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Biocompatible and low-cost iodine-doped carbon
dots as a bifunctional fluorescent and
radiocontrast agent for X-ray CT imagingf
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Carbon dot-based radiocontrast agents have recently sparked the interest of researchers owing to their better
contrasting capabilities, simple synthesis protocols, high colloidal stability, and good biocompatibility. In this
study, we propose for the first time the synthesis of iodine-doped carbon dots (I-CDs) using low-cost reagents
such as citric acid (CgHgO-), urea (CH4N,O) and potassium iodide (KI). The as-prepared [-CDs demonstrated
excellent colloidal stability (with a zeta potential value of —64.7 mV), excitation-dependent fluorescent properties
(with @ maximum quantum yield of ~8.9%), and a mean iodine concentration of ~4.67 wt%. Notably, the as-
prepared |-CDs displayed greater X-ray attenuation efficiency (42.87 HU mL mg™) as compared to the
commercially employed iopromide radiocontrast agent (30.98 HU mL mg™Y). Furthermore, ATPase activity,
cytotoxicity analysis with Hela, NHDF, HEK293, and A549 cell lines, and live-cell imaging experiments of the
Drosophila neuroblasts in intact brain lobes suggested high biocompatibility and nontoxicity of the prepared
|I-CDs. Overall, biocompatible and low-cost |-CDs show great promise as bifunctional radiocontrast and
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1. Introduction

Computed tomography (CT) is a non-invasive imaging and
diagnostic tool widely employed in medicine. Iodinated organic
radiocontrast agents are widely employed during CT scans to
improve contrast between nearby tissues, facilitating more
reliable imaging of diseased regions." The administration of
iodinated radiocontrast agents is considered to be a safe
procedure, with mild itching or cutaneous reactions as the
most common side effects. However, there are also serious
complications such as delayed allergic reactions, anaphylactic
reactions, and acute renal injury.>* Therefore, the search for
biocompatible CT radiocontrast agents with high contrasting
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fluorescent agents for biomedical applications.

properties is considered as an urgent and pressing issue in the
healthcare sector.

Carbon dots (CDs) doped with various metals have been
presented as a viable solution to the aforementioned issues
owing to their nontoxicity, excellent colloidal stability, fabrica-
tion simplicity, and distinctive optical properties suitable for
bioimaging purposes. In principle, a wide range of dopants can
be incorporated into the CD matrix to achieve excellent radio-
contrast characteristics, although iodine and lanthanide ele-
ments are the most effective for CT X-ray attenuation.’
For example, Zhao et al® prepared gadolinium (Gd), and
ytterbium (Yb) codoped CDs with X-ray attenuation efficiency
of 45.43 HU L g ' (where HU - Hounsfield units), which was
higher as compared to clinical iobitridol (31.83 HU L g ).
Bouzas-Ramos and colleagues’ also reported that the X-ray attenua-
tion efficiency of Gd and Yb-codoped CDs (14.4 HU mM %) was
higher as compared to iobitridol (5.0 HU mM '). The X-ray
attenuation efficiency of manganese (Mn) and dysprosium (Dy)
codoped CDs® was found to be ~47.34 HU L g~ ', while bismuth
(Bi) and Gd codoped CDs attained a value of ~164.66 HU Lg% In
our recent study, we demonstrated that terbium (Tb)-doped CDs
can achieve the X-ray attenuation efficiency of ~48.2 HU L g™/,
which is comparable to that of double element co-doped
systems.®® Despite these encouraging findings, the use of
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lanthanides is still deemed costly and unsustainable due to
their scarcity and uneven distribution in the Earth’s crust. As a
result, attempts have been made to switch from lanthanides to
other more abundant elements having appropriate K-edge
values, such as hafnium (Hf), barium (Ba), and iodine (i).
Typically, Hf-doped CDs'® and Ba-CDs'" achieved X-ray attenua-
tion efficiency values of 7.21 HU mM ' and 13.2 HU mM
respectively. To date, only three studies have reported on the
synthesis and radiocontrast properties of I-doped CDs.">™**
M. Zhang and colleagues'® employed a hydrothermal process
using glycine and iodixanol (a commercial contrast agent) to
produce I-doped CDs. H. Su and co-authors™? utilized citric acid
and iohexol (a commercial contrast agent) as precursors for the
synthesis of cetuximab-conjugated I-CQDs. In a similar man-
ner, Y. Jeong and colleagues used lactobionic acid and iohexol
to produce I-doped CDs." Although all of these I-doped CDs
had better contrasting properties as compared to clinically used
iodine-based contrast agents (iohexol and iodixanol), specific
X-ray attenuation efficiency values were not determined/
reported in all three studies. However, the attenuation effi-
ciency value is an important parameter and frequently reported
to compare with other developed radiocontrast agents. More-
over, producing I-CDs from commercial iodine contrast agents
appears to be economically unfeasible. Hence, the main objec-
tive of this research is to prepare I-CDs from low-cost reagents
like citric acid (C¢HgO5), urea (CH4N,0), and potassium iodide
(KI) and to study their radiocontrasting properties. We showed
that the prepared I-CDs have better contrasting properties as
compared to the commercial iopromide contrast agent, and a
plausible contrast enhancement mechanism is proposed.
Lastly, an extensive toxicity study with several cell lines sug-
gested the good biocompatibility of the prepared I-CDs.

2. Materials and methods

2.1. Synthesis of I-CDs

High purity reagents were purchased from Merck and used as
received. In a typical synthesis, citric acid (200 mg), urea
(100 mg), and KI (10 mg) were dissolved in 10 mL of deionized
(DI) water. Next, the mixture was transferred into a Teflon-lined
hydrothermal reactor with capacity of 25 mL, sealed, and heated
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at 200 °C for 12 h. The resulting dark solution was filtered using
Whatmann® filter paper to remove big precipitates, followed by a
0.1 pum syringe filter to remove submicron particles. The as-
prepared solution was dialyzed in DI water for 36 hours, with a
12-hour interval between water changes. Finally, the purified I-CDs
were freeze-dried for further usage and characterization. The
obtained mass of the I-CDs was measured to be ~58.6 mg.

2.2. Characterization of I-CDs

The morphology of the as-prepared I-CDs was examined using
transmission electron microscopy (TEM, Talos F200X G2,
Thermo Fisher Scientific Inc.) operating at 200 kV. For sample
analysis, a diluted solution of I-CDs with a concentration of 1
mg/10 mL in DI water was prepared first. Next, 1 pL of I-CD
solution was dropped on a Formvar/carbon supported copper
grid (400 mesh) and then dried for several hours under a glass
cover. The functional groups analysis of I-CDs was performed
by Fourier-transform infrared vibrational spectroscopy (FTIR,
Nicolet iS5, Thermo Fisher Scientific Inc.) and by X-ray photo-
electron spectroscopy (MultiProbe XPS, Scienta Omicron),
respectively. Dynamic light scattering (DLS) and zeta potential
magnitude were measured using a Nanotrac Wave II Q (Micro-
trac MRB). Zeta potential values of I-CDs have been measured
in DI water (pH = 7.6) and phosphate-buffered saline (pH = 7.4)
solution. The iodine content was quantified using inductively
coupled plasma optical emission spectroscopy (ICP-OES) (iCAP
6300 duo, Thermo Fisher Scientific Inc.). Optical properties and
absolute quantum yield measurements of I-CDs have been
performed using an RF 6000 spectrofluorophotometer (Shi-
madzu Corp.) and Quantaurus €9920-02 absolute quantum
yield spectrophotometer (Hamamatsu Photonics K.K.). X-ray
attenuation measurements were tested using a Philips Brilli-
ance 64 (Koninklijke Philips N.V.) clinical computed tomogra-
phy (CT) instrument. Phantom images were acquired using
standard CT parameters: X-ray tube voltage = 120 kV and field
of view (FOV) = 120 mm.

2.3. Biosafety of I-CDs

All experimental methods used to determine the ATPase
activity, cytotoxicity, and live-cell imaging of intact Drosophila
brain lobes are described in the ESL.{
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Fig. 1 (A) HR-TEM image and (B) FTIR analysis of the prepared I-CDs.
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3. Results and discussion

3.1. TEM, FTIR and XPS analyses of I-CDs

The carbonization of organic molecules in the presence of KI
allows for the incorporation of iodine into the carbon core,
resulting in the formation of I-CDs. Fig. 1a shows a TEM image
of prepared I-CDs with the corresponding size distribution. One
can easily observe the formation of quasi-spherical carbon dots
with average sizes of ~10 £ 4 nm and a polydispersity index
(PDI) value of 1.19 according to dynamic light scattering (DLS)
results depicted in Fig. S1 (ESIt). Visual observation of the
colloidal solution and zeta potential studies suggests that I-CDs
have good colloidal stability, with a zeta potential value of
around (—64.7 mV) in DI water and (—47.1 mV) in PBS buffer.
Fig. 1b shows the results of FTIR analysis of the prepared I-CDs.
A broad band between 2800 and 3300 cm ™' can be assigned to
hydroxyl group/H-bonded OH stretch and primary amine NH
stretch vibrations."” Two bands at 2240 cm™" and 1735 em™"
correspond to C—=N and C=O stretch vibrations, respectively.
A band at 1510 cm ™' can be assigned to N-O asymmetric
stretch, whereas the band at 1310 cm™" can be attributed to
C-N/C-O stretch vibrations."> A C-H bend vibration can also be
observed at 610 cm™"."® Hence, it is reasonable to expect that
the prepared I-CDs have a substantial amount of functional
groups (carbonyl, amino, hydroxyl, etc.) on their surfaces,
which also helps to explain the excellent colloidal stability of
I-CDs in aqueous solution.

Next, the sample was tested using XPS to validate the
incorporation of iodine elements into CDs. Fig. 2 depicts a
full-range XPS survey with four easily detectable signals repre-
senting I 3d, O 1s, N 1s, and C 1s. Generally, only carbon and
iodine elements can substantially influence the degree of X-ray
attenuation; hence, only these two elements underwent in-
depth XPS investigation. The high-resolution spectra of the
C 1s band can be deconvoluted into three main peaks at
284.8, 279.8, and 291.3 eV featuring the presence of
C-C/C=C, C-N/C-0, and C=N/C=O0 groups, respectively."
High-resolution spectra of I 3d revealed the presence of I 3ds,
and 3d;/, doublets at 618.2 and 629.6 eV, respectively. Hence,
XPS survey confirmed that negatively charged iodine (I") exists
in the I-CD structure.’®'® On the other hand, two additional I
3ds), and 3d;, doublets at ~ 626.3 eV and 636.1 eV suggest
that neutral iodine molecules (I,) are likely tightly absorbed on
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the surface defect locations of I-CDs.'? The mean total iodine
concentration in the I-CDs was estimated to be ~4.67 wt%.

3.2. Fluorescence properties of I-CDs

Next, the excitation-dependent optical properties of the I-CDs
were examined using a spectrofluorophotometer. Fig. S2 (ESI)
indicates that the produced I-CDs have excitation-dependent
optical properties, with the most effective excitation range
between 400-420 nm. The emission range with optimal excita-
tion covers nearly the entire visible spectrum (~400-670 nm)
with the most intense signal in the blue-green area. The
excitation-dependent emission feature of the I-CDs further
confirms the presence of surface defects, multiple functional
groups on the surface, and polydispersity of I-CDs. In particu-
lar, blue emission is commonly attributed to surface defect
fluorescence,'® whereas green emission arises from surface
functional groups (carbonyl/carboxyl, etc.).”” The maximum
absolute quantum yield (QY) for I-CDs has been estimated to
be 8.9% at 410 nm excitation, which is comparable to most CDs
reported to date. High Stokes shift and excellent colloidal
stability make these I-CDs promising as green light emitting
fluorescent tags in biomedical studies."®"® For example, I-CDs
incubated with HEK293 and A549 cells for 24 hours produce
bright green fluorescence, whereas untreated cells show few
green fluorescent specks due to autofluorescence, as shown in
Fig. 3. The results also revealed that A549 cells absorbed I-CDs
substantially better than HEK293 cells, which is most likely
owing to differences in the morphologies and mechanical
properties between the healthy and cancer cell lines. Further-
more, I-CDs rarely appear in the nucleus and are primarily
found in the cytoplasm. It should be noted that no treatments
such as fixation or permeabilization were used, emphasizing
the great potential of I-CDs for fluorescent labeling of live cells,
particularly the cytoplasmic components of cancer cells, where
I-CDs are most absorbed.

3.3. X-ray attenuation efficiency of I-CDs

Clinical CT was used to evaluate the X-ray attenuation efficiency
of the developed I-CDs, iopromide (Ultravist), and pure CDs
(without the iodine element). Hounsfield unit (HU) values for
I-CDs and iopromide were determined at iodine concentrations
ranging from 0 to 2 mg mL~"' (HU for DI water = 0). Fig. 4

Cis
A) O1s B) c-cic=c C)
_ T3ds2
2 ~
n = 2
) = C-N/C-O <
< z C=N/C=0 >
g 2 g
z = =
=
T T T T T 1 T T T T T T T T T 1 T T T T T T ‘V T
1200 1000 800 600 400 200 0| 300 298 296 294 292 290 288 286 284 282 280 610 615 620 625 630 635 640 645
Binding Energy (eV) Binding Energy (eV) Binding Energy (eV)

Fig. 2

9002 | Mater. Adv, 2024, 5, 9000-9006

(A) The XPS full scan of I-CDs. High-resolution XPS scans of (B) C 1s and (C) | 3d.
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Fluorescence

Fig. 3 Bright-field and fluorescent images of HEK293 and A549 cells without and with [-CDs (5000 ppm) after 24 hours of incubation. The scale bar is

5 microns.

reveals that I-CDs had a higher X-ray attenuation efficiency
(~42.87 HU mL mg ') than commercial iopromide contrast
agent (~30.98 HU mL mg ') at equivalent iodine concen-
tration. Interestingly, available literature on I-doped CDs">™**
has yielded no information about the contrast enhancement
mechanism. We speculated that bare CDs can also attenuate
X-rays to some extent and measured the X-ray attenuation
efficiency of pure CDs (by taking into consideration the weight
percent of iodine in a given I-CD concentration). The results
indicate that bare CDs could also attenuate X-rays with an
efficiency of ~11.24 HU mL mg ', explaining clearly the
attenuation efficacy difference between I-CDs and iopromide.
Thus, one can assume that the prepared I-CDs yielded a better
efficacy thanks to synergetic X-ray attenuation by the iodine
element and CDs. It should also be noted that the equivalent
mass of I-CDs required to obtain a reasonable contrast in vivo
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Fig. 4 The measured CT values of |-CDs and iopromide as a function of
iodine concentration. Bare CD concentrations were taken based on the
actual I-CD concentration (without iodine mass).

© 2024 The Author(s). Published by the Royal Society of Chemistry

should be several times higher depending on iodine concen-
tration in iopromide or any other iodine-based commercial
contrast agent. However, previous studies'>'* revealed that
I-CDs are better tolerated and provide higher contrast in vivo
than iodine-based contrast agents, even at relatively high con-
centrations of up to 10 mg mL™".

3.4. Non-toxicity of I-CDs to insect and mammalian cells

To ensure that I-CDs did not have any cytotoxic effects on the
cells, we first assessed the ATPase enzymatic activity of I-CDs at
different concentrations. ATPase activity has been shown to
increase actomyosin contractility, resulting in the collapse of
the actin cytoskeleton cortex and cell death.”® Thus, assessing
ATPase activity will provide insight into how toxic I-CDs are to
cells and how they affect cell division. To test this, I-CDs were
incubated at room temperature for 30 minutes with 1 mM ATP.
The ATPase reaction was terminated by adding 200 pL of
malachite green assay reagent, resulting in a colorimetric
product. Absorbance values from this product clearly indicate
that I-CDs do not have ATPase activity at the treated concen-
tration (50 ppm) or at concentrations several times higher
(Fig. S3 and Table S1, ESI{). Even at extremely high concentra-
tions, such as 10000 ppm, ATPase activity only increases by
about 3%. Furthermore, the overall ATPase activity value is less
than 1 nM min~* pL ™", which is extremely low and will have no
effect on the cell. The fact that the treated concentration of
I-CDs has no effect on cell viability or proliferation makes it
generally considered safe for human use.

Time-lapse or live-cell imaging of the brain over a 3-hour
period in 3rd instar Drosophila larval brain was carried out to
measure the number of neuroblast divisions during this period
in order to test the cytotoxicity of I-CDs on Drosophila neuro-
blasts in intact brain. This live cell imaging technique allows us
to observe the number of divisions as well as the dynamic
changes in cell size and shape over time. To ensure that
neuroblasts in intact brains will receive comparable exposure

Mater. Adv,, 2024, 5, 9000-9006 | 9003
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Control

CDs treated

I-

Fig. 5

to I-CDs as isolated cells in culture, the glial blood-brain
barrier of the brain lobes was dissociated by incubating with
collagenase type I for 10 minutes. Fig. 5 shows that neither the
control nor the I-CD-treated brains displayed any abnormal
activity during mitosis, suggesting that I-CDs may not be
cytotoxic to Drosophila neural stem cells. In order to assess
how I-CDs affect neuroblasts’ ability to proliferate in an intact
brain, the number of cell divisions during a 3-hour live cell
imaging session was evaluated (Fig. S4, ESIf). The results
clearly demonstrated that there was no noticeable difference
in the number of neuroblast divisions between the brains
treated with two different I-CD concentrations, 50 ppm and
200 ppm, and the control group. This data further supports that
I-CDs are not cytotoxic to Drosophila neural stem cells.

The biocompatibility of the developed I-CDs was also
assessed using the standard MTT assay in two different loca-
tions (South Korea and Kazakhstan). Fig. 6 and Fig. S5 (ESIY)
show the dose-dependent viability profiles of HEK293, A549,
NHDF, and HelLa cells in the presence of I-CDs with concentra-
tions ranging from 0.2 to 200 pg mL'. One can notice that
I-CDs exhibit no signs of toxicity in all cases, indicating their
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Py
Image sequences of a Drosophila neuroblast dividing in an intact brain. The top row shows the normal asymmetric cell division of a control

neuroblast. The bottom row depicts normal asymmetric cell division of a 200 ppm of I-CDs treated neuroblast. Non-muscle myosin 2 is shown in green,
with the cell membrane and spindle in white. The scale bar measures 5 microns in length.

good in vitro biocompatibility according to the ISO 10993-5
standard.”" On the other hand, different cells may react differ-
ently to as-prepared I-CDs,*” hence, additional biocompatibility
studies need to be conducted. Further research is also needed
to understand the circulatory mechanism and probable accu-
mulation of I-CDs in vital organs. Moreover, emission color
switching®*® or excitation-independent emission*’">° of CDs
can be realized by introducing/coupling with other elements
that can be relevant for bioimaging applications. These ques-
tions can be addressed in forthcoming studies.

4. Conclusion

In this study, I-doped CDs were produced from low-cost
reagents such as citric acid, urea, and potassium iodide, as
opposed to previously employed clinical iodine contrast
agents as starting precursors. CT X-ray attenuation results
confirmed that the prepared I-CDs demonstrate better efficacy
(42.87 HU mL mg ') as compared to iopromide contrast agent
(30.98 HU mL mg ') at equal iodine concentration. The
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Fig. 6 Effects of I-CDs on the viability of HEK293 and A549 cell lines after 24 hours (p value < 0.005).
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plausible mechanism for contrasting property enhancement is
bare CD-induced partial X-ray attenuation, which is confir-
med by X-ray attenuation measurements. Preliminary biosafety
assessments verified the good biocompatibility of the produced
I-CDs; nevertheless, additional study is still required to deter-
mine the fate of I-CDs in the circulatory system of small animal
models and their potential accumulation in vital organs. None-
theless, the low production cost and improved contrasting
properties make I-CDs promising candidates for application
as fluorescent and CT contrast agents.
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