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AGGREGATION PROCESSES IN HYBRID
NANOSYSTEM POLYMER/NANOSILVER /CISPLATIN

Hybrid nanosystems consisting of star-like copolymer Dextran-graft-Polyacrylamide in the an-
ionic form (D-g-PAA(PE)), silver nanoparticles (AgNPs), and cisplatin (cis-Pt) have been
synthesized in water and characterized by TEM, DLS, FTIR, and UV-Vis spectroscopies. It
s shown that cis-Pt forms a complex with carboxylate groups of the polymer. For the ternary
system Polymer/AgNPs/cis-Pt, a change in the hydrophilic-hydrophobic balance of a polymer
molecule (due to the complexation with cis-Pt) and the aggregation of macromolecules, as well
as to some agglomeration AgNPs, are revealed. The decrease of the antitumor efficiency of the
hybrid ternary nanosystem Polymer/AgNPs/cis-Pt in comparison with the Polymer/cis-Pt

system is discussed.

Keywords: silver nanoparticles, branched polymer, polyelectrolyte, cisplatin, aggregation.

1. Introduction

Cancer remains a major healthcare problem in the
world despite strong research efforts toward tackling
the disease [1-2]. The nanomedicine seems to be the
promising approach in designing the cancer thera-
pies, mainly because nanosystems for the drug de-
livery have likelihood to increase the circulation half-
life of the drug(s), improve pharmacokinetics, and re-
duce side effects [3]. Such nanosystems-nanocarriers
are typically less than 200 nm in diameter [4]. Nano-
particles assist in the delivery of drugs. The enhanced
permeability and retention effect (EPR effect) are ob-
served in the cancer environment [5].

Cisplatin (Cis-[Pt(IT)(NHj3)2Clg]) (cis-Pt) is one of
the most extensively used chemotherapeutic drugs for
the cancer treatment [6-9]. It is efficient against vari-
ous types of cancers, including carcinomas, germ cell
tumors, lymphomas, and sarcomas [10]. A special at-
tention is paid to its molecular mechanisms of action
and to its undesirable side effects [10]. It is known
that cis-Pt has ability to cross-link DNA, thereby
preventing the strands from the uncoiling and separa-
tion. This process prohibits the division of cells and
leads to cellular apoptosis [6-8, 10, 11]. It was shown
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[11, 12] that 90% of cis-Pt are bound to plasma pro-
teins in blood and, thus, do not enter the cells. That
leads to a less therapeutic efficacy. To prevent this
process and to increase the antitumor effect of the
drug, the incorporation of cis-Pt molecules to nano-
sized carriers like polymers is used [13-16]. Such con-
jugates improved the drug pharmacokinetics and re-
sults in an increased drug accumulation in tumors,
which is based on the “enhanced permeability and re-
tention” effect.

Polymer nanocarriers can improve the drug solu-
bility, prolong the systemic drug half-life, and reduce
harmful side effects. Moreover, such system can de-
liver simultaneously two or more drugs for the com-
bination therapy [16, 17]. It was reported that lin-
ear water-soluble polymers, block copolymers able to
form micelles [13-17], and branched polymers have
been studied as nanocarriers for chemotherapeutic
agents [18]. Such nanosystems containing cis-Pt can
be efficiently accumulated in the tumors, thereby en-
hancing the antitumor action.

It was reported [19] that the chloride ligands in cis-
Pt could be substituted by a variety of ligand groups.
Particularly, when the chloride ligands in cisplatin
are substituted with carboxylates, the resultant com-
plexes demonstrated a good antitumor activity and
decreased toxic side effects. Thus, cisplatin delivery
systems based on carboxylate-containing polymers
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represent a promising approach to create high-ef-
ficient anticancer nanosystems [20, 21]. Polymer —
drug complex PEO-poly(aspartic acid)/cis-Pt, PEO-
poly(glutamic acid) block copolymers/cis-Pt [19], tri-
block copolymer micelles PEG-b-PCL-b-PAA /cis-Pt
[20], a core-shell-type star polymer consisting of
hyperbranched polystyrene (hydrophobic core) and
arms of poly(acrylic acid) (hydrophilic shell)/cis-Pt
[21] formed in a water medium were studied.

The theoretical [22, 23] and experimental [24-29]
studies of branched polymers provide us with a rea-
son to assume that these macromolecules are more ef-
ficient in comparison with linear analogs for the nano-
system in situ synthesis, as flocculants and nanocar-
riers for drugs, because of a higher local concentra-
tion of functional groups capable of reacting with
some substances. It was proved by our recent re-
search devoted to the encapsulation of cis-Pt into
a branched star-like polymer with dextran core and
grafted polyacrylamide-co-polyacrylic acid arms. It
was shown [29] that copolymers were absorbed by
macrophages (murine macrophage cell line) and were
not cytotoxic. The phagocytic index was equal to
84%. The complexes Polymer /cisplatin were evalu-
ated for the cell viability for K-562 (human chronic
myelogenous leukemia) and U-937 (human histiocytic
lymphoma) cell lines in the range of loaded cisplatin
concentrations from 0.1 to 10 g/ml. Nanosystems
caused a decrease in the cell viability to about
22% and 39% for U-937 and K-562 cell lines, re-
spectively. To enhance the antitumor efficiency of a
nanocarrier, it was decided to add silver nanoparti-
cles into the prepared nanosystem. It is well known
that nanosilver (AgNPs) has been widely applied in
biomedicine [30] and clinical practice [31-33].

Recently, nanosilver has been reported for its anti-
cancer effect [31-33], probably accounting for the in-
tracellular induction of reactive oxygen species, JNK
pathway activation, and DNA damage, but its mech-
anisms still largely remain unclear.

However, metallic nanoparticles have a tendency
to aggregate due to their large surface energy and
can lose their biological activity. It was reported
[25] that Ag sol synthesized in situ in a poly-
mer solution Dextran-graft-(Polyacrylamide-co-Po-
lyacrylic acid) was stable in time. The binary Poly-
mer/AgNPs and ternary Polymer/AgNPs/cis-Pt na-
nosystems were tested for cytotoxic effects [29]. The
synergetic effect toward malignant cell was expected
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for the Polymer/AgNPs/cis-Pt system. The results
revealed a dose-dependent decrease in the viability
for U-937 and K-562 cell lines exposed to silver. Ho-
wever, when the copolymers were conjugated to both
nanosilver and cisplatin, such a nanosystem displayed
a less cytotoxic effect compared to the conjugates of
polymer and cis-Pt [29].

The goal of the present study is to study the hy-
brid nanosystem dextran-graft-(polyacrylamide-co-
polyacrylic acid)/AgNPs/cis-Pt with the aim to un-
derstand the reason for a decrease of its untitumor
efficiency (negative synergetic effect) in comparison
with the Polymer/cis-Pt system.

2. Materials and Methods
2.1. Polymer nanocarrier

As a nanocarrier, we used a branched copolymer ob-
tained by grafting polyacrylamide (PAA) chains onto
dextran (M,, = 7 x 10* g/mol~!) backbone [25], by
using the ceric-ion-reduce initiation method. This re-
dox process initiates free radical sites exclusively on
the polysaccharide backbone, thus preventing from
the formation of a polyacrylamide homopolymer.

The details of the synthesis, identification, and
analysis of the internal polymer structure were de-
scribed in [25, 27]. The theoretical number of graft-
ing sites per polysaccharide backbone for the sam-
ple we used as a polymer nanocarrier in the present
work was equal to 5, and the related dextran-graft-
polyacrylamide copolymer was referred as D70-g-
PAA. The choice of this copolymer among the series
of the branched samples synthesized is based on our
previous research. Namely, this sample was the most
efficient polymer matrix for the Ag sol in situ synthe-
sis [24, 25, 29].

The D70-g-PAA copolymer was saponified by alka-
line hydrolysis, by using NaOH to obtain branched
polyelectrolyte  Dextran-graft-(Polyacrylamide-co-
Polyacrylic acid) referred as D70-g-PAA(PE) throu-
ghout [27]. The degree of saponification of carbamide
groups to carboxylate ones onto PAA-grafted chains
determined by the potentiometric titration was equal
to 43% [27].

2.2. Binary nanosystem
polymer/AgNPs preparation

AgNPs were synthesized by the reduction of an
Ag precursor (AgNO3) dissolved in a polymer solu-
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tion. 2 ml of a 0.1 M AgNOj3 aqueous solution was
added to 5 ml of the aqueous polymer solution (C' =
=1x1072 g-em™3) and stirred during 20 min. Then
2 ml of a 0.1-M aqueous solution of NaBH, was
added. The final aqueous solution was stirred during
30 min. It turned reddish brown, thus the formation
of AgNPs was indicated.

2.3. Ternary nanosystem
polymer/AgNPs/cis-Pt preparation

1 ml of cis-Pt (C = 0.5 mg/mL) was added drop-
wise to the 1 mL of the initial solution of D-g-
PAA/AgNPs (Cpolymer = 1 mg/mL) under the stir-
ring for 30 min. In all experiments, we used the cis-Pt
concentrate (“cisplatin-TEVA”, Pharmachemie B.V.,
Netherlands) at an initial concentration of 0.5 mg/ml.

2.4. Size-exclusion chromatography

SEC analysis was carried out, by using a multide-
tection device consisting of a LC-10 AD Shimadzu
pump (throughput 0.5 ml/min; Japan), an auto-
matic injector WISP 717+ from Waters (USA), three
coupled 30-cm Shodex OH-pak columns (803HQ,
804HQ, and 806HQ; Munich, Germany), a multiangle
light scattering detector DAWN F from Wyatt Tech-
nology (Germany), and a differential refractometer
R410 from Waters. Distilled water containing 0.1 M
NaNOj3; was used as an eluent. Dilute polymer solu-
tions (¢ = 3gL™1 < ¢* = 1/[n]) were prepared, allow-
ing for neglecting the intermolecular correlations in
the analysis of light scattering measurements.

2.5. Fourier transform
infrared (FTIR) spectroscopy

FTIR spectra were obtained on a Nicolet NEXUS-
475 (USA) spectrophotometer in the range 4000—
400 cm™!, by using thin films (I = 6-9 um). The
films were cast from aqueous solutions of the poly-
mer without adding of cisplatin and with cisplatin.

2.6. Transmaission electron
microscopy (TEM)

For the sample preparation, 400 mesh Cu grids with
plain carbon film were rendered hydrophilic by a glow
discharge treatment (Elmo, Cordouan Technologies
Bordeaux France). A 5 ul drop was deposited and let
adsorbed for 1 min; then the excess of solution was
removed with a filter paper piece. The observations of
the AgNPs were carried on two TEMSs, Tecnai G2 or
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CM12 (FEI, Eindhoven Netherlands), and the images
were acquired with a ssCCD Eagle camera on the
Tecnai and a Megaview SIS Camera on CM12.

2.7. UV-vis spectroscopy

UV-visible absorption spectra were recorded by a
Cary 60 UV-VIS spectrophotometer (Agilent Tech-
nologies, Inc.) in standard quartz cuvettes 1 cm in
thickness at room temperature (range 200-1000 nm).

2.8. Quasielastic light scattering (QELS)

QELS measurements were carried out, by using a Ze-
tasizer Nano ZS90 (Malvern Instruments Ltd., UK).
The apparatus contains a 4-mW He—Ne laser with a
wavelength of 632.8 nm, and the scattered light is de-
tected at an angle of 173° (back scattering). For the
accurate hydrodynamic diameter distribution charac-
terization, at least 20 correlograms were collected for
each sample. Correlograms were treated by the CON-
TIN algorithm that is known to be reliable for com-
plicate systems [34] to get appropriate hydrodynamic
diameter distributions.

3. Results and Discussions

The star-like water-soluble copolymer dextran-graft-
polyacrylamide in the anionic form was used for the
fabrication of binary Polymer/AgNPs and ternary
Polymer/AgNPs/cis-Pt nanosystems. The molecular
parameters of D70-g-PAA copolymer before the al-
kaline hydrolysis determined by size-exclusion chro-
matography (SEC) are: M, = 2.15 x 10° g/mol,
R, = 85 nm, and M, /M, = 1.72. The peculiar-
ities of the molecular structure of this copolymer,
as well as its anionic derivative, were discussed in
[25, 27]. D70-g-PAA(PE) copolymer was consisted of
biocompatible components, dextran (core) and poly-
acrylamide (grafts), and was nontoxic and water-
soluble [29]. Macromolecules of D70-g-PAA (PE) were
tested as nanocontainers-carriers for the targeted
delivery of drugs to tumor cells and revealed a
high efficiency [29]. To enhance the antitumor effi-
ciency of the nanocarrier, the ternary nanosystem
Polymer/AgNPs/cis-Pt was examined in vitro on ma-
lignant cells, but the cytotoxic effect was less than for
the binary nanosytem Polymer/cis-Pt.

To understand the reason for decreasing the an-
titumor efficiency (negative synergetic effect) of the
ternary system containing AgNPs and cis-Pt incor-
porated into the polymer matrix in comparison with
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Fig. 1. FTIR spectra (amidel-amide2 region) for the systems:
cis-Pt (1), D70-g-PAA(PE) (2), and D70-g-PAA(PE)/cis-
Pt (%)

the binary system Polymer/cis-Pt , the comparative
study of these nanosystems was performed by FTIR,
TEM, QELS, and UV-vis methods.

The complex formation in the D70-g-PAA(PE) /cis-
Pt system was proved by FTIR. Spectra of Poly-
mer/cis-Pt in comparison with the individual poly-
mer and cis-Pt were analyzed in the amidel and
amide2 region (Fig. 1). For D70-g-PAA(PE), the
characteristic peaks are observed in the region of
amide 1 (1650-1660 cm~!, CO stretching vibrations)
and amide 2 (1615 cm™!, NH bending vibrations (40—
60%); C-N stretching vibrations (18-40%)). An ad-
ditional peak at 1570 cm~! (COO-, stretching vi-
brations) appears [35]. The complex formation of cis-
Pt with the copolymer carboxyl groups is evident
(Fig. 1, curve 3).

The TEM image of silver sols (binary system Poly-
mer/cis-Pt) synthesized in branched anionic polymer
matrices is represented in Fig. 2. This binary system
was described in [25] in detail. It was reported that,
along with AgNPs with a size of 10-15 nm, NPs with
a size of 2-5 nm are also formed (Fig. 2).

The interaction of silver ions with the anionic poly-
mer matrix takes place with both carbamide (as in
nonionic polymers) and carboxylate groups. More-
over, the interaction has the following different mech-
anisms: the ion-dipole interaction in the first case
and the electrostatic one in the second one. It is sup-
posed that, on the carbamide groups of ionic matrices,
the same particles are formed as in nonionic matri-

516

a
.- ‘ 2l
-
. A& .
e
» F
-
-
L]
-
1 T
- =
- H = - i
- |
“ *
!
- - h
.
. - - v
= ’
b

Fig. 2. TEM images of the nanosystem Polymer/AgNPs. Just
after the synthesis (a), in one month after the synthesis (b)

ces. However, the particles on the carboxylate groups
are smaller (Fig. 2).

The TEM images of the ternary nanosystem Poly-
mer/AgNPs/cis-Pt are shown in Fig. 3. It is evident
that individual AgNPs are the same in size as in the
binary system Polymer/AgNPs (a), but some aggre-
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Fig. 3. TEM images of the ternary nanosystem Polymer/AgNPs /cis-Pt: just after the synthesis (a); in one week after the

synthesis (b, ¢), in one month after the synthesis (d)

gation process is evident (a), and the “visualization”
of polymer molecules observed (b, c¢). For the mix-
ture Polymer/AgNPs/cis-Pt, specific continuous su-
perstructures resembling dendrites in shape are seen.
This looks as “leafs of fern” (Fig. 3, ¢). Obviously,

ISSN 2071-0194. Ukr. J. Phys. 2018. Vol. 63, No. 6

cis-Pt forms a complex with functional groups of the
polymer matrix, and the hydrophilicity of the macro-
molecule decreases. This causes the appearance of hy-
drophobic domains, which forms a structure in the
water medium. In addition, the enlarging in size of
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dashed line, Polymer/AgNPs/cis-Pt — dash-dotted line

the polymer nanocarrier caused by the aggregation
of macromolecules in time was revealed.

The aggregation states of AgNPs have an effect
on their optical properties. UV-visible spectroscopy
can be used as a simple characterization technique
for monitoring the nanoparticle solutions. The corre-
sponding absorption spectra are shown in Fig. 4.

It is known that the cis-Pt absorption spectrum in
water has the absorption bands in the interval 200—
250 and at 305 nm [36]. For the silver nanoparticles,
the interval from 350 nm to 450 nm is typical [37],
i.e. the absorption spectra of cis-Pt and AgNPs do
not overlap. That is why, we will analyze the exper-
imental results only in the region 300-500 nm. From
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Fig. 4, one can see that the spectrum of Ag NPs in the
polymer without cis-Pt demonstrates the clear sur-
face plasmon resonance (SPR) band with a two-peak
structure with maxima at 393 nm and 445 nm (solid
line in Fig. 4). For the system Polymer/AgNPs/cis-Pt
(dotted line), the plasmon band has a two-component
structure as well: the peaks have maxima at the
same wavelengths of 393 nm and 445 nm. It is known
that the optical properties of silver nanoparticles are
changed, when particles aggregate. These leads to
the formation of the secondary peak at longer wave-
lengths due to the aggregates of silver [38-41]. Thus,
the short wavelength peak at 393 nm (382 nm) can
be attributed to SPR in separate Ag NPs, while
the red-shifted one at 445 nm (435 nm) can be at-
tributed to the aggregates of Ag NPs. We note that
the adding of cisplatin leads to a considerable increase
of the intensity of the long-wavelength peak of aggre-
gated NPs comparing to the spectrum of the system
without cisplatin. Thus, one can conclude that cis-
Pt molecules may induce the aggregation process in
the ternary hybrid system. Moreover, the aggrega-
tion process is twofold: i) aggregation of Ag nanopar-
ticles; ii) aggregation of polymer molecules caused
by a change of the hydrophylic-hydrophobic balance
of macromolecules D-g-PAA (PE). These assumptions
are consistent with the DLS data represented below.

The analysis of QELS results revealed that
the average hydrodynamic diameter of a D-g-
PAA(PE) molecule is almost equal to that of the
D-g-PAA(PE)/cis-Pt complex (about 65 nm). The
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hydrodynamic diameter distribution of the D-g-
PAA(PE)/AgNPs system includes several modes
(dashed curve on the Fig. 5) — two fractions of single
AgNPs (2 and 7 nm), D-g-PAA(PE) macromolecules
(65 nm), and aggregates (260 nm). The addition of
cis-Pt to D-g-PAA(PE)/AgNPs causes a simplifica-
tion of the hydrodynamic diameter distribution. The
mode of macromolecules disappears (Fig. 5, dashed-
dotted line), but rising the average size of aggregates
from 260 to 340 nm is observed.

4. Conclusions

The complex study of the hybrid ternary nanosys-
tem D-g-PAA(PE)/AgNPs/cis-Pt in a water solu-
tion has been performed. It is shown that the forma-
tion of the cis-Pt complex with carboxylate groups
of the polymer matrix results in changing the hydro-
philic-hydrophobic balance of macromolecules. TEM
revealed the aggregation process and the “visuali-
zation” of polymer molecules for the nanosystem
Polymer/AgNPs/cis-Pt. Superstructures that look as
leafs of fern and resemble dendrites in shape are ob-
served. An increase of the intensity of the SPR peak
of aggregates of AgNPs has been observed for the
ternary nanosystem and is explained by the aggrega-
tion of AgNPs caused by cis-Pt molecules. The anal-
ysis of QELS results has revealed that the addition
of cis-Pt to the D-g-PAA(PE)/AgNPs system causes
the disappearance of individual macromolecules in
the nanosystem and leads to the appearance of ag-
gregates 260 to 340 nm in size. Thus, a decrease of
the antitumor efficiency (negative synergetic effect)
of the hybrid nanosystem dextran-graft-(polyacryla-
mide-co-polyacrylic acid)/AgNPs/cisplatin in com-
parison with the polymer/cisplatin system [29] can be
explained by two facts: (i) the formation of AgNPs
aggregates and (ii) the enlarging in size of the poly-
mer nanocarrier caused by the aggregation of macro-
molecules.

The authors are thankful to M. Rawizo and Cr.
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ATPETATOYTBOPEHHSA ¥V ITOTPIMHNX
HAHOCUCTEMAX ITOJIIMEP /CPIBHI
HAHOYACTUHKU /ITVCIIJIATH

Pesmowme

Ti6puani HaHOCHCTEMU, IO CKJIAIAIOTHCS 13 31pKOIIO/1I6HOTO COo-
nosimepy Jekcrpan-rpadr-nmoniakpunamis y anionHit dopmi
(D-g-PAA(PE)), nanogacrtunok (AgH'Y) cpibia Ta nucmiaru-
ny (cis-Pt), cunresoBani y Boai Ta oxapakTepu3oBaHi 3 BU-
KOPHUCTAHHAM METO/IiB TPAHCMICIHOI €JIEKTPOHHOI MiKPOCKOMIT
(TEM), nunamiusoro poscisiuus cBitia, indpadepsonoi @Pyp’e
crrekTpockomil Ta crmekrpodoromerpil. [lokasano, mo cis-Pt
YTBOPIOE KOMILIEKC 3 KapOOKCHJIATHUMH I'DyIamMu IOJiMepy.
st morpiitaol cucremu nosimep/AgHY /cis-Pt BusiBiieno 3mi-
Hy rigpodinpHo-rizpodobHoro GasaHCy MOJEKYIH MOTIIMEPY
(uepe3 KoMIIEKCOYTBOPEHHS 3 cis-Pt), arperamniio Mmakpomoste-
KyJI, a TAaKOXK Jeskux aryiomepaniiianx AgHY. O6rosoproerscst
3MEHIIEHHS IPOTHUIYXJIUHHOI ebeKTUBHOCTI ribpuaHol moTpiii-
HOI HAHOCHCTEMH ToJIiMep/CpibHI HAHOYACTUHKHY /IIUCIIIIATHH Y
MOPIBHAHHI 3 CHCTEMOIO HOJIMEp / IUCIIATHH
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