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Clotrimazole, a hydrophobic drug routinely used in the treatment of vaginal candidiasis, also shows antitumor
activity. However, its use in chemotherapy has been unsuccessful to date due to its low solubility in aqueous
media. In this work, new unimolecular micelles based on polyether star-hyperbranched carriers of
clotrimazole are presented that can enhance solubility, and consequently the bioavailability, of clotrimazole in
water. The amphiphilic constructs consisting of a hydrophobic poly(n-alkyl epoxide) core and hydrophilic
corona of hyperbranched polyglycidol were synthesized in a three-step anionic ring-opening polymerization
of epoxy monomers. The synthesis of such copolymers, however, was only possible by incorporating a linker
to facilitate the elongation of the hydrophobic core with glycidol. Unimolecular micelles-clotrimazole
formulations displayed significantly increased activity against human cervical cancer Hela cells compared to
the free drug, along with a weak effect on the viability of the normal dermal microvascular endothelium cells
HMECL. This selective activity of clotrimazole on cancer cells with little effect on normal cells was a result of

Received 1st December 2022, the fact that clotrimazole targets the Warburg effect in cancer cells. Flow cytometric analysis revealed that

Accepted 20th February 2023 the encapsulated clotrimazole significantly blocks the progression of the Hela cycle in the GO/G1 phase and
DOI: 10.1039/d2tb02629¢ induces apoptosis. In addition, the ability of the synthesized amphiphilic constructs to form a dynamic
hydrogel was demonstrated. Such a gel facilitates the delivery of drug-loaded single-molecule micelles to the

rsc.li/materials-b affected area, where they can form a continuous, self-healing layer.

10th Anniversary Statement

This journal is an inspiring source of knowledge revealing the relationship between the chemical strategies for material construction and their functions. This
approach requires, however, the interdisciplinary cooperation of specialists from different disciplines, which can support a great step forward in solving the
biomedical problems facing mankind.

are present in the aqueous solution, even above the critical
micelle concentration, which can be problematic for in vivo
Amphiphilic copolymers able to form micelles are of great applications.*® In addition, the stability of conventional

Introduction

interest as carriers of hydrophobic drugs."” Micellization is,
however, an equilibrium process, i.e., beside self-assembled
macromolecules in the form of micelles, free macromolecules
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micelles depends on many parameters, such as the tempera-
ture, pH, and ionic strength, which can trigger the disassembly
of micelles.*” The dilution of the copolymer solution below
its critical micelle concentration is also unfavourable. To over-
come the instability of micellar-based self-assemblies, intrinsi-
cally stable single-molecular amphiphilic core-shell constructs
called unimolecular micelles are generally synthesized, which
can preserve their structure regardless of the concentration.®
Among the unimolecular micelles, various architectures of
copolymers, such as dendrimer-like, hyperbranched, star-shaped,
and brush-like, can be distinguished.® The synthesis of

This journal is © The Royal Society of Chemistry 2023
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unimolecular micelles, however, is often based on numerous
reactions that occur via step-by-step modifications,'® or step
copolymerization,'* or involving both modification reactions
and polymerizations.'>** The suitable structure of unimolecular
micelles can, however, endow them with intelligent behaviour,
i.e. a pH decrease or increase in the temperature can lead to
structural changes of the material, which can enhance drug
release from the interior of the macromolecule."* ™"

In recent years, there has been growing interest in uni-
molecular micelles capable of both encapsulating water-insoluble
drugs and forming hydrogels."*"> This combination of features
offers great potential for unimolecular micelles for applications in
topical therapies requiring the controlled, prolonged, but infrequent
delivery of a drug that must be released at the target site.'*'
Hydrogels, because of their swollen state along with elastic proper-
ties, mimic the properties of the extracellular matrix of most tissues,
with minimal irritation of the surrounding tissues when applied
in vivo."*™® Furthermore, the highly porous structure of hydrogels
facilitates the encapsulation of significant amounts of drugs, mak-
ing them of great interest as drug-delivery platforms. However, the
significant discrepancy between the hydrophilic environment of
the hydrogel and the hydrophobic nature of the drugs prevents
the incorporation of such drug molecules into the hydrogel frame.
Despite the beneficial impact of a prolonged interaction of the drug-
loaded hydrogel with mucosa, the low water solubility of numerous
active substances reduces the efficiency of such therapies due to the
low bioavailability of the hydrophobic drugs enclosed in the frame
of the hydrogel. Hence, an important challenge is the development
of hydrogels for the delivery of commonly used hydrophobic drugs
in intravaginal antimicrobial therapies.

Clotrimazole, a highly hydrophobic drug in antifungal thera-
pies, whose action is based on the disruption of the calcium
pump, Ca”" transport in the cell, and the inhibition of ergos-
terol synthesis, which leads to damage to the fungal cell
membrane,'® is routinely applied in the treatment of skin
infections caused by dermatophytes, yeasts, moulds, and other
species of fungi,”® as well as in the therapy of vulvovaginitis. Due
to the very low solubility of clotrimazole in water (0.49 pg mL™"),'
it exhibits both a low bioavailability and therapeutic efficacy and
thus is categorized as a class II drug in the Biopharmaceutical
Classification System (BCS). In topical therapies, as little as 0.5%
of clotrimazole is absorbed, which reduces its effectiveness.?*

Recently, several reports have appeared showing clotrima-
zole’s anticancer properties.”*>® These studies confirmed the
strong effect of the drug on mammalian cancer cells’ viability
through affecting the glycolytic enzymes related to the cytoske-
leton and inhibiting cell glycolysis and ATP production**** and
showed that clotrimazole might be a calmodulin (CaM)
antagonist.”> Marinho-Carvalho et al, for instance, demon-
strated that the drug inhibited cell glycolysis by the direct
inhibition of phosphofructokinase (PFK) and EC 2.7.1.11 -
the key regulatory enzyme of the glycolytic pathway and a
CaM - binding protein.>® Compared to normal cells, cancer
cells show an increased rate of glycolysis®>” and their mitochon-
dria metabolize (apart from pyruvate) glutamine. which enables
the faster biosynthesis of lipids and amino acids, necessary for
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the construction of membranes and proteins.”® This glycolytic
preference of cancer cells is called the Warburg effect.>® Clo-
trimazole acts directly on glycolytic enzymes, and thus targets
the Warburg effect,*® and was tested to target cancer cells with
little effect on normal cells. Unfortunately, it failed in chemo-
therapy due to its low solubility in hydrophilic media.**
Generally, anticancer therapies require new chemotherapeutic
strategies. For example, cervical cancer, one of the most aggressive
forms of cancer in women and the fourth most common cancer
with increasing incidence worldwide, is resistant to conventional
chemotherapy.®” Effective therapy, especially at the early stages of
the disease, can be decisive in the efficiency of treatment.

Due to the beneficial Warburg effect observed for clotrima-
zole, it could be crucial to enhance the drug solubility in
aqueous media to increase its potential in anticancer therapies.
For this goal, unimolecular micelles are considered suitable
candidates as the main building component for the construction
of hydrogel carriers of hydrophobic drugs. Among the unimole-
cular micelles, stars, comb-like, hyperbranched, and dendritic,
etc., constructs can be distinguished,*”* Their structures ensure
the creation of voids between the individual branches of the
macromolecule, which can play the role of an efficient reservoir
for hydrophobic drugs. Hyperbranched polyglycidol (HbPGL) is a
premier polymer amongst known hyperbranched constructs
applied in biomedical applications as nanocarriers for the delivery
of therapeutic agents and theranostics, i.e. diagnostics combined
with treatment.>” The high biomedical potential of HbPGL results
from its excellent biocompatibility®*™** and low toxicity.*> In
addition, thanks to its better thermal and oxidative stability,
HbPGL is considered an alternative to PEG.** The excessive
hydrophilic nature of HbPGL, however, prevents its direct use
for the delivery of hydrophobic drugs. Therefore, various strate-
gies for HbPGL hydrophobization by the incorporation of hydro-
phobic moieties have been proposed. Recently, we synthesized
hydrogels based on single-molecule micelles composed of hyper-
branched polyglycidol, the inner part of which, directly under the
1,2-diol-rich corona of the macromolecules, was hydrophobized
with phenyl groups.” This was achieved by modifying the mono-
hydroxyl groups of the linear constitutive units, while the 1,2-diol
molecules remained intact and were used to form a hydrogel with
polyacrylamide with 2-acrylamide-phenylboronic acid motifs. The
water solubility of these constructs was, however, strictly depen-
dent on the degree of hydrophobization, which reduced their
biomedical potential. Moreover, with the increase in the hydro-
phobization degree of monohydroxyl groups, both the flow and
self-healing ability of the hydrogels were reduced. Due to this fact,
in the current study we report a new type of polyether uni-
molecular micelle constructed from a hyperbranched polyglycidol
shell built on a star-shaped hydrophobic core.

In this work, we demonstrate the anticancer properties of
our clotrimazole-loaded star-hyperbranched polyether copoly-
mers. Since the mechanism of action of clotrimazole in cancer
cells is well known, the main aim of this study was not only to
confirm that the encapsulated clotrimazole was more toxic to
cervical cancer HeLa cells than to non-cancerous HMEC1 cells
compared to the free drug, but also to verify whether the
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improvement of its bioavailability would enable the selection of
a system for the selective, and, more importantly, long-term
delivery of clotrimazole to cervical cancer cells without impair-
ing the mechanism of action of the drug. In addition, in this
study, we focused on the rheological properties of hydrogels
constructed of star-hyperbranched amphiphiles, such as the
injectability, flow behaviour, and self-healing properties, which
are important for intravaginal anticancer application.

To the best of our knowledge, this is the first report on the
usage of polymer constructs to increase clotrimazole bioavailabil-
ity towards the enhancement of anticancer treatment. Because of
the high demand for the design of various carriers of hydrophobic
drugs differing in the spectrum of biological activity, it was crucial
to find the relationship between the structural characteristics of
amphiphilic star-hyperbranched constructs, the encapsulation
efficiency of a hydrophobic drug, its biological activity, and the
rheological properties of the formed hydrogels. This study con-
tributes to a better understanding of the construction strategy of
such a material and its biological function.

Results and discussion

Synthesis and characteristics of star-hyperbranched
amphiphilic core-shell based on polyethers

For the encapsulation of clotrimazole, we designed star-hyper-
branched core-shell amphiphilic block copolymers consisting of

View Article Online
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hydrophobic poly(n-alkyl epoxides), ie. 1,2-epoxybutane and
1,2-epoxyhexane, and hydrophilic hyperbranched polyglycidol
(Scheme 1). HbPGL of low and moderate molecular weight, as
targeted in this work, is commonly synthesized in bulk.”> The
big difference between glycidol and poly(1,2-epoxybutane) and
poly(1,2-epoxyhexane), however, did not allow the direct polymer-
ization of glycidol onto the core macromolecules. To overcome
this restriction, we decided to add a linker that could be poly-
merized at the poly(1,2-alkyl epoxide) chain-end and that was
compatible with glycidol, thereby allowing its polymerization.
For a linker, we chose linear polyglycidol, which was obtained
by the polymerization of hydrophobic ethoxyethyl glycidyl ether
(EEGE) followed by deprotection of the monohydroxyl groups
(Scheme 1(A)), which increased the hydrophilicity of the macro-
initiator. In addition, after the deprotection and subsequent
polymerization of glycidol, the linker was in fact indistinguishable
from the HbPGL core. Because the monohydroxyl group present
in each repeating group of the deprotected EEGE segment could
be a potential initiating centre, glycidol polymerization on such a
macroinitiator could lead to the formation of a dense HbPGL shell
directly on the core, which could affect the encapsulation effi-
ciency of hydrophobic drugs. Therefore, for poly(1,2-epoxybutane)
with DP, = 15, apart from the poly(EEGE) linker, we synthesized
two copolymers with linkers based on the ethylene oxide oligo-
mers differing in length (DP, = 3 x 8 and 3 x 30) to separate the
hydrophobic shell from the HbPGL core (Scheme 1(B)).
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Scheme 1 Synthetic route for the star-hyperbranched amphiphilic polyether-based copolymers.
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Table 1 Characteristics of the synthesized amphiphilic polyether-based star-hyperbranched copolymers

Core Linker type® Shell Unimolecular micelles
Number of
constitutional Number of M,,/M,, M,/M,
units per arm M,/M, GPC constitutional units GPC M, (P*C M, GPC Dy (DLS),
Copolymer Symbol (*H NMR) (CH,CL,) (*H NMR data) (CH,Cl,) INVGATE) (NMR) (DMF) nm Pd1
Poly(1,2-epoxybutane)-based A86 10 1.109 EEGE (4) 1.361 8260 9000 1.674 8.3 0.288
copolymers A92 15 1.115 EEGE (14) 1.669 7500 8600 1.551 9.4 0.379
A165 15 1.086 EO (8) 1.202 8900 10300 1.237 104 0.183
Al167 15 1.086 EO (30) 1.112 9400 11800 1.246 19.8 0.190
Poly(1,2-epoxyhexane)-based A71 10 1.102 EEGE (10) 1.196 9300 10300 1.886 15.1 0.232
copolymer

¢ Linker based on linear oligomers of ethoxyethyl glycidyl ether (EEGE) or ethylene oxide (EO).

For the study, we synthesized poly(1,2-epoxybutane) tri-arm
homopolymers containing 10 and 15 constitutional units per arm,
and poly(1,2-epoxyhexane) tri-arm homopolymers composed of 10
constitutional units per arm. The length of the arms was con-
firmed based on the "H NMR spectra recorded in chloroform
(ESLT Fig. S1, S7 and S17), by comparing the integration of the
methyl protons of an initiator (J in the range from 0.79-0.86 ppm)
and the integration of the protons stemming from the methyl
groups of 1,2-epoxybutane or 1,2-epoxyhexane, respectively (6 in
the range from 0.88-0.99 ppm). In addition, the gel permeation
chromatography (GPC; CH,Cl,) data for all the synthesized hydro-
phobic cores revealed their low dispersity index (Table 1).

The degree of EEGE polymerization was calculated based on
a comparison of the integration of the methyl protons of the
initiator, and the methine protons of the EEGE polymers at
4.67-4.78 ppm (ESI, Fig. S2, S8 and S18), and then mono-
hydroxyl groups were deprotected, which was confirmed based
on "H NMR spectroscopy (ESL, Fig. $3, S9 and S19). The degree
of EO copolymerization was estimated based on the integra-
tions of the protons coming from the initiator (methyl group),
poly(n-alkyl epoxide) segment, and ethylene oxide chains (ESI, T
Fig. S13). The structure of the core-shell polymers formed by
glycidol polymerization on the synthesized three-armed core
polymers was determined by 'H (ESL} Fig. S4, $10, S14 and
S20), 1H DOSY (ESI, Fig. S6, S12, S16 and $22), and *C NMR
methods (ESLt Fig. S5, S11, S15 and S21). The degree of
glycidol polymerization was estimated from the *C INVGATED
spectra®®> The molecular weights of all the synthesized copoly-
mers’ cores were similar and ranged between 7500 and 9300.
Interestingly, the copolymers with PEO showed a narrower
distribution of molar weight, approximately 1.24, in compar-
ison with those with the linear polyglycidol linker i.e. over 1.5.
The difference may be due to not having a fast enough inter-
molecular chain transfer reaction between the potentially active
chain ends of the macromolecules.

A dynamic light scattering study was performed for aqueous
solutions of the synthesized copolymers and revealed
nanometre-sized particles with a quite low dispersity of hydro-
dynamic diameters (Table 1), which could be ascribed to the
molecular weight distribution of the copolymer. As shown in
the TEM microscopic image (ESI,f Fig. S23), unimolecular
micelles based on star-hyperbranched copolymers were roughly

This journal is © The Royal Society of Chemistry 2023

spherical in the aqueous solution. The average diameter of the
unimolecular micelles was close to the result from the DLS
measurement.

Drug loading and in vitro release

Clotrimazole is a highly hydrophobic drug, which in its struc-
ture contains non-conjugated three phenyl rings and an imi-
dazole moiety. It is routinely applied in the treatment of
candidiasis triggered by Candida albicans and other Candida
species. Unfortunately, due to its poor solubility in water, its
bioavailability is limited. Therefore, to unlock its anticancer
properties, it is crucial to increase the solubility of clotrimazole.
To estimate the potential of the synthesized amphiphilic unim-
olecular micelles for clotrimazole solubilization, encapsulation
experiments at different drug-to-polymer ratios were carried out
(Table 2). The process of clotrimazole solubilization was per-
formed according to the ultrasound-assisted solvent evapora-
tion method. Then the drug-polymer mixture was suspended in
deionized water and filtrated to remove the insoluble fraction
of clotrimazole that remained not encapsulated. As a reference,
hyperbranched polyglycidol homopolymer was used, which did
not display the ability for clotrimazole encapsulation. The
incorporation of a hydrophobic poly(n-alkyl epoxy)-based core

Table 2 Drug-loading capacity and encapsulation efficiency of clotrima-
zole in the synthesized star-hyperbranched polyether amphiphilic
constructs

Drug-loaded Drug-loading Encapsulation

Copolymer copolymer capacity, mg g " efficiency, %
A86 En170 15.0 83
En171 36.0 80
En172 50.7 80
En137 229.0 83
A71 En143 18.2 100
En144 36.3 73
En145 58.0 90
En94 336 100
A92 En30 111 88.6
En77 179 100
En72 22.0 82
En82 92.8 29
A165 En156 156.7 100
En163 120 35
En157 25.6 4
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Fig. 1 Release profiles of clotrimazole from different star-hyperbranched
polyether-based unimolecular micelles.

with DP,, ranging from 10 to 15 into the hyperbranched poly-
glycidol structure provided a maximum encapsulation capacity
of clotrimazole of approximately 5 drug molecules/macromole-
cule. This corresponds to a drug-loading capacity of 156.70 to
336 mg g~ dependent on the molecular weight of the polymer
carrier. Based on the encapsulation experiments performed,
there was no evident effect of the length of the side chains in
the poly(n-alkyl-epoxide) used or the type of linker introduced
on the encapsulation capacity.

The in vitro release profiles of clotrimazole-loaded copoly-
mers were determined in order to investigate the potential use
of the synthesized star-hyperbranched amphiphilic constructs
as drug carriers at the conditions corresponding to the vagina
environment, i.e. pH 5.6 and 37 °C. Drug-release experiments
were performed on copolymer formulations containing the
same number of encapsulated drug molecules.

Contrary to traditional micelles,? for all the amphiphilic
star-hyperbranched copolymers investigated here, an initial
burst release of the drug was not observed (Fig. 1). The complete
drug-release time differed amongst the investigated systems and
ranged from 32 h for En 156 to 48 h for En 137. The most
sustained and the slowest drug release was observed for the
unimolecular micelles constructed of poly(1,2-epoxybutane) core
of DP,, = 10 per arm prolonged with glycidol via a linear glycidyl
linker. Sustained drug release provides a constant drug dose and
is of great importance in the case of quickly metabolized drugs.*®

Effects of the unimolecular micelles and their clotrimazole-
loaded constructs on cell viability

The synthesized star-hyperbranched unimolecular micelles
were investigated in view of their cytotoxicity against two cell
lines: cancerous HeLa and non-cancer HMEC1 cells. First, it
was necessary to check whether the unimolecular micelles
themselves were non-toxic carriers and at the same time
whether they could effectively transport clotrimazole to the
cells and release it there. Therefore, using the MTT assay, we
compared the toxicity of free amphiphilic constructs with the
corresponding structures containing various amounts of

5556 | J Mater. Chem. B, 2023, 11, 5552-5564
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Fig. 2 Influence of the neat polyether-based star-hyperbranched unimole-
cular micelles on Hela (upper panel) and HMEC1 (lower panel) cells viability
after 24 and 48 h incubation. Results are expressed as the mean + SD (n = 16).

clotrimazole and with the drug itself. Measurements were
carried out after 24 and 48 h incubation. The cytotoxicity
profiles demonstrated that the unloaded copolymers were
non-toxic over the concentration range tested for both cell
lines, and only the A92 copolymer was slightly toxic to the
HeLa cancer line (Fig. 2).

In the next step, again using the MTT assay, the cytotoxicity
of the unimolecular micelles with encapsulated clotrimazole
was determined (Fig. 3-5). Since the systems contained varying
amounts of encapsulated drug, the cell viability results were
normalized by the clotrimazole content to allow a direct com-
parison with the free drug. On the basis of the A86 copolymer,
constructs with encapsulated clotrimazole with the signatures
En170, En171, and En172 were created, based on A92-En30;
based on A165-En163, En157, En156; and based on A71-En143,
En144, En145, respectively.

As expected (considering the previously mentioned Warburg
effect®), free clotrimazole was more potent against cancer cells
and had a weak effect on the viability of normal cells. However,
in the tested concentration range, its anticancer effect on HeLa
cells was not spectacular. After normalizing the results for
the clotrimazole content, we noticed that the cytotoxicity of the
drug-loaded unimolecular micelles was not correlated with the
amount of drug trapped in the analyzed structures. The systems
based on the A86 copolymer released clotrimazole more effi-
ciently over a longer period (Fig. 1), and thus from the point of
view of cancer cell biology, and due to its selectivity, was more
toxic to cancer cells than to normal cells. In addition, despite
using the same concentration of free clotrimazole and clotrima-
zole trapped in the structure, the one transported to the cell in
the A86 structure was more toxic to cervical cancer cells than the
free drug (Fig. 3). Interestingly, the structure from which
the drug was released faster (e.g. A165) gave worse results, i.e.
the clotrimazole transported in it was also toxic to non-cancer
HMEC1 cells, and therefore the very clear selectivity of the
system was blurred.

This journal is © The Royal Society of Chemistry 2023
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Fig. 4 Influence of clotrimazole-loaded A92 (En30) and A165 (Enl163,
En157, En156) unimolecular micelles on Hela (upper panel) and HMEC1
(lower panel) cells viability after 24 and 48 h incubation. Results are
expressed as the mean + SD (n = 16).

Nonetheless, almost all the systems effectively transported
clotrimazole into the cells more effectively than the free drug.
Moreover, clotrimazole encapsulated in the unimolecular
micelles was rather less toxic to non-cancer cells (HMEC1) than
to cancer cells (HeLa). To better illustrate the difference
between the tested systems and the free drug, as well as their
toxicity to both cell lines, the ICs, parameter was determined,
which indicates the concentration of the tested compound that
causes the death of half of the cells (Table 3).

To identify systems with clotrimazole that are (1) more toxic
than the free drug, (2) more potent against cancer than non-
cancerous cells, and (3) more potent after 48 h than after 24 h
incubation with the drug, we created the following list:

This journal is © The Royal Society of Chemistry 2023
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Fig. 5 Influence of clotrimazole-loaded A71 unimolecular micelles
(En143, Enl44, En145) on Hela (upper panel) and HMEC1 (lower panel)
cells viability after 24 and 48 hour incubation. Results are expressed as
mean + SD (n = 16).

HeLa-24h

En 156 < En 172 < En 171 < En 170 < En 145 < En 157
< En 30 < clotrimazole ~ En143 < En 144 < En 163.

HeLa - 48 h

En 170 < En 171 < En 172 < En 156 < En30 < En 145
< clotrimazole < En 143 < En 157 < En 144.

HMEC1 -24 h

En 156 < En 30 < En 145 < En 157 < En 171 < En 170
< clotrimazole ~ En 172, En 163, En 143, En 144.

HMEC1 - 48 h

En 156 < En 170 < En 145 < En 171 < En 157 < En 30
< En 172 < En 143 < En 163 < clotrimazole ~ En 144.

Based on the list, we selected, in our opinion, three of the
best systems, i.e. the En170, En171, and En172 (A86) systems,
and three other systems that also met our requirements: En30
(A92), En156 (A165), and En145 (A71). Since they were more
toxic than the free drug (1), it would be possible to use
clotrimazole at a lower concentration, which would positively
affect the reduction of undesirable side effects. Also, their
selectivity and stronger effect on cervical cancer cells than on
non-cancerous endothelial cells (2) can avoid side effects when
the drug is applied locally in the form of a gel. Selected systems
provided prolonged and maintained selective toxicity (3), which
is important in the treatment of cervical cancer, where the cells
double rapidly and the effect of the drug decreases with each
cell division.

Observing the selective and long-term delivery of clotrima-
zole to cervical cancer cells, the question arises whether the
carrier used affects the mechanism of action of the drug. Apart
from the postulated mechanism of clotrimazole action, invol-
ving the strong effect of the drug on the viability of mammalian
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Table 3 Comparison of the ICsq value for clotrimazole encapsulated in the polyether-based unimolecular micelles in HeLa and HMEC1 cell lines. The
values are presented as the mean + SD (n = 3)

HeLa [uM] HMEC1 [uM]

24 h 48 h 24 h 48 h
Clotrimazole 127.42 + 7.11 97.33 + 6.46 >1000 >1000
En 170 30.41 + 2.56 20.48 + 4.25 766.80 + 3.48 76.14 + 1.90
En 171 27.27 + 6.39 21.40 + 7.48 681.49 + 3.37 127.84 + 2.67
En 172 26.37 + 1.91 21.41 + 0.61 >1000 310.23 + 3.06
En 30 103.39 + 2.59 61.88 + 2.51 154.45 + 3.70 201.00 + 4.84
En 156 19.57 + 2.38 22.20 + 4.07 87.42 + 5.86 27.95 + 3.61
En 157 99.50 + 2.41 129.68 + 3.37 330.47 + 4.36 147.90 + 2.17
En 163 449.79 + 5.67 378.20 + 4.53 >1000 781.87 + 2.39
En 143 305.91 =+ 7.09 105.28 + 6.28 >1000 736.28 + 4.29
En 144 319.48 + 5.11 231.22 + 2.89 >1000 >1000
En 145 63.54 + 3.98 65.78 + 4.12 172.24 + 3.72 106.28 + 4.16

48,49

cancer cells by affecting the glycolytic enzymes related to the
cytoskeleton and inhibiting cell glycolysis and ATP
production,”®** it is considered that clotrimazole can cause
cell cycle arrest at the G0/G1 phase and the induction of cellular
apoptosis.*’

Therefore, to answer the posted question, we investigated
the effect of clotrimazole treatment on cell cycle and apoptosis.
We found that both the free and encapsulated clotrimazole
blocked the progression of the HeLa cycle in the GO/G1 phase
and induced apoptosis, observed as a sub-G1 population. This
result was consistent with previous studies on glioblastoma

and lung cancer, with the difference that in our study
encapsulated clotrimazole had a stronger anticancer/proapop-
totic effect compared to the free drug. Fig. 6 shows the results
of the flow cytometric analyses for cell cycle progression with
the apoptotic cell population shown as a sub-G1 peak for the
control cells, pure clotrimazole, and encapsulated in the most
efficient and selective system, i.e. En170. Table 4 shows the
apoptotic cell ratio calculated from the flow cytometric sub-G1
populations and G0/G1 phase.

Based on the data of the apoptotic cell ratio of the sub-G1
and GO/G1 cell cycle phase, it could be stated that all the
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Fig. 6 Flow cytometric analysis of the cell cycle phase distribution for cervical cancer endothelial Hela cells (upper panel) and dermal microvascular
endothelium HMECI cells (lower panel). The apoptotic cell population is shown as the Sub-G1 population.

5558 | J Mater. Chem. B, 2023, 11, 5552-5564

This journal is © The Royal Society of Chemistry 2023


https://doi.org/10.1039/d2tb02629e

Published on 21 February 2023. Downloaded on 6/19/2026 3:45:53 PM.

Paper

Table 4 Apoptotic cell ratio of the Sub-G1 and GO/G1 cell cycle phases

HeLa [%)] HMEC1 [%)]

24 h Sub-G1 24 h G0/G1 24 h Sub-G1 24 h G0/G1

Control 3.38 £1.44 69.12 £1.54 1.57 £ 0.07 47.26 = 0.62
Clotrimazole 12.48 +2.79 51.73 £ 0.71 5.66 + 0.51 43.87 £+ 0.44
En 170 7.66 £ 0.88 66.26 £ 9.50 5.08 £ 0.96 44.55 + 0.87
En 171 8.59 £ 0.19 66.64 £ 6.38 4.77 £1.25 41.73 & 3.93
En 172 13.84 £ 4.21 54.91 £ 6.57 3.71 £1.20 43.44 £0.16
En 30 9.59 +£0.19 72.70 £ 0.20 3.79 £ 0.97 46.28 +1.93
En 145 12.16 £ 1.00 67.63 £+ 2.89 6.19 £ 1.22 46.86 &+ 1.60
En 156 12.71 £ 0.71 67.83 £2.60 5.30 £ 2.52 47.80 + 2.91

HeLa [%)] HMEC1 [%]

48 h Sub-G1 48 h G0O/G1 48 h Sub-G1 48 h G0/G1

Clotrimazole 6.22 + 0.04 67.56 & 0.41 12.55 £+ 3.21 33.11 + 3.79

En 170 18.14 £7.39 55.44 £1.14 8.70 £ 1.63 48.37 £ 2.67
En 171 14.19 + 6.46 59.77 + 8.87 7.03 = 1.00 48.35 £ 1.57
En 172 11.50 £ 0.26 67.78 £ 4.64 8.19 £ 0.66 46.90 + 2.10
En 30 11.70 £ 3.88 66.19 £ 0.97 10.51 &+ 1.44 44.91 + 8.34
En 145 12.78 £ 0.69 60.16 = 0.71 7.41 + 0.78 49.85 £ 5.79
En 156 13.95 £+ 2.38 65.32 £ 0.58 8.00 £ 0.13 55.80 + 0.22

analyzed compounds showed similar cell cycle progression and
resulted in a significant accumulation of the sub-G1 cell
population in HeLa cells, which indicated apoptosis. Considering
that clotrimazole’s main mechanism of action was also G0/G1
cycle arrest, we expected the same from our encapsulated drug
systems and we indeed got this result.

This means that the transferred clotrimazole, even at such a
low concentration of 10 uM, could selectively block the cell
cycle of cervical cancer cells and lead them to the controlled
death path, i.e. apoptosis, and at the same time did not affect
the metabolism of the non-cancer endothelial cells. The
obtained results were consistent with the data on the cytotoxi-
city of the free drug and the drug encapsulated in the system of
the star-hyperbranched copolymers. The analyzed carriers did
not weaken the effect of the hydrophobic drug but enabled its
transport inside the cell and prolonged its release, thus increas-
ing its anticancer efficacy.

Formation of hydrogel systems based on amphiphilic star-
hyperbranched copolymers: rheological properties

The prolonged action of a drug in the afflicted area is crucial to
assure the efficiency of anticancer therapy via the intravaginal
route. The usage of the suspension of unimolecular micelles
led to uncontrolled leakage due to its unsuitable rheological
properties. Thus the construction of unimolecular micelles
based on a star-shaped hydrophobic core and hyperbranched
polyglycidol shell that could be easily built in the hydrogel
structure would be beneficial. In view of the intravaginal therapy,
the hydrogel, however, has to be constructed on reversible cross-
links to assure the formation of a continuous layer on the
covered surface, and its eventual removal after the fulfilment
of the function. Such hydrogels are generally determined to be
dynamic because the network integrity is controlled by the
equilibrium of the reaction between the product (crosslink)
and the substrate. To obtain this type of hydrogel, the terminal
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1,2-diol units present in the hyperbranched polyglycidol shell of
the amphiphilic constructs were employed for cross-linking with
an acrylamide copolymer of 2-acrylamidephenyl boronic acid,
poly(acrylamide-2-acrylamidephenyl boronic acid), and poly(AM-
APBA) with 20 mol% fraction of 2-APBA units (ESI,T Fig. S24).

The rheological experiments were carried out at a physio-
logical temperature (37 °C) to investigate the behaviour of the
hydrogels under the administration conditions. The frequency
sweep experiments demonstrated that all the synthesized star-
hyperbranched constructs formed viscoelastic networks in
water (Fig. 7) In the higher frequency range, i.e. shorter time
scales, the storage modulus exceeded the value of the loss
modulus (G’ > G"). This resulted from the fact that the lifetime
of the boronic ester cross-links was longer in comparison to the
applied strain rate. The decrease in frequency resulted in the
inversion of G’ and G” at the crossover frequency (w.), which
corresponded to the gelation point (gel-liquid transition) as an
effect of the cross-links reshuffling. Here, . denotes the onset
of the macroscopic chain displacement, while at frequencies
below ®. (longer time scales), the material begins to flow
(G" < @") due to the dominant contribution of the liquid-like
behaviour. The crossover frequency for all the prepared hydro-
gels was similar, ranging from 3.2 to 4.1 rad s, indicating that
differences in the core structure of the synthesized polymers
only had a minor effect on the macromolecules dynamics in the
reversibly cross-linked hydrogels. This is especially important
in the view of the self-healing properties of such hydrogels.

Contrary to previously published reports on hydrogels con-
structed on unimolecular micelles made of hyperbranched
polyglycidol hydrophobized directly underneath the terminal
units by modification of the monohydroxyl groups," the star-
hyperbranched amphiphiles in this study formed both injectable
(ESLt Video film) and self-healable hydrogels (Fig. 8). These
properties can assure the convenient administration of the ther-
apeutic platform to the target place and homogeneous hydrogel
distribution at the afflicted area. The reported approach for the
design of unimolecular micelles assures that the hydrophobic
core would be well-protected with a hydrophilic shell, while the
macromolecules are well-soluble in water, and the continuous
reorganization of the dynamic boronic ester cross-links would be
assured.

Strain sweep tests revealed that the stability of the hydrogel
networks constructed of various star-hyperbranched polyether-
based constructs was comparable (Fig. S25, ESIf). At the low
amplitude range, both the storage and loss moduli exhibited a
plateau, characteristic for the linear viscoelastic region, which
was followed by a decrease in both moduli at the amplitude
characteristic for each hydrogel. The boundary amplitude
values of the linear viscoelasticity region for all the prepared
hydrogels were comparable and ranged from 63% to 88%. After
exceeding the critical strain, at which point the network was
disrupted, the inversion of G’ and G” was observed, and G”
became larger than G’. The crossover of both moduli corre-
sponded to a transition from a solid (hydrogel) to a liquid state
and the material then exhibited viscous flow. The calculated
yield stress for the prepared hydrogels was approximately 6 kPa.
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Fig. 8 Time-dependent self-healing of the hydrogel constructed of poly(1,2-
epoxybutane-b-hyperbranched polyglycidol) at room temperature (at the top)
and visual demonstration of the hydrogel reforming from two distinct pieces (at
the bottom). The hydrogel sample was divided into two pieces. The fracture
gradually vanished thanks to the self-healable properties of the 2-AAPBA-
based boronic ester cross-links leading to its complete decay. The damaged
hydrogel was completely repaired by regaining its initial mechanical properties.

To verify whether the hydrogels prepared with synthesized
micelles were self-healable, experiments showing the response
to the drastic applied strain were carried out (Fig. 8, at the top).

5560 | J Mater. Chem. B, 2023, 11, 5552-5564

Upon increasing the strain (y = 300%), a significant decrease in
both moduli was observed along with the inversion of G’ and
G", which indicated the network disruption. A subsequent
reduction of the strain to 1% resulted in a rapid regeneration
of the hydrogel structure after the strain-induced failure, as
evidenced by the return of the moduli to their initial values
(Fig. 8, at the top). The experiments confirmed that the hydro-
gels could undergo structural recovery as a result of the fast
cross-links reshuffling. The self-healing of the hydrogels was
also visualized in a simple experiment in which a piece of the
gel was cut into two pieces, which then reassembled into one
piece after about 10 min. (Fig. 8, at the bottom). Due to the
dynamic character of the boronic ester cross-links, the hydrogels
composed of the star-hyperbranched copolymer unimolecular
micelles could be easily shaped and formed a continuous layer
on the covered surface. These features are very important in
biomedical applications because they facilitate hydrogel deposi-
tion at the target site and ensure proper contact with the tissue,
thus providing control over local drug delivery.

Experimental section
Materials

1,1,1-Tris(hydroxymethyl)propane was purchased from Sigma-
Aldrich. It was dissolved under reflux in acetone, precipitated
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with ethyl ether, and then dried before usage. NaH (60 wt%) in
mineral oil was purchased from Merck. The oil was removed by
washing with dry tetrahydrofuran, and then by drying under
reduced pressure. 1,2-Epoxybutane,1,2-epoxyhexane (purchased
from TCI) and ethylene oxide (Sigma-Aldrich) were dried over
CaH, and distilled before use. THF (Sigma-Aldrich) was dried
over Na/K alloy. DMSO (Sigma-Aldrich) was purified and dried
according to the procedure described in ref. 50, and stored over
4 A molecular sieves. Ethoxyethyl glycidyl ether (EEGE) was
synthesized by the reaction of glycidol (Sigma-Aldrich) and ethyl
vinyl ether (Acros Organics) according to the procedure
described by Fitton>' and Wurm.>* Clotrimazole was purchased
from Thermo Scientific, and used without further purification.

Synthesis of poly(1,2-epoxybutane)/poly(1,2-epoxyhexane)

1,1,1-Tris(hydroxymethyl)propane (THMP) was weighed into a
Schlenk flask and dried with benzene under argon, followed by
its removal by distillation at 100 °C. Next, 10 mol% of the OH
groups of THMP were converted into alcoholate groups with
sodium hydrate in dry THF at 40 °C under a vacuum overnight.

Next, THF was removed under reduced pressure and the dry
initiator was dissolved in dry DMSO, followed by the addition of
1,2-epoxybutane or 1,2-epoxyhexane. The polymerization was
conducted at 50 °C under a vacuum for 48 h. Then the polymer
was extracted from the reaction mixture with hexane. The
collected hexane fractions were dried and analyzed by GPC
and "H NMR spectroscopy.

Synthesis of poly(1,2-epoxybutane-b-glycidol) and poly(1,2-
epoxyhexane-b-glycidol)

A sample of poly(1,2-epoxybutane) or poly(1,2-epoxyhexane) was
weighed into a Schlenk flask and dried with benzene under
argon at 100 °C. Next, 10 mol% of the end OH groups of a
polymer were converted into alcoholate groups with sodium
hydrate in dry THF at 40 °C under a vacuum overnight.
Subsequently, ethoxyethyl glycidyl ether, EEGE was distilled
into a Schlenk flask, and the copolymerization was carried out
at 40 °C for 48 h. The structures of the synthesized copolymers
were characterized by GPC and "H NMR spectroscopy. Then, to
deprotect the monohydroxyl groups in the EEGE units, the
polymer was dissolved in methanol, and a 0.1 M aqueous
solution of HCI was added. The polymer solution was stirred
at 37 °C for 6 h, and dialyzed against deionized water using the
dialysis tube with MWCO = 1 kDa. The copolymer was char-
acterized by "H NMR spectroscopy.

Synthesis of poly(1,2-epoxybutane)-b-hyperbranched polyglycidol/
poly(1,2-epoxyhexane)-b-hyperbranched polyglycidol

A sample of poly(1,2-epoxybutane-b-glycidol) or poly(1,2-
epoxyhexane-b-glycidol) was weighed into a Schlenk flask and
dried with benzene under argon at 100 °C. Next, 10 mol% of the
end OH groups of a polymer were converted into alcoholate
groups with sodium hydrate in dry THF at 40 °C under a
vacuum overnight. Then, THF was removed and glycidol was
added to the reaction mixture dropwise via a syringe pump with
an injection speed of 0.5 mL h™". The reaction was held under

This journal is © The Royal Society of Chemistry 2023

View Article Online

Journal of Materials Chemistry B

argon for 24 h at 95 °C. After that time, the reaction was
terminated by exposing it to air. The reaction mixture was
dissolved in MeOH and precipitated into acetone. The crude
product was isolated, dissolved in DMSO, and dialyzed against
DMSO for 48 h using the dialysis tubes with MWCO = 3.5 kDa.
The copolymer structure was characterized by "H and “C
INVGATE spectroscopy and "H DOSY NMR spectroscopy.

Synthesis of poly(1,2-epoxybutane-b-ethylene oxide)-b-
hyperbranched polyglycidol

A sample of poly(1,2-epoxybutane) was weighed into a Schlenk
flask and dried with benzene under argon at 100 °C. Next,
10 mol% of the end OH groups of a polymer were converted into
alcoholate groups with sodium hydrate in dry THF at 40 °C under
a vacuum overnight. Subsequently, ethylene oxide was distilled
into a Schlenk flask, and the copolymerization was conducted at
70 °C for 48 h. The copolymer was dialyzed against water using the
dialysis tube with MWCO = 1 kDa. The structure of a synthesized
copolymer was characterized by 'H and *C INVGATE spectro-
scopy and "H DOSY NMR spectroscopy.

Next, 10 mol% of the end OH groups of poly(1,2-epoxybutane-b-
ethylene oxide) were converted into alcoholate groups with sodium
hydrate in dry THF at 40 °C under a vacuum overnight. Then,
THF was removed and glycidol was added to the reaction mixture
dropwise via a syringe pump with an injection speed of 0.5 mL h™".
The reaction was held under argon for 24 h. After that time, the
reaction was terminated by exposing it to air. The reaction mixture
was dissolved in MeOH and precipitated in acetone. The crude
product was isolated, redissolved in DMSO, and dialyzed against
DMSO for 48 h using the dialysis tubes with MWCO = 3.5 kDa. The
copolymer structure was characterized by "H and *C INVGATE
spectroscopy and "H DOSY NMR spectroscopy.

Synthesis of poly(acrylamide-ran-2-acrylamidephenylboronic
acid), poly(AM-APBA)

The copolymer was prepared by conventional radical polymer-
ization initiated with AIBN by applying acrylamide (2 g;
28.10 mmoL) and 2-acrylamidophenylboronic acid pinacol ester
(1.226 g; 4.48 mmoL). The polymerization was carried out in
15 mL of a DMF/dioxane mixture (5:1 v/v) at 70 °C. The synthesis
was conducted for 16 h. The polymerization mixture was diluted
in water, and the copolymer was precipitated into acetone and
then dried. Next, the copolymer was dissolved in an alkaline
solution of NaOH (1 wt%) and dialyzed using a 1000 MW cut-off
dialysis membrane, at first against the alkaline aqueous solution
and then against water, which was changed several times to
reach the neutral pH. Dialysis was necessary to hydrolyze pinacol
boronic esters and remove released pinacol. The copolymer was
characterized using "H NMR spectroscopy and GPC. The molar
fraction of 2-AAPBA units in the copolymer was equal to
20 moll%, whereas M,, was 63000 (M,/M, = 1.86).

Solubilization of clotrimazole within unimolecular micelles
based on the star-hyperbranched amphiphilic polyethers

A stock solution of clotrimazole (9 mg mL™") in methanol was
prepared. A total of 75 mg of each copolymer was dissolved in
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1 mL of methanol. Next, 3 mL of clotrimazole solution was
added to the copolymer solution. The mixture was stirred for
6 h. Subsequently, methanol was allowed to evaporate at 37 °C
overnight. The dry polymer-drug content was suspended in 10
ml of deionized water The suspension was filtered using an 0.8
um SFCA filter, and lyophilized. The amount of drug loaded
into the HbPGL-based micelles was determined by 'H NMR
spectroscopy.

Drug-release profile

A sample of a copolymer containing 1.3 mg of clotrimazole was
dissolved in 9 mL PBS at pH 5.6 and transferred into a
regenerated cellulose dialysis membrane (MWCO = 3500) with
a magnetic stirrer inside. The dialysis tube was then immersed
in 250 mL of PBS at pH 5.6 with 1% of Tween 80 (v/v). At given
time points, 20 mL of the solution was collected and replaced
with 20 mL of fresh PBS/Tween 80 solution. Subsequently,
3 x 50 mL of dichloromethane was added to each of the
collected samples to extract clotrimazole from the aqueous
phase. The organic phases were dried over MgSO, for 30 min
while stirring and then liberated from dichloromethane by
evaporation under reduced pressure. The dry product was
dissolved in 4 mL of acetonitrile and filtered using a 0.2 pm
PTEFE filter. The quantification of the released clotrimazole was
determined by an ACQUITY UPLC I-Class chromatography
system equipped with a binary solvent pump and a photodiode
array detector (Waters Corp., Milford, MA, USA). The separation
of the analyte was achieved using an ACQUITY UPLC™ BEH C18
column (100 x 2.1 mm, 1.7 pm) maintained at 45 °C. The
mobile phase was prepared by mixing 0.1% formic acid (A) and
0.1% formic acid in acetonitrile (B). The elution gradient was:
32% B (0-1.0 min), 32%-95% B (1.0-3.0 min), 95%-95% B (3.0-
3.5 min), 95%-32% B (3.5%-3.52 min), and 32%-32% B (3.52-
7.0 min). The flow rate was 0.45 mL min~ ' and the injection
volume was 4 pL. The optimal absorption wavelength for
clotrimazole was determined and set at 195 nm. The initial
stock calibration solution of standards was created with a
concentration of 1 mg ml™" in acetonitrile.

The stock solution was serially diluted with acetonitrile to
obtain working solutions at several concentration levels. The
calibration curves were prepared at seven different concentra-
tions of clotrimazole solutions and were linear over a concen-
tration range from 0.78 to 50 pug ml~' with a correlation
coefficient of >0.999. The system was controlled using
MassLynx software (Version 4.1) and data processing (peak
area integration, construction of the calibration curve) was
performed by the TargetLynxTM program.

Cell culture

Dermal microvascular endothelium cells (HMEC1) were grown
in MCDB131 medium supplemented with hydrocortisone,
t-glutamine, and epidermal growth factor. Human cervical
cancer endothelial (HeLa) cells were grown in Dulbecco’s
modified Eagle’s medium (DMEM). Next, 10% foetal bovine
serum (FBS) and streptomycin (100 mg ml~ ') were added to
both cell culture media. The cells were grown in T-75 culture
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flasks at 310 K in an atmosphere containing 5% CO,. The cells
were subcultured every 2 or 3 days, then harvested and used in
experiments after obtaining 80-90% confluence. The number
of viable cells was determined by the trypan blue exclusion
assay with the use of a Countess Automated Cell Counter
(Invitrogen, Carlsbad, CA, USA).

Determination of cytotoxicity

The influence of the neat star-hyperbranched unimolecular
micelles (A86, A92, A165, A71) and their drug-loaded con-
structs, i.e. En 30, En 143, En 144, En 145, En 156, En 157,
En 163, En 170, En 171, and En 172, carrying different amounts
of clotrimazole on the cell viability was determined with the use
of the MTT assay. In addition, pure clotrimazole was used as a
control and reference point.

Briefly, to the 96-well plates containing cells at the density of
1.5 x 10* cells per well in medium, different concentrations of
all the compounds were added, in the 0.1-100 uM concen-
tration range. The cells were incubated with unimolecular
micelles for 24 and 48 h in a 310 K humidified atmosphere
containing 5% CO,. After the incubation period, the cells were
washed with 50 ul of phosphate-buffered saline (PBS). Next,
50 pl of a 0.5 mg mL™" solution of MTT in PBS was added to
each well, and the cells were further incubated under normal
culture conditions for 3 h. After incubation, the residue MTT
solution was removed and the obtained formazan precipitate
was dissolved in DMSO (100 pl per well). The conversion of the
tetrazolium salt (MTT) to a coloured formazan by mitochon-
drial and cytosolic dehydrogenases is a marker of cell viability.
Before the absorbance measurement, the plates were shaken
for 1 min and the absorbance at 570 nm was measured on a
PowerWave HT Microplate Spectrophotometer (BioTek, USA).

Cell cycle analysis

Both cell lines 1.5 x 10° cells per well were incubated with the
analyzed compounds (10 uM final concentration) in 12-well cell
culture plates for 24 and 48 h in a 310 K humidified atmo-
sphere containing 5% CO,. Then, the cells were fixed with cold
70% ethanol and stained for total DNA content with RNase A
and propidium iodide staining buffer (BD, San Diego, CA, USA)
according to the manufacturer’s instructions. A minimum of
10000 cells were analyzed for the propidium iodide (PE-A)
fluorescence signal using a Becton Dickinson LSR II flow
cytometer (BD Biosciences, USA). Data were plotted by using
Flowing Software 2.5.1 (Turku Centre for Biotechnology, Uni-
versity of Turku, Finland).

Hydrogel formation

Hydrogels were prepared by mixing a 0.25 mL aqueous solution
containing 0.05 g of poly(AM-ran-2-AAPBA) with 0.15 mL aqu-
eous solution containing 0.055 g of each star-hyperbranched
construct.

NMR spectroscopy

'H and “C INVGATED NMR spectra were recorded using a
Bruker Avance NEO AV 400 MHz instrument. 'H DOSY
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measurements were carried out at 295 K on a Bruker Avance III
500 spectrometer equipped with a 5 mm BBI probe head with a
z-gradients coil and GAB/2 gradient unit capable of producing
BO gradients with a maximum strength of 50 G cm '. The
BCU-05 cooling unit, managed by the BVI3300 variable tempera-
ture unit, was used for temperature control and stabilization. The
spectrometer was controlled with a PC computer running under
Windows 7 (64 bit) OS with the TopSpin 3.1 program.

For the measurements, each sample was stabilized at 295 K
for at least 10 min before data accumulation, and the 'H /2
pulse length was checked and adjusted carefully for each
sample. The standard Bruker pulse program dstebpgp3s was
selected for the measurements using the double stimulated
echo for convection compensation and LED (Longitudinal Eddy
Current Delay) using bipolar gradient pulses for the diffusion
and 3 spoil gradients. The shape of all gradient pulses was
sinusoidal, while the gradient spoil pulse was 0.6 ms, the delay
for gradient recovery was set at 0.2 ms, and the LED was set
at 5 ms and kept constant in all the experiments. The gradient
pulse (small delta; §/p30) was kept constant throughout the
entire series of temperature measurements, and the diffusion
time (big delta; 4/D20) was changed to achieve the desired signal
attenuation at the maximum gradient strength. The DOSY
experiments were run in pseudo 2D mode with the gradients
varied exponentially from 5% up to 95%, typically in 16 steps,
with 16 scans per step. The spectra were processed by TopSpin
3.1 software supplied by the spectrometer manufacturer. The
1 Hz line broadening Lorenzian function was applied and each
row was phased and baseline-corrected before executing the
Fourier transformation in the F2 dimension. Diffusion coeffi-
cient values, for the resolved "H signals, were extracted from the
T1/T2 analysis module of the TopSpin 3.1 program. The NMR
spectra of the polymer solutions were recorded at deuterated
solvents (CDCl;, DMSO-ds, MeOD-d,).

Gel permeation chromatography

The average molecular weight of HbPGL was determined by gel
permeation chromatography (GPC) using a Shimadzu Pump
LC-20AD system and a Shimadzu SIL-20A HT Autosampler.
A refractometer RI-Optilab-T-rex-Wyatt and laser photometer
DAWN 8+ (Wyatt Technology) were used as detectors. N,N'-
Dimethylformamide was used as an eluent at a flow rate of
0.8 mL min~" at 25 °C. Here, M,, = 7800, M/M,, = 1.70.

Rheology

Gel formation was confirmed by oscillation frequency sweep
tests carried out in the linear viscoelastic regime using a parallel
plate-plate geometry of 8 mm diameter with a 0.3 mm gap on a
Thermo Scientific HAAKE MARS 40 rheometer. Strain sweep
measurements for the hydrogel samples were performed at a
frequency of 1 Hz in the range of strain from 0.02% to 2000%.
Frequency sweep tests were carried out at 10 °C, 25 °C, and 40 °C
in the linear viscoelastic regime. Temperature sweep tests in
the range from 10 °C to 60 °C were performed at a frequency of
1 Hz using the continuous heating program with a heating rate
5 °C min~". The self-healing test was carried out in the 1 Hz
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oscillation time mode at 37 °C by monitoring both the storage
and loss moduli. First, the sample was placed under a 1% strain
for 180 s, and then it was destroyed with a 5 s 300% strain pulse,
after which 1% was again applied for sample restoration.

Conclusions

We successfully elaborated a synthetic route to prepare polyether-
based amphiphilic constructs with a star-shaped hydrophobic
core by applying poly(n-alkyl epoxides) and a shell composed of
hyperbranched polyglycidol using a step-by-step ring-opening
polymerization of epoxide comonomers. The constructs presented
here displayed enhanced clotrimazole solubilization in the aqu-
eous media. The in vitro release profiles demonstrated a sustained
drug release from the unimolecular micelles after approximately
48 h. The construction of amphiphiles assured not only the lack of
an initial burst release of the drug molecules but also enabled the
formation of dynamic hydrogels displaying both injectable and
self-healable properties, which are crucial in the administration of
hydrogel-based drug carriers. This is the first report on the usage
of polymer constructs to increase clotrimazole bioavailability
towards the enhancement of anticancer activity.

The in vitro study revealed that the encapsulation of clotri-
mazole in most of the synthesized amphiphilic constructs
displayed prolonged and selective toxicity to cervical cancer
cells, which allows for reducing the dose of the drug while
maintaining the therapeutic effect.

From a preclinical and potential clinical perspective, the
newly synthesized clotrimazole carrier systems described in
this paper may be useful in the treatment of cervical cancer.
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