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ABSTRACT

This study presents the synthesis and characterization of chitosan-glutamine-based biocompatible
nanoparticles (nano-conjugate) as a platform for developing an efficient nano-radiopharmaceutical agent
for liver imaging. The nanoparticles were labeled with technetium-99 m, resulting in the formation of
99MTc_chitosan-glutamine. Various characterization techniques, including furrier transform infrared
spectroscopy (FT-IR) and proton nuclear magnetic resonance ('"H NMR) were performed for confirmation
of synthesized nano-conjugate. Scanning electron microscopy (SEM), dynamic light scattering (DLS), and
static light scattering (SLS) spectroscopies were employed to investigate the particle properties such as
size, zeta potential, and molecular weight. MTT assay was conducted to study the toxicity of chitosan-
glutamine showing that nano-conjugate had a toxicity on cancer cell in-vitro. In-vivo studies were con-
ducted by administering **™Tc-chitosan-glutamine to mice, followed by whole body SPECT imaging. The
imaging process was performed at three different time points post-injection: 15, 60, and 120 min. The
SPECT results revealed a significantly accumulation in the liver. Also, biodistribution study showed that
accumulation in liver (% ID/g = 23.15%) was significantly higher than other organs. Our in-vitro and in-
vivo findings suggest that °*™Tc-chitosan-glutamine could serve as a theranostic agent for cancer imaging
using SPECT technology.
© 2023 Published by Elsevier B.V. on behalf of King Saud University. This is an open access article under the
CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

emerged as a significant area of focus in the fields of molecular
imaging and cancer therapy. It has gained particular attention for

For years, nanotechnology has fascinated researchers due to its
applications in wide variety of fields, including biosensors, medical
and pharmaceutical science, catalysis, engineering and so on.
Today, nanotechnology has been entered widely in the develop-
ment of pharmaceutical products. The application of nanotechnol-
ogy in radiopharmaceuticals can bring about extensive changes in
nuclear medicine. In recent times, nano-radiopharmacology has
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its applications in pancreatic and stromal tumors, as well as renal
cell carcinoma (de Souza Albernaz et al., 2012; Silindir-Gunay and
Ozer 2017). Although several advantages have been reported for
nuclear radiotherapy, numerous problems with utilizing multi-
modal imaging platforms, providing targeted delivery and devel-
oping new theranostic agents are attracting the researchers
(Kleynhans et al., 2018). Therefore, the development and introduc-
tion of new radiopharmaceutical agents are crucial in enhancing
nuclear medicine and diagnosis of diseases (Braga 2015).
Nanoparticles offer significant advantages in various aspects of
drug delivery. They have the potential to enhance the solubility of
poorly water-soluble drugs, improve drug stability, and prolong
the biological half-life of drugs. Additionally, nanoparticles enable
targeted delivery of drugs to specific tissues or cells, allowing for
more precise and effective treatment. Moreover, they can be uti-
lized for carrying large macromolecular drugs, facilitating the
simultaneous delivery of multiple drugs, and enabling visualiza-
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tion of target tissues in imaging. Furthermore, nanoparticles have
the potential for in-vivo real-time applications, making them
highly versatile and valuable in the field of biomedical research
and drug development (Albernaz Mde et al., 2014; Eroglu and
Yenilmez 2016; Silindir-Gunay and Ozer 2017; Kleynhans et al.,
2018; Ebrahimzadeh et al., 2021; Hashemi et al., 2022a, 2022b).
Radiolabeling nanoparticles with various radionuclides such as
'llc' 18F, 47Cav 5'lcr, 62CU, ngb, GSGa, 90Y, gngC, 111]n, '13'11, 177Lu
allows them to be used in nuclear medicine imaging (Eberlein
et al., 2011; Lopci et al., 2014; Enrique et al., 2015; Ferro-Flores
et al.,, 2015; Janssen et al., 2016; Kleynhans et al., 2018).

A great deal of research has reported labeled nanoparticles as
nano-radiopharmaceutical tracers. In this framework, '"’Lu-gold
nanoparticle have been described for targeting molecular recogni-
tion, '8F-Europium oxide (Eu,03) for fluorescence molecular imag-
ing, 25°Ac-Titanium oxide for alpha radionuclide therapy, '3'I-
graphene oxide for photo-thermal therapy, '%°I-gold nanorods for
specific inflammation imaging, *™Tc-mesoporous silica for inflam-
mation imaging, **™Tc-RGD-polyethyleneimine for hepatic carci-
noma imaging, °°™Tc-chitosan for lung pharmacokinetic, and
99mTc_olutamic acid for cancer targeting imaging (Kakkar et al.,
2010; Shao et al, 2011; Chen et al.,, 2015; Ferro-Flores et al,,
2015; Hu et al., 2015; Cedrowska et al., 2018; Paul et al., 2018;
Zhou et al.,, 2018). The use of the radioactive isotope technetium-
99 m in medical applications has been extensively researched
due to its specific characteristic such as pure gamma radiation,
suitable half-life, and easy accessibility. Technetium-99 m com-
monly is employed as a radiopharmaceutical agent, and its various
derivatives have demonstrated successful applications in the wide
range of diagnostic imaging procedures (Eberlein et al., 2011;
Braga 2015; Eroglu and Yenilmez 2016).

Among various nanomaterials, chitosan, a biocompatible and
biodegradable natural polysaccharide is widely applied in biomed-
ical applications (Choi et al., 2015). Recent studies have shown that
using chitosan nanoparticles with unique physicochemical proper-
ties as radiopharmaceutical substrate can be an alternative choice
due to their ability to be functionalized with biomolecules, gain
high affinity toward tumor cell membrane, and overcome the drug
resistance (Unsoy et al., 2014; Yhee et al., 2015; Rudzinski et al.,
2016). In this case, [**™Tc]Tilmanocept is a FDA approved nano-
radiopharmaceuticals for lymphatic mapping which is based on
chitosan targeted with mannose for solid tumors imaging in clinics
(Surasi et al., 2015).

Additionally, chitosan functional groups are rich in lone pair
electrons (amine and hydroxide) that could form complexes with
technetium-99 m radionuclide. Many studies reported that radio-
labeled ®°™Tc-chitosan nanoparticles have been developed for the
targeted-tumor imaging for diagnosis of cancer cells at early stage
(Rasaneh and Johari-Daha 2015; Othman et al., 2016; Zhang et al.,
2017). Published article claimed that biocompatible amino acid (L-
glutamine) has been used for the carrier systems due to its favor-
able surface characteristics which are very desirable for radiolabel-
ing with three active sites (N—H, —NH, and C=0) for guest
radionuclides (Dunphy et al., 2018).

In this study, low-cost chitosan-glutamine nanoparticles were
prepared and labelled with technetium-99m for liver imaging.
Radiochemical purity yield demonstrated that chitosan-
glutamine is very favorable for forming the complex with
technetium-99m radionuclide. Sulfur, nitrogen, and oxygen func-
tional groups in the chelator’s structure possess electron-rich prop-
erties which may facilitate effective binding with guest
radionuclides. The presence of lone pair electrons in the nitrogen
and oxygen functional groups of L-glutamine likely contribute to
its suitability for complex formation with technetium-99m
(Hjelstuen 1995; Taggart et al., 2016; Sakr et al., 2018). Although
further studies needed to understand and investigate all properties
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of 99™Tc-chitosan-glutamine, our finding showed that ®°™Tc-
chitosan-glutamine have a potential to be developed as a nano-
radiopharmaceutical specifically for liver imaging, given its charac-
teristics and biomedical features.

2. Material and method
2.1. Chemicals and reagents

Analytical-grade chemical reagents were employed without any
additional purification. Isopropanol, dimethylformamide (DMF),
aceton, methanol, calcium chloride (CaCly), sodium hydroxide
(NaOH), Tin (II) chloride (SnCl,), hydrochloric acid (HCl), ascorbic
acid (vitamin C) were purchased from Merck chemical (Darmstadt,
Germany). Chitosan and L-glutamine were obtained from Sigma-
Aldrich (St.Louis, MO). Thermo-AVATRA FT-IR spectroscopy was
used for surface functional groups of the prepared nano-
conjugate. MTT powder were purchase from Sigma Aldrich. The
cancerous cell line Hep-G, was gotten from the Pasteur Institute
(Tehran, Iran). Fourier transform infrared spectra (FT-IR) of the
powders acquired using Perkin Elmer Spectrum BX-II spectrome-
ter. '"H NMR spectra was analyzed in D,0 by a Bruker 500 MHz
instrument. Dynamic light scattering (DLS) was measured by Mal-
vern nano-zs. Static light scattering (SLS) technique was performed
using Zetasizer ZSP (Nano-ZSP, Malvern, UK) instrument Surface
morphology of the nano-conjugate was studied with TESCAN
MIRA3 field emission scanning electron microscopy (Czech). AFM
analysis was performed by JPK Nanowizard II. All studies were
repeated three times. Research investigations were conducted in
accordance with the guidelines set forth by the Tehran University
of Medical Sciences, as stated in declaration IR.TUMS.PSRC.
REC.1395.1333.

2.2. Synthesis of chitosan-glutamine nano-conjugate

Briefly, chitosan (30 mg) was added to the mixture of CaCl,
(0.5 mL), DMF (5 mL), and EDC (300 mg) in a caped flask and stirred
for 5 min at 400 rpm. After addition of L-Glutamine (2.5 mL) the
mixture was stirred at 500 rpm for 1 week in a dark place at room
temperature. Then, purification was done by using a dialysis bag
with excess distilled water and the obtained nanoparticles were
lyophilized.

2.3. Evaluation of cytotoxicity of chitosan-glutamine nano-conjugate

Cytotoxicity evaluation of chitosan-glutamine was carried out
by MTT colorimetric method. In this method, a 96-well cell culture
plate was used for cell seeding, and 100 pL of the media containing
10* cells were added to each well. Then, after appropriate treat-
ments of chitosan-glutamine, 20 pL of media was withdrawn after
24 h, and 20 pL of MTT solution (5 mg/mL) was added into each
well. The plate was incubated for 4 h in a dark place. Subsequently,
the media from each well was removed and replaced with DMSO
(dimethyl sulfoxide). The absorption of the samples was measured
at a wavelength of 570 nm using an ELISA reader.

Cellsurvivalrate = (Absorbanceoftestsample /Absorbanceofcontrol)
x 100

2.4. Labeling of chitosan-glutamine with technetium-99 m and
determination of radiochemical purity

The labelling process was done by following method. Briefly,
1 mg of SnCl, was dissolved in 1 mL of hydrochloric acid (10%),
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Fig. 1. Schematic illustration for synthesis of chitosan-glutamine nano-conjugate.
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Fig. 2. FT-IR spectra of the chitosan-glutamine nano-conjugate.
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Fig. 3. "H NMR analysis of chitosan-glutamine nano-conjugate.
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Fig. 4. FESEM micrograph of the synthesized chitosan-glutamine nano-conjugate.
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Fig. 5. Size distribution of the chitosan-glutamine nano-conjugate.
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and 0.3 mL of the resulting solution was transferred into the vial NaOH solution and then lyophilized. Subsequently, 10 mL of

containing chitosan-glutamine (10 mg/ml) and vitamin C powder freshly prepared pertechnetate (°®*™TcO3) solution obtained from
(3 mg/ml). The pH of the solution was adjusted to 7 with 0.1 M a generator was added to the mixture and was shaken for
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Fig. 6. Zeta potential graph of chitosan-glutamine nano-conjugate.

Fig. 7. AFM micrograph of chitosan-glutamine nanoparticles; (a) two-dimensional, (b) three dimensional and (c) size of nano-conjugate.
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20 min. Finally, the labeled material, **™Tc-chitosan-glutamine,
was injected into mice through the tail vein for in-vivo
investigation.

The radiochemical purity (RCP) was determined using a rapid
and simple method, as described in our previous study
(Ghoreishi et al., 2018). Chromatography was utilized to determine
the RCP of the radio-labeled %°™Tc-chitosan-glutamine. This
method was chosen to save time compared to more time-
consuming experiments (Amin et al., 1997). The mobile phase con-
sisted of acetone/methanol (1:1) and saline, while Whatman paper
served as the solid phase. To perform the experiment, 5 LL samples
were spotted at the origin of a 1.2 cm x 10 cm paper strip. The strip
was then developed in the solvent, and subsequently cut into two
parts. The radioactivity in each part was measured using a gamma
well-type counter. When acetone/methanol was used as the
mobile phase, ®*™TcO, and %°™Tc-chitosan-glutamine remained
at the origin, while free pertechnetate migrated with the solvent.
The percentage of free pertechnetate was determined based on this
migration. On the other hand, when saline was used as the mobile
phase, ®*™TcO, remained at the origin, while both free pertechne-
tate and ®°™Tc-chitosan-glutamine moved with the solvent. The
amount of °™TcO, (as a percentage) was then calculated.

Finally, the radiochemical purity was evaluated using the fol-
lowing formula:

RCP = 100 — (free pertechnetate+%™TcO,)

2.5. Injection of the labeled material %™ TC-chitosan-glutamine and
imaging with SPECT technique

The mice were anesthetized with ketamine/xylazine and 0.5 mL
(1.4 mCi) of labeled material was injected through the tail vein
using insulin syringe. The mice were positioned in a supine posi-
tion under the SPECT instrument and the whole-body scans were
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taken by imaging at different time points (15, 60, and 120 min).
After imaging, the mice were killed at time 120-minute corre-
sponding to ethical codes of working with laboratory animals.
Then, in a suitable environment and with assistance of an appro-
priate tool the desired organs such as liver, kidney, lung, heart,
brain, spleen, intestine, and bladder were separated. Thereafter,
the radioactivity accumulation in each organ was measured using
dose-calibrator instrument and weight of organs was recorded by
digital laboratory balance. Finally, the biodistribution of each organ
was calculated per gram of each organ in form of mean + standard
deviation (%ID/g).

2.6. Statistical analysis

Statistical data analysis was done using Prism 5 and excels soft-
ware (Microsoft Office 2013). For quantitative data analysis One
Way ANOVA followed by Tukey’s test was applied. P < 0.05 was
considered statistically significant.

3. Results and discussion

Currently, nanotechnology has gained significant attraction in
the improvement of pharmaceutical science (Ebrahimzadeh et al.,
2021, Hashemi et al., 2022a, 2022b). The use of nanotechnology
in radiopharmaceutical science has the potential to create a huge
revolution in the nuclear medicine. In our pervious study the citric
acid dendrimer labelled with technetium-99 m and conjugated
with glutamine was reported. Our data showed that tumor region
was clearly visible with the radio-tracer (Ghoreishi et al., 2018). In
this study, we aimed to design nano-radiotracer for liver imaging.
For this purpose, chitosan was chosen as nano-platform capable of
binding to technetium-99 m and it was conjugated with glutamine
as a targeting agent. At first, chitosan-glutamine nano-conjugate
synthesized as described in material and method section. Fig. 1
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Fig. 8. MTT assay of chitosan and chitosan-glutamine on Hep-G2 cell line after 24 h.
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illustrates the chitosan conjugated to glutamine. To confirm the
synthesis, the functional groups of the chitosan-glutamine were
investigated with FT-IR spectroscopy as shown in Fig. 2. As can
be seen several absorption bands are appeared in FT-IR spectra that
are corresponding to the main functional groups in chitosan-
glutamine structure such as amine (N—H), carbonyl (C=0), hydro-
xyl groups (O—H), and alkane (C—0, and C—H). Briefly, the absorp-
tion band at 3451 cm ™! and 946 cm ! are related to the stretching
vibration and bending vibrations of the O—H, respectively. The
C—H stretching bonds are appeared at 2922 cm™! to 2945 cm™!
wavelength that are related to the aliphatic vibration’s backbone.
The two sharp peak at 1031 cm~! and 1179 cm™~! shows the sym-
metric vibrations of the C—O bond. The stretching vibrations of the
C-N bond is observed at 1268 cm™'. Besides, the N—H stretching
vibration (amine) is appeared at 3311 cm~! wavelengths, while
N—H bending are appeared at 1510 cm~! and 1587 cm~! wave-
lengths (Fernandes Queiroz et al., 2014, Saber-Samandari et al.,
2015). The sharp absorption band at 1693 cm ™! is clearly represent
the stretching vibration of the C=0 bond. Prior investigations
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involved FT-IR analysis of chitosan and glutamine separately
(Drabczyk et al., 2020, Absalan and Noroozi-Shad 2021). By com-
paring the FT-IR spectrum of the chitosan-glutamine nano-
conjugate with the individual spectra of chitosan and glutamine,
it was evident that the successful synthesis of the chitosan-
glutamine nano-conjugate had been achieved.

Also,'H NMR spectroscopy performed for determination the
structure of chitosan conjugated with glutamine (Fig. 3). The sharp
multi-branched signals with an area of 8.70 in the range of 0.9-
1.0 ppm are related to the protons of methylene (—CH,—) group
in the chitosan chain. The broad signals with area of 2.98 in the
range of 2.2 to 2.3 ppm are corresponding to —CH,- protons in
the structure of glutamine. The connected protons to oxygen atom
in chitosan are appeared as multi-branched signals in the range of
2.8-3.0 ppm. The double weak peak with an area of 2.79 in the
range of 3.6 ppm is related to the methylene (—CH,-) protons
closed to the hydroxyl group (—OH) in chitosan. Finally, the weak
peak with an area of 0.34 at 8.0 ppm is related to the protons of
amino groups (—NH;) of chitosan."H NMR analyzes showed that

Fig. 9. Whole body SPECT imaging of *™Tc-chitosan-glutmine in mice (a) 15 min, (b) 60 min and (c) 120 min.
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proposed protons are located in the desired position that is clarify
the successful preparation of chitosan-glutamine structure (Choi
et al., 2015). Moreover, SLS spectroscopy was done for determina-
tion of exact molecular weight of the nano-conjugate. Result
showed that chitosan-glutamine nano-conjugate had a
28.2 * 4.17 molecular weight (kD).

Furthermore, the surface morphology of chitosan-glutamine
nanoparticles was characterized using FESEM at two different
magnification scales of 100 (500 nm) and 200 kX (200 nm). FESEM
micrographs in Fig. 4 depict regular particles with a unique distri-
bution at 100 kX magnification. Upon increasing the magnification
to 200 kX, the spherical nano-conjugate exhibited a more pro-
nounced and distinct appearance. The nano-conjugate appeared a
fairly uniform shape, with noticeable beads present on their sur-
face. The occurrence of clumping in certain areas of the image
can be attributed to the particles’ reduced surface charge. How-
ever, due to the small size of the particles (<100 nm) uncontrol-
lable aggregation was observed. The similar results were
reported in previously published works (Tao et al., 2011, Nui
Pham et al.,, 2016). The particle size distribution was analyzed
using Imag] software and an average size of 42 nm was determined
for chitosan-glutamine nanoparticles. The reduced particle size
enhances the porous structure and surface area.

To investigate the particle size distribution, DLS analysis was
conducted for chitosan-glutamine nano-conjugate in deionized
water. Fig. 5 represents the resulting DLS graph, showing the par-
ticles number (per count) versus the particle size (nm). As a result,
the DLS analysis predicts a mean value of 100 nm for the measured
particle diameter. The surface charge of the nanoparticles was
studied based on zeta potential. Herein, Fig. 6 shows the predicted
positive surface charges (+9.83 mV) for chitosan-glutamine nano-
conjugate.

Moreover, AFM microscopy is a powerful technique to studying
the surface of nanoparticles. In two-dimensional micrograph
(Fig. 7a) the dark points with low altitude show the depth or val-
leys, while the brighter point indicates the height of the particles.
Particularly, this micrograph is used to display the particle size dis-
tribution and does not provide exact height measurements of the
particles. Three-dimensional AFM micrograph (Fig. 7b), is dis-
played at the sample area of 5 pum, the light parts indicate the

25
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height of particles, while the darker parts represent the depth. Dif-
ference between the highest and lowest height (peak-to-valley
roughness) is obtained 39 nm. The sample roughness index
(RMS) is measured for the surface of nanoparticles with value of
6.7 nm. RMS is an important characteristics factor that can affect
the surface of nanomaterials by affecting the adhesion force, elec-
tron, optical properties, and surface energy. Additionally, by using
the AFM microscopy, the measuring of the particle size also possi-
ble. Fig. 7c is indicating the average size of nanoparticles around
103 nm.

The cytotoxicity of chitosan-glutamine nano-conjugate was
investigated in-vitro on Hep-G; cell line using the MTT assay. As
shown in Fig. 8, the data clearly demonstrate that nano-
conjugate showed higher toxicity on Hep-G, cell line compare to
chitosan alone. Result showed the significant difference between
nano-conjugate at different concentration and control group. For
further investigation, an in-vivo study was conducted in mouse
model. The chitosan-glutamine was radiolabeled with
technetium-99 m and radiochemical purity of labelled nano-
conjugate was determined about 90 percent by TLC chromatogra-
phy. After injection of ®*™Tc-chitosan-glutamine (1.4 mCi), mice
were anesthetized and placed under the SPECT instrument for
imaging at various intervals (15, 60 and 120 min). Fig. 9 illustrates
the results, revealing distinct visibility of the liver and spleen by
SPECT images. Following SPECT imaging, the mice were scarified
and each organ (liver, kidney, lung, heart, brain, spleen, intestine,
and bladder) was collected to conduct a biodistribution study mea-
suring the percentage of injected dose per gram (% ID/g). Radioac-
tivity accumulation in each organ was assessed after 120 min and
the findings are presented in Fig. 10. The variation in % ID/g values
among the organs clearly indicates a significant distinction in accu-
mulation between the liver and other tissues. Therefore, it can be
inferred that this radiotracer is well-suited for liver imaging.

All in all, based on the findings from SPECT imaging and biodis-
tribution analysis, it can be concluded that the labeled nano-
conjugate possesses the potential to serve as a nano-
radiopharmaceutical for liver imaging. Additionally, the MTT assay
demonstrated toxicity towards the cancer cell line, suggesting that
this nano-radiotracer could potentially be utilized as a theranostic
agent for cancer cells.
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Fig. 10. Percentage of *™Tc-chitosan-glutmine accumulation in different organs after 120 min.
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4. Conclusion

Successful synthesis of chitosan conjugated to glutamine
nanoparticle has been clearly confirmed by multitude spec-
troscopy techniques including FT-IR, 'H NMR, DLS, AFM, and
FESEM and nanometer range was confirmed. Chitosan-glutamine
nano-conjugate showed the positive surface charge. Profoundly
noteworthy, the MTT assay demonstrated that nano-conjugate
showed higher toxicity on Hep-G2 cell line compare to chitosan
alone. Moreover, SPECT imaging of the labelled chitosan-
glutamine nano-conjugate with technetium-99 m showed the suit-
able accumulation in liver and spleen. Furthermore, the biodistri-
bution result has exhibited significant accumulation of %°™Tc-
chitosan-glutamine nano-conjugate in liver compare to other
organ. These innovative discoveries, conclusively paramount, sig-
nify a promising advancement in the field and warrant further
investigation and exploration and suggest that chitosan-
glutamine nano-conjugate maybe serve as an alternative nano-
radiopharmaceutical for liver imaging in the future.
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