]) have demonstrated a robustness that makes them
attractive for a wide range of applications. Therefore, the use of
crystalline poly- and oligosaccharides as molecular building
blocks has the potential to open new horizons in nanoarchitec-
tonics.

Oligomerization-induced self-assembly is a promising method
for overcoming the above issues (i.e., the complicated chemical
synthesis and the low solubility in solvents) with crystalline
oligosaccharide nanoarchitectonics [21,27,28]. For example, the
cellulase-catalyzed oligomerization of β-ᴅ-cellobiosyl fluoride
monomers [29] and the cellodextrin phosphorylase (CDP)-cata-
lyzed oligomerization of α-ᴅ-glucose 1-phosphate (αG1P)
monomers from ᴅ-glucose [30,31] and cellobiose [32,33]
primers have been demonstrated, where the synthesized cellu-
lose oligomers (also known as cellodextrin) self-assemble in
situ into unique nanostructures. In addition to the plain cellu-
lose oligomer, cellulose oligomer derivatives bearing azido
[34], alkyl [35], oligo(ethylene glycol) [36], vinyl [37,38], and
amino [39,40] groups at the terminal have been successfully
synthesized by using glucose derivatives as primers for the
CDP-catalyzed oligomerization. By exploiting those enzyme-
catalyzed oligomerization systems, various nanostructures, in-
cluding nanofibrous assemblies [41], rectangular nanosheet-
shaped lamellar crystals [30,31,39,42], distorted nanosheets
with a bilayer structure [35], helical nanorods with a bilayer
structure [35], and network structures composed of nanoribbon-
shaped lamellar crystals [33,42-46] have been successfully
constructed by changing the enzymatic reactions, tuning the
self-assembly kinetics, introducing terminal functional groups,

and using additives. Among them, the strategy using additives
has the advantages of versatility and convenience. Polymers
[43,44] and colloidal particles [45] were shown to be useful ad-
ditives. However, the potential of small-molecule additives for
controlling the oligomerization-induced self-assembly of cellu-
lose oligomers has yet to be investigated systematically, even
though many more candidates are available for small molecules
than for polymers and colloidal particles.

Herein, we show the formation of nanoribbon networks
composed of crystalline cellulose oligomers via oligomeriza-
tion-induced self-assembly assisted by organic solvents, which
are widely used typical small molecules. The CDP-catalyzed
oligomerization from ᴅ-glucose primers, which is known to
produce rectangular nanosheets as precipitates in aqueous solu-
tion (Figure 1) [30,31], was used in this study. The oligomeriza-
tion system in mixtures of an aqueous buffer solution and
appropriate organic solvents was found to result in nanoribbon
network structures for gel formation (Figure 1). It was sug-
gested that the precipitation of the nanosheets was prevented
effectively via solvation with the organic solvents through
hydrogen bonding, allowing the formation of well-grown
higher-order structures (i.e., nanoribbon networks). The obser-
vation demonstrates the significant effect of small-molecule ad-
ditives for controlling the self-assembly of cellulose oligomers
for the creation of hierarchically structured materials in a simple
manner. This study will open a new scientific or technological
world of nanostructured cellulose oligomers, which is different
from that of naturally derived cellulosic materials [47-50].

Results and Discussion
Four kinds of common water-miscible organic solvents,
namely, dimethyl sulfoxide (DMSO), N,N-dimethylformamide
(DMF), acetonitrile (MeCN), and ethanol (EtOH), with differ-
ent characteristics were used in this study. We addressed the
CDP-catalyzed oligomerization from ᴅ-glucose primers, where
the precipitated nanosheets are produced in aqueous solution
[30,31]. The oligomerization reaction was conducted in the
presence of organic solvents (5–25 vol %), while other
conditions, such as αG1P monomer concentration (0.2 M),
ᴅ-glucose primer concentration (0.05 M), CDP concentration
(0.2 U mL−1), temperature (60 °C), and incubation time (72 h),
were as described in previous reports [31,42]. After the reac-
tion, colorless solid products were observed in the solutions
with relatively low organic solvent concentrations, suggesting
the successful synthesis of water-insoluble cellulose oligomers
under those conditions (Figure 2). Remarkably, the reaction
mixtures with 10–20 vol % DMSO and 10 vol % EtOH
were found to be in gel states after the reaction (Figure 2,
photographs with yellow background).
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Figure 1: Reaction scheme of the CDP-catalyzed oligomerization and schematic illustrations of cellulose oligomer assemblies produced in aqueous
buffer solutions and in mixtures of an aqueous buffer solution and appropriate organic solvents.

Figure 2: Photographs of the reaction mixtures with organic solvents after the CDP-catalyzed oligomerization reaction. The blue, yellow, and white
backgrounds denote the precipitate state, gel state, and trace amount of the products, respectively.

The apparent turbidity of the reaction mixtures decreased with
increasing organic solvent concentrations for each organic sol-
vent species (Figure 2). The observations were simply due to a
reduction in the conversion of αG1P monomer into insoluble
products (Figure 3), which was estimated from the insoluble
product weights and the average degree of polymerization ( )

values calculated from the matrix-assisted laser desorption/
ionization time-of-flight (MALDI–TOF) mass spectra (see
below). To check the possible denaturation of CDP by the
organic solvents as an explanation for the decreased monomer
conversions, circular dichroism (CD) spectra of CDP solutions
containing 10 vol % MeCN or EtOH were measured after incu-
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Figure 4: CD spectra of CDP in 8 mM phosphate buffer solution containing 10 vol % MeCN or EtOH after incubation at 60 °C for (a) 6 and (b) 72 h.

Figure 3: The αG1P monomer conversion into insoluble products with
organic solvents.

bation at 60 °C (Figure 4). Note that the light absorption of
DMSO and DMF made the CD spectroscopy measurement
impossible under the same conditions. Although incubation
with the organic solvents for 6 h hardly affected the CD spectra
(Figure 4a), incubation for 72 h led to a change in the spectra
(Figure 4b), showing a change in the secondary structure of
CDP. These results indicate that CDP was denatured gradually
by the organic solvents during the oligomerization reaction,
leading to decreasing enzymatic reaction rates for lower mono-
mer conversions. On the other hand, although MeCN and EtOH
caused different αG1P monomer conversions (Figure 3), they
caused a similar change in the CD spectra of CDP. Each
organic solvent species may lead to the denaturation of CDP in
a different manner, while the difference could not be revealed

by CD spectroscopy. Moreover, the organic solvents might
affect the interaction between CDP and the substrates/products.

The chemical structure of the products was analyzed by
1H NMR spectroscopy and MALDI–TOF mass spectrometry.
The NMR spectra of the representative products showed proton
signals for cellulose oligomers (Figure 5). In addition, the mass
spectra further revealed the successful synthesis of cellulose
oligomers (Figure 6). The  values were calculated from both
kinds of spectra to be 8–10, slightly lower than that of the
oligomers synthesized in aqueous solution (i.e., 10) [31,42],
depending on the organic solvent species and their concentra-
tions (Table 1). The slight decrease in  with the organic sol-
vents was mainly attributed to the lower enzymatic reaction
rates; a slower reaction would decrease the number of propaga-
tion steps for each molecular chain before solidification. Other
factors, however, appeared to affect the  (e.g., 10 vol %
MeCN caused a relatively low monomer conversion yet a rela-
tively high , Figure 3 and Table 1). In addition, the popula-
tion standard deviations (PSDs) of DP were calculated from the
mass spectra and showed a trend of decreasing polydispersity
with decreasing  (Table 1), similar to the oligomerization in
aqueous solution [42]. Although these results revealed a slight
variation in the  and polydispersity, our previous studies
suggested that  and polydispersity are not the dominant
factors in the assembled structure of cellulose oligomers in the

 range of 7–10 [33,43-46]. Therefore, the gelation was
considered not to be caused directly by the change in the DP, as
discussed further below.

The crystal structure of the representative products was
analyzed by X-ray diffraction (XRD) measurements and attenu-
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Figure 5: 1H NMR spectra of the products with DMSO, DMF, and EtOH. The peaks with * are derived from the residual organic solvents.

Table 1: Summary of CDP-catalyzed oligomerization reaction with organic solvents.

organic solvent state of product PSD of DP allomorph %χc

species concentration
(vol %)

(inversion test) (NMR) (MALDI–TOF
mass)

(MALDI–TOF
mass)

(XRD and/or
ATR-FTIR)

(XRD)

no organic solvent 0 precipitate [31,42] 10 [31,42] 9 1.9 cellulose II [31,42] 52 [42]
DMSO 5 precipitate – 9 1.4 – –
DMSO 10 gel 8 8 1.2 cellulose II 60
DMSO 15 gel – 8 1.1 – –
DMSO 20 gel 8 8 1.0 cellulose II 64
DMSO 25 trace amount of

product
– 8 1.1 – –

DMF 10 precipitate 9 9 1.6 cellulose II –
MeCN 10 precipitate – 10 1.9 – –
EtOH 10 gel 9 9 1.3 cellulose II 62

ated total reflection Fourier-transform infrared (ATR-FTIR)
absorption spectroscopy. The XRD profiles showed three peaks
at 2θ (θ is the Bragg angle) of 12.2, 19.9, and 22.1° (Figure 7),
which corresponded to  110, and 020 of the cellulose II
allomorph, respectively [30]. In addition, the ATR-FTIR
absorption spectra showed two characteristic peaks for the
intrachain hydrogen-bonded hydroxyl groups in the cellulose II
allomorph [51] at approximately 3441 and 3490 cm−1

(Figure 8). The cellulose II allomorph is the most stable allo-
morph of cellulose [19] and is typical of the cellulose oligomer
assemblies formed in aqueous solution [31,42]. The degree of
crystallinity (χc) values of the gelled products were calculated
from the XRD profiles and found to be higher than those of the
products in aqueous solution [42] (Table 1). The higher crys-
tallinity with the organic solvents was attributed to the lower
polydispersity in the DP, which would decrease the amount of

the amorphous-like assembled structures of the terminal
residues of relatively long oligomer chains [42]. In other words,
a higher uniformity of the chain lengths leads to higher integrity
of the crystals.

Scanning electron microscopy (SEM) was used to uncover the
nanomorphology of the gels. The images revealed a well-grown
network structure composed of nanoribbon-shaped fibers
(Figure 9), which were similar in shape to lamellar crystals of
cellulose oligomers [42,52-54]. According to our examination,
the cross-linking of the nanoribbons was apparently based on
their physical contact, possibly through the hydrophobic effect
and hydrogen bonding. We previously demonstrated
nanoribbon network formation via oligomerization-induced
self-assembly under macromolecular crowding conditions
[43,44], which represent a solution state with high macromolec-
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Figure 6: MALDI–TOF mass spectra of the products with (a) DMSO at various concentrations and (b) various organic solvents at 10 vol %. The
numbers above the peaks denote the DP values of the cellulose oligomers. The spectra show two series of peaks corresponding to cellulose
oligomers with sodium and potassium ion adducts.

Figure 7: XRD profiles of the products with organic solvents. Miller
indices for cellulose II are shown above the peaks.

Figure 8: ATR-FTIR absorption spectra of the products with organic
solvents. The numbers above the peaks denote the wavenumber.
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Figure 9: SEM images of the xerogels prepared from the gels synthesized with (a,b) 10 vol % DMSO, (c,d) 20 vol % DMSO, and (e,f) 10 vol % EtOH.

ular concentrations [55-57]. The crowding macromolecules
with high molecular weights (typically more than 20k) induced
high solution viscosity and depletion repulsion, which
prevented the nanosheet-shaped lamellar crystals from aggrega-
tion and subsequent precipitation, enabling the formation of
well-grown nanoribbon networks. On the other hand, the
organic solvents used in this study were small molecules, indi-
cating a different mechanism.

To gain insight into the mechanism underlying the nanoribbon
network formation, we focused on the Kamlet–Taft solvent pa-

rameters, which are the most comprehensive and frequently
used quantitative measure of solvent properties [58,59]. Among
the three parameters, namely, the hydrogen bond donation
ability (acidity) α, the hydrogen bond acceptor ability (basicity)
β, and the dipolarity/polarizability π*, β was found to be corre-
lated. The organic solvents with relatively high β-values were
found to induce the nanoribbon network formation (Table 2).
This finding suggests that the precipitation of the nanosheet pre-
cursors was prevented effectively via solvation with the organic
solvents mainly through hydrogen bonding from hydroxyl
hydrogen on cellulose oligomers to the organic solvents,
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Table 2: The Kamlet–Taft solvent parameters of the organic solvents
used in this study [58].

Organic solvent α β π*

DMSO 0 0.76 1.00
DMF 0 0.69 0.88
MeCN 0.19 0.40 0.75
EtOH 0.86 0.75 0.54

allowing further growth into higher-order structures (i.e.,
nanoribbon networks) in the bulk solution (Figure 10). This
proposed mechanism would be reasonable considering that, in
the case of a cellulose solvent series, β is the most significant
parameter for dissolving cellulose via a mechanism involving
interaction through hydrogen bonding with cellulose [60]. Such
an attractive interaction with additive molecules is a novel
driving force for controlling the oligomerization-induced self-
assembly of cellulose oligomers. In summary, it was shown that
organic solvents had the potential to induce the formation of
well-grown higher-order structures of crystalline cellulose
oligomer assemblies.

Figure 10: Schematic illustration of the proposed mechanism for
dispersion stabilization of the nanosheet precursors via solvation with
the organic solvents.

Conclusion
We showed that organic solvents provided control over the olig-
omerization-induced self-assembly of cellulose oligomers. The
organic solvents with relatively high β-values prevented the ir-
regular aggregation of the particulate nanostructures for the for-
mation of well-organized higher-order structures. The main
driving force was suggested to be the interaction of the organic
solvent molecules with cellulose oligomers. Therefore, the use

of more strongly interacting molecules will allow more drastic
changes in the assembled structures. Promising candidates
include cellulose-dissolving solvents, represented by ionic
liquids [23], which are known (or considered) to dissolve cellu-
lose via direct interactions. Furthermore, the introduction of
functional groups at the terminal of cellulose oligomers [34-40]
significantly expands the variety of available molecular species
that can interact with the oligomers. Consequently, the present
study serves as inspiration for controlling the self-assembly of
crystalline oligo- and polysaccharides via exploiting small-mol-
ecule additives, leading to advanced nanoarchitectonics for the
creation of hierarchically structured materials with high robust-
ness.

Experimental
Materials
αG1P disodium salt n-hydrate and 40% sodium deuteroxide
(NaOD)/deuterium oxide (D2O) solution were purchased from
Wako Pure Chemical Industries. ProteoMass MALDI–MS stan-
dard, 1% trifluoroacetic acid, MeCN used for preparing
MALDI–TOF mass spectrometry samples, 2,5-dihydroxy-
benzoic acid, and D2O were purchased from Sigma-Aldrich.
Dotite was purchased from Nisshin EM Corporation. All other
reagents were purchased from Nacalai Tesque. Ultrapure water
with a resistivity greater than 18.2 MΩ cm was supplied by a
Milli-Q Advantage A-10 apparatus (Merck Millipore) and used
throughout all experiments.

CDP-catalyzed oligomerization reaction
CDP from Clostridium thermocellum YM4 was prepared using
a genetically engineered Escherichia coli according to a
previous report [31]. For the synthesis of cellulose oligomers
with organic solvents, αG1P monomer (0.2 M) and ᴅ-glucose
primer (0.05 M) were incubated with CDP (0.2 U mL−1) in
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES;
0.5 M) buffer solutions containing organic solvents (DMSO,
DMF, MeCN, or EtOH; 5, 10, 15, 20, or 25 vol %) at 60 °C for
72 h. Note that a HEPES buffer solution (1.5 M, pH 7.5) was
used to prepare the reaction mixtures. To readily assess gela-
tion, the vials containing the mixtures after the reaction were
inverted. For SEM observations, the gelled products (1 mL)
were purified by immersion in water at 4 °C for 1 week. The
water was exchanged each day. For the other characterization
techniques, the mixtures after the reaction (0.3 mL) were sub-
jected to pipetting to obtain product dispersions. The resultant
particulate products were purified with water/organic solvent
mixtures (the organic solvent concentrations were the same as
those in the reaction mixtures) by performing at least five
centrifugation (20,400g)/redispersion cycles to remove more
than 99.999% of the soluble fraction of the reaction mixtures.
For MALDI–TOF mass spectrometry, the purified product
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dispersions were stored at 4 °C until use. For the quantification
of the insoluble products, a volume of the purified product
dispersions was dried at 105 °C for 24 h, followed by weighing.
For 1H NMR spectroscopy, ATR-FTIR absorption spectrosco-
py, and XRD measurements, as much as possible of the super-
natant after the final centrifugation was removed by pipette, fol-
lowed by adding water to the products. The resultant product
aqueous dispersions with residual organic solvents were
lyophilized and then stored at 4 °C until use.

Characterization of the products
For NMR spectroscopy, the lyophilized products were dis-
solved in 4% NaOD/D2O to obtain product solutions
(≥2% (w/v)). 1H NMR spectra were recorded on an AVANCE
III HD500 spectrometer (500 MHz, Bruker) at ambient temper-
ature and calibrated using the signal of residual water (δ = 4.79)
as an internal standard. The  was calculated using the
following equation:

(1)

where H1’,1”, H1α, and H1β are the integrals of the correspond-
ing protons (see the chemical structure of the cellulose oligomer
in Figure 5).

For MALDI–TOF mass spectrometry, the purified product
dispersions were mixed at a final concentration of 0.0033%
(w/v) with 2,5-dihydroxybenzoic acid, trifluoroacetic acid, and
MeCN at concentrations of 1.7 mg mL−1, 0.02 vol %, and
50 vol %, respectively. The mixtures were deposited on an
AXIMA 384-well plate and dried under ambient conditions. An
AXIMA-performance instrument (Shimadzu) equipped with a
nitrogen laser (λ = 337 nm) and pulsed ion extraction was used
at an accelerating potential of 20 kV in linear positive ion mode
to obtain mass spectra. The spectra were calibrated using
peptide standards (ProteoMass MALDI–MS Standard) at
757.3997 (bradykinin fragment 1–7), 1533.8582 Da (P14R), and
2465.1989 Da (ACTH fragment 18–39). The  and the PSD
of DP were calculated using the following equations:

(2)

(3)

where  is the number average molecular weight, Ni is the
peak area of i-mer species, and Mi is the molar mass of that
species.

For XRD measurements, the lyophilized products were pressed
into pellets using a hand press. A D8 DISCOVER instrument
(Bruker) with Cu Kα radiation (λ = 1.542 Å) was operated
under ambient conditions to obtain the transmission XRD
patterns and transmitted X-ray intensities of the products using
a two-dimensional (2D) detector and a scintillation counter, re-
spectively. The 2D diffraction patterns were converted into 1D
profiles in the 2θ range of 7–35°. The contribution of air scat-
tering was subtracted from the 1D profiles based on the
following equation:

(4)

where Icor is the corrected intensity, Iobs is the observed intensi-
ty, t is the X-ray transmittance through the sample, and Iblank is
the intensity measured without any sample. The amorphous
cellulose halo obtained previously [42] was fitted to the 1D
profiles in 2θ ranges adequately selected from 15–20° for each
profile. The χc was estimated according to the following equa-
tion:

(5)

where Ic(2θ) is the diffraction intensity from the crystalline
phase, and I(2θ) is the intensity from both the crystalline and
amorphous phases.

For ATR-FTIR absorption spectroscopy, the lyophilized prod-
ucts in a powdery state were used. The spectra were recorded
on an FT/IR-4100 instrument (JASCO) at a cumulative mea-
surement number of 100 and a resolution of 2.0 cm−1 under
ambient conditions.

For SEM observations, the water solvent of the hydrogels after
purification was exchanged stepwise with 10, 20, 30, 40, 50, 60,
70, 80 and 90 vol % EtOH, EtOH, EtOH/tert-butyl alcohol (1:1,
v/v) and then tert-butyl alcohol by immersion. The obtained
organogels were freeze-fractured using liquid nitrogen and a
razor blade and then lyophilized. The obtained xerogels were
mounted on substrates using Dotite and then coated with
osmium. The fracture surface was observed by a field-emission
scanning electron microscope (JSM-7500F, JEOL) at an accel-
erating voltage of 5 kV.
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Analysis of the secondary structure of CDP
The secondary structure of CDP was analyzed by CD spectros-
copy. CDP was dissolved in a 8 mM phosphate buffer solution
containing 10 vol % MeCN or EtOH at a concentration where
the absorbance of CDP at 280 nm was 0.1. The CDP solutions
were incubated at 60 °C for 6 and 72 h. The CD spectra of the
samples were recorded on a J-725 instrument (JASCO) at a path
length of 2 mm, a scan rate of 100 nm min−1, and a cumulative
measurement number of 4.
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Abstract
Cell surface engineering, as a practical manifestation of nanoarchitectonics, is a powerful tool to modify and enhance properties of
live cells. In turn, cells may serve as sacrificial templates to fabricate cell-mimicking materials. Herein we report a facile method to
produce cell-recognising silica imprints capable of the selective detection of human cells. We used HeLa cells to template silica in-
organic shells doped with halloysite clay nanotubes. The shells were destroyed by sonication resulting in the formation of polydis-
perse hybrid imprints that were used to recognise HeLa cells in liquid media supplemented with yeast. We believe that methodolo-
gy reported here will find applications in biomedical and clinical research.

1818

Introduction
Nanoarchitectonics has recently emerged as a “post-nanotech-
nology era” paradigm in the directed fabrication of functional
materials [1]. It widely employs atom and molecule manipula-
tion and self-organisation of nanoscale particles [2]. Engi-
neering of cell surfaces with various nanoscale materials has
been recognised as a powerful means to attenuate the intrinsic
properties of microbial and eukaryotic cells [3]. In particular,
nanostructured composite shells (both hard and soft) deposited

onto live cells have been shown to render the cells with novel
mechanic and chemical functionalities [4-6]. In line with the
concepts of nanoarchitectonics, cell surface engineering relies
on the self-assembly of miniature building blocks to form
biomimetic soft or rigid shells to encapsulate live cells
rendering them with additional functionalities [7]. In general,
there are three principal routes to engineer the cell walls or
membranes of live cells: 1) deposition of charged or neutral
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Figure 1: Production of silica/halloysite cell-mimicking imprints and recognition of human cells by the imprints in HeLa/yeast cells mixture. The
imprints were obtained by destruction of inorganic shells deposited on live cells.

polymers (that can be doped with nanoscale inorganic particles)
[8,9]; 2) direct anchoring of inorganic nanoparticles to cell sur-
faces [10,11]; 3) fabrication of “hard” inorganic shells mimic-
king natural eggshells [12]. Synthetic polymers can be grafted
onto the surface of individual cells using atom-transfer radical
polymerization [13]. The versatility of cell surface engineering
methods has led to intersections between these routes yielding
functionalised cells with multiple functionalities [14]. Relative-
ly solid microbial cells with cell walls as well as soft mammal
cells (including human cells) were used in cell surface engi-
neering [15]. Surface-engineered cells have found applications
in whole-cell biocatalysis [16], cell therapy [17], magnetic cell
delivery [18], fabrication of multicellular assemblies [19], cell
protection [20,21], biosensors [22] and tissue engineering [23].
Shells derived from cells templates offer other fascinating op-
portunities due to their cell-mimicking geometries, for example,
a novel class of bioinspired colloid particles was fabricated
recently. Colloid antibodies were produced via the formation of
solid silica shells doped with gold nanoparticles on bacterial
cells. The cells were chemically decomposed, while the empty
shells were broken by ultrasound and later used for shape-based
recognition and killing of bacteria [24,25].

Inspired by the previous reports on the fabrication of colloidal
cell imprints capable of microbial cell recognition [24,25], we
have developed a nanoarchitectonics-based technology to
produce imprints recognising human cells. To do so, we
resorted on forming silica-based solid shells and reinforcing
these shells with halloysite nanotubes. Halloysite, a naturally
occurring biocompatible clay, is a promising candidate for the
fabrication of various functional composite materials [26]. The
anisotropic shape (hollow tubules having lengths from 300 nm
to 1–2 µm, 50–70 nm diameter, and 20 nm lumen) and surface
chemistry (outer surface of SiO2, inner surface of Al2O3) make

these nanotubes ideal carriers for novel catalysts, polymer
fillers, drug-delivery vehicles and tissue engineering scaffolds
[27]. Halloysite nanotubes derived from various geological
deposits differ in their mesoscopic structures [28], allowing to
choose the clay nanotubes most suitable for a desired applica-
tion. The positively charged nanotube lumen can be loaded with
anionic molecules (including bioactive compounds), and the
loading efficiency can be significantly increased by using
vacuum pumping [29].

Halloysite has already shown its potential in cells surface engi-
neering of microbial cells [30,31]. Here we used halloysite as a
dopant for artificial silica shells deposited on viable human
HeLa cells. Halloysite nanotubes were chosen as dopant
because of their biocompatibilty and rather large lumen sizes
suitable for loading various drugs and even enzymes [32]. In the
future, the procedure developed here can be extended to other
nanotubular particles such as boron nitride or imogolite nano-
tubes, which are also considered as safe materials for living
organisms [33]. Recently, water-dispersed thermo-responsive
boron nitride nanotubes were obtained by their functionalisa-
tion with poly(N-isopropylacrylamide), which can widen their
biomedical applications [34]. After fabrication, the cells were
bleached to produce hollow cell-shaped imprints. These
imprints, in turn, were utilised to recognise HeLa cells in
suspension. Importantly, the silica/halloysite imprints based on
human cells were selective and did not interact with microbial
cells of comparable sizes such as yeast cells.

Results and Discussion
Our experimental strategy is schematically depicted in Figure 1.
Following the nanoarchitectonics paradigm [35], we produced
composite inorganic shells around human HeLa cells, using a
polyelectrolyte nanolayer as a means to facilitate the formation
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Figure 2: (A) optical/fluorescence microscopy image of live HeLa cells coated with halloysite-doped silica shells (nuclei are stained with DAPI);
(B, C) dark-field microscopy images of live HeLa cells coated with halloysite-doped silica shells; scanning electron microscopy images of (D) intact
HeLa cells, (E) HeLa cells coated with pure silica shells and (F) HeLa cells coated with halloysite-doped silica shells. Red arrows indicate halloysite
nanotubes.

of silica/halloysite cell-mimicking imprints. Then the shells
were disintegrated using sonication, while the cell debris was
dissolved by acid washing to produce polydisperse silica/
halloysite cells imprints. Next, these imprints were utilised to
selectively recognise HeLa cells in cell growth media supple-
mented with yeast cells.

HeLa cells (having originally a negative zeta potential of
ca. −10 mV) were first coated with a single layer of poly(acryl-
amide-co-diallyldimethylammonium chloride (P(AAm-co-
DADMAC)) to reverse the surface charge of HeLa cells (the
zeta potential after P(AAm-co-DADMAC deposition was
ca. 46 mV). Positively charged cells were then subjected to a
mixture of silicic acid derivatives (produced by mixing
tetraethyl orthosilicate with HCl) and halloysite nanotubes
(2.5 mg·mL−1) for 10 min. In several experiments, halloysite-
free silica shells were obtained following a previously
published protocol [24,25]. Silica/halloysite-decorated HeLa
cells were then imaged in situ with optical fluorescence micros-
copy. A typical image is shown in Figure 2A demonstrating the
preserved cell morphology and characteristic nuclear DAPI
stain. Next, we imaged the silica/halloysite-decorated HeLa
cells with dark-field microscopy (Figure 2B,C) to confirm for-

mation and integrity of the inorganic layer. Dark-field micros-
copy at 1000× magnification is expected to resolve the rod-like
shapes of halloysite [36]. This was confirmed in this study
demonstrating the elongated tubular structures within the silica
shells deposited around perinuclear areas, as shown in
Figure 2C.

Scanning electron microscopy (SEM) was employed to investi-
gate the morphology of the halloysite-doped and halloysite-free
silica shells deposited onto HeLa cells. Suspended cells were
deposited onto glass substrates, fixed with formaldehyde,
sputter-coated with a thin gold layer and then imaged using a
Hitachi SU8000 microscope. As shown in Figure 2D–F, the
typical smooth surface topography of HeLa cells was changed
drastically by the deposition of either pure or halloysite-doped
silica. Analysing the cell diameter in the SEM images of intact
and silica/halloysite-coated cells, we estimated the thickness of
the inorganic shells (ca. 2 µm). In general, the shells were quite
resilient and not prone to any mechanical damage unless sub-
jected to a significant impact. This was indirectly confirmed in
viability evaluation experiments. First, we tried to cultivate the
cells in a regular way (24 h) by seeding them onto cell culture
plates. Uncovered HeLa cells, as expected, were able to adhere
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Figure 3: Optical microscopy images demonstrating the cultivation for 24 h of (A, B) substrate-attached intact HeLa cells and (C, D) HeLa cells
coated with halloysite-doped silica shells; flow cytometry monitoring of cell division for three days of CFSE-stained (E) intact HeLa cells, (F) silica-
coated HeLa cells and (G) HeLa cells coated with halloysite-doped silica shells.

and subsequently colonise the substrates (Figure 3A,B), where-
as the cells decorated with halloysite-doped silica shells did not
adhere or proliferate, which was confirmed by optical microsco-
py (Figure 3C,D). One might expect that the deposition of
silica/halloysite shells kills the HeLa cells, which lack any rigid
cell protective structure such as cell walls in microbial cells
[37], and that therefore no visual cell growth occurs. However,
flow cytometry-based cell proliferation monitoring performed
with cells stained with 5(6)-carboxyfluorescein diacetate
N-succinimidyl ester (CFSE) dye has confirmed that cells
coated with pure silica or silica/halloysite display a similar cell
proliferation pattern as intact HeLa cells (Figure 3F,G),
confirming the viability of the encapsulated cells. CFSE-
labelled HeLa cells divide, thus the overall fluorescence intensi-
ty decreases. In case of silica-encapsulated HeLa cells there was
a prominent decrease in fluorescence intensity during day 1 of
the observation, which we attribute to the inhibition of prolifer-
ation by the silica shells. On day 3, however, the fluorescence
intensity in silica-coated cells was even higher than in the
control cells, apparently due to the partial destruction of the
shells and the release of HeLa cells.

Although non-compromised viability is an important feature in
any cell surface engineering investigation, in this study we were
more concerned with the fabrication of imprints that are able to
recognise human cells. To do so, we destroyed the cell-in-shell
structures obtained by drying, resuspending in water and soni-
cating for 10 min. Then the organic cell debris was removed by
treatment with aqueous HNO3 and HCl mixture (3:1) and
washed thoroughly with water. This procedure yielded polydis-
perse (100 nm to 1 µm) cell-templated imprints with diverse

morphology. Typical AFM and SEM images of the imprints are
shown in Figure 4A–C. We have also used EDX spectroscopy
to investigate the elemental composition of the silica/halloysite
imprints (Figure 4D), confirming the typical elemental compo-
sition characteristic for halloysite. A strong peak of Al in the
EDX image supports the presence of halloysite in the imprint,
because Al is a major constituent of halloysite nanotubes.

The main goal of this study was to demonstrate the recognition
of human cells by cell-templated imprints in a similar way as
was reported previously for bacteria recognition [24,25]. To do
so, we have mixed the imprints (0.1 g·mL−1) with suspended
HeLa cells (106 mL−1) in growth media (Figure 4E). After
30 min of incubation, we found that more than 60% of the HeLa
cells were recognised by the imprints. Additionally, for a better
visualisation of the cell recognition events the imprints were
labelled with rhodamine B and then added to DAPI-stained
HeLa cells (Figure 4F). It is likely that the recognition event is
facilitated by the nanostructured internal surface of the imprint
built from halloysite nanotubes, which may increase the effec-
tive contact area between the cell surface and the imprint sur-
faces. In previous reports [24,25], the recognition event was
apparently facilitated by the shape matching between the
bacteria with rigid cell walls and the relatively uniform hollow
imprints. In our study large-scale shape recognition is not likely
to occur because HeLa cells are labile and do not keep the
shape as well as bacteria do. We therefore believe that the
recognition is based on a small-scale interaction between the
inner surface of the imprints retaining the local cellular mem-
brane shapes and cells. In this case, halloysite nanotubes may
have a significant effect on the reproduction of the local cell
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Figure 4: Atomic force microscopy (PeakForce Tapping mode) images of inorganic silica/halloysite imprints templated on HeLa cells: (A) topography
image, (B) non-specific adhesion map; (C) scanning electron microscopy image of inorganic silica/halloysite imprints templated on HeLa cells;
(D) EDX spectrum taken from the sample shown in (C), demonstrating the typical silica and halloysite elemental distribution; (E) optical and
(F) confocal microscopy images demonstrating the recognition of HeLa cells with cell-templated imprints (cell nuclei stained with DAPI, imprints with
rhodamine B in panel (F); (G) optical microscopy image of selective recognition of HeLa cells by the imprint in a mixture of human cells with yeast
cells.

non-uniformities helping the subsequent recognition to happen.
Finally, to demonstrate the selective recognition, we prepared
mixtures of HeLa cells with yeast cells and then added HeLa
cell-templated imprints. HeLa cells were pre-stained with a
DAPI nuclear dye for better visualisation of mammal cells in a
mixture with fungi cells. As shown in Figure 4G, only HeLa
cells were recognised by the imprints, while yeast cells were
ignored. Although this does not guarantee an equally effective
recognition of other mammalian cells (i.e., in a mixture with
HeLa cells), our results open new avenues for the fabrication of
colloid particles capable of shape-based recognition of human
cells. Viral and chemical transformation of cells induce changes
in the architecture of the membrane [38], and tumor cells have
many more microvilli than non-dividing normal cells [39].
These differences in the surfaces characteristics of cancer and

normal cells can potentially be used for designing new methods
for the selective recognition of normal and tumor cells. Future
research is needed to thoroughly investigate the capabilities of
our method to template imprints and then recognise the target
cells depending on species or cell type.

Experimental
Materials and reagents
Tetraethoxysilane (TEOS), poly(acrylamide-co-diallyldimethyl-
ammonium chloride) (P(AAm-co-DADMAC), rhodamine B,
poly(allylamine hydrochloride) (РАН) were purchased from
Sigma-Aldrich. Millipore water (specific resistivity 18 MΩ·cm
at 25 °C) was used in all experiments. Halloysite nanotubes
(HNTs) of 95–98% purity were obtained from Applied Miner-
als Inc.
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Cell culture
The human cervical carcinoma (HeLa) CCL-2 cell line was ob-
tained from the American Type Culture Collection (ATCC,
USA).The cells were cultured under standard culture condi-
tions (5% CO2 at 37 °C) in Dulbecco’s modified Eagle’s medi-
um (DMEM) containing 10% heat-inactivated foetal bovine
serum (FBS, Invitrogen, USA).

Fabrication of imprints using HeLa cell
templates
The silica shells on individual HeLa cells were fabricated by
biosilification [3]. To pre-functionalise the cells with P(AAm-
co-DADMAC), the cells were trypsinised, collected,
re-suspended in the medium to 106 cells·mL−1and mixed with
PAAm-co-DADMAC (1 wt %). After 10 min of incubation
with the polycation solution, the cells were washed thrice with
buffer to remove excess polyelectrolyte. Next, a thin silicon
film was formed on the pre-functionalised cells. The working
solution was prepared by mixing 1 part of TEOS with 0.1 parts
of deionized H2O and 0.01 parts of 1mM HCl for 20 min at
room temperature, similarly to the approach described else-
where [40]. The halloysite nanotubes were added to silicic acid
derivatives to a final concentration of 2.5 mg·mL−1. Then, the
acid derivatives were mixed with the cells in serum-free medi-
um (1:50 v/v) for 10 min on a rotator. The cells@SiO2-HNTs
were washed five times with Milli-Q water, and the sediment
was dried for 12 h at 105 °C. Dried cells@-SiO2-HNTs were
re-suspended in Milli-Q water and crushed using an
ultrasonic bath for 6–8 min. To remove the cell debris from the
s i l i ca -ha l loys i t e  impr in t s  the  ce l l s@-SiO 2 -HNTs
fragments were centrifuged at 4500 rpm, the supernatant
was  r emoved ,  and  10  mL o f  a  HNO 3  and  HCl
mixture (3:1) was added to the precipitate. After 30 min
the silica-halloysite imprints were separated, washed
three times with Milli-Q, and studied with AFM and
SEM.

Cells recognition by imprints
The recognition of HeLa cells with imprints was visualised
using bright-field optical microscopy (Axio Imager Z2, Carl
Zeiss), and laser confocal microscopy (LSM 780: 405 nm and
633 nm lasers). For fluorescence microscopy imaging, inorgan-
ic cell imprints were incubated for 5 minutes in a solution of
rhodamine B and then washed with distilled water until the
water remained clear. After that, the inorganic imprints ob-
tained from one million cells were placed in 1 mL of DMEM
medium containing one million cells and incubated for
20–30 minutes. The nuclei of the cells were stained with 4′,6-
diamidino-2-phenylindole (DAPI) according to the standard
protocol. In order to check the specificity of the imprint
binding to mammalian cells the imprints were placed in DMEM

medium, containing one million Hela and one million yeast
cells.

Characterisation
Scanning electron microscopy (SEM) imaging of samples
sputter-coated with gold was performed with a Hitachi SU8000
microscope equipped with energy-dispersive X-ray (EDX)
spectrometer. The interaction of cells with inorganic shapes was
also recorded with an atomic-force microscope (Dimension
Icon, Bruker, USA) operating in a PeakForce Tapping mode in
air. The cells incubated with imprints for 15 minutes were
washed with buffer; the precipitate was kept in glutaraldehyde
(Sigma) for 1 hour, then washed with buffer and Milli-Q. Stan-
dard silicon nitride ScanAsyst-Air probes (Bruker) with reso-
nance frequencies in the range of 70 to 95 kHz and spring con-
stant in the range of 0.4 to 0.8 N m−1 (nominal length 115 µm,
tip radius 2 nm) were used. The images were collected in air at
0.8–0.9 Hz scan rate and 512–1024 lines per scan. Topographic
and nanomechanical characteristics were obtained. The data
was processed using Nanoscope Analysis v.1.7. software
(Bruker). For dark-field microscopy imaging HeLa cells were
fixed and the nuclei were stained with DAPI. The Cytoviva®

high annular aperture dark-field condenser attached to an
Olympus BX51 upright microscope was used. The Olympus
BX51 microscope was equipped with a fluorite 100× objective
and Dage xL (Dage-MTI) CCD camera. Images were obtained
using Exponent 7 software (Dage-MTI). The dark-field images
were overlapped with transmission fluorescence images using
the image processing software GIMP. Cell proliferative activity
was examined by flow cytometry on the 1st, 2nd and 3rd day of
cell co-incubation with imprints. The cells were stained with
5(6)-carboxyfluorescein diacetate N-succinimidyl ester (CFSE)
(Invitrogen) as specified by the manufacturer and analysed
using a BD FACS (USA) instrument.
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Abstract
Peptide-based supramolecular hydrogels, as a new type of biological nanoarchitectonic structure, hold great promise for a wide
range of biomedical and nanotechnological applications, such as tissue engineering, drug delivery, and electronic and photonic
energy storage. In this work, a cyclic dipeptide (CDP) cyclo-(Trp-Tyr) (C-WY), which has exceptional structural rigidity and high
stability, is selected as a hydrogelator for the formation of supramolecular hydrogels. The unique hydrogen bonding in C-WY
endows a high propensity for self-assembly and the resulting hydrogels are revealed to be crystalline. The crystalline hydrogels
possess excellent mechanical capacity and superior tolerance to various harsh conditions, including in the presence of charged bio-
polymers, extreme acid/base environments, and changing thermal conditions. Such high tolerance enables the crystalline hydrogels
to be applied in the complex and harsh environments of electrochemistry. In addition, this study demonstrates that the self-assembly
of cyclic dipeptides results in highly robust hydrogels which can be applied for electrochemical applications such as electrochemi-
cal supercapacitors.

1894

Introduction
On account of their high water content and highly tunable me-
chanical properties, hydrogels as soft nanoarchitectonics and
soft matter are well-suited in extensive applications, such as
tissue engineering, drug delivery, and electronic and photonic

energy storage [1-10]. Self-assembled peptide materials have
shown outstanding characteristics, such as excellent biocompat-
ibility, structural flexibility, versatile functionality, and low
immunogenicity [11-28]. Peptides can be deliberately engi-
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Scheme 1: Schematic of the formation of self-assembled C-WY hydrogels and their applications in electrochemical supercapacitors.

neered to self-assemble into well-ordered hydrogels with adjust-
able mechanical and physicochemical properties [29-33].
Peptide-based supramolecular hydrogels have been widely used
in biological and nanotechnology fields [34]. However, linear
peptide-based hydrogels usually have several deficiencies, such
as poor molecular rigidity, disabled mechanical modulus
(storage or loss modulus), and poor environmental tolerance
under thermal, acidic, or alkaline conditions [35-37]. Hence,
new types of peptide hydrogels are highly needed to promote
the practical applications of peptide hydrogels.

Cyclic dipeptides (CDPs), which are based on the basic struc-
tures of heterocyclic 2,5-diketopiperazines, are a special kind of
dipeptides. They are the smallest cyclic peptides and contain
six-membered heterocyclic lactam ring cores. CDPs exhibit
exceptional structural rigidity, stability, as well as biological ac-
tivity as compared to their linear counterparts [38-41]. There
are many natural CDPs since they can be produced as second-
ary metabolites in many organisms. Hence, these are ideal raw
materials for engineering functional architectures because of
their unique biosecurity. Especially, CDPs contain four hydro-
gen-bonding sites, which provide a substantial tendency for
self-assembly and the formation of gels. In addition, other weak
forces, such as π–π stacking, hydrophobic effect, electrostatic
interactions, and van der Waals forces, are also serviceable in
driving molecular self-assembly of CDPs toward the formation
of gels.

Gels prepared by CDP self-assembly integrate the advantages
of low molecular weight gels, including the multiple functional-
ities, adjustable performance, and dynamic features. CDP-based
gels have been developed as smart soft materials for a multi-
tude of applications. However, most of the attention is focused
on the amorphous assemblies in organic solvents and ionic
liquids [42-46]. Although these CDP gels have good mechani-
cal properties and deceased enzymatic degradation under physi-
ological conditions, they still have some challenging problems
such as inflexibility, low biosecurity and precipitation forma-
tion [47].

Herein, we investigate the self-assembly and application of a
CDP, cyclo-(Trp-Tyr) (C-WY) (Scheme 1). C-WY contains a
rigid six-member ring as a bridge, which increases the struc-
tural rigidity and stability. The abundant hydrogen bonds in
C-WY endow a high propensity for self-assembly. In the
previous example, the feasibility of C-WY peptide nanotubes as
carriers of caspase 3 to silence shRNA delivery was verified.
Based on these excellent characteristics of C-WY, it was
selected as a hydrogelator for the formation of supramolecular
hydrogels. The self-assembly of C-WY forms a hydrogel with
crystal features and close-knit three-dimensional network struc-
tures. Importantly, the C-WY hydrogel exhibited adjustable
rheological properties, excellent stability, and high tolerance
under various conditions, including in the presence of charged
biopolymers (poly-ʟ-lysine (PLL), alginate (ALG), hyaluronic
acid (HA)), extreme acid/base environments, and thermal
conditions. Owing to the robustness of the hydrogel, the materi-
al also showed excellent performance as an electrochemical
supercapacitor. Hence, self-assembled CDP hydrogels are
promising for applications in complex and harsh environments.

Results and Discussion
Preparation and characterization of the
hydrogel
C-WY was chosen as a model peptide to investigate the self-
assembly of CDPs. A nontransparent hydrogel with a dense
network of fibers was obtained simply by mixing a solution
of C-WY in DMSO (2 mg, 20 μL) with water (480 μL)
(Figure 1A). The hydrogen bonding interactions between the
C-WY molecules were investigated by Fourier-transform infra-
red spectroscopy (FTIR). Compared with the peak of amide
N–H stretching located at 3344 cm−1 of the unimolecular
C-WY, the hydrogel has a red-shifted amide N–H stretching
band located at 3317 cm−1, indicating the formation of strong
hydrogen bonds between C-WY molecules in the hydrogel
(Figure 1B). Further characterization by scanning electron
microscopy (SEM) and transmission electron microscopy
(TEM) was performed to inspect the morphology of the
hydrogel (Figure 1C,D). The fibers in the hydrogel are
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Figure 1: CDP-based supramolecular hydrogels. (A) The structure of C-WY and a photo of the C-WY hydrogel. (B) FTIR spectra of C-WY powder
and the C-WY hydrogel. (C) SEM and (D) TEM images of the C-WY hydrogel.

100 ± 50 nm in width and dozens of micrometers in length. In
addition, dense three-dimensional fibrous networks cross-linked
by slender fibers were clearly observed. The cross-linked
networks are beneficial to improving the stability of
the hydrogels at extreme conditions [48]. The cross-linked
networks are also the foundation for a range of biomedical and
nanotechnological applications.

Interior structure and crystal pattern
The fibrillar structure and three-dimensional fibrous network of
the C-WY hydrogel were further investigated by confocal laser
scanning microscopy (CLSM) (Figure 2A). Thioflavin T (ThT)
and nile red (NR), two specific dyes for hydrophobic domains
and beta-sheet secondary structures, respectively, were used to
obtain insights into the detailed interior structure of the
hydrogel [49]. CLSM results confirmed that the C-WY
hydrogel contains both hydrophobic domains (red regions)
(Figure 2B) and beta-sheet secondary structures (blue regions)
(Figure 2C). Intriguingly, the X-ray diffraction (XRD) results
showed the presence of sharp peaks, indicating that the
hydrogel has long-range, ordered, crystal patterns (Figure 2D).
The crystal patterns were further confirmed by polarized optical
microscopy (POM). POM images in cross-polarized light mode
of a randomly selected fiber were taken ranging from 0° to 360°
(Figure 2E). When the selected fiber was observed under a

cross-polarized angle of 0°, the sample was bright. In contrast,
the sample turned dark when the cross-polarized angle was
changed to 45°. The changing contrast behaviors between dark
and bright changed periodically along with the angle changing
by 45°. These results illustrate that the fibers in the hydrogel are
intrinsically crystalline and thus have polarization properties.

Rheological properties
The rheological properties of hydrogels are key evaluation indi-
cators for a variety of applications [50,51]. It is typically chal-
lenging for hydrogels based on linear peptides to maintain their
original gel state for a long time or under shear force. Driven by
a thermodynamic process, they tend to gradually form crys-
talline precipitations [34]. In order to investigate the rheologi-
cal properties of the C-WY hydrogel, the storage (elastic, G’)
and loss (viscous, G’’) modulus of the hydrogels aged for 48 h
and 240 h were studied. The results showed that the mechani-
cal capacity of the C-WY hydrogel enhanced along with time.
Strain-induced shear-thinning and self-healing abilities of the
hydrogel were detected through continuous step changes of
oscillatory strain between 500% and 1% (at a constant frequen-
cy of 1 rad s−1). Under a high magnitude strain (500%), the
modulus of G’’ values exceeded G’ values, indicating the
breaking of the hydrogel (Figure 3A). By decreasing the strain
to 1%, the modulus of G’’ falls below that of G’, indicating the
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Figure 2: Interior structure and crystal pattern. (A) CLSM images of the C-WY hydrogel in light field. NR was used to indicate the formation of hydro-
phobic domains (red color, B) and ThT was used to indicate the beta-sheet secondary structures (blue color, C). (D) XRD pattern of the hydrogel.
(E) POM images in cross-polarized light mode of samples taken at 0–360°.

recovery of the hydrogel (Figure 3B). These results illustrated
that the recovery of the hydrogel is quick at both 48 h and
240 h, even at the fifth test cycle. As compared to that of 48 h,
the C-WY hydrogel at 240 h showed a faster recovery speed.
The strain-dependent oscillatory rheology results (at 240 h)
showed a great anti-shear performance at stains ranging from
about 0.1% to about 20%, indicating the shear-thinning behav-
ior of the hydrogels. The hydrogel at 48 h was broken at a strain
of more than 6% (Figure 3C). The hydrogels at both 48 h and
240 h exhibited broad linear viscoelastic regions ranging from
0.1–100 rad s−1 in frequency-dependent oscillatory shear
rheology experiments (at a constant strain of 1%, Figure 3D).
Meanwhile, the modulus (both G’ and G’’) was enhanced after
aging for a longer time, indicating the improvement in the me-
chanical capacity of the hydrogels with time. Taken together,
the rheological study indicates that the CWY hydrogels possess
shear-thinning and self-healing behaviors, which are time-de-
pendent and important for their applications.

Environmental tolerance
CDPs usually exhibit superior physical, chemical and thermal
stability compared to their linear counterparts [52]. The hydro-
gels assembled from CDPs are therefore highly promising for

practical applications. In order to study the stability of the
C-WY hydrogel, charged biopolymers, including positively
charged PLL and negatively charged HA and ALG, were
selected for co-incubation with the hydrogel. The mechanical
properties, including modulus (G’, G’’), shear-thinning
behavior, and self-healing capability, improved after the intro-
duction of the biopolymers whether the biopolymers were posi-
tively or negatively charged (Figure 3C,D). Clearly, the electro-
static repulsion or attraction between the C-WY and biopoly-
mers contributes to the enhancement of intermolecular interac-
tions in the hydrogel, leading to the improvement of the rheo-
logical properties. The crystal structure remained unchanged
(Figure 3E) and no obvious aggregation or precipitation was ob-
served. Also, the microtopography of the hydrogel exhibited no
obvious changes (Supporting Information File 1, Figure S1).

The environmental conditions, such as pH and temperature,
play pivotal roles in practical application [53]. Also, the pH or
temperature is closely related to the intermolecular forces in
nanomaterials and thus always affects the stability of hydrogels.
The morphology and mechanical properties of the C-WY
hydrogels showed no significant change when they were incu-
bated in acid or base solutions (pH 1 or pH 14) for 24 h (Sup-
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Figure 3: Rheological characterization and environmental tolerance. The self-healing capacity of the hydrogels at 48 h (A) and 240 h (B) demon-
strated by the continuous step–strain experiments. Strain-dependent (C) and frequency-dependent (D) oscillatory shear rheology of the hydrogels
under various conditions. (E) XRD patterns of hydrogels with various polymers. (F) TG curves of the C-WY hydrogel.

porting Information File 1, Figure S2 and S3). In addition, the
thermogravimetric (TG) curves verified the robustness of the
hydrogels for resisting temperatures ranging from 0 °C to about
350 °C. The TG curves of the hydrogels exhibited three ther-
mal decomposition steps (Figure 3F). The first two temperature
points were ≈40 °C and ≈95 °C, which should be mainly
assigned to the loss of water. The third point was ≈350 °C,
which should be assigned to the decomposition of C-WY mole-
cules. The tolerance of hydrogels towards resisting biopoly-
mers, pH and heat, may be due to the entangled fiber network
and extensive intermolecular hydrogen bonds in the hydrogel.

In summary, the C-WY hydrogel was found to exhibit excel-
lent environmental tolerance, including resistance to biopoly-
mers, pH, and heat. Hence, the C-WY hydrogel is promising for
applications in harsh environments, such as those of electro-
chemical supercapacitors.

Application in electrochemical
supercapacitors
Inspired by the high stability in harsh environments, we next in-
vestigated the application of the C-WY hydrogel as a candidate
material for electrochemical supercapacitors. Constraint
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Figure 4: Characterization of hydrogels as supercapacitors. (A) Cyclic
voltammograms at different scan rates. (B) Galvanostatic charge–dis-
charge curves of C-WY hydrogels at different current densities.

peptides are known for their superior chemical and stability
compared to their linear counterparts. The hydrogels assembled
from constraint C-WY peptides are therefore highly promising
for application in bio-nanotechnology owing to their excellent
stability from long-range ordered packing. Cyclic voltammetry
(CV) curves of the hydrogel at different scan rates ranging from
10 to 40 mV were studied (Figure 4A). Typical capacitor shapes
were observed in the curves, indicating that the C-WY hydrogel
can be applied for electrochemical supercapacitors. In addition,
the capacitive charge–discharge curves with galvanostatic cur-
rent densities ranging from 25 to 200 mA/cm2 showed that the
hydrogel has excellent electrochemical stability (Figure 4B).
These results indicate that hydrogels based on CDPs have
commendable stability and thus can be applied as candidate
components for supercapacitors.

Conclusion
In summary, we demonstrated that C-WY peptides can self-
assemble into well-ordered fibrous networks based mainly on
the inherent intermolecular hydrogen-bonding interactions. The
hydrogel has a crystalline structure, excellent rheological prop-

erties, superior stability, and ideal robustness under various
conditions, such as acidic or basic environments, or in the pres-
ence of charged biopolymers. Given its excellent electrochemi-
cal stability, the highly stable hydrogel was successfully
demonstrated as an electrochemical supercapacitor. This study
demonstrates that hydrogels based on self-assembly of CDPs
can be valuable candidates for applications in harsh environ-
ments.

Supporting Information
Supporting Information File 1
Experimental section and additional figures.
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Abstract
Many recent advances in sensor technology have been possible due to nanotechnological advancements together with contributions
from other research fields. Such interdisciplinary collaborations fit well with the emerging concept of nanoarchitectonics, which is
a novel conceptual methodology to engineer functional materials and systems from nanoscale units through the fusion of nanotech-
nology with other research fields, including organic chemistry, supramolecular chemistry, materials science and biology. In this
review article, we discuss recent advancements in sensor devices and sensor materials that take advantage of advanced nanoarchi-
tectonics concepts for improved performance. In the first part, recent progress on sensor systems are roughly classified according to
the sensor targets, such as chemical substances, physical conditions, and biological phenomena. In the following sections, advance-
ments in various nanoarchitectonic motifs, including nanoporous structures, ultrathin films, and interfacial effects for improved
sensor function are discussed to realize the importance of nanoarchitectonic structures. Many of these examples show that advance-
ments in sensor technology are no longer limited by progress in microfabrication and nanofabrication of device structures – opening
a new avenue for highly engineered, high performing sensor systems through the application of nanoarchitectonics concepts.

2014

Review
Introduction
Detection systems for various chemical, physical, environ-
mental, and biological targets, so-called sensors, have been con-
tinuously explored [1-4]. Although their usefulness was recog-
nized even in the early stages of modern science and technolo-

gy, the importance of sensors has been recently re-evaluated in
the context of current research developments. Today, sensors
play an important role in technological advancement for various
social demands. There are currently many strategies being
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Figure 1: Outline of the nanoarchitectonics concept and its contributions to sensor design and fabrication.

pursued for the production of functional materials [5-8], the
detection of various risks [9-11], environmental remediation in-
cluding pollution problems [12-14], energy production [15-17],
energy and electricity storage [18-20], device technologies [21-
23], and biomedical treatment [24-27], and the targets must be
detected with high selectivity, high efficiency, environmental
friendliness, and with low cost and low emission. Various
fundamental areas of science and technology, such as organic
synthesis [28-30], supramolecular organization [31-35], physi-
cal fabrication [36-38] and biotechnology [39-41], are expected
to solve these problems where some additional factors have to
be considered in order to achieve a high degree of control over
the structure. This is accomplished by two major processes:
(i) selective and sensitive recognition of external inputs (stimu-
li, substrates, etc.) and (ii) efficient logical conversion to
outputs (response, energy, products, etc.). Good sensing
systems have many contributions regarding the former part.
This is why the importance of sensors has been re-recognized in
modern sensor technology.

In recent decades, the development of sensor technologies has
highly depended on advancements in microfabrication and
nanofabrication of device structures. These so-called nanotech-
nological advancements enable us to prepare sensing devices
with various advantageous features with an ultrasmall device
size (thus requiring an ultrasmall amount of the target sample),
highly integrated connection, and high sensitivity [42,43]. In
addition to these nanotechnological advancements in device
fabrication, sensing materials for molecular recognition have
been continuously explored on the basis of supramolecular

chemistry with the aid of synthetic organic chemistry and mate-
rials science [44-46]. Therefore, further developments in
sensors can be made by the combined efforts in nanotechnolo-
gy and other research fields including supramolecular chem-
istry, organic synthesis, and materials sciences. In case of bio-
sensors, contributions from biology play important roles [47-
50]. These cross disciplinary collaborations that are necessary
for sensor development fit well with the emerging concept of
nanoarchitectonics [51,52], which involves a paradigm shift in
research efforts to engineer functional materials and systems
from nanoscale units through the fusion of nanotechnology with
other research fields, including organic chemistry, supramolec-
ular chemistry, materials science and biology. It can thus be
said that the future developments of sensors can be supported
by the field of nanoarchitectonics [53] (Figure 1).

The nanoarchitectonics concept was originally proposed by
Masakazu Aono [54,55]. This conceptual methodology corre-
sponds to the creation of functional materials from nanoscale
units through combined processes, including organic synthesis,
atomic/molecular manipulation, self-assembly, self-organiza-
tion, stimuli-based arrangement, and biological treatment,
depending on their necessity [56,57]. The high generality of the
nanoarchitectonics concept can be applied to a wide range of
research concepts, such as materials production [58-60], struc-
ture facilitation [61-65], catalysis [66,67], energy technology
[68,69], environmental problems [70,71], biological investiga-
tion [72-75], and biomedical applications [76-78]. As com-
pared with simple self-assembly processes, nanoarchitectonics
is advantageous for architecting hierarchical structures and
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interfacing between materials and devices. In addition, the fab-
rication of sensor structures is one of the main outputs of
nanoarchitectonics [79,80].

The nanoarchitectonics concept should also include uncertain-
ties related to phenomena that occur on the nanoscale, where
thermal and statistical fluctuations as well as quantum effects
cannot be avoided [81]. The properties and functions on the
nanoscale often result from the harmonization of various inter-
actions. This feature is also found in many biological systems in
which functional molecules harmonize under unavoidable ther-
mal fluctuations. The nanoarchitectonics approach and biologi-
cal processes thus share many of the same features [82]. There-
fore, the design and fabrication of biosensors based on the
nanoarchitectonics concept may have many particular advan-
tages.

In this review article, we first discuss several examples of
recent progress in sensor systems whose advanced nanoarchi-
tectonic design and fabrication allowed for better performance.
The examples are roughly classified according to the sensor
target, such as chemical substances, physical conditions, and bi-
ological phenomena. In the following sections, advancements
employing nanoarchitectonic motifs, including nanoporous
structures, ultrathin films, and interfacial effects for sensor
functions, are discussed. Based on these descriptions, we hope
that we can impress the importance upon the advancements of
sensor functions with nanoscale control, and especially the
importance of nanoarchitectonics in the improvement of these
concepts.

Recent examples of advanced sensors
Advancements in sensor capabilities, including sensitivity,
selectivity and usability, can be accomplished by ultrafine
design of device mechanisms and sensing material structures.
Both the device and sensing material design can be accom-
plished with a combined concept, nanoarchitectonics, derived
from nanotechnology (mainly for the device) and supramolecu-
lar chemistry and others (mainly for the sensing materials). For
example, Osica recently reported sensor systems for selective
acetone vapor detection [83,84]. The prepared systems are sup-
ported by two separate innovations, a membrane-type surface
stress sensor as a novel nanomechanical device and a highly
networked capsular nanoarchitecture of silica–porphyrin hybrid
as the sensing material. Not limited to this particular case, inno-
vations from both the device side and the materials side for im-
proved sensors has been continuously pursued.

Sensors for chemical substances
Mainly due to the high demand to solve environmental prob-
lems, vapor sensors and gas-phase chemical sensors have been

actively researched. Tang and co-workers accomplished drastic
improvement of sensitivity of H2S gas detection by mechanical
deformation of ultrathin single crystals of dinaphtho[3,4-
d:3’,4’-d’]benzo[1,2-b:4,5-b’]dithiophene in organic field effect
transistors [85] (Figure 2). At the tensile state of the crystals,
the sensitivity to H2S gas at 1 ppm increased by 400% as com-
pared to the original unstressed state. Upon exposure of the
sensor crystals to H2S gas, the adsorbed H2S gas molecules in-
duce a current between the source and drain. Changes in the
intermolecular packing of the sensing organic crystals may
cause more exposure of active sites to H2S gas and dramatic
shifts of mobility, resulting in unexpectedly high sensitivity.
This example indicates that the delicate modulation of nanoar-
chitectures can improve chemical sensor capabilities.

Figure 2: A water-gated bio-organic transistor with odorant binding
proteins for the discrimination of chiral substances.

As an example of nanoarchitectonics effects between multiple
components in sensing materials, Chen, Shi, and co-workers
demonstrated highly sensitive resistance-based NOx gas sensors
incorporating a dispersed composite of Co3O4 nanoparticles in
black phosphorous thin films [86]. The composite structures
were engineered by functionalization of black phosphorous
nanosheets with branched polyethylenimine to which Co3O4
nanoparticles were included with a hydrothermal process. The
sensor composite structures showed ultrahigh sensitivity and a
fast response to NOx gas at room temperature in air, leading to a
low detection limit even down to 10 ppb, probably due to the
synergic effects of the unique electronic conduction of black
phosphor and the heterostructure of the Co3O4 nanoparticles.
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The inclusion of other processes, such as catalytic reactions and
fluorescence quenching, often improves sensor capabilities
through component nanoarchitectonics. Imanaka and
co-workers used a combustion process induced by a precious-
metal-free CeO2–ZrO2–ZnO catalyst for CO gas detection [87].
T h e  s e m i c o n d u c t i n g  ( p - t y p e )  L a 2 C u O 4 - l o a d e d
CeO2–ZrO2–ZnO catalyst has a small heat capacity and dramat-
ically increases the temperature of the Pt coil, resulting in a
highly sensitive sensor signal. On the other hand, the n-type
Sm2CuO4-loaded CeO2–ZrO2–ZnO catalyst is advantageous
when rapid response and low temperature operation are re-
quired. The selection of nanoarchitectonic component materials
in sensing units can be used to optimize sensing performance
according to usage.

Luminescent xerogel-based sensors for amine vapors were re-
ported by Hanabusa and co-workers [88]. The xerogels used in
this sensor system were prepared with fluorescent gelators con-
taining a tris(β-diketonato) complex with appropriate metals.
The presence of amines can be found through fluorescence-
quenching efficiencies of the thin layer films of the gel materi-
als. The prepared films are most sensitive to the detection of
tertiary amines.

The discrimination and sensing of chiral substances are
regarded as a more difficult task because chiral molecules have
identical properties except for their optical activity. As recently
reported by Kondo et al., the use of chiral receptors is the key to
discriminate chiral substances [89]. They used tetraamide-based
receptors having chiral ʟ-serine and ʟ-threonine to discriminate
enantiomers of N-acetyl amino acid anions through ratiometric
fluorescence analysis. Torsi and co-workers adopted odorant
binding proteins to discriminate chiral substances [90]. They
immobilized odorant binding proteins to the gate of a water-
gated bio-organic transistor (Figure 3). In this construction, the
source and drain patterned substrate was covered with p-type
poly[2,5-bis(3-tetradecylthiophen-2-yl)thieno[3,2-b]thiophene],
a water droplet and a Au-plate modified with the odorant
binding protein as a gate. Enantiomers of odorant carvone could
be clearly discriminated by this sensing system. The capaci-
tance changes may be caused by the binding of the odorant to
the protein accompanied with the derivation of the free-energy
and conformational changes. Such capacitance-modulated tran-
sistors would be useful for molecular sensing with weak inter-
action and faint differences.

Kim and co-workers fabricated sensor arrays that were engi-
neered with fluorescence dyes and cucurbit[n]urils (n = 6, 7 and
8) as host systems [91]. The obtained sensors were used for
sensing biogenic amines with the aid of principal component
analysis. This nanoarchitectonics strategy could be applied for

Figure 3: Highly sensitive humidity sensor based on a triboelectric
nanogenerator device where nanochannels in the membrane adsorb
moisture, which results in the generation of internal stress.

the sensing of various bio-related substances and may become
useful for diagnostics of diseases such as cancer.

Sensors that are used to detect environmental risks mostly
require detection of metal ions and toxic ions. Akamatsu et al.
developed an optode-type sensor to visually detect cesium ions
in domestic water and seawater [92] (Figure 4). The detection
of radioactive cesium species becomes a serious demand after a
nuclear plant explosion event, but radioactivity measurements
do not always work with high areal resolution. The detection of
cesium ions themselves with very high resolution would be use-
ful together with radioactivity analysis. Cesium ion sensing
using a film-type optode and nano-optode sensors would satisfy
the former requirements. The optode sensors designed using
nanoarchitectonic concepts incorporated a calix[6]arene deriva-
tive, responsive dye KD-M1337, and a cation exchanger sodi-
um tetrakis[3,5-bis(trifluoromethyl)phenyl]borate. The binding
of cesium ions to the calix[6]arene derivative shifts the equilib-
rium, resulting in color changes even in domestic water and
seawater. Sonicating this optode mixture provides nano-optode
sensor particles at a diameter of approximately 100 nm, which
is a material capable of detection of cesium ions in sub-micro-
molar levels.

Use of 2D and layered materials in nanoarchitectonics for ion
sensors is also investigated. Ruiz-Hitzky et al. reported the fab-
rication of potentiometric sensors for alkali-ion detection using
clay materials intercalated with silacrown ethers, dimethylsila-
14-crown-5 and dimethylsila-17-crown-6 [93]. The nanoengi-
neered montmorillonite-based intercalation materials were
included in poly(vinyl chloride)-based electrodes for potentio-
metric sensors towards alkali-metal ions in solution. Ultrasensi-
tive sensors for mercury ions were prepared by Li et al. who
engineered suspended atomically thin black phosphorus be-
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Figure 4: An optode sensor to visually detect cesium ions in domestic water and seawater, comprised of a calix[6]arene derivative, responsive dye
KD-M1337, and cation exchanger.

tween the source and drain electrodes [94]. Due to the avoid-
ance of substrate scattering, the sensors with bridged black
phosphorus exhibit a much improved signal-to-noise ratio in
mercury ion detection with a detection limit of 0.01 ppb and a
very short detection time constant of 3 s. This nanoarchitec-
tonic design can maximize the intrinsic potential of black phos-
phorus and other materials.

Sensors for physical conditions
Not limited to particular chemicals, the sensing of general
external environments such as pH, humidity, pressure, and mag-
netic field is undoubtedly important. Spanu et al. reported sensi-
tive pH sensors based on organic charge-modulated field-effect
transistor structures with 6,13-bis(triisopropylsilylethynyl)-

pentacene [95]. The fabricated sensors have a super-Nernstian
sensitivity and reference-less nature. This organic charge-modu-
lated field-effect transistor mechanism is attributed to the varia-
tion of the threshold voltage in the organic field-effect tran-
sistor induced by charge variation upon the presence of a charge
(protonation, etc.) on the sensing area. The sensitivity of the
nanoengineered sensors is easily tunable by adjusting geometry-
related parameters.

For practical uses, sensors are not always used in ideal condi-
tions. Especially, their use in dynamic human life, including
health monitoring and medical applications, require considera-
tion of bending and deformation according to typical human
motions. Someya and co-workers developed transparent
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bending-insensitive pressure sensors [96]. They nanoengi-
neered pressure sensor materials from composites of carbon
nanotubes and graphene with a fluorinated copolymer, vinyli-
denefluoride-tetrafluoroethylene-hexafluoropropylene, and an
ionic liquid, 1-butyl-3-methylimidazolium bis(trifluo-
romethanesulphonyl)imide, through an electrospinning process.
The prepared sensor can only sense normal pressure without
significant disturbance up to a bending radius of 80 µm. This
sensor system could be applicable for demands requiring the
evaluation of small normal pressures even on dynamic surfaces
such as natural tissues and is expected to be useful for in situ
biomedical digital monitoring, such as palpation for breast
cancer.

Triboelectric nanogenerators to convert mechanical energy to
electricity have recently been given much attention as self-
powered systems. These systems can be designed using nanoar-
chitectonic principles with various sensing materials to form
energy harvesting self-powered sensors [97,98]. Chen and
co-workers introduced a perfluorosulfonic acid ionomer as a
water-vapor-driven actuation material for a triboelectric nano-
generator device to realize a highly sensitive humidity sensor
[99] (Figure 5). The reaction of the sensing materials to
humidity results in electrical changes for sensing. The perfluo-
rosulfonic acid ionomer membrane has perpendicularly extend-
ed nanochannels that can adsorb moisture. Under relatively high
humidity conditions, the adsorption of water molecules expands
the nanochannels resulting in internal stress generation. These
changes can be sensitively detected by the triboelectric nano-
generator. At the same time, the collection of such electrical
signals can work as energy harvesting devices from wind and
raindrops. Similarly, Liao, Wang, and co-workers used a tribo-
electric nanogenerator system of thin films of fluorinated ethyl-
ene propylene to fabricate self-powered wind sensors operating
in free-standing mode (anemometer triboelectric nanogenerator)
and single-electrode mode (wind vane triboelectric nanogener-
ator) [100]. The former mode can be used for analysis of wind
speed with less energy consumption and the latter one provides
an accurate measurement for the wind direction. The wireless
monitoring of these responses could contribute to large-scale
climate monitoring.

Although various living creatures, including bacteria, insects,
birds, and sharks, can sense magnetic fields for orientation and
navigation, humans are basically insensitive to magnetic fields.
The human detection of magnetic fields can be realized using
electro-skin-type sensors for magnetic fields. Makarov and
co-workers developed giant magnetoresistive sensors in foil
form having high flexibility and mechanical durability [101].
For giant magnetoresistive materials, multilayer structures of
Co/Cu and permalloy/Cu multilayers (permalloy = Ni81Fe19)

Figure 5: An electrolyte-gated organic field-effect transistor with anti-
bisphenol A antibody. The addition of bisphenol A induces the removal
of the antibody from the sensor surface, resulting in an increase in the
drain current.

were engineered on ultrathin polyethylene terephthalate foils.
The prepared sensors are extremely flexible (bending radii
<3 µm) and light weight (≈3 g m−2). They are wearable and act
as a magneto-sensitive skin with navigation and touchless
control capabilities.

Biosensors
Because biosensors can provide crucial contributions to human
life, medical, and health monitoring, the development of biosen-
sors has received significant attention. For example, for the
detection of bisphenol A, which is suspected as an endocrine
disruptor, Piro et al. produced a nanoarchitectonic electrolyte-
gated organic field-effect transistor with poly(2,5-bis(3-tetrade-
cylthiophen-2-yl)thieno[3,2-b]thiophene) as an organic semi-
conductor co-crystallized with an alkyl derivative of bisphenol
A as a hapten [102] (Figure 6). Upon binding of the anti-
bisphenol A antibody, the output current of the transistor first
decreased. The addition of bisphenol A induced the removal of
the antibody from the sensor surface through competitive
binding, resulting in a capacitance increase accompanied with
an increase of the drain current. The switching-on signal
response of this system is in the nM range of concentration
threshold for bisphenol A detection. This sensitivity is suffi-
cient for the detection and monitoring of this persistent pollu-
tant in drinking water.

As mentioned previously, the discrimination of chiral
substances is a rather tough goal in sensor design. However, the
detection of chiral amino acids is an unavoidable matter in tech-
nologies related to protein metabolism, food products and phar-
maceuticals. Such difficult goals can be achieved through a
nanoarchitectonics approach, namely molecular imprinting
[103-105]. Qiu and co-workers developed sensors for chirality
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Figure 6: A field-effect transistor with a monolayer of pentathiophene-
type organic semiconductor for melamine detection where the mono-
layer structure of the semiconductive layer provides better sensor per-
formance with long-term stability and high sensitivity.

detection of amino acid guests using an organic electrochemi-
cal transistor with a poly(3,4-ethylenedioxythiophene)/
poly(styrenesulfonate) (PEDOT/PSS) system modified with
molecularly imprinted polymer films [106]. The selectivity
factor of ʟ-tryptophan over ᴅ-tryptophan and that of ʟ-tyrosine
over ᴅ-tyrosine were 11.6 and 14.5, respectively.

Life activities are also important targets in biosensor technolo-
gy. Someya and co-workers developed a highly flexible organic
amplifier to detect weak biosignals [107]. A highly conductive
biocompatible gel composite made from multiwalled carbon
nanotubes and aqueous hydrogel was integrated into a two-
dimensional organic amplifier. The biocompatible nature of
these nanoarchitectures is advantageous to favorably interface
the bio-tissues and device electrodes. The dynamic motion of a
living heart can be sensitively monitored without mechanical
interference. This enables the direct evaluation of epicardial
electrocardiogram signals with an amplification factor of 200.
This idea can be expanded to various practical sensing demands
such as temporal monitoring during medical surgery and long-
term implantable monitoring. Ingebrandt and co-workers also
reported biosensors to monitor electrophysiological activity of
the cardiac cell line HL-1 [108]. The sensing system is based on
organic electrochemical transistors with PEDOT/PSS materials

produced with a wafer-scale process, which is known to be use-
ful for transducing and amplifying biological ionic signals.

In certain cases, device architectures and cell nanoarchitectures
have to be well-matched for better sensor performance. Hsing
and co-workers investigated the difference in sensing signals
between tightly packed colorectal adenocarcinoma cells and
leaky nasopharyngeal carcinoma cells using biosensors based
on an organic electrochemical transistor [109]. The biosensor
performance depends on the impedance of whole the system,
including the transistor devices and monitored cells. Since cell
packing affects the sensor signal, the optimum design of such
cell sensors should be tuned according to cell packing. In order
to evaluate the paracellular characteristics of tightly packed
cells, a large-sized organic electrochemical transistor is advan-
tageous. On the other hand, the high frequency related informa-
tion of leaky cells can be effectively monitored by smaller
organic electrochemical transistors.

Biosensors based on the electrical double layer gated AlGaN/
GaN high electron mobility transistors were used to dynami-
cally monitor changes in the transmembrane potential, as re-
ported by Lee, Wang, and co-workers [110]. Here, circulating
tumor cells of colorectal cancer together with cellular bioelec-
tric signals were investigated. The proposed sensor design
would also be useful for the rapid screening of diseases as a
point-of-care diagnostic tool. Owens and co-workers developed
organic field-effect transistor systems with PEDOT/PSS materi-
als for the detection of lactate [111]. Enhanced lactate produc-
tion was detected for cancer cells because of their promoted ac-
tivity of glycolytic metabolism. These nanoengineered minia-
turized biosensors would be useful for the continuous monitor-
ing of tumor status in cancer patients.

Advancements in nanoarchitectonic motifs
In the previous sections, several examples of advanced sensor
systems were reviewed according to sensing targets, chemical
substances, physical conditions, and biological activities. The
importance of a high degree of structural control (microscopic
and nanoscopic levels) both for the sensing materials and the
device structures can be found in most of the cases. Advanced
sensors are certainly improved by application of nanoarchitec-
tonics strategies. In the following sections, sensor designs are
discussed on the basis of nanoarchitectonic structural motifs,
such as nanoporous structures and extremely thin nanofilms as
well as the highly enhanced molecular sensing capability at
interfacial structures.

Porous structures
One of the most highly effective methods to improve the sensi-
tivity of sensors is the enhancement of the surface (interfacial)
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area for facile contact between the sensing target molecules and
sensor device material. High surface area materials such as inte-
grated structures and nanoporous materials can be obtained by
molecular self-assembly [112-114] and template synthesis [115-
119]. For example, various sensors with self-assembled fuller-
ene materials and their carbonized materials as sensing struc-
tures were reported for aromatic gas vapors [120,121] and
carbonized particles [122]. Mesoporous carbons were used for
sensing of tannins in acidic aqueous environment with highly
cooperative adsorption in the mesochannels [123]. The nanoar-
chitectonic construction of carbon nanocages with high surface
mesoporous structures [124] was integrated with electrospun
polymer fibers and resulted in a highly sensitive sensing materi-
al for aniline vapor [125]. Layer-by-layer structures of meso-
porous carbon capsules can work as sensing membranes
capable of selectively sensing through the doping of secondary
sensing units [126].

As an emerging nanoporous material, metal–organic frame-
works and porous coordination polymers have received much
attention because of the various functional nanoporous struc-
tures that can be engineered through self-assembly from
selected components [127-130]. Pan, Su, and co-workers fabri-
cated metal–organic framework materials with microporous
structure and switchable luminescence capability for sensitive
water detection [131]. The metal–organic framework sensor
was prepared from Zn and (5-(2-(5-fluoro-2-hydroxyphenyl)-
4,5-bis(4-fluorophenyl)-1H-imidazol-1-yl)isophthalic acid)
ligands, the latter of which shows a characteristic excited state
intramolecular proton transfer. The adsorption of water mole-
cules into the micropores induces interconversion between the
hydrated and dehydrated phase, accompanied by the switching
on and off of the excited state intramolecular proton transfer, re-
sulting in sensitive switching between two-color photolumines-
cence. The sensing films consisting of paper and ZnO could
realize a very sensitive water detection with a relative humidity
of less than 1% and the detection of trace-level water of less
than 0.05%. In addition, the interference from any small mole-
cules other than water is also avoided. The precise nanoarchi-
tectonic control of the structure results in high sensitivity and
selectivity.

The nanoporous architectures of metal–organic frameworks can
also serve as filters for molecular selection. Fan and co-workers
prepared an electrical gas sensor for formaldehyde with high
selectivity using the molecular sieving function of zeolitic imi-
dazolate framework structures on ZnO nanorods [132].
Core–shell structures of zeolitic imidazolate frameworks and
ZnO nanorods were prepared by direct growth of the frame-
work on the ZnO nanorods. Limitation effects by the frame-
work aperture provided improved selectivity for formaldehyde

over the other volatile organic compounds. This nanoarchitec-
tonic strategy using molecular sieving effects of nanoporous
frameworks can be applied to other targets of selected molecu-
lar size.

Ultrathin films
The immobilization of functional materials with ultrathin films
such as self-assembled monolayers [133,134], Langmuir–Blod-
gett films [135-137], and layer-by-layer assembly [138-141] on
sensors and related devices is a key nanoarchitectonics step for
sensor fabrication. For example, Furusawa et al. immobilized
nickel-nitrilotriacetic acid within a self-assembled monolayer
on an organic field-effect transistor, which was used for the
sensitive detection of small organic acid molecules, such as
citric acid [142]. Hattori and co-workers fabricated an ATP/
ADP sensitive image sensor by immobilization of apyrase as a
self-assembled monolayer on a 128 × 128 pixel array semicon-
ductor CCD-type pH imaging sensor [143]. Although the sensi-
tivity of the prepared sensor is inferior to that of other fluores-
cence sensors, this sensor nanoarchitectonics approach does not
require any labelling procedures. Therefore, it may be useful for
the estimation of ATP discharge in damaged cells.

Ultrathin film nanoarchitectures are crucial not only for the
facile contact between analytes and the sensor device but also
with respect to the carrier mobility for semiconductor-based
sensor devices. The enhancement of sensor performance on
ultrathin films has been recognized in several recent research
efforts. Guo and co-workers fabricated a field-effect transistor
with monolayers and multilayers of pentathiophene-type
organic semiconductor for melamine detection [144] (Figure 7).
The used dialkoxyphenyl pentathiophene derivative has a semi-
conductive pentathiophene core sandwiched by two insulating
C12 alkyl chains. Long-range ordered π-conjugated columns in
densely packed arrays of the pentathiophene core confine
charge carrier transport to one direction. The charge generation
and transport can be effectively maximized by this carrier trans-
port confinement. The fabricated field-effect transistor struc-
ture was integrated into a microfluidic device. The monolayer
structure of the semiconductive layer provided better sensor
performance with long-term stability and high sensitivity. The
minimum detection limit for melamine was approximately
10 ppb.

The high performance of nanoarchitectonic semiconductive
monolayers was also demonstrated by Chan and co-workers
who successfully prepared semiconductor monolayer crystals of
2,9-didecyldinaphtho[2,3-b:2’,3’-f]thieno[3,2-b]thiophene on
the millimeter scale [145]. The semiconductor crystals encapsu-
lated within poly(methyl methacrylate) exhibited a significant-
ly high mobility (10.4 cm2 V−1 s−1). In multilayer structures,
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Figure 7: Features of molecular recognition at interfacial media: (i) contacts of phases with different dielectric natures to result in huge enhancement
of molecular recognition; (ii) connection of extremely different size events, enabling the manipulation of molecular receptors by macroscopic motion.
Adapted with permission from [51] copyright 2015, The Royal Society of Chemistry.

the first layer on interface plays the main role in carrier trans-
port and the layers above simply act as carrier suppliers. The
crystal monolayer shows low anisotropy and thermally acti-
vated carrier transport. Such characteristics are different from
the band-like carrier transport modes in thicker crystals. The
fabricated sensor with ultrathin organic semiconductor crystals
was an efficient NH3 sensor with a detection limit on the 10 ppb
level.

Specific effect of molecular sensing at interfaces
The high surface area nature of nanoporous materials and the
ultrathin aspect of monolayer crystals are advantageous for im-
proved sensor performance. These structural features can also
be regarded as interfacial nanoarchitectonics. In this section, the
scientific basis for molecular sensing (recognition and discrimi-
nation) specific to interfacial environments is briefly described
and hints for future sensor designs are discussed. Interfacial
environments provide two distinct features, (i) contacts of
phases with different dielectric natures and (ii) connection of
extremely different size events (both along the lateral direction
and thickness direction, Figure 8).

Interfaces provide the potential of contact between two differ-
ent media. Molecules with recognition capability (receptor mol-

ecules) prepared through organic synthesis are not always
soluble in the aqueous phase and are not appropriate for sensing
of water-soluble targets in solution phases. Placing such water-
insoluble receptor molecules at a water-contacting interface is
crucial to sense water-soluble substances such as important bio-
molecules. Not limited to this technical requirement, interfacial
media have the benefit to greatly enhance molecular recogni-
tion capability [146,147].

Systematic research on the comparison of recognition efficien-
cies of a fixed molecular pair (guanidinium and phosphate)
revealed that binding constants change significantly depending
on interfacial types [148]. The binding constant between guani-
dinium and phosphate dispersed in aqueous media is only
1.4 M−1 [149]. This kind of molecular recognition based on
hydrogen bonding and/or electrostatic interaction is weakened
in polar media such as water phase. Chemical species with
uneven charge distribution within a molecule are stabilized by
solvation with polar solvent molecules, which is highly disad-
vantageous in the formation of host–guest complexes. However,
the incorporation of guanidinium functionality into molecular
assemblies such as aqueous micelles and lipid bilayers to place
recognition sites at a mesoscopic interface increased the binding
constants between guanidinium and phosphate to 102–104 M−1



Beilstein J. Nanotechnol. 2019, 10, 2014–2030.

2023

Figure 8: Mode of molecular recognition and sensing: (A) one most stable state between guest and host; (B) switching molecular binding by external
stimuli; (c) tuning of receptor structures through continuously shifting molecular conformations for required demands. Adapted with permission from
[52] copyright 2016, Springer Nature.

[148]. Furthermore, placing a guanidinium functionality at a
macroscopic interface, such as air–water, results in a huge en-
hancement of the binding constant with aqueous phosphate to
106–107 M−1 [150,151]. These facts imply that the molecular
sensing capability could be improved by selecting interfacial
types and nanoarchitectonics of interfacial structures.

The above-mentioned specific features at the interfacial media
were also proved by theoretical calculations based on quantum
chemistry [152-154]. Even without direct contact, the low
dielectric nature in nonpolar media located close to recognition
sites provided positive effects. It is a plausible mechanism
regarding how biological molecular recognition occurs in
aqueous media [155]. The molecular recognition of small mole-
cules can be accomplished at certain kind of interfacial environ-
ments such as cell membrane, inside surfaces of receptors and
enzymes, and macromolecular interfaces at DNA and proteins.
This mechanism for the enhancement of the molecular recogni-
tion capability at interfaces is surely applicable to other molecu-
lar recognition pairs and should also lead to highly efficient mo-
lecular recognition of various aqueous biomolecules including
amino acids [156], peptides [157-159], sugars [160,161],
nucleic acid bases [162,163], and nucleotides [164-166] at well-
designed interfacial environments. In order to design and fabri-

cate sensors with better performance, interfacial nanoarchitec-
tonics should be crucial factor.

Another feature specific to interfacial environments is the
co-existence of extremely different sized structures. At dynamic
interfaces, their lateral direction has macroscopic motional free-
dom but the structural changes in the thickness direction are
confined to the nanometer scale. Therefore, macroscopic
motions such as compression and expansion can be coupled
with nanoscopic conformational changes of molecules embed-
ded at dynamic interfaces [167-169]. For example, dihedral
angles of binaphthyl units can be continuously tuned at the mo-
lecular level by dynamic compression and expansion of mono-
layers of tens of centimeters [170]. The digital switching of
helicity of binaphthyl units is also possible through macro-
scopic motion [171]. Furthermore, the control of nanoscopic
motions of molecular machines such as molecular catchers
[172,173] and molecular motors [174,175] can be accom-
plished by macroscopic motions at the air–water interface.

The regulation of molecular conformation at interfacial media
can be utilized for the tuning of molecular sensing. The struc-
tural tuning of an octacoordinate Na+ complex of a cholesterol-
substituted cyclen with twisting helicity at the air–water inter-
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Figure 9: Mode of molecular recognition and sensing: (A) one most stable state between guest and host; (B) switching molecular binding by external
stimuli; (c) tuning of receptor structures through continuously shifting molecular conformations for required demands. Adapted with permission from
[52] copyright 2016, Springer Nature.

face was used to realize switching recognition selectivity be-
tween ʟ- and ᴅ-amino acids [176,177]. Chiral sensing can be
tuned by mechanical deformation of the receptor membrane at
the interfacial environment. Two-dimensional deformation of
cholesterol-substituted triazacyclononane monolayer was used
to optimize the discrimination between uracil and thymine de-
rivatives [178,179] that cannot be discriminated by naturally
occurring DNA and RNA. Although the structural difference
between uracil and thymine is only one methyl group, the
difference in the binding constant between them is more than
60 times. A mechanically controlled indicator displacement
assay for aqueous glucose detection based on fluorescence reso-
nance energy transfer was also reported [180].

The mechanisms of molecular recognition and sensing are
roughly summarized in Figure 9. The most basic mechanism

(Figure 9) is considered to form the most stable state between
the guest and host [181-183]. Shinkai and co-workers proposed
a breakthrough approach to switch molecular recognition using
photo-isomerization of an azobenzene moiety in a receptor
structure (Figure 9) [184,185]. This mechanism creates two (or
more) states with different binding energies that are controlled
by external stimuli. This can also be regarded as the origination
of molecular function control by external stimuli. It shares
working principles with molecular machines which are usually
operated by switching between several states [186-188]. Unlike
these pioneering approaches, the mechanical tuning of receptor
molecules at interfacial media considers numerous candidates
from continuously shifting molecular conformations (Figure 9)
[189-191]. This method may use all available possibilities of
flexible molecular structures. This methodology has not been
fully applied in practical sensing systems so far.
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Conclusion
This review article introduces several examples of recent ad-
vanced sensors, classified according to the sensing targets
(chemical substance, physical condition and biological phenom-
ena) in the first part. In the second part, the importance of
nanoarchitectured motifs, such as nanoporous structures, ultra-
thin films, and unusual interfacial effects, for improved sensor
performance is discussed. Most of the examples illustrate the
crucial role of the nanostructure in sensor design. Although fine
structural control used to be an important task in device minia-
turization and integration in past approaches, the importance of
precise nanoscale control for sensor materials is widely recog-
nized in recent developments. Molecular sieving effects for
better selectivity by well-designed nanoporous structures and
effective carrier transport within a well-packed ultrathin mono-
layer of organic semiconductors have become clear in recent
research examples. Of course, further efforts regarding nano-
scale design of sensing materials for better performance and
selectivity have to be made. In many cases, sensor advance-
ments can be implemented with the nanoarchitectonics method-
ologies.

However, some important mechanisms such as huge enhance-
ments of molecular recognition efficiency and molecular tuning
capability at interfaces still remain as basic milestones and have
not been applied in practical sensor applications to date. Further
advancements of sensors can be made by exploitation of the
various flexible and dynamic natures of sensing materials where
various interactions and effects have to be harmonized similar
to the nanoarchitectonics strategy. In addition, dynamic harmo-
nization of the interactions is also commonly observed in bio-
logical processes and systems. As discussed in some reviews,
interfacing between electronic devices and ionic biosystems
[192] and biocompatible device design [193] are crucial for
future sensor devices. Therefore, investigation on dynamic
nanoarchitectonics for sensor devices could lead to further
advancements in bio-friendly sensor devices.

Of course, all important sensor activities cannot be described in
this review. For example, sensors based on various advanced
physical mechanisms such as plasmonic [194], dielectric
sensing [195], surface-enhanced Raman scattering [196],
Fabry–Pérot-based intraocular pressure [197], and/or novel
nanostructured materials with exotic properties [198] undoubt-
edly have important contributions. In addition, mass-sensitive
sensors, quartz and crystal microbalance [199] are are useful for
many substances because mass changes and alteration of
viscoelasticity such as phase transition [200] are common over
all materials. Once developed, these technologies have to be
translated into real-world applications for potential impact on
daily life. A roadmap for this technology transfer cannot be

easily predicted, but should include important factors such as
miniaturization, wearable features, scalability, reliability, and
sampling of analytes. This roadmap would be shortened by
using new types of materials such as two-dimensional materials
[201-204] and through introducing new methodologies such as
mass-data analyses and machine learning [205,206]. Another
important factor to accelerate progress would be process inte-
gration of top down microfabrication and bottom up self-orga-
nization to bridge materials and systems over a wide scale
range. To combine all of these techniques and functional mate-
rials, the concept of nanoarchitectonics becomes a crucial
bridge in this roadmap.
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Abstract
Background: Mechanisms of self-assembly/self-organization are fundamental for the emergence of nanoarchitectonic systems
composed by elemental units, and it is important to build a theoretical framework for them. Additionally, because the enhanced
functionalities of these systems are related to their spatial morphologies, it is necessary to quantify the self-organized design
through suited statistical analysis tools.

Results: We have investigated the self-assembly bundling process of nanowires fabricated by metal-assisted chemical etching
(MACE). First, we have applied theoretical models in order to obtain a quantitative estimation of the driving forces leading to self-
assembly. Then, we have studied the surfaces of the nanoarchitectures by means of multifractal analysis. We have found that these
systems are not simple monofractals, but that the more complex paradigm of multifractality (different fractal dimensions across dif-
ferent scales) has to be applied to describe their morphology.

Conclusion: The multifractal analysis approach has proven its ability to discriminate among different MACE nanoarchitectures.
Additionally, it has demonstrated its capacity to measure the degree of homogeneity of these surfaces. Finally, a correlation be-
tween the growth conditions and the capacity dimension of the nanowires was obtained.

2094

Introduction
In the last years, huge progress was made regarding the study
and the technological exploitation of materials endowed with
new properties deriving from their nanoscale features. In this
respect, the field of nanoarchitectonics [1,2] has attracted atten-

tion as one of the most promising paradigmatic changes in
nanotechnology. In general, the concept of nanoarchitectonics
consists in the approach of building up large structures from
nanoscaled units by self-assembly. This self-building is driven
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by the reciprocal interactions among the units, where these
interactions are such as van der Waals, electrostatic, magnetic,
molecular, and entropic forces [3]. The technological advan-
tage is that in comparison to the nanoscaled units these self-
organized assemblies possess new functionalities. Atoms, mole-
cules, or even nanoparticles or nanowires (NWs) can be used as
basic units to self-arrange in new wholes.

NWs are among the most widely investigated nanoscaled
objects. Especially semiconductor NWs offer the unique
promise to boost the performance of semiconductor devices by
quantum effects. In this respect, silicon NWs [4-7] are key ele-
ments in the field of nanotechnology, given that they can be
integrated in the microelectronic industry, which is mainly
Si-based. From a technological point of view, it is essential to
explore the possibilities of a large-scale fabrication of NWs.
The top-down approach [8] represents the main route to achieve
this goal, because it allows for wafer-scale growth by an easy
adaptation of microfabrication equipment already available in
the industry. The top-down methods involve the use of both dry
[9,10] and wet etching [11] to carve nanostructures from a sub-
strate. Metal-assisted chemical etching (MACE) [12-15] has
gained particular attention in this regard, because it is simple, of
low cost and versatile. MACE is an anisotropic wet etching
technique where the sculpting of the nanostructures is cata-
lyzed by a discontinuous thin film of noble metal deposited on a
substrate. The metal works as a local cathode where the reduc-
tion of oxidants occurs. The underneath semiconductor is the
local anode where a charge-mediated nucleophilic substitution
reaction takes place, which causes silicon atoms to be etched/re-
moved from the substrate. The metal layer, which is not con-
sumed during the process, simply sinks down while the uncov-
ered parts of the substrate form the tips of the NWs. Indeed, no
consummation occurs when gold is used, while other metals are
partly dissolved in many instances. Because the fabrication step
occurs in liquid ambient a final drying step is inherently
involved. Under certain conditions of 1) high NW density and
2) high aspect-ratio of NWs, the surface tension between the
residual fluid film and the NWs could induce a self-assembly
[16,17] (see Figure 1). The process of the assembly of NWs in-
duced by elastocapillary forces is complex. There are many
factors that influence the assembly such as periodicity, height,
cross section, and tensile strength of the NWs as well as evapo-
ration rate and the surface tension of the fluid. Elastocapillary
self-assembly of NWs is an extensively investigated versatile
and scalable method to design complex and robust surface
nanoarchitectures [18]. For tuning and selectivity of the design
of NW assemblies other approaches should be considered [19].

In hierarchical nanoarchitectures generated by NWs or other
elemental nanobjects the self-assembly/self-organization mech-

Figure 1: Schematic illustration of elastocapillary self-assembly of
NWs induced by the surface tension between the residual fluid film and
the NWs.

anisms are pivotal to generate the assembled structures. In fact,
the direct fabrication of such structures by microfabrication or
even nanofabrication approaches would be challenging or
impossible, given the nanosized dimensions of the basic units.
Because the spatial layout is self-driven in contrast to a hetero-
directed placement, asymmetric interaction potentials and entro-
pic forces can lead to different aggregation schemes from place
to place and across the scales of the generated structures. The
control over the spatial arrangement of the assembled elements
is a key issue in nanoarchitectonics, because the emerging func-
tionalities of the whole are linked to its geometry. As a funda-
mental step towards the full command of the nanoarchitectonic
design it is thus necessary to characterize the self-generated
morphologies, in order to be able to discriminate among them
and possibly to relate them to growth procedures from one side
and to physical properties from another side. In this regard,
fractal analysis [20] is an analytical framework fit for the
purpose. Indeed, self-assembled patterns derived from aggrega-
tive processes, which are omnipresent in nature, have been
characterized by their fractal dimension [21-23] that contains
information about their geometrical structure at multiple scales.
However, sometimes the richness of the organization of shape
is such that it is impossible to describe it by just one scaling
law. In this latter case a shift to multifractal analysis is neces-
sary.

In the present work we show the results of multifractal analysis
of nanoarchitectured surfaces of MACE Si NWs. The spontane-
ous arrangements of the NWs were investigated by using
atomic force microscopy (AFM). Among the scanning probe
techniques, AFM shows a peculiar capability to quantitatively
characterize features with nanoscaled dimensions. To gain



Beilstein J. Nanotechnol. 2019, 10, 2094–2102.

2096

insight over the emergence of the organized nanoarchitectures
we applied multifractal analysis to the AFM images. We have
found that a single fractal dimension is not sufficient to describe
the complex geometries of the NW systems. By examining the
results of the multifractal analysis we have been able to high-
light differences between the generated spatial patterns that we
have correlated to the different growth conditions.

A Brief Survey of Multifractal Analysis
Let the fractal object F be a subset of the d-dimensional
Euclidean space , which is the physical support of F, and be
covered by a d-dimensional grid of length scale ε. The box-
counting (BC) fractal dimension, or capacity, DBC is defined as

(1)

where N(ε) is the number of grid elements that overlap with F.
Usually, DBC is determined through the least squares linear fit
of ln N(ε) as a function of ε. It is noteworthy to observe that
Equation 1 represents a scaling rule that compares how much
the detail (quantified by N) in a given pattern changes with the
scale (ε), and it shows that for a (mono)fractal a single fractal
dimension is able to characterize it across all the length scales
[20]. For the deterministic fractals, which are mathematically
constructed objects, the scale invariance holds for all scales.
Well-known examples are Cantor set and Koch’s curve [20].
Instead, natural objects and phenomena are intrinsically finite
and their fractality, if any, can be determined only within a spe-
cific regime of length scales. These structures are called random
fractals.

When the fractal analysis is applied to investigate shapes of
natural objects, this is performed by analyzing their images.
Thus, it is necessary to reframe the above concepts within the
field of image analysis. The simplest type of digital image is a
binary image, that is a squared (for the sake of simplicity) S × S
discrete matrix M of pixels where each pixel can have black or
white colour. In this case the fractal object will correspond to
the set of the pixels of a given colour, for instance black, while
all pixels corresponding to the other colour will be disregarded.
To evaluate the dimension of DBC, first a series of grids with
different length scales will be overlaid to the image. Each
grid is composed of sε × sε not overlapping boxes Gε(i,j),
the size of which is the grid length scale ε, such that

. Then it is useful to introduce a local
measure με (i,j), which amounts to the number of pixels
belonging to the fractal object and contained in the box Gε(i,j).
It is evident that, when a single global exponent characterizes a

fractal object, the measure is uniform and . Howev-
er, in case of multifractal objects the above does not apply
anymore and the measure με varies at different locations.

The quantitative description of multifractality can be per-
formed in differrent manners. One approach passes through the
calculation of the Lipshitz-Hölder exponent α, which gives
account of the pointwise singularity of the object, and its distri-
bution f(α), known as the multifractal spectrum. One method to
determine f(α) is the following [24]. The probability distribu-
tion of με is introduced as

(2)

from which a one-parameter family of normalized measures is
constructed:

(3)

The parameter q works like a magnifying glass, enhancing
1) the regions of the fractal object with the lowest values of
Pε(i,j) for q < 1 and 2) the regions with the highest values of
Pε(i,j) for q > 1. The fractal dimension of the support of μ(q) is

(4)

and the average value of the singularity strength

with respect to μ(q) is

(5)

The mass exponent τ(q) is defined as

(6)
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Figure 2: Representative AFM images of sample SiNW1 (a) and sample SiNW2 (b). The probed areas have a size of 5 × 5 μm2. The AFM measure-
ments have been performed by using a NT-MDT Solver Pro 4H microscope, using tapping mode in ambient atmosphere and at room temperature.

given that

is the q-th power moment sum. τ(q) is linked to the multifractal
spectrum by the Legendre transformation

(7)

It is also connected to the generalized fractal dimensions [25-
27]

(8)

because τ(q) = (q − 1)D(q). Thus, an alternative way to deter-
mine the multifractal spectrum is to calculate D(q) from the
above equation and to substitute it in Equation 7.

Results and Discussion
Elastocapillary self-assembly in MACE Si
NWs
Figure 2 shows typical AFM images of the MACE Si NWs in-
vestigated in the present work. The procedure to grow the
MACE samples is carried out as follows: (100)-oriented Si
wafers are the substrates. As a first step, the native oxide is re-
moved from their surfaces by UV-oxidizing (2 min) and then
dipping them (5 min) in 5% HF. Subsequently, 2 nm thick Au
layers are deposited on the cleaned surfaces by electron beam
evaporation. These gold films do not coat the substrates

uniformly. The uncovered parts of the Si surfaces become the
seeds of the NWs in the subsequent etching step. For the
etching step, the substrates are immersed in an aqueous solu-
tion of HF (5 M) and H2O2 (0.44 M). Two types of MACE Si
NWs have been synthesised, with differences in 1) the doping
of the source substrates and 2) the etching time. Longer etching
times yield longer NWs. For one sample (labelled from now on
SiNW1; Figure 2a) the source substrate was P-doped with a
doping density of 1015 cm−3 and a NW length of 5 μm. For the
other sample (labelled SiNW2; Figure 2b) the source substrate
was As-doped with a doping density of about 1018 cm−3 and a
NW length of 1.3 μm.

Figure 3a and Figure 3b are the masked images obtained
applying a height threshold on the AFM measurements of
Figure 2. The threshold divides the surface into two regions: the
tips of NWs (black colour) and the remainder of the sample
(white colour). The NW tips appear clustered in both samples,
creating a very complex architecture over the surfaces. It is
noteworthy to observe that this clustering has not been purpose-
fully induced by design of the locations of NWs, but it is a
spontaneous assembly occurring during the NW growth.
Recently, a direct observation of MACE NWs bending and
sticking together during the drying step has been reported [28].
The authors have found experimentally that the bending/
bundling of NWs depended on their aspect ratio. It occurred for
aspect ratios greater than 1:10, while it was not observed for an
aspect ratio of about 1:5. Actually, many more factors have
impact on the self-assembly of arrays of nano- and microstruc-
tures with high aspect ratios, when a liquid is evaporated off the
surface [29,30]. Considering two adjacent NWs, first 1) the
capillary force between them should be able to overcome the
elastic force moving them back to the original straight position,
in order to bring them into contact during the evaporation of the
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Figure 3: (a, b) Masks obtained by setting a threshold for the heights in the AFM images of SiNW1 and SiNW2 in Figure 2, in such a way that the
black regions correspond to the tips of NWs. (c) Image obtained after binary-processing a SEM image adapted from [37] of a 2 nm Au layer deposited
on a Si substrate by electron beam evaporation. The conditions during the growth of the gold thin film were similar to the ones during the growth of the
samples SiNW1 and SiNW2. The black regions correspond to the uncovered silicon areas, while the white region represents the deposited Au. It is
evident that by MACE processing the metal-coated substrate a spatially homogeneous arrangements of NWs would have been expected. On the con-
trary, in (a, b) the MACE-grown NWs are clustered.

liquid. Then a stable bundle will occur if 2) the adhesion force
between the surfaces of the two NWs is larger than the elastic
force. In order to theoretically confirm the self-assembly that
occurred in both samples SiNW1 and SiNW2, we availed of lit-
erature [29,31] to model steps 1) and 2). Given a pillar-like
structure of height h, clamped at one end, such that the other
end is deflected by a length w, the magnitude of the elastic force
acting on it can be calculated from the Euler–Bernoulli elemen-
tary beam theory [32], and it is given by

(9)

where E is the Young modulus of the pillar and I is its area
moment of inertia. The magnitude of the capillary force FC be-
tween two cylindrical pillars when partially immersed in a
liquid is [29]

(10)

where γliq is the liquid surface tension, θ is the contact angle be-
tween the liquid and the surface of the pillar, r is the radius of
the pillar and 2x is the interdistance between the axes of the two
pillars (see Figure 1). We have availed of the above Equations 9
and 10 to estimate the magnitudes of the elastic and capillary
forces in our case. To this aim we have determined average
values of 4.5 nm and of 7.5 nm for r and x, respectively.
Cons ide r ing  the  da t a  r epo r t ed  in  l i t e r a tu re ,  we
have considered not a single value but a range of values of
a) E = 80–120 GPa [33] and of b) γHF from 0.5 mN/m [34] to
10.2 mN/m [35]. A value of θ = 70° has been found for silicon
surfaces and HF [36]. The range of values for the capillary

force has thus been estimated to be 3–65 pN, which is orders of
magnitude greater than the possible values of the elastic force,
ranging from 0.9 to 1.4 fN for SiNW1, and from 53 to 80 fN for
SiNW2. This confirms that under the growth conditions de-
scribed here, FC is greater than Fel and can bring the NWs into
contact.

In order to find out whether the formed NW bundles are stable,
we have calculated the critical aspect ratio [31] of the NWs of
samples SiNW1 and SiNW2. The critical aspect ratio is a
threshold value for the stability of the bundles. NWs with aspect
ratios larger than the critical one will remain attached after
bending towards each other and getting in contact. Given two
collapsed pillars, such that the length of the non-contact portion
is L (Figure 1b), a critical value of L can be estimated from [31]

(11)

where the term on the left-hand side is the decrease in strain
energy if the non-contact region is increased by dL, and the
term on the right-hand side is the energy required to separate
the surfaces of the two pillars by dL. γsup is the surface energy
of the pillar, c0 is the contact width at equilibrium of the two
pillars under no external force, and Uc is the stored elastic
energy normalized to the contact length due to the deformation
near the contact region. The values of c0 and Uc are given by
[31]

(12)
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and

(13)

given that E* = E/(1 − ν2) where ν is the Poisson’s ratio. By
rearranging Equation 11 it is possible to derive the critical
aspect ratio as

(14)

since I = πr4/4 for a cylindrical pillar. Again, a range of values
for γsup from 1 to 2.2 J/m2 has been used according to literature
[38], and a Poisson’s ratio of 0.22. The values of ARcrit thus ob-
tained range from 2.2 to 1.5, while the aspect ratios of the NWs
are of 555 for sample SiNW1 and of 144 for sample SiNW2.
This confirms theoretically the stability of the observed NW
clusters. The process of self-assembly yielded the hierarchi-
cally structured MACE NW surfaces as shown in Figure 2. The
complex spatial design thus achieved has been investigated by
means of multifractal analysis.

Multifractal analysis applied to MACE NWs
In a previous section we gave a brief survey of the computa-
tional procedures involved into performing fractal and multi-
fractal analysis. In both kinds of analysis, after the preliminary
step of overlaying a grid of length scale ε to the image, it is
crucial to establish a rule to assign a value to the local measure
με(i,j) over each box of the grid. However, the recipe that has
been given, με(i,j) ↔ number of pixels belonging to the fractal
object and contained in the box (i,j) is meaningful only for
binary images. Indeed, fractal objects that can be described by
binary images are, for example, 2D contours or the 2D corre-
spondent filled patterns (such as the regions of homogeneous
colour of Figure 3). These fractals are clearly just a subset of
the possible random fractal phenomena or structures that can be
met in nature, where the complex features of real 3D morpholo-
gies cannot be rendered by binary images. In fact, the AFM
images of Figure 2 are RGB images, where a colour scale
connects the image colours to height values. It is noteworthy to
observe that, once a suitable mapping is established to compute
the local measure με for RGB or grey-scale images, the steps
already described to calculate the fractal dimension, the multi-
fractal spectrum or the generalized dimensions would be the
same. In the present work we have chosen to use grey-scaled
versions of the AFM images to perform the multifractal analy-
sis, which has been implemented by means of the FracLac
plugin [39] of the image analysis software ImageJ [40]. In fact,

in the grey-scaled AFM images the interval of heights actually
measured is mapped onto grey-level values ranging from 0
(black) to 255 (white), which corresponds to a simple rescaling.
The flow chart of the followed procedure has been
schematically illustrated in Figure 4a,b. To calculate the local
measure με for the grey-level images we availed of the differen-
tial box counting method: με(i,j) = ΔεI(i,j) + 1, given that
ΔεI(i,j) = Imax − Imin is the difference in pixel intensities (grey-
level values) over the box (i,j).

Figure 5 shows the Dq curves of different sampled areas of the
surfaces of samples SiNW1 (a) and SiNW2 (b). First of all,
these graphical spectra of Dq show that the nanoarchitectured
surfaces generated by the self-assembly of NWs are indeed
multifractal. Monofractals or objects that are not fractals tend to
have flatter Dq curves than multifractals. Ideally, a Dq curve is
flat for a monofractal because  [25]. With refer-
ence to Equation 8, it should be remembered that the general-
ized dimension is linked to the probability distribution Pε(i,j).
The largeness of an element of such a distribution is directly
related to the correspondent largeness of με(i,j) (see
Equation 2). Thus, the parameter q is a kind of a resolution pa-
rameter that enhances 1) regions corresponding to higher με
values for positive values of q, and 2) regions of lower με
values for negative values of q. Keeping this in mind, and
taking into account how we have defined above the local
measure με, we observe that for sample SiNW1 the Dq values
for each q are lower than the ones for sample SiNW2, or they
are in the same range. That is, in sample SiNW2 there is a ten-
dency to higher fractality for both areas with larger or smaller
ranges of pixel intensities ΔεI. This is related to the different
growth conditions of sample SiNW1 and sample SiNW2.

In Table 1 are reported the D0, D1 and D2 values of the sampled
areas from sample SiNW1 and SiNW2. It can be proved
that  if q’ > q[25], and in fact we have found that
D0 > D1 > D2, where the difference between these values is an
indication of the multifractality of the surfaces of samples
SiNW1 and SiNW2. D0 is the so called capacity (or box
counting) dimension that would coincide with DBC in a
monofractal system. In our case we have found values of D0 of
about 1.84 for most of sampled areas of sample SiNW1, while a
value of 1.72 was obtained in one case. In contrast, for sample
SiNW2 we obtained values of about 1.73, again with a value of
1.86 obtained in one case. Such differences in capacity dimen-
sion for different areas of the same sample may be indicative of
a certain degree of inhomogeneity in the final design of the NW
patterns. Nevertheless, it is interesting to observe that the range
of possible D0 values seems to be approximately the same in
both samples. It has to be noted that MACE Si NW samples
have been characterized by simple fractal analysis in a previous
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Figure 4: (a, b) Schematic of the differential box counting method applied to the AFM measurements. Each AFM image (a) is converted into a grey-
scaled image (b). For a given grid of unit length ε laid down over the image (blue lattice), the local measure με(i,j) is computed as the range in intensi-
ty of all pixels belonging to the box. For the sake of comparison, the flow chart for the more common box counting method over binary images is illus-
trated in panels (a) and (c). From the AFM image (a) is extracted a silhouette or a mask (c). The region subject to fractal analysis is black (in the
present case), while all remaining pixels are set to white. For a chosen grid, the local measure με(i,j) is then computed as the sum of black pixels
within the box.

Figure 5: Curves of the generalized dimension Dq as a function of q
for different probed areas of samples SiNW1 (a) and SiNW2 (b). The
values of D0, D1 and D2 for these areas have been reported in Table 1.

Table 1: Main parameters obtained from the multifractal analysis of the
sampled areas of SiNW1 and SiNW2.

SiNW1

area D0 D1 D2
1A 1.7958 1.7854 1.7629
1B 1.7197 1.7054 1.6878
1C 1.8528 1.8486 1.8394
1D 1.8528 1.8453 1.8352

SiNW2

area D0 D1 D2
2A 1.7197 1.714 1.71
2B 1.8628 1.8526 1.8435
2C 1.7378 1.7289 1.7209
2D 1.7378 1.7296 1.7225
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Figure 6: Multifractal spectra of sampled areas of MACE SiNW1 (a)
and SiNW2 (b). The black line is the first diagonal.

work [37], where a value of DBC of about 1.9 has been found.
However, it should be taken into account that in that case the
analysis has been performed over binarized SEM images, where
the patterns under study have been the regions corresponding to
the tops of NWs, similar to the masked regions of Figure 3b,c.
Thus, the complex 3D arrangements of the NWs have been
completely ignored.

Finally, in Figure 6 the multifractal spectra f(α) of all the
sampled areas of samples SiNW1 (a) and SiNW2 (b) are re-
ported. Again, there is an indication of multifractality in both
samples, given that in the case of an ideal monofractal f(α)
would reduce to just a single point. In contrast to Dq, which
represents the various dimensions of the distribution of the
ranges of pixel intensity values over the whole imaged area, f(α)
is the dimension obtained over different sub-regions that
display the same α. Each curve f(α) shows the characteristic
convex shape, peaked at α(0), where f(α(0)) = D0, as can be
easily verified by Equations 6–8. The α values to the left of α(0)
are associated with positive q values, the ones to the right of
α(0) are associated with negative q values. Thus, the presence
or the absence of symmetry of f(α) around its peak mirrors the
same kind of symmetry/asymmetry in the distribution between
regions with a large/small range of pixel intensity values. From
Figure 6 it appears that f(α) spectra of the sampled areas of
SiNW1 have a tendency to be symmetric. Instead of this, in the
case of sample SiNW2 the intervals of α values of sub-areas
with a smaller range of pixel intensity values (right part of the
curve) are bigger than the ones for sub-areas with a larger range
of pixel intensity values (left part of the curve). It can be sug-
gested that for sample SiNW2 the multifractality is enhanced in
sub-areas with smaller range of pixel intensity, that is of smaller
height variation. In fact, it should be remembered that the pixel
intensity is simply a rescaling of the measured height value. It is
interesting to note that the property of symmetry/asymmetry of
the f(α) spectrum applies to all areas of each sample, appearing
to be an intrinsic feature.

Conclusion
In this work we have investigated the spontaneous spatial orga-
nization of nanoarchitectures of MACE Si NWs. First, we have
applied theoretical models in order to estimate the driving
forces leading to the self-assembly. Then we have availed of
multifractal analysis to analyze the patterns. Our results confirm
that fractal analysis would not be sufficient to capture the whole
richness of the self-assembled structures. Differences in growth
conditions result in differences in the generalized dimension
and the multifractal spectrum. In contrast, when the same quan-
tities are calculated over areas of the same sample the results
show coherence, even if a minority of cases departs. This means
that the nanoarchitectonic surfaces present locally some degree
of inhomogeneity. This also highlights multifractal analysis as a
powerful tool to “measure” the design of fractal-like nanoarchi-
tectures. Finally, a correlation has been found between the
growth conditions and the tendency to multifractality, which is
more uniform across the MACE nanoarchitectures of sample
SiNW1, while it is accentuated in the region formed by the tips
of the nanowires of sample SiNW2.
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Abstract
Dendrons fitted with three oligo(ethylene glycol) (OEG) chains, one of which contains a fluorinated or hydrogenated end group and
bears a bisphosphonate polar head (CnX2n+1OEG8Den, X = F or H; n = 2 or 4), were synthesized and grafted on the surface of iron
oxide nanoparticles (IONPs) for microbubble-mediated imaging and therapeutic purposes. The size and stability of the dendronized
IONPs (IONP@CnX2n+1OEG8Den) in aqueous dispersions were monitored by dynamic light scattering. The investigation of the
spontaneous adsorption of IONP@CnX2n+1OEG8Den at the interface between air or air saturated with perfluorohexane and an
aqueous phase establishes that exposure to the fluorocarbon gas markedly increases the rate of adsorption of the dendronized
IONPs to the gas/water interface and decreases the equilibrium interfacial tension. This suggests that fluorous interactions are at
play between the supernatant fluorocarbon gas and the fluorinated end groups of the dendrons. Furthermore, small perfluorohexane-
stabilized microbubbles (MBs) with a dipalmitoylphosphatidylcholine (DPPC) shell that incorporates IONP@CnX2n+1OEG8Den
(DPPC/Fe molar ratio 28:1) were prepared and subsequently characterized using both optical microscopy and an acoustical method
of size determination. The dendrons fitted with fluorinated end groups lead to smaller and more stable MBs than those fitted with
hydrogenated groups. The most effective result is already obtained with C2F5, for which MBs of ≈1.0 μm in radius reach a half-life
of ≈6.0 h. An atomic force microscopy investigation of spin-coated mixed films of DPPC/IONP@C2X5OEG8Den combinations
(molar ratio 28:1) shows that the IONPs grafted with the fluorinated dendrons are located within the phospholipid film, while those
grafted with the hydrocarbon dendrons are located at the surface of the phospholipid film.
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Introduction
Microbubbles (MBs), that is, micrometer-sized gas particles
dispersed in an aqueous medium, are clinically used as contrast
agents for ultrasound imaging, including molecular imaging,
and actively investigated for surgical ablation, targeted drug and
gene delivery [1-10]. They are also being examined for use, in
conjunction with focused ultrasound, and under magnetic reso-
nance imaging guidance, for achieving blood/brain and blood/
tumor barrier crossing of drugs [11,12]. Medical MBs have a
shell consisting of surfactants, phospholipids, or polymers and
are usually stabilized by a fluorocarbon gas [13] that acts as an
osmotic agent [14,15] and as a co-surfactant to phospholipids
[16] and block co-polymers [17].

Nanoparticles can be attached to the bubble shells to extend
their diagnostic and therapeutic potential by combining multi-
modal imaging, drug or gene delivery, and/or enhancement and
control of the acoustic signal for energy deposition, as is re-
quired for sonothrombolysis or ablation surgery. MBs incorpo-
rating iron oxide nanoparticles (IONPs) are sought after as dual
contrast agents for ultrasound and magnetic resonance imaging
[18-20] and drug delivery [21,22]. The shells of the presently
available MBs that incorporate IONPs are often made of poly-
mers. For example, ultrasmall superparamagnetic iron oxide
nanoparticles were embedded in the wall of poly(butyl cyano-
acrylate)-based MBs, allowing the blood‒brain barrier penetra-
tion to be monitored [23]. Soft-shell colloids called lipospheres
have also been reported for enhanced gene and drug delivery
[24]. These lipospheres consist of gas-filled spheres coated by a
film of soybean oil that encases the cargo of nanoparticles and
is itself contained within a film of phospholipids [24]. Both
polymer-shelled MBs and lipospheres have some advantages
and some limitations [25]. In both cases, the shells can be
custom-made to enhance stability, circulation duration, drug-
loading capacity and release rate, targeting the fusion with cell
membranes [24]. Both types of constructs are generally more
stable, but less echogenic than “true” gas microbubbles, due to
the dampening effect of the polymer shell or oil contained in the
phospholipid coating [24,25]. One important difficulty encoun-
tered in the preparation of such magnetic MBs is that IONPs
rapidly aggregate in aqueous media [25]. Commercially avail-
able 50 nm magnetic IONPs coated with phospholipids allowed
for the preparation of MBs that enabled transfection of neurob-
lastoma cells with a generic, fluorescent, small, interfering
RNA under magnetic and ultrasound fields [26].

In the present work, we incorporated IONPs coated by dendritic
phosphonates bearing oligo(ethylene glycol) (OEG) chains into
the phospholipid shell of the MBs. OEG chains were selected in
order to improve the dispersibility of the IONPs in water
[27,28]. Dendritic phosphonates are effective anchoring agents

Figure 1: a) Molecular structure of the dendrons investigated
(CnX2n+1OEG8Den, X = F or H; n = 2 and 4); b) Schematic representa-
tion of a dendronized IONP showing the anchoring of the bisphospho-
nate function on the iron oxide.

due to the covalent PO–metal bonds that stabilize aqueous
dispersions of IONPs [27,29]. Such dendronized IONPs have
been investigated for hyperthermia and magnetic resonance
imaging owing to their increased stability in aqueous media and
biocompatibility [27,28]. An even stronger anchoring agent
consisting of a dendron structure bearing a bisphosphonate
polar head provided increased colloidal stability in physiologi-
cal media [30]. To the best of our knowledge, the implementa-
tion of dendronized IONPs in phospholipid-shelled MBs has
not yet been reported. This approach is expected to combine
some advantages over existing methods, including the ability to
graft isolated IONPs instead of clusters at the MB surface, and
allowing the microbubbles to go undetected, thus potentially
minimizing the recourse to pegylated lipids.

We report here the preparation of perfluorohexane (F-hexane)-
stabilized MBs with a shell of dipalmitoylphosphatidylcholine
(DPPC) that incorporates IONPs grafted with OEG bisphospho-
nate-headed dendrons. Four dendrons were synthesized and in-
vestigated that feature two phosphonic acids and three OEG
chains, including a longer one in the para position. The latter
was fitted with a fluorinated (C2F5 or C4F9) or a hydrogenated
(C2H5 or C4H9) end group (CnX2n+1OEG8Den, X = F and H;
n = 2 and 4, Figure 1). First, we present the synthesis and the
characterization of the IONPs grafted with the selected
dendrons (IONP@CnX2n+1OEG8Den). Second, we report the
adsorption kinetics of IONP@CnX2n+1OEG8Den at the
interface between air or F-hexane-saturated air and water.
Third, we discuss the size and stability characteristics of
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Figure 2: Hydrodynamic diameter distributions of IONPs grafted with
dendrons: C2H5OEG8Den (38 ± 1 nm, black), C2F5OEG8Den
(37 ± 1 nm, red), C4H9OEG8Den (95 ± 12 nm, orange),
C4F9OEG8Den (197 ± 15 nm, blue) in aqueous dispersions (Fe conc.
0.05 mg mL−1).

F-hexane-stabilized DPPC-shelled MBs incorporating
IONP@CnX2n+1OEG8Den. Fourth, we report an atomic force
microscopy (AFM) study that reveals that the location of the
dendronized nanoparticles in the phospholipid film strongly
depends on the nature of the terminal group.

Results and Discussion
Synthesis and grafting of dendrons on iron
oxide nanoparticles
The OEG dendrons were synthesized as described in the Exper-
imental section. Briefly, the piperazine scaffold was selected as
an appropriate template to introduce the perfluoroalkylated or
alkylated chain on a generation 1 bisphosphonic dendron bear-
ing three OEG chains [31]. In order to facilitate the insertion
and increase the visibility of the perfluoroalkylated (or alky-
lated) end group in the microbubble wall, the central OEG chain
carrying the piperazine moiety was lengthened (Figure 1a). A
multistep chemical sequence allowed for the production of
bisphosphonate dendrons at a reasonable yield (55–80%).
IONPs (mean diameter of 9.0 ± 0.9 nm) were synthesized by
thermal decomposition of iron (II) stearate in the presence of
oleic acid in dioctyl ether, which enables better control of the
size, morphology and composition of the IONPs [32]. The four
dendrons were grafted on the magnetic IONPs by direct
exchange of the ligand (oleic acid) according to [33]. The
excess dendron material was removed by ultrafiltration. The
grafting of the dendrons on the IONPs was assessed by infrared
spectroscopy (IR), which showed a significant reduction of the
oleic acid alkyl bands (2926‒2850 cm−1) and the appearance of
the OEG signal (1096 cm−1) (Supporting Information File 1,
Figure S1). The grafting of the dendrons on the IONPs was also
confirmed by dynamic light scattering (DLS, Figure 2). The

hydrodynamic mean diameter of IONP@C2X5OEG8Den (X = F
or H) was ≈37 nm, which is significantly larger than the mean
diameter of the oleic-acid-covered IONPs (≈10 nm, Supporting
Information File 1, Figure S2). This can be ascribed to the fact
that a corona of OEG chains is now present around the nanopar-
ticle and captures molecules of water, which contributes to a
further increase of the hydrodynamic radius. The mean diame-
ter of the IONP@C4X9OEG8Den materials was larger, namely
≈95 nm and ≈200 nm for X = H and F, respectively, revealing
that aggregation occurs in aqueous media due to the hydropho-
bicity of the end group. Fortunately, this did not preclude per-
forming the adsorption kinetics studies. Altogether, owing to
their dendritic structure, the OEG chains were found to confer
excellent dispersibility and stability to the IONPs [33].

Adsorption kinetics of dendronized
nanoparticles at the gas/liquid interface
The adsorption of the dendronized IONPs at the air/water and
F-hexane-saturated air/water interface was first investigated
using bubble profile analysis tensiometry. As described in our
earlier reports [34,35], we first confirmed that F-hexane taken
alone, when introduced into the gaseous phase of the
tensiometer bubble, adsorbs rapidly onto the interface, as indi-
cated by the instant reduction of the interfacial tension σ by
≈4 mN m−1 (from 72 to 68 ± 0.5 mN m−1, Supporting Informa-
tion File 1, Figure S3). The concentration of Fe in the IONP
dispersions was varied from 10−4 to 10−1 mol L−1. The varia-
tions of the interfacial tension σ over time are collected in
Figure 3 and Table 1. The results show that, not surprisingly, σ
decreases with increasing Fe concentration in all cases. The
lowest σ values were obtained for the IONPs grafted with the
fluorinated dendrons, reflecting their higher hydrophobicity.
We also observed that exposure to F-hexane has two important
consequences on the adsorption of the dendronized IONPs.
First, the adsorption process is accelerated, and second, the
equilibrium interfacial tensions are significantly lowered.

We have reported similar effects of the fluorocarbon gas on the
adsorption of a range of molecules, including phospholipids
[36], polymers [17], proteins [37], biomarkers [38] and CeO2
nanoparticles [39]. But the most important finding here is that
the fluorocarbon gas affects the adsorption of the IONPs differ-
ently, depending on whether the dendron carries a fluorinated
end group or not. The interfacial tension at equilibrium (σeq) of
the dendronized IONP dispersions and characteristic times of
adsorption (τ) of the latter for various Fe concentrations are
collected in Table 1. The τ values were determined by fitting
the adsorption profiles (Figure 3) to an exponential decay func-
tion. The variations of σeq versus Fe concentration are plotted in
Figure 4a. The differences (Δσeq) between σeq of dendronized
IONPs exposed to air and those exposed to F-hexane-saturated
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Figure 3: Adsorption kinetics of IONPs grafted with various dendrons measured at 25 °C: A) C2H5OEG8Den, B) C2F5OEG8Den, C) C4H9OEG8Den
and D) C4F9OEG8Den, at various Fe concentrations: a) 0.1; b) 0.05; c) 10−2; d) 10−3 and e) 10−4 mg mL−1. The dendronized IONPs were exposed to
air (black) or to F-hexane-saturated air (red).

Table 1: Characteristic adsorption time τ (h) and interfacial tension at equilibrium σeq (mN m−1) of the IONPs grafted with hydrogenated or fluorinated
dendrons.

C2H5OEG8Den C2F5OEG8Den C4H9OEG8Den C4F9OEG8Den
Air F-hexane Air F-hexane Air F-hexane Air F-hexane

Fe conc. (mol L−1) τ σeq τ σeq τ σeq τ σeq τ σeq τ σeq τ σeq τ σeq

1 × 10−1 0.58
±
0.05

56 ±
1

0.28
±
0.03

55 ±
2

0.56
±
0.05

55 ±
1

0.17
±
0.02

46 ±
1

– – – – – – – –

5 × 10−2 1.36
±
0.12

57 ±
2

1.11
±
0.16

56 ±
2

1.11
±
0.13

59 ±
2

0.56
±
0.06

53 ±
1

1.25
±
0.13

53 ±
2

1.11
±
0.13

51 ±
1

0.28
±
0.03

48 ±
2

0.03
±
0.01

42 ±
2

1 × 10−2 1.31
±
0.20

60 ±
1

0.56
±
0.14

59 ±
1

2.22
±
0.26

58 ±
1

0.89
±
0.11

53 ±
1

2.22
±
0.30

65 ±
1

1.06
±
0.12

64 ±
1

0.33
±
0.03

49 ±
2

0.03
±
0.01

42 ±
1

1 × 10−3 2.08
±
0.30

67 ±
3

0.42
±
0.14

65 ±
1

2.22
±
0.28

66 ±
1

0.56
±
0.08

58 ±
2

8.61
±
0.93

66 ±
1

4.72
±
0.51

66 ±
2

0.92
±
0.13

55 ±
1

0.06
±
0.02

49 ±
1

1 × 10−4 18.61
±
1.87

70 ±
2

4.44
±
0.39

68 ±
2

38.89
±
3.90

66 ±
2

0.75
±
0.10

58 ±
2

10.28
±
1.08

65 ±
2

7.50
±
0.62

67 ±
2

0.78
±
0.23

60 ±
2

0.03
±
0.02

52
±3

air are plotted as a function of Fe concentration (Figure 4b).
The Δσeq are larger for the fluorinated dendrons than for their
hydrogenated analogs (7.0 ± 1.3 vs 1.1 ± 1.0 mN m−1).

These results indicate that in the presence of the fluorocarbon
gas the surface excess of fluorinated dendrons is higher than for
the hydrogenated analogs, or that the fluorinated dendrons form
a more densely organized film at the interface. Either way,

these results strongly suggest the existence of fluorous interac-
tions between the end groups of the dendrons and the super-
natant fluorocarbon gas that facilitate the adsorption of the
IONPs at the interface. The mutual interactions between fluori-
nated chains are known to be weak, yet effective attractive
interactions can operate in water and organic solvents. For ex-
ample, such interactions are responsible for the partition and
segregation of F-alkyl chains, on which “fluorous” technolo-
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Figure 4: a) Variation of the interfacial tension at equilibrium (σeq, 25 °C) as a function of the Fe concentration in dispersions of IONPs grafted with
dendrons (C2H5OEG8Den: black; C2F5OEG8Den: red; C4H9OEG8Den: orange and C4F9OEG8Den: blue) at the air (dashed line) and F-hexane-satu-
rated air (solid line)/aqueous phase interface. b) Variation of the difference of the interfacial tension at equilibrium (Δσeq) measured under air and
under F-hexane-saturated air versus Fe concentration for various IONPs (same color code). The green arrows highlight the difference in behavior be-
tween fluorinated and non-fluorinated dendrons.

Figure 5: a) Variation of the inverse of the characteristic adsorption time (1/τ) of the IONPs grafted with dendrons (C2H5OEG8Den: black;
C2F5OEG8Den: red; C4H9OEG8Den: orange; C4F9OEG8Den: blue) at the air (dashed) and F-hexane-saturated air (solid line)/aqueous phase inter-
face. b) Variation of the differences of 1/τ measured under air and F-hexane-saturated air (Δ1/τ) as a function of the Fe concentration (same color
code).

gies are based that are used in many synthesis and separation
processes [40]. However, studies of such interactions published
to date are restricted to liquid/liquid and solid/liquid interfaces
[41,42]. In contrast, the potential of fluorocarbon gases to
develop attractive fluorous interactions at the gas/water inter-
face has only recently been demonstrated [38]. It is noteworthy
that the interactions between fluorinated chains are reinforced
by very effective hydrophobic repulsion caused by the prox-
imity of the water phase.

Figure 5 depicts the inverse of the characteristic adsorption time
(1/τ) as a function of the Fe concentration of the dendronized
IONPs. The 1/τ values increase with increasing Fe concentra-
tion (Figure 5a), except for the C4F9OEG8Den case, for which
adsorption is only slightly increased (under air) or remains con-
stant (under F-hexane). In all cases, the adsorption of the
IONPs is accelerated by exposure to the F-hexane gas (solid
lines). The magnitude of this effect depends on the degree of

fluoration of the dendron. The differences between the 1/τ
values measured under air and under F-hexane exposure (Δ1/τ)
are collected for each dendronized IONP in Figure 5b. The
largest Δ1/τ values are obtained for the dendron fitted with the
C4F9 end group, which indicates that the strength of the interac-
tions between F-hexane and the terminal group increases with
the number of fluorinated carbons of the latter.

Preparation and characterization of
microbubbles incorporating dendronized iron
oxide nanoparticles
Our microbubbles were prepared by mixing aqueous disper-
sions of DPPC and dendronized IONPs conditioned in vials that
have a dead volume saturated with F-hexane, in a VialMix
shaker (Experimental section). The size and stability character-
istics of the F-hexane-stabilized microbubbles prepared with
DPPC and dendronized IONPs were investigated by optical
microscopy and ultrasound wave attenuation analysis. MBs
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Table 2: Physical characteristics of the DPPC microbubbles with dendronized IONPs, the mean bubble radius derived by optical microscopy (Rmean
(optical, µm)), the bubble radius obtained by the acoustical method (Raman (acoustical, µm)) and the determined half-life of the bubbles (t1/2 (h)).

DPPC DPPC/
C2H5OEG8Den

DPPC/
C2F5OEG8Den

DPPC/
C4H9OEG8Den

DPPC/
C4F9OEG8Den

Rmean (optical, µm)
Rmean (acoustical, µm)
t1/2 (h)

0.9 ± 0.1
0.8 ± 0.2
6.8 ± 0.5

1.6 ± 0.2
1.1 ± 0.2
3.6 ± 0.7

1.0 ± 0.2
0.9 ± 0.2
6.1 ± 0.9

1.4 ± 0.1
1.4 ± 0.2
1.3 ± 0.2

1.0 ± 0.2
1.2 ± 0.2
5.0 ± 0.9

Figure 6: Size distributions of DPPC and DPPC/dendronized IONP-shelled microbubbles stabilized with F-hexane (grey line: Gaussian fit of the size
histograms derived from optical microscopy; red line: distributions obtained by the acoustical method). a) DPPC alone; b–e) DPPC/
IONP@CnX2n+1OEG8Den mixtures with b) C2H5OEG8Den; c) C2F5OEG8Den; d) C4H9OEG8Den, and e) C4F9OEG8Den. The concentration of IONPs
was 0.1 mg mL−1; temperature 25 °C.

stabilized by a shell of DPPC were investigated for comparison.
Our acoustic device measures the variation of the attenuation
coefficient of an ultrasound wave as a function of its frequency
at the initial measuring time in the measuring cell (Experimen-
tal section). The change of the radius distributions over time is
calculated from the attenuation curves. To this end, the bubble
fraction is plotted against time allowing for the determination of
the half-life of the bubbles [38]. The size and stability charac-
teristics of the MBs incorporating the dendronized IONPs in
their DPPC shell are provided in Table 2 and Figure 6.

The addition of dendronized IONPs led to a significant change
in the MB mean radius and the size distribution for all the
dendronized IONPs investigated, confirming their presence in
the MB shell. A mean radius as small as 1.0 ± 0.2 µm was ob-
tained with the fluorinated dendrons C2F5OEG8Den and
C4F9OEG8Den, which is comparable to that measured for a

non-dendronized DPPC shell. By comparison, the use of hydro-
genated dendrons led to an increase in the MB mean radius. The
stability of the MBs prepared with the fluorinated IONPs, given
by the half-life of the corresponding bubbles, was also signifi-
cantly higher than for those prepared with non-fluorinated NPs
and, at least for C2F5OEG8Den (6.1 ± 0.9 h), comparable to that
of DPPC (6.8 ± 0.5 h; Table 2 and Figure 7). These differences
in behavior that depend on the fluorination of the dendron indi-
cate that fluorous interactions exist between F-hexane in the gas
core and the fluorinated NPs and play a significant role for the
MB size and stability characteristics.

AFM analysis of spin-coated films of DPPC,
dendronized iron oxide nanoparticles and
their mixtures
With the aim to understand if the dendronized IONPs are incor-
porated within the DPPC shell of the MBs or located at the sur-
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Figure 8: Schematic representation of dendronized IONPs a) incorporated within the MB DPPC shell and b) located at the surface of this shell.

Figure 9: AFM topography images (1 × 1 µm) and height profiles of a) IONP@C2F5OEG8Den and b) IONP@C2H5OEG8Den. Dispersions of IONPs in
ethanol (0.002 mg mL−1) were spin-coated on silicon wafers.

Figure 7: Time evolution (25 °C) of the volume fraction of the DPPC
microbubbles (dotted grey) and of the DPPC microbubbles incorporat-
ing various IONPs: IONP@C2H5OEG8 (black); IONP@C2F5OEG8
(red); IONP@C4H9OEG8 (orange); IONP@C4F9OEG8 (blue).

face of the shell (Figure 8), mixed films composed of phospho-
lipid and nanoparticles were prepared by spin-coating on silicon
wafers. The morphology of the films was investigated by AFM
in the peak–force tapping mode. We therefore selected

C2F5OEG8Den, which is the dendron that led to the smallest
and most stable MBs. The hydrocarbon analog C2H5OEG8Den
was also investigated for comparison. The DPPC concentration
was set in order to obtain a discontinuous DPPC film (i.e.,
DPPC domains), allowing for the measurement of the film
height.

The mean height of both IONP@C2F5OEG8Den and
IONP@C2H5OEG8Den is 10.0 ± 1.7 nm, as determined by a
statistical analysis of the particles (Figure 9). Usually, it is ob-
served that the nanoparticles are convoluted by the AFM probe,
which decreases the lateral resolution of the technique. Both
IONP samples are well-dispersed with no indication of aggrega-
tion. The films of spin-coated DPPC form large monolayer and
small bilayer domains (Figure 10a). The profile measured on
the magnified image (Figure 10b and Figure 10c) shows that the
heights of the monolayer and bilayer are 1.5 ± 0.3 nm and
5.0 ± 1.0 nm, respectively. These measurements are in agree-
ment with earlier reports [43].

Figure 11A shows an AFM topography image of a mixed film
composed of DPPC and IONP@C2F5OEG8Den. The IONPs are
embedded within the DPPC monolayer domains in which they
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Figure 10: a) AFM topography image (4 × 4 µm) of a DPPC film spin-coated from an ethanol solution (0.5 mM); b) magnification (1 × 1 µm) of the
square shown in a); c) height profile taken between the two green triangles in b).

Figure 11: a) AFM topography image (4 × 4 µm) of the mixed spin-coated films composed of DPPC and IONP@C2F5OEG8Den (Panel A) and
IONP@C2H5OEG8Den (Panel B); b) magnification images (1 × 1 µm) of the white square shown in a); c) height profiles taken between the two green
triangles in the corresponding image in b). Co-dispersions of DPPC (0.5 mM) and IONPs (0.002 mg mL−1) in ethanol were spin-coated on silicon
wafers.

are well-dispersed, showing no tendency to aggregate. The
profile (Figure 11Ac) measured on the magnified image
(Figure 11Ab) clearly shows that the fluorinated IONPs are in-
corporated into the 1.5 nm thick DPPC monolayer. A different
morphology is observed for the mixed film of DPPC and IONPs
grafted with the hydrogenated dendron C2H5OEG8Den. In this
case, the domains formed by DPPC bilayers of ≈5 nm in height
are omnipresent, while only a few domains of monolayers are
observed (Figure 11Ba). It is seen that IONP@C2H5OEG8Den
are preferentially located in the regions of the wafer that are

devoid of phospholipid domains. The height profile measured
on the magnification image (Figure 11Bb) shows two IONPs of
≈10 nm in height, clearly separated by a bilayer domain of
≈5 nm in height.

This difference can be explained by the fact that short fluori-
nated groups such as C2F5 can significantly increase the
lipophilicity of molecules. This is the main reason why fluorine
groups, such as CF3 or C2F5, are incorporated into many drugs,
as they significantly improve their biodistribution [44]. By
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contrast, longer fluorinated chains, such as C6F13 or C8F17, are
well-known to confer a lipophobic character when grafted onto
molecules and to induce phase separation in fluorocarbon/
hydrocarbon mixtures [45,46]. These results tell us that the
dendronized IONPs fitted with a C2F5 group have a higher
affinity for the phospholipid film than those grafted with C2H5.

Conclusion
We report that small and highly stable magnetic MBs incorpo-
rating IONPs in their phospholipid shells can be obtained by
using IONPs dendronized with OEG chains. The latter signifi-
cantly increase the dispersibility of the nanoparticles in aqueous
media.

We demonstrate that exposure to a supernatant fluorocarbon gas
has a remarkable and considerable impact on the adsorption be-
havior of dendronized iron oxide nanoparticles and that the
magnitude of this effect depends on the nature of the end group
of the dendron grafted on the nanoparticles, which is either
fluorinated or hydrogenated. Introducing a short fluorinated
group at the end of the OEG chain is found to substantially
increase the rate of adsorption of the nanoparticles at the inter-
face with air and even more so when exposed to F-hexane-satu-
rated air. A more compact film is observed when the film of
nanoparticles is exposed to the fluorocarbon gas. This unex-
pected effect indicates that for the mixed film, at the interface,
interactions develop between the fluorinated end group of the
dendron and the fluorocarbon gas.

As a consequence of this new phenomenon, small and stable
fluorocarbon-stabilized microbubbles with a half-life of ≈6 h
can be obtained by admixing DPPC and iron oxide nanoparti-
cles that are grafted with a C2F5-terminated dendron. The
combined use of fluorinated dendrons and a supernatant fluoro-
carbon gas is a straightforward, effective method for preparing
magnetic microbubbles that could facilitate the development of
future applications in medicine.

Finally, the AFM analysis of the DPPC/iron oxide nanoparti-
cles films indicates that the fluorinated dendronized iron oxide
nanoparticles show a higher propensity to incorporate into
phospholipid films than into hydrogenated ones, possibly due to
the increased lipophilic character.

Experimental
Materials
1,2-Dipalmitoylphosphatidylcholine (DPPC) was purchased as
a dry powder (99% purity) from Avanti Polar Lipids (Alabaster,
AL) and used as received. Perfluorohexane (98% pure) was
purchased from Fluorochem. Pluronic F-68 (a poly(ethylene
oxide)−poly(propylene oxide) triblock copolymer, MW≈8300,

purity >99%) and HEPES (N-(2-hydroxyethyl)piperazine-N′-2-
ethanesulfonic acid) were purchased from Sigma-Aldrich
(Lyon, France). A HEPES buffer solution (20 mmol L−1) in a
150 mmol L−1 NaCl solution was prepared, and its pH was
adjusted to 7.4 with 1 N NaOH. Water was purified using a
Millipore system (surface tension 71.4 mN m−1 at 20 °C, resis-
tivity 18.2 MΩ cm).

Synthesis of dendrons
The approach to the synthesis of the dendrons C2F5OEG8Den
and C4F9OEG8Den is described in [47]. From the intermediate
D2-2P, the piperazine unit was installed in two steps
(Scheme 1): 1) deprotection of the tert-butyl group and 2)
amide coupling by using HATU/DIPEA. Next, the removal of
the carboxybenzyl group by hydrogenolysis allows for the
introduction of the perfluoroalkyl chain via N-alkylation.
Finally, treatment with trimethylsilyl bromide produced the
desired fluorinated bisphosphonate dendron.

Characterization of C2F5OEG8Den: 1H NMR (500 MHz,
CD3OD) δ 7.25 (s, 2H), 6.84 (s, 1H), 6.79 (s, 2H), 4.22 (t,
J = 4.5 Hz, 6H), 4.15 (t, J = 5.5 Hz, 2H), 3.87 (t, J = 4.7 Hz,
4H), 3.80 (t, J = 4.7 Hz, 2H), 3.76–3.50 (m, 52H), 3.33 (s, 6H),
3.12–3.09 (m, 2H), 3.03 (d, 2JP-H = 21.1 Hz, 4H), 2.65–2.62
(m, 2H), 2.27–2.16 (m, 2H), 1.88–1.82 (m, 2H), 1.68–1.62 (m,
2H) ppm; 13C NMR (125 MHz, CD3OD) δ 172.3, 169.5, 160.1,
153.8, 142.4, 136.6, 130.5, 115.3, 107.8, 73.6, 73.0, 71.9,
71.7–71.3 (several peaks), 70.8, 70.1, 68.5, 67.4, 62.2, 59.1,
57.3, 41.0, 39.6, 34.2, 24.2 ppm; 19F NMR (282 MHz, CD3OD)
δ −86.9, −119.4 ppm; 31P NMR (202 MHz, CD3OD) δ 22.7
ppm.

Characterization of C4F9OEG8Den: 1H NMR (500 MHz,
CD3OD) δ 7.25 (s, 2H), 6.83 (s, 1H), 6.78 (s, 2H), 4.22 (t,
J = 4.5 Hz, 6H), 4.14 (t, J = 5.6 Hz, 2H), 3.87 (t, J = 4.7 Hz,
4H), 3.80 (t, J = 4.6 Hz, 2H), 3.76–3.50 (m, 74H), 3.33 (s, 6H),
3.10–3.06 (m, 2H), 3.02 (d, 2JP-H = 21.0 Hz, 4H), 2.64–2.59
(m, 2H), 2.32–2.21 (m, 2H), 1.89–1.83 (m, 2H), 1.70–1.63 (m,
2H) ppm; 13C NMR (125 MHz, CD3OD) δ 172.3, 169.5, 160.1,
153.8, 142.4, 136.6, 130.5, 125.3, 115.3, 108.9, 79.3, 73.6, 73.0,
72.1, 71.9–71.3 (several peaks), 70.8, 70.0, 68.5, 67.4, 62.2,
59.1, 57.3, 52.9, 52.5, 43.7, 41.0, 39.6, 34.2, 30.8, 24.2, 18.7
ppm; 19F NMR (470 MHz, CD3OD) δ −82.6, −115.6, −125.3,
−127.1 ppm; 31P NMR (202 MHz, CD3OD) δ 22.4 ppm.

Synthesis of dendronized iron oxide
nanoparticles
The synthesis is adapted from an earlier report [33]. In a
100 mL two-necked flask, iron(II) stearate (2.2 mmol, 1.38 g),
oleic acid (4.4 mmol, 1.24 g) and dioctyl ether (20 mL) were
mixed together. The resulting solution was heated to 120 °C for
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Scheme 1: Final steps of the synthesis of the dendrons C2F5OEG8Den and C4F9OEG8Den. a) TFA/CH2Cl2, then piperazine-NCBz, HATU, DIPEA/
DMF; 99% (2 steps); b) H2, Pd/C/ MeOH, then perfluoroalkyl iodide, K2CO3/CH3CN; 80% for C2F5 and 55% for C4F9; c) TMSBr/CH2Cl2; 79% for
C2F5 and 80% for C4F9.

1 h under magnetic stirring without a reflux condenser. The
magnetic stirrer was removed and the condenser was connected
to the flask. The solution was heated up to 298 °C for 2 h at a
heating rate of 5 °C min−1. After cooling, a black suspension
was collected and precipitated by addition of acetone. Finally,
the nanoparticles were washed three times with a mixture of
CHCl3/acetone (1:4). In a 30 mL vial, a nanoparticle suspen-
sion in tetrahydrofuran (THF) (5 mg of iron) was introduced
together with the appropriate dendron (7 mg). The vial was
filled with 25 mL of THF and the mixture was magnetically
stirred for 24 h. The resulting nanoparticles were centrifuged
after addition of cyclohexane, dispersed in water and separated
by ultrafiltration. The grafting of the fluorinated end-group was
evidenced using HR-MAS.

Bubble profile analysis tensiometry
Axisymmetric bubble shape analysis was applied to a rising
bubble of gas (air or F-hexane-saturated air) formed in a disper-
sion of dendronized IONPs in an aqueous phase (HEPES
buffer). As described in [36], during the process of adsorption
of the dendronized IONPs at the gas/liquid interface, the varia-
tion of the interfacial tension was acquired using a Tracker®

tensiometer (Teclis, Civrieux d’Azergues, France). A 5 µL

bubble was formed at the end of a steel capillary that had a tip
diameter of 1 mm. The rising bubble was saturated with
F-hexane by purging a 1 mL syringe trice with F-hexane-satu-
rated air sampled above liquid F-hexane. This syringe was then
mounted immediately on the injection cell of the tensiometer,
such that the rising bubble was formed. The pressure and con-
centration of the F-hexane-saturated vapor at 25 °C were set to
2.9 × 104 Pa and 11.66 mol m−3 [14]. IONP dispersions with Fe
concentrations ranging from 0.1 to 10−4 mg mL−1 were ob-
tained by diluting the 1 mg mL−1-concentrated stem aqueous
dispersions with HEPES buffer. The IONP@C4X9OEG8Den
(X = F and H) aqueous dispersions were sonicated for 30 min
(setting 5) before tensiometric measurement. The sonicator
(Vibracell, Bioblock Scientific, Illkirch, France) was equipped
with a 3 mm titanium probe and operated at 20 kHz with an
output power of ≈600 W (duty cycle 40%).

Preparation of the microbubbles
DPPC (50 mmol L−1) and Pluronic F-68 (DPPC/F-68 molar
ratio 10:1) were dispersed in a non-degassed HEPES buffer
solution (0.9 mL) in a sealed glass vial (inner diameter of
13 mm, length of 35 mm) by magnetic stirring for 3–6 h at
50 °C. Pluronic F-68 was added to facilitate phospholipid
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dispersion and foam formation. 100 µL of the dendronized
IONPs dispersion (Fe concentration of 1 mg mL−1) were
injected into the dispersion. The dispersions were sonicated
under air in a sonication bath at 50 °C for 30 min. In the case of
IONP@C4X9OEG8Den (X = H or F), presonication (2 min,
setting 5) under air was applied. N2 was allowed to bubble
through three vials containing F-hexane before being flushed
above the aqueous phase into the sealed glass vial during 3 min
in order to saturate the gas phase with F-hexane. The resulting
dispersions were treated using a VialMix shaker (Bristol-Myers
Squibb, New York, NY) for 45 s under F-hexane-saturated N2
at room temperature. The resulting foam was immediately
diluted to 10 mL of HEPES buffer. Size fractionation of the
microbubbles was achieved by flotation for 60 min.

Optical microscopy
A few droplets (three to four) of the bubble dispersion were
positioned in a concave glass slide and covered with a glass
slide. The samples were observed using a Nikon Eclipse 90i
microscope (transmission mode). Rapid image acquisition was
obtained with a Lumenera Infinity 2 charge-coupled device
(CCD) camera (Lumenera, Ottawa, Canada). The mean radii of
the bubbles were determined using ImageJ on 5−10 slides.

Acoustic size determination
The method exploits the sound attenuation undergone by multi-
frequency ultrasound waves that propagate through the aqueous
bubble dispersion. Standard simple-harmonic resonator curves
are fitted to measure the attenuation in order to infer the radii of
the bubbles. A low-power emitter is used to avoid alteration of
the bubble characteristics and stability. For further experimen-
tal details see [48]. Each measurement was repeated three
times for different bubble preparations. The volume of
the microbubble dispersion injected in the acoustic cell was
2 mL.

AFM topography analysis of mixed films of
DPPC and dendronized IONPs
Thin films of DPPC, dendronized IONPs and DPPC/
dendronized IONP mixtures were prepared by spin-coating on
silicon wafers [49]. To this end, a dispersion of dendronized
IONPs in water (1 mg L−1) was freeze-dried and then dissolved
in ethanol for preparing a dispersion with a concentration of
0.1 mg mL−1. 40 µL of this dispersion was added to 2 mL of a
1 mM-concentrated DPPC ethanol solution in order to obtain a
mixed DPPC/dendronized IONP spin-coated film that has the
same DPPC/Fe molar ratio as that used for the preparation of
the microbubbles (28:1). A 0.5 mM-concentrated mixed disper-
sion was obtained by diluting this 1 mM dispersion. Silicon
wafers were cleaned for 30 min in a sonication bath containing
ethanol/milli-Q water (1:1), followed by 2 min in a plasma

cleaner. A droplet (15 µL) of DPPC, dendronized IONPs or
mixed DPPC/dendronized IONP dispersions was deposited on a
silicon wafer and immediately spun for 1 min at 3000 rpm
(Spin150 from SPS, Semiconductor Production Systems
Europe). The spin-coated samples were placed under vacuum in
a desiccator for 15‒20 h to fully evaporate the solvents. The
silicon wafers were stored at 4 °C until the AFM measurements.
AFM images were obtained by scanning the spin-coated films
using a Dimension AFM Icon (Bruker) instrument operated in
peak–force tapping mode. Peak–force AFM is based on the
peak–force tapping technology, in which the probe is oscillated
in a similar way as in the tapping mode, but at far lower reso-
nance frequency. Each time the tip and the sample are brought
together, a force curve is captured. Ultrasharp silicon tips on a
nitride lever were used (Bruker, ScanAsyst with a spring con-
stant of 0.4 N m−1 and tip radius of ≈5 nm). During AFM
imaging, the force was reduced in order to avoid dragging of
molecules by the tip. The analysis of the images was conducted
in the integrated software. At least three different samples were
analyzed and several positions were scanned on the silicon
wafer for each sample. The error on measurements along the
z-axis was estimated at ±0.5 nm.
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Abstract
Diagnosis of cancer using electroanalytical methods can be achieved at low cost and in rapid assays, but this may require the com-
bination with data treatment for determining biomarkers in real samples. In this paper, we report an immunomagnetic nanoparticle-
based microfluidic sensor (INμ-SPCE) for the amperometric detection of the prostate-specific antigen (PSA) biomarker, the data of
which were treated with information visualization methods. The INμ-SPCE consists of eight working electrodes, reference and
counter electrodes. On the working electrodes, magnetic nanoparticles with secondary antibodies with the enzyme horseradish
peroxidase were immobilized for the indirect detection of PSA in a sandwich-type procedure. Under optimal conditions, the
immunosensor could operate within a wide range from 12.5 to 1111 fg·L−1, with a low detection limit of 0.062 fg·L−1. Multidimen-
sional projections combined with feature selection allowed for the distinction of cell lysates with different levels of PSA, in agree-
ment with results from the traditional enzyme-linked immunosorbent assay. The approaches for immunoassays and data processing
are generic, and therefore the strategies described here may provide a simple platform for clinical diagnosis of cancers and other
types of diseases.
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Introduction
The prostate-specific antigen (PSA) used in clinical diagnosis is
present in normal prostatic secretions, but its concentration is
often elevated in prostate cancer patients. In spite of its lack of
specificity, PSA screening has contributed to a significant
decline (45–70%) in prostate cancer mortality since the early
1990s [1]. To identify cancer biomarkers and to develop meth-
odologies to quantify them at low cost is critical for early
cancer diagnostics, while it also helps to understand cancer
diseases [1]. Protein biomarkers are commonly measured using
conventional immunoassays such as enzyme-linked immuno-
sorbent assay (ELISA) [1], radioimmunoassay (RIA) [2], fluo-
rescence methods [3], and chemiluminescence [4]. Unfortu-
nately, these standard methodologies have high cost, long anal-
ysis times (around 18 h) and require pretreatment of samples
[5,6]. Other approaches to produce immunosensors have there-
fore been studied, including electroanalytical methods [7,8] in
which antibodies or antigens are immobilized on a suitable
matrix and the specific antigen–antibody recognition leads to an
electrical or electrochemical signal.

The choice of the molecular architecture for the electrochemi-
cal immunosensors is crucial for obtaining high sensitivity and
specificity. The matrix on which the bioactive layer is deposited
may contain metallic nanoparticles to enhance the electrochemi-
cal response [8,9], including magnetic nanoparticles (MNPs)
that can be exploited for their catalytic properties [10] and mag-
netic separation in pre-concentrating the analyte [11-16]. The
most common magnetic nanoparticles used for this purpose are
magnetite (Fe3O4) nanoparticles, which have a stronger
magnetism than other iron oxide nanoparticles [17]. These
MNPs can be synthesized through various techniques, such as
ultrasound irradiation, sol–gel methods, thermal decomposition,
and co-precipitation [18-21]. In addition, they can be modified
with biomolecules and other compounds to improve the sensing
performance. Electrochemical immunosensors containing mag-
netic nanoparticles have been used to detect several cancer bio-
markers [22-24]. Zhuo and co-workers detected carcinoembry-
onic antigen (CEA) and α-fetoprotein (AFP) with a three-layer
immunosensor with Fe3O4 magnetic core modified with a
Prussian blue (PB) interlayer and a gold shell. The enzymes
horseradish peroxidase and glucose oxidase were immobilized
to improve sensitivity, with linear ranges between 0.01 and
80.0 ng·mL−1 for CEA and from 0.014 to 142 ng·mL−1 for
AFP, and detection limits of 4 pg·mL−1 and 7 pg·mL−1, respec-
tively [25]. PSA and interleukin 6 (IL-6) were measured with a
microfluidic electrochemical immunoassay system, in which
commercial magnetic particles were conjugated with secondary
antibodies and horseradish peroxidase (HRP) [26]. These
immunomagnetic nanoparticle-based microfluidic sensors with
screen-printed carbon electrodes (INμ-SPCEs) showed limits of

detection of 0.23 pg·mL−1 for PSA and 0.30 pg·mL−1 for IL-6,
measured in the serum of prostate cancer patients [26].
Immunosensors to detect PSA include magnetic nanoparticles
modified with gold [27], nitrodopamine functionalized iron
oxide nanoparticles [3,28], ferrocene [28] and others [29,30].

A major challenge regarding the use of immunosensors in real
samples lies in the difficulty to analyze considerable amounts of
data in a single analysis, especially owing to the expected vari-
ability of blood serum, saliva, urine and tissue samples. This
has sparked interest in computational tools [31]. For instance,
information visualization techniques have been used to en-
hance the distinguishing ability of biosensors [32-34]. Discrimi-
nation of blood serum samples from patients with distinct prob-
ability to develop pancreatic cancer was made possible with a
multidimensional projection technique applied to immunosens-
ing data [34]. In this paper, we describe an INμ-SPCE to detect
PSA using amperometry. To the best of our knowledge, the
limit of detection is the lowest in the literature. The high sensi-
tivity is probably connected to the molecular architecture of the
sensing device, in which polyclonal antibodies were immobi-
lized onto magnetic nanoparticles to selectively capture PSA.
Furthermore, a proof-of-principle experiment regarding the
detection of PSA in healthy and prostate cancer cell lysates is
demonstrated, where the data were discriminated using multidi-
mensional projections within the PEx-Sensors software [32].

Results and Discussion
Analytical performance
The analytical performance of the INμ-SPCEs was evaluated
using PSA standard solutions in PBS at concentrations ranging
from 12.5 to 1111 fg·mL−1. After capturing PSA with the
bioconjugate (Ab2-MNP-HRP) from the standard solution,
100 µL were injected into the microfluidic channel using an
injection valve, and then incubated for 30 min on an anti-PSA-
AuNP-SPCE surface. A sandwich-type structure was assem-
bled following the incubation. The amperometric analytical
signal was obtained using constant-potential amperometry at a
working electrode potential of −200 mV vs pseudo-reference
Ag/AgCl. The mixed solution containing H2O2 (1 µmol·L−1)
and hydroquinone (HQ, 10 µmol·L−1) was injected into the
electrochemical cell, and the signal was monitored. The HRP-
Fe(III) immobilized on the MNPs was oxidized by H2O2 to
form an intermediate (Fe4+=O) and a porphyrin π-cation
radical. The oxidized HRP was reduced by the mediator hydro-
quinone (HQ) forming benzoquinone (BQ), which was electro-
chemically reduced by accepting one electron from the elec-
trode, with the enzyme returning to its native form. Figure 1A
shows the cathodic peak current responses, with a linear depen-
dence of the current on the logarithm of the PSA concentration
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Figure 1: (A) Amperometric responses for a blank solution and PSA
solutions at concentrations of: (a) 12.5, (b) 138, (c) 277, (d) 555,
(e) 823 and (f) 1111 fg·mL−1 prepared in a calf serum medium. (B) An-
alytical curve for PSA standards, using MNPs, anti-Ab1 and anti-Ab2 at
a concentration of 10 μg·mL−1, and concentrations of 10 µmol·L−1 and
1 μmol·L−1 for HQ and H2O2, respectively.

in Figure 1B, according to the linear regression equation:
I(nA) = 1.03·10−6 + 7.2·10−8 log(x). The detection limit calcu-
lated using the IUPAC method [35,36] in Equation 1 is
0.062 fg·mL−1 :

(1)

where SD and slope are the standard deviation and slope of the
calibration curve, respectively. To our knowledge, this limit of
detection is the lowest found in the literature for immunosen-
sors to detect PSA. The high sensitivity could be attributed to
the use of MNPs (see characterization in Figure S1, Supporting
Information File 1) decorated with Ab2 and HRP, which
allowed for the capture, separation, and preconcentration of the
analyte. It helped to acquire an amplified signal response and
assisted the binding capacity of the antibody and antigen cova-
lently immobilized on the electrode surface. Also, the mono-
clonal antibody provides high specificity to a single epitope,
which is reflected in a low cross-reactivity. A comparison of

various sandwich-type immunosensors and immunoassays for
detection of PSA in the literature is presented in Table 1.

Repeatability is a significant parameter for immunosensors. It
was checked by using eight working electrodes in an array pre-
pared under the same conditions, with the electrochemical
response obtained at a given PSA concentration. The relative
standard deviation in percent varied from 6% to 9%, with simi-
lar electrochemical responses for all immunosensors.

The detection mechanism for the immunosensors is likely an
adsorption process, which is common for this type of sensor.
We verified this hypothesis by modeling the amperometric
responses for PSA antigen at concentrations from 12.5 to
1111 fg·mL−1 in Figure 2, where a Langmuir–Freundlich equa-
tion (Equation 2) was used to fit the data:

(2)

where Qm is the adsorption capacity in nA, Ka is the adsorption
affinity constant in milliliter per femtogram, Ceq is the concen-
tration of the analyte in solution and n is a dimensionless
index of heterogeneity, which varies between 0 and 1 for
heterogeneous materials (n = 1 for homogeneous materials)
[54]. Figure 2 shows the results with saturation of available
sites with Qm= 339.85 ± 32.15 nA, which corresponds to
ca. 64.4 fg·mL−1, n = 0.42 ± 0.08 and an affinity constant
(Ka = 0.45 ± 0.09 mL·fg−1) characteristic of a polymer-based
immunosensor [34,55]. This rather low value is expected for
biosensors where the index n is characteristic of heterogeneous
adsorption with polyclonal biomolecules that have many active
sites with different degrees of affinity and selectivity.

Figure 2: Peak current as a function of the PSA concentration fitted
with a Langmuir–Freundlich equation (dashed line).



Beilstein J. Nanotechnol. 2019, 10, 2171–2181.

2174

Table 1: Comparison of various sandwich-type immunosensors and immunoassays for the detection of PSA.

measurement method linear range detection limit reference

amperometry 2–15 ng mL−1 and 15–120 ng mL−1 1.1 ng·mL−1 [37]
electrochemical impedance spectroscopy (EIS) 1–100 pg·mL−1 1 pg·mL−1 [38]
linear sweep voltammetry (LSV) 1–35 ng·mL−1 0.76 pg·mL−1 [39]
LSV 1–10 ng·mL−1 1 ng·mL−1 [40]
chemiluminescence 0.74 pg·mL−1 to 0.74 µg·L−1 0.7 pg·mL−1 [41]
amperometry 0–60 µg·L−1 0.08 µg·L−1 [5]
surface plasmon resonance 1–100 ng·mL−1 1 ng·mL−1 [42]
chronoamperometry 1 × 10−5 ng·mL−1 to 100 ng·mL−1 0.002 pg·mL−1 [43]
amperometry 50 fg·mL−1 to 40 ng·mL−1 16.6 fg·mL−1 [44]
EIS 1 pg·mL−1 to 100 ng·mL−1 1 pg·mL−1 [45]
EIS 0–10 ng·mL−1 590 pg·mL−1 [46]
EIS 0.05–5 ng·mL−1 13 pg·mL−1 [47]
EIS 0.01–10 ng·mL−1 2 pg·mL−1 [48]
chip enzyme immunoassay 3.2–50 ng·mL−1 3.2 ng·mL−1 [49]
electrochemical chemiluminescence (ECL) 0.0001–100 ng·mL−1 0.1 pg·mL−1 [50]
differential pulse voltammetry (DPV) 0.001–5 ng·mL−1 0.31 pg·mL−1 [51]
EIS 0.5 pg·mL−1 to 35 ng·mL−1 5 pg·mL−1 [52]
DPV 0.1 pg·mL−1 to 90 ng·mL−1 10 fg·mL−1 [52]
DPV 0.2–40 ng·mL−1 0.020 ng·mL−1 [53]
amperometry 12.5–1111 fg·mL−1 0.062 fg·mL−1 this work

Application of the immunosensor in real
samples
The suitability of INμ-SPCEs for detecting PSA in real samples
was tested with malignant (LNCap) and non-malignant (PNT-2)
cells. In contact with cell lysates containing several proteins, the
bioconjugate binds specifically to PSA (PSA-Ab2-MNP-HRP),
thus allowing for the capture, separation and preconcentration
of PSA employing a magnet. Furthermore, detection is en-
hanced because of the presence of multiple immobilized HRP
molecules. Figure 3 shows that a high amount of PSA is found
in LNCap in comparison to PNT-2 using the immunosensor, in
agreement with the standard ELISA method. The limit of quan-
tification with the immunosensor is lower than the threshold
established for the serum level found in patients with prostate
cancer (above 3.6 ng·mL−1 stage A1) [56]. The samples were
diluted in PBS for reaching the linear range, providing a
response within the stipulated standards for the samples. Using
the linear discrimination technique, the concentration is pre-
dicted for the real samples with 91.67% accuracy.

Information visualization applied to the
immunosensing data
The sensitivity of the INμ-SPCEs could be exploited in distin-
guishing a diversity of samples by using multidimensional
projection techniques. The whole amperograms in Figure 1A
were processed with four multidimensional projection tech-
niques, namely, principal component analysis (PCA), least

Figure 3: ELISA and INμ-SPCE results for PSA in control cell lysates
(PNT-2) and prostate cancer cells (LNCap).

square projection (LSP), interactive document mapping
(IDMAP) and Sammon’s mapping (SM), and the silhouette
coefficients, S, were calculated as summarized in Figure S2
(Supporting Information File 1). The samples can be discrimi-
nated very well in all cases because S > 0.71 [46], and the
highest value was obtained with the IDMAP technique. From
the parallel coordinates (PC) plot in Figure S3 (Supporting
Information File 1), we notice that the initial values for the cur-
rent hamper discrimination, and therefore these dimensions
(corresponding to times) are marked as red boxes (i.e., S < 0) in
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Figure 4: Parallel coordinates plot for PSA concentrations from 12.5 to 1111 fg·mL−1 after the feature-selection procedure. The x-axis represents time
values, while the y-axis represents Euclidean distances related to the current.

Figure 5: IDMAP plot obtained from the data in Figure 1A for buffers containing different PSA concentrations and from Figure 3 for prostate cancer
cells. In both cases, feature selection was applied before plotting the data.

the upper part of the map. To improve discrimination, we
adopted a feature-selection procedure [22] that consists in elim-
inating the dimensions that hamper discrimination. Figure 4
shows the parallel coordinates plot after feature selection,
which leads to clear discrimination where the dimensions all
contribute to detection, as represented by the blue boxes (i.e.,
S > 0).

The maps obtained with the various multidimensional projec-
tion techniques after feature selection are shown in Figure S4
(Supporting Information File 1). The silhouette coefficients S
increased by about 20% in comparison to the values without
feature selection. The S value for IDMAP was calculated using
the following equation:

(3)

where the minimum and maximum distances between the con-
centration values are given as δmin and δmax, respectively, and
δ(Xi, Xj) is the Euclidean distance between current responses for
the PSA concentrations Xi and Xj [32]. IDMAP was found to
give the highest S values and was used to project the data in
Figure 5. One should note the large distance between the data
points for PBS and those for the smallest concentration tested.
This means that it is probably possible to detect PSA concentra-
tions even lower than 12.5 fg·mL−1. The projection is consis-
tent with the PSA concentrations obtained with ELISA for
PNT-2 and LNCap cells with values of 5 and 84–92 fg·mL−1,
respectively. This can be seen by the location of the sandwich-
type immunosensing data for these cells in Figure 5.

Conclusion
In this paper, we leverage sensing technologies to achieve ultra-
high sensitivity in detecting the prostate cancer biomarker PSA
by using MNPs to capture PSA in a pre-concentration proce-
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Figure 6: Schematic illustration of the fabrication of sandwich-type electrochemical immunosensors (INμ-SPCEs).

dure for a sandwich-type immunomagnetic sensor. Electro-
chemical immunoassays with disposable microfluidic devices
led to excellent linearity, reproducibility, and fast detection at
low-cost, while showing excellent agreement with the standard
method ELISA. Importantly, the approach for the immunoas-
says can be adapted for multiplex detection of biomarkers, in
addition to PSA, by combining with other proteins. We also
demonstrated that information visualization techniques, so far
most commonly used for impedance spectroscopy sensing data,
can be applied to amperometric results with a microfluidic
sandwich-type immunosensor. The data processing allows for a
more didactic interpretation of the results and improves separa-
tion between samples of patients with high levels of PSA from
those who have lower concentrations.

Experimental
Materials
The reagents used were either of analytical or HPLC grade.
Reduced ʟ-glutathione (GSH, 99%), bovine serum albumin
(BSA), HAuCl4·3H2O (99.9%), sodium borohydride (99%),
horseradish peroxidase (HRP, MW = 44000; 250–330 u·mg−1),
poly(diallydimethylammonium chloride) (PDDA, 20 wt % in
H20), 1-(3-(dimethylamino)propyl)-3-ethylcarbodiimide hydro-
chloride (EDC), N-hydroxysulfosuccinimide (Sulfo-NHS),
hydrogen peroxide (H2O2, 30%), Tween-20, and 2-(N-
morpholino)ethanesulfonic acid hydrate (MES) were purchased
from Sigma-Aldrich. Monoclonal (mouse) primary anti-human
prostate specific antigen (PSA) antibody, natural human
prostate-specific antigen (PSA), and standard and secondary
anti-PSA antibodies were obtained from Abcam, Cambridge,

UK. Graphite-based ink was obtained from Henkel Electrodag,
USA (reference code 423SS), silver chloride ink was pur-
chased from Gwent electronic materials Ltd., UK (Product code
C2130905D3), the cell lines PNT-2 and LNCap were acquired
from the Banco de Células do Rio de Janeiro (BCRJ) (Rio de
Janeiro, Brazil). For the synthesis of magnetic nanoparticles, so-
dium hydroxide (NaOH) with 97% purity and ferrous sulfate
heptahydrate (FeSO4·7H2O) with ≥99.6% purity were pur-
chased from Vetec Química Fina Ltda (Rio de Janeiro, Brazil),
and ferric chloride hexahydrate (FeCl3·6H2O) with ≥98% purity
was purchased from Sigma-Aldrich. Hydrochloric acid (HCl,
36.5–38.0% w/w) and NaCl with 99% purity were acquired
from Labsynth (São Paulo, Brazil) .  Sodium citrate
(Na3C6H5O7) with 99.8% purity was purchased from J.T Baker
Chemical Company. All aqueous solutions were prepared with
ultrapure water (18 MΩ·cm at 25 °C) obtained from a Milli-Q
Direct-0.3 (Millipore) purification system.

Fabrication of sandwich-type
electrochemical immunosensors
The multi-channel screen-printed array of electrodes was fabri-
cated according to the procedures established by Faria and
collaborators [57]. The experimental details are given in Sup-
porting Information File 1. The fabrication of this sandwich-
type immunosensor comprises four steps, as depicted in
Figure 6: (1) deposition of monoclonal antibody on the carbon
electrode, (2) bioconjugate modification using HRP and poly-
clonal antibody, (3) capture of biomarker by the bioconjugate,
(4) sandwich formation by injection of the biomarker captured
by Ab2-MNP-HRP in the microfluidic system.
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Figure 7: Electrode modification with 10 μg·mL−1 monoclonal antibody (Ab1) using 5 μL of 2 mg·mL−1 PDDA and 5 μL of AuNP-GSH. To activate the
carboxyl groups from AuNP-GSH and ensure a stable covalent binding of antibodies, EDC/NHS was used (0.4 mol·L−1 EDC and 0.1 mol·L−1 NHS).
The electrodes were washed with 1.0 mL of PBS buffer pH 7.4 and incubated with 5 μL of bovine serum albumin (BSA) (2% w/w) diluted in phos-
phate-buffered saline (PBS), to avoid non-specific binding.

The first step included the deposition of a bilayer of poly(dial-
lyldimethylammonium) (PDDA) and gold nanoparticles
(AuNPs) decorated with glutathione, as illustrated in Figure 7.
An aliquot of 5 μL of 2.0 mg·mL−1 of PDDA was added to each
working electrode and kept for 20 min. The electrode surface
was rinsed with Millipore water to remove excess of reagents.
Then, 5.0 μL of gold nanoparticles modified with glutathione
(AuNP-GSH, 46.68 µg·mL−1) were dripped on the electrode
and left for a period of 20 min. The carboxyl-terminated AuNP-
GSH provided a chemical group suitable for covalent binding.
Next, a volume of 5 μL EDC/NHS (0.4 mol·L−1 EDC and
0.1 mol·L−1 NHS) in water was added on the surface of INμ-
SPCEs and kept for 10 min to activate the carboxyl groups from
AuNP-GSH, therefore ensuring a stable covalent binding to the
antibodies. The primary monoclonal antibodies (Ab1) were
adsorbed on the electrode by adding 5 μL of a 10 μg·mL−1 solu-
tion in PBS 7.0, with adsorption occurring overnight. The elec-
trodes were then washed with 1.0 mL PBS and incubated with
5 μL of bovine serum albumin (BSA) (2% w/w) diluted in PBS
to avoid non-specific binding (NBS). Each step of the modifica-
tion was monitored with polarization-modulated infrared reflec-
tion absorption spectroscopy (PM-IRRAS, see Figure S1F in
Supporting Information File 1). The microfluidic cell was set
up, and the electrodes were insulated using a polystyrene card
with double-sided adhesive. The double-sided tape was used to
delimit the electroactive area, which was fixed on the reference
electrode under the arrangement of working electrodes and the
auxiliary electrode. Also, the double-sided tape allowed for
sealing of the microfluidic system.

The second step of the preparation of the sandwich immunosen-
sors consisted in forming the bioconjugate complex of Ab2 and
HRP (Ab2-MNP-HRP), as described by Uliana and co-workers
[58]. Briefly, 2.0 mL (stock solution: 10 mg particles·mL−1) of
MNPs were placed in microtubes, which were then washed with
500 μL of 0.05 mol·L−1 MES buffer at pH 5.2 and separated
magnetically. Later, the supernatant was discarded and washed
thrice to give a final particle concentration of 40 mg·mL−1. A
3 mg·mL−1 solution of EDC/NHS in 0.05 mol·L−1 MES buffer
at pH 5.2 was added to the washed MNPs. It was shaken on a
vortex-type stirrer for 5 min and on a rotary shaker for 30 min.
Immediately after shaking, the particles were magnetically sep-
arated and washed with MES buffer again. The supernatant was
then removed, and the washing procedure was repeated twice
again. Subsequently, 250 μL of Ab2 were added to the solution
with a final concentration of 10 μg·mL−1. The solution was
vortexed and shaken on a custom-made rotary shaker for 24 h at
room temperature. At this point, the solution was magnetically
separated and washed with 600 μL PBS/0.05% Tween 20 buffer
pH 7.4.

HRP was conjugated to the MNPs by adding 500 μL of
1.2 mg·mL−1 of the enzyme to the Ab2-MNP complex. The
mixture was left overnight on a rotary shaker. After 18 h of stir-
ring, the bioconjugate complex was magnetically separated and
then washed with 600 μL of PBS/0.05% Tween-20 and 0.1%
BSA (four-fold). Later, 1.0 mL of glycine 1.0 mol·L−1 pH 8
was added to the solution. The solution was vortexed and stirred
for 30 min at room temperature, followed by washing with
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Figure 8: Preparation of the bioconjugate complex of Ab2 and HRP (Ab2-MNP-HRP).

Figure 9: Illustration of the PSA capturing step.

0.05% PBS/Tween-20 buffer, pH 7.4 and 2% BSA; and mag-
netic separation. Finally, the bioconjugate complex was
resuspended with 250 μL of 0.05% PBS-Tween/20 buffer of
pH 7.4 and 2% BSA giving a final particle concentration of
5 mg·mL−1. These steps are summarized in Figure 8.

In the third step, shown in Figure 9, 20 μL of Ab2-MNP-HRP
were added to 320 μL PBS buffer at pH 7.4. For the standard
calibration, 20 μL of the antigen-enriched calf serum were
added to the composite bioconjugate complex mixture. The
mixture was then incubated at 37 °C for 30 min, and dilutions
were required to decrease the protein concentration. The
devices were also evaluated with real samples, including cul-
ture medium of cancerous and control cells (lineage of LNCap
and PNT-2 cells, respectively). The cell lines PNT-2 and

LNCap were acquired from the Banco de Células do Rio de
Janeiro (BCRJ, Rio de Janeiro, Brazil). The samples were
diluted to a 1:30000 ratio. The resulting conjugate, Ab2-MNP-
HRP-protein, was magnetically separated and washed with
400 μL of 0.5% BSA and 20 mol·L−1 of PBS buffer pH 7.4. It
was then resuspended to 125 μL.

In the fourth and last step, the bioconjugate complex was used
to form the sandwich-type immunosensor, with 125 μL of the
final solution used in the immunoassay to fill a 100 μL sample
loop. This was performed in a microfluidic system with a flow
rate of 100 µL·min−1. The complex was injected with a syringe
and the flow was stopped for 30 min. In the amperometric
detection step, the biomarker quantification was performed by
an indirect method through the electrochemical response of the
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marker in the MNPs. It was monitored by injecting a solution
containing 1.0 μmol·L−1 of H2O2 and 10 μmol·L−1 of hydro-
quinone (HQ) in the microfluidic system. The amperometric
measurements were performed using a DropSens μStat 8000
multi-potentiostat/galvanostat. The multichannel screen-printed
array contained eight working carbon electrodes combined with
one pseudo-reference electrode (Ag/AgCl) and one auxiliary
electrode (carbon). The microfluidic system was set up with an
injection pump (NE-1000 programmable Single Syringe Pump,
New Era Pump System, Farmingdale, USA) and an injection
valve with a sample loop of 100 µL.

Data treatment with information visualization
methods
The distinction of real samples is certainly challenging when
various samples are analyzed, and false positives may occur.
This has prompted researchers to use statistical and computa-
tional methods to treat the sensing data [31], in some cases with
conjunction with machine learning approaches [31,59]. Here we
employed multidimensional projection techniques based on
linear and nonlinear multidimensional scaling (MDS) ap-
proaches such as principal component analysis (PCA) [60],
Least squares projection (LSP) [61], Sammon’s mapping (SM)
[62] and interactive document mapping (IDMAP) [63] imple-
mented in the software as projection explorer sensors (PEx-
Sensors) [32,64]. The amperogram data (current as a function of
the time) were dimensionally reduced by PCA and FastMap
[65] and then projected with PCA, LSP, IDMAP, and SM tech-
niques. The dissimilarities between samples were converted to
Euclidean distances with the whole rising current curves being
transformed into single data points as observed in the projec-
tion plots. Three independent sets of measurements were
utilized on this analysis. A full description of these techniques
and PEx-sensors can be found in [32].

This type of analysis provides a map for pattern recognition
among samples. It has been applied to biosensing data, mainly
with IDMAP, which includes an algorithm to minimize the
global error through a pairwise error function [63]. Herein, we
combined the projections with parallel coordinates maps to
perform feature selection with the exclusion of dimensions
found to be deleterious for discrimination of similar data points,
analogously to [66]. The performance upon applying the differ-
ent projection techniques was evaluated by calculating the
silhouette coefficient, S, defined as the average of the distances
between each data instance and all other points belonging to the
same group, and the minimum distance between each data
instance and other instances belonging to other groups [67]. S
values vary between −1 and 1. According to Rousseeuw, values
above 0.71 indicate that a strong discrimination was obtained
[68].

Supporting Information
Supporting Information features detailed information on the
synthesis of magnetic iron oxide nanoparticles, electrode
fabrication, and sample preparation. Also, the
characterization of MNPs and electrode surfaces by using
Fourier-transform infrared spectroscopy (FTIR),
field-emission scanning electron microscopy (FE-SEM),
energy-dispersive X-ray spectroscopy (EDX), and
polarization-modulated infrared reflection absorption
spectroscopy (PM-IRRAS, Figure S1) is described. The
Silhouette coefficients calculated for IDMAP, Sammon’s
mapping (SM), principal component analysis (PCA), and
least square projection (LSP) multidimensional projection
techniques to analyze the PSA concentration of
immunosensor before (All) and after (FS) feature selection
(Figure S2) are provided as well. The parallel coordinates
plot for PSA concentrations from 12.5 to 1111 fg·mL−1 are
given in Figure S3, while plots of three multidimensional
projection techniques, i.e., PCA, LSP, and SM are shown in
Figure S4.

Supporting Information File 1
Additional procedures and figures.
[https://www.beilstein-journals.org/bjnano/content/
supplementary/2190-4286-10-210-S1.pdf]
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Abstract
In this letter, we report on the ability of functional fusion proteins presenting a lytic gamma peptide, to promote interactions with
HeLa cells and delivery of large hybrid nanostructures.

2477

Introduction
Developing hybrid nanostructures made of more than one com-
ponent nanomaterial, combined with biomolecules is a highly
sought goal in biomedical science, and can find applications in
multimodal imaging and therapeutics [1,2]. Although interest in

developing such hybrid nanostructures by, for example, com-
bining plasmonic and fluorescent, or magnetic and fluorescent
nanoparticles have attracted much attention for the develop-
ment of bioassays, their use as cellular labelling platforms has
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been less explored [2,3]. A few demonstrations describing the
use of such hybrid nanostructures in cell labelling have been
recently reported. In one study, Jana and co-workers reported
the design of fluorescent and plasmonic nanohybrids by cova-
lent attachment of luminescent quantum dots (QDs) and Au
nanorods. Further functionalization with glucose, using
glutaraldehyde coupling chemistry, yielded nanohybrids that
could subsequently be used for the staining of cell membranes
[4]. In two separate studies, Chan and co-workers described two
interesting hybrid systems. In the first, a charge driven self-
assembly of AuNPs and different-colour QDs into multicolour,
non-blinking nanohybrids was introduced. These nanohybrids
were then coupled to various proteins, and among them the
human transferrin protein was found to induce the highest intra-
cellular uptake following 24 h incubation of these hybrids with
cell cultures [5]. In the second, functional colloidal superstruc-
tures assembled using DNA linkers elicited a reduction in the
response of macrophages to these hybrid materials combined
with an improvement in their in vivo tumour accumulation [6].
Weil and co-workers described the use of multimodal plat-
forms, made of diamond dots combined with gold nanoparti-
cles, as imaging probes of live cell cultures [7]. We have
recently characterized a hybrid system consisting of self-assem-
bled gold nanoparticles (AuNPs) and polymer-encapsulated
QDs. These constructs were further functionalized with polyhis-
tidine-tagged proteins, yielding functional conjugates that ex-
hibit fluorescent and plasmonic properties [8].

Over the last two decades several groups have investigated
mechanisms for intracellular-uptake and in vivo biodistribution
of various nanomaterials [9-11]. Due to the complexity of nano-
structured materials combined with the intricacy of cell biology,
it has been proven very difficult to develop a good under-
standing of what controls the processes involved in the intracel-
lular uptake and ensuing distribution of various nanomaterials
[9]. Several studies have consistently found that NPs are very
often taken up by endocytosis, and once inside the cells they
remain trapped within endosomal compartments [10,12]. A few
other studies reported that a sizable fraction of the delivered
nanoparticles can end up in the cytoplasm, by either circum-
venting endocytosis through the use of virus-derived peptide se-
quences, or non-disruptively penetrating the cellular mem-
branes [13]. Escape from endosomal vesicles of once endocy-
tosed nanoparticles have also been discussed [12,14,15].

More recently, there have been a few reports discussing the use
of luminescent Eu-loaded hydroxyapatite nanocrystals for rapid
HeLa cancer cell imaging [9,11,16], or the nanostructure
self‐assembly driven by amino acid coordination to increase the
biological stability and tumour accumulation of curcumin [17].
Overall, there is a consensus that using colloidally stable nano-

particles is crucial for understanding and controlling cellular
uptake, because materials that are prone to aggregation show
higher non-specific interactions with biological fluids and cell
membranes [18,19].

Here, we report on the use of a lytic gamma peptide (γ-peptide)
derived from the Nudaurelia Capensis Omega virus (NωV),
which was genetically fused onto maltose binding protein
appended with 6-histidine tag, (His6-MBP-γ), to promote the
intracellular delivery of hybrid QD-AuNP assemblies [20,21].
This peptide is produced during viral capsid maturation and is
thought to enable cellular internalization of the virus. It has
been shown that the MBP-fused γ-peptide is able to disrupt arti-
ficial liposomes [20,21]. Recently, we have used this His6-
MBP-γ to promote the uptake of QDs by mammalian cells [22].
Here, we expand this approach to test the peptide capacity to
promote the intracellular uptake of more complex hybrid nano-
structures made of self-assembled QDs and AuNPs.

Results and Discussion
The biologically active plasmonic–fluorescent hybrids were
formed using a self-assembly route which relies on direct metal-
coordination interactions. Here, amine-to-gold and imidazole-
to-gold coordination were applied to couple QDs and AuNPs,
or to conjugate His6-MBP-γ onto the AuNPs, respectively
[8,23]. AuNPs stabilized with zwitterion-modified lipoic acid
(LA-ZW-AuNPs) were selected for this study, due to their
compact size, enhanced colloidal stability, and reduced non-
specific interactions in biological media [22,24-31]. The central
QDs used to build up the hybrid assemblies were prepared via
encapsulation within a polymer coating made of an amine-func-
tionalized polyisoprene-block-polyethylene oxide (PI-b-PEO-
NH2). The lateral amine groups allowed attachments to AuNPs,
which then served for the immobilization of a few His6-MBP-γ,
as schematically shown in Figure 1A.

To demonstrate the potential utility of this nanohybrid system in
biology, colloidal stability studies in culture media were first
carried out. We found no sign of aggregation build up for at
least 5 hours, as verified using dynamic light scattering mea-
surements, where mono-modal autocorrelation function along
with a single intensity vs hydrodynamic size peak (i.e., Laplace
transform profile) were acquired (see Figure 1B) [17]. The
hydrodynamic diameter of the entire nanohybrid is
approx. 90 nm; this is larger than the values measured for
LA-ZW-AuNPs (DH ≈ 10 nm) and for QD-NH2 (DH ≈ 30 nm)
and the dimension of the MBP (an ellipsoidal with overall
dimensions of ≈3 × 4 × 6.5 nm) [8,32]. In a control experiment,
using citrate-stabilized AuNPs in a similar assay, the hybrid
self-assembly precipitated within few minutes. This behaviour
is attributed to the nature of the citrate coating (weak stabilizer),
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Figure 1: (A) Schematic representation of the nanohybrids (not to scale). The central QD (red, yellow, blue = core/shell/shell) is embedded in a cross-
linked polymer micelle, consisting of a hydrophobic block (red) and an amphiphilic block (PEO). Interaction of the QDs with AuNPs (purple) is driven
by the amine functional group. Gold nanoparticles are His-conjugated to His6-MBP-γ. The entire nanohybrid has a hydrodynamic diameter of ≈90 nm.
(B) Profiles of the intensity autocorrelation function, collected from a dispersion of the nanohybrids in Dulbecco's Modified Eagle Medium (DMEM)
media, at various time intervals over a period of 5 h. The profiles are unchanged, indicating colloidal stability. (C) Binding of the nanohybrids
(presenting MBP-γ) onto an amylose column; the fluorescent and pinkish band reflect the presence of QDs and AuNPs. (D) A representative epifluo-
rescence image of fixed HeLa cells after incubation with the nanohybrids at c(QD) = 100 nM and 14 His6-MBP-γ equiv/AuNP, scale bar = 50 µm.
(E) Confocal microscopy images of HeLa cells incubated with nanohybrids for 1 h; c(QD) = 50 nM and 7 His6-MBP-γ equiv/AuNP. 60× magnification
was used. Scale bar = 20 µm. (Top panels) data correspond to nanohybrids containing His6-MBP (no γ-peptide); (bottom panels) correspond to
nanohybrids with His6-MBP-γ. Shown are differential interference contrast (DIC), 4′,6-Diamidino-2-phenylindol (DAPI), Cy5-red, and yellow QD chan-
nels, along with the merged images. Figure 1A adapted with permission from [8], copyright 2016 American Chemical Society.

and further proves that using LA-ZW-AuNPs enhances their
colloidal stability of the whole assembly, yielding a platform
suitable for investigating interactions with cells. Further details
on the stability under additional conditions are provided in Sup-
porting Information File 1.

We first tested the biological activity of the His6-MBP-γ in the
hybrids, as done in reference [30]. We found that once uploaded
onto an amylose-filled column, the nanohybrid stayed tightly
bound to the column even after several washes with buffer. The
bimodal character of the hybrid is reflected in the pinkish
colour of the AuNPs and the fluorescence of the QDs of the
immobilized band in the amylose column (see Figure 1C). The
band could be readily released by adding a few mL (10–20) of
maltose solution. This release is promoted by the stronger
affinity of maltose (the substrate for MBP) to the bound His6-
MBP-γ. Overall, this experiment clearly proves that the nanohy-
brids contain MBP and that the bound MBP stays functional
[8,23,28]. Further details are available in Supporting Informa-
tion File 1.

After confirming the structural integrity and colloidal stability
of the nanohybrids, we then proceeded to probe their interac-
tions with HeLa cell cultures. For this, dispersions made of
consisting of 100 nM QD solution, 2 equivalents of LA-ZW-
AuNP per QD and 14 equivalents His6-MBP-γ per AuNPs,
were incubated with the cell culture for 1 h. Following rinsing
the culture was imaged using epifluorescence and confocal
fluorescence microscopy. A pronounced intracellular uptake of
the hybrids was observed, as indicated by the significant fluo-
rescence staining of the cells (see Figure 1D). Additional
confocal images collected from two sets of cultures, one incu-
bated with nanohybrids prepared with His6-MBP-γ and the
other with His6-MBP (gamma-free MBP), and serving as
control. Only the culture incubated with nanohybrids prepared
with His6-MBP-γ yielded pronounced intracellular staining; the
control cultures did not show any cellular uptake (see Figure 1D
and Figures S3 and S4 in Supporting Information File 1). In ad-
dition, the distribution of the QD staining (shown in Figure 1E,
top panels) is not fully overlapped with the endosomal compart-
ments counterstained with a red dye.
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We tested the effects of decreasing the overall concentration of
the nanohybrids or the number of MBP-γ per nanohybrid
assembly on the staining levels of the cells. We found that
reducing the overall concentration of the overall hybrids, the
QD-to-AuNP molar ratio in the hybrids, the incubation time to
30 min, resulted in significantly lower levels of intracellular QD
staining. Flow cytometry measurements showed that under
these modified conditions approx. 20% of the cells are labelled
with the nanohybrids. In comparison, no signal was measured
from cells incubated with nanohybrids prepared in the absence
of His6-MBP-γ (Figure S5 in Supporting Information File 1).

To gain further insight into the distribution of QD stain, we
visualized the cell cultures incubated with a lower nanohybrid
concentration and lower MBP-γ loading of per nano-assembly,
using confocal microscopy (Figure 1E). A close examination of
the images allows us to distinguish three different colour distri-
butions: the cell nuclei shown in blue (stained with DAPI), the
endosomal compartments counterstained in red (labelled with
Cy5-transferin), and QDs in yellow. The images clearly indi-
cate that QDs and Cy5-transferrin do not co-localize. In addi-
tion, the dark signals observed in bright field mode, coincide
with the yellow fluorescence emitted when we switch to fluo-
rescence mode. This indicates that these spot signals are assem-
blies of multiple hybrid particles, containing AuNPs and encap-
sulated QDs [3]. Similar features were reported in a recent
publication of the Jana group [4]. Due to the colloidal stability
of these constructs as verified by DLS, we assume that the ap-
pearance of these rather large structures/patterns is due to the
cellular fate of these structures rather than appearance in solu-
tion. The confocal microscopy data were further exploited to
generate a z-stack, to visualize the fluorescence distribution of
the nanocomposites side-by-side with that of the Cy5 dye and
cell nuclei. The 3D-stack, shown in Figure 2A, confirms that
distribution of the internalized nanohybrids (yellow staining) is
distinct from that of the endosomes (counterstained in red). This
provides further confirmation of the data shown in Figure 1E,
demonstrating that the nanohybrids are not trapped within endo-
cytic vesicles.

The respective signals were further identified using spectral
resolution of the emission associated with the three chro-
mophores. The spectral scan of one confocal plane (in
Figure 2B) shows different locations for the nanohybrids
(yellow), endosomal marker (red), and cell nuclei (blue). Spec-
tral unmixing was also applied to a region, where the QD fluo-
rescence staining is close to the Cy5-transferrin associated with
the endosomal marker (Figure 2C). The two stainings corre-
sponding to the nanohybrids and Cy-5-transferrin do not share
the same compartments. Clearly, these findings combined show
that the nanocomposites, when internalized, are found in sub-

Figure 2: Confocal z-stack image of HeLa cells. (A) Volume view of
the confocal z-stack showing blue: DAPI, red: endosomal marker Cy5,
yellow: QD signal. (B) Spectral scan of one confocal plane (same
colour code, scale bar 50 µm) (C) spectral unmixing of QD fluores-
cence (575 nm) and Cy5-spectrum (red) highlighting no superposition
between the QD and the Cy5 signal, scale bar 10 µm.

cellular compartments that are distinct from those stained with
the Cy5-transferrin. These results are in good agreement with
our previous findings reported in reference [22]. These results
suggest that the mechanism of cellular uptake promoted by the
gamma peptide may not be driven by endocytosis [22].
Nonetheless, the distribution of the QD fluorescence is still dif-
ferent from that expected for a pure cytosolic delivery, where a
more homogeneous distribution of the signal would be ex-
pected [33]. Whether these findings are due to the cellular
response on the NP-based structure of the hybrid, or they reflect
the typical cellular fate of a non-enveloped virus is a question
that cannot be easily addressed. However, it is worth noting that
even a small amount of γ-peptide (an average of ≈7 γ-peptide
per nanohybrid) can promote the uptake of nanohybrids, which
hydrodynamic size exceeds both the QD construct of our
previous study (d(QD-LA) ≈ 10–15 nm [22]) or the virus parti-
cle itself (d ≈ 40 nm [21]).

Experimental
In brief, the functionalized polymer-encapsulated quantum dots
were left to incubate with partially capped gold nanoparticles.
This conjugate was subsequently functionalized with His6-
MBP-γ using self-assembly processes. For controls His6-MBP
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was used. The processes are described in more detail in Sup-
porting Information File 1. In reference [8] further details on the
hybrid characterization can be found.

Supporting Information
Expression of the fusion protein His6-MBP-gamma,
particle synthesize, hybrid assembly and characterization,
DLS characterization and colloidal stability assessment,
cellular incubation, amylose column, HeLa cellular culture,
epifluorescence z-stack, epifluorescence control
experiments, flow cytometry, further instrumentation.

Supporting Information File 1
Additional experimental data.
[https://www.beilstein-journals.org/bjnano/content/
supplementary/2190-4286-10-238-S1.pdf]
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Abstract
DNA is the key biomolecule central to almost all processes in living organisms. The eccentric idea of utilizing DNA as a material
building block in molecular and structural engineering led to the creation of numerous molecular-assembly systems and materials at
the nanoscale. The molecular structure of DNA is believed to have evolved over billions of years, with structure and stability opti-
mizations that allow life forms to sustain through the storage and transmission of genetic information with fidelity. The nanoscale
structural characteristics of DNA (2 nm thickness and ca. 40–50 nm persistence length) have inspired the creation of numerous
functional patterns and architectures through noncovalent conventional and unconventional base pairings as well as through mutual
templating-interactions with small organic molecules and metal ions. The recent advancements in structural DNA nanotechnology
allowed researchers to design new DNA-based functional materials with chemical and biological properties distinct from their
parent components. The modulation of structural and functional properties of hybrid DNA ensembles of small functional mole-
cules (SFMs) and short oligonucleotides by adapting the principles of molecular architectonics enabled the creation of novel DNA
nanoarchitectures with potential applications, which has been termed as templated DNA nanotechnology or functional DNA
nanoarchitectonics. This review highlights the molecular architectonics-guided design principles and applications of the derived
DNA nanoarchitectures. The advantages and ability of functional DNA nanoarchitectonics to overcome the trivial drawbacks of
classical DNA nanotechnology to fulfill realistic and practical applications are highlighted, and an outlook on future developments
is presented.
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Figure 1: Illustration of conventional (WC) and unconventional (non-WC) hydrogen bonding interactions between the nucleobases to form canonical
(DNA duplex) and noncanonical hybrid DNA ensembles through the assembly of DNA or DNA with SFMs/metal ions. The brick image has been
adopted with permission from [17], copyright 2012 American Association for the Advancement of Science.

Review
Introduction
The development of functional molecular systems and materi-
als on a nanoscale through custom design and engineering of
molecular organization is a highly attractive concept in materi-
als science [1,2]. Exploitation of biomolecules and their in-built
information for molecular recognition to engineer ordered
assemblies and coassemblies of SFMs is termed as molecular
architectonics [3,4]. The construction of molecular architec-
tures through the controlled assembly of designed molecular
units with fascinating properties and functions is central to all
materials and bioengineering processes [1-4]. The use of bio-
molecules or synthetic systems with biomolecular components
is capable of aiding the judicious regulation of molecular
assembly parameters and properties to construct novel func-
tional architectures in the scheme of molecular architectonics
[1,2]. Among all biomolecules, DNA, with a well-defined struc-
ture, is the epitome of molecular recognition and a robust
system for molecular and materials engineering. The molecular
stability, predictable sequence specificity, molecular recogni-
tion properties, and the formation of regular and defined struc-
tures of DNA made it possible to custom the design and to engi-
neer a range of molecular architectures [5-9]. In DNA, two
polydeoxyoligonucleotides (single-stranded DNA, ssDNA) are
held together by complementary or conventional Watson–Crick
(WC) base pairing interactions (Figure 1). In WC base pairing
interactions, adenine (A) and thymine (T) form a doubly hydro-

gen-bonded base pair (A=T), while guanine (G) and cytosine
(C) form a triply hydrogen-bonded base pair (G≡C) [10]. The
hydrogen bonding-mediated base pairing geometry is condi-
tional on the conformation of the glycoside bonds and interac-
tive hydrogen bonding sites. Apart from WC hydrogen bonding,
unconventional hydrogen bonding, electrostatic, and metal
ion interactions play a significant role in the formation of
noncanonical DNA architectures (Figure 1) [5]. The noncanon-
ical hydrogen bonding interactions are responsible for the for-
mation of a range of higher-ordered DNA structures. In particu-
lar, the double-stranded DNA duplex is a perfect nanoscale mo-
lecular architecture with a 2 nm thick rigid structure and a
persistence length of ca. 40–50 nm. Moreover, ssDNA se-
quences can be used as molecular glue to construct diverse and
well-defined nanoarchitectures. In this context, Seeman and
co-workers introduced the disruptive idea of using DNA as a
molecular building block to design and construct nanosystems
and materials, which paved the way for the celebrated area of
DNA nanotechnology [11]. Nevertheless, the nanoscale struc-
tural features of DNA have inspired the design of diverse func-
tional architectures utilizing both conventional and unconven-
tional base pairing along with the mutually templating interac-
tions of SFMs and metal ions [12]. The field of DNA nanotech-
nology has evolved over the years from using DNA tiles and
blocks to employing SFMs and their assemblies as templates to
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control the molecular organization on the nanoscale to generate
complex DNA architectures or origami and hybrid ensembles,
respectively, through the judicious exploitation of conventional
and nonconventional base pairing interactions [12,13].

The field of DNA nanotechnology was further advanced by the
DNA origami concept introduced by Rothemund and
co-workers [14,15]. Intertwining and congregation of more than
one DNA strand to produce DNA tiles or bricks, which staple in
a programmed fashion to form crystalline assembly structures
with well-defined geometries, constitute the guiding principles
of specific nucleobase pairing-driven DNA nanostructures
(DNA nanotechnology) [16,17]. In other words, DNA origami
involves the programmed folding of long DNA sequences to
generate defined but complex shapes on the nanoscale. Despite
the expeditious advancements in the field of DNA nanotechnol-
ogy, utilization of long DNA sequences, complex computer-
based design strategies, reproducibility, and the high cost
involved in the entire process have become the limiting factors
in the realization of practical applications. In this context, the
emerging field of SFM-templated or mutually templated DNA
nanotechnology (functional DNA nanoarchitectonics) is consid-
ered the state-of-art to construct hybrid DNA nanoarchitectures
with assured functional properties and practical applications
[12,13,18-21]. In functional DNA nanoarchitectonics, short
oligonucleotides (ssDNA) with sequences of less than persis-
tence length (ca. 40–50 nucleotides) are co-organized with
SFMs or their assemblies to generate hybrid DNA ensembles
[18,20]. The short oligonucleotides are inexpensive to synthe-
size in-house or commercially available, and their coassembly
with SFMs assures to generate novel nanoarchitectures with
functional properties and applications. Although the field of
classical DNA nanotechnology exploited the supramolecular
bottom-up self-assembly, the functional features can be inte-
grated through mutually templated coassembly of SFMs and
short ssDNA sequences in the emerging field of functional
DNA nanoarchitectonics [22]. Remarkably, engineering molec-
ular coassemblies of SFMs and ssDNA to generate functional
DNA nanoarchitectures represents a seamless relationship be-
tween the molecular architectonics and nanoarchitectonics. The
field of nanoarchitectonics has been introduced and pioneered
by Aono and Ariga at NIMS, Japan, who reported numerous
self-assembly approaches to construct a range of nanoarchitec-
tures [23-30].

The understanding and controlling of noncovalent interactions
on the molecular level to engineer the assembly and coassembly
of molecular components is a challenging task. Therefore, mo-
lecular architectonics of biomolecules with designer SFMs is an
interesting and reliable approach wherein biomolecules with
in-built information for molecular recognition guide the func-

tional assembly and coassembly of SFMs. In essence, the mo-
lecular architectonics of DNA with SFMs to construct nanoar-
chitectures covers molecules to (nano)materials to functional
applications. Typically, SFMs are suitably functionalized func-
tional molecules with excellent optoelectronic properties that
undergo π-stacking and support the co-organization of oligo-
nucleotides to form hybrid DNA ensembles [18,20]. These
hybrid DNA ensembles can be employed for a range of applica-
tions in the fields of materials science, nanotechnology, sensors,
molecular or nanoelectronics, diagnostics, drug delivery, and
biomedical sciences.

The remarkable molecular fidelity and sequence-specific mo-
lecular recognition make DNA the ideal candidate in the
scheme of molecular architectonics to design and construct
functional DNA nanoarchitectures. In this review, we attempted
to cover the molecular architectonics of DNA, which comprises
programmed self-assembly (DNA nanotechnology) and
coassembly (templated DNA nanotechnology/functional DNA
nanoarchitectonics) to produce diverse molecular and nanoar-
chitectures. The functional DNA nanoarchitectonics, encom-
passing the formation of functional hybrid DNA ensembles
through coassembly of organic molecules (SFMs) and short
oligonucleotides, is envisioned to overcome the limitations as-
sociated with classical DNA nanotechnology to realize prac-
tical applications [13]. The various design approaches of DNA
self-assembly and coassembly that have been utilized to form
novel nanostructures with a range of applications, from materi-
als to biomedicine, are covered. The judicious exploitation of
canonical and noncanonical base pairing interactions supported
by various other noncovalent interactions for the creation of
molecular and nanoarchitectures of DNA are highlighted.
Overall, the aim of this article was to provide a brief overview
on the molecular architectonics of DNA with respect to the
historical perspective, the evolution of the celebrated area of
DNA nanotechnology, and recent advancements in the form of
functional DNA nanoarchitectonics to realize practical applica-
tions.

Classical DNA nanotechnology: programmed
molecular self-assembly of DNA
The use of DNA as a building block for the construction of
nanomaterials typically involves exploitation of the WC base
pairing and predictability of the structural outcome owing to se-
quence specificity [31,32]. The DNA hybridization through WC
base pairing (A=T and G≡C) effectively facilitates the program-
mability of the molecular self-assembly of DNA. In a standard
WC base pairing-driven assembly, two complementary DNA
strands anneal together to form a duplex structure. In a DNA
hybridization process, the oligonucleotides with complementa-
ry base sequences are dissolved in a buffer solution and subject-
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ed to annealing, which involves a cycle of heating the solution
followed by cooling [31]. Seeman and co-workers envisioned
the construction of 3D nanoarchitectures by utilizing DNA as a
structural building block and hybridization (base pairing) as the
‘glue’ [33,34]. The initial attempts with ssDNA were compro-
mised due to the lack of rigidity within ssDNA molecular
systems. However, the higher-order double-stranded DNA
systems exhibited higher rigidity as compared to ssDNA. The
selection of the correct base pairing sequence and order enabled
the assembly of DNA with balanced rigidity and flexibility
within the nanomaterial systems. The maintenance of an exact
stoichiometry and long annealing period were the major criteria
to achieve defect-free architectures from long DNA sequences.
Rothemund, Yan, and co-workers introduced the concept of
assembling so-called scaffold and staple strands to construct
functional geometric architectures [15,35]. In this process of
DNA assembly, the long scaffold strand can adapt different
geometries upon interaction with multiple staple strands. The
advantages of this concept are that the preservation of exact
stoichiometric ratios of ssDNA sequences is not necessary and
that the assembly can be performed faster. The introduction of
staple strands to the scaffold initiates the local folding, and
further addition of multiple staple strands leads to strand dis-
placement, thereby healing the mismatches in long DNA scaf-
fold strands.

The sticky end cohesion method to create nanostructured
ensembles is a radically different concept for DNA assembly
[36]. The partial complementary feature of DNA used in this
approach results in single-stranded overhang regions, so-called
sticky ends. The binding interaction between two different but
complementary sticky ends guides the sequential assembly of
building blocks. The weak interactions, viz., hydrogen bonding
and electrostatic interactions, act as driving forces for the
assembly of building blocks to form ordered structures of DNA.
Further, the self-assembly can be regulated by varying the
extent of base pairing in double-stranded DNA or overhang
regions of the building blocks. DNA nanotechnology has
hugely benefitted from the recombinant DNA technology,
which enabled the construction of complex architectonics
through DNA origami [37]. The self-recognition characteristics
of DNA allows the development of a wide array of DNA-based
nanoarchitectures by employing an array of designer sequences
and motifs. In the earliest designs, the Holliday junction struc-
ture of DNA was used to create nanostructured DNA materials
[38,39]. The structural analysis of the self-assembled nanomate-
rials synthesized using junctional building blocks showed a
compromised stability due to the sequence symmetry. The elim-
ination of sequence symmetry is one of the most important
criteria in DNA nanotechnology [40,41]. Exclusion of
symmetry is equally important in DNA-based sequence and

motif design. In the design of DNA nanomotifs, double-
crossover tiles are designed specifically from ssDNA se-
quences. These double-crossover tiles have paved the way for
the programmable construction of robust DNA nanoarchitec-
tures with well-defined structural and functional properties.
Moreover, the programed assembly of both single-stranded and
double-stranded DNA can lead to the generation of a variety of
nanoarchitectures with potential biological applications
(Figure 2).

Diversity in DNA nanoarchitectures
The structural diversity of DNA nanoarchitectures is the most
attractive feature of DNA nanotechnology. From the applica-
tion perspective, DNA nanotechnology can be divided into
static and dynamic categories [42,43]. In static DNA nanotech-
nology, the DNA strands are immobilized within particular
geometries, patterns, or crystals that facilitate the positional
assembly of nanoparticles along the DNA nanostructures [42].
The dynamic DNA nanotechnology includes DNA nanoma-
chines with potential applications ranging from sensing to
delivery and robotics [43]. Inspired by the complementary base
pairing-directed DNA hybridization, 1D, 2D, and 3D DNA
nanoarchitectures can be constructed through three major
methods: i) DNA tile-based construction, ii) DNA origami, and
iii) nanoparticle-templated procedures. The tile-based method
relies on multiple crossover junctions, which utilize a small
number of short DNA sequences and impart enough rigidity to
assemble nanoarchitectures. The designed short DNA strands
initiate the formation of double- and triple-crossover building
block structures, which are further utilized to make diverse
architectures through a combinatorial approach. Mao and
co-workers exploited the tile-based strategy for the construc-
tion of three-point star motifs using three different DNA se-
quences [44]. In this design, each arm corresponded to a
double-crossover motif and its assembly led to the formation of
3D wireframe polyhedrons, depending on the concentration and
curvature of the motifs. The curvature and flexibility could be
modulated through incorporation of hairpin loops. Zhang and
co-workers reported new strategies for the design of DNA wire-
frame nanostructures wherein the single-stranded tile (SST)
method facilitated the formation of tubular structures of vari-
able dimensions [45].

As discussed earlier, the pioneering work by Rothemund and
others opened the era of DNA origami that aided the construc-
tion of unique and most complex architectures [46]. The rectan-
gular DNA origami was gaining momentum in recent times,
which involved studies on molecular engineering of DNA using
rectangular tiles connected via dangling DNA strands [47,48].
Yan and co-workers reported the construction of rectangular
DNA origami nanoarchitectures in which the parallel strands
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Figure 2: Molecular design and engineering of DNA nanoarchitectures using different types of DNA modules. The 2D DNA origami, hollow 3D DNA
origami, single-stranded tile assembly, and lattice structures are adopted with permission from [37], copyright 2018 Wiley and Sons. The DNA double-
crossover foundation and holiday junction structure have been reproduced with permission from [8], copyright 2016 Royal Society of Chemistry, [34],
copyright 1993 American Chemical Society. The DNA nanorobot structure has been adopted with permission from [9], copyright 2012 American Asso-
ciation for the Advancement of Science. The first image on the left side of drug and gene delivery has been adopted with permission from [53], copy-
right 2012 American Chemical Society.

were assembled in a zigzag fashion along the DNA helical axis
[46]. Endo and co-workers paved the way for creating
X-shaped, Y-shaped, and asterisk-shaped structures using 2D
and 3D DNA origami tiles [49,50]. The groups of Endo and
Sungiyama showed that 2D origami architectures could be used
as building blocks for the construction of 3D DNA origami
[50]. Apart from creating a wide range of architectural shapes,
DNA origami is anticipated to have possible applications in the
fields of biosciences, the design of protein scaffolds, and plas-
monics [51-53]. Shih and co-workers utilized DNA origami
nanotechnology for the structural determination of plasma
membrane proteins [54]. They reported the construction of
detergent-resistant 0.8 µm-long liquid crystalline DNA nano-
tubes organized from a 7.3 kb scaffold strand and >170 short
oligonucleotide-long staple strands. The liquid crystalline
matrices of six helix DNA origami bundles induced a weak

alignment of proteins within the plasma membrane. The solubi-
lization and weak alignment of proteins within plasma mem-
brane are crucial to measure the residual dipolar couplings
(RDCs), and the RDCs are crucial to obtain NMR structural
information on membrane-bound proteins. As reported, DNA
origami-based liquid crystalline media can overcome detergent-
related compatibility problems to accurately measure RDCs.

DNA nanomachines or nanorobots are highly innovative and
advanced versions of DNA-based molecular designs, which are
intended to act and perform as machines with respect to internal
or external stimuli. The pioneering design and development of
DNA-based molecular machines was introduced by Seeman and
co-workers in 1999 [55]. In this early and seminal work, it was
shown that branched motifs of DNA can be exploited as switch-
able mechanical machines. DNA double-crossover (DX) tiles
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were used to fabricate the molecular devices. The crossover
points of the tiles were separated by a helical turn, which trig-
gered the switchable motion of the device through B-to-Z-form
transition, and the relative changes in position and transformat-
ion were monitored by the fluorescence resonance energy
transfer (FRET) technique. Zhao and co-workers reported the
design and construction of a DNA origami-based nanorobot for
the cargo delivery of payloads into cancer cells [56]. The auton-
omous DNA nanorobot was constructed using a nucleolin-
binding DNA aptamer and was loaded with thrombin protease.
The nucleolin protein was overexpressed in tumor-associated
endothelial cells, which triggered the mechanical opening of the
DNA nanomachine, followed by the release of the cargo
protease from the inner cavity to the targeted area. In vivo
studies in mice demonstrated that the intravenously injected
nanorobot could effectively deliver thrombin to tumor-associat-
ed blood vessels. The targeted delivery and nonimmuno-
genicity of the nanorobot made it a promising candidate for
drug delivery in cancer therapeutics. The group of Krishnan re-
ported the construction of a DNA nanodevice to quantitatively
determine the activity and location of chloride ion channels and
transport under pH stimuli [57]. In another work, they reported
the construction of a DNA-based reporter nanomachine for
quantitative imaging of lysosome [58]. This two-ion measure-
ment (2-IM) method could image both pH and chloride ion
variations in lysosomes. The 2-IM analysis was conducted on
primary skin fibroblast cells derived from healthy and
Neiman–Pick-diseased patients. The results showed significant
differences in the lysosomal population in cells between the
diseased and the healthy state. The group of Andersen reported
a DNA nanobox with controllable lid, and its dynamic nature
potentially facilitated the stimuli-responsive release of cargo
molecules into the targeted area [59]. In another interesting
design, DNA origami nanorobots were implanted into living
systems and executed DNA-based biocomputing via dynamic
cell-associated interactions [60]. An alteration of the physiolog-
ical pH can be indicative of a diseased condition, and therefore
monitoring physiological pH values with high sensitivity is re-
quired. Our group designed a molecular beacon (LMB) DNA
device appended with a FRET pair as pH sensing probe in cells
[19]. The remarkable feature of the LMB probe was the struc-
tural transition from a closed (molecular beacon) state to an
open (A-motif) state in a pH-responsive manner within artifi-
cial vesicles and living cells. The DNA device was made up of
24 nucleobases, of which 12 adenine nucleobases were present
within the loop region, and a closed molecular beacon structure
was formed via two stretches of five complementary base pairs.
Cy3 and Cy5 dyes acted as donor–acceptor FRET pair systems
that were ligated at the 5' and 3' end of the duplex stem struc-
ture, respectively. Under normal physiological conditions, the
closed hairpin structure of the LMB probe facilitated juxtaposi-

tion of the two dyes, followed by efficient FRET. In acidic pH,
the N1 of adenine became protonated, which triggered the
structural transition of the LMB device from a closed to an open
state through reverse Hoogsteen base pairing and electrostatic
interactions. The pH-responsive structural transition of LMB
from a closed to an open state altered the FRET response,
which was exploited for sensing of acidic pH (3–5.5) with a low
step size (0.2–0.3) within synthetic vesicles that mimicked the
intracellular environment. The in cellulo study in HeLa cells
demonstrated the efficient cellular uptake of the DNA device
without the need for a vector and provided efficient sensing of
changes in the intracellular acidic pH value. In recent years,
DNA thin film-based biosensors received significant interest for
the detection of biologically relevant analytes, such has forensic
samples [61,62]. The design of active electrochemical DNA
sensors involves critical optimization of the sensor platforms.
The length of the target oligonucleotide sequence and the selec-
tive use of dopants significantly dominate the sensing efficacy
[63]. In this context, electrochemical DNA sensors were de-
veloped by noncovalent layer-by-layer assemblies of phenothia-
zine dyes and DNA for the detection of damaged DNA [64].
Apart from biological samples, the identification of volatile
organic compounds is another important field gaining the atten-
tion of researchers. Hairpin DNA and peptide sequences were
integrated in a sensor design strategy to develop an optoelec-
tronic nose for the selective detection of volatile organic com-
ponents [65].

DNA tetrahedron nanostructures
The structural analogy to virus particles makes DNA polyhe-
drons highly appealing architectures with biomimetic func-
tional relevance. Among all polyhedrons, tetrahedrons are the
simplest architectural scaffolds to construct and modulate struc-
tural and functional patterns. The tetrahedron with regular edges
and acmes is a perfect architectural shape for the construction
of DNA nanoarchitectures. The virus-mimetic feature of the
DNA tetrahedron accounts for the facile cellular uptake via a
caveolin-dependent pathway, while the rigid and sharp-edged
features bestow the thermal and enzymatic stability. The con-
struction of a DNA tetrahedron was first attempted by Turber-
field and co-workers, wherein short oligonucleotide sequences
were used for the bottom-up assembly process [66]. In addition
to short oligonucleotide sequences, DNA tiles were also used to
build DNA tetrahedrons. In another approach, DNA tetrahe-
dron cages were prepared for efficient cellular uptake and
imaging of live cells [67]. Human embryonic kidney (HEK)
cells were cultured with a range of fluorescently tagged DNA
tetrahedrons, and the subcellular localization was monitored.
An organelle-staining study indicated the localization of the
tetrahedrons within the cytoplasm and demonstrated efficient
cellular uptake of DNA tetrahedrons without the need for any
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Figure 3: Schematic representation of DNA tetrahedron-based electroluminescence biosensor platforms. The image has been adapted with permis-
sion from [69], copyright 2017 American Chemical Society.

transfection agents or procedures. One of the advantages of
DNA tetrahedrons is that the edges can be covalently modified
with several active functionalities or biomolecules. The groups
of Shangguan and Tan reported on the biofunctionalization of
metal nanoparticles using aptamer-appended DNA tetrahedron
nanostructures [68]. The aptamer-appended tetrahedron
structures were constructed using three 55 nucleotide-long
carboxylic acid-linked DNA strands and a tumor-targeting
87 nucleotide-long aptamer. The carboxylic acid groups of the
DNA tetrahedron facilitated the interaction with oleic acid-
coated iron oxide nanoparticles via a ligand exchange reaction.
The aptamer–DNA tetrahedron-functionalized iron oxide nano-
particle system was capable of selectively targeting the cancer
cells and, potentially, to act as an MRI contrast agent. The
programmability of the DNA tetrahedrons provided an opportu-
nity to conjugate other functional nucleic acid sequences, viz.,
DNA, siRNA, or DNAzymes, to serve as potential diagnostic or
therapeutic (theranostic) nanoagents. Xu and co-workers
demonstrated the derivation of a DNA tetrahedral electrolumi-
nescence (ECL) biosensor probe for a functional biosensing
assay (Figure 3) [69]. The ECL biosensor platform was
constructed based on a DNA tetrahedral scaffold embedded

with Ru(bpy)3
2+-conjugated silica nanoparticles. The DNA

tetrahedron geometry acted as a capture DNA that repelled the
nonspecific DNA entanglement along the ECL platform and
stimulated the hybridization of glucose oxidase (GOD) enzyme-
conjugated DNA (GOD-S). In a programmable cyclic amplifi-
cation pathway, the target DNA triggered the release of GOD-S
that catalyzed glucose to form hydrogen peroxide, followed by
changing the ECL signal. The ECL sensing solution was made
up of tripropylamine (TPrA) and glucose (10 mM). The concen-
tration of target DNA could easily be assessed by quantifying
the ECL quenching via formation of hydrogen peroxide. Kim
and co-workers developed an innovative approach of intercala-
tion of the anticancer drug doxorubicin within the DNA tetrahe-
dron that showed improved therapeutic efficacy in drug-resis-
tant breast cancer cells [70]. The doxorubicin-encapsulated
DNA tetrahedron system exhibited enhanced cellular uptake
and outflanked the drug efflux process in multidrug-resistant
cancer cells. The biocompatible features, natural degradability,
and low immunogenicity made the DNA tetrahedron a poten-
tial carrier platform for the delivery of drug cargos. Lee and
co-workers showed that self-assembled DNA tetrahedron
nanoarchitectures with narrow size distribution could deliver
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siRNA into tumor cells [71]. The programmable DNA strands
were functionalized with tumor-targeting folate ligands. The
nanoarchitecture consisted of six DNA strands having a total of
186 WC base pairs. The complementary overhang regions at the
3′ ends self-assembled to form tetrahedron nanoarchitectures.
The edges of the tetrahedron were found to be thirty base pairs
long and the height was ≈8 nm. The middle of each edge con-
sisted of a nick with an overhang region whose sequence was
exactly complementary to the siRNA sequence, and, typically,
six siRNAs could be annealed with the tetrahedron unit. To
ascertain the in vivo transfection efficiency of the siRNA-
loaded DNA tetrahedron nanoarchitecture, pharmacokinetic
profiling and organ biodistribution assays were conducted in
xenograft tumor-bearing mice. The siRNA-conjugated DNA
tetrahedron nanoarchitecture system was administered to mice
by tail vein injection, and the quantitative accumulation was
monitored by fluorescence molecular tomography imaging,
combined with computed tomography. The imaging data
showed accumulation of siRNA-loaded tetrahedrons at the
tumor surface 25 min after injection. The siRNA-mediated gene
silencing feature was monitored by performing an in vivo
firefly luciferase gene expression analysis. The remarkable fea-
ture of this study was the one-step synthesis of hybrid
DNA–siRNA tetrahedron nanoarchitectures and cation-free
gene transfection ability.

Small-molecule-templated DNA
nanoarchitectures
The molecular self-assembly of DNA through sequence-specif-
ic base pairing is extensively used to create complex nanoarchi-
tectures with variable size and shape in the field of classical
DNA nanotechnology. In spite of the possibility of creating
complex nanoarchitectures through advanced design and
programming, the use of long DNA sequences, high manufac-
turing cost, and reproducibility of the derived nanoarchitectures
are some of the major concerns to be addressed in classical
DNA nanotechnology or DNA origami for practical applica-
tions. In this context, the emerging field of templated DNA
nanotechnology, or functional DNA nanoarchitectonics, is par-
ticularly appealing to overcome the trivial drawbacks of DNA
nanotechnology in its original form [1,20,25]. The molecular
architectonics of SFMs and DNA has enormous potential for
the design and construction of SFM-mediated and mutually
templated hybrid DNA ensembles and nanoarchitectures with
assured functional properties and applications [13,20]. In partic-
ular, functional DNA nanoarchitectonic involves the
coassembly of suitably designed SFMs and short oligonucleo-
tides supported by canonical and noncanonical hydrogen bond-
ing interactions. Apart from hydrogen bonding, aromatic π–π
stacking, electrostatic, metal ion, and host–guest interactions
facilitate the molecular coassembly of SFMs and short oligo-

nucleotides. The π-conjugated arylenediimides with interesting
optoelectronic properties, such as naphthalenediimide (NDI)
and perylenediimide (PDI), are attractive SFMs to support
zipper assembly of DNA via π stacking and hydrogen bonding
interactions. Our group has successfully demonstrated the mo-
lecular architectonics of nucleobase-conjugated arylenedi-
imides and short oligonucleotides through conventional and
unconventional base pairing interactions to construct well-
defined nanoarchitectures with definite applications [18]. In a
unique design, a symmetrically functionalized adenine-conju-
gated PDI derivative (APA) was designed to interact with
thymine via canonical and noncanonical hydrogen bonding, and
with guanine via noncanonical hydrogen bonding interactions.
The PDI was functionalized with adenine, owing to its unique
ability to form hydrogen bonds with other complementary and
noncomplementary nucleobases. The canonical hydrogen bond-
ing interaction with oligothymidine resulted in the formation of
hybrid DNA ensembles of the type dTn–(APA)n–dTn, n = 10,
20, through double-helical zipper assembly (Figure 4a). Further
studies revealed that the interaction of APA with dG10 and dT10
resulted in the formation of M-type double-helical zipper
assemblies, while with dA10, the formation of a P-type helix
was preferred. pH-dependent circular dichroism (CD) measure-
ments showed the collapse of the double-helical zipper assem-
blies at pH < 6 (Figure 4b). Remarkably, the nanofiber (molecu-
lar) structure of the individual double-helical zipper assembly
dT20–(APA)20–dT20, extended end-to-end through aromatic
interactions, was visualized by AFM (Figure 4c). The left-hand-
edness of the double-helical assembly dT20–(APA)20–dT20 ob-
served in AFM correlated with the CD data. The stimuli-
responsiveness of the SFM-supported chirality-imprinted
double-helical assembly systems points at potential drug
delivery systems for small molecular and gene-based drugs.

Mercury is one of the most toxic heavy metals, with a severe
impact on human health already at ultralow concentrations
[20,72-74]. Selective binding of Hg(II) with thymine is a highly
feasible interaction to be exploited for its detection. We utilized
the mercury–thymine interaction to develop ultrasensitive
detection methods for mercury at subnanomolar concentrations
[20]. This design strategy utilizes homothymine (oligothymi-
dine) sequences for the selective and sensitive detection of
mercury, and thereby unambiguously circumvents the limita-
tions associated with the earlier reports of DNA-based sensor
systems. In our creation strategy, novel DNA nanoarchitectures
were designed and developed for the sensing of mercury at
subnanomolar levels, wherein adenine-conjugated naph-
thalenediimide (BNA) forms a mutually templated assembly
with oligothymidine (dTn, n = 6, 10, 20, Figure 5a). The
BNAn–dTn coassembly led to the formation of 2D nanosheets
of variable dimensions depending on the dTn chain length
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Figure 4: a) Schematic representation of mutually templated double-helical zipper assemblies of APA and dBn (B: nucleobases T, A, or G; n =10, 20)
via canonical and noncanonical hydrogen bonding interactions. b) pH-dependent CD measurement of double-helical zipper ensembles. c) AFM image
of double-helical zipper assembly nanofiber dT20–(APA)20–dT20 and its height profile data (5 nm, inset), typical thickness 4.5 nm. Figure 4a–c has
been adapted with permission from [18], copyright 2015 Royal Society of Chemistry.

Figure 5: a) Mutually templated coassembly of BNA and dTn (n = 6, 10, 20) to form a BNAn–dTn hybrid ensemble, and displacement of BNA from
Hg(II), followed by the formation of a metallo-DNA duplex. b) FESEM images of 2D nanoarchitectures (nanosheets) of BNAn–dTn coassembly and 1D
tapes of BNA. c) Schematic representation of a FET device of BNAn–dTn fabricated for conductometric sensing of Hg(II) with ultrasensitive sensitivity
(0.1 nM, 0.02 ppb). Figure 5a–c has been adapted with permission from [20], copyright 2016 American Chemical Society.
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Figure 6: Molecular structures of nucleobase-tethered NDI molecules (NDI-AA and NDI-TT) and their assembly, coassembly, and templated
coassembly with PNA clamps. Adapted with permission from [75], copyright 2013 Royal Society of Chemistry.

(Figure 5b). Oligothymidine (dTn) mutually templated with
BNA was used for the first time to improve the detection sensi-
tivity for mercury, which involved the thermodynamically and
entropically favored displacement of BNA owing to the forma-
tion of metallo-DNA duplexes (dT–Hg–dT)n (Figure 5a). The
displacement of BNA caused significant changes in the mor-
phological, chiroptical, and electrical conductivity properties of
the system, which was used for the dual-responsive detection of
ultralow concentrations (subnanomolar level) of mercury. The
BNAn–dTn coassembly material was used to fabricate a field-
effect transistor (FET) for the detection of mercury (Figure 5c).
Remarkably, both chiroptical and conductometric measure-
ment-based data provided subnanomolar detection of mercury
(≥0.1 nM, 0.02 ppb), which was 100 times lower than the
permitted maximum quantity of mercury in water (≈10 nM,
≈2 ppb), as per the United States Environmental Protection
Agency (USEPA). The AFM-based measurement also showed
excellent transport properties of individual BNAn–dTn nanoar-
chitectures (nanosheets), which also provided highly sensitive
detection of mercury. The displacement of BNA in BNAn–dTn
by Hg(II) resulted in a change of morphology of the nanoarchi-
tectures from nanosheets to 1D tapes. This unique strategy
demonstrated the design and potential application of SFM-sup-

ported DNA nanoarchitectures in sensors and bio-optoelec-
tronics. In another study, we reported a molecular architectonic
of adenine (A)- and thymine (T)-appended naphthalenediimide
derivatives (NDI-AA and NDI-TT, respectively), with peptide
nucleic acid (PNA) dimers (clamps) via WC and Hoogsteen
base pairing interactions (Figure 6) [75]. The hydrogen bond-
ing interactions, along with hydrophobic interactions, imparted
by the nucleobases and the NDI core, facilitated the formation
of versatile nano- and microarchitectures. The morphological
evaluation showed the formation of petals, fibres, ribbons, and
porous spheres by NDI-AA and NDI-TT under different condi-
tions. This study demonstrated the existence of unusual Hoog-
steen interactions among the nucleobases that formed 9-mem-
bered hydrogen-bonded ring structures instead of an 8-mem-
bered WC structure. The chiral ssDNA could host a multitude
of diverse molecules and was capable of altering the handed-
ness of the host–guest assembly systems [76]. Switchable
helicity was observed when diaminopurine-conjugated naphtha-
lene derivatives interacted as guest molecules within olig-
othymidine. The helicity of the coassembly systems was found
to change with the solutions’ pH value. The reversal of helicity
was observed at lower pH, where the right-handed B-DNA
form effectively transformed to left handed Z-DNA due to pro-
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tonation of the guest derivative. Similar experiments performed
with adenine and cytosine templates did not show such a
reversal of helicity. This report is a typical example for the
design of DNA-triggered switchable functional nanoarchitec-
tures.

Reprograming the molecular self-assembly of DNA through
noncovalent incorporation of organic molecules can potentially
modify and expand the structural diversity and functionality of
the resulting nanoarchitectures. In a recent work by Sleiman
and co-workers, cyanuric acid (CA) with hydrogen-bonding
faces, analogous to three thymine functions, was exploited to
modulate the assembly of ssDNA to form unique nanofiber
architectures [77]. The novelty of this work lies in the use of a
small molecule, CA, that promoted the self-assembly-driven
reprograming of polyadenine strands into a noncanonical motif.
The interactions between adenine and CA were consistent with
the formation of hexameric rosette architectures, and CA facili-
tated the cooperative growth of polyadenine strands with a very
high aspect ratio.

The secondary structure of biomolecules depends on weak
noncovalent interactions, especially ionic interactions, between
oppositely charged moieties or surfaces. In fact, ionic or elec-
trostatic interactions can play an important role in the scheme of
templated DNA nanoarchitectonics. Similarly, fundamental
DNA binding interactions of small molecules, viz., intercala-
tion and groove binding, can be used to construct small mole-
cule–DNA ensembles. Williams and co-workers reported a
distinct binding mechanism based on the so-called phosphate
clamp, wherein the DNA backbone phosphate groups were used
for the interaction with small functional molecules [78]. Essen-
tially, the interaction of cationic small molecules with the an-
ionic periphery of DNA led to the formation of electrostatically
stable small molecule–DNA ensembles. The aromatic mole-
cules with cationic functionalities were capable of imparting
dual stabilization through π stacking and electrostatic interac-
tions. Ulrich and co-workers reported the interaction of aromat-
ic molecules bisfunctionalized with guanidinium moieties and
ssDNA in aqueous solution [79]. The cationic guanidinium
moieties interacted with the anionic phosphodiester backbone of
DNA, while aromatic π stacking played a significant role in the
molecular assembly in aqueous solution. In another study, iso-
phthalamide and dipicolinamide molecules were shown to act
as synthetic small-molecule vectors for the transfection of
plasmid DNA [80]. The dipicolinamide molecules acted as an
anion (phosphate) binder and exhibited channel forming proper-
ties, thereby becoming an efficient biomaterial for the binding
and delivery of cargo DNA. Escherichia coli was chosen as rep-
resentative bacterium for transfection studies. The dipicoli-
namide-guided transfection with plasmid DNA was found to

stimulate the growth of E. coli, which confirmed the good trans-
fection efficiency of the small-molecule (dipicolinamide)
vector.

Izawa and co-workers reported the use of anthracene deriva-
tives to drive the self-assembly of ssDNA into helical
nanofibers [81]. The weak interactions between thymidylic
acid-conjugated anthracenes and complementary oligoadenylic
acid resulted in the formation of helical J-aggregates via A–T
base pairing interactions. The characterizations performed using
spectroscopic and microscopic methods suggested the binary
self-assembly between the anthracene derivatives and 20-meric
oligodeoxyadenylic acid where the transition dipolar axis of the
anthracene derivatives was aligned in a head-to-tail
fashion. The UV–vis and CD spectroscopy data showed cooper-
ative changes in the binary self-assembly in response to the
temperature. Shimizu and co-workers reported the synthesis of
nucleotide-tethered oligo(p-phenylene vinylene), (2,1-
ethenediyl-1,4-phenylenemethylene)bis(2′-deoxy-3′-thymidylic
acid), and examined the complementary interaction with
20-meric oligodeoxyadenylic acid in water [82]. The binary
self-assembly between the oligo(p-phenylene vinylene) and
oligodeoxyadenylic acid in water resulted in the formation of
right-handed helical stacks of different diameters, based on the
residual stoichiometry of the two components. However, the
interaction with noncomplementary 20-meric oligothymidylic
acid did not produce any self-assembled structure in water. In
another study, the interaction between a thymidine bolaamphi-
phile dTp–20–dTp and a series of oligoadenylic acids d(A)n
(n = 2, 4, 6, 8, 10, 20, 40) was found to form nanofibers with a
double-helical structure [83]. The binary self-assembly interac-
tion between the bolaamphiphile and the oligoadenylic acids
dTp–20–dTp/d(A)n, n = 2, 4, 6, 8, 10, 20, 40, strictly depended
on the chain length of the oligoadenylic acid. Through the pres-
ence of equal amounts of adenine and thymine within the
ensembles, it was possible to form hydrogels in water upon
incubation for several days. However, an increase in oligoad-
enylic acid chain length resulted in changes in hydrogel color
and rigidity.

Metal–base pair interactions-guided design of
DNA nanoarchitectures
Metal–base pair interaction-driven molecular architectonics are
one of the major alternatives to hydrogen bonding (WC and
non-WC)-supported base pair interactions for the development
of functional DNA nanoarchitectures. Nakamura and
co-workers reported the construction of metal–ssDNA
coassembly systems wherein Zn(II)-bis(cyclen)-conjugated
NDI and diketopyrrolopyrrole (DPP)-based multichromophore
units were used for mutual templating of short oligonucleotides
(Figure 7a) [84]. In their previous reports, Zn(II)-bis(cyclen)-
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Figure 7: a) Zn(II)-cyclen-tethered NDI and DPP SFMs. b) DPP–dT40 and NDI–dT40 multichromophore arrays over a gold electrode via coimmobi-
lizing donor–acceptor units. c) Random assembly of a DPP–NDI–dT40 multichromophore array over a gold electrode. d) Formation of a metallo-DNA
duplex through T–Hg(II)–T interactions, maintaining the 2:1 molar ratio of T and Hg(II). Figure 7a–c has been adapted with permission from [84], copy-
right 2015 Wiley and Sons, and Figure 7d has been adapted from [86], copyright 2006 American Chemical Society.

conjugated NDI were shown to guide the formation of multi-
chromophore arrays via binding with dTn, and the lengths of the
multichromophore arrays were found to be dependent on the
dTn chain length and temperature [85]. The multichromophoric
array of NDI and oligo-dTn assembled over a gold substrate
showed photocurrent generation due to electron conduction
because of the π‐stacked array of the NDI assembly. In their
next design approach, two separate zinc binding systems,
Zn(II)-bis(cyclen)–NDI and Zn(II)-bis(cyclen)–DPP, were
decorated using oligothymidine (dT40) as a scaffold via interac-
tion of Zn(II)-bis(cyclen) with thymidine residues. The ensem-
ble behaved as a donor–acceptor heterojunction system where
DPP acted as a donor moiety and NDI as an acceptor moiety.
One of the advantages of this system was that the DNA–multi-
chromophore organization could be aligned vertically over the
gold electrode, which facilitated exothermic charge separation
and suppressesed the ground-state charge transfer (CT) com-
plexation between DPP and NDI, followed by the generation of
a photocurrent (Figure 7b). However, the randomly assembled
array of DPPNDI–dT40 immobilized across the gold electrode
was unable to generate any photocurrent response owing to
ground-state CT complexation of DPP with NDI in their
random arrangement (Figure 7c). Tanaka, Ono, and co-workers
reported the generation of mercury-mediated base pairing
T–Hg(II)–T band metallo-DNA duplex structures (Figure 7d)
[86]. Lu and co-workers exploited the T–Hg(II)–T metal–base
pairing to control the DNAzyme activity through allosteric

interactions [87]. For the first time, we showed the mercury-
mediated displacement of SFM (BNA) from the BNAn–dTn
hybrid ensemble to form a metallo-DNA duplex of homothymi-
dine sequences, and this transformation was used as a chirop-
tical and conductometric sensor platform for the ultrasensitive
detection of mercury at a subnanomolar level (vide supra)
[20,72]. The remarkable outcome of our design strategy was at-
tributed to the ultrasensitive detection of mercury through FET
device fabrication, which overcame the limitations of earlier
reports on DNA-based Hg(II) detection.

Chromophore conjugation-guided DNA
architectonics
The introduction of organic chromophores within the nucleic
acid system is one of the distinct approaches to generate func-
tional DNA architectures [88]. Porphyrins are well-known
macrocyclic organic chromophores acting as light harvesting
systems that can be efficiently compacted within the spatial
arrangements of DNA double-helical assemblies [88]. Meunier
[89], Hélène [90], and co-workers reported the utility of por-
phyrin-tethered DNA as artificial nucleases. Murashima, Sugi-
moto, and co-workers adopted a novel approach to design DNA
nanoarchitectures by substituting the nucleobases of DNA with
porphyrins [91]. The tetraphenylporphyrin-modified nucleotide
was inserted into the center of a 13-mer oligonucleotide se-
quence in an automated DNA synthesizer through phosphor-
amidite chemistry. The annealing of porphyrin-tethered oligo-
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Figure 8: a) Schematic representation of a porphyrin-appended DNA nanopore base lipid anchor. b) AFM image of a nanopore assembly.
c) Schematic design of a membrane-spanning porphyrin-tagged DNA duplex. d) Fluorescence confocal image highlighting the interaction of porphyrin-
tethered DNA with lipid membrane. e) Molecular dynamics simulation to analyze steady-state local densities of porphyrin–DNA-anchored lipid chains
and their current flow. Figure 8a and Figure 8b were adapted from [93], distributed under a Creative Commons Attribution license, copyright 2013 by
the authors. Figure 8c–e was adapted with permission from [94], copyright 2016 American Chemical Society.

nucleotides with complementary oligonucleotides resulted in
the formation of a B-form DNA duplex. The conformational
distortion effect due to the intercalation of porphyrin was neu-
tralized via stabilization of the ensemble by stacking interac-
tions that created the B-form duplex structure. Sitaula, Reed,
and co-workers reported the ligation of a porphyrin derivative
by a 19-nucleotide DNA sequence [92]. The porphyrin units
were ligated by DNA via direct amidation, and the covalent
attachment allowed the insertion of an array of porphyrin seg-
ments along the nucleotide sequence. Recently, a transmem-
brane lipid bilayer nanopore comprised of folded DNA became
the center of attraction by mimicking natural protein pores.
Howorka and co-workers reported the synthesis of porphyrin-
conjugated DNA nanopores as a simple and effective strategy to
span through the bilayer system [93]. The nanopore consisted of
six hexagonally packed DNA double-helical assemblies that
were preserved by double-crossover strands (Figure 8a). The
two porphyrin units were positioned at the terminal of a helical
bundle that improved the directional insertion of the nanobarrel
across the bilayer. AFM images showed that the assembled
morphology of the hexagonally packed nanobarrels was made
up of porphyrin-tethered DNA (Figure 8b). Stulz and
co-workers designed a porphyrin-tethered single-DNA duplex
as a transmembrane ion channel [94]. Their minimalistic design
approach involved the attachment of six porphyrin units along
the oligonucleotide sequence that facilitated the movement of
ions through the channel. The schematic of molecular dynam-
ics simulation data (Figure 8c) showed the movement of ions
through the lipid–nanopore interface via the formation of a
toroidal pore. The binding of porphyrin-tethered nanopores with

giant unilamellar vesicles was analyzed by confocal microsco-
py (Figure 8d). The inherent fluorescent signal of porphyrin
showed their presence across the lipid vesicle. Further investi-
gations on ionic current traces demonstrated that the lipid mem-
brane insertion and gating behavior of the nanopore resembled
natural protein channels (Figure 8e). Embodiment of the por-
phyrin within the DNA system played dual roles, viz.,
imparting hydrophobic effects and characteristic optical
responses to monitor the insertion mechanism. Notably, the po-
sition of conjugation and the number of porphyrin units were
crucial parameters that significantly affected the insertion
process. Asanuma and co-workers incorporated six methyl red
chromophores into a double-helical DNA through ᴅ- and ʟ-thre-
olinol linkers to analyze the molecular exciton theory of
heterodimeric chromophores [95]. NMR studies revealed the
antiparallel orientation of the two dyes across the duplex strand.
Further studies indicated that the increment in dye number
could dramatically affect the spectroscopic behavior and the
solution properties of the dye.

DNA–metal nanoparticle architectures
Interactions of DNA with nanoparticles are an attractive area
for the fabrication of functional DNA nanoarchitectures [96].
The surface properties of the nanoparticles are greatly influ-
enced by the functionalization with DNA. The crystallization of
nanoparticles can be easily programed by the selection of
designer DNA sequences. In fact, DNA-mediated assembly is
widely used to synthesize hybrid lattices of gold nanoparticles
and protein-based capsid particles [97,98]. The methylation of
DNA is one of the epigenetic modifications that include the ad-
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dition of a methyl group to cytosine, and this modification
controls the genetic programing in living system. The epigeneti-
cally reprogrammed methylation landscape in cells is a marker
for several types of cancer. The cancer pathology is character-
ized by different methylation patterns, which include the net
loss of global methylation throughout the genome sequence,
while the regulatory or promoter regions of DNA involve a high
rate of methylation. The differences in genomic distribution of
methylation greatly influence the solution properties of DNA,
and this concept has been exploited by Trau and co-workers to
analyze the different interaction patterns of methylated and
nonmethylated DNA with gold nanoparticles [22]. The consis-
tent and high methylation level of genomes makes the DNA
more hydrophobic, while the distinct methylation in cancer
genomes shows much lower hydrophobicity. The changes in
solvation properties of DNA drastically affect the affinity
towards metal nanoparticles. Based on these aspects, the
authors have efficiently evaluated the affinity of genomic DNA
towards metal nanoparticles depending on the methylation
pattern and extent of methylation throughout the genome. In
particular, this constituted a promising sensor-free diagnostic
platform for the detection of cancer. Chen and co-workers
showed that the interaction of DNA with dithiothreitol
(DTT)‐conjugated gold nanoclusters (Au NCs) results in the
formation of ‘raspberry‐like’ particles with potential gene
delivery application [99]. The novelty of the ‘raspberry-like’
structures lay in their biocompatible ‘shield’, which protected
the capped DNA from enzymatic degradation. Gianneschi and
co-workers documented the synthesis of crystalline gold nano-
wires from DNA block copolymer micelles [100]. The block
copolymer micelles were synthesized through ring-opening po-
lymerization, followed by the integration of DNA oligonucleo-
tides in a postpolymerization modification process. The DNA
acted as a polar head group, while the whole polymer system
acted as a template for nanowire synthesis. The miniaturization
of devices is of central importance in electronics and has galva-
nized significant research in materials science. The need for the
miniaturization of devices at the nanoscale interface has led to
the exploration of new material systems and building blocks,
while relinquishing the use of traditional silicon-based materi-
als also played a key role. Biomolecular nanolithography is a
newer approach to create nanopatterned surfaces using biomole-
cules as scaffolds [101,102]. The interesting features of this
technique are the combination of two separate scales, the nano-
scale and the biomacromolecular interface, to produce func-
tional architectures. In this context, the well-defined structural
organization, anionic properties, and polymeric nature qualify
DNA and RNA as potential candidates for scaffolding purposes.
Employing the nanolithography technique, precise DNA nano-
structures can be constructed, and these DNA nanoarchitec-
tures exhibit remarkable molecular recognition properties at the

nanoscale. Hutchison and co-workers reported the use of DNA
as a scaffold for nanoscale patterning of metal nanoparticles
over a DNA surface [103]. The electrostatic interaction with the
ligand stabilized the metal nanoparticles, and the backbone
phosphate groups of DNA triggered the formation of different
nanoarchitectures, such as ribbons, linear chains, and branched
structures. Patolsky and co-workers documented the photo-
chemical covalent attachment of gold nanoparticles to DNA
surfaces, which resulted in the formation of a gold nanowire
[104]. The synthesis of DNA gold nanowires was followed by
the incorporation of psoralen‐functionalized gold nanoparticles
across double-stranded DNA. Psoralen acted as an intercalator
that led to photochemical crosslinking of the components within
the DNA matrix. The photoinduced [2+2] cycloaddition of the
thymine residues of DNA in the psoralen‐functionalized gold
nanoparticle matrix resulted in the formation of conductive
nanorings or nanowires. Willner and co-workers reported a
novel nanoarchitectonic consisting of a DNA-crosslinked CdS
nanoparticle array on an electrode surface that generated an
efficient photocurrent upon irradiation [105]. The electrostatic
interaction of [Ru(NH3)6]3+ with the DNA-bound CdS nanopar-
ticle system supported tunneling of the conduction band elec-
trons, followed by the generation of photocurrents. Similarly,
λ‐DNA was used as a biogenic template for the generation of
silver nanowires and the synthesis of palladium nanoparticle
clusters [106,107].

Conclusion and Outlook
The disruptive idea of using DNA as a material building block
(DNA nanotechnology) has brought a revolution to the broad
areas of nanoscience and nanotechnology. A large number of
research groups have been involved in the rational design of
DNA-based nanomaterials, origami, nanomachines, and
devices. The unique structural features enabled by predictable
sequence-specific interactions have made DNA a versatile com-
ponent for programmable molecular architectonics to construct
diverse molecular and nanoarchitectures. In DNA nanotechnol-
ogy, robust design and programming protocols have led to the
creation of 1D, 2D, and 3D nanoarchitectures using well-
defined tiles and bricks. Remarkably, complex DNA architec-
tures in terms of shape and size could be achieved through the
concept of DNA origami. While DNA nanotechnology (and
origami) is extremely creative in its original form and produced
complex nanoarchitectures of virtually any shape and size
through standard and robust DNA self-assembly, potential ap-
plications of these materials are yet be realized. In this context,
templated DNA nanotechnology or functional DNA nanoarchi-
tectonics have been conceived to overcome the limitations of
classical DNA nanotechnology. In this simple and novel ap-
proach, molecular architectonics of suitably tethered SFMs, or
their assemblies, and ssDNA produced hybrid DNA ensembles
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with functional properties and practical applications. Mutually
templated coassemblies of SFMs and ssDNA were orchestrated
through conventional (WC) and unconventional (non-WC)
hydrogen bonding-, aromatic π–π stacking-, electrostatic-, and
metal coordination-based interactions. Notably, novel func-
tional DNA nanoarchitectures were produced through the
coassembly of inexpensive short ssDNA sequences (oligo-
nucleotides) and SFMs that ensured practical applications. The
solution-based molecular architectonics approach to design and
construct SFM-tethered hybrid DNA ensembles opened up new
possibilities in the fields of materials science, nanoscience,
nanotechnology, and biomedicine. Organic chemistry played a
key role in the design and synthesis of SFMs suitable for the
coassembly with ssDNA to cater for specific applications,
ranging from novel materials design, optoelectronics, sensors,
diagnostics, and drug delivery to therapy. The outlook for the
emerging field of functional DNA nanoarchitectonics lies in the
controlled and programmed coassembly (molecular architec-
tonics) through mutual templating of SFMs or other designer
units and ssDNA to generate novel molecular and nanoarchitec-
tures with emergent properties and practical applications in the
domains of health, energy, and environment.
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