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MORPHOLOGY OF THE MICELLES
FORMED BY A COMB-LIKE PEG-CONTAINING
COPOLYMER LOADED WITH ANTITUMOR
SUBSTANCES WITH DIFFERENT WATER SOLUBILITIES

The controlled delivery of anticancer drugs is driven by their interaction with carrier molecu-
les. By creating complicated micelle-like complexes, amphiphilic polymers provide an oppor-
tunity to load drugs of various kinds. In this work, the interaction of the comb-like PEG-
containing polymer poly(VEP-co-GMA)-graft-PEG with the water-soluble antitumor antibiotic
doxorubicin and new water-insoluble derivatives of thiozalidinone Les-3883 characterized by a
high anticancer efficiency has been studied in aqueous solutions by means of the SAXS, DLS,
TEM, and photoluminescence methods. The formation of polymer micelles and their complexes
with drugs, as well as their structural changes, is observed. The obtained results give evidence
that the mechanism of organization of supramolecular complexes depends on the drug solu-
bility in water. A potential capability of poly(VEP-co-GMA)-graft-PEG to prolong the drug
circulation lifetime is confirmed.
K e yw o r d s: small-angle X-ray scattering, micelle morphology, hydrophobic/hydrophilic
drugs, polymer-drug complexes.

1. Introduction

Nowadays, chemotherapy is the main method to treat
various tumors [1]. However, multidrug resistance is
one of the obstacles to cancer chemotherapy. To reach
a required therapeutic dose of drugs in the body, it
is necessary to increase the drug concentration [2].
The application of micellar carriers consisting of am-
phiphilic polymer molecules to deliver drugs with
high total toxicity allows the therapeutic drug dose
to be reduced by an order of magnitude keeping a
high therapeutic efficiency.

The development of new surfactant polymers
that form micelle-like supramolecular structures is a
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promising way for the creation of stable aqueous sys-
tems aimed at the controlled delivery of drugs and nu-
cleic acids, in particular, in chemotherapy and genetic
engineering. The architecture, functionality, and mo-
lecular-weight characteristics of surfactant polymers
are known [3–5] to be responsible for the colloid-
chemical characteristics – namely, the size, charge,
morphology, and stability – of the micelles and vesi-
cles, as well as intermolecular complexes and partic-
les, formed by them in solutions, and for their ability
to immobilize and to solubilize physiologically active
substances in such containers-carriers.

Polymers containing polyethylene glycol (PEG) at-
tract the enhanced attention in biomedical studies
owing to their high biocompatibility and a wide range
of controllable physicochemical properties [6]. Fur-
thermore, the introduction of various functional frag-

670 ISSN 2071-0194. Ukr. J. Phys. 2020. Vol. 65, No. 8



Morphology of the Micelles of Comb-Like PEG-Containing Copolymer

ments into the composition of such copolymers – e.g.,
using the copolymerization method or by grafting hy-
drophobic/hydrophilic polymer chains – allows their
properties to be varied in a wide interval [7, 8]. Po-
lymer micelles produced from the molecules of such
surfactant polymers are promising containers to de-
liver drugs, in particular, anticancer ones [9]. They
protect those drugs from damages and the uncon-
trolled release during their transport in the body,
provide their prolonged circulation in the circulatory
system, and enhance the drug effect as a result of
the cell sensibilization [10]. A substantial advantage
of PEG-containing comb-like polymers is a possibil-
ity to control the size and morphology of the formed
micelles, as well as the content of biologically active
substances, by varying the lengths of the main and
lateral PEG chains [11].

Water-soluble doxorubicin hydrochloride, which
was used in this work, is one of the most popular anti-
cancer drugs in the clinical practice [12]. At the same
time, Les-3833, a water-insoluble synthetic derivative
of 4-thiozalidinone, is widely studied now as an effec-
tive drug for the treatment of glioblastoma [13].

Micelles of comb-like PEG-containing polymers re-
vealed themselves as effective universal carriers of
drugs [7, 14]. They reliably bind various hydrophilic
and hydrophobic antitumor drugs, protect them
against biological damages, provide their targeted de-
livery and high therapeutic efficiency. Both in vitro
and in vivo studies [15] showed that comb-like PEG-
containing polymer carriers have a high biological tol-
erance. At the same time, the mechanisms giving rise
to the formation of complexes including such carri-
ers and drugs of various nature, and, as a result, the
morphology of the formed nanoscale complexes have
not been studied enough.

In modern structural studies of various supramolec-
ular structures – micelles, vesicles, and nanopar-
ticles – such methods as small-angle X-ray scat-
tering (SAXS) and small-angle neutron scattering
(SANS) are actively applied [16–19]. This fact made
it expedient to carry out in-depth studies of the
colloid-chemical characteristics and the morphology
of polymer micelles formed by poly(VEP-co-GMA)-
graft-PEG (Fig. 1), as well as their complexes with
hydrophilic and hydrophobic anticancer substances,
making use of the SAXS, dynamic light scattering
(DLS), transmission electron microscopy (TEM), and
photoluminescence methods.

2. Experimental Part

2.1. Materials

Polyethylene glycol monomethyl ether (mPEG, 𝑀𝑛 =
= 750 Da), dimethyl sulfoxide (DMSO), azo-
bisisobutyronitrile (AIBN), and boron trifluoride
ethyl ether were obtained from Sigma-Aldrich and
used without additional purification. The glycidyl
methacrylate monomer (GMA, Merck, Germany)
was purified by the distillation in vacuum. Pe-
roxide monomer 5-tert-butyl-peroxy-5-methyl-1-he-
xene-3-yne (VEP) was synthesized following the
known method [20]. Doxorubicin (Dox) was pur-
chased from Arterium Corporation (Ukraine). Water-
insoluble drug Les-3833, a heterocyclic derivative of
4-thiozalidinone, was synthesized at the Department
of Pharmaceutical, Organic, and Bioorganic Chem-
istry of the Danylo Danylo Halytsky Lviv National
Medical University following the procedure described
earlier [21].

The comb-like copolymer poly(VEP-co-GMA)-
graft-mPEG with the structure shown in Fig. 1 was
synthesized at the Department of Organic Chem-
istry of the Lviv Polytechnic National University ac-
cording to the method described in work [7]. At the
first stage, with the help of the AIBN-initiated rad-
ical copolymerization, the epoxy-containing copoly-
mer poly(VEP-co-GMA) was produced. At the sec-
ond stage, this copolymer was used as a precursor to
synthesize the PEG-containing polymer. For this pur-
pose, the solution of poly(VEP-co-GMA) was added
to a solution of mPEG in the presence boron tri-
fluoride ethyl etherate as an addition-reaction cat-
alyst. The composition of the synthesized copolymer
was determined using the methods of elemental anal-
ysis and analysis of functional groups [22, 23]. The
composition of the obtained copolymer was confirmed
with the help of the NMR spectroscopy method.

Fig. 1. Schematic structure of the poly(VEP-co-GMA)-graft-
PEG polymer

ISSN 2071-0194. Ukr. J. Phys. 2020. Vol. 65, No. 8 671



N.Ye. Mitina, A.O. Ryabtseva, V.M. Garamus et al.

After the purification, the copolymer poly(VEP-co-
GMA)-graft-PEG contained VEP–GMA–PEG func-
tional links (1.2 : 50.2 : 48.6 mol%). The molecular
weight of the polymer was measured using the size-
exclusion chromatography (SEC) method on a Wa-
ters 150C chromatograph equipped with a built-in
refractometric detector (Waters Corporation, USA)
and a Shodex 602 column (Kawasaki, Japan). The
flow rate acquired values of 0.5 and 2.5 cm3/min. The
values determined for the molecular weight param-
eters of poly(VEP-co-GMA)-graft-PEG are 𝑀𝑛 =
= 90 kDa, 𝑀𝑤 = 165 kDa, and 𝐷 = 𝑀𝑤/𝑀𝑛 = 1.83.

Aqueous dispersions of the polymer poly(VEP-co-
GMA)-graft-PEG and its complexes with drugs (Dox
and Les-3833) were prepared according to the follow-
ing procedure [7, 14]. Firstly, the polymer and the
drug were dissolved in DMSO, and then the solu-
tions were transferred into water. For this purpose,
45 mg of the polymer were dissolved in 0.15 ml of
DMSO, and the corresponding drug quantity (1.5–
7.0 mg) was dissolved in 0.10 ml of DMSO. The poly-
mer and drug solutions were mixed together, added
to 4.25 ml of saline (the 0.9% solution of NaCl in
water), and subjected to the ultrasonic dispersion
for 10 s. Unbound doxorubicin was removed with the
help of cellulose dialysis membranes (Sigma-Aldrich),
which could retain polymers with molecular weights
exceeding 3.5 kDa.

We also prepared a reference solution of the poly-
mer carrier without a drug. For this purpose, 45 mg
of polymer were dissolved in 0.15 ml of DMSO. Then
this solution was added to 4.25 ml of saline and sub-
jected to the ultrasonic dispersion for 10 s.

2.2. Research methods

The morphology of micelles formed by polymer
molecules, as well as that of polymer-drug complexes,
was studied using the small-angle X-ray scattering
(SAXS) method. The SAXS curves were measured at
the P12 BioSAXS station of the European Molecular
Biology Laboratory (EMBL) at the PETRA III stor-
age ring of the German Synchrotron Research Centre
(DESY, Hamburg, Germany) with the help of a Pila-
tus 2M detector (1475–1679 pixels, Dectris, Switzer-
land) and the synchrotron radiation at the wave-
length 𝜆 = 1 Å. The distance between the specimen
and a detector was 4 m, which allowed the measure-
ments to be performed within the 𝑞-interval of the
scattering vector from 0.6 to 4 nm−1. The 𝑞-range

was calibrated using the standard diffraction pattern
of silver behenate (C22H43O2Ag). The experimental
data were normalized with regard for the background
scattering in the aqueous buffer solution. The mea-
surements were registered every 0.05 s. To be sure
that there were no deviations provoked by radiation-
induced damages, all registered scattering curves were
compared with the reference measurement (as a rule,
it was the first exposure) and afterward processed
with the help of an automated program using the
method described in work [24].

The sizes and shapes of micelles were examined on a
transmission electron microscope JEM-200A (JEOL,
Japan) at an accelerating voltage of 200 kV. Samples
of colloidal solutions were prepared, as was described
above. If necessary, they were diluted with double-
distilled water.

Samples were deposited on substrates by spraying
the researched solution making use of an ultrasonic
dispersant UZDN-1A (LLC Ukrrosprylad, Ukraine),
which allowed us to obtain a homogeneous coating
over the substrate surface. As substrates, thin amor-
phous carbon films deposited on copper grids were
used. The average diameter 𝑑aver of the particles and
their size distribution (the polydispersity index, PDI)
were calculated by statistically processing at least
500 particles using the software program Atlas (Tes-
can, Czech Republic).

Hydrodynamic dimensions of polymer micelles and
polymer-drug complexes were measured using the dy-
namic light scattering (DLS) method on a Zetasizer
Nano ZS (Malvern Instruments GmbH, Germany)
and a DynaPro NanoStar (Wyatt Technology, USA)
instrument. Samples were prepared for DLS mea-
surements, as was already described above. If neces-
sary, they were diluted with double-distilled water,
pH = 6.5÷7.0. Three to five measurements were per-
formed for every sample (each measurement included
five cycles, with an interval of 5 min between the mea-
surements).

The zeta potential was measured on a Zetasizer
Nano ZS instrument at a fixed temperature of 25 ∘C.
Six measurements were performed for every sample.
The results obtained for the zeta potential were repro-
duced with an accuracy of 5%. Aqueous dispersions
with a polymer concentration of 10 mg/ml were used
for the DLS and TEM studies.

The absorption spectra of the polymer and its com-
plex with the drug in the UV and visible spectral
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intervals were registered on a Nanodrop ND-1000 de-
vice (Thermo Scientific, USA).

The photoluminescence spectra were registered on
an automated spectrometer. Photoluminescence was
excited by light with a wavelength of 260 nm. The
emitted radiation was selected with the help of a pri-
mary monochromator MDR-2 (LOMO, Russia).

3. Results and Their Discussion

3.1. Research of micellar complexes
of the comb-like PEG-containing polymer
and the water-soluble antibiotic
doxorubicin (Dox)

As one can see from the SAXS diffraction patterns of
poly(VEP-co-GMA)-graft-PEG and the poly(VEP-
co-GMA)-graft-PEG ... Dox complex (Fig. 2), the up-
per and lower limits of the wave-vector interval, where
the dependence of scattering intensity on the scatter-
ing vector is a linear function in the log-log coordi-
nates, show the region size, where the object is a frac-
tal. The slope 𝛼 of the linear section depends on the
internal structure of micelles. Taking the examined
polymer concentration (0.01 g/ml) into account, we
may assume that this value corresponds to the upper
limit of the dilute solution, and the values obtained
for the parameter 𝛼 should be considered as “appar-
ent”, i.e., a certain influence of the interaction be-
tween particles may take place. But this assumption
does not affect our conclusions concerning the dox-
orubicin adsorption, because it was relative changes
of the parameter 𝛼 – in the current case, the “appar-
ent” parameter 𝛼 – that were analyzed, when loading
doxorubicin.

The 𝛼-values calculated for poly(VEP-co-GMA)-
graft-PEG(750) micelles and for micelles of the com-
plexes of this polymer and Dox taken in various ratios
correspond to the structure of the bulk and surface
fractals [25]. For the pure polymer and at low Dox
concentrations, 𝛼 < 3, which is typical of a bulk frac-
tal with a loose particle packing. This case is charac-
terized by the following relation between the volume
𝑉 and the linear size 𝑙 of the fractal:

𝑉 ∼ 𝑙𝛼. (1)

When the Dox concentration exceeded 4%, the 𝛼 pa-
rameter grew within the interval from 3 to 4. This
case corresponds to the surface fractal, a particle with

Fig. 2. SAXS diffraction patterns of the poly(VEP-co-GMA)-
graft-PEG (1 ) and poly(VEP-co-GMA)-graft-PEG ... Dox so-
lutions (2–6 ). The polymer concentration is 10 mg/ml. The
Dox concentration is 0.3 (2 ), 0.4 (3 ), 0.5 (4 ), 0.6 (5 ), and
1.4 mg/ml (6 ). The linear (in the log-log coordinates) sections
of diffraction patterns are shown in the inset. Solid lines illus-
trate linear approximations according to the scaling concept

a dense nucleus and a fractal surface area 𝑆 satisfying
the relation

𝑆 ∼ 𝑙6−𝛼. (2)

According to the DLS and TEM data (see Table 1
and Fig. 3), an appreciable decrease in the sizes of
Dox-containing micelles with respect to those of Dox-
free ones was observed. These results also confirm the
higher compactness of micellar structures in which
the amount of Dox molecules bound into the complex
with the polymer is larger.

The formation of chemical bonds between Dox and
polymer molecules in the micelles is evidenced by
the study of their 𝜁-potentials. The PEG-containing
copolymer has a negative potential varying from −0.2
to −0.3 mV, and the free Dox – a positive potential
of +3.8 mV. At the same time, their Dox-containing
complexes have a total positive potential, which in-
creases together with the Dox content in the mi-
celle. Since Dox that was used to produce the drug is
the hydrochloride of an amine-containing molecule, it
is evident that it dissociates in an aqueous solution
to form either positively charged Dox molecules (each
with an amino group) or their associates consisting
of a few Dox molecules that interact either with the
negatively charged molecule of the PEG-containing
polymer or, more likely, with a micellar structure
composed of its several molecules in the solution. The
adduct of the polymer interaction with Dox acquires
a total positive potential and equals +1.6 mV, which
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a b
Fig. 3. Dependence of the hydrodynamic size of polymer micelles on the Dox concentration
(𝑎) and the corresponding TEM images of polymer micelles (𝑏1) and their complexes with
Dox (0.3 mg/ml) (𝑏2) (𝑏). The corresponding histograms for the micelle size distributions are
shown in the inset. The poly(VEP-co-GMA)-graft-PEG concentration is 10 mg/ml, pH = 6.7

Table 1. Parameters of micelles formed by the polymer
carrier poly(VEP-co-GMA)-graft-PEG and its micellar complexes with doxorubicin

Polymer
Average

hydrodynamic
diameter 𝑎 (nm)

Average
diameter 𝑏 (nm)

𝜁-potential
(mV)

Poly(VEP-co-GMA)-graft-PEG(750) 59.0 34.0± 5.7 −0.25

Complex of Dox with poly(VEP-co-GMA)-
graft-PEG(750) 40.6 23.4± 4.6 +1.6 ...+ 3.1

𝑎 According to DLS data; 𝑏 according to TEM data.

confirms the binding of Dox molecules with a micelle
formed by several molecules of the comb-like polymer
owing to their electrostatic interaction. An increase
of the electrical conductivity of the polymer solution,
when the Dox solution is added, occurs (Fig. 4, 𝑎)
due to the expulsion of hydroxynium cations into the
solution, which takes place at the formation of the
complex of the polymeric carrier with Dox and tes-
tifies to the favor of the proposed mechanism. Note
that the addition of a Dox solution to distilled water
insignificantly affects the conductivity growth.

The presence of bound Dox in the aqueous sys-
tem is evidenced by electronic spectra measured
in the ultraviolet and visible spectral intervals for
the systems that contained Dox ... carrier complexes
(Fig. 4, 𝑏). Furthermore, the shift of the absorption

band of bound Dox at 230 nm (Fig. 4, 𝑏, curve 4 ) into
the bathochromic region can probably be explained
by the formation of its complexes with poly(VEP-
co-GMA)-graft-PEG. In the excitation and lumines-
cence spectra of aqueous Dox solutions and the prod-
ucts of the interaction of Dox with a polymeric carrier
(Fig. 4, 𝑏), one can see that their main peaks coin-
cide. The presented data demonstrate that only Dox
reveals luminescence properties in the examined spec-
tral interval. However, a substantial increase in the
Dox luminescence intensity is observed owing to the
Dox binding to the polymer. In our opinion, this oc-
curs because water has an ability to “quench” lumines-
cence, and the polymeric carrier “protects” the drug
from its contact with the aqueous medium, thus elim-
inating the luminescence “quenching”. All those facts
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a b
Fig. 4. Dependences of the electrical conductivity of water (1 ) and the aqueous solution of polymer (2 ) on the amount of Dox
(a). Excitation (1,2 ) and luminescence (1 ′,2 ′) spectra of the aqueous solutions of free and carrier-bound Dox, and the electronic
spectra of the aqueous solutions of free Dox (3 ), Dox complex with poly(VEP-co-GMA)-graft-PEG (4 ), and poly(VEP-co-GMA)-
graft-PEG (5 ) (𝑏)

a b
Fig. 5. Sizes of micelles with the complexes poly(VEP-co-GMA)-graft-PEG and Dox (1 ) and Les-3883 (2,3 ). The polymer
concentration is 10 mg/ml (1 ) (a). The Les-3883 concentration is 0.4 (2 ) and 0.8 mg/ml (3 ). TEM image of Les-3883 particles
with poly(VEP-co-GMA)-graft-PEG (𝑏). The histogram for the particle size distribution is shown in the inset

give evidence to the formation of isolated hydrophobic
zones containing bound Dox. Their existence agrees
with the results of the SAXS study concerning the
colloid-chemical parameters of the complexes.

3.2. Research of micellar complexes
of the PEG-containing comb-like polymer
and the hydrophobic derivatives
of thiozalidinone (Les-3883)

In comparison with the sizes of the micelles formed
by the PEG-containing comb-like polymeric carrier,
either alone or in combination with the water-soluble
antitumor antibiotic Dox, and as follows from the
results of DLS and TEM experiments (see Fig. 5),

the sizes of the structures formed by the new water-
insoluble antitumor drug Les-3883 with the polymeric
carrier are larger (100–140 nm) and weakly depend on
the thiozalidinone content.

The SAXS diffraction patterns in Fig. 6 demon-
strate that the structures formed by Les-3883 with
the polymer are characterized by a denser filling, as is
evidenced by a substantial growth of the parameter 𝛼,
whose value becomes close to 4. This fact confirms the
formation of continuous dense particles with a smooth
surface. The morphology of the structures created in
water by the water-insoluble substance Les-3883 with
the polymeric carrier weakly depends on the Les-
3883 content in the supramolecular structure. These
results allow us to propose the following formation
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Fig. 6. SAXS diffraction patterns of the micellar complexes
poly(VEP-co-GMA)-graft-PEG and Dox (1 ) and the Les-3883
particles (2,3 ). The polymer concentration is 10 mg/ml. The
Dox concentration is 0.3 mg/ml (1 ). The Les-3883 concentra-
tion is 0.4 (2 ) and 0.8 mg/ml (3 ). The linear (in the log-log
coordinates) sections of diffraction patterns are shown in the
inset. Solid lines illustrate linear approximations according to
the scaling concept

mechanism for Les-3883 particles. Namely, they are a
result of the nucleation in the presence of micelles of
the polymer surfactant. The latter plays the role of a
soft template nanoreactor responsible for the forma-
tion of particles characterized by approximately the
same shapes and sizes and covered with an adsorption
shell composed of polymer molecules.

4. Conclusions

A substantial interaction is observed between the
PEG polymer and the water-soluble drug doxoru-
bicin. The Dox molecules are adsorbed in the cores
of polymer micelles, which results in a more compact
packing of the inner part of micelles. This scenario is
in agreement with the data of SAXS and photolumi-
nescence studies. The main driving force of this inter-
action is electrostatics, because the polymer is nega-
tively charged and the drug has a positive charge. The
increase of the free ions concentration in the course
of this interaction brings about the growth of the sys-
tem entropy and enhances the formation of polymer-
Dox complexes. In the case of the hydrophobic drug
Les-3883, the interaction of the latter with the poly-
mer is much weaker, the structure of densely packed
drug particles is almost independent of their concen-
tration in the solution, and the size of those particles
is much larger than the size of polymer micelles. This
is explained by the sedimentation-nucleation mecha-

nism of formation and stabilization of the particles
of water-insoluble substance in the aqueous system,
when the micelles of the PEG-containing surfactant
polymer play the role of nanoreactors that nucleate
the particles and create a stabilizing hydrophilic shell
on their surface.
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МОРФОЛОГIЯ МIЦЕЛ
ГРЕБЕНЕПОДIБНОГО ПЕГ-ВМIСНОГО
КОПОЛIМЕРУ З ПРОТИПУХЛИННИМИ
РЕЧОВИНАМИ З РIЗНОЮ РОЗЧИННIСТЮ У ВОДI

Р е з ю м е

Контрольована доставка протипухлинних лiкiв базується
на їх взаємодiї з молекулами-носiями. Амфiфiльнi полiме-
ри, завдяки формуванню складних мiцелярних наноком-
плексiв, дають змогу завантажити рiзноманiтнi лiки. Взає-
модiя гребiнчастого ПЕГ-вмiсного полiмеру (полi(ВЕП-ко-
ГМА)-графт-ПЕГ) з водорозчинним протипухлинним ан-
тибiотиком доксорубiцин i водонерозчинними новими похi-
дними тiозалiдiнону Les 3883 з високою протипухлинною
дiєю дослiджувалась у водних розчинах за допомогою ма-
локутового рентгенiвського розсiювання, динамiчного роз-
сiювання свiтла, електронної мiкроскопiї та люмiнесценцiї.
Було спостережено формування i структурнi змiни полi-
мерних мiцел та їх комплексiв з лiкарськими препаратами.
Аналiз даних вказує на вiдмiнний характер в органiзацiї
супрамолекулярних комплексiв в залежностi вiд водороз-
чинностi лiкарських препаратiв. Пiдтверджено потенцiйнi
властивостi полi(ВЕП-ко-ГМА)-графт-ПЕГ для подовжен-
ня циркуляцiї лiкiв.
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