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AbstractAg-doped ZnO nanoparticles (AZNs) were directly synthesized using sol-gel method to embed into poly-
acrylonitrile (PAN) nanofibers by electrospinning. The synthesized AZNs were optically and structurally characterized
by UV-VIS spectroscopy, photoluminescence spectroscopy, high resolution HR-TEM and XRD. The photocatalytic
activity of the AZNs was examined by photocatalytic degradation of methylene blue to correlate with their antiviral
efficacy in PAN nanofibers fabricated via electrospinning technique. The PAN nanofibers containing AZNs were char-
acterized using SEM and EDS. Finally, antiviral activity of AZNs/PAN nanofibers was investigated by using virus x174
under visible light irradiation. As a result, the antiviral efficacy of nanofibers increased as the concentration of Ag in
AZNs increased. The results show that better antiviral efficacy was obtained in AZNs/PAN nanofibers prepared with
AZNs of higher photocatalytic performance.
Keywords: Ag-doped ZnO Nanoparticles, Photocatalytic Activity, Antiviral Efficacy, Nanofibers, Electrospinning

INTRODUCTION

Throughout history, there have been numerous pandemic dis-
eases, such as SARS [1], H1N1 influenza viruses [2] and COVID-
19 [3], which have threatened both human health and economic
development. These viruses are rapidly transmitted among indi-
viduals by direct person-to-person contact and indirect pathways.
Studies have shown that one of the main indirect pathways of pan-
demic disease is the aerosols made of virus-laden droplets [4]. There-
fore, materials that deactivate viruses have been extensively studied
in the era of the pandemic. Hydrogen peroxide [5] and alcohols
[6] in common sanitizer serve as an antiviral agent to denature
protein in virus [7]. However, these substances are not suitable to
fabricate filters and masks to protect against spreading virus due to
their rapid evaporation. Consequently, solid-state antiviral metal is
more feasible and useful for preventing from surface contamina-
tion by bacteria and virus.

Photocatalysis has been studied to explore for antiviral and anti-
microbial activity. In particular, photocatalysts of solid semicon-
ducting metal oxides have attracted intense attention for use in a
wide variety of applications including self-cleaning [8], removal of
pollutant [9], antibacterial [10] and antivirus activity [11]. Among
semiconducting metal oxides, TiO2 and ZnO are widely used due
to their effective photocatalytic activity, being inexpensive and eco-
friendly [12,13]. Among these materials, ZnO shows outstanding
biocompatibility. Zinc is an essential trace element known to be

widely present in all body tissues including brain, muscles, bones
and skin. Thus, ZnO with good biocompatibility and relatively low
toxicity has excellent biomedical applications, such as wound heal-
ing, anticancer, drug delivery and antibacterial treatment [14,15].
However, wide band gap and fast rate of recombination of electrons
and holes becomes a limitation to their usage in practical applica-
tions. Their wide band gap allows to absorb only UV region light,
and the fast recombination rate results in low efficiency on con-
verting photons to electrons [16,17]. Typical ZnO nanoparticle has
a band gap of 3.37 eV and an excitation binding energy of 60 meV
[18], which is able to absorb visible region light. Surface area and
defect of nanoparticles play an important role in determining the
bandgap of semiconductors [19]. The studies about doping of ZnO
with transition metals to lead surface defect have been reported
often. These transition metals such as Co [20], Cd [21], Cu [22] and
Ag [23] eventually narrow the band gap of semiconductor to en-
hance optical absorption. Furthermore, the use of dopants to im-
prove multiple properties of ZnO from antimicrobial, electrical,
piezoelectric to magnetic has been reported in several studies [24,
25]. Especially, Ag has been studied to impart properties which
inhibit virus among dopants [26].

Electrospinning method is the one of promising methods for
fabricating organic and inorganic nanofibers. This method provides
a simple and cost-effective process to produce continuous and homo-
geneous nanofiber of submicron diameter [27]. In the process, high
voltage electric field is applied to the solution in syringe to form a
jet from nozzle. The jet becomes nanofibers with uniform diame-
ter during drying and deposits on the collector [28]. The mor-
phology and diameter of the synthesized diameter depends on the
rheological property of polymeric solutions, distance between noz-
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zle and collector, and strength of the applied electric field [29].
Various polymers have been employed in electrospinning method
to fabricate ultrafine fibers in recent years. PAN is one of the poly-
mers widely used for electrospinning due to its high mechanical
strength, chemical stability and non-toxicity [30,31].

In this study, Ag-doped ZnO nanoparticles (AZNs) with differ-
ent amounts of Ag were prepared using sol-gel method and char-
acterized structurally and optically. The photocatalytic property of
synthesized AZNs was evaluated by using methylene blue (MB) in
water under UV and visible light irradiation. Then, Ag doped ZnO/
PAN nanofibers were prepared via electrospinning. The antiviral
activity of electrospun fibers was investigated by inactivation of
bacteriophage x174. Finally, the relationship between photocata-
lytic activity of AZNs and antiviral efficacy of AZNs/PAN nanofi-
bers was investigated.

EXPERIMENTAL

1. Materials
Zinc acetate dehydrate (Zn (CH3COO)2∙2H2O, Sigma-Aldrich),

potassium hydroxide (KOH, JUNSEI), ethanol (CH2CH2OH, 99.9%,
DAEJUNG), silver nitrate (ACS Reagent, 99+% Sigma-Aldrich)
were used to synthesize AZNs using sol-gel method. Methylene
blue (MB) was purchased from DAEJUNG Chemicals in Korea to
examine photocatalytic activity of AZNs. PAN (polyacrylonitrile
Mw=150,000) was purchased from Sigma-Aldrich to fabricate nano-
fibers.
2. Synthesis of Ag Doped ZnO Nanoparticles (AZNs)

AZNs were prepared through sol-gel method. Zinc acetate
dehydrate (10mmol) and 0, 2, 4wt% of silver nitrate were dissolved
in 100ml of ethanol at 60 oC, respectively. KOH (20mmol) dissolved
in 50 ml of ethanol at 60 oC was added into Ag and Zn solution.
The mixture was stirred for three hours, then the color changed
from white to dark brown. The resultant solution remained at room
temperature for several hours. The crude solution was centrifuged
at 3,000 rpm for 15 minutes, and rinsed with ethanol for several
times to remove residues and impurities. The obtained precipitates
were dried in oven at 80 oC for 12 hr.
3. Characterization of AZNs

The morphological and structural properties of AZNs were inves-
tigated using high resolution electron microscopy (HR-TEM, JEOL
TEM-3010) and X-ray diffractometry (XRD, Rigaku, minFlex600).
The optical properties of AZNs were analyzed using UV-Vis spec-
trometer (Agilent Technologies, Cary 8454) and photoluminescence
spectrometer (PicoQuant, FlouTime 300). In addition, electron para-
magnetic resonance analysis was performed with a JEOL JES-X310.
The photoelectrochemical experiments were conducted using a
potentiostat (VersaSTAT 3, Princeton Applied Research). ITO glass
deposited with photocatalyst, Pt plate and Ag/AgCl electrode were
used as the working electrode, counter electrode and reference elec-
trode, respectively. Phosphate buffer solution (0.5 M) was used as
the electrolyte and a Xenon lamp with 300 W was used as the light
source.
4. Photocatalytic Activity Measurements

Photocatalytic performance of AZNs was investigated by mea-
suring the degradation of MB under both UV and visible light irra-

diation. In the experiment, 0.05 g of AZNs was added to a 100 ml
of aqueous 10 ppm MB solution for UV light exposure. In the case
of visible light test, 0.1 g of AZNs was added to 100 ml of aqueous
5 ppm MB solution. UV light (400 W, UV-H-0.4, Korea) with a
wavelength of 254 nm and Tungsten Halogen lamp (150 W) with
a wavelength range of 400 to 2,200 nm as a visible light source
were used for light irradiation. The distance between light source
and the solution was 20 cm. Before the light exposure, the mix-
tures were sonicated for 30 min and stirred for 30 min under dark
condition. During photocatalysis, the solution was stirred and 7.5
ml aliquot was extracted at a certain time interval; the collected
aliquots were centrifuged to separate the particles. When aliquots
were extracted, they did not return to original solution. The
degraded MB concentration was measured by a UV-Vis spectro-
photometer. The absorbance of suspension was measured at max=
664 nm.
5. Preparation of Ag-doped ZnO/PAN Nanofibers

The AZNs (0.5 g) were re-dispersed in 4.5 g of N, N-dimethyl-
formamide (DMF). In the meantime, 10 wt% PAN solution was
prepared. Ag-doped ZnO colloid was added dropwise into the poly-
meric solution. The relative weight percentage of nanoparticle was
fixed at 10% with respect to PAN. The nanofiber was collected using
electrospinning method. The solution was pumped at the feed rate
of 1.0 mL/h toward the collector. The distance between tip to col-
lector was kept at 15cm, and 15-20kV of electric field was applied.
The condition of the chamber was maintained with temperature
at 25-28 oC. The fabricated nanofiber was dried for 1 h at 80 oC in
vacuum oven.
6. Characterizations of AZNs/PAN Composite Nanofibers

The morphology of the fabricated nanofibers was investigated
using transmission electron microscopy (TEM, JEOL JEM-2100),
and field emission scanning electron microscope (FE-SEM, JEOL
JSM-6700F). The chemical composition of electrospun nanofiber
was analyzed using energy dispersive X-ray spectroscopy (EDS)
equipped in FE-SEM.
7. Antiviral Activity Measurement

To evaluate virucidal activity during photocatalysis, Phi X 174
(ATCC 13706-B1) bacteriophages and Escherichia coli (E. coli,
ATCC 13706) were used as a model virus and its host organism,
respectively. The E. coli host was cultivated in a Dicfo nutrient broth,
and Phi X 174 bacteriophage was inoculated and incubated in the
prepared E. coli solution for 18-24 h at 37 oC under vigorous shak-
ing (120 rpm). The cultural solution was centrifuged at 3,000 rpm
for 15 min, and the supernatant was separated to remove cell debris
of the host bacteria. The population of Phi X 174 was determined
by plaque assay method [32]. All experiments were performed
using a rectangular reactor (2×2×1 cm3) sterilized by autoclave at
121 oC for 15 min prior to use. The reactor was mounted on test
jig equipped with LED bar (Blue LED, irradiating monochromatic
light with a center wavelength of 470 nm). The 1 mL of virus solu-
tion containing 106 PFU/mL was placed on the surface of prepared
nanofibers. Then, microbial inactivation was initiated by irradia-
tion of blue LED. The 0.1mL of aliquots were collected at pre-deter-
mined times and immediately diluted with phosphate buffered
solution (PBS, pH 7.2). The diluted aliquots were stored in dark
prior to plaque assay to quench the reaction.
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RESULTS AND DISCUSSION

1. Characterization of AZNs
The AZNs synthesized with different amounts of AgNO3 (0.0%,

2.0%, and 4.0 wt%) are abbreviated as ZnO, Ag 2.0 ZnO and Ag

Fig. 1. TEM images of synthesized (a) ZnO (b) Ag 2.0 ZnO and (c)
Ag 4.0 ZnO (d) HR-TEM image of Ag 4.0 ZnO. Distance be-
tween ZnO lattice planes are denoted with white arrows and
(e) SAED patterns of Ag 4.0 ZnO.

Fig. 2. XRD patterns of synthesized ZnO, Ag 2.0 ZnO and Ag 4.0
ZnO.

Fig. 3. (a) UV-Vis adsorption spectra of ZnO, Ag 2.0 ZnO, and Ag 4.0 ZnO. (b) Tauc plot of ZnO, Ag 2.0 ZnO, and Ag 4.0 ZnO.

4.0 ZnO, respectively. HR-TEM and TEM images in Fig. 1 show
the morphological and structural properties of ZnO and AZNs.
Fig. 1(a)-(c) indicate that ZnO, Ag 2.0 ZnO and Ag 4.0 ZnO have
spherical shapes and average diameters of 9.31±1.45 nm, 9.85±1.78
nm and 10.22±1.71 nm, respectively. The spacing of lattice plane
of 0.246 nm was observed, which corresponds to (101) plane of
hexagonal Wurtzite structure of ZnO (Fig. 1(d)). Seven diffraction
rings were observed in the SAED pattern (Fig. 1(e)). The seven
rings correspond to the (100), (002), (101), (102), (110), (103) and
(200) planes of the Wurtzite structure of ZnO. The crystallinity of
synthesized nanoparticles was investigated using XRD. Most of
XRD peaks shown in Fig. 2 are well matched with ZnO reference
peaks reported in ICDD card (No. 01-070-8072). The major three
peaks of Wurtzite ZnO were observed at 31.9o, 34.0o and 36.2o,
which correspond to (100), (002) and (101) planes, respectively. Two
additional peaks at 38o and 44o were detected for Ag-doped ZnO
nanoparticles, which correspond to (111) and (200) planes in the
face centered cubic phase of metallic Ag [33].

The optical properties of synthesized AZNs were investigated
using UV-vis spectroscopy. Fig. 3(a) displays the UV-vis absorp-
tion spectra of ZnO and AZNs. The band gap energies (Eg) were
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calculated by using Tauc plot method described in Eq. (1) and plot-
ted in Fig. 3(b).

hv=(hvEg)n (1)

where  is the absorption coefficient,  is the proportionality con-
stant, hv is the photon energy and n is the transition index. The
calculated band gap energies of ZnO, Ag 2.0 ZnO and Ag 4.0
ZnO were about 3.30 eV, 3.28 eV, and 3.23 eV, respectively. These
results demonstrate that there is red shift of absorption edge and
decrease in band gap energy as the concentration of Ag increases.
This is due to the substitution of Zn with Ag in the ZnO lattice.
Ag creates an intermediate energy state between valence band and
conduction band of ZnO, and acts as photon acceptor altering the
band gap of ZnO nanoparticles. As a result, the band gap of ZnO
becomes narrow with the increased Ag content [34,35]. Fig. 4 de-

scribes the photoluminescence spectra of pristine ZnO and AZNs
at room temperature. There are two peaks observed in the UV and
visible regions. An intense peak located at around 390 nm indi-
cates the near band edge emission which is related to the free exci-
tonic recombination in ZnO. Another weak and broad emission
band between 400 to 650 nm shows decreased intensity as the
doping concentration of Ag increases. It can be inferred that the
weak emission intensity is due to the substitution of Zn ion and
interstitial forming by doping of Ag ions into ZnO nanostructure.
Ag acts as good electron acceptor, and doping of Ag eventually
leads to electron transfer from conduction band of ZnO to energy
level of Ag. As a result, recombination of photogenerated electrons
and holes becomes retarded, resulting in enhanced photocatalytic
activity [36-38]. EPR analysis was carried out to monitor reactive
oxygen species. The measurement was performed at 293 K using
5,5-dimethyl-1-pyrroline N-oxide as the spin trapping agent. Fig.
5(a) and (b) display EPR spectra of aqueous solution of ZnO and
AZNs under both dark condition and light irradiation It can be
seen that there was no obvious signal in dark condition. However,
four distinct signals belonging to DMPO-OH were observed under
UV light irradiation and the intensity of signals became stronger
with increasing Ag concentration. This reveals that the amount of
OH formed on the surface of AZNs is more than that of pristine
ZnO [39,40]. To further study the photoelectrochemical perfor-
mance, the photocurrents of ZnO and AZNs under UV light
irradiation were measured. As shown in Fig. 6, AZNs generated
more photocurrent than unmodified ZnO. This result indicates
that AZNs tend to more easily generate charge carriers and sepa-
rated electrons, which determines the photocatalytic efficiency.
Therefore, AZNs are expected to perform enhanced photocatalytic
activity [41,42].
2. Photocatalytic Activity

The photocatalytic mechanism of AZNs can be explained by
the following equations [43,44]:

Fig. 4. Photoluminescence spectra of ZnO, Ag 2.0 ZnO, and Ag 4.0
ZnO.

Fig. 5. EPR analysis of ZnO, Ag 2.0 ZnO and Ag 4.0 ZnO under (a) dark condition and (b) UV irradiation.
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Ag/ZnO+hvAg/ZnO(eCB+h+
VB) (2)

Ag/ZnO(h+
VB)+H2O(ads)Ag/ZnO+H++OH• (3)

Ag/ZnO(eCB)+O2(ads)O2
• (4)

Ag++eCBAg (5)

O2
•+H+

HO2
• (6)

OH•(or HO2
•)+MBCO2+H2O (7)

When Ag-doped ZnO semiconductor is irradiated by UV light
and visible light with a photonic energy greater than band gap, an
electron from the valence band (VB) is excited and transferred to
a conduction band (CB) to produce an electron hole pair (Eq. (2)).
Water or hydroxyl radicals react with holes in the valence band
and produce hydroxyl radicals (Eq. (3)). The electrons in the con-
duction band react with O2 to generate superoxide anion radicals
(Eq. (4)). The Ag dopant accepts the photogenerated electron in
the conduction band of ZnO (Eq. (5)). Thus, the photogenerated
charge carriers can be easily separated to improve the photocata-
lytic activity under both UV and visible light irradiation. The pho-
tocatalytic mechanism of particles is described in Fig. 7(a). The
hydrogen peroxide radicals formed by radical anion react with H+

in water (Eq. (6)). The hydrogen peroxide radicals act as oxidizing
agents to break down organic pollutants such as MB. In this study,
the photocatalytic activity of synthesized nanoparticles was exam-
ined under UV as well as visible light. Fig. 7(b)-(d) shows the time-
dependent absorption spectra of MB aqueous solution under UV
irradiation with ZnO and AZNs. The efficiency of degradation was
evaluated by using the following equation [45,46].

MB degradation=(C0Ct)/C0 (8)

where C0 represents the initial concentration of MB and Ct is the
concentration after the irradiation of lights for time t.

Fig. 6. Photocurrent measurement of ZnO, Ag 2.0 ZnO and Ag 4.0
ZnO electrodes in 0.5 M phosphate buffer solution.

Fig. 7. (a) Schematic diagram of photocatalysis mechanism of AZN and the absorption spectra of methylene blue after photocatalytic degra-
dation by (b) ZnO, (c) Ag 2.0 ZnO and (d) Ag 4.0 ZnO.
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Fig. 8(a) indicates that photocatalytic activity of AZNs samples
was greater than that of pristine ZnO nanoparticles. The Ag 4.0 ZnO
displayed the highest photocatalytic MB degrading performance:
96.0% degradation after 15 min and degraded fully in 20 min. The
lowest photocatalytic activity was observed with pristine ZnO nano-
particles. The 92.9% photodegradation was observed within 25 min.
In addition, the apparent quantum efficiency of ZnO, Ag 2.0 ZnO
and Ag 4.0 ZnO under UV irradiation was calculated and found
to be 0.873, 0.651, and 0.507%, respectively. The efficiency of pho-
todegradation of MB under UV light was increased as the concen-
tration of Ag increased in AZNs. The pseudo-first-order kinetics
model was calculated using (Eq. (9)) and plotted in Fig. 8(b).

(9)

where, t represents the irradiation time and k is the pseudo-first-
order rate constant. The values of the pseudo-first-order rate con-
stant of ZnO, Ag 2.0 ZnO and Ag 4.0 ZnO was 0.106 min1, 0.206
min1 and 0.249 min1, respectively. The reaction rate constant for
Ag 4.0 ZnO was 2.5 times higher than that of pristine ZnO. Fig.
9(a) shows the photodegradation of MB in the presence of ZnO
and AZNs under visible light irradiation. It was observed that the

photodegradation efficiency under visible light was also enhanced
by Ag doping. The ZnO, Ag 2.0 ZnO and Ag 4.0 ZnO photocata-
lysts degraded 54.8, 77.7, and 78.3% of MB after 100 min irradia-
tion, respectively. According to the calculated pseudo-first-order
kinetic constant (Fig. 9(b)), the ZnO, Ag 2.0 ZnO and Ag 4.0 ZnO
exhibited k values of 0.00869 min1, 0.0150 min1 and 0.0153 min1,
respectively. Ag doped ZnO resulted in better photocatalytic deg-
radation of MB under visible light than pristine ZnO. However,
ZnO with higher dopant concentration showed similar photocata-
lytic activity to ZnO with lower dopant concentration. The photo-
catalytic efficiency of Ag 4.0 ZnO can be reduced by the accumula-
tion of excess dopant on the surface, covering the surface and pre-
venting light and MB molecules adsorption. Besides, it has been
found that excessive defects could behave as recombinant center to
promote photoexcited electron-hole pairs during photocatalysis
[47,48]. The improvement of photocatalytic activity is related to
the changes in electronic structure of ZnO by inserting Ag ions
into Zn lattice. In consequence, the photoexcited electron hole
pairs could be efficiently separated, resulting in improved photo-
catalytic performance [49,50].
3. Characterization of Nanofibers

PAN nanofibers containing ZnO, Ag 2.0 ZnO and Ag 4.0 ZnO

C
C0
------  ktln

Fig. 8. (a) Degradation of Methylene blue by ZnO, Ag 2.0 ZnO, and
Ag 4.0 ZnO under UV light irradiation, and (b) correspond-
ing pseudo-first-order plots used for the determination of
the rate constants.

Fig. 9. (a) Degradation of Methylene blue by ZnO, Ag 2.0 ZnO, and
Ag 4.0 ZnO under visible light irradiation, and (b) corre-
sponding pseudo-first-order plots used for the determina-
tion of the rate constants.
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were fabricated by electrospinning technique, and they are denoted
as ZnO/PAN, Ag 2.0 ZnO/PAN and Ag 4.0 ZnO/PAN. The SEM
images of the electrospun nanofibers are shown in Fig. 10. The
diameter of PAN nanofibers without ZnO nanoparticles was 272±
50 nm, and average diameter of composite nanofibers was 319±35
nm, 343±57 nm, and 336±64 nm for ZnO/PAN, Ag 2.0 ZnO/PAN
and Ag 4.0 ZnO/PAN, respectively. The PAN nanofibers with nano-
particles have larger diameters compared with that of bare PAN
nanofibers, which can be attributed to the increase in viscosity by
adding nanoparticles to the polymeric solution [51]. It is well known
that the higher viscosity of electrospinning solution causes hindrance
to flow of the solution jet toward collector, resulting in an increased
diameter [52]. The presence of Ag-doped ZnO and pristine ZnO
particles on nanofibers was confirmed by EDS analysis. The chemi-
cal composition of nanofibers is listed in Table 1. The results clearly
indicate that the percentage of Ag increased as the used amount of
Ag dopant increased. Also, Ag species were not detected for PAN
and ZnO/PAN nanofibers. For further investigation, the FE-SEM
image of Ag 4.0 ZnO/PAN nanofiber is shown in Fig. 11(a) and
corresponding mapping images are shown in Fig. 11(b)-(d). The
obtained mapping images indicate that Ag, Zn and O ions are uni-
formly distributed in the nanofiber. TEM analyses were conducted.

After electrospinning, the fabricated nanofibers were ultrasoni-
cated to separate individually, then loaded on TEM grid. Fig. 12(a)
shows that the bare PAN nanofiber without ZnO nanoparticles
appeared to be homogeneous and uniform. On the other hand,
Ag-doped and pristine ZnO nanoparticles were observed inside
and surface of electrospun composite nanofibers (Fig. 12(b)-(d)).
It can be concluded that AZNs are successfully incorporated in
PAN nanofiber and present on the surface of the fibers.
4. Antiviral Activity

The antiviral activity of fabricated nanofibers against model
bacteriophage virus (x174) was evaluated by monitoring the virus
titers during the photocatalysis. In response to visible light irradia-

Fig. 10. SEM images of (a) PAN, (b) ZnO/PAN, (c) Ag 2.0 ZnO/PAN, and (d) Ag 4.0 ZnO/PAN.

Table 1. EDS analysis results of PAN, ZnO/PAN, Ag 2.0 ZnO/PAN
and Ag 4.0 ZnO/PAN

Samples C (wt%) O (wt%) Zn (wt%) Ag (wt%)
PAN 93.66 6.34 0.00 0.00
ZnO/PAN 87.39 6.61 6.00 0.00
Ag2.0ZnO/PAN 86.26 7.59 5.90 0.25
Ag4.0ZnO/PAN 86.80 6.52 6.30 0.38

Fig. 11. (a) SEM image of Ag 4.0 ZnO/PAN nanofiber and EDS
mapping results for (b) silver, (c) oxygen and (d) zinc ele-
ments.
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tion, the reactive oxygen species, such as hydroxyl radical and super-
oxide, are created on the nanofiber with the AZNs, which oxidizes
nearby viral envelopes and nucleic acids. As shown in Fig. 13, the
titer of model viruses x174 more rapidly decayed as the incorpo-
rated Ag content increased. The log reduction (log10(N/N0)) in the
x174 titler of Ag 4.0 ZnO/PAN, Ag 2.0 ZnO/PAN and ZnO/
PAN was 3.43, 2.62, and 1.47, respectively. Negligible antivi-
ral activity of Ag 4.0 ZnO/PAN was observed under dark condi-
tion. This results clearly suggest that the physical contact with the
ground state of ZnO compound in nanofibers is not a major con-
tributor for antiviral activity.

The antiviral activity of Ag ions in ZnO could be related to its
interaction with S-H group in cysteine residues of viral protein.
Disulfide bond in cysteine and thiol group in cysteine residue are
vital formations for protein to maintain the structure and function.

The Ag ions inside and on the surface of AZNs react with thiol
group in cysteine residue by replacing hydrogen atom to form R-
S-Ag [53], which ends up with deteriorated enzymatic function of
the protein. Moreover, disulfide bond in cysteine was obtained by
the oxidation of two cysteine molecules cleaved by forming R-S-
Ag according to the following reaction (Eq. (10)-(11)) [54].

RSH+Ag+
RSAg+H+ (10)

RSSR+Ag+
2RSAg (11)

However, this reaction is not responsible for the enhancement of
the Ag-induced inactivation of microorganism by visible light. It is
clear that due to the photochemical reaction of the R-S-Ag com-
plex, the ligand is oxidized and metallic Ag is formed as shown in
Eq. (12).

RSAg+hvRS•+Ag (12)

During light irradiation, Ag ions can obtain electrons from the
chelated cysteine by ligand to metal charge transfer to produce metal-
lic Ag and monosulfide radicals. The monosulfide radicals produced
in cysteine of affected protein may react with other functional groups
in viruses. Also, monosulfide radicals have a strong probability to
oxidize other intracellular molecules by adsorbing hydrogen atoms
[55]. Therefore, as the concentration of Ag dopant increases, more
monosulfide radicals are formed under visible light, impairing more
microbial functions and thus being inactivated.

CONCLUSIONS

Ag-doped ZnO nanoparticles were successfully prepared via sol
gel method, and synthesized particles were embedded into PAN
nanofibers using electrospinning method. The AZNs have spheri-
cal shapes, and the size of nanoparticles was increased as the con-
centration of Ag in particles was increased. The band gap energy
of AZNs was decreased as the concentration of Ag in ZnO nano-
particles was increased, resulting in slow recombination of elec-
tron-hole pairs. These results yielded outstanding photocatalytic per-
formance of AZNs at high Ag concentration under the irradiation
of UV and visible light. When the AZNs were embedded into PAN
nanofibers, the diameters of nanofibers were slightly increased as
the concentration of Ag in ZnO nanoparticles was increased. These
results might be due to the larger particle size at high Ag concen-
tration. Finally, according to inactivation test for bacteriophage
x174, the AZNs-containing nanofibers with the higher Ag con-
tent showed enhanced antiviral effect under visible light irradia-
tion. Therefore, the photocatalytic activity of the synthesized AZNs
is well correlated with their antiviral performance even incorpo-
rated in the electrospun nanofiber filter.
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Fig. 12. TEM images of (a) PAN, (b) ZnO/PAN, (c) Ag 2.0 ZnO/
PAN, and (d) Ag 4.0 ZnO/PAN.

Fig. 13. Antiviral activities of prepared nanofibers against x174
under blue LED light (=470 nm) irradiations.
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