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Sulfur-Doped Carbon Dots as a Highly Selective and
Sensitive Fluorescent Probe for Copper lon Detection in

Biological Systems

Minyoung Jin, Sanghee Lee, Su been Lim, Minyoung Lee, Jungwon Park, Hyun-Do Jung,*

Min-Ho Kang,* and Kun Na*

Copper ions are regarded as a double-edged sword since it plays a crucial role in
biological functions but can also induce various severe diseases at imbalanced
levels. However, conventional methods for quantifying copper ion (Cu?*)
levels often encounter complicated preparation procedures and interference
from other substances. This study describes the one-pot microwave synthesis
of sulfur-doped carbon dot (S_HICA) as a highly selective and sensitive fluo-
rescent probe for Cu?* detection in biological systems. S_HICA demonstrates
improved fluorescence properties such as increased intensity and a red-shifted
emission wavelength compared to carbon dots without sulfur (HICA),

and S_HICA exhibits outstanding selectivity for Cu?* through a fluorescence
quenching effect. In vitro and ex vivo experiments are performed to validate the
fluorescence selectivity of S_HICA, revealing that S_HICA has remarkable bio-
compatibility, fluorescence stability, and tolerance to varying pH levels. S_HICA
presents significant potential as a fluorescent probe for detecting Cu?* with
elevated sensitivity and selectivity, as well as for the advancement of enhanced

result in particular diseases. Thus, sensitive
and selective techniques for the detection of
metal ions are essential for the early diag-
nosis of illness, assessment of heavy metal
poisoning, and personalized therapeutic
approaches.['*] Many studies have focused
on monitoring the concentrations of metal
ions including potassium,*l magnesium, !’
calcium,l iron,”l and copper.®] Specif-
ically, abnormal levels of copper ions
(Cu?*) are directly associated with disor-
ders such as Wilson’s disease and Menkes
syndrome, and they can also influence
conditions such as Alzheimer’s disease and
Parkinson’s disease.*1!] The metabolism
of copper is essential for several bio-
logical activities, including its function
as a cofactor in enzymatic pathways re-

diagnostic tools that can monitor copper-related disorders in real time.

1. Introduction

Metal ions are crucial in various biological processes in plants
and animals, as well as in humans. However, imbalances in
the concentrations of metal ions within the human body might

lated to antioxidant defense, DNA repair,
cell division, and protein synthesis.[!24]
Serum copper levels are clinically sig-
nificant for evaluating parameters asso-
ciated with aging-related degenerative
diseases, nutritional status, oxidative stress, inflammation,
and immune abnormalities, all of which may influence car-
cinogenesis. Consequently, in vitro Cu?* diagnostics utiliz-
ing blood or liquid-based biological samples have emerged
as an essential tool for the accurate and early detection
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of copper-related diseases. Quantitative measurements of ion
concentrations are crucial for diagnosing diseases, monitoring
progression, predicting outcomes, and stratifying patients for tar-
geted treatments.[1>1€]

Conventional techniques for measuring Cu®* levels have in-
volved the complex preparation of biological samples (e.g., blood,
urine, or liver tissue) followed by analysis using colorimetric
methods, atomic absorption spectroscopy, and inductively cou-
pled plasma mass spectrometry.l'’”] Colorimetric methods often
encounter difficulties in measuring low concentrations accu-
rately, and they may affected by interference from other biolog-
ical substances.!'®] Meanwhile, atomic absorption spectroscopy
and inductively coupled plasma mass spectrometry require ex-
tensive sample preparation, expertise, and time. Therefore, ef-
forts have been made to develop colorimetric sensors based
on nanoparticles to simplify and enhance the detection pro-
cess. Nanoparticle-based colorimetric sensors offer improved
sensitivity for in vitro diagnostics because of the large surface
area, enhanced binding and detection capabilities, and high se-
lectivity, and the fast reaction time facilitates real-time mea-
surements. They also have the potential for integration with
other therapeutic tools. However, previously developed sensors
such as organic dyes,!? lanthanides,?° and heavy metal quan-
tum dots!?!l suffer from issues including toxicity, low fluo-
rescence stability, high costs, and insufficient sensitivity that
have limited their applicability. Similarly, metal-organic frame-
works (MOFs) also have been explored for Cu?* detection, 22724l
but their poor water stability,°] complex synthesis, and poten-
tial cytotoxicity!?®l have limited their applicability in biological
systems.

Despite these advancements, existing Cu?* detection strate-
gies still have limitations. Several techniques, including col-
orimetry, atomic absorption spectroscopy, and inductively cou-
pled plasma mass spectrometry (ICP-MS) offer high Cu?* de-
tection sensitivity but often require extensive processing times
and complex sample preparation. For instance, Muniz et al. re-
ported an AE-based LC-ICP-MS method requiring 422 min per
sample,?’] while Inagaki et al. utilized a 5 h pre-treatment pro-
cess involving Chelex-100 resin.[?8] Similarly, Lopez-Avila et al.
demonstrated approach using an immunoaffinity chromatogra-
phy followed by SEC-ICP-MS, involving a 30 min preparation and
an additional 20 min separation process.[?) In addition, other
Cu’* detection methods such as colorimetric and fluorescence-
based sensors frequently suffer from low detection limits and se-
lectivity issues.

To overcome these challenges, carbon dots have emerged as
a promising alternative because of their unique optical prop-
erties, high biocompatibility, cost-effectiveness, scalable synthe-
sis, and versatility through surface functionalization.***! These
characteristics make carbon dots suitable for various applica-
tions including drug delivery,32! energy materials,33! bioimag-
ing agents,** and sensors.*® Carbon dots can be used as sen-
sors by modifying their surface with functional groups to se-
lectively interact with various chemical species including metal
ions, organic molecules, and biomolecules. Various functional
groups can be attached to facilitate the coordination and inter-
action with specific metal ions, which not only improves se-
lectivity but also minimizes interference from other substances
commonly found in biological environments.[**3’ Carbon dots
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can be modified with carboxyl, imidazole, and hydroxyl groups
or doped with heteroatoms such as nitrogen and sulfur to en-
hance the selectivity and fluorescence intensity.*®3°! In partic-
ular, sulfur doping notably enhances the fluorescence stability
and fluoresce intensity of carbon dots.[****) Moreover, the high
surface-to-volume ratio of carbon dots provides abundant ac-
tive sites for binding metal ions and greatly increasing the de-
tection sensitivity.**) Given these advantages, carbon dots are
potentially superior to traditional nanoparticle-based sensors in
terms of both sensitivity and selectivity particularly for metal ions
present in trace amounts. Despite these advantages, most of the
carbon dot-based sensors have been primarily focused on envi-
ronmental applications rather than biological systems.[*48] Ad-
ditionally, most reported carbon dot-based Cu’* sensors have
been validated only at the in vitro level, limited applications
in ex vivo or in vivo models.**%% For these reasons, we de-
veloped fluorescent sensor based on sulfur-doped carbon dots
(S_HICA) for rapid, cost-effective, and highly sensitive for Cu?*
detection by fluorescence quenching. S_HICA has a response
time of less than 5 min, which enables real-time monitoring,
and does not require complex sample preparation or expensive
instrumentation. The proposed method also exhibits competi-
tive limit of detection (LOD) of 5.41 pm compared with con-
ventional techniques such as other organic fluorescent probe,
making it a promising candidate for practical applications, par-
ticularly in point-of-care diagnostics. S_HICA was prepared us-
ing a simple one-pot microwave synthesis method, and sulfur
doping enhanced the fluorescence intensity compared with that
of carbon dots without sulfur (HICA).’'*2) Comprehensive in
vitro, in vivo and ex vivo experiments were performed to eval-
uate the Cu?* detection performance of S-HICA under various
conditions.

2. Results and Discussion

2.1. Synthesis and Physicochemical Properties

Figure 1 shows the synthetic procedure of S_HICA and its appli-
cation to Cu?* detection in biological systems. S_HICA is synthe-
sized by reacting histidine and citric acid in dimethyl sulfoxide
(DMSO) using microwave-assisted techniques (Figure 1a). For
comparison, HICA was synthesized using the same precursors
and method except that distilled water was used as the solvent.
Citric acid and histidine act as sources of carboxyl and imida-
zole groups that enhance the ion detection capability and sol-
ubility of carbon dots. In addition, nitrogen doping from histi-
dine and sulfur doping from DMSO enhances the fluorescence
properties and ion detection sensitivity. These properties make
S_HICA ideal for the selective detection of Cu?* in biological sys-
tems (Figure 1b).

Figure 2 shows the characterization results for S-HICA. Dy-
namic laser scattering (DLS) was used to evaluate the size distri-
butions of S_HICA (Figure 2a) and HICA (Figure S1, Supporting
Information), which exhibited little variation with average parti-
cle sizes of 1.1 + 0.3 and 1.2 + 0.9 nm, respectively. Transmis-
sion electron microscopy (TEM) images of S_HICA (Figure 2b)
and HICA (Figure S2, Supporting Information) was used to vi-
sualize the lattice fringes, which indicated a d spacing of 2.6
A corresponding to the (100) spacing of graphite.**) The X-ray
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Figure 1. Synthesis and application of sulfur-doped carbon dot (S_HICA) to Cu?* detection in biological systems. a) Synthetic procedure and fluores-
cence quenching mechanism. b) Application of S_HICA to diagnosing copper-related disorders. Graphical images were created with BioRender.com.

diffraction (XRD) patterns indicated that S_HICA (Figure 2c) and
HICA (Figure S3, Supporting Information) had diffraction peaks
with 20 values of 21°-22°, which were attributed to the wide (002)
spacing of carbon dots.>*l The UV-vis absorption spectra of
S_HICA and HICA (Figure S4, Supporting Information) had
two strong absorption bands at 200-220 nm (z — #* transi-
tion) and 280-320 nm (n — z* transition).[*) Atomic force mi-
croscopy (AFM) was used to investigate the morphology and size
of S_HICA (Figure 2d—f), which had a particle height of 3.6 nm.
X-ray photoelectron spectroscopy (XPS) was used to analyze the
composition of S_HICA (Figure 2g), which exhibited five major
peaksof O 1s,N 1s,C1s, S 2s,and S 2p at 532, 400, 284, 227.6, and
162.6 eV, respectively. In contrast, HICA had only the three major
peaks of O 1s, N 1s, and C 1s, but S 2s and S 2p were not detected
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(Figure S5, Supporting Information). Both S_HICA (Figure S6,
Supporting Information) and HICA (Figure S5, Supporting In-
formation) had the same binding energy peaks for the carbon, ni-
trogen, and oxygen spectra. However, only S_HICA exhibited ob-
vious peaks at 162.7 eV (S,,; ;) and 164.1 eV (S,,; ;) (Figure 2h).
Fourier transform infrared spectroscopy (FTIR) was used to an-
alyze the chemical characteristics of S_HICA (Figure 2i) and
HICA (Figure S7, Supporting Information), and the absorbance
peaks for both were assigned to the stretching vibrations of O—H
and N—H at 3375 cm~',°) —OH at 3179 cm~',l*’! and —C—H
at 2924 cm~'.% The peaks at 1700 cm™' was attributed C=0
stretching, commonly observed in carbon-based nanoparticles
containing carboxyl functional groups.®! The peak at 1437 cm™!
was attributed to C—N stretching.[®¥) The peak at 1599 cm™!

© 2025 The Author(s). Small published by Wiley-VCH GmbH
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Figure 2. Characterization of S_HICA. a) Size distribution obtained by dynamic light scattering. b) Transmission electron microscopy image. c) X-ray
diffraction spectrum. Atomic force microscopy results: d) amplitude, €) 3D image, and f) line profile of the red line in (d). g) Full X-ray photoelectron
spectroscopy (XPS) spectrum and h) deconvoluted high-resolution XPS spectrum of S 2p. i) Fourier transform infrared spectrum.

corresponded to C—C stretching while the strong peak at 1391
cm™! corresponded to C=C bond vibrations.[*"?] Absorption
peaks at 1162 and 675 cm™! were attributed to the flexural vibra-
tion of C—0 and stretching vibration of C—H, respectively.[6>¢4]
S_HICA also had peaks at 1038 and 1286 cm™! corresponding
to —SO;~ and C=S bonds that were absent in HICA.[®] Ele-
mental analysis (Table S1, Supporting Information) showed that
S_HICA had an atomic composition of 17.03% N, 48.54% C,
5.21% H, 22.08% O, and 7.24% S while HICA had an atomic
composition of 18.59% N, 40.48% C, 6.21% H, and 34.49% O.
These results confirm that the carbon dots were successfully
doped with sulfur in S_HICA. Overall, S_HICA and HICA had
similar physicochemical properties in terms of size, degree of
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crystallization, and elemental composition, which suggests that
HICA can serve as a control in further studies.

2.2. Fluorescence Properties

Figure 3 compares the optical properties of S_HICA and HICA.
Carbon dots fluoresce owing to their unique structure and sur-
face chemistry.l%%7] The excitation (Ex)-emission (EM) inten-
sity spectra of HICA (Figure 3a) and S_HICA (Figure 3b) re-
veal a significant redshift in the fluorescence emissions upon
sulfur doping. The maximum fluorescence intensity of HICA
was observed at 340/415 nm, while that of S_HICA shifted to

© 2025 The Author(s). Small published by Wiley-VCH GmbH
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Figure 3. Fluorescence properties of S_HICA. Excitation—emission intensity spectra of a) HICA and b) S_HICA. c) Fluorescence images of HICA and
S_HICA. (Fluorescence image A: Ex: 470nm, Em: 530 nm and fluorescence image B: Ex: 530nm, Em:630nm) d) Fluorescence stability assay depending
on time (n = 3). e) Confocal differential interference contrast (DIC) and fluorescence images of L929 cells incubated with HICA and S_HICA.

470/535 nm. This redshifted fluorescence emission spectrum  cated that both carbon dots exhibited fluorescence in two dis-
suggests that sulfur doping modifies the electronic structure of  tinct channels: one with an Ex wavelength of 470 nm and Em
carbon dots, enhancing their fluorescence properties at longer ~ wavelength of 530 nm, and the other with an Ex wavelength
wavelengths. Fluorescence images of S_HICA and HICA ata  of 530 nm and Em wavelength of 630 nm. Notably, S_HICA
concentration of 1 mg mL™! in distilled water (Figure 3c) indi-  exhibited a superior fluorescence intensity in both channels
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compared to HICA. Moreover, HICA exhibited minimal fluores-
cence atlonger wavelengths, which underscores its limited utility
in broader applications. Doping carbon dots with heteroatoms
such as nitrogen, sulfur, or phosphorus can modify their elec-
tronic properties and enhance fluorescence.l®7%] These results
show that S_HICA had a greater fluorescence intensity and red-
shift in the emission wavelengths compared with HICA, which
indicates its potential as an advanced and highly efficient fluores-
cent probe.

For in vitro diagnostics using biological samples, the fluores-
cence of a probe needs to be stable under diverse environmen-
tal conditions to ensure accurate and reliable results. Biologi-
cal samples may contain various enzymes with acids or bases
that can destabilize or change fluorescent materials. The fluores-
cence intensity of S_HICA was monitored at various time points
(Figure 3d) and at different pH conditions (Figures S8 and S9,
Supporting Information). Fluorescein-5-isothiocyanate (FITC) is
a widely used fluorescence agent and was used here as the
positive control. S_HICA demonstrated superior fluorescence
stability compared with FITC by maintaining the fluorescence
intensity over an extended period while the fluorescence inten-
sity of FITC rapidly diminished within a few hours. S_HICA also
showed consistent performance across a range of pH conditions
whereas FITC experienced a substantial loss of fluorescence in-
tensity in both acidic and alkaline environments. To further in-
vestigate the stability of S_HICA, we evaluated the fluorescence
response of S_HICA at various temperatures ranging from 20 to
80 °C. The results revealed that S_HICA retained fluorescence in-
tensity even at high temperatures (80 °C), confirming the robust
thermal stability of S_HICA (Figure S10, Supporting Informa-
tion). These results highlight the promise of S_HICA as a fluo-
rescent probe for biological applications owing to its exceptional
fluorescence stability and pH tolerance and thermal stability. The
fluorescence stability of S_HICA not only facilitates long-term
analysis but also enhances its detection capabilities at low con-
centrations by reducing the risk of false positives caused by sig-
nal degradation and improving the measurement reproducibility
and accuracy.

To evaluate the applicability of S_HICA to detecting Cu’*
in biological systems, the cytotoxicity was assessed by using
the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) assay (Figure S11, Supporting Information). The results
indicated that S_HICA had high biocompatibility at concentra-
tions of 0-10 mg mL™'. Flow cytometry revealed that the fluo-
rescence intensity of L929 cells incubated with S_HICA exhib-
ited strong correlations with both time and concentration (Figure
S12, Supporting Information). Images of L929 cell pellets con-
firmed the cellular uptake of both S_HICA and HICA (Figure
S13, Supporting Information). Notably, 1929 cell pellets treated
with S_HICA emitted a stronger fluorescence intensity in both
channels (Ex/Em: 470 nm/530 nm and 530 nm/630 nm) com-
pared to those treated with HICA. Next, L929 cells were treated
with S_HICA and HICA, and confocal microscopy was used to
evaluate the suitability of S_HICA as a fluorescent dye for cell
imaging (Figure 3e). For both carbon dots, the fluorescence in-
tensity gradually increased over time in both channels (Ex/Em:
358 nm/461 nm and 495 nm/510 nm). Cells exposed to S_HICA
exhibited a noticeably higher fluorescence intensity than cells ex-
posed to HICA. These results indicate that carbon dots can ac-
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cumulate within cells, which suggests that they can be used to
detect ions in the surrounding medium as well as intracellular
systems. Notably, S_HICA provided a comparable fluorescence
intensity as HICA at a lower concentration. Its superior sensitiv-
ity allows the amount used to be minimized, which can reduce
the associated toxicity.

Figure 4 shows the Cu?* detection selectivity of S_HICA.
A screening process was performed using various metal ions
(i.e., Fe**, Gd**, APP*, Mg?*, Cu?t, Cd**, K*, and Cs*) with the
chloride ion (Cl7) at concentrations of 0-500 um (Figure 4a). The
analysis was conducted with S_HICA solutions at a concentra-
tion of 0.1 mg mL™! in distilled water. S_HICA only exhibited
a concentration-dependent fluorescence quenching effect when
mixed with Cu?*. Such a quenching effect was not observed with
the other metal ions. The correlation between the fluorescence
intensity of S_HICA and the Cu?* concentration was assessed
across various Ex and Em wavelengths (Figure 4b,c; Figure S14,
Supporting Information). The fluorescence intensity decreased
gradually as the Cu?* concentration increased from 0 to 1000 um.
In particular, the ratio between the current and initial fluores-
cence intensities (I/I;) had a high correlation coefficient
(R? = 0.97) with Cu’* concentrations of 0.98-125 pm. To validate
the sensitivity of our S_HICA-based Cu** detection platform, we
compared its LOD with that of previously reported fluorescent
sensors. S_HICA exhibited an LOD of 5.41 um, demonstrating
competitive sensitivity compared to other sensors. For instance,
a functionalized oligomeric fluorescent sensor exhibited LOD of
10.4 and 9.88 um,”! while a water-soluble organic fluorescent
probe showed an LOD of 9.68 um.[”?! Similarly, a photochromic
dendrimer-based probe demonstrated a LOD of 10 pm.”3] These
results indicate that S_HICA has a superior detection capability,
making it a promising candidate for Cu** monitoring in biolog-
ical applications. In addition, fluorescence images of S_HICA
solutions mixed with various concentrations of Cu?* showed a
gradual decrease in fluorescence intensity as the Cu®* concen-
tration increased (Figure S15, Supporting Information). These
results demonstrate the potential of S_HICA as a Cu?* sensor
owing to its high selectivity and sensitivity, even at minimal
concentrations.

Figure 5 shows the quenching mechanism of S_HICA in the
presence of Cu?*. S_HICA and Cu?** were mixed and maintained
at room temperature for 30 min, followed by heating to 80 °C
for 10 min, and cryo-TEM images were obtained for S_HICA,
mixed S_HICA and Cu?*, and mixed and heated S_HICA and
Cu?* samples (Figure 5a). Adding Cu?* to S_HICA formed a
S_HICA/Cu** complex that was not observed in pure S_HICA,
and the amount of the complex increased with the increase
of Cu?* concentration leading to formation of visible aggre-
gation (Figure S16, Supporting Information). To confirm the
chemical structural properties of the S_HICA/Cu?* complex, we
conducted Selected Area Electron Diffraction (SAED) analysis
(Figure S17, Supporting Information). The SAED pattern indi-
cated that the complex has amorphous structure, contrast to CuS
or other crystalline nanoparticles.’ In order to further inves-
tigate the quenching mechanism of S_HICA, the fluorescence
lifetime of S_HICA (Figure 5b) were measured at different Cu**
concentrations. The fluorescence lifetime of S_HICA showed
two distinct components. The long component is attributed to
the core of the S_HICA, while the shorter component originates
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Figure 4. Detection of Cu®*

Emission (nm)

Emission (nm)

using S_HICA. a) Relative Fluorescent intensity of S_HICA in the presence of various metal ions (n = 3). b) Relative

fluorescent intensity (inset: linear relationship between I/IO of S_HICAs and the concentration of Cu?*, n = 3) and c) fluorescent spectra of S_HICA

(0.1 mg mL~") with Cu?* at different concentrations. (**

from the surface group of S_HICA.I”] Despite the addition of
Cu?*, the fluorescence lifetime exhibited negligible changes, fur-
ther supporting that the quenching mechanism follows a static
quenching pathway. Temperature dependent fluorescence inten-
sity measurements of S_HICA/Cu?* complex (Figure 5¢) con-
firmed that the fluorescence intensity gradually increased upon
heating. This result indicates that fluorescence quenching occurs
due to the formation of the S_LHICA/Cu?* complex. As the tem-
perature increased, the complex dissociated, leading to the flu-
orescence recovery. The result is consistent with the Cryo-TEM
images, which also showed the dissociation of S_HICA/Cu**
complex upon heating. Additionally, upon heating, the size of
the complex decreased. UV-vis absorbance analysis (Figure 5d)
revealed a new absorbance peak at 810 nm as the tempera-
ture increased for the S_HICA/Cu?* complex sample. To further
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*p < 0.001, Two-way Anova with Turkey)

verify that fluorescence quenching occurs via complex formation
between S_HICA and Cu?*, we performed fluorescence mea-
surements using FOBI. Since Ethylenediaminetetraacetic acid
(EDTA) is well known as a metal chelator, we hypothesized that
it would effectively prevent S_HICA/Cu** complex formation
and fluorescence quenching. To test this, we prepared three
groups including S_HCIA alone, S_HICA with a pure Cu**

lution, or with a pre-mixed Cu?*/EDTA solution. The results
showed significant fluorescence quenching in the presence of
Cu?*. However, in the presence of the pre-mixed Cu?*/EDTA so-
lution, fluorescence quenching was significantly reduced (Figure
S18, Supporting Information). These results suggest that the
S_HICA/Cu** complex forms by the adsorption of Cu®* onto
S_HICA. Increasing the temperature destabilizes the complex
and leads to the desorption of Cu?*, which indicates a static
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Figure 5. Quenching mechanism of S_HICA in the presence of Cu*. a) Cryo-TEM images of S_HICA, S_HICA/Cu®* complexand S_HICA/Cu?** complex
when heated to 80 °C. b) Fluorescence lifetime of S_HICA under the various Cu?* concentrations (n = 3). c) Fluorescence intensity of S_HICA/Cu?*
complex at different temperatures (n = 3). d) UV-vis absorbance spectra of S_ZHICA and Cu?* in S_HICA/Cu®* complex at different temperatures.
e) Fluorescence quenching for Cu?* detection and dissociation by heating. Graphical images were created with BioRender.com.

quenching mechanism for S_HICA (Figure 5e).7%l These re-
sults collectively indicate that S_HICA/Cu?** complex formation
is responsible for fluorescence quenching. Under the increased
temperature, the complex destabilizes, allowing fluorescence
recovery.
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2.3. Application to Biological Systems

Figure 6 shows the results of in vitro and ex vivo experiments
that were conducted to evaluate the potential clinical applications
of S_HICA, particularly as a probe for copper-related diseases.
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Figure 6. Application of S_HICA to detect Cu?* in biological systems in vitro, ex vivo and in vivo. a) Confocal microscopy images of L929 cells treated
with various concentrations of Cu?* (0-100 um) followed by 0.1 mg mL~" of S_HICA. b) Fluorescence intensity of S_LHICA at an excitation wavelength of

495 nm and emission wavelength of 519 nm. c) Schematic of the ex vivo experiment. Fluorescence response of S_HICA to the d) Cu?* conc

entration and

e) incubation time in ex vivo. f) Fluorescence images of mice injected with S_HICA before and after the administration of Cu?*. g) Quantitative analysis

edede

of fluorescence intensity at the injection site (n = 4) (

p < 0.001, n.s, not significant, Two-way ANOVA with Sidak’s multiple comparisons test).
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1929 cells treated with Cu?* showed no observable toxicity up
to a Cu?* concentration of 100 um, which established this value
as the maximum concentration for subsequent experiments
(Figure S19, Supporting Information). To assess the fluorescence
performance of S_HICA in the presence of Cu?*, L929 cells were
pre-incubated with varying Cu** concentrations (0-100 um) for
4 h followed by treatment with 0.1 mg mL~! of S_HICA. Con-
focal microscopy confirmed that the fluorescence intensity of
S_HICA within the L929 cells decreased as the Cu?* concentra-
tion increased (Figure 6a), which provides evidence that S_HICA
can effectively sense the Cu?t concentration in a cellular envi-
ronment. The fluorescence intensity of S_HICA was quantified
by using the software Image] (Figure 6b), and the results indi-
cated that the fluorescence intensity decreased noticeably with a
minimal Cu?* concentration of 1 um and that it had an inversely
proportional relationship with the Cu?* concentration. These re-
sults suggest that patients with copper-related diseases such as
Alzheimer’s, Parkinsons’s and Wilson’s diseases can be injected
with S_HICA to monitor Cu?* levels in the body by fluorescence
imaging.

For the ex vivo experiments, blood samples were collected
from the cheeks of mice, and the serum was subsequently
isolated after which varying concentrations of Cu?* and S_HICA
(0.1 mg mL™!) were mixed in the serum (Figure 6¢c). The fluo-
rescence intensity of S_HICA was measured in relation to the
Cu?* concentration (Figure 6d) and incubation time (Figure 6e).
The fluorescence intensity noticeably decreased as the Cu?*
concentration increased within a few minutes. To investigate
the applicability of S_HICA for in vivo detection, we conducted
fluorescence imaging experiments in live mice via subcutaneous
injection following protocols described in previous studies.!””7®]
First, 50 uL of S_HICA was first injected on the back of the mice.
Following the initial injection, fluorescence imaging was per-
formed using FOBI, which confirmed the strong fluorescence at
the injection site. To evaluate the fluorescence response to Cu?*,
mice were divided into three groups: 1) S_HICA group, where
an equal volume of dilution solution was injected to match
the total volume to other groups, 2) a pure Cu** (50 uL, 200
uM) solution group and 3) a pre-mixed Cu?*/EDTA (50 uL, 200
um) solution group, with each solution injected at the S_HICA
injected site. The fluorescence intensity of S_HICA significantly
decreased in the presence of Cu’*, whereas in the dilution so-
lution group and Cu?**/EDTA group, the fluorescence intensity
of S_HICA remained relatively unchanged (Figure 6f,g; Figure
S20, Supporting Information). These results strongly support
the potential of S_HICA for Cu** detection in biological environ-
ments and confirm that the fluorescence quenching mechanism
is associated with S_HICA/Cu?* complex formation, supporting
static quenching. Overall, the ability of S_HICA to selectively
detect Cu** through fluoresce quenching across in vitro, ex vivo,
and in vivo conditions highlights the potential of S_HICA for
real-time Cu?* level monitoring in biological systems.

3. Conclusion

S_HICA was successfully synthesized through a facile one-pot
microwave-assisted method. S_HICA exhibited excellent fluores-
cence properties with enhanced intensity and red-shifted wave-
lengths compared to HICA. Sulfur doping not only improved
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fluorescence efficiency but also enabled longer-wavelength exci-
tation, which enhanced tissue penetration and reduced autoflu-
orescence interference. In addition, S_HICA demonstrated high
Cu?* selectivity through a fluorescence quenching effect that was
absent for other metal ions. To further evaluate the sensing capa-
bility of S_HICA, sensing parameters including the limit of de-
tection (LOD), detection range, sensitivity, stability and response
time were analyzed. The detailed analysis results of this analysis
are summarized in Table S2 (Supporting Information). The in
vitro and ex vivo experiments confirmed that the fluorescence in-
tensity of S_HICA noticeably decreased upon exposure to Cu*.
The results indicate that S_HICA can potentially be applied to
diagnosing copper-related diseases such as Alzheimer’s, Parkin-
sons’s, and Wilson’s diseases. In addition, the fast response time
indicates that S_HICA can be used for real-time monitoring of
Cu?* levels as an efficient and reliable diagnostic tool. S_HICA
represents a significant advance in the biosensing field as an ef-
fective fluorescent probe for detecting and monitoring Cu?* lev-
els in biological systems that will ultimately contribute to im-
proved healthcare outcomes and environmental safety. S_HICA
addresses the drawbacks of conventional metal ion sensors and
holds much promise for timely diagnosis of copper-related dis-
orders to alleviate the risk of severe hepatic and neurological
damage.l”>#] Further research is required to investigate the spe-
cific binding affinity of S_HICA with Cu?** compared with other
metal ions. In addition, finding a way to control the adsorption
and desorption of Cu?* by S_HICA will expand its utility across
various biomedical fields and ultimately benefit the healthcare
and pharmaceutical industries.

4. Experimental Section

Materials: ~ Citric acid, histidine, dimethyl sulfoxide (DMSO), 3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium  bromide  (MTT),
fluorescein-5-isothiocyanate (FITC) and metal ions with chloride form
including Fe3*, Gd**+, AP*, Mg?+, Cu?*, Cd?*, K*, and Cs* were pur-
chased from Sigma—Aldrich (St. Louis, Mo, USA.). Dialysis membranes
(molecular weight cut off, 100-500 Da) were purchased from Spectrum
Laboratories (Rancho Dominguez, CA, USA). Dulbecco’s modified Eagle’s
medium (DMEM), Fetal bovine serum (FBS), and Dulbecco’s phosphate-
buffered saline (DPBS) were purchased from Hyclone Laboratories
(Logan, UT, USA) analytical grade.

Synthesis of Carbon Dots: Carbon dots were prepared by using citric
acid and histidine as the precursors and microwave synthesizer were
used using Discover 2.0 (CEM, NC, USA). Distilled water and DMSO
were employed as the solvents for HICA and S_HICA, respectively. Briefly,
250 mg of citric acid monohydrate and 549 mg of histidine were added
to 10 mL of distilled water for HICA and to 10 mL of DMSO for S_HICA.
Each solution was placed in a 35-mL vial and pre-stirred for 3 min. The
vial was then placed in a reactor, and the solution was stirred for 5
min at 300 W and 220 °C. The solution was then diluted with distilled
water and subjected to the first filtration by a syringe filter unit (PTFE,
0.45 pum, 25 mm, ADVANTEC). The solution was then dialyzed for 3
days by using a dialysis bag with a molecular weight cutoff range of
100-500 Da to remove the precipitant and unreacted precursors. The
solution underwent another filtration process by a syringe filter unit
(CA, 0.45 um, 25 mm, ADVANTEC), after which it was freeze dried for
5 days.

Characterization of Carbon Dots: Dynamic light scattering (DLS),
transmission electron microscopy (TEM), X-ray diffractometer (Mini-
flex600, Rigaku, Japan), atomic force microscope (AFM), X-ray photoelec-
tron spectroscope (XPS, AXOS-HIS, KRATOS, United Kingdom), fourier
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transform infrared spectroscopy (cary 630, Agilent, USA) and Elemental
analyzer (Flash2000, thermo, USA) were utilized to characterize carbon
dots. DLS was measured on a zetasizer nano ZS (Malvern, USA) at 25 °C
in water. To prepare the specimens for TEM, carbon dots were dispersed
in distilled water, and 20 pl of carbon dots were dropped on the grid. The
specimens were air-dried and TEM observation was performed using JEM-
2100F (JEOL, Japan). XRD data of carbon dots was obtained with Cu X-ray
tube and 40kV. The scan range was set from 20 = 3°-90° with 10° min~!
as a scan speed. For the AFM (XE7, Park Systems, Suwon, South Korea), a
microscope probe (PPP-NCHR, Park Systems, Suwon, South Korea) with
a resonance frequency of 330 kHz and a spring constant of 42 N m~" was
selected as the cantilever.

Fluorescent Evaluation of Carbon Dots: A Spectro fluorophotometer
(RF-5301PC, Shimadzu) was utilized for excitation-emission intensity
spectra and fluorescence stability analysis. For the excitation-emission
intensity spectra, carbon dots were dissolved in distilled water. The
fluorescence stability of the carbon dots (S_HICA and HICA) and FITC
were evaluated for a range of environmental conditions. Specific excitation
and emission wavelengths assigned to different samples: 470 and 540 nm,
respectively, for S_HICA; 340 and 410 nm, respectively, for HICA, and 495
and 519 nm, respectively, for FITC.[8'] And the fluorescence intensity of the
carbon dots and FITC was measured at multiple time points for 3 days at
interval of 12 h across varying pH levels from 1to 11. For the fluorescence
images of HICA and S_HICA were analyzed using Fluorescence-labeled
Organism Biolmaging (FOBI, NEO science, Korea).

Fluorescence Stability of the Carbon Dots and FITC: To acquire the
cell pellet images of L929 cells incubated with carbon dot, the cells were
seeded in a 100 mm cell culture dish at a density of 2.2 x 10° cells per dish
and cultured for 2 days. Following the incubation, the cells were treated
with various concentrations (1, 5, and 10 mg mL~") of carbon dots for
4 h. After the treatment, the cells were washed with DPBS and harvested
using trypsin. Then, the harvested cells were centrifuged at 1500 rpm for
3 min and resulting cell pellet images were obtained using FOBI.

Evaluation of Metal lons Detection: For the evaluating the metal ion
detection capabilities of S_HICA, 1 mL of S_HICA aqueous solutions (0.1,
0.5, and 1 mg mL~") were prepared and mixed with 1 mL of various metal
ions with concentrations ranging from 0 to 500 pum. The fluorescence spec-
tra of the mixtures were observed through spectrofluorophotometer, uti-
lizing excitation wavelengths ranging from 300 to 600 nm and emission
wavelengths from 300 to 700 nm. The ratio of fluorescence intensity with
and without metal ions, using an excitation wavelength of 470 nm, was
measured to investigate the selectivity of S_HICA toward various metal
ions.[82] The limit of detection (LOD) of the S_HICA toward Cu?* was de-
termined using the standard deviation of the blank(c) and the slope of the
calibration curve. The LOD was calculated using the following equation:

3IXo
LOD = =541uM 1
Slope of calibration curve a M

Quenching Mechanism Analysis:  In presence of Cu?* quenching mech-
anism of S_HICA was evaluated by cryo-TEM imaging and UV-vis spec-
tra. S_HICA solution (10 mg mL~") was mixed with Cu?* solution (1Tmm)
and incubated for 30 min to fabricate S_HICA/Cu®* complex due to the
quenching effect. Subsequently, the mixture was heated to 80 °C for 10
min using a dry bath (Corning, USA). Each mixture, with and without heat-
ing, was vortexed prior to preparing cryogenic samples and each solution
was mounted on glow discharged lacey carbon grid (Lacey Carbon, 200
mesh Cu, Ted Pella Inc., USA), respectively. Sample vitrification was per-
formed using a Vitrobot Mark IV (Thermo Fisher Scientific, SNU CMCI),
maintaining the chamber at 15 °C and 100% humidity. After mounting the
solution, the excess solution was blotted away and immediately plunged
into liquid ethane for freezing and stored in liquid nitrogen before cryo-
TEM imaging. The cryogenic samples were loaded to a cryo-TEM holder
(626 single tilt cryo-TEM holder, Gatan, USA), which maintained the tem-
perature of the sample at ~—180 °C. The cryo-TEM holder was loaded
into a TEM, and images were acquired at an accelerating voltage of 200
kV. In addition, UV-vis spectra of S_HICA/Cu?* complex were examined
depending on the temperature. S_HICA/Cu?* complex was prepared by
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mixing S_HICA solution (10 mg mL~") with Cu?* solution (1mm) fol-
lowed by incubation for 30 min. UV—vis absorption was measured while
gradually increasing the temperature to 80 °C at a rate of 10 °C min~".
In addition, chemical structural properties of the S_HICA/Cu?* complex
was evaluated using Selected Area Electron Diffraction (SAED) analysis
after mounting the sample solution on the lacey carbon grid. Further-
more, to investigate the effect of the temperature on the fluorescence
intensity of S_HICA/Cu?* complex, fluorescence spectra were recorded
at various temperatures ranging from 25 to 80 °C using an RF-6000 flu-
orescence spectrophotometer (Shimadzu, Japan). The excitation wave-
length was set at 470 and fluorescence emission was recorded at 540
nm. The samples were incubated at each temperature for 5 min before
measurements.

Fluorescence Lifetime Analysis:  Fluorescence lifetime measurements
were conducted at the Research Institute of Advanced Materials (RIAM),
Seoul National University, using a FluoTime 300 (Picoquant, Germany).
The excitation wavelength was set at A_ex = 405 nm. For the measure-
ments, 5 mg mL~" of S_HICA mixed with various concentrations of Cu®*
and analyzed to investigate fluorescence quenching behavior. The fluores-
cence decay curve was fitted using Fluofit software to extract lifetime pa-
rameters.

Cell culture and Incubation Conditions: 1929 cells (i.e., normal cell line
of mouse connective tissue) were sourced from the Korean Cell Line Bank
(KCLB) with the assigned number 10 001. The L929 cells were cultured
in Dulbecco’s modified Eagle medium (DMEM) supplemented with 10%
fetal bovine serum (FBS) and 1% penicillin—streptomycin. The cells were
incubated at 37 °C in 5% CO, with the culture medium being refreshed
every 2-3 days.

Cytotoxicity Assay: The cytotoxic effects of S_HICA, HICA, and
Cu?* were evaluated by using the 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) assay on L929 cells as described in
a previous study.[®3] The 1929 cells were cultured in 48 well plates at a
concentration of 2 x 10* cells per well, which was followed by 24 h of
incubation. Subsequently, the cells were exposed to varying concentra-
tions of S_HICA, HICA, and Cu?* for 4 h. The plates were then washed
twice with DPBS, and MTT reagents were added for an additional 4 h
of treatment. Formazan crystals were then dissolved in DMSO, and the
absorbance at 450 nm was detected by using a microplate reader (Syn-
ergy H1, BioTeK, USA). The samples were dissolved in serum-free (SF)
medium.

Flow Cytometry: To investigate the applicability of S_HICA as a phos-
phor for cell fluorescence imaging, L929 cells were seeded in six well plates
at a cell density of 3 x 10° cells per well and were cultured for 24 h follow-
ing a similar procedure as described in a previous study.[3] The cells were
subsequently incubated with varying concentrations of S_HICA for vari-
ous incubation times. The cells were then harvested and resuspended in
DPBS. The fluorescence intensity of S_HICA within the cells was measured
by a flow cytometer (Becton-Dickinson FACS Canto Il).

Confocal Laser Scanning Microscopy: To visualize the interaction be-
tween S_HICA and Cu?" in a cellular environment, L929 cells were seeded
in six well plates with coverslips at a density of 3 x 10° cells per well
and were cultured for 24 h. The cells were then exposed to Cu?* at var-
ious concentrations of 0-100 um for 4 h, which was followed by wash-
ing with DPBS and treatment with 0.1 mg mL~" S_HICA for another
4 h. Afterward, the cells were fixed in 4% paraformaldehyde at 25 °C,
and the fluorescence was imaged by using a confocal laser scanning mi-
croscope. The images were analyzed by using the software LSM Image
Browser.

Ex vivo and in vivo Animal Experiment: The animal experiments ad-
hered to the guidelines for the care and use of laboratory animals set forth
by the National Institutes of Health, USA (NIH Publication No. 85-23, re-
vised 1996) and were approved by the Institutional Animal Care and Use
Committee of The Catholic University of Korea (Approval number: CUK-
IACUC-2021-020-02). The blood samples were collected from the cheek
vein of the Balb/c male mouse and subjected to analysis. Following the
isolation of serum from the blood, fluorescence measurements were con-
ducted by introducing S_HICA and Cu?* with an excitation wavelength of
470 nm and an emission wavelength of 540 nm. To evaluate the in vivo
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Cu?* detection ability of S_HICA, fluorescence imaging experiments were
conducted using three-week-old Balb/c nude mice. S_HICA (50 pL, 0.5
mg mL™') was subcutaneously injected into the back of mice, and fluo-
rescence imaging was conducted immediately using a FOBI. To assess
the fluorescence quenching effect in the presence of Cu?*, an additional
injection of either free Cu?* (50 pL, 200 um), or a pre-mixed Cu?*/EDTA
solution (50 pL, 200 pum) was administrated at the same injection site.
Following the administration, fluorescence imaging was performed again
under the same conditions using FOBI. The fluorescence intensity was
quantified and analyzed using FOBI software.

Statistical Analysis:  Statistical analysis in relative fluorescent of
S_HICA in presence of various metal ions and concentrations was as-
sessed using a two-way ANOVA with Tukey. Statistical analysis in Fluo-
rescence images of mice injected with S_HICA before and after the ad-
ministration of Cu?* was assessed using a two-way ANOVA with Sidak’s
multiple comparisons test. Significance levels were denoted as follows:

using Prism 8 (GraphPad Software Inc.).
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