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ABSTRACT

The attractive properties of gadolinium-based nanoparticles as a positive contrast agent for magnetic resonance
imaging (MRI) have piqued the interest of both researchers and clinicians. Nonetheless, due to the biotoxicity of
gadolinium (III) ions’ free radicals, there is a need to address this issue. Therefore, this research aimed to develop
a biocompatible, dispersible, stable, hydrophilic, and less toxic cellulose nanocrystals/gadolinium oxide nano-
composite as contrast agent properties for MRI purposes. This study aimed to synthesize gadolinium oxide
nanoparticles coated with cellulose nanocrystals with polyethylene glycol and sodium hydroxide (CNCs-PEG/
NaOH)/Gd203 using the gamma irradiation method to reduce the particle size. The results showed that using a
gamma irradiation dose of 10 kGy, quasi-spherical morphology with a size of approximately 5.5 + 0.65 nm could
be produced. Furthermore, the cytocompatibility of (CNCs-PEG/NaOH)/Gd203 nanocomposite synthesized was
assessed through MTT assay tests on Hep G2 cells, which demonstrated good cytocompatibility without any
cytotoxic effects within a concentration range of (10 pg/mL —150 pg/mL) and had sufficient cellular uptake.
Moreover, the Ti-weighted MRI of (CNCs-PEG/NaOH)/Gd203 nanocomposite revealed promising results as a
positive contrast agent. It is envisaged that the gamma irradiation method is promising in synthesizing (CNCs-
PEG/NaOH)/Gd203 nanocomposite with nanoscale for different applications, especially in the radiotherapy
field.

1. Introduction

Among the various T; contrast agents, Gadolinium oxide nanoparticles
(Gd203-NPs) stand out as the most promising option due to their sig-

Advanced non-invasive and non-ionizing imaging techniques, such
as Magnetic Resonance Imaging (MRI), have been developed to provide
high-resolution images of living organisms [1-4]. To enhance magnetic
sensitivity during the imaging process, various MRI contrast agents have
been developed [5,6]. These MRI contrast agents can be categorized as
T, contrast agents, also known as positive contrast agents, or Ty contrast
agents, referred to as negative contrast agents, depending on their
typical contrast mechanisms. There is a strong demand for suitable Ty
contrast agents with improved MRI T; signal and lower cytotoxicity.

nificant enhancement of MRI T; signal and lower cytotoxicity [7,8].
Gadolinium (Gd) is a frequently employed chemical compound in
diagnostic imaging, with a particular emphasis on its use in MRI. As a
member of the lanthanide element family, Gd possesses paramagnetic
properties that render it an appealing choice for enhancing MRI images.
Gd’s ability to generate a bright, positive signal intensity can signifi-
cantly enhance cell visibility, simplifying the tracking of cells in low-
signal tissues [9-11]. However, despite the promising potential of
Gd-based contrast agents, several challenges persist and require
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attention, including concerns related to their potential toxicological
effects, biodistribution, and pharmacokinetics within living systems
[11].

Gadolinium (Gd) is fundamentally a complex element held together
by chemical bonds between a gadolinium ion (Gd*®) and a carrier
molecule, known as a chelating agent. Chelating agents serve the dual
purpose of mitigating the toxicity of gadolinium while preserving its
contrast properties. However, the quest for innovative MRI contrast
agents with enhanced attributes is ongoing, driven by the concurrent
need for improved imaging effectiveness and impeccable biosafety,
essential for advancing their clinical utility. Consequently, the devel-
opment of carriers that incorporate Gd(IIl)-chelates and the refinement
of their structural characteristics assume a pivotal role in creating
macromolecular MRI contrast agents that are both secure and highly
efficient [12].

Enhancing the water solubility and colloidal stability of para-
magnetic gadolinium oxide nanoparticles (Gd,O3-NPs) necessitates
surface modification [13,14]. Coating the nanoparticles with a protec-
tive layer prevents them from aggregating, leading to improved dis-
persibility and stability [15]. However, it’s important to note that
surface modification may impede the exchange of surface protons and
bulk water protons, thereby affecting the overall longitudinal relaxation.
Both the total number of surface paramagnetic Gd>* ions and the dis-
tance between water protons and paramagnetic centres (which are
related to the thickness of the coating) influence the relaxivity of the
contrast agent [16]. Therefore, to achieve a significantly enhanced T;
relaxivity, it is imperative to develop Gd2O3 contrast agents with a thin
coating layer following surface modification.

Previous studies [17-20] have documented the synthesis and po-
tential of gadolinium nanoparticles coated with biocompatible mate-
rials, including dextran, chitosan, PEG, and silica, in the development of
innovative MRI contrast agents. Additionally, a recent study [21] has
explored the synthesis and potential of Polyaspartic acid-coated para-
magnetic gadolinium oxide nanoparticles for use as MRI contrast agents.
However, the research landscape concerning gadolinium nanoparticles
coated with cellulose nanocrystals is notably limited, with their appli-
cation as an MRI contrast agent remaining largely uncharted. Never-
theless, it has been reported that the gamma radiolytic method can be
utilized to synthesize small gadolinium nanoparticles coated with chi-
tosan [22] through a “one-pot” approach.

In this research, cellulose nanocrystals (CNCs) are employed as a
surface coating due to their numerous desirable properties. CNCs, a type
of cellulose-based nanomaterial, possess a range of characteristics as
documented in previous studies, including biocompatibility, biode-
gradability, sustainability, nontoxicity, hydrophilicity, cost-
effectiveness, a substantial surface area, high mechanical strength, and
exceptional stiffness [23-25]. Moreover, CNCs have found wide-ranging
applications across diverse fields, such as reinforcement fillers in poly-
mer matrices, separation membranes, transparent barrier films, super-
capacitors, biomedicine, drug delivery systems, tissue engineering, and
biosensors, thanks to their exceptional properties [26-28].

Furthermore, cellulose nanocrystals, derived from renewable sources
like plant materials, have emerged as highly promising nanomaterials
due to their innate biodegradability, low toxicity, and impressive aspect
ratio. The surface chemistry and morphology of CNCs can be tailored to
suit specific applications through surface modification [29]. The incor-
poration of polyethylene glycol (PEG), a hydrophilic polymer, can
enhance the stability of CNCs dispersions, bolster their biocompatibility,
and improve the imaging performance of the contrast agent. By
improving dispersion, biodistribution, and clearance properties, PEG
contributes to the acquisition of high-quality MRI images while mini-
mizing potential adverse effects. The use of PEG is a strategic decision
that aligns with the goal of developing safe and effective contrast agents
for medical imaging applications. PEG is employed to modify the surface
properties of nanoparticles, thereby enhancing their behaviour in bio-
logical systems, which has significant implications for circulation time,
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biodistribution, immunogenicity, and cellular interactions. The specific
choice of PEG and its effects depend on the intended application of the
nanoparticles, and researchers meticulously design PEG strategies to
optimize the outcomes of their studies [30].

Biocompatibility characteristics assess how materials interact with
biological systems without causing harm, as determined through both in
vitro and in vivo evaluations. The behaviour of a material and its
interaction with biology are significantly influenced by physicochemical
features, which encompass factors such as particle dimensions, surface
charge, and solubility. Improving these attributes leads to enhanced
biocompatibility and reduced cytotoxicity. A reduction of more than 30
% in cell viability indicates cytotoxic effects. Therefore, understanding
and optimizing the physicochemical properties of materials, such as
Gd203-NPs, holds critical importance in enhancing their biocompati-
bility and ensuring their safe and efficient integration into biomedical
applications [11].

In contemporary times, Cobalt-60 stands out as a prevalent radio-
active isotope frequently employed for various applications. Isotopes
emitting gamma rays are considered ideal radiation sources due to their
capacity to penetrate more than 1 cm into liquids or solids. Gamma rays
possess a shorter wavelength compared to X-rays, resulting in higher
energy per photon. Unlike X-rays, gamma radiation is typically gener-
ated from radioisotopes. Facilities utilizing gamma radiation can be
employed for acute or semi-acute exposures, akin to X-ray machines.
Cobalt-60 and Cesium-137 are commonly selected as sources of gamma
rays in mutation breeding. When not in use, these sources are securely
stored in lead containers and operated via remote control mechanisms to
irradiate materials [31].

Furthermore, it has been demonstrated that gamma radiation can be
employed in post-nanoparticle synthesis, particularly in the case of gold
nanoparticles, to reduce their size and enhance their uniformity [32].
This method has effectively minimized the size of synthesized nano-
particles, which bear similarities to gadolinium nanoparticles as they are
also metal-based. The size reduction is achieved through the radiolytic
reduction of metal nanoparticles, using the reducing species generated
by water radiolysis, known as radicals. Despite the potential of radiation
in reducing the size of gadolinium-based nanoparticles after synthesis,
there is a noticeable dearth of studies conducted on this particular
subject.

Therefore, the focus of this study is to investigate the impact of
gamma irradiation on cellulose nanocrystals/Gd2O3 nanocomposite as a
contrast agent for magnetic resonance imaging (MRI). It should be noted
that the gadolinium nanoparticles were synthesized using the sol-gel
method and then coated with cellulose nanocrystals with polyethylene
glycol and sodium hydroxide to form a biocompatible, stable, and hy-
drophilic substrate. The resulting nanocomposite is obtained by loading
magnetic GdoO3 nanoparticles onto the CNCs-PEG/NaOH nanoplatform.
Additionally, gamma radiation is used after the synthesis of the nano-
composite to decrease their size and increase their uniformity. The aim
of this study is to utilize gamma irradiation to reduce the size of nano-
particles, enhance their uniformity after synthesis and explore their
potential as contrast agents for MRI.

2. Experimental
2.1. Materials

All chemicals, including Gadolinium chloride hexahydrate
(GdCl3-6H20) (99.9 %, M,, 371.70 g mol’l), Sodium hydroxide
(NaOH) (>99.9 %, M,, = 40 g mol ™ 1), ethylene glycol (C2HgO2) (99 %,
M, =6297g mol ™), polyethylene glycol (CanHgn+20541) (99 %, M, =
6000 g mol™1), microcrystalline cellulose (CeH190s) n (99 %, M,, =
370.35 g mol™Y), sulfuric acid (H2S04) (99.9 %, M,, = 98.080 g mol ™),
were procured from Sigma-Aldrich and utilized without the need for
further purification. Ethanol (C;HgO) (99 %, M, = 46.07 g mol’l,
HmbG® chemicals) was employed for the initial washing of the
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nanoparticles. Distilled water, filtered by Purelab Maxima ELGA, with a
resistivity value of 18.2 MQ, was used for the final washing of the
nanoparticles.

2.2. Method

2.2.1. Synthesis of gadolinium oxide (Gd;O3) nanoparticles

Gadolinium oxide nanoparticles (Gd2O3-NPs) were synthesized via
the sol-gel method, in accordance with our previously reported work
[11,33]. Whereby an adequate production of nanoparticles with a high
yield and purity percentage was achieved at certain annealing temper-
atures without the additional use of a catalyst agent. In brief, EG was
used as GdCl3.6H,0 dissolving agent and NaOH as precipitation facili-
tating agent. Formed gadolinium hydroxide (GAOHs) powder was then
annealed at various temperatures (500 °C-1100 °C) for 3 h with a
heating rate of 5 C/min to facilitate spontaneous decomposition of Gd
(OH)3. Thus, the dehydration process yields Gd;O3; nanopowder of
crystalline structure.

2.2.2. Preparation of cellulose nanocrystals (CNCs) via sulfuric acid
hydrolysis

As per our previous work [30], the synthesis of cellulose nanocrystals
(CNCs) through acid hydrolysis follows a controlled chemical hydrolysis
reaction, as depicted in (Fig. A1) and described by Ref. [34]. The acid
hydrolysis method was chosen for generating CNCs from commercially
sourced microcrystalline cellulose (MCC) due to its anticipated high
yield, resulting in a stable aqueous suspension with a high crystallinity
index. In brief, 14 mmol of MCC was dispersed in 100 mL of distilled
water and stirred at room temperature for 1 h. Separately, 64 % (v/v)
sulfuric acid (H,SO4) was dissolved in 36 mL of distilled water and
stirred for 10 min at room temperature. Subsequently, 50 mL of the acid
solution was slowly added to the MCC suspension to achieve a pH of
approximately 0.82. The mixed solution was heated with constant me-
chanical stirring at 45 °C for an hour. After this, 200 mL of cold distilled
water was added to halt the hydrolysis reaction. The resulting CNCs,
appearing white, were collected by centrifugation at 4020 rpm for 20
min. The product underwent multiple washes by vortexing in distilled
water at 2200 rpm for 2 min, followed by centrifugation at 4020 rpm for
20 min to remove unreacted precursors, i.e., sulfate ions. This washing
step was repeated until the pH of the product reached approximately
6-7. The final CNCs product was freeze-dried at 45 °C for 24 h and then
ground into a powder using a crucible. Eq. (1), as proposed by Sfiligoj
et al. (2019) [35], was used to estimate the yield percentage (%Y) of the
prepared sample (Table S1). A photograph of the synthesized cellulose
nanocrystals (CNCs) is shown in (Fig. A2).

Weight after hydrolysis

% Yield =
o e Weight intial

X 100 % (€D)]

2.2.3. Synthesis of (CNCs-PEG/NaOH) via hydrolysis method

As detailed in our prior work [30], the hydrolysis method was
employed to produce cellulose nanocrystals (CNCs) with PEG/NaOH.
This method was chosen for its capacity to generate a stable aqueous
suspension of CNCs with a high crystallinity index. To execute the
procedure, 4 g of polyethylene glycol (PEG) with a molecular weight of
6000 g/mol was dissolved in 100 mL of distilled water and stirred for 10
min at room temperature. In a separate step, 8 g of sodium hydroxide
(NaOH) was dissolved in 100 mL of distilled water and stirred for 10 min
at room temperature. Subsequently, 20 mL of the previously prepared
PEG solution was slowly added to the 80 mL of NaOH solution while
stirring for 10 min at room temperature. A 0.5 % w/v solution of CNCs
was prepared by mixing 0.5 g of CNCs in 100 mL of the PEG/NaOH
solution. After a week of stirring, the mixture was subjected to centri-
fugation at 4020 rpm for 20 min. The resulting white product, referred
to as (CNCs-PEG/NaOH), was collected and further dried using
freeze-drying at 45 °C for 24 h. The dried product was stored at 4 °C until
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further use. Eq. (1), as proposed by Sfiligoj et al. (2019) [35], was used
to estimate the yield percentage (%Y) of the prepared sample
(Table Al). The final synthesized (CNCs-PEG/NaOH) is depicted in
(Fig. A3).

2.2.4. Synthesis of (CNCs-PEG/NaOH)/Gd,03 through gamma-ray
irradiation

A solution of cellulose nanocrystals with PEG/NaOH, containing 0.5
% w/v of CNCs, was mixed with 40 mL of Gd,O3 solution in acetic acid
(2 % v/v) at 1000 °C and 0.1 mmol of synthesized Gd2O3-NPs. After
stirring the mixture for seven days at room temperature, it was subjected
to gamma irradiation at Universiti Kebangsaan Malaysia using a cobalt-
60 Gammacell Excel Nordion 200 irradiator. The gamma irradiation
dose was varied at 3 kGy, 8 kGy, 10 kGy, 30 kGy, and 40 kGy, with a
dose rate of 12 kGy/h, to create the nanocomposite of gadolinium oxide
nanoparticles coated with cellulose nanocrystals (CNCs-PEG/NaOH)/
Gdy03. A solution of nanoclusters was prepared following the same
procedure but without the inclusion of Gdy0O3, which was used as a
control. A schematic depiction of synthesized (CNCs-PEG/NaOH)/
Gd»03 nanocomposite through gamma-ray irradiation is shown in Fig. 1.

2.3. Characterization

Molecular weight analysis was performed using the Gel Permeation
Chromatography (GPC) method with a Waters 2414 system equipped
with a Styragel® column and a differential refractive index (2414) de-
tector. A 1 mg sample was dissolved in 1 mL of tetrahydrofuran (THF)
using a flow rate of 1 mL/min at a temperature of 30 °C. To confirm the
chemical interaction between cellulose nanocrystals with polyethylene
glycol and sodium hydroxide and to identify the sample structures, H
and '3C nuclear magnetic resonance (NMR) spectra were recorded using
a Bruker/Advance III HD 400 MHz spectrometer (Bruker, Rheinstetten,
Germany). However, solid-state NMR spectroscopy was not available at
the Centre of Research and Instrumentation Management, Universiti
Kebangsaan Malaysia. As a substitute, the CNCs-PEG/NaOH (30 mg)
sample was dissolved in Deuterium oxide (D20, 0.6 mL) for 3 h at room
temperature. The average particle diameter was determined through
transmission electron microscopy (Phillips CM12) at an accelerating
voltage of 120 kV. For TEM analysis, a small amount (<1 mg) of the
sample was suspended in ethanol, sonicated for 15 min, and then
deposited onto a TEM grid. The solution was subsequently air-dried at
room temperature before characterization. The size of the sample sus-
pensions was estimated using Dynamic Light Scattering (DLS) with a
Malvern 3000 Zetasizer Nano ZS instrument, using a detection angle of
173° and a wavelength of 633 nm at room temperature. To ensure good
dispersion, a small quantity of the sample was dissolved in deionized
water and sonicated. The hydrodynamic size measurements were ob-
tained after maintaining the samples at a consistent temperature of
25 °C for 2 min. Meanwhile, the experiment involved subjecting (CNCs-
PEG/NaOH)/Gd»03 nanocomposite solutions to gamma radiation using
the MDS Nordion Gammacell 220 Excel irradiator at dosage levels
ranging from O to 40 kGy. The gamma cells had an uncertainty of +2.7
% at a 95 % confidence level, and the estimated dose rate was approx-
imately 4.20 kGy/h.

2.4. Invitro MRI studies

To evaluate the effectiveness of the (CNCs-PEG/NaOH)/Gd;O3
nanocomposite as an MRI contrast agent, an experimental setup was
utilized. Initially, a phantom was created by introducing the synthesized
(CNCs-PEG/NaOH)/Gd»03 nanocomposite into Petri dishes, filling them
with a 15 mL volume. These Petri dishes were then placed within a
phantom containing tap water, which ensured optimal image acquisi-
tion [36]. The constructed phantom was positioned at the isocenter of a
magnetic resonance imaging (MRI) system with a 3.0 T field strength
(Siemens Magnetom Verio, National Cancer Institute). Imaging was
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CNCs Gd,0;NPs (CNCs-
with PEG/NaOH with acetic acid PEG/NaOH)/Gd,0,
solution solution solution

(CNCs- (CNCs- Final product of
PEG/NaOH)/Gd,0; PEG/NaOH)/Gd,0, (CNCs-
solution before during gamma-ray PEG/NaOH)/Gd,0;
gamma-ray irradiation nanocomposite
solution

Fig. 1. Schematic representation of synthesized (CNC-PEG/NaOH)/Gd,03 through gamma-ray irradiation.

conducted using the MR coil head. For T;-weighted imaging, the pa-
rameters employed were as follows: field of view (FOV) = 179 mm x
220 mm, echo time (TE) = 10 ms, and repetition time (TR) = 2220 ms.
Additionally, To-weighted images were also obtained with a TR value of
3000 ms and TE = 10 ms. The acquired MR images were subsequently
analyzed, with a focus on assessing the quality of the achieved contrast.
This qualitative evaluation aimed to determine the potential suitability
of the synthesized (CNCs-PEG/NaOH)/Gd;03 nanocomposite as an
effective MRI contrast agent.

3. Results and discussion
3.1. Molecular weight distribution (MWD) analysis

Molecular weight distribution (MWD) measurements were con-
ducted using gel permeation chromatography (GPC) to determine the
weight average molecular weight (M,,), number of average molecular
weight (Mp), and the polydispersity index (PDI) of cellulose nanocrystals
with polyethylene glycol and sodium hydroxide (CNCs-PEG/NaOH).
Table 1 illustrates that Mw is greater than Mn because larger molecules
contain more mass than smaller ones. Consequently, the contribution of
more substantial molecules to the molecular weight average holds more
significance.

Furthermore, the polydispersity index (PDI), which represents the
ratio of Mw to Mn, serves as an indicator of the sample’s uniformity. As
reported by Potthast et al. (2015) [37], a PDI value approaching 1 in-
dicates a sample with a narrow molecular weight distribution (MWD),
reflecting uniformity, while higher values signify increased
non-uniformity. In terms of PDI, the CNCs-PEG/NaOH exhibits a value
of 1.14, indicating that the mixture is uniform and possesses a narrow

Table 1
The gel permeation chromatography data of (CNCs-PEG/NaOH).

Sample ID  Number average Average molecular Polydispersity index
molecular weight weight (M, (g (PDI) (M,,/M,,)
M,) (g mole™ 1) mole™1)
CNCs- 74 766 85915 1.14
PEG/
NaOH
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MWD. These findings align with previous reports [38] on the uniformity
of CNCs-PEG/NaOH.

3.2. Nuclear magnetic resonance (NMR) analysis

Polyethylene glycol (PEG), cellulose nanocrystals (CNCs), and the
cellulose solution in the aqueous PEG/NaOH mixture (CNCs-PEG/
NaOH) were analyzed using proton and carbon nuclear magnetic reso-
nances ("H NMR and '3C NMR). The results of the analysis are presented
in Figs. 2 and 3. Fig. 2(c) displays the 'H NMR spectrum of CNCs-PEG/
NaOH (400 MHz, D0, § (ppm)). CNCs-PEG/NaOH exhibited signals
consistent with previous studies [38] for the protons of (-CH3CH,0),
the methylene group (-CHS0), (HO—CH%), and the D50 solvent residue,
with chemical shifts of § 2.4 ppm, § 3.64 ppm, § 3.4 ppm, and § 4.71
ppm, respectively (as shown in Fig. 2(b) and (c)). Notably, new peaks
were observed in the CNCs-PEG/NaOH sample: § 1.85 ppm (peak b) for
the methyl proton (—-CH3) from the CNCs chain and § 8.39 ppm (peak e),
possibly corresponding to the —OH of alcohol oxidized into an aldehyde
group.

Fig. 3(b) illustrates the NMR spectrum of CNCs, revealing charac-
teristic peaks of cellulose. The peak in the chemical shift range of 62-66
ppm is associated with carbon C® and indicative of amorphous cellulose.
The peak at a chemical shift of 104-107 ppm corresponds to carbon C'.
The chemical shift range of 82-90 ppm is attributed to carbon C*, with a
value of 84 ppm for amorphous cellulose chains and 89 ppm for crys-
talline chains. The carbons C2, C3, and C® are represented by the region
between 71 and 77 ppm. These carbon atoms are not involved in the g
(1-4) linkage and could not be distinguished. These signals align with
previous studies on cellulose [39-42].

Furthermore, as per our previous work [30], the 13C NMR spectra of
the cellulose solution at room temperature exhibited similar signals to
the CNCs sample, with slight variations in intensity (Fig. 3(c)). Notably,
new peaks (*) were observed at 52 ppm, 63 ppm, 69.9 ppm, and 89 ppm,
characteristic of PEG chains (as shown in Fig. 3(a)), consistent with prior
studies [43,44]. The change in the position of C* suggested a disruption
of hydrogen bonds within the cellulose molecule, similar to the case of
wood pulp dissolved in LiCl/DMAc (as reported by McCormick et al., in
1985) [45]. Additionally, the peak at 167 ppm was attributed to C*,
indicating the conversion of one hydroxyl group into a carboxyl group,
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Fig. 3. 13C NMR spectra of (a) PEG, (b) CNGs, (c) CNCs-PEG/NaOH solution.

in line with the results reported by Ref. [38].

3.3. Characterization using transmission electron microscope (TEM)

Ensuring the size distribution of metallic nanoparticles is well-
controlled is a crucial aspect of their preparation. To address this
concern, the morphology and size of nanocomposite particles produced
using the gamma irradiation method were examined through TEM. The
TEM micrographs obtained revealed that all (CNCs-PEG/NaOH)/Gd203
nanocomposite samples exhibited a spherical shape with a core-shell
structure. The particle size was notably influenced by the gamma irra-
diation dose, as demonstrated in Fig. 4. Furthermore, with varying
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irradiation doses, the (CNCs-PEG/NaOH)/Gd»03 nanocomposite dis-
played a reduction in the average particle size alongside a change in its
shape. It’s worth highlighting that the (CNCs-PEG/NaOH)/Gd;03
nanocomposite subjected to a dose of 10 kGy exhibited a smaller particle
size compared to other dosages, which aligns with the results reported
by Ref. [46].

3.4. Dynamic Light Scattering (DLS) analysis

Dynamic Light Scattering (DLS) was performed to examine the par-
ticle size distribution of the (CNCs-PEG/NaOH)/Gd>03 nanocomposite
after irradiation at different doses, providing additional data to support
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Fig. 4. TEM micrographs of nanocomposite at different doses (a) 0 kGy (b) 3 kGy, (c) 8 kGy, (d) 10 kGy, (e) 30 kGy and (f) 40 kGy.

the particle size information obtained from TEM images.

Fig. 5 reveals that the (CNCs-PEG/NaOH)/Gd;03 nanocomposite
exposed to a dose of 10 kGy displayed a smaller average size of 5.5 +
0.65 nm, with a polydispersity index (PDI) of 1.0. This finding confirms
that the average size of the (CNCs-PEG/NaOH)/Gd,03 nanocomposite at
10 kGy is the smallest (Fig. 4) compared to doses of 0 kGy, 3 kGy, 8 kGy,
30 kGy, and 40 kGy after irradiation.

To explore the impact of gamma-ray dose on particle size, the par-
ticles were measured and graphed against the dose, and the size distri-
bution of the (CNCs-PEG/NaOH)/Gd203 nanocomposite is presented in
Fig. 6. The graph illustrates that the particle size of the (CNCs-PEG/
NaOH)/Gd;03 nanocomposite is influenced by the gamma-ray dose. As
the dose increased from 0 kGy to 10 kGy, the average particle size of the
(CNCs-PEG/NaOH)/Gd203 nanocomposite decreased significantly from
25.39 + 3.021 nm to 5.5 + 0.65 nm. This decrease can be attributed to
the diverse effects of gamma irradiation on nanomaterials, including
chain scission and crosslinking. At doses below 10 kGy, irradiation
mainly leads to the cleavage of polymer chains (such as cellulose and
PEG), resulting in smaller fragments or nanoparticles and a reduction in
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particle size. Furthermore, irradiation can alter nanoparticle surface
chemistry and interactions, which can disperse fragments and cause size
reduction due to changes in surface properties.

The results indicate that the particle size of the (CNCs-PEG/NaOH)/
Gd,03 nanocomposite remains almost constant at radiation doses of 8
kGy and 10 kGy, measuring at 6.371 + 1.35 nm and 5.5 + 0.65 nm,
respectively. However, at higher doses of 40 kGy, the (CNCs-PEG/
NaOH)/Gd203 nanocomposite undergoes degradation and denatur-
ation. It is important to note that the particle size of the (CNCs-PEG/
NaOH)/Gd203 nanocomposite increased to 8.021 + 2.01 nm and 9.5 +
1.17 nm after gamma irradiation at doses of 30 kGy and 40 kGy. This
increase is attributed to the fact that higher doses can lead to the
recombination of cleavage products through crosslinking or radiation-
driven chemistry, potentially resulting in larger particle sizes. Addi-
tionally, higher doses may foster aggregation or growth due to modified
surface properties. These findings confirm that gamma irradiation can
produce nanoparticles within the nanoscale range for (CNCs-PEG/
NaOH)/Gd»03, consistent with previous reports by Ref. [46].
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3.5. Effects of Concentration of (CNCs-PEG/NaOH)/Gd03
nanocomposite (10 kGy) on Hep G2 cells

The cytotoxicity test is a vital method for evaluating cell health and
determining whether a substance is toxic to cells or not. Cell death can
occur through two main mechanisms: necrosis and apoptosis. Necrosis
typically results from cell injury, while apoptosis is a regulated process
of cell death common in multicellular organisms [47]. Apoptosis can be
triggered by various external factors such as infection, toxicity, or
trauma, leading to the controlled breakdown of cell components.

Given the potential utility of Gd nanoparticles as contrast agents to
enhance MRI image quality, a study was conducted to assess their
impact on biological cells. In this phase, the test material, (CNCs-PEG/
NaOH)/Gd;03 nanocomposite (10 kGy), was selected for evaluating cell
survival, following ISO 10993-5:2009 guidelines. The MTT assay [48,
49] was used to assess cell viability through colourimetric analysis.
Lower optical density (OD) readings are indicative of reduced cell sur-
vival, suggesting a loss of mitochondrial dehydrogenase activity. The
positive control for this test involved using hydrogen peroxide (H205)
(10 mM), and the control medium was the complete growth medium.
The formation of formazan in Hep G2 cells due to mitochondrial
reductase activity in response to the positive control HyOs is illustrated
in Fig. 7.

Fig. 8 shows the percentage of cell survival on Hep G2 cells at a
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Fig. 7. Microscopic examination of Hep G2 cells in the presence of H;0; as a
positive control shows a decrease in MTT occurring on Hep G2 cells.
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Fig. 8. Effect of (CNCs-PEG/NaOH)/Gd,03 nanocomposite on the survival of
Hep G2cells. Cell survival was treated with a concentration range of 10 pg/
mL-200 pg/mL after irradiated at 10 kGy.

seeding density of 20 000 cells/well after incubation with (CNCs-PEG/
NaOH)/Gd203 nanocomposite at different Gd concentrations (10 pg/
mL, 50 pg/mL, 100 pg/mL, 150 pg/mL and 200 pg/mL) [50] for 24 h at
37 °C in a humidified atmosphere consisting of 5 % carbon dioxide and
95 % air. In addition, if we look at the (CNCs-PEG/NaOH)/Gd;03
nanocomposite sample, the survival of Hep G2 cells is decreasing and it
is directly proportional to the increase in the concentration of
(CNCs-PEG/NaOH)/Gd,03 nanocomposite in the range of 10
pg/mL-200 pg/mL. Due to the presence of 2 % v/v acetic acid to form a
gadolinium oxide solution. The presence of acid in HepG2 cells is one of
the factors that cause cell survival to decrease. Nevertheless, despite the
presence of acetic acid in the (CNCs-PEG/NaOH)/Gd;03 nanocomposite
sample, it did not show a cytotoxic effect on Hep G2 cells. These findings
are consistent with previous reports by Ref. [11].

Moreover, the survival of Hep G2 cells in the (CNCs-PEG/NaOH)/
Gd,03 nanocomposite sample at a concentration of 200 pg/mL showed
over 50 % cell survival (70 + 2), albeit less than the control cells, as
demonstrated in Fig. 8 and Table 2. In accordance with the ISO guid-
ance, if the survival of Hep G2 cells signal is reduced to <70 % of the
blank control, the sample is considered potentially cytotoxic.

As per a study by Refs. [51,52], both the pH value and the
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Table 2
Hep G2 cell viability was obtained after 24 h of (CNCs-PEG/NaOH)/Gd»03 nanocomposite after irradiated at 10 kGy with hydrogen peroxide (H205) as positive
control.
Viability (%) Replicate Positive control (10 mM) Negative control (CNCs-PEG/NaOH)/Gd,03nanocomposite (pg/mL)
10 50 100 150 200
n=1 12 100 89 83 81 79 68
n=2 100 89 86 80 79 69
n=3 100 91 87 84 74 72
Mean NA 100 90 85 82 78 70
Standard Error Mean NA 0 1 2 2 3 2

concentration of the test substance can influence the formation of
MTT-formazan in the culture medium. In this study, a reduction in cell
survival exceeding 30 % was considered indicative of cytotoxicity [53].
The findings unequivocally indicate that the (CNCs-PEG/NaOH)/Gd03
nanocomposite, exhibited good cytocompatibility. It showed no cyto-
toxic effects on Hep G2 cells within a concentration range of 10 pg/mL to
150 pg/mlL, underscoring its suitability as an MR imaging contrast
agent.

3.6. Cellular uptake in vitro

The investigation of biological applications of nanoparticles involves
an examination of their ability to enter cells. In this study, the cellular
uptake of (CNCs-PEG/NaOH)/Gd;03 nanocomposites after irradiation
at 10 kGy was assessed by incubating Hep G2 cells with varying con-
centrations of the nanocomposite. After 6 h, the content of gadolinium
within the cells was quantified using ICP-MS (see Table A2). Moreover,
the cell viability, cell concentration, and the total number of cells in the
original sample (6 mL) were determined through the methods outlined
in (Method Al). The results indicated that cell viability, cell concen-
tration, and the total number of cells were 98.2 %, 22.4 cells/mL, and
134.4 cells, respectively.

Fig. 9 illustrates the relationship between the Gd concentration (pg/
cell) within the cells and the Gd concentration (pg mL 1) in the (CNCs-
PEG/NaOH)/Gd203 solution used during the incubation process. The
data shows that cellular uptake of Gd increased as the concentration of
(CNCs-PEG/NaOH)/Gd03 nanocomposite in the solution increased
over a specific time. The findings indicated that the nanocomposite
demonstrated sufficient cellular uptake, which has the potential to
enhance MRI contrast. This uptake can be attributed to the fact that
intracellular absorption is influenced by particle size and shape, with
smaller particles having a tendency for higher intracellular uptake
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Fig. 9. Hep G2 cell uptake of different gadolinium concentrations of nano-
composite for 6 h after irradiated at 10 kGy.
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compared to larger ones, as previously reported by Suryani and Ismail
(2015) [54].

3.7. T1- weighted and T2-Weighted MR images

Based on the results displayed in Fig. 10(a), it is evident that the
synthesized (CNCs-PEG/NaOH)/Gd,0O3 nanocomposite serves as an
effective contrast agent, producing bright images in contrast to the
water background. This demonstrates its capability to enhance T
relaxation, resulting in increased signal intensity on T;-weighted im-
ages. Additionally, it was observed, as shown in Fig. 10, that the T;-
weighted image signal intensity of the nanocomposite at 30 kGy (Fig. 10
(5)) is stronger than that at 40 kGy (Fig. 10(6)). This variation can be
attributed to changes in tissue structure or the contrast agent itself,
which can modify their interaction with the magnetic field, subse-
quently influencing signal intensity. Alterations in molecular confor-
mation, aggregation, or mobility can impact the T; relaxation
properties, leading to increased signal intensity. The different radiation
doses may influence water dynamics differently, resulting in the
observed variations in signal intensity [11].

Despite the fact that the Ty image in Fig. 10(b) did not reveal sig-
nificant changes in all specimens following irradiation at 0 kGy, 3 kGy,
8 kGy, 10 kGy, 30 kGy, and 40 kGy, TEM images showed that the
nanoparticles were smaller in size at a dose of 10 kGy. The reduction in
nanoparticle size may facilitate the elimination of Gd ions through the
excretory system, indirectly reducing the duration of Gd’s presence in
the body. Additionally, nanoparticle size can affect their circulation
time, biodistribution, and cellular uptake. Smaller nanoparticles can
more easily enter cells, which can be advantageous for intracellular drug
delivery. Moreover, smaller nanocomposites usually exhibit shorter Ty
relaxation times due to their increased susceptibility to magnetic field in
homogeneities. Shorter T, relaxation times can lead to more efficient
suppression of unwanted signals from surrounding tissues in To-
weighted imaging.

Furthermore, smaller nanocomposites typically have a higher sur-
face area-to-volume ratio, enabling them to interact more readily with
the surrounding tissues. Consequently, they may accumulate in the
target area more quickly, reducing the time required for imaging, as the
contrast agent becomes effective sooner. In contrast, larger nano-
composites may take longer to accumulate in target tissues due to their
reduced mobility and slower diffusion. As a result, the imaging time
might need to be extended to allow sufficient accumulation for adequate
contrast enhancement. Therefore, the choice of nanocomposite size
should align with the specific clinical application. For instance, in cancer
imaging, smaller nanocomposites may be preferred for detecting small
lesions, while larger ones might be more suitable for vascular imaging or
organ-specific applications.

Consistently, the gamma irradiation reduction method can be uti-
lized to control nanoparticle size and holds significant potential for
various applications involving gadolinium nanoparticles.

4. Conclusions

The potential of (CNCs-PEG/NaOH)/Gd;0O3 as a contrast agent in
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Fig. 10. T; and T,-weighted images of nanocomposite at different doses (1) 0 kGy (2) 3 kGy, (3) 8 kGy, (4) 10 kGy, (5) 30 kGy and (6) 40 kGy.

MRI phantoms was investigated to evaluate the impact of different doses
on image weighting. It can be concluded that contrast media in a solid-
state form are not suitable for use in the human body compared to their
liquid state counterparts due to their homogeneous nature. While the T!-
weighted images did not exhibit significant changes in all the samples
after irradiation at doses of 3 kGy, 8 kGy, 10 kGy, 30 kGy, and 40 kGy,
TEM images revealed that the particle size was reduced at the 10 kGy
dose. The smaller size of the particles facilitates the removal of Gd ions
through the excretory system, indirectly reducing the duration of Gd’s
presence in the body. This study suggests that this method can be
employed to control the size of metal particles and holds potential ap-
plications in various fields related to gadolinium nanoparticles. In
conclusion, gadolinium exhibits considerable promise as it can address
both the requirements of intelligent delivery for high-quality MRI im-
aging in the biomedical field. However, further improvements in mag-
netic properties are required to develop a dual contrast composite
material for different applications, especially in the radiotherapy field.
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