
CHAPTER III
SILVER NANOPARTICLE-EMBEDDED POLY(VINYL PYRROLIDONE) 

HYDROGEL DRESSING: GAMMA-RAY SYNTHESIS AND BIOLOGICAL
EVALUATION

3.1 Abstract

S i l v e r  n a n o p a r t i c l e  ( n A g ) - e m b e d d e d  p o l y ( v i n y l  p y r r o l i d o n e )  ( P V P )  

h y d r o g e l s ,  to  b e  u s e d  a s  a n t i b a c t e r i a l  w o u n d  d r e s s i n g s ,  w e r e  p r e p a r e d  b y  g a m m a  

i r r a d i a t i o n  a t  v a r i o u s  d o s e s :  2 5 ,  3 5  a n d  4 5  k G y .  T h e  f o r m a t i o n  a n d  c h a r a c t e r i s t i c s  o f  

t h e  s i l v e r  n a n o p a r t i c l e s  w e r e  i n v e s t i g a t e d  w i t h  a  U V - V i s i b l e  s p e c t r o p h o t o m e t e r ,  

t r a n s m i s s i o n  e l e c t r o n  m i c r o s c o p y ,  a n d  s c a n n i n g 'e l e c t r o n  m i c r o s c o p y  c o m b i n e d  w i th  

e n e r g y - d i s p e r s i v e  X - r a y .  T h e  h y d r o g e l s  w e r e  c h a r a c t e r i z e d  f o r  p h y s i c a l  a n d  

b i o l o g i c a l  p r o p e r t i e s .  B a s e d  o n  t h e  a n t i b a c t e r i a l  d e t e r m i n a t i o n ,  th e  1 a n d  5 m M  n A g -  

e m b e d d e d  P V P  h y d r o g e l s  w e r e  e f f e c t i v e ,  w i t h  9 9 .9 9 %  b a c t e r i c i d a l  a c t i v i t y  a t  12 h  

a n d  6  h ,  r e s p e c t i v e l y .  T h e  i n d i r e c t  c y t o t o x i c i t y  e v a l u a t i o n  b a s e d  o n  M T T  a s s a y  

i n d i c a t e d  t h a t  b o t h  t h e  n e a t  a n d  t h e  n A g - e m b e d d e d  P V P  h y d r o g e l s  w e r e  n o n - t o x i c  to  

m o u s e  f i b r o b l a s t s  ( L 9 2 9 ) .  T h e  5 m M  n A g - e m b e d d e d  P V P  h y d r o g e l s  n o t  o n ly  

p r o v i d e d  a  c l e a n ,  m o i s t  e n v i r o n m e n t  f o r  w o u n d  h e a l i n g  b u t  a l s o  e f f e c t i v e l y  

p r e v e n t e d  b a c t e r i a l  i n f e c t i o n  a n d  e n h a n c e d  w o u n d  r e c o v e r y .

Keywords: h y d r o g e l s ;  s i l v e r  n a n o p a r t i c l e s ;  p o l y ( v i n y l  p y r r o l i d o n e ) ;  g a m m a  

i r r a d i a t i o n ;  w o u n d  d r e s s in g
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3.2 Introduction

W o u n d s  c a n  b e  c l a s s i f i e d  a c c o r d i n g  w h a t  c a u s e d  t h e  w o u n d :  a b r a s i o n s ,  

i n c i s i o n s ,  l a c e r a t i o n s ,  p u n c t u r e s ,  o r  b u r n s .  O n c e  a  s k in  l e s i o n  o c c u r s ,  t h e  n o r m a l  

p r o c e s s  o f  h e a l i n g  i s  i n s t a n t ly  s e t  in  m o t i o n  to  c o m p e n s a t e  f o r  t h a t  d a m a g e .  T h e  

w o u n d  h e a l i n g  p r o c e s s  i s  c o m m o n l y  d i v i d e d  i n t o  t h r e e  o r  f o u r  o v e r l a p p i n g  p h a s e s :  

h e m o s t a s i s ,  i n f l a m m a t i o n ,  p r o l i f e r a t i o n ,  a n d  r e m o d e l i n g  [ 1 - 4 ] .  D u r i n g  t h e s e  c o m p l e x  

b i o c h e m i c a l  e v e n t s ,  i n f e c t i o n s  h a p p e n  a t  a  h i g h  r a t e  o f  i n c i d e n c e .  L a r g e r  b r e a k s  in  

t h e  s k i n  h a v e  a  h i g h e r  r i s k  o f  d e v e l o p i n g  a n  i n f e c t i o n .  H o w e v e r ,  i n f e c t i o n s  c a n  a l s o  

o c c u r  i n  s m a l l  w o u n d s ,  f r o m  p o o r  h y g i e n e  o r  in  p e o p le  w i t h  i m p a i r e d  i m m u n e  

d e f e n s e  s y s t e m s .  N o r m a l  b a c t e r i a  t h a t  a r e  l o c a l i z e d  o n  t h e  s k i n  ( n o r m a l  f l o r a )  o f t e n  

e n t e r  a  w o u n d  f i r s t .  B r e a k s  in  t h e  s k i n  a l l o w  b a c t e r i a  a  c h a n c e  to  e n t e r  t h e  s k i n  a n d  

m u l t i p l y ,  i n v a d e ,  d a m a g e  t h e  s u r r o u n d i n g  t i s s u e ,  a n d  c a u s e  i n f e c t i o n .  B a c t e r i a  m a y  

a l s o  c o m e  f r o m  t h e  s u r r o u n d i n g  e n v i r o n m e n t .  M o r e  t h a n  o n e  t y p e  o f  b a c t e r i a  m a y  

i n f e c t  t h e  s a m e  w o u n d  s i m u l t a n e o u s l y .  T h e s e  i n f e c t i o n s  c a n  c a u s e  b y  Staphylococcus  
aureus (ร. aureus) a n d  Streptococcus pyogenes (ร. pyogenes). O t h e r s  o r g a n i s m s ;  

Strep tococcus epiderm idis (ร. epidcrm idis ) , Streptococcus agalactiae (ร. agalactiae), 
E scherichia  coli (E. coli), a n d  Pseudom onas aeruginosa (P. aeruginosa)  a r e  

o c c a s i o n a l l y  i n v o l v e d  [5 ] ,  A n  i n f e c t e d  w o u n d  w i l l  l e n g t h e n  t h e  h e a l i n g  p r o c e s s ,  

s p e c i f i c a l l y  b y  s t i m u l a t i n g  a n  i n f l a m m a t o r y  r e s p o n s e  [6 ] ,  T h e r e f o r e ,  p r o p e r  h e a l i n g  

w i t h o u t  i n f e c t i o n  s h o u l d  b e  a  p r i o r i t y .

A m o n g  t h e  n u m e r o u s  m e t a l  n a n o p a r t i c l e s  w e l l  r e c o g n i z e d  a s  e f f e c t i v e  

a n t i b a c t e r i a l  a g e n t s  in  b i o m e d i c a l  a p p l i c a t i o n s ,  s i l v e r  n a n o p a r t i c l e s  ( n A g )  e x h i b i t  

b r o a d  a n t i b a c t e r i a l  a c t i v i t y .  B a c t e r i c i d a l  e f f e c t s  c a n  b e  a c h i e v e d  b y  a  p r o p o s e d  

m e c h a n i s m ;  r e l e a s e  o f  c h a r g e d  s i l v e r  a t o m s  ( i o n i c  s i l v e r )  in  c o n t a c t  w i th  w o u n d  f lu id  

a r e  p r e f e r e n t i a l l y  b o u n d  to  m i c r o b i a l  D N A  c a u s i n g  D N A  d é n a t u r a t i o n  a n d  

r e p l i c a t i o n  i n h i b i t i o n  [7 ] .  F u r t h e r m o r e ,  a d e n o s i n e  t r i p h o s p h a t e  ( A T P )  s y n t h e s i s  c a n  

b e  i n h i b i t e d  d u e  to  t h e  b i n d i n g  o f  s i l v e r  i o n s  w i th  A T P  s y n t h a s e  [ 7 - 1 1 ] ,  In  a d d i t i o n  to  

i ts  s u p e r i o r  a n t i m i c r o b i a l  p r o p e r t i e s ,  s i l v e r  a l s o  h a s  th e  a d d e d  b e n e f i t  o f  r e g u l a t i n g  

t h e  l o c a l  m a t r i x  m e t a l l o p r o t e i n a s e  ( M M P )  t o  o p t i m u m  l e v e l s  t h a t  c a n  f a c i l i t a t e  

h e a l i n g .  M a t r i x  m e t a l l o p r o t e i n a s e  is  a  g r o u p  o f  c o l l a g e n a s e  e n z y m e s  t h a t  a r e  

r e q u i r e d  in  t h e  h e a l i n g  p r o c e s s ,  b u t  e x c e s s  l e v e l s  c a n  d e g r a d e  t h e  f i b r o n e c t i n  a n d
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p e p t i d e  g r o w t h  f a c t o r  [ 1 2 ] .  H e n c e ,  s i l v e r - b a s e d  w o u n d  d r e s s i n g s  a r e  p a r t i c u l a r l y  

e f f e c t i v e  f o r  m a i n t a i n i n g  a  m i c r o b e - f r e e  e n v i r o n m e n t  a n d  a i d i n g  w o u n d  t r e a t m e n t  

[ 1 3 ] .  H o w e v e r ,  t h e  r e l e a s e  o f  t o x i c  b io c i d e s  is  a  c o n c e r n  w h e n  u s i n g  s i l v e r  

n a n o p a r t i c l e s  [ 1 4 ,  1 5 ] .  B e c a u s e  o f  t h i s  r e s t r i c t i o n ,  it  i s  n e c e s s a r y  t o  f in d  a  m e t h o d  to  

d e v e l o p  a  s i l v e r - c o n t a i n i n g  d r e s s i n g  t h a t  is  n o n - t o x i c  a n d  e n v i r o n m e n t a l  f r i e n d l y .  

W i th  o n g o i n g  r e s e a r c h ,  v a r i o u s  a p p r o a c h e s  h a v e  b e e n  t a k e n  f o r  n A g  s y n t h e s i s :  

c h e m i c a l  r e d u c t i o n ,  m i c r o o r g a n i s m  r e d u c t i o n ,  m i c r o w a v e - a s s i s t e d ,  p h o t o c h e m i c a l  

r e d u c t i o n ,  a n d  l a s e r  a b l a t i o n  [ 8 - 1 0 ,  1 4 , 1 6 - 2 4 ] ,  A p a r t  f r o m  t h e  a b o v e - m e n t i o n e d  

m e t h o d s ,  t h e  u s e  o f  a  g a m m a - i r r a d i a t i o n  t e c h n i q u e  h a s  b e e n  e x t e n s i v e l y  s t u d i e d .  

G a m m a  r a y s  a r e  h i g h  e n e r g y  p h o t o n ,  w h ic h  c o m m o n l y  u s e d  f o r  s t e r i l i z a t i o n  d u e  to  

t h e  h i g h  p e n e t r a t i o n  p o w e r .  H e n c e ,  t h e  o p e r a t i o n  m u s t  b e  o p e r a t e d  a n d  p r o t e c t e d  

s t r i c t l y .  T h e  g a m m a - i r r a d i a t i o n  p r o c e s s  h a s  s e v e r a l  a d v a n t a g e s ,  s u c h  a s  

u n c o m p l i c a t e d  p r o c e s s  c o n t r o l  a n d  e n v i r o n m e n t a l  f r i e n d l i n e s s  ( s i n c e  it l e a v e s  n o  

w a s t e  o r  r e s i d u a l  b y p r o d u c t s  a n d  h a s  n o  r e q u i r e d  i n i t i a t o r s  o r  c r o s s - l i n k i n g  a g e n t s  

t h a t  a r e  d e t r i m e n t a l  o r  d i f f i c u l t  to  r e m o v e ) .  T h e s e  a d v a n t a g e s  a l s o  a l l o w  f o r  a  p r o c e s s  

th a t  d o e s  n o t  r e q u i r e  a n y  f u r t h e r  p u r i f i c a t i o n  [ 2 5 ] ,  E s p e c i a l l y ,  h y d r o g e l  f o r m a t i o n ,  

m e ta l  i o n  r e d u c t i o n  a n d  s t e r i l i z a t i o n  c a n  o c c u r  in  o n e  p r o c e s s i n g  s te p  a l l o w i n g  th e  

g a m m a - i r r a d i a t i o n  t e c h n i q u e  to  b e c o m e  a  d e s i r a b l e  t e c h n i q u e  f o r  i n c o r p o r a t i n g  n A g  

in to  h y d r o g e l  w o u n d  d r e s s i n g s .

P o l y ( v i n y l  p y r r o l i d o n e )  ( P V P )  is  a  b i o d e g r a d a b l e  p o l y m e r  t h a t  is  c o m m o n l y  

u s e d  in  b i o m e d i c a l  a p p l i c a t i o n s .  M o r e o v e r ,  it i s  r e c o g n i z e d  a s  o n e  o f  t h e  m o s t  

o u t s t a n d i n g  p o l y m e r i c  s t a b i l i z i n g  a g e n t s  f o r  n A g  [ 1 6 ,  1 7 , 2 6 - 2 9 ] ,  I n  t h i s - w o r k ,  n A g -  

e m b e d d e d  P V P  h y d r o g e l s  w e r e  p r e p a r e d  a s  a n t i b a c t e r i a l  w o u n d  d r e s s i n g s  w i t h  th e  

g a m m a - i r r a d i a t i o n  t e c h n i q u e .  T h e  p h y s i c a l  p r o p e r t i e s ,  r e l e a s e  c h a r a c t e r i s t i c s ,  

a n t i b a c t e r i a l  p r o p e r t i e s ,  i n d i r e c t  m e t h o d  o f  c y t o t o x i c i t y ,  a n d  in vivo  w o u n d  h e a l i n g  

t e s t s  o f  n A g - e m b e d d e d  P V P  h y d r o g e l s  w e r e  a s s e s s e d .

3.3 Materials and Methods

3 .3 .1  C h e m i c a l s

P o l y ( v i n y l  p y r r o l i d o n e ;  M w  1 ,3 6 0 ,0 0 0  D a )  w a s  o b t a i n e d  f r o m  

A l d r i c h .  S i l v e r  n i t r a t e  ( A g N Û 3 ; 9 9 . 9 9 8 %  p u r i t y )  w a s  b o u g h t  f r o m  F i s h e r  S c i e n t i f i c
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(USA). Polyethylene glycol (PEG; Mw 6,000) was purchased from Univar. Isopropyl 
alcohol (IPA; 99.8% purity) was purchased from Merck. All chemicals were used 
without additional purification.

3.3.2 Microorganisms
Gram-negative bacteria: Acinetobacter iwoffii (A. iwofjii, ATCC 

15309), Escherichia coli {E. coli, ATCC 25922), Pseudomonas aeruginosa (P. 
aeruginosarA ATCC 27853) and gram-positive bacteria: Bacillus cereus ÇB. cereus, 
ATCC 11778), Staphylococcus aureus {ร. aureus, ATCC 25923), Staphylococcus 
aureus (MRSA, DMST 20654), Staphylococcus epidermidis {ร. epidermidis, ATCC 
12228), and Streptococcus pyogenes {ร. pyogenes, DMST 17020) were used for the 
experiment.

3.3.3 Cell Culture
Mouse fibroblastic cells (L929) were used as reference cells. The 

formulation of the culture media contained Dulbecco’s modified Eagle’s medium 
(DMEM) with 10 % fetal bovine serum (FBS), 1 % L-glutamine, and 1 % antibiotic, 
and an antimycotic formulation (combination of penicillin G sodium, streptomycin 
sulfate, and amphotericin B) were purchased from Invitrogen Corp.. USA. Ethanol 
was purchased from Labscan (Ireland).

3.3.4 Preparation of Neat and nAg-embedded PVP Hydrogel Pads by Y- 
irradiation
A base PVP solution was prepared at a concentration of 12% (w/v) 

by dissolving PVP powder in distilled water at 45 ๐c  under mechanical stirring until 
the PVP solution became clear. Subsequently, AgNC>3 powder was added to the base 
PVP solution to obtain the final Ag concentrations of 1, 5, 10, 50, and 100 mM. 
Polyethylene glycol (PEG; 2 %w/v) and 0.5 M IPA were then added to the solution 
as a plasticizer and hydroxyl radical scavenger, respectively. Prior to gamma 
irradiation, the solutions were sealed in nylon bags. All experiments were assessed at 
ambient temperature (25 ๐บ). These solutions were then exposed to gamma 
irradiation from a cobalt-60 source af25, 35, and 45 kGy to allow the formation of 
Ag nanoparticles and crosslinking of PVP hydrogels simultaneously. For the neat 
PVP hydrogel pads, AgNC>3 powder was not added to the base PVP solution.
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3.3.5 Characterization and Testing
3.3.5.1 Formation, Size, and Distribution o f nAg

The formation of nAg in the PVP hydrogels, after being 
exposed to y-irradiation, was confirmed by the presence of the surface plasmon 
resonance at a wavelength of -400 nm, by a UV-V1S spectrophotometer; model UV- 
1800. The shape, size, and distribution of the nAg were investigated with a 
transmission electron microscope (TEM) model JEM-2100, JEOL, and scanning 
electron microscopy (SEM); model HITACHI ร-4800, with energy-dispersive X-ray 
(EDX); model HORIBA EMAX X-actodetector.

hydrogels were evaluated by measuring their insoluble part after extraction from hot 
distilled water. The dried hydrogel specimens were totally immersed in 60 ๐c  
distilled water for -24 h, extracted, and dried at 60 ๐c  for another -24 h until their 
weight was constant. The gel fraction was calculated according to the equation:

where พ, is the dry gel weight before and Wd is the dry gel weight after extraction.
3.3.5.3 Water Absorption and Weight Loss Behavior

Water absorption and weight loss behavior of the neat and 
nAg-embedded PVP hydrogels were carried out by total submersion in buffer 
solution; simulated body fluid (SBF; pH 7.4) at a human body temperature of 37 °c. 
After the equilibrium swelled, water absorption and weight loss were also calculated 
by the following equations:

3.3.5.2 Gel Fraction
The gel fractions of the, neat and nAg-embedded PVP

( 1)

(2 )
Weight loss (%) (3)
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where พร is the weight of each swollen sample after submersion in SBF at each time 
interval, พ/ is the initial dry weight of the sample and พ1! is the dry weight of the 
sample after submersion in SBF solution at each time interval.

3.3.5.4 Water Vapor Transmission Rate
The water vapor transmission rate (WVTR) was measured 

based on the European Pharmacopoeia Standard. The neat and nAg-embedded PVP 
hydrogel samples (diameter 40 mm) were sealed as a cap of glass container filled 
with 25 ml distilled water. The container was then kept in an oven at a constant 
temperature of 35 ๐ c  for 24 h. The WVTR was calculated by-using the equation:

WVTR = ( ^ 7 ) X 106 (4) -

where A is the container mouth area (mm2), พ/ is the weight of container before 
being placed in the oven, and พ, is the weight of the container after being placed in 
the oven.

3.3.5.5 nAg Release Assay _
The actual content of silver (either Ag+ ions or nAg) in the 

nAg-embedded PVP hydrogels (15 mm diameter) was investigated. First, the 
specimens were immersed in a 5 ml solution of 95% nitric acid (H N O 3 ), and a SBF 
(pH 7.4) solution was added to achieve a final volume of 50 ml. It was kept under 
vigorous stirring and shaking in an incubator for 24 h. Then, the amount of silver in 
the obtained solution was measured by a Varian SpectrAA-300 atomic absorption 
spectroscope (AAS).

For the release assay, the dried sample discs of nAg- 
embedded PVP hydrogels were totally submerged in 20 ml of simulated body fluid 
(SBF) at 37 ๐c. SBF was used as a releasing medium to simulate human body fluid 
(pH = 7.4) (procedure for preparing SBF is available as Supplementary data). At 
each submersion time point, between 0 h and 360 h, the buffer solution was removed 
and an equal amount of fresh buffer was replaced to keep the system volume 
constant. The amounts of released silver in the withdrawn buffer solution were also 
measured by AAS. The measurements were performed in triplicate. The results were
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calculated to the cumulative amounts of the released silver, based on the unit weight 
of the hydrogel specimens.

3.3.5.6 Antibacterial Determination
3.3.5.6.1 The Disc Diffusion Method

Antibacterial activity of the neat and nAg- 
embedded PVP hydrogels was evaluated against common skin pathogens according 
to the disc diffusion method of the US Clinical and Laboratory Standard Institute 
(CLSI). The bacteria in this study were gram-negative bacteria: A. iwoffii, E. coli, 
and p. aeruginosa, and gram-positive bacteria: B. cereus, ร. aureus, MRSA, ร. 
epidermidis, and ร. pyogenes. The neat PVP hydrogel was used as a control. The 18 
h microbial culture in DifcorM Muller-Hinton broth was diluted to approximately 105 
CFU/ml with 0.85% (w/v) normal saline solution? The microbial solutions were 
spread over the Difco1M Muller-Hinton agar plates. Each specimen (15 mm diameter) 
was placed on microorganism-cultured agar plates and incubated at 37 ๐c  for 24 h. 
The zone of inhibition was monitored.

3.3.5.6.2 The Dynamic Shake Method
The quantitative antibacterial evaluation of the neat 

and nAg-embedded PVP hydrogels was carried out based on the viable 
microorganisms from the treatment of the antimicrobial specimens under a dynamic 
contact condition. This antibacterial activity was evaluated against Staphylococcus 
aureus (ร. aureus)—gram-positive bacteria are generally found in contaminated 
wounds—with inoculum prepared by suspending one colony of ร. aureus in 2 0  ml of 
nutrient broth. Then, the broth was placed in a shaker-incubator at 37 ๐c  for 24 h. 
One milliliter of the suspension was withdrawn and made into a serial dilution with 
sterilized saline solution. Each specimen of the neat and nAg-embedded PVP 
hydrogels was immersed in 107 CFU/ml of diluted inoculum with constant agitation 
at 0 h, 3 h, 6  h, 12 h, and 24 h contact times. After each contact time, 100 pi of these 
suspensions was withdrawn and arranged in a spiral on sterilized nutrient agar in a 
petri dish (in triplicate). Bacterial growth was observed after overnight incubation at 
37 °c in a shaker-incubator. The number of viable bacteria was determined and the 
bacterial reduction rate at specific contact times was calculated according to the 
following equation:
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Bacterial reduction rate (%) = (“^“ ) X 100 (5)

where A is number of colonies in the test group (nAg-embedded PVP hydrogels) and 
B is number of colonies in the control group (neat PVP hydrogels).

3.3.5.7 Indirect Cytotoxicity Assay
The indirect cytotoxicity evaluation of the neat and nAg- 

embedded PVP hydrogels was carried out by an adaptation of the ISO 10993-5 
standard test method, using mouse fibroblastic cells (L929) as reference cells. The 
L929 cells were first cultured in DMEM. The culture medium was removed and 
replaced every 3 days and the cultures were incubated at 37 °c in a humidified 
atmosphere containing 5% CO2.

The nAg-embedded PVP hydrogels weighed -0.02 g each. 
Before the experiment, each sample was sterilized with 70% (v/v) ethanol for 30 
min. To remove the ethanol, the samples were washed with autoclaved deionized 
water, then phosphate buffer saline (PBS). Subsequently, extraction media were 
produced by immersing each sample in serum-free medium (SFM; which contained 
DMEM) at the extraction ratio of 10 mg/ml in each well of the cell culture plates for 
one, two, and three days. The cultured mouse fibroblastic cells were trypsinized 
(0.25% trypsin with 1 mM EDTA), counted with a hemocytometer, and seeded in the 
serum-containing DMEM with a density of -10,000 cells per well. Cells were 
allowed to adhere and spread over the well bottoms after incubation at 37 °c for -16
h. The attached cells were serum-starved for another 24 h. Finally, cells were 
cultured with an as-prepared extraction media (test group) and with fresh SFM 
(control group) prior to the investigation of the viability of the cells by using 3-(4,5- 
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay.

The principal of MTT assay is that tétrazolium salt (yellow 
color) is oxidized to formazan crystals (purple color) by mitochondrial 
dehydrogenase enzymes of living cells. The quantity of the produced formazan 
crystals and living cells are in direct proportion. Briefly, after the incubation of cells 
culture, either extraction media or fresh SFM was removed before adding 300 pl/well
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of MTT solution at 0.5 mg/ml for a cell culture plate 96 well. Subsequently, the plate 
was incubated at 37 °c for 10 min to 30 min to obtain violet crystals at the bottom. 
The solution was then replaced with 1 ml dimethyl sulfoxide (DMSO)/glycine buffer 
in each well and the plate was agitated for 1 0  min in order to dissolve the formazan 
crystals. Finally, absorption was detected by a SpectraMax M2 microplate reader at a 
wavelength of 570 nm, demonstrating the cell viability.

3.3.5.ร Wound Healing Assessment
The in vivo wound healing test was approved by the Ethics 

Committee of the Faculty of Veterinary, Chulalongkorn University (No. 12310042). 
The animal experiments were performed according to the Institutional Animal Care 
and Use Committee (IACUC) under standard sterile conditions. An in vivo wound 
healing evaluation was carried out with 15 male Wistar rats (10 weeks of age). All 
experimental rats were distributed into three groups, corresponding to the following 
experimental treatments: Group A as a control, Group B with neat PVP hydrogel, 
and Group c  with 5 mM nAg-embedded hydrogels. A full-thickness skin wound of 1 
cm diameter was made on the dorsum of the body of each rat. The rats were 
randomly divided into three groups. For Group A, only non-adherent dressings were 
applied to the wound (Melolin®) and occlusive dressings (Flypafix®) were utilized 
as a control. In Group B and Group c , neat PVP hydrogels and 5 mM nAg- 
embedded hydrogels were applied, respectively, and then covered with Melolin® and 
Hypafix®. Dressings were replaced every two days during the 12-d study (ท=5 per 
experimental group per dressing change). The percentages of wound area and 
macroscopic examination were investigated on days 0, 2, 4, 6 , 8 , 10, and 12.

3.4 Statistical Analysis

All data are in the form of means ± standard errors of means (ท = 3). 
Statistical analysis was achieved by SPSS 17.0 using ANOVA and followed by 
Scheffe’s post hoc test. The acceptable statistical significance was a 0.05 confidence 
level.
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3.5 Results and Discussion

3.5.1 Formation. Size, and Distribution of Silver Nanoparticles
The presence of absorption spectra at -400 nm, according to the 

surface plasmon resonance effect, is indicated for the occurrence of spherical nAg 
[30], Figure 3.1 shows the representative absorption spectra of the as-formed nAg on 
gamma irradiation of AgN03-PVP aqueous solution at 35 kGy. Thus, the 
characteristic peaks of nAg at 402-413 nm were clearly observed for both 1 and 5 

-mM nAg-embedded PVP hydrogels after having been exposed to gamma irradiation 
at various doses. Consequently, such a peak was not present in the neat PVP 
hydrogels. Moreover, the intensity of the u v  absorption peak was increased, 
indicating a larger amount of nAg with increasing AgN03 concentrations in PVP 
aqueous solution [31.32].
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Figure 3.1 Representative UV-visible absorption spectra of nAg-embedded PVP 
hydrogels at various AgN03 concentrations, irradiated at 35 kGy.
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Furthermore, TEM and SEM-EDX were used to confirm that nAg was 
well distributed and had a spherical shape in the 4-10 nm range (Figure 3.2). In 
addition, Figure 3.2b shows i) electron image of hydrogels ii) distribution of carbon, 
iii) distribution of oxygen, and iv) distribution of nAg in 5 mM nAg-embedded PVP 
hydrogels after having been irradiated at 25 kGy.

Figure 3.2 Representative (a) TEM micrograph of 5 mM nAg-embedded PVP 
hydrogels and (b) SEM-EDX images of i) electron image of hydrogels'ii) distribution 
of carbon, iii) distribution of oxygen, and iv) distribution of nAg in 5 mM nAg- 
embedded PVP hydrogels after having been irradiated at 25 kGy.

3.5.2 Gel Fraction
Various concentrations of AgNCb-embedded PVP aqueous solutions 

were exposed to doses of gamma irradiation—25, 35 and 45 kGy. Generally, gamma 
irradiation of 25 kGy is the minimum dose applied to ensure sterility of a sample
[33]. Interestingly, at the given radiation doses, the 10 mM, 50 mM. and 100 mM, 
the AgNC>3- PVP aqueous solutions could not be transformed into hydrogel. This 
could be described by the following radiolytic reduction mechanisms: nAg formation 
and cross-linking of PVP. When aqueous solutions are irradiated with gamma ray, 
large amounts of hydrated electrons (eâq) and H' atoms are generated [34]:

H20 e â q ,  H3 0 +, H', H2, OH , H2 0 2 (6 )
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Then, the hydrated electrons (eâq) reduces Ag+ ions to neutral Ag°
atoms (equation 7) and The neutral atom Ag° is found to react with Ag+ ions to form 
relatively stable Ag clusters [35, 36] (equation 8-10):

generated radicals react,with PVP chain resulting in the PVP hydrogel network. 
According to radiation mechanism of nAg formation and PVP crosslinking, it can be 
implied that the PVP aqueous solutions with a high AgNC>3 concentration required a 
gamma irradiation dose higher enough to achieve both nAg formation and hydrogel 
formation simultaneously [37], For 0, 1, and 5 mM nAg-embedded PVP hydrogels 
after irradiation, the typical dependences of gel fraction are given in Figure 3.3. The 
results show that the gel fraction was slightly increased with increasing irradiation 
doses due to the higher crosslinking degree of the polymer network at high 
irradiation doses of 25 to 45 kGy. In contrast, the gel fraction decreased with 
increasing AgN0 3  concentration. The more the AgNC>3 concentrations were 
embedded; the more energy was required to reduce the Ag+ ions to Ag°. 
Consequently, the energy that remained was used to crosslink the hydrogel network. 
Hence, increasing the AgNCb concentration in the PVP solution resulted in a 
decrease of hydrogel gel fractions.

(7)
(8 )
(9)

(1 0 )

Concurrently, cross-linking of PVP can also occur when the
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F ig u re  3.3 Gel fraction of neat and nAg-embedded PVP hydrogels at various 
irradiation doses.

3.5.3 Water Absorption and Weight Loss Behaviors
With exposure to a high humidity environment by the hydrogel 

wound dressing, water absorption and weight loss behaviors were investigated. 
Rattanaruengsrikul et al. 10 reported that the retention of water in the nAg-loaded 
gelatin hydrogel pads in SBF buffer was a maximum of -997% and the weight loss 
of hydrogels ranged from 9 % to 49 %. When comparing the nAg-embedded PVP 
hydrogels, as shown in Figure 3.4, the water absorption ranges are between 2200 and 
3200% and the weight loss of hydrogels average -18%. The water absorption and % 
weight loss decreased with an increase in the gamma irradiation dose applied to the 
AgNC>3-PVP aqueous solution, leading to a greater gel fraction of the nAg-embedded 
PVP hydrogels [38, 39], In contrast with increasing AgNC>3 concentration in the PVP 
aqueous solution, both behaviors increased due to the lower gel fraction in polymer 
network.
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Figure 3.4 Water absorption (%) of nAg-embedded PVP hydrogels at various 
AgN03 concentrations after been irradiated at (a) 25, (b) 35 and (c) 45 kGy. Weight 
loss behaviors of nAg-embedded PVP hydrogels at various AgN03 concentrations 
after been irradiated at (d) 25, (e) 35 and (f) 45 kGy.

3.5.4 Water Vapor Transmission Rate (WVTR)
The key characteristic of ideal wound dressings is optimum WVTR, 

the removal of excess wound exudate while providing optimum moisture at the
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wound site [40], Lamke, et al. (1977) stated that water evaporation loss (g/m2/day) of 
normal skin is 204 and this value can increase in damaged skin from 279 (first degree 
burn) up to 5138 (granulating wound). Due to the varying water evaporation loss for 
each type of wound, there are no universal dressing materials that can be applied for 
all wound types. The WVTR compared to water evaporation loss of a wound is the 
value that should not be too high or it will cause wound dehydration. Conversely, the 
WVTR value should not be too low, or exudates win accumulate and cause bacterial 
infection which can retard the wound healing process. In this work, the WVTR of the
3.5 mm thick nAg-embedded PVP hydrogels was in the range of 643 g/m2/d to 940 
g/m2/d as shown in Table 3.1. The WVTR value (g/m2/d) in this study is comparable 
to that of Duoderm (8 8 6 ) and Metoderm (823) [41J. The irradiation dose and AgNC>3 
content had no significantly effect on the WVTR values. Therefore, the nAg- 
embedded PVP hydrogels that had been irradiated at 25kGy were suitable for skin 
wound dressings due to the favorable gel properties (%gel fraction, %watef 
absorption, %weight loss and water vapor transmission rate). Moreover, in terms of 
energy consumption, the AgNCfi-PVP aqueous solution gamma irradiated with 25 
kGy required less energy compared to 35 and 45 kGy nAg-embedded PVP 
hydrogels.

Table 3.1 Water vapor transmission rate (WVTR) of neat and nAg-embedded PVP 
hydrogels at various irradiation doses

Sample WVTR (g/m2/d)
25 kGy 35 kGy 45 kGy

Neat PVP hydrogel 733.53 727.78 642.93
1 mM nAg-embedded PVP hydrogel 783.52 716.58 714.54
5 mM nAg-embedded PVP hydrogel 940.16 787.26 764.50

3.5.5 Silver Nanoparticles Release Assay
The theoretical content of silver within nAg-embedded PVP 

hydrogels, which had been produced from PVP solution containing 1 and 5 mM of
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AgNCfi, were about 0.1079 mg/g and 0.5395 mg/g, respectively. If these amounts 
were the total amount of silver released from the hydrogels, the concentration of 
silver in the medium would have been 5.4 ppm/g (1 mM) and 17.9487 ppm/g (5mM) 
of sample, respectively. The cumulative amount of Ag, either Ag nanoparticles or 
residual free ion form that were released from the nAg-embedded PVP hydrogels 
was reported by the amount of released Ag ions (in ppm) divided by the weight of 
the specimens (g) as_a function of submersion time (Figure 3.5). The cumulative" 
released amounts of silver from 1 and 5 mM nAg-embedded PVP hydrogels were 
about 1.2 ppm/g and 15 ppm/g of hydrogels, respectively, according to a 
concentration gradient in the system. In addition, the first period of submersion 
showed rapid release and a subsequently slower release for both hydrogel samples. 
The nAg-embedded PVP hydrogels that had been irradiated with 25 kGy showed the 
highest cumulative released amount because there was a lower degree of cross- 
linking; therefore, it was chosen for further investigation.

‘ร?* Gun
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Figure 3.5 Cumulative release profile of silver from 1 mM and 5 mM nAg- 
embedded PVP hydrogels after having been irradiated at dose (a) 25, (b) 35 and (c) 
45 kGy (reported as the amount of the released silver divided by the actual weight of 
the specimens (ppm/g) in phosphate buffer saline solution (PBS) at the physiological 
temperature of 37 °c (ท=3)).

3.5.6 Antibacterial Determination
3.5.6.1 The Disc Diffusion Method

The antibacterial activity of neat and nAg-embedded PVP 
hydrogels was assessed against gram-negative bacteria: A. iwoffii, E. coli, p. 
aeruginosa, and gram-positive bacteria: B. cereus, ร. aureus, MRSA, ร. epidermidis, 
and ร. pyogenes. In a previous work, Rujitanaroj et al.9 reported that the nAg- 
containing electrospun gelatin fiber mats had antibacterial activity against ร. aureus, 
MRSA, p. aeroginosa, and E. coli. [9J. In this work, the neat PVP hydrogels was
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used as a control; no inhibition zone was observed. The 5 mM nAg-embedded PVP 
hydrogels exhibited inhibition zones against all tested bacteria; B. cereus, ร. aureus, 
MRSA, ร. epidermidis, ร. pyogenes, A. iwoffii, E. coli, and p. aeruginosa,. The 1 
mM nAg-embedded PVP hydrogels showed smaller inhibition zones for only three 
strains: A. iwoffii, ร. epidermidis, and ร. pyogenes. The diffusion of Ag ions by the 
nAg-embedded PVP hydrogels on the bacterial agar plate may have been affected by 
many factors: nAg content, irradiation dosage, and physical properties of both the Ag 
nanoparticles and hydrogels. Therefore, the dynamic shake method should be 
completed for quantitative analysis of antibacterial activity.

3.5.6.2 The Dynamic Shake Test Method
Figure 3.6 shows the nAg-embedded PVP hydrogels, after 

having been irradiated at 25 kGy, and the effects of Ag nanoparticle content and 
contact time on the bactericidal efficacy of 1 and 5 mM nAg-embedded PVP 
hydrogels against Staphylococcus aureus. The results show that the bacterial 
reduction rate increased with increasing nAg content and contact time. 
Correspondingly, the contact times of 12 h and 6  h were satisfactory to obtain 99% 
reduction in the 1 mM and 5 mM nAg-embedded PVP hydrogels, respectively. 
Whereas พน et al. obtained the 100% reduction in viable ร. aureus on the AgNP-BC 
hybrid gel-membranes after 24 h of incubation [23].
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F i g u r e  3 .6  Bacterial reduction rate (%) of Staphylococcus aureus after incubation 
with nAg-embedded PVP hydrogels.

3.5.7 Indirect Cytotoxicity Assay
The effectiveness of the nAg-embedded PVP hydrogels as a wound 

dressing was investigated for cytotoxicity of this material, using mouse fibroblastic 
cells (L929) as reference cells. As can be seen in Figure 3.7, the cells cultured with 
the extraction media, which was prepared from either neat or nAg-embedded PVP 
hydrogels, after having been irradiated at 25 kGy, exhibit cell viability of greater 
than 80% as compared to those with the fresh SFM media. It can be concluded from 
the result that these materials are non-toxic toward L929 cells.
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Figure 3.7 Viabilities of mouse fibroblastic cells (L929) that were cultured for 1, 2, 
and 3 days with extraction media concentration of 10 mg/ml from neat and nAg- 
embedded PVP hydrogels (25 kGy) in comparison with viability of the cells that 
were cultured with fresh culture medium (ท = 3).

3.5.8 Wound Healing Assessment
Figure 3.8 shows the percentage of wound area compared with the 

original wound size, which shown in Figure 3.9. It was discovered that on days 2 to 
4, the percentages of wound area of Group B and Group c  were lower than Group A. 
This is plausibly because both the optimized moisture in the wound area of the 
hydrogel and the antibacterial activity of the nAg can promote wound healing. 
Between days 6  to 12, within the proliferative phase, all experimental groups had 
comparable decreases in wound size. This can imply that wound contraction also 
occurs during the proliferative phase, leading to a smaller wound size. Moreover, the 
antibacterial activity was not present in any significant amounts, since wound 
infection normally occurs during the inflammatory phase.
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Figure 3.8 Time course of wound closure in 
conventional wound dressing, Group B with neat 
5 mM nAg-embedded PVP hydrogels.

rats: Group A was applied with 
PVP hydrogels, and Group c  with
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Figure 3.9 Macroscopic examinations of wound healing at various times during the 
healing process: Group A at day 2, 4, 6 , 8 , 10 and 12 (A-2, A-4, A-6 , A-8 , A-10, and 
A-12), respectively, Group B at day 2, 4, 6 , 8 , 10 and 12 (B-2, B-4, B-6 , B-8 , B-10, 
and B-12), respectively, and Group c  at day 2, 4, 6 , 8 , 10 and 12 (C-2, C-4, C-6 , C-8 , 
C-10, and C-12), respectively.
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3 .6  C o n c l u s i o n s

The neat, 1 mM, and 5 mM nAg-embedded PVP hydrogels were 
successfully prepared by y-irradiation at 25, 35, and 45 kGy. The occurrence of 
surface plasmon spectra in the u v  spectrum -  400 nm to 430 nm indicated that nAg 
was formed. Size and nAg distribution were investigated by TEM and SEM-EDX. 
The results demonstrated that the silver nanoparticles, with spherical shape of ~4 nm 
to 10 nm, were well distributed. Gamma irradiation at 25, 35, and 45 kGy scarcely 
affected the gel fraction and WVTR. The amount of cumulative release of Ag from 
the nAg-embedded PVP hydrogel in SBF at 37°c increased with an increase in Ag 
content. The 1 mM and 5 mM nAg-embedded PVP hydrogels showed antibacterial 
activity against pathogens. The higher the nAg content, the shorter the contact time 
to obtain 99% bacterial reduction rate. All of the hydrogels were confirmed to be 
non-toxic to L929 cells. The 5 mM nAg-embedded PVP hydrogels not only provided 
a clean, moist environment for wound healing, but also prevented bacterial infection 
most effectively and enhanced wound recovery.
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