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ABSTRACT: The poly(vinyl alcohol)/poly(N-vinyl pyr-
rolidone) (PVA-PVP) hydrogels containing silver nanopar-
ticles were prepared by repeated freezing-thawing treat-
ment. The silver content in the solid composition was in
the range of 0.1-1.0 wt %, the silver particle size was from
20 to 100 nm, and the weight ratio of PVA to PVP was
70 : 30. The influence of silver nanoparticles on the proper-
ties of PVA-PVP matrix was investigated by differential
scanning calorimeter, infrared spectroscopy and UV-vis
spectroscopy, using PVA-PVP films containing silver par-
ticles as a model. The morphology of freeze-dried PVA-PVP
hydrogel matrix and dispersion of the silver nanoparticles in

the matrix was examined by scanning electron microscopy.
It was found that a three-dimensional structure was formed
during the process of freezing—thawing treatment and no se-
rious aggregation of the silver nanoparticles occurred. Water
absorption properties, release of silver ions from the hydro-
gels and the antibacterial effects of the hydrogels against
Escherichia coli and Staphylococcus aureus were examined too.
It was proved that the nanosilver-containing hydrogels had
an excellent antibacterial ability. © 2006 Wiley Periodicals, Inc.
J Appl Polym Sci 103: 125-133, 2007
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INTRODUCTION

Despite major advances in burn wound management
and other supportive care regimens, infection re-
mains the leading cause of morbidity in the ther-
mally injured patients, and the search for different
treatments and new ideas is continuing." Silver metal
and silver ions have been known as effective anti-
microbial agents for a long time, The application of
silver-binding membranes has recently been sug-
gested to further reduce the silver toxicity, to retard
the movement of silver ions, and to minimize silver
absorption at a healing wound.”™*

There have been several kinds of silver-containing
materials that can be used for wound dressing. For
example, silver sulfadiazine containing chitosan-based
wound dressing,5_7 dendrimer-silver complexes and
nanocomposites,® nanosilver/cellulose acetate com-
posite fibers, and silver nylon dressings were all
proved to be antibacterial.”'’ Beside an antibiotic
ability, however, the principal function of a wound
dressing is to provide an optimal healing environ-
ment, e.g., isolation from the external environment,
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complete coverage of the wound surface to prevent
further contamination or infection, and maintenance
of a moist microenvironment next to the wound sur-
face."' Hydrogels consist of three-dimensional hydro-
philic polymer networks in which a large amount of
water is interposed. Because of their unique proper-
ties, a wide range of medical, pharmaceutical, and
prosthetic applications have been proposed for
them.'> So hydrogel wound dressings are better
choice than fabrics or films for burn injury treatment.
Many polymers can be used to prepare hydrogels,
such as poly(vinyl alcohol) (PVA) and poly(vinyl pyr-
rolidone) (PVP). PVA is a well-known biologically
friendly polymer and has been developed for biomed-
ical applications such as artificial pancreas,'* "> syn-
thetic vitreous body,16 wound dressing, artificial skin,
and cardiovascular device.'”'® PVP is one of the most
widely used polymers in medicine because of its solu-
bility in water and its extremely low cytotoxicity.'” A
recent work described the topical application of PVP
onto the skin for transdermal delivery of drugs.”
Combination of the properties of PVA and PVP in
PVA-PVP blends has led to the preparation of new
biomaterials.*’** In our previous study,” physically
crosslinked PVA-PVP hydrogels with perfect me-
chanical properties were prepared by cyclic freezing—
thawing treatment.

In this paper, therefore, great attempts are made to
incorporate silver nanoparticles into PVA-PVP hy-
drogels to combine the good mechanical strength of
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PVA-PVP hydrogel wound dressing and the power-
ful antibacterial ability of nanosilver together. The
formulation and properties of this novel wound dress-
ing, the in vitro release profiles of the silver ions from
the hydrogel and the antibacterial activity against
Gram-negative Escherichia coli (E. coli) and Gram-posi-
tive Staphylococcus aureus (S. aureus) are reported.

EXPERIMENTAL
Materials

Polyvinal alcohol (PVA) with a hydrolysis degree of
99.0-99.8% (molecular weight = 7.3 x 10°-7.7 x 10%
was supplied by Shanghai Chemical Reagent Com-
pany (Shanghai, China). PVP (molecular weight
= 3.6 x 10°) was purchased from BASF Chemical
Co. (Ludwigshafen, Germany). These polymers were
used without further purification. Silver nitrate
(AgNOs3), sodium citrate and all other reagents were
of analytical grade and used without further purifi-
cation. Distilled water was used as solvent in all
experiments.

Preparations
Preparation of silver sols

The silver nanoparticles were prepared by sodium
citrate reduction of AgNO;.** Typically, 18 mg of
AgNO; was dissolved in 100 mL of distilled water
and brought to boiling. Two milliliters of 1% solu-
tion of trisodium citrate was added, and the solution
was kept on boiling for ~ 1 h. The Ag sol prepared
was greenish yellow.

Preparation of Ag/PVA-PVP composite hydrogels

A PVA-PVP aqueous solution was added into the
prepared Ag sol. The total concentration of PVA and
PVP was ~ 12 wt % and the PVA-to-PVP weight
ratio was 70 : 30. The weight contents of silver with
respect to the PVA-PVP amount used were 0.1, 0.2,
0.4, 0.8, and 1.0 wt %, respectively. The mixture so-
lution was put into the wells of a 24-well plate and
was frozen at (—20°C for 12 h and then thawed at
25°C for 12 h. This treatment was repeated for three
times and hydrogel disks of about 3 mm in thickness
were obtained. The total solid content in the hydro-
gels was 12 wt %.

Preparation of Ag/PVA-PVP composite films

To investigate the interaction between silver and
PVA-PVP matrix, nanosilver/PVA-PVP composite
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films were prepared as models for Ag/PVA-PVP hy-
drogels. The mixture solutions were prepared by the
same method as for Ag/PVA-PVP hydrogels but the
total concentration of PVA and PVP was ~ 1 wt %.
Then the mixture solutions were cast onto glass slides
and dried in vacuum for 24 h at 60°C to obtain the
composite films of ca.100 um in thickness.

Characterization
Structure and morphology

UV-Vis spectra of the silver sols and the Ag/PVA-
PVP films were collected using a UV-2400 spectro-
photometer (2100, Shimadzu, Kyoto, Japan) with a
slit width of 2.0 nm. The size distribution of the sil-
ver nanoparticles was measured using a transmission
electron microscope (TEM-2010TOEL, Tokyo, Japan)
and a dynamic light scattering instrument (DLS) with
a vertically polarized He-Ne laser (DAWN EOS, Wyatt
Technology, Santa Barbara, CA) at a fixed scattering
angle of 90° and at a constant temperature of 25°C.
The structures of the Ag/PVA-PVP films were charac-
terized by Fourier transform infrared spectroscopy
(FTIR, Bruker Vertex 70, Ettlingen, Germany). A differ-
ential scanning calorimeter (DSC-7, Perkin-Elmer, Nor-
walk, CT) was employed to detect the crystalline status
in the nanoAg/PVA-PVP films over the temperature
range of 50-240°C at a scanning rate of 10°C/min
under nitrogen protection. The surface and cross sec-
tion morphology of the freeze-dried nanoAg/PVA-
PVP hydrogels was examined using a field emission
scanning electron microscope (FE-SEM, FEI/Philips,
Hillsboro, OR).

Water take-up

The prepared hydrogel plates were immersed in dis-
tilled water of 200-folds mass at 37°C for 24 h,*® then
they were taken out and weighed after removal of
the free water on the surfaces with filter paper. The
equilibrium swelling-ratio (ESR) was calculated by

ESR (%) = (W, — Wy) /W, x 100%

where W, was the weight of the swollen gel in equi-
librium state and W,; was the solid weight in the
hydrogel.

Release of silver ions from the hydrogels

The in vitro release profiles of silver ions from the
hydrogels were obtained by the method developed
by Radhesh Kumar.” Briefly, the hydrogels of 0.3 g
was stored in a flask containing 10 mL aqueous me-
dium (9.5 mL distilled water + 0.5 mL 0.1N HNO3)
at 37°C and the flask was oscillated at a frequency of
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Figure 1 Typical TEM micrograph of the silver nanopar-
ticles prepared by sodium citrate reduction of AgNO;.

60 rpm in a rotary shaker. HNO; was added to pro-
tect the released Ag" ions from being reduced to me-
tallic silver. The concentrations of silver ions released
from the hydrogels into the water were measured
using an inductively coupled plasma atomic absorb-
ance spectrometer (SPS-1500 VR, Seiko Instruments,
Tokyo, Japan).

Antibacterial ability of the nanoAg/
PVA-PVP hydrogels

Antibacterial test was performed by modified Kirby
Bauer technique and LB broth method.*® Following
two microorganisms were used: S. aureus strain 209,
ATCC 25,923, which is Gram-positive and can exist
on the body surface of mammals; E. coli, ATCC
25,922, which is Gram-negative and is a widespread
intestinal parasite of mammals. The bacteria were
cultivated at 37°C in sterilized LB broth (peptone
10 g, yeast extract 5 g, NaNOj 10 g, distilled water
1000 mL) at 90 rpm in a rotary shaker for 16 h. In
the modified Kirby Bauer method, a droplet of 50 puL
bacteria medium was dispensed onto an agar plate,
then the hydrogel disks were placed and the incuba-
tion was continued for 24 h at 37°C. In the LB broth
method, the hydrogel disks of 0.3 g were put in the
flasks, which contained 10 mL aqueous medium at
37°C and were oscillated at a frequency of 60 rpm
for periods ranging from 1 to 96 h. Then 3.0 mL of
the above aqueous solution was mixed with 3.0 mL

of the bacteria medium, the incubation was contin-
ued for another 6 h. Culture with pure LB broth
served as control. The optical density (OD) of the
bacterial broth medium at 600 nm was measured by
a UV-vis spectrophotometer. The inhibition ratios
for the nanoAg/PVA-PVP hydrogels were calcu-
lated as follows:

Inhibition ratio (%) = 100 — 100
X (At - AO)/(Acon - AO)

where Ay was the OD for bacterial broth medium
before incubation; A; and A.,,, were the ODs for
hydrogel and control sample after 6 h incubation,
respectively.

RESULTS AND DISCUSSION
Silver nanoparticles

The silver nanoparticles were prepared as a nanosil-
ver sol or a silver colloid by reducing AgNO; with
sodium citrate. Their TEM image is shown in Figure 1.
Their average size is about 100 nm. Their surfaces
are smooth. Figure 2 shows their diameter distribu-
tion determined by DLS, ranging over 30-170 nm
with an average of 100 nm. A typical absorption
spectrum of the silver colloidal solution is shown in
Figure 3(a). According to Ref. 27, this band is
assigned to the surface plasmon absorption (SPR) of
the nanosilver particles. It peaks at 425 nm and has
a band width at half maximum of ~ 130 nm, which
is an indication of the particle size distribution.
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Figure 2 Size distribution of the silver nanoparticles
determined by DLS measurement.
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Figure 3 UV-vis absorption spectra of as-prepared silver
sol in water (a) and nanoAg/PVA-PVP composite films
(b—e). Silver contents: (b) 0.2 wt %; (c) 0.4 wt %; (d) 0.8 wt %;
(e) 1.0 wt %.

Ag/PVA-PVP composite films

To investigate possible interactions between the sil-
ver nanoparticles and the PVA-PVP matrix in the
Ag/PVA-PVP composite hydrogels and to under-
stand the influence of the silver nanoparticles on the
structure and performance of the hydrogels, compos-
ite, Ag/PVA-PVP films were prepared in the pres-
ent study as a model of Ag/PVA-PVP hydrogels.
The same mixture solutions were used for both com-
posite films and composite hydrogels. Therefore, the
model films have the same solid composition as the
composite hydrogels. Because there is no interfer-
ence of water in the model films, they can be easily
characterized by various techniques.

Figure 3 also shows the UV-vis spectra of the Ag/
PVA-PVP composite films. The SPR bands of the
Ag/PVA-PVP composite films show different peak
positions and peak widths. For the films containing
0.2, 0.4, 0.8, and 1.0 wt % of nanosilver, the bands
peak at 410, 419, 425, and 443 nm, respectively.
Compared with Figure 3(a) for the pure silver colloi-
dal solution, the first two show blue-shifts while the
other two show red-shifts. Among the four compos-
ite films, only the one containing 1.0 wt % of silver
shows comparable band width (160 nm) to the col-
loidal solution, the rest three give narrower band
widths (70-130 nm). It has been proved that PVA
and PVP are both good stabilizing agents for silver
nanoparticles.”’?® So the blue-shifts and the nar-
rower widths of the SPR bands can be explained as
the smaller size and more uniform size distribution
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of the silver nanoparticles in the first two composite
films and the red-shifts and wider width indicate the
opposite variations, which can be induced by ag-
glomeration of the Ag nanoparticles and/or change
of the dielectric properties of the surrounding envi-
ronment.” This can be further explained by consid-
ering the interactions between the nanosilver and
the PVA-PVP matrix in the following discussions.

As seen in Figure 4, an increase of the silver con-
tent in the Ag/PVA-PVP composite films leads to
enhancement of the 1145 cm ' band for the films
containing 0.1 and 0.2 wt % of nanosilver and to
weakening of the same band for the films containing
more nanosilver. This band can be assigned to C—O
stretching vibration of PVA. It is a measure of the
interaction between PVP and PVA. Its enhancement
and weakening with silver-content reveal involve-
ment of the nanosilver in the interaction between
PVP and PVA.

The DSC traces of pure PVA-PVP and nanoAg/
PVA-PVP composite films with various contents of
silver are shown in Figure 5. The melting tempera-
tures (T,,), glass transition temperatures (T,) and
melting enthalpies (AH,,) of the various samples are
listed in Table I. Sure enough, the T,, Ty, and AH,,
all show similar variations with increasing nanosil-
ver content, i.e., increasing (T, and AH,,) or decreas-
ing (T,,) for the films containing 0.1, 0.2 and 0.4 wt %
of nanosilver and changing reversely for those films
containing more nanosilver. It is noticed that all Ag/
PVA-PVP films show more AH,, than the PVA-PVP
film. These results differ from that reported by Z. H.
Mbhele et al.* In their study, incorporation of silver
particles, with average diameter of 5 nm, into the PVA
matrix led to a dramatic decrease in T,, and increase in

Absorbance’a.u.

1400 1ZI]l] 1000 800
Wavenumber (cm')
Figure 4 FTIR spectra of pure PVA-PVP and nanoAg/

PVA-PVP composite films with different Ag contents (0.1,
0.2, 04, 0.8, and 1.0 wt %).
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Figure 5 DSC curves of pure PVA-PVP and nanoAg/
PVA-PVP composite films with various contents of silver
(For clarity, curves are presented in the range 180-230°C.
Heating rate 10°C/min).

T, both by more than 20°C but did not affect crystallin-
ity in PVA. They explained the observed effects as the
reduced mobility of the PVA chains attached to the sur-
face of the Ag nanoparticles. To explain the above
results of UV-vis, FTIR, and DSC observations, we
have to consider the possible interactions in the Ag/
PVA-PVP systems, i.e., those between PVA and PVP,
between PVA and nanosilver, and between PVP and
nanosilver. In the previous work,”® we proved that the
crystallinity of PVA in PVA-PVP hydrogels decreased
with increasing PVP content, because of the interfer-
ence of PVP to the crystallization of PVA. It seems that
the PVP has stronger interaction than the PVA does
with the silver particles. When silver particles are
added into the PVA-PVP matrix, they interact with the
PVP molecules preferentially, the interaction between
PVA and PVP molecules is weakened, which results in
the improvement of the crystallinity of PVA in the
composite (indicated by the increase of AH,,). On the
other hand, interactions between the silver particles

TABLE I
Melting Enthalpy (AH,,), Melting Peak Temperature (T,,),
and Glass Transition Temperature (T,) of Pure PVA-PVP
and Ag/PVA-PVP Composite Films

Ag (wt %) T, (°C) T (°C) AH,, (J/g)
0 88.3 216.4 25.5
0.1 88.7 2154 31.6
0.2 90.6 213 33.1
0.4 95 208.9 28.3
0.8 87.1 210.4 32
1 88.6 214.7 34
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Figure 6 Water absorption ability of pure PVA-PVP and
nanoAg/PVA-PVP composite hydrogels with various con-
tents of silver.

and the PVA molecules still exist, so mobility of the
PVA chains attached to the surfaces of the Ag particles
is reduced.?” When silver content is 0.4 wt %, the lowest
T,, and highest T, are obtained. Further increment of the
silver content results in aggregation of the silver nano-
particles, weakening of their interactions with both PVA
and PVP, and enhancement of the interaction between
PVP and PVA. This is in accordance with the FTIR data.

On the basis of the above results, we can draw a
conclusion that silver particles could be equably dis-
persed in the PVA-PVP hydrogel matrix due to their
interaction with the PVA-PVP matrix. Therefore,
PVA-PVP hydrogel could be used as an eligible sil-
ver nanoparticle carrier to prepare silver-containing
hydrogels used for wound dressing.

Ag/PVA-PVP composite hydrogels
Water absorption

Besides good mechanical properties, a hydrogel
wound dressing has to absorb the exudates on the
wound surface and provide a wet environment for
the wound. So the water absorbing and keeping abil-
ity of hydorgels is very important. Water-take-up
ability of the Ag/PVA-PVP hydrogels is shown in
Figure 6. It can be found that all hydrogels show a
swelling ratio as high as 40 folds, which is enough
for hydrogel wound dressings. The incorporation of
the nanosilver in the hydrogel does not influence the
water absorption ability.

SEM analysis

It is well known that a porous surface is important
for the transport of oxygen from outside to inside of
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Figure 7 SEM images of pure PVA-PVP and nanoAg/PVA-PVP composite hydrogels. (a) surface image of PVA-PVP
hydrogel plate; (b) surface image of 0.1 wt % Ag/PVA-PVP hydrogel plate; (c) surface image of 0.8 wt % Ag/PVA-PVP
hydrogel plate; (d) cross-section image of 0.1 wt % Ag/PVA-PVP hydrogel plate; (e) cross-section image of 0.8 wt % Ag/
PVA-PVP hydrogel plate.
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the wound dressing, and a three-dimensional net-
work structure is crucial to absorbing and keeping
large amount of water in hydrogel materials. We
examined the surface and cross-sectional morpholo-
gies of Ag/PVA-PVP composite hydrogels by SEM.
As shown in Figure 7, porous surface morphology
and three-dimensional network structure in the cross
section are formed in both PVA-PVP and Ag/PVA-
PVP hydrogels. No distinguished difference is found
for the hydrogels with different silver contents. No
serious aggregation of the nanoparticles is observed
even when the silver content is up to 1 wt %. This
can be explained as a stable network structure formed
in the hydrogels and the strong interaction between
the silver particles and the PVA and PVP molecules
as we have discussed in the previous section.

In vitro release of silver ions from the hydrogels

The antimicrobial activity of silver is dependent on
the silver cation Ag", which binds strongly to elec-
tron-donating groups in biological molecules con-
taining sulfur, oxygen or nitrogen. Hence the silver-
based antimicrobial polymers have to release the
Ag™ to a pathogenic environment to be effective. In
this work the silver release model developed by
Radhesh Kumar was employed, and atomic absorp-
tion spectroscopy (AAS) was used for the quantita-
tive determination of the silver ion released from the
hydrogels.”® Five Ag/PVA-PVP hydrogel samples
with silver contents of 0.1, 0.2, 0.4, 0.8, and 1.0 wt %
with respect to total PVA-PVP weight were used.
The duration of 96 h was selected for the release
experiment to study the whole release process of the
silver ions. As shown in Figure 8(A), the release of
silver ions from the hydrogels is very quick at the
beginning and then became slower and slower. The
silver ion release shows dependence to some extent
on the silver content in the hydrogels. For example,
the amount of silver ions released in the first 12 h
increases with increasing silver content in the hydro-
gels, being 0.20, 0.45, 1.35, 3.76, and 6.26 ppm for the
samples containing 0.1, 0.2, 0.4, 0.8, and 1.0 wt % of
silver content, respectively. When the silver ion con-
centration released is plotted against square root of
incubation time h'/? [Fig. 8(B)], linear relationships
are obtained, except for the initial stages of soaking.
This indicates that the release of silver ions is con-
trolled by the interdiffusion of the ions within the
hydrogel.*

In vitro antibacterial effect

Using a modified Kirby Bauer technique, the bacteri-
cidal effects of two Ag/PVA-PVP hydrogels and
pure PVA-PVP hydrogel were evaluated compara-
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Figure 8 Silver ion release profiles of nanoAg/PVA-PVP
composite hydrogels with various contents of silver: (A)
the concentration of silver ion released versus time; (B) the
concentration of silver ion released versus square root of
time. ([(1)1.0 wt %; (VW) 0.8 wt %; (A) 0.4 wt %; (@) 0.2 wt
0/0; (.) 0.1 wt %.

tively.26 After 24 h incubation at 37°C, the Ag/PVA-
PVP hydrogels showed antibacterial effect on Gram-
positive S. aureus and Gram-negative E.coli. The
diameter of inhibition zone for the 1.0 wt % Ag/
PVA-PVP hydrogel is slightly larger than that for
the 0.2 wt % Ag/PVA-PVP sample (see Fig. 9). As a
control, the pure PVA-PVP hydrogel showed no
inhibition ability. Elemental silver has been believed
to function antimicrobially either as a release system
for silver ions or as a contact-active material.>! In the
present study, the Ag/PVA-PVP hydrogels seem to
be only contact-active. The diffusing ability of the sil-
ver ions on agar plate might have been limited by
the formation of secondary silver compounds, which
is the limitation of the Kirby Bauer technique as a
quantitative tool to determine the antimicrobial ac-
tivi’fy.32 Therefore, LB medium method was intro-
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duced to determine the antimicrobial activity of Ag/
PVA-PVP hydrogels quantitatively.® Pure PVA-
PVP hydrogel and four Ag/PVA-PVP samples (Ag
wt % = 0.1, 02, 04, and 1.0, respectively) were
tested. As shown in Figure 10, the antibiotic ability
to E.coli, expressed as inhibition ratio, was enhanced
with increasing silver content in the hydrogels.
When the silver content was 1.0 wt %, the inhibition
ratio reached up to 90%.

CONCLUSIONS

The PVA-PVP hydrogels containing silver nanopar-
ticles were prepared through repeated freezing-

Figure 9 Antibacterial test results for E. coli (A) and
S. aureus (B) after 24 h incubation. (a) PVA-PVP hydrogel;
(b) 0.2 wt % Ag/PVA-PVP hydrogel; (c) 1.0 wt % Ag/PVA-
PVP hydrogel. [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]
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Figure 10 Quantitative evaluation of in wvitro inhibition
ability to E. coli of the pure PVA-PVP and Ag/PVA-PVP
hydrogels in 6 h duration.

thawing treatment. The silver content with respect to
the polymers used was in the range of 0.1-1.0 wt %.
The silver particle size was from 20 to 100 nm as
measured by TEM and SDLS. By using PVA-PVP
films containing silver particles as a model, the influ-
ence of silver nanoparticles on the properties of
PVA-PVP matrix was investigated by UV-vis, DSC,
and FTIR, the morphology of freeze-dried PVA-PVP
hydrogel matrix and dispersion of the silver nano-
particles in the matrix was examined by SEM. It was
found that a three-dimensional structure was formed
during the process of freezing-thawing treatment
and no serious aggregation of the silver nanopar-
ticles occurred. Water absorption properties, the
release of silver ions from the hydrogels were inves-
tigated, and the antibacterial effects of the hydrogels
against E. coli and S. aureus were examined by modi-
fied KB method and LB broth method. It was proved
that the nanosilver-containing hydrogels had an
excellent antibacterial performance.

We thank Professor Shan Chen of Northeast Normal
University in China for providing the microorganisms
S. aureus and E. coli.
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