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A B S T R A C T

Bombyx mori silk fibroin (BMSF), a natural protein polymer, has increasingly gained research interest as pro-
mising biomaterial in drug delivery application due to its excellent biological and physiochemical properties. In
this study, antibiotic loaded silk/PVA core-shell nanofibers has been prepared followed by surface modification
using homogeneous oxygen (O2) dielectric barrier discharge (DBD) plasma at atmospheric pressure. Polyvinyl
alcohol (PVA) is used as the shell material whereas amoxicillin trihydrate is loaded into the silk solution (AMOX-
BMSF) and the mixture is used as core material for fabricating core-shell nanofibers. O2 DBD plasma treatment
induces surface hydrophilicity in AMOX-BMSF/PVA nanofibers due to incorporation of polar functional groups
onto the surface as revealed from X-ray photoelectron spectroscopy (XPS) analyses. The O2 DBD plasma treat-
ment facilitates formation of hydrogen bonds on the surface of the nanofibers resulting in better mechanical
behavior of the nanofibers. The DBD plasma treated nanofibers show relatively faster biphasic drug profile than
the untreated nanofibers with prolonged antibacterial activities against Gram-negative Escherichia coli and Gram-
positive Staphylococcus aureus bacteria. The results demonstrate that O2 DBD plasma surface modified AMOX-
BMSF/PVA nanofibers can be explored as mechanically enhanced wound dressing in treatment of skin and
wound Infections.

1. Introduction

Controlled release systems for drug delivery have emerged as pro-
mising approach for applications in biotechnology, medicine and
modern healthcare [1,2]. Significant research interest has been fo-
cussed on design and development of these drug delivery systems into
drug-loaded wound dressings [3–5]. These wound dressings can ac-
celerate the wound healing process by delivering the drug directly to
the targeted site, thereby improving bioavailability and maintenance of
drug concentration within the therapeutic window [6,7]. The major
advantage of local drug delivery is its ability to achieve maximum and
sustained local concentrations of drug without large systemic doses,
thus minimizing systemic toxicity [7]. Drug loaded wound dressings
have been developed from both natural and synthetic polymers and
successfully used in skin wound healing. Among various available drug-
loaded wound dressings, core-shell polymeric nanofibers with excellent

drug release behavior are considered as promising materials due to
their high mechanical strength and drug-encapsulation efficiency, good
pH and thermoresponsive behaviors, ability to reduce the burst release
and maintain sustain release of drug thereby preventing bacterial
contamination to the infected site or a prolong period of time and
promote rapid wound healing [8–10].

Core-shell nanofibers are prepared by coaxial electrospinning
technique in which two different polymer solutions are spanned si-
multaneously [8]. The major advantage of coaxial electrospinning is its
ability to use an electrospinnable polymer as a carrier (shell) to produce
nanofibers with core material comprising either non-electrospinnable
polymer or material of low molecular weight such as drugs or a mixture
of both [8,10]. The shell protects the drug from sudden and un-
controlled burst release and with proper selection of shell material and/
or its thickness it is possible to control the release rate thereby facil-
itating sustained release of drug to the targeted site till the wound
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healing process is completed.
Surface modification of polymeric biomaterials to tailor drug

loading and release behavior by cold atmospheric pressure plasma
(CAPP) treatment has drawn considerable research interest over the
past few years due to their promising clinical applications [11,12].
Plasma is a partially ionized gas composed of electrons, ions, excited
gas molecules, atoms, free radicals and photons [13]. This environ-
ment-friendly technique can modify the surface properties and surface
chemistry of polymers without affecting their bulk characteristics [13].
In addition, CAPP surface modification enables prompt processing of
polymers with shorter treatment time as compared to wet surface
modification and elimination of sophisticated and expensive vacuum
systems [11]. CAPP treatment introduces various functional groups on
the polymer surface that improve biocompatibility or allow im-
mobilization of various drugs and bioactive molecules onto the treated
surface. Such physico-chemical modifications by CAPP treatment in-
fluence the rate of water penetration and/or molecular chain mobility
of the drug loaded polymer matrix, which eventually controls the drug
release from the polymer [7,11–13].

The aim of this present study is to investigate the influence of
oxygen (O2) dielectric barrier discharge (DBD) plasma treatment on
surface chemistry of core-shell nanofibers prepared from amoxicillin
trihydrate-loaded silk fibroin (used as the core solution) and PVA (used
as the shell solution) via coaxial electrospinning process and their in
vitro drug release behavior. Silk fibroin is a fibrous protein derived from
the Bombyx mori silkworm and has amphiphilic characteristics, com-
prising hydrophilic, amorphous regions and hydrophobic, crystalline
domains that form a β-sheet secondary structure. Bombyx mori silk fi-
broin (BMSF) possesses good mechanical strength, elasticity, bio-
compatibility, and controllable biodegradability which make it an at-
tractive biomaterial for tissue engineering and drug delivery
applications [14,15]. On the other hand, PVA, a synthetic water soluble
biopolymer, has attracted considerable attention in biomedical appli-
cations due to its biodegradability, biocompatibility, non-toxicity, good
chemical stability and excellent film/fiber forming properties [16]. The
effect of O2 DBD plasma and O2 DBD plasma-emitted UV radiation on
the crystalline structure of BMSF/PVA nanofibers is studied in this
work. Moreover, the drug release behavior of both the O2 DBD plasma
treated and untreated core-shell AMOX-BMSF/PVA nanofibers are in-
vestigated and the results are correlated with surface chemistry and
surface properties. The antimicrobial activities of the core-shell AMOX-
BMSF/PVA nanofibers, before and after O2 DBD plasma treatment, are
further evaluated against both Gram-negative Escherichia coli and
Gram-positive Staphylococcus aureus bacteria.

2. Materials and methods

2.1. Materials

Silk cocoons from domesticated Bombyx mori silk are supplied by
Central Silk Board, Guwahati, India. Fully hydrolyzed polyvinyl alcohol
(PVA) has been purchased from Merck, India. (Mw=145 kDa). Sodium
bicarbonate (NaHCO3, ≥99%), Dulbecco’s modified eagle's medium
(DMEM), dimethyl sulfoxide (DMSO, ≥99%), Acetic acid (glacial,
≥99%) and phosphate buffered saline (PBS) are supplied by Sigma
Aldrich, USA. Amoxicillin hydrochloride trihydrate (AMOX) and
Lithium Bromide (LiBr, ≥99%) are purchased from BR Biochem Life
Sciences, India and Tokyo Chemical Industries, Japan, respectively.
Dialysis membrane (12–14 kDa molecular weight cut off) is supplied by
Himedia, India. All chemical reagents are analytical reagent grade and
used as received. A Millipore Milli-Q system (USA) is used to produce
ultrapure distilled water.

2.2. Methods

2.2.1. Preparation of precursors solution
The raw Bombyx mori silk cocoons are cut into small pieces and

degummed for 30min by boiling in 0.2 M aqueous solution of NaHCO3

followed by thorough rinsing with de-ionized distilled water and air
dried at room temperature [14]. The BMSF, as obtained after degum-
ming process, is then dissolved in 9.3M aqueous LiBr solution with
mass to liquid ratio 1:4 (BMSF:LiBr) and kept in an oven at 60 °C for 4 h.
The silk solution is then dialyzed against deionized distilled water using
12–14 kDa molecular weight cut off cellulose membrane for 72 h fol-
lowed by centrifugation (5000 rpm). The final protein concentration of
the dialyzed silk solution is calculated to be 6.7% (w/v). AMOX is then
slowly added to the silk solution at a concentration 2000 µg/ml with
mild stirring for 15min. The AMOX loaded BMSF (BMSF-AMOX) so-
lution is then stored at 4 °C till further use. A 10% (w/v) PVA aqueous
solution is prepared by stirring PVA powder in water at 80 °C for 3 h.
The solution is allowed to stand overnight at room temperature to re-
move air bubbles before electrospinning.

2.2.2. Electrospinning of core-shell nanofibers
Core-shell AMOX-BMSF/PVA nanofibers are fabricated from the

above precursors solution via coaxial electrospinning process as shown
in the (Fig. 1(A)). The 10% (w/v) PVA solution is added to a 10ml
syringe, which is connected to the outer 20 G needle (inner diameter:
0.41mm, outer diameter: 0.71mm) and AMOX-BMSF solution is filled
with another 10ml syringe connected to the inner 24 G needle (inner
diameter: 0.31mm, outer diameter: 0.56mm). Each syringe is placed in
separate syringe pumps which permit adjustment and control of solu-
tion flow rate. The syringe pumps deliver PVA and AMOX-BMSF solu-
tions at controlled flow rates of 0.4ml/h and 0.1 ml/h, respectively. A
high voltage of 22 kV is applied across the outer needle via an alligator
clip and the electrospinning solution is drawn out from spinneret and
forms a compound Taylor cone with a core-shell nanostructure of co-
axial jet. A square stainless steel plate (150mm×150mm) covered
with aluminum foil is used as a static collector and connected to the
ground. The core-shell nanofibers are collected on the aluminum foil at
a tip-to-collector distance of 150mm under the ambient conditions
(temperature: 25 °C and relative humidity: 50%). The prepared nano-
fibers are kept in a vacuum desiccator for further characterization.

2.2.3. DBD plasma treatment
The DBD system operating at atmospheric pressure under ambient

conditions (temperature: 25 °C and relative humidity: 50%) is presented
schematically in Fig. 1(B). The discharge is produced between two
copper electrodes (250mm×250mm), placed within a square en-
closure. The upper electrode is connected to a high voltage source
(0–40 kV, 50 Hz, Zenoics Systech, India), while the lower electrode is
connected to earth. Both the electrodes are covered with quartz plates
(thickness= 2mm, surface area= 250mm×250mm) and the
grounded electrode can be adjusted vertically to change the discharge
gap. The O2 (Assam Air Products, purity> 99.99%) gas is allowed to
enter the discharge chamber and the gas flow rate is controlled by a
digital mass flow controller (Alicat Scientific, USA). The samples are
placed on the lower electrode, while O2 gas (flow rate: 2 slpm) flows
between the electrodes. In this work, discharge uniformity in the O2

DBD plasma is monitored using a digital single-lens reflex camera
(DSLR, Nikon D7200) with the exposure time of 1/8000 s mounted on a
stable optical platform. The plasma discharge is observed from the side
view of the discharge chamber. Optical images obtained at applied
voltage of 15 kV, discharge gap of 6mm and different interval of time
periods (10–60 s) is shown in Fig. 1(C). It is observed that under these
discharge conditions, stable homogeneous DBD without filaments is
obtained at atmospheric pressure and the discharge spreads uniformly
in the gap and covers the entire surface cross section of the quartz plates
[17–19].
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2.2.4. Characterization techniques
The surface morphologies of the AMOX-BMSF/PVA nanofibers, be-

fore and after O2 DBD plasma treatment, are observed by field emission
scanning electron microscope (FESEM, Zeiss, Sigma, Germany), trans-
mission electron microscope (TEM, JEOL 2100, USA) and atomic force
microscope (AFM, NTEGRA Vita, NT-MDT Spectrum Instruments,
Russia). For FESEM observation, the samples are cut from electrospun
mat collected on aluminum foil and sputter-coated by an ultrathin layer
of gold/palladium alloy (SC7620, Emitech) in a low vacuum. The
average diameter of the nanofibers is determined by measuring 150
nanofibers selected randomly from the FESEM images using ImageJ
software. To confirm formation of the core-shell structure, the nanofi-
bers are observed using TEM in ultrahigh vacuum condition with a
resolution of 0.2 nm. For TEM observation, the nanofibers are directly
deposited onto carbon-coated Cu grid. The AFM images are obtained by
digital multimode scanning probe microscope (SPM) equipped with a
nanoscope IVA controller (resolution: horizontal, 0.2 nm and vertical,
0.01 nm). The images are taken in tapping mode at a scanning rate of
1 Hz (scan size: 3 μm×3 μm). The rms roughness of the nanofibers is
measured by NOVA image analysis software.

The chemical compositions of AMOX-BMSF/PVA and AMOX-BMSF/
PVA/O2 nanofibers are analyzed using attenuated total reflectance
Fourier transform infrared (ATR-FTIR) spectroscopy (IMPACT 410,
NICOLET, USA). The spectra are obtained from a 200 μm diameter
sampling area, using an average of 200 scans, at 4 cm−1 spectral re-
solution. Spectra are collected in transmittance mode with spectral re-
gion of 4000–650 cm−1. The elemental compositions on the surface of
nanofibers are characterized by X-ray photoelectron spectroscopy (XPS)
(VG ESCA spectrometer system with Mg X-ray source, Omicron,
Germany). With Mg Kα line (1253.6 eV), detailed spectra are collected
followed by high-resolution scan of relevant core level and valence
level photoemission peaks of all the main elements.

The mechanical strength of AMOX-BMSF/PVA and AMOX-BMSF/
PVA/O2 nanofibers are evaluated using a universal testing machine

(INSTRON 4204) at a constant speed of 10mmmin−1 with a 10 kN load
(temperature: 25 °C and relative humidity: 50%). The specimens are cut
into strips of 10 mm×50mm (thickness= 0.25mm) and a gauge
length of 20mm is considered. For each sample, data is taken for five
times and the average of Young’s modulus of elasticity; tensile strength
and elongation at break (%) are evaluated from stress-strain curves. The
data are presented as average ± standard deviation (SD).

The wettability of AMOX-BMSF/PVA and AMOX-BMSF/PVA/O2

nanofibers is measured by contact angle (using the sessile drop method)
measurement system (Data Physics OCA 20, Germany). The system is
equipped with a software operated high precision liquid dispenser to
precisely control the drop size of the used liquid. Small droplets of
deionized water and diiodomethane (1 μl) are dropped on the nanofi-
bers through a computer controlled process and the image is taken
immediately. Each image of the drop is then stored via a CCD video
camera, using a PC based acquisition and data processing system. As the
measurement of the contact angle is obtained from the image that is
captured immediately, the effect of evaporation on the real measure-
ment can be ignored. In this experiment, five point measurements on
each sample are randomly performed and the result is reported as
mean ± standard deviation (SD).

Surface energy (γs) of AMOX-BMSF/PVA and AMOX-BMSF/PVA/O2

nanofibers is calculated by OWRK method using the following equation
[20],

= +γ γ γS S
p

S
d (1)

where γs
p and γs

d are polar and dispersive components of the surface
energy, γs respectively. To determine γs from Eq. (1), contact angles
corresponding to two liquids, deionized water (polar liquid) and diio-
demethane (dispersion liquid) are first evaluated and then the polar and
dispersive components are calculated from the following set of equa-
tions [21],

Fig. 1. (A) Schematic representation of the process for core-shell AMOX-BMSF/PVA nanofibers fabrication by coaxial electrospinning. (B) Schematic diagram of DBD
system. (C) Discharge images (exposure time: 1/8000 s) of O2 DBD plasma at different observation periods (10–60 s).
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where θD and θW are the contact angles obtained from diiodemethane
and deionized water respectively.

2.2.5. Drug release study
The AMOX release profile from AMOX-BMSF/PVA and AMOX-

BMSF/PVA/O2 nanofibers is investigated by immersing specific amount
of the sample in 10ml phosphate-buffered saline (PBS, pH=7.4) at
37 °C. After certain interval of time, 1ml aliquots are collected and
replaced with equal volume of fresh PBS to maintain sink conditions.
The amount of drug released to the PBS medium is determined from a
calibration curve of AMOX in PBS by measuring the UV absorbance of
the removed aliquots (UV–visible spectrophotometer, Shimadzu, UV
1800, Japan) at a wavelength of 273 nm. The percentage drug release
from the test sample is calculated from the following relation,

= ×m
m

Amount of drug release (%) 100t

0 (3)

where mt is the amount of AMOX released at specific time t and m0 is
the total amount of drug loaded in the test sample. Three replicates are
performed in this experiment and the results are presented as the
mean ± standard deviation (SD).

To investigate the release kinetics of AMOX from AMOX-BMSF/
PVA/O2 nanofibers, the experimental results are fitted with different
mathematical models specifically zeroth order, first order, second
order, Korsmeyer-Peppas and Weibull method and the best fit is de-
termined against highest value of correlation coefficient, R2. In this
work, the following Weibull model is selected to be the best fitted
model with highest R2 value for both AMOX-BMSF/PVA and AMOX-
BMSF/PVA/O2 nanofibers. This mathematical model is also suitable for
describing drug release from polymer matrix [22],

= − −F e1 t
a
b

(4)

where F is the fraction of drug released to the PBS medium at specific
time t, b describes the shape of the drug release curve and =KH a

1 de-
notes the release rate constant.

2.2.6. Antibacterial study
The antibacterial activities of the O2 DBD plasma treated and un-

treated AMOX-BMSF/PVA nanofibers are evaluated using agar disk
diffusion method with strain of Gram positive S. aureus (ATCC 6633)
and Gram negative E. coli (ATCC 25922) bacteria. The bacteria are first
inoculated into Luria Bertani (LB) nutrient broth (1% peptone, 0.5%
yeast extract, 0.5% NaCl, pH 7.0) and kept in an incubator at 37 °C.
Bacterial cultures are prepared on solidified Mueller-Hinton agar
(MHA) dispensed into sterile Petri dishes with proper care to ensure
uniform growth throughout the dish. The samples, each having the
dimension of 10mm×10mm, are placed on agar plates and pressed
lightly against the surface of the agar using a sterilized forceps. After
incubation in a bacteriological oven at 37 °C for 24 h, the growth in-
hibition is quantified by calculating the size of each sample inhibition
zone. The experiment is carried out in triplicate and repeated thrice and
the result is reported as mean ± standard deviation (SD).

3. Results and discussion

3.1. Surface morphological analyses

The effect of O2 DBD plasma treatment on AMOX-BMSF/PVA na-
nofibers morphology is investigated and analyzed using FESEM images
and the results are shown in Fig. 2(A) and (B). All the fibers with their
diameters are in the nanoscale range and are observed to be randomly
oriented. Besides, uniform and beads-free morphology of AMOX-BMSF/

PVA and AMOX-BMSF/PVA/O2 nanofibers are observed and there are
no obvious changes to the nanofiber surfaces after O2 DBD plasma
treatment. The average diameter of AMOX-BMSF/PVA and AMOX-
BMSF/PVA/O2 nanofibers is calculated to be 348 ± 2 nm and
349 ± 1 nm, respectively. It is evident that O2 DBD plasma treatment
does not induce significant changes in the topological structure of the
nanofibers.

To verify the formation of core–shell structure of AMOX-BMSF/PVA
nanofibers and observe the morphologies of the nanofibers, before and
after O2 DBD plasma treatment, TEM images are obtained and shown as
insets in Fig. 2(A) and (B). The sharp contrast at the vicinity of the core
and shell confirms the formation of the core/shell fibers where the
inner dark region corresponds to AMOX-BMSF and the outer light re-
gion is recognized as PVA. The TEM images further confirm that AMOX
is successfully incorporated and confined into the core region and does
not diffuse into PVA during electrospinning process. The average dia-
meter of AMOX-BMSF/PVA nanofibers shown in the TEM image is
evaluated at 349 ± 2 nm with a core diameter of 233 ± 1 nm. For
AMOX-BMSF/PVA/O2 nanofibers, no significant change in the diameter
is observed as a result of O2 DBD plasma treatment and the average
diameter is evaluated at 350 ± 2 nm with a core diameter of
234 ± 1 nm.

The AFM images and surface roughness profiles of AMOX-BMSF/
PVA and AMOX-BMSF/PVA/O2 nanofibers are further presented in
Fig. 2(C)–(F). AFM image analyses reveal root mean square (rms)
roughness values of 4.0 ± 0.2 nm and 10.0 ± 0.2 nm for AMOX-
BMSF/PVA and AMOX-BMSF/PVA/O2 nanofibers, respectively. The
increase in surface roughness after O2 plasma treatment is further
confirmed through surface profile analyses of AMOX-BMSF/PVA and
AMOX-BMSF/PVA/O2 nanofibers (Fig. 2(E) and (F)). The higher sur-
face roughness of AMOX-BMSF/PVA/O2 nanofibers can be attributed to
the etching of the surface by reactive oxygen ions that are generated in
the discharge chamber during O2 DBD plasma treatment. The increase
in surface roughness is expected to provide high surface area for better
wettability and stronger interfacial bonding for AMOX-BMSF/PVA/O2

nanofibers.

3.2. Contact angle measurements

The wettability of polymer surface can be described by inter-
molecular interaction with the liquid phase that characterizes the de-
gree of wetting of a solid surface by a liquid droplet and is controlled by
its chemical structure and surface topography or roughness [23]. Sur-
face wettability can directly influence the interactions of polymers with
cells in terms of adhesion, proliferation, viability and differentiation
thereby eventually affecting their biocompatibility [24]. The water
contact angle on AMOX-BMSF/PVA and AMOX-BMSF/PVA/O2 nano-
fibers and the corresponding surface energy results are shown in
Fig. 3(A) and (B). It is evident that O2 DBD plasma treatment sig-
nificantly improves wettability of AMOX-BMSF/PVA/O2 nanofibers by
lowering the value of water contact angle from 73° ± 2° to 25° ± 2°
and subsequently increasing surface energy from 47 ± 2mJ/m2 to
68 ± 2mJ/m2 respectively. The observation clearly indicates in-
corporation of oxygenated functional groups that are generated during
O2 plasma treatment onto the surface of AMOX-BMSF/PVA/O2 nano-
fibers. These polar functional groups then strongly interact with water
molecules resulting in a decrease in contact angle as depicted in the
schematic (inset) in Fig. 3(A) [25–27]. The improvement in surface
wettability of AMOX-BMSF/PVA/O2 nanofibers can be further asso-
ciated with surface roughness which is observed to be increased after
O2 DBD plasma treatment, as revealed from AFM analyses [23].

3.3. Chemical analyses

The ATR-FTIR spectra of AMOX, BMSF, PVA and AMOX-BMSF/PVA
nanofibers are shown in Fig. 4(A). The ATR-FTIR spectrum of AMOX
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shows absorption bands at 3412 cm−1, 3167 cm−1 and 3033 cm−1

which correspond to hydrogen-bonded OH stretching, NeH stretching
of secondary amines/OH stretching and CH stretching of aromatic ring
[28]. The peak at 2972 cm−1 is assigned to asymmetric CH stretching
vibration of alkyl groups [28]. The absorption peak at 1776 cm−1 is
characteristic of β-lactum ring of AMOX and corresponds to C]O
stretching vibration [29,30]. The C]O stretching vibration (amide I),
NeH bending of the secondary amine/C]C stretching of aromatic ring
and CeN stretching of primary amine are assigned to the absorption
peaks at 1688 cm−1, 1482 cm−1 and 1250 cm−1, respectively [31]. The
peaks at 1572 cm−1 and 1398 cm−1 are attributed to asymmetrical and
symmetrical stretching vibration of carboxylate (COO−) groups, re-
spectively [31]. The ATR-FTIR spectrum of BMSF shows absorption
band centered at 3282 cm−1 which arises due to the overlapping of
NeH and OeH stretching vibrations of the primary amino groups and
OeH stretching vibration (H-bonded) of hydroxyl groups [31]. The
characteristic peaks of BMSF corresponding to amide I, amide II and
amide III are observed at 1620 cm−1, 1512 cm−1 and 1224 cm−1, re-
spectively [32]. For better comparison, the ATR-FTIR spectrum of PVA
is further included in Fig. 4(A). A broad peak centered at 3296 cm−1 is

attributed to stretching vibrations of OH from the intramolecular and
intermolecular hydrogen bonds in PVA [33]. The peaks observed at
2941 cm−1 and 2910 cm−1 are assigned to the symmetric and asym-
metric CH stretching vibration of alkyl groups, respectively [33–35].
The characteristic vibration bands of carbonyl groups are found at
1735 cm−1 (C]O stretching vibration), 1657 cm−1 (CeO stretching
vibration) and 1564 cm−1 (C]C stretching vibration) whereas the
peaks observed at 1427 cm−1, 1375 cm−1, 1325 cm−1, 1245 cm−1 and
1092 cm−1 are assigned to the CH2 bending vibration, CH stretching,
CH deformation vibration, CH wagging and CeO stretching of acetyl
groups, respectively [33–35]. The presence of carbonyl group (C]O) at
1735 cm−1 is related to the residual acetate groups that remains after
the manufacture of PVA from the hydrolysis of polyvinyl acetate [36].
The vibrational modes of CeC stretching and CH2 stretching are ob-
served at 947 cm−1 and 848 cm−1 [35]. The characteristic absorption
bands/peaks of PVA nanofibers are observed in the ATR-FTIR spectrum
of AMOX-BMSF/PVA nanofibers whereas those corresponding to BMSF
and AMOX are found to be absent as revealed from Fig. 4(A). These
findings thus confirm the successful formation of AMOX-BMSF/PVA
nanofibers with AMOX-BMSF as the core and PVA as shell material.

Fig. 2. FESEM images of (A) AMOX-BMSF/PVA and (B) AMOX-BMSF/PVA/O2 nanofibers. The insets show the TEM images of AMOX-BMSF/PVA and AMOX-BMSF/
PVA/O2 nanofibers, respectively. (C) and (D) AFM topography images and (E) and (F) surface roughness profiles of AMOX-BMSF/PVA and AMOX-BMSF/PVA/O2

nanofibers (FESEM image, scale: 1 μm; TEM image, scale: 100 nm).
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Fig. 3. (A) Contact angle and (B) surface energy measurement of AMOX-BMSF/PVA and AMOX-BMSF/PVA/O2 nanofibers. The schematic diagram shown in the inset
of (A) depicts the interactions among the polar groups present on the surfaces of AMOX-BMSF/PVA/O2 nanofibers and water molecules. θ is the measured contact
angle with respect to the surface as shown in the inset.

Fig. 4. ATR-FTIR spectra of (A) AMOX, BMSF, PVA and AMOX-BMSF/PVA nanofibers and (B) AMOX-BMSF/PVA and AMOX-BMSF/PVA/O2 nanofibers. (C)
Schematic diagram illustrates surface functionalization of PVA by O2 DBD plasma that results in formation of different polar groups and subsequent interaction of the
polar groups among themselves and with the molecular chains of PVA though hydrogen bonds.
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The effect of O2 DBD plasma treatment on surface chemistry of
AMOX-BMSF/PVA nanofibers is further investigated and the results are
presented in Fig. 4(B). In ATR-FTIR spectrum of AMOX-BMSF/PVA/O2

nanofibers, the OH stretching absorption band is observed to be broa-
dened and shifted towards lower wavenumber (3285 cm−1) which in-
dicates incorporation of polar functional groups and formation of hy-
drogen bonding on the surface of PVA after O2 DBD plasma treatment.
It has been reported that OH stretching vibration is sensitive to hy-
drogen bonding and the formation of hydrogen bond is usually ac-
companied by shifting of the hydroxyl absorption band
(3650–3000 cm−1) towards lower wavenumber [37,38]. The intensities
of the absorption peaks at 1375 cm−1 and 1245 cm−1 are found to be
significantly reduced which may be accounted for abstraction of hy-
drogen from alkyl groups by reactive oxygen species (O, O2, O2

− etc.)
[39]. These species are generated during O2 plasma treatment and in-
teract chemically with PVA thereby causing hydrogen abstraction and
formation of oxygen-containing (polar) functional groups at the surface.
A schematic illustration of surface functionalization of PVA through
formation of polar groups by O2 plasma and subsequent interaction of
the functional groups among themselves and with PVA molecular
chains though hydrogen bonding is shown in Fig. 4(C). The in-
corporation of oxygen-rich functional groups at the surface of AMOX-
BMSF/PVA/O2 nanofibers is further evident by observing a shift in
absorption band corresponding to C]O and CeO stretching vibrations
towards lower wavenumbers, i.e. 1728 cm−1, 1646 cm−1 and
1081 cm−1, respectively. These observations clearly show that O2 DBD
plasma treatment facilitates formation of more hydrogen bonds in
AMOX-BMSF/PVA/O2 nanofibers though incorporation of oxygen
containing functional groups onto the surface.

The surface chemistry of AMOX-BMSF/PVA and AMOX-BMSF/PVA/
O2 nanofibers is further analyzed by XPS. The variation of atomic
compositions and the oxygen/carbon (O/C) ratio of the nanofibers are
presented in Table 1. It is observed that O2 DBD plasma treatment re-
sults in an increase in oxygen content and subsequent decrease in
carbon content on the surface of AMOX-BMSF/PVA/O2 nanofibers.
Also, O/C ratio for AMOX-BMSF/PVA/O2 is observed to be higher as
compared to AMOX-BMSF/PVA nanofibers. The results confirm that
oxygen-containing functional groups are incorporated onto the surface
of AMOX-BMSF/PVA/O2 nanofibers after O2 DBD plasma treatment.

To gain more insight into the surface chemistry of AMOX-BMSF/
PVA and AMOX-BMSF/PVA/O2 nanofibers, the high resolution C1s and
O1s XPS spectra of the samples are fitted in different peaks
(Fig. 5(A)–(D)). As seen from Fig. 5(A), the C1s spectrum is resolved and
fitted into three components corresponding to the peaks at 283.5 eV
(CeC), 284.8 eV (CeH) and 286.6 eV (CeO), respectively while two
new components corresponding to the peaks at 287.3 eV (C]O) and
288.2 eV (OeC]O), respectively are observed for AMOX-BMSF/PVA/
O2 nanofibers. On the other hand, the O1s spectrum of AMOX-BMSF/
PVA nanofibers shows the presence of one component corresponding to
the peak at 531.4 eV (CeO) whereas the resolved O1s spectrum of
AMOX-BMSF/PVA/O2 nanofibers reveals presence of two additional
peaks at 530.2 eV (C]O) and 533.8 eV (OeC]O), respectively. The
relative percentage concentration of components of the resolved C1s

and O1s spectra is shown in Table 2. It is evident that O2 DBD plasma
treatment indeed results in incorporation of oxygen containing func-
tional groups (C]O and OeC]O) onto the surface of AMOX-BMSF/

PVA/O2 nanofibers. Besides, due to the effect of O2 plasma etching, the
reactive oxygen ions abstract hydrogen from alkyl group leading to
subsequent decrease in the relative percentage of CeC and CeH com-
ponents on the surface of AMOX-BMSF/PVA/O2 nanofibers.

3.4. Structural analyses

The XRD analyses of BMSF/PVA nanofibers are carried out to in-
vestigate the effect of O2 DBD plasma and O2 DBD plasma-emitted UV
radiation on the crystal structure of the nanofibers. For this purpose,
The BMSF/PVA nanofibers are completely covered with magnesium
fluoride (MgF2) window (Edmond optics, USA, spectral range:
120–400 nm, diameter: 20mm, thickness: 2 mm) as shown in Fig. 6(A).
This arrangement allows the UV radiation to pass through the MgF2
window but prevents the plasma species (electrons, ions, excited mo-
lecules etc.) from interacting with the nanofibers. The BMSF/PVA na-
nofibers covered with MgF2 window are then exposed to O2 plasma at
the same discharge conditions as described earlier. The XRD curves of
BMSF/PVA and BMSF/PVA/O2 nanofibers and UV radiation treated
BMSF/PVA (BMSF/PVA/UV) nanofibers are shown in Fig. 6(B). The
XRD curves show two broad peaks at around 13° and 21°, respectively.
The first peak corresponds to the crystalline structure of PVA whereas
the second peak arises due to the overlapping of β-sheet crystalline
structure of BMSF and PVA. It is evident that UV radiation treatment
does not induce any structural change in BMSF/PVA nanofibers.
Moreover, no remarkable differences in the crystalline structure of
BMSF/PVA nanofibers could be observed after O2 plasma treatment
thereby underlining the merit of low temperature plasma in surface
modification process where plasma treatment only tailors the surface
chemistry without affecting inherent physical structure of the polymer.
The results show that UV radiation plays an insignificant role in af-
fecting the crystalline structure of BMSF/PVA nanofibers and suggest
that UV radiation emitted by DBD plasma is most likely to be absorbed
by O2 molecules at atmospheric pressure which may subsequently re-
sult in generation of oxygen containing functional groups, as revealed
from XPS spectra analyses. It has been reported that non-thermal at-
mospheric-pressure plasmas are typically not very effective sources of
high-energy UV radiation below 290 nm [40]. Even in sterilization
process, in the case of low temperature atmospheric plasmas, it is the
highly reactive species such as O, OH, and NO2 that play the most
crucial role in the destruction of microorganisms whereas the effect of
UV radiation and heat is minimal [41,42]. However, Low-pressure
plasma discharges can provide significant UV radiation in the range of
wavelengths (200–290 nm) effective not only in sterilization but also in
surface modification of polymers [40,43,44].

3.5. Mechanical properties

In this study, the tensile strength, Young’s modulus and elongation
at break (%) of AMOX-BMSF/PVA nanofibers are measured before and
after O2 DBD plasma treatment and the results are summarized in
Fig. 7(A) and (B). Fig. 7(A) shows the typical stress-strain curves for
AMOX-BMSF/PVA and AMOX-BMSF/PVA/O2 nanofibers. From the
results shown in Fig. 7(B) the tensile strength increases from
5.0 ± 0.2MPa for AMOX-BMSF/PVA nanofibers to 6.0 ± 0.2MPa for
AMOX-BMSF/PVA/O2 nanofibers. Besides, O2 DBD plasma treatment
results in an increase in Young’s modulus of the nanofibers from
12.0 ± 1.4MPa to 45.0 ± 2.0MPa. The remarkable improvement in
the mechanical properties of AMOX-BMSF/PVA/O2 nanofibers is at-
tributed to the hydrogen bond interactions among different polar
groups and also between the polar groups and PVA molecular chains
thereby leading to enhanced interfacial interaction and efficient load
transfer in the nanofibers [45,46]. However, elongation at break (%) is
observed to be decreased from 38% to 32% thereby indicating an in-
crease in stiffness and rigidity in molecular chains within AMOX-BMSF/
PVA/O2 nanofiber matrix.

Table 1
Atomic compositions and the oxygen/carbon (O/C) ratio of the deconvoluted
C1s and O1s high resolution XPS spectra of AMOX-BMSF/PVA and AMOX-
BMSF/PVA/O2 nanofibers (means ± standard deviation (SD)).

Sample C O O/C

BMSF-AMOX/PVA 55.0 45.0 0.8
BMSF-AMOX/PVA/O2 43.0 57.0 1.3
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3.6. Drug release study

The drug release profiles of AMOX-BMSF/PVA and AMOX-BMSF/
PVA/O2 nanofibers have been studied in PBS and the results are shown
in Fig. 8(A). It is observed that AMOX-BMSF/PVA and AMOX-BMSF/
PVA/O2 nanofibers show drug release up to 40% and 24% respectively,
after 24 h of immersion in PBS. The release profile of each nanofibers is
also fitted with Weibull model to investigate the release kinetics of
AMOX. The drug release rate constant (KH) as determined by fitting the
experimental data with the kinetic drug model is found to be 1.0 h−1

and 1.2 h−1 respectively corresponding to AMOX-BMSF/PVA and
AMOX-BMSF/PVA/O2 nanofibers. The results thus predict faster release
of AMOX from AMOX-BMSF/PVA/O2 nanofibers as compared to
AMOX-BMSF/PVA nanofibers. The AMOX release profile from AMOX-
BMSF/PVA nanofibers shows a continuous and steady rise of drug re-
lease (60%) up to the observation period of 200 h after which a plateau
is reached. On the other hand, for AMOX-BMSF/PVA/O2 nanofibers,
the release profile shows a relatively rapid drug release (54%) as
compared to AMOX-BMSF/PVA nanofibers after 55 h of immersion
followed by a sustained release (62%) up to the observation period of
120 h and finally a plateau is reached. The observed fast release of drug
can be explained in terms of enhanced surface hydrophilicity of AMOX-
BMSF/PVA/O2 nanofibers and higher rate of degradation of PVA in PBS

medium. As a result, more release of drug takes place in PBS medium
from the surface of BMSF. To confirm increase in degradation of PVA
after O2 DBD plasma treatment, degradation behavior of both AMOX-
BMSF/PVA and AMOX-BMSF/PVA/O2 nanofibers are investigated in
PBS medium. As revealed from the results shown in Fig. 8(B), AMOX-
BMSF/PVA/O2 nanofibers show higher degree of degradation as com-
pared to AMOX-BMSF/PVA nanofibers therefore corroborating the
above observations. The sustain release of drug from both AMOX-
BMSF/PVA and AMOX-BMSF/PVA/O2 nanofibers up to the observation
period of 314 h can be attributed to the swelling of BMSF in PBS
medium thereby allowing penetration of PBS and subsequent diffusion
of AMOX from silk matrix.

3.7. Antimicrobial test

The antibacterial activities of AMOX-BMSF/PVA and AMOX-BMSF/
PVA/O2 nanofibers are revealed by clearly visible zone of inhibition (L)
against bacterial (E. coli and S. aureus) growth after 24 h of observation
period as shown in Fig. 9(A)–(D). The results show that O2 DBD plasma
treatment improves antibacterial activities of AMOX-BMSF/PVA/O2

nanofibers against E. coli and S. aureus. The high antibacterial activities
of AMOX-BMSF/PVA/O2 nanofibers may be attributed to the enhanced
surface hydrophilicity induced by O2 DBD plasma treatment which

Fig. 5. Deconvoluted C1s and O1s high resolution XPS spectra of (A), (B) AMOX-BMSF/PVA and (C), (D) AMOX-BMSF/PVA/O2 nanofibers, respectively.

Table 2
Relative concentration (%) of components of the deconvoluted C1s and O1s high resolution XPS spectra of AMOX-BMSF/PVA and AMOX-BMSF/PVA/O2 nanofibers
(means ± standard deviation (SD)).

Sample Relative concentration (%)

C1s O1s

283.5 eV (CeC) 284.8 eV (CeH) 286.6 eV (CeO) 287.3 eV (C]O) 288.2 eV (OeC]O) 530.2 eV (C]O) 531.4 eV (CeO) 533.8 eV (OeC]O)

BMSF-AMOX/PVA 41 48 11 – – – 100 –
BMSF-AMOX/PVA/O2 38 43 9 3 7 7 60 33
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causes faster release of AMOX as compared to AMOX-BMSF/PVA na-
nofibers. The experimental results further show that the AMOX-BMSF/
PVA/O2 nanofibers maintain similar zone of inhibition against both the
bacteria up to 48 h followed by a regular decrease in the size of zone of
inhibition up to 240 h and after that complete bacterial growth is ob-
served on the nanofibers (Fig. 9(E) and (F)). However, during the entire
period of observation (220 h), AMOX-BMSF/PVA/O2 nanofibers show
higher zone of inhibition against E. coli and S. aureus bacteria as com-
pared to that observed for AMOX-BMSF/PVA nanofibers. The

prolonged antibacterial activities of AMOX-BMSF/PVA and AMOX-
BMSF/PVA/O2 nanofibers against both E. coli and S. aureus bacteria are
attributed to the sustained release of AMOX from the silk matrix as
evident from earlier discussion. The results suggest that AMOX-BMSF/
PVA/O2 nanofibers can be more effective to inhibit the bacterial growth
and subsequently prevent bacterial infection at the incised skin through
controlled release of AMOX to the targeted site.

Fig. 6. (A) Experimental arrangements to observe the effect of UV radiation on BMSF/PVA nanofibers in DBD system. (B) XRD spectra of BMSF/PVA, BMSF/PVA/O2

and BMSF/PVA/UV nanofibers.

Fig. 7. (A) Strain-stress curves of AMOX-BMSF/PVA and AMOX-BMSF/PVA/O2 nanofibers. (B) Tensile strength, Young’s modulus and elongation at break of AMOX-
BMSF/PVA and AMOX-BMSF/PVA/O2 nanofibers.

Fig. 8. (A) Variation of AMOX release (%) in PBS medium as a function of observation time. (B) Variation of degradation (%) of AMOX-BMSF/PVA and AMOX-BMSF/
PVA/O2 nanofibers in PBS medium as a function of observation time. Values represent mean ± SD of 3 batches.
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4. Conclusion

The fabrication of core-shell AMOX-BMSF/PVA nanofibers followed
by surface modification using homogeneous O2 DBD plasma at atmo-
spheric pressure has been carried out. O2 DBD plasma treatment in-
duces hydrophilicity to AMOX-BMSF/PVA/O2 nanofibers due to in-
corporation of polar functional groups at the surface. The strong
hydrogen bond interactions among polar groups and also between polar
groups and PVA molecular chains enhances interfacial interaction and
subsequently results in improving the mechanical properties of AMOX-
BMSF/PVA/O2 nanofibers. O2 plasma and O2 plasma-emitted UV ra-
diation do not seemed to induce any crystalline structural change in
AMOX-BMSF/PVA nanofibers. This study demonstrates that O2 DBD
plasma treatment is an effective and favorable approach to alter the
surface chemistry of AMOX-BMSF/PVA/O2 nanofibers which allows
fast release of AMOX from the nanofibers mat and improve its anti-
bacterial activities against both Gram-negative (E. coli) and Gram-po-
sitive (S. aureus) bacteria. These mechanically strong AMOX-BMSF/
PVA/O2 nanofibers can be explored as promising drug-release wound
dressings with excellent antibacterial activity for preventing bacterial
infection at the incised skin.
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