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ABSTRACT
The current study is designed to develop mechanically strong chi-
tosan (Cs) coated silk based drug delivery system loaded with
amoxicillin trihydrate (AMOX). For this purpose, surface modifica-
tion of Antherarea assama silk fibroin (AASF) yarn is carried out
using dielectric barrier discharge (DBD) oxygen (O2) plasma at
atmospheric pressure followed by coating with drug incorporated
Cs (AASF/O2/Cs-AMOX). It is observed that O2 plasma treatment
results in altering surface chemistry and morphology of silk fibroin
surface which subsequently improves mechanical properties of
AASF/O2/Cs-AMOX yarn. The AASF/O2/Cs-AMOX yarn exhibits
strong antibacterial activities against gram-positive Staphylococcus
aureus and gram-negative Escherichia coli bacteria. In vitro drug
release profile reveals biphasic release behavior of AASF/O2/Cs-
AMOX yarn consisting of immediate followed by controlled and
sustained release of AMOX up to the observation period of
168hours. MTT cell viability study further reveals that O2 plasma
treatment and incorporation of AMOX do not have any adverse
effect on cytocompatibility of AASF/O2/Cs-AMOX yarn. Together,
all these results suggest that AASF/O2/Cs-AMOX yarn can be
explored in treatment of bacterial infected wounds as potential
surgical suture.
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Introduction

Polymer-based drug delivery systems (PDDSs) are promising technology for bioengin-
eering, clinical and healthcare applications due to their ability to enhance bioavailability
of drugs, maximize the therapeutic efficacy of drug with minimum side-effects, control
drug release rate, reduce systemic toxicity and facilitate rapid wound healing [1–3].
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With rapid development of materials engineering and processing technology, PDDSs
have been developed into various forms, such as fibers/yarn, nano/micro-particles,
microspheres, micelles, and hydrogels [1, 4]. In PDDSs, selection of polymer acting as a
drug carrier with desirable properties such as non-toxicity, biocompatibility, biodegrad-
ability, and physico-chemical and thermal stability is very essential as it eventually plays
critical role in determining the encapsulation efficacy, drug release profile and release
mechanism of the drug delivery system [1, 3]. Development of novel and smart PDDSs
comprising appropriate polymer carrier and therapeutic molecules can significantly
improve their pharmacokinetic and pharmacodynamic properties as well as enhance
targeted and sustained drug release kinetics [5].

Naturally derived polymers such as chitosan and silk fibroin display excellent
biocompatibility, mechanical strength, non-cytotoxicity and non-inflammatory, bio-
degradability and physico-chemical properties which make them promising bioma-
terials for applications in tissue engineering, drug delivery and regenerative
medicine [1, 3]. Chitosan is a natural polycationic linear polysaccharide and exhib-
its mucoadhesive, permeation enhancing, in situ gelling, and efflux pump inhibi-
tory properties [6]. On the other hand, Antheraea assama silk fibroin (AASF),
obtained from wild silkworms, has drawn considerable research interest due to its
excellent mechanical properties, outstanding structural integrity, non-toxicity, slow
biodegradability and biocompatibility [7]. However, AASF offers poor resistance
against microbial growth and proliferation leading to biofilm formation on the
surface which makes it a poor choice of material having a high risk of surgical
site bacterial infections and as a result the prospect of clinical applications of
AASF is far less explored.

Low temperature plasma is widely used in developing silk fibroin for various biomed-
ical applications due to its efficacy in tailoring surface chemistry and morphology by
controlling plasma kinetics and -surface interactions without affecting the bulk proper-
ties [8–13]. Plasma treatment has been proven to be extremely efficient in inducing sur-
face activation and wettability of silk fibroin for improving bioadhesion and drug-
loading efficiency [7, 9, 10]. It has been reported that argon plasma treatment can suc-
cessfully immobilize drug onto silk fibroin nanofibrous scaffold thereby enhancing the
osteogenic potential of silk fibroin nanofibers [11]. Another report shows that air plasma
treatment enhances in vivo bone regenerative capacity of silk fibroin-based biomaterials
[12]. Due to ability to modulate cell adhesion and proliferation behaviour, the fluorocar-
bon plasma treated silk fibroin nanofibrous membranes has been shown to be useful for
biomedical applications such as a guided bone regeneration [13].

In this work, surface modification of AASF yarn is carried out using dielectric barrier
discharge oxygen (O2) plasma at atmospheric pressure followed by coating with drug-
incorporated chitosan (Cs) with an aim of developing AASF/O2/Cs-AMOX yarn as drug
delivery system with enhanced mechanical properties. The mechanical properties, anti-
bacterial activity and in vitro biocompatibility of AASF, AASF/O2, AASF/Cs, AASF/O2/
Cs and AASF/O2/Cs-AMOX yarns are evaluated and the results are correlated with their
surface chemistry and morphology. Additionally, drug release profile of AASF/O2/Cs-
AMOX yarn is also investigated in vitro. These investigations are conducted to explore
clinical applications of this novel AASF/O2/Cs-AMOX yarn as suture material.
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Experimental section

Materials

Antheraea assama silk fibroin (AASF) in the form of multifilament yarn of average
diameter 400 lm is obtained from Central Silk Board, Guwahati, Assam, India. Prior
to use, AASF yarn is rinsed three times in deionized water, dried in ambient environ-
ment (temperature: 25 �C; relative humidity: 50%) and stored in a desiccator.
Amoxicillin trihydrate (AMOX), chitosan (Cs, low molecular weight; �75–85% deace-
tylated), Dulbecco’s modified eagle’s medium (DMEM) and dimethyl sulfoxide
(DMSO) are purchased from Sigma Aldrich. Acetic acid (glacial) and phosphate buf-
fered saline (PBS) are purchased from Merck. All chemical reagents are analytical
reagent grade and used as received. A Millipore Milli Q system (USA) is used to pro-
duce ultrapure distilled water.

Methods

Plasma treatment
Surface functionalization of AASF yarn has been carried out using dielectric barrier
discharge (DBD) O2 plasma. The experimental details of the DBD set-up have been
reported elsewhere [14]. Briefly, the DBD discharge chamber comprises two copper
electrodes (thickness ¼ 5mm, surface area ¼ 25 cm � 25 cm) that are placed within
a cubic enclosure. Both the electrodes are covered with glass plates (thickness ¼
3mm) and the plasma is generated at a discharge gap of 6mm between the two glass
plates. The upper electrode is connected to a high voltage source (0–40 kV, 50Hz,
Zenoics Systech, India), while the lower electrode is grounded. The O2 (Assam Air
Products, purity > 99.99%) gas is allowed to enter the discharge chamber and the gas
flow rate (standard liter per minute, slpm) is controlled by a digital mass flow con-
troller (Alicat Scintific, USA). The surface treatment of AASF yarn is carried out for
60 seconds and after that the sample is taken out of the discharge chamber and placed
in a vacuum desiccator for further characterizations.

The plasma treatment induces surface hydrophilicity to AASF/O2 yarn, as the con-
tact angle of water on AASF and AASF/O2 yarns is measured to be 96.2� ± 2.1� and
29.3� ± 1.1� respectively. The surface wettability of the samples is assessed by
dynamic contact angle measurement using tensiometer (Data physics, DCAT-11,
Germany). The hydrophilic nature of AASF/O2 yarn remains stable in air (tempera-
ture: 25 �C; relative humidity: 50%) up to 6 days and after that it shows mild hydro-
phobic recovery due to increase in contact angle of water. Based on these
observations, the surface characterization of AASF/O2 yarn is completed well before
2–3 days of O2 plasma post-treatment.

Optimization of plasma discharge conditions
The discharge conditions (applied voltage and O2 flow rate) are optimized to
obtain homogeneous and stable O2 plasma at atmospheric pressure. The O2

plasma discharge is obtained at different values of discharge voltage ranging from
10 to 16 kV (at regular interval of 2 kV) and O2 flow rate ranging from 0.5 to 3
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slpm (at regular interval of 0.5 slpm), respectively. The discharge homogeneity in
O2 plasma is monitored using a digital single-lens reflex camera (DSLR, Nikon
D7200, Japan) with the exposure time of 1/8000 s mounted on a stable optical
platform and the discharge characteristics (voltage and current waveforms) are
studied using a high voltage probe (Tetronix, P6015A, 1000:1) and a digital oscil-
loscope (Tetronix, TPS2024B, 200MHz). The plasma discharge is observed from
the side view of the discharge chamber. The voltage and current waveforms are
recorded by the digital oscilloscope. The experimental arrangement to study the
waveforms of the applied voltage and discharge current is shown in Figure 1A.
The voltage applied to the upper electrode is measured via the high voltage probe
whereas the discharge current is measured by placing a 2 nF capacitor (C)
between the bottom electrode and the ground, respectively. At applied voltage of
12 kV and O2 flow rate of 2 slpm, homogeneous and stable O2 plasma is obtained,
as revealed from image of the discharge (Figure 1B) and also characterized by a
single current pulse per half-cycle of the applied voltage with the same periodicity
(Figure 1C) [15, 16]. The AASF yarn is placed in between the two electrodes and
after that surface modification is performed at the above optimized discharge con-
ditions. The homogeneity of the DBD discharge further ensures uniform surface
treatment of AASF yarn exposed to O2 plasma.

Preparation of Cs-AMOX coated AASF/O2 yarn
A solution of Cs is prepared by dissolving Cs in 10% (v/v) glacial acetic acid at a con-
centration of 3mg/ml. To this solution, AMOX (25% (w/w) of Cs dissolved in acetic
acid) is added and the mixture is stirred for 15minutes (200 rpm) at ambient envir-
onment (temperature: 25 �C and relative humidity: 50%). The addition of this specific
amount of AMOX to Cs solution is based on its minimum inhibitory concentration
(MIC) values against E. coli (37 mg/ml) and S. aureus (39mg/ml), respectively. After
plasma treatment, AASF/O2 yarn is immediately taken out of the discharge chamber
and placed in a container filled with Cs-AMOX mixture in order to evade any pos-
sible effect of air or humidity on its surface properties. Afterwards the AASF/O2 yarn

Figure 1. (A) Schematic representation of experimental arrangement for measurement of applied
voltage and discharge current. (B) Discharge image and (C) applied voltage and discharge current
waveforms of stable homogeneous O2 plasma.
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is passed across two Teflon rollers to ensure uniform coating onto the surface with
good repeatability and reproducibility. The gap between the rollers is adjusted mech-
anically so as to control the coating thickness and exert pressure on the yarn thereby
enabling more drug-incorporated Cs (Cs-AMOX) to spread through the spaces
among the inner fibers. Coating repetitions of the yarn are conducted thrice and after
that the Cs-AMOX coated AASF/O2 (AASF/O2/Cs-AMOX) yarn is dried in vacuum
at room temperature (25 �C) and placed in a vacuum desiccator. In this work, the
average thickness of Cs layer coated on AASF/O2 yarn is measured to
be 14.54 ± 0.84 mm.

Characterization techniques
Field emission scanning electron microscope (FESEM, SIGMAVP, Carl Zeiss,
Germany) is used to observe the surface morphologies of the test samples (AASF,
AASF/O2, AASF/O2/Cs and AASF/O2/Cs-AMOX yarns). Prior to FESEM examin-
ation, the samples are coated with gold/palladium alloy in sputtered coater (SC7620,
Emitech) in a low vacuum (2� 10�2 mbar).

The chemical composition of the test samples is investigated using attenuated total
reflectance Fourier transform infrared (ATR-FTIR) spectroscopy (IMPACT 410,
NICOLET, USA). The spectra are obtained from a 200 lm diameter sampling area,
using an average of 32 scans, at 4 cm�1 spectral resolution. Spectra are collected in
transmittance mode with spectral region of 4000–650 cm�1.

The surface chemistry of the test samples is further investigated by X-ray photo-
electron spectroscopy (XPS, Omicron, Germany). The XPS studies are conducted in a
UHV chamber (base pressure < 2� 10�10 mbar) using a VG make, CLAM-2 model
hemispherical analyzer with a non-monochromatic twin Mg X-ray source. With Mg
Ka 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 binding energy (BE) scale is calibrated using the peaks of Au 4f7/2 (BE ¼
84.0 eV) and Ag 3d3/2 (BE ¼ 368.2 eV) from polycrystalline gold and silver foils,
respectively. The binding energy of the hydrocarbon component of the C1s spectrum
at 285.0 eV, corresponding to organic/polymeric materials, is used as a calibration to
compensate for charging effects [17]. The XPS peak fitting is performed by using
XPSPEAK 4.1 software.

The mechanical properties of the test samples are evaluated using a universal test-
ing machine (INSTRON 4204, USA) at a constant speed of 10mm min�1 with a
10 kN load (temperature: 25 �C and relative humidity: 50%). The specimens are cut
into strips of 10mm � 50mm (thickness ¼ 0.25mm) and a gauge length of 20mm
is considered. For each sample, data is taken for five times and the average values of
Young’s modulus, tensile strength and elongation at break (%) are evaluated from
stress-strain curves. The data are presented as mean ± standard deviation (SD).

Antibacterial test
The antibacterial activities of AASF, AASF/O2, AASF/O2/Cs and AASF/O2/Cs-AMOX
yarns are evaluated against gram-positive S. aureus (ATCC 25923) and gram-negative E.
coli (ATCC 25922) bacteria using standard agar disk diffusion method. The bacteria are
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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 are carefully placed and
pressed lightly against the surface of the agar using a sterilized forceps. After incubation
in a bacteriological oven at 37 �C for 24hours, the growth inhibition is quantified by cal-
culating the diameter 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).

Swelling behaviour
The swelling behavior of AASF/O2/Cs yarn is studied by immersing specific amount
of the dried sample in 10mL of phosphate buffered saline (PBS, pH ¼ 7.4) at 37 �C
until swelling equilibrium is achieved. The samples are taken out at regular intervals
of time and weighed after removing the excess surface water by blotting with filter
paper and then placed in the same bath. The degree of swelling (Q) is then calculated
from the following equation,

Q ¼ Ww�Wd

Wd
(1)

where Ww and Wd are the weights of swollen and dry sample, respectively. The
experiment is conducted in triplicate and the result is reported as mean± standard
deviation (SD).

Drug release study
The AMOX release profile from AASF/O2/Cs-AMOX yarn is investigated by immersing
specific amount of the sample in 10ml phosphate-buffered saline (PBS, pH ¼ 7.4) at
37 �C. After certain intervals of time, 1ml aliquots are collected for measurements 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 spectropho-
tometer, Shimadzu, UV 1800) at a wavelength of 273 nm. The percentage drug releases
from AASF/O2/Cs-AMOX yarn is calculated from the following relation,

Amount of drug release %ð Þ ¼ mt

m0
� 100 (2)

where mt is the amount of AMOX released at specific time t and m0 is the total
amount of drug loaded in AASF/O2/Cs-AMOX yarn. Three replicates are performed
in this experiment and the results are presented as the mean ± standard devi-
ation (SD).

To investigate the release kinetics of AMOX from AASF/O2/Cs-AMOX yarn, the
experimental results have been fitted with the following Weibull model which is suit-
able for describing drug release from polymer matrix [18],

F ¼ 1�e�
tb
a (3)
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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 ¼ 1

a denotes the release rate con-
stant [18].

In vitro cytotoxicity
The possible cytotoxic effect of AASF, AASF/O2, AASF/O2/Cs and AASF/O2/Cs-
AMOX yarns are evaluated by the MTT (3-[4,5-dimethylthiazole-2-yl]-2,5-diphenylte-
trazolium bromide) cell viability assay in L929 mouse fibroblast cells. 1� 104 cells/
well are seeded in a 96 well cell culture plate containing 100 ml DMEM supplemented
with 10% fetal bovine serum and incubated for 72 hours at 37 �C. After 24, 48 and
72 hours of incubation, the supernatant of each well is replaced with MTT diluted in
serum-free medium and the plates are incubated for another 4 hours at 37 �C.
Further, 100 ml DMSO is added to each well to dissolve the blue formazan crystals
and the absorbance (570 nm) is accordingly measured using a UV-visible spectropho-
tometer (Shimadzu, UV 1800, Japan). The percentage cell viability is calculated by
using the following relation,

Cell viability %ð Þ ¼ Nt

Nc
� 100 (4)

where Nt is the absorbance of the treated cells and Nc is the absorbance of the
untreated cells. All experiments are performed three times with three replicates for
each sample and control and the results are reported as mean± standard devi-
ation (SD).

Statistical analysis
The statistical analyses are performed using one-way ANOVA with post-hoc Tukey
analysis (GraphPad Prism 7). The data are represented as mean ± standard deviation
(SD). The data in the figures are marked by an asterisk (�) for p< 0.05 and double
asterisks (��) for p< 0.01.

Results and discussion

Surface morphological analysis

The surface morphology of AASF, AASF/O2, AASF/O2/Cs and AASF/O2/Cs-AMOX
yarns are characterized by FESEM. Figure 2A–D show typical FESEM images of the
test samples. As seen from Figure 2A, surface morphology of AASF is observed as
smooth, compact, and without any crack or pores. However, O2 plasma treatment
results in formation of nano-structured roughness on the surface of AASF which is
attributed to the etching of the silk fibroin surface by reactive oxygen species (O; O�;
O�; O�

2 etc.) that are generated in the discharge chamber (Figure 2B) [19]. The
FESEM image of AASF/O2/Cs yarn (Figure 2C) reveals uniform and smooth surface
of Cs coated onto AASF/O2. However, incorporation of AMOX in Cs solution and
subsequent coating of AASF/O2 with Cs-AMOX mixture results in introducing
roughness on the surface AASF/O2/Cs-AMOX yarn (Figure 2D). The presence of
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AMOX is observed on the surface of AASF/O2/Cs-AMOX yarn where the drug mole-
cules are adhered to the Cs matrix.

Chemical and structural analyses

The ATR-FTIR spectra of AASF yarn, AMOX, Cs and AASF/O2/Cs-AMOX yarn are
shown in Figure 3A. The infrared absorption spectrum of AASF reveals characteristic
absorption peaks of amide I (C¼O stretching vibration), amide II (N–H bending
vibration) and amide III (C¼O bending/C–N stretching vibration) at 1621 cm�1,
1515 cm�1 and 1231 cm�1, respectively corresponding to b-sheet structure [20]. The
broad absorption band in the range of 3100–3700 cm�1 is due to the OH stretching
vibration that overlapped with the NH bands of amine and amide of AASF and simi-
lar band can be observed in the spectrum of Cs [21]. The spectrum of AMOX shows
absorption bands in the range of 3100–3700 cm�1 which is attributed to NH and OH
stretching of the primary amino groups [21]. In addition, the spectrum shows absorp-
tion peaks at 2972 cm�1 and 2914 cm�1, referring to the symmetric and asymmetric
CH stretching vibration of alkyl groups, characteristic absorption peak at 1776 cm�1

due to b-lactum ring, and peaks at 1688 cm�1, 1482 cm�1 and 1260 cm�1, corre-
sponding to the C¼O stretching vibration (amide I), N-H bending of the secondary
amine/C¼C stretching of aromatic ring and C-N stretching of primary amine
respectively [22, 23]. The peaks at 1586 cm�1 and 1398 cm�1 which correspond to N-
H bending vibration of primary amide (amide II) and symmetrical stretching vibra-
tion of carboxylate (COO�) groups, are also observed [21]. As seen from the

Figure 2. FESEM images of (A) AASF, (B) AASF/O2, (C) AASF/O2/Cs and (D) AASF/O2/Cs-AMOX yarns
(scale bar represents 2lm). The inset of each corresponding yarn shows the high magnification
FESEM image (scale bar represents 100 nm).
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spectrum of Cs, the absorption peaks at 1652 cm�1, 1586 cm�1 and 1260 cm�1 are
characteristic of Cs and are assigned to amide I, amide II and amide III, respectively
[21]. In addition, the absorption peaks at 1154 cm�1, 1061 cm�1, 1023 cm�1 and
893 cm�1 are characteristic of chitosan’s saccharide structure [24]. Analysis of the
spectrum of AASF/O2/Cs-AMOX yarn reveals the presence of characteristic absorp-
tion peaks/bands corresponding to both Cs and AMOX. Besides, the absence of char-
acteristic peaks of AASF in the spectrum of AASF/O2/Cs-AMOX yarn may indicate
uniform coating of Cs on the surface of AASF/O2.

To investigate the effect of O2 plasma treatment on the surface chemistry of AASF,
the ATR-FTIR spectra of AASF and AASF/O2 are shown in Figure 3B. The results
show that O2 plasma does not seem to induce any kind of conformational changes in
protein structure of AASF as no shift in the peak position of amide I, amide II and
amide III is observed. However, in the higher wavenumber region (3100–4000 cm�1)
O2 plasma treatment resulted in broadening of the band corresponding to hydrogen-
bonded OH group and shifting towards lower wavenumber which indicates incorpor-
ation of polar functional groups on to the surface of AASF. This finding is accounted
for generation of different reactive oxygen species during O2 plasma treatment and
their strong interaction with AASF thereby leading to formation of oxygen-containing
(polar) functional groups at the surface. To confirm incorporation of polar groups on
to surface of AASF/O2, surface analysis of AASF and AASF/O2 is further carried out
by XPS. Table 1 presents the surface composition determined from XPS analysis. It is
observed that after O2 plasma treatment, the oxygen (O) content (at %) on the sur-
face of AASF/O2 is increased by � 4% whereas the carbon (C) content (at %)
decreases by � 4.5%. The variation in the percentage of nitrogen (N) remains more
or less unchanged. Also, O/C ratio for AASF/O2 is found to be higher than that
observed for AASF. These data indicate that O2 plasma treatment increases the con-
centration of oxygen-containing functional groups onto the surface of AASF. For bet-
ter understanding the chemical environment at the surface of AASF and AASF/O2,

Figure 3. (A) ATR-FTIR spectra of (i) AASF yarn, (ii) AMOX, (iii) Cs and (iv) AASF/O2/Cs-AMOX yarn.
(B) ATR-FTIR spectra of AASF and AASF/O2 yarns. Deconvoluted C1s peaks of (C) AASF and
(D) AASF/O2 yarns. (E) XRD spectra of AASF and AASF/O2 yarns.
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the high resolution C1s spectra of the samples are fitted in different peaks (Figure 3C
and D). The deconvoluted C1s spectra show the presence of five components corre-
sponding to the peaks at 285.2 eV (C-C/C-H), 286.5 eV (C-O/C-O-C), 287.9 eV
(C¼O), 288.5 eV (O-C-O), 289.9 eV (O-C¼O) and 291.7 eV (O-CO¼O), respect-
ively [25]. The relative percentage concentration of components of the resolved C1s

spectra is shown in Table 1. The results reveal that the relative percentage of the oxy-
gen-containing components that are present on the surface of AASF/O2 is higher as
compared to AASF. This is attributed to the surface oxidation of AASF by O2 plasma
which results in abstraction of hydrogen from alkyl group and subsequent decrease in
the relative percentage of C-C/C-H component on the surface of AASF/O2 [26, 27].

To further study the crystal structure, XRD analysis of AASF and AASF/O2 is per-
formed (Figure 3E). The XRD curve of AASF shows two broad peaks at 16.8� and
the second peak at 20.2� which are characteristics of b-sheet secondary conformation
and b-sheet crystalline structure [28]. No change in the crystal structure of AASF is
observed after O2 plasma treatment thereby underlining the merit of low temperature
plasma in surface modification process where plasma treatment only tailors the sur-
face chemistry without affecting the inherent physical structure of polymer.

Mechanical properties

The mechanical properties play crucial role to the performance of polymeric biomateri-
als in medical and clinical applications. In this work, tensile strength, Young’s modulus
and elongation at break (%) of AASF, AASF/O2, AASF/Cs and AASF/O2/Cs yarn are
evaluated, and the results are presented in Table 2. As revealed from Table 2, the tensile
strength and Young’s modulus for AASF/O2 yarn are higher as compared to AASF
which is attributed to the hydrogen bonding interaction between polar groups and silk
fibroin surface leading to efficient load transfer in the yarn. The formation of hydrogen
bond is attributed to the presence of oxygen containing functional groups which are
incorporated onto the surface of AASF through generation of active plasma species dur-
ing O2 plasma treatment. However, the elongation at break has been observed to be
decreased after plasma treatment which indicates an increase in stiffness of AASF/O2

yarn. The observed increase in tensile strength and Young’s modulus in AASF/O2/Cs
yarn, as compared to AASF/Cs yarn, also indicates strong hydrogen bonding interac-
tions between silk fibroin surface and Cs molecules induced by O2 plasma [14]. A sche-
matic of hydrogen bonding interaction between polar groups present on silk fibroin
surface and Cs molecules leading to improved mechanical properties of AASF/O2/Cs
yarn is presented in Figure 4.

Table 2. Mechanical properties of AASF, AASF/O2, AASF/Cs and AASF/O2/Cs yarns.
Sample Tensile strength (GPa) Young’s Modulus (GPa) Elongation at break (%)

AASF 2.61 ± 0.24 19.58 ± 1.27 56.74 ± 2.30
AASF/O2 2.83 ± 0.21 35.46 ± 2.20 54.03 ± 1.45
AASF/Cs 2.89 ± 0.31 38.20 ± 3.10 51.02 ± 2.74
AASF/O2/Cs 3.66 ± 0.23 45.08 ± 2.11 48.03 ± 2.10
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Moreover, it has been observed that O2 plasma treatment induces nanoscale pat-
tern surface roughness in AASF/O2 yarn [29]. The formation of surface roughness
results in high degree of friction between fiber to fiber thereby leading to higher
mechanical properties of AASF/O2 as compared to AASF yarn. Besides, during Cs
coating process, Cs solution penetrates the available spaces among the fibers and
spread throughout the surface of the fibers comprising AASF. In case of AASF/O2,
the observed surface roughness provides better mechanical interlocking between the
fibers as well as fiber and Cs matrix which subsequently enhances mechanical per-
formance of AASF/O2/Cs over AASF/Cs yarn [30, 31].

Antimicrobial test

The AASF, AASF/O2, AASF/O2/Cs and AASF/O2/Cs-AMOX yarns are subjected to
the antibacterial activity studies with the selected microorganisms and the results are
shown in Figure 5A–P. The FESEM image corresponding to each sample is also pre-
sented in Figure 5A–P for better understanding. It is evident that both the microor-
ganisms grow and proliferate around AASF and AASF/O2/Cs yarn after observation
period of 24 hours. Besides, O2 plasma treatment does not seemed to improve the
antibacterial activity of AASF yarn. In contrast, antibacterial activity of AASF/O2/Cs-
AMOX yarn is demonstrated by the formation of the zone of inhibition in the agar
plate against the microorganisms. It is observed that AASF/O2/Cs-AMOX yarn shows
comparatively higher inhibition activity against E. coli than S. aureus as clearly indi-
cated by the size of zone of inhibition. The results indicate that AMOX, which is a
broad-spectrum antibiotic, is highly effective against both gram-positive and gram-
negative bacteria as compared to penicillin which is more sensitive to gram-positive
than gram-negative bacteria, as reported in the literature [32].

The antibacterial activity of AASF/O2/Cs-AMOX yarn is further assessed at differ-
ent time interval against E. coli (Figure 5Q) and S. aureus (Figure 5R) respectively. It
is observed that the AASF/O2/Cs-AMOX yarn shows measurable zone of inhibition

Figure 4. Schematic showing hydrogen bonding interaction between polar groups present on
AASF/O2 surface and Cs molecules.
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against both the bacteria up to 600 hours (25 days) and finally bacterial growth begins
to occur on the yarn after 26 days. The prolonged antibacterial activities of AASF/O2/
Cs-AMOX yarn against both E. coli and S. aureus bacteria are attributed to the sus-
tained drug release from the Cs matrix. Several studies report on similar surgical
sutures where the antibacterial zones of inhibition are observed to be smaller than
that shown by AASF/O2/Cs-AMOX yarn and the zones vanishes within 10 days of
incubation period [33–35]. It is therefore evident that AASF/O2/Cs-AMOX yarn can
be very effective in preventing bacterial infection of surgical site in situations where
longer treatment time is required.

In vitro drug release study

In vitro drug release profile of AASF/O2/Cs-AMOX yarn is shown in Figure 6A. The
inset of Figure 6A shows the calibration curve of AMOX in PBS medium (pH ¼ 7.4)
at 37 �C. The AMOX release profile from AASF/O2/Cs-AMOX yarn is characterized
by a biphasic pattern showing an initial burst release within 24 hours of immersion
reaching around 55% followed by a sustained release (76%) up to the observation
period of 168 hours. After 192 hours of observation period, the release of AMOX
becomes slow and reaches 78% up to 336 hours after which a plateau is attained. The
drug release behavior is related to the distribution of AMOX in both at the outer and
inner surface of Cs during blending and subsequent coating on AASF/O2 yarn. The

Figure 5. Antibacterial activities of AASF, AASF/O2, AASF/O2/Cs and AASF/O2/Cs-AMOX yarns
against (A)-(D) E. coli and (I)-(L) S. aureus respectively. Typical FESEM images show surface morphol-
ogies of AASF, AASF/O2, AASF/O2/Cs and AASF/O2/Cs-AMOX yarns against (E)-(H) E. coli and (M)-(P)
S. aureus, respectively (scale bar represents 2lm). The variation of zone of inhibition of AASF/O2/
Cs-AMOX yarn against (Q) E. coli and (R) S. aureus as a function of observation time. Values repre-
sent mean± SD of three batches.
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rapid initial burst release is therefore attributed to desorption of AMOX which is
weakly bound to the relatively large surface of Cs. In contrast, diffusion of AMOX
through the Cs matrix is the determining factor in the observed sustained release
characteristic of AASF/O2/Cs-AMOX yarn. From the drug release profile, the concen-
tration of AMOX released to PBS medium at observation period of 24 hours is eval-
uated to be 38.4 mg/ml which is found to be closed to the respective MIC value of
AMOX against E. coli (37 mg/ml) and S. aureus (39 mg/ml). This finding can further
be corroborated with the results shown in Figure 5Q and R where maximum value of
zone of inhibition, corresponding to AASF/O2/Cs-AMOX yarn, can be observed after
24 hours of incubation against E. coli and S. aureus, respectively.

The diffusion of AMOX from Cs matrix is ascribed to the swelling of Cs in PBS
medium. It has been reported that when Cs is immersed in PBS, the glass transition
temperature of Cs starts decreasing with time and become equal to the temperature
of the medium. During the transition process the molecular chains of chitosan also
begin to relax and PBS starts penetrating the Cs matrix thereby resulting in swelling
of Cs [36–38]. The swelling of Cs gradually increases and eventually saturates with
incubation time thereby resulting in slow but sustained release of drug over an
extended period of time. To validate the observation, the assessment of the swelling
ability of Cs coated AASF/O2 yarn is carried out in this work. Figure 6B shows the
variation of degree of swelling (Q) in AASF/O2/Cs yarn as a function of time. The Q
value for AASF/O2/Cs yarn increases with time and reaches equilibrium within
200 hours. During the experimental period no weight loss of Cs is observed which is
attributed to its rigid crystalline structure that makes it insoluble in aqueous medium
(pH > 6–6.5). These findings suggest that the sustained release of AMOX from
AASF/O2/Cs-AMOX yarn indeed depends on swelling behavior Cs in PBS medium.
A schematic showing the release of AMOX from AASF/O2/Cs-AMOX yarn at various
time of observation is shown in Figure 6C.

The release profile of AASF/O2/Cs-AMOX yarn is further investigated to under-
stand the release kinetics of AMOX from the yarn. For this purpose, the release pro-
file in Figure 6A is best fitted with the Weibull model which is used to analyze the
release profile of matrix-type drug delivery system. The drug release rate constant
(KH) as determined by fitting the experimental data with the kinetic drug model is
found to be 0.052 h�1. From the fitted mathematical model, the value of b is found to
be close to 1.04 which reveals that the release profile of AASF/O2/Cs-AMOX yarn fol-
lows the exponential release kinetics of drug from polymer-matrix by obeying Fick’s
first law of diffusion.

Cytotoxicity assay

The in vitro cytocompatibilities of AASF, AASF/O2, AASF/O2/Cs and AASF/O2/Cs-
AMOX yarns against L929 mouse fibroblast cells are evaluated using MTT assay. As
shown in Figure 7, the cell viabilities after 24 hours are over 95% for all test samples,
revealing the non-toxicities and good biocompatibilities of the yarns toward cells.
After 48 hours of culture, cell viability on AASF/O2 yarn (95.1 ± 1.82%) is relatively
higher than AASF (93.4 ± 1.77%), AASF/O2/Cs (92.3 ± 1.85%) and AASF/O2/Cs-
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AMOX (93.1 ± 1.76%) yarns. The improved cytocompatibility of AASF/O2 yarn could
be attributed to the incorporation of polar functional groups onto the surface, due to
O2 plasma treatment, which subsequently enhances cell growth, proliferation and
attachment. After 72 hours of incubation, the cell viabilities on all the samples are
observed to be around 89–91%. In case of AASF/O2/Cs yarn, the high degree of
deacetylation and presence of amino group are the key factors favoring the interac-
tions between Cs and cells. These studies clearly demonstrate that O2 plasma treat-
ment and incorporation of drug does not cause any adverse effect on the
cytocompatibility of AASF/O2/Cs-AMOX yarn.

Conclusions

In this study a potential controlled drug delivery system of Cs-AMOX coated AASF
yarn modified by DBD O2 plasma at atmospheric pressure has been successfully
developed. Results obtained from XPS, ATR-FTIR and FESEM analyses indicate that
O2 plasma treatment influences surface chemistry and morphology of AASF by
increasing the concentrations of oxygen containing functional (polar) groups onto the
surface as well as forming nano-structured surface roughness. Due to hydrogen bond-
ing between silk fibroin surface and Cs molecules facilitated by surface polar groups
and mechanical interlocking, AASF/O2/Cs-AMOX yarn shows higher tensile strength
and Young’s modulus as compared to both AASF and AASF/Cs yarns. The AASF/
O2/Cs-AMOX yarn exhibits excellent bactericidal activities against S. aureus and E.
coli bacteria and retains its antibacterial activities for prolonged period of time
(600 hours) due to sustained release of drug from Cs matrix. In vitro drug release

Figure 7. Viability (%) of L929 mammalian cells at different time points post incubation with
AASF, AASF/O2, AASF/O2/Cs and AASF/O2/Cs-AMOX yarns (�� and � show significant differences
from control at p< 0.01 and p< 0.05, respectively). Values represent mean± SD of three batches.
Control: cell with no treatment.

JOURNAL OF BIOMATERIALS SCIENCE, POLYMER EDITION 1157



study shows that the AASF/O2/Cs-AMOX yarn exhibits biphasic drug release profile
i.e., the drug release from the surface as well as from the bulk of Cs matrix following
a Fickian diffusion mechanism. O2 plasma treatment and incorporation of antibiotic
drug do not have any adverse effect on cytocompatibility of AASF/O2/Cs-AMOX
yarn, as confirmed by in vitro cytotoxicity test toward L929 fibroblasts. These results
thus demonstrate that AASF/O2/Cs-AMOX yarn with excellent mechanical strength
and controlled drug release behavior can be considered a promising biomaterial for
application as surgical suture.
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