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Graphical Abstract:

GO was used as the wound dressing template. Normally GO can’t be used directly in animal
models due to its toxicity, hence it was functionalized with collagen and fibrin. Collagen was
isolated from chrome shaving leather waste (CCLW) and fibrin was isolated from slaughter
house blood waste, both the materials are obtained from environmental by-products.The
prepared films were characterized, to establish the functionalization of GO. CFGO was used as a
wound dressing material on the experimental wounds of rats and its efficacy was studied using

biochemical, histological and general observations (schematic illustration)

- Graphene oxide
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Abstract

Functionalized graphene oxide offers many advantages as a biomaterial in various
biomedical applications. In the present study graphene oxide (GO) was incorporated in the
collagen-fibrin composite film (CFGO) and used as wound dressing material in both in-vitro and
in-vivo studies. 3-(4, 5-dimethylthiazol-2-Y)-2, 5-diphenyltetrazolium bromide (MTT) assay
using NIH 3T3 cells revealed that CFGO film is biocompatible. CFGO was also used as a wound
dressing material on the experimental wounds of rats. Histopathalogical, biochemical and
hematology studies have shown that the CFGO treated wounds healed faster than control and CF
treated wounds. Based on the results CFGO can be used as wound dressing material in the
smaller and larger animals.
Introduction

Graphene oxide (GO) is a single atomic plane of graphitecontaining abundant epoxide,
hydroxyl and carboxyl functional groups on its basal plane and its edges provide many reactive
sites for chemical functionalization and interaction[1,2]. Interactions between graphene and
biological molecules are quite interesting in cell imaging, drug delivery, biosensors etc.
Graphene nanosheets identically show some similar properties of carbon nanotubes (CNTs), but
in the case of cytotoxicity studies single-wall and multi-wall CNTs show more toxicity to human
and animal cells compared to graphene derivatives. This is due to the fact that GO is a two-
dimensional structure and CNT’s has only single dimension [3]. Due to concentration dependent
toxicity, GO cannot be used directly in cell culture application, however, GO can be
functionalized with biomacromolecules, for biomedical application. The potential of
functionalized GO in cellular imaging, cancer therapy, drug delivery etc were reported by several

authors [4-6]. These studies clearly indicate the bioactivities of surface modified GO.Graphene
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derivatives functionalized with peptides, proteins, aptamers, avidin-biotin and other small
biomolecules are used as building blocks for biodevices [5]. Multivalent functionalization and
efficient loading of molecules on the substrate of GO suggests itsbiocompatibility in in vitro as
well as in in vivo conditions [7-9]. Currently, few applications of GO derivatives are available in
literature. Recently, it was proven that GO-based nano matrixes can act as promising system for
the production of insulin [10]. A process for the multi-functional GO has been developed and
was used as a fluorescence marker for in vitro and in vivo imaging [11]. GO was used as an
efficient vascular endothelial growth factor (VEGF) delivery system in animal models, thereby
suggesting its therapeutic application for treating ischemic disease [12]. Chitosan-Polyvinyl
alcohol-graphene composites were prepared by electrospining method and studied for their
antibacterial property and wound healing capacity and it was found that its antibacterial property
helped in faster wound healing [13].

Chrome containing leather waste (CCLW) is the most prominent solid waste in tanning
industry. CCLW is mainly used as a resource of collagen and chromium (III) complexes [14].
Using alkaline protease enzyme, under mild conditions protein products (gelatin and collagen
hydrolyte) were isolated from chrome shavings which were potentially used in cosmetics,
adhesive, printing, photography, micro encapsulation and as additives in leather industry [15].
Collagen is one of the structural proteins in the extracellular matrix of eukaryotes. It is the most
abundant protein in vertebrates and constitutes about 30% of the total proteins present in skin,
tendon, bone etc.Collagen molecules secreted by cells form characteristic fibers which are
responsible for functional integrity of tissues such as bone cartilage, skin and tendon [16-18].
Collagen has a vital role in biomedical applications as wound dressing material, vitreous implant,

drug carriers etc. Among various types, type I collagen is commonly found in mammalian
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tissues. It shows good biocompatibility, biodegradability, weak antigenicity and superior surface-
active properties when employed as a scaffold in tissue engineering [19-20].

Fibrinogen is converted as fibrin, which is a provisional matrix in wound healing process;
its structural composition binds the cells and proteins and promotes cell adhesion, migration and
proliferation [21-23]. It is a naturally occurring scaffold, which is used in angiogenesis, tissue
repair and available in the form of sponge, film, powder, sheet etc. Fibrin glue helps in
haemostasis and accelerates the wound healing. Fibrin sealant is used as improved wound
healing material in diabetic patients. Bensaid et al [21] have reported that fibrin-based
biomaterials are biocompatible, biodegradable and have high affinity to various biological
surfaces. Sastry et al [24] have reported the preparation of physiologically clotted fibrin (PCF)
from slaughterhouse wastes that could be used for biomedical purposes such as wound healing
and osteoinduction.

Research on wound healing agents is one of the developing areas in modern biomedical
sciences. Wound healing involves continuous cell—cell and cell- matrix interactions in response
to an injury that restores the function and integrity of damaged tissues. There are many
commercially available wound dressing materials in market based on gelatin,
carboxymethylcellulose, collagen, pectin etc [25, 26]. These materials are used individually as
well as in various composite form. The aim of the present work is to prepare a wound dressing

material in the form of composite filmcontaining collagen and fibrinimpregnated with GO.
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Results and Discussion

Normally, GO can’t be used directly in animal models due to its toxicity, hence it was
functionalized with collagen and fibrin (CFGO). The prepared films were characterized, to
establish the functionalization of GO. CFGO was used as a wound dressing material on the
experimental wounds of rats and its efficacy was studied using biochemical, histological and

general observations (Fig. 1 schematic illustration)

Graphene oxide

Fig. 1 Schematic illustration of CFGO as wound dressing material.

The mechanical properties of a wound dressing material play a vital role when it is used in in
vivo applications. The mechanical properties of composites are given in table 1, 2 and 3. When
compared to collagen, fibrin alone has lesser tensile strength, whereas the combination of both

shows improved mechanical strength. Among the different stoichiometric ratios used , CF film
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which exhibited better tensile strength was selected and was further used to prepare CFGO films
with different stoichiometric ratios of GO (Table 3); 0.01% of GO has shown approximately two
fold higher tensile strength. Hence, this composite film was used in further experiments.

Ethylene glycol was used to improve the flexibility of the films [27,28].

Table 1
Sample no F:C Elongation | Tensile
(%composite) | at break | strength
(%) (MPa)
1 1: 0 0.78+0.87 | 16.434+4.67
2 1: 0.2 3.23+£0.94 | 18.04+5.27
3 1: 0.4 7.18+1.56 | 27.534+4.37
4 1: 0.6 7.77+£1.45 | 29.2243.54
5 1: 0.8 3.59+2.67 | 20.16+5.16
6 1:1 3.24+1.42 | 18.5443.24
Table 2
Sample no C:F Elongation | Tensile
(%composite) | at break | strength
(%) (MPa)
1 1: 0 1.78+0.34 | 24.4343.67
2 1: 0.2 3.23+1.45 | 29.5+£3.56
3 1: 0.4 4.57+£1.67 | 37.36+4.23
4 1: 0.6 6.62+2.45 | 45.5+4.67
5 1: 0.8 10.843.81 | 48.55+5.87
6 1:1 8.41+£2.1 41.4143.52
Table 3
Sample no C:F:GO Elongation | Tensile
(%composite) | at break | strength
(%) (MPa)
1 1: 0.8: 0.001 6.4+0.67 40.43+3.56
2 1: 0.8: 0.003 14.8+1.34 | 47.36+4.45
3 1: 0.8: 0.005 11.842.35 | 57.5+£5.34
4 1: 0.8: 0.01 9.62+1.25 | 78.55+5.74
5 1: 0.8: 0.02 9.43+2.45 | 71.4143.67
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Tables 1, 2 and 3- Physiochemical properties of various stoichiometric ratios of
collagen, fibrin and graphene oxide composites.

Infra-red spectra (Fig. 2a) of C, F and CF composites showthe amide I peaks at 1637,
1644 and 1634 cm™', amide II peaks at 1549, 1539 and 1541 cm’', amide III peaks at 1241, 1238
and 1243 cm™ respectively; peaks at 1453, 1451 and 1453 cm™ correspond to —CH, moiety of C,
F and CFrespectively [29]. IR spectrum of GO shows the presence of v (C-O) of -COOH groups
at 1734 and 1626 cm’™, carboxyl group at 1401 and alkoxy group at 1058 cm'[10]. CFGO
composite shows the absence of a peak at 1734 cm™ which represents the reduction of carboxyl
moiety on the surface of GO with the addition of C and F. CFGO represents amide I, II and III
peaks at 1634, 1541 and 1242 cm™ respectively. XRD spectra (Fig. 2b) of GO shows a peak at
11.2° which represents the presence of more oxygen functional groups on the basal plane of
graphene sheet. This sharp narrow peak intensity is lesser withthe addition of C and F in CFGO;
in addition the presence of peak at 20.6° indicates the presence of protein addition, in CF this
peak is present at 20.4°. This shows that the addition of GO does not alter the structure of CF.
Raman spectrum of GO shows the presence of D band at 1366 cm™ which represents the
vibrations of sp3 carbon atoms and the band at 1601 cm’ represents sp2 hybridized carbon atom
of GO (Fig. 2¢) [30]. CEGO represents amide II and III peaks at 1543 and 1242 cm™, however,
amide I peak is absent, in addition lesser intensity peaks of D band at 1347 and G band at 1598
cm™' were observed (Fig. 2¢c) when compared to those of GO, this may be due to the interaction

between the GO and CF.
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Fig. 2- (a) FTIR spectra of collagen, fibrin, CF, GO and CFGO. (b) XRD spectra of GO, CF and

CFGO. (c) Raman spectra of GO and CFGO

Scanning electron microscopy (SEM) images of GO, CF and CFGO are shown in (Fig. 3a). GO

shows agglomeration of ultrathin sheets; the surfaceof CF was smooth and porous in nature.

Presence of GO was evident in CFGO and it had retained its porosity even after the addition of

GO. AFM images (Fig. 3b) of GO, CF and CFGO also indicate the smooth surface of the films

and have similar morphology compared to those of SEM. The porous nature of the films helps in

absorbing wound fluids and keeps the wound surface dry, and it will also help in oxygen supply

to the wound [29].Water absorption capacity (Fig. 3¢) is an important property to keep the
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wound surface dry and for enhancing wound healing. Water absorption capacity of CF and
CFGO showthat CFGO has high water absorption values when compared to CF and this may be
attributed to the presence of more hydrophilic groups like —OH, —-NH,, etc., on its surface.
Already GO contains functional groups like -COOH, —C=0, —OH, and —C-O—C- on its surface.
Functionalization with collagen and fibrin has further increased the hydrophilic groups of the
protein networks [31].The degradation rate of CFGO (Fig. 3d) is higher when compared to CF,

this may be due to its more hydrophilic nature.

SGO00nm
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Fig. 3- (a) SEM images of GO, CF and CFGO. (b) AFM images of GO, CF and CFGO. (c)
Water absorption studies of CF and CFGO composite films. (d) Degradation rates of CF and
CFGO composite films using PBS buffer.

MTT assay was carried out using normal fibroblast (NIH 3T3) cells. Cells treated with GO, CF
and CFGO were incubated for 1, 4 and 7days. The results revealed that (Fig. 4a) CF exhibited
100% cell viability till 7 days, and have shown higher cell proliferation rate compared to control.
GO treated cells showed significant (p<0.05) decrease in cell viability, whereas addition of GO
with CF has improved the cell viability percentage. There was no significant difference between
the control and CFGO treated groups, throughout the study. According to previous studies, GO
enhances more cell adherence and proliferation than pristine graphene due to abundant oxide
groups on its surface. At low concentrations, GO induces stronger metabolic cell activity, and
this is reversed at high concentrations. GO produces cytotoxicity in concentration and time
dependent manners and can enter into the cytoplasm (lysosome, mitochondrion, and endoplasm)

and nucleus, which decreases cell adhesion and induces cell floating and apoptosis [32]. But in

10



RSC Advances

thecase of CFGO reduced toxicity was observed, this isbecause of functionalization of GO by
CF, Fig. 4b shows the inverted microscopic images of the cell viability on day 1 of all treatments
and control.

Hemolysis assay revealed the effect of GO, CF and CFGO against blood components
(Fig. 4c). GO revealed significant hemolytic property compared to the control, which could be
due the presence of abundant negatively charged carboxyl groups that are highly concentrated at
the edges of GO; there may be strong interactions (electrostatic and hydrophobic interactions)
between the amphiphilic GO and the lipid bilayer of the blood cell membrane [5]. The chemical
structure of GO endows it with surfactant-like performance, which has adsorption ability at the
interfaces and could lower the surface or interfacial tension [33] thus, small sized GO may act as
a molecular surfactant and large sized GO can behave like a molecule—colloid dualistic
surfactant. Thus, when GO is exposed to blood cells, it may lead to severe hemolysis [34,35].
However, the effect was less when compared with the positive control (Triton X 100).
Interestingly, hemolytic properties were much reduced in CFGO when compared to GO which
could be attributed to the functionalization of GO with CF. CFGO might have difficulty in
interacting with the lipid bilayers, [34] thereby suppressing the hemolysis.

Reactive oxygen site (ROS) is a common toxicity mechanism of carbon-based and other
nanoscale materials; ROS initiates the dysfunction of mitochondria and induces the cell
cytotoxicity. According to clinical studies, materials with small size and large surface area
enhance the ROS [36-38]. In the present study, GO has induced ROS in the cells, results are
shown in Fig. 4d. GO induces cytotoxicity by causing physical damage to the cell membrane
which results from direct interactions between the cell membrane and GO nanosheets.

Electrostatic interactions occur between negatively charged oxygen functional groups in GO and

11
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positively charged Phosphatidylcholine lipid of cell membranes [39]. Significant reduction
(p<0.05) in ROS levels was observed in CF and CFGO treated cells compared to GO treatment.
Fluorescence microscopic images of treated cells are shown in Fig. 4e. 2.7
dichlorofluorescindiacetate (DCFH) reacts with ROS to form DCF, the fluorescent product.
More numberof ROS induced fluorescence cells were appeared at positive control

lipopolysaccaride (LPS), however, CF and CFGO did not show much ROS induced cells.
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Fig. 4 — (a) MTT Assay representation of GO, CF and CFGO. (b) The microscopic images show
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the cell viability of those treatments on 1% day. Significance difference (p<0.05) occurred
between GO and control. (c) Hemolytic assay representation of GO, CF, CFGO and Triton X-
100. Significant difference (p<0.05) occurred between triton X-100 and GO. (d) ROS generation
of GO, CF, CFGO and LPS treated cells and (e) fluorescence microscopic images of treated

cells. Significance difference (p<0.05) occurred between control and other treatments.
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Surface of the wounds were photographed periodically from a constant distance for both control
and experimental animals (Fig. 5a). Faster rate of healing was observed in the experimental
wounds compared to those of control. The results are in agreement with those of planimetric
observations. On the 4™ day, the wound contraction of control was 28% whereas 33% and 42%
closure were observed in CF and CFGO treated wounds respectively. However, by the 12" day,
82% of the wound was closed in the CF experimental groups; 97% of the wound was closed in
the CFGO experimental groups, whereas 72% closure was observed in control. These results
show the efficacy of CF and CFGO as wound dressing materials. The presence of GO in CF
films accelerated wound healing on 12" day itself , according Lu et.al 2012, graphene
accelerated wound healing in experimental animals due to its antibacterial activity [13].
According to our results the presence of GO exhibited better wound healing property compared
to CF and control.The following mechanism might have enhanced the wound healing process:
The presence of collagen and fibrin in CFGO would have caused moderate ROS generation in
wound healing process [40]. Graphene impede the prokaryotic cells and not the eukaryotic cells,
this antibacterial efficiency enhances faster wound healing. This may occur due to the electron
transfer from graphene into the nucleus of prokaryotic cells which are devoid of nuclear
membrane [13]. Further, due to better water absorption property of CFGO, the surface of the
wound is dry and this might have avoided the bacterial infection on wound surface [29, 41,
42].The higher rate of 3T3 fibroblast cell proliferation in CFGO treated cells inin-vitrois an
indication for the faster wound healing mechanism in in-vivo.

Histological studies of treated and control groups were studied by using H&E and
Masson trichrome staining (Fig. 5b&c). On 4™ day CFGO and CF treated groupshave shown

acute and chronic inflammatory cells such as neutrophils and lymphocytes with blood vessels

13
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and extravessated RBC’s. Inflammatory cells promote the migration and proliferation of
endotheial cells, which leads to neovascularisation. This in turn aids in repithelialization of the
wounded tissue [43]. On 8" day when compared to control, treated grouphas shown moderate
inflammatory cells. Fibrous nature of connective tissues with less inflammatory cells and red
blood vessels were clearly monitored in CFGO treated groups which facilitated the faster wound
healing. On 12"day CFGO treated groups have shown epithelium and connective tissue
formation; the density of collagen fibers is high in CFGO, compared to those of CF and control.
On 12" day CF treated groups have shown moderate epithelialization. The collagen deposition
and faster epithelial formation in CFGO could have significantly accelerated better wound
healing compared to other treatments. Masson’s trichrome staining helped to clearly visualize the
changes in collagen fibers. On gt day, formation of new collagen fibers was more prominent in
CFGO treated groups compared to CF and control. Proliferation of fibroblasts, which are the
major producer of collagen, was also observed. Masson’s trichorme staining clearly shows the
blue colour of collagen fibers. Collagen remodeling and degradation occurs simultaneously to
provide the tensile strength and reduce scar formation [44]. Other than collagen, MT staining
also helps histopathologists differentiate other anatomical structures and organelles in the healed
skin such as scab, fine and coarse collagen fibers, hair follicle and adipose tissue [45].Faster
wound healing and deposition of collagen did not contribute any scar formation in the wounded
area. This indicates CFGO might be used as a wound dressing material which effects a scar less

healing.
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Fig. 5 (a) Photographic evaluation of wound healing. Faster healing was observed on 12" day in
the CFGO treated rats. (b) Histological section of H&E staining on control, CF and CFGO
treated woundsupto 12 days post wound. (c) Histological section of Masson trichorme staining
on control, CF and CFGO treated wounds upto 12 days post wound.

The biochemical parameters i.e., collagen (Fig. 6a), hexosamine (Fig. 6b) and uronic acid
(Fig. 6¢) were analyzed in the granulation tissues of experimental rats on different days after
wound creation. The concentration of collagen in CFGO treated wounds increased till 8" day and
later decreased on 12" day. This noticeable increase might be due to increased synthesis of
collagen and could be correlated to the effective healing of wounds. Since collagen is the
predominant extracellular protein in the granulation tissue of a healing wound, rapid increase in
the synthesis of this protein indicated faster wound healing. Hexosamine, a matrix molecule, act
as ground substratum for the synthesis of new extracellular matrix. The glycosaminoglycans are
known to stabilize the collagen fibres by enhancing electrostatic and ionic interactions and
possibly control their ultimate alignment. Their ability to bind and alter protein-protein
interactions has identified them as important determinants of cellular responsiveness in
development, homeostasis, and disease [46]. In our study, prominent increase in the levels of
hexosamine in treated groups was observed compared to that of control group. Similar trend was
observed inthe contents of uronic acid. Increase in the levels of collagen, uronic acid, and
hexosamine in the treated groups gave an indication of the faster rate of wound healing

compared to controls [26].
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Fig.6 (a) Collagen content, (b) Hexosamine values and (c) uronic acid values of granulation
tissue in control, and experimental wounds. Collagen content of CFGO treated rat’s increased
upto gh day and later decreased. Hexosamine and uronic acid value shows the decreasing trend
in both control and treated rats. Significant difference (p<0.05) occurred between control and
CFGO treated tissues.

Tensile strengthvaluesof healed wounds of treated groups were higher when compared to
those of control group (Table 4). Increased tensile strength indicates maturation of collagen by
formation of inter-and intramolecularcrosslinking. In case of control wounds, the decreased
tensile strength may be due to the delay in the maturation of collagen. CFGO might have
enhanced the epithelization process and hastened the deposition of collagen which has resulted in
the better tensile strength in the experimental wounds. Normally, tensile strength is directly

related to the amount of collagen synthesized at the wound site [47]. The hematological

parameters were studied on 12 day on both treated and control rats (Table 5). There was a
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significant (p < 0.05) increase in the values of hemoglobin, platelets, lymphocytes etc in CFGO
treated groups compared to those of control. The results revealed that the films caused no

adverse effects under in vivo conditions, which were in agreement with the in vitro

biocompatibility studies [48].

Table 4
Group Elongation at break (%) Tensile strength (MPa)
Control 5.67£3.67 0.35+0.89
CF 9.90+5.78 0.94+0.67
CFGO 42.50+7.89 1.63+0.98

Table 4 -Tensile strengths of healed skins of rats of control and experimental groups

Table 5

Control CF CFGO

WBC (10°/uL) 8.85+2.3 5.2+0.4 3.6+1.3
RBC (10"*/uL) 4.09+2.6 8.65+0.6 10.09+2.7
Hb (g/dL) 11.6+1.3 13.78+1.2 15.4+1.4
HCT (%) 27.3+2.4 50.7+1.2 40.8+2.1

MCV (fL) 66+1.7 53+0.6 58+2.1
MCH(pg) 28+2.3 17.8+0.3 15.8+0.6

MCHC (%) 4242 4 33+0.5 30+0.9
Platelet (10°/pL) 665+1.4 553+0.7 498+3.6
Lym (%) 43.7+1.6 60.5+0.8 78.65+1.2

Table 5 - Comparison of hematological values between treated and control groups of rats after

20 days post wounding.
18
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Conclusion

Collagen-fibrin biocomposite films incorporated with GO were prepared. Presence of GO
increased the mechanical strength of collagen/fibrin composite films./n-vitro studies revealed the
biocompatible nature of CFGO. Faster wound healing was observed in CFGO treated rats
compared to those of CF and control. The present study indicates that functionalized GO
enhances wound healing and CFGO may be tried on more clinical wounds of smaller and larger
animals before its application on to humans.
Acknowledgments
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Experimental section
CCLW was obtained from local leather tanning industry, crude fibrin was collected from nearby
Municipal slaughter house and other chemicals used in this study were analytical reagents and
purchased form Sigma Aldrich Co. India.
CFGO Bio film synthesis

Graphene oxide was prepared according to modified Hummers method [49]. The
obtained GO was further dialyzed for 24 h using water and then it was dried at 60°C. The
powdered GO was further sonicated to get a well dispersed solution with different ratios
(0.001%, 0.003%, 0.005%, 0.01% and 0.02%).

Collagen was isolated from chrome containing leather waste as described earlier [47].
The collagen was further purified by dialyzing against 0.1M acetic acid and distilled water
respectively for 24h. The sample was freeze-dried and used as such. Physiologically clotted

crude fibrin was separated from fresh blood by churning as described earlier [23]. Fibrin was
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further purified by wet precipitation method, 1g of final content was dissolved in 10 ml of IN
NaOH solution; the pH was adjusted to 5 to get white precipitation of purified fibrin. This was
dialyzed against water for 24h to get purified fibrin. The sample was freeze-dried and used as
such.

Collagen-Fibrin (CF) films were prepared by the mixing different stoichiometric ratios of
fibrin and collagen as described in Table 1&2. From Table 2, the CF composite which exhibited
better tensile strength was selected and further mixed with different stoichiometric ratios of GO
to prepare CFGO films described in Table 3. From Table 2&3, the better composites which
exhibited better tensile strength was selected and used for further experiments. Ethylene glycol
was added as plasticizing agent. This mixture was poured into polythene trays (measurement 12
cm x 7.5 cm) and dried at room temperature (30°C) to get CFGO in sheet form.
Characterization

Tensile strength properties were measured using three dumb-bell shaped specimens of 4
mm wide and 10 mm length of prepared films. Mechanical properties such as tensile strength
(MPa) and percentage of elongation at break (%) were measured using a Universal testing
machine (INSTRON model 1405) at an extension rate of 5 mm/min.

Fourier transform infrared (FTIR) measurements were carried out to determine the
formation and changes in the functional groups on the prepared composite films. The spectra
were measured at a resolution of 4 cm ™' in the frequency range of 4000-500 cm ' using Nicolet
360 FTIR spectrometer. The X-ray powder Diffraction (XRD) patterns were done withSeifert
JSO Debyeflex 2002. X-ray Diffractometer (30 mA,40 kV) using Cu Ka radiation (k = 0.154056
nm). The FT-Raman spectrum was carried out using Bruker Rfs 27 FT-Raman spectrometer, with

a scanning range of 50-4000cm™.
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Surface morphology of the samples was visualized by scanning electron microscope
(SEM Model LEICA stereo scan 440). The samples were coated with gold ions using an ion
coater (Fisons sputter coater) with following parameters: 1 Torr pressure, 20 mA current, and 70s
coating time, using a 15 kV as accelerating voltage. Atomic force microscopy (AFM) was done
with Agilent Pico LE Scanning Probe Microscope model. The Agilent instrument is a tip scan
instrument, equipped with small (10 ml) and large AFM scanners (150 ml). This instrument is
equipped with an environmental chamber, capable of heating to 200°C.

The water absorption capacities of CF and CFGO biocomposites were determined
according to the method followed by Sastry and Rao [50]. To measure the degradation rate, the
weight of the scaffold was measured as a function ofdegradation time. Three specimen of all
scaffolds were equally weighed (Wy) and then immersedin phosphate buffer solution (PBS) (pH
7.4) for 24 h. The temperature wasmaintained at 37°C. After predetermined periods of soaking
time, each specimen was taken outand kept for 24 h. These were then weighed (Wr). The
percentage of weight loss was given by the following equation,

Weight loss (%) = [(Wo-W1)/W]*100
In vitro studies

NIH-3T3 cells were grown in a 96-well plate. The cell viability was measured after 1*
day, 4™ day and 7™ day using 3-(4, 5-dimethylthiazol-2-Y)-2, 5-diphenyltetrazolium bromide
(MTT) and 10% dimethyl sulfoxide (DMSO). The assay was performed in triplicates and the
untreated wells were maintained as control [51].

Haemolytic assay was carried out to evaluate the safety of films for in vivo application
[52]. Blood was collected from healthy rats [Ethical Approval: IAEC No. 11/2014 (a)] in a

heparin sodium-containing tube and centrifuged at 10,000 xg for 10 min. Pellet containing RBCs
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was diluted in 20 mM HEPES buffered saline (pH 7.4) to 5% v/v solution. RBC suspension was
treated with CF and CFGO and incubated at 37°C for 60 min. RBCs treated with 1% Triton X-
100 served as positive control [53]. After incubation, all the samples were centrifuged and the
supernatants were used for measuring optical density at 540 nm.
The oxidant-sensitive dye 2',7'-dichlorfluorescein-diacetate (DCFH-DA) was used for ROS
detection. Lipopolysachharides (LPS) treated macrophage cells were treated with CF and CFGO
films for 12 and 24 h. The effect of films on ROS was studied with the help of DCFH-DA, which
enters cells passively and is deacetylated by esterase to non-fluorescent DCFH. DCFH reacts
with ROS to form DCF, the fluorescent product. Fluorescence was read at wavelengths of 485
nm for excitation and 530 nm for emission with a fluorescence plate reader (TECAN). Untreated
wells served as control and LPS (alone) treated wells served as positive control. [54]
2.4 In vivo studies

In vivo experiments were preformed according the Institutional Animal Ethical
Committee approval and guidelines: IAEC No. 11/2014 (a). 30 Male albino Wistar rats (150-200
g weight) were chosen and they were divided into three groups (n=3). Throughout the
experiment, rats were maintained in an air-conditioned room at 25+1°C with a proper lighting
schedule of 12 h light and 12 h dark cycle. The animals received commercial rat diet and water
ad libitum.
Each animal was given a dose of sodium pentobarbital (40 mg/Kg body weight) intraperitonally.
The dorsal surface of the rat below the cervical region was epilated under aseptic conditions. An
open excision wound of 2 cm x 2 cm was created on the shaved dorsal side of rats using sterile
surgical blade. Control group wounds were dressed with, sterile cotton gauze dipped with

gentamicin, while wound dressing films of CF and CFGO were applied separately on
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experimental wounds. The dressings were periodically changed at an interval of 4 days with the
respective materials. Three rats were sacrificed periodically on 4™, 8"and 12" day of post wound
creation and the granulation tissues formed were removed and stored at —70°C until analysis.
The progress of wound healing in the three groups was evaluated visually, planimetrically,
histologically and biomechanically by periodical monitoring of wound surface.

Hair was clipped around the scar for proper visualization and the individual contour of the
wounds of both control and experimental animals was measured periodically, using a transparent
graph sheet and the rate of healing was calculated and expressed as percentage contraction.

In the present study, collagen, hexosamine and uronic acid levels were estimated in the
granulation tissue of control and experimental wounds on 4™, 8"and 12" days. The granulation
tissue was collected after sacrificing the animals on the respective days. Collagen and
hexosamine were determined in defatted dried granulation tissue by the methods of Woessner
[55], Elson [56] and Morgan [57] respectively. Extraction of uronic acid from the tissue was
carried out according to the method of Schiller [58] and estimated by the method of Bitter and
Muir [59].

The animals were sacrificed periodically on 4™, 8", and 12"days post wound creation and the
tissue from the wound site of the individual animal was removed. These samples were then
separately fixed in 10% formalin, dehydrated through graded alcohol series, cleared in xylene,
and embedded in paraffin wax (m.p. 56°C). Serial sections of 5 um thickness were cut and
stained with hematoxylin and eosin and Masson’s trichrome. The sections were examined under
a microscope and photomicrographs were taken.

Blood was collected from rats when they were sacrificed at 12" day, during the wound healing

process. Hematological parameters such as hemoglobin ,total WBC Count, differential leucocyte
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count, erythrocyte sedimentation rate, total RBC count, platelets, packed cell volume, mean
corpuscular volume, mean corpuscular hemoglobin, mean corpuscular haemoglobin
concentration, colour index ratio were are carried out using Sigma Diagnostic kits [48].
On the 30" day after creating the wound, one animal from each group was anesthetized. Healed
tissue along with normal skin at the two ends was excised for measuring tensile strength (MPa)
and percentage of elongation at break (%) using a Universal testing machine (Instron model
4501). The break load was measured and the tensile strength was calculated using the following
equation:
Tensile strength = Break load / strip cross sectional area
Statistical analysis

The results were expressed as meantstandard deviation (SD) of three individual
experiments (n=3). The statistical analysis was performed using t-test. The significant difference
level is p < 0.05.
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