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Background: Electrospun nanofibers based on Colocasia esculenta tuber (CET) protein are
considered as a promising material for wound dressing applications. However, the use of
these nanofibers in aqueous conditions has poor stability. The present study was performed to
obtain insights into the crosslinked electrospun CET’s protein—chitosan (CS)—poly(ethylene
oxide) (PEO) nanofibers and to evaluate their potential for wound dressing applications.
Methods: The electrospun nanofibers were crosslinked with glutaraldehyde (GA) vapor and
heat treatment (HT) to enhance their physicochemical stability. The crosslinked nanofibers
were characterized by protein profiles, morphology structures, thermal behavior, mechanical
properties, and degradation behavior. Furthermore, the antibacterial properties and cytocom-
patibility were analyzed by antibacterial assessment and cell proliferation.

Results: The protein profiles of the electrospun CET’s protein-CS—-PEO nanofibers before
and after HT crosslinking contained one major bioactive protein with a molecular weight of
14.4 kDa. Scanning electron microscopy images of the crosslinked nanofibers indicated
preservation of the structure after immersion in phosphate buffered saline. The crosslinked
nanofibers resulted in higher ultimate tensile strength and lower ultimate strain compared to
the non-crosslinked nanofibers. GA vapor crosslinking showed higher water stability com-
pared to HT crosslinking. The in vitro antibacterial activity of the crosslinked nanofibers
showed a stronger bacteriostatic effect on Staphylococcus aureus than on Escherichia coli.
Human skin fibroblast cell proliferation on crosslinked GA vapor and HT nanofibers with 1%
(w/v) CS and 2% (w/v) CET’s protein demonstrated the highest among all the other cross-
linked nanofibers after seven days of cell culture. Cell proliferation and cell morphology
results revealed that introducing higher CET’s protein concentration on crosslinked nanofi-
bers could increase cell proliferation of the crosslinked nanofibers.

Conclusion: These results are promising for the potential use of the crosslinked electrospun
CET’s protein-CS—PEO nanofibers as bioactive wound dressing materials.

Keywords: Colocasia esculenta, chitosan, crosslinking, electrospun nanofibers, poly
(ethylene oxide), wound dressing

Introduction

Wound healing is a complex regeneration process that involves several biological and
molecular systems, such as coagulation, inflammation, proliferation-migration, and
remodeling, to restore normal biological function.! The wound dressing is generally
used as a protector for wounds against infection or external exposure.” Most of the
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wound dressing still use gauze. Nevertheless, gauze only
protects wounds from external exposure by providing a dry
environment and no bioactive molecules or antibacterial
substances. This wound dressing also needs to be replaced
every 12-24 h, which causes disruption of healthy tissue
growth and causes pain in the patient.’* Therefore, the
nanofiber membrane is the choice for wound dressing
because of its functional versatility, such as being able to
mimic the fibrous architecture of natural extracellular matrix
(ECM) for support cell attachment and proliferation, perme-
able to water vapor and oxygen, providing an effective bar-
rier against bacteria or other microorganisms. Moreover,
nanofiber membranes can be fabricated from various biode-
gradable materials with the addition of antibacterial sub-
stances or bioactive molecules.” Bioactive molecules such
as proteins can encourage fibroblast activity and endothelial
cell migration, increasing the wound healing process.’
Protein is one of the essential roles in the wound healing
process because it is needed for enzyme and collagen synth-
esis, the proliferation of fibroblast cells, and the formation of
connective tissue. They significantly affect all stages of
wound healing.®®

Colocasia esculenta is an edible plant originating from
Asia (Japan, Indonesia, China, etc.) that grows in tropical and
sub-tropical areas.”'® Colocasia esculenta tuber (CET) pro-
vides multiple nutrition components, such as proteins, carbo-
hydrates, vitamins, minerals, and fibers.'® These proteins
have been reported to have important biological properties
that have been indicated on lectin subunits.'' > Pereira et al'"'
have demonstrated that lectins interact with carbohydrates
from the surface of hematopoietic cells, leading to cell pro-
liferation of mice splenocyte. Additionally, lectins in the
CET’s protein have also provided the in vitro and in vivo
immunostimulatory potential.'*~'> Wardhani et al'® demon-
strated that electrospun CET’s protein—CS—PEO nanofibers
have enhanced NIH-3T3 fibroblast cell growth. The highest
nutrient content of amino acids in CET’s protein has been
reported as arginine.'® These amino acids play a key role in
wound healing. Arginine is an amino acid that acts for protein
synthesis, stimulates cellular growth, and hormone
secretion.®”!” Therefore, CET’s proteins are an advanta-
geous material for use as the protein component, in which
protein is the main component of the native skin extracellular
matrix (ECM) structure.

One of the natural polysaccharides with a broad spec-
trum of high killing rate against Gram-positive and Gram-
negative bacteria is chitosan.'® Chitosan (CS) is a deace-
tylated derivative of chitin. It has unique characteristics,

such as the structural similarity to the glycosaminoglycans
found in the ECM, outstanding biocompatibility, appropri-
ate biodegradability, having antibacterial properties, and
nontoxicity.'”” However, natural polymers have weak
mechanical strength. A combination of synthetic polymers
is an applicable method to ensure the mechanical proper-
ties of natural polymers.” Furthermore, poly(ethylene
oxide) (PEO) is a water-soluble synthetic polymer with
good biocompatibility and low toxicity.*

In this work, three biocompatible, biodegradable, and non-
toxic polymers selected were two natural polymers (CET’s
protein and CS) and one of synthetic polymer (PEO). These
choices were encouraged by the promising properties of these
polymers, which similarity toward structural components of
ECM. All three polymers are fabricated in a three-dimensional
structure using electrospinning techniques. Electrospinning is
the most efficient processing method for producing continuous
nanofiber for large scale from various polymers with small
pore size, high porosity, and the sizeable surface-area-to-
volume ratio.*'** This method utilizes electrostatic forces to
generate fine fibers with diameters in the nanoscale or micro-
scale range. The desired electrospun fiber properties can be
adjusted with solution parameters (polymer concentration,
solvent volatility, and solution conductivity) and processing
parameters (applied voltage, flow rate, and capillary-collector
distance).”** The high porosity and high surface area to
volume ratio of electrospun fibers make them potentially for
wound dressing application due to providing favorable condi-
tions for cell interactions.’

However, nanofiber membranes lose their fiber struc-
ture when exposed to aqueous conditions. Structural
instability of fiber membranes is due to polymers forming
water-based soluble fiber membranes. Several crosslinking
techniques are used to overcome these limitations. These
include chemical crosslinking, like glutaraldehyde vapor
(GA) and physical crosslinking, such as heat treatment
(HT). Crosslinking provides the desired improvements in
the stability under aqueous environment and mechanical
properties.>> GA is the most practical crosslinking agent to
crosslink biopolymers because it can react with functional
groups in both proteins and carbohydrates. GA vapor
crosslinking occurs by creating covalent bonds between
the chains of the polymers.””> Additional treatment by
blocking unreacted aldehyde groups and washing on cross-
linked nanofiber needs to be completed to reduce the risk
of toxicity from unreacted GA left in the nanofiber. HT is a
physical process where high temperature is applied under
vacuum. HT holds the polymer chains by non-covalent
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bonds such as hydrogen bonding, electrostatic interactions,
or other intermolecular forces.*’

Some investigations have reported successful development
of electrospun CS—PEO nanofibers by adding other polymers
intended for wound dressing applications. For instance, elec-
trospun type I collagen—CS—-PEO nanofibers can induce
migration and proliferation of NIH-3T3 fibroblast cells.”® In
another study, electrospun humans like collagen (recombinant
E. coliy-CS-PEO nanofibers can support the growth of bone
marrow stromal cells and provide good biocompatibility in
mice.”” In both studies, the crosslinking of nanofiber mem-
branes also still uses chemical crosslinking through GA vapor.
Besides, there have been few studies on crosslinking with safe
and simple methods through HT on electrospun nanofibers.
Cay et al showed that HT crosslinking at 180 °C produced
better structural stability than GA vapor crosslinking on CS—
PVA nanofibers.”® Furthermore, HT crosslinking at tempera-
tures of 40, 60, 80, 100, and 145 °C on rhodamine B-CS-PEO
could enhance the antibacterial activity, thermal stability, and
mechanical properties.”” The electrospun CET studies have
reported successfully prepared from solutions CS—PEO.
However, the hardly electrospinnable of CET makes a small
number of beads are still found in nanofibers.>® Water-soluble
proteins extracted from CET is expected to improve the effi-
cacy of CET for an easier electrospinning process. The fabri-
cation of electrospun CET’s protein—-CS—PEO nanofibers with
the optimization of processes and solutions resulted in
smoother fibers.'® According to the literature, no studies con-
sidered the physicochemical characteristics with the evalua-
tion of antibacterial activity and cytocompatibility of
electrospun CET’s protein—-CS-PEO nanofibers for wound
dressing applications.

In this study, we aimed to invent a biomimetic system in
the form of a nanofiber membrane with excellent material
stability. Suitability of the use of crosslinking and bioactive
molecules such as CET’s protein is expected that the CET’s
protein—-CS—PEO nanofibers can effectively function as
potential candidates for wound dressing. Schematic illustra-
tion of the main experimental process, crosslinking of the
nanofibers, the mode of action of GA vapor and HT cross-
linking, and the application of the nanofiber membrane on
skin wound site have been illustrated in Figure 1.

Materials and Methods

Materials
Colocasia esculenta tuber (CET) powder was obtained from
PT. Sentra Biogen Bandung, Indonesia. Poly(ethylene oxide)

(PEO, average M,, = 600 kDa), chitosan (CS, > 75% deace-
tylation degree), bovine serum albumin (BSA), and trypan
blue solution were purchased from Sigma Aldrich (Saint
Louis, MO, USA). Glacial acetic acid, ethanol, glycine, glu-
taraldehyde (GA, 25% solution in H,O), Muller Hinton Agar,
and Muller Hinton Broth were purchased from Merck
(Darmstadt, Germany). Low-molecular-weight marker protein
was purchased from GE Healthcare (Little Chalfont, UK).
Minimum Essential Medium (MEM), penicillin-streptomycin,
fetal bovine serum (FBS), trypsin-EDTA, fungizone ampho-
tericin, gentamicin, phosphate buffered saline (PBS), antibio-
tic, and antimycotic were purchased from Gibco (Grand
Island, USA). Human skin fibroblast cell line (BJ cell,
ATCC CRL-2522), Gram-positive Staphylococcus aureus
(S. aureus, ATCC 6538), and Gram-negative Escherichia
coli (E. coli, ATCC 8939) were purchased from American
Type Culture Collection (Rockville, MD, USA). PrestoBlue
reagent was purchased from Invitrogen (Carlsbad, CA).

CET’s Protein Isolation

Twenty grams of CET powder was dissolved in 600 mL
deionized water and stirred overnight at RT. This suspen-
sion was centrifuged at a 5000 rpm for 5 min. The super-
natant was freeze-dried. The CET’s protein powder was
stored at —20 °C until use.

Electrospinning of CET’s Protein—CS—

PEO Blend Solution

The various weight percent of CET’s protein, CS, and PEO
powders (Table 1) were dissolved in 10% (v/v) acetic acid by
stirring overnight at RT to ensure complete dissolution of the
polymers. All the solutions were freshly prepared in the
electrospinning process. All nanofibers were produced in a
horizontal setup electrospinning apparatus (Nachriebe 600,
Indonesia), including a high voltage DC power supply, a
syringe pump, a 10 mL syringe attached to a 22G blunt-tip
needle, and grounded aluminum plate, as a collector. The
polymer solutions were electrospun at a high voltage of 18
kV, a flow rate of 1 mL/h, and the distance between the
needle tip to the drum collector at 12 cm. At the time of the
electrospinning experiment, relative humidity (RH) and tem-
perature values ranged around 35-45% RH and 25-35 °C,
respectively.

Crosslinking Methods
The HT and GA vapor were selected as physical and
chemical

crosslinking methods for stabilizing the
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electrospun CET’s protein-CS—PEO nanofibers in water.
For the HT crosslinking method, the electrospun nanofi-
bers were heated in a vacuum oven at 35-40 °C for 1 h.
This temperature was chosen in CET’s protein because the
temperature below 41 °C was considered safe and will not
break the protein’s interactions and denature them.
Crosslinking with GA vapor was carried out by placing
the electrospun nanofibers in a sealed desiccator contain-
ing 5 mL of 25% GA aqueous solution in a petri dish for

Table | Composition of Electrospinning Solution

Sample | CET’s Protein % (wlv) | CS % (wiv) | PEO % (wiv)

Cl | 0.25 5
c2 2 0.25 5
c3 | | 5
C4 2 | 5

Abbreviations: CET’s protein, Colocasia esculenta tuber protein; CS, chitosan; PEQ,
poly(ethylene oxide).

12 h at RT. After crosslinking, the electrospun nanofibers
were treated in a 0.2 M glycine solution to block unreacted
aldehyde groups for 24 h at RT. They were then rinsed
repeatedly in ethanol solution and deionized water. The
GA vapor crosslinked electrospun nanofibers were dried at
RT and stored in a desiccator for a later test.

Characterization

CET’s protein content in the CET powder, electrospun CET’s
protein—CS—-PEO nanofibers before and after crosslinking
was analyzed using a method of Bradford.®' BSA was used
as a reference standard, and the absorbance of the electrospun
nanofibers was measured at 595 nm using a UV/Vis spectro-
photometer (Thermo Fisher Scientific, USA).

The protein profiles of the electrospun CET’s protein—
CS—-PEO nanofibers before and after crosslinking were ana-
lyzed by sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE) in 12% polyacrylamide gel under
denaturing and reducing conditions. The polypeptide bands
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were visualized by staining the gels with coomassie brilliant
blue R-250.** Molecular masses of the polypeptide bands
were estimated by comparison to the standard protein mar-
kers (LMW marker, 14.4-116 kDa) (PageRuler™ Pierce
Unstained Protein Molecular Weight Marker, Thermo
Scientific, USA).

The morphology structures of the differentially cross-
linked electrospun CET’s protein-CS—PEO nanofibers
were studied under Scanning Electron Microscope (SEM,
Hitachi™, SU-3500, Japan) at an accelerating voltage of 5
kV, after sputter coating with gold (MC-1000, Hitachi™,
Japan). The average diameters of the samples were ana-
lyzed from the SEM images using CAD software.

The thermal behavior of the various samples was
investigated by thermo-gravimetric (TGA,
Linseis STA PT 1600, Germany) by heating the samples
from room temperature to 350 °C at the rate of 10 °C

analysis

min~'. Measurements were performed on CET’s protein
powder, CS powder, PEO powder, and crosslinked elec-
trospun CET’s protein-CS—PEO nanofibers.

The mechanical properties of the non-crosslinked and
crosslinked electrospun CET’s protein—-CS—-PEO nanofi-
bers (n =5 for each group) were determined using a tensile
testing machine (Textechno Favigrab, Germany). The load
cell capacity used is 1 N for all samples except C3—GA
and C4-GA samples (C3—GA and C4-GA samples use
100 N load cells). Test specimens of dimensions 25 x 3
mm?, were tested at a crosshead speed of 3 mm min ' and
gauge length of 10 mm under ambient conditions.

The degradation behavior of the crosslinked electro-
spun CET’s protein—-CS—-PEO nanofibers was determined
by monitoring the weight loss. The samples were
immersed in a PBS solution (pH = 7.4) at RT for 1, 3,
and 7 days. At each time point, the samples were removed
from the PBS solution, rinsed several times with deionized
water, and dried at RT overnight. The weight loss of the
samples was calculated as given in Equation 1, where W,
is the initial weight of the dry samples, and W, is the dry
weight of the samples after water treatment. Each test was
repeated three times.

Weight loss (%) = [M} x 100 (1)

0
The stabilization performance of the crosslinked electro-
spun CET’s protein-CS—PEO nanofibers was investigated
by observing SEM images after immerging in PBS solu-
tion (pH = 7.4). Each sample was immersed in PBS solu-
tion for 1, 3, and 7 days and dried at RT overnight. The

morphology structures of the samples were observed under
SEM at an accelerating voltage of 5 kV, after sputter
coating with gold.

Antibacterial Activity Test

The antibacterial activities of the crosslinked electrospun
CET’s protein-CS—-PEO nanofibers were performed fol-
lowing the AATCC Test Method 100-2012. Bacterial
strains were incubated overnight at 37 °C in Muller
Hinton Broth. The crosslinked electrospun nanofibers
(4 cm?), previously sterilized by UV light, were inoculated
with 80 puL suspension of bacterial strain separately at zero
contact time and cultured after 1 h. The samples were
diluted with 5 mL PBS solution with a concentration of
107" = 107® in a vial tube. Each concentration dilution was
taken as much as 0.5 mL to be put into sterile petri dishes,
and MHA solution was poured as much as 15 mL. The
plates were incubated at 37 °C overnight. After incubation,
the bacteria were observed, and the colonies in each sam-
ple were counted. Controls were established in the same
conditions by culturing bacteria on the surface of the agar
plate without the samples. The percent reduction of bac-
teria by the samples was calculated using Equation 2,
where R is the reduction rate percent and A4, B is the
number of bacteria recovered from the inoculated the
samples after 1 h and at zero contact time, respectively.
All the experiments were performed in triplicate.

R(%) = {%} % 100 )

Culture of Human Skin Fibroblast

BJ cells were cultured in MEM supplemented with 10%
FBS and 1% antibiotic and antimycotic in a 75 cm? cell
culture flask at 37 °C in a humidified atmosphere of 5%
CO,. The culture medium was replenished every two days.
The crosslinked electrospun CET’s protein—-CS-PEO
nanofibers were prepared on circular glass coverslip
(22 mm in diameter), which were placed in 6-well tissue
culture plates. They pressed with a glass ring (20 mm in
diameter) to ensure complete contact of the samples with
the wells. Before BJ cells seeding, the samples were ster-
ilized under UV light, soaked in 70% ethanol for 1 h,
rinsed five times with PBS solution, and subsequently
immersed in MEM for 1 h. BJ cells were seeded at a
density of 100.000 cells/well of 6-well tissue culture plates
and cultured for up to seven days. BJ cells on a circular
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glass coverslip in 6-well tissue culture plates were seeded
as control.

Cell Proliferation

Cell proliferation on the crosslinked electrospun nanofibers
was determined using the PrestoBlue assay (n = 3 for each
assay). After culturing the cells for a period of 1, 3, 5, and 7
days, the samples were rinsed with PBS solution to remove
unattached cells and incubated with 10% PrestoBlue reagent
in PBS solution for a period of 2 h at 37 °C. The PrestoBlue
with PBS solution was transferred to 96-well tissue culture
plates. The absorbance was measured at 570 and 600 nm
using a Multiskan™ GO Elisa Reader Spectrophotometer
(Thermo Fisher Scientific™, USA).

Cell Morphology

The BJ cell morphology was also analyzed using SEM.
After 3 and 5 days of seeding the crosslinked electrospun
nanofibers with cells, the culture medium was removed
from well tissue culture plates, and the samples were rinsed
twice with PBS solution. The samples were fixed with 4%
GA solution for 1 h at RT. The fixed samples were rinsed
with deionized water for 15 min and dehydrated with a
series of ethanol concentrations starting from 50%, 70%,
80%, 90%, and 100% (v/v). The dehydrated samples are
dried at RT overnight. The samples were coated with a gold
sputter, and the cell’s morphology was analyzed using SEM
at a voltage of 5 kV.

Statistical Analysis

All the data are presented as mean =+ standard deviation
(SD). Statistical differences were determined by one-way
analysis of variance (ANOVA) using the GraphPad Prism
Software (GraphPad Software, Inc., San Diego, CA,
USA). Differences were considered statistically significant
at p < 0.05.

Results and Discussion

CET’s Protein Content Analysis

The total CET’s protein content of the non-crosslinked, HT
crosslinked, and GA vapor crosslinked electrospun CET’s
protein—~CS—PEO nanofibers was 0.451%, 0.394%, and
0.327% (w/w), respectively. Figure 2 shows the protein
profile of the CET powder and the electrospun nanofibers,
while the CET powder contained four major groups of
polypeptides with an approximate molecular weight of
14.4; 18.4; 25; and 66.2 kDa, respectively. The figure

(kDa) LMW 4 3 2 1
16 —
66.2

45 —

35 —

25 —

18.4—

-4

Figure 2 The protein profile of (1) CET powder, (2) non-crosslinked nanofibers, (3)
GA vapor crosslinked nanofibers, and (4) HT crosslinked nanofibers by SDS-PAGE.
Abbreviations: LMW, low molecular weight; CET, Colocasia esculenta tuber; GA,
glutaraldehyde; SDS-PAGE, sodium dodecyl sulfate-polyacrylamide gel electrophoresis.

144 — w0

present that the molecular weight of the non-crosslinked
and HT crosslinked nanofibers was around 14.4 kDa.
However, there was no spot around 14.4 kDa in GA vapor
crosslinked nanofibers because protein might be cross-
linked to GA or entrapped in the crosslinked matrix.
According to Pereira et al,'® the most abundant of the total
CET’s protein content is globulin with molecular mass 14
kDa, about 59% of total soluble protein. A previous study
demonstrated that the CET’s protein has an in vitro growth-
stimulator effect.'® Those effects were accompanied by an
increment in NIH-3T3 fibroblast cell growth relates to the
concentration of the CET’s protein so that it provided
appropriate conditions for cell growth.'®

Morphology of Crosslinked CET’s
Protein—-CS—PEO Nanofibers

SEM micrographs of the crosslinked electrospun nanofi-
bers with GA vapor (Figure 3A-D), and HT (Figure 3G
and H) showed some interconnection at fibers junctions,
compact, and stiffer network, whereas in the Figure 3E and
F revealed the formation of fused fibers. The morphology
of crosslinked nanofibers with HT in the presence of 1%
(w/v) CS can maintain the fiber morphology (compare
Figure 3E with G and H; F with G and H, respectively).
Crosslinked nanofibers of C1-GA, C2-GA, C3-GA, C4-
GA, C3-HT, and C4-HT with average diameters in the
range of 312 + 94, 268 + 52, 255 £ 57, 191 £ 40, 305 £ 85,
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Figure 3 Scanning electron microscope images of the crosslinked electrospun (A) CI-GA, (B) C2-GA, (C) C3-GA, (D) C4-GA, (E) CI-HT, (F) C2-HT, (G) C3-HT, (H) C4-
HT nanofibers, and fiber diameter distribution of (i) CI-GA, (ii) C2-GA, (iii) C3-GA, (iv) C4-GA, (v) CI-HT, (vi) C2-HT, (vii) C3—HT, (viij) C4-HT nanofibers.
Abbreviations: GA, glutaraldehyde; HT, heat treatment.
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and 258 £+ 92 nm, were respectively obtained. The average
diameters of C1-HT and C2-HT was found cannot be
measured. The average diameter of crosslinked nanofibers
decreased with the increase of CS and CET’s protein
concentration. The decrease of fiber diameter was caused
by the higher solution conductivity and viscosity based on
our previous study.'® The conductivity and viscosity of CS
and CET’s protein provide thinner fibers with smaller
fibers in the electrospinning process where the polymer
solution leads to a greater elongation force under the high
electrical field.>~** The GA vapor of the nanofibers effi-
ciently interlinks between the amino groups of CS with the
carbonyl of GA via a Schiff base reaction,'® confirmed by
Fourier transform infrared (FTIR) spectra (Figure S1).
Also, the amino terminal of the CET’s protein can be
crosslinked with the carbonyl of GA. These crosslinking
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can maintain the fiber structure even after being soaked in
water. The HT of the nanofibers induces the release of
water content trapped between polymer chains and leads
to an increase in the hydrogen bonding or electrostatic
interactions between polymer chains.'® The fiber diameters
are within the range of ideal properties of nanofibers for
wound healing applications (50-500 nm). This diameter
sizes mimic of the physical structure of the natural ECM.>

Thermal Behavior

The TGA curves from various samples are shown in
Figure 4. The TGA curve (Figure 4A) of pure PEO revealed
that the mass changes occurred at 217.9-330.5 °C, with a
mass loss of about 66.48%. According to the literature,
decomposition of PEO begins at around 340-360 °C, with
a maximum peak at around 400 °C, reducing in intensity at
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Figure 4 TGA curves of (A) PEO, CS, and CET’s protein powder, (B) CI-GA and CI-HT samples, (C) Samples crosslinked by HT, and (D) All samples.
Abbreviations: PEO, poly(ethylene oxide); CS, chitosan; CET’s protein, Colocasia esculenta tuber protein; GA, glutaraldehyde; HT, heat treatment; TGA, thermo-gravimetric

analysis.
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approximately 420 °C.>*>° In the case of pure CS, it pre-
sented two distinct mass changes. In the first stage, the mass
changes at 31.7-117.2 °C, with a mass loss at around
10.94%. In the second stage, the mass changes at 246.2—
315.5 °C, with a mass loss at around 40.14%. It is seen from
the TGA curve of pure CS that the CS decomposition
showed two stages: first, the mass loss from initial heating
to 130 °C is caused by evaporation and other possible
volatile losses; second, the mass loss starting at around
260 °C and appearing a sharp peak at about 300 °C, the
mass loss associated with depolymerization and degrada-
tion of the CS chain.** In the pure CET’s protein, the mass
changes were observed at 204.2-295.2 °C, with a mass loss
of around 27.79%. This mass loss corresponds to the CET’s
protein degradation temperature.

In the temperature range of 30-350 °C, samples of C1—
GA, C1-HT, C2-HT, C3-HT, and C4-HT display three
stages of mass change. The TGA curves of the C1-GA,
and C1-HT samples exhibited differences in their thermal
stability (Figure 4B). The C1-GA sample indicated higher
thermal stability compared to the C1-HT sample. Of all the
HT crosslinked samples (Figure 4C), differences in the con-
centration of CS and CET’s protein did not change the TGA
profile of the CET’s protein—CS—PEO nanofiber membrane.
At temperatures 3040 °C, the mass loss in C1-GA, C1-HT,
C2-HT, C3-HT, and C4-HT samples are around 0.6%,
1.7%, 1.3%, 0.6%, 1.2%, respectively. A comparative ther-
mal analysis of various samples is presented in (Figure 4D).
Three thermal stages in the nanofiber membrane can be
observed: the first stage, presumably due to loss of moisture
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Figure 5 Stress—strain curves of CET’s protein—-CS—-PEO nanofiber membrane (A) Before crosslinking, (B) After GA vapor crosslinking, and (C) After HT crosslinking.
Abbreviations: o, ultimate tensile strength; e, ultimate strain; GA, glutaraldehyde; HT, heat treatment; CET’s protein, Colocasia esculenta tuber protein; CS, chitosan; PEO,

poly(ethylene oxide).
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and water trapped at around 30—100 °C; the second stage, the
mass loss may be related to the decomposition temperature of
CS and CET’s protein at around 200-250 °C; the third stage,
a mass loss of about 250350 °C is the same temperature as
the thermal degradation of pure PEO. The results of this
thermal degradation are like the fiber morphology in which
the fiber structure of C1-HT and C2—HT sample is fused, and
the average diameter of the fiber cannot be measured.

Mechanical Properties

The tensile stress-strain curves of the non-crosslinked and
crosslinked electrospun CET’s protein-CS—PEO nanofibers
are plotted in Figure 5. Comparing Figure 5A—C, the tensile
stress of the non-crosslinked sample increased gradually until
the peak and decreased. Conversely, the tensile stress of the
crosslinked sample showed a steep slope. This behavior can
be explained that non-crosslinked samples can be easily
pulled from one another, resulting in low tensile stress and
high strain. The higher the concentration of CET’s protein
and CS, the ultimate tensile stress, and ultimate strain
decreased, while Young’s modulus increased. These findings
revealed that biomaterials based on protein generally have
lower mechanical properties; besides that, CS has a semi-
rigid chain and brittle.***” However, it cannot be pulled
freely for the crosslinked sample due to the presence of
inter-fiber bonds. Based on the tensile stress-strain curves,®
the material properties in C1 and C2; C3 and C4; C1-GA,
C2-GA, and C4-GA; C3—-GA, C3—HT, and C4-HT samples
tend to be soft and tough, soft and weak, hard and brittle, and
hard and strong, respectively.

The effect of crosslinking on the mechanical properties
of the nanofiber membrane is shown in Table 2. GA vapor
and HT crosslinking generated the nanofiber membrane
more rigid, because there is an increase in ultimate tensile
stress and Young’s modulus, with a decrease in ultimate
strain. The trend of ultimate tensile stress, ultimate strain,
and Young’s modulus from the combination of CET’s pro-
tein and CS concentrations in non-crosslinked samples and
GA vapor crosslinking samples are presented in Figure 6.
The higher concentration of CET’s protein and CS in GA
vapor and HT crosslinking gave an increasing trend in
Young’s modulus compared to non-crosslinked samples.
The modulus Young in each of the C1-GA, C2-GA, C3—
GA, C4-GA samples was 13.7; 6.5; 9.9; 7.8-fold higher
than of the C1, C2, C3, C4 samples. The modulus Young of
the C3-HT and C4-HT samples were 6.1 and 2.7-fold
higher than of the C3 and C4 samples. According to Yao
et al,’® the high Young’s modulus can be attributed to the
smaller average diameter of the nanofiber membrane. The
GA vapor crosslinking provided ultimate tensile stress, and
Young’s modulus was higher than the HT crosslinking. This
result can be attributed to stronger covalent bonds in GA
vapor crosslinking than non-covalent bonds in HT cross-
linking. Therefore, GA often has the most significant effect
on mechanical properties compared to other crosslinking
GA
mechanisms.*® Although the samples demonstrate different

because crosslinking occurs through various

behavior in crosslinking, these results are compatible within
the range of mechanical properties (Young’s modulus) of
the human skin of 15-150 MPa.*!

Table 2 Mechanical Properties of Electrospun CET’s Protein—-CS—PEO Nanofibers Before and After GA Vapor and HT Crosslinking

Sample Ultimate Tensile Strength (MPa) Ultimate Strain (%) Young’s Modulus (MPa)
Non-crosslinked
Cl 1.72 £ 0.09 55.55 + 10.47 10.19 £ 0.71
2 1.30 + 0.08 29.62 + 8.63 22,60 + 433
(X} 129 £ 0.14 1202 £ 1.0 1485 * I.16
C4 1.27 £ 0.16 6.39 + 3.31 35.70 + 3.33
GA vapor crosslinked
Cl 5.04 + 0.09 3.88 + 0.45 139.94 + 8.77
2 2.94 + 0.57 2.17 £0.29 147.57 £ 11.91
C3 5.70 + 0.06 10.92 £ 0.19 148.12 + 8.65
C4 4.88 + 0.14 2.07 £ 0.14 279.61 + 10.58
HT crosslinked
C3 481 £0.22 6.69 + 0.85 90.94 + 5.78
C4 449 £ 0.14 6.42 + 0.79 9491 + 530

Abbreviations: GA vapor crosslinked, glutaraldehyde vapor crosslinked; HT crosslinked, heat treatment crosslinked.
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In vitro Degradation

The biodegradation of the crosslinked electrospun nanofi-
bers was examined using PBS solution by monitoring their
weight loss, as shown in Figure 7A. From day 1 to day 7,
the highest weight loss was in the C2-GA sample, while
the lowest weight loss was in the C3—GA sample. The HT
crosslinked samples (C3—-HT and C4-HT) demonstrated
higher weight loss rates than GA vapor crosslinked sam-
ples (C3—GA, and C4-GA). The trend of degradation rate
on seven days of the combination of CET’s protein and CS
concentrations in GA vapor crosslinking samples is pre-
sented in Figure 7B. The degradation rate of the sample
increased with the increase in CET’s protein concentration
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and the decrease in CS concentration. This finding is
related because the types of proteins used in this study
are water-soluble proteins. The crosslinking method is also
considered important in terms of reducing the weight of
the nanofiber membrane. GA vapor crosslinking provided
stronger crosslinking than HT crosslinking because the
polymer chains are bound to each other through covalent
bonds.*>® After 72 h, CET’s protein-CS—PEO nanofiber
membrane exhibited a degradation profile of 25-45%.
The nanofiber membrane matrix is expected to be replaced
by collagen synthesized by fibroblast cells in the body."**

The SEM images confirmed that non-crosslinked elec-
trospun nanofibers completely lost their fiber architecture
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Figure 6 Surface plot relationship of CET’s protein and CS concentration in before and after GA vapor crosslinking sample of the: (A) Ultimate tensile stress, (B) Ultimate

tensile strain, and (C) Young’s modulus.

Abbreviations: o, ultimate tensile strength; ¢, ultimate strain; E, Young’s modulus; CET’s protein, Colocasia esculenta tuber protein; CS, chitosan, GA, glutaraldehyde.
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in contact with PBS (Figure S2). GA vapor and HT cross-
linking presented complete structural stability after soak-
ing in PBS (Figure 8). By day 1, the fiber structure swelled
rapidly and expanded in the C2—GA sample, whereas in
the other samples, the fiber structure became more com-
pact. The pores between fibers in the C1-GA sample
shrunk, and the film quickly formed in the C2—-GA sample
on day 3. In contrast, the C3—GA, C4-GA, C3-HT, and
C4-HT fiber structures were still clearly visible after three
days. By day 7, there were few fibers areas in C4—GA, and
C4-HT samples. Some areas in the C1-GA, and C2-GA
becoming film-like. The C3-GA, and C3-HT samples
maintained their structure until seven days. The C3—-GA,
and C3—HT fibers membranes display optimal preservation
of fiber morphology, followed by C4-GA, and C4-HT,
CI1-GA; and then C2-GA, respectively. These findings
suggest that HT crosslinking can be a reliable method to
improve the structural stability of CET’s protein—-CS—-PEO
nanofiber membrane in aqueous media.

Antibacterial Activity of Crosslinked
CET’s Protein—CS—PEO Nanofibers

Antibacterial properties of CET’s protein—-CS—PEO cross-
linked nanofibers were examined on both Gram-positive S.
aureus and Gram-negative E. coli. Table 3 presents each
bacterial reduction (R) of various samples. The antibacter-
ial activity of CS on nanofiber membranes has been
demonstrated before.>”****¢ At zero contact time, there is
a decrease in the number of colonies of Gram-positive and
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Gram-negative bacteria (Figure S3). The antibacterial
activities observed with all samples at zero contact time
are significantly higher than the control. After 1 hour of
contact, the bacterial reduction rate showed more than
98% in S. aureus and 90-95% in E. coli bacteria. These
results suggested that the bacterial reduction rate in S.
aureus is significantly higher compared to E. coli. It is
well known that although S. aureus has a thicker layer of
peptidoglycan on its cell walls, S. aureus is more suscep-
tible to chemicals than E. coli because its cell walls are not
as complex as E. coli.'"® Also, S. aureus has impermeable
lipids on the outer membrane of bacteria.*’ Moreover, the
reduction rate of the bacterial colony showed that it was
less than 99.9% of the total CFU/mL, then it is defined as a
bacteriostatic activity.* The reduction in bacterial colonies
proved that the content of CS as an antibacterial agent
could act in the nanofiber membrane. The mechanism of
the antibacterial activity of CS is based on the electrostatic
interaction between the polycationic structure (positive
charge) carried by the CS chain and the anionic component
(negative charge), which is dominant in the bacterial cell
wall. This interaction disrupts the normal function of bac-
terial cell membranes, causes loss of membrane perme-
ability, intracellular leakage, and ultimately cell death.'®
As a result, nanofiber membranes containing 0.25% (w/v)
CS concentration can provide a reduction in the growth of
S. aureus and E. coli bacteria. After the CS concentration
was increased to 1% (w/v), the reduction of bacteria on the
nanofiber membrane was not significantly different. The
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Figure 7 In vitro degradation of the crosslinked electrospun (A), and surface plot relationship of CET’s protein and CS concentration in degradation rate for 7 days (B).
Abbreviations: GA, glutaraldehyde; HT, heat treatment; CET’s protein, Colocasia esculenta tuber protein; CS, chitosan.
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Figure 8 Scanning electron microscope images of CET’s protein—-CS—PEO crosslinked fiber morphology after soaking in PBS for I, 3, and 7 days.
Abbreviations: GA, glutaraldehyde; HT, heat treatment; CET’s protein, Colocasia esculenta tuber protein; CS, chitosan; PEO, poly(ethylene oxide); PBS, phosphate buffered

saline.

absence of this difference is due to the concentration of CS
solution inhibiting the growth of E. coli bacteria at a
minimum of 0.025% (w/v), whereas S. aureus bacteria of
at least 0.05% (w/v).'® Besides, the antibacterial activity
increased slightly with increasing CET’s protein concen-

tration, but the increase in antibacterial activity was not

significantly different between samples. Although the rate
reduction of bacterial showed no significant difference
between CS and CET’s protein concentrations, both GA
vapor and HT crosslinking methods used did not damage
the CS and CET’s protein components in the nanofiber

membrane.
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Table 3 The Bacterial Reduction Rate (R) of the Different
Crosslinked Nanofibers

Sample Reduction Rate (%)
S. aureus E. coli

CI-GA 98.53 £ 0.3 90.13 = 1.0
C2-GA 98.60 + 0.09 90.86 + 0.4
C3-GA 98.72 + 0.09 90.92 = 1.9
C4-GA 98.76 + 0.2 95.66 = 0.5
C3-HT 98.65 + 0.0l 90.88 + 3.3
C4-HT 98.73 £+ 0.06 95.02 £ 04

Abbreviations: GA, glutaraldehyde; HT, heat treatment.

Cytocompatibility of Crosslinked CET’s
Protein—CS—-PEO Nanofibers

The nanofiber membrane’s surface matrix can provide
favorable conditions for cell adhesion and proliferation
due to similarities in physical properties and tissue
structure.*” The PrestoBlue test for cell proliferation in
the nanofiber membrane of various ratios was studied,
and the results are shown in Figure 9. The proliferation
rate of BJ cells was significantly different on days 1, 3, 5,
and 7. The C1-GA, C2-GA, C3— GA, C4-GA, C3-HT,
and C4—HT samples presented that the cell proliferation
increased significantly compared to the control sample on
days 1, 3, 5, and 7. The results showed that BJ cells were
metabolically active on nanofiber membranes containing
CET’s protein and CS, and all nanofiber membranes indi-
cated no signs of cytotoxicity in cells.

On day 1 and day 5, the highest cell proliferation
significantly among all test samples was the C4-GA sam-
ple. C4-HT sample had significantly higher BJ cell pro-
liferation on the 3 days compared to C1-GA, C2-GA, C3—
HT, and control samples. On the 7 days of cell culture, BJ
cell proliferation in C4-GA samples was found to be
significantly higher than cell proliferation in C1-GA,
C2-GA, C3-HT, C4-HT, and control samples. In this
study, the presence of CET’s protein in the nanofiber
membrane is expected to stimulate cell attachment, leading
to enhanced proliferation of BJ cells. The most substantial
amino acid composition of the CET’s protein is arginine.'®
Fujiwara et al reported that arginine amino acid
can increase the proliferation rate of NIH-3T3 and HDF
cells.® The amino acids glycine and proline also exist in
the CET’s protein.'® It is known that glycine and proline
are the main protein components of the connective tissue
that compose collagen.”' The increased concentration of
CET’s protein in the nanofiber membrane gave a signifi-
cant increase to BJ cell proliferation on day 1 for C2-GA,
C4-GA, C4-HT samples, then on day 3 and day 7 for C4—
HT samples. This result is by previous studies that the
CET’s protein increases the growth of fibroblast cells after
24 h incubation.'® BJ cell proliferation increased signifi-
cantly with increasing CS concentration in the C3—GA and
C4-GA samples on days 1 through 7. Gomes et al*” and
Chen et al*’ reported that CS could produce a more posi-
tive charge for cell adhesion. These results indicated that
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Figure 9 BJ cell proliferation on crosslinked electrospun CI-GA, C2-GA, C3-GA, C4-GA, C3-HT, and C4-HT nanofibers.

Abbreviations: GA, glutaraldehyde; HT, heat treatment.
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Figure 10 Scanning electron microscope images of BJ cell on crosslinked electro-
spun CI-GA (A, B), C2-GA (C, D), C3-GA (E, F), C4-GA (G, H), C3-HT (1,)),
C4-HT (K, L) after (3, 5) days of cell proliferation and a higher magnification of BJ
cell’s morphology on C4-GA (M).

Note: Yellow arrow shows the area covered by BJ cells.

CET’s protein and CS have good compatibility with BJ
cells.

The comparison of crosslinking methods to cell prolif-
eration on the 7 days showed that GA vapor crosslinked
samples performed significantly higher BJ cell prolifera-
tion than HT crosslinked samples. The process of cell
adhesion on the substrate is influenced by the size of the
fiber diameter,>® the surface structure of the substrate, and
the presence of proteins on the substrate.”* The C4-HT
and C3-HT samples have a higher degradation rate than
the C4—-GA and C3-GA samples. The structure of nanofi-
ber membranes that are more easily degraded causes BJ
cells not to adhere totally to the nanofiber membrane so
that the growth of BJ cells cannot increase significantly.

Cell Morphology

Cell morphology on various CET’s protein—-CS-PEO
nanofiber membrane was studied by SEM on days 3 and
5, and the results are shown in Figure 10. BJ cells attach
and spread on the surface of the nanofiber membrane. On
the 3 days, the spread of BJ cells on C4-GA and C3-GA
samples was higher than C1-GA, C2-GA, C3-HT, and
C4-HT samples. After 5 days of cell culture, cells begin to
cover almost all the surface area of the nanofiber mem-
brane. SEM micrographs (Figure 10M) showed that cells
on the surface of the nanofiber membrane grow toward the
orientation of the fiber structure. In this study, the CET’s
protein—CS—PEO nanofiber membrane positively provided
a three-dimensional structure for the attachment and
growth of BJ cells. The cells not only show good adhesion
but also proliferate well in fiber. Therefore, the combina-
tion of antibacterial activity and cytocompatibility makes
the CET’s protein-CS—-PEO nanofiber membrane as a
great candidate for wound dressing application.

Conclusion

In the present study, two different crosslinking methods were
investigated to provide structural integrity of the membranes
in contact with aqueous media. SEM images revealed that the
crosslinked electrospun CET’s protein-CS—PEO nanofibers
have suitable fiber diameters range for ideal wound dressing.
Mechanical properties exhibited that the crosslinked electro-
spun nanofibers are compatible with human skin, which has
Young’s modulus of 15-150 MPa. Crosslinked electrospun
nanofibers by GA vapor and HT also proved improvement in
degradation behavior. In the antibacterial assessment, both
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crosslinking methods GA vapor and HT exhibited > 90%
antibacterial activities against both Gram-positive S. aureus

and Gram-negative E. coli bacteria. The evaluation of cell

proliferation assay and cell morphology revealed that the

crosslinked electrospun CET’s protein—CS—PEO nanofibers

could facilitate human skin fibroblast cells to attach and

proliferate. Cell proliferation increased with the increase of

CET’s protein concentration. Cell proliferation in GA vapor
crosslinked samples (C3—GA and C4-GA) was significantly
higher compared to HT crosslinked samples (C3—HT and
C4-HT). Our results suggest that, of the two crosslinking

methods, GA vapor crosslinked nanofibers are the great

suited for wound dressing applications. However, HT cross-

linking can be a simple method of choice without the need for

chemical compounds during the crosslinking process. Our

study not only present insights on the design of crosslinked

electrospun CET’s protein—-CS—-PEO nanofibers, but also

introduce other bioactive materials from plant-derived pro-

teins for the potential use of the wound dressing materials.
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