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Metal-doped carbon dots have attracted considerable attention in nanomedicine over the last decade
owing to their high biocompatibility and great potential for bioimaging, photothermal therapy, and
photodynamic therapy. In this study, we prepared, and for the first time, examined terbium-doped CDs
(Tb-CDs) as a novel contrast agent for computed tomography. A detailed physicochemical analysis

revealed that the prepared Tb-CDs have small sizes (~2-3 nm), contain relatively high terbium
Received 12th February 2023 tration (~13.3 wt%), and exhibit excellent lloidal stability. Furth limi u
Accepted 25th April 2023 concentration (~13.3 wt%), and exhibit excellent aqueous colloidal stability. Furthermore, preliminary ce
viability and CT measurements suggested that Tb-CDs exhibit negligible cytotoxicity toward L-929 cells

DOI: 10.1039/d3ra00958k and demonstrate high X-ray absorption performance (~48.2 + 3.9 HU L g~%). Based on these findings,
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1. Introduction

A noninvasive medical imaging system, such as computed
tomography (CT), has emerged as a powerful technique for
observing, estimating, and characterizing pathological
processes for accurate disease diagnosis. In general, CT can
easily distinguish between hard tissues and soft tissues but
small changes in soft tissues, such as tumors and lesion
formations, are difficult to detect due to similar X-ray attenua-
tion properties." Hence, the administration of radiocontrast
agents with high X-ray attenuation efficiency is required to
collect useful information from the region of interest and to
achieve a better signal-to-noise ratio. As a matter of fact,
elements with a high atomic number (Z) absorb X-rays more
effectively." To date, the clinically approved radiocontrast
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the prepared Tb-CDs could serve as a promising contrast agent for efficient X-ray attenuation.

agents, such as iohexol, iopromide, iobitridol, and some others,
are all based on iodine element (Z = 53, K-edge ~33.2 keV).? The
X-ray attenuation efficiency of these iodinated contrast agents is
highly dependent on their molecular structure and manufac-
turer. For example, it was shown that iohexol has an X-ray
attenuation efficiency of ~6.5 HU mL mg " at 120 kV,* while
iobitridol exhibits a value of ~31.8 HU mL mg " at 120 kV.*
Despite recent progress in toxicity reduction, iodinated contrast
agents are frequently associated with contrast-induced acute
kidney injury and a variety of other side effects.>® Hence, the
search for nontoxic and efficient radiocontrast agents is of vital
significance.

In the last decade, several Au, Bi, Gd, and Yb element-based
nanostructures have been proposed and extensively tested
because of their efficient X-ray attenuation properties.”®
However, the use of hazardous reagents and solvents during the
synthesis, as well as the high product cost, size control diffi-
culty, post-synthetic surface-functionalization, and leaching of
metal ions are major obstacles limiting their potential clinical
applicability. In this regard, the utilization of metal-doped
carbon dots (CDs) appears to be an ideal solution. First of all,
a desired metal dopant can be incorporated into the core of CDs
during the synthesis process, while the abundance of surface
functional groups leads to the stabilization of the prepared
colloidal solutions. Secondly, metal-doped CDs are typically
prepared in aqueous solutions, which is regarded as a “green”
approach. Finally, numerous studies have revealed that metal-
doped CDs are less toxic as compared to metal-based nano-
structures.”'® Therefore, CDs doped with heavy elements, such
as Ba (Z = 56), Gd (Z = 64), Dy (Z = 66), Yb (Z = 70), Hf (Z = 72),
and Bi (Z = 83), have been extensively studied recently as
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potential new CT contrast agents.***"** Regardless of the recent
advancements in this field, the development of novel radio-
contrast agents still remains an actual task. In this study, for the
first time, we investigated the potential of terbium-doped CDs
(Tb-CDs) as novel CT contrast agent. Preliminary findings
revealed that Tb-CDs are biocompatible and have high X-ray
attenuation efficiency that is better than some other metal-
doped CDs.

2. Materials and methods

Dextrose (=99.5%) and terbium chloride hexahydrate (TbCl,-
-6H,0, 99.9%) were purchased from Merck and used as received.
In a typical synthesis procedure, a mixture of 0.25 g of glucose,
and ~37.3 mg (0.1 mM) of TbCl;-6H,0 was dissolved in 10 mL of
deionized (DI) water and transferred into a 25 mL Teflon-lined
autoclave reactor. Then, the temperature of the autoclave was
raised slowly to 200 °C in an air oven at a ramping speed of 5 °
C min~" and kept for 6 hours at 200 °C. After the synthesis
completion, the reactor was allowed to cool naturally to room
temperature. The resultant solution was purified from aggregates
by passing through a syringe filter with a 0.1 pm pore size and
dialyzed against DI water for an appropriate time. Finally, the
lyophilization technique was employed to obtain the solvent-free
sample, which was used for further characterization.
Fourier-transform infrared vibrational spectroscopy analysis
was performed with a dried powder on a Nicolet iS5 FTIR (FT-IR,
Thermo Fisher Scientific Inc., Waltham, MA, USA). The sign and
magnitude of the zeta potential were measured on a Nanotrac
Wave II Q (Microtrac MRB, Haan, Nordrhein-Westfalen,
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Germany) using an aqueous solution of Tb-CDs (100 ppm). The
terbium content was determined by inductively coupled plasma
optical emission spectroscopy ICP-OES (Thermo Fisher Scien-
tific iCAP 6300 Duo, USA). In brief, a certain concentration of
Tb-CDs was diluted in nitric acid to leach out Tb ions, the excess
acid was evaporated, and the resulting salt was dissolved in DI
water for analysis. Qualitative and quantitative information on
the samples was obtained under an ultra-high vacuum (5 x
10" mbar) regime using X-ray photoelectron spectroscopy
(XPS) analysis, which was conducted on an Omicron MultiProbe
XPS instrument with a dried powder of Tb-CDs. High-resolution
spectra were recorded at pass energy of 50 eV, which was real-
ized utilizing a monochromatic Al Ka source (XM 1000, 1486.6
eV) with an overall instrumental resolution of 0.6 eV. The
sample fluorescence efficiency was estimated through absolute
quantum yield (QY) measurements using a €9920-02 spectro-
photometer (Hamamatsu Photonics K.K., Hamamatsu, Japan)
using an aqueous solution of Tb-CDs (100 ppm). The murine
fibroblast 1929 cell line was deployed for cytotoxicity assess-
ment. Concentration-dependent X-ray attenuation characteris-
tics of the prepared nanoprobe were investigated using the
clinical computed tomography (CT) instrument (Philips Bril-
liance 64, Amsterdam, Netherlands). Tb-CD aqueous solutions
with various amounts of Tb (with respect to their mass in Tb-
CDs) were prepared and examined for X-ray attenuation.
Phantom images were acquired from conventional CT param-
eters: X-ray tube voltage = 120 kV and field of view (FOV) = 200.0
mm.

The L929 cell line was purchased from the Korean Cell Line
Bank (Seoul, Korea). The viability of L929 cells in the presence of
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Fig. 1 Synthesis route of Tb-CDs.
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Tb-CDs was quantified using the CCK-assay according to the
manufacturer's protocol. Optical measurements were per-
formed using an Olympus IX82-F72 fluorescence microscope
(Olympus LS, Tokyo, Japan). All measurement conditions and
statistical analysis were similar to our previously reported
protocol.*

3. Results and discussion

To incorporate terbium dopant into the carbon structure, we
performed the synthesis of CDs in the presence of terbium ions
using a versatile hydrothermal method (Fig. 1). The prepared
samples were purified to remove the unreacted reagents. To
verify the successful dopant incorporation, the Tb content was
quantified using ICP-OES analysis and was found to be
13.3 wt%.

Transmission electron microscopy (TEM) image (inset) and
size distribution analysis in Fig. 2A revealed that dextrose-
derived Tb-CDs were homogeneous with the average size
ranging from 2 nm to 3 nm. As can be seen in Fig. 2B, the Tb-
CDs composition was further examined using the recorded
FTIR spectrum, demonstrating the presence of various func-
tional groups. The broad peak around 3212 cm ™" is ascribed to
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the O-H stretching vibrations followed by stretching vibration
at 2945 cm™ ', likely originating from the C-H bond in aliphatic
hydrocarbons. The absorption bands at 1725 cm™ ", 1582 cm ™"
and 1040 cm ™' could be attributed to the stretching vibrations
of C=0, C=C, and C-O-C, respectively. Other absorption
peaks were derived from bending vibrations of the C-H bond,
such as 1373 cm™ !, 1198 cm ™', and 860 cm™ . The FTIR results
suggest that the rich content of hydrophilic groups, e.g. -COOH
and -OH, at the surface of Tb-CDs promoted their solubilization
and stabilization in an aqueous medium.' This is in good
agreement with the zeta potential measurement results (—97.7
mvV), suggesting their potential colloidal stability in the physi-
ological environment. The insights into the photophysical
properties were further gained from excitation-emission-
dependent PL profiles. Fig. 2C demonstrates that the PL emis-
sion of Tb-CDs apparently red-shifts when excited by the
wavelength varying from 320 to 380 nm. Tb-CDs have an
emission maximum at 442 nm with an absolute quantum yield
of ~1.4%, which was triggered by the excitation wavelength of
340 nm. CDs typically display excitation-dependent optical
properties via multiple emission centers such as surface groups,
conjugated sp” domains in carbon cores, organic fluorophores,
and cross-linked polymer chains.'® Hence, our findings suggest

Z

0.25

=

13

=
1

0.15

Absorbance (a.u.)

0.05

0.00
4000

T T T T T
3000 2500 2000 1500 1000

Wavenumber (cm™)

T
3500

C) 25

20

Intensity (a.u.)

T T
300 400

T
500

Wavelength (nm)

Fig. 2
dependent emission of Tb-CDs.
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(A) TEM image and size distribution of Tb-CDs. The scale bar is 20 nm. (B) FTIR spectrum of Tb-CDs. (C) PL excitation and excitation-
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that the color of Tb-CD emission can be tuned, which could
open up new avenues for cell imaging. For example, various
fluorescent nanostructures are commonly employed for optical
cell labeling.””~** Consequently, Tb-CDs can be also employed as
a blue or green fluorescent probe for optical labeling (Fig. S1,
ESIT).

Next, the structural surface characteristics of the Th-CDs
were explored based on the data retrieved from the XPS anal-
ysis. Fig. 3A displays the full-range XPS spectrum exhibiting
a weak peak of terbium 4d and distinct peaks of oxygen 1s and
carbon 1s. The high-resolution XPS spectra of the C 1s band
(Fig. 3B) could be deconvoluted into three main peaks at
288.4 €V, 285.5 eV, and 284.6 eV featuring the presence of C=0,
C-0, and C-C/C=C groups, respectively.? The high-resolution O
1s spectrum shown in Fig. 3C could be deconvoluted into two
characteristic peaks at 532.7 eV and 531.9 eV, which represent
C-0 and C=0 groups, respectively.” The high-resolution Tb 4d
spectrum shown in Fig. 3D displays a well-resolvable peak
centered at 153 eV, which arises from Tb**.2* It should be noted
that our results are also in good agreement with that of Tb-
doped carbon dots produced from folic acid.>* Furthermore,
a small deconvoluted peak at 147.5 eV can be assigned to the
Tbh** state.?® Due to the energetic overlap of Tb 3d and Auger
peaks, resolving of the Tb 3d region is not possible, which could
be attributed to the limitations of the equipment.
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Generally, a high atomic number is a crucial prerequisite for
the development of a CT contrast agent with sufficient X-ray
attenuation ability. In this regard, terbium ions with inher-
ently high K-edge absorption value of ~52.0 keV (ref. 2) can
feasibly serve to produce contrast enhancements that could be
observed at typical clinical voltage settings. Currently, CT
imaging relies on conventional contrast agents, such as iodine
(33.2 keV) and barium based (37.4 keV) compounds, which are
restricted by their low K-edge energies for generating satisfying
contrast.** Consolidating the literature findings above and
inspired by the remarkable properties of the terbium element,
we performed CT X-ray attenuation measurements of the
prepared Tbh-CDs. The probe concentration was adjusted based
on the Tb content and evaluated over the range of concentra-
tions between 0.3 and 1.2 mg of Tb ions per mL against DI
water, which was set as a blank control (HU = 0). Fig. 4
demonstrates the phantom images and the slope of the HU
values against the mass of Tb ions. Our findings suggest, that
the Tb-CD nanoprobe demonstrated a CT attenuation efficiency
of 48.2 + 3.9 HU mL mg ™", which is higher or comparable to
recently published data for commercial iohexol (~6.5 HU mL
mg '), iobitridol (31.83 HU mL mg™ ") or Gd and Yb-codoped
CDs (45.43 HU mL mg ') at the same voltage settings.>*

Next, the biocompatibility of Tb-CDs was evaluated using
a CCK assay. L929 cells were cultured and co-incubated with
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(A) XPS survey and narrow scan spectra of (B) C 1s, (C) O 1s, and (D) Tb 4d regions of Tb-CDs.
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Fig. 4 CT phantom photograph and HU values of Tb-CDs as a func-
tion of different Tb ion masses in DI water.

different concentrations (0-200 ppm) of Tb-CDs to assess their
cytotoxicity. Fig. 5 shows that the Tb-CDs exhibited a dose-
dependent cell viability profile. Notably, Tb-CDs induced no
obvious cytotoxicity at the concentration range of 0-200 ppm,
suggesting their acceptable biosafety at the cellular level
according to the ISO 10993-5 standard.” Additionally, the
absence of morphology alteration in L929 cells at concentra-
tions as high as 200 ppm further confirmed the biocompati-
bility of Tb-CDs (Fig. S2, ESIt). In general, the cell membrane is
negatively charged, hence, we can speculate that negatively
charged Tb-CDs have negligible cellular uptake. However,
different cells have different characteristics and functions,
hence, they may react differently to the same Tb-CDs.?® Thus, it
should be noted that Tb-CDs can be potentially toxic to other
cells/tissues; therefore, further research into Tb-CDs toxicity
should be conducted. Furthermore, Tb-CDs should be studied
in vivo using a small animal model to assess the potential
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Fig. 5 Cell viability testing of Tb-CDs at varied concentrations of 0—
200 ppm.
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distribution, X-ray attenuation, and clearance pathways of these
nanoprobes. It is expected that these questions will be
addressed in future studies.

4. Conclusions

In this study, we investigated the potential applicability of Tb-
CDs for effective CT X-ray attenuation. We showed that the
prepared Th-CDs are ultrasmall (~2-3 nm), and have excellent
aqueous dispersibility and acceptable biocompatibility. More
importantly, the intrinsic X-ray attenuation ability of Tb-CDs
was found to be higher than conventional iodine-based
contrast agents such as iohexol and iobitridol. In addition to
the encouraging results, more extensive research into biosafety
of Tb-CDs is required to make further progress in clinical
translations.
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