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KEYWORDS Abstract Bone scan is the test that guide physician to diagnose diseases in the bone at the early
Citric acid dendrimer: stage, to prevent metastases to other organs. In this study, citric acid dendrimer conjugation with
Alendronate; alendronate was synthesized. Obtained product was confirmed by FT-IR and TEM. Cytotoxicity
Bone scan; assay at different concentrations showed no toxicity on normal cell line compared to control group.
Radiolabeling; Radiolabeling process was optimized by Box-Behnken software which is a computational method
SPECT; to determine optimum of important radiolabeling parameters. Optimized parameter for reducing
MDP agent, dendrimer-G,-alendronate, and time for shaking was 1 mg, 12.3 mg, and 25 min respectively.

For determination of in-vivo accumulation of **™Tc-dendrimer-G,-alendronate, SPECT imaging
was done. Images showed high accumulation of radio-tracer in the skeletal compared to **™Tc-
MDP which is the frequent bone scan agent. All in all, obtained results confirmed our hypothesis
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that the dendrimer-Gs-alendronate can be noteworthy nano-radiopharmaceuticals to bone cancer

imaging at early stage.

© 2022 The Author(s). 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

Nanotechnology is a field that manipulates materials to design and
produce structures in a nanometer scale. Nanomaterials named mate-
rials in the range of 1-100 nm at least in one dimension (Sim and
Wong, 2021; Patra et al., 2018). Nanotechnology entered in many
fields of sciences, including biotechnology, medicine, textile, engineer-
ing, and so on (Shirzadi-Ahodashti et al., 2020; Ebrahimzadeh et al.,
2021; Ahmadi et al., 2020). The entering nanomaterials into medicine
named “nano-medicine” have fascinated researchers in the wide range
of applications from imaging agents to delivery systems (Shirzadi-
Ahodashti et al., 2020; Murthy, 2007; Shirzadi-Ahodashti et al.,
2020; Naghizadeh et al., 2021). The small particle size of nanomaterials
allows them to penetrate through the biological barriers, and high ther-
apeutic efficiency will be achieved (Su and Kang, 2020). In addition,
solubility and bioavailability will be improved by nano-carrier systems.
Many medicines based nanomaterials have entered the clinic, and there
are enormous nanomedicines candidates for FDA approval (Ventola,
2017; Resnik and Tinkle, 2007).

Among different kinds of nanoparticles, dendrimers have attracted
consideration due to the conjugation ability on the surface and trap-
ping inside the dendrimer (Barrett et al., 2009; Svenson and
Tomalia, 2005). Studies showed that many dendrimers reveal toxicity
in vivo through the cell wall interaction and the surface modification
by polyethylene glycol (PEG) or citric acid reduce the toxicity (Jain
et al., 2010). In this study, synthesized dendrimer consists of PEG as
a core and citric acid as branches that introduce a non-toxic dendrimer
for in vivo evaluation.

Since, imaging techniques that diagnose diseases at the early stage
have an important role in the prevention and treatment of diseases,
designing the tracers which detect the diseases more precisely is essen-
tial. Molecular imaging is a non-invasive technique that provides use-
ful information at the molecular and cellular levels. This procedure is
based on physiological changes determined by the uptake of radio-
tracer in the target-specific organ. Thus, investigating new radiotracers
for diagnosis of diseases more accurately is still a critical issue (Wu and
Shu, 2018; Gomes et al., 2011).

Alendronate is a bisphosphonate drug used to treat and prevent
osteoporosis and Paget’s disease of bone. Its mechanism is through
the inhibition of osteoclastic bone resorption (Porras et al., 1999).
Due to the structure and application of alendronate, in this study, alen-
dronate was used in nanoscale to target the bone. Scanning the bone is
the test in which helps physicians to diagnose bone disorders at early
stage, especially for finding cancer that has started or metastatic to
bone (Heindel et al., 2014). Although, bisphosphonates kits were used
frequently in nuclear medicine as bone imaging agents (Simon et al.,
1990; Davis and Jones, 1976), research on imaging tracers that detect
bone disorders more accurately is still required. In this framework, Ren
et al, designed the gadolinium-labeled luminescent mesoporous silica
nanoparticles and dexamethasone loaded into nanocarrier. The results
showed the sustained release behavior of dexamethasone. Also, they
claim that it can be used as a potential magnetic contrast agent (Ren
et al., 2017). Patricio et al, synthesized the PLA/PVA/EDTMP poly-
meric nanoparticles and labeled with technetium-99 m for in-vivo eval-
uation. Results showed that the polymeric nanoparticles are suitable
carriers and showed phosphor prolonged release for EDTMP
(Patricio et al., 2014).

In this study, we synthesized the nano-radiotracer for the bone
scan. Second-generation dendrimer based on the citric acid, was conju-
gated to the alendronate as a targeting agent. Since, the methylene

diphosphonate (MDP) kit is used frequently as a bone imaging agent
in the nuclear medicine centers, we used this radiophamaceuticals as
a control group, and the results were compared with nano-
radiotracer. Although, many studies need to be done for further inves-
tigation of this nano-radiotracer, our result showed that the nano-
radiotracer showed bone accumulation more than **™Tc-MDP.

2. Material and method

All chemical reagents were of analytical grade and used with-
out further purification. Citric acid, polyethylene glycol
(PEG), N,N’-Dicyclohexylcarbodiimide (DCC), 1-Ethyl-3-(3-
dimethylaminopropyl)carbodiimide (EDC), alendronate, and
N-Hydroxysuccinimide (NHS) were purchased from Merck.
Dimethylformamide (DMF), stannous chloride (SnCl,),
MTT kit, and dialysis bag (molecular weight cut-off 500 Da)
were purchased from Sigma. HEK-293 cell line was prepared
from Pasteur Institute (Tehran, Islamic Republic of Iran).
Fourier Transform Infrared spectroscopy (FT-IR) of the pow-
ders by making KBr pellet acquired using Perkin Elmer Spec-
trum BX-II spectrometer. Transmission electron microscopy
(TEM) images were investigated using transmission electron
microscopy (TEM, JEM-2100). SPECT images were done by
Siemens, SimbiaT2 equipped with LEHR collimators instru-
ment. Studies were directed in line with the principles of the
declaration of Tehran University of medical sciences with the
number: IR. TUMS.TIPS.REC.1399.166.

2.1. Synthesis

Dendrimer-G, was synthesized based on our previous study
(Ardestani et al., 2020). Briefly, 2 mL PEG was dissolved in
10 mL DMF in the presence of 7.4 mmol (1.5 g) DCC. The
solution stirred for 25 min and after that 4.7 mmol (1.4 g) citric
acid was added. The first generation of dendrimer was pre-
pared after one day. The reaction was stopped by addition
of distilled water and purified by dialysis bag. The second gen-
eration of dendrimer was synthesized in the presence of DCC
(1.5 g) and citric acid (1.4 g) (both 2.22 mmol) in the 10 mL
DMF and stirred for one day. After stopping the reaction by
distilled water, purification was done by dialysis bag. For alen-
dronate conjugation, 20 mg obtained dendrimer-G, was dis-
solved in 4 mL DMF in the presence of EDC, NHS (0.02,
0.01 mmol respectively) and stirred for 30 min. After the pH
reached 9 by phosphate buffered saline (PBS), alendronate
(20 mg) was added and stirred for one week. Purification
was done with dialysis bag. FT-IR, TEM, and EDS were done
to confirm production of the final product.

2.2. MTT cytotoxicity assay

MTT is a quantitative colorimetric assay for cell viability eval-
uation. This assay is based on the reducing tetrazolium (MTT)
to insoluble formazan by viable mitochondria. Typically, 10*
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Fig. 1  Schematic illustration of citric acid second generation and conjugation with alendronate.

of HEK-293 cell lines were seeded on a 96-well microplate, and 2.3. Radiolabeling
incubated for 24 h at 37 °C. Then, 10 pl of the media (RPMI)
was removed, and 10 pl of prepared solution (5 mg of MTT
powder in 1 mL of PBS) was added to each well and was incu-
bated for 4 h. Finally, media of each well was removed and
DMSO was added. Absorption was read at 570 nm by an
enzyme-linked immunosorbent assay (ELISA) reader.

In this study, each factor which plays an important role in the
radiolabeling was optimized by Box-Behnken software. Elimi-
nation of oxygen, devastating the radiolabeling a lyophilized
kit was prepared. For kit preparation, 1 mg/mL (tin chloride/
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HCI) was added in dendrimer-G,-alendronate (12.3 mg/mL)
and acid ascorbic (1.8 mg/mL as an antioxidant agent) solu-
tion. After adjusting pH to 7, for reducing the effect of oxygen
on technetium-99 m labeling yield prepared kit was lyophi-
lized. For radiolabeling, **™TcOj (300 MBq) was eluted from
PMo/**™Tc generator and added to the lyophilized kit and
was shaken for about 25 min at room temperature.

2.4. Radiochemical purity

Rapid and simple method was done for radiochemical purity
(RCP) determination. According to our previous study
(Ardestani et al., 2020); the chromatography method was used
for evaluation of radiochemical purity (RCP) of the radio-
labeled citric acid dendrimer. This method is a suitable method
for time-consuming experiments to save time (Amin et al.,
1997). Two different mobile phases, including acetone/metha-
nol (1:1), and saline were chosen and the Whatman paper was
chosen as a solid phase. 5 pul samples were spotted at the origin
of the paper (1.2 cm x 10 cm). After developing the strip in the
solvent, the strip was divided into two parts, and the radioac-
tivity in each part was accounted with a gamma well-type
counter. Using acetone/methanol as a mobile phase, *™TcO,
and ?°™Tc-dendrimer-G,-alendronate remain in the origin,
and free pertechnetate move with solvent. Thus, the percentage
of free pertechnetate was determined. By using saline as mobile
phase, *™TcO, remains in the origin and free pertechnetate
and ?°™Tc-dendrimer-G-alendronate move with solvent.
Then, the percentage of **™TcO, was calculated. Finally,
radiochemical purity was evaluated by the following formula:
RCP = 100 — (free pertechnetate + *°™TcO,) (1).

2.5. SPECT imaging and biodistribution study

Scintigraphy imaging confirmed our hypothesis that **™Tc-
dendrimer-G,-alendronate is a promising agent for a bone
scan. For comparison, the MDP kit, which is regularly used
in the nuclear medicine center, was injected as same as
9mTc.dendrimer-Go-alendronate as a control group. All
groups consist of three mice. 37 MBq of **™Tc-dendrimer-
Gy-alendronate and **™Tc-MDP were injected through the tail
vein. After that, each mouse was placed under SPECT/CT
instrument after anesthesia by intraperitoneal injection of
ketamine/xylazine. Imaging was acquired after 2 h of injection

Fig. 3 TEM spectrum of dendrimer-G,-alendronate.
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Fig. 2

FT-IR spectrum of dendrimer-G, (red), dendrimer-G,-alendronate (blue), and pure alendronate (green).
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using a 256 * 256 matrix size with a 20% energy window set at
140 keV. Accumulation of **™Tc-dendrimer-G-alendronate
and **™Tc-MDP in the targeted organs was presented by hot
spot color. Each mouse was sacrificed after SPECT imaging,
and different organs were removed. For clearance the surface
from blood, organs were washed with normal saline. Blood
was collected by cardiac puncture, and activity in each organ
was estimated with a gamma well counter. The percentage
dose of radioactivity in each organ was evaluated from activi-

C

Fig. 4
(N), and phosphorous (P).

ties counted (dose per gram of tissue) in each organ divided by
total activities.

2.6. Statistical analysis

Statistical analysis was done using Prism 9 and Excel software
(Microsoft office 2013). For quantitative data, one-way analy-
sis variance followed by Turkey’s test was done. P < 0.05 was
considered statistically significant.

EDS mapping analysis of dendrimer-G2-alendronate. The mapping confirmed the existence of carbon (C), oxygen (O), nitrogen
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Fig. 5 Cytotoxicity assay of dendrimer-G,-alendronate on HEK-293 cell line after 24 h at different concentrations.
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Table 1 (a). different parameters which effect the radiolabeling including time, amount of reducing agent and dendrimer-G,-
alendronate. (b). Optimal amount of variables that affect radiolabeling.

a: Different parameters which effect the radiolabeling

Factor Name Unit —1 0 1
A Time min 5 20 35
B Reducing Agent mg 1 2.5 4
C Probe mg 10 15 20
b: Optimal amount of variables

Time Reducing Agent (mg) Probe (mg) Max Response

25 1 12.3 94.37

Reducing agent
Probe

Time

Probe

-1.0 -05 00 05 10

Reducing agent

Fig. 6 2D and 3D images effect of two term interactions in average mean of third term. (a) interaction between time & reducing agent,
(b) interaction between dendrimer-alendronate & time, (c) interaction between reducing dendrimer-G-alendronate & reducing agent. In
each term variation is indicated by variation in color.
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Fig. 7 SPECT imaging of **™Tc-dendrimer-G,-alendronate (left), and **™Tc-MDP (right).

3. Result and discussion

Nanotechnology has been entered in medicine to solve the
problems for detection and treatment of diseases. Drug deliv-
ery based nanomaterials may change the prospect of pharma-
ceutical and biotechnology companies (Ciobanu et al., 2011).
Thus, research on nanomedicine is still fascinated. Studies
claimed that it is possible to designed and developed nanora-
diopharmaceuticals for bone imaging. Oliveira & coworkers
developed the nanohydroxyapatite labelled with technetium-
99 m for bone cancer imaging. They stated that nanoradio-
pharmaceuticals may change the global history of oncology
and nuclear medicine especially for bone cancer imaging and
treatment (Morigi et al., 2012 (2012).). In other study, Oliveira
& coworkers published the nano-MDP labelled with
technetium-99 m for bone cancer imaging. They claimed that
pharmaceuticals in nanoscale create a new way in oncology
(Coelho et al., 2015). Synthesis procedure of the citric acid
based PEG dendrimer-G, and conjugation with alendronate
is illustrated in Fig. 1. To confirm the synthesis of the
dendrimer-G, and its conjugation to alendronate, FT-IR spec-
troscopy was done and is shown in Fig. 2. FT-IR of
dendrimer-G, showed the bands, which are located in the
3430, 2924, and 1726 cm™! wavelengths, related to O-H, C-
H, and C = O groups, respectively. FT-IR of the bare alen-
dronate presented the P-O and P = O at 914 and 1140 cm™"
respectively. FT-IR of the dendrimer-G,-alendronate showed
all peaks are observed in the dendrimer-G, spectrum. Also,
the decrease in P-O, P = O and C = O peaks intensity and
absorbance confirmed the conjugation of alendronate with
dendrimer-G,. The size and surface morphology of the
dendrimer-G»-alendronate was confirmed by transmission
electron microscopy (TEM) analysis (Fig. 3). The TEM image
exhibited that the particles were spherical in shape, uniform
and monodisperse size distribution. Furthermore, the mean
particle size of synthesized dendrimer-G,-alendronate was
about 15 nm. After that, the energy X-ray diffraction mapping
(EDS-mapping) analysis was employed to illustrate elemental
compositions that are located throughout the dendrimer-G,-
alendronate. As shown in Fig. 4, the elemental compositions

of dendrimer-G2-alendronate consist of carbon (C), oxygen
(O), nitrogen (N), and phosphorous (P). Fig. 5 shows the eval-
uation of cell viability of dendrimer-G,-alendronate on HEK-
293 normal cell lines at different concentrations (5, 15, 25, 50,
100, 250, 500, 1000 pg/mL) after 24 h. Statistical analysis
showed no cytotoxicity for dendrimer-G,-alendronate at 24 h
compare to the untreated control group.

Amount of dendrimer-G»-alendronate, amount of reducing
agent, and time are different factors that affect the radiolabel-
ing yield. In this study, Box-Behnken software was used to
determine these parameters (Table 1a). For the computational
study, amount of time, dendrimer-G,-alendronate, and reduc-
ing agent were examined between 5 and 35 min, 10 to 20 mg,
and | to 4 mg, respectively. Pluses and minuses represent the
direct and indirect relation. Fig. 6 shows the effect of two-
term interactions in the average mean of the third term by
2D and 3D images. As it is noticeable in 2D, and 3D images,
variation is indicated by variation in color. Blue shows the
lowest and red shows the highest variation. Thus, the optimal
amount of variables were calculated and indicated in Table 1b.

30- N Probe = MDP kit
25-

~ 204

=

oo 1§-

=]

10-

ﬁ
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NE B SN
Kidney Spleen Liver  Heart Bone
Organs

Fig. 8 Biodistribution of *™Tc-dendrimer-G,-alendronate and
9mTc.MDP. Y-axis shows the percentage of ID/g of *™Tc-
dendrimer-G,-alendronate and **™Tc-MDP in each organ.
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The lyophilized kit was prepared with 12.3 mg dendrimer-G,-
alendronate, 1 mg stannous chloride in the presence of acid
ascorbic. *™Tc-dendrimer-alendronate prepared after adding
the 300 MBq of technetium-99 m and shaking for 25 min.
SPECT imaging was done to investigate the accumulation
of ®"Tc-dendrimer-G,-alendronate. ™ Tc-MDP was used as
a control group due to its application in the nuclear medicine
center as a frequent bone scan agent. 37 MBq of **™Tec-
dendrimer-G,-alendronate and **"Tc-MDP were injected
through the tail vein. Fig. 7 shows the SPECT images of both
radiotracers. As it is evident, **™Tc-dendrimer-G,-alendronate
showed better accumulation in the skeletal in comparison to
PMTc.MDP. Same as > ™Tc-MDP, critical organs of the
9mTc-dendrimer-G,-alendronate are kidneys and bladder.
This means that the urinary system is a significant route in
the excretion of **™Te-dendrimer-G,-alendronate. For further
investigation, a biodistribution study was done, and results
showed the acceptable and more uptake of nano-radiotracer
in skeletal in comparison to *™Tc-MDP. Same as **™Tc-
MDP, high accumulation in kidneys state the main excretion
route of nano-radiotracer (Fig. 8). Conjugation of alendronate
to citric acid dendrimer led to more solubility of the alen-
dronate. Although more studies need to be done to understand
all the aspects of this novel radiotracer, it can be good nano-
radiopharmaceuticals to bone cancer at early stage.

4. Conclusion

In this work, we synthesize the citric acid based PEG dendrimer-Go,,
and conjugation with alendronate. The FT-IR and TEM confirmed
the synthesis of products. MTT assay showed no significant cytotoxi-
city on HEK-293 at different concentrations. Radiolabeling parame-
ters were optimized by computational study and radiolabeling yield
was about 94 percent. SPECT imaging was done for ?’™Tc-
dendrimer-alendronate and **™Tc-MDP as a control group. Data
showed a high accumulation of nano-radiotracer compared to **™Tc-
MDP. The biodistribution pattern of nano-radiotracer was similar to
9MTc-MDP.
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