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ABSTRACT

Microbial infection and oxidative damage of the fibroblast often results in prolonged and incomplete
wound healing. Therefore, there is an increasing demand for a scaffold being effective to prevent any
possible infection and neutralize excessively released free radicals. Herein, we designed a PCL-based
nanofiber loaded with ciprofloxacin hydrochloride (CHL) and quercetin. Developed nanofiber showed
the formation of smooth and continuous nanofiber with 101.59+29.18 nm average diameter and
entrapping the drugs in amorphous form without any possible physico-chemical interaction between
drugs and excipient. High entrapment efficiency (CHL: 92.04% and Que: 94.32%) and prolonged in-vitro
release (for 7 days) demonstrated the capability of scaffold to suppress any probable infection and
oxidative damage, which was further confirmed by in-vitro antibacterial and antioxidant activity. The
biocompatibility of scaffold for direct application to wound site was evaluated through hemocompati-
bility and cytocompatibility assay. The wound healing efficacies of nanofiber were assessed using
full thickness wound model in rats, which displayed accelerated wound healing with complete re-
epithelialization and improved collagen deposition within 16days. In-vivo wound healing finding was
further corroborated by SOD, catalase, and hydroxyproline assay. The current study validates the applica-
tion of ciprofloxacin HCl and quercetin functionalized nanofiber as a potential wound dressing material.
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Introduction the way towards the development of engineered matri-
ces for the skin graft.

Wound healing is a complicated process. The ideal
healing progresses through haemostasis, inflammation,
proliferation, and tissue remodelling phase with varying

and overlapping phase duration. Among those phases,

The loss of protective function of skin due to severe
disease or trauma (physical, chemical, thermal or micro-
bial) is known as a wound [1,2]. Depending on the
depth of the skin layer, a wound can be either confined
to epidermal layer, which heals via re-epithelialization

without any skin graft or due to loss of both epidermis
and dermis, i.e., full thickness wounds (FTW). The con-
sequence of FTW is the loss of residual cells for regen-
eration except for the peripheral region of the wound
area. In such situation, complete re-epithelialization of
skin either takes longer duration, which often results
into scarring of bases and significant disability or it
demands skin regeneration product for prompt wound
healing [3,4]. Although split-thickness skin graft is usu-
ally implanted to promote early wound healing, how-
ever its application is restricted by donor sites
availability, cumbersome surgical procedures and a ten-
dency to contact with time [5,6]. These limitations lead

the inflammatory phase is the most critical one during
which neutrophils release reactive oxygen species (ROS),
reactive nitrogen species (RNS), peroxides and proteases.
The major problem associated with open FTW is vulner-
ability to microbial infections, which activate the body's
immune system and aggravate neutrophils’ release. In
such situation, even endogenous anti-oxidants like super-
oxide dismutase (SOD), catalase, and glutathione, which
make the first line defence mechanism against free radi-
cals, fails to neutralize it. Consequently, these excess free
radicals cause oxidative damage to the fibroblast, primary
cell responsible for collagen synthesis and provisional
extracellular matrix (ECM) formation [7,8]. However, this
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problem can be mitigated by enriching the wound site
with an external anti-oxidant and antimicrobial drug.
Therefore, we have proposed to develop a poly (e-capro-
lactone) based nanofiber membrane functionalized with a
combination of an antimicrobial and an anti-oxidant for
accelerated wound healing.

Recently, electrospinning has gained widespread
attention for fabricating nanofibrous scaffold over other
techniques as melt-blown, wet-spinning, self-assembly,
lithography, etc., because of its comparatively simple,
adaptable, cost-effective setup, and ease of scale-up
system. [9,10]. Nanofiber developed by electrospinning
technique offer several potential advantages for wound
healing such as (i) high surface to volume ratio, (ii)
highly porous scaffold, (iii) a morphological and struc-
tural similarity with natural ECM, (iv) protection of
wound from bacterial infiltration owing to highly inter-
connected pores, (v) a local drug delivery device with
high drug loading, sustained and controlled release
profile [3,5,11,12].

Numerous high molecular weight polymers have
been explored for the production of nanofibers by elec-
trospinning. Poly (e-caprolactone) (PCL) is one of the
extensively examined, and USFDA approved polymer
for controlled drug delivery. Biodegradable, bioresorb-
able, biocompatible and sound mechanical properties
of PCL find its significant use for medical and drug
delivery devices. Chemical compatible nature of PCL
with a wide range of drugs and slow degradation rate
paved the way for designing the controlled and sus-
tained delivery device [3,11]. Comparatively low cost of
PCL along with mentioned properties render it a suit-
able candidate for biomedical applications.

Ciprofloxacin hydrochloride (CHL) is a most commonly
used fluoroquinolone antibiotic for a variety of local bac-
terial infections, such as ear, nose, eye, skin, etc. Low
minimal inhibitory concentration value against both
Gram-negative and positive microorganism and lower
frequency of microbial resistance makes it a promising
antimicrobial for wound infection [13-15]. Quercetin
(Que) is a naturally occurring flavonoid, commonly found
in fruits and vegetables. High propensity for electron
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transfers proves it as strong free radical scavenger and
potential anti-oxidant. Additionally, it also shows other
health-beneficial effect like anti-carcinogenic, antiviral,
anti-allergic and anti-inflammatory properties [16-18].

In this study, PCL based nanofiber functionalized with
ciprofloxacin HCl and quercetin was prepared by electro-
spinning. We hypothesized that; fabricated nanofiber hav-
ing morphological similarity with natural ECM could
progress wound closure and skin regeneration in open
FTW. We evaluated this assumption in a rat model and
found that PCL/CHL/Que nanofiber effectively reduced
any possible infection and promoted collagen synthesis
by preventing the oxidative damage of fibroblast.

Materials and methods
Electrospinning of nanofibers

The materials used in the present work are given in S1.
Electrospinning solutions of different compositions were
prepared in acetic acid:formic acid (AA:FA=7:3v/v)
solvent mixture as per the scheme given in Table 1.
Although acetic acid is an independent solvent for PCL
and CHL dissolution, owing to the medium dielectric
constant (6.2 at 25°C) and poor electric conductivity, it
is not suitable for electrospinning. Mixing it with formic
acid (high dielectric constant solvent, 57.9 at 25 °C) facil-
itates the electrospinning process. Dimethyl sulfoxide
was used as co-solvent for solubilization of quercetin.
The final solution was filled in a 5 mL syringe fitted with
a 24 G needle and was maintained at 8-10cm distance
from the collector. The electrospinning solution was
pumped at a flow-rate 0.6 mL/h from the syringe and
electrospun at a voltage of 16kV. All the experiments
were performed at ambient room condition
(temperature =24 °C; relative humidity = 65 + 5%). Steps
involved in electrospinning are shown in Figure 1.

Characterization of nanofiber membrane
Morphological study

Nanofiber diameter and porosity were determined
using high-resolution scanning electron microscopy

Table 1. Fibre morphology, average diameter, porosity and entrapment efficiency of nanofiber membrane of different compositions.

PCL CHL Que Average Membrane Entrapment
Sample (%w/v) (%w/w of PCL) (%w/w of PCL) Fibre Morphology Diameter (nm) Porosity (%) Efficiency (%)
F1 8 0 0 Beaded Nanofibers 60.35+27.78 80.35% -
F2 12 0 0 Bead-free, semi-continuous Nanofibers 79.07 £22.49 78.56% -
F3 12 10 0 Bead-free, continuous, lateral perturbation 126.11 +33.57 72.70% CHL: 91.56
F4 12 10 5 Bead-free, continuous, a few lateral 101.59+£29.18 69.36% CHL: 92.04
perturbation Que: 94.32

F2, F3, and F4 were chosen for further studies.
The data are expressed as means+SD, n=3.
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Figure 1. Graphic demonstration of steps involved in the electrospun nanofiber mat production.

(HR-SEM) (FEI, Quanta 200F, Japan). The three dimen-
sional morphology was performed by Atomic Force
Microscopy (NTEGRA Prima, NT-MDT, Russia) (refer S2).

Solid-state characterizations

Fourier transform infrared (FTIR) and powder X-ray diffrac-
tion (XRD) analyses were done to examine the any pos-
sible drugs interaction and change in crystalline property
of the drugs encapsulated in nanofiber film (refer S3).

Drug entrapment efficiency and in-vitro
release profile

The amount of drugs entrapped in nanofiber was quanti-
fied spectrophotometrically (UV-1800 UV-Vis Spectropho-
tometer, Shimadzu) by simultaneous equation methods.
In-vitro drug release characteristics of developed PCL/
CHL/Que-nanofiber membrane were determined in phos-
phate buffer saline (PBS; pH 7.4) (refer S4).

In-vitro antioxidant activity

2,2-diphenyl-1-picrylhydrazyl (DPPH) scavenging effica-
cies were used to examine the in-vitro antioxidant
activity of nanofiber membrane. Antioxidant activity
were performed by two methods, i.e., ‘Fixed reaction
time’ and ‘Time-dependent assay’ [8,19]. In case of
‘Fixed reaction time’ method, 5mg electrospun films
were added in 3mL DPPH ethanolic solution (100 uM)
and incubated in the dark condition for 0.5 h. After
that, the decrease in absorbance was measured

spectrophotometrically at 517 nm. Following equation
was used to calculate DPPH scavenging activity:

Ap—A
DPPH scavenging (%) = ( OA 5) x 100 (1
0

where, Ay and A, denotes the absorbance at 517 nm
of DPPH solution in the absence and presence of elec-
trospun film, respectively.

For ‘time-dependent antioxidant assay’ of PCL/CHL/Que
nanofiber, a series of nanofiber suspension (5mg in 1mL
PBS buffer) was prepared for the different time interval. At
fixed time, the suspension was incubated with 1 mL DPPH
solution for 05h, subsequently; the absorbance was
recorded at 517 nm.

In-vitro antibacterial activity

Antimicrobial efficacy of prepared nanofiber films were
assessed against Gram-positive Staphylococcus aureus
(MTCC1303) using film diffusion method [14]. The
microorganism  was  pre-cultured  overnight in
Luria-Bertani medium in a rotary shaker at 37+1°C.
Subsequently, broth was centrifuged at 12,000 rpm for
3 min, resulting pellet was re-suspended and diluted to
obtain a standard working suspension (10°cells/mL).
The 100 puL of standard working bacterial suspension
was spread on nutrient agar plate surface using sterile
swab sticks. Thereafter, nanofiber films of 5mm diam-
eter were placed on an agar plate surface and incu-
bated at 37+ 1°C for 24 h. After every 24 h, films were
shifted to another fresh agar plate seeded with S.



aureus, and the zones of inhibitions were determined
ondays 1,3,5and 7.

Biocompatibility assay
Hemocompatibility of nanofiber membrane

Haemolytic property of nanofiber films was determined by
following previously reported method [20]. 2 mL of human
blood was centrifuged at 4500rpm for 10min at room
temperature to separate out plasma. Settled erythrocyte
pellet was re-suspended in an equal volume of normal
saline (0.9%) by mixing gently. The obtained erythrocyte
suspension was centrifuged again to remove any traces of
plasma. This washing procedure was repeated thrice.
Finally, the erythrocytes were re-suspended into a 2mL
normal saline solution to obtain a working solution. 5mg
of each nanofiber film was mixed with 1 mL of erythrocyte
working suspension separately. Negative control and posi-
tive control samples (100% lysed erythrocyte) were pre-
pared by mixing equal volumes of erythrocyte working
suspension with normal saline and 1% Triton X-100,
respectively. All samples were incubated at 37°C for
30min. Subsequently, the samples were centrifuged at
4500rpm for 10min to settle down intact RBCs. The
supernatant (150 ul) was incubated for 20 min at room
temperature to allow the oxidation of haemoglobin into
oxy-haemoglobin. The UV-absorbance of oxy-haemoglobin
was measured at 540 nm. The percentage of erythrocyte
haemolysis was determined using following equation:

Asamp/e —A negative control

Hemolysis (%) = x 100
Apositive control — Anegarive control

()

Whereas Asampler Anegative control and Apositive control
denote the absorbance of test sample, negative control
and positive control, respectively.

Cytocompatibility of nanofiber membrane

Cytocompatibility of nanofibers was screened by MTT
assay  (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazo-
lium bromide) against mouse fibroblast cell lines (3T6-
Swiss albino). The pre-sterilized samples were incu-
bated in Dulbecco’s modified eagle medium (DMEM) at
2cm?/mL of media at 37°C for 24h to get the extract
of the samples. 100puL of cell lines (at a density
1x 10*mL) in DMEM medium (supplemented with
10% v/v foetal bovine serum) was pipetted out into 96-
well microtitre plate and incubated at 37°C for 24h
under 5% CO, environment. After incubation, extracted
samples (100 pL/well) were added in the culture
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medium and incubated for three-time point, i.e., 24h,
48h, 72h. At the end of incubation time, respective
samples were treated with 10 ul/well MTT (10 mg/mL
in PBS solution) and further incubated for 4h under
the same condition. Afterward, culture medium and
MTT was removed, and dimethyl sulphoxide (200 pL/
well) was added to dissolve the insoluble formazan
crystal into a purple coloured solution. After shaking
the plate for 10min, the absorbance was measured
with a multimode reader at 570 nm wavelength. The
following equation determined the percentage cell via-
bility:

Asample _Anagative control

Cell Viability (%) = ( ) x 100
positive control — Anegative control

3)

Where/ Asample/ Apositive control and Anegative control
denotes the absorbance of culture medium treated with

nanofibers extract, untreated cell culture medium and
DMSO, respectively.

In-vivo wound healing study

Circular-excision wound model was employed to study
the wound wrinkling and contracting time. All the
experimental protocol was pre-approved by the Central
Animal Ethical Committee (CAEC) of Banaras Hindu
University, Varanasi (No. Dean/2018/CAEC/638). 24
healthy adult male Wistar rats (200-250 g) were anesthe-
tized separately by an intraperitoneal injection of xyla-
zine (5mg/kg) and ketamine (35mg/kg). The dorsal
surface of animals was shaved carefully and sterilized
with ethanol (70% v/v in water), and a full thickness cir-
cular wound (2.5cm diameter) was made by excising
the skin up to the level of subcutaneous panniculus car-
nosus. Animals were distributed into four groups (n=26).
Group-1 was covered with gauze, group-2, group-3, and
group-4 were treated with PCL, PCL/CHL, and PCL/CHL/
Que-nanofiber membrane respectively. On regular inter-
val post-surgery, wounds were snapped and the size of
wound was outlined using a tracing paper, obtained
wound boundary was traced back on a graph paper
(2mm?) and wound area was calculated. The following
equation determined the percentage of wound closure:

Ag—A;
100 4
s > X (4)

Wound closure (%) = (

Ao is wound area at day 0 and A, is wound area on
day 4, 8, 12 and 16 post surgery.

Then, on post-surgery days 8 and 16, granulation tis-
sue from healed area was harvested and divided into
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three portions. The first portion was preserved in for-
malin (10% v/v in neutral buffer) for further evaluation
of histological alteration. The second portion was
rinsed with ice-cold saline, homogenized in ice-cold
potassium phosphate buffer (pH 7.4, 50 mM). The tissue
homogenates were centrifuged for 25 min at 5000 rpm
at 5°C, and supernatants were collected for endogen-
ous antioxidant analysis in granulation tissue [21]. The
third portion was acid hydrolyzed for hydroxyproline
content analysis.

Histological examination

Granulation tissues preserved into formalin were
embedded in paraffin, cut into 5um thick section and
stained with haematoxylin — eosin (H&E). Histological
changes were qualitatively observed under the
optical microscope.

Antioxidant enzyme assay

Superoxide free radical scavenging activity of SOD was
determined in the tissue supernatant as per the

Figure 2. HR-SEM images of electrospun
and F4- PCL/CHL/Que nanofiber.

method described by Beauchamp and Fridovich [22]
and modified by Ak and Gulgin [23]. Superoxide free
radicals were produced in riboflavin/methionine/EDTA/
irradiate system and quantitatively evaluated by the
reduction of NBT to form colour product (blue forma-
zan), which was measured spectrophotometrically at
560 nm. When SOD containing supernatant was added
in the above solution, SOD started scavenging the
superoxide, thereby inhibiting the reduction of NBT.
The reduced absorbance of the reaction mixture indi-
cates improved superoxide scavenging activity. A reac-
tion mixture devoid of SOD served as control. The
superoxide radical scavenging activity was calculated
by using the following equation:

Ac—A
Superoxide radical scavenging activity (%) = (%) x 100
c
(5)

where, Ac denotes the absorbance of the reaction
mixture without tissue supernatant, and Ag is the
absorbance of the reaction mixture with tissue super-
natant. The activity of SOD was expressed as Unit/mg



protein, with the unit being the amount of SOD
required to inhibit 50% NBT reduction by super-
oxide radicals.

The Hydrogen peroxide scavenging activity of catalase
in the supernatant was determined by method described
by Aebi [24]. The assay is based on the direct measure-
ment of the decrease in absorbance of H,0, (at 240 nm)
due to its decomposition by catalase. 0.17M ethanol
(0.01 mL/mL of supernatants) was added in the superna-
tants to prevent the formation of inactive complex-l
(catalase-H,O, complex-ll). The reaction mixture was pre-
pared by adding 1 mL H,O, (30mM in potassium phos-
phate buffer, pH7.4) in 2mL of above supernatants. The
reaction was started immediately after addition of H,0,.
Diminishing UV-absorbance of the sample was recorded
at 240nm for 3min at intervals of 30sec. The catalase
activity was calculated by the following equation:

Catalase activity = (%) (%) <Iog 2_1> (6)
2

where, A; and A, are absorbances of solution at two
consecutive time, a is dilution factor, b is protein con-
tent (mg/mL), and At is time interval i.e. 0.5min. The
catalase activity was expressed as Unit/mg protein,
with the unit expressed as mM of H,0, consumed
per min.

Hydroxyproline assay

Being a stable parameter of collagen, hydroxyproline
level in the tissue can be used as a biochemical marker
of collagen metabolism. For Hydroxyproline assay, the
procedure was adapted from Reddy and Enwemeka
with some modification [25]. Granulated tissues were
treated thrice with acetone for 6 h to remove any pos-
sible fat. Fat-free samples were acid-hydrolyzed (6 N HCI,

0 0.5 1.0 1.5 2.0 25 30 35 4.0
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50mg sample/mL) for 6h at 120°C to yield individual
amino acid. Hydrolyzed samples were allowed to cool
and neutralized with 2N NaOH solution (phenolphthal-
ein solution). 50 uL of each hydrolyzate was added to
96-well plate and mixed with chloramine-T (450 pL) and
incubated for 25 min to form oxidation product, pyrrole-
2-carboxylate. In each reaction mixture 500uL of
Ehrlich’s solution was added and incubated for 25 min at
65 °C, which resulted in the conversion of pyrrole-2-carb-
oxylate to a chromophore (reddish purple complex). The
absorbance of chromophore was measured at 550 nm
with a microplate reader. Hydroxyproline content was
determined from the standard curve of pure amino acid
(10-100 pg/mL).

Statistical analysis

All the experimental results were expressed as mean +
standard deviation (SD) and statistically compared

—=— Ciprofloxacin HCI
—=— Quercetin

L L L] 1
0 25 50 75 100 125 150 175
Time (hrs)

Cumulative Drug Release (%)

Figure 4. In-vitro cumulative drug release profiles of ciprofloxacin
HCl and quercetin loaded nanofiber in PBS (pH 7.4). The data are rep-
resented as mean+SD, n=3.

um

Figure 3. Two dimensional and three dimensional morphology of PCL/CHL/Que nanofiber showing bead-free and continuous nanofiber.
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either by one-way ANOVA (Tukey’s post-test) or two-
way ANOVA (Bonferroni post-tests) using GraphPad
Prism (Version 5.01, GraphPad Software). The experi-
mental results with p values <.05 were assumed as
statistically significant.

Results and discussion
Characterization of nanofiber membrane
Morphological study

PCL based nanofiber of different compositions were
successfully electrospun using acetic acid/formic acid
solvent system, which are one of the most commonly
used solvent compositions for electrospinning. Effect of
polymer concentration and drug concentration (CHL
and Que) on nanofiber diameter and morphology can
be seen in Figure 2. At low polymer concentration
(8%w/v) nanofiber formed with a thin diameter
(60.35+27.78 nm) and inconsistent morphology, i.e.,
beading (Figure 2-F1). The plausible reason is insuffi-
cient viscosity of the solution which experiences two
kinds of instabilities during travel from the nozzle to
collector. First one is higher bending instability which
results into thin diameter nanofiber [26], another one is
Rayleigh instability which results into a beaded
structure [27]. As the polymer concentration increased
to provide sufficient viscosity, bead-free fibre with thick
diameter (79.07 £ 22.49 nm) was obtained (Figure 2-F2).
The probable reason is sufficient viscosity solutions
which provide higher resistance to the jet against

1.600

505 'Control DPPH
PCL-nanofiber =
=
PCL/CHL- ~
nanofiber &0
i)
=
5 P00 PCL/CHL/Que | ®
S fiber S
g nano. &
o s
5 »
2z A
< 0.500 =

0.000
400.00 500.00 600.00 700.00 800.00

Wavelength (nm)

bending instability and Rayleigh instability. When CHL
was added, it results in more continuous nanofiber
with little lateral perturbation (Figure 2-F3). CHL
incorporation results into enhancing polarity of solution
due to HCl salt. This additional charge increases the
repulsive forces between adjacent charged molecule car-
ried by jet and result into lateral perturbation [28]. Very
few lateral perturbations were observed in PCL/CHL/Que
nanofiber which might be due to dilution of charge
by addition of Que (Figure2-F4). Production of more
continuous fibre in F3 and F4 might be due to the
plasticizing effect of the drugs which
the spinning ability of the solution. No significant differ-
ence had been observed between the diameter of PCL/
CHL-nanofiber (126.11+33.57) and PCL/CHL/Que-nano-
fiber (101.59 £29.18).

Porosity of a scaffold becomes an important param-
eter, when it is intended to be used for skin reconstitu-
tion. The porous nature of nanofiber would be helpful
for cellular infiltration and proliferation; exchange of
exudates, gases, and nutrients across the wounded
area. The ideal porosity of scaffolds should usually be

increases

Table 2. ‘Time-dependent’ DPPH scavenging efficacy of cipro-
floxacin HCl and quercetin loaded nanofiber in PBS (pH 7.4).

DPPH Scavenging Activity (%)

Incubation Time (h)

0.5 40.13+£3.01
1 47.63+2.34
2 51.09+0.92
4 57.61+1.02
8 62.41+2.98
12 68.20 +2.33
Data are represented as mean+SD (n=3).
a,b
40- ==
30-

Figure 5. DPPH scavenging activity of nanofiber on ‘fixed reaction time” (i) UV-visible spectra of different DPPH solution after 30 min
incubation; (i) bar graph comparing the scavenging efficacies of different nanofiber. °p < .05 compared to PCL-NF; °p < .05 compared

with PCL/CHL-NF. The data represented as mean+SD, n=3.



ARTIFICIAL CELLS, NANOMEDICINE, AND BIOTECHNOLOGY e 235

-~ PCL+DrugNF —a~ PCLNF -8 PCL+Drug+Que NF

40
(iii)
£
E 30-
v
=
S 20-
=
=
Z 10
=
a
0 i TS + +
L T T 1
0 2 4 6 8
Day

Figure 6. Agar plate showing the growth inhibition zone of S. aureus on (i) day 1, and (ii) day 7. F2, F3, and F4 represent PCL, PCL/CHL,
and PCL/CHL/Que loaded nanofiber. Graph (iii) outline the relation between inhibition zone (mm) and time (days). The data represented

as mean£SD, n=3.
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Figure 7. Biocompatibility of fabricated scaffold: (i) haemolysis activity of different nanofiber. °p < .05 compared to PCL-NF; °p < .05 com-
pared with PCL/CHL-NF, and (ii) viability of fibroblast cells after treatment with the extract of different nanofiber. *p < .05 versus control.

The data are represented as mean+SD, n=3.

within the range of 60-90% [3]. The developed mem-
branes possessed the optimum porosity (data shown in
Table 1) with randomly oriented nanofiber, which
closely mimics the natural ECM.

Three dimensional morphological and topographical
variation of PCL/CHL/Que nanofiber was studied using
atomic force microscopy which was produced after
atomic level interaction between scanner tip and surface
of nanofiber. The diameter of nanofiber obtained from
study was found in agreement to SEM finding. AFM
micrographs (Figure 3) displayed bead-free, continuous,
and randomly interconnected nanofiber.

Solid-state characterizations

Any possible drugs-excipient interaction and change in
crystallinity was studied by FTIR and XRD, respectively.
It can be concluded from the results (refer S5 and
Figure S1) that drugs were chemically compatible with

PCL and those were entrapped in amorphous form in
the nanofiber.

Drug entrapment efficiency and in-vitro
release profile

Since only in-situ solidification of the polymer solution
takes place in electrospinning, therefore, the entrap-
ment efficiency of a nanofiber film should be almost
100%, under the consideration of complete miscibility
of drug and polymer, non-volatile nature of the drug,
and optimum concentration of the drug. At higher con-
centration of the drug, the encapsulation efficiency
decreases, most likely due to the loss of excess drug as
the aggregate on the nanofiber surface, which escape
encapsulation into the nanofibers. The fabricated nano-
fibers exhibited high entrapment efficiency (Table 1)
which might be due to better miscibility of polymer
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Figure 8. In-vivo healing of full thickness wound: (i) images of wounds, and (ii) wound area closure rate after treatment with gauze, PCL,
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Figure 9. Haematoxylin — eosin stained slice showing histological changes in granulation tissue after treatment with gauze, PCL-NF, PCL/CHL-NF
and PCL/CHL/Que-NF.

and drug(s), and negligible loss of drug(s) which is also nanofiber membrane which was in immediate contact
supported by XRD data. with dissolution media whilst the prolonged release

The in-vitro release profiles of PCL/CHL/Que-nano- over longer time might be due to diffusion of the
fiber in PBS (pH7.4) are shown in Figure 4. The release drugs molecules that is lying deeper within the PCL
of encapsulated drugs occurred in a biphasic manner, nanofiber. Poor solubility of quercetin at pH7.4 might

with an initial burst release followed by prolonged pe the plausible reason for its low initial burst release
release. The initial burst release could be due to leach- (39789 in 8h) and cumulative release (85.09% in

ing of drug molecules located close to the surface of 6days) in comparison to ciprofloxacin HCl release.
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Figure 10. Biochemical assessment of granulation tissue harvested from wound area in terms of (i) SOD, (ii) catalase activity, and (jii)
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Since the fundamental purpose was to reduce the bac-
terial infection and attenuation of ROS generated dur-
ing the early phase of wound healing, the burst release
of ciprofloxacin HCl and quercetin was desired and the
same was observed in PCL/CHL/Que-nanofiber membrane.

In-vitro antioxidant activity

Antioxidant efficacy of the nanofiber film has been
examined by DPPH assay and shown in Figure 5. The
fundamental principle behind this assay is that DPPH is
a stable free radical with maximum absorbance at
517 nm and it changes its colour from purple to yellow
on accepting a hydrogen (H) or an electron from the
antioxidant (like quercetin) and is reduced itself to
DPPH,. The colour change is measured by UV-
spectrophotometer at 517 nm and utilized for quantifi-
cation of antioxidant concentration in the solution [19].
It was found that PCL nanofiber and PCL/CHL-nanofiber
also exhibited slight antioxidant activity, 5.75%, and
12.67% respectively, which might be due to terminal
hydroxyl group in PCL and hydroxyl group in cipro-
floxacin. PCL/CHL/Que-nanofiber exhibited quite signifi-
cant (p<.001) anti-oxidant property (40.13%), which
was because of phenolic groups in quercetin. Table 2
shows the variation in DPPH scavenging efficiency of
ciprofloxacin HCl and quercetin loaded nanofiber with
respect to different time interval. It is found that DPPH
scavenging activity increases with incubation time,
which is due to the fact that with increase in incuba-
tion time the amount of quercetin released also
increases, which results into increasing scavenging
of DPPH.

In-vitro antibacterial activity

The antimicrobial activity of fabricated nanofibers was
tested against S. aureus by using film diffusion method
and shown in Figure 6. Placebo nanofiber exhibits no
antimicrobial property at all times. In contrast, PCL/CHL
and PCL/CHL/Que-nanofiber displayed initially broad
inhibition zone due to burst release of antimicrobial;
later these nanofibers showed sustained antimicrobial
activity. PCL/CHL/Que-nanofiber exhibited a little wide
inhibition zone than PCL/CHL nanofiber, although no
significant difference between PCL/CHL and PCL/CHL/
Que-nanofiber antimicrobial activity had been observed
at any time. Therefore, it can be concluded that elec-
trospun film was active enough to prevent microbial
growth during the study period and antimicrobial activity
of loaded CHL in nanofiber was not altered due to
electrospinning.

Biocompatibility assay
Hemocompatibility of nanofiber membrane

Hemo-compatibility of a scaffold proposed to be used
in wound area is a vital requirement to maintain the
integrity and functionality of RBCs in newly formed
blood capillaries else it may cause some serious con-
cern like thrombosis. International standard allows ~1%
spontaneous haemolysis limit [20]. Accordingly, hemo-
compatibility of nanofiber Film was evaluated by meas-
uring the haemolytic property on human RBCs. The
extent of RBCs haemolysis by electrospun nanofibers
are shown in Figure 7 (a). It was observed that placebo
nanofiber caused 4.20 +0.23% haemolysis which might
be due to high surface roughness of the film.
Although, the haemolytic value of PCL/CHL and PCL/
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CHL/Que nanofiber is close to the acceptable limit, a
significant (p <.05) difference between their values was
observed, which might be due to protective action of
quercetin against lipid peroxidation of unsaturated fatty
acid and thiol group (-SH) in RBCs membrane.

Cytocompatibility of nanofiber membrane

The Viability of fibroblast cell lines on 24h, 48h, and
72h was examined through MTT assay and shown in
Figure 7 (b). It was observed that the cell lines prolifer-
ated well in all aliquots throughout the study period,
which confirm the nontoxic nature of nanofibers. At
the end of each time point, cell lines treated with PCL/
CHL/Que-nanofiber's  aliquot  showed  significant
(p < .05) proliferation, which might be due to quercetin,
a flavonoid. Flavonoids are found to improve the fibro-
blast proliferation and collagen synthesis [8].

In-vivo wound healing study

All the four groups showed no post-operative side effect
like sepsis, fluid retention, etc. throughout the treatment
period and nanofiber scaffold adhered well on the wound
site. It can be observed from Figure 8 that among all treat-
ment groups, PCL/CHL/Que-nanofiber treated group exhib-
ited superior wound healing property at all-time point. At
the end of 4thday, PCL/CHL/Que-treated group displayed
significant (p <.001) healing (43.98%) in comparison to
PCL/CHL treated group (30.56%), which might be due to
effective attenuation of ROS during inflammatory phase by
burst released of quercetin. During proliferation and matur-
ation phase, PCL/CHL/Que group still showed significant
wound contraction but of the varying level (p<.01 and
p<.05 on the 12th day and 16th day, respectively).
Throughout the study period, PCL/CHL and PCL/CHL/Que
group maintained a significant (p <.001) wound healing
efficiency with respect to gauze and PCL-nanofiber treated
group. Antimicrobial and antioxidant property of nanofiber
might have reduced microbial infection, ROS level and pre-
vented the oxidative damage of fibroblast, thereby improv-
ing the collagen synthesis and wound healing potential.

Histological examination

The histological sections of H&E stained skin of gauze treated
and scaffold treated groups on days 8 and 16 are shown in
Figure 9. On day 8, underplaying layer of granulated tissue of
gauze treated group was infiltrated with inflammatory cells
like neutrophils and basophils. Wounds in PCL nanofiber
treated group displayed the granulation tissue with fewer
fibroblasts along with neutrophils and macrophages. Groups

treated with PCL/CHL and PCL/CHL/Que-nanofiber demon-
strated moderate amount of fibroblast as compared to the
other groups, which confirm the accelerated wound healing.
Inflammatory response is very low in PCL/CHL/Que treated
group, establishing the anti-oxidant activity of quercetin. All
four groups displayed moderate amount of blood capillaries.
On day 16, gauze treated group shows incomplete re-
epithelialization and PCL nanofiber treated group
showed moderate epithelialization along with thin epi-
dermis. Both groups displayed poor collagen synthesis
as white spaces in dermis region. On the other side,
PCL/CHL and PCL/CHL/Que nanofiber treated groups
exhibited well developed epidermis and dermis layer
along with keratinocyte infiltration and good collagen
deposition in epidermis and dermis layer respectively.

Antioxidant enzyme assay

In the excision wound model, the inflammatory phase
generally spans for 1-4 days, during which ROS gener-
ated beyond the physiological need [7]. During this
phase, endogenous anti-oxidants become insufficient
to attenuate this excess ROS. Even exogenous anti-oxi-
dant (like Quercetin) did not restore the activity of
endogenous enzymes significantly in the first week of
study, which could be observed in Figure 10(a,b). At
the end of first week none of the groups exhibited sig-
nificant improvement in the amount of SOD and cata-
lase. Although PCL/CHL/Que-nanofiber treated animals
demonstrated significant (p <.001) improvement in
anti-oxidants level in comparison to other groups,
which could be due to potential anti-oxidant property
of quercetin, but still did not cause insignificant differ-
ence with respect to control. During proliferative phase
(5-11days), only a small amount of ROS were gener-
ated which could be attenuated by collective effect of
extracellular and intracellular anti-oxidants. Therefore,
during those phases extracellular antioxidant helped in
restoration of SOD and catalase level, as observed at
the end 16thday. Quercetin loaded nanofiber group
had achieved SOD and catalase level very close to con-
trol (p>.05) and meanwhile it also achieved a signifi-
cant (p <.05) improvement in antioxidants level when
compared with rest treated groups.

Hydroxyproline assay

Granulation tissue is mainly constituted of collagen
fibre, fibroblast and newly developed blood vessel.
Collagen fibre is composed of 13-14% hydroxyproline
in addition to other amino acid. Hence, hydroxyproline



level has been used as biochemical index for collagen
content. The content of hydroxyproline or collagen
fibre indicates activity of proliferating fibroblast and
physical strength of regenerating tissue. On the 8th day,
all  groups demonstrated insignificant (p <.001)
improvement in comparison with control, although
PCL/CHL-nanofiber and PCL/CHL/Que-nanofiber treated
groups displayed significant improvement (p <.001) in
comparison to rest two groups (Figure 10(c)). This incre-
ment could be attributed to pro-wound healing envir-
onment provided by nanofiber. On the 16th day, only
PCL/CHL/Que-nanofiber treated group showed signifi-
cant increase in hydroxyproline level in respect to other
groups. Although hydroxyproline level was higher in
PCL/CHL-nanofiber treated group than in the gauze
treated and PCL-nanofiber group, but no significant dif-
ference could be achieved between PCL/CHL-nanofiber
treated group and control. On both time points, PCL/
CHL/Que-nanofiber treated animals exhibited
significant (p <.05) improvement in wound healing in
respect of PCL/CHL-nanofiber treated group, which
could be due to neutralization of reactive oxygen spe-
cies and subsequently better collagenases.

Conclusions

In this study, a scaffold having potential antimicrobial
and antioxidant property was electrospun successfully
by incorporating ciprofloxacin HCl and quercetin in PCL
nanofiber. The fabricated membrane possessed bead-
free, continuous nanofiber with a narrow diameter and
optimum porosity which was able to support cellular
infiltration and proliferation. PCL/CHL/Que-nanofiber
was quite effective to inhibit bacterial load and excess
free radicals activity in wound area by releasing the
drugs in a biphasic manner. Further, the antimicrobial
and antioxidant activity of the scaffold was established
by screening against S. aureus seeded on an agar plate
and DPPH scavenging activity, respectively. Quercetin
loaded nanofiber was able to preserve the functionality
of RBCs by protecting it against lipid peroxidation.
Similarly, it maintained the fibroblast viability by shield-
ing it against oxidative damage. Thus, the developed
nanofiber proved its hemocompatibility and cytocom-
patibility activity. Further, in-vivo healing of full thick-
ness wound demonstrated that PCL/CHL/Que-nanofiber
has significantly good wound healing property. This
result was further corroborated by biochemical analysis
of granulation tissue, which showed that scaffold had
effectively  restored the SOD, «catalase and
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hydroxyproline level. Conclusively, this study endorses
the use of PCL based nanofiber loaded with ciprofloxa-
cin HCl and quercetin as better wound healing dressing
material.
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