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Abstract
Chitosan and derivatives, such as oligochitosan, have been attracting significant attention in the biomedical field due to their 
versatility, biocompatibility, and environmental sustainability, presenting a promising alternative to synthetic materials. 
Obtained through the deacetylation of chitin, these biopolymers exhibit important characteristics, including biodegradabil-
ity and the capacity to interact with a range of materials, which makes them suitable for a variety of applications, especially 
in the development of nanocomposites. The aim of this work was to obtain oligochitosans (OCH) via gamma radiation at a 
dose of 40 kGy, dose rate 9.8 kGy/h to functionalize graphene oxide (GO) for biomedical applications. The resulting nano-
composite (OCH/GO) was characterized by DLS, scanning microscopy and atomic force microscopy and evaluated for its 
cytotoxicity, demonstrating that the incorporation of the materials reduces the toxicity of GO, allowing its application in 
tissue engineering. The objective of this study was to produce oligochitosans (OCH) by gamma irradiation for the function-
alization of graphene oxide (GO) and to assess the cytotoxicity of the resulting nanocomposite for biomedical applications. 
The OCH/GO nanocomposite was characterized using X-ray diffraction, scanning electron microscopy, and atomic force 
microscopy. Incorporation of oligochitosan reduced the intrinsic toxicity of GO, thus enhancing its potential suitability for 
applications in tissue engineering.
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Introduction

The use of natural biopolymers has attracted signifi-
cant attention in biomedical research, as they are versa-
tile, biocompatible, and sustainable, offering a promis-
ing alternative to synthetic materials contributing to the 

reduction of environmental impact [1]. Among them, chi-
tosan, (1→4)-linked 2-amido-2-deoxy-β-D-glucan, a well-
known polysaccharide with unique properties including bio-
degradability, and antimicrobial activity [2]. It is obtained 
through the deacetylation of chitin, which is primarily 
derived from shrimp shells and other crustacean exoskel-
etons, materials that are often considered food-processing 
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waste [3, 4]. Its ability to interact with a wide range of 
materials makes it particularly suitable for diverse appli-
cations, such as membranes for wastewater treatment [5]. 
However, its low solubility in water and most organic sol-
vents limits its use in biological applications [2]. To address 
this limitation, chemical and enzymatic degradation of chi-
tosan chains to produce oligochitosan (OCH), an oligomeric 
form of chitosan, has been widely reported in the literature 
[6–8]. Nevertheless, these methodologies are often costly 
and time-consuming, and chemical approaches can generate 
toxic wastes. To overcome these issues, ionizing radiation 
has been explored as a sustainable alternative method for 
chitosan degradation [9]. This approach employs gamma 
rays or electron beams to initiate chemical reactions without 
the need for toxic reagents, resulting in a simplified process 
and high purity [10]. Chitosan degradation by gamma radia-
tion has been reported under different pH conditions, with 
catalysts, and at various doses and dose rates. In this process, 
ionizing radiation promotes controlled polymer degradation, 
allowing the production of oligochitosan with well-defined 
sizes and physicochemical properties [11–13]. Choi et al 
(2002) investigated the degradation of chitosan using gamma 
radiation at doses ranging from 2 to 200kGy and demon-
strated that the highest solubility of the oligochitosan was 
achieved at a dose of 40kGy [14]. Due to its water solubility 
and reduced viscosity, oligochitosan can be applied in a wide 
range of biomedical fields, including drug delivery, wound 
healing, tissue engineering, and antimicrobial treatments 
[15–17]. In addition, chitosan and its oligomers exhibit 
the ability to coat metallic nanoparticles, acting not only 
as stabilizers but also influencing nanoparticle morphology 
through shape-directing and size-controlling mechanisms 
[18]. They can also act as grafting agents for polymers, lead-
ing to a reduction in the cytotoxicity of these materials [19]. 
To further enhance the mechanical reinforcement of chi-
tosan, graphene oxide (GO) has been incorporated to form 
hybrid matrices [20]. Moreover, this incorporation exhib-
its a synergistic effect, as the cytotoxicity associated with 
graphene oxide is reduced in the presence of chitosan [21]. 
GO is a unique two-dimensional nanomaterial, well known 
for its large surface area that enables a high drug-loading 
capacity, making it suitable for drug delivery applications. 
Its structure consists of carbon sheets decorated with oxy-
gen-containing groups, which allow functionalization of the 
nanomaterial and show promising potential in biomedical 
applications, including scaffolds for cell proliferation and 
maturation, targeted drug delivery systems, and anticancer 
therapies [22, 23]. Despite these advantages, its effective 
application as a drug carrier requires surface functionaliza-
tion with a biopolymer to improve biocompatibility without 
significantly increasing its size. Oligochitosan has emerged 
as a particularly promising candidate due to its solubility, 
biocompatibility, and ability to interact effectively with GO 

surfaces. In this study, we report the synthesis of OCH by 
gamma irradiation, followed by the functionalization of 
graphene oxide with oligochitosan (OCH/GO). Both OCH 
and OCH/GO were characterized, and their cytotoxicity was 
evaluated to assess their potential as drug nanoplatforms.

Methodology

All chemicals were analytical grade and used without further 
purification: graphite powder (99% purity) and NaNO3 from 
Merck; KMnO4, NaOH, H2SO4, were purchased from Lab-
Synth (Brazil) and H2O2 (30% w/w) from Sigma-Aldrich. 
All solutions were prepared with deionized water.

Synthesis of graphene oxide: GO

The GO was synthesized using Hummer’s method, with 
modifications [24]. Briefly 3 g of graphite powder, 3 g of 
NaNO3 (0.04 M) and 140 mL of H2SO4 (98%) were mixed 
and stirred in an ice bath. Then, 18 g of KMnO4 (0.11 M) 
was slowly added to the mixture, maintaining a tempera-
ture at approximately 35 °C for one hour. Following this 
step, 100 mL of deionized (DI) water was added and the 
solution was stirred at 90 °C. Finally, an additional 500 mL 
of DI water and 18 mL of H2O2 (30% w/w) were added, 
turning the mixture from dark brown to yellow. The result-
ing suspension was centrifuged (3-30KS, Sigma, Germany) 
at 12,000 rpm for 10 minutes, and the graphite oxide was 
dispersed in water and exfoliated in an ice bath using an 
ultrasonic cell disruptor (Desruptor 19 kHz 500 W, Unique, 
Brazil) to obtain the final product.

Production of oligochitosan: OCH by irradiation

Chitin powder (400Mesh) was extracted from shrimp shells 
(Macrobrachium carcinus) and deacetylated by using NaOH 
solution (50% 1M) under agitation 600 rpm, at the micro-
wave radiation-assisted batch reaction unit (2.45 GHz and 
1.6 kW), for 1h at 110ºC. Chitosan powder was solubilized 
in acetic acid (3% w/v) and centrifuged. The gel-like product 
(100 g), was then subjected to gamma irradiation at absorbed 
dose of 40 kGy and dose rate of 9.8 kGy/h using a Gamma 
Chamber 5000 (GC-5000), (Bhabha Atomic Research 
Center (BARC). The irradiated gel-like product was freeze-
dried and processed by cryogenic milling in three cycles 
consisting of 2 minutes of grinding, 3 minutes of freezing, 
and 2 minutes of grinding, at a speed of 15 cps using a Hor-
iba Scientific horizontal mill, model Freezer/Mill 6770 [25]. 
Fig 1 shows the schematic representation of the process for 
obtaining oligochitosan.



Journal of Radioanalytical and Nuclear Chemistry	

Synthesis of oligochitosan/graphene oxide (OCH/
GO) nanocomposite

To synthesize OCH/GO nanocomposite, 2 mL of N-(3-
dimethylaminopropyl)-N′-ethylcarbodiimide (EDC, 0.03 M) 
and 2 mL of N-hydroxysuccinimide (NHS, 0.06 M) were 
added to a 96.0 mL solution of dispersed GO (0.2 g/L) in 
deionized water. Then, OCH (0.25 g/L), previously dissolved 
in 10 mL acetic acid (1%), was added dropwise to the mix-
ture under continuous stirring. The reaction was maintained 
under reflux for 1 h. Subsequently, the mixture was cooled 
to room temperature, dialyzed with a 14 kDa membrane for 
24 h to remove residual reagents, centrifuged at 3000 rpm 
for 10 min and lyophilized for further characterization. The 
yield was 75%, obtaining a mass of nanocomposites of 37 
mg of OCH/GO [26].

Characterizations

X-ray diffraction (XRD) measurements were performed on 
a Rigaku X-ray diffractor, model SmartLab SE, equipped 
with a copper tube and scintillation detector, with count-
ing times of 6 seconds per 0.1° step. For scanning electron 
microscopy (SEM) on a JEOL SM IT700HR instrument, and 
oligochitosan samples were gold-coated to improve resolu-
tion. The samples suspended in water were also analyzed 
by dynamic light scattering (DLS) using a Litesizer DLS 
instrument. CH and OCH were characterized by rheological 
measurements using a Lamy RM100 rheometer, model First 
Pro Plus, at 25.0 ± 0.1 °C. Solutions were prepared in an 
aqueous system (CH3COOH 0.10 mol/L -NaCl 0.20 mol/L), 
filtered through 0.45 µm membranes and subjected to low 
shear rates. The intrinsic viscosity ([η]) determined using 
the Huggins equation, and the viscosimetric average molar 
mass (Mv) was calculated by the Mark-Houwink-Sakurada 
equation, with constants K = 1.8 × 10−3 and a = 0.932 for this 
solvent [27, 28]. Infrared spectroscopy (FTIR) analyses were 
performed on a Shimadzu IRPrestige-21 spectrometer, using 
either KBr pellets or ATR mode, in the frequency range 
4000–400 cm⁻1. For topographical characterization, atomic 
force microscopy (AFM) was conducted using a Bruker 
MultiMode 8-HR instrument.

Cell culture

Murine fibroblasts NIH/3T3 (ATCC CRL-1658) were cul-
tured in RPMI1640 medium (Sigma-Aldrich, R6504), sup-
plemented with fetal bovine serum (10%, Cultilab), L-glu-
tamine and antibiotics mixture (penicillin, 10.000 UI/mL, 
streptomycin, 10.000 µg/mL, Gibco, 15140). Cells were 
seeded at 5000 cells per well (100 µL) in 96-well cell culture 
plates and incubated at 37 °C in a humidified atmosphere 
of 5% CO2.

Cell viability

Extracts were prepared suspending GO or OCH/GO in cul-
ture medium, incubating for 24 h at 37 °C, and sterilizing 
by filtration through 0.22μm membranes before transfer to 
the cultures. NIH/3T3 cells were then exposed to OCH/
GO extracts (0.78–100 µg/mL, pH 6.5) for 24 h. After 
this period, the cells were washed with sterile phosphate-
buffered saline (PBS) (pH 7.2–7.6) at 37 °C and incubated 
for 2 h with 100 µL of medium containing MTS (CellTiter 
96® AQueous, Promega, G1112) and PMS (Sigma-Aldrich, 
P9625) according to the manufacturer’s instructions. 
Absorbance at 490 nm was measured using a Multiskan 
EX (Thermo). Cell proliferation was expressed as % growth 
inhibition relative to controls and analyzed by one-way 
ANOVA with Bonferroni post hoc test. Negative control 
was untreated cells (0.9% NaCl), and positive control was 
latex extract (0.5 g/L, 24 h). Cell viability was calculated as: 
% Cell viability = 100 × (absorbance of experimental well/
absorbance of untreated control well).

Results and discussion

Graphene oxide‑ GO

Typical X-ray diffractogram (XRD) of graphene oxide is 
present in Fig. 2 and exhibits a characteristic peak at 10.9°, 
corresponding to the increased interlayer spacing due to the 
presence of oxygen-containing functional groups. A broader 
peak observed around 42.4° is attributed to the spacing 

Fig. 1   Methods for obtaining oligochitosan using gamma irradiation



	 Journal of Radioanalytical and Nuclear Chemistry

between the carbon atoms located in the carbon network of 
the material [29].

Chitosan powder

The degree of deacetylation (DG) of chitosan was deter-
mined by Fourier-transform infrared spectroscopy (FTIR) 
(Fig. 3), as described in the literature [31, 32]. The vibra-
tional bands corresponding to the carbonyl group (ν C=O) of 
amide (≈1635 cm⁻1) and the O–H stretching band at ≈ 3450 
cm⁻1 [30]. The DG was calculated to be 71.31% according 
to Equation 1

The FTIR spectrum of chitosan powder after irradiation 
shows an intense absorption band at 3450 cm⁻1, character-
istic of O–H and N–H stretching vibrations. A band at 2930 
cm⁻1 corresponds to the symmetrical stretching vibration of 
–C–H, attributed to methylenes. The band located at 1635 
cm⁻1 is attributed to –C=O amide groups. The thin band 
observed at 1387 cm⁻1 is due to the CH₃ group. Finally, 
the band at 1066 cm⁻1 is attributed to vibrations involving 
C–O stretching. The number of amine groups increases in 
chitosan compared to chitin because chitosan is derived from 
chitin by a process called deacetylation, which removes 
acetyl groups and transforms chitin's amide groups into free 
amine groups. This difference in the amount of amine groups 
is what gives chitosan its greater solubility in acidic environ-
ments and other properties that are distinct from chitin [33].

The morphology of the chitosan powder was analyzed 
by scanning electron microscopy (SEM), and the image is 
shown in Fig. 4.

Oligochitosan: OCH

A gamma irradiation dose of 40 kGy was selected based on 
previous reports [14, 34] and confirmed as optimal in our 
optimization studies, where the addition of (0.%) sodium 
hydroxide prior to irradiation yielded gel-like chitosan. 

(1)D = 100 ⋅
(

A1665

A3450

)

Fig. 2   Diffractogram of synthesized graphene oxide

Fig. 3   FT-IR spectrum of chitosan powder

Fig. 4   Chitosan obtained by the 
microwave process: a powder 
obtained after the process and b 
scanning microscopy image of 
the material
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Although Choi reported that chitosan solubility increased 
above 40 kGy, the size of the products obtained under those 
conditions was not described. On the other hand, Pasanphan 
et al. [34] irradiated chitosan in colloidal form to produce 
chitosan nanoparticles. In the present study, irradiation of 
chitosan in gel form resulted in products larger than nano-
particles, with DLS analysis revealing particle sizes ranging 
from 1000 to 2000 nm (Fig. 5a).

This finding supports previous studies on the role of water 
radiolysis in chitosan degradation. In gel systems, water is 
confined within a three-dimensional network, whereas in 
colloidal systems it remains more mobile and thus more 
available to radiation. OH radicals generated from water 
radiolysis (Eq. 2) [35] efficiently cleave the β-1,4 glycosidic 
bonds in chitosan [36].

Thus, when the chitosan gel was irradiated, polymer 
chain scission occurred, resulting in the formation of 
oligochitosans.

(2)H2O� − irradiation → e
−

aq
+ H⋅

+ HO⋅

Due to the large variation in the size distribution of the 
oligochitosan, grinding was carried out to improve uniform-
ity. This technique involves the use of liquid nitrogen to 
freeze the material, rendering it brittle and more susceptible 
to mechanical breakdown. The frozen sample is then sub-
jected to grinding using a milling system, in repeated cycles, 
to achieve effective size reduction. The DLS analysis of the 
product showed that, in addition to a reduction in the ampli-
tude of the size distribution, the particle diameter decreased 
mostly within the range of 40 and 250 nm (Fig 5b).

Morphological differences are shown in Fig. 6 through 
SEM images. The SEM image of irradiated gel-like chitosan 
(Fig. 6a) reveals characteristic oligochitosan features, while 
Fig. 6b shows the formation of spherical particles after the 
cryogenic grinding process.

Viscosity measurements of the CH and OCH samples 
allowed the evaluation of their molecular weights (Fig. 7). 
Chitosan solutions exhibit non-Newtonian behavior, char-
acterized by a decrease in viscosity with increasing shear 
rate [37]. The initial molecular weight of chitosan was 
determined to be 243.0 kDa, which decreased to 154.2 kDa 

A B

Fig. 5   Analysis of the hydrodynamic diameter of chitosan gels irradiated with 40 kGy and a dose rate of 9.8 kGy/h: a before the cryogenic 
grinding process and b after cryogenic grinding process

Fig. 6   SEM images of OCH 
obtained by gamma radiation: a 
before grinding, without coating 
and b OCH after cryogenic 
grinding, with the sample 
coated with gold
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following the cryogenic milling process, resulting in a reduc-
tion in viscosity [38].

OCH/GO nanocomposite

The functionalization of graphene oxide (GO) with oligochi-
tosan was performed via chemical amidation, using EDC/
NHS as coupling agents [39]. The atomic force microscopy 
(AFM) analyses were employed to confirm the synthesis of 
the nanocomposite (Fig. 8).

The presence of oligochitosan on the graphene oxide sur-
face was confirmed through the differences in AFM topog-
raphy between the pristine graphene oxide sheets and the 
OCH/GO nanocomposite. While GO, as a two-dimensional 
nanomaterial with a uniform height profile, the OCH/GO 
displayed surface irregularities with height variations of up 
to 14 nm. This result can be attributed to the incorporation 
of oligochitosan on the surface of the graphene oxide sheets.

Fig. 7   Viscosity curves of chitosan and oligochitosan solutions as a 
function of shear rate, at a concentration of 0.003 g/mL

Fig. 8   AFM topography of GO and OCH/GO: In (a) GO before the incorporation process and (b) after the process with the presence of OCH on 
the surface of the GO sheets
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Cytotoxicity test GO and OCH/GO

The cytotoxicity assays of both synthesized materials evalu-
ated the ability to damage NIH/3T3 cells. For GO, cell tox-
icity can be due to several factors, including concentration, 
lateral size, and surface charge. Studies have shown that 
GO can induce cellular damage, such as membrane disrup-
tion and the production of reactive oxygen species (ROS), 

leading to oxidative stress characterized by an imbalance 
between free radicals and antioxidants [40].

Figure 9 shows the cytotoxicity tests for GO and OCH/
GO. For GO alone (Fig. 9a), some concentrations showed 
a degree of toxicity, influencing the percentage of via-
ble cells, and can be compared to the positive control. 
However, when the material is incorporated as oligochi-
tosan (Fig. 9b), toxicity is not verified, demonstrating 

Fig. 9   Cytotoxicity of serial dilution of extracts prepared from sus-
pensions of GO or OCH/GO in culture medium for 24h. In (A) and 
(B) the cell viability values (% of cell controls) of GO and OCH/GO, 
respectively. Column height: means. Error bars: standard error of 

means (SEM). (*): p<0.0001 (vs.CC). In (C) the IC50% plot of GO 
(black) and OCH/GO (beige), and R2 and IC50% obtained values are 
shown in (D) 
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biocompatibility with NIH/3T3 cells without chemical 
alterations considered toxic to the cell line.

GO extracts induced significant cytotoxicity compared 
to controls at concentrations of 100, 50, and 25 μg/mL, 
and OCH/GO extracts did not do so at any concentra-
tion, showing that chitosan incorporation protected cells 
from GO-induced cell death. Cytotoxicity induced by gra-
phene oxide nanostructures can manifest through several 
mechanisms, related to factors such as GO concentration, 
duration of exposure, and cell type affected [41]. Dis-
ruption of cytoplasmic membranes represents the main 
mode of graphene oxide-induced toxicity, resulting from 
the direct physical interaction of GO nanosheets with the 
lipid bilayer, leading to membrane destabilization and, 
therefore, compromising cell integrity [42]. This interac-
tion can also initiate some events, including the leakage 
of intracellular components and the influx of extracel-
lular substances, eventually leading to cell death [43]. 
Furthermore, the internalization of graphene oxide nano-
structures can induce the accumulation of reactive oxygen 
species (ROS) inside cells [44] and lysosomal dysfunction 
[45].

Despite its insolubility in aqueous medium, graphene 
oxide nanosheets may find high diversity of biomolecules 
in mammalian cell culture medium that can induce a vari-
ety of surface modifications and interactions [46, 47].

Coating graphene oxide nanosheets with chitosan can 
confer to the resulting nanocomposite material enhanced 
biocompatibility, reduced cytotoxicity, and improved cel-
lular interactions, promoting suggestions of its safe and 
effective utilization in various biomedical applications 
[41]. Chitosan’s inherent biocompatibility is originated 
from its structural similarity to glycosaminoglycans, natu-
rally found in the extracellular matrix of mammalian tis-
sues [48]. This mimicry leads to a highly well successful 
integration of chitosan-based materials with biological 
systems, reducing adverse reactions and improving cel-
lular adhesion and proliferation. Furthermore, the pres-
ence of chitosan coating can effectively cover eventual 
sharp edges and hydrophobic surfaces of graphene oxide 
nanosheets, which are known to induce cellular damage 
and inflammatory responses. The experiments above 
demonstrated that OCH/GO did not induce cytotoxicity 
at any of the concentrations, presenting biocompatibility 
with NIH/3T3 cells without chemical alterations con-
sidered toxic to the studied cell line. Furthermore, chi-
tosan has intrinsic antimicrobial and chelating properties, 
which contribute to the application of this nanocomposite 
in biological uses, such as the creation of hydrogels and 
scaffolds for tissue regeneration, or even in the encapsula-
tion of drugs [49, 50].

Conclusions

Oligochitosan was obtained from chitosan by gamma irra-
diation at an absorbed dose of 40 kGy and a dose rate 
of 9.8 kGy/h, yielding a size distribution ranging from 
1000 to 2000 nm. To incorporate into graphene oxide 
and enhance the solubility of the nanocomposite, a top-
down approach using cryogenic milling was employed to 
further reduce the particle size of chitosan. The resulting 
oligomers exhibited sizes in the range of 150–250 nm, 
with a narrower size distribution and a molecular weight 
of 154.2 kDa. The OCH/GO nanocomposite was subse-
quently characterized by atomic force microscopy (AFM) 
topography. Cytotoxicity assays confirmed the absence 
of toxic effects, demonstrating that the incorporation of 
oligochitosan into graphene oxide improved its biocom-
patibility and reinforced its potential for applications in 
tissue engineering. This study highlights the feasibility of 
employing oligochitosan/graphene oxide nanocomposites 
for biomedical applications.
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