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Water-soluble polymer compositions of the lipophilic complex of cis-bis[(nitroxyethyl)-
isonicotinamide-N]-tetrachloroplatinum(IV) with antitumor activity were prepared. The com-
plex was solubilized by amphiphilic copolymers of N-vinylpyrrolidone (VP) with (di)metha-
crylates synthesized by radical copolymerization in toluene in the absence of any inhibitors 
of polymer chain growth. Aqueous buff er solutions of the nanostructures were studied by dynamic 
light scattering, and the infl uence of the concentrations of the complex and copolymer and 
temperature on the nanoparticle size (hydrodynamic radius) was estimated. The nanostructures 
based on the VP copolymer with triethylene glycol dimethacrylate are shown to be thermosen-
sitive and decompose when the temperature rises to physiologically signifi cant values. 
According to the TEM data, the polymer particles are spherical and contain inclusions of the 
PtIV complex ~4 nm in size. The polymer compositions were studied using CV, TGA, and DSC 
methods. The results of IR spectroscopic analysis of the polymer compositions and quantum 
chemical modeling indicate the formation of the hydrogen bond between the NH groups of the 
complex and VP copolymer.
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The enhancement of the therapeutic eff ect of antican-
cer drugs and a decrease in their cytotoxic eff ect on normal 
cells demand nanocarriers with high biocompatibility and 
capability of loading drugs and their controlled and target 
release in the human organism. Both linear polymers, for 
example, polyethylene glycol, polylactic or polyglycolic 
acid, and their copolymers, and branched polymers are 
presently used as carriers. Dendrimers are considered to 
be ideal as delivery systems due to the three-dimensional 
globular network, nanometer dimensions, monodispersity, 
lipophilicity, and capability of easily penetrating into a cell 
of the human organism.1—3 However, their preparation is 
complicated and multistep, and some dendrimers are very 
toxic for the cells4 and must be additionally functionalized. 

The amphiphilic polymers with diverse architecture 
were developed as an alternative to dendrimers,5 and 
among them hyperbranched polymers play a special 
role.6—9 In spite of irregularity and imperfectness of the 

architecture, they are highly soluble and have a low viscos-
ity of solution, a high density of the functional groups at 
the periphery of the macromolecule, and the ability to 
self-organization in solutions.10,11 Their signifi cance as 
carriers of biologically active compounds for pharm a-
cological purposes increases,9 since they provide the 
prolonged eff ect of drugs, change their distribution in the 
organisms, and decrease toxicity. 

One of the simplest and most effi  cient methods for the 
preparation of branched copolymers from commercially 
available vinyl monomers was developed at the University 
of Strathclyde (Glasgow, Scotland) and was named the 
Strathclyde methodology.12 The radical copolymerization 
of such monomers controlled by the chain transfer agent 
makes it possible to form branching points using polyfunc-
tional monomers. The amphiphilic copolymers with the 
branched structure reacting to a change in the temperature 
or pH of the medium were prepared by this method.13—15 
Using this approach, we pioneered in preparing a line of 
amphiphilic copolymers of N-vinylpyrrolidone (VP) with 
(di)methacrylates of various structures in the presence16 
or in the absence17 of 1-decanethiol (chain transfer 

* Based on the materials of the VIII All-Russian Kargin Con-
ference "Polymers-2020" (November 9—13, 2020, Moscow, Russia). 
† Deceased.
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agent). These copolymers have a low cytotoxicity and 
can penetrate into the cells. 

The results of studies showed that the amphiphilic 
copolymers of VP with triethylene glycol dimethacrylate 
can be used as platforms for the synthesis of hydrophilic 
compounds, for instance, N,N-dimethylbiguanidine 
hydrochloride (metformin),18 or for hydrophobic com-
pounds, such as binuclear tetranitrosyl iron complexes19,20 
and platinum(IV) organic complexes.21,22 The biocom-
patible polymer compositions of the platinum(IV) amino-
nitroxyl complex with the anticancer activity against 
the HeLa cells were prepared.21 As compared to the 
platinum(II) complexes (cisplatin and others),23,24 the 
platinum(IV) complexes are more inert, characterized by 
moderate toxicity, and effi  cient against cisplatin-resistant 
tumors.24 To control such properties of the platinum 
complexes as solubility, bioaccessibility, toxicity, pro-
longed eff ect, distribution in the organism, duration of 
circulation in blood, and accumulation in tumor cells and 
infl ammation centers, they are encapsulated into various 
carriers: liposomes, micelles, dendrimers, and inorganic 
or other solid particles.25—27 

The platinum(IV) complexes28,29 with a high anti-
metastatic activity and a low total toxicity against experi-
mental melanoma B-16 and lung carcinoma were synthe-
sized using biogenic low-toxicity compounds (nicotinic 
and isonicotinic acids) as ligands at the Institute of 
Problems of Chemical Physics (Russian Academy of 
Sciences).28 The synthesized organic PtIV complexes are 
readily soluble in DMSO and DMF but are poorly soluble 
in water and ethanol. The introduction of OH groups into 
the ligands enhances the solubility of the complexes in 
water. However, the stability of their aqueous solutions 
was not improved. The encapsulation of cis-bis[2-(nitr-
oxy ethyl)isonicotinamide-N]-tetrachloroplatinum(IV) 
(PtIVL)22 in the amphiphilic biocompatible VP copolymers 
with (di)methacrylates was proposed to enhance solution 
stability. This complex is known due to its anticancer 
activity and capability of generating nitrogen monoxide 
during biotransformation. The biological assays showed22 
that the PtIVL complex encapsulated in these copolymers 
possessed cytotoxic activity toward tumor cells А172, 
and in 48 h of incubation its dose IC50 was about 
106 μmol  L–1, whereas for the starting complex this 
value was 91 μmol L–1. 

Since the amphiphilic VP copolymers with the branched 
structure are interesting as carriers and delivery vehicles 

of PtIVL, the experimental and theoretical study of the 
corresponding polymer compositions (PC) is an urgent 
task. The purposes of this work are as follows: preparation 
of PC of cis-bis[2-(nitroxyethyl)isonicotinamide-N]-
tetrachloroplatinum(IV) on the basis of the amphiphilic 
VP copolymers with (di)methacrylates, quantum chemical 
modeling of the structures of the PtIVL—copolymer com-
plexes by the DFT method, and studies of their structures 
and properties using various physicochemical methods. 

Experimental 

The cis-b is[2-(nitroxyethyl)isonicotinamide-N]-tetra chloro-
platinum(IV) complex was synthesized from platinum hexachlor-
ide potassium salt and N-(2-nitr oxyethyl)isonicotinamide using 
an earlier described procedure.28 The complex was characterized 
by elemental analyses and IR and NMR spectroscopy. 

Isopropyl alcohol (special purity grade, Khimmed, Russia) 
was used as received. Bidistilled water and a neutral water—salt 
phosphate buff er (pH 6.8) containing 137 mmol  L–1 NaCl, 
2.68 mmol L–1 KCl, 4.29 mmol L–1 Na2HPO4, and 1.47 mmol L–1 
KH2PO4 (all from Khimmed, Russia) were used. Dimethyl 
sulfoxide (Lab-Scan, Poland), was purifi ed by freezing out, and 
the water content in it (≤0.05%) was monitored by IR spectro-
scopy using a known procedure.30 

To prepare copolymers, N-vinylpyrrolidone (Alfa Aesar, 
USA) was purifi ed by distillation in vacuo from the NaOH in-
hibitor. Triethylene glycol dimethacrylate (TEGDM) (Aldrich, 
USA) and poly(ethylene glycol) methyl ether methacrylate 
(PEGMEM) (Aldrich) were used as received. The VP—TEGDM 
and VP—PEGMEM—TEGDM copolymers were prepared at 
the molar ratio of the monomers 95  : 5 and 95  : 5  : 5, respec-
tively, using radical copolymerization in toluene according to 
a previously described procedure.17 The content of the monomers 
in toluene was about 80%. The azobisisobutyronitrile (AIBN) 
initiator was 0.01 mol L–1. The copolymers were isolated from 
solutions by precipitation with a tenfold excess of n-hexane 
(Khimmed, Russia) and dried to a constant weight in vacuo. The 
yield of the copolymers was ~90%. The content of the mono-
meric units in the copolymers was calculated from the elemental 
analysis data. Elemental analysis was carried out on a Vario EL 
cube instrument (Elementar GmbH, Germany). The absolute 
molecular weights of the copolymers were determined according 
to a known procedure17 by exclusion liquid chromatography on 
a Waters GPCV 2000 instrument (Waters, USA) США) using 
two detectors: a refractomer (RI) and a light scattering detector 
(MALLS). The content of platinum in the encapsulated complex 
was determined by the Pregl chemical analysis, and the chlorine 
content was determined by mercurimetric titration.31 Aqueous 
solutions of PC were studied by the dynamic light scattering 
(DLS) method at a detection angle of 90° on a Photocor Compact 
setup (Photocor, USA) at the wavelength 654 nm. Measurements 
of light scattering by aqueous dispersions were performed after 
their fi ltration through a microporous fi lter (0.45 μm) on 
a Photocor Compact instrument. Prior to measurements, vials 
with the solutions were stored at a constant temperature for 
~30 min. Experimental data were processed using the DynaLS 
v. 2.8.3 software. The experimental results of DLS were pre-
sented as characteristic times of the correlation functions of 
scattered light and particle distribution over diff usion coeffi  cients. 
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The hydrodynamic radius of particles Rh was calculated using 
the Stokes—Einstein equation: D = kT/6πηR, where k is the 
Boltzmann constant, T is the absolute temperature, and η is the 
viscosity of the medium in which dispersed particles are pendant. 
The absorption spectra of aqueous solutions of PtIVL and PC 
were recorded with a SPEKS SSP-705-1 scanning spectro-
photometer (Russia) in a quartz cell with a path length of 0.5 cm. 
The IR spectra of powders of the PtIVL complex and PC after 
drying in vacuo were detected in the attenuated total refl ectance 
(ATR) mode on a Bruker α FTIR instrument (Bruker, Germany) 
in the range from 400 to 4000 cm-1 (scan number 16). The ther-
mal stability of PtIVL and related PC was studied by thermal 
gravimetric analysis (TGA) and diff erential scanning calorimetry 
(DSC) on an STA 409C LUXX synchronous thermoanal yzer 
(NETZSCH, Germany) in argon with a heating rate of 5 deg min–1 
in the range from 20 to 500 °C (sample weight was 4—6 mg). The 
visual images of PC were obtained by transmission electron 
microscopy (TEM) on a Leo 912 AB instrument (Carl Zeiss, 
Germany). For this purpose, an aqueous solution of PC was 
introduced into a carrier and dried in air. Cyclic voltammetry 
(CV) was conducted in an argon atmosphere (working solution 
volume 10 cm3) on an IPC-ProL potentiostat (A. N. Frumkin 
Institute of Physical Chemistry and Electrochemistry, Russian 
Academy of Sciences) at 25 °C at scan rates ranging from 20 to 
1000 mV s–1 in aqueous and nonaqueous solutions. A phosphate 
buff er with an additive of 0.5 mol L–1 KCl was used as the sup-
porting electrolyte in aqueous solutions, whereas 0.1 mol  L–1 
tetrabutylammonium hexafl uorophosphate was used in nonaque-
ous solutions (DMSO). A disc glassy carbon (GC) electrode 
polymerized in the inert PEEK polymer (Als Co., Ltd., Japan) 
with a surface area of ~2 mm2 served as the working electrode. 
The auxiliary electrode was a platinum wire, and the silver chlor-
ide reference electrode (Ag/AgCl/KCl) was separated from the 
working volume of the cell by a porous glass membrane when 
working in DMSO. All potentials are given vs this electrode. Prior 
to experiment, the GC electrode was polished with a diamond 

suspension (particle diameter ~1 μm) and then cleaned by the 
ultrasonic treatment in the medium (water or the corresponding 
nonaqueous solvent) in which the studies were carried out. The 
CV experiment was described in detail earlier.22,30,32 Quantum 
chemical calculations were performed in terms of the density 
functional theory (DFT) with the full optimization of the geom-
etry of the starting molecules and their complexes using the 
Gaussian 09 program.33 The TPSSh hybrid functional34 and 
6-311++G**//6-31G* basis set were used. Three monomeric 
units of the copolymer were taken for geometry optimization of 
the copolymer and obtained products. It was shown35 taking 
polyvinylpyrrolidone (PVP) as an example that the region con-
sisting of three monomeric units is suffi  cient to use for modeling 
the complexes. The infl uence of the solvent (water) was taken 
into account using the polarizable continuum model (PCM). 
The calculation of frequencies in the optimized geometries of 
the starting molecules and products showed the absence of 
imaginary frequency vibrations and, therefore, all optimized 
structure correspond to potential energy minima. 

Preparation of polymer compositions and fi lms. Polymer 
compositions were prepared from solutions of the VP—TEGDM 
and VP—PEGMEM—TEGDM copolymers in PriOH and a solu-
tion of the PtIVL complex in DMSO. The concentrations of the 
reagents, volume ratios of the solutions, and PtIVL content based 
on the copolymer are given in Table 1. A solution of PtIVL in 
DMSO was added dropwise to bottles with copolymer solutions 
with permanent magnetic stirring, and then organic solvents were 
distilled in vacuo. A buff er solution (8 mL) with pH 6.8 was 
added to thus prepared polymer fi lms with various contents of 
the PtIVL complex, and the resulting mixtures were heated at 
40 °С for 20 min. Transparent solutions (1—4, 8, and 9) or 
poorly transparent dispersions (5—7 and 10—12) of aqueous 
buff er solutions of PC were obtained depending on the PtIVL 
content and conditions of their formation. 

In a blank experiment conducted in the absence of the co-
polymer, DMSO (0.24 mL) containing PtIVL (3.1 mg) was 

Table 1. Concentrations of the reactants and conditions for PC formation from 
the copolymers 

Polymer Concentrations Volume [PtIVL] (%)
composition of solutions/mg mL–1 ratio based 
no. Copolymer PtIVL copolymer : PtIVL on copolymer

Composition based on VP—TEGDM

1 7.2 1.1 4.0 : 0.5 2.0
2 7.2 1.1 4.0 : 1.0 4.0
3 7.2 1.1 4.0 : 2.0 8.0
4 7.2 2.0 4.0 : 1.50 10.7
5* 7.0 12.8 4.0 : 0.24 11.0
6* 3.5 12.8 4.0 : 0.24 22.0
7* 1.0 12.8 4.0 : 0.24 77.0

Composition based on VP—PEGMEM—TEGDM

8 7.0 2.0 4.0 : 1.50  11.0
9 3.5 12.8 20.00 : 0.12 2.2
10* 7.0 12.8 4.00 : 0.24 11.0
11* 3.5 12.8 4.00 : 0.24 22.0
12* 1.0 12.8 4.00 : 0.24 77.0

* Limited solubility in an aqueous buff er solution.
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added to PriOH (4 mL), and opalescence caused, most likely, 
by a decrease in the solubility of PtIVL in PriOH was observed. 
Then organic solvents were distilled, and a dry residue of PtIVL 
was dissolved in an aqueous buff er solution (8 mL). An opaque 
aqueous dispersion was obtained from the complex was precipi-
tated rapidly. 

Results and Discussion

Physicochemical characteristics of the copolymers. 
During the radical copolymerization of TEGDM, one of 
its double bonds is involved in the main chain growth, and 
the second bond participates in the formation of side 
branches, which appears upon the attachment of polymer 
radicals to its "pendant" С=С bond. Cyclic structures can 
be formed within the primary chain itself due to intramo-
lecular cyclization. The PEGMEM monomeric units with 
the bulky substituent (Mn ~500 g mol–1) in the polymer 
chains create steric hindrances for cyclization and sup-
press the formation of micro- and macrogels. Under the 
chosen synthesis conditions, the copolymerization of VP 
and PEGMEM with the TEGDM bifunctional monomer 
afford soluble copolymers VP—TEGDM and VP—
PEGMEM—TEGDM with side branches. 

At the initial stage, the growing radicals of both types 
predominantly attach TEGDM and PEGMEM due to the 
high reactivity of the methacrylate monomers.16 The 
contribution of VP to the polymerization reaction increases 
as these monomers are consumed. As a consequence, the 
three-dimensional structure with the "pendant" double 
bonds at which the PVP chains are predominantly attached 
is formed after the polymerization of the active monomers. 

As a result, the structure is formed in which fragments 
enriched in methacrylate units and PVP chains can be 
distinguished. 

The average content of the monomer units in the pre-
pared VP copolymers is presented in Table 2. It is seen 
that they contain units of (di)methacrylates. A decrease 
in the VP content in the monomer mixture during the 
synthesis of the ternary copolymer decreases the content 
of the unit in it. The IR spectra of the copolymers exhibit 
absorption bands at wavenumbers of 1720 and 1650 cm—1 
characteristic of the С=О groups of the methacrylate and 
VP units, respectively. The IR spectrum of the ternary 
copolymer contains the absorption band at 1100 cm–1 
corresponding to vibrations of the С—О ether bond in the 
PEGMEM unit. Owing to the appearance of the PEGMEM 
units in the polymer chains, the intensity of the absorption 
bands assigned to stretching vibrations of the CH2 groups 
in the 3000—2800 cm–1 range increases. 

The molecular weight characteristics of the VP copo-
lymers diff er noticeably (see Table 2): the values of Mw 
and polydispersity coeffi  cient (PD) of the ternary VP 
copolymer are appreciably higher than those for the binary 
copolymer. Diff erences in the values of their relative (RI) 
and absolute (RI+MALLS) molecular weights, as well as 
a high PD value, indicate a branched nature of their mac-
romolecules. 

The amphiphilic VP copolymers consisting of mono-
meric units of various polarity are soluble in both polar 
and low-polarity media: chloroform, acetone, and THF. 
Taking into account the conditions for PC formation, their 
behavior in polar media, such as PriOH, water, and aque-
ous buff er solutions, is of special interest. The study of 



Kurmaz et al.1836 Russ. Chem. Bull., Int. Ed., Vol. 70, No. 9, September, 2021

light scattering by solutions of the VP—TEGDM copoly-
mer in these media by the DLS method32 show that the 
size of scattering centers and their size distribution depend 
on the copolymer concentration. Alcoholic (7 mg mL–1) 
and aqueous buff er (3.5 mg mL–1) solutions along with 
small particles (4 nm) contain entities with the hydro-
dynamic radius Rh equal to 30 and 90 nm, respectively. 
Their response to a temperature change brings about ap-
preciable opalescence in the aqueous buff er solution al-
ready at 40 °С. 

Now we can consider the results of the DLS study of 
the ternary VP copolymer. Based on the dependences of 
the light scattering intensity I on the ternary copolymer 
concentration constructed in the semilogarithmic coor-
dinates, we estimated the critical concentrations of ag-
gregation (CAC), which are 0.47 and 0.65 mg  mL–1 in 
PriOH and water, respectively. Thus, the PC were obtained 
at the copolymer concentrations higher than the CAC; 
i.e., under conditions where the solution contains polymer 
aggregates. 

Figure 1, a shows the dependences of the particle size 
distribution of the light scattering intensity by solutions 
of the VP—PEGMEM—TEGDM copolymer in PriOH at 
the concentrations higher and lower than the CAC. The 
dilute alcoholic solution of the copolymer (0.5 mg mL–1) 
contains particles of three types with the hydrodynamic 
radius 3, 36, and >103 nm. The small particles represent 
individual macromolecules of the micellar type, since the 
fragments diff ered in monomer composition can be dis-

tinguished in the macromolecule, and others are their 
aggregates. The main contribution (about 90%) is made 
by the particles with a radius of 36 nm. The main peak of 
the particles of an average size becomes narrower (Fig. 1, a) 
as the copolymer concentration in PriOH increases. 

Figure 1, b shows the concentration dependences of 
the distribution of the light scattering intensity by aqueous 
solutions of the ternary copolymer indicating that the 
solution contains particles of various dimensions (Rh 
clustered at ~6 nm) and their aggregates with Rh ~50 nm. 
It is most likely that an increase in the size of individual 
macromolecules compared to PriOH solutions is due to 
the high thermodynamic affi  nity of water to this copol ymer. 
A comparative analysis of the dependences of the light 
scattering distribution by aqueous solutions of diverse 
concentrations showed that the copolymer concentration 
exerted no eff ect on the size of the scattering centers in 
water. However, in an aqueous buff er solution the particle 
dimensions at the peak maxima are close to those observed in 
PriOH but lower than those in bidistilled water (Fig. 1, c). 
This means that the macromolecules are weakly swollen 
in the presence of salts. The study of the temperature eff ect 
on the scattering center sizes in a dilute aqueous solution 
of the copolymer (0.5 mg mL–1) showed that in the range 
from 30 to 40 °С Rh was ~55 nm. However, with further 
increasing temperature Rh decreases to 35 nm, probably, 
due to the destruction of thermosensitive aggregates. Thus, 
the structures of the polymer solutions, sizes of the ag-
gregates, and their size distribution depend on the com-

Table 2. Monomeric composition of the VP copolymers, molecular weights Mw, and polydisper-
sity coeffi  cients (PD)

Copolymer Molar ratio of units RI RI+MALLS

 VP : (di)methacrylate (%) Mw•10–4 PD Mw•10–4 PD

VP—TEGDM 90.3 : 9.70 06.4 08.0 08.1 3.2
VP—PEGMEM—TEGDM 89.0 : 11.0 26.0 28.0 35.0 9.2

Fig. 1. Eff ect of the size of scattering centers on the distribution of the light scattering intensity by alcoholic (a) and aqueous (b) solu-
tions of the ternary copolymer with concentrations of 0.5 (1) and 3.5 mg mL–1 (2) at 25 °С and by an aqueous buff er solution of the 
ternary copolymer (c) (0.5 mg mL–1) at 25 (1), 30 (2), and 37 °С (3). 
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position of the copolymer, its concentration, and tem-
perature. 

Physicochemical properties of the polymer compositions 
and their behavior in aqueous solutions. It is assumed that 
the solubilization of PtIVL by individual macromolecules 
of the micellar type and their aggregates results in the 
formation of nanostructures of the host—guest type in 
which the guest molecules are retained by nonvalent in-
teractions with the functional groups of the copolymer. 
The solvent PriOH, which like water is thermodynamically 
unfavorable for the Pt complex, stimulates the formation 
of complexes between the carrier and active compound. 
Some PC are completely soluble in an aqueous buff er 
solution, while other are characterized by limited solubil-
ity (see Table 1). Remarkably, compositions 4 and 5 
containing the equal amounts of the PtIVL complex (~11%) 
had diff erent solubilities in an aqueous buff er solution. 
This is possibly related to the conditions for the formation 
of compositions 4 and 5 that imply the use of solutions of 
PtIVL in DMSO of various concentrations and their in-
troducion into an alcoholic solution of the copolymer in 
amounts of 1.50 and 0.24 mL, respectively. It is most likely 
that the high content of DMSO in a mixture with PriOH 
results in a change in the structure of a polymer solution 
in favor of individual macromolecules, their swelling in a 
PriOH—DMSO mixture, and penetration of molecules of 
the PtIVL complex into the internal cavities of the macro-
molecule. As a result, a high solubility of PC 4 in an aque-
ous buff er solution is observed. In the case of compositions 
8 and 10 containing ~11% PtIVL, there is a similar situa-
tion: PC 10 is only partially soluble in an aqueous buff er 
solution unlike composition 8. It cannot be excluded that 
a decrease in the solubility is caused by the localization of 
PtIVL in the external shell of a polymer particle and forma-
tion of intermolecular complexes due to two substituents: 
—СONH(CH2)2ONO2 in the heterocyclic fragments 
of PtIVL.

The absorption spectra of aqueous buff er solutions of 
PtIVL and PC 1—3 are presented in Fig. 2. The absorption 
at 250—30 0 nm as a poorly resolved band (shoulder) cor-
responded to the PtIVL complex and(or) its encapsulated 
forms. The absorption band intensity increased with in-
creasing PtIVL concentration in the solution. The char-
acteristic absorption of the complex in the range about 
200 nm was superimposed by the intrinsic absorption of 
the copolymer. The absorption of PtIVL was observed in 
the aqueous buff er solution obtained in the blank experi-
ment, but, unlike solutions of the PC, this solution turned 
out to be unstable, and the particles of the PtIVL complex 
precipitated. 

The results of the DLS study of the behavior of aque-
ous buff er solutions of PC 1—3 with various contents of 
PtIVL based on the VP—TEGDM copolymer in the wide 
temperature range from 20 to 50 °С are shown in Fig. 3. 
It is seen from the temperature dependences of the light 

scattering intensity by solutions of the corresponding 
nanostructures 1—3 (Fig. 3, a) and of the scattering cen-
ter size (Fig. 3, b) that the intensity of light scattering by 
the solution with a decreased concentration of PC 2 de-
creases regularly. For solutions of PC 1—3 (0.88 mg mL–1), 
the I value decreases with an increase in the PtIVL content. 
The shape of the I(T) dependence is determined by the 
PC concentration: in a concentrated solution of composi-
tion 2 the dependence is described by a steeper curve, 
whereas in a dilute solution the curve becomes fl atter. For 
compositions 1—3, the I values increase with temperature. 
The light scattering intensity by an aqueous solution of 
PC 2 (3.5 mg  mL–1) change jumpwise in a range of 
30—37 °С, and its size distribution of the scattering cen-
ters becomes unimodal. Scattering centers with Rh ~40 nm 
appear in a slightly opalescent solution of the composition. 
The further temperature increase results in an increase in 
opalescence, but this process is reversible, which is likely 
caused by a change in the structure of the solution due to 
the self-organization of the particles reacting to a tem-
perature change. Figure 3, b shows that Rh of scattering 
centers of PC 2 in solutions of various concentrations is 
nearly the same and does not exceed a value of 40 nm in 
the studied temperature range. For compositions 1 and 3, 
Rh is appreciably higher in the 20—30 °С range but de-
creases to 40—50 nm with temperature. 

An analysis of the light scattering intensity by aqueous 
buff er solutions of PC 4 with various concentrations is 
shown in Fig. 4. Figure 4, a shows that the light scattering 
intensity decreases with dilution of the solution and its 
temperature dependence is described by fl atter curves. 
For the copolymer content in the solution equal to 
3.5 mg mL–1, already at 37 °С I reaches threshold values 
of ~2•106 cps characteristic of heterogeneous systems. 
Opalescence is reversible, and the solution again becomes 
transparent on cooling. In a more dilute solution 
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A (arb. units)
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Fig. 2. Absorption spectra of an aqueous buff er solution (1); 
polymer compositions 1 (2), 2 (3), and 3 (4), and complex 
PtIVL (5); cell thickness 0.5 cm. 
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(1.75 mg mL–1), I ~2•106 cps is achieved only at 50 °С. 
The light scattering intensity by the solution containing 
0.88 mg  mL–1 copolymer does not reach the threshold 
value even at 60 °С. The light intensity distribution over 
scattering center sizes is polymodal in all cases, and Rh is 
temperature-dependent (Fig. 4, b). The size increases for 
the particles of two types in the most concentrated solution 
(3.5 mg mL–1 based on the polymer), which is due to the 
lowest critical temperature of dissolution of PC 4 at 
30—40  °С. In more dilute solutions, the temperature 
dependence of Rh shows another pattern: the size of the 
scattering centers decreases with temperature. 

The results of the DLS study of aqueous buff er solutions 
of PC 8 based on the VP—PEGMEM—TEGDM copo-
lymer obtained by the sequential dilution of the solution 
with a concentration of 3.5 mg  mL–1 are presented in 
Fig. 5. It is seen that the light scattering intensity decreases 

with a decrease in the content of composition 8 in 
the solution (Fig. 5, a). Unlike the PC based on the 
VP—TEGDM copolymer, the I value for PC 8 responses 
slightly to variations in the studied range. Evidently, this 
is associated with the presence of the PEGMEM units in 
the polymer chains shifting the lower critical temperature 
of dissolution to the range of higher values. The size dis-
tribution of the light scattering intensity is also polymodal, 
but the medium-size particles contribute mainly to the 
light scattering. The temperature dependences of their 
hydrodynamic radius are shown in Fig. 5, b. It is seen that 
the size of the scattering centers is higher in the most 
concentrated solution and decreases with dilution. However, 
the temperature increase exerts the same eff ect, which 
indicates their aggregative nature. 

The I value is linearly related to the concentration of 
the scattering centers and, hence, their relative amount in 
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the solutions can be estimated from the light scattering 
intensity by aqueous buff er solutions containing soluble 
moieties of PC 10—12. The contents of PC 11 and 12 
decreases compared to that in composition 10 in a solution 
to reach values of 60 and 20%, respectively. Aqueous 
solutions of PC 10 and 11 contain mainly aggregates of 
two types, which appreciably diff er in the value of Rh. The 
sizes of the second type aggregates can be as large as 
~70—100 nm, and they respond slightly to temperature 
variations. In an aqueous solution of the most poorly 
soluble PC 12, the size of the aggregates of the second type 
decreases reaching 50 nm in the temperature range between 
36 and 40  °С. However, micronic particles appear that 
contribute noticeably to the light scattering. 

Electrochemical data can be considered as an addi-
tional although indirect proof in favor of the fact that the 
PtIVL molecule exists in the polar shell as well. Figure 6 
presents the CV curves of PC 11 in DMSO and in an 
aqueous phosphate buff er at various potential sweep rates. 
It is seen that they diff er substantially. The CV curves of 
free and encapsulated PtIVL in DMSO are similar in shape 
(Fig. 6, a and c). They are complicated in character and 

contain from 4 to 5 irreversible diff usion waves. Only one 
broad wave is observed on the CV curves for polymer 
composition 11 in the potential range where three waves 
are observed for DMSO solutions, and other waves are 
absent to –1.6 V (Fig. 6, b). 

Possibly, a change in the nature of the depolarizer due 
to hydrogen bond formation can be so strong that its 
electrochemical behavior in aqueous buff er solutions would 
be quite diff erent than that in DMSO where PtIVL mole-
cules are released from the polymer particles. Meanwhile, 
in other case, the behavior can be similar whether the 
depolarizer itself occurs in the free form or is encapsulated 
in the polymer nanoparticles. For example, the CV curves 
for hydrophobic zinc tetraphenyl porphyrinate in non-
a queous solutions (DMSO, MeCN) and encapsulated in 
the copolymer of this dye in a neutral aqueous buff er 
contain its oxidation wave at the Au electrode at close 
potentials.32 

The experimental values of Pt (~4%) and Сl (~4%) in 
composition 5 (11%) are satisfactorily consistent with the 
calculated values, which indicates the stability of the PtIVL 
complex in the course of PC formation. The TEM images 

I•10–6/cps

2.0

1.5

1.0

20 30 40 50 60 T/°C

1

2

3

a Rh/nm
80

70

60

50

40

30

20 30 40 50 60 T/°C

1
2
3

b

Fig. 5. Intensity of light scattering (a) by aqueous buff er solutions of PC 8 ([PtIVL] = 10.7 wt.%) and the size of the scattering centers 
(b) as a function of temperature; concentrations of the VP—PEGMEM—TEGDM copolymers in the solutions: 3.5 (1), 1.6 (2), and 
0.8 mg mL–1 (3).

0

–4

–6

I•103/mA

–2000 –1500 –1000 Evs Ag/Ag+/mV

1

2

3

a

0

–2

–4

–6

I•103/mA

–800 –400 Evs Ag/Ag+/mV

1

2

3

b

0

–4

–8

–12

I•103/mA

–1500 –1000 Evs Ag/Ag+/mV

1

2

3

c

Fig. 6. CV curves at the GC electrode of encapsulated PtIVL (PC 11) in DMSO + 0.1 mol L–1 ТBAPF6 (a) and in an aqueous 
phosphate buff er solution + 0.5 mol L–1 KCl (b) and of the initial platinum(IV) complex in DMSO + 0.1 mol L–1 ТBAPF6 (c) at 
the potential sweep rates 20 (1), 50 (2), and 100 mV s–1 (3), [PtIVL] = 1.6 mmol L–1 in DMSO. 



Kurmaz et al.1840 Russ. Chem. Bull., Int. Ed., Vol. 70, No. 9, September, 2021

of composition 9 in an aqueous solution are shown in 
Fig. 7. The images demonstrate spherical particles ~130 nm 
in diameter in which small inclusions (~4 nm) can be 
distinguished, which represent, most likely, aggregates of 
PtIVL molecules.

Moreover, the starting complex retains stability at 
a temperature of 100 °С and undergoes multistep decom-
position at higher temperatures (Fig. 8, a). The corre-
sponding exothermic peaks are observed on the DSC curve 
(Fig. 8, b). According to published data,28 the melting 
point of the platinum(IV) complex is ~200 °С, and the 
melting process is accompanied by decomposition. Owing 
to a low content in PC 9, the PtIVL complex exerts almost 
no eff ect on the thermal stability of the copolymer and 
controlled heat release. 

Powders of PC 5—7 and 11 were studied by IR spec-
troscopy (Fig. 9). The IR spectra of the copolymers and 

PtIVL complex, which is characterized by strong and 
moderate absorption bands of the organic ligands (ν/cm–1: 
3342, 1703, 1650, 1613, 1546, 1495, 1425, 1364, 1274, 
1227, 1164, 1114, 1070, 1012, 896, 851, 763, 712, 692, 
626, 566, 531, and 459), are presented for comparison. 
The IR spectra of the PC contain the absorption bands 
of the copolymers: the strongest bands in a range of 
1800—1500 cm–1 are attributed to stretching vibrations 
of the С=О group in the VP and methacrylate units. The 
IR spectra of the copolymers exhibit a broad absorption 
band at 3400 cm–1 characteristic of stretching vibrations 
of the OH groups bound by the hydrogen bond to the С=О 
groups of the lactam cycle.18 No substantial changes in 
the structures of the copolymers containing the PtIVL 
complex are observed. However, the absorptions in the 
range of stretching vibrations of OH groups change with 
an increase in the concentration of the PtIVL complex for 

1 μm

a

100 nm

b

Fig. 7. TEM image of PC 9 based on the VP—PEGMEM—TEGDM copolymer.

Fig. 8. TGA (a) and DSC (b) curves for PtIVL (1), ternary copolymer VP—PEGMEM—TEGDM (2), and PC 9 (3).
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Fig. 10. Structures of complexes pta1 (a) and pta3 (b).

both VP—TEGDM (Fig. 9, a) and VP—PEGMEM—
TEGDM (Fig. 9, b) copolymers. Moreover, the absorption 
band assigned to stretching vibrations of the NH group of the 
PtIVL complex is nearly absent in the IR spectra detected for 
the samples with the high PC content. This can be caused 
by the formation of a hydrogen bond between this group 
and С=О groups of VP of the lactam cycle of the units. 
This process can be accompanied by the displacement of 
water molecules from the hydrate shell of the copolymers. 

Quantum chemical modeling of the structures of the 
PtIVL—copolymer complexes. The quantum chemical 
modeling of the structures of complexes PtIVL—fragment 
of the copolymer region consisting of three monomeric 
units was performed to study the nature of hydrogen bonds 
in more detail. The oxygen atoms of the lactam cycle act 
as hydrogen bond acceptors in the formation of hydrogen 
bonds between the VP—VP—VP region and PtIVL (Fig. 10, 
structures pta1 and pta3).
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In addition to the carbonyl oxygen atom of the lactam 
cycle, the oxygen atoms in the TEGDM units (Fig. 11, 
structures ptb2 and ptb3) can be hydrogen bond acceptors.

Since the PtIVL complex contains the С=О and NO2 
groups bea ring lone electron pairs, hydrogen bonds can 
be formed for which the copolymers are donors of hydro-
gen bonds due to the hydrogen atoms in the alkyl groups. 
However, they are so weak (the energy of hydrogen bonds 
is lower than 1 kcal mol–1) that their contribution is in-
signifi cant. 

1.812

1.785

b

Fig. 11. Structures of complexes ptb2 (a) and ptb3 (b).

a

According to the calculations, the PtIVL complex forms 
hydrogen bonds primarily due to the hydrogen atom of 
the amide group (pta1, ptb2, and ptb3), but the structure 
can exist in which the hydrogen atoms of the alkyl groups 
(pta3) are donors of the hydrogen bond.

The values of electron density (ρ) and Laplacian of 
electron density ( 2ρ) varying within 0.002—0.040 and 
0.024—0.139 a.u., respectively, could be used as evidence 
for the presence of a hydrogen bond.36 The most part 
of the considered bonds fall on this range with the ex-
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ception for the bonds in the pta1 and pta3 complexes 
(Table 3).

The bond formed in the pta1 complex has higher val-
ues of ρ and ∇2ρ, indicating its partially covalent charac-
ter. The bonds formed in the pta3 complex have lower ρ 
and ∇2ρ values, which can indicate a higher contribution of 
the van der Waals interactions to this type of binding. The 
bond energy (Ebond) decreases along with the ρ and ∇2ρ 
values, but their cooperative character merits consider-
ation. The total bond energy in the pta3 complex is 
–10.1 kcal  mol–1, which suggests the binding of the 
platinum(IV) complex with the VP copolymers by the 
hydrogen atoms in the alkyl groups. 

Thus, the water-soluble compositions of cis-bis [(nitr-
oxy ethyl)isonicotinamide-N]-tetrachloroplatinum(IV) with 
a high content of the active substance (~11%) were pre-
pared from the amphiphilic copolymers of VP. As in the 
case of PC with a low content of the PtIVL complex (2%),22 
the cytotoxic eff ect can be expected when total concentra-
tions of PC and, accordingly, those of the polymer-carrier 
are reduced. In this way its side toxicity for the human 
organism can be decreased. It is assumed that the cytotoxic 
eff ect against cancer cells of the encapsulated PtIVL com-
plex can be observed due to its release from the polymer 
particles, intracellular biotransformation, reduction to 
platinum(II),37 and formation of DNA—platinum ad-
ducts.38 Possibly, a lower dose of the active substance 
would be required for the target delivery of the PtIVL 
complex using the modern polymer-carriers to achieve an 
eff ect, which would allow one to diminish its toxic ef-
fect in vivo.
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