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The purpose of this study was to fabricate chitosan/poly(vinyl alcohol)/Ag nanoparticles (CPA) gels with microwave-assistance for
skin applications. Microwave irradiation was employed to reduce silver ions to silver nanoparticles and to crosslink chitosan (CS)
with polyvinyl alcohol (PVA). The presence of silver nanoparticles in CPA gels matrix was examined using UV-Vis spectroscopy,
transmission electron microscopy, and X-ray diffraction. The interaction of CS and PVA was analysed by Fourier transform infrared
spectroscopy. The release of silver ions was determined by atomic absorption spectrometry. The antimicrobial properties of CPA
gels against P. aeruginosa and S. aureus were investigated using agar diffusion method. Finally, the biocompatibility and wound-
healing ability of the gels were studied using fibroblast cells (in vitro) and mice models (in vivo). In conclusion, the results showed
that CPA gels were successfully fabricated using microwave irradiation method. These gels can be applied to heal an open wound

thanks to their antibacterial activity and biocompatibility.

1. Introduction

Antimicrobial materials containing antibacterial agents have
been widely investigated for possible uses in wound healing
applications. Recently, they have been fabricated using dif-
ferent methods such as electrospinning [1], hydrogel system
[2], and gas leaching [3] in order to incorporate antibacterial
agents into the materials. They also have been prepared with
various material combinations to increase their antibacterial
property, eliminate toxicity [4], and shorten the wound
healing process. A good combination of biopolymers can
take advantage of its components. For example, Zhou et
al. fabricated AgNPs loaded gelatin/carboxymethyl chitosan
hydrogel. Results showed that this combination had increased
mechanical strength, water absorption, and antibacterial
activity compared to its components alone [5]. In another

study, Zan et al. modified poly(L-lactic acid) (PLLA) film
with AgNPs loaded PVA hydrogel using oxygen plasma
treatment, UV-initiated graft polymerization, and chemical
grafting methods. The modified film was reported to have
effective antibacterial activity and biocompatibility [6].

Having been well known for its antibacterial property,
chitosan (CS) has been one of the most common biomate-
rials used in tissue engineering. Its usefulness comes from
favourable properties such as nontoxicity, biocompatible
property, and biodegradable property [7, 8]. However, when
being used alone, CS is easy to lose its mechanical strength
after absorbing wound exudate and reduce its degradation
time. Therefore, CS is often cross-linked with other synthetic
polymers such as poly(vinyl alcohol) [9] and polycaprolac-
tone [10] to improve its mechanical strength.



Beside CS, the use of silver nanoparticles in medical
treatment has also increased owing to their high and long-
lasting antibacterial activities against a broad spectrum of
bacteria [11, 12] and low toxicity to human cells [13-21]. The
antibacterial activity of AgNPs, which offers an opportunity
to make better antiseptic wound dressing, is associated with
the release of Ag ions. Therefore, many studies have been
performed to investigate the AgNPs loaded polymer matrices
with the focus on controlling the release of AgNPs to prolong
their antibacterial properties during healing process and on
their usage as antibiotic substitutes [22, 23].

Although both CS and AgNPs have broad antimicrobial
spectra to both Gram-negative and Gram-positive bacteria,
their antibacterial mechanisms were different. In case of CS,
the CS structure, which has positive charge, interacted with
the negative charge of microbial cell membranes [24], the
interaction between AgNPs and bacteria was based on the
electrically generated Ag" ions. These properties suggest that
CS can kill the bacteria if they enter CS matrix while AgNPs
can diffuse and eliminate adjacent bacteria [25]. Therefore,
combination of CS and AgNPs has been included in the
research trends of many scientists [26-28].

Moreover, CS/AgNPs composites have been widely
investigated and combined together with PVA to be applied
for many different applications, especially for skin wound
dressing [29]. Beside biodegradability, biocompatibility,
hydrophilic property, and gelation ability [3], PVA could
improve the wound exudate absorption of the hydrogel
matrix so that CS and AgNPs can easily target and Kkill
bacteria. Besides, the -OH groups of PVA could involve in the
reduction of Ag" to Ag” without using any reducing agents
[29, 30]. Many hybrid hydrogels combining PVA, CS or their
mixture with AgNPs have been developed using various
techniques in order to improve their antimicrobial activity
and enhance the wound-healing process [9, 28, 31]. However,
to the best of our literature research, the use of microwave
irradiation for both AgNPs forming and CS crosslinking
with PVA without using reducer has not been performed
elsewhere.

The objective of this study was to fabricate CS/PVA-
AgNPs hydrogels using microwave-assisted method. The
effects of AgNPs concentration on the antimicrobial property
of hydrogels were investigated. Microwave irradiated CS/
PVA-AgNPs hydrogels with various AgNPs concentrations
were characterized using UV-Vis spectroscopy, transmis-
sion electron microscopy (TEM), X-ray diffraction (XRD),
Fourier transform infrared (FT-IR) spectroscopy, and atomic
absorption spectrometry (AAS). Their antibacterial property
was assessed using agar diffusion method. Their biocompati-
bilities were evaluated using fibroblast cells and mice models.

2. Materials and Methods

2.1. Materials. Poly(vinyl alcohol) (PVA, hydrolysis degree
of 99.0-99.8%), chitosan (CS, from shrimp shells, >75%
deacetylated), and silver nitrate (AgNO;, 99.998%) were pur-
chased from Sigma Aldrich, USA. Mueller-Hinton agar was
purchased from Becton Dickinson, USA. Fibroblast cell line
(L-929) was purchased from ATCC. P aeruginosa (ATCC
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27853) and S. aureus (ATCC 25923) were used for antibacte-
rial assays. Swiss-albino mice (age of 4 weeks, 16-20 g) were
provided by Pasteur Institute of Ho Chi Minh City, Vietnam.

2.2. Fabrication of CS/PVA-AgNPs Hydrogels. To fabricate
CS/PVA-AgNPs hydrogels, CS/PVA solution, labelled as CP,
was prepared first by mixing chitosan 2% w/v (prepared in
acetic acid 2% w/v solution) with PVA 10% w/v solutions
(prepared in warm water) with volume ratio of 1:1. Then,
silver nitrate solution, which was prepared by dissolving silver
nitrate powder in water to get 10% w/v AgNO;, was added
into the prepared CP solution and mixed well to get the final
concentration of AgNO; 0.5% w/v and 1% w/v in CP solution,
respectively named as CPA, ; and CPA,. Each solution was
poured into a separate beaker and irradiated in microwave
oven (Hitachi, Japan) at 800 W for 90 seconds to form gels.
The gels were lyophilized using a freeze dryer (Ilshin Lab. Co.,
Ltd, USA) for characterization. All samples were sterilized
under UV irradiation for in vitro and in vivo studies.

2.3. Characterization of CS/PVA-AgNPs Hydrogels. After the
hydrogels were synthesized, the presence of AgNPs in the
hydrogels was examined by UV-Vis spectra analysis with the
wavelength from 200 to 800 nm using a UV-Vis spectrometer
(Thermo Scientific Genesis 10S, US). The morphology of
AgNPs in gel matrices was observed using transmission
electron microscope (JEOL JEM1400, Japan). The crystalline
phase of AgNPs in lyophilized hydrogel was obtained using
X-ray diffraction (Bruker X-ray diffractometer) with Cu Ka
radiation (A = 1.54060 A) and the step size was 0.02°s™".
The interactions between PVA and chitosan were examined
by analysing FT-IR spectra collected from a FT-IR analyser
instrument (PerkinElmer Spectrum GX, USA) within the
wave number region of 4000 to 500 cm ™.

2.4. In Vitro Study

Release of Silver Ions. In order to check the release rate of
Ag ions, a calibration curve was made by measuring various
silver solutions with a defined silver ion concentration using
atomic absorption spectrometry (AAS, SpectrAA 220FS,
Varian, USA), and then the release rates were determined
by measuring silver solution at different time-course release.
Briefly, a calibration curve was made firstly by dissolving
completely one sample (circle, Icm in diameter) 5mL in
nitric acid, and the obtained solution was used as stock solu-
tion. Then, the stock and series of the diluted solution were
measured by AAS to create a calibration curve. After that,
21 other samples were immersed in 21 tubes, and each tube
contains 5mL F12 medium. Then, the tubes were incubated
in incubator at 37°C. Three tubes were taken out at different
time points (i.e., 1, 6, 12, 24, 48, 168, and 336 hours), and the
release of silver ions from the membranes in the F12 medium
was determined by AAS [32].

The antibacterial activity of the hydrogels was assessed
against P. aeruginosa and S. aureus strains using agar diffusion
method. Briefly, the bacteria in sterilized medium were
inoculated using microbial culture and kept in the rotary
shaker at 150 rpm, 37°C for 16 hours. Then, bacteria were
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centrifuged, washed, and suspended in 2% phosphate buffer.
The final bacteria concentration was adjusted to 1-2 x
10° CFU/mL using UV spectrophotometer. Antimicrobial
activity of the membranes was determined by qualitative
evaluation according to AATCC 147, in which freeze-dried
samples CP, CPA, 5, and CPA, with diameter of 1cm were
placed on the lawn of bacteria in an Mueller Hinton agar plate
[14]. The plates were incubated at 37°C for 24 hours before
visualizing assessment and measuring the inhibition zone.
Bactericidal activity of membranes was evaluated by compar-
ison of their inhibition zone.

For cytotoxicity test, the cellular viability of mouse fibrob-
last cells (L-929) on series of the dilution (100%, 50%, 25%,
12.5%, and 0%) of the extracted solution was determined
using the MTT assay. For the preparation of the extracted
solution, 5mg gel was incubated in 5mL RPMI media with
10% (v/v) fetal bovine serum (FBS) and 1% penicillin/strep-
tomycin antibiotics for 3 days at 37°C, under shaking condi-
tion at 100 rpm in an incubator, and the extracted solution
was obtained by filtration membrane. The L-929 cells were
seeded in 96-well culture plate with the concentration of 1
x 10* cells/100 yL and incubated for 24 hours at 37°C, 5%
CO,. Diluted extract solutions were added to the cell-seeded
tissue culture plates, and cell-seeded wells with media only
(0% extract solution) were also prepared as a control. The
plates were incubated for another 3 days at 37°C and 5% CO,.
Then, MTT solution was added to the wells and incubated
for 4 hours. Media were discarded from the wells and
replaced with 200 4L of DMSO to dissolve the formazan salts.
Cell viability was relatively quantified by measuring the
absorbance at 590 nm using an ELISA reader (Turner Biosys-
tems CE, Promega Corporation, USA). These experiments
were replicated four times and cell viability was calculated as
percentage relative to the control. The photos of cell prolifer-
ation on plate were also captured.

2.5. In Vivo Study. The wound healing rates of CPA,; and
CPA, gels were studied by spreading gels on the dorsal
opened-wounds of mice. Firstly, mice were anesthetized by
dimethyl ether and fixed on table with hair being shaved at
their backs. Next, povidone solution was used to clean up the
implant site. Two full thickness wounds with diameter of 1 cm
were created on each mouse’s dorsal, and 0.1 mL of gel was
dressed on. The nontreated mice were used as the control. To
monitor the healing process of skin wound, the pictures of
wounds were captured after a duration of 15 days.

At day 15 after implantation, mice were sacrificed. The
samples were extracted together with the adjacent skin area
and fixed in 10% v/v formaldehyde solution. The samples were
dehydrated, embedded in paraffin, and sectioned to get 5 yum
thickness slice using a microtome (Thermo Scientific HM
325, US). The slices were stained with Hematoxylin and Eosin
(H&E) for histological analysis under light microscopy.

3. Results

3.1. Characterization of CS/PVA-AgNPs Hydrogels. The pur-
pose of this study was to prepare a chitosan/polyvinyl alco-
hol/AgNPs gels matrix without using any reducer. Therefore,
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FIGURE 1: UV-Vis absorption spectra of CPA, ; and CPA,.

microwave irradiation, which could crosslink polymer [33],
was employed in this investigation. The success of AgNPs
formation was visually confirmed by the colour of the gels
and the UV-Vis spectra. After microwave irradiation, the
colour of hydrogels changed from white to deep brown, which
indicated the presence of silver in the nanoparticle form [29].
Besides, in the UV-Vis spectra (Figure 1), the spectrum of
CPA,; and CPA, hydrogel showed an absorption peak at
428 nm, which was due to the localized surface plasmon
resonance of AgNPs [30]. As presented in Figure 1, a broad
absorption peak of AgNPs at low AgNO; concentration
in CPA; hydrogel was obtained, while CPA; showed that
higher concentration of AgNO; resulted in stronger sharp
absorption. UV-Vis results indicated that the AgNPs dis-
tributed in CPA, gel was higher than that in CPA 5 gel.

The AgNPs morphology and distribution in CPA ; and
CPA, gels were also studied using TEM observation. AgNPs
exhibited a spherical shape in both samples (presented in
Figure 2). The sizes of AgNPs were measured based on TEM
data. Results showed that the sizes of PCA; ranged from
4 to 19 nm (Figures 2(a) and 2(b)), while the sizes of PCAl
were ranging from 3 to 16 nm (Figures 2(c) and 2(d)). Results
showed that the amount of AgNPs in PCA, was higher than
that of PCA 5 gel.

XRD profiles of CP and CPA; gels were acquired to
identify the crystalline structure of gels (Figure 3). Typically,
the XRD pattern of the CPA,s; had diffraction peaks at
approximately 38.2° and 44.2°, corresponding to the crys-
talline structure (111) and planes (200), respectively, of the
standard Ag cubic phases [34, 35]. The peak at approximately
20.9° indicated the crystalline structure of CP [36]. The peaks
at approximately 18°,27°, 28°, and 31° indicated the diffraction
peaks of CPA 5 after irradiation.

To examine the chemical interaction between PVA, CS
and Ag, the FT-IR spectra of CP, CPA;; and CPA, were
depicted (Figure 4). The spectrum of CP shows peaks around
893 and 1160 cm™" corresponding to saccharide structure.
Beside several peaks clustering in the amide II peak ranging
from 1250 to 1450 cm ™, there were strong absorption peaks
at 1635 and 1541 cm™", respectively, corresponding to amide
I and amide III [37]. There was a significant reduction of
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FIGURE 2: TEM images of CPA ; (a and b) and CPA, (c and d) at 30 k and 100 k magnification, respectively.
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FIGURE 3: XRD profiles of CP (a) and CPA, (b) gels.

intensity of the bands in amine region (1250 to 1635 cm™),
as the contents were decreased from 100% for CP mixing
to around 40% for CPA, 5 hydrogel and around 30% for
CPA, hydrogel. The decrease in the ratio of the absorbance
at 1420 cm™" relative to the presence of Ag NPs indicated
the decoupling between the corresponding vibrations and the
interactions between AgNPs and the —-OH groups of the PVA

chains. Besides, PVA and CS were expected to be dehydrated
and to form the intermolecular ether bridge, which was indi-
cated by the increase of the absorbance at 1250 cm ™! [30] after
microwave irradiation. Herein, it could be concluded that
microwave irradiation reduced Ag* to Ag” as well as cross-
linked PVA and CS to form CPA hydrogel.

3.2. In Vitro Study. Figure 5 shows the release rate of silver
from CPA, 5 and CPA, gels in F12 medium with respect to
time as measured by AAS. In case of CPA 5 gel the amount
of silver ions released is 5.9 yg/mL within the first hour and
increased fast to 12.8 ug/mL for the next 5 hours. From the
sixth hour to the twelfth hour, the release rate increased from
12.8 ug/mL to 16.3 ug/mL. Then, the release rate increased
slightly after the first 12 hours and had the value 0f18.9 pg/mL
at 336 hours thereafter. In case of CPA, gel, the amount of
silver release was twice in comparison with the data of CPA, 5
gel. Briefly, the release rates of silver ions were 13.5, 25.4, 32.3,
33.2,34.2,35.5,and 38.4 for 1, 6, 12, 24, 48, 168, and 338 hours,
respectively.

In order to test the antimicrobial activity of samples,
agar diffusion method was employed. Figure 6 shows that
CPA, 5 and CPA, had similar antibacterial activity against
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FIGURE 5: Silver release study from CPA,; and CPA, gels in F12
medium.

P. aeruginosa as their inhibition zone was about 0.29 cm
outward from the sample. For S. aureus, the inhibition zones
of CPA, and CPA 5 gels were 0.23 cm and 0.29 cm, respec-
tively. Thus, results revealed that as the amount of AgNPs
increased, the inhibition zone enlarged. In contrast, the inhi-
bition zone was not observed in CP sample for both Gram-
negative bacteria (P. aeruginosa) and Gram-positive bacteria
(S. aureus).

Figure 7 shows the diagram of the percentage of cell
viability of L-929 cells tested with the extracted solutions of
CP, CPA, 5, and CPA,. Results showed that the increase of
Ag-NPs amount in hydrogels resulted in the decrease of the
cell viability of hydrogels. Specifically, at the same concen-
tration of 100% extracted solution, CP had 92% cell viability
while CPA, ; and CPA, had approximately 80% and 76% cell
viability. However, cell viability of all samples was still higher

than 70%, which was the threshold between cytotoxicity
and noncytotoxicity, so they can be considered noncytotoxic.
Besides, the captured images of fibroblast cells which pro-
liferated on 100% extracted solution of gels showed that the
amount of fibroblast cells proliferated on the extracted solu-
tion of CP is greater than that of CPA ; and CPA,. However,
the amount of fibroblast cells on CP gels is less than that of tis-
sue culture plate (TCP). In comparison of CPA s and CPA,,
the amount of cells is visually equal.

3.3. In Vivo Study. The morphology of wounds from post-
surgery to the day 15 after implantation is shown in Figure 9.
The series of photos illustrated the three different phases
of wound healing process, inflammation, proliferation, and
remodelling. From day 0 to day 7, in which the inflammation
and proliferation phases took place, results showed that the
healing rate was similar on the control, CPA;, and CPA,
samples, indicated by the formation of a thick scab on the
wound site, yet it was thinner in the case of CP hydrogel. On
day 11, the thick scabs were removed and the wound size of all
samples decreased appropriately 80% compared to the initial
size. Besides, wound that was treated by CPAl displayed no
scab. At day 15, when the wound healing moved to the
remodelling phase and no more scab remained on the
wounds, the postimplantations were extracted and their his-
tological structures were observed and are shown in Figure 10.
According to the histological examination, newly synthesized
fibrous tissue and sparse inflammatory cells in the dermis and
subcutis were formed in both the control and CP samples.
However, the treated wounds were covered with newly
formed fibrous tissues and completely reepithelialized epider-
mis. In comparison with CPA s, histological staining images
of CPA, showed that this gel could decrease the inflammation
of skin and induce skin-healing process better than CPA, 5
does.

4. Discussion

For skin healing process, a wound dressing is necessary to
prevent infection. An ideal wound dressing must contain
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FIGURE 6: Antimicrobial activity against S. aureus (a—c) and P. aeruginosa (d—f) of CP (a and d), CPA, 5 (b and e), and CPA, (c and f).
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FIGURE 7: Toxicity of CP, CPA 5, and CPA, using MTT assay.

an antibacterial agent. An antimicrobial material containing
AgNPs could be prepared by immobilizing or entrapping
AgNPs in biopolymer matrix. This matrix is not only to
control the release of Agions but also to increase and prolong
the antibacterial activity of AgNPs. Besides antibacterial
property, biopolymer matrices must possess other require-
ments such as biocompatibility, biodegradation, mechanical
strength, and water absorption. Therefore, combinations of
natural and synthetic polymers have been investigated for
decades to take advantages of both sources. Among them,
the combination of CS and PVA has been developed to act
as both a reducer and a template for the immobilization of

AgNPs. There are several methods that can be applied to load
AgNPs into CS/PVA matrix. For example, Li et al. developed a
PVA/COS/AgNPs electrospun membrane that showed excel-
lent antibacterial properties and biocompatibility [34]. Agni-
hotri et al. fabricated PVA/CS loading AgNPs by two sepa-
rated steps, the crosslinking of PVA and CS followed by the
immobilization of AgNPs [9]. Abdelgawad et al. electrospun
the multicomponent (chitosan/silver-NPs/polyvinyl alcohol)
for wound dressing applications. However, microwave irradi-
ation has not been investigated so far.

In this study, microwave irradiation was employed to
crosslink PVA with CS and reduce Ag" to Ag’. A uniform
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F1GURE 8: Cell proliferation on control (TCP) and the extracted solution of CP, CPA, 5, and CPA,.

distribution of AgNPs inside the hydrogel matrix could be
achieved thanks to the complex formation and noncovalent
interactions between Ag ions and the functional groups in
hydrogel network such as -OH, -NH,, and -C=0 [38-40].
-OH functional groups of PVA and CS could act as reducer
that caused the reduction of ion Ag" to particle Ag’ [27].
Besides, microwave irradiation supported in the crosslinking
process of polymer whose chains contain ~-OH groups such
as chitosan and polyvinyl alcohol [13, 41]. The advantage of
this method is that CPA gels are fabricated without using any
reducer; therefore, there is no need of further step to remove
residual crosslinker and reducer. To confirm the success of
AgNPs formation in CP hydrogel, UV-Vis spectrum, TEM
observation, XRD, FT-IR spectrum analyses, and the release
of Ag ions were performed. Results showed that CPA gels
were fabricated successfully by using microwave-assistance,
which was indicated by absorption peak at 428 nm in UV-
Vis spectrum (Figure 1). Moreover, the decrease in the ratio
of 1420 cm™" in FT-IR spectrum (Figure 4) confirmed AgNPs
formation in CP matrix. Besides, the presence of AgNPs was
also confirmed by TEM observation. Results showed that the
size of AgNPs distributed from 4 to 19 nm (Figure 2). Addi-
tionally, the crystal structure (111) and planes (200) in XRD
profiles (Figure 3) indicated the presence of AgNPs. For med-
ical applications, the biocompatibility of CPA gels is another
important factor that needs to be confirmed. Beer et al.
revealed that the amount of silver released determines cell

viability of hydrogel. The results from Beer’s study also
indicated that cell viability was higher than 80% in samples
which contained the percentage of silver lower than 2% [42].
Therefore, the percentage of silver amount was fixed under
2% in total amount and the release of Ag ions was performed
and is shown in Figure 5. Results showed that the release
rates of Ag ions from CPA ; and CPA,; were about 15 yg/mL
and 32 pg/mL, respectively, for nearly 24 hours. No significant
change was observed after 24 hours. Besides, the antibacterial
properties and biocompatibility of gels were assessed in this
study. Figure 6 showed that the CP sample did not create
inhibition zone in both Gram-positive and Gram-negative
bacteria. CPA 5 and CPA, gels showed a similar antibacterial
property against P. aeruginosa, while the increase in antibac-
terial activity against S. aureus was observed as the concentra-
tion of AgNPs increased (Figure 6), suggesting sample CPA,
had the antibacterial activity against S. aureus better than
CPA ;. Figures 7 and 8 show that both CPA,; and CPA,
did not generate toxicity in cell culture tests. Moreover, in in
vivo tests, it was observed that both CPA 5 and CPA, could
decrease the inflammation of skin and support new fibrous
tissue and completely reepithelialized epidermis (Figure 10).

5. Conclusion

In this study, the antimicrobial CPA gels were formed
under microwave-irradiated assistance. Results showed that
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FIGURE 9: Photos of wounds treated with CP, CPA 5, and CPA,.

microwave did not only cross-link chitosan and polyvinyl
alcohol but also reduced Ag" to Ag’. The CPA gels were
successfully fabricated and characterized by UV-Vis spectra,
TEM observation, FT-IR spectra, and XRD profiles. The
release rate of silver ions increased if the concentration of

AgNPs increased. The antimicrobial tests indicated that
CPA 5 and CPA, could act against both P. aeruginosa and S.
aureus. However, the antibacterial activity against S. aureus
was affected by the concentration of the released Ag ions. In
vitro and in vivo study suggested that both CPA, s and CPA,
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FIGURE 10: H&E staining images of untreated and treated with CP, CPA, 5, and CPA,.

have good biocompatibility and safety to be used for wound
applications.
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