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ABSTRACT ARTICLE HISTORY
This study determined the influence and ideal ratios of various  Received 28 July 2023
coconut oil (CO) amounts in gelatin (G) based-films as wound  Revised Accepted 22
dressings since there are limited comparative studies to evaluate  SePtember 2023

the sole effect of increasing CO on protein-based biomaterials. KEYWORDS

Homogenous films at G:CO ratio of 4:0,4:2,4:3,4:4 (w:w) correspond- Coconut oil; gelatin;
ing to CO-0, CO-2, CO-3, CO-4, respectively, were obtained using wound dressing; wound
solution casting. SEM showed CO caused rougher surfaces decreas-  healing; 3T3; cytotoxicity

ing mechanical strength. However, no pores were observed in
CO-4 due to bigger clusters of oil improving stretchability com-
pared to CO-3; and durability since aging of CO-4 was >10% lower
than CO-0 in aqueous media. FTIR showed triglycerides’ band only
in CO films with increasing amplitude. Moreover, amide-I of CO-2
was involved in more hydrogen bonding, therefore, CO-2 had the
highest melt-like transition temperatures (Tmax) at ~163°C while
others’ were at ~133°C; and had more ideal mechanical properties
among CO films. XTT showed that increased CO improved 3T3 cell
viability as CO-0 significantly decreased viability at 10,50,75,100 ug/
mL (p<0.05), whereas CO-2 and CO-3 within 5-75ug/mL and CO-4
within 5-100ug/mL range increased viability =100% suggesting
proliferation. All CO samples at 25 ug/mL stimulated 3T3 cell migra-
tion in Scratch Assay indicating wound healing. CO amounts mainly
improved thermal and healing properties of gelatin-based bioma-
terial. CO-2 was more thermally stable and CO-4 had better influ-
ence on cell viability and wound healing than CO-0. Therefore,
increased CO ratios, specifically 42 and 44, GCO (w:w), in
gelatin-based films can be ideal candidates for wound dressing
materials.

1. Introduction

Skin covers approximately 15% of body weight and is vulnerable to injuries and
external elements such as microorganisms, chemicals and toxins [1,2]. Wound
dressings are for immediate use to prevent bleeding and are intended to heal
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wounds [3,4]. Since these wound dressings would replace the skin for a while, they
should have similar characteristics of the skin and should assist supplements to the
wounded skin to restore its structural integrity with its normal function [I].
Therefore, ideal wound dressings should be non-toxic, biocompatible, biodegrad-
able, mechanically improved, elastic, easy to apply; and should inhibit microorgan-
isms, promote wound healing, absorb wound exudates and maintain moisture in
the wound environment [2, 5].

Wound dressing materials should also be suitable for the type and place of the
wound to be applied on [6]. For instance, less adhesive wound dressings are pre-
ferred on burns [7]. Adhesive ones are preferred on extremities and joints that are
subjected to movement [8]. Therefore, adhesive wound dressings should both allow
the movement of the skin and should not cause any trauma while being removed
from the skin surface [9]. Wound dressings can consist of a single material or sev-
eral materials that include primary and secondary wound dressing materials [9]. The
primary wound dressing is the part that contacts the wound and in case there is,
the secondary layer is the retention layer [9].

Currently, there are many types of wound dressing materials [5]. Natural poly-
mers, i.e. biopolymers, and some synthetic polymers are preferred as wound dress-
ing materials [10]. Biopolymers have the advantages of biocompatibility,
biodegradability, lower antigenicity along with anti-inflammatory, antibacterial and
proliferative effects [11]. Gelatin is a protein-based biopolymer formed by cleavage
of the collagen, which helps tissue repair and is a component in wound healing
[11-13]. Gelatin can be used as a biomaterial and can be an ideal wound dressing
material since collagen based wound dressings can absorb wound exudates while
retaining moisture in wound site [11,12]. Gelatin is also a hemostatic, bio-adhesive
and an inexpensive biomaterial and therefore has been previously studied as a
wound dressing and/or wound healing material [14-18]. To improve some proper-
ties of gelatin films such as high solubility and low mechanical properties,
cross-linking agents and some other materials were incorporated into gelatin films
[14,15, 19-22]. Different types of oils have also been added to protein based films,
however, mainly for food applications [23-28]. For instance, biodegradable food
packaging films were produced from gelatin, coconut oil (CO) and some other oils
that were obtained from nutraceutical capsules’ waste [25]. Moreover, besides pro-
tein, CO was added to carbohydrates such as chitosan but mainly for food packag-
ing applications [29,30].

In this study, different amounts of virgin coconut oil (CO) are added to
gelatin-based films for a potential wound dressing material. CO is a plant-based oil
that is biocompatible and has antibacterial properties promoting wound healing [31].
Virgin CO is the CO extracted from coconut milk by a wet process [32]. Since it is
an edible oil, CO has many applications in food industry [33]. CO is also used in
cosmetics for skin moisturizing and skin improvement [33,34]. Although CO has
been used in traditional Thai and Indonesian medicine [35,36], emerging medical
applications of CO due to its antimicrobial, anti-inflammatory and skin barrier prop-
erties have recently been shown in various studies in the literature [34-44]. Moreover,
CO has high content of medium chain fatty acids which have many health benefits
(38,39, 45,46].
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Triglyceride component of CO, lauric acid, is the major saturated fatty acid in CO
with 12 carbon atoms in length, therefore, has medium chain fatty acid properties
[45, 47]. Lauric acid converts to monolaurin which is involved in immune cell pro-
liferation [36, 48,49]. Monolaurin also has antimicrobial properties since it can dis-
rupt bacterial lipid membrane [37,38, 50,51]. Anti-microbial effects of lauric acid and
monolaurin, which are both present in human breast milk as antimicrobial agents,
were shown in various studies [38, 40, 52-54]. Monolaurin has also been shown to
exhibit sensitivity against some superficial skin infection causing bacteria [55]. When
CO was encapsulated in electrospun membranes, antibacterial activity against some
bacteria was shown [56].

Wound healing activity of CO was reported when virgin CO was applied topically
on young rats as excision wounds were shown to heal faster with higher collagen
cross-linking [57]. Other studies showed that, CO increased the healing effect of
poly(caprolactone)/gelatin (PCL/Gel) based nanofibers [56, 58]. Micro-emulsions of
virgin CO and Tween 80 were incorporated into a microbial polysaccharide, gellan
gum, for hydrogel formulations to treat wounds [59]. Similarly, when incorporated to
gellan gum films, wound healing effect and non-cytotoxicity of virgin CO was shown
on human skin fibroblast cells in vitro [31]. In another study, an antibacterial agent,
Norfloxacin, was also added to gellan gum with CO for improved antibacterial activ-
ity of the films [60]. In another study, when hydrogels of gellan gum contained virgin
CO and honey, in vivo wound healing was shown to be accelerated [61].

Overall, although CO has many applications, there is limited research when it is
incorporated in other biomaterials to be used as wound dressings. Moreover, there
are limited comparative studies about the effects of increased CO on wound dressing
materials and there is no study to compare all regarding properties to assess the sole
effect of CO amounts on a protein-based wound dressing material containing natural
components. However, this present research is an extensive comparative study to sug-
gest a primary wound dressing material composed of natural components for minor
wounds. Previously, we determined a formulation for a homogenous and continuous
gelatin-based film containing a single CO amount and used 1929 cell line to show
its effect on in vitro cell viability and wound healing as a preliminary study [62]. In
the present study, we compared the sole influence of increasing CO amounts on
gelatin-based biomaterials’ properties and on in vitro wound healing using 3T3 cell
line to suggest the ideal ratios of CO in protein-based wound dressing materials.

2. Materials and methods
2.1. Materials

Powder bovine skin gelatin (G) with average molecular mass of 100kDa was obtained
from Lokman Hekim (Ankara, Turkey). Cold pressed organic virgin coconut oil (CO)
was purchased from Naturoil (Corum, Turkey). Glycerol as a plasticizing agent at
98% reagent grade was obtained from ISOLAB (Eschau, Germany). The emulsifier
Tween 80, polysorbate 80, at commercial grade, was obtained from Sigma-Aldrich
(Eschau, Germany). Sodium chloride was purchased from Merck (Darmstadt,
Germany).
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For cell-based experiments, Dulbeccos Modified Eagle Medium/Nutrient Mixture
F-12 (DMEM-F12) containing 4.5g/L of glucose was obtained from Pan Biotech
(Germany) and  2,3-bis-(2-methoxy-4-nitro-5- sulfophenyl)-2H-tetrazolium-5
-carboxanilide (XTT), was obtained from Merck (Darmstadt, Germany). The rest of
the supplies and chemicals used in cell culture was purchased from Sigma-Aldrich/
Merck (USA), Neofroxx/BioFroxx (Germany), Pan Biotech (Germany), and CAPP
(Denmark) and all were of analytical grade.

2.2. Preparation of films

Gelatin films containing CO was prepared by solution casting method adapted from
our previous study [62] with various CO amounts. First, film forming solution (FFS)
was prepared by dissolving 20% (w/w) gelatin (G) in distilled water at 50°C on a
magnetic stirrer at 1000rpm for 30min. Plasticized FFS was obtained by addition of
glycerol at 40% (w/w) based on protein content. Then, CO was added into FES at
G:CO ratio of 4:0, 4:2, 4:3, 4:4 (w:w) corresponding to CO-0, CO-2, CO-3, CO-4
films, respectively, in separate beakers. As an emulsifier, 3% (v/w) Tween 80 was
added to FFS regardless of the presence of CO. Therefore, CO-0 films contained all
the contents of CO-2, CO-3, CO-4 films except for the CO content. When CO ratio
was > 4:4 at constant G, films were difficult to handle due to increased oil percent-
age. Therefore, they were not used for any analyses. CO-2 film without any Tween
80 was also prepared for only optical microscopy analysis. 25mL of each FFS were
cast into glass dishes of 80x150mm and dried at room temperature at a relative
humidity (RH) of 40+4% for 2h. Films were conditioned in a controlled environment
of 25°C+4 and 40+4% RH for at least one day prior to any further analyses.

2.3. Optical microscopy

Surface properties of CO-0, CO-2, CO-3, CO-4 films were initially analyzed by opti-
cal microscopy (Eschenchau, Germany). Surface of CO-2 film without any Tween 80
was also analyzed. Film samples were placed on a glass slide and the surface analysis
was conducted at the magnification of 40x.

2.4. Scanning electron microscopy (SEM)

Surface morphology and cross-section of completely dried films were investigated by
SEM (Zeiss EVO® LS 10) at an acceleration voltage of 10kV. Dried samples were
gold-palladium coated prior to examination and analyzed at a magnification of
100-600 times to the original sample size.

2.5. Determination of moisture content; water & physiological saline solution
uptake; water & physiological saline solution aging of the films

Moisture content of CO-0, CO-2, CO-3 and CO-4 films containing G:CO at 4:0, 4:2,
4:3, 4:4 (w/w) ratio, respectively, were determined by using the equation given below
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in which m; is the initial mass of samples and mis the mass of the samples dried
at 30°C+4 to a constant mass:

Moisture content(%):% x 100 (1)
Water & physiological saline solution uptake and water & physiological saline solu-
tion aging of the films were determined separately by reported methods [14, 62].
Physiological saline solution of 0.9% concentration was prepared by dissolving sodium
chloride in distilled water [63]. In order to determine water & physiological saline
solution uptake of films, after recording initial mass of each film (m,), samples were
immersed in each media in separate beakers at room temperature as previously
described [14, 62]. Samples were removed periodically after 30, 60, 90, 120, 150 and
180 min, blotted to remove excess water and weighed to determine the final mass of
the samples after soaking (mf) at each time interval as follows:

m; —m,

Water / physiological saline solution uptake (%)= x 100 (2)

To determine water & physiological saline solution aging of the films, samples
were soaked in water and physiological saline solution before dissolution. Then, sam-
ples were removed from each media and dried in an environment at a temperature
of 30°C+4 to a constant weight (m,,) and aging percentage was calculated using the
equation below. Triplicates of samples were used and standard error of the mean was
calculated from standard deviation for each measurement.

Water / physiological saline solution aging(%)= M~ Max 4100 (3)
mf

2.6. Mechanical properties and thickness

Tensile strength (TS), Young’s modulus (YM) and elongation at break (EAB) values
of CO-0, CO-2, CO-3, CO-4 samples were evaluated according to ASTM D882
Standard. Prior to testing, thickness of each film was measured with a manual digital
micrometer (Mitutoyo, Japan). Zwick Z250 Universal Testing Machine with a cross-
head speed of 200mm/min at 23+2°C and with a load cell of 1kN was employed.
Triplicates of each film were tested.

2.7. Fourier transform infrared spectroscopy (FTIR)

Perkin Elmer Spectrum 400 FTIR spectrophotometer with attenuated total reflec-
tance (ATR) was used to determine structural interactions in CO-0, CO-2, CO-3
and CO-4 film samples with G:CO at 4:0, 4:2, 4:3, 4:4 (w:w) ratio, respectively. The
spectra in the wavenumber range of 650- 4000 cm™ with a resolution of 2cm™ were
collected in 4 scans in transmittance mode.
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2.8. Differential scanning calorimetry (DSC)

Thermal analysis of CO-0, CO-2, CO-3 and CO-4 films containing G:CO at 4:0, 4:2,
4:3, 4:4 (w:w) ratio, respectively, were determined by using Perkin Elmer Pyris 1 DSC
with heating at 10°C/min over the temperature range from 10°C to 250°C. 5 to
10mg of each film sample was analyzed in triplicates. Endothermic peaks related to
melting temperature of CO, glass transition temperature (T,) and maximum melt-like
transition temperature (T,,) of films were determined.

2.9. 3T3 cell culture

The embryonic mouse fibroblast cell line, 3T3, was obtained from Yildiz Technical
University, Bioengineering Department and used for in vitro cell studies. 3T3 cells
were cultured in DMEM-F12 that was supplemented with 4.5g/L of glucose and pre-
mixed with 10% fetal bovine serum (FBS), 100 pg/mL streptomycin and 100 U/mL
penicillin in 5% CO, incubator at 37°C. Cells were trypsinized after they reached
80% of confluence. When cells reached 80% of confluence, they were washed with
PBS for 3 times to remove the FBS residues. Then cells were dissociated with Trypsin
EDTA and transferred into sterile Falcon Tubes to centrifuge at 1200 rpm for 10 min.
Following the centrifugation, a-2uL-of cell suspension was stained with Trypan Blue
prior to counting with a hemocytometer (Marienfeld, Germany). After cell counting,
cells were seeded at a density of 1x10* cells/well into 96-well plates and incubated for
24h, for XTT Assay. T25 flasks were used to seed and culture the cells which were
kept until further use.

2.10. XTT assay for cytotoxicity and cell viability assessment

The influence of CO-0, CO-2, CO-3, CO-4 films on viability of 3T3 cell line was
determined by XTT assay which is a commonly used colorimetric assay for in vitro
quantification of cellular proliferation, viability, and cytotoxicity [64]. In order to
determine the non-toxic concentrations of film samples, a method that we previously
used was employed [62]. Prior to XTT Assay, 3T3 cells at a density of 1x10* were
plated in a 96-well plate (TPP, Zurich, Switzerland) containing DMEM-F12 with 10%
FBS as growth medium; and incubated overnight [65]. When 3T3 cells were attached
to the surface of cell culture plate [65], they were washed with PBS twice.

Each film sample was melted in water bath at 45°C in flasks prior to XTT Assay.
Liquid samples were cooled down to 37°C and then were added into phenol red
containing DMEM-F12 medium with no FBS at a final concentration of 5, 10, 15, 25,
50, 75 and 100pg/mL in six replicates. After 3T3 cells were washed with PBS twice,
each liquid film sample at a certain concentration was added to the adhered 3T3 cells
in wells and incubated for 24h at 37°C and 5% CO, in a culture hood. Then, XTT
solution was added into each well and incubated for 4h. Cell viability was measured
at 570nm wavelength by using ELISA microplate reader (Fluoroskan Ascent, Thermo
Lab systems, Finland). In this assay, 100% viable cells were used as the control which
was 3T3 cells incubated with DMEM-F12 basal medium containing FBS without any
film sample.
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2.11. Scratch assay for wound healing characterization

The wound healing effect of CO-0, CO-2, CO-3, CO-4 films was determined on 3T3
cell line by scratch assay [66]. Initially, cells at a density of 6 x 10° were seeded into
24-well plate with DMEM-F12 containing 10% FBS as growth medium. After incu-
bation for 24h, cells were washed with PBS twice and DMEM-F12 without FBS was
added for starvation overnight which is necessary to eliminate the proliferation ten-
dency of the cells. Next day, a straight cell-free gap, i.e. scratch, was created in cell
monolayer by direct manipulation [66]. Prior to the scratch assay, each film was
melted at 45°C in a water bath and turned into liquid form; and mixed with
DMEM-F12 without FBS to give a final concentration of 5, 10, 15, 25, 50, 75, 100 ug/
mL. After the scratch formation, wells were washed gently and liquid samples of
CO-0, CO-2, CO-3 and CO-4 at each concentration were added into each well for a
24-h-incubation with 3T3 cells at 37°C and 5% CO,. Triplicates of each film sample
at each concentration were used. 3T3 cell line incubated with DMEM-FI12 basal
medium containing neither CO nor FBS was used as a negative control. 3T3 cell line
incubated with DMEM-F12 basal medium containing 5% FBS without any CO was
used as a positive control. All cell cultures and scratch formation were monitored
qualitatively under a fluorescence inverted biological microscope (INV100-FL, Bell) at
100x magnification during the incubation of cells.

2.12. Statistical analyses

IBM SPSS Statistics 24 Version was used for the analysis of variance (one-way
ANOVA) and for the Tukey’s HSD (honestly significant difference) tests to assess
statistical significance of any difference in mechanical properties and also thickness
of CO-0, CO-2, CO-3 and CO-4 films. One-way ANOVA and Tukey’s HSD were also
used to evaluate statistical significance of any difference between the control group of
100% viable cells and the viability of cell lines treated with CO-0, CO-2, CO-3 and
CO-4 film samples which were also compared among each other. Significance thresh-
old was set at P value < 0.05. Results are shown with mean+standard error of the
mean which is calculated from standard deviation.

3. Results and discussion
3.1. Formation and physical appearance of films

Flexible, homogenous and bio-adhesive CO-0, CO-2, CO-3, CO-4 films at 4:0, 4:2,
4:3, 4:4 (w:w) G:CO ratio, respectively, were obtained by solution casting method.
Mechanically strong and elastic wound dressing biomaterials are preferred for a
long-term application on the skin surface [2, 15]. Since neat gelatin films have poor
mechanical properties, gelatin films are often plasticized for wound dressing appli-
cations; and due to its miscibility with gelatin, glycerol is often preferred as a plas-
ticizing agent to improve flexibility of the films [28, 67]. Therefore, gelatin was
plasticized with glycerol in this study.
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CO is immiscible with most polymers solution due to interfacial tension [31].
Therefore, homogenous CO distribution was obtained when FFS contained 3% (v/w)
Tween 80 as an emulsifier. Tween 80 is a non-ionic surfactant with a wide range of
applications such as in food industry and cosmetics due to its low order toxicity [59,
68]. Tween 80 was also added to control films, CO-0, in order to assess the sole
effect of various CO amounts in gelatin-based films. CO is solid below the room
temperature, however, in this study since CO was emulsified, temperature of the envi-
ronment did not influence homogeneity of the cast films.

Each film is shown in Figure 1 and the transparency of films can be assessed by
the dark line drawn in the background. When a transparent dressing is used, wound
healing can be observed without removing the dressing material from wound site
[69]. Transparent and glossy films were obtained with CO-0 films and slightly less
transparent and matte films were obtained when increasing amount of CO was incor-
porated. Since the dark line could still be observed behind the CO incorporated
films, increasing CO up to 4:4, G:CO ratio did not decrease transparency of the films.

In our previous study, CO incorporated gelatin film without Tween 80 were shown
to be heterogeneous and partly opaque [62]. In this study, CO-2 film without Tween
80 (image not shown) was only used for optical microscopy and no further analysis
was conducted due to the brittle and slippery nature of the films.

3.2. Surface analysis of films

Surface of films were initially analyzed by optical microscopy at 40x magnification.
Since proteins are known to form continuous matrix [67], continuous plasticized gel-
atin matrix with Tween 80 was observed when no CO was incorporated (Figure 2a).
When CO was added to films, oil droplets in gelatin matrix was observed. In order
to demonstrate CO droplets in gelatin without the influence of Tween 80, surface
analysis of CO-2 film with no Tween 80 was also conducted by optical microscopy
(Figure 2b). Plasticized gelatin matrix was covered by non-homogenous distribution
of oil droplets. Previously, oil incorporation to hydrophilic phase of dressing materials
is reported to decrease dispersion of oil droplets in the matrix [70,71]. However,
when Tween 80 was added, more homogenous film surface was observed at the same
CO concentration (Figure 2¢). Therefore, the surfactant incorporation caused a better
droplet dispersion in gelatin matrix and also reduced size of oil droplets. In CO-2

Figure 1. Photograph of CO-0, CO-2, CO-3, CO-4 films at G:CO ratio of 4:0, 4:2, 4:3, 4:4 (w:w). Scale
bar represents 1cm.
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Figure 2. Optical microscope images of a) CO-0 b) CO-2 without Tween 80 ¢) CO-2 d) CO-3 e) CO-4
films. Scale bar represents 0.5 mm.

films containing Tween 80, single oil droplets were dispersed on the surface of films.
However, as the ratio of CO increased in the films, oil droplets formed clusters
observed as dark spots on the surface of CO-3 and CO-4 (Figure 2d, e, respectively).
Therefore, when G:CO ratio was 4:2, CO dispersion within the matrix was more
uniform. Similarly in another study, intermediate amounts of essential oils dispersed
more efficiently in sodium alginate films [71].

Scanning Electron Microcopy (SEM) was also used to analyze surface and also
cross-section of dried CO-0, CO-2, CO-3, CO-4 films (Figure 3). CO-0 had homog-
enous, more cohesive and smoother surface compared to CO incorporated films due
to the ordered phase of gelatin network (Figure 3a) [28]. The surface of CO incor-
porated films had rough surfaces due to the oil droplets (Figure 3b, ¢, d). In litera-
ture, surface roughness and hydrophobicity due to the oil content were shown to
influence cell behavior [31, 72]. The presence of the oil at the appropriate amount
was also determined to induce cell attachment [72]. Different oil contents caused
rougher surfaces in protein-based films in the literature as well [26-28, 62]. Olive oil
emulsified gelatin films also had caves, pores and oil droplets in the film microstruc-
ture [73]. Phase separation was observed on the surface of specifically CO-2 films.
Due to the hydrophobicity of oil, CO droplets were separated from the aqueous phase
forming an immiscible phase since hydrophobic content was reported to disrupt uni-
formity of films [23, 27,28, 62, 74]. Although Tween 80 was an effective surfactant
as observed visually (Figure 1) and by light microscopy (Figure 2b, c); oil phase may
have caused creaming since oil migrated to the film surface during casting of the
films and enhanced phase separation [26, 28]. Similarly in another study, oil content
caused phase separation on the upper surface of gelatin films despite the chemical
and mechanical homogenization of oil [28]. When rosemary essential oil (REO) was
incorporated to gelatin based films for food packaging applications, oil droplets were
observed throughout the film matrix due to the hydrophobicity of REO causing an
immiscible phase despite the addition of a surfactant [27]. CO-3 films had a rougher
surface due to formation of irregular and big pores of ~20-100pm in size. SEM
images of CO-4 films showed not only more but bigger oil droplets since clusters of
oil droplets collapsed together as observed via optical microscopy as well (Figure 2e).
However, no pores were observed on CO-4 films since clusters of CO droplets were
dispersed throughout the surface.

Cross-section of CO-0 was smoother than those incorporated with CO.
Heterogeneous and rough cross sections with discontinuity were observed when
films contained increasing CO content. Cross section of CO-2 film was smoother
than CO-3 and CO-4, although some irregularities were observed throughout the
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Figure 3. SEM images of surface of a) CO-0 b) CO-2 ¢) CO-3 d) CO-4 films; and cross-section of e)
CO-0 f) CO-2g) CO-3h) CO-4 films. Pores >20um in diameter are indicated by arrows.

cross section of the film. CO droplets localized in film matrix was more obvious in
SEM images of CO-3 films. Oil droplets were dispersed throughout the matrix and
caused roughness in the cross-section of CO-3 films similar to another study where
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cross section of gelatin films exhibited roughness due to the inclusion of oil droplets
[28]. Since the ratio of CO increased in the films, CO droplets were embedded
throughout the matrix of CO-4 films and no cracks and pores were observed similar
to the surface of the films. Increased amount of CO in CO-4 films may have acted
like a plasticizer and prevented and/or filled the formation of cracks and pores as
another study added CO to gellan gum hydrogels as a plasticizer to improve the
mechanical properties of films such as flexibility [59].

3.3. Moisture content, water & physiological saline solution uptake and aging
of the films

Increasing amount of CO decreased moisture content of films due to hydrophobic
nature of CO. Moisture content percentage of CO-0 was reduced by more than half
when compared to CO-4 (Table 1).

Water and physiological saline solution uptake of films were determined since high
water and saline solution uptake percentages are ideal for wound dressing materials
to remove exudates from open wounds [9, 14, 75]. Water and saline solution uptake
of all films increased over time, however, increasing amount of CO decreased water
and saline uptake capacity of films (Figure 4a, b, respectively).

Since gelatin is a hydrophilic biopolymer, CO-0 had the highest percentage of
water uptake, =305%, before starting to dissolve after 150 min in water, therefore, the
mass of the film decreased causing decreased water uptake at the 180" min (Figure
4a). In the presence of CO, water uptake percentages of CO-2, CO-3, CO-4 films
were =186%, 184%, 152%, respectively, after 150min in water and then they all
became saturated with a steady water uptake. Unlike CO-0, CO incorporated films
were intact after 180min in water since oil content of films retarded dissolution of
films in water. In our preliminary study, gelatin film also dissolved faster than the
CO-incorporated gelatin film [62].

Similar trend was observed in saline solution uptake of films as CO-0 films had
the highest uptake percentage of =291%, whereas CO-2, CO-3, CO-4 films had
~258%, 233% and 149% saline solution uptake capacity, respectively, after 180 min in
saline solution before dissolving (Figure 4b). Both water and saline solution uptake
percentages of CO-4 films were the lowest and almost half of the capacity of CO-0
films due to the increased amount of hydrophobic oil content. However, since both
percentages were still higher than 100%, increasing CO content did not prevent water
and saline solution uptake capacity of any CO containing films including CO-4.

Phase separation was observed by SEM especially in CO-2 films which may have
caused more water to penetrate into the matrix contacting the hydrophilic content of

Table 1. Moisture content of CO-0, CO-2, CO-3, CO-4 films.

Samples Moisture content (%)
COo-0 50+0.1

CO-2 448+27

C0o-3 31.6+1.7

CO-4 20+5

Data shows the mean of 3 replicates for each sample +standard error of the mean.
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Figure 4. Comparison of a) water uptake b) physiological saline solution uptake of CO-0, CO-2,
CO-3, CO-4 films.

Table 2. Water and physiological saline solution aging of CO-0, CO-2, CO-3, CO-4 films.

Physiological

saline solution
Samples Water aging (%) aging (%)
C0-0 90.1£0.1 87.3+0.3
CO-2 84.2+0.5 85.1+0.1
Co-3 80.4+0.1 84.1+£04
Co-4 76.0+0.3 73.6+1.8

Data shows the mean of 3 replicates for each sample +standard error of the mean.
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films [76] and therefore, increased water and saline solution uptake of films were
recorded despite the hydrophobic oil content.

Water aging analysis showed that CO-0 films had the highest percentage of water
aging, due to the higher water uptake compared to films with CO (Table 2). Similarly,
saline solution aging of CO-0 films was higher than all CO containing films (Table 2).
Due to hydrophobicity, increasing oil content decreased water and saline solution
aging of films as aging of CO-4 films was about 14% less than aging of CO-0 films
in both media. Neat gelatin dissolves fast in aqueous media affecting aging of the
films; and therefore, solubility of gelatin has to be improved to be used as a wound
dressing material [21]. Since low water aging percentages are ideal for wound dress-
ing materials [14], increasing CO content improved aging of the films. In other stud-
ies, crosslinking agents were incorporated to gelatin-based films to decrease solubility
which affects water aging percentages [21]. Apart from the influence of the hydro-
phobic content, gelatin amount may affect the solubility of the films. Since gelatin is
a hydrophilic biomaterial, gelatin wound dressing materials containing 10% (w/w)
gelatin dissolved in water under 10min at room temperature and/or at 32°C in liter-
ature [14,15]. It is also reported that increasing gelatin concentration in FFS decreased
solubility of gellan/gelatin composite films [77]. Therefore, in this study, since the
films contained 20% (w/w) gelatin with Tween 80 and glycerol in the FES, samples
retained in water longer than films containing lower amount of gelatin used in other
studies [14,15]. Overall, 20% (w/w) gelatin and increasing CO improved durability of
the gelatin-based films.

3.4. Mechanical properties and thickness

In order to measure the effect of CO on thickness and mechanical properties of gel-
atin- based wound dressing materials, thickness, tensile strength (TS), Young’s mod-
ulus (YM) and elongation at break (EAB) of films were measured (Table 3).

Thickness values of the films were measured prior to mechanical testing and used
in mechanical testing as well. As shown in Table 3, thickness of the films increased
with increasing CO and thickness of CO-4 was significantly more than CO-0
(p<0.05). Similarly, higher oil content in gelatin films increased thickness of the films
due to the increased solid content [25,26].

TS of CO incorporated films significantly decreased with increasing CO amount
(p<0.05); and YM also decreased in CO-2 and CO-3 (p>0.05) and CO-4 (p<0.05)
when compared to CO-0 (Table 1). Microstructure of the films might be the main
influence on the mechanical properties of the films since SEM analysis showed that

Table 3. Thickness, tensile strength (TS), Young’s modulus (YM) and elongation at break (EAB) of
C0-0, CO-2, CO-3, CO-4 films.

Samples Thickness (mm) TS (MPa) YM (MPa) EAB (%)

COo-0 0.55+0.02° 6.70+0.89° 25.26+7.84° 177.06+£20.992
C0o-2 0.65+0.07% 4,00+0.15° 7.83+1.39% 207.50+9.67°
COo-3 0.65+0.08% 2.83+0.08° 7.40+1.96% 152.33+7.79*
Co-4 0.80+0.03° 243+0.12° 4.53+1.04° 178.82+4.342

Data shows the mean of 3 replicates for each sample +standard error of the mean. Different superscripts in the same
column show the significant difference (p <0.05).



JOURNAL OF BIOMATERIALS SCIENCE, POLYMER EDITION 29

CO caused rough and heterogeneous surfaces (Figure 3). Similarly, in other studies,
introduction of oil content into protein films caused a heterogeneous structure and
discontinuities in the matrix which caused significant TS decrease of the films [24,
26, 78]. Moreover, high amount of CO droplets in poly(caprolactone)/gelatin nanofi-
bers was claimed to act as stress concentration zones to decrease TS [56]. YM
decrease was observed due to the addition of oil content into the protein films as
well [21, 31, 60, 78]. CO incorporation to gellan gum films also caused rough
cross-sections and thereby, significant TS and YM reduction was measured [60].
Flexibility, reflected by EAB, is an important feature of wound dressing materials
since they need to adapt to motion and to uneven surfaces on the body [2, 15, 31].
In this study, CO content did not significantly increase in EAB of the films, however,
CO-2 films" stretching capacity was more than CO-0 and other CO incorporated
films™ capacity. Previously, oil incorporation to protein films was shown to increase
EAB due to plasticizing effect of the oil with TS decrease [21, 26, 78-80]. Specifically,
when CO was used in gellan gum films, it increased elasticity of the films due to the
plasticizing effect of CO [31].

Overall, CO-2 had the highest TS, YM and EAB in CO incorporated films since
it had a smoother surface and cross-section especially compared to CO-3 due to the
lack of pores bigger than 20um. CO-4 had the lowest TS and YM among CO films
and had significant TS and YM decrease compared to CO-0 (p<0.05) since oil incor-
poration at certain amounts is claimed to reduce polymer interactions decreasing
rigidity accompanied by an increase in elasticity [79,80]. Similarly, increased CO may
have shown a plasticizing effect since EAB of CO-4 was improved when compared
to CO-3 films (Table 3). Microstructure of CO-3 showed pores on the surface of the
films (Figure 3) which decreased the EAB, whereas, no pores were observed on CO-4
due to increased oil droplets covering the surface of the films and possibly filling the
pores as a plasticizer (Figure 3).

3.5. FTIR

FTIR was used to compare structural interactions within the matrix of gelatin-based
films when contained increasing amounts of CO. Since gelatin is a protein, main
vibration peaks of protein were observed in all spectra of films (Figure 5a). Amide-A
band of gelatin, a main peak observed in overlay spectra of films, is reported to be
at ~3400cm™ corresponding to N-H stretching vibration, however, when NH group
of peptide chain is involved in hydrogen bonding, amide-A band is reported to shift
to lower wavelengths (Figure 5a) [81-83]. In CO-0 films amid-A band was observed
at 3318cm™!, however, it shifted to a lower frequency of 3292cm™ in all CO incor-
porated films. Since shift of amide-A band to lower frequency represents presence of
hydrogen bonding between protein molecules [28, 84], protein-protein interaction
increased when films contained CO. In accordance with this, amplitude of amide-A
peak of films decreased as CO increased which is an indication of decreasing amount
of free-amino groups (Figure 5b) [83]. Similarly, in other studies amide-A band
shifted to lower wavelengths when certain concentrations of essential oils were added
to protein based films due to hydrogen bonding [24, 26].
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Figure 5. The FTIR of CO-0, CO-2, CO-3 and CO-4 films: a) overlay spectra of films at the whole
range of 4000-650cm™". Underlined wavenumbers correspond to peaks observed in only CO incor-
porated films b) Overlapping spectra at 3700-2900cm~" ¢) overlapping spectra at 3000-2800cm™’
d) overlapping spectra at 1777-1717cm™".

Another main peak was amide-I band of gelatin showing C=0 stretching and was
situated at 1635cm™ and 1634cm™ in CO-0 and CO-2, respectively, however shifted
to higher frequencies of 1637 and 1640 in CO-3 and CO-4, respectively (Figure 5a)
[83, 85]. Lower frequency of amide-I band observed in CO-2 films corresponds to
more hydrogen bonding of C=0 groups of gelatin [83] which may have caused CO-2
to have the highest TS and YM properties among CO incorporated films.

The peak corresponding to amide-B band of gelatin was situated at 2955cm™ in
all samples and its amplitude increased as CO ratio increased in the samples
(Figure 5c). Amide-II and amide-III peaks were previously reported to be at
1548-1565cm™ and at 1240cm™, respectively, depending on the gelatin type [85,86].
In this study, amide-II and amide-III bands of CO-0 films were situated at the wave-
lengths of 1554cm™ and 1246cm™, respectively. Amide-II and amide-III bands
shifted to 1553cm™ and 1242cm™ in all CO incorporated films (Figure 5a).
Wavelengths shifts as well as amplitude differences upon incorporation of CO can

1
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be attributed to the interactions between functional groups of oil and protein as
suggested by other studies involving protein-based films containing different oils [24,
26, 62]. These interactions in the presence of CO may have contributed to discon-
tinuities in the gelatin matrix, thereby reducing the TS and YM of the films [26, 79].

The peaks situated approximately at 2920cm™ and 2853cm™ correspond to asym-
metric and symmetric C-H stretching, respectively and were previously identified in
virgin CO [46]. Although these peaks were present in all samples, their amplitude
increased as CO ratio in the films increased (Figure 5c). Likewise, in another study,
when olive oil was incorporated to gelatin films, C-H stretching peaks appeared in
oil olive samples with a higher amplitude [87].

Some peaks appeared only when films contained CO since hydrophobic CO
formed an immiscible emulsified phase in gelatin films as observed by SEM (Figure 3).
Likewise, in another study when olive oil formed an immiscible phase in gelatin
films, distinctive peaks of olive oil were observed [87]. FTIR spectra of animal and
vegetable fats/oils are reported to be similar due to the presence of triglycerides with
some differences in amplitude and exact frequency of wavelengths due to the length
and unsaturation degree of acyls in triglycerides [88-90]. One of the significant bands
identified from triglycerides of lipids/fats is situated at 1742cm™'and is assigned to
stretching vibration mode of ester carbonyl group [90,91]. This peak was observed in
only CO incorporated films due to the triglyceride component of CO [47] and there-
fore, the amplitude of this peak increased with increasing amount of CO (Figure 5d).
Characteristic virgin CO peaks were reported to be situated at 1109 and 1151 cm™
[46]. Likewise, the peaks within 1157-1163cm™ range and at 1110cm™

Figure 6. DSC thermograms of CO-0, CO-2, CO-3 and CO-4 films.
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corresponding to stretching vibration mode of C-O ester groups of oil were observed
only in samples containing CO (Figure 5a) [90, 92].

3.6. DSC

Influence of various CO amounts on thermal transitions of gelatin films upon ther-
mal change were determined by comparing thermogram of CO-0 with thermograms
of CO-2, CO-3 and CO-4 films containing increasing amounts of CO (Figure 6).
Endothermic peaks at ~25°C were related to the melting of CO in the films as ~25°C
is reported to be the melting temperature (T,) of CO [46] and were only observed
in CO incorporated films due to the medium-chain fatty acid, lauric acid, content of
CO. Medium-chain fatty acids have low melting points and therefore, CO is in liquid
phase at room temperature when not emulsified in any material [47].

An endothermic peak was observed in all films at the temperature range of
57-67°C corresponding to glass transition temperature (T,) which is related to the
amorphous structure of gelatin based films [83]. The lowest Tg was observed in CO-0
as lower Tg indicates lower thermal stability of CO-0 [83]. Moisture content of CO-0
films were the highest (Table 1) and more moisture content percentage causes a more
amorphous structure which decreases Tg [93]. Increased and broader Tg values were
observed in CO containing samples. Incorporation of CO reduced the moisture con-
tent to < 45% (Table 1) and increased T, of CO-2, CO-3 and CO-4 films.

In gelatin based films, endothermic transition succeeding T, was determined to
be the temperature that mainly dissociates highly structured, i.e. crystalline,
regions of gelatin corresponding to melt-like transition of gelatin in the films [26,
67, 83, 94]. Moreover, the endothermic transition after Tg is also attributed to
disruption of other ordered molecular structures [83]. In this study, many endo-
thermic peaks with broad ranges were observed which may be related to dissoci-
ation of gelatin and other ordered molecular structures corresponding to melting
of the films. Multiple peaks can also be attributed to presence of crystals with
various sizes in the films since minor peaks preceding or succeeding the main
peak during melting was attributed to melting and recrystallization of different
sizes and types of crystalline regions [95]. Similarly, in another study increasing
amount of CO in gellan gum films yielded broader endothermic peaks with a
wide range as melting point of films [31]. Therefore, it is reported that CO incor-
poration in the films affected crystallization of the films and improved thermal
properties [31]. In this study, maximum endothermic peak of melt-like transition
(T,,.) of CO incorporated films, especially CO-2, were higher than CO-0 (Figure
6). Since CO-0 films had the lowest T, and T,,,,, CO-0 films exhibited less ther-
mal stability than CO incorporated films. FTIR showed that amide-A was situated
at a lower frequency in CO containing films indicating more hydrogen bonding
which may have caused a more ordered molecular structure, thereby increasing
their T, ..

Among CO-incorporated films, CO-2 had the highest T, . at ~163°C whereas T
of CO-3 and CO-4 films were observed at ~136 and ~133°C, respectively. Amide-I
band was at a lower frequency in CO-2 films showing more hydrogen bonding of
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Figure 7. Microscopic image of 3T3 cell line after Passage on a) day 3 and b) day 7, 100x.

Figure 8. Effect of CO-0, CO-2, CO-3 and CO-4 film samples at 7 different concentrations within a
range of 5 -100pg/mL. Control is the 100% viable 3T3 cell culture incubated in basal medium
containing FBS. Concentration of each film significantly different from the control is shown at the

top of the bars (*p <0.05).
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C=0 which may also have contributed to a higher T , of CO-2 films having a
higher extent of molecular order. Therefore, when G:CO ratio was 4:2, more ther-
mally stable films, which also had more ideal mechanical properties among CO films,
were obtained.

3.7. 3T3 cell culture

Fibroblast cell lines, such as 3T3 mouse embryo fibroblast cell line, have been used
for biological evaluation of biomaterials such as for cytotoxicity assays and for
wound healing assays in skin engineering research [96-103]. In this study, 3T3 cells
were incubated in a humidified culture hood and were observed daily by an inverted
microscope. As seen in Figure 7, adherent cells reached confluence at day 7 and
showed intact characteristics; therefore, they were further prepared to be used in
cell-based assays.

3.8. Cell viability

Non-toxic concentrations of CO-0, CO-2, CO-3 and CO-4 liquefied film samples at
7 different concentrations within the range of 5-100pg/mL were evaluated by XTT
Assay (Figure 8). The effect of increasing CO concentration on 3T3 cell growth was
assessed as percent cell viability. Cells incubated in basal medium containing FBS
without any CO were regarded as 100% viable and used as a control group of cell
cultures. The influence of each liquefied film within the range of 5-100ug/mL con-
centration on cell viability was compared with the 100% viable control group. In
order to determine the effect of CO, the viability of cells incubated with CO-2, CO-3
and CO-4 samples were compared with the viability of cells incubated with CO-0
samples. Moreover, viability within the cells incubated with CO-2, CO-3 and CO-4
samples were compared with each other to determine the effect of increasing
amount of CO.

When compared with 100% viable control group, cell viability results showed
that CO-0 samples decreased 3T3 cell viability especially at 10, 50, 75 and 100 pg/
mL significantly (p<0.05) (Figure 8). However, CO incorporated films generally
maintained the viability of 3T3 cell culture. CO-2 and CO-3 samples decreased
viability only at 100 ug/mL significantly (p<0.05). Viability of cells treated with 5,
10, 15 and 75pg/mL of CO-2 samples were similar with the 100% viable control
group (p>0.05) and viability was significantly increased when treated with 25 and
50 pg/mL of CO-2 samples (p<0.05). CO-3 samples at 10, 15, 25, 50 ug/mL; and
CO-4 samples at 10, 15, 25, 75, 100 ug/mL significantly increased 3T3 viability as
well (p<0.05). This significant increase in viability only in the presence of CO
shows the potential proliferative effect of CO in gelatin based films since increased
number of daughter cells indicates cell proliferation [104,105] which is in accor-
dance with a previous study that determined CO enhanced fibroblast proliferation
[57]. Our preliminary study also showed an increase of 1929 cell viability only
when gelatin sample contained CO [62]. In another study, certain CO amounts in
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Figure 9. Microscopic images to evaluate Scratch assay-wound closure on 3T3 cell lines incubated
with a) neither FBS nor CO as negative control b) 5% FBS without any CO as positive control c)
25ug/mL CO-2 d) 25pug/mL CO-3 e) 25pug/mL of CO-4 for 24h, 100x.
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nanofiber scaffolds was shown to increase viability more than 100% due to better
cell attachment and proliferation [56].

When viability within CO-2, CO-3 and CO-4 samples were compared, it was
observed that increasing amount of CO in films increased viability percentage of
cells. When incubated with CO-4 samples at every concentration within 5-100 pg/mL,
viability of cells was either similar to or significantly more than 100% viable cells,
whereas CO-2 and CO-3 samples at 100pug/ml decreased 3T3 cell viability signifi-
cantly (p<0.05). Therefore, CO-4 samples improved viability and proliferation of the
cells more. Biocompatibility and non-cytotoxicity of virgin CO or compounds of CO
on fibroblast cells via cell viability were also demonstrated in other studies as well
[31, 106].

3.9. In vitro wound healing

In tissue engineering, the scratch-wound assay provides important data on the effects
of studied materials on cell migration [107,108]. This assay is one of the simple and
inexpensive methods mimicking in vivo cell proliferation and migration by using in
vitro reproducible means [101, 108]. In this assay, after forming a scratch, i.e. wound,
in monolayer cell culture, directional cell migration towards the scratch to demon-
strate healing was observed via microscopy during the incubation period [66, 99,
108]. Scratch Assay with fibroblast cell lines was also previously employed in other
studies as a wound healing assay [97-99, 101, 109]. Wound healing activity of some
plant extracts was determined effectively by scratch assay using 3T3 fibroblast cells
[101]. In wound healing process, fibroblast cells are essential since they migrate to
wound area for granulation, for fibroblast growth factor (FGF) secretion and eventu-
ally for reconstitution of the integrity of the skin [110,111]. FGF is a cytokine secreted
by fibroblast cells that take place in healing process [100, 112].

In our study, liquefied samples of all films were mixed with the cell culture
medium to give a final concentration within the range of 5-100ug/mL; and then
each different concentration of samples was incubated for 24h with healthy and
intact 3T3 cells which were previously adhered to the cell culture dishes. Microscopic
images of the scratch on confluent 3T3 cells were observed via inverted microscopy
and captured to determine basic cell migration for closure of injury during the incu-
bation period. The improvement of healing was compared against a negative control
in which 3T3 cell line was incubated with DMEM-F12 basal medium for 24h and
no closure of scratch was observed (Figure 9a). Moreover, 3T3 cell line incubated
with DMEM-F12 basal medium containing 5% FBS was used as a positive control
group in which closure of scratch was observed after 24h indicating healing
(Figure 9b).

Results showed that incubating cells with CO-0 samples at any concentration
caused detachment of 3T3 cells from the bottom of the microplate wells as a result
of deterioration of cells. It was previously reported that cells lose their adherence due
to cell death [113]. Since XTT Assay results showed that CO-0 samples decreased
3T3 viability at all concentrations and were toxic especially at 100, 75, 50 and 10 ug/
mlL, cells deteriorated and detached upon incubation with CO-0 samples. Similarly,
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in our previous study, plain gelatin samples caused detachment of 1929 cells [62].
Therefore, scratch assay could not be carried out any further with CO-0 samples.

On the other hand, cells survived and migration of cells towards the scratch was
observed when 3T3 cells were incubated with samples containing CO within 5-100 pg/
mL concentration range (Figure 9¢, d, e) as CO was previously shown to increase in
vivo wound healing due to fibroblast proliferation and neovascularization [57]. In our
preliminary study, constant CO in gelatin was also shown to also cause healing of
1929 cells [62]. In this study, the highest closure of the scratch was observed on 3T3
cell lines incubated with 25ug/mL concentration of CO incorporated samples espe-
cially CO-3 and CO-4 after 24h of incubation similar to FBS containing positive
control group (Figure 9b). This result is in accordance with the XTT results since cell
viability was significantly > 100% for all CO incorporated samples at 25ug/mL con-
centration (p<0.05).

4, Conclusion

In this study, different amounts of CO were incorporated into gelatin-based films by
solution casting method to prepare wound dressing materials with natural compo-
nents. The influence of CO on various protein-based film properties were compared
to determine the sole effect of increasing CO. The results showed that various amounts
of CO formed homogenous and continuous plasticized gelatin films without a signif-
icant loss of transparency (Figure 1). Heterogeneous and rough surfaces of CO incor-
porated films were demonstrated by SEM Analysis (Figure 3) which also mainly
decreased mechanical strength of the films (Table 3) similar to other studies in the
literature [31, 60]. Increasing CO amount decreased TS and YM since oil incorpora-
tion at certain amounts is claimed to reduce polymer interactions decreasing rigidity
[79,80]. Although CO caused rough surfaces specifically in CO-3 films, no pores were
present in CO-4 due to the bigger clustered oil droplets which is also shown by optical
microscopy films (Figure 2). Therefore, it can be concluded that increased CO ratio
in films may have filled the film surface preventing pore formation due to its plasti-
cizing effect since EAB of CO-4 was more than CO-3 (Table 3). Despite the hydro-
phobicity of oil, water and saline solution uptake of CO-2, CO-3 and CO-4 films were
> 100% after 3h in both media. CO also improved gelatin films durability in water
and saline solution since aging of CO-4 films was > 10% lower than CO-0 films in
both media. FTIR showed that the amplitude of the significant band identified from
triglycerides increased as the amount of CO increased in the films. Moreover,
protein-protein interaction increased with a decreasing number of free-amino groups
as amide-A band shifted to a lower frequency with decreasing amplitudes in CO con-
taining films. Amide-I band of CO-2 was at a lower frequency showing more hydro-
gen bonding of C=0 which may also have caused a higher T, (Figure 6) and
stronger mechanical properties of CO-2 among CO incorporated films. DSC showed
that incorporation of CO increased T, of films and influenced crystallization of the
films yielding more thermally stable films. XTT showed that increased CO influenced
viability of 3T3 cells since CO-2 and CO-3 samples within 5-75ug/mL; and CO-4
samples at every concentration within 5-100ug/mL range increased viability, whereas
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CO-0 significantly decreased viability at 10, 50, 75, 100 ug/mL (p <0.05; Figure 8). As
an indication of wound healing, scratch closure was observed when 3T3 cells were
incubated with liquid CO containing biomaterial samples especially at 25ug/mL con-
centration shown by in vitro Scratch Assay (Figure 9). This study showed that increas-
ing CO amounts mainly improved thermal and healing properties of gelatin-based
biomaterial. While CO-2 films had more ideal thermal properties; CO-4 films had
better influence on viability and wound healing of 3T3 cell line. Therefore, gelatin-based
films containing various amounts of CO, specifically 4:2 and 4:4 (w:w) G:CO, can be
suitable candidates for a wound dressing material and can further be explored for in
vivo tests and for improved mechanical strength in future studies.
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