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Abstract
The naturally obtained protein Bombyxmori silk is a biocompatible polymer with excellent mechanical properties and have 
the potential in controlled drug delivery applications. In this work, we have demonstrated dielectric barrier discharge (DBD) 
oxygen  (O2) plasma surface modified electrospun Bombyxmori silk/Amoxicillin hydrochloride trihydrate (AMOX)/polyvinyl 
alcohol (PVA) nanofibers for drug release applications with controlled plasma treatment duration (1–10 min). The find-
ings indicate that plasma treated electrospun nanofibers for 1–3 min exhibited significant enhancement in tensile strength, 
Young’s modulus, wettability and surface energy. The plasma treated electrospun nanofibers for 1–5 min showed remarkable 
increase in AMOX released rate, whereas the electrospun nanofibers treated with plasma irradiation beyond 5 min showed 
only marginal increase. Moreover, the plasma treated nanofibers also exhibited good antibacterial activity against both E. coli 
(gram negative) and S. aureus (gram positive) bacteria. The untreated and the plasma treated silk/AMOX/PVA electrospun 
nanofibers for 1–3 min showed enhanced viability of primary adipose derived mesenchymal stem cells (ADMSCs) growth 
on them and much less hemolysis activity (< 5%). The in vitro biocompatibility of various electrospun nanofibers were fur-
ther corroborated by live/dead imaging and cytoskeletal architecture assessment demonstrating enhanced cell adhesion and 
spreading on the plasma treated nanofibers for 1–3 min. The findings of the present study suggest that the silk/AMOX/PVA 
electrospun nanofibers with plasma treatment (1–3 min) due to their enhanced drug release ability and biocompatibility can 
be used as potential wound dressing applications.
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Graphic abstract

Article Highlights

• Effect of  O2 DBD plasma treatment time on the surface properties of silk/AMOX/PVA nanofibers.
• Plasma treatment time of 1 min shows the highest 

rate of surface modifications in terms of chemical, 
mechanical, wettability and surface energy improve-
ment.

• Increase in plasma treatment time up to 5 min results 
in continuous increasing drug release rate.

• The plasma treatment time does not cause any hemo-
lytic effect, also improved cell viability and cell attach-
ment with cell spreading is observed after 1−3 min of 
plasma treatment time.

Keywords Silk · Dielectric barrier discharge · Surface 
modification · Hydrophilicity · Drug delivery · 
Biocompatibility

Introduction

Polymeric electrospun nanofiber-based drug delivery sys-
tems have been explored widely due to their unique porous 
structure and high surface to volume ratio (Shababdoust; 
et al. 2018; Saeed et al. 2017). The nanoscale electrospun 
fibers were used in therapeutic targeted drug delivery with 

a wide range of drug release kinetics (Ojah et al. 2019a; 
Kajdic et al. 2019). However, the surface properties of any 
material have an important role to play in specific biologi-
cal applications as the surface of the material encounters 
the target (Nedela et al. 2017; Hetemi and Pinson 2017). 
It is not always likely to have all the desired properties in 
a single material. A few desired surface properties such 
as surface roughness, wettability, tensile strength etc., can 
be externally aided to a material using appropriate surface 
modification techniques (Molavi et al. 2020; Krishnakumar 
et al. 2019; Yoshida et al. 2013). Regarding this, the low 
temperature plasma surface modification of polymers have 
gained considerable research interest due to its energy effi-
cient and green approach (Das et al. 2018; Ojah et al. 2019a, 
b). The non-uniform and highly complex plasma species 
(electrons, ions, neutral atoms, reactive species, metastable 
states etc.) transfer energy to the polymer surface through 
direct collision with the surface, thereby introducing new 
and enhanced surface properties such as surface roughness, 
incorporation of polar functional groups, wettability, surface 
energy, higher mechanical strength etc. (Das et al. 2018; 
Ojah et al. 2019a).

Low temperature plasma irradiation technique has been 
shown in the past in surface modification of polymeric 
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materials (Meghdadi et al. 2019; Ojah et al. 2019a, b; Theap-
sak et al. 2010; Chutia et al. 2019). Recently, low tempera-
ture atmospheric pressure dielectric barrier discharge (DBD) 
plasma has been utilized widely in various fields of material 
processing such as etching, surface cleaning, polymeriza-
tion, surface modification, ozone generation, medical treat-
ments and in semiconductor devices etc. (Rezaei et al. 2016; 
Simor et al. 2010). The plasma generation in DBD is due 
to the application of a very high voltage in the order of kV 
(Foruzan et al. 2018; Balcon et al. 2007). The DBD plasma 
irradiation has gained increasing popularity in materials sur-
face engineering due to its low cost as it does not require any 
expensive and complicated vacuum arrangements and its 
simple structure (Ozkan et al. 2016; Xiaoping et al. 2012).

Plasma irradiation technique with a constant processing 
parameter was employed previously in surface modification 
of silk based biomaterials (Zhang et al. 2019; Choudhury 
et al. 2016; Ojah et al. 2019a, b). The versatile biopoly-
mer silk has inspired increasing interest in the field of bio-
medical, pharmaceutical, optic and optoelectronic devices 
due to its favourable and attractive properties (Tomeh et al. 
2019; Kundu et al. 2014). Silk exhibits high biocompat-
ibility, slow degradability with mild processing conditions 
which makes it suitable for developing into various forms 
such as films, hydrogels, nanofibers and scaffolds (Kundu 
et al. 2014). The primary structure of silk consists of three 
major amino acids, namely glycine (Gly), alanine (Ala) and 
serine (Ser) in a ratio of 3:2:1 (Dyakonov et al. 2012). The 
secondary structure of silk is characterized by amorphous 
random coil and anti-parallel hydrogen bonded β-sheet 
structure (crystallizable and hydrophobic) which eventually 
provides good stretchability excellent mechanical strength 
and biocompatibility with high thermal stability (~ 250 °C) 
(Pollini and Paladini 2020; Yucel et al. 2014). Moreover, 
the presence of amino and carboxylic groups in silk fibroin 
aids in bio-functionalization of ligands and biomolecules 
for targeted drug delivery (Tomeh et al. 2019). It is also 
reported that silk-based drug delivery systems has the ability 
to enhance the stability of loaded drugs and proteins (Tomeh 
et al. 2019). The silk-based biomaterials undergo gel for-
mation upon contact with aqueous media, thus diffusion of 
liquid into the silk matrix is followed by antibiotic parti-
cles released from the biomaterials (Dyakonov et al. 2012; 
Subia and Kundu 2012). Moreover, the silk fibroin has been 
recognized as good wound dressing biomaterial due to its 
ability of maintaining a moist environment at the wound 
site, proper air permeability and minimal inflammatory reac-
tion. Besides, it can provide improved cell attachment and 
proliferation at various stages of complete wound healing 
process (Chouhan and Mandal 2020; Pollini and Paladini 
2020; Dyakonov et al. 2012). It has also been reported that 
with addition of suitable antimicrobial agents, silk-based 
drug delivery systems have further advantages of overall 

improvement in mechanical properties, modification of drug 
release kinetics and enhanced cell adhesion with improved 
biocompatibility which can provide necessary supports for 
complete wound healing (Tomeh et al. 2019; Pollini and 
Paladini 2020). In the context of surface modification, it was 
reported that low temperature plasma can tailor the surface 
properties of silk-based biomaterials which eventually helps 
in better wettability, improved bioadhesion and higher drug 
loading efficiency (Ojah et al. 2019b; Ribeiro et al. 2016; 
Jeong et al. 2009). In addition to that, low temperature 
plasma has been found efficient in modulating the cell pro-
liferation and adhesion of silk-based nanofibrous membranes 
(Lee et al. 2014). Moreover, plasma surface modification 
has also proven to be effective in improving drug release 
kinetics of non-degradable polymers where, plasma treat-
ment can influence the water penetration rate of polymeric 
scaffolds and thereby controlling the drug release kinetics 
(Yoshida et al. 2013). The higher wettability of biomateri-
als by plasma treatment can also accelerate the degradation 
rate, which in turn can modify the drug release (Petlin et al. 
2017). Moreover, plasma treatment is utilized to fabricate 
hydrophobic coatings on the material surface to delay its 
degradation and hence the slow drug release (Yoshida et al. 
2013; Petlin et al. 2017). However, it is well established that 
the effect of plasma treatment on material surface depends 
on the processing parameters of the plasma itself and any 
small change in such parameters can lead to a vivid change 
in the surface chemistry of a material (Foruzan et al. 2018). 
In that regard, it is important to study the impact of varying 
plasma processing parameters on the material surface.

Herein, we have investigated the effect of plasma treat-
ment by varying irradiation time on various surface proper-
ties of the electrospun Bombyxmori silk/Amoxicillin hydro-
chloride trihydrate/polyvinyl alcohol (silk/AMOX/PVA) 
nanofibers and showed an optimized irradiation approach 
to improve the drug release rate and biocompatibility of the 
electrospun nanofibers for potential applications in wound 
healing. AMOX is a well-known antibiotic effective against 
both gram positive and gram negative bacteria and this could 
be helpful in preventing bacterial growth in the wound site 
(Ojah et al. 2019b). To fulfill the aim, all the other operat-
ing parameters of the DBD plasma setup were kept fixed 
such as: the electrode gap, applying voltage and gas flow 
rate except the treatment time. The electrospun nanofibers 
were irradiated with DBD  O2 plasma by varying irradiation 
time for 1, 3, 5 and 10 min, while other operating param-
eters such as the electrode gap, applied voltage and gas flow 
rate of the DBD plasma setup were kept fixed. The physico-
chemical properties of the untreated and plasma treated elec-
trospun nanofibers were assessed by FESEM, ATR-FTIR, 
tensile analyzer, and contact angle measurement analysis. 
Drug release behavior of different electrospun nanofib-
ers were also studied to explore their potential in wound 
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healing applications. Subsequently, in-vitro biological stud-
ies were assessed with the help of hemolytic activity assay, 
MTS assay, live/dead and rhodamine-phalloidin staining. 
To evaluate the biocompatibility of various silk/AMOX/
PVA electrospun nanofibers, porcine adipose derived mes-
enchymal stem cells (ADMSCs) were used. ADMSCs are 
pluripotent stem cells which can differentiate into different 
lineages and secrete paracrine factors for inducing tissue 
regeneration (Hassan et al. 2014). In fact, ADMSCs play 
a major role in three main phases of a wound healing pro-
cess, which are inflammatory, proliferative, and remodeling 
phase through paracrine signalling (Demirci et al. 2018). 
Thus, the advances in understanding the immunosuppres-
sion and secretion of pro-angiogenic factors by ADMSCs, 
have inspired the scientists and researchers across the world 
to explore the potential of ADMSCs alone or in combina-
tion with matrix scaffold for both acute and chronic wound 
repairs. The goal of the present study is to fabricate and 
optimize a wound dressing in nanofibrous matrix form using 
biodegradable and biocompatible FDA approved Bombyx-
mori silk fibroin and PVA with incorporation of antibiotic 
AMOX, wherein dielectric barrier discharge (DBD) oxygen 
 (O2) plasma treatment has been employed to optimize the 
antibiotic release profile for infection resistance. However, 
we envisage that the proposed wound dressing is not limited 
to infection resistance but may have the potential to promote 
wound healing when combined with ADMSCs. Hence, the 
current work is also focused on preliminary evaluation of 
biocompatibility and cell behavior on these nanofibrous 
mats.

Experimental

Materials

Bombyxmori silk cocoons were collected from Central 
silk board, Morigaon, Assam, India. The polyvinyl alco-
hol (PVA) (fully hydrolyzed,  Mw 145 kDa) was purchased 
from Merck, India. Sodium bicarbonate  (NaHCO3, ≥ 99%) 
and acetic acid (glacial, ≥ 99%) were supplied by Sigma 
Aldrich, India. Diiodemethane and phosphate buffer saline 
(PBS) were acquired from Sigma Aldrich, USA. The dialy-
sis membrane (12 kDa molecular cut off) was supplied by 
Himedia, India. The antibiotic amoxicillin hydrochloride 
trihydrate (AMOX) and lithium bromide (LiBr) were pur-
chased from BR Biochem Life Sciences, India and Tokyo 
Chemical Industries, Japan respectively. The chemicals were 
directly used without any further purification.

Preparation of precursor solutions 
and electrospinning

The Bombyxmori silk solution was prepared by the method 
already described in previous work (Ojah et al. 2019a). 
The final concentration of the silk solution was obtained 
as 6.8% (w/v). The PVA solution was prepared with a 
concentration of 8% (w/v) with rigorous stirring and con-
stant heating at 80 ºC for 3 h (Das et al. 2018; Ojah et al. 
2019a). The PVA and silk solutions were mixed in a ratio 
of 2:1 (silk: PVA) by mild stirring for 15 min. The antibi-
otic AMOX was added to the silk/PVA solution with con-
centration 1500 µg/mL with mild stirring for 15 min. The 
final silk/AMOX/PVA solution was then allowed to settle 
down prior to electrospinning. The schematic diagram and 
procedure of electrospinning was elaborated earlier (Das 
et al. 2018). Briefly, the solution was loaded into a syringe 
with 20 G needle and electrospun at a high voltage of 
18 kV with flow rate 0.5 mL/h. The nanofibers were col-
lected in an aluminum foil attached to a grounded static 
collector plate (150 mm × 150 mm). After electrospinning, 
the aluminum foil was collected and kept in a vacuum des-
iccator for future use (temperature 27 ºC, humidity 50%).

DBD plasma treatment

The experimental setup of DBD plasma treatment is 
reported elsewhere (Ojah et al. 2019a, b). Briefly, the 
setup consists of one high voltage electrode and one 
ground electrode (250 mm × 250 mm). Both electrodes 
were covered with two glass plates of thickness 3 mm. 
The nanofibers were peeled off from the aluminum foil 
prior to plasma treatment and cut into pieces of certain 
dimensions according to the requirement and placed at the 
bottom electrode of the DBD setup. The nanofibers were 
plasma treated at a constant applied voltage of 15 kV with 
an electrode gap of 6 mm. The nanofibers were plasma 
treated for different time periods such as 1, 3, 5 and 10 min 
respectively. During the experiment, continuous  O2 gas 
flow into the chamber with a flow rate of 2 SLPM was 
controlled by a mass flow controller (Alicat Scientific, 
India). The discharge characteristics of the DBD plasma 
setup was analyzed using a high voltage probe (Tetronix, 
P6015A, 1000:1 and a digital oscilloscope (Tetronix, 
TPS2024B, 200 MHz) (Ojah et al. 2019b). The discharge 
was found uniform throughout the whole experiment and 
the respective discharge current–voltage curve for these 
particular parameters are reported in Fig. 1. The respec-
tive electric energy ( W  ) associated with a discharge cycle 
was also calculated in this work by plotting the transported 
charge along Y-axis and the applied voltage along X-axis 
which eventually gives the lissajous figure (Fig. 1) (Ray 
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et al. 2016; Kostov et al. 2009; Wang et al. 2012). The 
area enclosed by the lissajous figure automatically gives 
the electric energy ( W  ) dissipated in one discharge cycle 
of the DBD plasma (Wang et al. 2012). However, simi-
larly the power dissipated in one discharge cycle was also 
calculated in this work using the following formula and 
is shown in Table 1 (Ray et al. 2016; Wang et al. 2012).

(1)P = f .W,

Fig. 1  Discharge characteristics 
of the DBD plasma at constant 
operating voltage of 15 kV for 
different treatment time. Where 
a, b are for 1 min; c, d are for 
3 min; e, f are for 5 min and g, 
h are for 10 min plasma treat-
ment time

Table 1  Discharge energy and power of the DBD plasma setup at 
operating voltage 15 kV, d = 6 mm, f  = 50 Hz

Treatment time 
(min)

Discharge energy (J) Discharge power (W)

1 0.89 ± 0.20 44.50 ± 3.28
3 0.81 ± 0.31 40.50 ± 5.32
5 0.83 ± 0.12 41.50 ± 2.95

10 0.80 ± 0.21 40.00 ± 3.14
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 where f  is the frequency of the applied voltage and W  is the 
electric energy dissipated in one discharge cycle. 

Characterization techniques

The surface morphology of the prepared silk/AMOX/PVA 
nanofibers were evaluated using field emission scanning 
electron microscope (FESEM, Zeiss, Sigma, Germany). For 
better comparison, the FESEM images of  O2 plasma treated 
nanofibers were assessed at different time intervals. For the 
measurement, the nanofibers along with the aluminum foil 
were cut into pieces of 5 mm × 5 mm and coated with gold 
(SC7620, Emitech) at low vacuum. The average nanofiber 
diameter was calculated using imageJ software.

The chemical composition analysis of the nanofibers 
with/without  O2 plasma treatment were evaluated by attenu-
ated total reflectance Fourier transform infrared spectros-
copy (ATR-FTIR, IMPACT 410, NICOLET, USA). The 
spectra were taken in transmittance mode with a spectral 
region of 400–4000 cm−1 and resolution 4 cm−1.

The mechanical performances of the electrospun silk/
AMOX/PVA and silk/AMOX/PVA/O2 nanofibers were eval-
uated using Universal testing machine (UTM, INSTRON 
4204) at a constant speed of 10 mm min−1 with a 10 kN 
load (temperature: 27 °C and humidity: 50%). The nanofib-
ers were cut into dimensions of 10 mm × 50 mm (thick-
ness = 0.3 mm) and a total of five measurements were made 
for each sample. From the stress–strain curve the tensile 
strength, Young’s modulus and elongation-at-break (%) are 
calculated and reported as mean ± SD.

The wettability of the nanofibers were evaluated using 
water contact angle measurement employing sessile drop 
method (Data Physics OCA 20, Germany) (Das et al. 2018). 
For calculation of surface energy ( �s ) OWRK method was 
used, where the double distilled water and non-polar liquid 
diiodemethane were both dropped on the nanofiber surface 
and the image as well as the contact angle was recorded 
instantly (Das et al. 2018; Ojah et al. 2019a). The total sur-
face energy of the silk/AMOX/PVA and silk/AMOX/PVA/
O2 nanofibers were calculated using the following relation 
(Das et al. 2018; Ojah et al. 2019a)

where �ps  and �d
s
 are polar and dispersive components of sur-

face energy ( �s ) respectively.
To determine the surface energy ( �s ), the polar and dis-

persive components were calculated using the following 
equations using two liquids, water and diiodemethane.

(2)�s = �p
s
+ �d

s
,

(3)
(�d

s
)0.5 + 1.53(�p

s
)0.5 = 7.80(1 + cos �W )

(�d
s
)0.5 + 0.22(�p

s
)0.5 = 3.65(1 + cos �D)

 where �W  and �D are water and diiodemethane contact 
angles respectively. The data was recorded at different posi-
tions of a sample of dimension 10 mm × 10 mm area.

Drug release study

The rate of AMOX release from the silk/AMOX/PVA 
nanofibers were evaluated by taking absorbance of PBS 
at 273 nm using a UV visible spectrometer (Perkin Elmer 
model no: Lambda 365). The untreated and  O2 plasma 
treated nanofibers of specific amount with three parallel sets 
were put into centrifuge tubes containing 10 mL PBS (pH 
7.4) and were incubated at 37 °C during the whole experi-
ment period. At certain time interval, 1 mL of PBS was 
taken out from the centrifuge tubes and the UV absorbance 
value was recorded at 273 nm immediately. To retain the 
final volume of the nanofiber immersed solutions, simultane-
ously fresh PBS solution was added into the tubes each time.

Swelling and degradation Study

The swelling study of the plasma treated and untreated silk/
PVA nanofibers was carried out by their immersion into PBS 
(pH 7.4) at 37 °C. The initial weight ( W0 ) of the untreated 
and plasma treated electrospun nanofibers were measured 
carefully before their immersion into PBS. At certain time 
intervals the nanofibers were taken out from PBS and the 
excess surface water was removed by a filter paper, followed 
by measuring the swollen weight ( Ws ) of the nanofibers 
again and then placed in the same PBS. The swelling ratio 
of the nanofibers were calculated by the following equation

The degradation test of the nanofibers before and after 
plasma treatment was also carried out in similar procedure. 
The degradation was calculated using the following formula

where W0 is the initial weight of the nanofibers before 
immersion into PBS and Wd is the dry weight of the nanofib-
ers after immersion into PBS.

Water vapor transmission rate (WVTR)

The water vapor transmission rate (WVTR) was measured 
according to American Society for Testing and Materials 
(ASTM) standard (Xu et  al. 2016). Briefly, the experi-
ment was performed in a desiccator incubated at 37 °C and 

(4)Swelling ratio =
Ws −W0

W0

.

(5)Degradation(%) =
W0 −Wd

W0

× 100,
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relative humidity of 50%. Permeability cups were filled 
with 1 g of dehydrated  CaCl2. The cups were immediately 
covered with the silk/AMOX/PVA and silk/AMOX/PVA/
O2 nanofibers treated at different plasma times and sealed 
properly by laboratory parafilm (USA, Neenah, WI 54,956) 
across the edges. The weight of the whole assembly after 
mounting the nanofibers was measured in a digital balance 
(Metler, accuracy 0.0001 gm) and placed in the desiccator. 
An open cup was considered as control. The WVTR has 
been measured by calculating the weight difference of the 
cups after 24 h and using the following formula

where ▵ m is the weight difference between the cups before 
and after incubation and A is the surface area of the film 
which was exposed to air. The experiments were performed 
in triplicates and data are presented with mean ± SD.

Antibacterial test

The antibacterial study for all the untreated and plasma 
treated silk/AMOX/PVA nanofibers were evaluated for both 
gram positive S. aureus and gram negative E. coli bacteria. 
The detailed procedure for the same was reported earlier 
(Ojah et al. 2019a, b). Briefly, specific amount of nanofib-
ers were placed in agar plates where bacteria was already 
cultured and grown fully with the help of sterilized forceps 
and pressed gently. The plates were incubated at 37 °C; after 
24 h the plates were taken out and the images were captured 
by a single lens-digital reflex camera (DSLR, Nikon D7200) 
and reported.

In‑vitro biological studies

Hemolytic activity test

For hemolysis study, fresh venous blood was used which was 
collected from a healthy human donor in heparinized tubes. 
The plasma treated/untreated silk/AMOX/PVA nanofibers 
(50 mm × 50 mm) were incubated with 150 µL of human 
blood with 10% RBC suspension (prepared by dilution with 
0.9% NaCl) and volume was adjusted to 2 mL with 0.9% 
NaCl followed by incubation for 1 h at 37 °C. Blood incu-
bated with 0.9% NaCl was considered as negative control 
and with distilled water without test material as positive 
control for the test. After 1 h of incubation, the reaction 
mixture was centrifuged at 10,000 rpm for 10 min. The free 
hemoglobin present in the supernatant was measured using 
a UV–visible spectrophotometer at 540 nm wavelength. The 
percentage of hemolysis was calculated using the following 
relation,

(6)WVTR =
▵ m

A × time
,

Cell isolation and sample preparation

To evaluate the biocompatibility of various silk/AMOX/PVA 
electrospun nanofibers, porcine adipose derived mesenchy-
mal stem cells (ADSCs) were used. ADMSCs were isolated 
from the subcutaneous fat as per the previously reported pro-
tocol, which was harvested from the dorsal abdominal area 
of porcine at a local abattoir (Williams et al. 2011). Briefly, 
the harvested subcutaneous fat was obtained in cold PBS. 
The tissue was finely minced using sterilized scissors by 
separating the dermal and muscle part followed by washing 
with cold PBS containing penicillin 100 units/mL, 100 μg/
mL streptomycin and amphotericin-B 2.5 μg/mL (Gibco, 
USA). Then, the tissue was digested in 0.1% (w/v) Type-IA 
collagenase solution in incomplete DMEM ((≥ 125 CDU/
mg, Sigma, USA) under mild shaking for 2 h at 37 °C. The 
digested tissue was transferred into a fresh 50 mL centrifuge 
tube followed by vigorous shaking for 30–60 s to promote 
separation of the stromal vascular fraction and neutralized 
by adding equal volume of DMEM with 10% (v/v) FBS. The 
whole mixture was centrifuged twice at 300 g for 15 min to 
pellet down the stromal vascular fraction. After centrifu-
gation, the floating adipocytes were aspirated, and the cell 
suspension was filtered through a dual filter system into a 
fresh 50 mL centrifuge tube and washed twice with DMEM 
media. Following filtration, the cell suspension was again 
centrifuged at 300 g for 5 min, the supernatant aspirated, 
and the pelleted stromal cells resuspended in 1 mL of high 
glucose DMEM supplemented with 10% (v/v) FBS and 1X 
antibiotic/antimycotic solution. Then, the cells were plated 
in 90 mm Petri-dishes at a density of 6 × 105 cells/dish and 
incubated at 37 °C under a 5%  CO2 in air humidified atmos-
phere. After 24 h of initial plating, expansion medium was 
replaced with fresh medium to remove non-adherent cells. 
Thereafter, the media was changed in every 3–4 days and 
cells were passaged at 70–90% confluence. Cells from pas-
sages 3–5 were in further experiments.

For biological assessment, the various electrospun nanofi-
brous mats were cut into dimensions of 5 mm × 5 mm and 
sterilized by autoclaving in hydrated conditions. Prior to cell 
seeding, the electrospun mats were conditioned in growth 
media overnight and subsequently used in in vitro biologi-
cal studies.

MTS cell proliferation assay

The MTS proliferation assay was carried out to evaluate 
the cytotoxicity of the electrospun nanofibers following 

(7)Hemolysis (%) =
Abssample − Abs−vecontrol

Abs+vecontrol − Abs−vecontrol
× 100.
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incubation with ADMSCs. Briefly, ADMSCs were seeded 
on different substrates at a concentration of 5 × 103 cells/
well in a 96 well plate for the MTS assay. Cell viability 
after incubation of 24 and 48 h on the materials was quanti-
fied using Cell Titer 96® AQueous One Solution containing 
3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-
2-(4-sulfophenyl)-2H-tetrazolium, inner salt) (MTS). The 
cultured materials were washed with sterile PBS twice, and 
MTS reagent diluted 1:5 in media was added directly to all 
the wells except the blank. The plates were incubated for 2 h 
at 37 °C and optical density (OD) was measured at 490 nm. 
All experiments were performed at n = 3.

Live/dead staining

The viable and dead cells seeded on different electrospun 
nanofibers were visualized using calcein-AM and ethidium 
homodimer (Sigma-Aldrich) staining after 48 h of culture. 
Briefly, the cell seeded nanofibers were washed with PBS 
once and incubated at 37 °C and 5%  CO2 with 40 nM cal-
cein-AM (stain live cells) and 20 nM ethidium homodimer 
(stain dead cells) for 20 min. Then, the dye was removed 
and washed the nanofibers twice with PBS, subsequently 
visualized underhydrated conditions in fluorescent micro-
scope (EVOS XL digital microscope, Thermo Fisher Sci-
entific, USA) with viable cells appearing green and dead 
cells appearing red.

Rhodamine‑Hoechst staining

To visualize the cytoskeletal architecture of the cells seeded 
on the electrospun nanofibers, the cell seeded nanofibers 
were fixed with neutral buffered formalin (NBF) (Sigma-
Aldrich) after 72 h of culture. The fixed constructs were 
treated with 0.165 μM phalloidin conjugated to rhodamine 
(Life technologies, USA.) to stain the F-actin and counter 
stained with Hoechst-33342 (Sigma-Aldrich) for nucleus. 
The nanofibers were then visualized under fluorescence 
microscope (EVOS XL Digital microscope) and representa-
tive images are presented.

Statistical analysis

The results are expressed with mean ± SD. The significant 
difference between various experimental sets are evaluated 
using one-way analysis of variance (ANOVA) followed by 
Tukey test for several comparisons where p value < 0.05 is 
considered as significant.

Results and discussion

DBD plasma characteristics

The uniform discharge mode of the DBD plasma is very 
much important for even surface treatment. In this work, the 
DBD plasma showed uniform discharge mode throughout 
the whole experiment and the same was confirmed from the 
discharge characteristics of the plasma setup. The uniform 
discharge current curves for different treatment times, as 
shown in Fig. 1, confirming the uniform discharge mode of 
the DBD plasma setup at operating parameters of V = 15 kV 
and d = 6 mm) (Ojah et al. 2019b; Wang et al. 2012). Since, 
the operating parameters of the DBD plasma except the 
treatment time were constant; therefore, the similar intensity 
discharge current–voltage curves are expected in each set of 
experiments. The lissajous figures are also plotted in Fig. 1 
and the electric energy dissipated in one discharge cycle was 
calculated for each set of treatment time. It is expected that 
due to fixed plasma parameters, the energy values and the 
shape of the lissajous figures should remain almost similar 
in each time. The calculated electric energy dissipated in one 
discharge cycle were found to be 0.89 J, 0.81 J, 0.83 J and 
0.80 J for 1, 3, 5 and 10 min of treatment time, respectively. 
From the electric energy, the discharge power was calcu-
lated and is depicted in Table 1. It is clear that the discharge 
energy remains similar for all the set of treatments due to the 
fixed applied voltage, frequency (50 Hz) and discharge gap. 
Therefore, the overall average discharge power for operating 
voltage 15 kV with electrode gap 6 mm was calculated as 
41.62 ± 2.01 W.

Surface morphology analysis

Figure 2 shows the FESEM images of untreated and plasma 
treated silk/AMOX/PVA nanofibers, confirming the forma-
tion of beads free and randomly oriented nanofibers with 
average fiber diameter of 140 ± 5.23 nm. However, the 
FESEM images do not reveal any noticeable changes in 
the surface morphology of the nanofibers after  O2 plasma 
treatment independent of the treatment time. The average 
diameter of the plasma treated nanofibers was also evalu-
ated for better comparison and it was found as similar 
(140 ± 4.35 nm) to the untreated nanofibers independent 
of the treatment time. In earlier work, similar results were 
reported with constant plasma treatment time of 1 min (Das 
et al. 2018; Ojah et al. 2019a). However, no morphologi-
cal changes in the nanofibers structure were observed with 
increasing plasma treatment time in the present work.
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Fig. 2  FESEM images and 
diameter distribution of the 
untreated and plasma treated 
silk/AMOX/PVA nanofibers. 
Where a, b are untreated; c, d 
are 1 min plasma treated; e, f 
are 3 min plasma treated; g, h 
are 5 min plasma treated and 
i, j are 10 min plasma treated 
silk/AMOX/PVA nanofibers 
(FESEM image, scale:10 µm)
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Wettability and surface energy measurements

The contact angle measurement is the simplest way to meas-
ure the wettability of any polymeric surface. Table 2 shows 
the water contact values for the untreated and  O2 plasma 
treated silk/AMOX/PVA nanofibers. The untreated nanofiber 
showed average water contact angle value of 78.20 ± 5.30° 
and the plasma treated nanofibers showed significantly lower 
contact angle value as compared to the untreated nanofiber. 
The contact angle dropped rapidly to 31.50 ± 3.39° and 
27.50 ± 1.80° just after plasma treatment of 1 and 3 min, 
respectively, indicating improved wettability of the electro-
spun mats. However, with further increase in treatment time 
up to 5–10 min no such significant reduction of contact angle 
was observed.

The higher wettability generally results in higher sur-
face energy of a polymer surface and  O2 plasma treatment 
improves wettability by incorporating oxygenated polar 
functional groups (O,  O2,  O2

−, COOH, C = Oetc.) to the 
surface (Das et al. 2018; Ojah et al. 2019a, b). These polar 
functional groups attached to the nanofibers surface strongly 
interacts with the water molecules resulting in lower water 
contact angle value (Das et al. 2018; Ojah et al. 2019a). The 
schematic representation of such interactions were reported 
elsewhere (Ojah et al. 2019a). Therefore, the respective sur-
face energies along with their polar and dispersive compo-
nents were determined to assess the surface polarity of the 
electrospun mats. Table 2 shows that after plasma treatment 
the polar components have been increased significantly as 
well as the surface energy also increased consequently. This 
improvement is a direct indication of incorporation of polar 
functional groups to the silk/AMOX/PVA nanofiber surface 
after plasma treatment (Das et al. 2018; Ojah et al. 2019a). 
However, after 5–10 min of plasma treatment, no further 

significant improvement is observed in surface energy and 
its polar component. It indicates that the surfaces were satu-
rated beyond plasma treatment for 3 min.

Mechanical properties

The mechanical properties of the silk/AMOX/PVA nanofib-
ers were evaluated in terms of its tensile strength, Young’s 
modulus and elongation-at-break (%). For better understand-
ing of the effect of  O2 plasma treatment, the mechanical 
properties of the plasma treated nanofibers for different 
times were also evaluated and are presented in Table 3. 
The untreated nanofibers exhibit tensile strength value of 
6.22 ± 1.20 MPa with Young’s modulus 61.29 ± 5.28 MPa. 
However, after  O2 plasma treatment, reasonable improve-
ment in the tensile strength as well as in the Young’s modu-
lus values are observed. The electrospun nanofibers with 
plasma treated for 1 min shows improved tensile strength of 
7.91 ± 1.31 MPa and Young’s modulus of 67.60 ± 6.37 MPa. 
Similarly, the nanofibers plasma treated for 3 min shows 
further enhanced value of tensile strength (8.15 ± 1.26 MPa) 
and Young’s modulus (68.22 ± 3.98  MPa). The reason 
behind such improvement can be explained by formation 
of hydrogen bonds on the nanofiber surface after  O2 plasma 
treatment (Das et al. 2018; Ojah et al. 2019a). As mentioned 
in earlier reported work, the oxygenated species formed dur-
ing  O2 plasma treatment not only attaches to the nanofiber 
surface through hydrogen bonding but also they form hydro-
gen bonds among themselves (Das et al. 2018; Ojah et al. 
2019a, b). This hydrogen bonded assembly leads to an 
extraordinarily complex structure at the nanofiber surface 
and eventually this contributes to the enhanced mechani-
cal performance of the nanofibers (Das et al. 2018; Ojah 
et al. 2019a, b). Therefore, it is expected that number of 

Table 2  Water contact angle and surface energy

Samples Water contact angle (°) Polar  (mJm−2) Dispersive  (mJm−2) Total S.E.  (mJm−2)

Silk/AMOX/PVA 78.20 ± 2.16 2.54 ± 0.32 48.30 ± 2.35 50.84 ± 2.35
Silk/AMOX/PVA/1 min 31.50 ± 3.39 29.78 ± 1.32 37.22 ± 1.38 67.00 ± 1.90
Silk/AMOX/PVA/3 min 29.50 ± 1.80 35.45 ± 2.30 35.89 ± 1.58 71.34 ± 2.79
Silk/AMOX/PVA/5 min 27.91 ± 1.86 36.55 ± 1.20 35.65 ± 3.58 72.20 ± 3.77
Silk/AMOX/PVA/10 min 26.80 ± 3.74 36.98 ± 1.58 35.52 ± 2.85 72.50 ± 3.02

Table 3  Mechanical properties 
of the silk/AMOX/PVA 
nanofibers with and without 
plasma treatment

Sample Tensile strength (MPa) Young’s modulus (MPa) Elongation (%)

Silk/AMOX/PVA 6.22 ± 1.20 61.29 ± 5.28 35.72 ± 4.61
Silk/AMOX/PVA/1 min 7.91 ± 1.31 67.60 ± 6.37 32.31 ± 3.64
Silk/AMOX/PVA/3 min 8.15 ± 1.26 68.22 ± 3.98 27.82 ± 3.71
Silk/AMOX/PVA/5 min 7.33 ± 2.01 61.68 ± 6.98 34.28 ± 4.31
Silk/AMOX/PVA/10 min 6.53 ± 1.07 53.48 ± 6.87 33.12 ± 3.64
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hydrogen bonds with incorporation of oxygenated plasma 
species should be higher with higher treatment time and due 
to which the 3 min plasma treated nanofiber shows better 
mechanical properties than 1 min plasma treated nanofib-
ers. However, this always cannot be true as there must be a 
saturation point for each type of surface modification. Even-
tually, it was reported that after longer exposure to plasma 
species a surface may experience dehydration and etching 
which results in loosing of inherent strength of the poly-
mer chains due to which weak mechanical properties may 
result (Baltazar-y-Jimenez et al. 2008). In this work, simi-
lar results are observed after 5 and 10 min of plasma treat-
ment, where the mechanical performance of the nanofibers 
in terms of tensile strength and Young’s modulus decrease 
further. Therefore, 1–3 min of DBD plasma treatment time 
should be sufficient for improvement of mechanical proper-
ties of silk/AMOX/PVA nanofibers. However, the rate of 
improvement of tensile strength from untreated to 1 min 
plasma-treated silk/AMOX/PVA nanofiber has been found 
to be much higher (27.17%) than when compared to that of 
1–3 min plasma-treated nanofibers (3.03%). Therefore, it 
is obvious that major part of the modifications was already 
facilitated by 1 min  O2 plasma treatment. However, with 
increase in tensile strength, the elongation-at-break is found 

to be decreased after  O2 plasma treatment. This indicates 
incorporation of rigidity or stiffness to the nanofiber surface 
through  O2 plasma treatment (Das et al. 2018; Ojah et al. 
2019a, b).

Chemical analysis

The chemical properties of the nanofibers were studied with 
the help of ATR-FTIR analysis. Figure 3a shows the ATR-
FTIR spectra of Bombyx mori silk, PVA, AMOX and silk/
AMOX/PVA nanofiber. The Bombyx mori silk shows its 
characteristic peaks at 1619, 1511 and 1228 cm−1 which 
corresponds to amide-I (C = O stretching), amide-II (sec-
ondary NH bending), and amide-III (C–N and N–H func-
tionalities) respectively (Ojah et al. 2019a). The wide-rang-
ing band between 3000 and 3500 cm−1 corresponds to the 
overlapping of hydrogen bonded -OH stretching vibration 
and -NH stretching vibrations of the primary amine groups 
(Ojah et al. 2019a). PVA shows the -OH stretching vibration 
of intermolecular and intramolecular hydrogen bonding at 
3276 cm−1, the symmetric and asymmetric vibrations of CH 
groups are found at 2941 and 2910 cm−1, respectively (Ojah 
et al. 2019a). The other characteristic peaks of PVA have 
been observed at 1650, 1542, 1416 and 1378 cm−1 which 

Fig. 3  a–c ATR-FTIR and d WVTR of the plasma treated and untreated silk/AMOX/PVA nanofibers. Where 0 indicates untreated silk/AMOX/
PVA nanofibers and 1, 3, 5 and 10 indicates silk/AMOX/PVA nanofibers plasma treated for 1, 3, 5 and 10 min respectively
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correspond to the C–O stretching vibrations, C = C stretch-
ing vibrations,  CH2 bending vibrations and CH stretching 
vibrations respectively (Das et al. 2018; Ojah et al. 2019a). 
The peaks at 1330, 1240 and 1088 cm−1 are due to CH 
deformation, CH wagging and C–O stretching vibrations of 
acetyl groups (Ojah et al. 2019a). The ATR-FTIR spectra 
of AMOX was also evaluated for a better comparison. The 
characteristic peaks of AMOX are observed at 1773, 1685, 
1481 and 1248 cm−1 which correspond to the β-lactam ring 
of AMOX, C = O stretching vibration (amide I), N–H bend-
ing of secondary amine/C–C stretching of aromatic ring 
and C–N stretching vibration of primary amine (Ojah et al. 
2019a, b). The peaks at 1579 and 1398 cm−1 correspond 
to the asymmetric and symmetric vibrations of carboxylate 
 COO− group (Ojah et al. 2019a, b). The ATR-FTIR curve for 
the composite nanofiber silk/AMOX/PVA was also plotted 
for further understanding. The composite nanofiber shows 
both peaks of silk and PVA. Furthermore, the peaks of 
AMOX are also clearly observed in the nanofiber backbone.

To evaluate the possible effects of  O2 plasma treatment 
time on the nanofiber chemical structure, the ATR-FTIR 
spectra of the plasma treated nanofibers at different times 
were also plotted for clear understanding and evaluations. 
All the nanofibers, independent of the treatment time, 
show the silk, PVA and AMOX peaks clearly. However, 
few changes are observed in the ATR-FTIR spectra of the 
plasma-treated nanofibers in terms of their peak positions.

The ATR-FTIR spectra of  O2 plasma treated silk/AMOX/
PVA nanofibers are plotted in Fig. 3b, c. A one minute 
plasma-treated silk/AMOX/PVA nanofibers show broad-
ening and shifting of the OH-NH band (3285–3280 cm−1) 
towards lower wavenumber. The shifting and broadening of 
this band is due to incorporation of polar functional groups 
on the silk/AMOX/PVA nanofibers surface which is also 
evidenced in water contact angle and surface energy calcu-
lations (Das et al. 2018; Ojah et al. 2019a). The change in 
surface chemistry of the nanofibers after plasma treatment 
is also evidenced by shifting of the peaks 3095, 1650, 1524, 
1380 and 1085 cm−1 simultaneously towards lower wave-
numbers such as 3085, 1647, 1518, 1378 and 1083 cm−1 
respectively. These observations are clearly proof of hydro-
gen bond formation as well as incorporation of oxygen 
species such as O,  O2,  O2

− etc., on the silk/AMOX/PVA 
nanofibers surface (Das et al. 2018; Ojah et al. 2019a; Bal-
tazar-y-Jimenez et al. 2008). Similar changes are observed 
after increasing the plasma treatment time up to 3 min. The 
peaks have also shifted slightly further towards lower wave-
numbers region after 3 min plasma treatment. However, after 
further increasing the treatment time up to 5 and 10 min, 
no further shifting of the peak positions are observed. The 
results are in accordance with other characterizations per-
formed in this work. The incorporation of polar functional 
groups and increase in surface energy of the silk/AMOX/

PVA nanofibers is observed to be saturated after 3 min of 
plasma treatment and hence similar pattern is also observed 
in the ATR-FTIR analysis in terms of the bands shifting 
after 3 min of plasma treatment time. Therefore, increasing 
treatment time beyond 3 min can have no further signifi-
cant change in the surface chemistry of silk/AMOX/PVA 
nanofiber.

Water vapor transmission rate study

It was already reported that the cells in a desiccated wound 
may lose its vitality and functionality and as a result it can 
die easily (Xu et al. 2016). Furthermore, the dressing in a 
dehydrated wounded surface is expected to shrink easily and 
consequently the wound edge exposure might occur which 
can break the bacterial barrier (Ujang et al. 2014; Queen 
et al. 1987). Therefore, a good WVTR is important for spe-
cific wounds to preserve the hydration and lock moisture 
into the wounded skin to heal quicker (Xu et al. 2016; Queen 
et al. 1987). A typical of 2000–2500  gm−2 24 h−1 has been 
considered as standard WVTR for convenient wound dress-
ing, where WVTR values closer to the lower limit (~ 2000 
 gm−2 24 h−1) are found very suitable for practical applica-
tions (Queen et al. 1987). In this work, the WVTR for the 
silk/AMOX/PVA nanofibers was found to be 2538 ± 58  gm−2 
24 h−1 which is towards the higher side of the standard limit. 
Similarly, the WVTR calculated for the  O2 plasma treated 
nanofibers were found as 2180 ± 39  gm−2 24 h−1, 2109 ± 48 
 gm−2 24 h−1, 2027 ± 52  gm−2 24 h−1 and 2019 ± 61  gm−2 
24 h−1 respectively for 1, 3, 5 and 10 min of plasma treat-
ment, respectively. The data are plotted in Fig. 3d for the 
untreated and plasma-treated silk/AMOX/PVA nanofib-
ers. It is observed that with increasing treatment time the 
WVTR decreases continuously up to 5 min and thereafter it 
becomes almost saturated. Therefore, it is observed that the 
plasma treatment gives a much stronger barrier for the water 
vapor to pass through the nanofiber area. Similar work was 
reported already, where low temperature plasma treatment 
was utilized to improve the barrier properties of polymeric 
films or scaffolds (Wang et al. 2011). However, in this work, 
the WVTR rates after plasma treatment are not only still 
under the standard limit but also it is much closer to the 
lower limit of the standard values which is to a certain extent 
much acceptable in case of a good wound healing scaffold 
(Queen et al. 1987).

Drug release study

The drug release rate of silk/AMOX/PVA nanofiber was 
studied until saturation was obtained in the release profile. 
The standardization graph and the release profiles of the 
untreated and  O2 plasma treated nanofibers are shown in 
Fig. 4. It is observed that all the nanofiber showed a faster 
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and continuous drug release rate up to 3 days and thereafter 
saturation was obtained. The untreated nanofiber showed a 
release of 78.94% after 24 h. At the same time the plasma 
treated nanofibers showed a release of 85.83%, 90.97%, 
91.55% and 91.71% respectively after 1, 3, 5 and 10 min 
of plasma treatment. Therefore, most of the drug release 
was observed within just 24 h of incubation time. Moreo-
ver, a comparatively higher drug release rate was observed 
after plasma treatment. The drug release rate was found 
to be higher with increase in treatment time up to 5 min 

and thereafter no further increase in drug release rate was 
observed, even for increasing treatment time up to 10 min. 
The increase in drug release rate with plasma treatment is 
due to increase in wettability of the nanofibers after plasma 
treatment (Ojah et al. 2019a). As observed from the water 
contact angle measurement, the wettability was increased 
with increasing treatment time and it saturates after 3–5 min 
of treatment time. Therefore, it is expected that the nanofiber 
with higher wettability would tend to degrade faster (Ojah 
et al. 2019a). The degradation of the nanofibers is presented 

Fig. 4  a Standardization graph for AMOX released in PBS 7.4pH 
for different drug concentrations. b–d are drug release profiles of the 
plasma treated and untreated silk/AMOX/PVA nanofibers with differ-

ent treatment time ranging from 1 to 10 min. e and f are degradation 
(%) and swelling ratio of the untreated and plasma treated silk/PVA 
nanofibers for 1, 3, 5, 10 min respectively
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in Fig. 4e. From Fig. 4e, a low percentage of degrada-
tion was observed which is due to the PVA content of the 
nanofibers as the bombyx mori silk has a slow degradation 
rate in neutral PBS (Liu et al. 2015). The increase in percent-
age of degradation will result in release of more encapsu-
lated AMOX particles from the nanofiber backbone (Ojah 
et al. 2019a) and, therefore, increase in drug release rate was 
recorded for plasma treated electrospun nanofibers. How-
ever, in the drug release process from the nanofibers, along 
with degradation the swelling also plays an important role 
(Ojah et al 2019b). The β-sheet structure of the silk fibroin 
gives rise to its characteristic hydrophobicity, crystallinity 
and insolubility in neutral aqueous medium (Tomeh et al. 
2019; Kundu et al. 2014). The silk fibroin begins to swell 
and form gel-like consistency as soon as it encounters the 
aqueous medium (Dyakonov et al. 2012; Pollini and Paladini 
2020). The gel transition causes hydration and relaxation 
of the silk polymer chains (Dyakonov et al. 2012; Subia 
and Kundu 2012). This would cause the drug molecules 
being lost from the nanofiber backbone and releasing of the 
drug into the aqueous medium is observed. Therefore, this 
could also be a reason behind the release of AMOX parti-
cles attached onto the nanofibers (Subia and Kundu 2012; 
Ojah et al 2019a, b). The swelling ratio of the nanofibers 
is reported in Fig. 4f. It is observed that the plasma treat-
ment enhances the swelling ratio of the nanofibers, which 
increases with increasing treatment time and eventually satu-
rates after 5 min of treatment time.

However, the drug release rate observed in this case is 
found much higher than earlier reported work (Ojah et al. 
2019a). The silk/PVA nanofiber reported earlier showed a 
comparatively slower drug release rate for a longer period 
of time due to its core–shell structure (Ojah et al. 2019a). 
The drug was enclosed by PVA barrier, and therefore, it 
took longer to be released from the nanofiber structure 
(Ojah et al. 2019a). However, in case of silk/AMOX/PVA 
nanofiber, the antibiotic drug AMOX has been encap-
sulated at the surface as well as within the nanofibers 
porous structure. Therefore, it is obvious to observe faster 
drug release rates in this case. The drugs present at the 
surface will release as soon as it comes into contact with 
the aqueous media and the rest will eventually release 
with increase in incubation time through degradation and 
swelling as discussed above.

Antibacterial activity

Figure 5 shows the antibacterial test results against E. 
coli (gram negative) and S. aureus (gram positive) bac-
teria for the untreated and plasma-treated silk/AMOX/
PVA nanofibers after 24 h of incubation. All the nanofib-
ers showed almost clear inhibition zone against both 

bacteria. The untreated silk/AMOX/PVA nanofibers 
showed minimal inhibition zone of 21.45 ± 4.36  mm 
and 31.87 ± 5.36 mm against E. coli and S. aureus. The 
respective zone of inhibition for all the nanofibers against 
both E. coli and S. aureus is represented in Fig. 5. The 
inhibition zone for the untreated nanofibers starts to 
decrease from the next day and finally vanishes after 72 h. 
However, plasma-treated nanofibers with variable time 
showed a slightly higher inhibition zone compared with 
untreated nanofibers. The plasma-treated nanofibers with 
longer treatment time showed increasingly higher inhibi-
tion zone. The higher drug release after plasma treatment 
is the reason behind such greater inhibition zone. All the 
other plasma-treated nanofibers (1, 3, 5 min) showed 
clear inhibition zone for 48  h, which later decreased 
gradually and finally vanished after 120 h.

Hemolytic activity analysis

To explore the potential application of the electrospun 
nanofibers as a wound dressing, hemocompatibility of all the 
nanofibers was assessed with the help of hemolysis activity 
assay. The hemolysis activity of various  O2 plasma-treated 
and untreated electrospun silk/AMOX/PVA nanofibers 
is shown in Fig. 6a. All the electrospun nanofibers show 
much less hemolysis activity below 0.4%, suggesting their 
hemocompatibility behavior, when compared to the positive 
control in 100% cell lysis. However, there is no statistical 
difference in the percentage of hemolysis activity among the 
 O2 plasma-treated and untreated nanofibers. The percent-
age of hemolysis activity of the untreated nanofibers and  O2 
plasma-treated nanofibers for 1 and 3 min are almost similar, 
whereas nanofibers treated with  O2 plasma for 5 and 10 min 
are slightly higher (Fig. 6a). The slight variations in this 
observation have been discussed below.

The intrinsic hemocompatibility of silk fibroin and PVA 
is already demonstrated (Marilia et al. 2014; Nuno et al. 
2014).  O2 gas plasma is very reactive etching agent due to 
higher electronegativity of oxygen. The successful incor-
poration of oxygen containing polar functional groups (viz. 
hydroxyl (-OH), aldehyde (-CHO), carboxyl (-COOH), etc.) 
after  O2 plasma treatment was demonstrated by ATR-FTIR 
results. It is likely possible that the increased surface hydro-
philicity (as indicated by contact angle measurement and 
analysis) due to incorporation of the above polar functionar-
ies, aid the covalent interaction between the nanofibers and 
the cell surface proteins leading to minimal hemolysis. Addi-
tionally,  O2 plasma treatment also creates intermediate free 
radicals on polymer surface as previously reported (Kumar 
and Borah 2016). Hence, the possible minute concentration 
of the free radicals created due to longer  O2 plasma treat-
ment (5 and 10 min) may evoke electrostatic interaction 



233Progress in Biomaterials (2020) 9:219–237 

1 3

between the nanofiber surface and cell surface, leading to 
slight increase in the hemolysis percentage.

Overall, the results suggest that there is no adverse effect 
of  O2 plasma treatment on the electrospun nanofibers, which 
causes very less hemolysis (below 0.4%) well within the 
acceptable limit of 5% hemolysis to qualify for biological 
applications.

Cell viability test

In vitro cell viability studies were carried out to investigate 
the cytocompatibility of the various electrospun nanofibers 
by MTS proliferation assay and live/dead staining of pri-
mary ADMSCs. The MTS results are presented in terms of 

percentage cell viability after 24 and 48 h of culture time 
on various electrospun nanofibers, as shown in Fig. 6b. The 
results reveal that all the nanofibers (both  O2 plasma-treated 
and untreated) supported cell growth viability of 70–80% at 
the initial 24 h except the nanofibers treated with  O2 plasma 
for 1 min revealing slightly higher 80% cell viability, which 
is an accepted value for biocompatible materials (Bae et al. 
2012). However, after 48 h, all the electrospun nanofibers 
supported more than 80% cell viability, with  O2 plasma-
treated nanofibers for 1 and 3 min showing more than 100% 
cell viability. Biocompatibility of the silk fibroin and PVA 
is well explored which supports the observed cytocompat-
ibility of the untreated nanofibers (Wang et al. 2006; Gomide 
et al. 2012). The MTS results are in well agreement with the 

Fig. 5  Antibacterial activities of the untreated and plasma treated 
nanofibers against S. aureus and E. coli bacteria. Where, a, e are 
untreated; b, f are 1 min; c, g are 3 min; d, h are 5 min plasma treated 

nanofibers. i and j are zone of inhibition for the untreated and plasma 
treated silk/AMOX/PVA nanofibers for 1, 3, 5  min respectivelya-
gainst E. coli and S. aureus bacteria
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hemolysis activity results in the sense that the silk/AMOX/
PVA electrospun nanofibers treated with  O2 plasma for 1 and 
3 min demonstrated the higher cell growth and hemocom-
patibility, when compared to those of the untreated and the 
other plasma-treated nanofibers for longer period. In fact, 
all the  O2 plasma-treated silk/AMOX/PVA electrospun 
nanofibers supported significantly higher cell growth when 
compared to that of the untreated nanofibers. This can be 
attributed to the incorporation of oxygen-containing polar 
functionalities on the nanofiber’s surface leading to favora-
ble cell-biomaterial interaction for cell growth. This initial 
observation suggests no cytotoxic effect of the  O2 plasma 
treatment on cell growth. Yet the plasma-treated nanofibers 
for 1 and 3 min demonstrated highest viability of the primary 
mesenchymal stem cells even more that on the control tis-
sue culture plastic (TCP), which are statistically significant.

To further confirm the MTS results, the live/dead assay 
was performed to visualize the viable ADMSCs cultured 
on different electrospun nanofibers by staining the cells 
with calcein AM (stained live cells in green) and EthD-1 
(stained dead cells in red) after 48 h of culture. Repre-
sentative fluorescent images of the ADMSCs seeded on 
the untreated and  O2 plasma- treated silk/AMOX/PVA 
nanofibers are shown in Fig. 6c. The green-fluorescent 
calcein AM can be visualized throughout almost all the 
cell bodies seeded on different electrospun nanofibers indi-
cating the viable cells, except few dead cells (red). For 
further validation, live cell counting has been performed 
using calcein AM stained (green) cells and is presented 
in Fig. 6d. It has been observed that  O2 plasma-treated 
electrospun nanofibers for 1 and 3 min showed signifi-
cantly higher live cell density, i.e., 107 ± 19/per image and 

Fig. 6  In-vitro biological studies results. a Percentage of hemolysis 
(Mean ± S.D, n = 3) shown by untreated and  O2 plasma treated silk/
AMOX/PVA nanofibers, where, 0 indicates untreated nanofibers 
and 1, 3, 5 and 10 indicates plasma treated nanofibers for 1, 3, 5 and 
10 min, respectively, as compared to positive control (Triton X 100). 
b Percentage cell viability on different silk/AMOX/PVA nanofibers 
as compared to tissue culture plastic (TCP) as a negative control. c 
Representative fluorescent images of ADMSCs stained with calcein 
AM (green) and EthD-1 (red) during live/dead assay after 48 h of cul-

ture on control TCP and the different electrospun nanofibers as indi-
cated. d Live cell count on untreated and plasma treated electrospun 
nanofibers. e Representative fluorescent images of ADMSCs stained 
with rhodamine phalloidin for the actin filaments (red) and nuclei 
counterstained with Hoechst (blue) after 72  h of culture on control 
TCP and different electrospun nanofibers as indicated. *and **indi-
cate statistically significance at p < 0.05 and p < 0.01. [Microscope 
image, scale: 200 mm]
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111 ± 16/per image, respectively than that on the untreated 
(95 ± 13/per image) and other  O2 plasma-treated electro-
spun nanofibers for 5 min (74 ± 12/per image) and 10 min 
(42 ± 10/per image) (p ≤ 0.01) and the untreated (95 ± 13/
per image) nanofibers (p ≤ 0.05). However, there are no 
statistical differences in live cell density exist between the 
control TCP and the 1 and 3 min plasma treated nanofib-
ers. This indicates that 1 and 3 min plasma treated nanofib-
ers exhibit similar live cell density to that on the control 
TCP indicating good cell viability and adhesion, while 
other plasma treated nanofibers for 5 and 10 min revealed 
significantly less live cell density indicating poor cell via-
bility and adhesion. The ADMSCs seeded on the untreated 
and plasma-treated nanofibers for 1 and 3 min, appeared to 
be spindle shaped, elongated and healthier when compared 
to the poor and round- shaped cell morphology on the 
electrospun nanofibers treated with  O2 plasma for 5 and 
10 min. Furthermore, the ADMSCs adopted randomized 
orientation owing to the randomly oriented nanofiber mor-
phology. The enhanced cell adhesion and improved cell 
morphology on the  O2 plasma-treated electrospun nanofib-
ers may be attributed to the presence of oxygen-containing 
polar functional groups on the surface of the nanofiber, 
which induces better interaction between the nanofibers 
and the cell surface integrin proteins. However, lower live 
cell density and poor cell morphology on the electrospun 
nanofibers treated with  O2 plasma for 5 and 10 min may 
be due to the free radicals present on the surface of the 
nanofibers, which induce unfavorable electrostatic interac-
tion/oxidative stress causing cell death.

The live/dead staining results also demonstrate the cyto-
compatibility of the  O2 plasma- treated electrospun meshes 
matching the findings of the hemolysis and MTS results. It 
further reveals that  O2 plasma treatment for shorter period (1 
and 3 min) aids favorable surface hydrophilicity towards cell 
adhesion and spreading when compared to those plasma-
treated nanofibers for longer period (5 and 10 min).

Cytoskeletal architecture assessment

To further confirm the cell adhesion and cell morphology 
as observed during live/dead staining, the ADMSCs seeded 
on different electrospun nanofibers were stained using rho-
damine conjugated to phalloidin after 72 h of culture, which 
again counter-stained with hochest for nucleus. Representa-
tive fluorescent images of ADMSCs seeded on different 
nanofibers are shown in Fig. 6e. The results confirm the 
ADMSCs attachment onto various electrospun nanofibers. 
The cell numbers counted from hochest nucleus staining 
were found to be 29 ± 4 (untreated), 33 ± 5 (1 min), 28 ± 5 
(3 min), 26 ± 9 (5 min), and 18 ± 13 (10 min), while for TCP 
it is 78 ± 15 per image. Although, these numbers are not 
statistically different, it validated that there is no negative 

impact of  O2 plasma treatment for shorter period on the cell 
adhesion. It further validated our previous observation dur-
ing hemolysis assay, MTS assay and live/dead staining that 
the plasma treatment for longer period (particularly, 5 and 
10 min) do not hold biological efficiency in terms of hemo-
compatibility and cell growth. It is important to note that 
although TCP showed highest cell numbers attached to it, 
cell morphology is different from those on the electrospun 
nanofibers offering 3D paradigm for cell growth/spreading 
(polygonal shaped), while TCP is a flat surface (spindle 
shaped). Moreover, the cells grown on the untreated and 
 O2 plasma-treated electrospun nanofibers for 1, 3 and 5 min 
appeared to be bigger in size, when compared to that on 
the TCP. In fact, the ADMSCs grown on the TCP appeared 
to acquire a fibroblastic phenotype, characterized by wide 
spreading of cells (Ma et al. 2016). The randomized orien-
tation of actin filaments of the ADMSCs grown on various 
electrospun nanofibers suggest cell spreading in random 
directions owing to the randomized nanofiber network.

Conclusion

In this study, the effect of treatment time of atmospheric 
pressure DBD  O2 plasma on the surface properties of silk/
AMOX/PVA nanofibers is reported. The treatment time 
does not cause any morphological changes of the nanofib-
ers which is confirmed by FESEM images. The plasma 
treatment time of 1–3 min facilitates incorporation of polar 
functional groups on the surface of the silk/AMOX/PVA 
nanofiber, which results in improved wettability and higher 
surface energy values. However, WVTR is observed to 
be reduced and comes within the suitable range for prac-
tical applications with increasing treatment time up to 
1–3 min which further saturates with longer treatment 
time. Similarly, the plasma treatment for an appropriate 
time (1–3 min) also increases the tensile strength and 
Young’s modulus of silk/AMOX/PVA nanofibers signifi-
cantly. An increase in drug release rate is also observed 
with increase in treatment time which eventually helps 
in the antibacterial activity of the nanofibers for showing 
a good inhibition zone for a prolonged time. However, 
despite all the changes, the nanofibers do not show hemo-
lytic effect independent of plasma treatment time. It is 
also evidenced that, silk/AMOX/PVA nanofibers plasma-
treated for shorter period of time (1–3 min) not only shows 
improved cell viability (> 80%) but also promotes cell 
spreading with better cell adhesion. However, the rate of 
surface modification in every characterizations includ-
ing wettability, surface energy, WVTR, tensile strength, 
Young’s modulus, cell viability etc., are found highest for 
1 min of  O2 plasma treatment. Therefore, all these findings 
can suggest that, DBD plasma treatment for shorter period 
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of time is sufficient for incorporating all the necessary 
surface modifications to the silk/AMOX/PVA nanofibers 
which embraces suitable wettability and WVTR, tensile 
strength and good cellular growth. Moreover, the mechani-
cally stronger silk/AMOX/PVA/O2 nanofibers can be 
used further for drug delivery applications where a faster 
release rate is required. The present study also provides the 
initial indication of future scope of using ADMSCs based 
approach in combination with the as-fabricated nanofi-
brous matrix with antibacterial properties in wound heal-
ing applications.
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