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Chitosan Nanocomposites with Graphene-Based Filler
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This study evaluates the properties of chitosan (CS) membranes modified with different percentages 
(0.5%, 3%, and 5% w/w) of a graphene-based material. Graphene oxide (GO) and reduced graphene oxide 
(RGO) were obtained by the chemical exfoliation of graphite and thermal reduction. Then, they were 
characterized by electrical conductivity measurements, FESEM, XRD, AFM, and Raman spectroscopy. 
The composites’ morphology was evaluated by FESEM. The degree of swelling over a 48 h period and 
mass loss behavior in phosphate-buffered saline solution for up to 70 days were also studied. The 
hydrophilicity of the CS and CS/graphene nanocomposites was examined by water contact angle. The 
graphene materials showed small stacks (6–8 sheets) with low defect density and nanoscale thickness 
(1.3–5.9 nm). The dispersion of the graphene material in the CS matrix significantly decreased the degree of 
swelling (460%) but did not modify the hydrolytic degradation process and the hydrophilicity of membranes.
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1. Introduction

Graphene consists of a single layer of graphite with a
hexagonal carbon aromatic structure1. Owing to  its unique 
conjugated structure, large surface area, and  relatively low 
cost, graphene has found novel in vitro and in vivo applications 
in the field of pharmacology2, It also holds great promise 
for applications in fields like gene and drug delivery, tissue 
engineering, and cancer therapy3.

Flake-type graphene can be prepared by a top-down 
method from graphite because graphite consists of a stack 
of flat graphene layers and is readily available and cheap. 
Graphene can be peeled mechanically from graphite; 
however, this method is not suitable for large-scale graphene 
production owing to its low productivity. Pristine graphene 
has low dispersibility in water and in polymer matrices. 
However, its functionalized form with epoxy, hydroxyl, and 
carboxyl functional groups on its surface shows improved 
processability and dispersibility. The polar interaction 
between functional graphene and organic polymers results 
in better filler dispersion4–7.

Therefore, structures derived from graphene, such as 
graphene oxide (GO) and reduced graphene oxide (RGO), 
have attracted increased interest. The chemical method is 
popularly used for synthesizing graphene from graphite by 
producing a colloidal suspension8. Although increasing the 
number of oxygen-containing groups improves the aqueous 
dispersibility, it also increases defects in the structure, 
making it electrically insulating. To restore the conductivity, 
the functional groups in GO must be partially removed by 
thermic reduction. This method is economical and eco-friendly 
because it does not use any solvent7,9, and as a result, reduced 
graphene oxide with a few layers can be obtained.

Graphene-like materials such as GO and its reduced form, 
RGO, are promising  for the development of antibacterial 
surfaces owing to their biocidal10, antirust11 and antibacterial12 
activities. It was used as a support to disperse and stabilize 
various nanomaterials such as metals, metal oxides, and 
polymers with high antibacterial efficiency. GO and RGO 
can be well dispersed to produce thin sheets that wrap 
bacteria easily and then inactivate the bacteria through the 
membrane stress induced by the sharp edges and oxidative 
stress induced by the basal planes12.
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The linkage of graphene with polysaccharides (such as 
starch, cellulose, and chitosan) results in nanocomposites 
with improved mechanical properties. Mixed matrix 
membranes hybridized by incorporating nanoparticles 
have attracted considerable attention owing to the 
intriguing potential of developing novel membranes with 
multiple functionalities13. The use of these biomaterials 
has lower environmental impact compared to the use of 
nanocomposite matrices from oil and can promote low-
cost biodegradable materials, being a source of important 
materials for polymeric membranes and enabling the reuse 
of a large volume of residues14–17.

Chitosan (CS) is a biopolymer that is produced by 
chitin deacetylation. Flexible CS membranes can be used 
as artificial skin and are being tested for treating burnt skin; 
they are proving to be efficient compared to gauze for such 
treatment. CS membranes contain proteins that promote healing; 
further, the CS structure assists in cell growth and tissue 
organization18,19. Despite the biocompatibility of the pristine 
CS matrix, CS may show reduced performance in extended 
use owing to its swelling and degradation characteristics20. 
To avoid this issue, various methods such as blending and 
crosslinking have been tested. In addition, the development 
of membranes containing nanofillers has been investigated 
to improve the physical and chemical properties20,21.

The functional groups of GO and RGO enable reactions 
with amine or hydroxyl groups to form amide or ester linkages. 
Therefore, CS can be grafted by amide bonds between the reactive 
groups of CS and the carboxyl groups present in GO and RGO. 
In addition, functional groups attached to graphene surfaces can 
improve interfacial interactions with the polymeric matrix22,23.

Hegab et al10 demonstrated that the antibacterial and 
antifouling properties of CS membranes can be enhanced by 
binding graphene-based materials to the membrane surface. 
The antibacterial efficiency of these polymeric graphene 
membranes ranged from 64% to 99%. Others studies 
demonstrated the use of CS membranes with graphene for 
applications such as water purification, tissue engineering, 
and food packaging6,24.

Despite the biocompatibility of the CS matrix and its 
potential for tissue regeneration, the mechanical properties and 
biological response of these matrices are considered inadequate 
for bioengineering. The difficulties faced include degradation 
control and the swelling of pure CS matrices20. In this study, a 
CS matrix containing different percentages of GO and RGO was 
examined using field-emission scanning electron microscopy 
(FESEM), X-ray diffraction (XRD), atomic force microscopy 
(AFM), Raman spectroscopy, and electrical conductivity 
measurements. The hydrolytic degradation, degree of swelling in 
graphene/CS membranes and the hydrophilicity of membranes 
was also evaluated.

2. Experimental Section

2.1 Materials and preparation

All the chemicals were used as received without any 
further purification: Acetic Acid (99%, NEON), Hydrochloric 
Acid (37%, MERCK), Nitric Acid (65%, Química Moderna), 
Sulfuric Acid (97%, Química Moderna), Potassium chlorate 
(PA, VETEC), Phosphate buffered saline (Aldrich, 10% 
Conc). The raw Grafine 99200 (FINE) was provided by 
Nacional de Grafite.

Graphene oxide and reduced graphene oxide preparation

The graphene oxide (GO) was synthesized from 
FINE graphite powder using the modified Staudenmaier 
method25,26. In a typical synthesis, 160 mL of H2SO4 and 90 
mL of HNO3 were stirred in a round-bottomed flask placed 
in an ice bath for 1 h. After this time, 10 g of graphite 
FINE was added and stirred for 20 min. Subsequently, 
110 g of KClO3 was added slowly over 4 hours, with the 
temperature being controlled to prevent a rise above 10 °C. 
The reaction proceeded for 24 hours. On completion of the 
reaction, aqueous HCl solution (10% v/v) was added to the 
suspension in order to remove sulfate ions. Afterwards, 
washing with deionized water and centrifuging (5000 
rpm) were carried out several times in order to reach pH 
3. The graphite oxide suspension was sonicated for 4 hours
and the resulting suspension of graphene oxide (GO) was
placed in a dialysis membrane in order to reach pH 5, and
then the resulting brown suspension was dried in an oven
at 150 °C. The GO resulting powder was heated 1000 °C
for 30 s in an oven, using a quartz ampoule generating the
reduced graphene oxide (RGO).

Preparation of chitosan membranes

Chitosan powder was obtained from Sigma-Aldrich 
(degree of deacetylation: 85%, Mw 500.000 g/mol). Chitosan 
membranes were prepared by solvent casting according to 
following procedure: 0.4 g of chitosan (CS) was suspended 
in 20 mL of acetic acid solution (1% v/v) and stirring for 5 
minutes at room temperature, thereafter the suspension was 
subjected to sonication probe (Ultronique QR500, 40 kHz) 
for 9 minutes until the mixture became thick viscous liquid. 
Finally, the suspension was cast onto polystyrene dish (9 
cm diameter) and allowed to dry conventional oven at 
50 ºC for 12 hours.

CS is only soluble in an aqueous medium in the presence 
of a small amount of acid such as AcOH. For biomedical 
applications, the membrane surface must be neutralized27. 
For this purpose, the membranes were washed with 1% 
sodium hydroxide solution (w/v) and dried for 24 h at 50 °C.
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Production of nanocomposites membranes

The GO and RGO powder were dispersed into 20 mL 1% 
(v/v) acetic acid solution by sonication probe for 9 minutes 
at room temperature. Subsequently, 0.4 g chitosan powder 
was added into the suspension under stirring for 5 minutes, 
thereafter the suspension was subjected to sonication probe 
for another 9 minutes until the mixture became thick viscous 
liquid. The same procedure described in the previous item was 
used to remove the solvent and to wash the nanocomposites 
membranes surfaces. It must also be taken in consideration in 
this work that besides the presence of oxygenated anchoring 
sites in both materials based on carbon, the charge dispersion 
was facilitated by sonication probe. Both procedures guaranteed 
adequate charge dispersion in the polymeric matrix.

Nanocomposites membranes with 0.5 wt%, 3.0 wt% 
and 5.0 wt% GO loadings were coded as CS/GO0.5, CS/
GO3 and CS/GO5 respectively. Likewise, membranes with 
RGO were coded as CS/RGO0.5, CS/RGO3 and CS/RGO5.

2.2 Characterization of GO and RGO sheets and 
CS/Graphene membranes

2.2.1 Morphology and structure

The morphology of GO and RGO sheets, CS membrane, 
and CS/Graphene nanocomposites membranes were assessed 
using Scanning Electron Microscopy (FESEM) with Inspect 
F50 microscope. FESEM was also used to measure the 
thickness of all membranes by xTm, FEI software.  The 
surface morphology and roughness GO and RGO were 
also evaluated by atomic force microscope (AFM), with 
Dimension Icon PT microscope, Bruker. The samples were 
deposited on Si substrate. The height (in nm) of the estimated 
stacks of graphene sheets was obtained by the NanoScope 
program. Transmission electron microscopy (TEM) analyzes 
were obtained by Microscope EOL, 2010 operating at 200 
kV, samples were prepared in an appropriate solvent. The 
sample with a concentration of approximately 0.1 mg/mL 
was deposited on a 300 mesh copper grid.

The structures of the GO and RGO were analyzed by X-ray 
diffraction (XRD) performed on a diffractometer (Rigaku, 
DMAX 2200) with 2θ from 5° to 60° equipped with a Cu tube 
(λ= 0.15418 nm) and a secondary monochromator. From the 
XRD parameters, the interlayer distances (d002) in the graphene 
were estimated using Bragg’s Law28. The grain size (C) was 
calculated using the Scherrer equation29 following Equation 1.

.
cos

C 0 9
b i

m= (1)

Here, β is the line width at half height in radians and θ 
is the diffraction angle.

The interlamellar distance was estimated by the Bragg’s 
law and the number of the stacked sheets by the Debye-
Scherrer equation. Likewise, the average size of crystallites 
(D) was determined from the (100) plane reflection30.

Carbon molecular bonding characteristics of GO and 
RGO were characterized by Raman spectrum performed at 
room temperature using Olympus microscope and an iH320 
Jobin Yvon Spectrometer with a CCD (charged coupled 
device) detector, cooled by liquid nitrogen. Raman shift 
varied from 500 to 3000 cm−1.  The excitation source was 
a 10 mW HeNe laser.

2.2.2 Elemental analysis

Elemental analysis was made in a LECO Truspec CHN 
equipped with detectors of infrared and of thermal conductivity. 
For the analysis, the samples were burned under an oxygen 
atmosphere (purity 99.99%) at a temperature of 950 °C.

2.2.3 Electrical conductivities

The electrical conductivities were made on pressed 
pellets of the GO and RGO (13 mm diameter, ˂  1 mm thick) 
with a home-made four-point collinear probe device. 
Keithley Instruments, model 236 and a Multimeter HP 
34401 were used as current source and for measure of 
voltage, respectively. 

2.2.4 Hydrolytic degradation and swelling behavior

The hydrolytic degradation experiments were carried 
out based on ASTM F1635-11. The CS membrane and 
CS/graphene nanocomposites samples cutt into 5-mm 
diameter disks was weighed (P0), dipped in tubes 
containing 5 mL of saline buffer solution (PBS), and 
incubated at 37 ºC temperature and 60 rpm-stirring (Shaker, 
MINITRON, model AG CH-4130). Each batch contained 
four specimens for each evaluated incubation time. The 
specimens were removed from PBS solution after 7, 14, 
21, 28, and 70 days. They were carefully washed with 
deionized water, dried for 12 hours at 50 °C to a constant 
weight, and then weighed (Pt) to determine mass loss. 
The percentages of mass loss were calculated from Equation 2.

       % /weight loss P Pt P0 0 100#= -Q V" %         (2)

The results were analyzed with two-way analysis of 
variance (ANOVA), followed by Bonferroni´s test. Values 
of p> 0.05 were considered statistically insignificant.

The swelling behavior of the membranes was studied 
by gravimetry. Two circular samples membranes were dried 
in a desiccator for 24 hours and weighed (S0) and placed in 
Falcon tubes containing 5 mL PBS solution (pH 7.4 at 37 ºC) 
and remained during 1, 24 and 48 hours, at the end of this, 
the samples were removed of tubes, wiped gently with filter 
paper and weighed (Sf). The swelling degree (SW %), was 
obtained through Equation 3.
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2.2.5 pH behavior

Changes in the pH of the PBS solution (initial pH = 
7.38) were monitored as a function of incubation time. To 
better evaluate the effects of incubation time, each group 
of samples is matched by the blank, in which only the PBS 
solution is stirred.

2.2.6 Contact angle

Water contact angle on the surface of the membrane was 
measured using a goniometer (Phoenix 300, SEO) at 25 °C. 
Prior to these measurements, all the membranes were vacuum 
dried and kept in a desiccator. Then, a piece of membrane 
(1 cm × 7 cm) was adhered to clean slide for contact angle 
measurements. A 2 μL of deionized water droplet was placed 
on the sample surface and droplet image was captured. 

All the measurements were done within 10 s to minimize the 
errors due to evaporation losses31. A total of six measurements 
were taken at different locations for each membrane sample. 
The results were analyzed with one-way analysis of variance 
(ANOVA), followed by Bonferroni´s test. Values of p> 0.05 
were considered statistically insignificant.

3. Results and Discussion

3.1 GO and RGO

Figure 1 shows the morphologies of the different carbon-
based materials investigated in this study. FESEM shows that 
FINE raw graphite (Figure 1A) comprises compact stacks 
of graphene sheets; after oxidation, GO showed increased 
spacing between the sheets and a flat structure (Figure 1B). 

Figure 1. FESEM images of FINE (A), GO (B) and RGO (C). AFM images of GO (D) and RGO (E). TEM images of GO (F) and RGO (G).
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RGO (Figure 1C) revealed a typical rough morphology 
formed by corrugated sheets. AFM analyses indicated that 
the distance between the Si substrate and the GO surface is 
~5.9 nm (Figure 1D); and this value decreases to 1.3 nm for 
the RGO sample (Figure 1E) owing to the partial removal 
of oxygenated groups. The TEM images (Figure 1F-G) also 
indicate that RGO is more exfoliated and corrugated than GO.

Figure 2 shows XRD patterns of FINE raw graphite, 
GO, and RGO. The XRD pattern of FINE shows a dominant 
peak at 2θ = 26° that is typical of graphite. GO formation 
is confirmed by the absence of the peak at 2θ = 26° and the 
appearance of a diffraction peak at 11° that is attributed to 
the increased layer spacing owing to the introduction of 
oxygen-containing groups into graphite32,33.

Figure 2. XRD patterns of FINE, GO and RGO.

The decrease in the average size of C and the number of estimated 
graphene layers suggested an efficient exfoliation process. 
The results obtained are in agreement with those observed 
in previous studies25,34.

The chemical oxidation process can result in prominent 
structural changes in the graphite lattice owing to the 
formation of different types of oxygen-containing groups at 
both the basal plane and at the edges35. Raman spectroscopy 
is commonly considered most appropriate for characterizing 
the structure of graphite materials36. Figure 3 shows the 
typical Raman spectra of raw graphite (FINE), GO and 
RGO. The characteristic G and D bands of graphene-based 
materials are observed at 1600 cm−1 and 1360 cm−1. These 
two bands are related to the graphitized structure and local 
defects/disorders, respectively. The intensity of the D band 
is a measure of the amount of disorder in graphene, because 
the activation of the D band is attributed to the breaking of 
the translational symmetry of the C=C sp2 bond. The D peak 
results from the existence of oxygen-containing functional 
groups of GO that are negligible in graphite (FINE)6,7. For GO 
and RGO, the D band becomes stronger and broader because 
of the higher level of disorder of the graphene layers37,38.

Table 1. Data obtained from the XRD patterns for FINE, GO and RGO.

Sample 2θ (°) d002 (nm) Grain size C (nm) Graphene stacks

FINE 26 0.33 30 90

GO 11 0.74 8 10

RGO 24 0.36 3 8

Table 1 lists the XRD parameters. The thermal reduction 
process of GO to RGO decreased the interlayer distance 
(d002) between the graphene sheets owing to the partial 
elimination of oxygen functional groups. Moreover, 
a marked decrease in the grain size (C) compared to 
the raw graphite FINE was observed. The oxidation 
reaction also decreased the number of stacked layers. Figure 3. Raman spectra of FINE, GO and RGO.
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According to Table 2, the elemental analysis and electrical 
conductivity data are consistent with the XRD results. A 
decrease in the amount of oxygen (%O) in the reduced 
sample can be seen when compared with the GO, indicating 
successful thermal reduction. The oxygen-functionalized 
graphene sheets show promise for several applications such 
as the preparation of composites in which these groups may 
play an important role in the interaction between graphene 
sheets and the polymeric matrix35. Table 2 indicates that 
the oxidation process of the FINE graphite decreased the 
electric conductivity; however, the reduction process very 
efficiently restored the sp2 network, which is responsible for 
electric conductivity.

3.2 Nanocomposites

Figure 4 shows the FESEM of the surface morphology 
of a pristine CS membrane and composites with GO and 
RGO loadings (Figure 4B-C). The membrane surface 
became more roughened with the addition of GO and RGO, 
indicating that they are coated by CS. Khan and Pokhrel 
reported similar results39,40.

The average membrane thickness is 46.6–51.9 μm, and 
the cross-section of the pristine CS membrane has smooth 
morphology (Figure 4D). However, the roughness increases 
with the addition of graphene [Figure 4E-F]. The FESEM 
images show that wrinkled graphene sheets are uniformly 
distributed in the polymer matrix. These results indicated 
that the oxidation of graphene introduced anchoring sites 
for forming an effective CS coating on graphene. RGO 
addition resulted in a more roughened membrane owing 
to the reduction of oxygenated groups that decrease the 
interaction between the filler and the matrix polymer41–43.

Studying swelling is important because it predicts how 
much the membrane will swell when in contact with biological 
fluids. Preventing large expansion of the membrane during 
its therapeutic action and avoiding possible compression of 
the tissues where it will be applied are important issues. The 
membrane’s degree of swelling (% SW) was evaluated in a 
phosphate-buffered saline (PBS) solution with incubation 
for up to 48 h (Figure 5). The degree of swelling is initially 
higher and then gradually decreases. However, there 
are some differences in the maximum swelling ratios. 

Table 2. Elemental analysis and electrical conductivity for FINE, GO and RGO.

Sample
CHN

Electrical conductivity (S/cm)
%C %O

FINE 98.3 1.7 1200.0

GO 70.3 28.7 3.1

RGO 89.7 10.3 60.0

Figure 4. FESEM of the surface of CS (A), CS/GO3 (B) and CS/RGO3 (C). FESEM of the cross-section: CS (D), CS/GO3 (E) and CS/RGO3 (F).
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At 24 h, the pristine CS membrane shows the maximum 
swelling degree (875%) whereas the CS/graphene membranes 
show lower swelling degrees. These results can be explained 
considering that the charge interacts with the polymer and 
stabilizes the CS network and reduces the availability of 
hydrophilic groups15,44,45. Membranes with RGO (Figure 5B) 
presented lower % SW (370%) than membranes with GO 
(Figure 5A), probably because RGO nanosheets provide 
fewer hydrophilic groups to restrain the swelling of the CS/
RGO nanocomposites, leading to a lower swelling ratio44. 
These samples show rapid increase in PBS content and reach 
equilibrium within 48 hours.

The important characteristic of CS is its biodegradability. 
To evaluate the effect of the addition of GO and RGO in 
the polymer matrix, the membrane mass loss in the PBS 
solution (physiological pH) was evaluated over a 70-day 
period. Figure 6 shows comparative results with a pure CS 
membrane and a CS membrane with graphene-based fillers.

Figure 6A shows that the CS/GO 0.5 membrane was 
the only one that presented a lower mass loss percentage 
compared with the CS membrane within 7 days. 

CS membranes filled with GO showed no differences in the 
mass loss behavior in relation to the pristine CS control at 
intervals evaluated up to 28 days. A statistically significant 
influence was observed for the CS/GO composites after 
70 days of incubation (27%) compared with the mass loss 
percentage of the pure CS sample (20%), demonstrating that 
GO does not greatly increase the mass loss of the membranes. 
Similarly, nanocomposite films with RGO (Figure 6B) 
studied at intervals of 7, 14, 21, and 28 days did not show 
significant differences in the mass loss percentage in relation 
to the control CS membrane. These results indicates that the 
increase in the percentage of RGO in the CS matrix does 
not accelerate the degradation time of CS membranes in 
the PBS solution.

The changes in the pH of the PBS solution (initial pH = 7.38) 
were monitored as a function of the degradation time. There 
were no significant changes in the pH values of the PBS 
solutions for incubation periods of up to 70 days. These 
results show that the normal physiological condition46 was 
maintained during the incubation time even in graphene/
CS-based membranes.

Figure 5. Comparative graph of Swelling Degree (%SW) between pristine and filled chitosan membranes: (A) CS/GO and (B) CS/RGO.

Figure 6. Comparative weight loss results with pristine CS membranes and CS membranes with graphene based fillers: CS/GO (A) and 
CS/RGO (B). *p<0,05.
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The water contact angle (WCA) of the prepared membranes 
was measured to investigate the hydrophilicity changes after 
the addition of GO and RGO to the CS matrix. The WCA 
data provide information about the relative degree of surface 
hydrophilicity of all membranes; the smaller the contact angle, 
the higher is the hydrophilicity31. Figure 7 shows the WCA 
results. These results show no significant difference (P < 0.05) 
between the nanocomposites and the pristine CS membrane, 
indicating that graphene species do not have a negative effect 
on the CS hydrophilicity. This result was desirable because the 
hydrophilic membrane has potential applications in biomedicine47.

4. Conclusions

GO and RGO containing 8–10 stacked graphene layers
were produced using Staudenmaier’s modified method. It 
was possible to produce GO with low density of defects 
for applications such as biopolymer composites. This study 
reports a facile method to obtain CS nanocomposites with a 
few graphene layers. The addition of GO and RGO to the CS 
matrix did not accelerate the composite degradation process 
during the 70 days of incubation and did not change the pH. 
The presence of functional groups in the fillers decreases the 
swelling process compared to that in the pristine CS membrane; 
however, it did not modify the surface hydrophilicity. These 
results established that the addition of GO and RGO in the 
CS matrix is an important strategy for preparing composites 
for applications in therapeutics.
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