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Radiolytic synthesis provides a convenient and environmentally-friendly approach to prepare metallic nanoparticles in large scale
with narrow size distribution. In this report, colloidal silver nanoparticles (AgNPs) were synthesized by gamma radiation using
poly(vinyl alcohol) (PVA) or silk fibroin (SF) as stabilizers and were evaluated for their antibacterial properties. The conversion
of metallic silver ions to silver atoms depended on irradiation dose and stabilizer concentration as determined by UV-Vis
spectrophotometry and transmission electron microscopy. The uniformly dispersed AgNPs with diameter 32.3± 4.40 nm were
evaluated as antiseptic agents in films composed of chitosan, SF, and PVA that were processed by irradiation-induced crosslinking.
Using disc diffusion assay, the films containing 432 ppm AgNPs could effectively inhibit the growth of both Staphylococcus aureus
andPseudomonas aeruginosa.Therefore, we have demonstrated in our present study that gamma radiation technique can potentially
be applied in the mass production of antibacterial wound dressings.

1. Introduction

Since ancient times, silver has been recognized for its medici-
nal use in wound treatment as well as its hygienic use in food
and water preservation [1, 2]. During the past few decades,
the antibacterial properties of silver become the center of
research interest as several investigations have demonstrated
the potent toxicity of silver against variousGram-positive and
Gram-negative bacterial strains [1–7]. This allows silver to be
used in a wide range of biomedical applications such as pre-
vention of infection, wound healing, and anti-inflammation.
A recent study also reported the ability of silver to synergisti-
cally enhance bactericidal activity of antibiotics against drug-
resistant bacteria as well as biofilms in which the latter have
become clinical challenges in treating chronic infections [2].

The advance in nanotechnology has driven the devel-
opment of silver particles with nanometer size scale that
yieldsmany interesting properties that range from electronics
to biomedical applications. The key synthesis aspects of
silver nanoparticles (AgNPs) focus on the ability to control
their size, shape, and dispersity [8]. Colloidal AgNPs can be

prepared by the reduction of silver ion (Ag+) precursor to
their zero-valent (Ag0) nuclei, which are stabilized by surfact-
ants or polymers during the growth process to prevent agglo-
meration of large particles [3, 5, 8–10]. Various techniques
have been reported in the synthesis of AgNPs including light-
assisted reduction of Ag+ by gamma radiation, UV radiation,
laser ablation, and chemical reduction by reducing agents
such as sodium borohydride, hydrazine, formaldehyde,
ascorbic acid, and glucose [8–10]. Among these techniques,
radiolytic synthesis by gamma radiation provides a major
advantage for a large-scale production of monodisperse part-
icles as it generates a uniform distribution of reducing agents
in the entire solution during the irradiation process [9].

In the radiolytic synthesis of AgNPs, which was first
developed by Henglein and Tausch-Treml [11], radiolysis of
water generates active species such as hydrated electrons and
hydroxyl radicals [9–12]:
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Hydrated electrons directly reduce Ag+ precursor to Ag0
nuclei, which progressively coalesce into clusters. To pre-
vent hydroxyl radicals from oxidizing nascent Ag0 clusters,
scavengers such as alcohols are usually added prior to the
irradiation process [9, 10] to react with the hydroxyl radicals.
This results in the formation of hydroxyalkyl radicals which
in turn react with othermolecules in solution to produce new
radicals for the reduction of Ag+ to Ag0 [9].

To ensure the dispersion of AgNPs in aqueous solu-
tion, polymers containing functional groups such as –NH

2
,

–COOH, and –OHare added as stabilizers during the irradia-
tion process [5, 12]. Due to their high affinity for silver, these
polymers anchor on the surface of AgNPs, providing electro-
static repulsion and steric hindrance [12] that prevent rapid
agglomeration of small clusters into large particles. Previous
studies have reported the use of both natural and synthetic
polymers such as chitosan, gelatin, carboxymethyl cellulose,
poly(vinyl alcohol) (PVA), and polyvinylpyrrolidone (PVP)
as stabilizers [3, 5, 10]. The resulting AgNPs are shown to
be monodisperse with size that ranged from a few to tens of
nanometers [3, 5, 10, 12, 13].

In biomedical application, wound dressings possessing
hydrogel and antimicrobial properties are desirable as cov-
erage over wounds to absorb exudates and prevent bacterial
infection, thus promoting the regeneration of skin tissue and
wound healing [7, 14]. Naturally derived polymers such as silk
fibroin (SF) from cocoons of silkworms and chitosan (CS)
from chitin of crustaceans have recently attracted consider-
able attention as a choice of materials for the fabrication of
wound dressings due to their biocompatibility, water absorp-
tion, and excellent mechanical properties [15–17]. In this
report, colloidal AgNPs were prepared by radiolytic synthesis
and evaluated as an antiseptic agent when incorporated into
dressing films. In the irradiation-induced reduction process,
we tested SF protein as stabilizer in comparison to PVA. The
morphology and dispersion of nanoparticles were shown to
depend on irradiation dose and stabilizer concentration. Disc
diffusion assay showed that SF-CS-PVA films embedded with
AgNPs could effectively inhibit bacterial growth.

2. Materials and Method

2.1. Radiolytic Synthesis of Colloidal AgNPs. Silver nitrate
(AgNO

3
, Merck, Germany) was used as the starting source

of silver for the radiolytic-induced reduction of Ag+ to Ag0.
Commercial PVA (𝑀

𝑤
72.000, Merck, Germany) and SF

protein (molecular weight ∼ 20–238 kDa) extracted from
cocoons of silkworm Bombyx mori using the previously
described method [7] were used as stabilizers. Reversed
osmosis water was used to prepare solutions in all experi-
ments. Solutions containing 40mMAgNO

3
were prepared in

0.5, 1, and 2% (w/v) PVA (𝑀
𝑤
72.000, Merck, Germany) with

0.8M ethanol or in 0.5, 1, 2, and 5% (w/v) SF. After deaeration
by bubbling with nitrogen gas, the solutions were irradiated
by gamma rays from aCo-60 source (gammacell 220) at doses
0, 20, 40, and 60 kGy and a dose rate of 4.98 kGy/h.

2.2. Characterization of Colloidal AgNPs. The formation,
morphology, and dispersion of colloidal AgNPs were

determined to obtain the optimal dose and stabilizer concen-
tration for the irradiation process. UV-Vis spectrophoto-
metry was used to determine the presence of AgNPs which
showed a characteristic absorption peak of Ag0 distinctive
from the starting Ag+. After the irradiation process, solu-
tions containing colloidal AgNPs at all treatments were
diluted by water to 0.16mM calculated per the starting
AgNO

3
solution and the UV-Vis spectra were recorded by a

spectrophotometer (Evolution 300, Thermo Scientific). The
morphology and dispersion of AgNPs were examined by
transmission electron microscopy (TEM, Hitachi HT7700).
The diameters of AgNPs were measured from ∼50 particles
for treatments that yielded the uniform dispersion of parti-
cles and were represented as mean ± standard deviation.

2.3. Preparation of SF-CS-PVA Wound Dressing Films. A 2%
(w/v) CS solution was first prepared in 1% (v/v) acetic acid
and the pH was adjusted to 6.5. Subsequently, 2% (w/v) SF
powder was added to the CS solution and stirred overnight
at RT until completely dissolved. The mixed SF-CS solution
was concentrated into a paste-like form by rotor evaporation
before a 15% (w/v) PVA solution was added into the paste
to obtain the final concentration of 20, 33, 50, and 67%
(w/w). After being thoroughly mixed by stirring, the paste
was cast into 5 cm × 7 cm × 0.1 cm Teflonmolds and rendered
crosslinked by exposure to gamma rays from a Co-60 source
(Gems Irradiation Center, Thailand Institute of Nuclear
Technology (Public Organization)) for a total dose of 80 kGy
at a dose rate of 9.52 kGy/h. For the evaluation of antibacterial
properties, AgNPs at varied concentrations were added to the
selected paste formulation prior to gamma irradiation.

2.4. Characterization of SF-CS-PVA Films. Using universal
testing machine (Cometech, B2-type), the mechanical prop-
erties including elastic modulus, stress at break, and strain at
break of SF-CS-PVAfilmswere determined. Samples were cut
into 1 cm × 4 cm strips and mounted on 50N load cell that
moved at a speed of 50mm/min. Data were collected as load
and displacement from 3–5 samples per PVA concentration.
The elastic modulus was calculated from stress-strain curves.

In addition to the mechanical properties, the ability of
films to absorb water was determined by the degree of swell-
ing. Samples were incubated in 1X phosphate buffer saline
(1X PBS) containing calcium and phosphate ions at 37∘C for
72 h, blotted with kimwipes paper and weighed. The degree
of swelling was calculated according to the following formula
[18]:

Degree of swelling (%) =
𝑊
𝑠
−𝑊
𝑑

𝑊
𝑑

× 100, (3)

where𝑊
𝑠
is theweight of film in its swollen state and𝑊

𝑑
is the

film’s dry weight. Films with optimal SF-CS-PVA formulation
were chosen as the wound dressing model for the evaluation
of antibacterial properties.

2.5. Evaluation of Antibacterial Properties. The ability of col-
loidal AgNPs to serve as antiseptic agent was evaluated
by disc diffusion assay at varied AgNPs concentrations
from 0 to 2.160 ppm. To confirm the presence of AgNPs,
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Figure 1: UV-Vis spectra of colloidal AgNPs synthesized by gamma radiolysis with (a) PVA or (b) SF as stabilizers at different irradiation
doses and stabilizer concentrations.

AgNP-embeded films were inspected by scanning electron
microscopy (SEM, JOEL JSM 6380 LV) and the presence of
Ag was analyzed by energy dispersive X-ray spectrometer
(EDS). Films were cut into circular discs 8mm in diameter,
placed onMueller-Hinton agar plates that were preinoculated
with 106 colony forming unit (CFU)/mL of either S. aureus or
P. aeruginosa and incubated at 37∘C for 18 h. The clear zones
surrounding the discs, which indicated inhibition of bacterial
growth, were recorded at the termination of incubation
period and the inhibition ratios were calculated as the average
diameters of zones of inhibition divided by the disc diameters.
Data were represented as mean ± standard deviation from 8
replicates.

3. Results and Discussion

3.1. Effect of Irradiation Dose on the Formation of Colloidal
AgNPs. After exposure to gamma irradiation, the formation
of colloidal AgNPs in solutions could be observed by changes
in color of the starting AgNO

3
from clear to reddish brown

for AgNPs stabilized by PVA and dark brown for AgNPs
stabilized by SF. For well dispersed AgNPs with size of a
few nanometers, the optical property determined by UV
absorption exhibits an intense peak characteristic to Ag0
at wavelengths 380–440 nm as reported in previous studies
[5, 8, 10–12]. Here we first tested the effect of irradiation dose
on the formation of colloidal AgNPs.

At the highest PVA concentration (2PVA, Figure 1), the
presence of AgNPs was indicated by UV-Vis spectra which
showed the maximum absorption wavelength (𝜆max) at 425–
432 nm. As an internal control, the absorption band was
absent in the spectra of AgNO

3
. The highest absorbance

intensity was obtained at irradiation dose of 40 kGy with a
slight shift towards shorter wavelength. For colloidal AgNPs
capped with SF (Figure 1(b)), 𝜆max at 420 nm was distinct
when the irradiation dose was raised to 60 kGy, whereas

Table 1: Effect of irradiation dose and stabilizer concentration on
the UV absorption of colloidal AgNPs.

Stabilizer (% w/v) Dose (kGy) 𝜆max (nm) Absorbance (a.u.)
0.5PVA 20 447 0.177
0.5PVA 40 432 0.316
0.5PVA 60 463 0.229
1PVA 20 424 0.307
1PVA 40 419 0.451
1PVA 60 421 0.57
2PVA 20 425 0.381
2PVA 40 427 0.901
2PVA 60 432 0.783
2SF 20 415 0.131
2SF 40 414 0.158
2SF 60 419 0.239
5SF 20 421 0.206
5SF 40 419 0.4
5SF 60 419 0.615
Note: UV-Vis spectra could not be observed for AgNPs prepared in SF
solutions at concentrations below 1% (w/v).

it almost diminished at lower doses. Table 1 summarizes
UV absorption data of AgNPs at all irradiation doses and
stabilizer concentrations tested in this present study.

The morphology of AgNPs was further examined by
TEM. ForAgNPs cappedwith 2% (w/v) PVA, large aggregates
surrounded by small particles (diameter ∼ 28 nm) formed
at irradiation dose of 20 kGy, whereas a uniform dispersion
of individual, small particles with diameters 32.3 ± 4.40
and 41.1 ± 4.00 nm was obtained at doses 40 and 60 kGy,
respectively. The slight increase in particle size at higher
irradiation dose may be due to degradation of PVA, which
could be less effective in preventing the growth of particles.
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Table 2: The mechanical properties and degree of swelling of SF-CS-PVA films at varied PVA concentration. Data are represented as mean
± standard deviation.

% PVA (w/w) Stress at break (kPa) Strain at break (%) Elastic modulus (kPa) Degree of swelling (%)
20 109.6 ± 40.3 18.0 ± 3.4 1111.6 ± 415.9 134.15 ± 2.72
33 313.8 ± 35.0 27.8 ± 2.4 1960.5 ± 160.2 131.37 ± 1.98
50 346.2 ± 39.9 36.8 ± 4.6 2567.3 ± 288.8 148.80 ± 3.11
67 374.1 ± 28.82 68.9 ± 4.3 2242.7 ± 493.5 166.27 ± 2.33

This observation is similar to the previous report of chitosan-
capped AgNPs prepared at high irradiation dose [10]. For
AgNPs capped with SF, large aggregates as well as small parti-
cles were observed at the irradiation dose of 60 kGy. Interest-
ingly, these small particles (diameter ∼ 40 nm, Figure 2(d))
remained connected and were not fully dispersed. This can
be attributed to the less hydrated nature of SF protein com-
pared to PVA that makes it less effective in shielding indi-
vidual particles apart from each other. Based on these data,
the extent of irradiation dose in our experimental conditions
plays a major role in the formation of small Ag0 particles.

3.2. Effect of Stabilizer Concentration on the Formation of
Colloidal AgNPs. Agglomeration of Ag0 into large particles
can be prevented by stabilizers that envelop over the particle
surface. In this report, PVA and SF at varied concentrations
were tested to optimize the morphology and dispersion of
AgNPs. At the same irradiation dose of 60 kGy, the UV-
Vis spectra showed narrower absorption bands with shifts
towards shorter wavelength and higher peak intensity as the
PVA concentrations increased from 0.5 to 2% (w/v) (Figure
1(a)). These changes may correspond to the formation of
smaller particles with narrow distribution in particle size
[10] as the red shifts and broadening of the band are due
to agglomeration of Ag0 into large clusters [5]. Similarly for
AgNPs capped with SF, the absorption band with strongest
peak intensity corresponded to AgNPs prepared in 5% (w/v)
SF solution (Figure 1(b)), whereas AgNPs prepared with
lower SF concentrations contributed to absorption bands
with lower intensities.

In line with UV-Vis spectra, the majority of particles
were in large aggregates (Figure 2(e)) at the lowest PVA
concentration, whereas a mix of large aggregates and small
particles was observed at 1.0% (w/v) PVA (Figure 2(f)) and
the uniform dispersion of AgNPs was obtained at 2% (w/v)
PVA (Figures 2(b) and 2(c)). Thus, a sufficient concentration
of PVAwas required to prevent particle agglomeration. Taken
all together, both the irradiation dose and PVA concentration
affect the formation and dispersion of Ag0 into small, indi-
vidual particles in our study. Based on the morphology and
uniform dispersion of colloidal AgNPs, we selected AgNPs
prepared with 2% (w/v) PVA at irradiation dose of 40 kGy
to be incorporated into dressing films for the evaluation of
antibacterial properties.

3.3. Characterization of SF-CS-PVA Films. Using radiation
processing technique, polymeric films can be crosslinked and

simultaneously sterilized in a single step [19], which is advan-
tageous for the fabrication of biomedical products. In this
report, we also utilized gamma radiation to process wound
dressing films composed of SF, CS, and PVA. The optimal
formulation of SF-CS-PVA films was chosen based on the
films’ mechanical and swelling properties as summarized in
Table 2. In terms of the mechanical properties, the stress at
break, strain at break and elastic modulus were shown to
increase with the PVA concentration. As the proportion of
PVA was raised to more than 50% (w/w), the elastic modulus
and stress at break did not change significantly although the
strain at break continued to increase with PVA concentration.

The ability to absorb fluid is one of the key aspects of
wound dressing, which can be characterized by the degree
of swelling. Our data showed that the degrees of swelling of
SF-CS-PVA films at all PVA concentrations were more than
100% with a slight increase with PVA concentration. These
values were in agreement with other PVA-based hydrogels
in previous report [20]. Based on these data, the formulation
of the film was selected to comprise 50% PVA (w/w), which
possessed the highest content of natural polymer components
while still maintaining the optimal mechanical and swelling
properties.

3.4. Inhibition of Bacterial Growth. The SF-CS-PVA films
incorporated with AgNPs at concentrations 0–2.160 ppm
were evaluated for antibacterial properties against S. aureus
and P. aeruginosa by disc diffusion assay. The distribution of
AgNPs throughout the film was confirmed by EDS signals
taken over the cross-sectional area of the film (Figure 3).
Prominent clear areas (Figure 4), indicating the zones of
growth inhibition, around the films on plates inoculated with
either bacterial strain were observed when AgNP concentra-
tion was raised ≥432 ppm and increased with the amount of
AgNPs in the films. As an internal control, no clear zone was
observed around films without AgNPs.

For S. aureus, the inhibition ratios, calculated as the
average diameters of zones of inhibition divided by the disc
diameters, increased from 1.46 ± 0.14 at 432 ppm AgNPs
to 1.67 ± 0.18 at 2160 ppm AgNPs. Similarly, the inhibition
ratios for P. aeruginosa were 1.44 ± 0.16 and 1.59 ± 0.19
at 432 ppm and 2160 ppm AgNPs, respectively. In our study,
the minimum concentration of AgNPs in the films that
exhibited antibacterial properties against both strains of
bacteria was less than the amount of Ag compounds used in
some commercial wound dressings [7]. Therefore, we have
demonstrated that colloidal AgNPs can serve as an effective



Advances in Materials Science and Engineering 5

(a)

Diameter (nm)

Fr
eq

ue
nc

y 
(%

)

20 24 28 32 36 40
0

10
20
30
40
50

(b)

Diameter (nm)

Fr
eq

ue
nc

y 
(%

)

30 34 38 42 46 50 54
0

10
20
30
40
50

(c)

(d) (e) (f)

Figure 2: TEM images representing themorphology and dispersion of colloidal AgNPs. Top panel are images of AgNPs prepared in 2% (w/v)
PVA solutions at irradiation doses of (a) 20, (b) 40, and (c) 60 kGy. Insets show histograms of size distribution. In lower panels, AgNPs were
formed at the irradiation dose of 60 kGy in (d) 5% (w/v) SF, (e) 0.5% (w/v) PVA, and (f) 1.0% (w/v) PVA solutions.
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Figure 3: Representative SEM images show (a) the cross-section of SF-CS-PVAfilm incorporatedwith AgNPs at a concentration of 2,160 ppm
and (b) collected EDS signal of silver over the cross-sectional area.

antiseptic agent when incorporated into films, which can
potentially be used in wound healing application.

4. Conclusion

Gamma radiation was applied in the radiolytic synthesis of
colloidal AgNPs and processing of films for wound dressing

application. The size and dispersion of particles were shown
to depend on the irradiation dose and concentration of
stabilizer in which the uniform dispersion of AgNPs with size
in the range of 30–40 nm was achieved at doses ≥40 kGy and
2% (w/v) PVA.When incorporated into SF-CS-PVAfilms, the
concentration of AgNPs at 432 ppm was found to be effective
in inhibiting the growth of bacteria.
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Figure 4: Disc diffusion assay shows the antibacterial properties of
SF-CS-PVA films embedded with AgNPs.The inhibition of bacterial
growth appears as clear zones surrounding the films.
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