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Abstract

A novel composition of antibacterial fiber mat, consisting of cellulose acetate (CA), polyethylene glycol (PEG) and silver
particles (AgPs) was fabricated by electrospinning. This study presents a facile method for incorporating AgPs into the fiber
mat by in situ reduction of silver nitrate by the electrospinning solvent, 2:1 acetone/N,N Dimethyl acetamide (DMAc). The
solution of CA/PEG/AgPs was electrospun and the obtained fiber mat was characterized by field emission scanning electron
microscopy (FESEM) which revealed smooth fibers of CA with a diameter in the range 250-400 nm. Interestingly, the surface
of the fibers appeared striated on addition of the PEG. FESEM also showed AgPs of size 10 nm incorporated into the fiber.
Formation of AgPs was also confirmed by UV-Vis, which generated Plasmon peak at 420 nm. It appeared that PEG not
only stabilized the formed AgPs against agglomeration but also improved water uptake of the CA fiber mat by ~95%. This
improved swelling property of the fiber mat shows the ability to absorb more wound exudates. Attenuated total reflectance-
Fourier transform infrared spectroscopy (ATR-FTIR), differential scanning calorimetry (DSC), X-ray diffraction (XRD)
and tensile test were performed to analyze the structural, thermal and mechanical properties of the CA/PEG/AgPs fiber mat.
Finally, the electrospun fiber mat showed satisfactory antibacterial efficacy against gram-negative bacteria Escherichia coli
(E. coli) and gram-positive bacteria Staphylococcus aureus (S. aureus).

Keywords Electrospinning - Cellulose acetate - Silver particles - Polyethylene glycol - Antibacterial effect - In situ
reduction

Introduction

Electrospinning has been acknowledged as a versatile and
the most reported approach for electrostatic fabrication of
polymeric fibers with diameters ranging from tens of nanom-
eter to micrometer under the influence of a high voltage [1,
2]. This range of fiber size is highly beneficial as this pos-
sesses high surface area, substantial permeability, structural
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uniqueness and functionality which render their use in mul-
tifaceted applications such as wound dressing applications,
tissue engineering, drug delivery, filtration, heavy metal
adsorptions etc. [3, 4]. Among the various tested polymers
for electrospinning, cellulose acetate (CA) stands out as the
consummate choice of polymer in this study by virtue of its
biocompatibility, significant biodegradability, hydrophilicity
and overall moisture management capacity [5]. Distinctly, in
antibacterial applications, the aforementioned properties of
CA make it a suitable and desirable biopolymer and presents
a myriad of scope to explore beyond the established works
of CA [6].

In order to fabricate functional CA fibers with antibacterial
properties and therefore, as a potential wound dressing material,
silver particles (AgPs) have been produced in situ in the poly-
mer solution and electrospun subsequently in this work. This
in situ chemical reduction of silver nitrate (AgNO;) provides
a facile and nontoxic way to produce AgPs by eliminating the
high power cost, labor of separating large volumes of organic
solvents and oil bath from the final product associated with other
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reduction methods such as physical methods, micro-emulsion
method, microwave-assisted synthesis etc. Also, it provides a
one-step fabrication route compared to the ex situ methods and
hence minimizes the fabrication steps. In addition, chemical in
situ reduction of AgNO; to AgPs in CA/PEG solution offers
more uniform distribution of particles in the polymer matrix
and also allows greater control over particle size [7]. These
AgPs have been well-established in the field for the past two
decades, and their potency as antibacterial agents has been well-
documented in the literature [8]. However, there is much less
attraction between inorganic particles and polymeric materials
due to difference in their surface energies that causes repellency
[9, 10]. Thus, these AgPs require stabilization that prevent them
from getting agglomerated which can otherwise plummet their
antibacterial activity [11]. Moreover, the fibers should also
retain optimal swelling properties in order to provide a moist
wound healing environment. Fibers with adequate swelling are
able to absorb more of the wound exudates without being firmly
adhered to the site. As a result, it will alleviate the pain of remov-
ing wound dressing patches, which dry out readily. This adhe-
sion problem can be prevented by a high water content material,
which in turn stimulates tissue regeneration process [12—14].

To meet these criteria, PEG of molecular weight 200 g/
mol and 6000 g/mol (PEG 200 and PEG 6000) have been
exploited in this work. The purpose of using a low and
a high molecular weight of PEG (i.e. PEG 200 and PEG
6000) was to evaluate their effect on electrospinning of
CA, due to contrasting physical states, and its correspond-
ing fiber properties. PEG offers desirable features such
as hydrophilicity, flexibility and nontoxicity required for
bio-based applications. It has also been reported to play
a role in modifying surface properties of fibers to have
a better grip in the contact layer of the wound sites [15].
Additionally, there is good affinity and bonding between
the epidermal growth factor (EGF) and PEG which can
be intended towards the wound site [16]. However, swell-
ing behavior of electrospun CA/PEG fibers has not been
widely analyzed in literature. The role of PEG on swelling
has also been investigated in this study due to some recent
reports on it to improve swellability. In a recent study,
PEG has been combined with poly-e-caprolactone (PCL)
to enhance the hydrophilicity. It was observed in the study
that with increasing PEG content, water uptake increased
due to the swelling of the PEG chain in the fiber mat and
this was claimed to absorb more wound exudates [17]. Fur-
thermore, the functioning of PEG as a stabilizer is also
well-documented in literature [18, 19]. PEG stabilizes the
AgPs which tend to compress and neutralize with aggrega-
tion due to van der Waals forces [20, 21]. Stabilization of
these AgPs is induced by the short-range repulsive hydra-
tion forces of the hydrophilic PEG [22, 23].

Previously, CA/PEG fiber was fabricated with a view to
establish PEG as a phase change material (PCM) where PEG
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was directly electrosprayed on separately electrospun CA fiber
mat [24]. Also, CA was electrospun with PEG of molecular
weight 10,000 for thermal energy storage applications [25]. The
role of CA has been investigated dynamically as in fabricating
core—shell nanostructure for drug delivery by Yang et al. [26],
loading gallic-acid for wound dressing products by Wuttich-
aroenmongkol et al. [27], and incorporating propolis into the
CA fiber for producing water-repellent mats by Khoshnevisan
et al. [28]. Recently, electrospun CA, CA/iron oxide nanopar-
ticles fibers have drawn extensive attention for the fabrication
of water purification membrane, magnetic hyperthermia and
drug delivery applications [29-32]. Furthermore, antibacterial
wound dressing synthesis using AgPs has gone a long way too.
Abdel-Mohsen and his group electrospun polyvinyl alcohol/
hyaluronan with in sifu reduced Ag nanoparticles (AgNPs)
where hyaluronan acted as the reducing and capping agent
for AgNPs [33]. Wang et al. introduced a novel nanofibrous
mat for wound dressing composed of polyurethane/keratin/
AgNPs, where AgNPs were immobilized on the fiber surface
by immersion technique [34]. Uttarayat and his team reported
silk fibroin electrospun fiber mat coated with AgNPs for wound
dressings. They utilized gamma irradiation method to produce
AgNPs with a size of ~24 nm in the fiber [35]. Electrospun chi-
tosan nanofibers with AgNPs were reported by Lee et al. with
good antibacterial activity [36]. Also, multicomponent nanofi-
brous mat, chitosan/AgNPs/Polyvinyl alcohol, was reported
by Abdelrahman et al. where AgNPs (25 nm diameter) were
capped by chitosan and reduced by glucose [37]. However, to
our knowledge electrospinning a nanofibrous mat by blend-
ing a solution of CA and PEG with in situ reduced AgPs has
not been studied earlier with a purpose to evaluate the role of
PEG in benefitting wound dressing and study the efficacy of
the reduced AgPs in CA fiber matrix in preventing bacterial
growth.

Thus, this study aimed at the electrospinning of CA/
PEG/AgPs non-woven fiber mat, where AgPs have been
reduced in situ via a chemical reaction with the electrospin-
ning solvent itself and stabilized by the PEG. Furthermore,
this work studied the influential role of PEG in increment-
ing the swelling property of the CA/PEG/AgPs fiber mat
and analyzed the effect of PEG concentration on electro-
spinning behavior of CA fiber. Hence, this work is targeted
towards bringing a novel composition of electrospun fiber
mat, CA/PEG/AgPs, with improved functional and antibac-
terial properties.

Materials and methods

Materials

Cellulose acetate (CA) of molecular weight 30 kDa and sil-
ver nitrate (AgNO;) from Sigma Aldrich were obtained. The



Journal of Polymer Research (2020) 27: 381

Page 3 of 13 381

solvents- acetone and N,N-dimethylacetamide (DMAc), and the
stabilizer- polyethylene glycol (PEG) of molecular weight 200
and 6000 were procured from Merck. Mannitol Salt Agar Base
and EMB Agar Base were purchased from Himedia, India. All
the chemicals were used without further purification.

Preparation of solutions and electrospinning
of nanofibrous mat

Electrospinning was performed based on our previous experi-
ment using an in-house electrospinning setup [38, 39]. In brief,
17 wt% CA was found to dissolve and electrospun in 2:1 ace-
tone/DMAc without any beads in the fiber. From our previous
study, the voltage, feed rate and needle tip to collector distance
were fixed at 20 kV, 1.5 ml/h and 10 cm respectively [39]. The
above solution was further stirred with 5, 10, 20, 40 and 80
wt% PEG-200 and 2 and 5 wt% PEG-6000 of CA. Higher per-
centages of PEG-6000 was avoided as the CA solution turned
too viscous to electrospin. After obtaining homogeneous and
clear solution, it was electrospun for 2 h to obtain sufficient
deposit of fiber mat. After electrospinning, the fiber mat was
deposited on the collector which was then dried overnight at
room temperature for further characterizations. In the later
sections, the term ‘solvent’ has been referred to 2:1 acetone/
DMAc all along the study.

In situ reduction of AgNO; to AgPs

The electrospun fiber with AgPs was achieved when the CA/
PEG solution was treated with 1 wt% AgNO, with respect
to the weight of CA and subsequently reduced in situ via the
electrospinning solvent. On adding AgNOj in the solution and
stirring for 3 h, the transparent color of the CA/PEG solution
started to turn slightly yellowish which gradually darkened
to reddish brown with time. The mechanism of the reduc-
tion process has been discussed in the later part of this study.
The concentration of AgNO; has been maintained constant
(1 wt%) for better analyses of the effect of PEG on the sta-
bilization of the AgPs and their antibacterial activity against
the bacteria.

Nanofibers characterization
FESEM analysis

Geometric features such as fiber morphology and fiber diam-
eter were characterized using FESEM (JEOL JSM 7600F,
Tokyo, Japan) at an accelerating voltage of 5 kV. The CA
fibers were sputter coated with gold before imaging. EDX
was performed to determine the elemental composition of
silver loaded fibers along with FESEM. The fiber diameters
were determined by measuring at least 100 individual fibers
with the ImagelJ software.

UV-visible spectroscopy

UV-visible spectroscopy of the CA/PEG solutions with
AgPs was recorded on a UV-3100 spectrophotometer JP
Selecta (Barcelona, Spain) with disposable polystyrene
cuvettes to ascertain the formation of AgPs.

XRD analysis

The structural parameters of the CA/PEG/AgPs fiber mat
were investigated by X-ray diffractometer (3040-X’Pert
PRO, Netherlands) from 5° to 80° at 20 position with scan-
ning speed of 2° min~! at room temperature. The X-ray
powder diffraction technique was practiced with a primary
beam power of 40 kV and 40 mA for CuKa (A=1.54056 IOA)
radiations.

ATR-FTIR

Chemical and structural analysis were investigated by
ATR-FTIR (Thermo Fisher Nicolet iS5, Ohio, USA) spec-
tra. Scanning was conducted from 4000 to 650 cm™! with a
resolution of 4 cm™! and a scanning interval of 2 cm™! with
64 repetitious scans averaged per sample.

Tensile Test

Mechanical properties were analyzed using tensile tests.
The tensile tests were performed on electrospun fiber mats
with Shenzhen Wance Testing machine (China) using a load
cell 10 N. The samples were of 5 mm x 30 mm X 0.25 pm.
A preload of 0.001 N was applied and a strain rate of 2 mm/
min and a gauge length of 20 mm were used.

DSC analysis

Thermal behavior of CA fibers was evaluated using DSC
(Shimadzu, DSC-60, Japan) where, the samples were heated
up to 250 °C. Approximately, 15 mg unmodified CA fiber
mat, modified CA/PEG and CA/PEG/AgPs were analyzed
in an aluminum-pan under the nitrogen atmosphere at the
heating rate of 10 °C/min.

Swelling measurements

CA, CA/PEG, CA/AgPs and CA/PEG/AgPs fiber mats were
cut into 1 x 1 cm? and dried in an oven at 40 °C overnight to
determine their dry weight (W). The dried fiber mats were
then soaked in deionized water for 1 h and 24 h separately.
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The swollen fibers were removed from water, blotted of excess
fluid with filter paper, and weighed to get the wet weight (W,).
The water uptake was calculated from the following formula:

Water uptake (%) = [(W, — W,)/W,] x 100 (D)

Antibacterial evaluation

The antibacterial activity of the mats were quantitatively
evaluated using the colony forming unit (CFU), because
adsorption and inhibition of bacterial cell properties are
more appropriate. The bacteria used in this study were E.
coli (strain 231-b) and S. aureus (strain RM_AST_SAO012) as
model organisms. S. aureus was isolated from the throat and
E. coli from local pond water [40]. The isolation process of the
bacteria and strain number identification has been described
in detail in the Online Resource (A, B, Fig. S1). The bacte-
rial colonies were extracted with a loop and transferred to the
sterilized nutrient broth. The broth is incubated at 35-37 °C
for 24 h. Afterwards, culture in the broth solution was diluted
with 0.85% saline to the concentration 4.0-5.0 x 108 CFU/ml.
Saline was used to dilute since it prevents bacterial lysis due
to osmotic pressure and also inhibits their growth and keeps
the bacteria count steady. To test for blank control, 100 pL
diluent was then spread on the nutrient agar plates and incu-
bated. The electrospun fiber mats were then introduced into

Fig. 1 FESEM (5000X) of
fibers electrospun in (a) CA-
solvent. FESEM of CA-solvent
with the following concentra-
tions of PEG 200 (b) 5 wt%

(¢) 10 wt% (d) 20 wt% (e) 40
wt% and (f) 80 wt%. FESEM of
CA-solvent with the following
concentration of PEG 6000 (g)
2 wt% (h) 5 wt%. FESEM of (i)
CA-solvent and 10 wt% PEG
200 with 1 wt% AgNO;. The
inset showed the fiber diameters
in nanometer scale

the 4.0-5.0x 10® CFU/ml diluted broth solutions containing
E. coli and S. aureus separately. After incubating, 100 pL of
this culture solution containing samples were spread on agar
plates. All the plates were incubated at 37 °C for 24 h prior to
enumeration. The percentage of mortality of each bacterium
was calculated with the following equation:

Mortality (%) = [(A — B)/A] x 100 )

Where, A and B are the number of viable bacterial col-
ony forming units (CFUs) recovered from the blank control
and treated sample specimen after specified time interval,
respectively.

Results
Morphological Analysis

FESEM revealed the bulk morphology of the electrospun
CA, CA/PEG and CA/PEG/AgPs fiber mats in Fig. 1. CA
yielded smooth, uniform fibers with diameters ranging from
250-400 nm as in Fig. 1a.

Upon incorporating PEG 200 (5, 10, 20, 40 and 80 wt%
of CA) into the CA solution, uniformity was slightly altered.
PEG 200 of concentration 5, 10 and 20 wt% did not affect
the homogeneous distribution of the fibers as shown in

Frequency
cubhS

ooooo

Diameter (nm) |
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Fig. 1b, 1c and 1d. However, with increasing concentration
to 40 and 80 wt% non-uniformity was observed. As can be
seen in Fig. le and If, fiber strands appeared fused with vis-
ible irregularities. These irregularities increased when fibers
with PEG 6000 (2 and 5 wt% of CA) were electrospun as
indicated in Fig. 1g and 1h along with the magnified images
provided in the Online Resource (Fig. S2).

Also, electrospinning with high molecular weight of PEG
i.e. PEG 6000 was inconvenient as inadequate amounts of
fiber mat got deposited. Due to higher molecular weight of
PEG, the CA solution turned quite viscous by the greater
macromolecule chain entanglement which suppressed the
elasticity and hindered the flow of solution [41]. On the
other hand, the fiber diameters were reduced when electro-
spun with PEG 200 as compared to PEG 6000. This can be
attributed to the fact that there is comparatively less poly-
mer—solvent interaction between PEG 200 and 2:1 acetone/
DMACc mixture due to shorter chain length of PEG 200 as
compared to PEG 6000. As can be seen from the solubil-
ity parameters in Table 1, there is much greater difference
between the Hansen’s three dimensional solubility parameter
(6, of PEG 200 and the solvent than that of PEG 6000 and
the solvent. Higher miscibility and chain entanglement is
anticipated when §, of different materials are similar.

Thus PEG 200 did not initiate strong macromolecular
chain entanglement due to more difference in 6, with CA
solution resulting in lower but sufficient viscosity which
rendered electrospinning smooth and uniform and in such
cases segments of polymer chain tend to attract each other
that might have caused shrinkage of polymer chain and con-
sequently the fiber diameters decreased [42]. Also, this is
consistent with the fact that lower viscosity causes decrease
in fiber diameter as reported earlier [43].

Thus, PEG 6000 was not explored here for further modi-
fications due to its difficulty in spinning and irregular mor-
phology. Although different concentration of PEG 200 with
CA-solvent was electrospun in the former part of this study,
10wt% was selected to be suitable for functionalizing with
AgNOj; based on morphology and AgPs distribution on the
fiber surface. Figure 1i showed the bulk morphology of CA
fiber with 10 wt% PEG 200 and 1 wt% AgNO, Higher con-
centration of PEG was reported to induce non-uniformity

Fig.2 FESEM images
(30000X) to compare morpho-
logical changes in (a) CA (b)
CA/PEG and (c) CA/PEG/AgPs
fiber. Inset shows magnified
(100000X) images with arrows
indicating surface striations and
AgPs

Table 1 Hansen solubility

. Chemicals d, at
parameters for different °
. 25°C
materials [44] (MPa)”2
Acetone 19.93
DMAc 22.77
2:1 acetone/DMAc  20.87%
PEG 200 26.1
PEG 6000 22.4

Cellulose acetate 19.89

*Calculated from =Y $;5;,
where ¢; is the volume fraction
and §; is the Hildebrand param-
eter

in fiber [24]. That is why, 10wt% appeared optimum con-
centration here. Thus, 10 wt% PEG 200, simply referred
as PEG henceforth, was selected for the subsequent experi-
ment without the likelihood of generating unfavourable fiber
morphology.

Figure 2 showed the magnified images of the CA, CA/
PEG and CA/PEG/AgPs to compare the morphological
changes associated with the addition of PEG and AgNO;.
The smooth CA fibers in Fig. 2a developed surface stria-
tions in the longitudinal directions on adding PEG in the
Fig. 2b. These striations were supposed to appear due to
limited compatibility between the bulk CA and the hydro-
philic PEG that caused partial PEG phase separation towards
the fiber surface and formed loose fiber strands. This can be
attributed to the difference in surface energies of the inter-
acting chemical species [45]. In addition, the diffusivity rate
of PEG was much slower than acetone/DMAc and thus PEG
in the solvent took more time to accumulate and adsorbed on
the surface forming striated layer [46]. This topographical
striated texture of electrospun CA fiber has an advantage
for cell adhesion, growth and proliferation [47]. The surface
striations of the fiber mats allowed more air to be trapped
between the interfaces than that of smooth fibers. This is
expected to facilitate the permeation of oxygen and nutrients
between the wound and the external surrounding [48, 49].

In later modification of the CA fiber to impart antibacte-
rial agents into it, AgNO; was added to CA/PEG solution.
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Fig.3 EDX spectra of CA/PEG/AgPs fiber

AgNO; was reduced in situ to AgPs and appeared on the
fiber as shown in Fig. 2c. The particle size was determined
to be ~ 10 nm which is coherent with earlier reported work
[21]. The distribution of in situ reduced AgPs in Fig. 2c can
be attributed to the stabilizing role of PEG. EDX analysis in
Fig. 3 represented the elemental composition of the fiber and
indicated the presence of trace amount of silver at 3.00 keV
which is the typical optical absorption band peak of metal-
lic Ag nanocrystallites due to surface plasmon resonance
[50, 51].

UV-Vis Analysis

To further ascertain the formation of AgPs UV-Vis spec-
troscopy was performed. The UV-visible spectrum of CA/
PEG/AgPs solution, the dark brown solution with AgPs has
been shown in Fig. 4.

Maximum absorbance peak of AgPs at 420 nm
1.6 Il

14

1.2

0.8

Absorbance

0.6
0.4

0.2

300 350 400 450 500 550 600 650
Wavelength, nm

Fig.4 UV-vis spectrum of CA/PEG/AgPs solution containing 1 wt%
AgNO;
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Scheme 1 Reduction mechanism of Ag* to Ag® by the action of ace-
tone/DMAc

The maximum absorbance at 420 nm in the spectrum was
associated with the plasmon peak which corresponded to the
surface- bound Ag particles [52, 53]. The spectral position
of plasmon band absorption as well as its width was deter-
mined by the size and shape of the AgPs [54]. Thus, AgPs
were formed in situ by the action of acetone/DMAc. The
reduction occurred by the formation of Ag* ions which were
reduced by the electrons donated from the acetone/DMAc to
form Ag0 atoms. Later, these atoms cluster together to form
AgPs. The probable reaction mechanism for chemical reduc-
tion can be explained in the according to the scheme 1. The
OH™ from CA stripped a proton from an acetone molecule
forming a carbanion ion which then rapidly reacted with
another carbanion ion available in the solution due to the
presence of acetone/DMAc and released the electron neces-
sary for Ag* reduction to Ag° [55].

XRD Analysis
The XRD diffractogram of CA/PEG/AgPs fiber mat was
illustrated in Fig. 5.

The semi-crystalline nature of cellulose acetate was
evident from the two peaks at 9.50° and 13.13°. PEG also
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—_— 44 9501313
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Intensity counts
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Fig.5 XRD diffractogram of CA/PEG/AgPs fiber mat
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showed its characteristic peak at 19.25° and 23.40° [56]. The
characteristic peak of AgPs was detected at 39.01° and 44.5°
corresponding to the (111) and (200) planes respectively.
These two peaks corresponded to the face-centered cubic
(fcc) structure (rutile and anatase) of the metallic AgPs. The
peak at 39.01° is not strong as reported in earlier literature
[57-60]. This might be attributed to the reduction mecha-
nism of acetone/DMAc. Due to their reduction mechanism
the peak at 44.5° appeared more prominent. Other charac-
teristic peaks of AgPs were less prominent here due to the
lower percentage of AgNO;.

The full width at half-maximum (FWHM) of the strong-
est characteristic peak (200) is used to estimate the average
crystallite size by applying the Debye—Scherrer equation:
D=KM BcosO. Here X-ray wavelength A is 1.54056, K is the
shape factor which is often assigned a value of 0.89, D is the
average diameter of the crystals in angstroms, 0 is the Bragg
angle in degrees, and f is the full width at half-maximum of
the strongest characteristic peak in radians. The result shows
that the average silver particle size in the CA/PEG fibers is
approximately 11.2 nm which is close to the size observed
through FESEM [61].

ATR-FTIR Analysis

Molecular structure of CA and structural changes, if any,
associated with the addition of PEG and AgNO; to CA are
analyzed with ATR-FTIR. The obtained spectrum of CA,
PEG, AgPs and CA/PEG/AgPs is shown in Fig. 6. In the
case of pure CA, a broad peak at 3310 cm™! represented
stretching of O—H bond, 2881 cm™! displayed the stretch-
ing of C-H bond, an intense peak at 1736 cm™! depicted
the vibration of the acetate group, C=0. Symmetric and
antisymmetric bending of methylene groups were observed
at 1239 and 1053 cm™".

Besides, PEG showed its characteristic peak at 1100 cm™!
and 1346 cm™! which indicated the crystalline phase of PEG.
Also, C-H stretching of PEG was prominent at 2878 cm™!
[62]. The spectrum of AgPs showed several peaks of which
the peak at 3350 cm™! is broad and can be assigned to the
stretching of hydroxyl groups due to the presence of alco-
hols and 2917 cm™! is for the C-H stretching. The sharp
peak at 1384 cm™! and 1650 cm™! referred to the stretching
of C-N and C=0 present in DMAc [63]. The interactions
of CA/PEG/AgPs fiber are confirmed by the FTIR spectra.
The intensity of the peak at 3310 cm™! in CA appeared
more prominent in CA/PEG/AgPs. This increased intensity
occurred when the self-hydrogen bonded O-H groups in
CA formed intermolecular hydrogen bonding with PEG.
However, as appeared from the morphological analysis
that there occurred partial phase separation of PEG, all
the —OH end groups of PEG could not form intermolecular
hydrogen bonding with oxygen atoms of cellulose acetate.

4000 3500 3000 2500 2000 1500 1000 500
T x T 4 T % T " T J T 4
3427 2870
1370
1732
CA/PEG/AgPs 1242, 10

Transmittance (%)

—
2 &
[a2] (o]
[e2]
@ o
N~ m m
— g §
L ] " ] " 1 n 1 " 1 " 1 n
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

Fig.6 ATR/FTIR spectra of CA, PEG, AgPs and CA/PEG/AgPs fiber

Carbonyl peak was shifted from 1736 cm™! to 1732 cm™!
in CA/PEG/AgPs fiber which was due to the interactions of
the OH™ group in PEG and the carbonyl group in CA. This
weakening of carbonyl peak was also associated with the
addition of Ag metal to the fiber. The shifting of C-O bond
from 1239 cm™! to slightly higher frequency of 1242 cm™!
was attributed to the binding of C=0 and C-O with Ag
particles [46, 64]. Also, electrostatic ion—dipole interaction
was expected between CA and Ag. The acetate groups com-
bined with oxygen were expected to react with Ag metal as
shown in Fig. 7.

Thermal Analysis

DSC was performed to observe the thermal changes associ-
ated with CA on adding PEG and AgPs. DSC thermograms
in Fig. 8 displayed an endothermic event for CA located at
around 50-110 °C which is attributed to the desorption of
water.

Desorption occurs due to presence of residual moisture
or low boiling point solvents and varies on the account
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Fig. 7 Electrostatic attraction between Ag and acetyl group of CA

of degree of substitution in CA [64]. The glass transition
temperature, Tg, is located over a range of 120-150 °C for
CA which was evident by the gradual shifting of the base
upwards. An endothermic peak at 220-230 °C corresponded
to the melting range of CA [65]. On the addition of PEG
200, the T, shifted to a lower temperature of 70-100 °C
whereas no melting peak was observed within a temperature
region of 250 °C. This degraded shift in T, can be inter-
preted as such that low molecular PEG, being hydrophilic in
nature, interrupted the strong interactions of CA chains and
increased the mobility by serving as an interchain lubricant,
and finally resulted in lower T, [66-69]. This lowering of
Tg, in turn, corroborated the FESEM analyses where it was

Fig.8 DSC thermogram of CA,

explained that PEG had poor interaction with the CA solu-
tion and increased the chain flexibility which might have
triggered partial phase separation of PEG towards the sur-
face. A broad endothermic peak between 25-100 °C was
observed for CA/PEG/AgPs fiber sample for desorption of
water. Also, a sharp rise in base for this sample was also
evident and corresponded to an increased T, of ~115 °C.
This increase can be attributed to the interaction between
the reduced AgPs with CA chain that restricted the chain
mobility to some extent and caused an increase in Tg [70].

Swelling Behavior Analysis

The capacity of the fiber mat to retain body fluid, metabo-
lites and wound exudates rapidly is another essential feature
of wound dressing patches [71].

Figure 9 represented the swelling characteristics of CA
fiber mats with and without PEG. As seen from the bar
chart, the water content of CA fiber mat was around 350%
after 24 h immersion. With the presence of 10% PEG of
CA, the ability to retain water increased to 680% which is
remarkably higher than the previous value. This was also
valid when only CA/AgPs mat was tested for swelling. The
water uptake escalated in presence of PEG with CA/AgPs.
This phenomenon was attributed to the presence of a hydro-
philic ethylene glycol unit of PEG performed as hydrogen
bond donors/acceptors and could combine with water mol-
ecules [72]. PEG was evaluated for swelling improvement
in case of PEG/tartaric acid crosslinked chitosan hydrogel
film where the maximum attainable swelling was found to be
around 353% [73]. Thus, PEG rendered fiber more swellable

CA/PEG and CA/PEG/AgPs
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Fig.9 Water uptake of different fiber mats at 1 h and 24 h

in this study than that of film, which can be proved to have
greater efficacy for, wound exudate absorption.

Mechanical Property Analysis

The tensile strength and elongation were determined to esti-
mate the mechanical properties of unmodified CA fiber mat
and modified mat with PEG and AgPs.

Figure 10a showed the tensile stress for unmodified
CA fiber, which was significantly lower with a value of
0.012 MPa. However, when modified with PEG, the stress
increased to 0.033 MPa with a strain of 55% before failure.
Also, the stress value was found to increase for CA/PEG/
AgPs over CA/PEG fiber mat with a value of 0.044 MPa
whereas, the strain value decreased to 10%. The elastic mod-
uli, as shown in Fig. 10b also increased for modification with
PEG and AgPs as compared to CA. With the grafting of Ag
nanoparticles in CA fiber, the fiber could sustain higher load.
Since, AgPs increased the strength here, it was assumed that
the particle dispersion and chemical interactions between

Fig. 10 (a) Stress vs strain and
(b) Tensile modulus plot for
CA, CA/PEG and CA/PEG/
AgPs fiber mats
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CA and AgPs were optimum. In earlier report, it was found
that after exceeding a critical concentration, AgPs tend to
agglomerate acting as the stress concentrator and thus reduce
the strength [74]. However, as the stress value increased here
after incorporating AgPs, it further testified the prevention
of agglomeration due to the incorporation of PEG as shown
in FESEM images.

Antibacterial Assay

The antibacterial capacity of Ag-loaded CA/PEG fiber mat
was explored through a viable colony counting method
(CFU). As represented in Fig. 11, the initial antibacterial
efficacies of the sample, after 1 h, against E. coli was found
to be ~49%. Nevertheless, the sample succeeded in eliminat-
ing 97% colony of E. coli after 24 h. In case of S. aureus, the
sample showed rapid bacterial killing and ended up in 100%
mortality after 24 h. The abilities of the AgPs loaded CA/
PEG fiber mat in inhibiting growth of both the bacteria types
were shown in Fig. 12. To ensure that the bacterial colony
growth inhibition was solely due to the presence of AgPs in
the fiber, the test was also conducted for the samples CA and
CA/PEG as shown in the Online Resource (Fig. S3), which
demonstrated no bacterial killing even after 24 h. The anti-
bacterial action of AgPs is due to the destruction of bacterial
cell membranes by the metal ions when bonded to the —-SH
(thiol) group of the cellular enzymes. Thus, it reduced the
enzymatic activity of the bacteria critically up to the death of
the cell. Also, the AgPs interfere with the bacterial DNA and
inhibit their multiplication [75]. As it can be deferred from
Fig. 11, the antibacterial action against E. coli was somewhat
lower than that of S. aureus which is in agreement with previ-
ous studies [76]. This can be attributed to the different nature
of cell walls between Gram-positive and Gram-negative bac-
teria. The cell wall of E. coli consists of lipids, proteins and
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Fig. 11 Bacteria killing rate at 100
different time intervals
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Fig. 12 Antibacterial activity
of the CA/PEG/AgPs fiber mat
against E. coli and S. aureus

Control
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lipopolysaccharides (LPS) which provides a barrier against
biocides whereas, the cell wall of Gram-positive bacteria,
such as S. aureus does not consist of LPS and are more sensi-
tive to the antibacterial action of AgPs.

Since Ag has higher affinity for sulfur and phosphorus
in the cell membrane, the elements can readily react with
each other in S. aureus as compared to E. coli due to the
presence of LPS and form proteins that are baneful for
the bacterial survival [77, 78]. Also, in case of this study,
as can be seen from the Fig. 12, the number of bacteria
colony is higher in the E. coli control than that of S. aureus
which can contribute to the lesser efficacy of the fabricated
CA/PEG/AgPs fiber mat against E.coli at identical time
period observation.

@ Springer

3h 24 h

Conclusion

In this investigation, electrospinning was carried out using
a solution consisting of CA, PEG and AgPs with a view
to fabricate antibacterial fiber mat. AgPs were synthesized
in situ by a chemical route where the solvent 2:1 acetone/
DMACc acted as the reducing agent. The AgPs observed
from FESEM measured 10 nm size, UV—-vis spectra show-
ing characteristic peak at 420 nm and EDS confirmed the
presence of Ag. The role of PEG as a stabilizer of AgPs and
a surface modifier was established as PEG prevented parti-
cle agglomeration at a concentration of 10 wt% and some-
what modified the fiber surface with striations without any
further treatment of the fiber. These striations are expected
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to improve cell attachment and aid the stabilization of
the AgPs by eliminating the surface repellence otherwise
observed for smooth fibers. Also, the fiber mat containing
PEG showed increased swellability as high as twice as that
of the fiber mat without PEG. This was indeed another envi-
able feature for wound dressing applications. The antibac-
terial efficacies of the produced fiber mat containing AgPs
were successfully evaluated against E. coli and S. aureus at
different time intervals where it showed complete elimina-
tion of S. aureus and nearly complete eradication of E.coli.
Therefore, this antibacterial CA/PEG/AgPs fiber mat with
improved swellability can have potential application in
wound dressings.

Supplementary Information The online version contains supplementary
material available at (https://doi.org/10.1007/s10965-020-02356-2).
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