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Poly-N-vinylpyrrolidone-based amphiphilic polymers, which can be used as drug carriers, were
prepared by radical polymerization with a thiol-type chain transfer agent. The polymers did not
contain sequences of hydrophilic and hydrophobic fragments in the main chain. Molecules contained
only one hydrophilic and one hydrophobic fragment linked by a covalent bond. This facilitated the self-
organization of macromolecules into micelles in aqueous media. The critical micelle concentration and
its dependence on the molecular weight of the diblock copolymers and the length of the hydrophobic

radical were determined.
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CuHTe3 1 HCC/IeJOBaHUE CBOMCTB
aMPpuPnIbLHOro Mo au-N-BUHUJINHMPPOJIUIOHA

C KOHI¢BbIMHA THOAJIKNJIbHBIMHU I'PYIIIIAMHU

M.U. HItuabman?®, A.H. Kyckos?,

IL.II. Kynukos?®, A.JL. Jlycc?,

A.B. Topsiuas®, B.T. I:xem:kes®, A.M. Tcarcakuc®
“Poccutickuti XuMuKo-mexHo102u4ecKull yHugepcumem
um. /[ 1. Menoeneesa

Poccus, 125047, Mockea, Muycckas niowaos, 9
*Vnueepcumem Kpuma

I'peyus, GR-70013, Kpum, Upaxauon,
Yuueepcumemckuii kamnyc Boymec

Ampupunvnvie nonumepvl Ha 0cHo6e NOAU-N-GUHUINUPPOIUOOHA, KOMOPbLLE MOICHO UCNONb308ANb
6 Kauecmee Hocumenel 1eKapCmeeHHblX CpedCms, ObLIU NOAYUEeHbl PAOUKATLHOU NoauMepusayuert
¢ nepedamuuxom yenu muoabiho2o muna. Ilpu smom obpaszyemcs noaumep, KOMopwiil He COOePICUM
Nn0CIe008aAMENbHOCMU 2UOPOPUILHBIX U 2UOPOPOOHBIX Ppazmenmos ¢ 0cHO8HOU yenu. Monekyivl
cooepaicam moabKo 00UH 2UOPODUIbHBIL U 00UH 2UOPOPOOHDIL (hpacmenmbl, C8A3AHHbLE KOBAIEHMHOU
c6513b10. DMo 0b1ecuaen camoopeanu3ayuio MaKpPOMoIeKyl 8 MUyeiLlvl 6 600HuLX cpedax. Onpedenena
KPUMUYEeCKdsi KOHYEHMpPayusi Muyeiiooopa3oeanus U ee 3aeUCUMOCb On MOLEKYIAPHOU MACCol

OUONOK-CONOAUMEPOS U ONIUHBL 2UOPOPOOHO20 PAOUKAIA.

Kniouesvie cnosa: ampupuivnsiii norumep, conoaumepvt N-GUHUTRUPPOTUOOHA, MUYELLA, ROTUMEPHAS

HaHoyacmuyda, nojiumepHsvle N0BEPXHOCMHO-AKMUBHbLE 6euiecmaed.

Introduction

The synthesis of nanoscale carriers of
physiologically active compounds (PAC), which
would enable the targeted transport of drugs to
the affected organ, remains an urgent problem
(Torchilin, 2001; Dhembre et al., 2011; Lu,
Park, 2013). Of particular interest are nanoscale
carriers capable, like viruses, of penetrating
into living cells. The results of developments
in pharmacology in recent decades have
shown the low effectiveness of classical drugs
in the treatment of diseases associated with
genetically determined disorders, including

oncological diseases. Gene therapy is a new,

rapidly developing branch of medicine that uses
methods of genetic engineering for treatment.
It requires nanoscale polymeric carriers capable
of delivering a wide variety of substances into
the nuclei of living cells. Uptake by the cells
usually occurs by phagocytosis, which severely
limits the capabilities of such transport systems
(Luss et al., 2018). These nanoscale carriers
are not suitable for the vast majority of body
cells, which absorb particles extremely slowly.
When administered intravenously, most of
the dose is deposited in rapidly phagocytizing
cells of the liver, where it is degraded and,

thus, inactivated. In addition, phagocytosis by
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cells inevitably leads to the release of PAC into
lysosomes, followed by enzymatic destruction,
which is accompanied by partial or complete
loss of activity even of the portion of the dose
that has passed through the liver. Therefore, of
considerable interest is the possibility of the
absorption of particulate carriers containing
pharmaceutically active substances by cells
without the use of endocytosis, which could
ensure the delivery of chemically unstable
PAC both directly into the cytosol and into
the cell nuclei (Kabanov et al., 2002; Kuskov
2010). Currently,

liposomes remain the only type of carrier

et al, liquid polymeric
capable of “circumventing” the mechanism of
phagocytosis. However, due to the exchange
of contents between the micelles and the
surrounding liquid, they are not applicable in
clinical practice (Torchilin, 2005; Alavi et al.,
2017; Akbarzadeh et al., 2013). Creating new
types of polymeric nanoscale drug carriers and
identifying their patterns of penetration into
living cells remains a very urgent task.

The purpose of the present study was to
develop methods for the synthesis of polymeric
nanoscale drug carriers with an external wall
formed from surface-active amphiphilic polymers,
which can penetrate into cells, bypassing the

mechanism of phagocytosis.

Materials and Methods

Materials

N-vinylpyrrolidone (VP), 2,2-azobisisobu-
tyronitrile (AIBN), and 1,4-dioxane were obtained
from Acros (Geel, Belgium). Octadecylmercaptan,
hexadecylmercaptan,  decylmercaptan, and
diphenylhexatriene were purchased from Sigma-
Aldrich (MO, USA). All chemicals were used
without further purification unless otherwise
specified. All solvents and components of buffer
solutions were of analytical grade and were used

as received.

Preparation of amphiphilic poly-N-
vinylpyrrolidone

Well-washed and dried tubes with ground
stoppers were loaded with 11.1 g (0.1 mol) of
N-vinylpyrrolidone, the required amount of
mercaptan as a chain transmitter (0.5-8 mol.%),
AIBN (1 wt.%) as an initiator and 20 ml of
dioxane as a solvent. The tubes were purged with
an inert gas (argon). The reaction was carried out
with constant stirring at 70°C for 3 hours. After
a predetermined time, the contents of the tubes
were dissolved in distilled water and distilled on
arotary evaporator (IKA RV10 + HB10 Digital).
After this, purification was carried out by
dialysis against water (Slide-A-Lyzer™ Dialysis
Flask, 2K MWCO, Thermo Scientific, USA)
for 5 days. At the end of dialysis, the contents
of the dialysis bags were dissolved in distilled
water and evaporated on a rotary evaporator.
The contents of the bottom residue were dried
lyophilically and then in a vacuum gun. The
resulting polymers were white powders that

were soluble in water.

Determination

of the number average molecular weight

The number average molecular weight
(M,) was determined by end-group analysis as
described in (Kulikov et al., 2017).

The number average molecular weight
was also determined by vapor osmometry.
This method is used to determine the number
average molecular weight of the polymer in
relation to the saturated vapor pressure of the
polymer solution and the vapor pressure of the
pure solvent. Measurements of the average
molecular weight of the VP polymers were
carried out by the method of steam osmometry
on a Knauer K-7000 osmometer (Germany)
using polystyrene standards. The obtained
data were processed using EuroOsmo 7000

software.
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Determination of the critical micelle

concentration

The critical micelle concentration was

determined by fluorescence spectroscopy.
Diphenilhexatrien (DPHT) was used as a fluorescent
probe. This method is based on the solubilization
of hydrophobic DPHT with polymer particles. To
do this, 4 mg of DPHT was dissolved in 1 ml of
acetone. Then, the resulting solution was diluted
with phosphate buffer (PBS) to a concentration
of 0.5 uM DPHT. Acetone was distilled off from
the resulting solution by vigorous stirring under
a vacuum. The resulting solution was added to
samples containing the Amf-PVP solution in PBS
to achieve a final DPHT concentration of 0.25 pM.
After adding DPHT, samples were placed in a dry
thermostat for 30 minutes. Fluorescence intensity
measurements were carried out using a Hitachi
650-10S spectrofluorometer (Hitachi Instruments
Inc., Japan) with an excitation wavelength
hex = 366 nm and an emission wavelength

Aem =433 nm.

Results and discussion

“Living” radical polymerization in the
presence of a mercaptan-type chain transfer
agent was used as a method of synthesis of
surface-active  end-capped copolymers of
vinylpyrrolidone. Aliphatic mercaptans are widely
used in polymerization processes as chain transfer
agents, making it easy to control the molecular
weight of the resulting oligomers. In addition,

using poly-N-vinylpyrrolidone as an example, it

R—SH
AIBN

H2C: Cle
N__O

r

was demonstrated that this reaction can be used
to introduce the necessary terminal functional
groups into end-capped copolymers. The high
reactivity of mercaptans in the abovementioned
radical processes initiated by AIBN is described
in detail in a number of papers (e.g., Kulikov et
al., 2017).

Surface-active polymers of
N-vinylpyrrolidone were obtained by radical
polymerization of N-vinyl-2-pyrrolidone
using AIBN as an initiator and aliphatic
mercaptans as chain transfer agents. Three
long-chain  mercaptans — decylmercaptan,
hexadecylmercaptan and octadecylmercaptan —
were used in the work (Fig. 1).

The molecular weight of the oligomers was
controlled by changing the ratio of monomer
to chain transfer agent in the reaction. With
increasing amounts of mercaptan introduced
into the reaction, the molecular weight of the
resulting polymer decreased proportionally to
the increase in the molar content of the thiol
groups in the mixture. Thus, it can be varied
in the range from 40 to 1 kDa. With a low
content of chain transfer agent in the reaction,
the M, depended on the length of the aliphatic
thiol radical (Fig. 2). Reacting the long-chain
octadecylmercaptan in an amount of 0.01 mol.%
yielded a high molecular weight polymer
(M, = 40 kDa), while the use of an equivalent
molar amount of the shorter decylmercaptan
led to a lower molecular weight of 16 kDa.

Hexadecylmecraptan occupied an intermediate

R—S%CHz—CH%H
N o

where R= CigH37, C16H33, CioHyg

Fig. 1. Schematic of the radical polymerization of N-vinylpyrrolidone in the presence of a chain transmitter
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Fig. 2. Dependence of the number average molecular weight of end-capped poly-N-vinylpyrrolidone on the amount
of [ — octadecylmercaptan; II — hexadecylmercaptan; and III — decylmercaptan introduced into the system

positionand produced a polymer with amolecular
mass of 20 kDa (Fig. 2). With an increase in
the content of the chain transfer agent above
1 mol.%, this effect was eliminated. Significant
differences in the effectiveness of agents, which
depend on the length of the aliphatic radical at low
concentrations in the reaction medium, can be
explained by increased hydrophobic interactions
between amphiphilic polyvinylpyrrolidone and
mercaptan as the length of the aliphatic radical
of mercaptan increases. The effect disappears
when the reaction medium is saturated with
mercaptan and the sites for hydrophobic binding
are exhausted.
Since the polymers are end-capped
both  hydrophilic  (poly-N-
vinylpyrrolidone) and hydrophobic (aliphatic)

and contain
fragments, aggregates of polymer molecules
(micellar structures) are formed at a certain
concentration (critical micelle concentration,
CMC). Due to the hydrophobic nature of the
aliphatic fragment, in the micellar structure,
these fragments are oriented inward to form

a dense hydrophobic core. On the other hand,

the hydrophilic fragment of PVP is oriented
outward to form a stable hydrophilic shell.
To determine the CMC of the synthesized
polymers, the fluorescence emission spectra of
DPHT in the presence of various concentrations
of end-capped polymers were investigated.
The method is based on DPHT beginning to
emit light after incorporation into the micelles.
DPHT was chosen as a model substance because
of its hydrophobicity and very low solubility in
water and because it can only fluoresce in the
associated state. Due to these properties, DPHT
is easily incorporated into the hydrophobic core
and in this state has high-intensity fluorescence.
Fig. 3 shows a typical graph of the dependence
of the fluorescence intensity of DPHT on the
concentration of end-capped polymer in the
solution.

The data for determining the CMC of
polymers with different hydrophobic moieties
and different number average molecular weights
are presented in Table 1.

The CMC of the end-capped polymers
depends both on the length of the introduced
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Fig. 3. Dependence of the fluorescence intensity of DPHT on the concentration of amphiphilic polymer

(PVP-D-3500) at 25°C

Table 1. Critical micelle concentration of end-capped polymers of N-vinylpyrrolidone

Polymer structure Number average Polymer code Critical‘ micelle
molecular weight, Da concentration, mmol/l
PVP-S-CsHj; 1000 PVP-OD 1000 0.044
PVP-S-CsHj; 3100 PVP-OD 3100 0.054
PVP-S-C,sHy, 6050 PVP-OD 6000 0.065
PVP-S- C\sHs, 12100 PVP-OD 12000 0.175
PVP-S-C,sH, 20500 PVP-OD 20000 0.339
PVP-S-C;sHj; 40000 PVP-OD 40000 0.764
PVP-S-C,Hy, 3500 PVP-D 3500 1.000
PVP-S-C;4H;; 3500 PVP-HD 3500 0.242

aliphatic radical and on the number average
molecular weight of the polyvinylpyrrolidone
fragment of the molecule. The introduction
of hydrophobic substituents of increasing
length into polymers with the same molecular
weight leads to a steady decrease in the CMC.
Therefore, the presence of an end-capped
thiooctadecyl radical in PVP with a mean
molecular weight of M, = 3.5 kDa results in the
production of a surface-active copolymer with
a CMC = 0.054 mmol/l, while the analogous
product with a thiodecyl terminal substituent

has a CMC 20 times higher (I mmol/l), and use

of a thiohexyl terminal substituent gives a CMC
4 times higher (0.2 mmol/l) (Fig. 4).

In all studied
the length of the

radical, the CMC increases with an increase

samples, regardless of

thioaliphatic terminal
in the number average molecular weight
of the polyvinylpyrrolidone fragment, but
the dependence is complex (Fig. 5). Up to
M, = 6 kDa, the critical micelle concentration
is linearly related to the molecular weight. A
further increase in M, leads to a more dramatic
increase in CMC, and a bend is observed on the

graph. A further increase in molecular weight,
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Fig. 5. Dependence of the CMC of amphiphilic polymer with thiooctadecyl end groups on its number average

molecular weight

up to M, = 40 kDa, leads to a linear increase in
CMC.
This

polysaccharides

described for

hydrophobic

dependence is

containing
substituents in the side chain (Dyatlov et al.,
2014; Dyatlov et al., 2015). The phenomenon
is explained by a change in the nature of the
intermolecular interactions with an increase
in the molecular weight of the hydrophilic
part of the polymer above the kinetic segment
length and the shielding of hydrophobic
groups. Hence, the formation of micelles does

not occur.

Conclusion

Radical

rolidone using long-chain mercaptans as chain

polymerization of N-vinylpyr-

transfer agents produced end-capped amphiphilic
copolymers of controlled molecular weight, which
exhibited surface-active properties and were
suitable for producing nanoscale drug carriers.
The

characteristics, and surface-active properties of

chemical structure, molecular weight
the synthesized block copolymers were studied.
The surface-active properties of the polymers
were determined by the molecular weight and

length of the aliphatic radical.
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