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Abstract: It was found that sulfanylethanoic and 3-sulfanylpropanoic acids are effective regulators
of molecular weight with chain transfer constants of 0.441 and 0.317, respectively, and show an
unexpected acceleration effect on the radical polymerization of N-vinyl-2-pyrrolidone, initiated by
2,2’-azobisisobutyronitrile. It was determined for the first time that the thiolate anions of mercapto
acids form a high-temperature redox initiating system with 2,2’-azobisisobutyronitrile during the
radical polymerization of N-vinyl-2-pyrrolidone in 1,4-dioxane. Considering the peculiarities of
initiation, a kinetic model of the polymerization of N-vinyl-2-pyrrolidone is proposed, and it is shown
that the theoretical orders of the reaction rate, with respect to the monomer, initiator, and chain
transfer agent, are 1, 0.75, 0.25, and are close to their experimentally determined values. Carboxyl-
containing techelics of N-vinyl-2-pyrrolidone were synthesized so that it can slow down the release
of the anticancer drug, doxorubicin, from aqueous solutions, which can find its application in the
pharmacological field.

Keywords: N-vinyl-2-pyrrolidone polymerization; polymerization mechanism; polymerization
kinetics; doxorubicin

1. Introduction

Low toxicity and a suitable rate of elimination of poly (N-vinylpyrrolidone) with a
molecular weight of less than 25,000 g × mol−1 from the body suggest broad prospects for
the use of this polymer in medicine and pharmacology [1,2]. Poly (N-vinylpyrrolidone) is
traditionally used as an auxiliary component in the manufacture of tablets [3], capsules [4],
hydrogels [5–7], solutions for oral and injection administration [8–10], and also as a plasma
substitute [11]. The ability of poly (N-vinylpyrrolidone) to interact specifically with several
pharmacologically active substances is used to regulate their solubility [12,13], as well as to
create drug delivery systems [14]. For example, systems have been obtained that provide
controlled release of non-steroidal anti-inflammatory drugs [15], antioxidants [16] and
anticancer drugs [17–19]. It has been shown that the complex of poly (N-vinylpyrrolidone)
with iodine is promising for the inhibition of COVID-19 [20–23]. One of the strategies
for the synthesis of drug carriers based on poly (N-vinylpyrrolidone) is associated with
the introduction of hydrophobic end groups as a result of the use of long-chain thiols as
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chain transfer agents [14,24–26]. This approach made it possible to ensure the selective
delivery of pharmacologically active drugs into the cell nucleus [26]. In this regard, an
important perspective is the introduction of terminal carboxyl groups in the poly (N-vinyl-
2-pyrrolidone) chain, capable of binding amine-containing anticancer drugs due to the
formation of salt ionic bonds. However, the first task on the way to the synthesis of these
carriers is to study the kinetics of radical polymerization of N-vinyl-2-pyrrolidone in the
presence of chain transfer agents containing both thiol and carboxyl functional groups.
Although the mechanism and kinetics of radical polymerization and copolymerization of
N-vinylpyrrolidone, including in the regime of pseudoliving chains RAFT and ATRP, have
been the subject of discussion in a number of articles [27–34], so far there are no kinetic
data obtained in the presence of thiols, and especially functionalized thiols. It should
be expected that the radicals formed as a result of the monomolecular decomposition
of 2,2’-azobisisobutyronitrile would interact with mercapto acids with the abstraction of
a hydrogen atom; however, it turned out that the initiation mechanism is much more
complicated and includes a redox reaction between the initiator and the chain transfer
agent. The latter circumstance makes it possible to explain the acceleration of the radical
polymerization of N-vinyl-2-pyrrolidone, initiated by 2,2’-azobisisobutyronitrile, when
mercapto acids are added to the reaction system, as well as theoretically substantiate
the experimentally determined kinetic orders of reagent concentrations. Therefore, this
article aimed to establish the kinetics and mechanism of radical homopolymerization of
N-vinylpyrrolidone in the presence of sulfanylethanoic acid, and 3-sulfanylpropanoic acid,
and also address the binding aspects of the anti-cancer drug, doxorubicin.

2. Experimental
2.1. Materials and Methods

Sulfanylethanoic acid and 3-sulfanylpropanoic acid (Sigma-Aldrich, St. Louis, Mis-
souri, USA) were used as chain transfer agents. Polymerization of N-vinyl-2-pyrrolidone
purchased from Merck and purified by vacuum distillation was carried out using 2,2’-
azobisisobutyronitrile (AIBN) from Sigma-Aldrich as an initiator. The monomer conversion
was determined by noting the position of the meniscus during polymerization, in an ar-
gon atmosphere, in a dilatometer placed in a thermostat. The monomer conversion was
calculated using the Equation (1):

p =
dpS∆h

VM
(
dp − dM

) (1)

where: p—monomer conversion; VM—volume of the monomer; S—cross-sectional area
of the capillary; dp, dM—density of poly(N-vinylpyrrolidone) and monomer, respectively;
∆h—vertical shrinkage of the reaction system.

The 13C NMR spectrum of the synthesized poly (N-vinylpyrrolidone) was recorded in
D2O medium on a Bruker Avance 500 spectrometer (Bruker, Zurich, Switzerland) at the
New Materials and Technologies Research Center at IBCP RAS. Potentiometric titration
was performed using an F20-Standard pH meter, Mettler Toledo. To register the kinetics
of doxorubicin release, we used a UV-vis spectrometer UNICO 2804 (“United Products &
Instruments, Inc.”, Dayton, NJ, USA). Doxorubicin hydrochloride was manufactured by
Sinbias Pharma (Kiev, Ukraine).

2.2. Study of the Polymerization (Telomerization) Kinetics of N-Vinyl-2-Pyrrolidone in the
Presence of Sulfanylethanoic Acid and 3-Sulfanylpropanoic Acids

Kinetic studies were performed for AIBN-initiated block polymerization of N-vinyl-2-
pyrrolidone at 343 K. The reaction was carried out at concentrations of sulfanylethanoic
acid and 3-sulfanylpropanoic acid 0.09 mol × l−1, 0.47 mol × l−1, 1.4 mol × l−1, as well as
in the absence of thiols, at an AIBN concentration of 6.3 × 10−2 mol × l−1. At a constant
concentration of 0.47 mol × l−1 of sulfanylethanoic acid and 3-sulfanylpropanoic acid in
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the system, the reaction was carried out at AIBN concentrations of 3.15 × 10−2 mol × l−1,
6.30 × 10−2 mol × l−1, and 9.45 × 10−2 mol × l−1.

2.3. Determination of the Chain Transfer Constants for Sulfanyletanoic Acid and
3-Sulfanylpropanoic Acid

Polymerization was initiated with 1 wt% AIBN at 343 K in the presence of 0.01; 0.025;
0.05; 0.075; 0.1; 0.125; 0.15 mol of sulfanyletanoic acid (3-sulfanylpropanoic acid) per 1 mol
of N-vinyl-2-pyrrolidone; a series of telechelics with different number-average degrees of
polymerization was obtained. The products were isolated by vacuum filtration after pre-
cipitation into a ten-fold excess of diethyl ether and thoroughly washed with diethyl ether.
The number average degrees of polymerization were determined according to Equation (2)
by potentiometric titration of the end carboxyl groups of the resulting telechelics.

Xn =
mp

CVMNVP
(2)

where: Xn—number average degree of polymerization; mp—mass of the polymer sample;
C—molarity of the KOH solution used as a titrant; V—volume of the titrant solution;
MNVP = 111.14 g × mol−1.

2.4. Interaction of AIBN with Sulfanylethanoic and 3-Sulfanylpropane Acids

A specified amount of sulfanylethanoic acid (3-sulfanylpropanoic acid) was dissolved
in a 0.2 mol × l−1 solution of AIBN prepared in toluene. The resulting solution was placed
in an ampoule and frozen, then the ampoule was carefully sealed and transferred to a
thermostat maintained at 353 K. After 20 h of keeping the solution at a temperature of
353 K, the ampoule was opened, and the volatile fractions were removed by vacuum
distillation. After removing the viscous yellowish liquid by filtration, white crystals were
isolated, which were washed with cold ethanol. The resulting product was weighed, and
the yield was determined. The melting point of white crystals purified by recrystalliza-
tion from ethanol was 441 K, and the 1H NMR spectrum showed a single singlet with a
chemical shift of 1.54 ppm, which makes it possible to identify the obtained compound as
tetramethylsuccinnitrile. 1H NMR spectrum was recorded in CDCl3 medium.

2.5. Immobilization of Doxorubicin on the Telomere of N-Vinyl-2-Pyrrolidone with a Terminal
Thioacetic Acid Residue and the Kinetics of Release of Bound Doxorubicin

A total of 0.1 g of the synthesized telomere, N-vinyl-2-pyrrolidone, with a terminal
residue of thioacetic acid, was dissolved in 5 mL of distilled water. An amount of 0.01 g of
doxorubicin was dissolved in 5 mL of distilled water. The resulting solutions were mixed
and dialyzed against water, followed by lyophilization. The resulting lyophilisate was
dissolved in 10 mL of distilled water, and placed in a dialysis bag with a molecular weight
cutoff of 500 Da (Labware supplier store 500 MWCO, Darmstadt, Germany). The kinetics
of dialysis was studied at a temperature of 309 K against distilled water with a volume of
250 mL. The doxorubicin kinetics of release in the presence of poly (N-vinyl-2-pyrrolidone)
8000 g × mol−1 manufactured by Acros was studied by a similar method.

For comparison, we studied the kinetics of the release of doxorubicin through the
dialysis membrane, (500 MWCO) from its 0.1 wt% aqueous solution under conditions
similar to those described above.

The release kinetics of doxorubicin were investigated by UV-vis spectroscopy, noting
the absorbance values at 480 nm every 30 min. Kinetic measurements of dialysis rate were
performed over five hours.

3. Results and Discussion

Usually, the addition of chain transfer agents does not affect the rate of free radical poly-
merization or lead to a slowdown. At the same time, in the presence of sulfanyletanoic acid
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and 3-sulfanylpropanoic acid, the rate of radical polymerization of N-vinyl-2-pyrrolidone
increases significantly (Figure 1).

Polymers 2021, 13, x FOR PEER REVIEW 4 of 14 
 

 

Usually, the addition of chain transfer agents does not affect the rate of free radical 
polymerization or lead to a slowdown. At the same time, in the presence of sulfanyleta-
noic acid and 3-sulfanylpropanoic acid, the rate of radical polymerization of N-vinyl-2-
pyrrolidone increases significantly (Figure 1). 

 
Figure 1. Dependences of conversion (p), on time (t), under conditions of block polymerization of 
N-vinyl-2-pyrrolidone at a temperature of 343 K initiated by AIBN (6.30 × 10−2 mol × l−1): 1—in the 
absence of chain transfer agents; 2—in the presence of 0.47 mol × l−1 sulfanylethanoic acid; 3—in the 
presence of 0.47 mol × l−1 3-sulfanylpropanoic acid. 

Acceleration of polymerization of N-vinyl-2-pyrrolidone presumably indicates the 
participation of mercapto acids in the act of initiation of the reaction, which limits the 
formation of active centers. If sulfanylethanoic acid and 3-sulfanylpropanoic acids partic-
ipate in the formation of active centers, then their concentrations should be considered by 
the kinetic equation of polymerization. It is known that the radical polymerization of N-
vinyl-2-pyrrolidone is accompanied by autoacceleration when it is carried out to high con-
versions of the monomer (gel effect) [27]; however, at low conversions, the order of mon-
omer concentration is close to unity. Thus, the kinetic Equation (3) can be written: − ݐெ݀ܥ݀ = ௧்ܥூ௜ܥ݇ ெܥ = ݇௘௙௙ܥெ (3)

where: ܥூ, ܥ ,்ܥெ—concentrations of the initiator, mercapto acids (thiols) and monomer, 
respectively; ݐ —time; ݇ , ݇௘௙௙ = ௧்ܥூ௜ܥ݇  —rate constant and effective rate constant of 
polymerization, respectively; ݅, ݐ—orders of the polymerization rate with respect to the 
concentrations of the initiator and mercapto acids, respectively.  

After integrating (3) for the region of low monomer conversions, when the concen-
trations of the initiator and mercapto acids are close to their initial values, Equation (4) 
was obtained. ln(1 − (݌ = − ݇௘௙௙(4) ݐ

where: ݌ = ெ଴ܥ) − -ெ଴—initial concentration of monoܥ ,ெ଴ିଵ—monomer conversionܥ(ெܥ
mer. 

The experimental kinetic data at different initial concentrations of sulfanylethanoic 
acid and 3-sulfanylpropanoic acids formed linear dependences in coordinates ln(1 .ݏݒ (݌− Straight lines in coordinates ln(1 .(Figure 2) ݐ − .ݏݒ (݌ -were also obtained by var ݐ
ying the concentration of the initiator, and keeping the temperature and concentration of 
the introduced mercapto acids constant (Figure 3). 

 

Figure 1. Dependences of conversion (p), on time (t), under conditions of block polymerization of
N-vinyl-2-pyrrolidone at a temperature of 343 K initiated by AIBN (6.30 × 10−2 mol × l−1): 1—in
the absence of chain transfer agents; 2—in the presence of 0.47 mol × l−1 sulfanylethanoic acid; 3—in
the presence of 0.47 mol × l−1 3-sulfanylpropanoic acid.

Acceleration of polymerization of N-vinyl-2-pyrrolidone presumably indicates the
participation of mercapto acids in the act of initiation of the reaction, which limits the
formation of active centers. If sulfanylethanoic acid and 3-sulfanylpropanoic acids partic-
ipate in the formation of active centers, then their concentrations should be considered
by the kinetic equation of polymerization. It is known that the radical polymerization of
N-vinyl-2-pyrrolidone is accompanied by autoacceleration when it is carried out to high
conversions of the monomer (gel effect) [27]; however, at low conversions, the order of
monomer concentration is close to unity. Thus, the kinetic Equation (3) can be written:

− dCM
dt

= kCi
IC

t
TCM = ke f f CM (3)

where: CI , CT , CM—concentrations of the initiator, mercapto acids (thiols) and monomer,
respectively; t—time; k, ke f f = kCi

IC
t
T—rate constant and effective rate constant of poly-

merization, respectively; i, t—orders of the polymerization rate with respect to the concen-
trations of the initiator and mercapto acids, respectively.

After integrating (3) for the region of low monomer conversions, when the concen-
trations of the initiator and mercapto acids are close to their initial values, Equation (4)
was obtained.

ln(1 − p) = −ke f f t (4)

where: p = (CM0 − CM)C−1
M0—monomer conversion, CM0—initial concentration of monomer.

The experimental kinetic data at different initial concentrations of sulfanylethanoic
acid and 3-sulfanylpropanoic acids formed linear dependences in coordinates ln(1 − p) vs. t
(Figure 2). Straight lines in coordinates ln(1 − p) vs. t were also obtained by varying
the concentration of the initiator, and keeping the temperature and concentration of the
introduced mercapto acids constant (Figure 3).



Polymers 2021, 13, 2569 5 of 15



Polymers 2021, 13, 2569 6 of 15Polymers 2021, 13, x FOR PEER REVIEW 5 of 14 
 

 

 

Figure 2. Linear dependences in coordinates ln (1-p) vs. t in the presence of sulfanylethanoic acid (A) and 3-sulfanylpro-
panoic acid (B) at different initial concentrations of chain transfer agents: 1—without a chain transfer agent; 2—0.09; 3—
0.47; 4—1.4 mol × l−1 (initial concentration of AIBN 6.30 × 10−2 mol × l−1, temperature 343 K). 

 

 
Figure 3. Linear dependences in coordinates ln (1-p) vs. t in the presence of sulfanylethanoic acid (A) and 3-sulfanylpro-
panoic acid (B) at various initial initiator concentrations: 1—3.15 × 10−2; 2—6.30 × 10−2; 3—9.45 × 10−2 mol × l−1 (the initial 
concentration of chain transfer agents is 0.47 mol × l−1, temperature is 343 K). 

Effective rate constants (݇௘௙௙), determined from the slopes of the linear dependences 
in Figure 2 for the initial concentration of the initiator 6.30 × 10−2 mol × l−1 are 1.04 × 10−2; 
1.60 × 10−2; 2.13 × 10−2 min−1 (in the presence of sulfanylethanoic acid), and 0.99 × 10−2; 1.50 
× 10−2; 2.04 × 10−2 min−1 (in the presence of 3-sulfanylpropanoic acid) at mercapto acid con-
centrations of 0.09, 0.47, and 1.4 mol × l−1, respectively. In the absence of mercapto acids, ݇௘௙௙ is 6.4 × 10−3 min−1. Considering (3), the obtained rate constants make it possible to 
determine the kinetic order of polymerization from the concentration of sulfanylethanoic 
and 3-sulfanylpropanoic acids, after plotting the dependences ݈݊݇௘௙௙ ݏݒ. -in accord ்ܥ݈݊
ance with Equation (5) (Figure 4A). ݈݊݇௘௙௙ =  ln (݇ܥூ௜) + (5) ்ܥ݈݊ݐ

Effective rate constants of reaction (݇௘௙௙), calculated from the tangent of the slope of 
the straight lines in Figure 3, are 10−2; 1.60 × 10−2; 2.40 × 10−2 min−1 (in the presence of sul-
fanylethanoic acid), and 0.93 × 10−2; 1.50 × 10−2; 2.20 × 10−2 min−1 (in the presence of 3-sul-
fanylpropanoic acid) at initiator concentrations of 3.15 × 10−2, 6.30 × 10−2 and 9.45 × 10−2 
mol×l−1, respectively, if the initial concentration of mercapto acids is 0.47 mol × l−1. Thus, 
the order of radical polymerization of N-vinyl-2-pyrrolidone based on the initiator con-
centration can be determined from the linear dependence ݈݊݇௘௙௙ ݏݒ.  ூ in accordanceܥ݈݊
with Equation (6) (Figure 4B). 

Figure 2. Linear dependences in coordinates ln (1 − p) vs. t in the presence of sulfanylethanoic acid (A) and 3-
sulfanylpropanoic acid (B) at different initial concentrations of chain transfer agents: 1—without a chain transfer agent;
2—0.09; 3—0.47; 4—1.4 mol × l−1 (initial concentration of AIBN 6.30 × 10−2 mol × l−1, temperature 343 K).

Polymers 2021, 13, x FOR PEER REVIEW 5 of 14 
 

 

 

Figure 2. Linear dependences in coordinates ln (1-p) vs. t in the presence of sulfanylethanoic acid (A) and 3-sulfanylpro-
panoic acid (B) at different initial concentrations of chain transfer agents: 1—without a chain transfer agent; 2—0.09; 3—
0.47; 4—1.4 mol × l−1 (initial concentration of AIBN 6.30 × 10−2 mol × l−1, temperature 343 K). 

 

 
Figure 3. Linear dependences in coordinates ln (1-p) vs. t in the presence of sulfanylethanoic acid (A) and 3-sulfanylpro-
panoic acid (B) at various initial initiator concentrations: 1—3.15 × 10−2; 2—6.30 × 10−2; 3—9.45 × 10−2 mol × l−1 (the initial 
concentration of chain transfer agents is 0.47 mol × l−1, temperature is 343 K). 

Effective rate constants (݇௘௙௙), determined from the slopes of the linear dependences 
in Figure 2 for the initial concentration of the initiator 6.30 × 10−2 mol × l−1 are 1.04 × 10−2; 
1.60 × 10−2; 2.13 × 10−2 min−1 (in the presence of sulfanylethanoic acid), and 0.99 × 10−2; 1.50 
× 10−2; 2.04 × 10−2 min−1 (in the presence of 3-sulfanylpropanoic acid) at mercapto acid con-
centrations of 0.09, 0.47, and 1.4 mol × l−1, respectively. In the absence of mercapto acids, ݇௘௙௙ is 6.4 × 10−3 min−1. Considering (3), the obtained rate constants make it possible to 
determine the kinetic order of polymerization from the concentration of sulfanylethanoic 
and 3-sulfanylpropanoic acids, after plotting the dependences ݈݊݇௘௙௙ ݏݒ. -in accord ்ܥ݈݊
ance with Equation (5) (Figure 4A). ݈݊݇௘௙௙ =  ln (݇ܥூ௜) + (5) ்ܥ݈݊ݐ

Effective rate constants of reaction (݇௘௙௙), calculated from the tangent of the slope of 
the straight lines in Figure 3, are 10−2; 1.60 × 10−2; 2.40 × 10−2 min−1 (in the presence of sul-
fanylethanoic acid), and 0.93 × 10−2; 1.50 × 10−2; 2.20 × 10−2 min−1 (in the presence of 3-sul-
fanylpropanoic acid) at initiator concentrations of 3.15 × 10−2, 6.30 × 10−2 and 9.45 × 10−2 
mol×l−1, respectively, if the initial concentration of mercapto acids is 0.47 mol × l−1. Thus, 
the order of radical polymerization of N-vinyl-2-pyrrolidone based on the initiator con-
centration can be determined from the linear dependence ݈݊݇௘௙௙ ݏݒ.  ூ in accordanceܥ݈݊
with Equation (6) (Figure 4B). 

Figure 3. Linear dependences in coordinates ln (1 − p) vs. t in the presence of sulfanylethanoic acid (A) and 3-
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mol × l−1 (the initial concentration of chain transfer agents is 0.47 mol × l−1, temperature is 343 K).

Effective rate constants (ke f f ), determined from the slopes of the linear dependences in
Figure 2 for the initial concentration of the initiator 6.30 × 10−2 mol × l−1 are 1.04 × 10−2;
1.60 × 10−2; 2.13 × 10−2 min−1 (in the presence of sulfanylethanoic acid), and 0.99 × 10−2;
1.50 × 10−2; 2.04 × 10−2 min−1 (in the presence of 3-sulfanylpropanoic acid) at mercapto
acid concentrations of 0.09, 0.47, and 1.4 mol × l−1, respectively. In the absence of mercapto
acids, ke f f is 6.4 × 10−3 min−1. Considering (3), the obtained rate constants make it possible
to determine the kinetic order of polymerization from the concentration of sulfanylethanoic
and 3-sulfanylpropanoic acids, after plotting the dependences lnke f f vs. lnCT in accordance
with Equation (5) (Figure 4A).

lnke f f = ln
(

kCi
I

)
+ tlnCT (5)

Effective rate constants of reaction (ke f f ), calculated from the tangent of the slope of
the straight lines in Figure 3, are 10−2; 1.60 × 10−2; 2.40 × 10−2 min−1 (in the presence of
sulfanylethanoic acid), and 0.93 × 10−2; 1.50 × 10−2; 2.20 × 10−2 min−1 (in the presence of
3-sulfanylpropanoic acid) at initiator concentrations of 3.15 × 10−2, 6.30 × 10−2 and 9.45 ×
10−2 mol×l−1, respectively, if the initial concentration of mercapto acids is 0.47 mol × l−1.
Thus, the order of radical polymerization of N-vinyl-2-pyrrolidone based on the initiator
concentration can be determined from the linear dependence lnke f f vs. lnCI in accordance
with Equation (6) (Figure 4B).

lnke f f = ln
(
kCt

T
)
+ ilnCI (6)
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The results indicate that the order of concentration of AIBN is 0.77 and 0.79, when
sulfanylethanoic acid and 3-sulfanylpropanoic acid are used as chain transfer agents,
respectively. The kinetic order, in terms of the concentration of mercapto acids, in both
cases is 0.26. The order in terms of the concentration of N-vinyl-2-pyrrolidone is close to
unity with its low conversion, which is confirmed by the linearity of the dependences shown
in Figures 2 and 3. Thus, the replacement of sulfanylethanoic acid by 3-sulfanylpropanoic
acid, as expected, does not cause a change in the reaction orders for all components.

The kinetic order, in terms of the AIBN concentration in radical polymerization,
is usually close to 0.5, which is a consequence of bimolecular chain termination. The
chain termination mechanism, which affects the order of the reaction rate with respect
to the initiator in the radical polymerization of N-vinylpyrrolidone, remains a subject of
discussion [35]. The possibility of both traditional bimolecular chain termination, [36] and
first-order chain termination, in terms of the concentration of active centers, which are
often associated with the participation of impurities in chain termination [27,35,37], has
been shown. However, the development of the gel effect at high conversions of N-vinyl-2-
pyrrolidone, noted in [27], rather indicates the realization of bimolecular chain termination.

The data obtained also indicate the participation of mercapto acids and AIBN in the
formation of active centers at the initiation stage (Figure 4). Therefore, it is necessary
to compare the experimental orders of the polymerization rate of N-vinyl-2-pyrrolidone,
based on the concentrations of AIBN and mercapto acids, with the possible mechanisms of
the formation of radicals at the initiation stage. As alternatives, consider the monomolecular
thermolysis of AIBN (Scheme 1A), the redox reaction between AIBN and mercapto acids
(Scheme 1B), and the oxidation of thiolate anions of mercapto acids under the action of
AIBN (Scheme 1C).

Assuming that there is bimolecular chain termination, we can write the kinetic Equa-
tion (7) [38].

R = −dCM
dt

=
kp

k0.5
t

R0.5
I CM (7)

where: kp—chain growth rate constant; kt—breakage chain rate constant; RI—initiation
rate of radical polymerization; R—rate of radical polymerization.

If thermolysis of the initiator is realized (Scheme 1A), then RI ∼ CI and, therefore,
R ∼ C0.5

I CM. In this case, the reaction rate does not depend on the concentration of
mercapto acids, and the expected kinetic order with respect to the initiator concentration is
0.5, which contradicts the experimental data. The assumption of a redox reaction between
thiols and AIBN (Scheme 1B) allows us to conclude that RI ∼ CICT and R ∼ C0.5

I C0.5
T CM.

In this case, the polymerization rate depends on the concentration of mercapto acids;
however, the orders in the concentrations of the initiator and chain transfer agents do
not correspond to their experimentally determined values. Assuming that the act of one-



Polymers 2021, 13, 2569 8 of 15

electron oxidation is preceded by the deprotonation of the thiol group under the action of
AIBN, it is possible to write Equation (8) (Scheme 1C).

K =
CAIBNH+CRS−

CICT
=

C2
RS−

CICT
(8)

where: CAIBNH+ = CRS−—equilibrium concentrations of protonated AIBN and thiolate ion,
respectively; K—constant of acid-base equilibrium. Thus, the equilibrium concentration of
thiolate anion and the rate of initiation can be expressed by Equations (9) and (10), respectively.
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CRS− = (KCICT)
0.5 (9)

RI = kIK0.5CT
0.5CI

1.5 (10)

where: kI—initiation rate constant.
Substitution of Equation (10) into Equation (7) leads to kinetic Equation (11) for the

total polymerization rate.

R =
kp

k0.5
t

k0.5
I K0.25CT

0.25CI
0.75CM (11)

Equation (11) corresponds to the experimentally determined orders of the polymer-
ization rate with respect to the concentrations of mercapto acids and initiator. Thus, the
kinetic data indicate the one-electron oxidation of thiolate anions of mercapto acids, under
the action of AIBN, which is the cause of the formation of radicals initiating polymerization.
Thus, we assume that the low equilibrium concentration of thiolate anions of mercapto
acids (dianions of mercapto acids) is compensated by their high reducing activity [39]. In
this case, the dissociation of the carboxyl group (the formation of monoanions of mercapto
acids), which has a higher acidity than the thiol group, obviously cannot significantly affect
the reducing properties of mercapto acids. 1,4-dioxane and AIBN can act as bases in the
reaction system; however, only protonation of AIBN, under the action of mercapto acid
monoanions, leads to the formation of particles active in single electron transfer.

If we assume that the radicals formed by the reaction shown in Scheme 1C statistically
recombine, then the theoretical yield of tetramethyl succinonitrile at an equimolar ratio of
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reagents is 12.5%, based on the initial AIBN. When studying the decomposition of AIBN
in the presence of sulfanylethanoic and 3-sulfanylpropanoic acids, without N-vinyl-2-
pyrrolidone at an equimolar ratio of reagents, the yield of tetramethylsuccinonitrile in both
cases was about 13% (Figure 5), which also agrees with the initiation of polymerization
according to Scheme 1C.
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of sulfanylethanoic acid—1 (3-sulfanylpropanoic acid—2) and AIBN after heating for 20 h at a
temperature of 353 K.

Sulfanylethanoic acid and 3-sulfanylpropanoic acids are active chain transfer agents,
which is confirmed by a significant decrease in the number average degree of polymeriza-
tion of poly (N-vinyl-2-pyrrolidone), even at a low concentration of these mercapto acids.
The construction of linear dependences, X−1

n vs. CTC−1
M (Figure 6) in accordance with the

Mayo Equation (12) allows us to determine the chain transfer constants to sulfanylethanoic
acid and 3-sulfanylpropanoic acids.

X−1
n = X−1

n0 + λTCTC−1
M (12)

where: λT—relative constant of chain transfer to mercapto acids; Xn0—number average
degree of polymerization of the polymer formed in the absence of mercapto acids.
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Experimental data indicate a higher activity of sulfanylethanoic acid (λT = 0.441),
compared to 3-sulfanylpropanoic acid (λT = 0.317). The calculated λT values are con-
sistent with a greater stabilization by the inductive effect of the carboxyl group of the
radical formed from sulfanylethanoic acid, as compared to its homologue formed from
3-sulfanylpropanoic acid. Probably for this reason, the rate of polymerization of N-vinyl-
2-pyrrolidone in the presence of sulfanylethanoic acid is somewhat higher than with the
addition of 3-sulfanylpropanoic acid.

The high value of λT make it possible to achieve selectivity with respect to end groups
for telomers of N-vinyl-2-pyrrolidone formed in the presence of mercapto acids. The
13C NMR spectrum of the telomer of N-vinyl-2-pyrrolidone has a signal of 176.65 ppm.,
which corresponds to the terminal carboxylate and is clearly distinguishable against the
background of the signal, in the range of chemical shifts 176.92–177.30 ppm, which belongs
to the amide group of N-vinyl-2-pyrrolidone residues of various configurations. In addition,
the chemical shift region is 115–125 ppm. does not contain signals characteristic of carbon
atoms of the nitrile group, which indicates an insignificant contribution of the processes
of interaction of the monomer and radicals formed directly during the decomposition of
AIBN to the formation of polymer chains. The position and structure of the remaining
signals in the 13C NMR spectrum of the synthesized telomere of N-vinyl-2-pyrrolidone
correspond to their assignment (Figure 7), considering the various configurations of chain
links described earlier in the article [40].
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The mechanism of radical telomerization of N-vinyl-2-pyrrolidone in the presence of
sulfanylethanoic acid is shown in Scheme 2.
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Scheme 2. Mechanism of radical telomerization of N-vinyl-2-pyrrolidone in the presence of sul-
fanylethanoic acid.

Telechelic of N-vinyl-2-pyrrolidone synthesized in the presence of sulfanylethanoic
acid is capable of non-covalent binding of doxorubicin, which has a broad spectrum of
anticancer activity [41–43]. Investigation of the rate of release of doxorubicin from a solution
in distilled water in the presence of telechelic N-vinyl-2-pyrrolidone with terminal residues
of thioacetic acid, and in its absence, showed satisfactory compliance of the experimental
dependences with the kinetic Equation of the pseudo-first order (13) (Figure 8).

ln(A∞ − A) = −krt + C (13)

where: A, A∞—current value and maximum value of the optical density of the solution
at a wavelength of 480 nm; kr—the rate constant of doxorubicin release; C—the constant
of integration.

The pseudo first order Equation (13) is also valid in the case of the release of doxoru-
bicin in the presence of poly (N-vinyl-2-pyrrolidone), which does not contain a terminal car-
boxyl group with a molecular weight close to the molecular weight of carboxyl-containing
telechelic (Figure 8).

The rate constant of the release of pure doxorubicin from an aqueous solution through
the dialysis membrane is 0.89 h−1. The introduction of telechelic N-vinyl-2-pyrrolidone
with terminal residues of thioacetic acid leads to a decrease in the rate constant of the
release of doxorubicin to 0.57 h−1, while in both cases the same limiting value of the optical
density of solutions is achieved. In the presence of poly (N-vinyl-2-pyrrolidone), which
does not contain a terminal carboxyl group, the doxorubicin release rate constant is 0.78 h−1

(Figure 8).
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Figure 8. Linear dependence ln(A∞ − A) vs. t, obtained for the process of release of doxorubicin at a
temperature of 309 K through the dialysis membrane (500 MWCO): 1—from an aqueous solution; 2—
from an aqueous solution of poly(N-vinyl-2-pyrrolidone); 3—from an aqueous solution of telechelic
N-vinyl-2-pyrrolidone with terminal residues of thioacetic acid.

It should be expected that the dissociation constant of the terminal carboxyl group of
telechelic N-vinyl-2-pyrrolidone is close to the dissociation constant of sulfanylethanoic
acid, and is about 4 × 10−4, while the acidity constant of the alkylammonium fragment
of the doxorubicin molecule is 3.47 × 10−9. At a concentration of 1.12 × 10−3 mol × l−1

of the terminal carboxyl groups of telechelic N-vinyl-2-pyrrolidone and a concentration
of 1.84 × 10−3 mol × l−1 of aminoalkyl fragments of doxorubicin, the former are almost
completely ionized, while the degree of dissociation of the latter is only 0.18%. Therefore, a
significant contribution to the delay in the release of doxorubicin is made by electrostatic
interactions between the ionized carboxyl group of telechelic N-vinyl-2-pyrrolidone and
the salt form of doxorubicin. However, poly (N-vinyl-2-pyrrolidone), lacking a terminal
carboxyl group, also slows down the release of doxorubicin, but to a lesser extent than a
carboxyl-containing polymer. Therefore, it can be assumed that the formation of hydrogen
bonds somewhat contributes to the delay in the release of doxorubicin in the presence of
poly (N-vinyl-2-pyrrolidone) (Scheme 3).
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Thus, in the presence of the carboxyl-containing telechelic N-vinyl-2-pyrrolidone, the 
rate of release of doxorubicin during dialysis is significantly reduced, which makes it pos-
sible to count on an increase in the circulation time of the drug in the vascular bed after 
injection. A decrease in the rate of absorption of doxorubicin may contribute to a decrease 
in its cardiotoxic effect, which is the main side effect of therapy [44–47]. 

4. Conclusions 
It was found that sulfanylethanoic acid and 3-sulfanylpropanoic acids are not only 

effective regulators of molecular weight with relative chain transfer constants of 0.441 and 
0.317, respectively, but also accelerate the radical polymerization of N-vinyl-2-pyrroli-
done. The acceleration of the radical polymerization of N-vinyl-2-pyrrolidone in the pres-
ence of sulfanylethanoic and 3-sulfanylpropanoic acids is explained by their participation 
in the initiation act. It is shown that the experimental values of the polymerization rate 
orders with respect to N-vinyl-2-pyrrolidone, initiator, and mercapto acids are 1, 0.77–
0.79, and 0.26, respectively. The experimental values of the orders are close to theoretical, 
if we assume that the initiation mechanism includes one-electron oxidation of thiolate an-
ions of mercapto acids under the action of 2,2’-azobisisobutyronitrile. Thus, it has been 
shown for the first time that mercapto acids and 2,2’-azobisisobutyronitrile form a high-
temperature redox initiating system, causing radical polymerization of N-vinyl-2-pyrrol-
idone. 

The use of mercapto acids as chain transfer agents in the radical polymerization of 
N-vinyl-2-pyrrolidone provides selective introduction of terminal carboxyl groups. It has 
been shown that the addition of sulfanylethanoic acid makes it possible to obtain a car-
boxyl-containing telechelic of N-vinyl-2-pyrrolidone capable of slowing down the release 
of doxorubicin from aqueous solutions. 
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Scheme 3. Supposed interactions between protonated doxorubicin and carboxyl-containing telechelik
N-vinyl-2-pyrrolidone.

Thus, in the presence of the carboxyl-containing telechelic N-vinyl-2-pyrrolidone,
the rate of release of doxorubicin during dialysis is significantly reduced, which makes it
possible to count on an increase in the circulation time of the drug in the vascular bed after
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injection. A decrease in the rate of absorption of doxorubicin may contribute to a decrease
in its cardiotoxic effect, which is the main side effect of therapy [44–47].

4. Conclusions

It was found that sulfanylethanoic acid and 3-sulfanylpropanoic acids are not only
effective regulators of molecular weight with relative chain transfer constants of 0.441 and
0.317, respectively, but also accelerate the radical polymerization of N-vinyl-2-pyrrolidone.
The acceleration of the radical polymerization of N-vinyl-2-pyrrolidone in the presence of
sulfanylethanoic and 3-sulfanylpropanoic acids is explained by their participation in the
initiation act. It is shown that the experimental values of the polymerization rate orders
with respect to N-vinyl-2-pyrrolidone, initiator, and mercapto acids are 1, 0.77–0.79, and
0.26, respectively. The experimental values of the orders are close to theoretical, if we
assume that the initiation mechanism includes one-electron oxidation of thiolate anions of
mercapto acids under the action of 2,2’-azobisisobutyronitrile. Thus, it has been shown for
the first time that mercapto acids and 2,2’-azobisisobutyronitrile form a high-temperature
redox initiating system, causing radical polymerization of N-vinyl-2-pyrrolidone.

The use of mercapto acids as chain transfer agents in the radical polymerization of
N-vinyl-2-pyrrolidone provides selective introduction of terminal carboxyl groups. It
has been shown that the addition of sulfanylethanoic acid makes it possible to obtain
a carboxyl-containing telechelic of N-vinyl-2-pyrrolidone capable of slowing down the
release of doxorubicin from aqueous solutions.

Author Contributions: Conceptualization, A.N.K., M.I.S., A.M.T. and Y.O.M.; original draft prepa-
ration Y.O.M., A.L.L.; writing—review and editing, A.N.K., M.I.S., I.A.G., M.V.M. and A.M.T.;
investigation, A.N.K., A.L.L., I.A.G., M.V.M., I.I.L., A.M.N. and O.Y.S.; formal analysis, A.M.T.,
Y.O.M.; project administration, M.I.S.; methodology, A.N.K., Y.O.M., I.A.G., M.V.M., I.I.L., A.M.N.
and O.Y.S.; validation, M.V.M., I.I.L., A.M.N. and O.Y.S. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by Ministry of Science and Higher Education of the Russian
Federation. Agreement No 075-15-2020-792, unique contract identifier RF—-190220X0031.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: There are no conflict to declare.

References
1. Schwarz, W. PVP: A Critical Review of the Kinetics and Toxicology of Polyvinylpyrrolidone (Povidone), 1st ed.; CRC Press: Boca Raton,

FL, USA, 1990.
2. Nair, B. Final report on the safety assessment of Polyvinylpyrrolidone (PVP). Int. J. Toxicol. 1998, 17, 95–130. [CrossRef]
3. Yang, M.; Xie, S.; Li, Q.; Wang, Y.; Chang, X.; Shan, L.; Sun, L.; Huang, X.; Gao, C. Effects of polyvinylpyrrolidone both as a binder

and pore-former on the release of sparingly water-soluble topiramate from ethylcellulose coated pellets. Int. J. Pharm. 2014, 465,
187–196. [CrossRef]

4. Hita-Iglesias, P.; Torres-Lagares, D.; Gutiérrez-Pérez, J.L. Evaluation of the clinical behavior of a polyvinylpyrrolidone and sodium
hyalonurate gel (Gelclair) in patients subjected to surgical treatment with CO2 laser. Int. J. Oral Maxillofac. Surg. 2006, 35, 514–517.
[CrossRef]

5. Ma, R.; Xiong, D.; Miao, F.; Zhang, J.; Peng, Y. Novel PVP/PVA hydrogels for articular cartilage replacement. Mater. Sci. Eng. C
2009, 29, 1979–1983. [CrossRef]

6. Kamal Hossen, M.; Alaul Azim, M.; Sarwaruddin Chowdhury, A.M.; Dafader, N.C.; Haque, M.E.; Akter, F. Characterization of
poly(vinyl alcohol) and poly(vinyl pyrrolidone) co-polymer blend hydrogel prepared by application of gamma radiation. Polym.
Plast. Technol. Eng. 2008, 47, 662–665. [CrossRef]

7. Dafader, N.C.; Haque, M.E.; Akhtar, F. Synthesis of hydrogel from aqueous solution of poly(vinyl pyrrolidone) with agar by
Gamma-rays irradiation. Polym. Plast. Technol. Eng. 2005, 44, 243–251. [CrossRef]

http://doi.org/10.1177/109158189801700408
http://doi.org/10.1016/j.ijpharm.2014.02.021
http://doi.org/10.1016/j.ijom.2005.12.004
http://doi.org/10.1016/j.msec.2009.03.010
http://doi.org/10.1080/03602550802129528
http://doi.org/10.1081/PTE-200048678


Polymers 2021, 13, 2569 14 of 15

8. Abbaszadeh, F.; Moradi, O.; Norouzi, M.; Sabzevari, O. Improvement single-wall carbon nanotubes (SWCNTs) based on function-
alizing with monomers 2-hydroxyethylmethacryate (HEMA) and N-vinylpyrrolidone (NVP) for pharmaceutical applications as
cancer therapy. J. Ind. Eng. Chem. 2013, 20, 2895–2900. [CrossRef]

9. Bailly, N.; Thomas, M.; Klumperman, B. Poly(N-vinylpyrrolidone)- block-poly(vinyl acetate) as a drug delivery vehicle for
hydrophobic drugs. Biomacromolecules 2012, 13, 4109–4117. [CrossRef] [PubMed]

10. Kubin, A.; Loew, H.G.; Burner, U.; Jessner, G.; Kolbabek, H.; Wierrani, F. How to make hypericin water-soluble. Pharmazie 2008,
63, 263–269. [PubMed]

11. Kariduraganavar, M.Y.; Kittur, A.A.; Kamble, R.R. Polymer synthesis and processing. In Natural and Synthetic Biomedical Polymers,
1st ed.; Elsevier Inc.: Amsterdam, The Netherlands, 2014; pp. 1–31.

12. Afrasiabi Garekani, H.; Sadeghi, F.; Ghazi, A. Increasing the aqueous solubility of acetaminophen in the presence of
polyvinylpyrrolidone and investigation of the mechanisms involved. Drug Develop. Industr. Pharm. 2003, 29, 173–179. [CrossRef]

13. Wang, W.; Li, M.; Yang, Q.; Liu, Q.; Ye, M.; Yang, G. The opposed effects of polyvinylpyrrolidone K30 on dissolution and
precipitation for indomethacin supersaturating drug delivery systems. AAPS PharmSciTech 2020, 21, 107. [CrossRef]

14. Teodorescu, M.; Bercea, M. Poly(vinylpyrrolidone)—A versatile polymer for biomedical and beyond medical applications. Polym.
Plast. Technol. Eng. 2015, 54, 923–943. [CrossRef]

15. Kuskov, A.N.; Kulikov, P.P.; Goryachaya, A.V.; Tzatzarakis, M.N.; Docea, A.O.; Velonia, K.; Shtilman, M.I.; Tsatsakis, A.M.
Amphiphilic poly-N-vinylpyrrolidone nanoparticles as carriers for non-steroidal, anti-inflammatory drugs: In Vitro cytotoxicity
and In Vivo acute toxicity study. Nanomed. Nanotechnol. Biol. Med. 2017, 13, 1021–1030. [CrossRef]

16. Martins, R.M.; Pereira, S.V.; Siqueira, S.; Salomão, W.F.; Freitas, L.A.P. Curcuminoid content and antioxidant activity in spray
dried microparticles containing turmeric extract. Food Res. Int. 2013, 50, 657–663. [CrossRef]

17. Chowdhury, P.; Nagesh, P.K.B.; Khan, S.; Hafeez, B.B.; Chauhan, S.C.; Jaggi, M.; Yallapu, M.M. Development of polyvinylpyrroli-
done/paclitaxel self-assemblies for breast cancer. Acta Pharm. Sin. B 2018, 8, 602–614. [CrossRef] [PubMed]

18. Ramalingam, V.; Varunkumar, K.; Ravikumar, V.; Rajaram, R. Target delivery of doxorubicin tethered with PVP stabilized gold
nanoparticles for effective treatment of lung cancer. Sci. Rep. 2018, 8, 3815. [CrossRef]

19. Franco, P.; De Marco, I. The use of Poly(N-vinyl pyrrolidone) in the delivery of drugs: A review. Polymers 2020, 12, 1114.
[CrossRef] [PubMed]

20. Kurakula, M.; Rao, G. 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]

21. Mady, L.J.; Kubik, M.W.; Baddour, K.; Snyderman, C.H.; Rowan, N.R. Consideration of povidone-iodine as a public health
intervention for COVID-19: Utilization as “Personal Protective Equipment” for frontline providers exposed in high-risk head and
neck and skull base oncology care. Oral Oncol. 2020, 105, 104724. [CrossRef] [PubMed]

22. Sarma, P.; Kaur, H.; Medhi, B.; Bhattacharyya, A. Possible prophylactic or preventive role of topical povidone iodine during
accidental ocular exposure to 2019-nCoV. Graefes Arch. Clin. Exp. Ophthalmol. 2020, 258, 2563–2565. [CrossRef]

23. Anderson, D.E.; Sivalingam, V.; Kang, A.E.Z.; Ananthanarayanan, A.; Arumugam, H.; Jenkins, T.M.; Hadjiat, Y.; Eggers, M.
Povidone-iodine demonstrates rapid in vitro virucidal activity against SARS-CoV-2, the virus causing COVID-19 disease. Infect.
Dis. Ther. 2020, 9, 669–675. [CrossRef]

24. Kuskov, A.N.; Shtil’man, M.I.; Tsatsakis, A.M.; Torchilin, V.P.; Yamskov, I.A. Synthesis of Amphiphilic N-Vinylpyrrolidone and
acrylamide polymers of various structures. Russ. J. Appl. Chem. 2005, 78, 806–810. [CrossRef]

25. Berdiaki, A.; Perisynaki, E.; Stratidakis, A.; Kulikov, P.P.; Kuskov, A.N.; Stivaktakis, P.; Henrich-Noack, P.; Luss, A.L.; Shtilman,
M.I.; Tzanakakis, G.N.; et al. Assessment of amphiphilic poly-N-vinylpyrrolidone nanoparticles’ biocompatibility with endothelial
cells In Vitro and delivery of an anti-inflammatory drug. Mol. Pharm. 2020, 17, 4212–4225. [CrossRef]

26. 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.I.; et al. Nanosized carriers based on amphiphilic poly-N-vinyl-2-pyrrolidone for intranuclear drug delivery.
Nanomedicine 2018, 13, 703–715. [CrossRef] [PubMed]

27. Senogles, E.; Thomas, R. Polymerization kinetics of N–vinyl pyrrolidone. J. Polym. Sci. Symp. 1975, 49, 203–210. [CrossRef]
28. Karaputadze, T.M.; Shumskii, V.I.; Kirsh, Y.E. Effect of the type of solvent on radical polymerization of N-vinylpyrrolidone. Polym.

Sci. USSR 1978, 20, 2084–2091. [CrossRef]
29. Srivastava, S.; Srivastava, A.K. Synthesis and characterization of poly(N-vinyl pyrrolidone) initiated by stibonium ylide. Des.

Monomers Polym. 2006, 9, 29–39. [CrossRef]
30. Neethu, T.; Ethayaraja, M. Mechanism and modeling of poly[vinylpyrrolidone] (PVP) facilitated synthesis of silver nanoplates.

Phys. Chem. Chem. Phys. 2018, 20, 15507–15517.
31. Li, D.; Laroui, A.; Ma, S.; Wang, J.; Wang, D.; Kelland, M.A.; Dong, J. Tetrahydrofuran hydrate crystal growth inhibition with

synergistic mixtures: Insight into gas hydrate inhibition mechanisms. Energy Fuels 2020, 34, 13664–13672. [CrossRef]
32. Kokkorogianni, O.; Kontoes-Georgoudakis, P.; Athanasopoulou, M.; Polizos, N.; Pitsikalis, M. Statistical copolymers of N-

vinylpyrrolidone and isobornyl methacrylate via free radical and RAFT polymerization: Monomer reactivity ratios, thermal
properties, and kinetics of thermal decomposition. Polymers 2021, 13, 778. [CrossRef]

33. 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. J.
2014, 53, 109–117. [CrossRef]

http://doi.org/10.1016/j.jiec.2013.11.025
http://doi.org/10.1021/bm301410d
http://www.ncbi.nlm.nih.gov/pubmed/23116120
http://www.ncbi.nlm.nih.gov/pubmed/18468384
http://doi.org/10.1081/DDC-120016725
http://doi.org/10.1208/s12249-020-01647-7
http://doi.org/10.1080/03602559.2014.979506
http://doi.org/10.1016/j.nano.2016.11.006
http://doi.org/10.1016/j.foodres.2011.06.030
http://doi.org/10.1016/j.apsb.2017.10.004
http://www.ncbi.nlm.nih.gov/pubmed/30109184
http://doi.org/10.1038/s41598-018-22172-5
http://doi.org/10.3390/polym12051114
http://www.ncbi.nlm.nih.gov/pubmed/32414187
http://doi.org/10.1016/j.jddst.2020.102046
http://www.ncbi.nlm.nih.gov/pubmed/32905026
http://doi.org/10.1016/j.oraloncology.2020.104724
http://www.ncbi.nlm.nih.gov/pubmed/32317139
http://doi.org/10.1007/s00417-020-04752-2
http://doi.org/10.1007/s40121-020-00316-3
http://doi.org/10.1007/s11167-005-0397-6
http://doi.org/10.1021/acs.molpharmaceut.0c00667
http://doi.org/10.2217/nnm-2017-0311
http://www.ncbi.nlm.nih.gov/pubmed/29629829
http://doi.org/10.1002/polc.5070490120
http://doi.org/10.1016/0032-3950(78)90334-9
http://doi.org/10.1163/156855506775526223
http://doi.org/10.1021/acs.energyfuels.0c02420
http://doi.org/10.3390/polym13050778
http://doi.org/10.1016/j.eurpolymj.2014.01.029


Polymers 2021, 13, 2569 15 of 15

34. Lu, X.; Gong, S.; Meng, L.; Li, C.; Yang, S.; Zhang, L. Controllable synthesis of poly(N-vinylpyrrolidone) and its block copolymers
by atom transfer radical polymerization. Polymer 2007, 48, 2835–2842. [CrossRef]

35. Bamford, C.H.; Schofield, E.; Michael, D.J. Non-classical free-radical polymerization: 5. The purification and polymerization of
1-vinyl-2-pyrrolidone. Polymer 1985, 26, 945–950. [CrossRef]

36. Gupta, K.C. Kinetics of radical polymerization of N-vinylpyrrolidone by peroxidiphosphate—Ag+ system. J. Appl. Polym. Sci.
1994, 53, 71–78. [CrossRef]

37. Cizravi, J.C.; Tay, T.Y.; Pon, E.C. Kinetics of azo-initiated 1-vinyl-2-pyrrolidone polymerizations at low conversions in aqueous
media. J. Appl. Polym. Sci. 2000, 75, 239–246. [CrossRef]

38. Aldea, A.; Albu, A.-M.; Nicolescu, A.; Tecuceanu, V. Kinetics of free radical polymerization of N-substituted amides and their
structural implications. Adv. Mater. Sci. Eng. 2016, 2016, 6430416. [CrossRef]

39. Ulrich, K.; Jakob, U. The role of thiols in antioxidant systems. Free Radic. Biol. Med. 2019, 140, 14–27. [CrossRef]
40. Dutta, K.; Brar, A.S. Poly(vinylpyrrolidone): Configurational assignments by one- and two-dimensional NMR spectroscopy. J.

Polym. Sci. Part A Polym. Chem. 1999, 37, 3922–3928. [CrossRef]
41. Thorn, C.F.; Oshiro, C.; Marsh, S.; Hernandez-Boussard, T.; McLeod, H.; Klein, T.E.; Altman, R.B. Doxorubicin pathways:

Pharmacodynamics and adverse effects. Pharm. Genomics 2011, 21, 440–446. [CrossRef]
42. Lee, C.S.; Kim, T.W.; Oh, D.E.; Bae, S.O.; Ryu, J.; Kong, H.; Jeon, H.; Seo, H.K.; Jeon, S.; Kim, T.H. In Vivo and In Vitro anticancer

activity of doxorubicin-loaded DNA-AuNP nanocarrier for the ovarian cancer treatment. Cancers 2020, 12, 634. [CrossRef]
43. Agudelo, D.; Bourassa, P.; Bérubé, G.; Tajmir-Riahi, H.A. Review on the binding of anticancer drug doxorubicin with DNA and

tRNA: Structural models and antitumor activity. J. Photochem. Photobiol. B Biol. 2016, 158, 274–279. [CrossRef] [PubMed]
44. Zhao, L.; Zhang, B. Doxorubicin induces cardiotoxicity through upregulation of death receptors mediated apoptosis in cardiomy-

ocytes. Sci. Rep. 2017, 7, 44735. [CrossRef]
45. Octavia, Y.; Tocchetti, C.G.; Gabrielson, K.L.; Janssens, S.; Crijns, H.J.; Moens, A.L. Doxorubicin-induced cardiomyopathy: From

molecular mechanisms to therapeutic strategies. J. Mol. Cell. Cardiol. 2012, 52, 1213–1225. [CrossRef]
46. Kalyanaraman, B. Teaching the basics of the mechanism of doxorubicin-induced cardiotoxicity: Have we been barking up the

wrong tree? Redox Biol. 2020, 29, 101394. [CrossRef]
47. Bansal, N.; Adams, M.J.; Ganatra, S.; Colan, S.D.; Aggarwal, S.; Steiner, R.; Amdani, S.; Lipshultz, E.R.; Lipshultz, S.E. Strategies

to prevent anthracycline-induced cardiotoxicity in cancer survivors. Cardio Oncol. 2019, 5, 18. [CrossRef] [PubMed]

http://doi.org/10.1016/j.polymer.2007.03.048
http://doi.org/10.1016/0032-3861(85)90143-0
http://doi.org/10.1002/app.1994.070530108
http://doi.org/10.1002/(SICI)1097-4628(20000110)75:2&lt;239::AID-APP6&gt;3.0.CO;2-Y
http://doi.org/10.1155/2016/6430416
http://doi.org/10.1016/j.freeradbiomed.2019.05.035
http://doi.org/10.1002/(SICI)1099-0518(19991101)37:21&lt;3922::AID-POLA7&gt;3.0.CO;2-J
http://doi.org/10.1097/FPC.0b013e32833ffb56
http://doi.org/10.3390/cancers12030634
http://doi.org/10.1016/j.jphotobiol.2016.02.032
http://www.ncbi.nlm.nih.gov/pubmed/26971631
http://doi.org/10.1038/srep44735
http://doi.org/10.1016/j.yjmcc.2012.03.006
http://doi.org/10.1016/j.redox.2019.101394
http://doi.org/10.1186/s40959-019-0054-5
http://www.ncbi.nlm.nih.gov/pubmed/32154024

	Introduction 
	Experimental 
	Materials and Methods 
	Study of the Polymerization (Telomerization) Kinetics of N-Vinyl-2-Pyrrolidone in the Presence of Sulfanylethanoic Acid and 3-Sulfanylpropanoic Acids 
	Determination of the Chain Transfer Constants for Sulfanyletanoic Acid and 3-Sulfanylpropanoic Acid 
	Interaction of AIBN with Sulfanylethanoic and 3-Sulfanylpropane Acids 
	Immobilization of Doxorubicin on the Telomere of N-Vinyl-2-Pyrrolidone with a Terminal Thioacetic Acid Residue and the Kinetics of Release of Bound Doxorubicin 

	Results and Discussion 
	Conclusions 
	References

