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Abstract

The first part of the paper concerns synthesis
and characterization of two types of nanomaterials:
graphene oxide (GO) prepared by modified Marcano
method and reduced graphene oxide (rGO) synthe-
sized using green reductant, L-ascorbic acid. Their
structural properties were investigated by attenuated
total reflection Fourier-transform infrared spectrosco-
py (ATR-FTIR) and X-ray diffraction (XRD). Results
confirmed that L-ascorbic acid is an effective reducing
agent. Intensity of the oxygen-groups decreased
dramatically what resulted in reduction of the GO
interlayer spacing from 0.8 nm to 0.4 nm. The se-
cond part of the research was concentrated on the
properties of chitosan nanocomposites modified with
GO and rGO. Films were prepared by mixing of the
chitosan solution with the nanoparticles dispersion.
Scanning electron microscopy (SEM) was used to in-
vestigate the microstructure of the composites surface.
In addition, wettability and pore size of the freeze-dried
scaffolds were evaluated. Results of the mechanical
tests (increase in Young’s modulus) and structural cha-
racterization confirmed that chitosan solution and GO
dispersion can be mixed homogeneously. Reduction
of GO during composite synthesis resulted in better
dispersion of the nanosheets what increased surface
roughness, wettability and stability in distilled water,
PBS and Ringer’s solution compared to composite
with GO. After detailed biological examination, rGO-
-modified nanocomposites can be potentially applied
in tissue engineering.
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Introduction

The suitability of a material for tissue engineering is de-
termined by many factors. Tissue scaffolds have to generate
proper chemical and physical signals to be potentially able to
transport bioactive molecules and stimulate tissue regenera-
tion. For this reason, researchers are increasingly investigat-
ing materials with novel properties. Significant increase in
number of studies on graphene and its derivatives has been
observed in recent years. Because of its unique properties
graphene is a material with great application potential in
biomedical field like tissue engineering [1], bioimaging [2],
biosensor [3] and drug delivery [4].

Graphene is a monolayer of carbon atoms with sp? hy-
bridization. Each atom has three o-bond and one delocal-
ized 11-bond thanks to which it connects with three other
atoms and creates honeycomb lattice [5]. Two-dimensional
(2D) single layer of carbon, thanks to atomic structure and
remarkable electron mobility, possesses great mechanical
properties [6], high electrical [7] and thermal conductivity [8],
large surface area, and chemical stability [9].

In practice, graphene is defined as a mono-, bi- or
multi-layer of sheets. Above the number of ten sheets its
properties change rapidly and material behaves more like
graphite [10]. Graphene oxide is a one of graphene deriva-
tives, obtained by chemical oxidation. The structure of GO
consists of graphene layer with functional groups attached
to the surface [11]. Number and type of oxygen groups like
hydroxyl, epoxide and carboxyl groups determine the prop-
erties of graphene oxide [12]. Thanks to its reactive groups,
GO can interact with polymer matrix and form stable colloidal
emulsion in polar solvents [11,13]. It has been reported that
GO promotes proliferation of various types of cells [1,14]
and exhibits antibacterial activity [15]. The most common
way of GO preparation is Hummers method [16] and its
modifications. Graphite flakes are oxidized using NaNO, and
KMNO, dissolved in concentrated H,SO,. Hummers method
was improved by Marcano [17]. In the modified procedure,
NaNO, was eliminated and mixture of H,SO, and H,PO,
was introduced. This allowed to synthesize more oxidized
and hydrophilic GO and eliminate production of toxic gases
(NO,, N,O,).

Reduced graphene oxide (rGO) can be synthesized
by chemical, thermal or UV exposure reduction of GO.
GO and rGO have different chemical and physical properties
[18], rGO is less stable in solution [19] and shows electrical
conductivity [20]. It was also reported that GO and rGO af-
fect the cells in different ways [21,22]. Most common rGO
synthesis method is chemical reduction of GO sheets using
hydrazine (N,H,) [23]. However, hydrazine is highly toxic [24]
and not suitable for biomedical applications. L-ascorbic acid
is nontoxic and effectively reduces GO, hence it can be an
alternative reducing agent to hydrazine [25,26].

Recently, modification of polymer matrix with GO and
rGO becomes more and more popular due to their favorable
mechanical properties, biocompatibility and the fact that
both those nandfillers can potentially provide novel proper-
ties to the scaffold for tissue engineering. Chitosan is one
of naturally occurring polymers with great biocompatibility
[27] and biodegradability [28]. However, its applications
are limited by low mechanical properties and necessity of
cross-linking with e.g. chemical agents. It was reported that
graphene derivatives like GO and rGO have positive influ-
ence on chitosan physical [29] and biological [13] proper-
ties, as well as degradation behaviour [30]. In this work we
present simple and green method of GO synthesis (modified
Marcano method) and reduction with L-ascorbic acid. Next
we investigated the relation between type and content of
nanoparticles and the morphology, structure, mechanical
properties and degradation behavior of the chitosan-based
composite films.

Materials and Methods

Materials

High molecular weight chitosan (M = 600 000 — 800 000
g/mol) with 90% deacetylated was purchased from Acros
Organics, USA. Concentrated acetic acid and L-ascorbic
acid were purchased from Avantor Performance Materi-
als Poland S.A. Hydroxyapatite (HA) was purchased from
Chema-Elektromet, Poland.
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Graphene Oxide (GO) was prepared in the Institute of

® ® o o o o o Ejectronic Materials Technology (ITME), Poland by modified

Marcano method, as described previously in [31]. Briefly, oxi-
dation of graphite was carried out by mixing graphite flakes
with oxidant agent, potassium permanganate (KMnQ,) in
the presence of sulfuric acid (H,SO,) and phosphoric acid
(H;PO,). The mixture was kept for 4 hours under vigorous
stirring. Next, perhydrol was added. Then the mixture was
cooled down and washed with hydrochloric acid (HCI) aque-
ous solution and distilled water. Material was mechanically
exfoliated to obtain flakes as thin as possible. The suspen-
sion was freeze-dried.

GO reduction was performed in the water solution of
L-ascorbic acid (L-AA) and sodium hydroxide (NaOH).
In typical experiment 300 mg of L-AA was added to
300 ml aqueous suspension of GO (0.01 mg/ml). Next,
NaOH solution (1M) was dripped to adjust the pH to 9-10.
In alkaline conditions GO sheets exhibit the best colloidal
stability thanks to the electrostatic repulsion forces. The
whole system was sonicated for 1 h, heated to 70°C and
kept under vigorous stirring for 2 h. After the reduction, the
material was centrifuged and washed with distilled water
until the pH was neutral, followed by freeze-drying.

The chitosan/GO composite films were prepared by
solution casting method. Known amount of chitosan was
dissolved in 5% acetic acid solution and stirred overnight
using magnetic stirrer, in ambient conditions. GO flakes
were dispersed in 10 ml distilled water and homogenized
in ultrasonic bath for 3 h. Next, GO dispersion was gradu-
ally added to the chitosan solution, followed by stirring and
sonication. The mass content of GO was: 0, 0.5, 1.0, 1.5, 2.0
and 3.0%. Finally solutions were casted onto Teflon dishes
and left at room temperature for 96 h. The composite with
1.5% (w/w) rGO content was prepared by adding appropri-
ate amount of the previously prepared rGO to the chitosan
solution. Also, chitosan/rGO/hydroxyapatite (HA) (6.0% w/w)
composites were fabricated.

Methods

Morphology analysis

Microstructure of the composites was characterized by
scanning electron microscopy (SEM) (Nova NanoSEM
200). To measure the pore diameter, the composites were
freeze-dried and then cut into thin slices with a scalpel.
As prepared porous samples were mounted onto holder and
coated with conductive carbon layer

Mechanical properties

Tensile test of the composite films was performed on
universal mechanical tester (Zwick 1435). The samples were
cut into strips with a dimension of 5 mm x 30 mm; testing
speed was 1 mm/min.

Wettability

The contact angle of composite films was measured by
sessile drop method (Kriss Drop Shape Analyzer). Ten
drops of deionized water were tested for each samples and
the average value was calculated.

In vitro degradation

In vitro degradation test of the composites was carried
out in distilled water, phosphate buffered saline (PBS),
and Ringer’s solution. The samples were incubated for
2 months, at 37°C.

Results and Discussions

Characterization of GO and rGO powders

GO, synthesized by oxidation and exfoliation of graphite
flakes by modified Marcano method was characterized by
ATR and XRD. The FTIR-ATR spectra of GO presented in
FIG. 1 shows five main peaks which can be assigned to: O-H
groups (3404 cm), C=0 stretching vibrations of carboxylic
groups (1738 cm), C=C stretching of the sp? network (1662
cm™), C-O groups in C-OH (1370 cm™), C-O stretching vi-
bration of C-O-C (1113 cm™). In the case of rGO, intensity
of the peaks decreased dramatically. It confirmed that the
oxygen groups can be removed in reduction process using
L-ascorbic acid. X-ray diffraction pattern (FIG. 2) of GO
shows sharp peak at 11.51° (peak is marked with a black
square; rest of the peaks in the pattern come from excipient
used for XRD analysis), which completely disappeared after
GO reduction and a new wide peak showed up at 22.83".

The interlayer spacing of the GO powder at ~0.77 nm
decreased to ~0.39 nm what is the effect of removing oxy-
gen functional groups. During the reduction, the functional
groups are removed from the graphene sheets by reacting
with the hydrogen atoms from the L-ascorbic acid, and wa-
ter is produced. Nucleophilic attack and thermal reduction
restore C=C bonds. Alkaline conditions ensure electrostatic
repulsion of graphene sheets, which hinders -1 stacking
between sheets and prevents agglomeration [26].

prior to SEM analysis.

Structural analysis

The structural properties of the
nanoparticles and composite films
were investigated by X-ray diffrac-
tion (XRD) using X'Pert Pro diffrac-
tometer with Cu Ka X-ray sources
(A = 1.5406 A) and attenuated total
reflection Fourier-transform infra-
red spectroscopy (ATR-FTIR) using
Bruker Tensor 27 equipment.

b)

Absorbance [a.u.]
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FIG. 1. ATR spectra of: a) GO, b) rGO.
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Characterization of the nanocomposites
Chitosan films containing 0.5%, 1.0%, 1.5%, 2.0% and © e e @ ® @ @
3.0% of GO were prepared by mixing dispersion of the nano-
fillers with the polymer solution. Nanocomposites with 1.5%
i of rGO and 6.0% of HA were also fabricated. Interaction be-
tween matrix and fillers, dispersion of graphene derivatives
. and chitosan crystallinity were analyzed by SEM and XRD.
XRD patterns of chitosan films modified with GO are
shown in FIG. 3. Broad peak at 20 is referred to the amor-
phous structure of pristine chitosan. Weak diffraction peak
for the nanocomposites with 1.5%, 2.0% and 3.0% GO
can be also seen at 8" and corresponds to the crystalline
phase formed as a result of graphene oxide addition. Due
3 i to the low content of the nanofiller and good dispersion in
b) ( the matrix, peaks characteristic for GO are not detected in
L - ity J‘-f“"“‘“‘*f‘-‘*—r’*‘“—w the composites. The degree of chitosan crystallinity can be
O 10 20 3 40 50 B0 70 81 90 . .
2 theta [deg] calculated on the basis of the peak area according to the
formula:

Intensity [a.u.]

FIG. 2. X-ray diffraction of: a) GO, b) rGO. X, = . (1)

Where | is an area of peak corresponding to the crystal-

line structure and |, is a peak area of amorphous phase.
The crystallinity degree of the nanocomposites was 2.5%,
4.6%, 4.3% and 8.6% for chitosan with 1.0%, 1.5%, 2.0%
and 3.0% of GO, respectively. The structure of the pure
chitosan and the nanocomposites with 0.5%, 1.0% of GO
content was amorphous. The presence of GO in the casted
chitosan solution promoted the crystallization process by
a nucleation effect.

- 1 Nanocomposites with rGO were prepared with the
] simultaneous reduction of graphene oxide under alkaline
e) conditions that caused electrostatic repulsion of the GO
r /’m"\ 1 sheets. The volume fraction of the exfoliated, individual

) // \ rGO sheets dispersed in the polymer matrix were higher

M.‘MM’ than GO, despite the same mass content, and caused the

u 1 self-organization of the composite (FIG. 4). XRD patterns of

©) g M"“’\\.__ the film with rGO present very weak, broad peaks (FIG. 3).

1 Reduction of GO increased the surface area and volume of

Lb) A/‘/“““‘t\\ the nanofiller in the matrix. Chitosan chains attached to the
o o~ surface of the rGO sheets due to the physical interaction.

1 SEM analysis of the surface morphology clearly showed

differences between composites with GO and rGO (FIG. 5)«

Surface of the pristine chitosan was homogeneous and

5 10 15 20 25 smooth (FIG. 5a). In the case of the films with GO, the
2 theta [deq] surface roughness increased with the mass content of the

510 15 20 25

Intensity [a.u.]

filler (FIG. 5b, c, d). However, the surfaces were still quite

FIG. 3. X-ray diffraction patterns of chitosan: smooth, which was due to the low content of GO and low

: 59 , ) 1.0° , 1.59 , exfoliation of GO sheets. On the other hand, surfaces of
:; Pt ggg%eoc: ) e L B L) the films with rGO were rough and a lot of rGO sheets
and 6% HA. : were visible (FIG. 5e). As shown in FIG. 5f, homogenously

dispersed HA particles, densely planted surface of the film,
further increasing roughness what can potentially improve

cells adhesion.
Samples after freeze-drying were cut into slices to

GO GO analyze the shape and pore size under SEM as shown in
FIG. 6. The pore diameter of pristine chitosan was in the L (D
range of 100-150 uym. The pores formed a dense network @] 1
of interconnected channels. Introduction of GO reduced the
pore diameter but did not affect their shape. Pore walls re- <
mained thin and smooth (FIG. 6a, b). Significant differences O =—
are seen for the samples with rGO. Pores are bigger, with s D:
diameter around 200 pm (FIG. 6.c, e) and their walls are — LlJ

thick and rough (FIG. 6d, f). During the manufacture of the

n'd
composites with the simultaneous reduction of GO, chitosan L I—

FIG. 4. Schematic representation of behaviour of chains attached to the exfoliated rGO sheets, connecting
GO and exfoliated rGO sheets in polymer matrix. them together and forming thick wall with rough surface. L
=z
(D >
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TABLE 1. Properties of chitosan and nanocomposites modified with GO, rGO and HA (mean * SD).

Sample Average pore diameter [um] Contact angle [deg] Young’s modulus [MPa]
Chitosan 117 + 34 110 + 22 2035 + 156
Chitosan/0.5% GO 86 + 22 106 + 2 1851 + 213
Chitosan/1.0% GO 68 + 16 91+2 2296 + 391
Chitosan/1.5% GO 68 + 19 103 +4 2749 + 253
Chitosan/2.0% GO 60 + 14 96 + 2 2341 + 58
Chitosan/3.0% GO 60 + 15 85+3 1369 + 17
Chitosan/1.5% rGO 184 + 29 754 443 + 99
Chitosan/1.5% rG0/6.0% HA 204 + 25 65+ 4 803 + 76

TABLE 2. Weight loss of composites with rGO and HA (mean % SD).

Solution

1 month

Chitosan/1.5% rGO
2 month

Weight loss [%]

Chitosan/1.5% rG0/6.0% HA
1 month 2 month

Distilled water 55+ 3 58 + 3 53 +2 56 + 3
| PBS 4712 533 4542 52+3 |
| Ringer 4242 48 + 2 46 + 2 57 +3 |

The average pore diameter for all types of the scaffolds is
summarized in TABLE 1. The scaffold for bone regeneration
must be highly porous and the pores should create a network
to allow cell infiltration and diffusion of nutrients, waste and
oxygen. Another advantage is the roughness of the walls,
which can facilitate cells adhesion. The pore diameter should
not be less than about 200 um [32]. From this perspective,
the composite scaffolds with rGO, and rGO with HA were
found as most suitable for application in tissue engineering.

Another important factor that determines the attachment
of the cells to the scaffold’s surface is appropriate wettability.
High contact angle of the chitosan is due to its hydrophobic
nature. When the content of GO increases, the contact angle
decreases (TABLE 1), improving the hydrophilicity. This is an
effect of the increased surface roughness and the presence
of hydrophilic functional groups on the GO sheets. However,
the addition of 1.5% GO reduced the contact angle by only 7°.
The surface of the film was still smooth and nanofillers were
rarely seen. The greatestimprovement in wettability, result-
ing in fully hydrophilic character, was observed for compos-
ites with rGO. This is due to different process of composite
formation. Exfoliated, well-visible under SEM rGO sheets,
surrounded by chitosan, created a unique, microscale rough-
ness features on the film surface. In addition, there were
many well-dispersed spherical particles on the surface of
the film containing HA. This led to a decrease of the water
contact angle from 117° to 75°and 65° for chitosan/rGO and
chitosan/rGO/HA, respectively.

The mechanical properties of the films were character-
ized by the uniaxial tensile test. Generally, the composites
with GO were tough and fragile. The Young’s modulus
increased with the nanofiller content up to 2.0%, as shown
in TABLE 1. The best enhancement effect was obtained for
the composite with 1.5% GO, in which the Young’s modulus
increased by 35%. Improvement in the mechanical proper-
ties can be attributed to the high surface area of the GO
sheets and their good dispersion in the polymer matrix.
The decrease of the mechanical properties of 3.0% for GO
composite can be related to the agglomeration of the filler.
Composites modified with rGO behaved differently. They
were soft and easy to bend without cracking but at the
same time, only small force was needed to break them. The
exfoliated, oriented rGO sheets with strong 1r-1r interactions
were joined by chitosan chains during the composite fabrica-

tion with the simultaneous reduction of GO by L-ascorbic
acid. Chemical cross-linkers were not used to create bonds
between polymer chains. However, degradation behaviour
of the composites showed that rGO could work as physical
cross-linking agent and stabilized polymer network. Films
containing GO dissolved after one day of incubation at 37°C,
thus it can be concluded that the chemical bonds between
chitosan and functional groups attached to the nanosheets
surface were not created. Composites with rGO showed
good stability in all analysed liquids. Weight loss after
1 and 2 months is shown in TABLE 2. Degradation behavior
of all the samples was similar. The first stage was faster, the
weight of the samples reduced by half; however the samples
kept their shape and did not break apart. The second stage
was slower and the weight loss for each sample increased
by only few percent. There were no significant differences
between the composite with rGO only and the composite
with rGO and HA.

Conclusions

We presented a simple method of fabrication of chitosan
composites with the simultaneous reduction of GO with
a non-toxic reducing agent, L-ascorbic acid. Chitosan
properties like surface wettability, stability during degrada-
tion at the human body temperature or pore structure were
improved thanks to the rGO addition. Due to the exfoliation
of the nanosheets and their uniform distribution, hydrogels
exhibited properties potentially useful in tissue engineering.
Further tests, including biocompatibility and antibacterial
activity evaluation are necessary.
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