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A B S T R A C T

Graphene oxide (GO) has recently gained attention as a scaffold reinforcing agent for tissue engineering.
Biomechanical and biological properties through a synergistic effect can be strengthened when combined with
other materials such as chitosan (CS). For that reason, chitosan was used for Graphene Oxide (GO) functionali-
zation through an amide group whose formation was evident by bands around 1600 cm�1 in the FTIR analysis.
Furthermore, bands located at 1348 cm�1 (D band), 1593 cm�1 (G band), and 2416 cm�1 (2D band) in the
RAMAN spectrum, and the displacement of the signal at 87.03 ppm (C5) in solid-state 13C-NMR confirmed the
amide formation. Films including the CS-GO compound were prepared and characterized by thermogravimetric
analysis (TGA), where CS-GO film presented a lighter mass loss (~10% less loosed) than CS due probably to the
covalent functionalization with GO, providing film thermal resistance. The CS-GO films synthesized were
implanted in Wistar rats' subdermal tissue as a first approximation to the biological response. In vivo tests showed
a low inflammatory response, good cicatrization, and advanced resorption at 60 days of implantation, as indicated
by histological images. It was evidenced that the covalent union between CS and GO increased biocompatibility
and the degradation/resorption capacity, demonstrating tissue regeneration with typical characteristics and tiny
remnants of implanted material surrounded by a type III collagen capsule. These results show the potential
application of the new synthesized films, including the CS-GO compound, in tissue engineering.
1. Introduction

The high requirement for tissue and organ transplantations and their
low availability have created a global health concern [1]. From the en-
gineering area, the use of biomaterials for synthetic scaffolds restoring
specific tissues has been proposed as a safe and secure alternative.

The main goal of bone tissue engineering is to repair a bone defect
without an allograft or an autograft [2]. This way, the scaffold fulfills the
function of guiding bone neoformation, serving as a support for bone
cells.

However, one of the biggest challenges in bone tissue regeneration is
to provide porosity in the scaffold that can mimic the physical and
chemical properties of the extracellular matrix and can support cell
adhesion and proliferation [3].

Biopolymers are versatile materials that can be safely used in the
human body [4], allowing replacing different tissues based on their
biocompatibility. One of the most used biopolymers in tissue engineering
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is chitosan (CS), a chitin derivate with glucosamine and N-acetyl
glucosamine units linked by β-(1,4) bonds [5].

Through the years, CS has gained popularity in different areas,
especially in tissue engineering, due to its excellent properties such as
antimicrobial activity, biocompatibility, and high degradability rate,
which do not produce an exaggerated inflammatory response [6, 7]. The
cationic nature of CS also allows the interaction with negative charge
components present in extracellular matrices such as amino glycans and
glycosaminoglycans, improving the biological interaction and fixation in
the body tissues [8].

CS has been combined with different polymeric and inorganic com-
pounds for scaffold fabrication, designed to have similar properties to the
extracellular matrix, which provides an optimum cellular growth envi-
ronment. CS presents poor mechanical properties due to a high-water
affinity, leading to quick deterioration. Therefore, numerous methods
for improving CS mechanical properties [9] have been reported in the
latest years. The use of pristine carbon materials such as carbon
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nanotubes [10], nano-onions [11, 12], graphene [13], and graphene
oxide [14, 15] has gained popularity, and CS has been linked to over-
coming the drawbacks of low mechanical properties [16].

Graphene oxide (GO) is a very resistant two-dimensional structure
consisting of sheets of a carbon atom thickness obtained from graphite
oxidation [17], which improves solubility and, consequently, provides a
broad range of applications [18]. Besides its biocompatibility and large
surface area, GO is an ideal candidate for scaffold fabrication due to many
oxygen groups that provide hydrophilicity and cell affinity [19]. Addi-
tionally, GO can improve cell adhesion and induce stem cell differenti-
ation to osteoblasts [20].

Chemical functionalization of CS and GO has been carried out for
multiple applications such as wound healing [21, 22], cartilage, and bone
regeneration [23], among others [24]. However, to the best of our
knowledge, only a few reports for in vivo evaluation of tissue engineering
applications are known. Our group previously reported scaffolds based
on physical mixtures of CS and GO [25].

For the above reasons, in the present study, we covalently function-
alized GO with CS (CS-GO) and prepared films to evaluate the biocom-
patibility using in vivo implantations in subdermal tissue for 60 days. The
excellent film's biocompatibility obtained demonstrated the scaffold's
potential use in tissue regeneration.

2. Materials and methods

GO synthesis followed the modified Hummer-Offemann method
previously reported [26]. For the GO functionalization, chitosan with a
deacetylation degree of 58% and a molecular weight (Mw) of 15323 Da
reacted with GO. Gel Permeation Chromatography measured CS molec-
ular weight using an Agilent 1260 instrument (Agilent Technologies,
Santa Clara, CS, USA) equipped with an RI detector and two- Shodex
column system using a flow rate of 0.5 mL/min. An Mw calibration
curved using pullulan standards was employed.

For the GO functionalization, 1g of CS and 50 mg of GO were
dispersed in a flask with 50 mL of dimethylformamide (Merck KGaA,
Darmstadt, Germany). The mixture was introduced in ultrasound
equipment for an hour, followed by the addition of 0.45 g (0.21 mmol) of
dicyclohexilcarbodiimide (Merck KGaA, Darmstadt, Germany) and 0.3 g
(2.45 mmol) of dimethylaminopyridine (Merck KGaA, Darmstadt, Ger-
many). The mixture was left to stand for 48 h at room temperature, and
the solid formed was isolated by centrifugation then washed three times
with 50 mL of Milli Q water, 50 mL of methanol (Merck KGaA, Darm-
stadt, Ger-many), and 50 mL of acetone (Sigma-Aldrich, Palo alto, CA,
USA), and dried at 60 �C for 24 h [22, 24].

GO and CS-GO were characterized by Raman spectroscopy using a
confocal Raman microscope (Renishaw InVia Reflex, Wotton-under-
Edge, UK) in a 1000-3000 cm�1 range. Sample absorption bands were
analyzed by infrared spectroscopy using a Fourier Affinity-1 transform
infrared spectrophotometer (Shimadzu, Kyoto, Japan) in a 500-4000
cm�1 range. The carbon nucleus present in the samples was identified
by nuclear magnetic resonance in a Bruker Ultra Shield 400 MHz NMR
equipment in solid-state mode.

CS, CS-GO, and the physical mixture of CS and GO (CS/GO) films
were prepared using a previously reported methodology (Biranje S. et al.,
(2017). Briefly, five milligrams of each compound (CS, CS-GO, and CS/
GO) were taken and dissolved in a 2.0% (v/v) acetic acid solution with
constant stirring. Subsequently, glycerol was added as a plasticizer in a
2.5% (v/v) and stirred for 30 min until the polymer was completely
dissolved. Finally, the dispersion was placed on acetate support and dried
at room temperature for 24 h until solvent evaporated, then went to dry
in an oven at 40 �C for an additional 24h period [27].

Thermal analyzes of CS, GO, and CS-GO films were performed using a
TA instruments 2050 thermobalance, under a continuous nitrogen gas
(90 mL/min) flow. The samples were heated up to 700 �C at a heating
rate of 10 �C/min. The sample weight was approximately 3.0 mg for each
determination.
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Biological in vitro tests (brine shrimp test and gingival fibroblasts cell
growth) were performed to probe CS-GO biocompatibility.

Biological in vivo tests were performed following the ISO 10993
standards recommendation. Subdermal implantation tests were carried
out in three stages. Three-four months old healthy male Wistar rats,
supplied and certificated by the Labbio laboratory (Bioterio) from Uni-
versidad del Valle, were used as biomodels in each step. Murine speci-
mens are universally utilized in biomaterial research due to the low cost,
size, and easy manipulation, besides being highly standardized as
biomodels.

For the tests, films of 1 cm � 0.5 cm and 2mm thickness were used.
The first step consisted of 30 days of implantation using films of CS-GO
and a collagen film as control. The second stage was performed for 60
days. CS-GO was implanted, and CS was used as a control to observe the
organism's response to the implantation. The third stage was performed
for 60 days, in which CS-GO was tested, and CS/GO (physical mixture)
was used as a control sample.

In every case, samples were implanted into the dorsal subdermal area
in defects of 1 cm large per 3 cm thickness. The preparation was closed
with a silk 4/0 suture. Samples were recovered, fixed on a formaldehyde
buffer, and washed with PBS (Phosphate buffer solution). Then, samples
were decalcified for five days with a SHANDON TBD-2 Decalcifier
(Thermo Fisher Scientific, Massachusetts, USA) and dehydrated in
alcohol solutions of ascending concentration (70%, 80%, 95%, and
100%). Finally, the samples were diaphanized with xylol and infiltrated
with paraffin for later cutting at 5 μm using a Thermo ScientificTM
Histoplast™ (Thermo Fisher Scientific, Massachusetts, USA) and an
Autotechnicon Tissue Processor™ (Leica Microsystems, Mannheim,
Germany).

Ultimately, Masson's trichromacy analysis of samples to observe
collagen type I and Gomori's trichromacy to observe Collagen type III was
performed. The hematoxylin-eosin technique was used to monitor gen-
eral tissue architecture. For analyzes, the images, a Leica DM750 mi-
croscope with a Leica DFC 295 camera and Leica Application Suite
version 4.12.0 (Leica Microsystem, Mannheim, Germany) imaging soft-
ware was used. The Universidad del Valle (Cali, Colombia) animal ethics
review committee approved this research, according to the endorsement
of ethics committee CEAS 001-016.

3. Results and discussion

GO is easily dispersed in polar solvents like DMF, leading to a loss of
the GO stacks [28], necessary to facilitate the functionalization reaction
between CS amino groups and oxygenated groups from GO. Their com-
bination is considered a promising nanocomposite in tissue engineering
[25] due to the synergistic effect between CS and GO with biological and
mechanical reinforcement [19, 29].

CS forms a semi-rigid precipitate that can be processed into multiple
forms as gels, beads, and films [30]. On the other hand, GO can improve
the mechanical properties of the biocomposite and promote the adhesion
and proliferation of osteoblasts [29]. In this way, the incorporation of GO
into the CS matrix stabilizes the compound, improving mechanical and
biological properties.

The Raman Spectrum (Figure 1) shows the characteristic bands for
GO [31]. The D band is located at 1344 cm�1, the G band at 1590cm�1,
and the 2D band at 2424 cm�1. For the CS-GO compound, the D band is
located at 1348 cm�1, the G band at 1593 cm�1, and the 2D band at 2416
cm�1. Raman analysis indicated that both materials (GO and CS-GO)
were grossly similar. According to Marcano (2010), all spectrum asso-
ciated with GO presents the D and G bands [32]. L�opez-Diaz (2017)
evidenced that those bands are activated by a single-phonon intervalley
and intravalley scattering processes [33]. Usually, the ratio between the
D and G intensity bands (ID/IG) determines the degree of functionaliza-
tion (disorder) [31] obtained. In the present case, the ID/IG was 0.845 for
GO and 0.846 for CS-GO, meaning that a high density of defects was
obtained [34]. The higher the ratio of 2D and G band (I2D/IG), the fewer



Figure 1. Raman characterization of a) CS-GO and b) GO compounds.
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layers in the material [33]. The I2D/IG of single-layer graphene is
generally above 2 [33]. The ratio obtained in the present study was 1.52
for GO and 1.51 for CS-GO, which means that both materials are
multilayer.

The FTIR spectrum of GO shown in Figure 2a exhibits a band at
1628cm�1 corresponding to C¼C skeletal vibration of the non-oxidized
graphitic domain [24]. Bands at 3230 cm�1 (O–H stretching) and
1721cm�1 (C¼O stretching) indicate carboxyl groups present in the
structure, demonstrating a successful functionalization of the graphitic
structure [35]. The band at 860 cm�1 corresponds to C¼C's presence
from the initial graphite [36], and the absorption band at 976 cm�1

corresponds to the C–O–C vibration. For CS (Figure 2b), characteristic
bands were observed [18]. The stretching band of C–H at 2905 cm�1,
1659, and 1592 cm�1 correspond to the amine I and II. The band
observed at 1400cm�1 corresponds to the C–N stretching of the amine.

Figure 2c, the CS-GO spectrum shows a band at 1663 cm�1 due to the
stretching vibration of C¼O in the amide resulting from GO carboxyl
groups (COOH), CS amine (NH2) groups overlapping with the amine I
band of CS. There is also an absorption band around 1010 and 1160
cm�1, attributed to the primary alcoholic group of C6–OH [37], accord-
ing to Hal et al. (2011) [37]. The bands obtained for CS-GO are similar to
the CS. According to Muda et al. (2020), the spectrum corresponding to
this material should have a combination of characteristics [38]. The band
Figure 2. Fourier transform infrared spectroscopy (FTIR) characterization of a)
GO, b) CS, and c) CS-GO.
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at 1587 cm�1 corresponds to -N-H bending of secondary amides after
forming the bond with GO. The last result indicates the presence of
carboxyl and amino groups supporting a new covalent functionalization
between the carboxylic acid on the GO and the amino of CS [31].
Additionally, the band corresponding to the amide group confirms bond
formation between CS and GO [39].

The 13C-NMR characterization was performed for CS (Figure 3) and
CS-GO (Figure 4) in the solid-state as both samples were insoluble in
organic solvents [40]. Full signals with some overlapping are observed,
indicating loss of crystallinity when chitin is deacetylated [41]. Figure 3
showed six well-defined carbon signals comparable to those obtained by
Alvarenga (2011) [42]. These signals were observed between the 27 and
110 ppm, indicating a high structural homogeneity [43]. The signal at
109.3 ppm corresponds to the anomeric carbon (C1), while a weak signal
at 27.9 ppm is assigned to the methyl group (C8) of the N-acetylglucos-
amine. The methylene signal (C6) is observed at 64.6 ppm, while that for
C2 is found at 62.6 ppm. Finally, two overlapped signals at 79.4 and 86.9
ppm corresponding to the resonance of C3 and C5 are observed [41].

The 13C-NMR spectrum for CS-GO (Figure 4) is remarkably similar to
the CS spectrum due to its chemical structure. Both the anomeric carbon
and the methyl groups are present. A decreased methylene signal is
observed, and the C5 band's displacement to 87.03 ppm is attributed to
the presence of GO.

CS was characterized by Gel Permeation Chromatography (GPC) and
the molecular weight (Mw) obtained was 15323 Da. CS of low molecular
weight is generally considered in a range of 50–200 kDa. [44]. After the
functionalization, CS-GO MW was measured, obtaining a figure of
329960 Da. This increase in MW can be attributed to the GO bonded to
CS chains.

TGA analysis showed that both CS and CS-GO films presented a
similar decomposition temperature. Figure 5a shows the CS thermogram,
in which two significant mass losses are observed. The first loss occurs
between 30-50 �C with a maximum at 33 �C, corresponding to water loss
absorbed by the sample and the chitosan's weak hydrogen bonds. The
second mass loss is observed between 290-396 �C with a maximum at
305 �C, where 50% of the mass is loosed. This event corresponds to the
sample decomposition due to the depolymerization process [41].

The CS-GO thermogram (Figure 5b) shows a first mass loss corre-
sponding to the water present in the sample and a second event whose
range is very close to that observed for CS, with amaximum of 299 �C due
to the chitosan depolymerization and pyranose rings decomposition by
dehydration and deamination [41]. Additionally, it was evidenced that
the CS-GO presented a lighter mass loss (~10% less loosed) than CS due
probably to the GO's presence that improves thermal resistance.

On the other hand, for GO (Figure 5c), excellent-high thermal sta-
bility is observed with a low-mass loss. A slight loss of mass is observed
before 100 �C, attributed to the evaporation of absorbed water and a
second mass loss at 179 �C due to some oxygenated functional group
decomposition. A 30% mass loss, between 150-200 �C, implies a high
content of functional oxygen groups in the GO [45]. Remarkably, GO film
was relatively stable to thermal analysis; also, it is interesting that the
decomposition temperature occurs above the body temperature, which
means that the material will be very durable for implantation.

In vitro tests were performed to analyze CS-GO biocompatibility and
cell growth. A biocompatibility test was carried out with brine shrimp
larvae cultured with CS-GO membranes. After 24, 36, and 48 h, live
larvae were counted, and cytotoxicity percentage was calculated [46].
The toxicity of CS-GO membranes was 16%. On the other hand, a cell
growth test with CS-GO membranes was carried out using gingival fi-
broblasts. After nine days, cells were counted, with a continual growth
after cell culture. Both analyzes provedmaterial biocompatibility and cell
growth potential.

After the in vitro studies, subdermal implantation studies were car-
ried out to observe the body's inflammatory response and, therefore,
material biocompatibility/degradation. This is considered as a first
approximation to determine material biocompatibility as the skin is rich



Figure 3. The solid-state 13C-NMR characterization of CS.

Figure 4. The solid-state 13C-NMR characterization of CS-GO.
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in inflammatory cells and has been used before to evaluate biomaterials
[47, 48].

Histology results of implantation after 30 days are shown in Figure 6.
Hair recovery and healthy skin are apparent for the biomodels. According
to Sarah Al-Maawi et al. (2019), ideal cicatrization results after a surgical
process with tissue recovering normal homeostasis conditions are present
before surgery [49]. Implantation zone (IZ) after trichotomy is shown in
Figure 6B, where dry skin, normal appearance, and presence of stitches
indicate a normal cicatrization process with the absence of the necrotic
zone. In Figure 6c, corresponding to a subdermal tissue, it is visible that
implanted material (CS-GO) is included in the tissue and surrounded by a
very transparent soft skin layer, which means that the material was
successfully encapsulated with a normal cicatrization process [50].

Samples recovered from the implantation were processed by Hema-
toxylin and Eosin (HE) and Gomori trichrome (GT) techniques for
4

histology studies. Figure 7 shows the collagen (control) images by both
methods at 4�. Complete reabsorption of the control material
(Figure 7A) can be observed with some persistence of experimental
material CS-GO (Figure 7B) in the IZ. In both cases, recovery of the tissue
architecture is found with the presence of continuous areas of the
epidermis (E), dermis (D), and hypodermis (H).

Figure 8A shows the Gomori's trichrome technique tissue images with
experimental material CS-GO at higher magnification (40�). The mate-
rial is surrounded by a fibrous capsule (FC) with large blood vessels (BV).
Figure 8B shows blood vessels in the middle of the material and the
presence of macrophages (Mf) and histiocytes (H), which are the cells
responsible for engulfing the implanted material. The previous obser-
vation means that a normal tissue cicatrization process is taking place for
the implanted materials. According to Anderson (2008), granulation
tissue is persistent in the implantation zone characterized by



Figure 5. Thermogravimetric analysis of a) CS, b) CS-GO, and c) GO.

Figure 6. Macroscopic appearance of the implanted area in Wistar rat after 30 days of implantation. A. Macroscopically appearance of the skin. B. External surface of
the skin. C. Internal surface of the skin. IZ: Implantation Zone. CS-GO: Chitosan-Graphene Oxide membrane.

Figure 7. Microscopic images at 4� of CS-GO: Chitosan-Graphene Oxide. A.
Hematoxylin-Eosin Technique. B. Gomori trichrome technique. IZ: Implantation
Zone. E: Epidermis. D: Dermis. H: Hypodermis. M: Muscle.
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macrophages with osteoblast and blood vessels [48], very similar at 30
days of implantation after passing the acute and chronic inflammation.

Both implanted films showed partial resorption. However, CS films
(Figure 9A) showed a severe inflammatory response by Masson's tri-
chrome technique. Meanwhile, CS-GO films (Figure 9B) showed a partial
fragmentation surrounded by a fibrous capsule constituted by collagen
type I, with an abundance of inflammatory cells infiltrates and a degra-
dation/reabsorption process.
5

Remarkably attractive, both materials showed a fibrous capsule,
which is typical in biocompatible materials; however, the CS membrane
presented more significant inflammation in the implantation area.

After 60 days of implantation, tissue was completely scarred with a
normal healthy macroscopic appearance for CS and CS-GO films.
Microscopically, there was healthy tissue recuperation with the presence
of an implantation zone containing the material in different states of
degradation/reabsorption and surrounded by a fibrous capsule consti-
tuted by collagen type I and inflammatory infiltrate.

On the other hand, to analyze the biocompatibility after chemical
functionalization of GO with CS as compared to the CS/GO physical
mixture, histological studies with both samples were studied by Masson's
trichrome technique at 4� (CS-GO, Figure 10A, and physical combina-
tion, CS/GO, Figure 10B). The implanted material corresponding to the
functionalized sample presents more significant fragmentation and
reabsorption than the physical mixture sample (Figure 10B). The previ-
ous result confirmed that the CS-GO showed better biological perfor-
mance with a low inflammatory response and higher reabsorption than
CS/GO under the same implantation conditions.

Figure 11 corresponds to Masson's trichrome technique analysis of
CS-GO and CS/GO films at higher magnification (10�). It is evidenced
how the functionalized sample is fragmented, and each portion has been



Figure 8. Gomori's trichrome technique images of CS-GO film implanted at 30 days. A. At 40�. B. At 100�. BV: Blood vessels. FC: Fibrous capsule. CS-GO: Chitosan-
Graphene Oxide. RB: Red blood cells. Mf: Macrophages. H: Histiocytes.

Figure 9. Masson's trichrome technique images at 10� of CS and CS-GO films
implanted at 30 days. A. CS films B. CS-GO films. IZ: Implantation Zone. FC:
Fibrous capsule. CS-GO: CS-GO membrane. CS: Chitosan film.

Figure 10. Masson's trichrome technique images at 4� of CS-GO and CS/GO films im
Fibrous capsule. CS-GO: Chitosan-Graphene Oxide. CS/GO: Chitosan/Graphene Oxid

Figure 11. Masson's trichrome technique images at 10� of CS-GO and CS/GO films im
Functionalized Chitosan-Graphene Oxide. CS/GO: Chitosan/Graphene Oxide physica

A.M. Valencia et al. Heliyon 7 (2021) e07058
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surrounded by an individual capsule composed of collagen type I. In
contrast, the physical mixture (CS/GO) exhibited a lower absorption of
the material.

Figure 12 corresponds to Masson's trichrome technique analysis of
CS-GO and CS/GO films at 40�. The implanted zones with blood vessels
necessary for the degradation/reabsorption process of implanted mate-
rials and cicatrization are evident. The presence of blood vessels is
needed to transport inflammatory cells responsible for engulfing dead
tissue, rests of implanted material, and to transport growth and chemo-
tactic factors for the proliferation of repairing cells (fibroblasts) [51, 52].

All cicatrization stages are regulated by growth factors like the
epidermal growth factor (EGF), which stimulates the cicatrization by
numerous angiogenesis mechanisms [53]. In this research, multiple
planted at 60 days. A. CS-GO films. B. CS/GO films. IZ: Implantation zone. FC:
e physical mixture.

planted at 60 days. A. CS-GO films. B. CS/GO films. FC: Fibrous Capsule. CS-GO:
l mixture. Stars: CS-GO fragments in the process of degradation/reabsorption.



Figure 12. Masson's Trichrome Technique images at 40� of CS-GO and CS/GO films implanted at 60 days. A. CS-GO films. B. CS/GO films. BV: Blood vessel. CS-GO:
Chitosan-Graphene Oxide covalently functionalized. CS/GO: Chitosan/Graphene Oxide Physical Mixture.
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blood vessels in the surgical preparation zone promote a cicatrization
process.

The role of blood vessels in tissue cicatrization is associated with the
maintaining of the temporal matrix that is formed in each cicatrization
process stage and provides the necessary support to cells responsible for
creating the new tissue by giving nutrients and oxygen [53].

The cicatrization process is activated when is necessary to repair a
wound, whereby the successive stages of inflammation, proliferation,
and reparation are developed, followed by the formation of a scar and the
tissue's recovery. However, the implantation of material produces a new
situation altering the development of the stages due to the body's need to
reabsorb the material by phagocytosis. In this process, the material is
surrounded by a fibrous capsule [54].

A biocompatible material is expected to be surrounded by the capsule.
If biodegradable, it will be resorbed, which means that the biodegrada-
tion/phagocytosis process will co-occur within a cycle with tissue
recovering similar to the previous architecture before the surgical pro-
cedure lesion [49].

The present results in our research indicate that the CS-GO films
might be applied in tissue engineering due to the low inflammation
produced (CS and CS/GO), an essential requisite to avoid immune
aggressive responses and infections.

4. Conclusions

FTIR and 13C-NMR successfully demonstrated the covalent function-
alization of GO with CS through an amide group formation reaction that
was characterized by the presence of bands around 1600 cm�1 in the
FTIR analysis, bands located in 1348 cm�1 (D band), 1593 cm�1 (G
band), and 2416 cm�1 (2D band) on RAMAN, and the displacement of
the signal at 87.03 ppm (C5) in solid-state 13C-NMR. Films with the
chitosan functionalized graphene oxide (CS-GO) were prepared and
characterized by thermogravimetric analysis (TGA), where CS-GO film
presented a 10% loss mass lower than CS, indicating that covalent
functionalization with GO provided thermal resistance to the films.
Subdermal implantation of CS and CS-GO films determined that covalent
functionalization of GO with CS was fundamental to decrease the in-
flammatory response, as evidenced by the histological results. Better
interaction with the amide groups and body fluids is probably the cause
of a lower inflammatory response. Histological studies showed that CS
and GO's covalent bond improved the physical and biological properties,
enabling higher compatibility and faster reabsorption/degradation. The
results of this investigation contributed to exhibit how the functionali-
zation of CS-GO decreased the inflammatory response that our group has
observed in previous research in which a physical mixture (CS/GO) was
used. A limitation of this research is that a study performed in biomodels
is not 100% transferable to human beings. For this reason, additional
studies in different biomodels are required to have the authorization to
continue with in-vivo studies in human beings.
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[53] S.M. Sari Kiliçaslan, Ş. Coşkun Cevher, E.G. Güleç Peker, Ultrastructural changes in
blood vessels in epidermal growth factor treated experimental cutaneous wound
model, Pathol. Res. Pract. 209 (11) (2013) 710–715.

[54] M.R. Major, V.W. Wong, E.R. Nelson, M.T. Longaker, G.C. Gurtner, The foreign
body response: at the interface of surgery and bioengineering, Plast. Reconstr. Surg.
135 (5) (2015) 1489–1498.

http://refhub.elsevier.com/S2405-8440(21)01161-0/sref10
http://refhub.elsevier.com/S2405-8440(21)01161-0/sref10
http://refhub.elsevier.com/S2405-8440(21)01161-0/sref10
http://refhub.elsevier.com/S2405-8440(21)01161-0/sref10
http://refhub.elsevier.com/S2405-8440(21)01161-0/sref11
http://refhub.elsevier.com/S2405-8440(21)01161-0/sref11
http://refhub.elsevier.com/S2405-8440(21)01161-0/sref11
http://refhub.elsevier.com/S2405-8440(21)01161-0/sref12
http://refhub.elsevier.com/S2405-8440(21)01161-0/sref12
http://refhub.elsevier.com/S2405-8440(21)01161-0/sref12
http://refhub.elsevier.com/S2405-8440(21)01161-0/sref12
http://refhub.elsevier.com/S2405-8440(21)01161-0/sref12
http://refhub.elsevier.com/S2405-8440(21)01161-0/sref12
http://refhub.elsevier.com/S2405-8440(21)01161-0/sref13
http://refhub.elsevier.com/S2405-8440(21)01161-0/sref13
http://refhub.elsevier.com/S2405-8440(21)01161-0/sref13
http://refhub.elsevier.com/S2405-8440(21)01161-0/sref13
http://refhub.elsevier.com/S2405-8440(21)01161-0/sref14
http://refhub.elsevier.com/S2405-8440(21)01161-0/sref14
http://refhub.elsevier.com/S2405-8440(21)01161-0/sref14
http://refhub.elsevier.com/S2405-8440(21)01161-0/sref15
http://refhub.elsevier.com/S2405-8440(21)01161-0/sref15
http://refhub.elsevier.com/S2405-8440(21)01161-0/sref15
http://refhub.elsevier.com/S2405-8440(21)01161-0/sref15
http://refhub.elsevier.com/S2405-8440(21)01161-0/sref15
http://refhub.elsevier.com/S2405-8440(21)01161-0/sref16
http://refhub.elsevier.com/S2405-8440(21)01161-0/sref16
http://refhub.elsevier.com/S2405-8440(21)01161-0/sref17
http://refhub.elsevier.com/S2405-8440(21)01161-0/sref17
http://refhub.elsevier.com/S2405-8440(21)01161-0/sref17
http://refhub.elsevier.com/S2405-8440(21)01161-0/sref18
http://refhub.elsevier.com/S2405-8440(21)01161-0/sref18
http://refhub.elsevier.com/S2405-8440(21)01161-0/sref18
http://refhub.elsevier.com/S2405-8440(21)01161-0/sref18
http://refhub.elsevier.com/S2405-8440(21)01161-0/sref19
http://refhub.elsevier.com/S2405-8440(21)01161-0/sref19
http://refhub.elsevier.com/S2405-8440(21)01161-0/sref19
http://refhub.elsevier.com/S2405-8440(21)01161-0/sref19
http://refhub.elsevier.com/S2405-8440(21)01161-0/sref20
http://refhub.elsevier.com/S2405-8440(21)01161-0/sref20
http://refhub.elsevier.com/S2405-8440(21)01161-0/sref20
http://refhub.elsevier.com/S2405-8440(21)01161-0/sref20
http://refhub.elsevier.com/S2405-8440(21)01161-0/sref20
http://refhub.elsevier.com/S2405-8440(21)01161-0/sref21
http://refhub.elsevier.com/S2405-8440(21)01161-0/sref21
http://refhub.elsevier.com/S2405-8440(21)01161-0/sref21
http://refhub.elsevier.com/S2405-8440(21)01161-0/sref22
http://refhub.elsevier.com/S2405-8440(21)01161-0/sref22
http://refhub.elsevier.com/S2405-8440(21)01161-0/sref22
http://refhub.elsevier.com/S2405-8440(21)01161-0/sref22
http://refhub.elsevier.com/S2405-8440(21)01161-0/sref22
http://refhub.elsevier.com/S2405-8440(21)01161-0/sref23
http://refhub.elsevier.com/S2405-8440(21)01161-0/sref23
http://refhub.elsevier.com/S2405-8440(21)01161-0/sref23
http://refhub.elsevier.com/S2405-8440(21)01161-0/sref24
http://refhub.elsevier.com/S2405-8440(21)01161-0/sref24
http://refhub.elsevier.com/S2405-8440(21)01161-0/sref24
http://refhub.elsevier.com/S2405-8440(21)01161-0/sref24
http://refhub.elsevier.com/S2405-8440(21)01161-0/sref25
http://refhub.elsevier.com/S2405-8440(21)01161-0/sref25
http://refhub.elsevier.com/S2405-8440(21)01161-0/sref25
http://refhub.elsevier.com/S2405-8440(21)01161-0/sref26
http://refhub.elsevier.com/S2405-8440(21)01161-0/sref26
http://refhub.elsevier.com/S2405-8440(21)01161-0/sref26
http://refhub.elsevier.com/S2405-8440(21)01161-0/sref27
http://refhub.elsevier.com/S2405-8440(21)01161-0/sref27
http://refhub.elsevier.com/S2405-8440(21)01161-0/sref27
http://refhub.elsevier.com/S2405-8440(21)01161-0/sref27
http://refhub.elsevier.com/S2405-8440(21)01161-0/sref28
http://refhub.elsevier.com/S2405-8440(21)01161-0/sref28
http://refhub.elsevier.com/S2405-8440(21)01161-0/sref28
http://refhub.elsevier.com/S2405-8440(21)01161-0/sref28
http://refhub.elsevier.com/S2405-8440(21)01161-0/sref28
http://refhub.elsevier.com/S2405-8440(21)01161-0/sref29
http://refhub.elsevier.com/S2405-8440(21)01161-0/sref29
http://refhub.elsevier.com/S2405-8440(21)01161-0/sref29
http://refhub.elsevier.com/S2405-8440(21)01161-0/sref29
http://refhub.elsevier.com/S2405-8440(21)01161-0/sref30
http://refhub.elsevier.com/S2405-8440(21)01161-0/sref30
http://refhub.elsevier.com/S2405-8440(21)01161-0/sref30
http://refhub.elsevier.com/S2405-8440(21)01161-0/sref30
http://refhub.elsevier.com/S2405-8440(21)01161-0/sref30
http://refhub.elsevier.com/S2405-8440(21)01161-0/sref31
http://refhub.elsevier.com/S2405-8440(21)01161-0/sref31
http://refhub.elsevier.com/S2405-8440(21)01161-0/sref31
http://refhub.elsevier.com/S2405-8440(21)01161-0/sref31
http://refhub.elsevier.com/S2405-8440(21)01161-0/sref31
http://refhub.elsevier.com/S2405-8440(21)01161-0/sref31
http://refhub.elsevier.com/S2405-8440(21)01161-0/sref31
http://refhub.elsevier.com/S2405-8440(21)01161-0/sref31
http://refhub.elsevier.com/S2405-8440(21)01161-0/sref32
http://refhub.elsevier.com/S2405-8440(21)01161-0/sref32
http://refhub.elsevier.com/S2405-8440(21)01161-0/sref32
http://refhub.elsevier.com/S2405-8440(21)01161-0/sref32
http://refhub.elsevier.com/S2405-8440(21)01161-0/sref33
http://refhub.elsevier.com/S2405-8440(21)01161-0/sref33
http://refhub.elsevier.com/S2405-8440(21)01161-0/sref33
http://refhub.elsevier.com/S2405-8440(21)01161-0/sref33
http://refhub.elsevier.com/S2405-8440(21)01161-0/sref33
http://refhub.elsevier.com/S2405-8440(21)01161-0/sref33
http://refhub.elsevier.com/S2405-8440(21)01161-0/sref33
http://refhub.elsevier.com/S2405-8440(21)01161-0/sref34
http://refhub.elsevier.com/S2405-8440(21)01161-0/sref34
http://refhub.elsevier.com/S2405-8440(21)01161-0/sref35
http://refhub.elsevier.com/S2405-8440(21)01161-0/sref35
http://refhub.elsevier.com/S2405-8440(21)01161-0/sref35
http://refhub.elsevier.com/S2405-8440(21)01161-0/sref36
http://refhub.elsevier.com/S2405-8440(21)01161-0/sref36
http://refhub.elsevier.com/S2405-8440(21)01161-0/sref36
http://refhub.elsevier.com/S2405-8440(21)01161-0/sref37
http://refhub.elsevier.com/S2405-8440(21)01161-0/sref37
http://refhub.elsevier.com/S2405-8440(21)01161-0/sref37
http://refhub.elsevier.com/S2405-8440(21)01161-0/sref37
http://refhub.elsevier.com/S2405-8440(21)01161-0/sref38
http://refhub.elsevier.com/S2405-8440(21)01161-0/sref38
http://refhub.elsevier.com/S2405-8440(21)01161-0/sref38
http://refhub.elsevier.com/S2405-8440(21)01161-0/sref39
http://refhub.elsevier.com/S2405-8440(21)01161-0/sref39
http://refhub.elsevier.com/S2405-8440(21)01161-0/sref39
http://refhub.elsevier.com/S2405-8440(21)01161-0/sref39
http://refhub.elsevier.com/S2405-8440(21)01161-0/sref39
http://refhub.elsevier.com/S2405-8440(21)01161-0/sref40
http://refhub.elsevier.com/S2405-8440(21)01161-0/sref40
http://refhub.elsevier.com/S2405-8440(21)01161-0/sref40
http://refhub.elsevier.com/S2405-8440(21)01161-0/sref41
http://refhub.elsevier.com/S2405-8440(21)01161-0/sref41
http://refhub.elsevier.com/S2405-8440(21)01161-0/sref41
http://refhub.elsevier.com/S2405-8440(21)01161-0/sref41
http://refhub.elsevier.com/S2405-8440(21)01161-0/sref41
http://refhub.elsevier.com/S2405-8440(21)01161-0/sref41
http://refhub.elsevier.com/S2405-8440(21)01161-0/sref41
http://refhub.elsevier.com/S2405-8440(21)01161-0/sref42
http://refhub.elsevier.com/S2405-8440(21)01161-0/sref42
http://refhub.elsevier.com/S2405-8440(21)01161-0/sref42
http://refhub.elsevier.com/S2405-8440(21)01161-0/sref43
http://refhub.elsevier.com/S2405-8440(21)01161-0/sref43
http://refhub.elsevier.com/S2405-8440(21)01161-0/sref43
http://refhub.elsevier.com/S2405-8440(21)01161-0/sref43
http://refhub.elsevier.com/S2405-8440(21)01161-0/sref44
http://refhub.elsevier.com/S2405-8440(21)01161-0/sref44
http://refhub.elsevier.com/S2405-8440(21)01161-0/sref44
http://refhub.elsevier.com/S2405-8440(21)01161-0/sref44
http://refhub.elsevier.com/S2405-8440(21)01161-0/sref44
http://refhub.elsevier.com/S2405-8440(21)01161-0/sref45
http://refhub.elsevier.com/S2405-8440(21)01161-0/sref45
http://refhub.elsevier.com/S2405-8440(21)01161-0/sref46
http://refhub.elsevier.com/S2405-8440(21)01161-0/sref46
http://refhub.elsevier.com/S2405-8440(21)01161-0/sref46
http://refhub.elsevier.com/S2405-8440(21)01161-0/sref46
http://refhub.elsevier.com/S2405-8440(21)01161-0/sref46
http://refhub.elsevier.com/S2405-8440(21)01161-0/sref46
http://refhub.elsevier.com/S2405-8440(21)01161-0/sref46
http://refhub.elsevier.com/S2405-8440(21)01161-0/sref47
http://refhub.elsevier.com/S2405-8440(21)01161-0/sref47
http://refhub.elsevier.com/S2405-8440(21)01161-0/sref47
http://refhub.elsevier.com/S2405-8440(21)01161-0/sref47
http://refhub.elsevier.com/S2405-8440(21)01161-0/sref48
http://refhub.elsevier.com/S2405-8440(21)01161-0/sref48
http://refhub.elsevier.com/S2405-8440(21)01161-0/sref48
http://refhub.elsevier.com/S2405-8440(21)01161-0/sref48
http://refhub.elsevier.com/S2405-8440(21)01161-0/sref49
http://refhub.elsevier.com/S2405-8440(21)01161-0/sref49
http://refhub.elsevier.com/S2405-8440(21)01161-0/sref49
http://refhub.elsevier.com/S2405-8440(21)01161-0/sref49
http://refhub.elsevier.com/S2405-8440(21)01161-0/sref49
http://refhub.elsevier.com/S2405-8440(21)01161-0/sref50
http://refhub.elsevier.com/S2405-8440(21)01161-0/sref50
http://refhub.elsevier.com/S2405-8440(21)01161-0/sref50
http://refhub.elsevier.com/S2405-8440(21)01161-0/sref51
http://refhub.elsevier.com/S2405-8440(21)01161-0/sref51
http://refhub.elsevier.com/S2405-8440(21)01161-0/sref51
http://refhub.elsevier.com/S2405-8440(21)01161-0/sref51
http://refhub.elsevier.com/S2405-8440(21)01161-0/sref52
http://refhub.elsevier.com/S2405-8440(21)01161-0/sref52
http://refhub.elsevier.com/S2405-8440(21)01161-0/sref52
http://refhub.elsevier.com/S2405-8440(21)01161-0/sref53
http://refhub.elsevier.com/S2405-8440(21)01161-0/sref53
http://refhub.elsevier.com/S2405-8440(21)01161-0/sref53
http://refhub.elsevier.com/S2405-8440(21)01161-0/sref53
http://refhub.elsevier.com/S2405-8440(21)01161-0/sref53
http://refhub.elsevier.com/S2405-8440(21)01161-0/sref53
http://refhub.elsevier.com/S2405-8440(21)01161-0/sref54
http://refhub.elsevier.com/S2405-8440(21)01161-0/sref54
http://refhub.elsevier.com/S2405-8440(21)01161-0/sref54
http://refhub.elsevier.com/S2405-8440(21)01161-0/sref54

	Synthesis and fabrication of films including graphene oxide functionalized with chitosan for regenerative medicine applications
	1. Introduction
	2. Materials and methods
	3. Results and discussion
	4. Conclusions
	Declarations
	Author contribution statement
	Funding statement
	Data availability statement
	Declaration of interests statement
	Additional information

	References


