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In the present study, we report the preparation of semi interpenetrating hydrogel networks (SIHNs)
based on cross-linked poly (acrylamide) prepared through an optimized rapid redox-solution polymeri-
zation with N,N’-methylenebisacrylamide (MBA) in presence of three different carbohydrate polymers,
namely gum acacia (GA), carboxymethylcellulose (CMC) and starch (SR). Highly stable and uniformly dis-
tributed silver nanoparticles have been obtained with hydrogel networks as nanoreactors via in situ
reduction of silver nitrate (AgNO3) using sodium borohydride (NaBH,) as reducing agent. The formation
of silver nanoparticles has been confirmed with ultraviolet visible (UV-vis) spectroscopy, Fourier trans-
form infrared (FT-IR) spectroscopy, X-ray diffraction (XRD) analyses. Thermogravimetric analysis (TGA)
provides the amounts of silver nanoparticles exist in the hydrogel networks. Transmission electron
microscopy (TEM) results demonstrate that acacia employed hydrogels have regulated the silver nano-
particles size to 2-5 nm where as CMC and starch composed hydrogel networks result in a heterogeneous
size from 2 to 20nm. The preliminary antibacterial activity performed to these hydrogel-silver
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nanocomposites.
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1. Introduction

In recent years, the study and preparation of inorganic particles
on the nanometer scale has attracted considerable interest from
both fundamental and applied research (Bajpai, Mohan, Bajpai,
Tankhiwale, & Thomas, 2007). It is recognized that the physical
and mechanical properties of nanosize particles differ from those
of macroscopic material. Precious metal nanoparticles are mainly
utilized in solving the problems of water purification, catalysis
and hydrogen storage. A wide range of applications have been
found for metal nanoparticles in catalysis (Biffis, Orlandi, & Corain,
2003; Daniel & Astrue, 2004), electronics (Kiesow, Morris, Rade-
haus, & Heilmann, 2003), sensors and high density information
storage (Ross, 2001; Vaseashta & D-Malinovska, 2005), lumines-
cence devices (Colvin, Schlamp, & Alivisatos, 1994), photonics
(Xu, Zhang, Paquet, Lin, & Kumacheva, 2003), pharmaceuticals, bio-
technology and medicine (Xu, Zeng, Lu, & Yu, 2006).

Generally metal nanoparticles agglomerate due to high active
surface area. To stabilize and control the nanoparticles structures
various surfactants, polymers, dendrimers, biological templates,
and biomacromolecules were used (Bajpai et al.,, 2007; Chen &
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Hsieh, 2002; Chen, Serizawa, & Akashi, 1999; Esumi, Isono, &
Yoshimura, 2004; Esumi, Suzuki, Yamahira, & Torigoe, 2000). Bio-
logical systems form sophisticated mesoscopic and macroscopic
structures with tremendous control over the placement of nano-
scopic building blocks within extended architectures (Mandal,
Phadtare, & Sastry, 2005). The concept of green nanoparticles prep-
aration was promoted by Raveendran et al. (Raveendran, Fu, &
Wallen, 2003) in which B-p-glucose act as reducing agent and
starch played stabilizer role. In another study, silver nanoparticles
were prepared with carbohydrate polymer, carboxymethyl cellu-
lose sodium (CMCNa) that effectively works as both reducing and
stabilizing reagent (Chen, Wang, Zhang, & Jin, 2008). Mono-dis-
perse self assembly of ordered arrays of platinum nanoparticles
were successfully prepared in presence of sodium carboxymethyl
cellulose (Liu, Sutton, & Roberts, 2007). Nanoparticles (CdS) were
synthesized through a simple and “green” route using starch as a
capping agent (Wei, Kang, & Mu, 2004). Starch acted both as reduc-
ing and stabilizing agent in the production of silver nanoparticles
(10-34 nm) in an autoclave reaction at 15 psi, 121 °C for 5 min
which are highly stable in aqueous solution over a period of three
months (Vigneshwaran, Nachane, Balasubramanya, & Varadarajan,
2006). Hollow silver nanospheres were fabricated using mercapto
modified starch as a template (Wang & Chen, 2007). In addition,
several approaches have been carried out to prepare silver
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nanocomposites with well-defined size and morphology (Zhang,
Zhang, Wang, Chen, & Lei, 2001; Zhao et al., 2005).

Among the recognized novel approaches, hydrogel or macro-
scopic gels have been used as promising templates or nanopots
to prepare nanoparticles that brought a concept for newer compos-
ite/hybrid materials (Mohan, Lee, Premkumar, & Geckeler, 2007).
The available free-network spaces between hydrogel networks re-
serve to grew and stabilize the nanoparticles. In detail, in-situ
reduction of metal ions and stabilization of particles can be ex-
plained as (a) first metal ions are anchored by functional groups
of hydrogel networks and major amounts of metal ions are en-
trapped in the free-network spaces of hydrogels, (b) then reduction
process takes place where sodium borohydride (NaBH,4) or some
reducing agents employed for this purpose, (c) the formed particles
are well stabilized by the hydrogel network chains (Wang, Flynn, &
Langer, 2004). The formed nanoparticles in their network effec-
tively inhibit the aggregation for longer periods and can be ex-
tracted into water whenever they are required for usage.
Moreover, these nanocomposite systems are highly suitable for
bio-medical applications because of their good bio-compatibility
over biological molecules, cells, tissues, etc. Another advantage of
this method is that we can control overall size and morphology
of the nanoparticles by changing its functionality and cross-linking
points. Poly(vinylpyrrolidone) (PVP) based poly(acrylamide) (PAM)
semi-IPN hydrogels network also used to stabilize the silver nano-
particles (Murthy, Mohan, Varaprasad, Sreedhar, & Raju, 2008). A
series of antibacterial superabsorbents containing silver hydrogel
nanocomposites were successfully prepared by inverse suspension
polymerization (Lee & Huang, 2007).

By considering the importance of hydrogel networks as effec-
tive carriers for nanosystems and natural polymers (carbohy-
drates) such as starch, carboxymethylcellulose, acacia, as
prepolymer renewable materials with hydrophilic nature for
anchoring/reduction of metal ions and stabilization, prompted us
to draw a new idea in which semi-IPN hydrogels prepared in pres-
ence of prepolymers that would be better choice to cook metal
nanoparticle in their networks. For this purpose, the combination
of poly(acrylamide) hydrogel and carbohydrates systems are se-
lected because of their more relevance for pharmaceutical and bio-
medical applications.

2. Materials and methods
2.1. Materials

Acrylamide (AM), carboxymethylcellulose (CMC), starch (SR),
gum acacia or acacia (GA), ammonium persulphate (APS) were
supplied by S.D. Fine Chemicals (Mumbai, India) and used as re-
ceived. Silver nitrate (AgNOs3), sodium borohydride (NaBH,), N,N'-
methylenebisacrylamide (MBA), N,N,N',N"-tetramethylethylenedi-
amine (TEMED) were received from Aldrich Chemical Company
Inc. (Milwaukee, WI, USA) and used without further purification.
Double (DB) distilled water was used for the preparation of any
solutions in this study.

2.2. Preparation of semi-IPN hydrogels

Poly(acrylamide) semi-IPN hydrogels were prepared by poly-
merizing 1 g of AM dissolved in 6 ml of distilled water with differ-
ent carbohydrates of various concentration of GA, CMC, and SR in
presence of a cross-linker (MBA) and initiating system (APS/
TEMED). Polymerizations were performed in 100 ml beakers at
room temperature. The polymerization reactions for all the ratios
became gels within 1 h of reaction time and the gel codes are listed
along with composition information in Table 1.

2.3. Preparation of semi-IPN hydrogel-silver nanocomposites

To prepare semi-IPN hydrogel-silver nanocomposites, accu-
rately weighed dry semi-IPN hydrogels were equilibrated with
water for 3 days and these semi-IPN hydrogels were transferred
to another beaker containing 50 ml of 5 mM AgNOs aqueous solu-
tions, allowed to equilibrate for 1 day. Here, most of the silver ions
are exchanged from solution into hydrogel networks by anchoring
through -COOH, -CONH,, —-OH groups of hydrogel chains and rest
of metal ions were occupied in free-network spaces of hydrogels.
These silver salt loaded semi-IPN hydrogels were finally trans-
ferred into a beaker containing 50 ml of 10 mM NaBH, aqueous
solution and allowed for 2 h to reduce the silver ions into silver
nanoparticles. The obtained silver nanoparticles in the semi-IPN
hydrogels are often termed in the forthcoming sections as semi-
IPN hydrogel-silver nanocomposites (SIHSN). The resulting nano-
composite is termed SIHSN-GA, SIHSN-CMC, and SIHSN-SR for
semi-IPN hydrogels when they were prepared with gum acacia,
carboxymethylcellulose and starch.

2.4. Swelling studies

The same weights of dried semi-IPN hydrogels were equili-
brated in distilled water at 25 °C for 3 days. Swollen semi-IPN
hydrogels were treated first with AgNOs; and then with NaBH,4
solutions as explained in the experimental section. The swelling ra-
tio (Q) of the gels was calculated from equation: Q = W,/Wy, where
W, is the weight of water in the swollen hydrogel and Wy is the dry
weight of the pure hydrogel.

2.5. Characterization

FTIR spectra of semi-IPN hydrogels and SIHSNs were recorded
with a Thermo Nicolet Nexus 670 spectrophotometer (Washington,
USA). UV-vis spectra of SIHSNs (10 mg in 1 ml of distilled water)
were carried out on a Shimadzu 160A UV spectrophotometer (Kyoto,
Japan). For this, grinded samples (10 mg/ml) were stored for 10 days
to leach out silver nanoparticles into water (medium) and then per-
formed the measurements. X-ray diffraction measurements for
SIHSNs were recorded using a Rikagu diffractometer (Cu radiation,
/=0.1546 nm) running at 40 kV and 40 mA (Rikagu, Japan). The
thermal stabilities of these nanocomposites were evaluated using
Mettler Toledo 851e thermal system (Zurich, Switzerland) at a heat-
ing rate of 10 °C/min under nitrogen atmosphere (flow rate, 10 ml/
min). Transmission electron microscopy (TEM) images for these
nanocomposites were recorded using a Tecnai F 12 transmission
electron microscope operating at an acceleration voltage of 15 kV.
For TEM measurements, samples were prepared by dropping 10-
20 pl of finely grinded semi-IPN hydrogel silver nanocomposite dis-
persions on a copper grid and dried at room temperature after
removing excess solution using filter paper.

2.6. Antibacterial activity

To carry out the antibacterial activity for these nanocomposites,
nutrient agar medium was prepared by using peptone (5.0 g), beef
extract (3.0 g), and sodium chloride (NaCl) (5.0 g) in 1000 ml dis-
tilled water and the pH was adjusted to 7.0 and agar (15.0 g) was
added to the solution. The agar medium was sterilized in a conical
flask at a pressure of 15 Ibs for 30 min. This nutrient agar medium
was transferred into sterilized petri dishes in a laminar air flan.
After solidification of the media, bacillus culture was streaked on
the solid surface of the media. To this inoculated petri dish, one
drop of gel particle solution (20 mg/10 ml distilled water) was
added using 50-pl tip and incubated for 2 days at 37 °C in the incu-
bation chamber.
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Table 1

Synthetic parameters and components involved in the preparation of PAM hydrogel and semi-IPN-hydrogels®

PAM hydrogel

Code AM (g) MBA (x10~> mM)

PAM 1g(14.26 mM) 6.48

PAM/GA semi-IPN hydrogels PAM/CMC semi-IPN hydrogels PAM//SR semi-IPN hydrogels

Code GA (g) Code CMC (g) Code SR (g)
GA1 0.10 CcMC1 0.10 SR1 0.10
GA2 0.15 cMCc2 0.15 SR2 0.15
GA3 0.20 cMC3 0.20 SR3 0.20
GA4 0.25 CMC4 0.25 SR4 0.25
GA5 0.5 CMC5 0.5 SR5 0.5

3 AM, [14.26 mM]; APS, [2.192 x 10~ mM]; TEMED, [8.6 x 10~> mM]; temperature, 25 = 1 °C; and time, 24 h.

3. Results and discussion

The concept of producing nanoparticles in the networks of hy-
dro-, micro-, and nanogel systems was recognized as most impor-
tant approach due to its direct applicability in various biomedical
applications and in this way a number of composite systems were
evaluated (Bajpai et al., 2007). Following to the extension to the
hydrogel-metal nanocomposites, recently semi-IPN hydrogels
based on poly(acrylamide) hydrogels/poly(vinylpyrrolidone) net-
works have been used successfully to produce silver nanoparticles
(Murthy et al., 2008). Moreover, no reports have been found in the
literature that semi-IPNs can be effectively employed to generate
the nanoparticles in their networks (Thomas, Namdeo, Mohan,
Bajpai, & Bajpai, 2008). At this junction, we have explored to design
semi-IPN hydrogels employing acacia, carboxymethylcellulose,
and starch carbohydrate polymers which are renewed materials
to enhance the reduction potential/anchoring ability and stabiliza-
tion of the formed nanoparticles (Goia & Matijevic, 1998; Magdas-
si, Bassa, Vinetsky, & Kamyshny, 2003; Mohan, Raju, Sambasivudu,
Singh, & Sreedhar, 2007; Raveendran, Fua, & Wallen, 2006). In any
conventional hydrogel networks processes the available functional
groups and cross-link density decides the stability of nanoparticles.

Therefore, in this study, we have developed smaller size and fi-
ner distribution of silver nanoparticles in semi-IPN hydrogel net-
works composed of poly(acrylamide) with GA/CMC/SR
carbohydrate polymeric chains. The advanced feature of this meth-
odology is that the nanoparticles simply prepared at room temper-

ature in presence of green stabilizers. In these experiments, the
semi-IPN hydrogels were allowed to swell in the AgNOs5 solutions
and reduced with NaBH,4 throughout the gel networks. In detail,
the PAM cross-linked networks act as reservoir for metal ions up-
take and the ions are anchored through carboxylic, amide, and hy-
droxyl groups of carbohydrate polymers and thereby holds large
amounts of metal ions in their network and facilitate the reducing
process as well as helps in stabilization. The carbohydrate poly-
mers in hydrogel networks arrest the agglomeration of silver nano-
particles. The concept of silver nanoparticles synthesis in semi-IPN
hydrogel networks is schematically presented in scheme 1. It is
quite interesting to point out that silver nanoparticle are formed
exclusively inside the hydrogel networks and no particles forma-
tion is observed in the surrounding medium, that strictly confirm
that hydrogel networks are binding to the silver ions as well as
storing the nanoparticles without releasing into the media.

3.1. Swelling capacity

The basic feature of hydrogel is that it can absorb and hold huge
amount of water/ solvent in its network structures and release over
a period of time (usually from weeks to months). This special prop-
erty is very important not only to load the metal ions and forma-
tion of metal nanoparticles from reduction reaction, but also for
its future studies including antibacterial activity or wound healing,
and for any biomedical applications. Hence, we have chosen carbo-
hydrate polymers (GA, CMC, and starch) to improve swelling

Semi-IPN AgNO,

hydrogel

hydrogel

Ag*-Semi-IPN

O{\ Poly{acrylamide) gel networks

7"\ carbohydrate IPN chains "

@ Silver nanoparticles ]
-~ N I

/

Silver nanoparticles formed throughout
semi-IPN hydrogel networks

Silver nanoparticles stabilized by
carbohydrate polymeric chains inside

the hydrogels

Scheme 1. Synthesis of silver nanoparticles throughout semi-IPN hydrogel networks.
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Fig. 1. Swelling behavior of (a) PAM, Ag*-loaded PAM and PAM-Ag nanocomposites; (b-d) semi-IPN hydrogels, Ag" loaded semi-IPN hydrogels, and SIHSNs; prepared at
AM = [14.26 mM]; MBA =[6.48 x 103 mM]; APS =[2.192 x 10~ mM]; TEMED = [8.6 x 10~> mM].

capacity of poly(acrylamide) hydrogels at a given concentration of
cross-linker, which can also serve as green stabilizers and for
biocompatibility.

PAM hydrogels swelling capacity before and after addition of
silver salt and formation of silver nanoparticles was shown in
Fig. 1a. It is confirmed to continued improvement in the swelling
capacity. The swelling capacities of PAM semi-IPN hydrogels com-
posed of different amounts (100-500 mg) of GA, CMC and SR are
shown in Fig. 1b-d, respectively. With increase of carbohydrate
polymer content the semi-IPN hydrogels swelling has capacity
improved. This is because of more hydrophilic polymeric chains
were entrapped in the hydrogel networks which assist to im-
prove swelling characteristic of gel systems. At all the composi-
tions of semi-IPNs, compared to SR, the GA and CMC contained
gel networks showed higher swelling capacity (CMC > GA > SR
semi-IPN hydrogels). An improved absorption capacity with
CMC and GA semi-IPN hydrogels observed due to more hydro-
philic chains or hydration of functional groups on the polymeric
chains (-OH) and (-COOCHsNa) (Berlin, Anderson, & Pallansch,
1973; Chen, Liu, & Tan, 2008). Overall, the swelling capacity of
GA contained IPN hydrogels are close to CMC based IPN hydro-
gels. It was known that polar head groups of polymeric chains

such as hydroxyl, thiol, amine, and nitrile groups have a high
affinity for salts (Mbhele et al., 2003; Porel, Singh, Harsha,
Narayana Rao, & Radhakrishnan, 2005; Prasad, Mehta, Meena,
& Siddhanta, 2006). After treating the semi-IPN hydrogels with
silver salts, the silver ions loaded through the gel networks
which are responsible to cause repulsion of networks, ultimately
leads to an improved swelling behavior of hydrogel systems. It is
quite uniform for all the semi-IPN hydrogel systems as found in
our previous studies (Murthy et al., 2008). Further increase in
swelling capacity was recognized after addition of reducing
agent (NaBH,) to silver ions loaded semi-IPN hydrogels. This pat-
tern of swelling is reasonable because once the silver nanoparti-
cles are formed inside the network/throughout the gel networks
overall porosity of system increased which allow for more num-
ber of water molecules inside the gel. The other reason can be
that the formed particles have different sizes and different sur-
face charges in the gel networks that cause absolute expansion
of the networks. Interestingly, similar swelling characteristics
were achieved for poly(acrylamide)/poly(vinylpyrrolidone) semi-
IPN hydrogel networks (Murthy et al., 2008). In contrast, it
was noticed in our previous study with poly(N-isopropylacryl-
amide-co-sodium acrylate) hydrogels a slight decrement in their



K. Vimala et al. / Carbohydrate Polymers 75 (2009) 463-471

swelling characteristic after addition of NaBH,4. It not only de-
pends on the cross-link density/networks but also on the nature
of networks (Mohan et al., 2007). The order of swelling capacity
for various gel systems followed as, semi-IPN hydrogel-silver
nanocomposites >Ag" loaded semi-IPN hydrogels >semi-IPN
hydrogels (Fig. 1). Moreover, semi-IPN hydrogels swelling capac-
ity had not changed much after incorporation of silver salts and
formation of silver nanoparticles in the gels (Fig. 1a-d).

3.2. UV-vis spectra

The formation of silver nanostructures in the entire semi-IPN
hydrogel networks can be expected in our current strategy because
the silver salts loaded in semi-IPN hydrogels are readily reduced by
NaBH,4 which immediately turn into an opaque brown color. It rep-
resents that the particles were entrapped inside the networks
through strong localization and stabilization established from the
carbohydrate polymers. On the other hand, linear polymeric chains
promote the stabilization of particles by the adsorption of poly-
meric chains on their surface via bonding with the -COOH, -OH,
-NH,, -CONH, etc. functional groups of polymers (Scheme 1).
The existence of silver nanoparticles in the gel networks is tested
by UV-vis spectral analysis. Fig. 2a-d, illustrates the absorption
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peaks for semi-IPN hydrogel-silver nanocomposites in the 380-
500 nm wavelength range in UV-vis spectra that are assigned to
silver nanoparticles which arose from the surface plasmon reso-
nance (SPR).

To determine the reduction and stabilization efficiency of sil-
ver nanoparticles by hydrogel networks, we have evaluated UV-
vis study for all SIHSNs. A significant improvement in the absorp-
tion peaks at ~416 nm (0.197-0.84) and ~408-416 nm (0.13-
0.78) noticed for SIHSN-GA and SIHSN-CMC series indicating that
with increase of CMC and GA content from 100 to 500 mg facili-
tate in holding large number of silver ion which were further re-
duced to silver nanoparticles (Fig. 2a and b). In the previous study
of polyethyleneimine, silica, and poly(methylmethacrylate-co-bu-
tyl acrylate-co-acrylic acid) terpolymer microgel embedded silver
nanoparticle (2-5nm) exhibited the same range of absorption
bands (Dai & Bruening, 2002; Wang & Asher, 2001; Xu et al,,
2003). Whereas, SIHSN-SR series showed random change in the
region of 416 nm (Fig. 2c). Initial concentration of SR produced
a significant plasmon resonance peak (0.31) but further increase
in SR (150-250 mg) might be causing to hold silver nanoparticles
without releasing into the media (highly cross-linked networks)
(0.19-0.21) which restricts the particles release into the media.
But, with 500 mg SR, again increased absorption peak (0.43) could
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Fig. 2. UV spectra of SIHSNs for (a) SIHSN-GA1 to SIHSN-GA5 (b) SIHSN-CMC1 to SIHSN-CMCS5, (c) SIHSN-SR1 to SIHSN-SR5, and (d) SIHSNs without employing reducing

agent, NaBH4.



468 K. Vimala et al. / Carbohydrate Polymers 75 (2009) 463-471

SIHSN-GAS

SIHSN-CMC5

SIHSN-SR5

0 LI LI LB DL LR LA B | !
0 10 20 30 40 50 60 70
2 theta (deg)

T 1
80 90

Fig. 3. XRD patterns of semi-IPIN hydrogel-silver nanocomposites prepared using
with CMC (500 mg) (CMC5); GA (500 mg) (GA5); and SR (500 mg) (SR5).

be due to soluble starch contents in the systems. From this study,
we can speculate that GA and CMC series (SIHSN-GA1 to SIHSN-
GA5) and (SIHSN-CMC1 to SIHSN-CMC5) provides enough space
to synthesize more nanoparticles in their networks than in SR
series.

Since all the absorption peaks are remarkably similar for all the
semi-IPN hydrogel-silver nanocomposites (Fig. 2a-c) suggesting
that silver nanoparticle embedded in the gel networks are very
similar in their size and morphology (Ho, Tobis, Sprich, Thomann,
& Tiller, 2004). Further, it clearly confirms that no aggregations
or cluster formation of silver particles because of complete absence
of peaks or tails at 560 nm (Murphy & Jana, 2002).

Moreover, we have also achieved here that without employing
any reducing agent (NaBH,) the absorption peaks are seen at
411 nm in UV-vis spectra, for all the series of SITHSNs but their peak

Table 2

FTIR spectra of GA, CMA, SR, semi-IPN hydrogels, and SIHSNs

Code -OH and -NH >C= -C-0-C-
PAM 3430 1664 -
GA 3424 1644 1120
PAM/GA5 semi-IPN hydrogel 3426 1655 1120
SIHSN-GA5 3426 1649 1120
cMC 3432 1603 1122
PAM/CMC5 semi-IPN hydrogel 3441 1653 1122
SIHSN-CMC5 3430 1655 1122
SR 3534 1656 1122
PAM/SR5 semi-IPN hydrogel 3454 1657 1123
SIHSN-SR5 3444 1637 1123

heights are very low (<0.15) (Fig. 2d). In general, carbohydrate
polymers themselves works as reducing agents for producing me-
tal nanostructures. In the present case, it did not occur because car-
bohydrate polymer chains are buried in the gel networks and all
the silver salts have more interaction with acrylamide main gel
networks and free networks. Considering this point, we have a plan
for our future study to develop few functional silver nanocompos-
ite systems without employing reducing agents to control the sil-
ver particles.

3.3. X-ray diffraction

Fig. 3 illustrates the X-ray diffraction patterns of SIHSNs. A com-
mon broad diffraction peak 26 can be seen at 20° due to the amor-
phous nature of poly(acrylamide) hydrogel and carbohydrate
polymers. This was confirmed with our previous reports on
poly(N-isopropylacrylamide) and poly(acrylamide) gels. The dif-
fractogram of semi-IPN hydrogel-silver nanocomposites are as-
signed to diffractions at 20 values of about 38°, 44°, 65°, 78° to
the brags reflections of (111) (200) (220) and (311) plane of face
centered cubic (fcc) structure of silver nanoparticles. Sharp and in-
tense peaks represent to highly crystalline silver nanostructures
formed in semi-IPN nanocomposites (Biffis et al., 2003).

3.4. FTIR spectra

FTIR spectral details of GA, CMC, and SR polymers; their semi-
IPN hydrogels and SIHSNs were provided in Table 2. Poly(acrylam-
ide) (PAM) hydrogel exhibited broad bands at 3430 and 1664 cm™!
due to amide groups stretching of poly(acrylamide) chains (Murali
Mohan, Murthy, Rao, Sreeramulu, & Mohana Raju, 2005). The
bands at 3424, 3432 and 3454 cm™! are corresponding to hydrogen
bonded (bridged) hydroxyl groups of GA, hydroxyl and carboxyl
groups of CMC, and hydroxyl groups of starch polymer chains
(Biswal & Singh, 2004; Mohan et al., 2007; Murthy, Murali Mohan,
Sreeramulu, & Mohana Raju, 2006). The stretching vibration of es-
ter groups of GA, CMC and SR are observed at 1644, 1603, and
1655 cm™!. After making semi-IPN hydrogels using GA, CMC, and
SR the peak positions increased considerably, ie., 3424, 1644 to
3426, 1655 cm™! for PAM/GA semi-IPN hydrogels; 3432, 1603 to
3441, 1653 for PAM/CMC semi-IPN hydrogels; and 3534, 1656 to
3454, 1657 cm~! for PAM/SR semi-IPN hydrogels. Similarly, signif-
icant changes were observed for SIHSNs due to Ag nanoparticles
interaction with hydrogel networks (peaks were shifted to lower
wavenumbers). Therefore, we can confirm the presence of silver
nanoparticles in the hydrogel networks.

3.5. Morphology studies

It is possible to obtain silver nanoparticles inside PAM hydrogel
networks but the amount of particles (number of particles) are less
as observed in TEM image (Murthy et al., 2008). The particle size
can be achieved between 10 and 15 nm. A recent study also
suggests that PAM hydrogel can act as nanocarriers for silver nano-
particles (~5 nm) but the population of particles is less. Therefore,
it is important to construct favorable hydrogel networks that can
improve the efficacy of silver nanoparticles formation inside their
networks. In this route a number of hydrogel systems were evalu-
ated (Thomas et al.,, 2008). To solve these problems a simple
system based on poly(N-isopropylacrylamide-co-sodium acrylate)
(PNIPAM-co-SA) (Mohan et al.,, 2007) was proposed for ~3 nm
silver nanoparticles.

The smallest particles of 10 nm were obtained with PEI-MA/
HEM networks with 2.5 wt.% PEI networks where decrement in
the PEI networks to 0.6-1.2 wt.% leads to increased in size to 20-
50 nm (Ho et al., 2004). Microgel systems are feasible to get Pd par-
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Fig. 4. Transmission electron micrograph images of (a) SIHSN-GA5, (b) SIHSN-
CMC5 and SIHSN-SR5.

ticle sizes from 3.1 to 8.9 nm (Biffis et al., 2003). PNIPAM cross-
linked with MBA and N,N'-cystaminebisacrylamide (CBA) hydro-
gels proposed to control the Au particles size <5 nm (Wang et al.
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Fig. 5. Thermograms of SIHSN-GA5, SIHSN-CMC5, and SIHSN-SR5.

(2004). To obtain low nanoparticles size by gel networks as tem-
plates one must select microgel systems such as poly[(N-isopropyl-
acrylamide)-co-(acrylic acid)-co-(2-hydroxyethyl acrylate)]
(Zhang, Xu, & Kumacheva, 2004), and poly(vinylcaprolactam-co-
acetoacetoxyethylmethacrylate) (VCL/AAEM) microgels (Pich,
Karak, Lu, Ghosh, & Adler, 2006) which are required additional con-
trolled synthetic routes of gels.

In contrast, we propose here that the carbohydrate polymers
can control the size of particles through their networks. Fig. 4
showed typical TEM images of silver nanoparticles extracted from
SIHSNs (1 mg/ml for a day), which facilitate excellent stability to
the nanoparticle throughout the network structure through amide,
hydroxyl, and carboxyl groups of the polymeric chains. SIHSN-GA5
contains smaller particles (2-5 nm) (Fig. 4a) than SIHSN-CMC5
(Fig. 4b) and SIHSN-SR5 (Fig. 4c) 2-20 nm. It reveals that GA poly-
meric chains controls to lower particle size due to effective reduc-
tion and stabilization characteristics. The obtained particles size is
even lower than GA polymer used to produce silver nanoparticles
(Mohan et al., 2007). The size control capacity relay on the pres-
ence of functional groups: acacia (3, -OH groups in each repeating
unit), CMC (2, -OH and 1, -COOH groups in each repeating units)
and starch (2 -OH groups).

3.6. Thermal stability

Fig. 5 illustrates the thermograms of semi-IPN hydrogel-silver
nanocomposites composed with GA (500 mg), CMC (500 mg), and
SR (500 mg). These SIHSNs exhibit excellent thermal stability. It
is noted as three degradation steps and only 45% weight loss below
460 °C. Thermal stability of SIHSN-GA5 represents higher thermal
stability than SIHSN-CMC5 and SIHSN-SR5, due to the presence
of more amount of silver nanoparticles formation inside the
SIHSN-GA5 nanocomposite.

3.7. Antibacterial activity

Now a day’s nanotechnology has expanded its applications in
biomedical field including fighting and preventing of diseases
using atomic scale functional materials. Interestingly, silver nano-
particles have been considered to increase the resistant strains of
bacteria to the most potent antibiotics. A recent study indicates
that the bactericidal effect of silver nanoparticles mostly depends
on the size of particles and the smaller is the better ie., 1-10 nm
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Fig. 6. Antibacterial effect of (a) (1-3) are SIHSN-GA5, SIHSN-CMC5, and SIHSN-
SR5; (b) (4-6) Ag*-loaded PAM/GA (500 mg), Ag*-loaded PAM/CMC (500 mg), and
Ag*-loaded PAM/SR (500 mg); and (7-9) PAM/GA (500 mg), PAM/CMC (500 mg),
and PAM/SR (500 mg) semi-IPN hydrogels.

which have a direct interaction with the bacteria (Morones et al.,
2005). Fig. 6 exhibited the antibacterial property of semi-IPN
hydrogel-silver nanocomposites. The antibacterial activity is
resulting mainly due to the release of silver nanoparticles from
the SHISNs. The inhibition area follows in an order: SHISN-GA5
(1.8 cm) > SHISN-CMC5 (1.6 cm) > SHISN-SR5 (1.5 cm). This behav-
ior is expected because smaller sized silver nanoparticles (2-5 nm)
in SHISNs are responsible to kill more number of Escherichia. coli.
On the other hand, due to lower release or higher crosslinking net-
work of SHISN-SR5 has shown comparatively lower effect on E. coli.
Similar results were noticed in the case of (PNIPAM-co-SA) hydro-
gel-silver nanocomposites where lower sized Ag nanoparticles had
great impact than other formulations (Mohan et al., 2007). The
Ag*-loaded semi-IPN hydrogels showed a mild effect on E. coli
but semi-IPN hydrogels did not show any effect on E. coli.

4. Conclusions

In conclusion, we have demonstrated that controlled sized sil-
ver nanoparticles were synthesized inside the semi-IPN hydrogel
templates that contain different carbohydrate polymeric networks.
UV-vis spectral study illustrates an increased reduction of silver
ions due to contribution by GA polymeric chains. TEM images indi-
cate that gum acacia (GA) contained semi-IPN hydrogels produced
well defined silver nanoparticles than other semi-IPN hydrogels.
Thermal analyses further confirm that SIHSN-GA has higher num-
ber of particles. More importantly, these semi-IPN networks also
showed conversion of few silver ions into silver nanoparticles
without using reducing agent. All SIHSNs exhibited similar anti-
bacterial activity against E. coli. Future directions include control-
ling the particle size and structure by standardizing semi-IPN
hydrogel networks.
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