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The newcationic surfactants containing octyl and dodecyl carbamatemoiety in the head group and hexadecyl tail
were synthesized and characterized. They demonstrate versatile self-assembling behavior strongly controlled by
structural characteristics of amphiphilic molecules. The octyl derivative at a concentration of 0.06 mM formsmi-
celles, which can undergo structural rearrangement with the increase of surfactant content in the solutions
(above 0.01M). Compoundwith a dodecyl substituent, upon reaching a critical concentration, forms large aggre-
gates without passing through the micellar stage. Combination of different techniques makes it possible to as-
sume that morphological transitions between micelles and vesicles probably occurs with the variation in
structural characteristics and concentration of surfactants. This is supported by dynamic light scattering and
transmission electron microscopy, as well as changes in characteristics of spectral probes sensitive to
micropolarity and packing parameters of aggregates. Aggregates formed showed high solubilization capacity, ex-
ceeding that of typical cationic micelles, toward Orange OT hydrophobic dye and poorly water soluble anti-
inflammatory drugs, indomethacin and meloxicam. Carbamate-containing surfactants demonstrated the ability
to penetrate through cell membrane, delivering the solubilized hydrophobic substances into the cell, which
was testified by flow cytometry and fluorescence microscopy with DAPI and Nile Red dyes.

© 2020 Published by Elsevier B.V.
1. Introduction

Cationic surfactants are the most important building blocks used in
the creation of supramolecular aggregates, which are widely used in
many industries, agriculture, medicine and pharmaceuticals [1–4]. The
specifics of their application is related to the fact that hydrophobic effect
inducing self-assembly processes in the systems are supplemented by
significant electrostatic interactions that determine the structure and
properties of the aggregates formed. Thus, the micellar solutions of cat-
ionic surfactants used as a medium for a variety of chemical processes
have a significant effect on the local concentration and properties of sol-
ubilized compounds, which makes it possible to control the rate and
mechanism of the reactions [5–7]. The effective adsorption of cationic
surfactants on the surface of metal structures and the formation of a
protective layer determine their successful application as corrosion in-
hibitors [8,9]. The presence of a positive charge in combinationwith am-
phiphilic matrix ensures the incorporation of cationic surfactants into
the lipid bilayers, the effective interaction with intracellular organelles,
0088, Russia.
a).
phosphate residues of nucleic acids and other negatively charged
biosubstances, which provides their use for targeted drug delivery and
forms the basis for the development of non-viral vectors [10–12]. The
directed functionalization of the structure of surfactantmolecules by in-
troducing various substituents, in particular, capable of forming hydro-
gen bonds, allows for involving additional self-assembly mechanisms,
changes the aggregation thresholds and the complexation ability, and
increases their solubilization effect [13–15].

In recent years, the main trend in molecular design and creation of
new cationic surfactants involves the synthesis of compounds that cor-
respond to the principles of green chemistry: the manifestation of high
efficiency under mild conditions and low concentration range; low tox-
icity; the ability to overcome biological barriers. To a large extent,
amphiphilic compounds containing cleavable urethane (organic carba-
mates) residue answer to these criteria. When used as carriers, they
meet the requirements of biodegradability and can release the active
molecules after overcoming biological barriers, including the blood-
brain barrier [16–18]. In addition, carbamate-containing compounds
are structural elements of many approved therapeutic agents [19–23],
therefore, they can combine the functions of the active substance and
the delivery agent of other drugs.
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https://doi.org/10.1016/j.molliq.2020.113894
mailto:mirgorod@iopc.ru
https://doi.org/10.1016/j.molliq.2020.113894
http://www.sciencedirect.com/science/journal/
www.elsevier.com/locate/molliq


2 R.A. Kushnazarova et al. / Journal of Molecular Liquids 318 (2020) 113894
Earlier, we obtained and characterized a number of carbamate-
containing cationic surfactants, which favorably differ from their
trimethylammonium analogues by lower values of critical micelle con-
centration (CMC), increased solubilization effect, and lower toxicity
[24–28]. Itwas shown that the temperature and concentration thresholds
of micelle formation, the surface potential, and the properties of micelles
depend not only on the length of the hydrophobic tail at the quaternary
nitrogen atom, but also on the length of the alkyl substituent at the nitro-
gen atom of the carbamate fragment. Smart self-assembling behavior of
these amphiphiles encouraged us to synthesize compounds bearing lon-
ger chain alkyl substituent in the carbamate group. It was assumed that
such modification of the molecular structure can substantially influence
packing parameter and lead not only to evolutionary changes in the prop-
erties of micellar solutions, but can also cause more significant changes
associatedwith themorphological transition of the system. In the present
work, the cationic surfactants containing octyl and dodecyl carbamate
moiety in the head group and hexadecyl tail were synthesized and
studied. It is known that in some cases surfactants with two hydrocarbon
tails can spontaneously associate, forming stable monodisperse vesicles
[29–33]. Analogously, natural amphiphilic compounds, i.e. phospholipids
bearing two hydrocarbon tails with 16–18 carbon atoms, tend to form
vesicle-like aggregates [34,35]. Due to specific geometry factor these com-
pounds are not capable of forming conventional micellar structures in
aqueous solutions and form bilayers. In this case, the formation of closed
spherical bilayer shells (vesicles) ismore favorable both energetically and
entropically as compared to infinite flat bilayers [36].

In this regard, the aim of this work was to explore self-assembling
behavior of new carbamate-containing surfactants with different length
of the hydrocarbon substituent in the head group, to determine aggre-
gation concentration thresholds in aqueous solutions, to examine the
structural and solubilization properties of aggregates and to evaluate
their potential application as drug delivery systems. To test the above
prediction about complicatedmorphological behavior resulted from ap-
pearance of additional long-chain alkyl tail, the data obtained was
intended to be compared with those for carbamate-containing surfac-
tants with an ethyl or butyl substituent in the head group [24].

Structural formulas of the studied compounds are presented below:

Ur-16(Et) - R = С2H5; Ur-16(Bu) - R = n-С4H9;
Ur-16(Octyl) - R = С8H17; Ur-16(Dodecyl) - R = С12H25

2. Experimental section

2.1. Materials

The studied carbamate-bearing surfactants were prepared by the re-
action of hexadecylammonium surfactant containing hydroxyethyl sub-
stituent at the head group and alkylisocyanate using diazobicyclooctane
as a catalyst as described [24,25]. The structure of the compounds was
confirmed by elemental analysis, ESI mass spectrometry, IR- and NMR-
spectroscopy data. The obtained characteristics of new carbamate-
bearing surfactants with an octyl or dodecyl substituents are given in
Supporting information.

Commercially available spectral probes (OrangeOT, pyrene, Nile Red
(NR), 1,6-diphenylhexatrien-1,3,5 (DPH), 4′,6-diamidin-2-phenylindol
dye (DAPI), propidium iodide), drugs (indometacine, meloxicame),
alkylisocyanates, diazobicyclooctane (Sigma, 99%) were used without
preliminary purification. All solutions were prepared with double-
distilled water purified by a Direct-Q 5 UV water purification system;
the water resistivity was 18.2 MΩ∙cm at 25°С.
2.2. Instruments and methods

Experimental temperatures were maintained at 25 ± 0.1 °C, unless
otherwise indicated. All experiments were accurate within ±4%.

Surface tension measurements were performed by the anchor-ring
method using KRUSS 6 tensiometer. The cmc values were defined as
the concentration corresponding to the breakpoints in the γ vs. loga-
rithm of surfactant concentration plots.

UV–Vis spectra of the spectral probes and drugs solutions were re-
corded in quartz cells using Specord 250 Plus (Analytik Jena) spectro-
photometer equipped with a thermostated cell unit.

The solubilizing capacity of micellar systems toward the probes was
determined for their saturated solution as follows. The excess of a crys-
talline probewas placed in the surfactant solution, stirred vigorously for
1 h and then equilibrated for 48 h (or 24 h for indometacine) at 25 °C.
The undissolved probe was filtered, and the filtrate optical density at
the maximum absorption was measured.

The mean of micelles size and polydispersity index were determined
by dynamic light scattering (DLS) measurement using Malvern ZetaSizer
Nano (Malvern Instruments, UK). The source of laser radiation was a He-
Negas laserwith the power of 10mWand thewavelength of 633nm. The
light scattering angle is 173о. The pulse accumulation time is 5–8min. The
signals were analyzed using a single-plate multichannel correlator
coupled with IBM PC compatible computer equipped with the software
package for the evaluation of effective hydrodynamic radius of dispersed
particles. All samples were analyzed in triplicate, the average error of
measurements was approximately 4%.

Transmission electronmicroscopy (TEM) imageswere obtained on a
Hitachi HT7700 TEM instrument (Japan) operated at 100 kV accelerat-
ing voltage. Samples were prepared as follows: a drop of 6 μl was
taken from the middle of a freshly prepared solution of a given concen-
tration using a dispenser (Biohit Proline Plus) and applied to a 300mesh
copper gridwith a carbon-formvar supportfilm (Agar Scientific). A drop
completely covers the grid. The sample preparation process is carried
out at room temperature. Next, the sample is dried in a muffle furnace
at a temperature of 30 °C.

Fluorescent spectra were recorded using Varian Cary Eclipse spec-
trophotometer. Emission spectra were recorded within the interval of
350–500 nm for pyrene and 500–800 nm for Nile Red at a scanning
rate of 120 nm/min using a 1.0 cm path length cuvette; the excitation
of the sample was occurred at a wavelength of 335 nm pyrene and
480 nm Nile Red.

Steady-state fluorescence anisotropy of DPH was measured on
Varian Cary Eclipse spectrometer equipped with filter polarizers. The
concentration of fluorescence probe DPH in all measurements was
equal to 0.18mM. A quartz cell of 1 cmpath lengthwas used for all fluo-
rescence measurements. DPH were excited at 361 nm, and the fluores-
cence intensity was measured at 450 nm. The excitation and emission
slit widths were 2.5 and 5 nm, respectively. Calculation of the anisot-
ropy parameter (r) is based on the relationship r = (Iv − Ih)/(Iv + 2Ih),
where Iv and Ih are the intensities of fluorescence of the vertically and
horizontally polarized emission, respectively, under excitation of sam-
ples by the vertically polarized light [37]. The embedded software auto-
matically determined the correction factor and anisotropy value.

2.3. Cytotoxicity assay

Cytotoxic effects of the test compounds on normal and cancer cells
were estimated by means of the multifunctional Cytell Cell Imaging sys-
tem (GE Health Care Life Science, Sweden) using the Cell Viability Bio
Appwhich precisely counts the number of cells and evaluates their viabil-
ity from fluorescence intensity data. Two fluorescent dyes that selectively
penetrate the cell membranes and fluoresce at different wavelengths
were used in the experiments. A low-molecular-weight 4′,6-diamidin-
2-phenylindol dye is able to penetrate intact membranes of living cells
and color nuclei in blue. High-molecular propidium iodide dye penetrates
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only dead cells with damaged membranes, staining them in yellow. As a
result, living cells are painted in blue and dead cells are painted in yellow.
The M-Hela clone 11 human, epithelioid cervical carcinoma, strain of
Hela, clone of M–Hela; WI-38 VA-13 cell culture, subline 2RA (human
embryonic lung) from the TypeCulture Collection of the Institute of Cytol-
ogy (Russian Academy of Sciences) and Chang liver cell line (Human liver
cells) fromN. F. Gamaleya Research Center of Epidemiology andMicrobi-
ologywere used in the experiments. The cellswere cultured in a standard
Eagle's nutrient mediummanufactured at the Chumakov Institute of Po-
liomyelitis and Virus Encephalitis (PanEco company) and supplemented
with 10% fetal calf serum and 1% nonessential amino acids. The cells
were plated into a 96-well plate (Eppendorf) at a concentration of
1 × 105 cells/ml, 150 μl of mediumperwell, and cultured in a CO2 incuba-
tor at 37 °C. Twenty four hours after seeding the cells into wells, the com-
poundunder studywas added at a preset dilution, 150 μl to eachwell. The
dilutions of the compounds were prepared immediately in nutrient
media. The experiments were repeated three times. Intact cells cultured
in parallel with experimental cells were used as a control [38].

2.4. Flow cytometry

Chang liver cells in an amount of 1 × 105 cells/well in a final volume
of 2 ml were seeded in 6-well plates (Eppendorf). After 24 h of incuba-
tion, free NR, NR in solutions of Ur-16 (Octyl) or Ur-16 (Dodecyl) at a
concentration of 60 μM was added to the wells and cultured for 24 h
in a CO2 incubator. Cellular absorption was analyzed by flow cytometry
(Guava easy Cyte 8HT, USA). Flow cytometry was used to generate sta-
tistics on the uptake of surfactant based systems by Chang liver cells.
Free NR was used as a fluorescent probe (red fluorescence). Untreated
cells were used as a negative control.

2.5. Fluorescence microscopy

Chang liver cells in an amount of 1 × 105 cells/well in a final volume
of 2 ml were seeded in 6-well plates with coverslips at the bottom of
each well. After 24 h of incubation, free NR and NR in a solution of the
surfactant at the concentration of 60 μM were added to the wells and
cultured for 24 h in a CO2 incubator. Then, after treatment with free
NR and NR in solution of Ur-16 (Octyl) or Ur-16 (Dodecyl), Chang
cells were fixed and stained with DAPI (blue). Studies were performed
using a Nikon Eclipse Ci-S fluorescence microscope (Nikon, Japan) at a
magnification of 1000×.

The cytometric resultswere analyzed by the Cytell Cell Imagingmul-
tifunctional system using the Cell Viability BioApp application. The data
in the tables and figures are given as the mean ± standard error.

3. Results and discussion

To assess the aggregation behavior of new carbamate-containing
surfactants, Ur-16(Octyl) andUr-16(Dodecyl) a number of complemen-
tary physicochemical methods was used.

3.1. Tensiometry

Tensiometry is one of the most important methods traditionally
used in colloid chemistry to characterize the behavior of surfactants in
solutions. The obtained surface tension isotherms make it possible,
first of all, to determine the concentration region of micellization of
the studied compounds. The breakpoint in the surface tension depen-
dence on lgCsurf corresponds to the critical micelle concentration, and
for Ur-16(Octyl) this value is 5∙10−5 M (Fig. S1), which is significantly
lower than for comparison compounds, having an ethyl or butyl substit-
uent in the carbamate moiety. Unusual behavior was observed in the
case of Ur-16(Dodecyl), for which we fail to determine the CMC by
the tensiometry method. Within the whole concentration range from
1·10−7 M to 1·10−3 M no decrease in surface tension occurred
(Fig. S1). Such kind of behavior is typical for two-tailed surfactants, for
which the tensiometry method appeared to be unsuitable to determine
the aggregation threshold. In analogy with literature data [39,40] it can
be assumed that the aggregation of Ur-16(Dodecyl) in the bulk of the
solution occurs before its molecular monolayer forms at the water-air
interface. As summarized in [40] two-tailed surfactants tend to form
spontaneously the vesicle-like aggregates, with the aggregation thresh-
old occurring at ≤0.01mM. To test this assumption further examination
of the samples was carried out, with alternative techniques involved.

3.2. Dynamic light scattering data

The elucidation of the morphology of aggregates is generally a chal-
lenging problem due to the following facts (1) even in the case of
methods providing the direct visualization of particles their results
need delicate interpretation, with the conditions of experiments taken
into account; (2) the majority of methods are indirect and may involve
the use of probes,which can affect the results; (3) combination of differ-
ent techniques can probably give the correct results providing that they
were treated with care. Based on this consideration, a variety of tech-
niques were involved in our study to examine the size and morpholog-
ical behavior of the systems, with the DLS method giving the primary
information.

Fig. 1 shows the size distribution of aggregates, taking into account
the signal intensity of all particles in the solutions. In the case of Ur-16
(Octyl), the micelle-like aggregates with a hydrodynamic diameter of
5–10 nm are formed near the CMC.With the increase of surfactant con-
centration ofmore than 0.08mMlarge aggregates are formedwith a hy-
drodynamic diameter (Dh) of 50–80 nm (Figs. 1а, S2). The increase in
the size of aggregates can be caused by either the rearrangement of
spherical micelles into cylindrical ones or the formation of aggregates
of vesicular structures. For Ur-16(Dodecyl) over awide range of concen-
trations, the size of particles remained practically unchanged and
amounted to 80–110 nm (Fig. 1b), with the polydispersity index lying
in the range 0.2 to 0.3. The size of aggregates, aswell as its independence
from the concentration of surfactants can be characteristic signs of the
formation of vesicles in solutions (with respect to concentration depen-
dent phase transformation) [41].

High stability of the Ur-16(Dodecyl) aggregates in aqueous solutions
should be noted, their sizes remained constant during the month
(Fig. S3), which testified the formation of vesicle-like aggregates aswell.

3.3. Тransmission electron microscopy data

To obtain additional information, aggregates of carbamate-bearing
surfactants in solutions were visualized using transmission electron mi-
croscopy technique (Figs. 2, S4). The figures show that Ur-16(Octyl)
self-assemble in aggregates with a uniform density distribution. Their di-
ameter is 12–18 nm at a concentration of 0.05 mM, and 45–55 nm at a
concentration of 0.1 mM (Fig. 2a), which is in accordance with DLS data.
For Ur-16(Dodecyl), TEM detects large particles of different types, includ-
ing those of roughly spherical or elongated shape and aggregates with in-
homogeneous density, consisting of a denser elongated core surrounded
with a loose mantle (Figs. 2, S4). The former exist at concentration of
≥1 mM, while the latter are probably their precursors occurring at lower
concentrations. It canbe assumed that a longer and conformationallyflex-
ible substituent in the head group of a carbamate-containing surfactant
complicates the formation of dense homogeneous aggregates in the
condition of deficit of amphiphilic molecules available. It is difficult to
compare directly DLS data with TEM images, due to the sphere approxi-
mation used in the DLS formalism, and hydrate shell size contributing to
the particle diameter. Besides, sample preparation assumes evaporation
of the solvent, which can affect TEM result. Nevertheless, the formation
of large aggregates was postulated by both techniques, with the vesicle
occurrence assumed. For both surfactants, an increase in the surfactant
concentration probably leads to particle coalescence and the appearance



Fig. 1. Particle size distribution by number in micellar solutions of carbamate-containing surfactants: a - Ur-16(Octyl); b - Ur-16(Dodecyl).

Fig. 2. Transmission electron microscopy image for Ur-16(Octyl) (a) and Ur-16(Dodecyl) (b);

Fig. 3. Dependence of optical density of saturated Orange OT solutions at a wavelength of
495 nm on the concentration of surfactants.
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of large aggregates with a diameter reaching about 1 μm, in which the
subtle structural features are not manifested (Figs. S4b, S4c).

C = 0.1 mM, 25 °C.

3.4. Investigation of the aggregation behavior of carbamate-containing sur-
factants using spectral probes

To further elucidate aggregation behavior of carbamate-containing
surfactants, different techniques involving spectral probes were used.
It is known that the aggregation of surfactants in solution underlies
their ability to solubilize the low-polar compounds, which leads to an
increase in their solubility due to localization in hydrophobic domains
of organized systems, in particular, a non-polar micelle core or vesicle
bilayer.

The solubilizing effect of the system is determined by the chemical
structure of the surfactant and varies depending on the charge of the
head group, the size of the hydrophobic domain, the ability to realize
specific interactions, and the properties of the solubilizate. The struc-
tural formulas of hydrophobic probes used in thiswork are given below.

3.4.1. Solubilization of hydrophobic probe Orange OT
To confirm the formation of aggregates in solutions of Ur-16(Octyl)

and Ur-16(Dodecyl), their solubilization effect on the low-polar dye Or-
ange OT was studied. This dye, characterized by the presence of an in-
tense absorption band at 495 nm, is widely used as a highly sensitive
probe for the quantitative assessment of the solubilization capacity of
surfactant-based systems [15]. The extensive database for this dye
makes it possible to compare the studied surfactants with the similar
compounds.

Considering the fact that Orange OT is practically insoluble in water,
a sharp increase in the optical density of solutions related with the pro-
cess of its solubilization in surfactant aggregates allows us to determine
the concentration threshold of aggregation (Figs. 3, S5, S6a,b). Notewor-
thy, despite the fact that no decrease in surface tension occurred in the
case of dodecyl derivatives preventing themeasurement of the aggrega-
tion threshold, reliable evidence of aggregate formation for Ur-16(Do-
decyl) is provided by the dye solubilization technique. For both
compounds, the obtained values of critical concentration of aggregation
(CMC or critical vesicle concentration) are lower than for analogues
with a shorter substituent in the carbamate fragment (Table 1), while



Table 1
The critical concentration of aggregation (CAC) of carbamate-containing surfactants deter-
mined by various methods; solubilization capacity with respect to Orange OT.

Surfactants CAC, mM SOrange OT,
mole dye/mol
surfactant

Tensiometry Orange OT
solubilization

Pyrene
solubilization

1 Ur-16(Et) 0.70 [24] 0.75 [24] 0.80 0.024 [24]
2 Ur-16(Bu) 0.24 [24] 0.21 [24] 0.30 0.027 [24]
3 Ur-16(Octyl) 0.049 0.057 0.06 0.030
4 Ur-16(Dodecyl) 0.04 0.045 0.088

Fig. 4. Dependences of the ratio (I1/I3) in fluorescence emission spectra of pyrene on the
content of carbamate-containing surfactants.
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the value for Ur-16(Octyl) coincides with the CMC determined by tensi-
ometry (Table 1).

The absorbance versus concentration plot provide the basis for the
determination of the solubilizing capacity (S) of the micellar system:
S = b/ε, where b is the slope of the linear part of the dependence and
ε is the molecular extinction coefficient of Orange OT equal to
18,720 l·mol−1·cm−1. From the results obtained (Table 1), it follows
that the solubilization capacity of all carbamate-containing surfactants
studied is higher than that of CTAB (S = 0.015 [15]).

Apparently, the presence of a fragment capable of hydrogen bonding
makes it possible to use the additional interactionmechanisms between
the dye and themicelle, which facilitates the processes of solubilization.
The value of S increases in the series Ur-16(Et) < Ur-16(Bu) < Ur-16
(Octyl) < Ur-16(Dodecyl). Noteworthy, the fact that solubilization ca-
pacity of Ur-16(Dodecyl) is significantly higher compared to other ana-
logues allows us to suggests that aggregates of differentmorphology are
formed in this case,with a large hydrophobic domain capable of binding
nonpolar Orange OT, which is in line with the assumption on vesicles
existence.

3.4.2. Fluorescence spectroscopy measurements
Fluorescence spectroscopy using various molecular probes is a pow-

erful method for studying the aggregation behavior of surfactants, in-
cluding microenvironmental properties, morphological characteristics
and assessing the CAC of surfactants in aqueous solutions. In this
work, pyrene, DPH, and NR were used as sensitive fluorescent probes,
with pyrene the most widely used [37,42,43]. The position of the emis-
sion maxima in the spectra of this compound slightly depends on the
solvent, while their intensity responds to changes in the properties of
the medium and, above all, to the polarity of the microenvironment.
The fluorescence spectra of pyrene were recorded at different concen-
trations of carbamate-bearing surfactants in solutions. The typical spec-
tra are shown in Fig. S.7. The intensity ratio of the first 373 nm (I1) and
third 384 nm (I3) vibronic emission bands of pyrene can be used to
estimate the influence of the medium [42], which is sensitive to
micropolarity in the probe localization zone and, as a rule, decreases
with increasing surfactant concentration, because of the decrease in
polarity of the microenvironment. Based on the experimental data of
pyrene emission spectra in surfactant solutions, the dependences of
the ratio (I1/I3) on the surfactant content were plotted (Fig. 4). The ob-
tained dependences are characterized by two sections with different
slopes, the intersection point corresponds to the CMC. The CMC values
obtained by the fluorescence method are in good agreement with the
other methods and are 0.06 mM and 0.045 mM for Ur-16(Octyl) and
Ur-16(Dodecyl), respectively (Table 1). Based on the values of I1/I3,
the polarity of the head group of surfactants and the localization of
pyrene in micelles can be determined. For pyrene dissolved in water,
the value of I1/I3 is 1.6. The ratio I1/I3 < 0.6 indicates the location of
the probe in the hydrocarbon core of themicelle. The location of pyrene
in the surface layer of micelles is characterized by a ratio in the range
1.0–1.4 [37]. The parameter characterizing the changes inmicropolarity
decreases in the series Ur-16(Et) < Ur-16(Bu) < Ur-16(Octyl) < Ur-16
(Dodecyl) and varies from 1.1 to 0.85 (Fig. 4). This testifies that, as the
length of the alkyl substituent in the carbamate fragment increases,
the localization of the probe moves from the surface layer into the
depth of the hydrophobic region. Therefore, the structural factor may
serve as a key tool for tailoring the microenvironmental characteristics
of aggregates, thereby varying the localization and physicochemical be-
havior of the guest molecules.

However, the use of pyrene does not provide the information about
the structure of aggregates that fluorescent probes with twisted
intramolecular charge transfer (TICT) are capable of giving. These
compounds represent a class of fluorophores whose properties expo-
nentially depend on the local polarity of the medium. The photo-
induced full transfer of intramolecular charge results in the molecule
twisting into two mutually perpendicular parts. The produced TICT ex-
cited state has much higher dipole moment than the ground state and
is thus very sensitive to the change of microenvironment. Nile Red is
typical TICT probe [44–51].

3.4.3. Micropolarity study with the use of fluorescent dye Nile Red
NR is one of themostwell-knownhighly fluorescent dyes displaying

remarkable solvatofluorochromism. Itsfluorescence depends on thepo-
larity of themedium, and its increase leads to a significant bathochromic
shift of the absorption and emissionmaxima. This is due to the large di-
pole moment of the molecules in the excited state and the existence of
TICT, which occurs easier in polarmedia than in nonpolar ones [43–48].
The main emission band, characteristic for NR aqueous solutions, corre-
sponds to 660 nm, however, it can slightly change its position in other
media.

Thus, the NR fluorescence spectra recorded in solutions of Ur-16(Et)
(Fig. 5a) and Ur-16(Dodecyl) (Fig. 5b) with a wide range of surfactant
concentrations are characterized by an emission bandwith a maximum
at 627 nm. The observed hypochromic shift by 30 nm with respect to
the NR fluorescence spectra in water can be explained by the fact that
the probe penetrates the palisade layer of the aggregates, while the po-
larity of its microenvironment decreases, whereas the increase in signal
intensity reflects an increase in the solubility of the probe in the system.

NR fluorescence spectra in Ur-16(Dodecyl) solutions at low surfac-
tant concentrations also have only one emission band with a maximum
at 627 nm (Fig. 5b). However, a second peak appears at 569 nm above
the CAC of this compound in the short-wavelength region of the NR
spectra, which is related with the emission of the dye preferentially
the in-plane local environment (LE). The intensity of this band increases
with increasing of Ur-16(Dodecyl) content. According to [47,48], NR
molecules driven out from the palisade layer of aggregates to the hydro-
phobic region with the increase of surfactant concentration leading to
their separation from water molecules, which penetrate only into the



Fig. 5. NR fluorescence spectra in solutions of Ur-16(Dodecyl) (a), Ur-16(Et) (b) and Ur-16(Octyl) (c) on surfactant concentration, 25°С.

Fig. 6. Dependence of Ia/Ib on the concentration of carbamate-containing surfactant.
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surface layers. In this case, the hydrogen bonds between water and NR
are destroyed, and this is an unfavorable factor for the TICT state forma-
tion. This is especially pronounced in the case when vesicles with a
bulky hydrophobic domain are formed in surfactant solutions. In the
spectra of NR solutions in Ur-16(Octyl) in addition to the peak at
630 nm, another second peak appeared at 570 nm (Fig. 5c), however,
its intensity is much lower than in systems with Ur-16(Dodecyl) and
is manifested at concentrations significantly higher than CMC. A mea-
sure that estimates the contribution of the TICT and LE states is the
ratio of the intensity of long-wave and short-wave radiation (Ia and Ib,
respectively), which is usually used in the analysis of NR incorporation
into vesicles. Fig. 6 shows the dependence of Ia/Ib on the concentration
of carbamate-containing surfactants. For Ur-16(Dodecyl), a monotonic
decrease of Ia/Ib is observed, which indicates a gradual inclusion in the
core, which is in agreement with the formation of vesicles in all studied
concentration range. The similar behavior was observed for Ur-16
(Octyl), however, only at a concentration higher than 0.1 mM, where
a significant increase in the size of the resulting aggregateswas detected
by DLS.

3.4.4. Fluorescence anisotropy of 1,6-diphenylhexatrien-1,3,5
An informative method for determining the morphology of aggre-

gates is the measurement of the anisotropy (r) of DPH-type probes
using fluorescence spectroscopy [50]. DPH is a well-known membrane
fluidity probe that can easily be placed in the hydrophobic region of a
vesicle due to its rigid rod-like structure. The higher the restriction of
DPHmotion in the hydrophobic domain, the greater the value of anisot-
ropy. In general, DPH always exhibits greater fluorescence anisotropy
compared to micellar aggregates. Higher r values correspond to a
more ordered state, while lower r values correspond to a loose packing
of monomers. Therefore, the r parameter is very sensitive to the transi-
tion frommicelle to vesicle and vice versa. As a rule, the r value close to
0.2 indicates the presence of a bilayer structure characterized by com-
pact packing of amphiphilicmolecules, while r<0.1 allows us to predict
micelle-like aggregates, which provide the higher lability for the probe
[51].

Fig. 7 shows the concentration dependence of anisotropy for the stud-
ied surfactants. The r value increased from 0.05 to 0.18 for Ur-16(Octyl),
while in the case of Ur-16(Dodecyl) it remained roughly constant around



Fig. 7.. Dependence of fluorescence anisotropy r of fluorescence probe DPH on surfactant
concentration; 25°С.
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the value of 0.3. The dependence is in good agreement with the data ob-
tained by dynamic light scattering. It is significant that anisotropy of fluo-
rescence changes with the concentration of Ur-16(Octyl), which is in line
with the structural transition assumed. At the same time little or zero
changes in packing mode are assumed in the case of Ur-16(Dodecyl)
with an increase in concentration (enlarging in the size in TEM images
is probably due to the agglomeration of aggregates upon sample prepara-
tion). This is in consistence with the roughly constant value of the anisot-
ropy in Fig. 7.

Thus, this method also suggests that Ur-16(Dodecyl) does not form
micelles in aqueous solutions. Probably, its aggregation in solution
leads to the formation of vesicles immediately. Meanwhile, Ur-16
(Octyl) firstly form micelles, which can be transformed into vesicles
with an increase in surfactant concentration.

To sum up, the combination of several techniques allows us to eluci-
date morphological behavior of novel carbamate-bearing surfactants.
Relatively simple case is observed for Ur-16(Octyl) systems at low con-
centrations, when hydrodynamic diameter of aggregates does not ex-
ceed 10–20 nm. This can be reliably attributed to the existence of
spherical or slightly elongatedmicelles. Other cases, especially morpho-
logical behavior of Ur-16(Dodecyl) systems took additional investiga-
tions and assumptions. Nevertheless, careful analysis of results of DLS,
TEM and a number of dye solubilization and fluorescence probe tech-
niques, especially the fluorescence anisotropy assay makes it possible
Fig. 8. Dependences of optical density of saturated solutions with indomethacin (a) and melo
surfactants, рН 4.4, 25°С.
to conclude that different morphologies are realized for Ur-16 deriva-
tives depending on the structure and concentration of surfactants. In
particular, high probability occurs that vesicle-like aggregates are
formed in Ur-16(Dodecyl) systems, while micelle-to-vesicle transition
can occur in Ur-16(Octyl) solutions.

3.5. Increase of drug solubility

The high solubilization capacity of the systems based on carbamate-
containing surfactants with respect to spectral probes initiated their
use as nanocontainers to increase the solubility and bioavailability of
drugs. The investigation was carried out using non-steroidal anti-
inflammatory drugs indomethacin and meloxicam, which were also
studied earlier [52–55]. Under these conditions, the indomethacin
content can be determined by the absorption maximum at
320 nm (ɛ 5800 mol−1l cm−1) [54], and for meloxicam at 366 nm
(ɛ 14,700 mol−1l cm−1) [27]. Fig. 8 shows the results reflecting a
decrease in the optical density of indomethacin and meloxicam in
micellar systems formed on the basis of carbamate-containing sur-
factants studied in this work. The solubilization capacity of the
studied systems was calculated based on them. (Table 2).

The data obtained indicate that the value of solubilization capacity
increases and reaches the maximum for Ur-16(Dodecyl) with the in-
crease of alkyl substituent length in the carbamate fragment. Adding
this compound to water at a concentration of 0.5 mM can increase the
solubility of indomethacin by 14 times, and meloxicam by 30 times.
Such growth of the solubility of drugs will increase their bioavailability
and reduce the dose of the drug, thereby decreasing the negative effect.

3.6. Biological study

An important factor determining the therapeutic effect of the dosage
form is not only the concentration of the active base, but also the ability
of the whole formulation to overcome cellular barriers. Systems based
on cationic surfactants in some cases can exhibit such properties
[56,57].

The ability of the studied carbamate-containing surfactants to pene-
trate into the cell was visualized using fluorescence microscopy on a
human Chang liver cell line. The chosen concentration of surfactants
was close to the value of their CMC and did not exceed the IC50 values
found from the cytotoxicity experiments (Table S1). The data obtained
are presented in Fig. 9.

To label the nucleus of the cell, a DNA intercalating dye DAPI (blue
spot) was used, the luminosity of which does not depend on the pres-
ence of surfactants in solutions. In the absence of a surfactant, NR enters
the cell in small quantities, as evidenced by its weak red fluorescence.
xicam (b) at a wavelength of 320 nm and 366 nm, respectively, on the concentration of



Table 2
Solubilization capacity of surfactants toward Indomethacin, Meloxicam.

Surfactant S, mole dye/mol surfactant

Indomethacin Meloxicam

1 Ur-16(Et) 0.25 0.19
2 Ur-16(Bu) 0.38 0.23
3 Ur-16(Octyl) 0.44 0.35
4 Ur-16(Dodecyl) 0.53 0.36
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The presence of carbamate surfactants leads to a sharp increase in signal
intensity. This suggests that the studied surfactant-based systems are
capable to overcome the cell barriers and facilitate the delivery of solu-
bilized NR to the cell. The penetration of this probe into cells was con-
firmed by the presence of purple fluorescent spots on fused images of
DAPI and NR in the presence of surfactants. The luminous intensity in-
creases from Ur-16(Octyl) to Ur-16(Dodecyl), which indicates the bet-
ter transport properties of the latter. The same conclusion can be
drawn by considering the results of flow cytometry using Chang liver
cells for NR probe in the above-mentioned systems (Fig. 10).

The fluorescence intensity of NR in carbamate-bearing surfactant so-
lutions is higher than that of the free probe, and it increases from Ur-16
Fig. 9. Cell uptake of free and formulated spectral probes (DAPI and NR) by Chang liver cells usin
C - Ur-16(Dodecyl), 60 μM.
(Octyl) to Ur-16(Dodecyl). The novel surfactants under study provided
more effective penetration of NR to a living cell than CTAB (Fig. 10)
which is considered to be a reference cationic surfactant often used for
comparison. At the same time essential limitation of CTAB systems is
high toxicity preventing their wide practical application. This suggests
that carbamate surfactants act as carriers that facilitate the delivery of
a hydrophobic dye to a cell, which opens up prospects for their use as
delivery systems of therapeutic agents widely used in medicine.

4. Conclusions

Thus, new cationic surfactants containing octyl and dodecyl carba-
mate moiety in the head group and hydrophobic hexadecyl tail signifi-
cantly differ from their ethyl- or butyl-substituted analogues by their
behavior in solutions and solubilizing action. They are capable of aggre-
gation at significantly lower concentrations, herein Ur-16(Dodecyl) at a
concentration of 0.04 mM already exists in the form of vesicles, while
Ur-16(Octyl) at a concentration of 0.06 mM forms micelles, which are
transformed into vesicles with an increase in the surfactant content. Im-
portantly, these findings can be used to trigger the cascade ‘molecular
structure/concentration variation – morphological transitions – micro-
environmental changes – functional activitymodification’. The resulting
g themethod offluorescencemicroscopy. A - without surfactants, B - Ur-16(Octyl), 60 μM,



Fig. 10. Cellular uptake study of supramolecular systems based on new carbamate-bearing
surfactants; 1 – Control, 2 - Nile Red (free); 3 - Nile Red in solution of CTAB – 10 μM; 4 -
Nile Red in solution of Ur-16(Octyl) – 60 μM; 5 - Nile Red in solution of Ur-16
(Dodecyl) – 60 μM (Chang liver, CNR = 0.5 μM). (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)
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vesicles are characterized by a high solubilization capacity with respect
to hydrophobic compounds, in particular, Orange OT dye and anti-
inflammatory drugs, indomethacin and meloxicam. It was shown that
they exhibit high efficiency even at low concentrations of added surfac-
tants. Thus, the presence of Ur-16(Dodecyl) at a concentration of
0.5 mM can increase the solubility of indomethacin by 14 times, and
meloxicam by 30 times. A growth in the solubility of drugs will increase
their bioavailability and reduce therapeutic doses of the drug, thereby
decreasing the negative side effect. It was demonstrated the ability of
the carbamate-containing surfactants studied to overcome cell barriers
and ensure the delivery of solubilized substances into a living cell.
These data allow us to recommend the systems studied as effective
nanocontainers with tunable morphological behavior and superior bio-
medical potential.
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