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ARTICLE INFO ABSTRACT

Keywords: In this present study, we have carried out the antioxidant function of transglutaminase (TG) identified from

Arthrospira platensis Arthrospira platensis (Ap) transcriptome. The antioxidant peptide ML11 (MLRSIGIPARL) has been predicted from

Electrospinning the transglutaminase core domain and the peptide’s free radical scavenging potential was evaluated and it shows

[C\EF:OXidant peptide that it functions on a dose dependent manner. The ML11 peptide cell toxicity was analysed in the human blood
1tosan

leucocytes which resulted no cytotoxic activity in any of the cell population. Moreover, the nanofibre mat
encapsulated with antioxidant peptide ML11 was prepared by electrospinning technique. The antioxidant
peptide ML11 encapsulated mat showed increase in fibre diameter compared to the chitosan polyvinyl alcohol
blended mat. The change in the crystalline behaviour of both chitosan and polyvinyl alcohol polymer to the
amorphous nature was determined by X-ray diffraction at the broad band between 20 and 30° (26°). FTIR
revealed the functional groups which present in the polymer as well as the interaction between their components
of chitosan (CS) and polyvinyl alcohol (PVA). The fibre retains the antioxidant activity due to the peptide
encapsulated by scavenging the intracellular ROS that was confirmed by flowcytometry and fluorescence mi-
croscopy. The ML11 peptide encapsulated mat showed no cytotoxicity in the NIH-3T3 mouse embryonic fi-
broblast cells. Also, ML11 peptide encapsulated fibre showed potential wound healing activity in NIH-3T3 cells.
Taken altogether, the study indicates that the wound healing potential of the ML11 peptide encapsulated nano
fibre mat may be used as biopharmaceutical drug.

Polyvinyl alcohol
Wound healing

1. Introduction injury, tumor, diabetic mellitus and skin burns or venous stasis. Wound

healing is the complex process, dynamic and interactive mechanism

Skin is one of the largest organs of the body which protects the
internal organs against infection, heat or injury and it involves in var-
ious functions such as protection, immunity, temperature control, me-
tabolism, communication, fluid hemostasis, sensory detection and self-
healing [1]. A chronic wound or skin ulcers can be caused by accidental
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and involves the array of variants, cytokines, growth factors, extra
cellular matrix, blood cell and parenchymal cells [2,3]. Wound healing
process can be divided into four phases; hemostasis, inflammatory,
proliferation and maturation or remodelling [4]. Reactive oxygen spe-
cies (ROS) plays a crucial role in the wound healing process where,
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during inflammatory phase, the immune cells like neutrophils and
macrophage migrate towards the wound site and starts to trigger the
ROS production.

However, the normal level of ROS at the wound site, prevents the
invasion of bacterial pathogens or infection and the moderate level of
ROS participates in re-epithelialization by initiating the production of
keratinocyte and epidermal growth factor receptors. When increasing
the ROS level at the wound site, it can drastically damage the affected
tissues as well as neighbouring healthy tissues; also elevated ROS de-
celerates the angiogenesis which may lead to cell death. The excess
level of ROS can halt the fast healing of wound and it can be caused by
several factors like environmental, physical or induced oxidative stress
[5]. Oxidative stress by both radical and non-radical ROS may prevent
the proliferation and migration of the cells during the wound closure
process [6,7].

In skin ulcers, the exudates production lead to the maceration of
healthy skin and halts the wound healing process [8]. Now a day’s
numerous researchers have interested to treat the wound by bio scaf-
folds. The recent study reported that the use of bio scaffolds in the
treatment of wound is due to its bacterial protection, biocompatibility,
biodegradable, epithelization at the wound site, high surface area to
volume ratio, high porosity and low cost [9]. The fabrication of the
scaffold can be achieved by electrospinning method due to its property
of controlled pore size, very large surface area to volume ratio, versa-
tility, reproducibility and submicron range have been used in the bio-
medical application [10]. The polymeric nature of the nanofibrous mat
has the ability to heal the wound due to its regeneration and repair
capability [9]. Interestingly, chitosan polymer has been reported to
form hydrogel, fibres, scaffolds and membranes. It reduces the bleeding
and reduces the pain by blocking the nerve endings [11]. The electro
spun nanofibre of chitosan has been widely used as the wound dressing
due to its properties such as oxygen permeability, high porosity, and
variation in pore size which can prevent the exudates and help in the
fast healing of wound.

Hence, it is an important to identify the novel drug to treat the
wound affected by the oxidative stress particularly ROS. An approach to
improve the fast healing of the wound is to tune or control the excess
level of oxidative stress with the help of antioxidant enzyme which
would escalates the healing process [12]. The present study is focused
on reducing the elevated level of ROS during the wound healing process
by fabricated nanofibrous mat loaded with enzymatic derived anti-
oxidant peptide. From the established A. platensis transcriptome data-
base, a complete cDNA sequence of transglutaminase (ApTG) was
identified. Gene expression analysis was achieved to understand the
ApTG antioxidant role during H,O, oxidative stress. A short peptide
sequence has been identified from ApTG core domain. Physicochemical
parameters of the amino acids included compositions, arrangement of
sequence, structure, molecular weight and hydrophobicity represented
that the peptide has intracellular free radical scavenging activity. The
ML11 peptide has been synthesized chemically and its free radical
scavenging ability was evaluated by cell-free assays and in vitro assays.
Also, The ML11 peptide cell toxicity analysis has been performed to
human peripheral blood mononuclear cells (PBMCs) and the peptide
was checked during H,O, exposed blood leucocytes, the intracellular
ROS level modulation was determined by FACS and fluorescence mi-
croscopy. Furthermore, utilizing electrospinning technique, peptide
loaded nanofiber mat was fabricated. The morphology of the nanofibre
mat was observed using SEM, X-ray diffraction and IR- spectroscopy
analysis. Finally, the in vitro study demonstrated that the peptide ML11
involved in proliferation and migration of NIH-3T3 cells which was
confirmed microscopically.
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2. Materials and methods
2.1. Blue-green algae cultivation

The single cell organism spirulina were collected and cultivated as
mentioned in the earlier manuscript [13]. The isolated blue-green algae
have been identified as A. platensis by gene sequencing (16S rRNA) and
evolutionary analysis and the gene sequence has been deposited in
National Institutes of Health (NIH) genetic sequence database, NCBI
GenBank under the accession ID: KY393096.

2.2. H,0, challenge and spirulina cell collection

In order to find out the influence of H,O, stress on A. platensis, the
algal cells were cultivated in two different conditions: i) cells treated
with H,0, (10 mM concentration = 30% H,0, w/w in H,0) ii) cells
untreated with H,O, maintained as control. Both the challenged and
control group, the cells were collected in a consistent period (day 0, 5,
10, 15 and 20) as described in our earlier manuscript [13] and im-
mediately stored at deep freezer for further study. Both the challenged
and control cells were taken for analysis in triplicate at various time
points.

2.3. RNA extraction, cDNA conversion and gene expression study

The algal cells were collected from both treated and untreated group
of the spirulina cells were used for the isolation of total RNA by TRIzol
reagent method. Then, utilizing Transcriptor First Strand cDNA
Synthesis Kit (Roche Diagnostics GmbH, Germany) cDNA was obtained
from the RNA as described in our earlier manuscript [13]. Followed by
the ApTG gene were amplified using cDNA as template with the re-
spective primers (E-Suppl. Table 1). For the assay, 16 s rRNA was used
as reference gene.

2.4. In silico characterization of ApTG

From the spirulina transcriptome, a complete ApTG cDNA sequence
has been identified which was obtained by Illumina NextSeq500 tech-
nology as described in our previous manuscript [14]. The identified
ApTG cDNA sequence was deposited to the EMBL (European Molecular
Biology Laboratory) archive. Further, similarity search, multiple se-
quence alignment, molecular mass, theoretical isoelectric point (pI),
aliphatic index, instability index, domain and motif analysis and three-
dimensional structure of the of ApTG protein was analysed using dif-
ferent available online software such as Prosite, ProtParam and BLAST.

2.5. Identification and synthesis of antioxidant peptide

Several factors determine the antioxidant property which include,
amino acid compositions, arrangement of sequence, molecular mass,
evolutionary conserved region and hydrophobicity nature [15]. Anti-
oxidant peptide sequence MLRSIGIPARL (ML11) was determined from
A. platensis transglutaminase core domain of the protein. An online tool
PEPTIDE 2.0 was used to analyse the hydrophobicity and hydrophilicity
property of the short peptide ML11. The amphipathic nature of ML11
peptide has been predicted using online tool. Further, the peptide ML11
was synthesized (Zhengzhou Peptides Pharmaceutical Technology Co.,
Ltd) and purity was measured as 99.73% by HPLC and it was confirmed
by MALDI-TOF MS analysis. For the further work, peptide was dissolved
in endotoxin free water and maintained as a stock in 1 mM con-
centration which was stored at —20°C.

2.6. In vitro cell-free antioxidant assays

Various cell-free antioxidant assays were performed to determine
the ML11 peptide free radical scavenging activity. The following assays
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such as 2,2-diphenyl-1-picrylhydrazyl (DPPH), 2,2’-azino-bis 3-ethyl-
benzothiazoline-6-sulfonic acid (ABTS), hydroxyl and superoxide anion
free radical scavenging assays with slight modifications as described in
our previous manuscript [16]. Trolox has been used as positive control.
The free radical scavenging activities were calculated as:

A control— A sample

Free radical scavenging activity= X 100%

A control

2.7. Determination of intracellular ROS in human PBMCs by DCFDA

To determine the intracellular ROS level, DCFDA dye was used [17].
Briefly, the level of intracellular ROS has been measured using cell-
permeable fluorescent probe 2’,7’-dichlorofluorescein diacetate
(DCFDA).

2.8. Cell toxicity of ML11 on human PBMCs

Cell toxicity effect using PBMCs from healthy human (Ethical
Clearance No. CDRI/IEC/2014/A1) was investigated using ML11 pep-
tide. The assay has been conducted as described in our previous finding
[13]. All the tests were done in triplicates and the results were ex-
pressed as mean * standard deviation. This study complies with the
Declaration of Helsinki.

2.9. Preparation of nanofiber mat using electrospinning method

Chitosan (CS) (mol. wt. 150,000 Da) of 2% w/v was dissolved in 1%
acetic acid and stirred under constant stirring at 37 °C for 5-6 h.
Polyvinyl alcohol solution (PVA) (mol. wt. 85,000 Da of 12% w/v was
prepared by dissolving polyvinyl alcohol in deionised water at 80°c for
5 h under constant stirring. Both CS and PVA solutions were blended
together at three different weight ratios of 1: 3, 1.5: 3 and 2: 3. The
peptide at 1 mM concentration was added to the blended polymer so-
lution. Further, the electrospinning parameters were optimized and the
voltage of 15 kV were supplied in a 12 cm distance that was calculated
between the collector and the tip of the needle. The flow rate of the
polymer was set at 0.2 ml/h. The fabricated mats were prepared by
electrospinning method as described previously [18,19].

2.10. Characterization of nanofiber mat

2.10.1. SEM analysis

FE-SEM method was used in the characterization study to determine
the morphology of electrospun nanofiber and the average diameter of
the fibres were measured using an image analysis software ImageJ
[20,21].

2.10.2. FTIR analysis

Fourier transform infrared spectroscopy studies were performed to
confirm the functional groups present in the polymers and the inter-
action between the components of CS and PVA. FTIR was performed in
ATR mode (attenuated total reflection) in the wavelength range of 400
- 4000 cm ™! with 45 scans at the resolution of 2 cm ™"

2.10.3. XRD analysis

In order to study the physical properties of chitosan and polyvinyl
nanofiber mats, the X-ray diffraction technique was performed with the
Cu ka radiation wavelength of 0.154 nm. The pattern determined at the
voltage of 40 kV and current of 15 mA with over the range of 5°- 100° (2
theta degree).

2.11. Loading capacity of ML11 peptide

The release kinetics of the peptide highly depends on the loading
capacity in the fabricated nanofiber [22]. As chitosan is a hydrophobic
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polymer and PVA is a hydrophilic polymer, it was not possible to dis-
solve the mat either in water or acetic acid, so we have chosen PBS to
dissolve. To remove the polymeric interference in collecting the peptide
for standard calibration curve, we centrifuge it and collected the su-
pernatant that containing peptide. To determine the loading capacity of
the peptide, the nanofibrous mat (6 mg) were weighed and centrifuged
at 2000 rpm for 10 min and the supernatant was collected to measure
the optical density at 260 nm using UV-VIS spectrophotometer [10,27].
The loading capacity of the peptide in the nanofibrous mat was calcu-
lated as following formula:

Actual peptide amount
Weight of fibres

Loading capacity % = 100

2.12. Encapsulation efficiency of ML11 peptide

The efficient encapsulation of peptide into the polymer mat were
measured using the encapsulation efficiency method. The study was
conducted as reported in similar study with slight modifications [23].
The peptide loaded mat were subjected to centrifugation at 2000 rpm
for 10 min and the resulting supernatant was measured using UV-VIS
spectrophotometer at 260 nm. While centrifuge the peptide loaded
polymeric mat, the peptide may be released in the medium or super-
natant and the pellet we obtained contained polymers. Percentage of
encapsulation efficiency was calculated as following formula:

Actual peptide amount
Theoretical peptide amount

Encapsulation efficiency %= 100

2.13. In vitro drug release study

The drug release study was performed to evaluate the amount of
peptide released from the nanofiber mat as reported [10]. The mats
were cut into small pieces (1 cm X 1 cm) and immersed in 5 ml of
phosphate buffer saline solution (pH 7.4), which was incubated over-
night at 37°C under shaking condition. The release media of 1 ml was
read at 260 nm using UV-vis spectrophotometer. The readings were
taken at different time intervals starting from the zero hour. To calcu-
late the cumulative release percentage of the peptide released from the
mat, the following equation was used;

Total amount of drug released from the mat

Cumulative release = X100

Total amount of drug loaded initially

2.14. Intracellular ROS level determination using DCFDA

In this study, the antioxidant peptide loaded nanofiber mat was used
to determine the free radical scavenging property against oxidative
stress induced PBMCs. The production of oxidative stress in the leuco-
cytes can be measured using DCFDA dye. Once the cells take up the
DCFDA dye, it is deacetylated to a non-fluorescent compound which
oxidize to a fluorescent compound dichlorofluorescein (DCF) by the
oxidative stress present in the cell [24,25]. In brief, the level of in-
tracellular ROS has been quantified using 20 pM DCFDA dye. Further
studies were performed to confirm the free radical scavenging activity
of the ML11 peptide loaded nanofiber mat using the confocal fluores-
cence microscopy.

2.15. MTT assay

MTT assay was performed based on the standard procedure adapted
from 1SO10993-5 [26,27] to determine the viability of NIH-3T3 (Na-
tional Centre for Cell Science, Pune) cells against the ML11 peptide
loaded nanofiber. In brief, the peptide mat of 5 mg was sterilized under
UV radiation for 10 min. and dissolved in serum free Dulbecco’s mod-
ified eagle medium (DMEM) for 24 h in a sterile condition. NIH-3T3
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cells were seeded into the 96 well plate and maintained in DMEM along
with 10% FBS, at a density of 1 x 10° cells/well and the cells were
maintained at 37 °C for 24 h in 5% CO, condition. Followed by in-
cubation cells were treated with and without peptide loaded nanofiber.
After 24 h of incubation, the MTT reagent of 20 ul was added to wells
and kept for 4 h of incubation at 37 °C. Finally, the MTT reagents were
removed and 200 pl of DMSO was added to dissolve the formazan
crystals formed. The absorbance of the sample was measured at 570 nm
using an ELISA reader.

2.16. Scratch assay

The scratch assay was performed to determine the wound closure
activity of the ML11 peptide loaded mats in the NIH-3T3 cells. The
study was conducted as reported by Tsai et al, with slight modifications
[28]. Mouse fibroblast cells (NIH-3T3) were procured from cell culture
center of National Centre for Cell Science, Pune. The NIH-3T3 cells
were seeded at a density of 8 x 10° cells/well into a 6-well plate and
the cells were maintained at 37 °C in a humidified atmosphere of 5 %
CO,, condition. After the incubation period, media was completely re-
moved. In the middle of cell monolayer, a scratch was made by P10
sterile pipette tip to mimic the wound. Further, treatments were added
to both controls and samples and the plate was incubated for 24 h. The
cells grown in extract free medium were used as control. The wound
was exposed to ML11 peptide loaded nanofiber mat for 24-72 h time
interval. Scratch wound closure was analysed under the inverted mi-
croscope (Magnus INVI, Noida) equipped with a digital CCD camera.
The wound closure was calculated as following formula;

% distance within the scratch at0 h— distance within the scratch at 24 h
o=

distance within the scratchat O h
X100

2.17. Statistical analysis

Statistical value of the given data was analysed using two-way
ANOVA and Sidak’s test in GraphPad prism (version 8.0.2) with the
significance value indicated as p which was less than 0.05. All the as-
says were performed in triplicates and were performed to determine the
mean and standard deviation. Results were reported as mean of three
independent experiments + SD.

3. Results and discussion
3.1. ApTG mRNA expression analysis during H,O, stress

The ApTG mRNA expression was quantified using the cDNA as a
template along with other necessary reaction mixtures including pri-
mers in RT-PCR. ApTG mRNA was expression was significantly
(P < 0.05) induced on day 15 due to the exposure of 10 mM H,0,. Also,
H-0, exposure induced significant raise in expression level of ApTG at
the initial point of exposure when contrast to the final point where
there was a steady reduction in expression, which has been noticed as
an indication that the ApTG expression was returned to its basal level
(Fig. 1). It has been demonstrated that the role of transglutaminase 2 in
apoptosis induced by H,0, in human chondrocytes are found in carti-
lage connective tissue revealing the antioxidant role of transglutami-
nase against HyO, [29]. This indicated that ApTG was significantly
involved in protecting the cells from oxidative damage and it played a
pivotal role in antioxidant activities.

3.2. Identification and sequence analysis of ApTG
From the transcriptome database, A complete cDNA sequence en-

coding ApTG has been identified and submitted to EMBL (European
Molecular Biology Laboratory) archive with the accession ID.
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Fig. 1. Gene expression profiling of ApTG post treatment with H;O, The
modulated expression of transglutaminase post H,O, challenge in A. platensis
measured by qRT-PCR at various times (0, 5, 10, 15 and 20 days). On 15" day
of post-treatment (p.t.) the elevated expression of ApTG mRNA was found and
the reduction of expression was observed at 20® day of p.t. The asterisk (*)
refers the significant different between control (day 0) and treatments (day 5,
10, 15 and 20) by two-way ANOVA and Sidak’s test in GraphPad prism (version
8.0.2).

LT667401. The full length ApTG cDNA sequence contained 4861 nu-
cleotide base pairs (bps). The ProtParam results revealed that the ApTG
protein possessed a calculated isoelectric point (pI) of 9.16 and their
predicted molecular weight was found to be 88,824.5 Da. In addition,
the ApTG protein sequence has positive (Arginine + Lysine) and ne-
gative (Aspartic acid + Glutamic acid) charged residues, which are 81
and 72 residues, respectively. The aliphatic index of the protein ApTG
was calculated to be 99.51 which indicate that the protein reveals
better thermostability due to the presence of aliphatic amino acids such
as alanine, valine, leucine and isoleucine in the ApTG protein. The
cellular localization prediction analysis of ApTG on MultiLoc2 online
tool demonstrated that the ApTG is localized in mitochondria.

In addition, the CDD result disclosed that the ApTG possessed three
distinct domains. Of these, the transglutaminase core domain
(pfam01841) present in ApTG C-terminal end which is located between
4717.p%88 and other two presumed domains present in both N-terminal
(pfam11992) and C-terminal end (pfam13559) which is located be-
tween *°L-G*?* and °°L-E”®®, respectively. The multiple sequence
alignment also showed that the residues which are conserved with
other homologous sequences. But ApTG sequence does not remain
conserved with animals and humans. A large number of significant
residues were evolutionarily conserved and the aligned sequence was
represented in the E-Suppl. Fig. 1A.

3.3. Tertiary structure analysis of ApTG

The tertiary structure analysis of ApTG protein also confirmed that
the result obtained during the secondary structural analysis such as
62.78% and 37.22% amino acid residues in a-helix and random coil;
and 39 and 40 number of distinct a-helices and random coils, respec-
tively (E-Suppl. Fig. 1B). There was no antipleated -sheet in the
structure of ApTG protein. Moreover, the most stable tertiary structure
revealed a ‘helix-loop-helix’ organization. Further analysis of 3D
structure showed that the characteristic gene specific transglutaminase
core domain is scattered throughout the structure of ApTG protein.

3.4. Molecular characterization of antioxidant peptide ML11

Based on the composition, arrangement, structure, molecular mass
and hydrophobicity of amino acids which contribute antioxidant ac-
tivity, a short peptide sequence >*’MLRSIGIPARL®>*” (ML11) was pre-
dicted from transglutaminase core domain along with conserved amino
acid residues and the putative peptide region of the sequence was
completely conserved with other cyanobacteria. Particularly, in the
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putative peptide regions, the amino acids which were already known to
contribute for the antioxidant activity such as M>%”, R>3%: 546 §40 and
P>** are highly conserved with the other species which shows the im-
portance of those residues in the function of ApTG protein. Further, the
molecular weight of the ML11 peptide is measured to be 1226 Da. It has
amino acids such as arginine double residues which result with net
charge +2 and the isoelectric point is measured to be 12. The amino
acid arginine has hydrogen atom which is potentially involved in the
antioxidant activity by HAT mechanism. Also, the peptide ML11 ex-
hibited in both hydrophobic and hydrophilic amino acids which is
identified that is an amphipathic nature (E-Suppl. Fig. 1C). In addition,
the result exhibited that the predicted ML11 peptide was localized in
the a-helix (90.90%) together with random coil (09.10%) at the ApTG
core domain, C-terminal region (E-Suppl. Fig. 1D).

3.5. Antioxidant mechanism of ML11 peptide on cell-free molecules

3.5.1. DPPH free radical scavenging activity of ML11

In this study, the stable free radical DPPH was applied to assess
ML11 peptide free radical scavenging capacity. The peptide ML11
displayed a significant (P < 0.05) antioxidant activity at lower dose,
when the peptide dose increasing the free radical scavenging activity
was increased however the activity was concentration dependent
(Fig. 2A). The significant free radical scavenging activity of the ML11
peptide might be due to the presence of Met, Ser, Arg, Pro amino acids.
The findings are in agreement with author by Kim et al, where anti-
oxidant peptide ISPRILSYNLR from perila seed protein hydrolysate with
lowest molecular weight showed better free radical scavenging activity
against DPPH free radical [30]. It has been reported that low molecular
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mass peptides obtained from Rhopilema esculentum hydrolysates ex-
hibited the greatest DPPH free radical scavenging activity [31]. Further,
peptide below 3 kDa derived from Arctoscopus japonicus has been shown
to have the greatest free radical scavenging capacity against DPPH free
radical [32]. In addition, low molecular weight peptide disclosed the
highest DPPH free radical scavenging activity and also influenced in-
creasing peptide solubility, enabling it to easily bind to the free radical
relative with larger, less soluble peptides [33,34]. In correlation with
our research, there was potential free radical scavenging activity in
ML11 peptide containing hydrophobic amino acids to combat DPPH
free radical.

3.5.2. ABTS free radical scavenging activity of ML11

ABTS assay was applied to assess the ML11 peptide antioxidant
activity. ABTS free radical was both water soluble and lipid-soluble
chemical which is applied to determine the antioxidant activity [35]. It
is stated that a single-electron transfer (SET) reaction between ABTS
radical cations and amino acids, the labile hydrogen atom, was required
to initiate the reaction [36]. So, in this ABTS radical scavenging assay,
HAT was considered as a radical scavenger. In this research, ML11
exhibited the ABTS free radical scavenging activity on concentration
dependent, where the lower dose of peptide disclosed significant
(P < 0.05) activity and the increment in peptide concentration ex-
hibited highly increased activity. This free radical quenching potential
of ML11 peptide was equivalent to that of trolox (Fig. 2B). A recent
finding reported a similar trend, peptides < 2 kDa from fish frame
protein hydrolysates disclosed the highest ABTS free radical scavenging
activity [37]. Previous study reported that peptides (< 10 kDa) from
corn gluten meal showed greatest ABTS free radical scavenging activity
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Fig. 2. Antioxidant activity of the ML11 peptide. (A) In comparison with Trolox's DPPH free radical scavenging potentials, ML11 peptide had significant DPPH free
radical quenching activity. (B) TEAC assay shows ML11 in the scavenging of ABTS free radicals, the dose dependent trolox-equivalent capacity. (C) HRSA assay
displays the capacity of ML11 in quenching of hydroxyl free radicals. (D) Superoxide free radical scavenging activity of ML11 was compared to Trolox, where the free
radical scavenging activity of ML11 was superior to Trolox. All tests were conducted in three replicates and the values are represented by the mean * standard
deviation (n = 3). The asterisk (*) denotes the significant difference between positive control (Trolox) and treatments by two-way ANOVA and Sidak’s test in

GraphPad prism (version 8.0.2).
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[38]. These findings indicated that ML11 peptide efficiently involving
in the ABTS free radical scavenging activity equivalent to trolox.

3.5.3. Hydroxyl free radical scavenging activity of ML11

In biological systems almost all macromolecules like DNA, RNA,
proteins, and polyunsaturated fatty acids are immediately responding
with hydroxyl free radicals that trigger severe cell damage [39]. To
investigate the hydroxyl free radical quenching capacity of ML11 pep-
tide, o-phenanthroline/H,0, system was used. ML11 exhibited con-
centration dependent hydroxyl free radical quenching activity, even the
lower dose of ML11 peptide exhibited the greater free radical scaven-
ging activity and the higher dose showed drastically increased activity.
The free radical scavenging potential of ML11 peptide was higher than
trolox (Fig. 2C). A similar study was observed that peptide with lower
molecular weight (below 1 kDa) from fermented meat sauce and Jinhua
ham possessed better hydroxyl free radical scavenging activity [40,41].
Moreover, Researchers reported that peptide (1471 Da) from duck
breast meat showed better free radical scavenging activity against hy-
droxyl free radical [42]. It has also been reported that hydroxyl and
sulfhydryl groups containing amino acids such as serine cysteine and
methionine can plays a key role in antioxidant effect [43]. Collectively,
our results clearly demonstrated that ML11 peptide has the ability to
scavenge the hydroxyl free radical due to the existence of hydroxyl and
sulfhydryl groups and lower molecular weight.

3.5.4. Superoxide free radical scavenging activity of ML11

In order to assess the free radical scavenging activity of ML11
peptide, superoxide free radical scavenging assay was performed. By
addition of an electron to molecular oxygen, the superoxide radical
formed [44,45]. Biomacromolecules include nucleic acids, proteins,
carbohydrates and lipids can easily affect by superoxide radical. In this
research, ML11 peptide disclosed dose dependent O, ~ free radical
quenching activity as observed in other scavenging activities and the
greatest antioxidant activity was observed at 200 uM (Fig. 2D). It has
been reported that peptides from Spanish dry-cured ham revealed re-
markable free radical scavenging activity against superoxide free radi-
cals [46]. Moreover, studies demonstrated that peptide obtained from
dry-cured xuanwei ham and duck skin disclosed notable superoxide free
radical scavenging activity [47,48]. These observations suggested that
ML11 peptide has alleviate the effects of superoxide free radical
scavenging activity.

3.6. Intracellular ROS scavenging activity of ML11 in human leucocytes
during H,0; stress

It has been proved that HyO, (250 uM) induced human blood leu-
cocytes exhibited highly increased level of intracellular ROS and causes
severe damage to the DNA [49]. Therefore, we pursued the intracellular
ROS scavenging effect of the ML11 peptide on human blood leucocytes
using ROS detecting probe DCFDA. In this study, DCFDA, a non-fluor-
escent dye diffuses into the cell, it undergoes an enzymatic degradation
by intracellular esterase to form DCF fluorescent and this compound is
caught within the cells and gets oxidized by H,0,. The antioxidant
activity of ML11 was assessed on leucocytes as the alleviate level of
ROS induced at 30% of H,O,. The level of intracellular ROS reduction
was noticed in all the analysed sample of ML11 peptide (6.25, 12.5, 25,
50, 100 and 200 pM) in FACS analysis; although ML11 peptide ex-
hibited a significant (P < 0.05) antioxidant activity at 25 pM con-
centrations (Fig. 3A-F). This result confirmed that ML11 peptide dis-
closed possible ROS scavenging activity in leucocytes and were assessed
to be concentration dependent manner. Furthermore, DCFDA stained
ML11 peptide treated PBMCs displayed significant intracellular ROS
reduction compared to the control cells which was confirmed by
fluorescence micrograph analysis (Fig. 3G-J). These findings high-
lighted the antioxidant activity of ML11 peptide and its inhibition in
cellular damage mainly through their intracellular ROS scavenging
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ability in human blood leucocytes.
3.7. Cell toxicity of ML11 on human PBMCs

It is a well-known fact that the therapeutic peptide does not induce
any cytotoxic effect to the host immune cells [50]. Thus, to confirm the
ML11 peptide toxicity on human PBMCs, cytotoxicity assay was per-
formed. The results disclosed that ML11 (100 pM) peptide did not in-
duce any substantial toxicity on human PBMCs. The positive control
Triton X-100 drastically decreased all the leucocytes cell numbers
(Fig. 4). It is clearly indicated that ML11 peptide did not induce cell
toxicity against human PBMCs in any of the tested levels. The func-
tional peptide ML11 is therefore human compatible, which could be
used as a therapeutic drug for normal cells without any cytotoxic ef-
fects.

3.8. Characterization of ML11 peptide encapsulated nanofiber

3.8.1. SEM analysis of ML11 peptide encapsulated nanofiber

The FESEM images of the nanospun fibres showed that all the na-
nofibers were randomly arranged, continuous with bead free structure
and uniform (Fig. 5). In addition, the variations in the electrospinning
parameters had no change in the randomness and bead less morphology
of the fibers. The average diameter of 1:3 CS-PVA, 1.5:3 CS-PVA and 2:3
CS PVA was found to be 151.6 nm, 234.70 nm and 284.56 nm, re-
spectively. The average fibre diameter increases with the increase in the
chitosan concentration in the chitosan-polyvinyl alcohol composite
[51]. The smooth and highest diameter fibres was prepared (1.5:3 ratio)
to encapsulate the antioxidant peptide [52]. The ML11 peptide loaded
mat showed increased fibre diameter which has diameter of 297.80 nm
compared to the CSPVA mat. Hosseini et al, reported that the similar
increased diameter of fiber was obtained with the incorporation of
peptide and this increase in the fibre diameter in the peptide loaded mat
must be due to the increase in the viscosity of solution during the ad-
dition of peptide [10].

3.8.2. FTIR analysis of ML11 peptide encapsulated nanofiber

The FTIR spectra shows a characteristic band at 3319.12 cm ™! (OH
stretching), 2844.77 cm™', and 2908.36 cm~' (CH stretching),
1647.12 ecm ™! (C=0 stretching of amide group), 1555.32cm ™! (N—H
bending of 1° amine), 1376.25 cm ™! (CH, bending), 1321.66 cm ~* (CH
wagging), 1148.52 cm~! (asymmetric bridge of C—O—C bridge),
1028.23 cm ~! (C=0 stretching) and 888.09cm ~ ! (C—H bending out of
plane) corresponding to the chitosan fibres. Whereas, there was a
characteristic band at 3288.07 cm ! (O—H stretching), 1733.25 cm !
(due to water absorption), 1424.61 cm™ (CH2 bending), 1321.66 cm™
(CH wagging), 1148.52 cm ™! (shoulder stretching of C—0), 1088.73
cm ™! (O—H bending) and 833.96 cm ™! (C—C stretching) corresponds
to PVA fibres (E-Suppl. Fig. 2). No change in the FTIR spectra was
observed for the ML11 peptide encapsulated nanospun CS-PVA fibres
and according to Ravikumar et al. [52] this is due to the weaker re-
flection of chitosan which may be because of the lower concentration of
chitosan incorporated into the PVA solution. This was agreed with
Kamble et al. [53] where, there was no changes in the shifting and no
polymer-drug interaction was observed.

3.8.3. XRD analysis of ML11 peptide encapsulated nanofiber

The XRD pattern of the chitosan fibres shows a strong reflection at
19.79° and the PVA fibres shows a strong reflection at 19.36°, 22.38°
and 40.45°. While, the ML11 peptide encapsulated nanospun fibres of
CS-PVA shows a strong broad band which indicates the change in
crystalline to amorphous behaviour. The change in the crystalline to
amorphous nature is due to its strong interaction between CS and PVA
during the blending process. The results exhibit the XRD pattern of CS,
PVA, and CS-PVA of 1:3, 1.5:3 and 2:3 ratio fibres (E-Suppl. Fig. 3).
Compared with the PVA fibres and CS fibres which reveals the
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Fig. 3. Intracellular ROS quenching activity of ML11 peptide on human PBMCs. The level of intracellular ROS in PBMCs were assessed using FACS by fluorescent
probe DCFDA: (A) Blood profile after 2 mM of H,0, exposure; B) DCFDA fluorescence shift due to elevated levels of intracellular ROS; (C) Histogram displaying a
strong fluorescence peak shift at 2 mM H,0, exposure due to elevated level of ROS in PBMCs; (D) Blood profile after treated with H,O, (2 mM) and ML11 peptide. (E)
There was no fluorescence shift due to ML11 peptide ROS scavenging activity; (F) Histogram displaying no fluorescence peak shift due to low leucocytes ROS. Data
represented is the mean + SD (n = 3). Fluorescence imaging disclosed the level of intracellular ROS captured by Fluorescence microscopy: (G) Dark field image
showing the fluorescence of ROS-DCFDA complex in leucocytes treated with H>O»; (H) Bright field image that shows the actual cells; (I) Dark field image with
decreased level of intracellular ROS in ML11 treated peptide cells; (J) Bright field image that shows the actual cells. The scale bar of the light microscopic images (G,

H, I and J) are 20 pm.

crystalline structure, the CS-PVA and CS-PVA-ML11 blends exhibits its
amorphous structure. Jia et al, demonstrated that the change in crys-
talline to amorphous structure may be due to the fine solidification of
polymers during the spinning process which halted the crystals for-
mation [54].

3.9. Entrapment efficiency and release kinetics of ML11 peptide

Loading capacity of the peptide determines the in vitro release of

peptide from nanofibrous mat by interaction of hydrophobic polymer
and the drug which results in the controlled release [55]. The loading
capacity of the ML11 peptide was measured to determine the amount of
peptide that has been loaded completely into the nanofiber. The loading
capacity of the peptide in nanofiber was observed to be at lower con-
centration (12 %). The obtained loading capacity was found to be in-
distinguishable where the loading capacity concentration was observed
between 9.11-21.9 % [56].

To determine whether the electrospun nanofibers has entrapped the
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Fig. 4. Cell toxicity of ML11 on human blood leucocytes. ML11 cell toxicity was
assessed against blood leucocytes when 100 pM ML11 peptide was present or
absent. For positive and negative control, Triton X-100 and PBS was used, re-
spectively. In blood leucocytes, ML11 peptide did not show any significant cell
toxicity. Data represented is the mean = SD (n = 3). The asterisk (*) indicates
the significant difference between positive control (Triton X-100) and treatment
(100 uM) by two-way ANOVA and Sidak’s test in GraphPad prism (version
8.0.2).

peptide into the polymeric fibres, it was confirmed by entrapment ef-
ficiency. This study confirms the electrospinning method efficiency by
maintaining the stability of peptide and to perform the controlled re-
lease of peptide from the nanofiber. The results showed that the ML11
peptide loaded CS-PVA entrapment efficiency was 76% which is agreed
with the previous report, gentamicin loaded with PCL-collagen nano-
fiber and its entrapment efficiency was 81% [57]. The entrapment and
loading efficiency of the peptide in nanofiber suggests that the value of
electrospinning method in the effective controlled release of peptide.

The release kinetics of the ML11 peptide was evaluated to study the
behaviour of peptide from the nanofibrous mat and the release was
measured in cumulative percentage. The results showed that the cu-
mulative amount of peptide was released from the ML11 peptide en-
capsulated mat (E-Suppl. Fig. 4A) and also a burst release of peptide
was observed with 16 % at 1 h and it gradually increases with the time
(E-Suppl. Fig. 4B). The release rate of peptide from the ML11 peptide
encapsulated mat may be due to the release of peptide from the surface
of the polymeric mat or from the degradation of the nanofiber [58]. The
cumulative release was calculated for 10 h and at 10 hour the release
percent was 85 % cumulatively. After the 10™ hour, the concentration
of peptide starts to saturate and on the 2nd day there was very less
concentration left in the mat which confirms the peptide has been re-
leased out quickly and on the 3"day there was no release at all. As
suggested by Gencturk et al, the initial burst and a quick release of
peptide from the mat is most commonly due to the peptide which was
on the surface of the fibre gets dissolved [59]. Also, the sustained re-
lease until the saturation is because of the peptide gets released from
the pores of the polymeric mat.

3.10. Intracellular ROS scavenging activity of ML11 peptide encapsulated
nanofiber

This study determines the amount of ROS level scavenged by the
antioxidant peptide ML11 encapsulated mat. To determine the effect of
antioxidant peptide ML11 in scavenging the ROS, the intracellular
oxidative stress measurement was performed with help of DCFDA dye.
The results showed that the ML11 peptide encapsulated mat has
showed significant changes in the intracellular ROS level in the human
leucocytes (Fig. 6A-C). Further, it was confirmed by confocal micro-
scopy. The leucocytes treated with ML11 peptide encapsulated CS/PVA
mat reveals reduced the fluorescence intensity significantly than the
control CS/PVA mat (Fig. 6D-F). The reduction in the fluorescence
intensity was observed in the peptide encapsulated mat treated
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leucocytes which strongly suggest that ML11 peptide encapsulated CS/
PVA mat has potential ROS scavenging activity.

3.11. Cell viability assay

The cell viability activity of the ML11 peptide encapsulated mats
were performed on NIH-3T3 mouse embryonic fibroblast cells. The
findings exhibited that the ML11 peptide encapsulated nanofiber
showed no significant toxicity against the NIH-3T3 cells and the via-
bility of cells were observed between 90%-100% (Fig. 7A). Likewise,
Mohamed et al, stated that the viability of NIH-3T3 cells treated with
maltodextrin were 100 % [26]. Thus, the study was confirming that the
ML11 peptide encapsulated mat showed more cell viability and the cells
grew through the pores of the nanofibrous mat which further confirms
the biocompatibility of the chitosan/PVA mat is suitable for the use in
wound healing.

3.12. Effect of ML11 peptide encapsulated nanofiber on NIH-3T3 cells

Generally, the wound healing activity evaluated by the migration
and proliferation of the fibroblasts [60]. In vitro scratch assay mimics
the wound in vivo and to determine the rate of migration of cells in the
presence of peptide. When the scratch is made the cell to lose its in-
teraction with the other cell and it starts producing growth factors
which initiate proliferation of cell and migration towards the scratch.
The closure of scratch invitro demonstrates the wound healing activity
of antioxidant peptide. The migration rate of the cells towards the
scratch was fast and this is due to the stimulatory activity of peptide on
the cells [27]. The effect of antioxidant peptide on the migration of cells
was determined by performing scratch assay and the ability of the cells
to undergo migration in the presence of the nanofibrous mat. Initially,
cells were seeded at 8 x 10° cells/well and starved in incomplete
media. The ML11 peptide encapsulated nanofibre wound closure ac-
tivity was time dependent. The NIH-3T3 cells which has the fast pro-
liferation rate started to proliferate at the zero hour itself in the control
wells and the migration of the cells was observed in peptide treated as
well. Scratch wound closure activity at 24 h time interval was observed
to be 13.79%. Further, at 48 h time interval, the wound closure activity
was noted to be 72.41% (Fig. 7B-E). Finally, at 72 h, the migration of
the cells completely closed the wounded gap and the activity of wound
closure was found to be 98.62 %. Overall, the study concludes that the
antioxidant peptide ML11 encapsulated mat has a promising effect on
the wound closure activity and this would be an efficient drug for the
treatment of chronic wounds or skin ulcers.

4. Conclusion

An antioxidant peptide, ML11 has been derived from transgluta-
minase core domain of A. platensis, and its free radical scavenging po-
tential has been demonstrated. ML11 did not show toxicity towards
human blood leucocytes which indicates that the peptide has ther-
apeutic potential. The ML11 encapsulated nanofiber mat retains the
antioxidant activity by scavenging the intracellular ROS, this was de-
monstrated through flowcytometry and fluorescence microscopic ana-
lysis. Also, the peptide encapsulated mat showed no toxic effect on the
NIH-3T3 mouse embryonic fibroblast cells; however, the peptide
showed effective wound healing efficiency on the NIH-3T3 cells, in-
sisting the curative property of ML11. Overall, the research shows that
ML11 has antioxidant potential and that it is efficient in wound healing,
thus the peptide possesses pharmacological benefits. Moreover, the
ML11 peptide- CS-PVA nanofiber mat could be a promising biomaterial
in restoring redox balance to promote wound healing.
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