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Abstract: In this study, a new nano-structure, N,P-doped
graphene quantum dots (N,P-GQDs), were synthesized as
multipurpose imaging agent for performing scintigraphy
and magnetic resonance imaging (MRI). Some standard
characterization methods were used to identify the nano-
structure. In vitro cytotoxicity evaluation using MTT assay
revealed that N,P-GQDs nanoparticles had no significant
cytotoxicity after 24 and 48 h against normal (MCF-10A) and
cancerous (MCF 7) human breast cell line in concentration
up to 200 pg/mL. The N,P-GQDs were radiolabeled with
Technetium-99m as *™Tc-(N,P-GQDs) and the radiochemical
purity was assayed by ITLC concluding RCP = 95%. The
passing of *™Tc-(N,P-GQDs) through 0.1um filter demon-
strated that 70.8 % of particles were <0.1 ym. In order to
perform scintigraphy, the *™Tc-(N,P-GQDs) were injected to
female healthy Wistar rats. The results showed that the
radio-complex was captured and eliminated just by kidneys.
Moreover, in vitro T;-weighted phantom MRI imaging
showed that the N,P-GQDs have proper relaxivity in com-
parison to Dotarem® as a clinically available contrast agent.
The results showed that the N,P-GQDs have potential to be
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considered as a novel and encouraging agent for both
molecular MRI and nuclear medicine imagings.
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tium-99m; biodistribution

1 Introduction

Over the last few years, many types of nanoparticles (NPs)
have been used in different fields of sciences, as well as
modern-day medicine. NPs are defined as particles in size of
<100 nm, so, a wide range of natural and synthetic molecules
could be considered as NPs [1]. Graphene quantum dots
(GQDs), as synthetic types of NPs are widely used in a variety
of fields because of their individual characteristics. These
NPs are prepared as layered structures (dots) with >2-10
layers in size <100 nm diameter with especial characteris-
tics, including photoluminescence (PL) properties, as well
as thermal and electrical conductivity [2]. In addition,
biocompatibility, economic way of preparation and low
cytotoxicity made them as an interesting NPs in the fields of
bio-imaging, pharmacy, photothermal and photodynamic
therapy of cancerous cells [3-6].

The synthesis of GQDs derivatives with desirable pho-
toluminescence emission leads them to be considered as bio-
imaging agents [3]. The layered structure and possibility of
200 % loading can result in the preparation of efficient drug
delivery systems (DDS) based on GQDs [7, 8]. There are some
promising studies that show the GQDs used in anti-cancer
agents increase drug efficacy in addition to delivery. More-
over, these assemblies could be used for assaying drug
accumulation rate and imaging [9-11]. Generally, fluores-
cence imaging encounters problems such as absorbance,
dispersion and auto-fluorescence that cause disruption of
rays [12, 13].

In order to improve imaging quality, the radiolabeling
potential of GQDs with gamma emitting radioisotopes has
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recently been introduced [14]. These assemblies can be
used multi-purposely for different applications and imag-
ing simultaneously. Technetium-99m with half-life of 6 h
and gamma energy of 140 keV is a common gamma emitting
radioisotope in diagnostic nuclear medicine. Also, avail-
ability by **Mo/*™Tc generator makes that more inter-
esting for preparing diagnostic radio-agents [15].

Magnetic resonance imaging (MRI) is known as a potent,
noninvasive and sensitive clinical imaging modality due to
its capacity to produce precise three-dimensional anatom-
ical images with high spatial resolution and virtually un-
limited tissue penetration depth [16]. If needed, patients are
injected by contrast agent prior to undergoing MRI in order
to improve the visibility of organs in this imaging. The most
popular MRI contrast agents are based on the metal gado-
linium; however, these metal compounds may be dangerous
for young children or patients with kidney disorders.
Although, metal-based contrast agents (CAs) in mesoporous
nanocarriers modify metal release to lessen toxicity, the
future degradation may still release metal to the environ-
ment causing adverse effects on the body [17]. A safety
warning about the potential long-term deposition of Gd-
based contrast agents in the brain tissue was also recently
reported by the Food and Drug Administration (FDA) [18].
Therefore, there is an urgent need to create nonmetal MRI
contrast agents with better sensitivity and functionality than
common T, contrast agents. This has prompted the creation
of numerous types of organic metal-free CAs for MRI [19, 20].
In this study, we developed metal-free phosphor/nitrogen-
doped graphene quantum dots (N,P-doped-GQDs) NPs as a
potent imaging agent for both MRI (with safe T contrast) and
nuclear medicine imaging (Figure 1).

When using contrast agents based on graphene (gra-
phene dots doped with heteroatoms), the carbon bonds with
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heteroatoms act as magnetic centers and magnetic dipoles.
Also, they can interact with water molecules and cause a
change in the spin relaxation time of hydrogen atoms in the
region where the contrast material is present. They amplify
the resulting signal to improve MRI [21, 22]. During the syn-
thesis of GQDs, it was tried to synthesize the samples in such a
way that the interaction of water molecules with NPs is pro-
vided [23]. The magnetic property is probably produced by
introducing both vacancies and elemental P-doped molecules
as the substitutional defect. Like that, metal-free graphite and
graphene oxide could also produce paramagnetism by
introducing dipolar C-F bonds [24, 25], but in comparison to
them, the GQDs are considered as agent with lower toxicity.
So, the prepared nano-structure could be applied as a metal-
free MRI contrast agent. Furthermore, the N,P-GQDs were
radiolabeled with Technetium-99m as **Tc-(N,P-GQDs) to
prepare multi-purpose imaging agent. These assemblies could
be loaded with agents, targeted and radiolabeled with
Technetium-99m simultaneously for selective assay. Based on
radiolabeling, it is suggested that the *™Tc-(P,N-GQDs) be used
in targeting drug delivery for assaying concentration of agent
in target through scintigraphy. Also, this structure could be
used for indirect radiolabeling of agents without any potential
for radiolabeling, through conjugation of agent-P,N-GQDs
assemblies. This study suggests the N,P-GQDs as a dual im-
aging agent for MRI and scintigraphy, highlighting their po-
tential to address or alleviate some challenges associated with
these imaging methods.

2 Materials and methods

During this investigation, N,P-GQDs were synthesized by microwave
[22]. Technetium-99m was eluted from **Mo/**"Tc generator as sodium
9mTe-pertechnetate ("TcO, Na*). The generator was purchased from

120-155°C

90 min

HO PO3/PO3H2

Figure 1: Schematic production route to N,P-GQDs. Because the phosphate group is a weak acid, the PO5 groups in the product should be either POsH, or

POs>.



DE GRUYTER

Pars Isotope Co. Stannous chloride dihydrate was obtained from Sigma-
Aldrich Co. Chromatography paper Silica gel (SG) 60 F254, sodium ace-
tate, acetic acid glacial, phosphoric acid, acide L(+)-ascorbico (ascorbic
acid), ammonia solution 25%, phosphoric acid and solvents were
obtained from the Merck Co. Millipore filters at 0.1 ym (Minisart® High
Flow with polyethersulfone (PES) with a pore size of 0.1 um) were pur-
chased from Sartorius Co. Female Wistar rats were provided by the
Animal Studies Center of Tabriz University of Medical Sciences, Iran.
Gd-DOTA (Dotarem®) was obtained from Bayer Health Care Pharma-
ceuticals Inc. (Montville, NJ, USA). Also, this study was performed in
strict accordance with the NIH guidelines for the care and use of labo-
ratory animals (NIH Publication No. 85-23 Rev. 1985). The study was
approved by the Medical Radiation Sciences Research Team and
Research Ethics Committee (REC) of Tabriz University of Medical
Sciences, Iran.

2.1 Synthesis and characterization of N,P-GQDs

We mixed 15 mg of citric acid monohydrate, 3 mL of ammonia solution
25%, 1mg of phosphoric acid (=0.53 mL), and three drops of distilled
water in the Microsynth microwave’s cell. The Microsynth was pro-
grammed to raise the temperature as t, = 120 °C to t,, = 155°C (rate of
0.38 °C min™" under a constant power of 1000 W) step by step. Then, the
mixture of reactor was washed in ethanol twice for purification of
N,P-GQDs. The N,P-GQDs precipitate was filtered from ethanol and dried
in oven at 80°C for 72h and studied by chemical characterization
methods including TGA (by LINSEIS ThERMAL Balance L81/1750), TEM
(by FP-6200 spectrofluorometer, (JASCO Corporation, Tokyo, Japan),
FT-IR (with KBr by a Perkin-Elmer FT-IR spectrometer), XRD (by Bruker
AXS model D8 Advance), and XPS (by ESCALAB 250. Xi from Thermo
Scientific using Mg X-ray resource) [14].

2.2 Preparation of acetate buffer (pH = 5.5)

We mixed 0.73 g of NaOAc (sodium acetate) with 590 uL of HOAc (acetic
acid glacial 100 %), and diluted it to 100 mL, then pH was adjusted to pH
6.0-6.3.

2.3 Preparation of stannous chloride solution

In order to prepare stock solution of stannous chloride, 3 mg of stannous
chloride dihydrate (SnCl,2H,0) was dissolved in 3mL of degassed
(bubbled with nitrogen gas) HC1 0.1N (1 mg SnCl,-2H,0/1 mL HCl 0.1N)
and vacuumed to prevent deterioration of SnCl,-2H,0.

2.4 Preparation of ascorbic acid solution

40 mg of L(+)-ascorbic acid was dissolved in 1 mL distilled water (40 mg
L(+)-ascorbic acid/1 mL water) for preparation of ascorbic acid solution
and then bubbled under nitrogen gas.

2.5 Radiolabeling of N,P-GQDs with Technetium-99m as
99mTc-(N,P-GQDs)

To this end, 15mg of N,P-GQDs were dispersed in 0.5mL of distilled
water and 0.5 mL of acetate buffer (1:1). Then 300 pL of NaOH 0.1 M was
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added to the dispersion for fixing pH at 5.5-6.5. The dispersion was
bubbled under nitrogen gas to prevent oxidation of SnCl,-2H,0. After
that, 37 MBq of *™Tc0," solution milked from *Mo/**™Tc generator was
added to N,P-GQDs dispersion. Then, 100 uL of prepared stannous
chloride solution and 100 pL of prepared L(+)-ascorbic acid solution
were added to the mixture of reaction and the vial (located in lead
shield) was heated to 95°C and stirred at 500 RPM respectively for
40 min. The effect of involved variables including pH, temperature,
amount of N,P-GQDs and reductant were studied to improve radio-
labeling quality. The radiochemical purity (RCP) was assayed through
instant thin layer chromatography (ITLC). The radiotracer was prepared
at RCP 2 95 %. The calculated RCP was 296 %.

2.6 The radiochemical purity (RCP%) assessments

The routine instant thin layer chromatography (ITLC) method was
used to calculate RCP% of radiolabeling reaction. Two systems of
chromatography with SG (as instant phase) and different solvents,
including acetone and mixture (mixture of H,0: EtOH: ammonia so-
lution 25% (5:2:1v/v)) were separately applied. The strips of SG
(1cm x 10 cm) were spotted by reaction mixture and placed in two
distinct chromatography tanks with different solvents. The separation
of radio-ingredients consisting free *™Tc0,4", colloid (*™TcO,: reduced
hydrolyzed technetium) and **™Tc-(N, P-GQDs) were shown in Table 1.
After performing the chromatography, the strips were removed from
the tanks and cut in 1cm pieces. The pieces were counted in a time
settled well counter (Biodex Medical System, UPTAKE STAND 200
CTYSTAL, model 187-220, No. 120397604 equipped with a well
counter) for assaying count per minute (CPM). Percentage of the
9mTeQ,, free *™TcO,” and *™Tc-(N,P-GQDs) were calculated by Equa-
tions (1)-(3).

Cpm(*™"Tc0; )
% ™Tc0, = )
(:pm[%’"Tco; + %m0, + ©™Tc - (N.P - GQDs)
Cpm(*™TcO.
%*°"TcO, = pm(*"1c0,) )

Cpm[gngcO; +9MTe0, + *MTe — (N.P - GQDs)
%RCP of *"Tc — (N.P - GQDs) = 100 — %[*"TcO; + *"Tc0,| (3)

2.7 Serum stability of **™Tc-(N,P-GQDs)

To evaluate radio-agent stability in human serum, 300 uL (about
11.1 MBq) of *™Tc-(N, P-GQDs) was added to 500 pL of fresh centrifuged
human plasma at 37 °C. The study was developed by performing ITLC
from mixture at determined time intervals (up to 24 h) to calculate
RCP% [26].

Table 1: Distribution of each radio-ingredient in two different kinds of
ITLC system.

ITLC Solvent R:=0 Re=1

system

SG-TLC(1)  Acetone Colloid + ®™Tc-(N-GQDs) ~ *™Tc0,”

SG-TLC(2)  (H,O: EtOH:  Colloid PO, +
Ammonia) 9MTc-(N,P-GQDs)
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2.8 Determination the octanol-water partition
coefficient

For the determination of the octanol-water partition coefficient (log P),
100 pCi of *™Tc-(N,P GQDs) was added to vigorous vortex mixing of
octanol-water mixture (2 mL, 1:1 v/v), and allowed to equilibrate at 37 °C.
After 15min, the %RCP of *™Tc-(N,P-GQDs) was calculated by ITLC
through sampling from both phases (water and octanol) separately. The
reported log P values were the average of the second and third extrac-
tions from three to four independent measurements. The log P was
calculated by using the Equation (4), [27].

%""Tc - (N, P - GQDs) in Octanol > @

logP =1o
& 8 < %""Tc - (N, P - GQDs) in Water

2.9 Evaluation of the **™Tc-(N,P-GQDs) particle size as
nano radio-complex

Through Millipore membrane filter, 0.1 um pore size, the particles size
of radio-complex was estimated to assay if the radio-complex is
considered as nano structure. The “™Tc-(N,P-GQDs) was passed
throughout the filter by 5 mL syringe. The eluate (filtered mixture) and
the syringe were counted in well counter to determine particle size
based on their distribution. Furthermore, the eluate was investigated by
ITLC to assay the RCP% in comparison with reaction mixture.

2.10 Evaluation of N,P-GQDs cell toxicity

We assessed the toxicity of N,P-GQDs against MCF-7 and MCF-10A as
epithelial human breast cancer and non-malignant breast epithelial cell
lines, respectively, using a primary MTT [3-(4,5-dimethylthiazol-2 yl)-
2,5-diphenyltetrazolium bromide] cell viability method [28-31]. The cells
were seeded into 96-well cell culture plate with a cell density of 4 x 10°
and incubated in Dulbecco’s Modified Eagle Medium (DMEM) and
Roswell Park Memorial Institute (RPMI) medium or RPMI-1640 media
for 24 h under 5 % CO, at 37 °C. The cells were then subjected to the test
sample solutions of N,P-GQDs with different concentrations (0 (as con-
trol group), 0.01, 0.1, 1, 10,50, 100 and 200 pg mL ™). The treated cells were
incubated for further 24 and 48 h. After removing the culture media
solutions and washing the cells with PBS for three times, 200 uL of MTT
solution (5 mg mL ™) was added to each well and the medium was shaken
for 4 h. Then, the MTT solution was replaced with 200 L of DMSO per
well. The viabilities of the treated cells in each well were measured using
the optical density (OD) of the wells in an ELISA plate reader (Stat Fax
2100, USA) at 570 nm, and normalized to the untreated control cells by
Equation (5):

Survival fraction (0/0) = [ (ODsample - ODblank )/ ( ODcomol - ODblan.k)]
%100 ®)

2.11 Relaxivity measurement of N,P-GQDs

To determine the potential application of the N,P-GQDs as MRI contrast
agent, MRI measurements were performed using a 1.5 T MRI scanner
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(Prisma, Siemens Healthcare, Erlangen, Germany) with head and neck
coil at room temperature. The N,P-GQDs NPs were dispersed in an
agarose gel in the MRI phantom model at various phosphorus (P) con-
centrations measured by XPS results (0.04, 0.08, 0.16, 0.32, 0.16, 1.28, and
0.64 mM) according to XPS results. Dotarem® was prepared at the same
concentrations as a control group. The T;-weighted images were achieved
using a conventional spin echo sequence with the following parameters:
TR/TE = 50, 200, 400, 600, 800, 1100, 1300, 1500, 1800, 2000/11 ms, slice
thickness = 5 mm, field of view (FOV) = 250 mm x 250 mm, 128 x 128 mm?
field of view, and 256 x 256 matrix size. After image acquisition, the signal
intensities of regions of interest (ROI) were defined by Image] software
(version 1.410). T; relaxation rates (R;) was determined using best fitting of
monoexponential functions. Finally, the r; relaxivity was determined
through the linear curve fitting of Ry (1/T) versus the P concentration [22,
32-35].

2.12 In vitro MRI N,P-GQDs

By treating MCF-7 and MCF 10A cells (5 x 10° cells/well) with various
concentrations of N,P-GQDs (0, 1, and 10 ug mL ™) for 6 h at 37 °C, it was
determined if NPs target certain cell types. Before MRI, the cells were
resuspended in PBS buffer at a cell density of 1 x 10° cells/mL. After
incubation with determined concentration of N,P-GQDs, the cells were
washed three times with PBS buffer and MRI measurements were
performed by 1.5 T MRI machine (1.5 T Siemens, USA). Using a traditional
spin-echo sequence, T-weighted MR images were obtained with the
following settings: TR/TE = 500/12 ms, 220 x 320 matrices, 82 x 120 mm
field of view, 140 Hz/Px of bandwidth, and a slice thickness of 3 mm. A
monoexponential fitting approach was then used to estimate R; (1/Ty)
values.

2.13 Animal treatment

Female healthy Wistar rats, at aged 4-5 months and weighing 200-230 g,
were used in this investigation. The rats were treated under the stan-
dard conditions of feeding, temperature, and laboratory cages for 24 h
prior to injection by radiotracer.

2.14 In vivo scintigraphy imaging study of Technetium-
99m radiolabeled N,P-GQDs (**™Tc-(N,P-GQDs))

Generally, three rats were injected with 3.7 MBq (100 uCi) up to 300 pL of
99MTe-(N,P-GQDs) in order to perform whole body scintigraphy. The
selected rats were sedated by 60 mg/kg intraperitoneal (IP) injection of
ketamine and fixed on an imaging board. The scintigraphy was per-
formed at 30, 60, 120, 180, 240, 300, and 360 min after injection, by a
dual-head SPECT system. (The gamma camera specifications are:
Model: Siemens — E-CAM — Dual Head Gamma Camera, crystal size:
591 mm x 445 mm, thickness: 9.5 mm, PM Tubes: 95, Collimator: low
energy high resolution). The board was adjusted to the heads of the
camera, and the scan was performed. The mouse-to-head distance was
10 cm. The useful field of view (UFOV) was 533 mm x 387 mm. The
matrix of pictures was 256 x 256 pixels. The spatial resolution was
10 mm FWHM at the CFOV.
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3 Results
3.1 Characterization of N,P-GQDs

Some characterization employed techniques to identify the
synthesized N,P-GQDs. The FT-IR spectroscopy showed a
broad absorption band between 3400 and 3600 cm ™’ related
to the stretching vibrations of the -NH and —OH functional
groups. The signals at 2854 and 2920 cm™ are related to
stretching vibrations of =C-H (or C-H) in the methylene
group. The signals around 1738 and 1461 cm ™ are assigned to
the stretching vibrations for the OC=0 (carbonyl) and C-O
(acidic) groups, respectively. The stretching vibration of C=C
groups is at 1637 cm ™. Also, signals at 1545 and 1385 cm ™ are
related to N-H and C-N respectively. The signals at 1174 cm’
are related to stretching vibrations of P=0 and the small
bands at 1026 cm™ indicate the stretching vibrations of the
P-0 groups in N,P-GQDs (Figure 2a). Because the GQDs are
amorphous with special interlayer spacing, the XRD was
used to identify the structure of the N,P-GQDs. The result
showed the structure is amorphous and a broad peak
appeared around 21.0°, which corresponded to an interlayer
spacing of N,P-GQDs (3.93 A) (Figure 2b). The thermal prop-
erties of N,P-GQDs were investigated using thermogravi-
metric analysis (TGA). The result shows that the weight loss
occurs in the range 150-250 (Figure 2c), and the differences
between this result and TGA of similar derivatives could be
used to confirm the new synthesis. Concerning photo-
luminescence properties of the GQDs derivatives, the optical
properties of N,P-GQDs were studied by photoluminescence
spectroscopy. As shown in the result, the optimal emission
peak at 480 nm appeared at an excitation wavelength of
382 nm, so it exhibits a green luminescence under PL (pho-
toluminescence) irradiation (Figure 2d). X-ray photoelectron
spectroscopy was performed to investigate the constituents
of N,P-GQD. The XPS survey scan spectrum of the N,P-GQDs
and high resolution XPS spectra of P 1s (phosphorus), C 1s
(carbon), N 1s (nitrogen), and O 1s (oxygen) are illustrated in
(Figure 2e;—es). The survey spectrum shows the peaks at
192.38, 285.08, 400.08 and 532.08 eV, corresponding to P1, C1,
N1, and O1 respectively (Figure 2e;). The high-resolution XPS
spectrum of O 1s illustrates two peaks at 531.98 and 533.38 eV
related to C=0 and C-O, respectively (Figure 2e,). The N 1s
peaks at 400.28 and 401.88 eV correspond to the C-N and N—
H functional groups (Figure 2e;). The C 1s peaks at 285.08,
286.88 and 288.68 eV can be assigned to C=C, C-N/C-0, and
C=0, respectively (Figure 2e,). In the high-resolution spec-
trum of P 1s, the peak at 192.38 eV is assigned to P-O. The
atomic percentages were calculated as P 1s: 1.2%, C 1s:
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57.34%, N 1s: 8.73%, and O 1s: 32.73% (Figure 2es). The
morphology of the synthesized N,P-GQDs was assayed using
transmission electron microscopy (TEM). The results showed
a spherical structure sized about 10 nm (Figure 2d).

3.2 Factors affecting the radiolabeling yield
of N,P-GQDs

Some involved factors’ changes including temperature, pH,
amount of ligand and reducing agents can affect the radio-
labeling process and improve %RCP effectively. Therefore,
the effect of each involved factor was investigated during the
Technetium-99m radiolabeling reaction.

3.3 The effect of pH

For the investigation of pH effects on radiolabeling reac-
tion, the process was performed at pH 1-8. The involved
factors were fixed (as 10 mg of N, P-GQDs, 100 uL of SnCl,,
74 MBq of **™Tc0,", temperature: 95 °C). The %RCP calcu-
lation in the acidic range (1-3) showed that the radio-
labeling yield was <15 % and the *™Tc0,” was reduced to
colloid completely. The maximum amount of %RCP was
studied at pH = 4 up to pH 6-6.5. Also, a high pH (up to 12),
decreased %RCP following a high percentage of the
hydrolyzed-reduced technetium-99m. Considering the
other fixed factors, the %RCP was increased to almost 70 %
in the pH range of 6-7 (Figure 3a).

3.4 The effect of SnCl,-2H,0 (reducing agent)
concentration

For *™Tc-radiolabeling of N,P-GQDs nano-structures, the
9mTc0, Na* (Tc-99m (+7) pertechnetate) milked from the
9Mo/*™Tc generator should be reduced to a possibly lower
oxidation state (depending on the chelate and conditions)
for radiolabeling with chelate (ligand). Generally, SnCl, has
been used for this purpose as potent reductant. Under the
constant conditions of other factors (10 mg of N,P-GQDs,
37MBq of *™Tc0,", pH = 6.5 and temperature: 95 °C), we
used different concentrations of stock solution of SnCl, (50—
200 uL) and followed the %RCP with ITLC. The results
showed that about 100 L of the stock solution could reduce
37MBq of *™TcO, completely. The high concentration
(=150 uL) could increase the amount of colloid (Figure 3b).
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Figure 2: (a) FT-IR spectrum of N,P-GCDs at room temperature, (b) XRD patterns of N,P-GCDs. As the Figure shows interlayer spacing is concluded at
3.93 A, (c) TGA analyses of N,P-GQDs, (d) fluorescence microscopy spectra of N,P-GCDs, (e;-€s) the XPS survey scan spectrum of the N,P-GQDs and high
resolution XPS spectra of O 1s, N 1s, C 1s, and P 1s, (f) TEM image of the synthesized N,P-GCDs. As it shows the size of nanoparticles is 10> nm.
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Figure 3: (a) The effect of pH on the radiolabeling of N,P-GQDs with Technetium-99m. pH = 6.5 was preferable in this process, (b) the effect of SnCl,-2H,0
concentrations on radiolabeling of N,P-GQDs, (c) the effect of N,P-GQDs concentration on the radiolabeling process, (d) the effect of ascorbic acid

concentration on the radiolabeling of N,P-GQDs, (e) the effect of temperature on radiolabeling process. As it is illustrated, under the optimum conditions
of all other variables, increasing the temperature to 95 °C, could raise the %RCP.

3.6 The effect of acid ascorbic
concentrations

3.5 The effect of N,P-GQDs concentrations

To achieve an optimal concentration of N,P-GQDs as a
ligand, several concentrations ranging from 1 mg to 20 mg
were utilized in the process of radiolabeling. %RCP was
performed after ITLC. The optimum amount was achieved
with 15 mg of N,P-GQDs, 37 MBq of *™TcO,", pH = 6.5, SnCl,
100 yL, and a temperature of 95 °C (Figure 3c).

Some **™Tc-radiolabeling processes may be improved by
using acid ascorbic as an antioxidant agent that could
control the auto-radiolysis process during the radiolabeling
reaction and raise the %RCP. During this study, the radio-
labeling was done at different concentrations of acid
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ascorbic stock solution (20-200 pL). The RCP= %95 was ob-
tained with 100 pL of acid ascorbic stock solution (Figure 3d).

3.7 The effect of temperature

In order to assay the effect of temperature on the radiolabeling
reaction, the process was performed in a temperature range of
40-100 °C. The study showed that performing the reaction at
high temperatures (95-100°C) works for this radiolabeling
process. Under the instant conditions of the involved factors
(15 mg of N, P-GQDs, 100 L of SnCl,, 37 MBq of *™Tc0,", 100 uL
of acid ascorbic stock solution, and pH = 6.5), the %RCP reaches
about 96 % (Figure 3e). It should be mentioned that *™Tc0," is
reduced by SnCl, at each temperature, depending on the
reducing agent (SnCl,) concentration.

3.8 Serum stability assay of *™Tc-
(N,P-GQDs)

The fresh plasma from centrifuged healthy human blood
was used to determinate *™Tc-(N,P-GQDs) serum stability.
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The 11.1 MBq of radiolabeling reaction was added to a vial
with plasma and left for 24 h at a room temperature. The
ITLC was performed at a determined time up to 24 h. The
results showed that the radio-complex was completely stable
without significant Technetium-99m separation from the
radiolabeled structure (Figure 4a).

3.9 Evaluation of radio-complex particle size
as nano radio-complex

To determine the particles size of *Tc-(N,P-GQDs), a 0.1 pm
membrane filter was used. The mixture of reaction with %
RCP > 95 was injected into the 0.1 pm membrane filter by
syringe. Both the eluate (filtered mixture) and filter were
counted separately. The results showed 70.8% of the
mixture passed through the filter, so 70.8 % of particles in the
mixtures were <0.1 um (Figure 4b). Although, the particle
size of N,P-GQDs was determined using TEM, there is a
possibility of radio-complex aggregation. Hence, the subse-
quent step involves conducting ITLC using the eluate (the
filtered mixture, indicated by orange) and an unfiltered
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Figure 4: (a) Serum stability of ™ Tc-(N,P-GQDs), (b) the percentage of radio-complex in eluate and filter, (c) percentage of each ingredient in reaction

mixture and eluate comparatively.
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mixture of reactions (indicated by blue). The results showed
that %>°™Tc0,~ and %*™TcO, were raised in eluate because
of their small sizes in comparison to the radio-complex
(Figure 4c).

3.10 Determination of the octanol/water
partition coefficient (log P)

The hydrophobicity/hydrophilicity property of *™Tc-(N,P-
GQDs) was determined by calculating the log P value, which
was found to be -2.9. The results showed that the radio-
complex diffused in the water phase because of the presence
of polar functional groups indicating that *Tc-(N,P-GQDs)
has a hydrophilic structure and is likely to be removed by the
renal system.

3.11 Cell viability of N,P-GQDs

The results of the cytotoxicity assay showed that there is no
obvious decrease in cell viability with various concentra-
tions of N,P-GQDs (0(control group)-200 pg/mL) for 24 h in-
cubation time (Figure 5a). Even at the concentration of
200 pg/mL, the cell viability still remained above 90 %.
Increasing the incubation time of the NPs to 48 h, the cell
survival rate decreases with a concentration-dependent
trend and shows a non-significant reduction in cell viability
in comparison to the control group (Figure 5b). Nevertheless,
N,P-GQDs NPs exhibited reduced cytotoxicity towards MCF
10A (the non-malignant cell line) compared to MCF-7 (the
cancerous cell line) when both were exposed to a concen-
tration of 200 ug/mL. However, this result was not statisti-
cally significant, possibly due to the high accumulation of the
prepared N,P-GQDs NPs in cancerous cells compared with
normal cells. This resulted in their specific cell uptake
through the enhanced permeability and retention (EPR)
mechanism. These results indicated that N,P-GQDs could
have little cytotoxicity at the given concentration range,
which is essential for further in vitro and in vivo imaging and
biological applications.

3.12 Relaxivity of N,P-GQDs as MRI contrast
agents

The N,P-GQDs NPs showed slightly brighter T, weighted
images than a commercially approved MRI contrast agent
(Dotarem®) in the phantom model. The N,P-GQDs were
found to efficiently shorten the longitudinal relaxation time
(T,) and significantly increase signal intensity in T;-weighted
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Figure 5: (a) MCF-7 and MCF-10A cells viability after treatment with
N,P-GQDs NPs in different concentrations after 24 h of incubation, (b)
MCF-7 and MCF-10A cells viability after treatment with N,P-GQDs NPs in
different concentrations after 48 h of incubation.

images in comparison with, Dotarem® (Figure 6a). How-
ever, the degree of the bright contrast enhancement in
T;-weighted images for all groups was found to be directly
related to the concentration of phosphate ions. The r;
relaxivity values for N,P-GQDs and Dotarem® were
respectively achieved at 449 mM ‘s and 2.54 mM s as
shown in (Figure 6b). In comparison to Dotarem®, it was
revealed that the N,P-GQDs NPs effectively reduced the
longitudinal relaxation time (T;) and greatly increased
signal intensity in Ty-weighted images. However, it was
observed that the amount of bright contrast increasing in
T;-weighted images for all groups was correlated with the
phosphor ion concentration.

Contrast agents made from graphene, specifically gra-
phene dots doped with heteroatoms, utilize carbon bonds
with heteroatoms to function as magnetic centers. These
magnetic dipoles can interact with water molecules, leading
to a modification in the spin relaxation time of hydrogen
atoms in the region where the contrast material is located.
Consequently, this amplifies the resulting signal and enables
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the production of magnetic resonance images. This mecha-
nism exhibits similarities to the paramagnetic property
observed in paramagnetic metal ions. However, it is note-
worthy that this feature is observed even in the absence of
metal ions, which is particularly relevant in terms of toxicity.
The nano-scale structure enhances the quantity of functional
atoms involved in MRI signal generation, hence increasing
the number of paramagnetic centers [2, 3, 36].

3.13 In vitro MRI measurements

In order to confirm the cancer cell targeting ability of the
N,P-GQDs NPs and MR imaging performance, both MCF-7
and MCF 10A cells were incubated with the particles in
different concentrations (0, 10 and 50 pg/mL) for 6 h. As
shown in (Figure 7), the T;-weighted MR images showed a
significant enhancement in MCF-7 cells. The R; value of
MCF-7 cells was about three times greater than that of the
untreated control cells when treated with N,P-GQDs NPs

contrast agent with various concentrations in
water phantom. (b) The longitudinal relaxivity
(r1) relaxivity of N,P-GQDs NPs and Dotarem®
at different concentration values.

0.7

(50 ug/mL) for 6 h, as a result of the quantitative analysis of
the MR signal change. However, under the same condition,
the Ry of MCF-10A cells was only 1.4 times greater than the
untreated control cells. The particular cellular uptake of the
N,P-GQDs NPs into MCF-7 cells as a result of greater cell
division and activity in comparison to MCF-10A normal cells
may be attributed to the considerable difference between
MCEF-7 and MCF-10A cells in MRL

3.14 In vitro MRI evaluations

As shown in (Figure 7a), the T;-weighted MR images showed
a significant enhancement in MCF-7 cells. The R; value of
MCF-7 cells was around three times greater than that of the
untreated control cells when treated with N,P-GQDs NPs
(50 ug/mL) for 6 h, according to a quantitative analysis of the
MR signal change. However, under the same condition, the
R; of MCF-10A cells was only 1.4 times greater than that of
untreated control cells (Figure 7b).
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Figure 7: (a) Longitudinal relaxation rate at cells treated with different
N,P-GQDs NPs concentration. (b) T1 - weighted MRI images of N,P-GQDs
NPs in MCF-7 and MCF 10A cells at different concentration of NPs after 6 h
incubation time on 1.5 T MR system.

3.15 In vivo scintigraphy imaging studies

The rats were treated and administered by the *™Tc-(N,P-
GQDs) radiotracer through the caudal vein and scintigraphy
imaging was performed for up to 6 h. As soon as the rats
were injected, the radiotracer diffused throughout the cir-
culatory system and kidneys. Up to 30 min after injection, the
blood and renal systems were obvious (Figure 8a). As time
passes, the soft tissues are cleared from the radiotracer by
the kidneys elimination. Therefore, the renal system, espe-
cially the bladder and kidneys, are considered risk organs up
to 4 h after injection (Figure 8b—d). Five hours after injection,
the bladder is evacuated by urination, and after 6h the
bladder is firmly empty in spite of the kidneys retention of
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the radiotracer (Figure 8e and f). Because of the *™Tc-
(N,P-GQDs) concentration in the kidneys until 6 h after in-
jection, it is guessed the radio-agent is bound to the kidney
cortex in addition to elimination through filtration/secre-
tion mechanisms in the kidneys.

4 Discussion

During this study the N,P-GQDs were synthesized by syn-
thetic microwave, characterized through common charac-
terization methods, and studied to see if they had the
potential to be considered as dual imaging agents for MRI and
scintigraphy. The N,P-GQDs were radiolabeled with fresh
9mTc0,” from the *Mo/**™Tc generator as **™Tc-(N,P-GQDs).
All affecting variables in the radiolabeling process were
studied to improve RCP to reach =95 %. It seems new radio-
complexes are going to be of interest in different fields,
especially imaging studies. After preparing of **™Tc-(N,P-
GQDs) in good purity, the IV injection was performed on
healthy female rats through the caudal vein. The
9mTe(N,P-GQDs) circulated in the blood system, but the
renal system eliminated them, as the imaging studies
showed (Figure 8). Because the kidneys attract a substantial
percentage of radio-complex, they remain a key organ dur-
ing all evaluations following injection. Because of bladder
evacuation 5h after injection (Figure 8e and f), it was
concluded that the renal cortex captured *™Tc-(N,P-GQDs) in
addition to radio-complex clearance. In comparison to our
previous work about *™Tc-(N-GQDs), which were cleared
through both the kidneys and the colon, this study demon-
strated that the *™Tc-(N,P-GQDs) are just cleared by the
kidneys (14). The slight difference in log P values between the
two radio-complexes, indicates that the phosphate group is
responsible for biodistribution changes in new the radio-
complex. The imaging study demonstrated that **™Tc-(N,P-
GQDs) is captured by kidneys but the mechanism has not
been investigated. Because of their greater biocompatibility,
low toxicity, high capacity, and smaller size, GQDs are
noticed in different fields as well as in radiolabeling. Prior to
the radiolabeling of GQDs, 131-I radiolabeled graphene oxide
was prepared in order to perform mixed radiotherapy/
photothermal therapy for breast cancer in mice [37]. B.
Challan radiolabeled graphene oxide with 99m-Technetium
for imaging of infection in rats because of the accumulation
of graphene oxide in sites infected with microorganisms.
Apparently, this radiotracer could differentiate between
infection and sterile inflammatory sites [38]. Firstly, the
GQDs were radiolabeled with 99m-Technetium through
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(1)

Figure 8: Scintigraphy imaging of iv injected
normal female rats by *™Tc-(N,P-GQDs). (a)
Up to 30 min blood system, soft tissue and
renal system are obvious. (b-d) The radio-
tracer is cleared by renal system and the
bladder received a higher amount of that in
spite of soft tissues up to 4 h after injection. (e,
f) The bladder is evacuated by urination but
some percentage of the radiotracer is still

nitrogen doped GQDs as *™Tc-(N-GQDs). During the study, it
was shown that the N-GQDs could be efficiently radiolabeled
with 99m-Technetium. The biodistribution studies demon-
strated that *™Tc-(N-GQDs) are mostly eliminated by the
kidneys, and a low amount of that is cleared by the liver and
accumulated in the colon [14]. Yang Yang et al. radiolabeled
GQDs with 223-Radium (a common alpha-emitting radioiso-
tope used in clinics) as an internal radiotherapy target
against osteosarcoma cells (MG63 and SAOS2). This study
found that the “*Ra-GQDs are attracted to the lesions and
affect them prominently. Furthermore, Radium-223 chloride
(Alpharadin/Xofigo) is used for therapy of bone metastasis
due to breast and castrate-resistant prostate cancer because
of the ?*Ra*? concentration in bone metastasis. So, it is
guessed that the GQDs just improve the radioisotope con-
centration in bone lesions. Following that, during both our
investigations on the preparation of *™Tc-(N-GQDs) and
99mTc-(N,P-GQDs), it was concluded that these radiolabeled
GQDs derivatives are not concentrated in bone. Also, they
are eliminated by kidneys and colon depending on their
functional groups. So, it was estimated that the retention of
“3Ra-GQDs in the skeletal system is related to 223-Radium

captured by kidneys’ cortex.

instead of GQDs structure [39]. Relaxivity measurements
exhibited that our produced NPs have a stronger T, short-
ening effect and can be used as positive MRI contrast agents
because of their higher r; value and prominently displayed
concentration-dependent signal intensity effect. In this
study, Dotarem® was used as a control group as a commer-
cially available CA for T; relaxation time in numerous
studies. Various r; have been reported for Dotarem® from
0.75 to 489 mM " s according to the experimental condi-
tions [40]. The reduction in positive contrast enhancement of
Dotarem® in comparison with prepared NPs could be due to
the extracellular performance of this standard contrast
agent. In the study by Rohrer et al.,, the magnetic properties
of MRI contrast media solutions at different magnetic field
strengths were compared, and the relaxivity for Dotarem®
on 15T has been described as r; = 29mM™s™? and
Iy = 32mM s [41]. The r, value depends on various factors
including the type of NPs, hydrodynamic diameter, and the
properties of the ligands or coating agents surrounding the
doped element. Furthermore, additional research is required
to determine the optimal thickness of the coating layer and
particle size of the MRI contrast agent. Furthermore,
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although it is reported that introducing Gd into carbon dots
could increase the relaxivity of carbon dots, the r; relaxivity
of the synthesized N,P-GQDs NPs is still greater than re-
ported Gd-carbon dots [42]. These results suggest that
phosphorus doping is more efficient than metal doping in
carbon-based materials in enhancing relaxivity. This may be
due to the smaller diameter of doped ions atoms that pro-
duce more paramagnetic centers in nanostructured carbon
materials. The N,P-GQDs, NPs as a novel metal-free contrast
agent provide contrast enhancement in T-weighted imaging
and may have a significant implication in medical imaging.
As claimed by the in vitro MRI analysis in both normal and
cancerous cell lines, the particular cellular uptake of the
N,P-GQDs NPs into MCF-7 cells as a result of greater cell
division and activity in comparison to MCF-10A normal cells
may be attributed to differential diagnosis between MCF-7
and MCF-10A cells in MR imaging. Taken together, it was
worth a try to apply the prepared N,P-GQDs NPs for detecting
cancerous cells (as differential diagnosis) because of the acidic
microenvironment of the tumor tissue. It is suggested that
future studies assess the accumulation of *™Tc-(N-GQDs) to
the significant difference between the concentrations of
N,P-GQDs in MCF-7 and MCF-10A cells in MRI investigations.

5 Conclusions

During this study, it was concluded that the synthesized
N,P-GQDs NPs have the ability to be radiolabeled with
Technetium-99m radio-isotope as in vitro and in vivo stable
%MTe.(N,P-GQDs). The in vivo investigations showed the
radio-complex is eliminated and captured by the kidneys.
The distinct biodistribution of 99mTc-(N,P-GQDs) compared
to 99mTc-(N-GQDs) indicates that the presence of different
doped atoms in GQDs has the potential to alter the bio-
distribution. Lack of significant cytotoxicity, following MTT
assay against normal (MCF-10A) and cancerous (MCF-7)
human breast cell line, the N,P-GQDs NPs could be confi-
dently used for in vivo studies. Also, the relaxivity mea-
surement of N,P-GQDs as MRI contrast agents showed the
N,P-GQDs NPs can be considered metal-free MRI contrast
agents because they have high relaxivity in comparision to
clinically applied contrast agents. The different uptake of
N,P-GQDs NPs into MCF-7 and MCF-10A cells that was
resulted from in vitro MRI evaluations, suggested that the
N,P-GQDs could be used in differential diagnosis between the
two mentioned cells, but in vivo MRI research is definitely
necessary. Based on this study, it was generally concluded
that the N,P-GQDs have the potential to be introduced as new
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nanoagents to the realms of imaging, especially MRI and
scintigraphy, for different purposes.
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