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Abstract A pH-responsive copolymer hydrogel was synthe-
sized based on methyl methacrylate (MMA) and methacrylic
acid (MAA) as monomers, and was adopted as a nanoreactor
for assembling Ag nanoparticles. Fourier transform infrared
spectroscope (FTIR), scanning electron microscopy (SEM),
transmission electron microscope (TEM), UV-visible spec-
troscopy (UV-Vis) and thermogravimetric analysis (TGA)
were used to fully characterize the formation of silver nano-
particles in PMIMMA-co-MAA) hydrogels. The experimental
results showed that the P(MMA-co-MAA) hydrogels assume
a three-networks architecture in morphologies, and that nearly
spherical Ag nanoparticles are formed in these hydrogel net-
works; the size of these Ag nanoparticles varies with the
system composition. The swelling kinetics investigations
demonstrated that the equilibrium swelling ratio (ESR) of
the P(MMA-co-MAA)/Ag hydrogels depended on the content
of the MAA and pH of the buffer solutions, and the ESR
values were reduced with increasing MAA contents. The
antibacterial properties against both S. aureus and B. subtilis
bacteria demonstrated that the P(MMA-co-MAA)/silver
nanocomposite hydrogels had higher antimicrobial efficacy
than the pure P(IMMA-co-MAA) counterparts. Therefore, the
nanocomposite hydrogels turned out to be a potentially smart
material in the range of applications of antibacterial activity.
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Introduction

As is known to all, metal nanoparticles possess a wide range
of unique physical properties, e.g., electrical, optical, mag-
netic, etc., due to their intermediate structures between
atomic state and the bulk [1-3]. Silver nanoparticles
(AgNPs) are intensively studied for their potential use in
catalysis, biosensors, biomedicine, and environmental filtra-
tion [4-7]. The bactericidal and inhibitory effects of silver
nanoparticles against a wide range of microorganisms are
well documented. Since these performances have a consid-
erable association with the structure, surface modality, size,
and size distribution, a strict control is needed. A versatile
system must show antibacterial activity toward germs on
contact without release of toxic biocides; the antimicrobial
properties of AgNPs are considered non-toxic and environ-
mentally friendly in biomedical applications. Polymer matri-
ces can prevent oxidation and coalescence of the particles
and provide them with long-time stability. Therefore, the
AgNPs/polymer composite, functioning as a bactericide,
has been applied in complicated cases of infected burns,
purulent wounds, and as a wound-healing matrix [8, 9].
Up to now, several methods have been established for the
preparation of various silver-polymer nanocomposites
[10—14] including physical techniques such as thermal evap-
oration and laser sputtering, and chemical techniques such as
in-situ chemical reduction (NaBH,), refluxing and heating
methods, bio-reduction, X-ray irradiation, and layer-by-layer
assembly, etc. However, due to their poor binding charac-
teristics with surfaces of antibacterial materials, their utility
has been restricted. Therefore, polymer-stabilized nanoparti-
cles, especially nanoparticles embedded in hydrogel net-
works, are outstanding approaches for antibacterial applica-
tions [8, 15-17]. A silver-impregnated polymer matrix pro-
vides antimicrobial efficacy with a sustained release of sil-
ver. The silver/polymer fabric minimizes the transmission of
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infective agents and enhances patient comfort, and offers a
facile application for health care.

Polymer hydrogels may be defined as crosslinked three-
dimensional polymer networks swollen with water or bio-
logical fluids. They can offer large free space between the
crosslinked networks in the swollen stage as a nanoreactor
template for the nucleation and growth of Ag nanoparti-
cles. Many reseachers have reported their work using
polymer hydrogels as nanoreactors for uniform distribu-
tion of AgNPs [18-20]. These hydrogels include
carboxymethyl cellulose-based hydrogels, chitosan—poly-
vinyl alcohol hydrogel, and poly(acrylic acid), etc. Since
they have structural similarity to the macromolecular-
based components in the body, they are considered bio-
compatible [21]. Poly(methacrylic acid) (PMMA) hydro-
gel as a biocompatible polymer is typically used in the
fabrication of contact lenses, etc. [22]. Polymethacrylic
acid (PMAA) hydrogel is a typical pH-responsive hydro-
gel, and has received considerable recognition in biomed-
ical applications due to good biocompatibility [23-25].
Considering that the biological activity of AgNPs, espe-
cially the antibacterial property, is dependent on the size of
particles and the swelling ratio [26], it is important to
design and construct new copolymer hydrogels with ad-
justable network dimension and swelling ratios. To this
end, constructing poly(methyl methacrylate-co-methacrylic
acid) (P(MMA-co-MAA)) copolymer networks by copoly-
merization of MMA and MAA monomers with various
component ratios may be a suitable choice. Thus, not only
the network size and swelling behavior may be mediated,
but the interactions between functional groups in PMMA
and PMAA chains and Ag" cations are controllable as
well, which is helpful for assembling of Ag nanoparticles.

Based on the above description, the objective of this
contribution is to synthesize pH-sensitive P(MMA-co-
MAA) hydrogels with tunable MMA/MAA component
ratios via free radical copolymerization. In the mean-
while, Ag nanoparticles were assembled in the copolymer
hydrogels as nanoreactor templates, where functional
groups in PMMA and PMAA chains can couple with
Ag" cations by a complexation or electrostatic interaction
and make the Ag nanoparticles efficiently stabilize. Com-
pared with any other work reported [18-20], the innova-
tiveness, or novelty, of this article is that pH-responsive
P(MMA-co-MAA)/Ag nanocomposite hydrogels with
tunable size of AgNPs are achieved. This hydrogel bears
improved antibacterial efficacy by manipulating and con-
trolling swelling ratios or/and feed ratios of the hydrogels
and the size of Ag nanoparticles. So far, there is no
literature reporting synthesis of silver nanoparticles
employing P(IMMA-co-MAA) hydrogels. Therefore, we
herein report onnanocomposite hydrogels as promising
antibacterial materials.
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Experimental section
Materials and reagents

The analytical grade (AR) methyl methacrylate (MMA) was
purchased by the Tianjin Kermol Chemical Regent Develop-
ing Center (Tianjin, People’s Republic of China) and distilled
two times prior to use in order to remove inhibitors and trace
water. The methacrylic acid (MAA), analytical grade (AR),
was supplied by the Tianjin Jinyu Fine Chemicals Ltd., Corp.
(Tianjin, People’s Republic of China). The cross-linker, N, N-
methylenebisacrylamide (NNMBA, AR), was purchased by
the Tianjin Kermol Chemical Regent Developing Center.
Potassium persulfate (KPS) was recrystallized before use as
an initiator. AgNO;, AR, was supplied by the Shanghai Insti-
tute of Fine Chemicals and Industrial Materials (Shanghai,
People’s Republic of China). Sodium hypophosphite
(NaH,PO,-H,0), used as a comparative reducer, was pur-
chased by the Beijing Chemical Factory (Beijing, People’s
Republic of China).

Preparation of PIMMA -co-MAA) co-polymer network
hydrogels

P(MMA-co-MAA) hydrogels were synthesized by a free rad-
ical cross-linking co-polymerization approach at a mass ratio
of MMA to MAA of 30:70, 40:60, 50:50, 60:40 and 70:30,
respectively. Stoichiometric MMA and MAA monomers were
added in 20 ml deionized water. After the mixture solution
was stirred at 60 °C for about 30 min, 0.02 g KPS and 0.02 g
1 wt.% NNMBA were added to the reaction mixture with
rapid stirring. The reaction proceeded at 60 °C for about 2 h.
The products were immersed with deionized water for 7 days
to remove residues of the unreacted monomers, initiators, and
cross-linking agents. The resultant hydrogels were dried in a
vacuum at 35 °C until constant weight.

Assembly of Ag nanoparticles in P(IMMA-co-MAA)/Ag
hydrogel networks

The assembly of Ag nanoparticles in semi-IPN P(MMA-co-
MAA) hydrogel networks has been performed in the follow-
ing steps. Dry hydrogels were equilibrated with water for 3
days. Then the swollen hydrogels were transferred into a
beaker containing 50 ml of 0.5 M AgNOs aqueous solution
to diffuse for 1 day. These hydrogels loaded with sliver salts
were subsequently transferred into a 50 ml 0.5 M
NaH,PO,-H,O aqueous solution was employed to reduce
the sliver ions into silver nanoparticles at room temperature
for 24 h. The sliver nanoparticles assembled in the hydrogel
networks are often termed as P(MMA-co-MAA)/Ag nano-
composite hydrogels. The products were dried in a vacuum
at 35 °C until constant weight. A structural model suggested
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expatiating upon the fabrication of P(MMA-co-MAA)/Ag
nanoparticles, and the applications for antibacterial activity
were displayed in Scheme 1.

Measurements and characterization

To understand the swelling of P(MMA-co-MAA)/Ag nano-
composite hydrogels with varying compositions, the dried
hydrogels (W() were immersed in an excess amount of deion-
ized water at 25 °C until swelling equilibrium was attained.
The wet weight of the sample (W,) was determined after
removing the surface water by blotting with filter paper, and
the equilibrium water content was designated as W... The
swelling ratio (Sg) and equilibrium swelling ratios (ESR) of
the samples were calculated from the following equations:

Sr = (W—Wy) /W, (1)

ESR = (Wo=Wo)/Wo (2)

Antimicrobial tests

Bacteria (Staphylococcus aureus and Bacillus subtilis) strains
were provided by the College of Life Sciences at Northwest
University (People’s Republic of China). The antimicrobial
activities of P(MAA-co-MMA) and P(MAA-co-MMA)/Ag

Scheme 1 A structural model
suggested expatiating upon the
fabrication of PIMMA-co-MAA)/
Ag hydrogels, and the
antibacterial studies (Antibaterial
activities of (1) pure and (2)
nanocomposite hydrogels against
S. aureus).

Ag nanopay No antimicrm\activities

P(MMA-co-MAA)/Ag

were examined by the bacteriostatic ring test method. The
antibacterial activity was measured as the diameter of the
inhibitory zones in the soft agar layer stained after 48 h
incubation at 37 °C. An inhibitory zone with a diameter less
than 16 mm corresponds to lack of activity (16 mm is the
diameter of the spot). Control experiments with solvents show
that the solvents have no activity.

Results and discussion
FT-IR

Figure 1 illustrates FTIR spectra of different P(MMA-co-
MAA) pure hydrogels and P(MMA-co-MAA)/Ag nanocom-
posite hydrogels. As shown in Fig. 1. The poly(MMA-co-
MAA) hydrogels and P(IMMA-co-MAA)/Ag exhibited a rel-
atively strong vibration band at 3600-3100 cm™ due to the —
OH group on the MAA moiety and the -NH, on the NNMBA
cross-linker. The vibration absorption peaks at approximately
2910-2925 cm™! are attributed to the stretch vibration mode of
—CH; and —CH,— groups. The different samples of peaks at
1690-1731 em™ are ascribed to C=O stretching vibration,
indicating that —C=0- groups are present in MMA and MAA.
From Fig. 1(a, b, and ¢), as the content of MAA increases, —
OH stretching vibration peak becomes sharp from the wide
and blue shift. It is found that the characteristic absorptions of
pure hydrogel and P(MMA-co-MAA)/Ag composite are quite
similar except for the —OH stretching absorption bands; the
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Fig.1 FTIR spectra of P(MMA-co-MAA) various pure hydrogels [a (40/
60), b (50/50), ¢ (70/30)] and P(MMA-co-MAA)/Ag nanocomposite
hydrogel [mass ratios of MMA to MAA: d (50/50)]

blue shift of the —OH stretching peak implies that the interac-
tion also exists between the Ag nanoparticles and —-COO—
groups. In Fig. 1(d) the P(IMMA-co-MAA)/Ag sample gave
rise to a variational characteristic peak position and decreased
transmittance owing to a chemical environment change
resulting from the embedding of Ag nanoparticles by forming
a complex between Ag/Ag” and the carboxyl groups [27].
Therefore, these findings preliminarily indicate that the
P(MMA-co-MAA) has been synthesized, and Ag nanoparti-
cles have been fabricated in the PIMMA-co-MAA) hydrogels,
resulting in the P(MMA-co-MAA)/Ag nanocomposite.

SEM observations

Figure 2 shows SEM micrographs of the surfaces of both the
pure P(MMA-co-MAA) hydrogels and P(MMA-co-MAA)/
Ag gels, which were in the fully swollen state. It can be seen
that P(IMMA-co-MAA) hydrogels have porous structures with
pores of micrometer size. The SEM micrographs clearly illus-
trate the morphological dependence on the different ratio of
MMA to MAA in the hydrogels. Although the network topol-
ogies of the three control samples in Fig. 2(a—) seem to be
almost the same, the construction units of the networks appear
to be different. It can be seen from Fig. 2 that pure P(MMA-
co-MAA) hydrogels exhibited a characteristic three-
dimensional honeycomb-like pattern. However, with in-
creases of the MAA contents in the hydrogel composition,
Fig. 2(a) and (b) have more uniform and dense pores in
comparison with (c). It was clear that the pores of the gel in
Fig. 2(c) were deeper and larger than those of the gels in (a)
and (b). These hydrogel networks may be considered as
templates to construct or assemble metal Ag nanoparticles.
In the PMMMA-co-MAA)/Ag nanocomposite hydrogel mor-
phologies exhibited by Fig. 2(d—f), it seems that Ag particles
of nearly spherical shapes are assembled or attached on the
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surface of the hydrogels, which may be inferred from the SEM
differences between the control samples and the nanocompos-
ite hydrogels. Of course, a small amount of Ag nanoparticles
can be observed in the hydrogel networks and on the surface.
The application of using a free radical co-polymerization
method to prepare pure P(MMA-co-MAA) hydrogels gave
the hydrogels a more porous structure. This developed, porous
structure of the hydrogels would act as a nanoreactor for
preparation of Ag nanoparticles and make water diffusion into
or out of its network easier during the deswelling-reswelling
process. An energy dispersive X-ray detector attached to the
SEM was used to measure Ag nanoparticles, and the content
of Ag nanoparticles decreased. All these factors modulate and
control the size of the nanoparticles and supply better stabili-
zation of Ag nanoparticles. That is, the Ag nanoparticles are
bound to grow or aggregate in the compartment of the copol-
ymer templates in line with the orientation of preferential
growth of a crystal plane.

TEM observations

From the TEM images in Fig. 3, it is readily observed that the
morphologies of all the prepared Ag nanoparticles are either
of a spherical or rectangular shape. The Ag nanoparticles
generated by a direct reduction of AgNO; using sodium
hypophosphite as a reducing agent are exhibited in Fig. 3(a).
We notice that the Ag nanoparticles assembled in P(MMA-co-
MAA) hydrogel networks with NaH,PO,-H,O used as reduc-
er. From TEM images in Fig. 3(b) and (c), these Ag particles
assume spherical-like shape in appearance at nanoscale levels,
and the size varies with the system composition (i.e., mass
ratios of MMA to MAA). The probability is that the hydrogel
networks not only make for better surface protection and a
strong localization of Ag nanoparticles, but also can control
the growth of Ag nanoparticles within the gel networks. It is
known that Ag" can combine with oxygen and nitrogen atoms
existing in the hydrogel networks via a weak coordination
bond, forming O-Ag" and/or N-Ag" ¢ coordination bonds,
and thus astricting Ag" particles, as narrated above. Therefore
the Ag" ions may uniformly be fixed and distributed in the
hydrogel networks [28]. The hydrogel networks have substan-
tial impact on the formation of Ag nanoparticles, which not
only make for surface protection and strong localization of Ag
nanoparticles, but also can be adopted to control the growth of
Ag nanoparticles within the gel networks. The electrostatic
interaction (i.e., ion-dipole) between the electron-rich (ether)
oxygen atoms of polar hydroxyl groups and/or carbonyl
groups and electropositive transition metal cations is another
factor affecting the Ag grain morphologies [29]. All of these
help in modulating and controlling the size of the nanoparti-
cles and supplying better stabilization of Ag nanoparticles.
The optical properties of P(MMA-co-MAA)/Ag
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Fig. 2 SEM photographs of
various hydrogels: a—c and d-f,
Pure hydrogels (a—¢) with
different mass ratios of MMA to
MAA: a30:70, b 50:50, ¢ 70:30;
Control samples; (d-f). POIMMA-
co-MAA)/Ag composite
hydrogels prepared by in situ
reducing Ag" ions with
NaH,PO,-H,0O

nanocomposites and the size of Ag nanoparticles will be
further evaluated by UV—Vis absorption spectra.

Optical properties

The optical properties of P(MMA-co-MAA)/Ag nanocom-
posites and the size distribution of Ag nanoparticles are further
evaluated by UV-Vis absorption spectra. For UV-Vis studies,
well-dispersed P(MMA-co-MAA)/Ag solutions were filled in
a | cm path-length quartz cuvette and the spectra were record-
ed on a UV-Vis spectrometer using deionized water for back-
ground correction. Figure 4 shows the UV-Vis absorption
spectra of P(MMA-co-MAA)/Ag nanocomposite samples ob-
tained at different ratios of MMA to MAA. It can be seen that
the recorded spectra show the presence of an absorption peak
at about 420 nm when NaH,PO,-H,O is used as a reducer.

Fig. 3 TEM micrographs of Ag la Wy
nanoparticles assembled in the b .
P(MMA-co-MAA)/Ag hydrogels ‘ .
using NaH,PO,-H,0 as a ) g . A i g
reducer: a a direct chemical " . ‘ L A0
reduction avenue; b and ¢ A
different mass ratios of MMA to (
MAA of 50:50 and 70:30, y - W
respectively ' ° .

- . s T

. » . . . . |

- * . 100nm
L BN

With increasing MMA content in the hydrogel composition
and as the nanoreactor hydrogel mesh increases, the size of the
silver nanoparticles increases; the maximum absorbance de-
creases, and the red shifts of the peaks point to 421, 427,
433 nm, respectively, which reflects the growth of Ag particle
size.

Thermal stability

In order to understand interactions between nanoparticles and
the polymer matrix, thermal properties of the composite were
investigated by thermogravimetric analysis (TGA). In detail,
hydrogels followed two degradation steps and 89.3 wt.%
degradation of the hydrogel chains occurred below 600 °C,
but in the case of semi-IPN P(MMA-co-MAA)/Ag composite,
it is noted as three degradation steps and only a 64.6 wt.%

b c -
.
- - . .
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- '. .
. ®
. 100 nm 100 nm
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Fig. 4 UV-Vis spectra of P(MMA-co-MAA)/Ag nanocomposite
hydrogels prepared from the hydrogel network, with different mass ratios
of MMA to MAA: a30:70; b 50:50; ¢ 70:30

weight loss below 600 °C (Fig. 5). The weight loss difference
between the semi-IPN and P(MMA-co-MAA)/Ag represents
the presence of silver nanoparticles (weight percent) in the
P(MMA-co-MAA)/Ag. In this particular sample, it is noted
that there is a 13.7 wt.% of silver nanoparticle content in the
P(MMA-co-MAA)/Ag. The onset of degradation and temper-
ature of maximal rate of degradation in nitrogen of P(MMA-
co-MAA)/Ag and pure hydrogel are higher compared with the
P(MMA-co-MAA)/Ag obtained by evaporation of the solvent
(H;O) (Fig. 5). The introduction of Ag nanoparticles into the
matrix has changed the degradation path of the polymer,
decreasing the temperature of maximal degradation from
364 °C to 325 °C. On the other hand, the rate of degradation
is lower compared with the pure hydrogel. The main decom-
position products in the first step of thermal degradation of
P(MMA-co-MAA) are generated by the chain-stripping elim-
ination of H,O, as well as cis- and trans-allylic methyls that
can be formed by random chain scission reactions that accom-
pany elimination [30]. In the second degradation step,

100 ~

80

(b)

Mass (%)

(a)

0 200 200 600
t(°C)

Fig.5 The TG thermograms of a P(MMA-co-MAA) and b P(MMA-co-
MAA)/Ag nanocomposite hydrogels
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probably due to the network present in the polymer, the first
degradation step splits into two stages, and chain-stripping
elimination is followed by scission of crosslinks and chain
scission reactions. When Ag nanoparticles are present in a
cross-linked polymer, the interaction between nanoparticles
and the polymer can occur via lone electron pairs [31, 32],
inducing changes in the degradation mechanism of P(IMMA-
co-MAA).

Swelling studies

As shown in Fig. 6, the swelling behavior of the P(IMMA-co-
MAA)/Ag with various ratio of monomers in different pH
buffers obviously showed pH sensitivity. In the case of high
pH (7.4-11), the dominant charges in the P(IMMA-co-MAA)/
Ag are the dissociated carboxylate group —CO,". In this pH
region, the stronger the alkalinity of the solution, the larger the
concentration of —CO," inside the hydrogels, which results in
an osmotic pressure and makes the P(MMA-co-MAA)/Ag
swell. Along with decreasing pH, the amount of —CO,™ is
gradually reduced inside the hydrogels, which leads to a
decrease in osmotic pressure and makes the SR of the
hydrogels smaller. Therefore the SR of P(IMMA-co-MAA)/
Ag gradually decreased. As shown in Fig. 6, the SR was
significantly increased with the rise of pH to the range of
pH 3.0-11. This could be attributed to an increase of the
mobile ions —CO," inside the hydrogel and osmotic pressure
driving the gel in the swelling state. When pH<7.4, the
dissociation of the carboxyl group being hindered resulted in
a decrease of —-CO," in PMIMMA-co-MAA)/Ag. As shown in
Fig. 6, the lowest swelling occurred almost always at pH 3.0

45
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X——=x
1
X
30 *
&
70!
=
IS5t
t S
O 1 1
0 4 8 12

pH

Fig. 6 Effect of different mass ratios of MMA to MAA: equilibrium
water content of PIMMA-co-MAA)/Ag nanocomposite hydrogels with
NaH,P0O,-H,0 as a reducer at 25 °C. The symbols: m, A, X, and *
represent the different mass ratios of MMA to MAA: 40:60, 50:50,
60:40 and 70:30, respectively
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among P(MMA-co-MAA)/Ag, with various ratios of mono-
mers. With the further lowering of pH to 1.4, the dissociation
of carboxyl groups was completely inhibited. Thus, the
P(MMA-co-MAA)/Ag swelled torpidly as pH diminished in
the range of pH 1.4-3.0. Furthermore, the SR of the P(MMA-
co-MAA)/Ag in acidic medium was obviously always smaller
than that in alkaline medium [33].

Figure 7 displays time-dependent swelling behaviors of the
P(MMA-co-MAA)/Ag nanocomposite hydrogels with vari-
ous monomer contents in different buffer solutions. It is clear
that the swelling of the hydrogels gradually increased with
time, and in pH 7.4 the fastest swelling rate is observed. In this
experiment, the same P(MMA-co-MAA)/Ag hydrogel sam-
ples were allowed to swell in the buffer solution, deprotonized
of carboxylic acid (-COOH) groups because carboxylate an-
ion (COO-) groups can bind Ag" ions more tightly than -
COOH groups by complexation [34, 35]. Then, the Ag" ions
were loaded into gel network at various swelling ratios of the
P(MMA-co-MAA) hydrogel to modulate the formation of Ag
nanoparticles after the addition of a reducing agent
NaH2P02'H20.

Furthermore, the swelling and deswelling behavior of
P(MMA-co-MAA)/Ag hydrogels was investigated upon re-
peated immersion in pH 1.4 and 7.4 buffer solutions at
25 °C, as shown in Fig. 8. It can clearly be found that the
P(MMA-co-MAA)/Ag nanocomposite hydrogels expedi-
tiously swell in PBS solutions of pH 7.4, and simultaneously
deswell rapidly in PBS solutions of pH 1.4, exhibiting good
swelling and deswelling behavior. This swelling/deswelling
trend is closely correlated with the protonation/deprotonation
of the carboxylic acid groups in PMAA [36, 37]. At pH of
1.4, the -COOH groups are not ionized; thus, strong hydro-
gen bonding interactions are produced between —COOH,
and the interactions between water molecules and hydrogel
networks weaken or disappear. At this point, water mole-
cules cannot diffuse into the P(IMMA-co-MAA)/Ag hydro-
gel networks, resulting in a decreased sweling ratio. At pH

3
pH=7.4
2
=2F
R
o0
£
e
1t
pH=14
0 1
0 50 100

Time (min)

Fig. 8 Reversible swelling of P(MMA-co-MAA)/Ag hydrogels upon
reopeated immersion in PBS solution of a pH 1.4 and b pH 7.4 (Ionic
strength=0.2, 25 °C)

of 7.4, the -COOH groups are ionized, and the hydrogen
bonding is destroyed; the charged COO™ groups repel each
other, leading to swelling of the hydrogel [38, 39]. The fine
swelling ratio in the P(MMA-co-MAA)/Ag composite hy-
drogel may be attributed to the presence of Ag colloids with
surface charges in the gel network, which results in an afflux
of water to balance the build-up of ion osmotic pressure. On
the other hand, it is possible that some of the cross-linking
gets broken during the reducing reaction, which leads to a
decrease of the cross-link density. As a result, the P(MMA-
co-MAA)/Ag nanocomposite hydrogels swell quickly and
exhibit a goood swelling ratio.

Antibacterial studies

The bacterial effect of silver nanocomposite hydrogels most-
ly depends on the size of particles and the swelling ratio,

a b c
45
45

3
o = =
E 30 f 8%
en?2 o0 )
g £ g
3 3 3
3, Z15 31

0 - 1 1 0 N N 0 | N

0 1500 3000 4500 0 1500 3000 4500 0 1500 3000 4500
Time (min) Time (min) Time (min)

Fig. 7 Swelling ratios of various P(MMA-co-MAA)/Ag hydrogel samples in different buffer solution: a pH=1.4, b pH=7.4 and ¢ pH=11.7 (The
symbols: ¢, m, A, and * represent the different mass ratios of MMA to MAA: 30:70, 40:60, 50:50 and 70:30, respectively)
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which have a direct interaction with the bacteria [26]. As
described above, an important feature of these P(MMA-co-
MAA)/Ag nanocomposites is that the silver nanoparticles
embedded throughout the networks are released over time
in aqueous media. Therefore, the nanoparticles escape from
the hydrogel networks with time and can interact with the
bacteria. On the other hand, the medical effectiveness of
antimicrobial agents in patients is also correleated with a
certain zone size, which is used to decide whether they will
be useful for treating a test pathogen. Considering a good
dispersion of silver nanoparticles in hydrogels, as demon-
strated by TEM observations, the antibacterial activities of a
representative P(MAA-co-MMA) and P(MAA-co-MMA)/
Ag sample against bacteria (S. aureus) were examined by
the inhibitory zone test method, as shown in Scheme 1. As
expected, the number of colonies grown surrounding the
P(MMA-co-MAA)/Ag nanocomposites is found to be al-
most nil, suggesting that the P(MMA-co-MAA)/Ag nano-
composite hydrogels have excellent antibacterial activities
against S. aureus, and the diameters of inhibitory zones for
cultures are 21+1 mm. Whereas the pure P(MAA-co-MMA)
hydrogel does not show any effect on S. aureus, and the
diameter of the zone of inhibition is ca. 14+1 mm where the
size of both samples is ca. 12 mm, our results suggest that
pure hydrogels are generally inefficient. The antibacterial
investigations against B. subtilis suggest the same conclu-
sion, as the size of inhibitory zones for the nanocomposite
was 19.7+1 mm, and for the pure hydrogel, it was about
13.5£1 mm. These results indicate that the P(MMA-co-
MAA)/Ag nanocomposite hydrogels have a more effective
contact biocidal property than the pure hydrogel.

There are two main types of hypothesis that can be used
to explain the antibacterial mechanism of elemental silver.
One is that the Ag nanoparticles are adsorbed at the surface
of the cell membrane, causing structural damage of the cell
membrane, and in turn leading to apoptosis [40]. Another is
that Ag" ions are absorbed on the surface of the Ag nano-
particles, and the Ag’ ions can interact with mercapto
groups and amino groups, etc., of protein and DNA mole-
cules within bacterial cells, leading the bacterial cells to lose
their proliferating ability and eventually die [41]. We suggest
that the antibacterial mechanism of P(MMA-co-MAA)/Ag
nanocomposite hydrogels is the Ag"” ions mechanism. Silver
nanoparticles assembled in the hydrogel networks would
produce silver oxide on their surface due to exposure to
water and oxygen in media, which then enters into the
media in the form of Ag" ions. Then the Ag" ions diffuse
into the surface through the pores of the hydrogel networks
and interact with the bacterial cells. It is the slow oxidation
of Ag nanoparticles and slow diffusion of the Ag" ions
through the pores of the hydrogel networks that ensure an
antibacterial perdurability of the nanocomposite hydrogels.
Further investigations will be made in the future; higher
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antimicrobial activity levels of the P(MAA-co-MMA)/Ag
are expected. In a word, we conclude that the P(MMA-co-
MAA)/Ag nanocomposites are excellent antibacterial
materials.

Conclusion

In summary, a new P(MMA-co-MAA)/Ag nanocomposite
hydrogel meant for antibacterial applications has been pre-
pared via free radical cross-linking polymerization and
follow-up reduction of silver nitrate using the hydrogel net-
work as a nanoreactor. The nanocomposite hydrogels take on
characteristic three-dimensional honeycomb topologies, as
revealed by SEM observations, and slight morphological dif-
ferences depend upon the copolymer composition alterations.
The assembled Ag particles assume spherical-like shape in
appearance at the nanoscale level, and the size of the silver
nanoparticles increases with increasing MMA content in the
hydrogel's composition, as disclosed by TEM and UV-Vis
analyses. TGA results indicate that the P(MMA-co-MAA)/
Ag nanocomposites exhibit more excellent thermostability
than hydrogels. Swelling studies demonstrate that P(MMA-
co-MAA) copolymer hydrogels show pH-responsive swelling
behavior, and the ESR in neutral or alkaline pH solution is
higher than in acidic environments. The swelling properties of
the developed nanocomposites are dependent on the internal
network structure and can be tuned by the feed ratios. The
antibacterial activities show that the P(MMA-co-MAA)/Ag
nanocomposites are excellent antibacterial materials.
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