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Supramolecular assembly of calix[4]resorcinarenes
and chitosan for the design of drug nanocontainers
with selective effects on diseased cells†

Ruslan Kashapov, *a Yuliya Razuvayeva,a Albina Ziganshina, a

Tatiana Sergeeva, a Nadezda Kashapova,a Anastasiia Sapunova, a

Alexandra Voloshina,a Irek Nizameev, a Vadim Salnikovbc and Lucia Zakharova a

In this paper, the spontaneous formation of nanoparticles through supramolecular interactions between

chitosan and sulfonated calix[4]resorcinarenes was demonstrated. A set of physical–chemical methods

were used to determine the ratio of components favorable for the formation of mixed aggregates, the

size and the morphology of these aggregates formed in water solutions. The encapsulating and biologi-

cal properties of the resulting chitosan–calix[4]resorcinarene compositions were studied. The stability of

the obtained compositions with the encapsulated substrate was investigated over time. The cytotoxicity

study showed their selective effect on the tumor cell line. The design pathway described here can be

applied for the formation of various functional drug delivery systems comprising chitosan and macrocycles.

1. Introduction

Nanosized particles for the delivery of therapeutic compounds
to pathogenic cells and tissues have become extremely popular
in modern medicine due to their ability to penetrate across
various biological barriers. The formation of these particles
using noncovalent self-assembly is very challenging, since
supramolecular assemblies provide great opportunities in the
development of biomimetic systems.1 Supramolecular amphi-
philes (superamphiphiles) containing different macrocycles
can be used for the design of drug delivery systems.2,3 The
synthesis of nanoparticles without covalent modification
significantly reduces the time and eliminates the presence of
by-products in the system. In this regard, the nanoformulations
formed by non-covalent interactions between synthetic
compounds and natural biomaterials are widely developed.

Chitosan is an aminopolysaccharide extensively used as
a natural material in the preparation of supramolecular
polymeric nanoparticles. At neutral and alkaline pH, chitosan
has free amino groups that can be protonated under acidic
conditions, which opens up the possibility of ionic crosslinking
when interacting with counterions. It is known that insoluble

stoichiometric and soluble non-stoichiometric polyelectrolyte
complexes are formed as a result of the reaction between
oppositely charged polyelectrolytes in water solutions.4,5 The
macromolecules of polyelectrolytes in these complexes are
retained by the cooperative interactions of predominantly ionic
and hydrogen bonds, as well as the forces of dispersion interac-
tions arising between the individual links of macromolecules.

Using the electrostatic complexation technique chitosan is
also mixed with various macrocycles, such as sulfonated
cyclodextrins,6–12 porphyrins13–16 and calix[4]arene.17 In these
studies, chitosan and macrocycle form ion counterparts cap-
able of self-assembling into nanoparticles with enhanced func-
tional properties. The mixed aggregates of chitosan with
porphyrins are used to create films and photosensitizers, while
chitosan with cyclodextrins forms various types of aggregates
for drug delivery. In the case of cyclodextrins, the formation of
large aggregates (gels7 and platelets14) and small vesicular
particles is possible. The vesicles based on cyclodextrins and
chitosan are able to encapsulate both hydrophilic drugs in the
inner core9 and hydrophobic substrates in the cyclodextrin
cavity.6

A literature review has shown that there is only one example
of using calix[4]arene derivatives in the creation of supramole-
cular polymeric vesicles with chitosan.17 These vesicles have
the same dimensions and functions as those of aggregates
of chitosan with cyclodextrins. Moreover, there are no works
devoted to the design of mixed aggregates between resorcinarenes
and chitosan. However one can expect additional stabilization of
electrostatic interactions between sulfonated resorcinarenes and
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chitosan due to intermolecular hydrogen bonds between their
hydroxyl groups. Therefore, in the present study the rigid macro-
cycles, calix[4]resorcinarenes with sulfonate groups on the upper
(USR) and lower (LSR) rim (Fig. 1), were chosen to stabilize mixed
assemblies with more flexible chitosan. The presence of anionic
sulfonate groups in the calix[4]resorcinarene structure would
contribute to electrostatic interactions with chitosan protonated
in acidic medium, and the hydroxyl groups of macrocycles may
additionally stabilize the complex formed due to hydrogen bonds.

2. Materials and methods
2.1. Materials

Chitosan (50 000–190 000 Da based on viscosity, 75–85% deacety-
lated, Sigma-Aldrich), rhodamine B (Acros Organics, Z98%) and
doxorubicin hydrochloride (DOX) (Alfa Aesar, 99.7%) were used
as received. Sample solutions were prepared in deionized water
(18.2 MO) obtained from a Millipore Direct-Q 5 UV water purifica-
tion system.

USR was synthesized from calix[4]resorcinarene18 as described
in ref. 19. Briefly, 3.45 g (27.4 mmol) of Na2SO3 and 0.823 g
(27.4 mmol) of paraform were mixed in 5 mL of water at 80 1C
until completely dissolved. A suspension of calix[4]resorcinarene18

(2 g, 2.74 mmol) in 30 mL of ethanol was added in small portions.
The suspension was stirred at 80 1C for 6 h. The precipitate was
filtered and washed with ethanol. Then the precipitate was
dissolved in water and the pH of the aqueous solution was
adjusted to 5–6 by the addition of hydrochloric acid. The solution
was dialyzed (3 � 30 minutes, 30 mL vs. 600 mL) using a dialysis
bag with a MWCO of 1 kDa. After removal of the solvent, the oil
was triturated in ethanol until a precipitate formed. Yield 3.14 g
(96%). Mp 4 350 1C. 1H NMR spectrum (D2O): 7.21 (4H, C�Harom.),
4.50 (4H, C�H), 4.29 (8H, C�H2–SO3), 3.65 (C�H2–OH), 2.21 (8H,
C�H2); 1.57 (8H, C�H2). 13C NMR spectrum (D2O): 152, 125, 122,
108, 62, 48, 34, 30, 29. IR spectrum (cm�1): 3390, 2939, 2871, 1608,
1473, 1414, 1213, 1150, 1041, 979, 900, 800, 778, 760, 664,
630, 545, 497. MALDI-TOF mass spectrum for C44H52O24S4

4�:
calculated: 1093; found: 1163 (C44H52O24S4

4� + 3Na+), 1208
(C44H52O24S4

4� + 5Na+). Elemental analysis for C44H52Na4O24S4:
calculated: C, 44.59; H, 4.42; Na, 7.76; S, 10.82; found: C, 44.26; H,

4.68; Na, 7.89; S, 10.89. The structure of USR is proved by 1H NMR,
13C NMR and IR (Fig. S1–S3, ESI†).

LSR was synthesized according to the literature procedure
described in ref. 20. Briefly, 2.0 g (10 mmol) of 2-(2-bromoethyl)-
1,3-dioxane and 2.5 g (20 mmol) of Na2SO3 in 10 mL of water were
stirred at 100 1C for 24 h. Then 2.0 g (18 mmol) of resorcinol in
20 mL of ethanol and 3 mL of concentrated hydrochloric acid
were added. The mixture was stirred in an argon atmosphere at
100 1C for 24 h. The solvent was removed under reduced pressure.
The residue was dissolved in 30 mL of water and dialyzed (3 �
30 minutes, 30 mL vs. 600 mL) using a dialysis bag with a
MWCO of 1 kDa. The solvent was removed and the residue was
recrystallized from ethanol. Yield 1 g (40%). Mp 4 350 1C.
1H NMR spectrum (D2O): 6.94 (4H, C�Harom), 6.38 (4H, C�Harom),
4.55 (4H, C�H), 2.92 (8H, C�H2–SO3), 2.44 (8H, C�H2). 13C NMR
spectrum (D2O): 152, 126, 123, 103, 50, 34, 29. IR spectrum (cm�1):
3450, 2970, 2950, 1620, 1510, 1175, 1050. MALDI-TOF mass
spectrum for C36H36O20S4

4�: calculated: 916; found: 1000.5
[M + 2Na + K], 1008.0 [M + 4Na]. Elemental analysis for
C36H36Na4O20S4 � 10H2O: calculated: C, 36.36; H, 4.75; Na, 7.73;
S, 10.79; found: C, 36.02; H, 4.43; Na, 8.21; S, 10.30. The structure
of LSR is proved by 1H NMR, 13C NMR and IR (Fig. S4–S6, ESI†).

2.2. Fabrication of nanoparticles

Aqueous solution of quaternized chitosan (QC) was prepared
in a flask followed by the addition of solid polymer powder
in acetate buffer placed in an ultrasonic bath until the polymer
was completely dissolved to obtain a solution with a concen-
tration of 1 mg mL�1. Next, a fixed amount of the macrocycle
was dissolved in the prepared QC solution to obtain composi-
tions with different macrocycle concentrations.

2.3. Encapsulation of substrates (rhodamine B and DOX)

Rhodamine B- and DOX-loaded nanoparticles were prepared as
follows: a specified amount of substrate was added to 5 mL
solutions of 0.5 mM macrocycle–1 mg mL�1 QC. In this mixture
before dialysis the concentration of rhodamine B was 0.02 mM,
and the concentrations of DOX were 0.02 and 0.1 mM. Subse-
quently, the unloaded substrate was removed from the
obtained solution using the dialysis bag diffusion method
(molecular weight cutoff 2000 Da) in 250 mL of distilled water

Fig. 1 Chemical formulas of sulfonated calix[4]resorcinarenes and chitosan and construction of supramolecular nanoparticles based on them.
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within 24 h. The amount of loaded substrate was determined
spectrophotometrically by means of a calibration curve (Fig. S7,
ESI†). The encapsulation efficiency (EE%) value was calculated
using the following equation:

EE% = (msubstrate-loaded/msubstrate) � 100

where msubstrate-loaded and msubstrate are the mass of the substrate
encapsulated in macrocycle–QC aggregates and the mass of the
substrate added to macrocycle–QC aggregates, respectively.

The amount of DOX released into external water was tracked
using fluorimetry. After 24 h of dialysis the fluorescence
intensity remained virtually unchanged (Fig. S8, ESI†), so we
decided to release the unencapsulated drug using dialysis
for 24 h. The DOX loading efficiency was calculated by the
following equation:

loading efficiency (%) = (mDOX-loaded/mNPs) � 100

where mDOX-loaded and mNPs are the mass of DOX encapsulated
in macrocycle–QC aggregates and the mass of DOX-loaded
macrocycle–QC aggregates, respectively.

2.4. Characterization of particles

The diameters of the aggregates were determined by dynamic
light scattering on a Zetasizer Nano instrument (Malvern
Instruments, UK). The source of laser radiation was a He-Ne
gas laser with a power of 4 mW and a wavelength of 632.8 nm.
The same instrument with laser Doppler velocimetry and phase
analysis light scattering was used for zeta potential measure-
ments. The temperature of the scattering cell was controlled
at 25 1C. Measurements were repeated at least five times.
All scattering data were processed using the Malvern Zetasizer
Software.

For IR experiments the solutions containing 2 mM calix[4]
resorcinarenes and 1 mg mL�1 QC were prepared in acetate
buffer. The resulting precipitates in these solutions were dried.
The IR spectra of solid samples of calixarenes, chitosan and
mixed systems were recorded in KBr tablets in the range of
4000–400 cm�1 with a resolution of 4 cm�1 using a Bruker
Vector 22 spectrometer.

Analysis of samples was carried out using a Hitachi HT7700
transmission electron microscope. Sample preparation was
performed in the following way: 5 mL of the suspension was
placed on a Formvar/carbon coated 3 mm copper grid
(400 mesh), and drying was performed at room temperature
for 24 h. Analysis was carried out at an accelerating voltage of
100 kV in TEM mode.

2.5. In vitro DOX release

In vitro DOX release experiments were conducted using a
dialysis procedure. An aqueous solution (3 mL) of macro-
cycle–QC–DOX system was added in a dialysis bag (molecular
weight cutoff 2000 Da). Then the dialysis bag was immersed in
200 mL of phosphate buffer solution (pH 7.4) or acetate buffer
(pH 5.5). The dialysis system was kept at 37 1C with gentle
stirring. At predefined time intervals, the amount of DOX in the

medium of macrocycle–QC was quantified in terms of its UV-vis
absorbance at 481 nm.

2.6. Cell viability evaluation

Cytotoxic effects of the test compounds on human cancer and
normal cells were estimated by means of the multifunctional
Cytell Cell Imaging system (GE Health Care Life Science,
Sweden) using the Cell Viability Bio App, which precisely counts
the number of cells and evaluates their viability from fluores-
cence intensity. Two fluorescent dyes that selectively penetrate
the cell membranes and fluoresce at different wavelengths were
used in the experiments. DAPI (Sigma-Aldrich) is able to
penetrate intact membranes of living cells and stains nuclei
blue and the propidium iodide dye (Sigma-Aldrich) penetrates
only dead cells with damaged membranes, staining them
yellow. IC50 was calculated using the online IC50 calculator
Quest Grapht IC50 Calculator. The M-HeLa clone 11 human,
epithelioid cervical carcinoma, a strain of HeLa, a clone of
M-HeLa from the Type Culture Collection of the Institute of
Cytology (Russian Academy of Sciences) and the Chang liver cell
line (Human liver cells) from N. F. Gamaleya Research Center of
Epidemiology and Microbiology were used in the experiments.
The cells were cultured in a standard Eagle’s nutrient medium
manufactured at the Chumakov Institute of Poliomyelitis 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 density of
1� 105 cells per mL in 150 mL of medium per well, and cultured
in a CO2 incubator at 37 1C. Twenty-four h after seeding the
cells into wells, 150 mL of the compound under study at a preset
dilution was added to each well. The dilutions of the com-
pounds were prepared immediately in nutrient media; 5%
DMSO that does not induce inhibition of cells at this concen-
tration was added for better solubility. The experiments were
repeated three times. Intact cells cultured in parallel with
experimental cells were used as a control.

2.7. Cellular uptake study of calixarene–QC particles loaded
with DOX

Cellular uptake of free DOX and DOX-loaded compositions was
analyzed by flow cytometry. Flow cytometry was used to set up
statistics on the uptake of drug by human cancer and normal
cells. Untreated cells were used as negative control. M-HeLa
and Chang liver cells were seeded in 24-well plates at 1 � 106

cells per well and were incubated for 24 h. Then cells were
cultivated with solutions of free DOX and DOX-loaded aggre-
gates of USR– and LSR–QC for 24 h. Concentrations of DOX in
the tested solutions were 0.00125 and 0.0025 mM. Fresh culture
medium without test-compounds was added to control cells.
After treatment, cells were rinsed three times with phosphate
buffered saline (PBS) to remove any free test-compounds. The
cells were then trypsinized and resuspended in fresh PBS with
10% fetal bovine serum. Cell suspensions were analyzed using
Guava easy Cyte (Merck, USA).
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2.8. Fluorescence microscopy

Chang liver cells in an amount of 1� 105 cells per 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 DOX and
DOX–USR–QC were added to the wells and cultured for 24 h in
a CO2 incubator. Then, after treatment with free DOX and
DOX–USR–chitosan, Chang liver cells were fixed and stained
with Hoechst 33342 (blue). Studies were performed using a
Nikon Eclipse Ci–S fluorescence microscope (Nikon, Japan) at a
magnification of 1000�.

3. Results and discussion
Self-assembly and characterization of macrocycle–QC
compositions

Two calix[4]resorcinarenes with different positions of the sul-
fonate groups were chosen for supramolecular assembly with
QC in an aqueous solution. Since the amino groups of chitosan
have a pKa value of about 6.5, the stock polymer solution was
prepared in acetate buffer with a pH of 5.5, which provides a
cationic water-soluble form of the polymer capable of electro-
statically interacting with oppositely charged macrocycles. The
start of the self-assembly process based on the electrostatic
complexation between macrocycles and QC was initially mea-
sured by optical transmittance at 450 nm. Fig. 2 shows the
dependence of absorption at this wavelength on the macrocycle
concentration in an aqueous system with a constant concen-
tration of QC (1 mg mL�1). The addition of macrocycles up to a
concentration of 0.5 mM slightly increases the absorption
value, and from 0.5 mM the absorption strongly increases with
increasing concentration, indicating the formation of large-
sized supramolecular assemblies. Moreover, the optical density
in the system with LSR increases faster than that in the system
with USR, i.e. the mixed aggregation of QC with LSR is relatively
higher than with USR. This phenomenon can probably be due
to the fact that the hydroxyl groups on the lower rim of USR,
which has a greater cross-sectional height than LSR, are remote

from the sulfonate groups and hydroxyl groups of the upper rim
and interact with the polymer, making the mixed aggregates
looser. Another possible reason for the higher affinity of QC for
LSR may be the greater flexibility of its sulfoethyl group, in
contrast to the sulfomethyl group of USR.

As can be seen from Fig. S9 (ESI†), the mixed macrocycle–QC
solutions demonstrate a clear Tyndall effect, indicating the
existence of abundant nanoparticles. Similar phenomena are
not observed for solutions of free macrocycle and QC, showing
that they cannot form nanoscale aggregates under the same
concentrations. It is interesting to note that a more pronounced
Tyndall effect is manifested for the mixed composition with
LSR, which correlates well with turbidimetric data. The absorp-
tion measurements were carried out up to concentrations of
1.5 mM and 2 mM for LSR and USR, respectively, since the
systems were unstable and precipitated at higher concentra-
tions. The inflection obtained on these dependencies indicates
the preferred ratio of components for mixed aggregation. The
optimal concentration of both macrocycles for compaction of
1 mg mL�1 QC in an aqueous solution is 0.5 mM.

For a more detailed study of the effect of macrocycles on the
QC aggregation behavior, the dynamic light scattering (DLS)
method was used. The DLS shows a monomodal particle size
distribution for single QC solution with large (510 nm) parti-
cles. This size of aggregates decreases with an increase of the
content of calixarenes in the mixture with QC (Fig. S10a, ESI†).
The first portion of the added macrocycles (0.5 mM) leads to a
sharp decrease in the particle size to 170 nm (Fig. 3a). In this
case, the formed aggregates were detected with a good correla-
tion function, which indicates their spherical shape. Further
addition of calixarenes leads to nonmonotonic changes in the
hydrodynamic diameter (Fig. S10b, ESI†). Thus, the presence of
USR and LSR in an aqueous solution of QC leads to a decrease
in the size, which means that the linear QC molecule is
compacted to form spherical structures. The driving force
of polymer compaction is the electrostatic interaction of its
positively charged amino groups with the sulfonate groups of
macrocycles, which is confirmed by electrophoretic light scat-
tering. The zeta-potential value of the mixed solution contain-
ing 0.5 mM macrocycle is positive (Fig. 3b). A significant
decrease in the positive zeta-potential is observed with an
increase of macrocycle concentration in the aqueous medium
with a constant amount of QC (Fig. S11, ESI†).

The mixed solutions of 1 mg mL�1 QC with 0.5 mM LSR
and 0.5 mM USR diluted by two orders of magnitude were
characterized by transmission electron microscopy (TEM). TEM
results show that the QC–macrocycle compositions form spherical
aggregates with an average size of around 50 nm for the composi-
tion with USR (Fig. 4a) and around 70 nm for the composition
with LSR (Fig. 4c). The presence of larger aggregates in LSR–QC
solution correlates with greater absorption in the UV spectrum.
Considering the fact that the formation of similar aggregates is
not observed in individual solutions of macrocycles and polymer
(Fig. S12, ESI†), the key factor of mixed aggregation between them
is the presence of fragments in their structure, dissociating in
water with the formation of oppositely charged ions.16

Fig. 2 Dependence of absorption intensity at 450 nm on the concen-
tration of calix[4]resorcinarenes USR and LSR in aqueous solution with a
fixed QC concentration of 1 mg mL�1, acetate buffer pH 5.5.
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In order to verify bond formation between macrocycles
and QC, FT-IR spectroscopy was used (Fig. 5). The peaks
corresponding to –NH2 and –OH groups21 were shifted from
3443 cm�1 (bulk chitosan) to 3435 cm�1 (USR–QC) and
3430 cm�1 (LSR–QC). The wider bands for mixed systems
indicate that amine and hydroxyl groups in QC molecules form
hydrogen bonds with macrocycles.22,23 The intensity of these
bands corresponding to O–H and N–H vibrations for chitosan is
certainly increased, which is related with the presence of OH
groups in the macrocycle molecules. Compared to bulk chit-
osan, the vibrations corresponding to the I amide band of CQO
(N-acetylamino groups) and N–H bending of the primary
amine were shifted from 1655 cm�1 to 1639 cm�1 (USR–QC)
and 1642 cm�1 (LSR–QC) and from 1561 cm�1 to 1560 cm�1

(USR–QC) and 1557 cm�1 (LSR–QC), respectively. Differences
between macrocycle and macrocycle–QC spectra may be
observed at 1150 cm�1 and 1173 cm�1 bands attributed to
S–O from USR and LSR, respectively. For the mixed composition
of QC with macrocycles, these bands are shifted to 1154 cm�1 and
1188 cm�1 for USR–QC and LSR–QC, respectively, which once
again proves the electrostatic interaction of macrocycles with QC
and correlates with the data of electrophoretic light scattering.

We also attempted to investigate the complexation between
macrocycles and chitosan using NMR spectroscopy. However,
the individual solutions of macrocycles and the mixed systems
were prepared not in acetate buffer, but in deuterated water
acidified to pH 3.3. The choice of such a lower pH environment
is related with the achievement of at least a small dissolution of

Fig. 3 (a) Particle size distributions for binary calix[4]resorcinarene–QC and triple calix[4]resorcinarene–QC–DOX systems, 25 1C, (b) zeta-potential for
binary calix[4]resorcinarene–QC systems, 25 1C.
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chitosan. From the obtained 1H NMR spectra of mixed systems for
both macrocycles, a small change in chemical shifts for protons of
the macrocycle lower rim is observed (Fig. S13 and S14, ESI†).
Moreover, USR protons are shifted into the upfield region by
0.01–0.02 ppm after interaction with the polymer. In the case of
LSR, para-aromatic and methylene protons near the bridge proton
undergo a downfield change by the same chemical shift. Appar-
ently, the degree of protonation of chitosan is not sufficiently
large in these solutions, and we do not observe a change in
chemical shifts near the sulfonate groups of macrocycles. Never-
theless, the obtained NMR spectroscopy data for a more hydro-
phobic chitosan than that formed in acetate buffer indicate a lack
of inclusive interaction with the studied macrocycles.

Substrate loading and release

Further, the study of the encapsulation of a model hydrophilic
probe, rhodamine B, into supramolecular aggregates by varying
the macrocycle content in the mixed system with QC was
carried out. As can be seen from the spectra presented in
Fig. S15 (ESI†), the more the macrocycle concentration, the
more rhodamine B is encapsulated in mixed aggregates with

QC. Rhodamine B encapsulated by the system with USR has
one absorption band at 561 nm (Fig. S15a, ESI†), which is 6 nm
different from the absorption maximum of free rhodamine B.
In the case of the QC–LSR system, instead of one absorption
band, two absorption bands are formed at 535 nm and 565 nm
(Fig. S15b, ESI†). This type of spectrum is characteristic for
J- and H-aggregates, which are usually formed at high concen-
trations of rhodamine B.24 In both cases, the encapsulated
rhodamine B produced absorption spectra different from the
spectrum of free rhodamine B. Hence, the encapsulation
efficiency was determined by the amount of substrate released
through the dialysis membrane into external water. Despite the
fact that a larger amount of macrocycle contributes to a larger
amount of encapsulated substrate, the mixed systems with high
concentrations of calixarenes are unstable in an aqueous medium
and eventually precipitate. Therefore, the values of encapsulation
efficiency (EE%) of rhodamine B were determined in stable mixed
solutions with 0.5 mM calixarene and amounted to 100% for LSR
and 29% for USR (Fig. S16, ESI†).

A similar difference in EE% was observed when studying
the binding of a hydrophilic anticancer drug, doxorubicin

Fig. 4 TEM images of QC aqueous solution in the presence of USR (a) and LSR (c) and TEM images of USR–QC (b) and LSR–QC (d) solutions in the
presence of DOX.

Fig. 5 FTIR spectra of chitosan, calix[4]resorcinarenes and mixed compositions.
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hydrochloride (DOX). As in the case of rhodamine B, we
observed a high efficiency of DOX encapsulation in the 0.5 mM
LSR–1 mg mL�1 QC (EE% of 98%) system and low (almost half)
encapsulation in the 0.5 mM USR–1 mg mL�1 QC system (EE% of
51%) (Fig. S16, ESI†). These EE% values were obtained with the
addition of 0.02 mM DOX and correspond to 0.0196 mM and
0.0102 mM of encapsulated drug for mixed systems with LSR and
USR, respectively. Discovering an almost complete encapsulation
of DOX in the composition with LSR, we decided to increase the
initial concentration of encapsulated DOX to 0.1 mM. Then,
43.2 � 1.6% and 19.8 � 3.2% of initial amount of DOX were
encapsulated by mixed systems with LSR and USR, respectively
(Fig. 6a and b). These EE% values correspond to the concentrations
0.04 and 0.016 mM of DOX in ternary compositions with LSR and
USR, respectively. According to UV-vis absorption spectra, the DOX
loading efficiency values for LSR–QC and USR–QC compositions
were calculated to be 4.41% and 1.54%, respectively. The reason for
the high encapsulating ability of the LSR–QC composition toward
hydrophilic substrates is probably due to the ability of this
system to form hydrogen bonds with the encapsulated sub-
strate. The formation of hydrogen bonds between macrocycle–
polymer complexes and drug was detected by IR spectroscopy
for the ternary system (Fig. S17, ESI†). While there are no
significant changes in the positions of the bands in the IR
spectrum between USR–QC and DOX, the IR spectrum for
LSR–QC–DOX shows a change in the region of hydrogen bonds
(3600–3100 cm�1).

After establishing that the macrocycle–QC system encapsu-
lated DOX, the in vitro release study of DOX was performed in
PBS with pH 7.4 and acetate buffer with pH 5.5. As can be seen
from Fig. 6a and b, the release of encapsulated DOX is observed
in an acidic medium (pH 5.5) for both macrocycles. Moreover,
in the system with USR a significant portion of the drug is
released after 5 h and practically does not change over the next
9 h. Meanwhile, the drug release from the system with LSR is
observed gradually over 18 h. Probably, the more prolonged
release of DOX from the LSR–QC system is related with the
formation of additional bonds between the drug and the
complex. It is interesting to note the different behavior of
DOX release from mixed systems in a neutral environment
(pH 7.4). An increase in the absorption intensity after the release
of DOX from the composition with USR (red solid line) relative to
the UV spectrum of the mixture with the originally encapsulated
drug (black solid line) is probably related with the opalescence
caused by acidification to pH 7.1 during dialysis (Fig. 6a). There-
fore, the absorbance band of DOX is overlapped by the formed
precipitate in the UV spectrum of this system. Although a decrease
in the intensity of this band is observed over time, its shape clearly
indicates that DOX is not released. A similar lack of drug release
in a neutral environment is also observed in a mixed system with
LSR. This result is particularly significant, since the supramole-
cular polymeric particles have higher stability in the systemic
circulation at physiological pH and therefore, they must provide
DOX release in the cancer tissues with acidic pH.

Subsequently, the stability of empty and DOX-loaded mixed
macrocycle–QC aggregates was studied. We determined the

hydrodynamic diameters of these aggregates over time using
DLS. From the obtained data presented in Fig. S18 (ESI†), it is
clear that the empty aggregates based on USR are relatively
stable, since they slightly change in size and remain at the level
of 170 nm during 6 days. In contrast, the hydrodynamic
diameter of aggregates with LSR changes non-monotonically,
which probably indicates the dynamic nature of the aggrega-
tion process. It is worth noting that the encapsulation of DOX
in macrocycle–QC aggregates can significantly affect their size.
After encapsulation of DOX the structure of mixed aggregates is

Fig. 6 UV spectra of 0.5 mM USR–1 mg mL�1 QC (a) and 0.5 mM
LSR–1 mg mL�1 QC (b) in the absence and presence of encapsulated
and released DOX in water (1 cm optical path length). (c) DOX release from
0.5 mM calix[4]resorcinarene–1 mg mL�1 QC aggregates in acetate buffer
solution (pH 5.5), 37 1C.
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preserved, but their diameter slightly changes and decreases,
which was evident by DLS results and TEM images (Fig. 3 and
4). The particle size in USR–QC compositions with DOX
decreases slightly to 110–120 nm (Fig. 3) and is stable at least
for 8 days (Fig. S17, ESI†). At the same time, the hydrodynamic
diameter of LSR–QC aggregates after DOX encapsulation
significantly increases from 110 to 700 nm the following day.
It is interesting that after DOX addition the agglomeration of
particles and the appearance of fibers were observed on TEM
images (Fig. 4b and d). It may be assumed that positively
charged DOX partially displaced QC from aggregates and
these polymer fibers bound particles. Probably, it is the same
agglomerates that were detected as the second mode by the DLS
method. Fig. 4b and d show an improvement of the aggregation
in the macrocycle–QC–DOX systems, and, obviously, DOX
promotes the formation of homogeneous particles. The
chemical structure of DOX has two fragments: the aromatic
part, which is solubilized in the hydrophobic region of the
aggregates, and the aminosaccharide, which makes it soluble
in water and can interact most likely with the charged groups of
macrocycles. The crosslinking of the particles with each other
can be due to the DOX binding effect or the high concentration
and adhesion of the particles when the sample is applied to
the surface and dried. Since the particles are charged, they can
stick together not only with DOX, but also with the counterions.
This binding is probably observed only on a surface, and in a dilute
solution the aggregates are most likely to be in an individual state.

The high percentage of DOX encapsulation into aggregates with
LSR is probably related with more dynamic aggregation behavior
manifested in size growth. At the same time, the USR–QC system
encapsulates a drug to a less extent due to higher stability. The
stability of these DOX-loaded nanoparticles was also investigated in
a physiological environment (PBS). The compositions 0.5 mM
macrocycle–1 mg mL�1 QC were diluted twice with PBS and tested
by DLS over time when comparing these compositions in acetate
buffer solution. As can be seen from Fig. S19 (ESI†), the macro-
cycle–QC compositions are stable in PBS for three days. Further, the
aggregates begin to grow, which leads to precipitation.

Cell uptake and cytotoxicity

Flow cytometry based on DOX fluorescence revealed cell
absorption of DOX encapsulated in nanoparticles based on

QC and calixarenes (Fig. 7). The resulting mixed systems
penetrate the cells, and DOX is more efficiently transferred
due to USR, regardless of the drug concentration. Apparently,
this contributes to the better activity of the USR–QC–DOX
system against cancer cells (Table 1). It is worth noting that
the particles of this system loaded with DOX have sizes less
than 150 nm, which are optimal for the penetration of aggre-
gates into the cell.

We further investigated the DOX location and distribution
inside the Chang liver cells using fluorescence microscopy. The
DNA intercalating dye, Hoechst 33342, was used to label cell
nuclei (blue stain), while DOX was distributed in the cell nuclei
with red fluorescence. Fig. S20 (ESI†) shows that the high
fluorescence exhibited from free DOX and DOX-loaded
USR–QC composition indicated that DOX was present in cells
in significant quantities. These results revealed that a large
amount of DOX was inside the nucleus and produced the
purple fluorescent spots in the merged images. However, in
the case of treatment by encapsulated DOX the fluorescence
intensity is not so bright, which is probably due to the quench-
ing of DOX emission due to its encapsulation in the aggregates.

Subsequent to establishing that macrocycle–QC–DOX
systems penetrated the cancer cell, the cytotoxicity of single
and mixed compositions on Chang liver and M-HeLa cells was
evaluated in vitro. The unexpected toxicity of mixed formula-
tions, as well as individual USR to healthy cells, is likely due to
the presence of 29.6 mM acetic acid in acetate buffer. Moreover,
the toxicity of mixed macrocycle–polymer systems in relation
to healthy cells is higher than that to the cancer line. DOX
loading into nanoparticles formed by calix[4]resorcinarenes
and QC increases the effectiveness of the drug against
cancer cells (Table 1). Recently, we also observed an increase
in the cytotoxicity of DOX encapsulated in vesicles formed
by calix[4]resorcinarene with glucamine fragments.25 In other
works, the vesicles formed by calixarene-based superamphi-
philes did not affect DOX cytotoxicity to cancer cells and, at
the same time, reduced damage to normal cells.26,27 In contrast
to these previous works, our DOX-loaded calixarene-based
systems with QC showed increased cytotoxicity with respect
to tumor cells. It is interesting to note that in the present study
of cytotoxicity a selective effect on the tumor cell line was
achieved. The triple USR–QC–DOX system is less toxic to

Fig. 7 Flow cytometry data of M-HeLa cells incubated with DOX-loaded QC aggregates with USR and LSR: (a) luminescence intensity of M-HeLa cells
after 24 h incubation with LSR–QC–DOX and USR–QC–DOX (CDOX = 0.00125 mM); (b) intensity of luminescence of M-HeLa cells after 24 h incubation
with LSR–QC–DOX and USR–QC–DOX (CDOX = 0.0025 mM); (c) the average fluorescence intensity from flow cytometry histograms is shown as a
function of aggregate type and concentration.
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healthy liver cells. Thus, despite the fact that the USR–QC system
encapsulates DOX almost less than half of the LSR–QC system, it
is more stable in time, passes through the cell membrane to a
greater extent, and is more selective towards diseased cells.

4. Conclusions

In summary, supramolecular interactions between sulfonated
calix[4]resorcinarenes and quaternized chitosan lead to the
spontaneous formation of supramolecular polymeric nano-
particles. The nanoparticles based on calix[4]resorcinarene with
sulfonate groups on the upper rim encapsulate a drug practically
less than half of those based on calix[4]resorcinarene bearing
sulfonate groups on the lower rim, but they are more stable over
time. The encapsulation of doxorubicin into polymeric nano-
particles based on the macrocycle with sulfonate groups on the
upper rim increases drug activity toward tumor cells. The revealed
pattern of the formation of nanoparticles, which have an encap-
sulating capacity toward hydrophilic substrates and a selective
effect on diseased cells, is the most important step on the way of
increasing the efficiency and rational use of anticancer drugs.
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