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Abstract: Co-delivery of chemotherapeutics in cancer treatment has been proven essential for over-
coming multidrug resistance and improving the outcome of therapy. We report the synthesis of
amphiphilic copolymers of N-vinyl-2-pyrrolidone and allyl glycidyl ether of various compositions
and demonstrate that they can form nanoaggregates capable of simultaneous covalent immobi-
lization of doxorubicin by the epoxy groups in the shell and hydrophobic-driven incorporation of
paclitaxel into the core of nanoparticles. The structure of the obtained copolymers was characterized
by 3C NMR, IR, and MALDI spectroscopy, as well as adsorption at the water/toluene interface. A
linear increase in the number-average molecular weight of amphiphilic copolymers and a decrease in
the number-average diameter of macromolecular aggregates with an increase in the ratio N-vinyl-2-
pyrrolidone/allyl glycidyl ether were observed. The assembled nanocarriers were characterized by
DLS. The reported novel nanocarriers can be of interest for delivery and co-delivery of a wide range
of pharmacological preparations and combined therapy for cancer and other deceases.

Keywords: amphiphilic copolymers; drug delivery; paclitaxel; doxorubicin; cancer therapy

1. Introduction

In 2020, oncological diseases were detected in 19.3 million people and caused the death
of almost 10 million people [1]. Although a number of drugs are known to be used used in
chemotherapy, their application is complicated by low bioavailability and toxic side effects.
The use of polymer carriers for anticancer drugs opens up new possibilities in cancer
treatment by optimizing and vectorizing the pharmacological action, decreasing toxicity
and increasing bioavailability of drugs [2-5]. The application of polymer nanoparticles, hy-
drogels [6], amphiphilic co-network gels [7-10] and other macromolecular systems [11,12]
allows for a significant increasing in the bioavailability and a decreasing in the toxic effects
of pharmacologically active drugs. One of the approaches to the preparation of drug
carriers is related to the use of amphiphilic copolymers capable of self-assembly with
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formation of nanoparticles [13]. Block copolymers [14] and graft copolymers [15] with
hydrophilic fragments based on polyethylene oxide, as well as poly(N-vinylcaprolactam),
poly(N-vinyl-2-pyrrolidone) and hydrophobic fragments based on polyglycolide, polylac-
tide and poly(e-caprolactone) [16-19], are used as amphiphilic polymer carriers for the
formation of nanoparticles.

Recently, the authors developed an approach to the synthesis of linear amphiphilic
polymers based on low-molecular-weight poly(N-vinyl-2-pyrrolidone) with hydrophilic
alkyl end groups. The amphiphilic low-molecular-weight poly(N-vinyl-2-pyrrolidone)
proved to be effective in terms of loading with hydrophobic substances [20,21] and does not
display any significant toxicity [22,23]. However, the amphiphilic N-vinyl-2-pyrrolidone
homopolymer is relatively ineffective as a carrier for drugs with high solubility in water [24],
which limits the possibilities of its application in combination therapy. Combination
chemotherapy is one of the leading approaches in the treatment of a number of cancer
types [25]. Therefore, the present article is dedicated to the synthesis and investigation
of the properties of a new amphiphilic copolymer of N-vinyl-2-pyrrolidone containing
chemically reactive allyl glycidyl ether units. The introduction of the allyl glycidyl ether
residues into the copolymer carrier chain enables covalent immobilization of water-soluble
drugs containing nucleophilic functional groups. Doxorubicin meets these requirements
and was therefore selected as the model nucleophilic water-soluble anticancer drug.

Doxorubicin, a common broad-spectrum drugs, has shown high efficacy in the treat-
ment of breast cancer [26], lung cancer [27], gastric cancer [28], sarcoma [29], lymphoma [30],
neuroblastoma [31], glioblastoma [32] and other oncological diseases [33]. Doxorubicin
both intercalates into DNA [34] and stimulates the formation of radicals that damage cell
membranes [35], which determines its antitumor activity. Its high cardiotoxicity limits its
application in treatment of oncological diseases [36-38]. Minimization of cardiotoxic effects
and the implementation of combination therapy are the main goals in using nanosized
carriers for doxorubicin immobilization [39]. As carriers of doxorubicin, nanosystems
based on boron nitride [40], lipids [41], dextran [42], PLGA [43], polydopamine [44], iron
oxide [45], gold [46], collagen and poly(3-acrylamidophenylboronic acid) [47] have been
reported in the literature. The reported strategies involve the controlled release of doxoru-
bicin, which has a cumulative dose [48] and limits the available treatment options. In this
respect, the strategy based on covalent immobilization of doxorubicin through an amino
group not involving the pharmacophore anthracycline fragment [33] appears to be the
most promising in terms of reducing cardiac toxicity.

The hydrophobic paclitaxel, which was found to be especially effective in combina-
tion therapy with doxorubicin [49-51], was chosen as the second model anticancer drug.
Although the use of pure paclitaxel is hampered by its negligible solubility in water, low
bioavailability and development of myelosuppression and peripheral neuropathy [52], its
inclusion in nanocarriers can significantly increase the therapeutic effect [53]. In the present
article, the hydrophobic core of the aggregates of an amphiphilic copolymer of N-vinyl-2-
pyrrolidone and allyl glycidyl ether containing covalent-immobilized doxorubicin were
loaded with paclitaxel. The use of amphiphilic copolymers of N-vinyl-2-pyrrolidone and
allyl glycidyl ether opens up possibilities for the immobilization of any drug combination
in which one drug is sufficiently nucleophilic and the other is hydrophobic.

2. Materials and Methods

Monomers of N-vinyl-2-pyrrolidone (VP) and allyl glycidyl ether (AGE) were pur-
chased from Sigma-Aldrich and additionally purified by vacuum distillation. 1,4-dioxane
was purchased from KhimMed (Moscow, Russia), dried over sodium and distilled under a
vacuum. N-octadecylmercaptan and azobisisobutyronitrile (AIBN) from Sigma-Aldrich
(St. Louis, MO, USA) were used without further purification. Doxorubicin hydrochloride
(Synbias Pharma, Kyiv, Ukraine) and paclitaxel (LC Laboratories, New Boston, MA, USA)
were used for immobilization. Triethylamine (KhimMed, Moscow, Russia) was used as a
catalyst for covalent immobilization of doxorubicin by epoxy groups of the amphiphilic
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copolymer. The amphiphilic copolymer of N-vinyl-2-pyrrolidone and allyl glycidyl ether
were isolated by precipitation into diethyl ether (KhimMed, Moscow, Russia). Dialysis
was performed using a 500 Da molecular weight cutoff membrane (Labware supplier store
500 MWCO, Darmstadt, Germany).

The structure of the synthesized compounds was characterized by 3C NMR in DMSO-
d6 medium using a Bruker Avance 500 (Bruker, Zurich, Switzerland, New Materials and
Technologies Research Center at IBCP RAS), IR spectroscopy in KBr pellets using a Nicolet
380 (Thermo Scientific, Waltham, MA, USA), MALDI tablets (Ultraflex II, Bruker, Karl-
sruhe, Germany, mass spectrometry studies were performed using the “Human Proteome”
resource center equipment, Moscow, Russia) by desorption with Nd:YAG laser (355 nm)
and UV-vis spectroscopy (Eppendorf BioSpectrometer, Hamburg, Germany). Particle size
distributions were recorded by dynamic laser light scattering NANO-flex II (Colloid Metrix,
Meerbusch, Germany).

2.1. Synthesis of an Amphiphilic Copolymer of N-Vinyl-2-pyrrolidone and Allyl Glycidyl Ether

In an ampoule, 10 g (0.09 mol) of N-vinyl-2-pyrrolidone and a specified amount of
allyl glycidyl ether were dissolved in 20 mL of 1,4-dioxane. Then, 0.1 g (6 x 10~* mol)
of AIBN and 0.286 g (103 mol) of n-octadecylmercaptan were dissolved in the obtained
mixture of co-monomers. The ampoule was purged with argon and sealed and then
kept for 20 h at 343 K. The product was isolated by precipitation in a tenfold volume
excess of diethyl ether. The isolated copolymer of N-vinyl-2-pyrrolidone and allyl glycidyl
ether was dried under vacuum at room temperature until constant weight was achieved.
The number-average molecular weight was determined by reverse iodometric titration
after oxidation of terminal sulfide groups with m-chloroperbenzoic acid, as described
previously [54]. Copolymerization was carried out for different amounts of allyl glycidyl
ether in the reaction system: 0.01 mol, 0.02 mol, 0.03 mol, and 0.05 mol.

2.2. Investigation of the Adsorption of the Amphiphilic Copolymer of N-Vinyl-2-pyrrolidone and
Allyl Glycidyl Ether on the Water/Ioluene Interface

Surface tension isotherms and critical aggregation concentrations (CAC) at 296 K
were obtained from adsorption of amphiphilic copolymers of N-vinyl-2-pyrrolidone and
allyl glycidyl ether at the water/toluene interface using a KRUSS DSA30 (KRUSS, Ham-
burg, Germany) particle shape analyzer and the pendant drop method. Adsorption was
calculated using the Gibbs adsorption equation; the limiting value of Gibbs adsorption cor-
responding to the complete monolayer (I'max) was determined from the slope of the linear
dependence plotted in the coordinates “C/I" vs. C”. Calculation of the effective thickness
of the adsorption layer (8) and the effective area occupied by an individual amphiphilic
copolymer macromolecule on the interfacial surface (S) was carried out using Equations (1)
and (2), respectively.

I'maxM
§ = —maxm 1
o ey
1
S= 2
FmaxNA ( )

where ['max is the maximum value of Gibbs adsorption; Ny is the Avogadro number; and
M and p are the molecular weight and density of the copolymers, respectively.
CAC was determined by the intersection method in the coordinates “o vs. InC”.

2.3. Immobilization of Doxorubicin with an Amphiphilic Copolymer of N-Vinyl-2-pyrrolidone and
Allyl Glycidyl Ether

Immobilization was carried out in aqueous medium as a result of the reaction of
0.129 g of doxorubicin hydrochloride and 1 g of an amphiphilic copolymer of N-vinyl-
2-pyrrolidone and allyl glycidyl ether (VP/AGE = 3). Catalysis was achieved by the
addition of 0.022 g of triethylamine. The reaction system was placed in a sealed ampoule,
purged with argon and kept for 5 days. The doxorubicin immobilization product was
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purified by dialysis against water using a 500 MWCO membrane (Labware supplier store,
Darmstadt, Germany).

2.4. Incorporation of Paclitaxel into an Amphiphilic Copolymer Containing Covalently
Immobilized Doxorubicin

An amount of 0.2 g of a copolymer of N-vinyl-2-pyrrolidone and allyl glycyl ether
with a terminal n-octadecylthio group and a molecular weight of 1850 Da was dissolved in
10 mL of distilled water. After 2 min of ultrasonic treatment, 1 mL of a solution of paclitaxel
in chloroform at a concentration of 5 x 1073 g-mL~! was added to the solution of the
amphiphilic copolymer carrier, and the resulting emulsion was subjected to ultrasonication
for 18 min. Then, chloroform was removed by vacuum distillation in a rotary evaporator;
excluded paclitaxel was separated by filtration through a 0.45 pum filter.

3. Results and Discussion

The synthesis of amphiphilic copolymers of N-vinyl-2-pyrrolidone and allyl glycyl
ether was carried out by a radical copolymerization reaction with AIBN as an initiator and
in the presence of n-octadecylmercaptan as a chain transfer agent (Scheme 1).

n-CqgHaz__ {-CH2 -CHa H
kH,C. pH,C S TCH CH

> — |
7\‘ > ABN 343K [0 N )
—_—
O%Q + o 1,4-dioxane \Q 0
\_<(L D)

o) n

Scheme 1. Synthesis of an amphiphilic copolymer of N-vinyl-2-pyrrolidone and allyl glycyl ether
with a terminal n-octadecyl group.

The structure of the synthesized copolymer was characterized by '*C NMR, IR and
MALDI spectroscopy. The assignment of signals in the 3C NMR spectrum of the syn-
thesized amphiphilic copolymer is shown in Figure 1 (the signal of carbon atom I of the
pyrrolidone ring has a chemical shift of 172.81 ppm) and is consistent with the presence of
N-vinyl-2-pyrrolidone and allyl glycidyl ether residues in the chain, as well as the terminal
n-octadecyl group.

o TN T

‘ & 3-18 [ on " ]
DMSO HsC - CH, V _.CH, B | H
}(CHz)ls_S/ [ e ~cHT"

! A
BV !
- B
C Fli
' 3-18
‘ i 2 1
! |
t
VI
o ) 50 10 30 20 10 P
Chemical shift

Figure 1. 13C NMR spectrum of an amphiphilic copolymer of N-vinyl-2-pyrrolidone and allyl glycyl
ether with a terminal n-octadecyl group recorded in DMSO-d6 medium.
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When assigning the signals, we used the literature data on the analysis of 3C NMR
spectra of polymers and copolymers of N-vinyl-2-pyrrolidone [55,56].

In the IR spectra of the synthesized amphiphilic copolymer of N-vinyl-2-pyrrolidone
and allyl glycyl ether (Figure 2A), signals characteristic of poly(N-vinyl-2-pyrrolidone) are
clearly manifested, and there are also signals at 1049.5 and 1089.7 cm~! caused by asym-
metric C-O-C stretching vibrations of the ether fragment, as well as bands at 845.4 cm !
and 881.4 cm~! corresponding to symmetric skeletal vibrations of the epoxy ring. The
presence of these signals is associated with the presence of allyl glycidyl ether residues in
the polymer chain [57].

fﬁ?ss

3500 3000 2500 2000 . 1500 1000 500
Wave number, cm™
Figure 2. IR spectrum recorded in tablets of potassium bromide: (A) amphiphilic copolymer of
N-vinyl-2-pyrrolidone and allyl glycyl ether; (B) copolymer of N-vinyl-2-pyrrolidone and allyl glycyl
ether containing immobilized doxorubicin.

MALDI spectra with the detection of positively and negatively charged ions were also
consistent with the structure of the resulting amphiphilic copolymer. The MALDI spectra
with registration of negatively charged particles predominantly detect the degradation
products of the amphiphilic copolymer (Figure 3).

524 42

Ba5048

{
ner >

\, . l.L Jj u " UULL LMT i L UNM.,WUJ’MM EMV

560 a0
m/z

Figure 3. MALDI spectrum of an amphiphilic copolymer of N-vinyl-2-pyrrolidone and allyl glycyl
ether obtained under anion detection conditions.
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The MALDI spectra obtained under the conditions of registration of positively charged
ions (Figure 4) are characterized by an m/z difference between the most intense signals close
to 111.14, which corresponds to the compound repeating unit of N-vinyl-2-pyrrolidone.

! ﬁ “w*%‘\:ﬂu\ 11 AM |
T L Wiz

m/z

mae

=
:é‘

Figure 4. MALDI spectrum of the amphiphilic copolymer of N-vinyl-2-pyrrolidone and allyl glycyl
ether acquired under cation registration conditions.

The MALDI spectrum of the amphiphilic copolymer of N-vinyl-2-pyrrolidone and allyl
glycyl ether obtained at a ratio of VP/AGE = 3 (Figure 4) is in qualitative agreement with
its number-average molecular weight determined by end-group analysis, which is 1850.

The number-average degree of polymerization of amphiphilic copolymers increases
almost linearly with an increasing VP/AGE concentration ratio in the reaction system
(Figure 5). The obtained dependence indicates a lower rate of chain growth with the partici-
pation of allyl glycidyl ether compared to the rate of addition of N-vinyl-2-pyrrolidone and
a significant contribution of chain transfer to allyl glycidyl ether. In this case, relation (3)
must be satisfied:

M kp,C(R)C(VP) N k,C(VP)
" kmC(R)C(AGE)  kmC(AGE)’

where C(VP) and C(AGE) are the initial concentrations of N-vinyl-2-pyrrolidone and
allylglycidyl ether in the reaction mixture, respectively; and k, and ki are the effective rate
constants of chain propagation with addition of N-vinyl-2-pyrrolidone and chain transfer
to allyl glycidyl ether, respectively.

®)

7000 -

6000 -

1000 -

0 T T T T 1
0 2 4 ] 8 10

C(VP)/C(AGE)

Figure 5. Dependence of the number-average molecular weight of the amphiphilic copolymers of

N-vinyl-2-pyrrolidone and allyl glycidyl ether on the ratio of monomers in the reaction system.
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Linear regression, My, vs. (C(VP))/(C(AGE)), yields Equation (4), which is character-

ized by a Fisher parameter of 33.38 and a tabular F-test value of 18.51 (« = 0.05).
— C(VP)
n = 723.66m —136.26, 4)

Taking into account the high activity of allyl monomers in chain transfer and the
passivity of allyl radicals in reinitiation [58], the mechanism of molecular weight regu-
lation during the copolymerization of N-vinyl-2-pyrrolidone and allyl glycidyl ether in
the presence of n-octadecylmercaptan can be represented by Scheme 2. Although the
resulting the allyl radical is not sufficiently active in reinitiation, it can interact with n-
octadecylmercaptan to form an octadecylthio radical active in reinitiation. The decisive
role of chain transfer to allyl glycidyl ether is evidenced by the insignificant value of the
free term of linear regression (4), which is consistent with the theoretical Equation (3).

O/W ___,CHZ
| T |
_CH,_ . cH, 2 O + Hzc\/CH\o
~CH
__CH,

n-CqgH37SH (0]
O, —
n-CqgH37SH ! T
e

oﬁ +  nCigHgrs
Scheme 2. Chain transfer during the copolymerization of N-vinyl-2-pyrrolidone and allyl glycidyl
ether in the presence of n-octadecylmercaptan.

Amphiphilic copolymers obtained at various VP/AGE ratios in the reaction mixture,

when dissolved in water, are capable of forming nanosized aggregates as a result of self-
assembly (Figure 6).

12
3

Intensity

Numerical fraction of particles, %

B
H
g
g
H
g
g
g

0 %00 1000
d, nm
50 C
200
g1 2
E
I -
I= 100 . -
01
50
0.05
0+ 0
0 01 02 03 04 05 05 o 01 02 03 0.4 05 0.6
C(AGE)/C(VP)

) C(AGE)/C(VP)
Figure 6. Plots of size vs. chain composition. (A) Number distributions of the aggregate diameters

for different VP/AGE molar ratios: (1) —9; (2) —4.5; (3) —3; (4) —1.8. (B) Intensity distributions of the

aggregate diameters. (C) Number-average particle diameter as a function of VP/AGE ratio. (D) PDI
as a function of VP/AGE ratio.

The number-average diameter of the aggregates increases rapidly with increasing

proportion of AGE in the co-monomer mixture (Figure 6B) according to the linear regression
Equation (5).

~ C(AGE)
d =239.86 ) T 6191, (5)
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Linear regression (5) has a Fisher test of 87.48 with a tabular F-test value of 18.51
(o = 0.05).

A decrease in the VP/AGE concentration ratio (Figure 5) leads to a decrease in the
molecular weight of the hydrophilic block and, probably, its hydrophilicity. Obviously, a
decrease in the molecular weight of the hydrophilic fragment leads to a decrease in the
efficiency of the mechanism of steric stabilization of aggregates. It can also be assumed that
an increase in the proportion of AGE residues in the chain leads to an increase in interchain
hydrophobic interactions. Therefore, with an increase in the mole fraction of AGE in the
initial reaction mixture, both the number-average particle diameter (Figure 6C) and PDI
increased (Figure 6D). The presence of interchain hydrophobic interactions is supported by
the transition to a pronounced bimodal intensity distribution of the aggregate diameters,
along with the growth of the allyl glycidyl ether ratio in the copolymer (Figure 6B).

Surface tension isotherms at the water/toluene interface for copolymers obtained at
different ratios of VP and AGE are shown in Figure 7.

35 4

C,mol x m™3

Figure 7. Surface tension isotherms at the water/toluene interface for amphiphilic copolymers of
N-vinyl-2-pyrrolidone and allyl glycidyl ether obtained at various VP/AGE molar ratios in the
reaction mixture: (1) —9; (2) —4.5; (3) —3.

With a change in the concentration of amphiphilic copolymers of N-vinyl-2-pyrrolidone
and allyl glycidyl ether in a narrow range, a rapid decrease in surface tension to 15-16 mN-m ™!
is observed due to adsorption of the copolymer on the interface (Figure 7). The critical
aggregation concentration (CAC) increases with decreasing hydrophilicity and hydrophilic
block length (Table 1).

Table 1. Properties of surfactants based on amphiphilic copolymers of N-vinyl-2-pyrrolidone and
allyl glycidyl ether containing a terminal n-octadecyl group.

_ -7 18 9
VP/AGE M, I'max X 192 Sy X %0 , 8 x 107, CAC',g,
mol-m m m mol-m
9 6700 7.1 2.34 4.32 0.0057
45 2430 7.99 2.08 1.74 0.0157
3 1850 16.5 1.01 2.7 0.0285

A decrease in the VP/AGE ratio in the reaction system leads to the suppression of
core formation in aggregates due to disruption in the packing regularity of hydrophobic
fragments. This can be attributed to hydrophobic interactions of terminal n-octadecyl
groups and AGE residues. An increase in the proportion of N-vinyl-2-pyrrolidone in the
reaction mixture leads not only to an increase in molecular weight but also an increase in
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the proportion of extended chain conformations in the formed copolymers, which manifests
itself as an increase in Sy (Table 1).

The resulting amphiphilic copolymers of N-vinyl-2-pyrrolidone and allyl glycidyl
ether are capable of simultaneous immobilization of doxorubicin and paclitaxel. Paclitaxel
is incorporated into the core of the aggregates via hydrophobic interactions, whereas the
immobilization of doxorubicin is covalent (Scheme 3).

__CHy _-CHy CH -
CH3 n-CygH37S™ \C‘?H ~ CH
: N
o
)

CH
O, J
~J 0

(89 % (1%) \j/OH
HN' OH on HO

CH,  _-CH, /
n-CqgH37S \(l:H ~CH wCH3
Ox, o
(0] fiTe)
\>) OH
o) n
(0]
0
\
CH,

Scheme 3. Covalent immobilization of doxorubicin on the amphiphilic copolymer of N-vinyl-2-
pyrrolidone and allyl glycidyl ether.

The UV-vis spectrum of an aqueous solution of an amphiphilic copolymer of N-vinyl-2-
pyrrolidone and allyl glycidyl ether containing immobilized doxorubicin at a concentration
of 1.221 g/L has an optical density of 0.587 at a wavelength of 480 nm (Figure 8). Given the
molar absorption coefficient of doxorubicin of 13,500 L-mol~!'-ecm~! [59] at a wavelength
of 480 nm and the molar fraction of allyl glycidyl ether units in the amphiphilic copolymer
of ca. 11% according to reverse acid-base titration, the reaction yield was 16%. This
value is close to the content of epoxy groups in the copolymer of N-vinyl-2-pyrrolidone
and allyl glycidyl ether obtained at the same VP/AGE molar ratio but in the absence of
n-octadecylmercaptan [60].

0.700
0.600
0.500 -
0.400
0.300 -
0.200 -

0.100 -

0.000

Figure 8. UV-vis spectrum of aqueous solutions as follows: (1) an amphiphilic copolymer of N-vinyl-
2-pyrrolidone and allyl glycidyl ether; (2) an amphiphilic copolymer of N-vinyl-2-pyrrolidone and
allyl glycidyl ether containing immobilized doxorubicin.

The covalent immobilization of doxorubicin on the amphiphilic copolymer of
N-vinyl-2-pyrrolidone and allyl glycidyl ether was confirmed by the presence of 1123.39
and 727.31 peaks in the MALDI spectrum, with an m/z difference of 397.06 (Figure 9), which
corresponds to the cleavage of the anthracycline fragment (Scheme 4). The IR spectroscopy
data indicate the appearance of new absorption bands observed in the wavenumber range
of 1000-1100 cm ! (Figure 2B). The absorption bands appear to correspond to the stretch



Polymers 2022, 14, 1727

10 of 14

vibrations of the C-O-bonds of the glycol fragments forming as a result of the hydrolysis of
the epoxy groups that occurs in parallel with the covalent immobilization of doxorubicin.
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Figure 9. MALDI spectrum of an amphiphilic copolymer of N-vinyl-2-pyrrolidone and allyl glycidyl
ether containing immobilized doxorubicin.
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Scheme 4. Fragmentation of an amphiphilic copolymer of N-vinyl-2-pyrrolidone and allyl glycidyl
ether containing immobilized doxorubicin under laser desorption conditions.

Covalent immobilization of doxorubicin on the amphiphilic copolymer of N-vinyl-
2-pyrrolidone and allyl glycidyl ether (VP/AGE = 3) leads to a slight decrease in the
aggregate number-average diameter from 136 nm to 106 nm (Figure 10). Presumably,
a slight decrease in the number-average diameter after immobilization of doxorubicin
can be explained by partial dehydration of the particle shell, as lower affinity to water is
expected for immobilized doxorubicin compared to N-vinyl-2-pyrrolidone residues. The
intensity-average particle diameters increased from 293 nm to 358 nm, whereas the PDI was
increased from 0.265 to 0.330. The subsequent incorporation of paclitaxel into the nanosized
aggregates with immobilized doxorubicin leads to an increase in the number average
particle diameter up to 410 nm (the intensity-average particle diameter was 518 nm), as
well as the formation of a fraction of particles of more than 1 um in diameter, which
corresponds to free paclitaxel not incorporated into the aggregates of the amphiphilic
copolymer (the latter can be removed by filtration). Furthermore, there are two fractions of
particles with a diameter below 1 um. The fraction of the 200-400 nm particles corresponds
to the initial aggregates of the N-vinyl-2-pyrrolidone and allyl glycidyl ether copolymer
chains, whereas the 400-800 nm fraction corresponds to secondary aggregation of the
initial nanoparticles. Although the particle size distribution is broad, this did not cause any
significant hindrances because the system remained stable, and no precipitation of particles
from the dispersion was observed. Given the molar absorption coefficient of paclitaxel of
29,800 L-mol~!-cm™~! at a wavelength of 227 nm [61], paclitaxel loading was about 65%, as
determined by photometry.
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Figure 10. Number (A) and intensity (B) distributions of aggregate sizes: (1) initial amphiphilic

copolymer (VP/AGE = 3); (2) after immobilization of doxorubicin; (3) after subsequent incorporation

of paclitaxel.

Numerous studies show that due to the high hydrophobicity and negligible solubility
of paclitaxel in water, the process of its release from the hydrophobic cores of nanosized ag-
gregates takes days [62-64]. We recently showed that the uptake by U87 and CRL 2429 cells
of aggregates of a structurally similar amphiphilic N-vinyl-2-pyrrolidone homopolymer
loaded with a hydrophobic Dil dye is very efficient and reaches saturation within few
hours [20,21]. Given the high uptake rate of amphiphilic poly(N-vinyl-2-pyrrolidone)
aggregates by cells, paclitaxel appears to be involved in metabolic processes prior to its
passive release from nanoscale aggregates via diffusion.

In this article, doxorubicin and paclitaxel were used as model drugs to demonstrate
the possibility of dual loading into nanoaggregates of an amphiphilic copolymer of N-
vinyl-2-pyrrolidone and allyl glycidyl ether. The demonstrated approach is rather general;
the synthesized polymeric nanocarrier is expected to be applicable for dual loading and
co-delivery of other combinations of pharmacologically active substances, provided one
component contains an amino group and the other is sufficiently hydrophobic to be in-
cluded into the aggregate core.

4. Conclusions

Novel nanocarriers self-assembled from amphiphilic copolymers of N-vinyl-2-pyr-
rolidone and allyl glycidyl ether containing a terminal n-octadecylthio group were syn-
thesized and characterized. Synthesis of the amphiphilic copolymers was carried out
by a radical copolymerization reaction with AIBN as an initiator and in the presence of
n-octadecylmercaptan as a chain transfer agent. It has been shown that the molecular
weight of the amphiphilic copolymers is determined by chain transfer to allyl glycidyl ether.
Reinitiation occurs only with n-octadecylthio radicals formed as a result of the interaction
of n-octadecylmercaptan with passive allyl radicals and primary degradation products
of AIBN. With an increase in the proportion of allyl glycidyl ether, the size of aggregates
formed by amphiphilic copolymers increases. The obtained nanocarriers are shown to be
capable of dual loading of common antitumor drugs doxorubicin and paclitaxel. Covalent
immobilization of doxorubicin occurs at the epoxy group of allyl glycidyl ether residues
in the amphiphilic copolymer and is accompanied by a slight decrease in aggregate size.
On the contrary, the loading of paclitaxel in the hydrophobic core of the aggregates leads
to a significant increase in the aggregate size and broadening of the size distribution. The
described loading strategy can be straightforwardly extended to dual loading of other
amine-containing and hydrophobic drugs. The synthesized amphiphilic copolymer of
N-vinyl-2-pyrrolidone and allyl glycidyl ether could be of interest for the co-loading and
co-delivery of a wide range of pharmacological preparations and can lead to new, more
efficient combination therapies with reduced cardiotoxicity.



Polymers 2022, 14, 1727 12 of 14

Author Contributions: Conceptualization, Y M., M.S. and L.G.; methodology, A.N., YM., M.M,, LT,
LL. and L.G.,; validation, A.L., M.M. and E.C,; formal analysis, YM., A.S. and L.G; investigation A.N.,
AA,AL,EK,LT,AS, MM, ILL. and E.C.; resources, M.S.; data curation, A.N., M.S., 1.G. and YM.;
writing—original draft preparation, YM., A.N. and L.G.; writing—review and editing, L.G., M.S.,
A.A. and I.G,; supervision, M.S.; project administration, Y.M.; funding acquisition, A.N., A.A., M.S.
and Y.M. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Ministry of Science and Higher Education of the Russian
Federation (Agreement no. 075-15-2020-792; unique contract identifier RE—190220X0031).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Data available upon request to the corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.
13.

14.

15.

16.

17.

18.

19.

Sung, H.; Ferlay, J.; Siegel, R.L.; Laversanne, M.; Soerjomataram, I.; Jemal, A.; Bray, F. Global Cancer Statistics 2020: GLOBOCAN
Estimates of Incidence and Mortality Worldwide for 36 Cancers in 185 Countries. CA Cancer |. Clin. 2021, 71, 209-249. [CrossRef]
[PubMed]

Ventola, C.L. The nanomedicine revolution: Part 1: Emerging concepts. Pharm. Ther. 2012, 37, 512-525. [PubMed]

Sevastre, A.S.; Horescu, C.; Carina Baloi, S.; Cioc, C.E.; Vatu, B.1.; Tuta, C.; Artene, S.A.; Danciulescu, M.M.; Tudorache, S.;
Dricu, A. Benefits of Nanomedicine for Therapeutic Intervention in Malignant Diseases. Coatings 2019, 9, 628. [CrossRef]
Soares, S.; Sousa, J.; Pais, A.; Vitorino, C. Nanomedicine: Principles, Properties, and Regulatory Issues. Front. Chem. 2018, 6, 360.
[CrossRef]

Saidi, T.; Fortuin, J.; Douglas, T.S. Nanomedicine for drug delivery in South Africa: A protocol for systematic review. Syst. Rev.
2018, 7, 154. [CrossRef]

Li, J.; Mooney, D. Designing hydrogels for controlled drug delivery. Nat. Rev. Mater. 2016, 1, 16071. [CrossRef]

Chandel, A.K.S.; Kumar, C.U.; Jewrajka, S.K. Effect of Polyethylene Glycol on Properties and Drug Encapsulation—Release
Performance of Biodegradable/Cytocompatible Agarose-Polyethylene Glycol-Polycaprolactone Amphiphilic Co-Network Gels.
ACS Appl. Mater. Interfaces 2016, 8, 3182. [CrossRef]

Bera, A.; Chandel, A.K.S.; Kumar, C.U.; Jewrajka, S.K. Degradable/cytocompatible and pH responsive amphiphilic conetwork
gels based on agarose-graft copolymers and polycaprolactone. J. Mater. Chem. B 2015, 3, 8548. [CrossRef]

Chandel, AK.S.; Nutan, B; Raval, LH., Jewrajka, S.K. Self-Assembly of Partially Alkylated Dextran-graft-poly[(2-
dimethylamino)ethyl methacrylate] Copolymer Facilitating Hydrophobic/Hydrophilic Drug Delivery and Improving
Conetwork Hydrogel Properties. Biomacromolecules 2018, 19, 1142. [CrossRef]

Chandel, A.K.S; Bera, A.; Nutan, B.; Jewrajka, S.K. Reactive compatibilizer mediated precise synthesis and application of stimuli
responsive polysaccharides-polycaprolactone amphiphilic co-network gels. Polymer 2016, 99, 470. [CrossRef]

Paroha, S.; Chandel, A.K.S.; Dubey, R.D. Nanosystems for drug delivery of coenzyme Q10. Environ. Chem. Lett. 2018, 16, 71.
[CrossRef]

Sung, Y.K; Kim, S.W. Recent advances in polymeric drug delivery systems. Biomater. Res. 2020, 24, 12. [CrossRef] [PubMed]
Martin, C.; Aibani, N.; Callan, J.E; Callan, B. Recent advances in amphiphilic polymers for simultaneous delivery of hydrophobic
and hydrophilic drugs. Ther. Deliv. 2016, 7, 15. [CrossRef]

Nutan, B.; Chandel, AK.S.; Jewrajka, S.K. Synthesis and Multi-Responsive Self-Assembly of Cationic Poly(caprolactone)-
Poly(ethylene glycol) Multiblock Copolymers. Chemistry 2017, 23, 8166-8170. [CrossRef] [PubMed]

Atanase, L.I; Desbrieres, J.; Riess, G. Micellization of synthetic and polysaccharides-based graft copolymers in aqueous media.
Prog. Polym. Sci. 2017, 73, 32. [CrossRef]

Winninger, J.; Iurea, D.M.; Atanase, L.I; Salhi, S.; Delaite, C.; Riess, G. Micellization of novel biocompatible thermo-sensitive graft
copolymers based on poly(e-caprolactone), poly(N-vinylcaprolactam) and poly(N-vinylpyrrolidone). Eur. Polym. J. 2019, 119, 74.
[CrossRef]

Atanase, L.I; Winninger, ]J.; Delaite, C.; Riess, G. Reversible addition-fragmentation chain transfer synthesis and micellar
characteristics of biocompatible amphiphilic poly(vinyl acetate)-graft-poly(N-vinyl-2-pyrrolidone) copolymers. Eur. Polym. ].
2014, 53, 109. [CrossRef]

Daraba, O.M.; Cadinoiu, A.N.; Rata, D.M.; Atanase, L.I.; Vochita, G. Antitumoral Drug-Loaded Biocompatible Polymeric
Nanoparticles Obtained by Non-Aqueous Emulsion Polymerization. Polymers 2020, 12, 1018. [CrossRef]

Essa, D.; Kondiah, PP.D.; Choonara, Y.E.; Pillay, V. The Design of Poly(lactide-co-glycolide) Nanocarriers for Medical Applications.
Front. Bioeng. Biotechnol. 2020, 8, 48. [CrossRef]


http://doi.org/10.3322/caac.21660
http://www.ncbi.nlm.nih.gov/pubmed/33538338
http://www.ncbi.nlm.nih.gov/pubmed/23066345
http://doi.org/10.3390/coatings9100628
http://doi.org/10.3389/fchem.2018.00360
http://doi.org/10.1186/s13643-018-0823-5
http://doi.org/10.1038/natrevmats.2016.71
http://doi.org/10.1021/acsami.5b10675
http://doi.org/10.1039/C5TB01251A
http://doi.org/10.1021/acs.biomac.8b00015
http://doi.org/10.1016/j.polymer.2016.07.033
http://doi.org/10.1007/s10311-017-0664-9
http://doi.org/10.1186/s40824-020-00190-7
http://www.ncbi.nlm.nih.gov/pubmed/32537239
http://doi.org/10.4155/tde.15.84
http://doi.org/10.1002/chem.201701900
http://www.ncbi.nlm.nih.gov/pubmed/28455876
http://doi.org/10.1016/j.progpolymsci.2017.06.001
http://doi.org/10.1016/j.eurpolymj.2019.07.015
http://doi.org/10.1016/j.eurpolymj.2014.01.029
http://doi.org/10.3390/polym12051018
http://doi.org/10.3389/fbioe.2020.00048

Polymers 2022, 14, 1727 13 of 14

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.
37.

38.

39.

40.

41.

42.

43.

44.

45.

Kulikov, PP; Luss, A.L.; Nelemans, L.C.; Shtilman, M.I.; Mezhuev, Y.O.; Kuznetsov, I.A.; Sizova, O.Y.; Christiansen, G.;
Pennisi, C.P.; Gurevich, L. Synthesis, self-assembly and in vitro cellular uptake kinetics of nanosized drug carriers based on
aggregates of amphiphilic oligomers of N-vinyl-2-pyrrolidone. Materials 2021, 14, 5977. [CrossRef]

Luss, A.L.; Kulikov, P.P.; Romme, S.B.; Andersen, C.L.; Pennisi, C.P.,; Docea, A.O.; Kuskov, A.N.; Velonia, K.; Mezhuev, Y.O.;
Shtilman, M.LL; et al. Nanosized carriers based on amphiphilic poly-N-vinyl-2-pyrrolidone for intranuclear drug delivery.
Nanomedicine 2018, 13, 703-715. [CrossRef] [PubMed]

Kurakula, M.; Rao, G.5.N.K. Pharmaceutical assessment of polyvinylpyrrolidone (PVP): As excipient from conventional to
controlled delivery systems with a spotlight on COVID-19 inhibition. J. Drug. Deliv. Sci. Technol. 2020, 60, 102046. [CrossRef]
[PubMed]

Tsatsakis, A.; Stratidakis, A.; Goryachaya, A.; Tzatzarakis, M.; Stivaktakis, P.; Docea, A.; Berdiaki, A.; Nikitovic, D.; Velonia, K,;
Shtilman, M.; et al. In vitro blood compatibility and in vitro cytotoxicity of amphiphilic poly-N-vinylpyrrolidone nanoparticles.
Food Chem. Toxicol. 2019, 127, 42-52. [CrossRef] [PubMed]

Kuskov, A.N.; Luss, AL, Gritskova, I.A,; Shtilman, M.I.; Motyakin, M.V,; Levina, LI.; Nechaeva, A.M.; Sizova, O.Y,;
Tsatsakis, A.M.; Mezhuev, Y.O. Kinetics and Mechanism of Synthesis of Carboxyl-Containing N-Vinyl-2-Pyrrolidone Telehelics
for Pharmacological Use. Polymers 2021, 13, 2569. [CrossRef]

Bayat Mokhtari, R.; Homayouni, T.S.; Baluch, N.; Morgatskaya, E.; Kumar, S.; Das, B.; Yeger, H. Combination therapy in combating
cancer. Oncotarget 2017, 8, 38022-38043. [CrossRef]

Zhao, M.; Ding, X.E,; Shen, ].Y.; Zhang, X.P,; Ding, X.W.; Xu, B. Use of liposomal doxorubicin for adjuvant chemotherapy of breast
cancer in clinical practice. J. Zhejiang Univ. Sci. B 2017, 18, 15-26. [CrossRef]

Hong, Y.; Che, S.; Hui, B.; Yang, Y.; Wang, X.; Zhang, X; Qiang, Y.; Ma, H. Lung cancer therapy using doxorubicin and curcumin
combination: Targeted prodrug based, pH sensitive nanomedicine. Biomed Pharmacother. 2019, 112, 108614. [CrossRef]

Zhou, W,; Tan, W.; Huang, X.; Yu, H.G. Doxorubicin combined with Notch1-targeting siRNA for the treatment of gastric cancer.
Oncol. Lett. 2018, 16, 2805-2812. [CrossRef]

Savani, M.; Murugan, P.; Skubitz, K.M. Long-term cure of soft tissue sarcoma with pegylated-liposomal doxorubicin after
doxorubicin and ifosfamide failure. Clin. Sarcoma Res. 2019, 9, 1. [CrossRef]

Lee, KW.; Kim, D.Y,; Yun, T.; Kim, D.W.; Kim, T.Y,; Yoon, S.S.; Heo, D.S.; Bang, Y.J.; Park, S.; Kim, B.K,; et al. Doxorubicin-based
chemotherapy for diffuse large B-cell lymphoma in elderly patients: Comparison of treatment outcomes between young and
elderly patients and the significance of doxorubicin dosage. Cancer 2003, 98, 2651-2656. [CrossRef]

Inoue, S.; Setoyama, Y.; Odaka, A. Doxorubicin treatment induces tumor cell death followed by immunomodulation in a murine
neuroblastoma model. Exp. Ther. Med. 2014, 7, 703-708. [CrossRef]

Liao, W.H.; Hsiao, M.Y,; Kung, Y,; Huang, A.P.; Chen, W.S. Investigation of the Therapeutic Effect of Doxorubicin Combined With
Focused Shockwave on Glioblastoma. Front. Oncol. 2021, 11, 711088. [CrossRef]

Thorn, C.E; Oshiro, C.; Marsh, S.; Hernandez-Boussard, T.; McLeod, H.; Klein, T.E.; Altman, R.B. Doxorubicin pathways:
Pharmacodynamics and adverse effects. Pharm. Genom. 2011, 21, 440-446. [CrossRef]

Taymaz-Nikerel, H.; Karabekmez, MLE.; Eraslan, S.; Kirdar, B. Doxorubicin induces an extensive transcriptional and metabolic
rewiring in yeast cells. Sci. Rep. 2018, 8, 13672. [CrossRef]

Alves, A.C.; Magarkar, A.; Horta, M.; Lima, J.L.EC.; Bunker, A.; Nunes, C.; Reis, S. Influence of doxorubicin on model cell
membrane properties: Insights from in vitro and in silico studies. Sci. Rep. 2017, 7, 6343. [CrossRef]

Chatterjee, K.; Zhang, J.; Honbo, N.; Karliner, ].S. Doxorubicin cardiomyopathy. Cardiology 2010, 115, 155-162. [CrossRef]

Zhao, L.; Zhang, B. Doxorubicin induces cardiotoxicity through upregulation of death receptors mediated apoptosis in cardiomy-
ocytes. Sci. Rep. 2017, 7, 44735. [CrossRef]

Rawat, P.S; Jaiswa, L.A.; Khurana, A.; Bhatti, J.S.; Navik, U. Doxorubicin-induced cardiotoxicity: An update on the molecular
mechanism and novel therapeutic strategies for effective management. Biomed. Pharmacother. 2021, 139, 111708. [CrossRef]
Prados, ].; Melguizo, C.; Ortiz, R.; Vélez, C.; Alvarez, PJ.; Arias, ].L.; Ruiz, M.A_; Gallardo, V.; Aranega, A. Doxorubicin-loaded
nanoparticles: New advances in breast cancer therapy. Anticancer. Agents Med. Chem. 2012, 12, 1058-1070. [CrossRef]

Feng, S.N.; Zhan, H.].; Zhi, C.Y.; Gao, X.D.; Nakanishi, H. pH-responsive charge-reversal polymer-functionalized boron nitride
nanospheres for intracellular doxorubicin delivery. Int. . Nanomed. 2018, 13, 641-652. [CrossRef]

Li, L; Zou, T,; Liang, M.; Mezhueyv, Y.; Tsatsakis, A.M.; Dordevic, A.B.; Lan, M.; Liu, E; Cai, T.; Gong, P; et al. Screening of
metabolites in the treatment of liver cancer xenografts HepG2/ADR by psoralen-loaded lipid nanoparticles. Eur. ]. Pharm.
Biopharm. 2021, 165, 337-344. [CrossRef] [PubMed]

Susa, M.; Iyer, A K.; Ryu, K.; Hornicek, EJ.; Mankin, H.; Amiji, M.M.; Duan, Z. Doxorubicin loaded polymeric nanoparticulate
delivery system to overcome drug resistance in osteosarcoma. BMC Cancer 2009, 9, 399. [CrossRef] [PubMed]

Pieper, S.; Langer, K. Doxorubicin-loaded PLGA nanoparticles-a systematic evaluation of preparation techniques and parameters.
Mater. Today Proc. 2017, 4, 188-192. [CrossRef]

Cui, J.; Yan, Y,; Such, G.K;; Liang, K.; Ochs, C.J.; Postma, A.; Caruso, F. Immobilization and intracellular delivery of an anticancer
drug using mussel-inspired polydopamine capsules. Biomacromolecules 2012, 13, 2225-2228. [CrossRef] [PubMed]

Norouzi, M.; Yathindranath, V.; Thliveris, ].A.; Kopec, B.M.; Siahaan, T.J.; Miller, D.W. Doxorubicin-loaded iron oxide nanoparticles
for glioblastoma therapy: A combinational approach for enhanced delivery of nanoparticles. Sci. Rep. 2020, 10, 11292. [CrossRef]


http://doi.org/10.3390/ma14205977
http://doi.org/10.2217/nnm-2017-0311
http://www.ncbi.nlm.nih.gov/pubmed/29629829
http://doi.org/10.1016/j.jddst.2020.102046
http://www.ncbi.nlm.nih.gov/pubmed/32905026
http://doi.org/10.1016/j.fct.2019.02.041
http://www.ncbi.nlm.nih.gov/pubmed/30836108
http://doi.org/10.3390/polym13152569
http://doi.org/10.18632/oncotarget.16723
http://doi.org/10.1631/jzus.B1600303
http://doi.org/10.1016/j.biopha.2019.108614
http://doi.org/10.3892/ol.2018.9039
http://doi.org/10.1186/s13569-018-0111-0
http://doi.org/10.1002/cncr.11846
http://doi.org/10.3892/etm.2014.1489
http://doi.org/10.3389/fonc.2021.711088
http://doi.org/10.1097/FPC.0b013e32833ffb56
http://doi.org/10.1038/s41598-018-31939-9
http://doi.org/10.1038/s41598-017-06445-z
http://doi.org/10.1159/000265166
http://doi.org/10.1038/srep44735
http://doi.org/10.1016/j.biopha.2021.111708
http://doi.org/10.2174/187152012803529646
http://doi.org/10.2147/IJN.S153476
http://doi.org/10.1016/j.ejpb.2021.05.025
http://www.ncbi.nlm.nih.gov/pubmed/34062256
http://doi.org/10.1186/1471-2407-9-399
http://www.ncbi.nlm.nih.gov/pubmed/19917123
http://doi.org/10.1016/j.matpr.2017.09.185
http://doi.org/10.1021/bm300835r
http://www.ncbi.nlm.nih.gov/pubmed/22792863
http://doi.org/10.1038/s41598-020-68017-y

Polymers 2022, 14, 1727 14 of 14

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Du, Y,; Xia, L.; Jo, A.; Davis, RM.; Bissel, P.; Ehrich, M.F.; Kingston, D.G.I. Synthesis and Evaluation of Doxorubicin-Loaded Gold
Nanoparticles for Tumor-Targeted Drug Delivery. Bioconjug. Chem. 2018, 29, 420-430. [CrossRef]

Jiang, H.; Liang, G.; Dai, M.; Dong, Y.; Wu, Y.; Zhang, L.; Xi, Q.; Qi, L. Preparation of doxorubicin-loaded collagen-PAPBA
nanoparticles and their anticancer efficacy in ovarian cancer. Ann. Transl. Med. 2020, 8, 880. [CrossRef]

Rahman, A.M.; Yusuf, SW.; Ewer, M.S. Anthracycline-induced cardiotoxicity and the cardiac-sparing effect of liposomal
formulation. Int. ]. Nanomed. 2007, 2, 567-583.

Cui, Y,; Xu, Q.; Chow, PK.; Wang, D.; Wang, C.H. Transferrin-conjugated magnetic silica PLGA nanoparticles loaded with
doxorubicin and paclitaxel for brain glioma treatment. Biomaterials 2013, 34, 8511-8520. [CrossRef]

Dong, X.; Mattingly, C.A.; Tseng, M.T.; Cho, M.].; Liu, Y.; Adams, V.R.; Mumper, R.J. Doxorubicin and paclitaxel-loaded lipid-based
nanoparticles overcome multidrug resistance by inhibiting P-glycoprotein and depleting ATP. Cancer Res. 2009, 69, 3918-3926.
[CrossRef]

Li, Y;; Hou, H.; Zhang, P.; Zhang, Z. Co-delivery of doxorubicin and paclitaxel by reduction/pH dual responsive nanocarriers for
osteosarcoma therapy. Drug Deliv. 2020, 27, 1044-1053. [CrossRef] [PubMed]

Marupudi, N.I; Han, J.E.; Li, KW,; Renard, V.M.; Tyler, B.M.; Brem, H. Paclitaxel: A review of adverse toxicities and novel
delivery strategies. Expert Opin. Drug Saf. 2007, 6, 609-621. [CrossRef] [PubMed]

Pigareva, V.A.; Alekhina, Y.A.; Grozdova, I.D.; Zhu, X.; Spiridonov, V.V. Magneto-sensitive and enzymatic hydrolysis-resistant
systems for the targeted delivery of paclitaxel based on polylactide micelles with an external polyethylene oxide corona. Polym.
Int. 2022, 71, 456-463. [CrossRef]

Kulikov, P.P.; Kuskov, A.N.; Goryachaya, A.V.; Luss, A.L.; Shtilman, M.I. Amphiphilic poly-N-vinyl-2-pyrrolidone: Synthesis,
properties, nanoparticles. Polym. Sci. Ser. D 2017, 10, 263-268. [CrossRef]

Diniz, TM.EF,; Tavares, M.I.B. NMR study of poly(vinylpyrrolidone)/poly(ethylene oxide) blends. J. Appl. Polym. Sci. 2002, 85,
2820-2823. [CrossRef]

Zhang, X.; Takegoshi, K.; Hikichi, K. High-resolution solid-state 3C nuclear magnetic resonance study on poly(vinyl alco-
hol)/poly(vinylpyrrolidone) blends. Polymer 1992, 33, 712-717. [CrossRef]

Silverstein, R.M.; Webster, EX.; Kiemle, D.]. Spectrometric Identification of Organic Compounds, 7th ed.; John Wiley & Sons, Inc.:
New York, NY, USA, 2005.

Matsumoto, A.; Kumagai, T.; Aota, H.; Kawasaki, H.; Arakawa, R. Reassessment of free-radical polymerization mechanism of
allyl acetate based on end-group determination of resulting oligomers by MALDI-TOF-MS spectrometry. Polym. ]. 2009, 41, 26-33.
[CrossRef]

Nguyen, T.N.; Nguyen, T.T.; Nghiem, TH.L.; Nguyen, D.T,; Tran, T.T.H.; Vu, D.; Nguyen, T.B.N.; Nguyen, TM.H.; Nguyen, V.T;
Nguyen, M.H. Optical properties of doxorubicin hydrochloride load and release on silica nanoparticle platform. Molecules 2021,
26, 3968. [CrossRef]

Mezhuev, Y.O.; Varankin, A.V,; Luss, A.L.; Dyatlov, V.A; Tsatsakis, A.M.; Shtilman, M.I.; Korshak, Y.V. Immobilization of
dopamine on the copolymer of N-vinyl-2-pyrrolidone and allyl glycidyl ether and synthesis of new hydrogels. Polym. Int. 2020,
69, 1275-1282. [CrossRef]

O'Neil, J.; Heckelman, P.E.; Koch, C.B.; Roman, K.J. The Merck Index—An Encyclopedia of Chemicals, Drugs, and Biologicals; Merck
Co., Inc.: Whitehouse Station, NJ, USA, 2006; p. 1204.

Lee, J.S.; Oh, H.; Sung, D.; Lee, ].H.; Choi, W.I. High Solubilization and controlled release of paclitaxel using thermosponge
nanoparticles for effective cancer therapy. Pharmaceutics 2021, 13, 1150. [CrossRef]

England, C.G.; Miller, M.C.; Kuttan, A.; Trent, ].O.; Frieboes, H.B. Release kinetics of paclitaxel and cisplatin from two and three
layered gold nanoparticles. Eur. J. Pharm. Biopharm. 2015, 92, 120-129. [CrossRef] [PubMed]

Shi, K,; Jiang, Y.; Zhang, M.; Wang, Y.; Cui, F. Tocopheryl succinate-based lipid nanospheres for paclitaxel delivery: Preparation,
characters, and in vitro release kinetics. Drug Deliv. 2010, 17, 1-10. [CrossRef] [PubMed]


http://doi.org/10.1021/acs.bioconjchem.7b00756
http://doi.org/10.21037/atm-20-5028
http://doi.org/10.1016/j.biomaterials.2013.07.075
http://doi.org/10.1158/0008-5472.CAN-08-2747
http://doi.org/10.1080/10717544.2020.1785049
http://www.ncbi.nlm.nih.gov/pubmed/32633576
http://doi.org/10.1517/14740338.6.5.609
http://www.ncbi.nlm.nih.gov/pubmed/17877447
http://doi.org/10.1002/pi.6306
http://doi.org/10.1134/S199542121703008X
http://doi.org/10.1002/app.10835
http://doi.org/10.1016/0032-3861(92)90326-R
http://doi.org/10.1295/polymj.PJ2008174
http://doi.org/10.3390/molecules26133968
http://doi.org/10.1002/pi.6073
http://doi.org/10.3390/pharmaceutics13081150
http://doi.org/10.1016/j.ejpb.2015.02.017
http://www.ncbi.nlm.nih.gov/pubmed/25753197
http://doi.org/10.3109/10717540903431578
http://www.ncbi.nlm.nih.gov/pubmed/19941405

	Introduction 
	Materials and Methods 
	Synthesis of an Amphiphilic Copolymer of N-Vinyl-2-pyrrolidone and Allyl Glycidyl Ether 
	Investigation of the Adsorption of the Amphiphilic Copolymer of N-Vinyl-2-pyrrolidone and Allyl Glycidyl Ether on the Water/Toluene Interface 
	Immobilization of Doxorubicin with an Amphiphilic Copolymer of N-Vinyl-2-pyrrolidone and Allyl Glycidyl Ether 
	Incorporation of Paclitaxel into an Amphiphilic Copolymer Containing Covalently Immobilized Doxorubicin 

	Results and Discussion 
	Conclusions 
	References

