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Abstract
Over the last decade isoindigo derivatives have attracted much attention due to their high potential in pharmacy and in the chemistry of materials. In addition, isoindigo derivatives can be modified to form supramolecular structures with tunable morphologies
for the use in drug delivery. Amphiphilic long-chain dialkylated isoindigos have the ability to form stable solid nanoparticles via a
simple nanoprecipitation technique. Their self-assembly was investigated using tensiometry, dynamic light scattering, spectrophotometry, and fluorometry. The critical association concentrations and aggregate sizes were measured. The hydrophilic–lipophilic
balance of alkylated isoindigo derivatives strongly influences aggregate morphology. In the case of short-chain dialkylated
isoindigo derivatives, supramolecular polymers of 200 to 700 nm were formed. For long-chain dialkylated isoindigo derivatives,
micellar aggregates of 100 to 200 nm were observed. Using micellar surfactant water-soluble forms of monosubstituted 1-hexadecylisoindigo as well as 1,1′-dimethylisoindigo were prepared for the first time. The formation of mixed micellar structures of different types in micellar anionic surfactant solutions (sodium dodecyl sulfate) was determined. These findings are of practical importance and are of potential interest for the design of drug delivery systems and new nanomaterials.

Introduction
Studies of amphiphilic isoindigo derivatives have revealed
perspectives and high potential in several fields: (i) Supramolecular assemblies of amphiphilic conjugated π-systems can

potentially be useful structures with improved tunable optical
and electrical properties [1-5]. This makes possible to develop
new technologies for biodiagnostics, biomedical applications,
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including photothermal therapy [6-8], study of biomembranes
[9] and dynamically probing cells [10,11]. (ii) These heterocyclic compounds found applications in various pharmaceutical
and synthetic protocols [12-21]. It is known that isatin and
isoindigo derivatives possess antibacterial [12,22], antifungal
[23,24], and antiviral activity [25,26]; they are promising platforms for the design of anti-HIV agents [27] and they are also
used in the treatment of leukaemia [28-32]. (iii) Another advantage of isatin and isoindigo derivatives is that they display
binding properties of biomacromolecules (DNA, proteins and
enzymes). It is noteworthy that isatin derivatives interact with
DNA via an intercalating mechanism [12,13,33]. This may be
of potential interest in biomedicine for the delivery of drugs or
genetic material into cells [34,35].

surfactants, e.g., π-functional amphiphiles, the self-assembly of
amphiphilic drugs bearing a chromophoric moiety can produce
more robust self-assemblies [44,45]. Different approaches can
be used to produce various supramolecular systems [46-48].
These strong interactions are critical for the biological function
of drugs [49]. In our previous work we described the ability of
an amphiphilic isoindigo derivative bearing octadecyl substituents to form self-assembled structures of micellar type in water/
DMF solution [50]. In the present work, we focused on the fabrication of nanoscale isoindigo carriers using two approaches:
self-assembly and nanoprecipitation. The study aimed to
demonstrate the possibility to modulate drug delivery of amphiphilic isoindigo derivatives by tuning hydrophilic–lipophilic
balance, π–π stacking interaction and hydrogen bonding.

The development of effective therapeutic drugs based on
isoindigo derivatives focuses on improving their bioavailability
because of their weak solubility in water. To this end an
isoindigo scaffold was functionalized with carbohydrate substituents [36,37]. Over the last three decades, extensive research in
nanomedicine led to several strategies to improve drug biocompatibility and drug delivery efficacy (e.g., synthesis of
polymer–drug conjugates, such as polyethylene glycol,
hyaluronic acid, and heparin, also amphiphilic prodrugs, and
supramolecular hydrogels) [38-40]. One of the main strategies
deals with the creation of self-assembled supramolecular structures with tunable morphologies (e.g., nanospheres, rods,
nanofibers or nanotubes) adapted to the administration route.
Drug nanostructures thus obtained are single-component
systems unlike traditional colloidal drug carriers. The design of
building blocks allows for the control of physical and chemical
properties of self-assembled systems. Self-assembly [41] and
nanoprecipitation [42] are the most common approaches to
create nanostructures [43]. Unlike traditional low-molecular

Another strategy is the use of soft matter (micelles, emulsions,
dendrimers, nanospheres, solid lipid nanoparticles or liposomes)
as the delivery vehicle. These studies have been encouraged by
the possibility to prevent side effects, to increase drug bioavailability, to decrease toxicity as well as to minimize drug degradation and to provide a controllable drug release [51-53]. The
modification of nanostructures with conjugated π–π fragments
leads to the absorption of anticancer drugs via π–π stacking
interaction and increases the drug-loading capacity of nanoscale soft materials [54]. The latter feature is essential for
designing novel antitumor drugs.
The second stage of the work was devoted to solubilize amphiphilic isoindigo derivatives using surfactants that are widely
used in pharmaceutical industry. The aim of the present work
was to investigate the ability of surfactants to bind isoindigo derivatives. For this purpose were used three different surfactants
and amphiphilic isoindigo compounds with different lengths of
the alkyl substituent at the endocyclic nitrogen atom (Figure 1).

Figure 1: Structures of isatin (1a–h), isoindigo derivatives 2a–h, 3 and anionic (sodium dodecyl sulfate, SDS), cationic (cetyltrimethylammonium bromide, CTAB) and nonionic (Tween 80) surfactants.
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Results and Discussion
Nanoscale isoindigo carriers: self-assembly
and solid nanoparticles
For the preparation of solid isoindigo nanoparticles (SIPs), the
method of nanoprecipitation was used. Precipitation is a commonly used technique in pharmaceutical technology [42,55,56].
This method is documented for protein encapsulation [57],
hydrophobic drugs [58], and also for targeting cancer cells [59].
The factors controlling the formation of nanoparticles have been
determined [42,57]. Nanoprecipitation is ideal, when the compound must dissolve in one component (the solvent), but must
not in the second one (the non-solvent). This one-step manufacturing process commonly available to prepare nanoparticles
from polymers that was already reviewed [57,60,61]. In recent
years, amphiphilic cyclodextrins [62], calix[n]arenes and
calix[n]resorcinarenes [63] were used in the formation of nanoparticles via a simple nanoprecipitation technique. The influence of the hydrophobicity of the drug (paclitaxel) on the therapeutic efficacy was also shown [64].

As seen in Figure 2a, the size of SIPs of 2h is ca. 300 nm,
which is comparable with that determined by DLS (Figure 2c).
The morphology of aggregates resembles branched elongated
structures consisting of small particles of 2–3 nm (Figure 2b).
The sizes of SIPs of 2b, 2d, 2e, 2f, 2h are given in Table S1
(Supporting Information File 1). The long-chain homologues 2g
and 2h have smaller sizes of 150 to 300 nm and a low polydispersity index (0.15 ± 0.02). They are rather stable, i.e., the size
and polydispersity index change only little over time at room
temperature (for more than 80 days). The zeta potentials of SIPs
from 2d, 2e, 2f, 2h are about −34, −28, −30, −39 mV, respectively (Table S1, Figure S1, Supporting Information File 1). To
characterize the colloidal stability of the compounds under
study in the presence of electrolytes, the stability of these fabricated SIPs was evaluated under in vitro conditions. After 3 h dialysis in phosphate buffer (pH 7.4) at 37 °C the size of 2d SIPs
was shown to increase, with the polydispersity index reaching
values greater than 0.4 (Figure S2, Supporting Information
File 1). Homologues 2b and 2e form large aggregates of 500 to

Figure 2: Transmission electron micrographs (TEM) (a,b); histogram of the particle size distribution (c) of 2h solid isoindigo nanoparticles (SIPs).
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700 nm in size. We failed to prepare nanoparticles for high
homologues 1g and 3 through the nanoprecipitation technique.
It is known that size and morphology of aggregates in aqueous
solutions are markedly determined by hydrophilic-lipophilic
balance. This is probably due to the packing parameter [65] of
compounds 2. Unlike derivatives 1g and 3, a series of compounds 2 tends to form layered self-assembled structures, as described further.

Size and morphology of isoindigo supramolecular structures
The DLS study of isoindigo derivatives demonstrated the ability
to self-assemble in solution. In Figure 3 and Table S2 (Supporting Information File 1), aggregate sizes and polydispersity
index at various isoindigo concentrations are given.

isoindigo derivatives (Figure S3 and Figure S4, Supporting
Information File 1). The polydispersity index is rather low (0.2)
and changes only little with increasing concentration (Table S2,
Supporting Information File 1). The zeta potential of 2h particles is about −30 ± 1 mV (Figure S5, Supporting Information
File 1). The increase in temperature up to 50 °С is shown to
result in the breaking of the particles of the short-chain derivative 2c. This behaviour may be caused by the effect of temperature on hydrogen bonds and/or π-stacking interaction of aggregated 2с. In the case of the long-chain homologue 2h, the
increase in temperature exerted little effect on aggregation
(Figure S6, Supporting Information File 1). The size of the 2h
aggregates increased when using phosphate buffer instead of
water during preparation of the colloidal aggregates (Figure S7,
Supporting Information File 1).
To predict the morphology of aggregates, the packing parameter P [65] was calculated for all compounds by using
Equation 1:
(1)

The dimensionless quantity P is the ratio between the volume of
the hydrophobic fragment, v0 and the polar head surface area, a,
multiplied by the chain length of the hydrophobic fragment, l.
For the cone-like amphiphilic molecules, the value of P of
which is below 1/3, the formation of spherical aggregates may
be expected. This is observed in the case of typical surfactants
bearing relative large polar fragment and single alkyl chain. If
1/2 < P ≤ 1, the formation of bilayers is predicted, including
closed structures, i.e., vesicles.

Figure 3: Analysis of the size distribution of 2c (a), 2d (b), 2e (c), 2f
(d), 2g (e), 2h (f) particles in water/DMF (50% v/v) solutions using the
number parameter, c = 1 mM, 25 °C.

As seen, aggregate size depends on the length of hydrocarbon
fragments of isoindigo with the particle sizes of compounds
2с–f varying within the range of 200 to 700 nm. The long-chain
homologues 2g and 2h form particles of 100 to 200 nm. The
sizes tend to increase with the increase in concentration of

The polar head surface area was calculated as the sum of the
area of hexagons and pentagons based on the XRD data for
isoindigo derivatives available in the Cambridge Structural
Database. As seen in Figure S8 (Supporting Information File 1),
the surface of the oxindole fragment of isoindigo derivatives,
for which the crystal structure is currently known is in the range
of 0.84–0.87 nm2. The dimensions of the oxindole fragment for
compounds 1g, 2c, and 2d are 0.86, 0.86 and 0.85 nm2, respectively, (Table S3; Supporting Information File 1). All of these
values are very close. The values of v0 and l for alkyl groups
can be calculated using the relationships in Equation 2 and
Equation 3 [66]:
(2)

(3)
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Data in Table S3 (Supporting Information File 1) show that
packing parameters (P) are 0.25 and 0.12 for compounds 1g and
3, respectively, which makes it plausible to assume the occurrence of spherical normal micelles. For derivatives 2a–h
P values are close to 0.5, which indicates the formation of
aggregates with lower surface curvatures, e.g., layered structures.

CAC and other aggregation parameters
The structure of the long-chain homologues of isatin (1g) and
isoindigo (2e, 2g, 2h and 3) contains hydrocarbon fragments
and is similar to that of typical surfactants. The self-assembly of
amphiphilic molecules bearing a chromophoric moiety is somewhat different from that of classical surfactants. For example,
π-functional amphiphiles can yield a more robust self-assembly
[44,45]. Nevertheless, we tried to determine the critical association concentration (CAC) and other aggregation parameters.
Initially we studied the ability of compounds to localize at the
air–solvent interface. A water/DMF (50% v/v) mixture was
used as solvent. Unfortunately, we failed to prepare stable solutions of 1g and 3. Tensiometry experiments allowed us to determine that the amphiphilic isoindigo derivatives 2e, 2g, 2h do

not decrease the surface tension of the solvent (52 mN/m). They
are surface-inactive compounds (Figure S9, Supporting Information File 1).
The study of the entrapment of hydrophobic probes is a generally accepted assay for the potential of soft materials to be used as
nanocontainers for hydropohobic solutes including drugs.
Furthermore, the solubilization of organic hydrophobic dyes
makes it possible to detect the formation of micelles in solution
[67]. In Figure 4a, the dependence of the absorbance of hydrophobic dye (Sudan I) on the concentration of isoindigo derivatives 2g and 2h is shown. The samples based on compounds
2a–f were not used in this experiment due to their low stability
in the presence of Sudan I. In these cases, gradual agglomeration and precipitation were observed in the systems.
As seen in Figure 4a an increase in absorbance occurs at concentrations above 0.2 mМ (for 2g) and 0.1 mМ (for 2h). Thus,
experimental data prove the formation of self-assembled structures of 2g and 2h with a hydrophobic field that can dissolve
nonpolar probes. The critical association concentrations for 2g
and 2h are 0.2 and 0.1 mМ, respectively. Calculated values of

Figure 4: (a) Absorbance of the dye (Sudan I) at 495 nm as a function of the concentration of 2g and 2h in water/DMF (50% v/v) solution, 25 °C;
optical length 0.1 cm. (b) Fluorescence of pyrene (cpyrene = 1 × 10−6 M) in 2a (a), 2d (b), 2e (c), 2f (d), and 2g (e) in water/DMF (50% v/v) solution,
25 °C, c2a (mM): 0 (1)–0.257 (7); c2d (mM): 0 (1)–0.2 (9); c2e (mM): 0 (1)–0.5 (9); c2f (mM): 0 (1)–0.5 (9); c2g (mM): 0.0097 (1)–0.255 (7).
(c) Dependence of the intensity ratio (I1/I3) of the first and third peaks of pyrene on the 2a, 2d–g concentrations, cpyrene = 1 × 10−6 M, 25 °C.
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the solubilization capacity of 2g and 2h micellar aggregates are
given in Table S4 (Supporting Information File 1). As can be
seen, the solubilization capacity value grows with the increasing length of the alkyl chain. According to Table S4 (Supporting Information File 1), the solubilization ability of 2g and 2h
is, respectively, two times and 20 times higher than that of the
classical surfactants, CTAB and SDS.
Fluorescence studies showed that significant changes occur in
the pyrene spectrum of the isoindigo derivatives in solution for
all the compounds under study, regardless the length of the
alkyl chain (Figure 4b). The change in pyrene fluorescence intensity is likely due to the decrease in the polarity of the pyrene
microenvironment. Based on these spectra, the CAC of amphiphilic compounds was calculated from the I1/I3 values in the
pyrene fluorescence spectrum as a function of the concentration of amphiphilic compounds [68,69]. Most probably, pyrene
is incorporated into the hydrophobic region of the colloidal
aggregates. Usually, the CMC values of surfactants determined
by different methods are very similar [70]. But an additional
binding of the fluorescent probe (pyrene) to the heterocyclic
core of the isoindigo compounds cannot be excluded. Therefore,
we recognize that some perturbation of micelles can occur. On
the other hand, the latter can be neglected because of the very
low pyrene concentration used. In our case, according to data
given in Figure 4c, the CAC of compound 2g is 0.3 mM, which
is comparable with that determined spectrophotometrically
(Figure 4a). Compounds 2e and 2f aggregate at higher concentrations (CAC ≈ 0.6 mМ). Importantly, this rather low aggregation number may result from the quenching effect of isoindigo
derivatives [50]. Figure 4b and Figure S10 (Supporting Information File 1) (Stern–Volmer dependences) show that the most
effective quenching occurs for compounds 2a, 2d and 2g. The
short-chain isoindigo derivatives 2a–d presumably form supramolecular polymers or layered particles, which can effectively
quench the pyrene fluorescence. These structures can be formed

through intermolecular π-stacking interactions and/or the formation of hydrogen bonds. The literature data provide information
that some isoindigo derivatives and other chromophores tend to
form J-aggregates in solid state [71].
One can assume that short-chain isoindigo derivatives form layered supramolecular aggregates largely through π–π stacking
interactions, while the aggregation of the long-chain homologues is mainly guided by hydrophobic effects (Scheme 1).

Micellar solutions of isoindigo derivatives and
their spectroscopic properties
One way to improve the bioavailability of isoindigo derivatives
is the formation of mixed supramolecular assemblies with
various types of surfactants. Micellar solubilization is one approach for the improvement of solubility of hydrophobic drugs
[72]. It is known that the incorporation of poorly water-soluble
drugs in the nonpolar core of micelles may increase solubility,
stability, and bioavailability [73-75]. Importantly, amphiphilic
molecules and drugs can form mixed assemblies that would
result in changing in the micellization process [66]. In addition,
the amphiphilic nature of surfactant micelles can serve as a
tentative model of biomembranes [74,76]. Thus, the study of
interactions with various surfactants may provide a deeper
insight into the transport and binding of isatin and isoindigo derivatives at the molecular level. We have studied the effect of
the structure of isatin and isoindigo derivatives on the solubilizing properties of commercially available classical anionic
(SDS), cationic (CTAB) and nonionic (Tween 80) surfactants.
Because isatin and isoindigo derivatives are new dyes, their
extinction coefficients were determined for the first time.
UV–vis absorption spectra of 2a–h and 3 in chloroform are
presented in Figures S11–S18 (Supporting Information File 1).
The absorption spectra of 1g in different solvents (CHCl 3 ,
EtOH and DMF, Figures S19–S21, Supporting Information

Scheme 1: Supramolecular assemblies of isoindigo derivatives 2a–h.
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File 1) were also recorded. The maximum absorption wavelength of 1g (λmax = 300 nm) does not vary significantly with
the type of solvent. The extinction coefficients of the studied
compounds are presented in Table S5 (Supporting Information
File 1). In Figure 5, the dependence of the absorbance of isatin
and isoindigo derivatives in aqueous SDS solution on the SDS
concentration is given.

Figure 5: Absorbance of 2a, 2b, 2d–g at λmax ≈ 395 nm and 1g, 3 at
λmax = 300 nm in aqueous micellar SDS solution; 25 °C, optical path
1 cm and solubility profile solution of SDS in the presence of 2a on
concentration of SDS, cSDS= 2–80 mM, 25 °C.

The data show that the isoindigo derivatives 2a and 3 are most
effectively solubilized in SDS micelles. For isoindigo derivatives with two alkyl tails, the highest solubilization occurs for
compound 2a, i.e. for isoindigo with two methyl groups. It is
important to note that unlike the other tested compounds, 2a has
the highest extinction coefficient of ε = 13447 M −1 ·cm −1
(λ max = 395 nm, Table S5, Supporting Information File 1).
Although compound 2e has a similar value of
ε = 13156 M−1·cm−1 (λmax = 395 nm), it is less effectively solubilized in SDS micelles. In the case of compound 1g, solubilizing capacity cannot be estimated because its extinction coefficient is only about one sixth of that of isoindigo 2a. The solubilization of compound 3 is observed in micellar solutions of
CTAB and Tween 80 (Figure S23 and Figure S24, Supporting
Information File 1).
It is noteworthy that apart from the solubilization mechanism by
typical interaction between surfactants and dyes, mixed aggregates can be formed. The surface tension of SDS solutions
admixed with 2а and 3 are given in Figure 6. The formation of
mixed structures of SDS and isoindigo derivative 2a is observed in a lower concentration range compared to single SDS
micelles. This is supported by the left-shift in the surface
tension isotherms of SDS with 2a additives (Figure 6a) and the

decrease of the slope, indicating a lower surface activity. This is
presumably related to the formation of structures with various
aggregation numbers. Measurement of the size of 2а particles in
SDS solution showed the presence of particles of about 1 and
about 200 nm in diameter (Figure 6b). The former most likely
correspond to SDS micelles, while the latter represent mixed
structures of SDS and the isoindigo derivative. In the SDS–2a
system an increase in zeta potential is observed (Figure 6c).
According to our results and literature data [77,78], the zeta
potential of SDS micelles is about −70 mV, while the mixed
aggregates of SDS and 2a have a zeta potential of about
−110 mV. In the case of compound 3, there is a decrease in the
zeta potential of SDS micelles by ca. 20 mV. Most probably, 2a
molecules are incorporated and dissolved in the nonpolar core
of the SDS micelles. This may lead to a change in the packing
parameter of SDS molecules, an increase in the aggregation
numbers of surfactant micelles and/or the formation of nonspherical structures, and, consequently, in an increase in the
zeta potential of the system. For the amphiphilic derivative 3,
the probability of the formation of micelle-like aggregates of
SDS and 3 increases. This may result in a loosening of the SDS
micelles, a decrease in the aggregation numbers and, hence, in a
decrease in the zeta potential of the system. A schematic representation of mixed structures of SDS and isoindigo derivatives
is shown in Scheme 2.

Conclusion
Solid nanoparticles and self-assembled structures of dialkylated
isoindigo derivatives were obtained. Size, morphology, and
stability of supramolecular associates and solid nanoparticles of
dialkylated isoindigo derivatives depend on the length of the
alkyl-chain moiety. Stable solid nanoparticles were obtained for
dialkylated isoindigo derivatives with C16H33, and C18H37,
their size ranged between 150 and 300 nm. The size of selfassembled structures of dialkylated isoindigo derivatives was
equal to 200–700 nm in the case of R = C 8 H 17 , C 10 H 21 ,
C12H25, C14H29; and 100–200 nm in the case of R = C16H33
and C18H37. The polydispersity index of the particles is below
0.2. The critical association concentration for dialkylated
isoindigo derivatives with R = C12H25, C14H29, C16H33, and
C18H37 decreases with the increase in hydrocarbon chain length
and corresponds to 0.6, 0.2, and 0.1 mМ, respectively. Effective pyrene quenching is observed for all dialkylated isoindigo
derivatives. This is mostly related to the formation of supramolecular polymers or layered aggregates driven by π–π interaction in the case of short-chain isoindigo derivatives and micellelike aggregates in the case of long-chain isoindigo derivatives.
The alkylated isatin and isoindigo derivatives were employed
for the first time as probe dyes for various types of surfactants
(cationic, anionic, and nonionic). It was spectrophotometrically
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Figure 6: (a) Surface tension isotherms of SDS in the absence and presence of 2a and 3 in water, (b) Analysis of the size distribution and (c) zeta
potential of 2a particles in water–SDS solutions, cSDS (mM): 60 (1), 80 (2), 25 °C.

determined that at surfactant (SDS, CTAB, Tween 80) concentrations above the CMC, an increase in absorption occurs for
the compounds 2a and 3. Likely, the dissolution of short-chain
dialkylated isoindigo derivative 2a and monoalkylated isoindigo
derivative 3 in micellar surfactant solutions is due to the formation of different types of mixed surfactant–isoindigo derivative
assemblies. The data obtained are expected to contribute to the
development of nanodevices with interesting optical properties
and pharmacological applications as drug delivery systems.

Experimental
Materials
Scheme 2: Solubilization of 2a and 3 in SDS.

1-Phenylazo-2-naphthol (Sudan I, Acros Organics, New Jersey,
USA), pyrene for fluorescence (Sigma, Switzerland, 99%),
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cetyltrimethylammonium bromide (CTAB) (Acros Organics,
New Jersey, USA, 99%), sodium dodecyl sulfate (SDS) (Acros
Organics, New Jersey, USA, 99%), Tween 80 (Acros
Organics, New Jersey, USA, BioXtra) were used.
Unless otherwise mentioned, other chemicals and solvents
were of analytical grade from commercial sources.
Dimethylformamide (DMF) and tetrahydrofuran (THF)
were purified according to conventional procedures
[79]. Compounds 1a–h, 2a–h were obtained as reported earlier
[50].

Preparation of solid isoindigo nanoparticles

Synthesis of 1-hexadecyl-(3,3′-biindolinylidene)-2,2′dione 3

Methods

A mixture of 1-hexadecylisatin 1g (3.0 g, 8.1 mmol) and
indolin-2-one (1.08 g, 8.1 mmol) in acetic acid (15 mL) was
heated at 80 °C in the presence of a catalytic amount of HCl
(conc) for 4 h. After cooling to room temperature the precipitate was filtered off, washed thoroughly with H2O (50 mL) and
air-dried, affording 3 as dark-red crystalline powder. Yield:
97% (3.8 g), mp 135–137 °С; IR (KBr): 3419, 2915, 2848,
1698, 1662, 1619, 1464, 1364, 1334, 1102, 745 cm−1; 1H NMR
(500 MHz, CDCl3/DMSO-d6 (9:1)) δH 0.74 (t, J = 7.0 Hz, 3H,
CH3), 1.30–1.05 (m, 26H, 13CH2), 1.57 (q, J = 7.3 Hz, 2H,
NCH2CH2), 3.63 (t, J = 7.3 Hz, 2H, NCH2), 6.66 (d, J = 7.6 Hz,
1H, H7), 6.70 (d, J = 7.6 Hz, 1H, H7’), 6.84 (ddd, J = 7.9 Hz, J
= 7.8 Hz, J = 0.9 Hz, 1H, H5’), 6.88 (ddd, J = 7.9 Hz, J = 7.8
Hz, J = 0.9 Hz, 1H, H5), 7.14 (ddd, J = 7.8 Hz, J = 7.6 Hz, J =
0.9 Hz, 1H, H6’), 7.21 (ddd, J = 7.8 Hz, J = 7.6 Hz, J = 0.9 Hz,
1H, H6), 8.99 (d, J = 7.9 Hz, 1H, H4’), 9.02 (d, J = 7.9 Hz, 1H,
H4), 9.81 (s, 1H, H1’); 13C{1H} NMR (125.7 MHz, CDCl3/
DMSO-d 6 (9:1)) δ C 13.73 (CH 3 ), 22.25 (C(15)H 2 ), 26.63
(C(3)H 2 ), 27.08 (NCH 2 CH 2 ), 28.91 (C(4)H 2 +C(13)H 2 ),
29.34–29.00 (C(5)H 2 –C(12)H 2 ), 31.49 (C(14)H 2 ), 39.66
(NCH 2 ), 107.50 (C7), 109.30 (C7’), 121.30 (C5’), 121.32
(C3a), 121.64 (C5), 121.99 (C3a’), 129.30 (C4), 129.47 (C4’),
131.76 (C6), 132.12 (C6’), 132.62 (C3), 134.11 (C3’), 143.67
(C7a’), 144.22 (C7a), 167.50 (C2), 169.34 (C2’); 15N NMR
(50.6 MHz, CDCl 3 /DMSO-d 6 (9:1)) δ N 136.2 (N1’), 142.5
(N1); Anal. calcd for C32H42N2O2: С, 78.97; Н, 8.70; N, 5.76;
found: С, 78.85; Н, 8.57; N, 5.63.

NMR experiments were performed with a 500 MHz (500 MHz
for 1H NMR; 125 MHz for 13C NMR; 50.7 MHz for 15N NMR,
respectively) spectrometer equipped with a 5 mm diameter
gradient direct broad band probehead and a pulsed gradient unit
capable of producing magnetic field pulse gradients in the
z-direction of 53.5 G·cm-1. NMR experiments, carried out at
303 K. DPFGNOE [80], were obtained using a Hermite-shaped
pulse for selective excitation. Chemical shifts (δ in ppm) are
referenced to the solvent CDCl 3 (δ = 7.27 ppm for 1 H and
77.0 ppm for 13C NMR), to external CD3NO2 (380.2 ppm) for
15N NMR spectra (conversion factor to NH : −380.2 ppm).
3

The structure of 3 was established unambiguously by different
of NMR correlation methods [80,81]. First, nOe's from NH1'
and H1-Alk let us to reveal H7' and H7, respectively (Supporting Information File 1). Then, structures of these moieties were
determined by combination of 1H,1H COSY, 1H,13C HSQC/
HMBC and 1H,15N HSQC/HMBC correlations. Almost perfect
correlation between calculated [82] for a simplified model of 3
(with Alk = C 6 H 13 instead of C 16 H 33 ) and experimental
13C CS's (R2 = 0.998, Supporting Information File 1) strongly
supports this structural hypothesis.

The nanoprecipitation technique was used for preparation of
nanoparticles based on amphiphilic isoindigo derivatives. The
relevant derivative in different quantities was dissolved in DMF
or THF (1 mL) at 60 °C, and the hot solution (0.5 mL) was
added in 1 min to deionized water (25 mL) or phosphate buffer
(25 mL) at 60 °C and stirred at 750 rpm. Nanoparticles were
formed spontaneously. Solvent (THF) and part of water were
removed under reduced pressure and the total volume was
adjusted to 25 mL with deionized water.

NMR spectroscopy

The quantum chemical calculations
The quantum chemical calculations were performed using
Gaussian 03 software package [83]. Full geometry optimizations were carried out within the framework of DFT (B3LYP)
method using 6-31G(d) basis sets. Chemical shifts (CSs) were
calculated by the GIAO method at the same level of theory. All
data were referred to TMS (13C) and NH3 (15N) chemical shifts,
which were calculated under the same conditions.

Surface tension
Surface tension measurements were performed using the du
Nouy ring detachment method (Kruss K6 Tensiometer,
Hamburg, Germany). The experimental details are described
elsewhere [84]. Briefly, the planar and spherical ring was
placed parallel to the air–solvent interface. Between the surface
tension analyses, the ring was cleaned by rinsing it with doubledistilled water, followed by soaking it in nitric acid for 5–7 min,
rinsing again with double-distilled water, and finally flamedrying. All glassware was soaked in nitric acid to avoid any
contaminants, thoroughly rinsed with double-distilled water,
and then steamed before use. Temperature was kept at
25 ± 0.2 °C during all experiments.

Solubilization study
The solubilization studies of the dye (Sudan I) were performed
by adding an excess of crystalline Sudan I to the isoindigo de-
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rivatives solutions. These solutions were allowed to equilibrate
for about 48 h at room temperature, followed by filtration, and
the absorbance measured at 495 nm using the spectrophotometer Specord 250 Plus (Analytik Jena AG, Germany).
Quartz cuvettes containing sample were used, with a 0.1 cm cell
path.
For the solubilization studies of compounds 1–3, saturated solutions were prepared in glass vessels by mixing of the excess of
powdered compounds 1–3 with surfactants solutions with different concentrations. These solutions were allowed to equilibrate for about 48 h at room temperature, followed by filtration,
and the absorbance of compounds 1–3 at appropriate wavelengths using the spectrophotometer Specord 250 Plus
(Analytik Jena AG, Germany). Quartz cuvettes with a 1 cm cell
path were used.

(Sigma-Aldrich) were used for this study. They were soaked in
Milli-Q water for 12 h before use. After dialysis (3 h), a SIP
sample (1 mL) of the fluid inside dialysis bag was withdrawn
and assayed by determining the size and zeta potential using the
Malvern Instrument Zetasizer Nano (Worcestershire, UK).

Supporting Information
Supporting Information File 1
Additional experimental data.
[http://www.beilstein-journals.org/bjnano/content/
supplementary/2190-4286-8-34-S1.pdf]
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Dynamic light scattering
Dynamic light scattering (DLS) measurements were performed
using the Malvern Instrument Zetasizer Nano (Worcestershire,
UK). The measured autocorrelation functions were analysed by
Malvern DTS software, applying the second-order cumulant
expansion methods. The effective hydrodynamic radius (RH)
was calculated according to the Einstein–Stokes equation:
D = kBT/6πηRH, in which D is the diffusion coefficient, kB is
the Boltzmann constant, T is the absolute temperature, and η is
the viscosity. The diffusion coefficient was measured at least in
triplicate for each sample. The average error in these experiments was approximately 4%. The solutions were filtered with
Millipore filters to remove dust particles from the scattering
volume.
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