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ABSTRACT: In this study, we are introducing a new class
of Polyurethane (PU) nanofibers containing silver nanopar-
ticles (NPs) by electrospinning. A simple method not
depending on the addition of foreign chemicals has been
used to self-synthesize of silver NPs in/on PU nanofibers.
Typically, a sol—gel consisting of AgNO;/PU/N,N-dime-
thylformamide (DMF) has been electrospun and aged for a
week, so silver NPs have been created in/on PU nanofibers.
Syntheses of silver NPs were carried out by exploiting the
reduction ability of the DMF solvent which is the main
constituent to obtain PU electrospun nanofibers in decom-
position of silver nitrate precursor into silver NPs. Physio-
chemical characterizations confirmed well oriented
nanofibers and good dispersing of pure silver NPs. Various
parameters affecting utilizing of the prepared nanofibers on
various nano-biotechnological fields have been studied. For

instance, the obtained nanofiber mats were checked for me-
chanical properties which showed the improvement of the
tensile strength upon increase in silver NPs content. More-
over, the nanofibers were subjected to 10 times successive
washing experiments with using solid to liquid ratio of 3 :
5000 for 25 h, UV spectroscopy analysis reveals no losses of
silver NPs from the PU nanofibers. 3T3-L1 fibroblasts were
cultured in presence of the designed nanofibers. The mor-
phological features of the cells attached on nanofibers were
examined by BIO-SEM, which showed well attachment of
cells to fibrous mats. The cytotoxicity results indicated
absence of toxic effect on the 3T3-L1 cells after cell culturing.
© 2009 Wiley Periodicals, Inc. ] Appl Polym Sci 115: 3189-3198, 2010
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INTRODUCTION

Generally, formation of super-bugs is the main prob-
lem upon the frequent use of the antibiotics. Because of
genetic transformations, the pathogenic microorgan-
isms are becoming more resistant against present anti-
biotics." To have complete removal of pathogenic
strains during wound healing process, there is a need
to have an alternate strategy. Silver has been used since
ancient times for purpose of wound healing materials.
When silver comes in contact with microorganisms, it
leads to sudden distortion of cell wall which later
causes death of these organisms, and therefore, pro-

Correspondence to: N. A. M. Barakat (nasbarakat@yahoo.
com) or H.-Y. Kim (khy@chonbuk.ac.kr).

Contract grant sponsor: Korean Ministry of Education,
Science and Technology (The Regional Core Research
Program/Center for Healthcare Technology &
Development, Chonbuk National University, Jeonju
561-756, Republic of Korea).

Journal of Applied Polymer Science, Vol. 115,3189-3198 (2010)
© 2009 Wiley Periodicals, Inc.

gressive steps are made for future use of these silver
based materials.”> Silver is considered to have broad-
spectrum antimicrobial activities against many gram-
negative and gram-positive bacterial strains. The mech-
anism for development of minimal resistance against
silver has been well documented.’ This ability to create
minimal or no resistance in microorganisms can lead
them to replace nonpotent antibiotics.” Besides its anti-
microbial activity, it has been found that the use of sil-
ver based dressing materials enhances epithelialization
in clean wounds of animal model, which indicates a
synergistic effect of silver ions for antimicrobial and
wound dressing agents.” Modification of silver and its
compounds is important to be applicable in various
medical and paramedical fields, which is quit challeng-
ing for scientists till now. Recently, studies had been
carried out to modify the silver so that it can be used in
various applications such as an antimicrobial filters,6
wound dressing materials,7 water disinfectan’ts,8 chem-
ical sensors,9 and protective cloths.'®

An interesting strategy has been exploited to for-
mulate silver in an applicable form is that incorpo-
rating of silver nanoparticles (NPs) on polymeric
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nanofiber matrix. In this regard, electrospinning
technique has been paid considerable attention due
to producing fibers having diameter in the range of
few microns to nanometer level by applying high
electric fields.""™"® Nanofibers received from this
technique have been drawn attention due to their
small diameter web like nature which mimic the to-
pology of extracellular matrix present in human
body, and therefore, are used as scaffolds in tissue
engineering.'* Not only the silver NPs do have soli-
tary importance but also the polymer matrix plays a
distinct role, so, many polymers have been
exploited. Generally, for the purpose of using a
polymer as antimicrobial and wound healer mate-
rial, it should have the following characters; good
mechanical properties, water insolubility, appropri-
ate pore size, non invasive to human cells so as to
support the epithelialization. Recently, many poly-
mers have been utilized; like cellulose acetate,' pol-
y(acrylonitrile),'® poly(caprolactone),'” poly(methyl
methacrylate),'® poly(vinyl alcohol),'” and polyimide
fibers.”” Unfortunately, all the reports in such a field
have focused only on the synthesizing procedure
and ignored some important parameters affecting
utilizing the final products in nano-biotechnological
applications, for instance:

1. Effect of the incorporated silver nanoparticles
on the mechanical properties of the final

matrix.

2. Fixedness of the obtained silver nano-
particles.

3. Interactions of these nanofibers with bio-
entities.

Therefore, preparing of silver NPs/polymer nano-
fiber matrix with taken in consideration all the afore-
mentioned parameters was the aim of the present
study. Poly(urethane) (PU) is thermoplastic and has
excellent mechanical properties®’ and water insolu-
ble polymer,” moreover, it can be used as biomate-
rial. As aforementioned, nano-fibrous shape strongly
modifies the characteristics of any material. There-
fore, these polymer nanofibers do have tremendous
applications in various fields; biosensors,” protec-
tive cloths,” and epithelial enhancing material.*
There are various articles regarding electrospinning
in which PU has been modified as such which it can
be used as antimicrobial fibers.?®*” However, accord-
ing to our best knowledge, there is no report dealing
with producing PU nanofibers/silver NPs to exploit
their prompt features to be used in epithelialization
process. In this work, silver nitrate/PU sol—gel was
electrospun. It is noteworthy mentioning that, the
silver NPs/PU nanofiber matrices have been pre-
pared without using any reducing agent to produce
pure silver NPs. N,N-Dimethylformamide (DME),
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which is a main constituent for production of
smooth PU nanofibers® has been exploited for this
task. Moreover, evaluation of the obtained nanofiber
matrices for morphological properties crystalline
structure and mechanical strength were investigated.
Also, stagnancy of the obtained silver NPs and cell
cytotoxicity of fibroblasts were checked. According
to the obtained results, one can say that the pre-
pared silver NPs/PU nanofibers matrix could be
properly used as recommended candidate for many
biological applications such as prolonged wound
dressing materials, filter membranes, etc.

EXPERIMENTAL WORK
Materials

Polyurethane (PU, MW = 110,000, medical grade)
and silver nitrate (AgNO;) were purchased from
Cardio Tech. Intern. Japan, and Junsei Chemical,
Japan, respectively. Tetrahydrofuran (THF) and N,N-
dimethylformamide (DMF) (analytical grade, Showa
Chemicals, Japan,) were used as solvents without
further purification. For cell cytotoxicity test, murine
3T3-L1 fibroblasts were purchased from ATCC. The
cells were cultured in DMEM (ATCC) supplemented
with 10% fetal bovine serum (Gibco, USA), with 2
mL glutamine, 100 pug/mL penicillin, and 100 pg/
mL streptomycin (Sigma).

Characterization

The morphology of the nanofiber mats had been an-
alyzed by JEOL JSM-5900 scanning electron micro-
scope, JEOL, Japan. The average diameter and diam-
eter distribution were obtained by using image
analyzer (Image-Proplus, Media Cybrernetics). Addi-
tionally, morphologies were assayed by field-emis-
sion scanning electron microscope (FE-SEM, Hitachi
S-7400, Japan). Transmission electron microscopy
(TEM) was done by JEOL JEM 2010 (TEM) operating
at 200 kV, JEOL, Japan. The electrical conductivity of
the polymer/precursor mixture was measured by
EC meter CM 40 G Ver 1.09 (DKK TOA, Japan). The
mechanical properties of the nanofiber mats were
investigated by universal testing machine (UTM,
AG-5000G, Shimadzu, Japan) under a crosshead
speed of 5 mm/min. Samples were prepared in the
form of standard dumbbell shaped according to
guidelines of ASTM standard via die cutting from
nonwoven mats and tested in the machine direction
at least five specimens were tested for each sample.
Information about the phase and crystallinity was
obtained by wusing Rigaku X-ray diffractometer
(XRD, Rigaku, Japan) with Cu Ko (A = 1.540 A) radi-
ation over Bragg angle ranging from 30 to 80°. UV-
Visible measurements were performed by using HP
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8453 UV-Visible spectroscopy system (Germany), the
absorbance was measured from 400 nm to 1100 nm;
wavelength. The spectra obtained were analyzed by
HP ChemiStation software 5890 series.

To investigate fibroblast proliferation on the nano-
fiber mats, the cell morphologies were examined by
Bio-SEM (Hitachi, Japan). Cell cultured samples
were fixed in 2.5% glutaraldehyde in a phosphate
buffer (pH 7.4) for 1 h at room temperature, dehy-
drated through a series of graded ethanol, dried
under vacuum, mounted onto aluminum stubs, and
sputter coated with osmium.

Procedure

Fabrication of nanofibers by electrospinning

Pure PU 10 wt % was prepared by stepwise dissolv-
ing in THF and DMF. Initially, PU pellets were over-
night dissolved in THF after that DMF was added to
produce final sol—gel containing 10 wt % of PU in
THE/DMF (1 : 1, w/w). AgNO3;/DMF solutions
were prepared and added to the PU sol—gel to have
final mixtures containing silver nitrate of 2, 5, 7, and
10 wt %; with respect to the polymer. A care was
taken to protect the samples from light. A high volt-
age power supply (CPS-60 K02V1, Chungpa EMT,
Republic of Korea), capable of generating voltages
up to 60 kV, was used as a source of electric field.
Polymer solution to be electrospun was supplied
through a glass syringe attached to a capillary tip.
The copper wire originating from positive electrode
(anode) connected with graphite pin was inserted
into the polymer solution and a negative electrode
(cathode) was attached to a metallic collector.
Briefly, the solutions were electrospun at 20 kV volt-
age and 15 cm working distance (the distance
between the needle tip and the collector). The
as-spun fibers were stored for 1 week then vacu-
ously dried for 24 h to remove the residual solvents.

Cell culture studies

To find the capabilities of the designed nanofibers
for use in wound healing and to use as safe water
filter membranes, cell culture studies were per-
formed. Briefly, round dick shaped nanofiber mats
measuring diameter of 1 x 1 cm having thickness of
around 1 pm were cut by cork borer. The nanofiber
mats were sterilized by ethylene oxide gas (EO gas)
method for 8 h prior to cell seeding. Samples were
loaded in 6-well cell culture plate (Costar) and were
seeded with cells under aseptic conditions. The cell-
seeded disks were maintained at humidified atmos-
phere of 95% air and 5% CO, at 37°C. After every 1
day, exhausted culture media was replaced with
fresh media to grow cells in a continuous phase.

During cell culturing, cell viability and morphologi-
cal changes occurring were visibly monitored by
inverted light microscope (Olympus Optical) as pre-
cautionary measures. Briefly, all the nanofiber com-
positions were checked for cell interactions for 4
days. Further on samples were analyzed for further
investigations.

Cytotoxicity

Evaluation of the cytotoxicity was performed by the
MTT assay. Briefly, 3T3-L1 cells were inoculated on
culture media supplemented with 10% fetal bovine
serum and antibiotics in 6 well culture plates and
incubated in a humidified atmosphere containing
5% CO, at 37°C for 24 h.?’ After the cell culture,
media was collected and utilized for colorimetric
analyses. About 50 uL. of MTT solution (5 mg/mL in
PBS) were added to each well. The plates were incu-
bated for an additional 4 h at 37°C. Next, MTT con-
taining medium was aspirated off and 450 pL of
DMSO were added to dissolve the crystals formed
by living cells. Absorbance was measured at 570 nm,
using a spectrophotometer (SpectraMax flourometer
with SoftMax Program Molecular Probes). The cell
viability (%) was calculated according to the follow-
ing equation as Cell viability (%) = [intensity (OD)
measured at 570 (sample)/intensity (OD) 570 (con-
trol)] x 100. The cytotoxicity PU containing silver
NPs was evaluated in comparison with pristine
nanofiber containing 0% of silver NPs.

RESULTS AND DISCUSSION

Previous works have indicated that DMF has the
ability to reduce some metallic precursors to the cor-
responding metal NPs,***" particularly, this organic
solvent has been exploited to synthesize silver NPs
from silver nitrate at room temperature without
using any catalyst.*"*> Moreover, as aforementioned,
DMF is a main solvent to obtain PU nanofibers.”®
Therefore, we have exploited these observations to
self-synthesize silver NPs within PU/(THF/DMF)
electrospun nanofiber mats. To get full decomposi-
tion of silver nitrate into silver NPs, after electro-
spinning; the nanofiber mats were stored for 1 week,
during this storing time; visible changes in color was
observed in the electrospun mats. These mats exhib-
ited light pinkish to light brown color due to reduc-
tion of silver salts into silver NPs.

Figures 1 and 2 show SEM and FE-SEM images
for all nanofiber formulations. As sown in Figure 1,
PU/AgNO; produces smooth and bead-free nanofib-
ers. Observable NPs can be noticed with high silver
nitrate contents (Figs. 1 and 2, panels D and E). It is
noteworthy mentioning that the average nanofibers
diameter was decreasing with increasing the silver

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 1 Scanning electron microscopy images of the PU nanofibers containing different amounts of silver nitrate: 0%
(A), 2% (B), 5% (C), 7% (D), and 10% (E) silver nitrate with respect to PU.

nitrate content in the sol—gel. Figure 3(A) shows the
frequency diameter distribution for the prepared
nanofiber mats. An acceptable explanation for this
phenomenon was provided by many previous works

concluded that salts play an important role in
decreasing of the fiber diameter during electrospin-
ning.*>** To prove these findings; we analyzed the
conductivities of PU/silver nitrate solutions and the

Figure 2 Field-emission scanning electron microscopy images of the PU nanofibers containing different amounts of silver
nitrate: 0% (A), 2% (B), 5% (C), 7% (D), and 10% (E) silver nitrate with respect to PU. Inset in the panel (E) represents
high magnification image of 10% silver nitrate content. [Color figure can be viewed in the online issue, which is available

at www.interscience.wiley.com.]

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 3 (A) Average frequency size distribution of
nanofibers for all compositions. (B) Effect of silver nitrate
content in silver nitrate/PU mixture on the conductivity of
the sol—gel and the average diameter of the electrospun
nanofiber mats.

corresponding average diameter of the obtained
nanofibers. At this stage, Figure 3(B) represents the
effect of silver nitrate content on conductivity and
consequently on the average diameter of nanofibers.
It indicates that the conductivity of the polymeric so-
lution increases with increasing the silver nitrate
content in the sol-gel. However, the fiber diameter
decreases gradually upon the addition of silver
nitrate. Actually, increase in the salt concentration
results in increase in the conductivity of the poly-
meric solution, which leads to high charge values
during electrospinning process and possibly forming
thinner fiber diameter.**

The typical XRD patterns for pristine and PU com-
posite nanofiber mats are presented in Figure 4. The
diffraction peaks at 20 values of 38.11, 44.27, 64.42,
and 77.47° corresponding to (111), (200), (220), and
(311) crystal planes implies the persistence of crystal-
line silver NPs (JCDPS, card no 04-0783). As shown
in Figure 4, all the standard peaks of pure silver are
observed in the case of nanofibers obtained from
PU/silver nitrate sol-gels. While as in case of pris-
tine ones no such peaks were observed as compared
with other modified counterparts. This indicates that

the obtained nanofiber mats from PU/silver nitrates
sol-gels do have silver particles and simultaneously
confirming ability of DMF as reducing agent. More-
over, it can also be observed from this figure that,
the intensity at (111) main plane in the standard sil-
ver crystal lattice (at 20 values of 38.11°) increases
with increasing the silver nitrate content in the origi-
nal sol—gel, which leads to more silver NPs in the
electrospun nanofiber mats.

Figure 5 shows the TEM images of the PU nano-
fibers containing silver NPs after electrospinning. As
observed in all the combinations ranging from 2, 5,
7, to 10 wt %, nearly spherical silver NPs. Another
observation can be also noticed when TEM images
are compared with FE-SEM ones that the NPs den-
sity is higher in TEM images than FE-SEM for all sil-
ver nitrate contents. By taking in consideration that
the electron beam in TEM analysis passes through
the nanofibers, so, it can detect the silver NPs incor-
porated inside the nanofibers, however, in case of
SEM and FE-SEM only the surface morphology is
investigated, consequently, we can say that the num-
ber of silver NPs inside the obtained nanofibers are
so many compared with the NPs synthesized on the
surface. For instance, as shown in Figure 2(B), which
reveals the nanofibers obtained from a sol-gels con-
taining 2% silver nitrate, no NPs can be observed,
however, in the corresponding TEM image [Fig.
5(A)] some crystalline NPs are clearly appeared.
This observation might add good character to the
prepared nanofiber matrix, since some authors have
been proofed that PU is biodegradable® so with
time passing more silver NPs will appeared which
enhance the antibacterial activity and epithelization
process for the prepared nanofiber mats. It is note-
worthy mentioning that no stabilizers or dispersants
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Figure 4 XRD results of obtained nanofiber mats, the per-
centage in the brackets above the curves represent the sil-
ver nitrate content in the original electrospun solutions.
[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 5 Transmission electron micrographs of the prepared nanofibers obtained from silver nitrate/PU sol—gels con-
taining different amounts of silver nitrate: 0% (A), 2% (B), 5% (C), 7% (D), and 10% (E) silver nitrate with respect to PU.
Inset in the panel (E) represents high magnification image of 10% silver nitrate content. [Color figure can be viewed in
the online issue, which is available at www.interscience.wiley.com.]

agents have been invoked to get the well distributed
and unagglomerated obtained NPs, we think using
silver nitrate precursor as a solution, well mixing of
PU/silver nitrate solution, and the stretching force
during the electrospinning process are responsible
for getting such well dispersed silver NPs within the
PU nanofibers.

The obtained nanofibers were analyzed for the
mechanical properties by following our early devel-
oped method.* Figure 6 reveals the obtained stress—
strain curves. As shown in this figure, incorporating
silver NPs in PU nanofibers do have noticeable posi-
tive effect on the mechanical properties since the
fracture tensile strength increases with increasing
the silver NPs content. A typical reason for this can
be simply concluded due to decrease in the average
diameter of nanofiber mats upon increasing silver
nitrate content in the sol—gel [Fig. 3(B)]. Moreover,
it has been suggested by many reporters that the sil-
ver NPs could act as nano-sized fillers for improving
mechanical properties of polymer matrix.”’”*® There-
fore, we can say that improvement in mechanical
properties of the produced nanofibers is the results
of parallel efforts from decreasing of the average di-
ameter and incorporation of nano-sized fillers in the
polymer matrix. Improving the mechanical proper-
ties of the obtained silver NPs/PU nanofibers mats

Journal of Applied Polymer Science DOI 10.1002/app

strongly supports utilizing of prepared mats in
many versatile applications such as filter membranes
for water purification systems and wound dressing
cloths.

Surface plasmon resonance (SPR) is an interesting
feature for the metallic NPs colloids. SPR is a phe-
nomenon which occurs when light is reflected off thin
metal films or NPs. A fraction of the light energy inci-
dent at a sharply defined angle can interact with the
delocalised electrons in the metal surface (plasmon)
thus reducing the reflected light intensity.*” In more
details, when small metallic NPs are illuminated, the
oscillating electric field causes the conduction elec-
trons to oscillate coherently. In particular, silver and
gold metals are the most popular materials used in
this concern,* however, silver is most commonly uti-
lized,* because its d—s band gap is in the UV region
and does not damp out the plasmon mode as strongly
as for gold.*? This feature has been exploited by the
researches to detect silver NPs in any solution using
the UV-visible spectroscopy. Therefore, the polymeric
nanofibers should be dissolved by using a proper sol-
vent, then silver NPs can be spectroscopically
detected. In a case of silver NPs/PU nanofibers ma-
trix, THF has been used as solvent of the polymer
leaving out silver NPs suspended in the solution.
Figure 7(A) shows the obtained UV-Vis absorption



SILVER NANOPARTICLES IN POLYURETHANE NANOFIBERS 3195

30

Increasing the Ag NO, wrt Polymer
{a) Pristinc

{b) 2 wt%

{c) 5 wt%

{d) 7 wt%

(e) 10 wt%

Stress (MPa)

0 200 400 600 800 1000
Strain (%)

Figure 6 Stress over strain curves of the prepared silver
NPs/PU nanofibers matrix obtained from silver nitrate/
PU sol—gels containing different amounts of silver nitrate.

spectra of pristine PU and PU containing different
amounts of silver NPs solutions. As shown in this fig-
ure, the pristine nanofibers exhibited nearly no

Absorbance

T T T b T T LI i
400 Sy W To0 LU W ({0 oo

Wavelength (nm)

Absorbance

0 %

L] Ll LI LI LI LI
400 S0 L] Tk a0 00 10 (L

Wavelength (nm)

Figure 7 (A) UV-visible spectroscopy of silver NPs/PU
nanofibers matrix containing different amounts of silver
nanoparticles. (B) UV-visible spectroscopy for the same
mats after washing process.

absorption in the selected region, whereas nanofiber
containing silver NPs showed absorbance band in the
range of 450 nm and this absorbance is attributed to
the characteristic surface plasmon resonance of silver
NP.* Moreover, as can be observed from Figure 7(A)
also, the absorbance intensity directly proportions
with the silver content in the nanofibers that means
more silver NPs being present in the corresponding
formulations.

As shown in TEM and FE-SEM images, the syn-
thesized silver NPs are well dispersed along with
the nanofibers. Beside this, as was concluded from
the washing experiments, the silver Nps have good
stability in the polymeric matrix. Actually, we can
explain these interesting findings as follow: polyur-
ethane does have the ability to form hydrogen
bond,* so it is expected that this character will
enhance the distribution of the silver nitrate along
the polymeric matrix during the preliminary prepa-
ration of the electrospun solution as nitrate group
has oxygen atom. However, utilizing of DMF as a
solvent leads to reduce the silver nitrate into silver
metal as aforementioned, so zero oxidation state sil-
ver atoms will be produced and slightly agglomerate
to form small NPs. The later will be imprisoned
inside the polymer network chains. Considering we
are using single polymer, so the similar chains will
repel which results in formation of free spaces in the
polymer matrix enclosing the synthesized silver
NPs.* This hypothesis has been conducted with
other polymers/silver NPs composites. For instance,
well dispersion with very good stability of silver
NPs in polyvinylpyrrolidone, polyurethane, and
polyacrylonitrile polymers have been observed by
other researchers.****

Polymer matrix

Scheme 1 Conceptual illustrations for the microstructure
of the prepared silver NPs/PU nanofibers. [Color figure
can be viewed in the online issue, which is available at
www.interscience.wiley.com.]

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 8 Cell viability results after cell culture for 2, 3,
and 4 days.

As aforementioned, stagnancy of the silver NPs on
the polymer matrix is an important parameter for
utilizing the final product in the biotechnological
applications. In a case of silver NPs/PU nanofibers
matrix, to be sure that the nano silver present in
nanofiber is firmly bound inside the nanofibers and
will not be lost under harsh conditions like contact
with water, we performed series of wash experi-
ments; in that a pre-weighted amount of fiber was
washed with distil water at solid to liquid ratio of
3 : 5000 under vigorously stirring for 25 h. The dis-
tilled water was replaced by fresh one every 2.5 h.

S0 pm
—
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Finally, the washed nanofiber mats were dried in
vacuum and dissolved in equal amount of THF for
spectroscopic examination. Figure 7(B) represents
UV spectra for the washed nanofibers solutions.
Nearly, no difference between the spectra obtained
before and after washing with distilled water was
observed. As can be indicated from this figure, silver
NPs are still remaining in the washed nanofibers,
almost no losses in the silver NPs had taken place.
The absorbance intensities at 450 nm were not
changed due to washing by this huge amount of dis-
tilled water during this long time. These results sup-
port TEM analyses (Fig. 5) indicating that most of
the NPs are imprisoned inside the nanofibers. More-
over, these results also reveal that even the NPs
present on the surface are well attached with the
nanofibers since no change in the absorbance inten-
sity even for the high silver NPs content nanofibers
which contain many NPs on the outer surfaces (Fig.
1, panels D and E and Fig. 2; panels D and E).
Therefore, one can recommend these nanofibers for
long term contact with water operations; like antimi-
crobial water filters. As aforementioned, no stabiliz-
ing agents have been utilized to fix the produced sil-
ver NPs within the PU nanofibers, so, we are
proposing a conceptual illustration shown in Scheme
1 to explain the microstructure of polyurethane
nanofibers containing silver NPs. As shown in this

.\\. " h v )

10 pm §

50 pm

PRt
LA, :

S0 pm

Figure 9 BIO-SEM images of the nanofiber mats showing cell attachments after 4 days of culturing cells for the prepared
silver NPs/PU nanofiber matrices: 0% (A), 2% (B), 5% (C), 7% (D), and 10% (E). The inset in each figure shows high mag-
nification image. [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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scheme, the used branched PU polymer matrix
imprisons the generated silver NPs inside the poly-
mer web. Therefore, the silver NPs are well captured
and did not escape during the washing process.

Silver is a well known antimicrobial agent.” Tt is
also well established that PU enhances the epitheli-
zation.® Meanwhile, nitrates present in silver pre-
cursor is toxic to human body. To confirm that all
nitrate content is completely eliminated and simulta-
neously affirm that the prepared nanofiber mats will
not be toxic when utilized in biological or medical
applications, we cultured murine fibroblasts in pres-
ence of the nanofiber mats. At this stage, 3T3-L1
fibroblasts cells were cultured in presence of steri-
lized nanofibers. Figure 8 reveals the cell viability
quantitative analysis results. As can be indicated
from Figure 8, all the combinations of silver are
adequate for confluent growth of cells. Further on,
to confirm the findings of cell viability we checked
the morphological appearance of cells attachment on
nanofiber mats after 4 days of culture as photo-
graphed in Figure 9. From this figure, one can
clearly visualize the cell attachment and cell spread-
ing in the nanofiber matrix. This phenomenon of cell
growth on nanofiber membranes exactly matches
with previously reported literatures.*” Also, the
observed morphologies in all the nanofiber composi-
tions clearly support non toxic effect on cell prolifer-
ation. Therefore, beside the well known information
that silver NPs are strongly recommended as antimi-
crobial agent,” the cell cytotoxicity test results pro-
vide open permission to use the prepared silver
NPs/PU nanofibers in various medical and para-
medical applications.

CONCLUSION

Silver nitrate/PU sol—gel can be easily electrospun
by applying the same reported procedure for electro-
spinning of pure PU polymer. However, presence of
DMF can result to reduce AgNO; to silver NPs in
simple and biologically safe way. Therefore, silver
NPs/PU nanofibers matrix can be prepared. Interest-
ingly, presence of silver NPs in PU nanofibers dis-
tinctly improves the mechanical properties of the
nanofiber mats. Moreover, the obtained silver NPs
do have strong stagnancy since these NPs have not
been released after many times washing of the nano-
fiber mats by big amount of fresh water for long
time. Also, the cytotoxicity test has been conducted
to ensure that the nitrous compounds byproducts
have been completely removed from the prepared
nanofiber mats; the obtained results were satisfac-
tory. Avoiding using any foreign reducing chemi-
cals, improving the mechanical properties of the
final silver NPs/PU nanofibers matrix, and well sta-
bility of the NPs open a new avenue for the pre-

pared nanofibers to be used in many medical, para-
medical, and biotechnological applications.

The authors thank Mr. T. S. Bae, KBSI, Jeonju branch, and
Mr. Jong-Gyun Kang, Center for University Research Facil-
ity, for providing facilities to perform FE-SEM and TEM,
analyses, respectively.

References

1. Lambert, A. P. Adv Drug Deliv Rev 2005, 57, 1471.
2. Berger, T. J.; Spadaro, J. A.; Chapin, S. E.; Becker, R. O. Anti-
microb Agents Chemother 1976, 9, 357.

3. Silver, S. FEMS Microbiol Rev 2003, 27, 341.

. Nair, L. S.; Laurencin, C. T. ] Biomed Nanotech 2007, 3, 1.

5. Tian, J; Wong, K. K. Y.; Ho, C. M; Lok, C. N.; Yu, W. Y,;
Che, C. M.; Chiu, J. F,; Tam, P. K. H. Chem Med Chem 2007,
2, 129.

6. Trogolo, J. Filtr Sep 2006, 43, 28.

7. Innes, M. E.; Umraw, N.; Fish, J. S.; Gomez, M.; Cartotto, R. C.
Burns 2001, 27, 621.

8. Butkus, M. A.; Talbot, M.; Labare, M. P. Water Res 2005, 39,
4925.

9. Debono, R. F.; Helluy, A.; Heimlich, M.; Krull, U. J Sens
Actuators B 1993, 11, 487.

10. Jiang, S. Q.; Newton, E. C.; Yuen, W. M.; Kan, C. W. ] Appl
Polym Sci 2005, 96, 919.

11. Doshi, J.; Reneker, D. H. J Electrostat 1995, 35, 151.

12. Reneker, D. H.; Yarin, A. L. Polymer 2008, 49, 2387.

13. Wnek, G. E,; Carr, M. E.; Simpson, D. G.; Bowlin, G. L. Nano
Lett 2003, 3, 213.

14. Barnes, C. P,; Sell, S. A; Boland, E. D.; Simpson, D. G.; Bowl,
G. L. Adv Drug Deliv Rev 2007, 59, 1413.

15. Son, W. K; Youk, J. H,; Park, W. H. Polymer 2006, 65, 430.

16. Lee, H. K,; Jeong, E. H.; Baek, C. K.; Youk, J. H. Mater Lett
2005, 59, 2977.

17. Duan, Y,; Jia, J.; Wang, S.; Yan, W.; Jin, L.; Wang, Z. ] Appl
Polym Sci 2007, 106, 1208.

18. Kong, H.; Jang, J. Langmuir 2008, 24, 2051.

19. Hong, K. H; Park, J. L. Y,; Sul, I. H.; Youk, J. H.; Kang, T. J. J
Polym Sci Part B: Polym Phys 2006, 44, 2468.

20. Zhang, Q.; Wu, D.; Qi, S.; Wu, Z.; Yang, X; Jin, R. Mater Lett
2007, 61, 4027.

21. Kidoaki, S.; Kwon, 1. K.; Matsuda, T. ] Biomed Mater Res Part
B: Appl Biomater 2006, 76, 219.

22. Khlystalova, T. K.; Kurganova, M. N.; Demina, A. I; Petova,
M. B.; Tarakanov, O. G. Mech Compos Mater Struct 1986, 21,
763.

23. Han, J; Taylor, H. J. D,; Kim, D. S;; Kim, Y. S; Kim, Y. T,;
Cha, G. S.; Nam, H. Sens Actuators B 2007, 123, 384.

24. Hains, N.; Friscic, V.; Gordos, D. Int J Cloth Sci Technol 2003,
15, 250.

25. Khil, M. S.; Cha, D. I; Kim, H. Y.; Kim, I. S.; Bhattarai, N.
J. Biomed Mater Res B: Appl Biomater 2003, 67, 675.

26. Yao, C; Li, X,; Neoh, K. G.; Shi, Z,; Kang, E. T. ] Membr Sci
2008, 15, 259.

27. Jeong, E. H.; Yang, J.; Youk, ]. H. Mater Lett 2007, 61, 3991.

28. Zhuo, H.; Hu, J.; Chen, S.; Yeung, L. ]J. Appl Polym Sci 2008,
109, 406.

29. Bhattarai, S. R.; Bhattarai, N. P.; Viswanathamurthi, H. K;
Hwang, P. H.; Kim, H. Y. ] Biomed Mater Res A 2006, 78, 247.

30. Isabel, P. S.; Liz-Marzan, L. M. Pure Appl Chem 2000, 72, 83.

31. Isabel, P. S.; Liz-Marzan, L. M. Langmuir 1999, 15, 948.

32. Lala, N. L.; Ramaseshan, R.; Bojun, L.; Sundarrajan, S.; Bar-
hate, R. S.; Liu, Y. J.; Ramakrishna, S. Biotechnol Bioeng 2007,
97, 1357.

'S

Journal of Applied Polymer Science DOI 10.1002/app



3198

33.

34.

35.
36.

37.

38.

39.

40.

41.

Qin, X. H.; Yang, E. L.; Li, N.; Wang, S. Y. ] Appl Polym Sci
2007, 103, 3865.

Son, W. K; Ji, Y. H,; Lee, T. S.; Park, W. H. Polymer 2004, 45,
2959.

Guelcher, S. A. Tissue Eng Part B 2008, 14, 3.

Park, J. H.; Kim, B. S.; Yoo, Y. C.; Khil, M. S.; Kim, H. Y. ]
Appl Polym Sci 2008, 107, 2211.

Jang, M. W.; Kim, J. Y.; IThn, K. J. ] Nanosci Nanotechnol 2007,
7, 3990.

Kim, J. Y.; Shin, D. H.; Ihn, K. J. Macromol Chem Phys 2005,
206, 794.

Bohrem, C. F.; Huffman, D. R. Absorption and Scattering of
Light by Small Particles; Wiley-Interscience: New York, 1983.
Nikolajsen, T.; Leosson, T.; Salakutdinov, K.; Bozhevolnyi, S.
Appl Phys Lett 2004, 85, 5833.

Haynes, C. L.; Duyne, R. P. V. ] Phys Chem B 2003, 107, 7426.

Journal of Applied Polymer Science DOI 10.1002/app

42.

43.

44.

45.

46.
47.

48.

50.

SHEIKH ET AL.

Hodak, J. H.; Martini, L.; Hartland, G. V. ] Phys Chem B 1998,
102, 6958.

Patel, K.; Kapoor, S.; Davei, D. P.; Mukherjee, T. J. Chem Sci
2005, 11, 753.

Robin, L. M,; Amy, M. H.; Shaw, L. H.; Edward, D. T. A;;
Jacques, P.; Samuel, P. G. Macromolecules 2002, 35, 6970.
Napper, D. H., Eds. Polymeric Stabilization of Colloidal Dis-
persions; Academic Press: Orlando, Florida, 1993.

Zheng, M.; Gu, M,; Jin, Y.; Jin, G. Mater Res Bull 2001, 36, 853.
Lu, H. W,; Liu, S. H.; Wang, X. L;; Qian, X. F.; Yin, J.; Zhu,
Z. K. Mater Chem Phys 2003, 81, 104.

Zhang, Z.; Zhang, L.; Wang, S.; Chen, W.; Lei, Y. Polymer
2001, 42, 8315.

. Liang, D.; Hsiao, B. S.; Chu, B. Adv Drug Deliv Rev 2007, 59,

1392.
Atiyeh, B. S.; Costagliola, M.; Hayek, S. N.; Dibo, S. A. Burns
2007, 33, 139.



