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HYDROGEL-SILVER NANOPARTICLE
COMPOSITES FOR BIOMEDICAL APPLICATIONS!

Polyacrylamide and dextran-graft-polyacrylamide hydrogels are prepared and used as nanoreac-
tors and networks for the synthesis of silver nanoparticles (AgNPs). Photochemical generation
of AgNPs is carried out under UV-irradiation of Ag™ ions in swollen hydrogels of different
cross-linking densities. The obtained hydrogels and hydrogel/AgNPs composites are character-
ized by TEM, FTIR, and UV-Vis spectroscopy. Swelling studies have shown a relationship
between the structure of the hydrogels and their ability to swell. It is shown that the presence
of AgNPs in the polymer network leads to a decrease of the swelling capacity. An increase in
the cross-linking density leads to an expansion of the AgNPs size distribution for both types of
hydrogels. All synthesized hydrogel-silver nanoparticle composites have shown a high activity
in the growth retardation of Staphylococcus aureus microorganisms.

Keywords: silver nanoparticles, hydrogel, polyacrylamide, TEM, FTIR, UV-Vis spec-

troscopy.

1. Introduction

The inclusion of metal nanoparticles (NPs) in a poly-
mer hydrogel network is a very attractive route for
the development of nanocomposites for a wide range
of applications. Hydrogels are known to be soft and
elastic materials with high water retention. They are
used in the production of biomaterials, artificial tis-
sues, culture media, etc. [1]. The importance of metal
nanoparticles follows from their magnetic, electronic,
and optical performances. Being incorporated into a
cross-linked polymer matrix, NPs essentially improve
the mechanical properties of hydrogels [2]. They pro-
vide the nanocomposites with responsiveness to me-
chanical, thermal, magnetic, and electric stimuli, as
well as to light [2, 3].

Commonly, the metal NPs in aqueous solutions are
synthesized by reducing their salts. The dispersions
of gold, silver, iron, copper, palladium, platinum,
etc. NPs are fabricated from corresponding salt solu-
tions in the presence of suitable chemical reductants,
including glucose, hydrazine, ascorbic acid, sodium
ascorbate, ethylene glycol, N-dimethylformamide,
dextrose, sodium citrate, and sodium borohydride
[4-7]. The biological use of NPs requires their hy-
drophilicity for a good dispersion in water. Hyd-
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rophilic polymers and surfactants are used to coat
nanoparticles, thus protecting NPs from the aggre-
gation and agglomeration. Polyethylene oxide, poly-
acrylic and polymethacrylic acids, polyacrylamide,
polyvinylpyrrolidone, polyvinyl alcohol, and some
derivatives of macromolecular compounds of the nat-
ural origin are often used as stabilizing agents [8,
9]. In this case, steric stabilization can be achieved
by the interaction of NPs with functional groups of
polymer chains that prevent the aggregation through
the steric repulsion.

Silver nanoparticles (AgNPs) are widely used in
biotechnology and medicine. Three-dimensional poly-
mer hydrogels loaded with AgNPs are considered to
be materials with very high potential for medical
therapeutic and diagnostic applications [10]. AgNPs
can provide nanocomposites with antimicrobial ac-
tivity, since they are able to bind non-specifically
to bacterial membranes. Due to their own cytotoxi-
city, AgNPs are used as antibacterial and anticancer
agents. The degree of toxicity against cells is deter-
mined by the surface charges of AgNPs [11]. AgNPs
have plenty of unique multifunctionalities for biomed-
ical applications, but the high instability and low

1 The paper was presented at XXIVth Galyna Puchkovska In-

ternational School-Seminar “Spectroscopy of Molecules and
Crystals” (August 25-30, 2019, Odesa, Ukraine).
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Fig. 1. Synthesis of hydrogels: cross-linked dextran-graft-polyacrylamide (a); cross-

linked polyacrylamide (a)

biocompatibility still remain significant clinical chal-
lenges. The stabilization of nanoparticles in cross-
linked hydrophilic polymers is an expected effect,
when producing hydrogel/AgNPs composites. The-
refore, the design and fabrication of novel biomate-
rials with desirable functions and excellent perfor-
mances by the innovative combination of two com-
pletely different types of materials, namely hydrogels
and metal NPs, attract great attention [12-15].

In fact, the porous structures of hydrogel networks
are very suitable for the in situ formation of AgNPs,
since the free space among the gel network provides a
nanocontainer for the formation and growth of metal
nanoparticles [12, 13].

This work is devoted to the comparative study of
the cross-linked polyacrylamide- and dextran-graft-
polyacrylamide-based hydrogels and their composites
with AgNPs. We will focus on the effect of the hydro-
gel structure on the AgNPs formation and on proper-
ties of these nanosystems as materials for biomedical
applications.

2. Experimental
2.1. Materials
2.1.1. Chemicals

Acrylamide (AA) was supplied by Sigma, Ger-
many. Dextran (D20) with M, = 20000 g/mol,
cerium (IV) ammonium nitrate (CAN), N N’-methy-
lene-bis-acrylamide (MBA), silver nitrate (>99.9%
pure) were purchased from Sigma-Aldrich. All sup-
plied reagents were of the analytical grade and were
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used without further purification. Double deionized
water was used throughout all procedures.

2.1.2. Preparation of hydrogels

Dextran-graft-polyacrylamide (D20-g-PAA) hydro-
gels were prepared by the free radical polymeriza-
tion, by using CAN as an initiator in the presence
of cross-linking agent MBA [16] (Fig. 1, a). The cal-
culated amount of dextran (0.02 mM) was dissolved
in 25 mL of distilled water at 25 °C. This solution
was purged by the argon bubbling for 20 min, and
then initiator CAN (0.03 mM) was added. In 2 min,
AA (0.05 mol) and MBA (0.2, 0.4, or 0.6 g per 100 g
of monomer AA) were poured into the reaction mix-
ture. The formed hydrogel samples were taken out
from a flask in 24 h, washed with distilled water
to remove the unreacted monomer. Finally, the gels
were dried at ambient temperature. Polyacrylamide
(PAA) hydrogels were prepared by the same proce-
dure, but without the addition of dextran (Fig. 1, b).
The resulting hydrogels were designated as PAA-
x and D20-g-PAA-z, where x = 0.2, 0.4 or 0.6 ac-
cording to the weight ratio of MBA to monomer AA
(g/100 g) in the synthesis of the hydrogels. This value
determines a cross-linking density in the hydrogel.

2.1.8. Preparation of hydrogel/AgNPs composites

The dry hydrogels were placed in 0.1 M AgNOj3
for 24 h for the swelling and saturation with Ag™
ions. Then hydrogels loaded with Ag™ ions were irra-
diated with UV light. Photochemical reactions were
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carried out under irradiation with a 1000-W medium-
pressure mercury lamp for 5 min. The tube reac-
tor was installed at a distance of 90 cm. Finally,
the hydrogels with silver nanoparticles were dried
at ambient temperature. The samples were desig-
nated as PAAx/AgNPs and D20-g-PAA-z/AgNPs,
respectively.

2.2. Methods
2.2.1. Swelling studies

The water absorption of dry hydrogels was stud-
ied gravimetrically. The dried samples were weighed,
immersed in distilled water, and left to swell at
25 °C. Then they were taken out in certain periods
of time, dried with thin filter paper, weighed on an
analytical balance, and placed back into the same
bath. The measurements were repeated until a con-
stant weight of sample was achieved. The swelling ra-
tio (S:%) was calculated by the equation

T — Mo

5% =" 100, (1)

mo
where m; is the mass of hydrogel in the swollen state
at time t and my is the mass of the dry hydrogel.

2.2.2. Characterization of hydrogel
composites by FTIR-, UV-Vis spectroscopy,
and scanning electron microscopy

A FTIR-spectrophotometer (MAGNA 550, Nicolet
Instruments Corporation, USA) was used for the
comparative characterization of pure hydrogel and
hydrogel/AgNPs composite. We used the KBr tech-
nique for the sample preparation.

UV-visible spectra of hydrogel/AgNPs compos-
ites were recorded by using a Lambda 35 UV-Vis
spectrophotometer (Perkin—Elmer, CA) in the ab-
sorbance mode (range 200-1000 nm). It was shown
that this method is suitable for the characterization of
nanosystems polymer/AgNPs [17]. All optical spec-
tra were acquired, by using quartz cuvettes with 1-cm
path length.

Scanning electron microscopy (SEM, Stereoscan
440; LEO, Cambridge, UK) was used to study the
morphology of hydrogels. The samples of hydrogels
were freeze-dried. The cryogenically fractured films in
liquid nitrogen were mounted vertically on the SEM
stub by a silver adhesive paste. The specimens were
sputter coated with gold to avoid electrostatic charges
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and to improve the image resolution before being ex-
amined by the electron microscopy.

2.2.3. Microbiological tests

To test the materials for their ability to inhibit the
bacterial growth, wild Staphylococcus aureus strains
selectively obtained on Endo media and Yolk-salt
agar were used. The sensitivity of the microorgan-
isms was evaluated by the disc-diffusion method on
a Miiller—Hinton agar of the following composition
(g/1): agar — 17, hydrolyzed casein — 17.5, hydrolyzed
bovine hart — 2, starch — 1.5; pH = 7.3. The tested
samples of the hydrogels and the composites were
5 mm in diameter, and their sizes were similar to
those of standard disks with antibiotics. The con-
trol samples were PAA-z/AgNPs and D20-g-PAA-
x/AgNPs hydrogels (xr = 0.2, 0.4, or 0.6) saturated
with 0.05% chlorhexidine solution.

Measurement of the growth retardation zone was
performed, by using a digital caliper Miol 15-240.
The contact of the studied hydrogel samples with mi-
croorganisms occurred within 24 h before the registra-
tion of the growth retardation diameter. The process-
ing of statistical data was carried out by the Shapiro—
Wilk test (p > 0.05) and the Schaeff ANOVA test
(p < 0.05). Each experiment was repeated four times.

3. Results and Discussion

It was reported [18-19] that the structures of lin-
ear PAA and D20-g-PAA macromolecules are dras-
tically different. D20-g-PAA is star-like polymer and
its grafted PAA chains have a worm-like conforma-
tion in an aqueous solution. Being dissolved in wa-
ter, molecules of linear PAA have a coil conforma-
tion. Obviously, cross-linked PAA and D20-g-PAA
hydrogels should have different structures.

As shown by SEM images (Fig. 2), the mor-
phologies of the PAA and D20-g-PAA hydrogels
are different and essentially depend on the hydrogel
composition.

Cross-linked PAA and D20-g-PAA hydrogels with
various concentrations of cross-linking agent MBA
were used both as nanoreactors for the synthesis
of AgNPs and polymer networks for their stabiliza-
tion. At the first stage of preparation of the nanocom-
posites, the hydrogel samples were saturated with an
AgNQOj3 solution. Silver ions have ability to interact
with the functional moieties of a polymer network
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Fig. 2. SEM images of PAA (a) and D20-g-PAA (b) cross-linked hydrogels

such as ~OH, -NH,, —C=0 groups [20]. At the next
stage of synthesis, AgNPs were formed in free spaces
between the chains of the cross-linked polymeric net-
work under UV-irradiation.

The FTIR spectra of the hydrogels and the hydro-
gel/AgNPs composites were recorded for all samples
and demonstrated the same patterns.

As shown in Fig. 3, the characteristic peaks of the
PAA component registered at 1665 cm~! (v(C=0),
amide I) and 1615 cm~! (§(N-H), amide II) are
observed both for D20-g-PAA-0.4 and D20-g-PAA-
0.4/AgNPs samples. The peak at 1450 cm™! can be
assigned to stretching vibrations in functional amide
groups (v(C-N), amide IIT). The band at 1385 cm ™!
is typical of the IR spectra of the inorganic ion NOg.

The Agt-loaded hydrogel is known to exhibit a
significant shift in the amide peak, i.e., 1654 cm™*,
due to the complexation of silver ions with amide
groups [21]. However, for our systems, this effect is
not observed. Thus, silver predominantly exists as sil-
ver nanoparticles and only the negligible amount of
Ag™ ions can be present in swollen hydrogels.

The absorption spectra for two types of samples,
PAA-z and D20-g-PAA-z hydrogels with incorpo-
rated AgNPs, were analyzed in the UVvisible region
(Fig. 4).

It is widely known that the adsorption peak at
298 nm can be registered for an AgNO3 solution and
corresponds to Ag™ ions [21]. The procedure of hy-
drogel/AgNPs preparation assumes the presence of
residual Ag™ ions in the swollen cross-linked polymer
(Fig. 4).

The peak registered in the range 380-850 nm can
be attributed to the surface plasmon resonance (SPR)
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Fig. 3. Fragments of FTIR spectra: black — D20-g-PAA-0.4

hydrogel, red — D20-g-PAA-0.4/AgNPs composite

band. It is known that the composition, size, and
shape of nanoparticles can affect the collective os-
cillations of free electrons in metallic NPs at their
SPR wavelengths, when irradiated with resonant light
[22]. The width of the SPR band is related to the size
distribution of AgNPs.

As shown in Fig. 4, a, the UV-Vis spectra of PAA-
x/AgNPs samples have wide SPR band, thus in-
dicating a rather wide particle size distribution in
these composites. The changes in the cross-linking
density lead to changes in the shape and width of the
SPR band. The spectra of PAA-x/AgNPs composites
demonstrate the appearance of a shoulder on the ab-
sorption curve in the long wavelength region, which
increases with x (ratio of the cross-linking agent MBA
to monomer AA). The same effect of the SPR band
broadening with increasing z is registered for D20-g-
PAA-z/AgNPs composites, but the long wavelength
shoulder is less pronounced (Fig. 4, b). All parame-
ters of the SPR band are determined by the shape
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Fig. 4. UV-Vis adsorption spectra of PAA-z/AgNPs (a) and D20-g-PAA-z/AgNPs (b) com-
posites with different cross-linking densities (x = 0.2 (1); 0.4 (2); 0.6 (3))
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Fig. 5. Swelling behavior of hydrogels and hydrogel/AgNPs
composites: PAA-0.4 (1), D20-g-PAA-0.4 (2), PAA-0.4/AgNPs
(3), and D20-g-PAA-0.4/AgNPs (4)

Swelling capacity of hydrogels
and hydrogel/AgNPs composites

Saas % Seas %
Hydrogel z* (without (with
AgNPs) AgNPs)
Cross-linked PAA 0.2 1530 1330
Cross-linked PAA 0.4 1400 1250
Cross-linked PAA 0.6 1340 1200
Cross-linked D20-g-PAA 0.2 1980 1270
Cross-linked D20-g-PAA 0.4 1580 1060
Cross-linked D20-g-PAA 0.6 1370 990

* The weight ratio of MBA to monomer AA (g/100 g) in the
synthesis of the hydrogels.

** The error limit is £10% (no less than 5 swelling experi-
ments).

and size distributions of nanoparticles, the forma-
tion of which is determined by the structural features
of cross-linked polymer matrices. Thus, the structure
of D20-g-PAA-0.2 hydrogel is optimal for obtaining
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Fig. 6. Diameter of the growth retardation of Staphylococcus
aureus after the use of PAA-z and D20-g-PAA-z hydrogels
loaded with chlorhexidine (Control) and AgNPs (z = 0.2, 0.4,
or 0.6)

an AgNPs-loaded composite with a narrower particle
size distribution.

Thus, the morphology of the hydrogel affects the
process of AgNPs formation and, therefore, should
determine important properties of the hydrogel nano-
composites as materials for biomedical application.

All synthesized hydrogels, as well as AgNPs-loaded
composites, were tested for their swelling capacity
(Table).

The values of the swelling ability in the equilibrium
state (Seq) for cross-linked D20-g-PAA samples are
higher than those for cross-linked PAA at the same
concentrations of the cross-linking agent MBA. This
can be explained by the different mesh structures
of hydrogels. It can be seen that the pores in the
hydrogels based on D20-g-PAA have lake-like shape
(Fig. 2). An increase in the MBA concentration leads
to a decrease in the swelling capacity for both series of
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samples, which indicates the formation of a hydrogel
network with a higher density.

The data in Table demonstrate the difference in
the swelling capacities of synthesized nanocompos-
ites based of PAA and D20-g-PAA hydrogels. The
PAA-z/AgNPs and D20-g-PAA-z/AgNPs samples
demonstrate lower values of the swelling capacity
(Table) compared to their hydrogel analogs with-
out silver nanoparticles. As an example, the effect of
AgNPs incorporated into PAA-0.4 and D20-g-PAA-
0.4 hydrogels on their swelling behaviors is shown
in Fig. 5. It is evident that hydrogels loaded with
AgNPs have lower swelling ratios than correspond-
ing pure hydrogels. This regularity is inherent in
all PAA-2/AgNPs and D20-g-PAA-2/AgNPs sam-
ples. It can be explained by additional cross-links be-
tween AgNPs and functional groups of polymer side-
chains, which lead to a decrease in the permeabil-
ity of hydrogel composites to water and a change
in the overall swelling characteristic [8]. The inter-
action of AgNPs with the side chains of the poly-
mer increases the rigidity of the hydrogel network
and reduces its hydrophilicity. Both of these pro-
cesses lead to a decrease in the ability of hydrogels
to swell.

Microbiological tests of PAA-x and D20-g-PAA-z
samples loaded with chlorhexidine demonstrated al-
most the same growth retardation of Staphylococcus
aureus microorganisms. The growth retardation di-
ameters were 13-15 mm, and these values did not
depend on the ratio of crosslinking agent MBA to
AA monomer in hydrogels. There are control samples
in Fig. 6 which demonstrate the growth retardation
of Staphylococcus aureus after the use of hydrogels
loaded with chlorhexidine.

It is evident that the hydrogels loaded with silver
nanoparticles are much more active in the growth
inhibition of Staphylococcus aureus (Fig.6). The
growth retardation diameters are essentially larger
than those of chlorhexidine-loaded samples and reach
21-27 mm. For all hydrogel/AgNPs-composites, a
visible excess of these values for D20-g-PAA-
x/AgNPs samples compared to the corresponding
PAA-z/AgNPs ones is observed. A trend of the ac-
tivity of composites increasing with the degree of
crosslinking was registered. Thus, the peculiarities of
the internal structure of hydrogels should be taken
into account in manufacturing the AgNPs-loaded
materials.
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4. Conclusions

Polyacrylamide and dextran-graft-polyacrylamide
hydrogels with different cross-linking densities are
synthesized by the radical polymerization. The hy-
drogel samples are used as nanoreactors for the gen-
eration of silver nanoparticles by the photochemical
reduction of AgNOg3 under UV-irradiation. The struc-
ture of hydrogels and their cross-linking density ap-
pear to be the key factors for the in situ formation
of AgNPs in hydrogels. The presence of AgNPs in
a polymer network leads to decreasing the swelling
ability. The FTIR spectra of hydrogels and hydro-
gel/AgNPs composites are very close, indicating an
almost complete conversion of silver ions to silver
nanoparticles. The significant SPR band width in the
UV-Vis spectra of all AgNPs-loaded composites is as-
sociated with a wide size distribution of AgNPs which
expands with an increase of the cross-lining densi-
ties of hydrogels. According to microbiological stud-
ies, the obtained composites are active in the growth
retardation of microorganisms and can be used in a
wide range of biomedical applications.
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I'IAPOT'EJIEBI KOMIIO3UTU
3 HAHOYACTHNHKAMI CPIBJIA
JJId BIOMEAMYHOI'O 3BACTOCYBAHHA

Pesmowme

CuHTe30BaHO Tigporesi Ha OCHOBI HOJIaKpUIaMiLy Ta IMpHUIe-
MJIEHUX KOIIOJIIMEPIB JeKCTpaH-II0/IaKpUIaMily Ta BUKOPUCTA-
HO IX $IK HAHOPEAKTODH JJIsi CHHTE3y HaHOYACTUHOK Cpibiia
(AgNPs). ®oroximiuny renepanito AgNP nposoguin npu YP-
ompominenni ionis Agt y Hacmyenmx po3umHOM Timporemsx i3
pisHUM cTyneHeM 3muBaHHgA. OTpuMaHi riporesi Ta KOMIO31-
Tu rigporens/AgNPs xapakrepusysasnucs 3a gonomoroo TEM
Ta CHEKTPOCKoIil B iHdpadepBOHOMY, BUIAMMOMY Ta YJIbTDa-
diosmeroBomy miamasonax cmekrtpa. Jocmimkenns HaOyxamHHsS
[IOKa3aJid 3aJIeXKHICTh MiXK OyJI0BOIO TifgporesiB Ta IX 31aTHI-
cTio 70 HabyxaHHs. Bysio nokasano, mo HasiBHicTh AgNP y
MOJIIMEPHi#l ciThi NPU3BOAUTDH 10 3HMUXKEHHHA 3IaTHOCTI 10 Ha-
OyxaHHs. 36L/IbIIEHHS] CTYIIEHS 3IIMBAHHS [IPUBOJUTH 10 PO3-
mupeHHs posnoziny po3mipiB AgNP nns obox Tumis rimpo-
reqis. Yci cunresoBani xkommosuru rigporens/AgNPs pussu-
JI BHCOKY aKTHBHICTB y iHribGyBaHHI pocTy MiKpooprazismis
Staphylococcus aureus.
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