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ABSTRACT

Objective(s): Scientists have been focused on finding access to the potential of different materials, incredibly
natural substances. This work compared two categories of nanoscale materials based on carbon sources,
including carbon quantum dots (C-QDs) and detonation nanodiamonds (DNDs).

Materials and Methods: The hydrothermally synthesized C-QDs from Salvia Hispanic L. and DNDs
were compared through physicochemical tests such as ultra-violet spectrophotometry (UV-Vis), Fourier
transform infrared (FT-IR), X-ray diffraction (XRD), and field emission scanning microscopy (FESEM).
Then, we investigated their cytotoxicity and biocompatibility on HEK293 and HepG2 cell lines, respectively.
To focus on nanoparticle biodistribution and shelf life throughout the in vivo studies of rats, C-QDs and
DNDs were labeled by Technetium (99mTc) radioisotope for tracking purposes.

Results: The characterization and cytotoxicity outcomes of C-QDs and DNDs confirmed both cases’ relative
intrinsic similarity and non-toxicity, which also gained permission to enter the in vivo studies of rats.
Conclusion: According to biodistribution assessments, despite the slight differences between their biological

properties, C-QDs, and DNDs exhibited different bioaccumulation tendencies toward organ selection.
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INTRODUCTION

Nowadays, nanotechnology is recognized as
an efficient technique for the practical exertion
of materials in various fields of scientific societies
such as medicine and industry. The “green
synthesizing” methods of nanotechnology as a
biocompatible, fast, and cost-effective approach
for producing biodegradable and non-toxic
nanomaterials have been considered by scientists
in the last decade [1]. Carbon is recognized as an
essential element in all organisms, including plants
and animals since the abundance and diversity of
carbon allotropes led to the creation of structures
with unique properties [2, 3]. Nano-scale carbon
structures can be referred to as forms of sp?, such
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as carbon fullerenes and carbon nanotubes (CNTs)
[4], while sp® carbon nanomaterials are labeled as
nanodiamonds (NDs) and carbon quantum dots
(C-QDs) [5, 6]. Nanoscale is known for increasing
the surface-to-volume ratio by reducing the
dimension of materials into atom size [7]. In this
regard, different quantum structures can be
enumerated, such as quantum wells (reduction
of one dimension and enlargement of two other
dimensions) [8], quantum wire (reduction of two
dimensions and stability of the third dimension)
[9], and creation of a quantum point (reduction
of three dimensions) with unique behaviours [10].
Semiconductor nanocrystals or quantum dots
with dimensions <10 nm can bind to polymers,
organics, and biological compounds because of
various functional groups on their surfaces [11].
In addition, adjustable levels, optical stability,
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high biocompatibility, and very little or zero
toxicity resulted in extending the attention of
scientists for performing quantum dots-based
research. Following, exploiting the potential of
natural materials in the form of C-QDs facilitated
specific applications such as bioimaging [12, 13],
targeted drug delivery [14], photocatalyst [15,
16], and biosensor [17, 18], as well as simple,
high sensitive [19], and cost-effective approach
for biodistribution [20]. Generally, the production
methods of C-QDs implicate “top-down” and
“bottom-up” techniques [21]. For example,
“crushing” carbon structures according to the top-
down procedure produces specific structures such
as graphite, graphene, and carbon nanotubes [22],
despite the top-down methods being applicable
for further controlling the location and placement
of quantum dots in electronic circuits. However,
the mass production of C-QDs under controlled
conditions, including temperature changes or
reaction stabilizers, converts metal salts into
uniform crystals through a bottom-up method.
For example, “bottom-up” methods include the
arc discharge method for fabricating nanoparticles
under harsh conditions, the colloidal synthesis and
carbonization of small molecules (carbohydrates,
organic acids, and amines) or polymer precursors
in relatively simple and gentle conditions such
as hydrothermal procedures [23], ultrasonic
reactions [24], and microwave decomposition
[25, 26]. Also, related reports confirmed the
spherical morphology and presence of sp?
molecular orbitals with amorphous structures or
nanocrystals with sp? carbon clusters within C-QDs
in diamond-like constructions [27]. Diamond
nanoparticles with compressed carbon core and
carbon-carbon covalent bonds are known as
one of the CNT allotropes [28]. Crystal octagonal
architectures in the size of <15 nm, which contain
interchangeability for exchanging two types of
bonds in molecular orbitals (sp* and sp?), can cause
flexibility in the surfaces of unstable electrons
of diamond nanoparticles [29, 30]. Particular
sedimentary layers, meteorites, and crude oil are
the natural sources of diamond nanoparticles.
Meanwhile, different synthesizing techniques are
used in laboratories, such as laser erosion [31],
high-pressure ball mill [32], autoclave synthesis of
supercritical liquids [33], graphite ion irradiation
[34], sonication cavitation [35], and explosives
or chemical vapor deposition (CVD) [36]. The
synthesis of diamond nanoparticles by blasting soot
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residues from explosives with a size of less than 10
nm depends on the conditions and capacity of the
exerted cooling chamber in the explosion, which
involves CO,, weather, etc. [37]. The significant
advantages of diamond nanoparticles include a
high surface-to-volume ratio, surface adjustment,
optical activity, mechanical properties, and simple
application [38]. Therefore, these can be exerted
for clinical applications such as cancer treatment,
gene transfer, and tracking, as well as various
biomedical implementations in bioimaging,
drug delivery, protein separation, and binding to
biological molecules [39, 40].

Radionuclides are not only important for
therapeuticand diagnosticapplications due to their
radioactive nature, but they are also recognized
as effective cytotoxic agents worldwide. The
therapeutic purposes of a-and B-radioisotopes,
where cell damages are inevitable as a result of
ionizing radiation, can be exerted through different
mechanisms such as reactive oxygen species,
single-stranded and double-stranded fractures,
and inhibition of repair mechanisms [41]. The
DNA products have been under experimental
trials by the medical community, while radio
drugs such as y and B+ are used in imaging
techniques for diagnostic purposes in organisms.
In this regard, the induced cell damage caused
by ionizing radiation due to the lack of focus on
cancerous tissues or tumors, which reduces the
applied impact on targeted tissue, is considered a
challenge for nuclear and clinical medicines.

Drug delivery systems are designed to focus on
specific tissues [42]. Numerous reports indicated
decreased systemic toxicity and increased
practical efficacy during treatment [43, 44].
Reducing the dosage of radiopharmaceuticals for
each patient can offer benefits such as decreasing
the rate of biological damage caused by ionizing
radiation, reducing costs, and increasing the
quality of diagnostic images. Therefore, optimizing
the administration of radioisotope doses is a
significant and essential principle of safety in
worldwide medical diagnosis treatments [45, 46].
Nuclear medicine imaging studies are performed
by the usage of radioisotopes (**'I, In, 2°'Tl,
18F, 99mTc, and ’Ga) by light-based techniques,
which provide the opportunity to evaluate the
penetration and absorption coefficient of ligands
attached to radiopharmaceuticals, and in vivo
persistence in various organs [47, 48]. Technetium
(*™Tc) is known as the most widely available and
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used radiopharmaceutical nuclear medicine,
known to contain a physical half-life of 6 h by
emitting gamma rays at 140 Kev. In addition, it
can obtain excellent images compared to similar
radioisotopes due to the lack of causing any effects
as the emitted radiation on organs leaves the
body [49, 50]. We have evaluated a comparative
biological distribution by injecting C-QDs and NDs
in rats, including the synthesized product from
chia seeds and purchased diamond nanoparticles
labeled with a %™Tc radioisotope. Therefore,
this assessment aimed to compare relatively
similar nanoparticles for targeted and safe drug
delivery purposes. In addition, the characteristics
obtained were analyzed using the results of FT-
IR, zeta potential, XRD, photoluminescence, UV-
Vis spectrophotometry, and transmision electron
microscopy (TEM) studies. In the following, we
examined the cytotoxicity by performing the
quality control test of nanoparticles labeled
with *™Tc radioisotope and using in vivo imaging
through the intravenous injection of rats to design
an intelligent drug delivery system.

MATERIALS AND METHODS
Materials

This work used Latin American chia seeds as a
plant source for performing the green synthesis of
carbon quantum dots (C-QDs). At the same time,
detonation nanodiamonds (DNDs) were purchased
with 99% purity from a company in China. The
materials used in the cytotoxicity examination
included culture medium powder DEMEM (Gibco),
MTT, and cell culture flask (T25, T75), which were
acquired from Sigma-Aldrich Company, USA.
Additionally, a kidney cell line (HEK293) and a liver
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cancer cell line (HepG2) from Ferdowsi University
Cell Bank were provided (purchased from Pasteur
Institute in Tehran). Radionuclide (*™Tc), supplied
by Pars Isotope Company (PIC) of Tehran, is
affiliated with the Atomic Energy Organization.
The employed materials, including SnCl2 as the
reducing agent, silica gel paper, Ketamin and
Xylazine (10%, 2%), Whatman paper, hydrochloric
acid, and acetone, were all provided from Merck
in Germany.

Methods

In this work, the C-QDs were synthesized
from the plant source of chia seeds through a
hydrothermal green synthesizing approach. In
brief, the obtained mucilage from 1.0 g of chia
seeds at a specified temperature and time (60
°C, 2 h) was transferred to an autoclave Teflon
container for four hours at 180 °C. After gradual
cooling to room temperature, the solution was
subjected to screening steps such as ultrasonic
baths, centrifugation at 10,000 rpm for 15 min, and
the final syringe filtration (0.22 um). The obtained
light brown solution was stored in a refrigerator in
the dark at 4°C. Subsequently, 20 mg of (DNDs),
purchased from Henan Hengxin Ultrahard
Material Co. were dispersed in deionized water by
an ultrasonic bath by previous studies. Once the
prepared suspension was stored in a refrigerator
for 24 hours, the supertant was transferred
to a rotary solvent evaporator to remove the
solvent. The assessments were performed at a
concentration of 1000 mg/ml. The synthesizing
steps of C-QDs are schematically exhibited in Fig.
1.
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Fig. 1. The schematic of the C-QDs synthesis procedure.
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Characterization

The functional groups of C-QDs and DNDs
were determined by FTIR (Avatar 370, USA) at
a resolution of 4.0 cm™and a scan number of 4
throughout the 400-4000 cm™ range. We also
evaluated the crystallographic structure through
the XRD Panalytical Co. Holland with a Kal
copper lamp at a wavelength of 0.154 nm. The
optical analysis of nanoparticles was performed
using UV-Vis spectrophotometry and F-2500
spectrophotometer (Hitachi) due to their small
sizes and the presence of functional groups on
their surface. The data was collected at room
temperature and recorded at a cell length of 10
mm, a bandwidth of 1.5 nm, and a scan speed of 400
nm/min. As it is known, luminescent compounds
are crucial for systemic studies, concentration
assessment, and labeling of other chemical
molecules or particles since they can absorb
light at specific frequencies. In this regard, we
exerted luminescence-based spectrofluorometers
with a scanning speed of 1200 nm. They were
equipped with 1.0 cm quartz, which consisted of
source sections, excitation wavelength selector,
emission wave selector, sample cell, detector, and
processor. In addition, the ¢-potential and DLS of
C-QDs and DNDs, in both single and labeled forms,
were measured at 25 °C by applying dynamic
light scattering SZ-100z and {-analyzer instrument
(Horiba Co., Japan). The morphology and size
of synthesized C-QDs were examined through
the results of TEM with a magnification of (80—
500,000) times by Zeiss Leo 912 AB (Germany).
In preparation for the synthesized C-QDs, a few
product drops were dried on a copper-carbon
film at room temperature. The morphology and
surface structures of the synthesized C-QDs were
examined three-dimensionally in high resolution
via probe-C-QDs interaction on a mica sheet,
which required the usage of AFM (Atomic force
microscopy) Brisk model of Ara Research Company
(Iran) with a maximum scanning range (4 um) and
resolution of (0.1 nm). Surface specifications and
internal microstructure of DNDs were obtained
using the FESEM results, which were obtained
with an MIRA3 model (TESCAN, Czech). The
assessment of DNDs implicated their coating with
a FESEM microscope on a metal substrate (20 kW)
to be vacuumed (three minutes).

Cytotoxicity assessment
In this section, we performed screening
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studies on the cytotoxicity of synthesized CQDs
from chia seed extract and the prepared DNDs
suspension on HEK293 and HepG2 cell lines,
respectively. In summary, the appointed cell lines
were cultured under standard conditions to be
incubated for 24 h in the presence of necessary
materials for cell culturing, such as bovine serum
710 and penicillin-streptomycin. (5 x 10°) cells
were settled in each well and incubated for 48 h
at a concentration range of 0-500 pg/ml. A fresh
culture medium containing 500 pl with 5 mg/ml
MTT reagent was replaced and incubated for 4
h. At this point, DMSO was added to the solution
of the well to remove the reduced crystals by
cells. The optical absorption of the plate was
read at 570 nm using an ELISA reader (Winooski,
VT, USA), and the mean *SD was calculated to
determine the amount of toxicity and percentage
of cell viability. The inhibitory concentration (IC, )
obtained from the outcomes of the MTT was used
in the 62.5,125, and 250 pg/ml range for C-QDs
and DNDs, respectively. For this purpose, an
incubation process was conducted in the presence
of 500 pl of solution containing Annexin V-FITC/PI
dye for 15 min. As the last step, the cell lines were
evaluated by flow cytometry.

Radiolabeling of C-QDs/DNDs-*"Tc

The application of biocompatible carbon
sources has always been considered for achieving
the goals of centralized diagnosis and treatment.
The studied nanoparticles (C-QDs, DNDs) were
labeled with a technetium radioisotope obtained
from the ion exchange process (Molybdenum-
technetium generator) in sodium pertechnetate.
2.0 mg of Tin-chloride Il (reducing agent) was
added to 2.0 ml of 1.0 M HCl to form a solution of
SnCl,.2H,0. Then, 1000 pl of nanoparticles with a
concentration of 1000 ppm and 100 pl of aqueous
tin-chloride solution were poured into a separate
microtype along with 500 pl of 3 mCi *™Tc. As the
last step, the microtube was incubated at 1400
rpm for 20 minutes at room temperature [51-53].

In-vitro stability of labeled C-QDs/DNDs- **"Tc
Quality control

We utilized the instant thin layer
chromatography (ITLC) method to evaluate the
efficacy of nanoparticle labeling with the *°™Tc
radiopharmaceutical. This assay required the
usage of two separate media, human serum
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(250 pl) and double distilled water (500 ul) that
contained labeled nanoparticles in the volumes
of 100 pl and 250 pl, respectively. Then, the
staining (5 pl) was performed at a distance of 0.5
cm above the edge of silica gel paper (110 cm) in
the form of a fixed phase. The stained silica gel
strips were placed separately in tanks containing
85% methanol and acetone (as the mobile phase).
Meanwhile, the wet paper strip was divided into
three parts to be separately put inside the sample
site for reading the y-ray. The amount of y-rays at
intervals of 0, 4, 1, and 24 h was monitored by the
y-counter (DL 100) [51].

Cell binding

This section included the assessment of
the cell binding of **™Tc-labeled nanoparticles
(C-QDs, DNDs) throughout HEK293 and HepG2,
respectively. Each well of the six well-plate
contained 1x106 cells for performing a cell
culturing process for 72 h by standard conditions.
%mTc-labeled nanoparticles were added to the cell
wells at the two concentrations of 90, 30 pg/ml
(three replications) to be incubated for 3h. Once
the supernatant was removed, the cells were
washed with PBS three times to be transferred to
anti-gamma tubes. The activity of cells trypsinized,
and the supernatant was read separately by a
y-counter device while focusing on the percentage
of removal or binding of *™Tc conjugated
nanoparticles throughout the cell lines.

Animal studies

This study required the application of Wistar
rats with an approximate weight of 250 g, which
were selected from the animal house of the School
of Medicine (MUMS) under controlled conditions,
including temperature and light cycle (24°C, 12

h), respectively, starting from natural light under
ethical committee’s protocol ref. IR.MUMS.
MEDICAL. REC. 1399. 663. In vivo studies were
conducted with the approval of the research ethics
committee and compliance with ethical principles.

In-vivo biodistribution analysis of the labeled
99mTe -C-QDs/DNDs

We evaluated the conjugated bio-distribution
of nanoparticles (C-QDs, DNDs) labeled with %™Tc
on the rats under controlled conditions. In this
point, three groups with time intervals of 1, 4, and
24 h, along with three replications of rats, were
injected with 200 pl of **™Tc-(C-QDs/DNDs) through
their lateral tail vein [54]. Then, each group’s rats
were sacrificed according to their injection time.
In addition to blood, other organs were weighed
separately and accurately and then read using a
y-ray counter. The *mTc-(C-QDs/DNDs) activity
of each tissue (dose accumulated in each tissue)
was presented as the percentage of injected dose
(%ID)/g of tissue [55].

Bioimaging analysis of the labeled **Tc-(C-QDs/
DNDs)

The usage of a y-camera performed rat imaging
study (according to national rules), Siemens
Double model (Germany), and the application of
intraperitoneal injected (130 pL xylene and 230 pL
ketamine) rat for 24 h, which was selected from
the experimental group. The images of *™Tc-(C-
QDs/DNDs) conjugate injection at 6 and 24 h can
be observed as posterior and anterior images.

RESULTS AND DISCUSSIONS
FTIR

to the FTIR spectrum presented in Fig. 2,
structural analysis of chia extract, synthesized

Transmittance (%)

4000 3600 3200 2800 2400

2000 1600 1200 800 400

Wavenumbers (cm™)
Fig. 2. The FTIR spectra relate to the functional groups in chia extract, C-QDs, and DNDs.
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powder , and purchased DNDs were studied to
determine their characteristics. The detected peak
at 3420 cm™ is related to the chia seed extract
and represents the tensile vibration of OH and H
bonds in the COOH, and N-H groups, confirming
the presence of hydroxyl groups on the surface.
This peak was recorded in the C-QDs sample after
being synthesized towards lower wavelengths with
a peak index of 3373 cm™. Also, some alterations
were observed in the 1611 and 1258 cm™ peaks
of chia seed extract after being synthesized,
with the recorded peaks at 1596 and 1282 cm?,
respectively, caused by the vibrational changes
of water molecules. The mentioned peaks are
related to the vibration of alkoxy groups (aromatic
compounds), including C=C and C-0. Those with
the peak indices of 1070 and 1041 cm™ in the FTIR
spectrum of chia seed extract were determined as
the single peak (1075 cm™) of the C-QDs sample
while affirming the C-0O tensions and C-H bending
vibrations outside the plate. The adsorption was
observed through the peaks 669 and 620 cm™ as
they were created by angular deformations outside
the aromatic rings (C-H) in the FTIR spectrum of
the synthesized C-QDs sample [56].

In general, the outcomes of FTIR spectral
analysis for chia seed extract and the synthesized
form (C-QDs) were consistent with that of the
zeta potential analysis. Specific changes, such as
decreased size, increased solubility due to the
presence of multiple functional groups (-COOH,
-OH, and -NH2), and a negative charge caused by
the zeta potential, led to the uniform dispersion
of C-QDs in the aqueous solution. Therefore, the
synthesized C-QDs, through the hydrothermal
method (green synthesis) from plant sources, can
be exerted as biodegradable sources for biological
imaging due to their potential and natural

function at the atomic level. Subsequently, the
stretching vibrations of N-H and O-H groups can
be seen in the 3433 cm™ regions on the surface
of DNDs. In contrast, the activity of the stretching
vibrations due to C-H groups (symmetric and
asymmetric) can be attributed to 2929 and 2850
cm™. The peaks detected at 1717 cm™ and 1629
cm™ contain stretching vibrations related to C=0
carbonyl groups. The 700-1470 cm™ regions
include the vibrations of different bonds (C-O, C-C,
C-H, and C-N) and contain specific information
(fingerprint region) about the chemical structure
of DNDs [57]. FTIR spectroscopy results of DND
samples confirmed their small sizes along with
the presence of numerous functional groups. The
presence of functional groups (-CH3 and -OH) on
the surface of synthesized CQDs and purchased
DNDs can make them suitable candidates for drug
delivery, biosensors, and bioimaging.

XRD

Accordingly, the processing and counting of
scattered X-rays, obtained by dealing with the
structural angles of information materials such
as graphite, indicates the distances between the
layers and the degree of purity [58]. The graphite
pattern of C-QDs bandwidth of 18.3° introduced an
amorphous structure. The distances between the
4.84 layer at the 18.3-degree peak were signs of
a compatible structure with the graphite pattern.
The XRD results indicated the carbonization of
chia seeds by displaying the purity of C-QDs
while confirming the excellent solubility of C-QDs
solution as well due to the presence of hydrogen
bonds (-CH, and —OH) on their surfaces and
electron transmission, such as m-nt*, based on
the obtained FTIR spectrum. Fig. 3 exhibits the
obtained XRD spectrum from the crystal structure
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Fig. 3. XRD pattern of synthesized (a) C-QDs and (b) DNDs.

of C-QDs. The observed signal is related to the
amorphous carbon of DNDs and seems to agree
with the SP® molecule orbitals in C-QDs graphite.
The miller’s indexes of 111 and 220 were parallel
with the diamond atomic plates in JCPDS card
pattern 06-0675, while the scattering intensity
111 corresponded to graphite 002 [59, 60]. Hence,
the XRD results confirmed the small particle size,
crystal structure, and high purity degree of the
purchased DNDs.

Optical properties

The presented spectrum diagram in Fig.
4a displays the absorption peak related to the
transfer of m-n* (C=C bonds) with a peak of 280
nm and a shoulder extension towards the range

of 600 nm. Also, carbonyl bonds (C=0) with n-it*
transitions were observed in the range of 350-370
nm in small combs that confirmed the formation of
C-QDs. Fig. 4b shows the placement of synthesized
C-QDs solution under sunlight and UV light (365
nm). The fluorescent radiative properties of C-QDs
are due to their small particle size and multiple
surface functional groups. Hence, with ultraviolet
radiation at 365 nm, the color of the sample was
turned from yellow amber to light green [61].
According to the FTIR and XRD spectra, the green
radiance of the C-QDs solution and the absorption
spectra obtained from the UV-Vis affirmed the
size of C-QDs and excellent aqueous solubility.
Subsequently, Fig. 4c provides data on examining
visible and ultraviolet spectroscopy in the range
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Fig. 4. (a) Absorption peak of C-QDs, (b) the optical images of the C-QDs solution synthesized under sunlight and UV (365 nm), and
(c) the absorption spectrum of DNDs.
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Fig. 5. (a) The emission spectra obtained at different excitation wavelengths and (b) the emission spectrum of DNDs.

of 200-400 nm regarding the DNDs suspension,
which includes an absorption spectrum in the
visible range with a wavelength of 224 nm [62].
The recorded absorption peak is related to the
electron transfer of m-m+ type that the C=C groups
may have caused.

Photo-Luminance

UV irradiation (365 nm) to the synthesized
C-QD showed a green fluorescent reflection.
The solution was lyophilized to investigate the
optical behavior of the synthesized C-QD further.
Subsequently, C-QDs solution (2000 pg/ml) was
prepared to investigate the excitation wavelength
at 290 to 470 nm. The maximum emission was
observed at 415 nm with an excitation wavelength
of 310 nm, while the emission peaks were shifted
towards longer wavelengths (415 to 527 nm). In
this regard, a good explanation would be the
increased degree of oxygen-related oxidation
and multiple functional groups on the surface
of synthesized C-QDs caused by the extended
surface-to-volume ratio. According to Fig. 5, the
reduction of fluorescence emission in the obtained
emission spectrum proves the tendency of C-QDs
towards accumulation, which can be effective in
fluorescence extinction. Therefore, the results
of this photoluminescence confirm the presence
of multiple functional groups and the small size
of synthesized C-QDs, as the results of FTIR, XRD
spectra, and UV-visible spectrophotometry also
indicated. In addition, the absence of intrinsic PL
in DNDs is caused by the electron transfers from
the conduction layer to the valence layer, which
can have variable PL amplitude and intensity
depending on the size of DNDs [63]. Therefore,
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the presence of functional groups on the surface
of this product can induce changes in the
fluorescence spectrum. So that, the presence of
functional groups (hydroxyl, ketone, and ester)
under the effect of excitation wavelength in the
range of 290-350 nm led to the creation of an
emission spectrum in the range of 573-693 nm.
The photoluminescence analysis of DNDs indicated
the maximum emission wavelength of 652 nm
under the effect of an excitation wavelength of
330 nm. According to the research, there is not
only an inverse relationship between the size of
NDNs and the centres of nitrogen nuclei [64], but
the observed fluorescence from DNDs in nano
dimensions can produce a lower fluorescence
intensity than nitrogen nuclei fluorescence [65].

Zeta potential

The synthesized C-QDs from chia seed origin
displayed a negative zeta potential at high values.
Fig. 6 a points out an increase in the value of zeta
potential after the hydrothermal synthesis (-35.3
to -16.1 mV), which signifies the inducement of
changes in the hydrocarbon chain pattern that
converted the mucilage form into soluble C-QDs
and resulted in surface charge alterations, while
indicating the success of C-QDs synthesis as well.
The colloidal stability of C-QDs was proved by their
negative zeta potential in high values, which not
only confirms the results of FTIR and XRD spectra
in terms of claiming their excellent solubility but
also guarantees the presence or usage of C-QDs
in biological environments. We investigated the
zeta potential of C-QDs particles labeled with a
9mTc radioisotope in the following. In conformity
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Fig. 6. (a) The T -potential reagents of synthesized C-QDs, and (b) 99mTc-C-QDs, respectively.

to Fig. 6b, *™Tc -C-QDs displayed a slight increase
in their zeta potential value of -7.6 mV. However,
the binding of *™Tc radioisotope to the surface of
C-QDs was associated with a slight change in the
negative zeta potential, which confirms the stable
connection of *™Tc-C-QDs.

In total, the exertion of *™Tc -C-QDs can
be suggested for targeted therapeutic and
diagnostic purposes in clinical trials [66]. Also, the
results reported a {-potential of 15.5 mV for the
suspension of DNDs and a Z-potential of 9.6 mV
after the labeling process (**"Tc-DNDs). Also, the
colloidal stability of both states (suspension DNDs
and **"Tc-DNDs) was confirmed due to the positive
amount of exchange charge on the surface of
DNDs, as well as the changes in the surface charge
of ®"Tc-DNDs in a decreasing manner. Therefore,
bonding was successfully carried out due to

Nanomed. ].12(3):529-545, Summer 2025

multiple functional groups on the surface of
DNDs, which agrees with other characterizations
such as FTIR and XRD. Furthermore, the average
size of the hydrodynamic diameter of the particles
(obtained from the diffusion coefficient by DLS
technique) for CQDs and DNDs was 125 nm and
190 nm, respectively. Also, the average size of the
hydrodynamic diameter of the obtained *™Tc-C-
QDs and 99mTc-DNDs particles was determined
with values of 1177 nm and 1680 nm, respectively.
These results were obtained as the evaluation of
dimer aggregations according to PDI was in the
range of 0-1 [67, 68].

Microscopic evaluation

The crystal structure, size, and morphology of
synthesized C-QDs can be observed in the two-
dimensional image of Fig. 7a, which displays a
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uniform distribution throughout the spherical
morphologies of our product without any signs
of aggregation. In conformity with Fig. 7, the
histogram of synthesized C-QDs with a mean size
was calculated at 4.9+ 1.30 nm. Morphological and
size parameters can determine the distribution
and dispersion of C-QDs. Also, the obtained images
exhibited the DNDs in the 10-15 nm range. In
addition, the EDX outcomes contained the results
of FTIR and XRD based on the degree of purity
of DNDs with a high percentage of carbon when

compared to the other compatible elements.

Cytotoxicity assessment

Bioevaluation is conducted on the toxic
properties of nanomaterials in various biomedical
applications to check their potential effects on
the health of humans and organisms [69]. MTT
method (3-(4,5-dimethylthiazole-2-yl bromide)-2-
diphenyltetrazolium) can provide the possibility of
incubating cultured HEK293 and HepG2 cells (96
well plates, 5x10%) with the specified concentration
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Fig. 7. (a) TEM and particle size distribution of prepared C-QDs and (b & c) FESEM and EDX images of DNDs.
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range of C-QDs and DNDs (0, 15.5, 31.25, 62.5,
125, 250 and 500 pg/ml) for 48 h. According to
Fig. 8, a negligible toxicity rate was observed at the
concentration of 500 pg/ml while achieving 90%<
of survival for HEK293 cells in the presence of
synthesized C-QDs from chia seeds. On the other
hand, Fig. 8 presents the results of DNDs toxicity
in the HepG2 cell line at the concentrations of 250
and 500 pg/ml, which displayed a slight decrease in
the survival rate due to the presence of DNDs. The
evaluation of the cytotoxic effects of synthesized
C-QDs from plant sources and commercially
bought DNDs showed their non-toxicity during in
vitro studies, further supporting their potential
for biomedical applications. According to the
obtained IC50 from the MTT assay, an accurate
biocompatibility assessment was performed by
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incubating HEK293 and HepG2 cell lines near
C-QDs and DNDs with the four concentrations for
48 h. The flow cytometry of studied nanoparticles
was performed through the staining modification
by V-FITC and PI [69]. Considering the results of
the four areas, Q1 (necrosis), Q2 (late apoptosis),
Q3 (early apoptosis), and Q4 (living cells) were
analyzed in Fig. 8. Next to the lack of apoptosis
in phase Q3 at the concentrations of 0, 62.5, 125
and 250 pg/ml, phase Q2 (250 pg/ml) showed
a negligible percentage of apoptosis when
compared to that of necrosis. The comparison of
biocompatibility assessment of C-QDs and DNDs
indicated their low sensitivity and dependence on
the number of applied nanoparticles on HEK293
and HepG2 cell lines. In general, C-QDs and DNDs
can be considered biocompatible nanomaterials
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Fig. 8. (a) The cytotoxicity effects of C-QDs on HEK293 cell lines, (b) the cytotoxicity effects of DNDs on HepG2 cell lines for 48 h, (c)
the flow-cytometry charts of C-QDs to evaluate biocompatibility on HEK293, and (d) the flow-cytometry charts of DNDs to evaluate
biocompatibility on HepG2 cell lines.
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exhibiting cellular interactions (as
nanocarriers) in treatment and diagnosis.

potential

Radiolabeling *™Tc -(C-QDs/DNDs)

We evaluated the quality of labeling by binding
%mTc radionuclide to the selected nanoparticles
to investigate the colloidal stability of the labeled
products. Instant thin layer chromatography
(ITLC) can facilitate the possibility of assessing the
optimal labeling of nanoparticles with the help of
radiopharmaceuticals in two reservoirs of acetone
and ethanol throughout the time intervals of O, 1,
4, and 24 h. In this test, the fixed phase of ITLC
(Silica gel paper) was settled at the beginning of
the 5.0 pl staining strip. The studied media were
technetium-labeled nanoparticles for separately
assessing the factors of colloidal stability, human
serum, and double distilled water. Then, a silica
gel strip containing the stain was placed inside
the acetone and ethanol tanks for the required
period. Once the silica gel strips were cut into
three equal parts, they were placed in separate
tubes for gamma counter position to read the
radioactivity. The efficiency of colloidal stability
evaluated by ITLC for *™Tc-C-QDs in human serum
and double distilled water systems at regular
intervals was 98% and 93%, respectively. The
results of detecting the *™Tc-C-QDs in acetone
phases and the 85% methanol solvent for 24 h
showed 92% and 93% stability for the distilled
water system, respectively, while the human
serum system displayed a superior percentage
of 98% of colloidal stability level. In addition, the
study of { potential for negative charge changes at
the level of C-QDs and *™Tc-C-QDs forms indicated
the binding of ®™Tc radioisotope to the surface of
C-QDs. In the subsequent study (**"Tc-DNDs), the
colloidal stability efficiency of *™Tc radioisotope
binding in double-distilled underwater media and

human serum was 99% and 98%, respectively.
According to C-potential analysis, a decrease in
electrostatic forces was observed after binding
to the DNDs surface. Two studies on *™Tc-C-QDs
and *™Tc-DNDs in acetone and ethanol showed
85% colloidal stability. The results are presented
in table 1 and 2.

In-vitro stability study

We determined the binding of *"Tc-
nanoparticles (*™Tc-C-QDs, *™Tc-DNDs) to the
cells (HEK293 and HepG2) at the concentrations
of 30 and 90 pg/ml per cell of the 6-well plate,
respectively, which were added to the cell lines in
three replications to be incubated at the specified
time intervals (3-4 h) [70]. Subsequently, the
samples were washed and replaced with fresh
PBS to remove the 99mTc-free nanoparticles.
The measurement of y rays was completed by
transferring the contents of each well into the
special tubes of the gamma counter device.
According to the results, the binding effects of
9mTc-C-QDs and *™Tc-DNDs were observed at the
low concentrations of 50% and 40%, respectively,
obtained cell binding efficiencies at a concentration
of 90 pg/ml were 18% and 15%, respectively.
Evidence shows that increasing the spherical and
hemispherical concentration and morphology
can be a favourable factor in the intracellular
adsorption of small nanoparticles (C-QDs and
DNDs). In general, the interaction of hydroxyl
terminals among the studied nanoparticles with
HEK293 and HepG2 cell membranes displayed a
worthy binding efficiency at a concentration of 30
ug/ml (low concentration).

In-vivo biodistribution
Bioaccumulation was carried out in rats via
intravenous injection to confirm the cytotoxicity

Table 1. Stability efficiency assessment of 99mTc-C-QDs at intervals of 0, 1, 4, and 24 h.

Labeling stability

Incubation times (h) in D2W

Incubation times (h) in human serum

of 99mTc-C-QDs (%) 0 1 4 24 0 1 4 24
Acetone 84 88 92 91 94 95 93 98
Methanol 95 95 96 93 74 78 95 96

Table 2. Stability efficiency assessment of 99mTc-DNDs at intervals of 0, 1, 4, and 24 h.

Labeling stability

Incubation times (h) in

Incubation times (h) in human

D2wW serum
of 99mTc-DNDs (%) 0 1 2 ) 0 1 2 o
Acetone 97 99 97 99 99 99 98 98
Methanol 95 98 93 94 97 99 96 97
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Fig. 9. (a) The bio-distribution of 99mTc -C-QDs and (b) 99mTc -DNDs in rats at 1,4 and 24 h.

and quality control tests of **™Tc-C-QDs and 99mTc-
DNDs. The basis of this study is the estimation of
radioactive uptake into any organism’s tissues
(7%1D/g) [71]. According to previous investigations,
this study involved three groups with three
replications sacrificed at regular intervals (1, 4,
and 24 h) after an intravenous injection through
the rats’ tails. To estimate the emitted y-photons,
the isolated limbs were placed in the special
tubes of the gamma counter to be placed in
the y-photon reading position of the counter.
According to the results, the maximum radioactive
absorption of *™Tc-C-QDs, and °*°™Tc-DNDs was
observed in kidney and liver tissues, respectively.
Biodistribution studies indicated the accumulation
of C-QDs in kidney tissues at approximately 48%
along with the amount of *™Tc, the liver stood in
the second place of biological distribution with
1.5%, and the thyroid was estimated to be the

Nanomed. ].12(3):529-545, Summer 2025

least radioactive absorbing organ with a value
of 0.3%. In addition, causing a reduction in the
hydrophobic and ionic interactions of **"Tc-C-QDs
with the cell membrane surface, induced by the
labeling process, resulted in a decrease in the
immune system response and increased circulation
time of the body. Therefore, it can be considered
an ideal candidate in terms of retention time
in the kidney tissue for centralized imaging and
treatment purposes [72]. Despite the reduction in
the amount of radioactive radiation of liver tissue
during the experiment, the evaluation of 99mTc-
DNDs resulted in 19% uptake when compared to
other tissues, especially spleen tissues with 1.5%
and kidneys by 0.93% (second and third places),
respectively. Supplementary calculations indicated
the lung and thyroid organs as the lowest selected
organs of **™Tc-DNDs bioaccumulation with values
of .1% and 0.5%. The bioaccumulation outcomes
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Fig. 10. The anterior images (6 and 24 h; a & b) of 99mTc-C-QDs; and (c & d) corresponding to 99mTc-DNDs.

(®*mTc-C-QDs and *™Tc-DNDs) were observed
according to Fig. 9. The presence of 99mTc-
nanoparticles can prove their stability and optimal
permeability due to the tendency of labeled
nanoparticle surfaces towards kidney and liver
tissue cells.

Bioimaging

The bioimaging evaluation of *™Tc-labeled
nanoparticles (®™Tc-C-QDs, and *™Tc-DNDs)
began with randomly selecting one of the three
rats in the group 24 h after injecting *™Tc-labeled
nanoparticles. Subsequently, the rats were
anesthetized by subcutaneous injection (ketamine
and xylazine), while the images were taken 6 and
24 h after the injection. The obtained images of
9mTc-C-QDs and *"Tc-DNDs confirmed the results
of the biological distribution of kidney and liver
organs, respectively. The biodistribution of *™Tc-
C-QDs is displayed in Fig. 10 in sections (a & b)
and *™Tc-DNDs in sections (c, d) throughout the
anterior state at 6 and 24 h after the intravenous
injection of rats.

CONCLUSION
This study was performed based on the
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similarity of physicochemical properties of carbon
sources (C-QDs and DNDs) under invivo (rats)and in
vitro evaluation. The similarity of obtained results
for the characterization of C-QDs (with plant source
chia seeds) and DNDs (purchased as a commercial
sample) was confirmed. The reported sizes by
TEM and FESEM analysis are visible throughout the
images, in the range of <10 nm with spherical and
semi-spherical morphology. Moreover, the results
of XRD analysis confirm the amorphous structure
in C-QDs and DNDs due to the presence of SP3
molecular orbitals. Also, EDX analysis confirmed
a high degree of purity of DNDs for competitive
analysis with C-QDs. Other features, such as
excellent solubility, optical properties (especially
in C-QDs) (caused by their quantum properties),
non-toxicity, and biocompatibility, issued their
necessary permission to be applied in the in vivo
studies of rats. In general, the biodistribution of
99mTc-C-QDs and *™Tc-DNDs indicated that despite
the similar physico-chemical features of C-QDs and
DNDs, they may exhibit different bioaccumulation
and tendencies towards an organ of a unit. The
presence of functional groups at the level of C-QDs
and DNDs can become one of the intervening
factors for creating concentrated tendencies in

Nanomed. J. 12(3):529-545, Summer 2025
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C-QDs and DNDs towards organs. On the other
hand, the size and morphology of C-QDs and
DNDs proved effective in terms of the intracellular
diffusion coefficient and the duration of intrabody
retention. In conclusion, C-QDs and DNDs should
be used as carbon sources-based nanoparticles in
chemotherapy research and targeted imaging.
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