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Durable antibacterial Ag/polyacrylonitrile (Ag/PAN) hybrid nanofibers were prepared by
atmospheric plasma treatment and electrospinning. Atmospheric helium plasma treatment
was first used to reduce the AgNO5 precursor in pre-electrospinning solutions into metallic
silver nanoparticles, followed by electrospinning into continuous and smooth nanofibers
with Ag nanoparticles embedded in the matrix. SEM, TEM, and EDX spectra were used to
study the structure and surface elemental composition of the nanofibers. Silver nanoparti-
cles, with diameters ranging between 3 and 6 nm, were found to be uniformly dispersed in
the nanofiber matrix. The Ag/PAN nanofibers exhibited slow and long-lasting silver ion
release, which provided robust antibacterial activity against both Gram-positive Bacillus
cereus and Gram-negative Escherichia coli microorganisms.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

In the past few years, silver-containing electrospun
nanofibers have attracted interest as a novel form of anti-
microbial material [1,2]. Electrospinning is a well-estab-
lished process for fabrication of nanofiber mats with high
surface areas, large volume-to-mass ratios, and high poros-
ities [3-5]. This process has been demonstrated to be
suitable for manufacturing scale-up for low-cost mass pro-
duction [6,7]. Silver is a widely-used and recognized broad-
spectrum biocidal agent that is effective against bacteria,
fungi and viruses but is non-toxic to human cells [8-12].
Polymer matrices loaded with silver nanoparticles have
been used in numerous applications including wound
dressings [13], tissue scaffolds [14], chemical and biological

* Corresponding authors.
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hang@ncsu.edu (X. Zhang), mmccord@ncsu.edu (M. McCord).
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protective materials [15], and medical devices and biotex-
tiles [16,17]. The combination of the high specific surface
area and fineness of electrospun nanofibers with the bio-
cidal activity of Ag nanoparticles results in a superior and
versatile antimicrobial material [18-20].

The simplest and most-commonly used method for
combining Ag nanoparticles with electrospun nanofibers
is by suspension of Ag nanoparticles directly into the pre-
electrospinning polymer solutions [21,22]. However,
nanofibers produced using this method have demonstrated
diminished antimicrobial efficiency due to Ag nanoparticle
aggregation and subsequent reduced bioavailability. In situ
reduction of silver ions in pre-electrospinning solutions re-
sults in a more uniform dispersion of Ag nanoparticles,
partially as a result of the stabilizing effect of polymer
molecules [23,24]. Reduction of silver nitrate in polymer
solutions or polymer matrices by hydrogen gas [1], hydra-
zinium hydroxide [25], borohydride [26], citrate [27], and
ascorbate [28] has been reported. In order to avoid the
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use of environmentally hazardous or dangerous chemical
agents, a series of environmentally sustainable “green syn-
thesis” methods, are under investigation [29]. These meth-
ods include the polysaccharide method (synthesis of silver
nanoparticles by nanoscopic starch templates) [30], irradi-
ation method (radiolysis of silver nanoparticles by micro-
wave, pulse, and gamma irradiation) [31], and biological
method (synthesis of silver nanoparticles by a special plant
extract, bio-organism extract, or even certain microorgan-
isms) [32]. However, these “green” methods typically re-
quire longer treatment times and additional procedures to
incorporate Ag nanoparticles into polymer matrices [33-
35]. Hence, it is still a great challenge to develop in situ, fast
and environmentally friendly methods to fabricate Ag
nanoparticle-containing nanofibers.

Atmospheric plasma treatment is currently being em-
ployed for chemical modification of polymer materials
due to its low cost, good environmental sustainability, high
efficiency, and low energy consumption [36-38]. Within a
typical inert gas plasma process, gas molecules are dissoci-
ated to ions, electrons and excited atoms [39,40]; this
chemical environment is ideal for silver reduction. More-
over, during the gas breakdown, atmospheric plasma gen-
erates UV irradiation [41,42], another reducing agent for
photosensitive silver salts. However, to date, there are no
reports of the use of atmospheric plasma treatment to pre-
pare Ag nanoparticle composite materials.

This paper reports on a novel and efficient method that
combines atmospheric plasma treatment and electrospin-
ning to produce silver nanoparticle/polymer hybrid nanofi-
bers. Polyacrylonitrile (PAN) was chosen as the polymer
matrix. Atmospheric plasma treatment was applied to solu-
tions of PAN and AgNOs to generate Ag nanoparticles prior to
electrospinning. The surface and bulk morphologies and
antibacterial effectiveness and duration of the resultant
Ag/PAN hybrid nanofibers were systematically investigated.

2. Experimental
2.1. Materials and solution preparation

Polyacrylonitrile (PAN, M,, = 1,500,000), N,N-dimethyl-
formamide (DMF) and silver nitrate (AgNOs3) were pur-
chased from Sigma-Aldrich Co. Ltd. (St. Louis, MO). All
these reagents were used without further purification.

Solution

Gas Flow

PAN was dissolved in DMF at a concentration of 8 wt.%
and stirred at 60 °C for 6 h to obtain a transparent homog-
enous solution. Then, the solution was cooled to room tem-
perature, and a calculated amount of AgNOs; (0.5 or
1.25 wt.% in solution) was added. The blend solution was
shielded from light and stirred for another 2 h to ensure
the complete dissolution of AgNOs.

2.2. Atmospheric plasma treatment

Atmospheric plasma treatment of the AgNO3/PAN solu-
tion was carried out in a capacitively-coupled dielectric
barrier discharge atmospheric pressure plasma system
(Fig. 1). The device has an active exposure area of
60 x 60 cm? between two copper electrodes. The plasma
was operated by a 4.8 kW audio frequency power supply
at 1-10 kHz [43-45]. Ten milliliter of AgNO3/PAN solution
was added to a petri dish with a liquid depth of approxi-
mately 5 mm. The petri dish was placed directly in the
middle of lower electrode plate for plasma treatment, as
shown in Fig. 1. The treatment was carried out in helium
atmospheric plasma discharge for up to 5 min.

2.3. Electrospinning

The plasma-treated solution was immediately col-
lected into a 10 ml syringe equipped with a 24 gauge
stainless steel needle tip. The syringe was fixed on an
electric syringe pump set to maintain a constant feed
rate of 1.5 ml/h. A high-voltage power supply (Gamma
ES40P-20 W/DAM) was employed to apply positive
charge to the needle, and a grounded metal plate cov-
ered with aluminum foil served as the collector. The
voltage used for electrospinning was 20 kV. The distance
between the needle tip and collector was 20 cm. Pure
PAN solution and untreated PAN/AgNOs solution were
also electrospun into nanofibers to be used as controls.
After electrospinning, all nanofibers were folded in alu-
minum foil and stored in a dark container to avoid the
exposure to visible light and UV irradiation.

2.4. Characterizations and measurements

Solution viscosity was measured by DV-II Brookfield
digital viscometer (Brookfield Engineering Laboratories,

Electrode\

Power
Supply

Petri Dish

Fig. 1. Schematic diagram of plasma treatment setup.
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Inc., Middleboro, MA). Solution conductivity was mea-
sured using an AP85 conductivity meter (Fisher Scien-
tificc Inc., Pittsburgh, PA). Surface morphology of
nanofibers was observed using a JEOL JSM-6400F Field
Emission Scanning Electron Microscope (SEM) (JEOL
Ltd., Tokyo, Japan) with an accelerating voltage of
15 kV. The size and distribution of Ag nanoparticles in-
side the nanofibers were observed using a Hitachi HF-
2000 Transmission Electron Microscopy (TEM) (Hitachi
High Technologies America, Inc., Schaumburg, IL), with
an accelerating voltage of 20 kV.

2.5. Silver ion release

Silver ion release behavior of the Ag/PAN hybrid nanof-
ibers was determined by atomic adsorption spectrometry
(AAS). A small piece of electrospun nanofiber mat (approx-
imately 50 mg) was placed in a glass container, and 25 ml
deionized water was added into the container as the re-
lease medium. The container was sealed and agitated to in-
sure complete immersion of the nanofiber mat, and then
incubated at 37 °C. The deionized water was collected
every 24 h, and silver ion concentration in the solution
was measured using a Perkin-Elmer AA300 AA spectrome-
ter (PerkinElmer Inc., Waltham, MA).

2.6. Antibacterial assessment assay

Escherichia coli 0157:H7 (B179), a Gram-negative en-
teric pathogen, and Bacillus cereus (B002), a spore-forming
Gram-positive pathogen, were obtained from the Food Sci-
ence Research Unit Culture Collection (FSRU-USDA-ARS,
Raleigh, NC). E. coli B179 was propagated on Luria-Bertani
(LB) agar and broth (BD Company, Sparks, MD) and B. cer-
eus BO02 was propagated on TSA agar and broth (BD Com-
pany, Sparks, MD). To prepare cells for antimicrobial fiber
assays, 5 ml broth cultures were inoculated into LB broth
or TSA broth (for E. coli and B. cereus, respectively) from
individual colonies on an agar plate, and then incubated
for 18 h at 37 °C on a shaker platform at 200 rpm (Eppen-
dorf Thermomixer; Hamburg, Germany). Following the
incubation, cells were harvested by centrifugation
(5000 x g, 10 min, 4 °C, Sorvall RB-5C centrifuge) and re-
suspended in an equal volume of physiological saline
(0.85% NaCl). Cells were diluted to 1 x 107 colony forming
units (CFU)/mL and used immediately for testing.

Nanofiber mats were cut into small pieces (5-8 mg) and
separately placed into 1.5 ml microcentrifuge tubes. The
saline cell suspension (200 pL) containing approximately
1 x 107 CFU/ml of the test organism was pipetted into
the tubes, completely covering nanofiber mat samples. A
positive control (cell suspension in saline with no nanofi-
bers) and two negative controls (saline only and saline
with pure PAN nanofibers) were also included in the exper-
imental design. The nanofiber mat samples were incubated
for 24 h at 37 °C with gentle agitation at 300 rpm on a sha-
ker platform (Eppendorf Thermomixer; Hamburg, Ger-
many). After 24 h, LB (E. coli) or TSA (B. cereus) agar
plates were spread to enumerate surviving cells using a
spiral plater (Model 4000, Spiral Biotech, Norwood, MA).
After overnight incubation (18 h at 37°C), bacterial
colonies on plates were counted using an automated spiral
plate reader (Qcount, Spiral Biotech, Norwood, MA).

3. Results and discussion
3.1. Plasma reduction of silver

Transformation from silver ions to Ag nanoparticles in
solutions could be observed visibly as a color change be-
fore and after plasma treatment (Fig. 2). Untreated
AgNO3/PAN solution is colorless and transparent, as
shown in Fig. 2a, because the silver exists in the form
of Ag" ions. Reduction of Ag" to Ag(0) results in a darker
color due to the generation of metallic Ag nanoparticles.
Fig. 2b-f shows AgNO3/PAN solutions treated with atmo-
spheric plasma for different exposure times. It is clear
that the solution color gradually turns darker with in-
creased durations of atmospheric plasma exposure. After
5min, Ag" ions have been reduced into metallic Ag
nanoparticles, and the solution exhibits a deep brown
color.

Fig. 3 is a schematic representing the mechanism for the
in situ formation of Ag nanoparticles by atmospheric plas-
ma. Atmospheric plasma is a highly ionized state of matter
containing a large number of electrons. Silver ions in a
plasma medium can be reduced by these electrons. UV
irradiation generated by the plasma discharge is also a sub-
stantial source for reduction of the photo-sensitive silver
salts. Synergistic effects of electrons and UV irradiation
make atmospheric plasma treatment a more effective and

Fig. 2. AgNOs3/PAN solutions treated by atmospheric plasma for: (a) 0, (b) 1, (c) 2, (d) 3, (e) 4, and (f) 5 min.
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Fig. 3. Schematic diagram of plasma-reducing process.

Table 1
Conductivities and viscosities of PAN/AgNO3 solutions.
0.5% 0.5% 1.25% 1.25%
AgNOs/ AgNOs/ AgNOs/ AgNOs/
PAN PAN PAN PAN
Un- Plasma- Un-treated  Plasma-
treated treated treated
Conductivity 426+4 527+3 849+5 924 +3
(ps/cm)
Viscosity 746 £2 784+5 79212 826+3
(cp)

fast approach to form well-dispersed Ag nanoparticles in
polymer solutions [19,46,47].

3.2. Formation of Ag/PAN nanofibers

Table 1 shows the properties of AgNO3/PAN solutions
with different AgNOs; concentrations (wt.% in the entire
solution) before and after plasma treatment. It is seen that
the AgNOs concentration is positively correlated with solu-
tion conductivity [48]. The solution conductivity also in-
creases after plasma treatment due to the transition from
silver ions to metallic silver. Solution viscosity increases
with the addition of AgNOs. After plasma treatment, the
solution viscosity also increases slightly, due to the forma-
tion of Ag nanoparticles.

SEM images of nanofibers electrospun from plasma-
treated solutions are shown in Fig. 4. It is seen that Ag/
PAN hybrid nanofibers are smooth and continuous, with

diameters in the range of 200-600 nm. At higher Ag con-
centration, the diameters of electrospun nanofibers are
slightly smaller than those prepared at lower concentra-
tions. This is because at a higher Ag concentration, the
solution conductivity is higher and the electrospun fila-
ment is attenuated more by the electric field during elec-
trospinning process.

Fig. 5a shows a high-magnification SEM image of Ag/
PAN hybrid nanofibers, in which the Ag nanoparticles can
be observed on the surface of the nanofibers. Fig. 5b shows
the EDX spectra of these nanofibers. The peak for elemen-
tal Ag is additional evidence for the formation of Ag
nanoparticles.

The distribution of Ag nanoparticles in the Ag/PAN hy-
brid nanofibers was further observed under TEM (Fig. 6).
It is seen that Ag nanoparticles are uniformly dispersed
across the entire nanofiber matrix. Most of the nanoparti-
cle diameters range between 3 and 6 nm (Fig. 6b).

3.3. Silver ion release

For silver-based antibacterial materials, the most criti-
cal factor is the silver release behavior, which can inhibit
the growth of bacteria. It has been reported that a steady
and prolonged release of silver at a concentration level as
low as 0.1 part per billion (ppb) can render effective anti-
microbial activity [49]. In this work, silver release rates of
Ag/PAN nanofibers were investigated in deionized water.
In an aqueous environment, the Ag nanoparticles embed-
ded in the nanofibers are released into the solution in form

Fig. 4. SEM images of Ag/PAN hybrid nanofibers prepared from plasma-treated AgNO3/PAN solutions. AgNO3 concentration: (a) 0.5%, and (b) 1.25%.
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of silver ions. The released silver ions were detected by AAS
spectra. Fig. 7 shows the silver release profiles of Ag/PAN
hybrid nanofibers over 10 days. The release rate (i.e., the
slope of the curve) is relatively high in the first few days
and then decreases and levels off after 6 days. The Ag nano-
particles on the surface of nanofibers are readily available
to react with water. After the initial release of surface sil-
ver, the release process transitions to a diffusion-based re-
lease from nanoparticles embedded inside the nanofiber
matrix. The cumulative release over 10 days for the AgNO3
concentrations of 0.5% and 1.25% was approximately 45
and 70 ppm, respectively, The silver release rate and
cumulative release amount indicate that Ag/PAN nanofi-
bers prepared by plasma pre-treatment can release suffi-
cient silver to exhibit sustained antibacterial activity.

tion. AgNO concentration: 1.25%. in Figs. 8 and 9, respectively, for Gram-positive and

Gram-negative microorganism tests. The absence of
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Fig. 6. (a) TEM image, and (b) size distribution of silver nanoparticles in Ag/PAN nanofibers prepared from plasma-treated AgNO3/PAN solution. AgNO3
concentration: 1.25%.
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Fig. 7. Silver ion release behaviors of Ag/PAN nanofibers prepared from plasma-treated AgNOs/PAN solutions. AgNO3 concentration: (a) 0.5%, and (b) 1.25%.

Table 2
Antibacterial test results of nanofibers on Gram (+) (B. cereus) microorganism.

Organism  Pure PAN Ag/PAN nanofibers Ag/PAN nanofibers Ag/PAN nanofibers AgNOs/PAN nanofibers
only nanofibers ~ from plasma-treated  from plasma-treated  from plasma-treated 1.25%  from untreated 1.25%
0.5% AgNO3;/PAN 1.25% AgNO5;/PAN AgNO;/PAN solution, AgNOs3/PAN solution,
solution solution after 7-day release after 7-day release
Log (CFU/ml)  6.59 6.52 0.00 0.00 0.00 5.46
Log reduction  0.00 0.07 6.59 6.59 6.59 1.13

Table 3
Antibacterial test results of nanofibers on Gram (-) (E. coli) microorganism.

Organism  Pure PAN Ag/PAN nanofibers Ag/PAN nanofibers Ag/PAN nanofibers AgNOs3/PAN nanofibers
only nanofibers  from plasma-treated from plasma-treated  from plasma-treated  from untreated 1.25%
0.5% AgNO3/PAN solution 1.25% AgNO3/PAN 1.25% AgNO3/PAN AgNOs3/PAN solution,
solution solution, after after 7-day release
7-day release
Log(CFU/ml) 6.67 6.31 0.00 0.00 0.00 5.08
Log reduction 0.00 0.36 6.67 6.67 6.67 1.59

Fig. 8. Antibacterial test plates of B. cereus (a) before, and (b) after treatment with Ag/PAN nanofibers prepared from plasma-treated AgNO3/PAN solution.

AgNO; concentration: 1.25%.
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colony-forming units on the plates exposed to Ag/PAN hy-
brid nanofibers suggests a complete kill.

The antibacterial activities of nanofibers electrospun
from both plasma-treated and un-treated 1.25% AgNOs/
PAN solutions were compared (Tables 2 and 3). After
7 days of release in aqueous solution, the nanofibers elec-
trospun from plasma-treated solution (i.e., Ag/PAN nanofi-
bers) maintained a high level of antibacterial effectiveness.
However, in the case of nanofibers electrospun from un-
treated solution (i.e., AgNO3/PAN nanofibers), only slight
antibacterial activity can be observed after 7 days of re-
lease in aqueous solution.

TEM images of the inner structures of nanofibers (from
plasma-treated and un-treated AgNOs/PAN solutions) after
7 days in deionized water are shown in Fig. 10. For AgNO3/
PAN nanofibers electrospun from untreated solution, the
water-soluble AgNOs is released quickly (Fig. 10a) and
the antibacterial activity does not last for 7 days (Tables
2 and 3). For Ag/PAN nanofibers electrospun from the plas-
ma-treated solution, Ag nanoparticles are still visible in the
nanofiber matrix after 7 days in water (Fig. 10b) and the
antibacterial activity is still high. TEM analysis and results
from antibacterial test confirm that the durable

antibacterial properties of Ag/PAN nanofibers electrospun
from the plasma-treated solution are due to the reduction
of the AgNO3 to metallic silver, and not simply due to the
diffusion of silver ions from the salt.

4. Conclusion

Atmospheric plasma was shown to be a quick and
effective method to reduce silver salt into Ag nanoparti-
cles, within 5 min, in a polymer solution without the
addition of adverse chemicals. Antibacterial electrospun
Ag/PAN nanofibers were successfully prepared by elec-
trospinning plasma-treated AgNO3/PAN solutions. SEM,
EDX and TEM images demonstrated the formation of Ag
nanoparticles and their uniform dispersion in the nanofi-
ber matrix. The resultant Ag/PAN nanofibers showed
excellent antibacterial activity against both Gram-positive
and Gram-negative microorganisms. These nanofibers also
exhibited good durability in antibacterial activities. After
7 days of release in aqueous solution, the nanofibers pre-
pared from plasma-treated solution still retained strong
antibacterial activity. The antibacterial nanofibers have
potential applications including implant scaffolds, chemi-

a

b

Fig. 9. Antibacterial test plates of E. coli (a) before, and (b) after treatment with Ag/PAN nanofibers prepared from plasma-treated AgNOs/PAN solution.

AgNO; concentration: 1.25%.

Fig. 10. TEM images of (a) AgNO3/PAN nanofibers prepared from untreated AgNO3/PAN solution, and (b) Ag/PAN nanofibers prepared from plasma-treated

AgNOs5/PAN solution. AgNO; concentration: 1.25%.
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cal and biological protection, medical devices, and
biotextiles.
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