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leading to damage in normal tissues and severe side effects, highlighting the urgent need for targeted therapeutic
strategies. In this study, copper and calcium co-doped carbon dots (Cu/Ca-CDs) were synthesized using a
vacuum-confined heating method. These Cu/Ca-CDs demonstrated excellent tumor-targeting ability through
specific binding to folate receptors on murine squamous cell carcinoma cell line (SCC7?), facilitated by their pterin
ring structure. Mechanistic studies revealed that Cu/Ca-CDs induced SCC7 tumor cell death through copper-
induced cuproptosis and calcium overload-mediated apoptosis, as confirmed by Western blot, immunofluores-
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accumulation within tumors. This imaging-guided approach ensured precise delivery to tumor tissues while
minimizing damage to normal tissues. In vivo experiments demonstrated significant tumor volume reduction and
increased survival rates in tumor-bearing mice treated with Cu/Ca-CDs, without any observed toxicity to normal
tissues or changes in body weight, underscoring the efficacy and biosafety of Cu/Ca-CDs. These findings highlight
Cu/Ca-CDs as a promising strategy for precision oncology, offering effective tumor targeting, dual-mode imag-
ing, and synergistic anti-tumor efficacy with reduced side effects.

1. Introduction

Squamous cell carcinoma (SCC) represents a major category of ma-
lignant tumors arising from squamous epithelial cells, affecting various
organs including the head and neck, lung, esophagus, and skin [1-3].
This aggressive malignancy is characterized by rapid proliferation, high
invasiveness, and frequent metastasis, making it one of the leading
causes of cancer-related mortality worldwide [4,5]. Despite significant
advances in cancer treatment modalities, including surgery, radio-
therapy, and chemotherapy, the management of SCC remains chal-
lenging due to its heterogeneous nature and resistance to conventional
therapies [6]. Traditional chemotherapeutic approaches, while effective
in killing cancer cells, lack specificity in their targeting mechanism,
resulting in significant damage to healthy tissues and severe side effects
[7,8]. This lack of precision highlights the urgent need for novel ther-
apeutic agents capable of selectively targeting tumor cells while mini-
mizing harm to healthy tissues.

In recent years, cuproptosis has garnered significant attention as a
novel form of regulated cell death, distinct from traditional programmed
cell death [9-11]. Cuproptosis is induced by the intracellular accumu-
lation of copper ions, which bind to lipoylated dihydrolipoamide S-
acetyltransferase (DLAT) in the tricarboxylic acid (TCA) cycle, leading
to DLAT aggregation and mitochondrial dysfunction [12-14]. Copper
ions also downregulate iron-sulfur (Fe-S) cluster proteins, collectively
inducing protein toxicity stress and triggering cell death [15,16]. Simi-
larly, calcium ions can also induce apoptosis through mitochondrial
dysfunction caused by calcium overload [17,18]. While calcium ions are
essential intracellular signaling molecules, an abnormal increase in their
concentration disrupts mitochondrial membrane potential, activating
mitochondria-mediated apoptotic pathways and ultimately causing cell
death [19,20]. Although cuproptosis and calcium overload-mediated
apoptosis show great potential as emerging cancer treatment strate-
gies, their current lack of precise targeting limits their direct clinical
application.

Carbon dots (CDs), a class of carbon-based nanomaterials, exhibit
significant potential in biomedical applications due to their small size,
excellent cellular permeability, fluorescence properties, and tunable
surface functionalization [21,22]. By modulating precursor types and
synthesis conditions, CDs can be engineered to possess specific

physiological functions such as tumor targeting and drug delivery ca-
pabilities [23,24]. In this study, copper and calcium co-doped CDs (Cu/
Ca-CDs) were synthesized using a vacuum-confined heating method.
These Cu/Ca-CDs demonstrated excellent tumor-targeting ability, dual-
mode fluorescence/computed tomography (CT) imaging capability, and
significant anti-tumor efficacy. The presence of a pterin ring structure
enables specific binding to folate receptors on tumor cells, facilitating
selective uptake [25,26]. Mechanistic studies revealed that Cu/Ca-CDs
induce SCC7 tumor cell death through copper-induced cuproptosis and
calcium overload-mediated apoptosis, as confirmed by in vitro experi-
ments. Furthermore, the dual-mode imaging capability of Cu/Ca-CDs
allowed real-time tracking of their distribution and accumulation
within tumors, providing a precise and guided therapeutic approach. In
vivo studies further demonstrated significant tumor volume reduction
and increased survival rates in tumor-bearing mice. These findings un-
derscore the potential of Cu/Ca-CDs as a promising strategy for precision
oncology, offering effective tumor targeting, reduced toxicity to normal
tissues, and potent anti-tumor effect (Scheme 1).

2. Materials and methods
2.1. Materials

Citric acid (99.5 %), folic acid (HPLC, 97 %), anhydrous calcium
chloride (CaCl,, 96 %), 3,3',5,5-Tetramethylbenzidine (TMB, 99 %) and
hydrogen peroxide (H20O2) were purchased from Aladdin. Copper (II)
chloride dihydrate (CuClp-2H20, AR) and urea (AR, 99 %) were ob-
tained from Macklin. Hydrochloric acid was procured from Beijing
Chemical Factory. The Spectra/Por® Biotech Grade Cellulose Ester
Dialysis Membrane (MWCO: 100-500 D) was sourced from Spectrum
Laboratories (Rancho Dominguez, CA). Roswell Park Memorial Institute
(RPMI) 1640 medium without Calcium Nitrate, containing 2.05 mM -
Glutamine, and Dulbecco’s modified Eagle medium (DMEM) with high
glucose were purchased from Hyclone (Logan, UT, USA) Fetal Bovine
Serum (FBS) was obtained from Biological Industries (Cromwell, CT,
USA).

Scheme 1. Schematic illustration of the synthetic process of Cu/Ca-CDs and the mechanisms of tumor ablation induced by Cu/Ca-CDs.
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2.2. Synthesis and purification of Cu/Ca-CDs

Initially, 0.2 g of folic acid, 0.5 g of citric acid, 1.0 g of urea, 0.5 g of
CuCl,-2H20, and 1.0 g of CaCl, were dissolved in 3 mL of deionized
water. The solution was then heated to 120 °C in an oven. Under vacuum
conditions, the temperature was further increased to 250 °C and main-
tained for 1 h, with a vacuum pressure of approximately 1 Pa provided
by a mechanical vacuum pump. This process yielded inflated foams
containing Cu/Ca-CDs, which could be easily ground into a powder. The
as-prepared powder was dissolved in a dilute hydrochloric acid solution,
followed by centrifugation at 10,000 rpm for 10 min to remove larger
aggregated particles. Subsequently, the Cu/Ca-CDs solution was dia-
lyzed in deionized water for 72 h using a dialysis bag to eliminate
unreacted materials and small molecular by-products. Finally, the pu-
rified Cu/Ca-CDs solution was freeze-dried, and the Cu/Ca-CDs could be
re-dissolved in deionized water at the required concentration for sub-
sequent experiments. The singly doped Cu-CDs and Ca-CDs, as well as
the CDs without Cu and Ca doping, were prepared using the same
method by removing the corresponding precursor materials accordingly.

2.3. Characterization of Cu/Ca-CDs

Photoluminescence (PL) spectroscopy was conducted with a Shi-
madzu RF-5301 PC spectrophotometer. Ultraviolet-visible (UV-vis)
absorption spectra were measured using a Lambda 800 UV-vis spec-
trophotometer. The zeta potential of the CDs was analyzed using dy-
namic light scattering (DLS) (Zetasizer NanoZS, Malvern Instruments,
Britain) at a neutral pH and room temperature. Fourier transform
infrared (FTIR) spectra were obtained using a Bruker VERTEX 80 V in-
strument. High-resolution transmission electron microscopy (HRTEM)
image was performed with a JEOL JEM-2100F electron microscope.
Energy dispersive spectra (EDS) were collected using an Inca X-Max
instrument (Oxford Instruments). X-ray photoelectron spectroscopy
(XPS) was conducted using the NEXSA system from Thermo Scientific.

2.4. Catalytic activity of Cu/Ca-CDs

Using TMB as a probe, the catalytic activity of Cu/Ca-CDs and CDs in
the presence of HyO, was studied. Cu/Ca-CDs solution was mixed with
TMB and H»0,, and the UV-Vis absorption spectra of the resulting so-
lution were measured. Control solutions, including solely HoO5, TMB,
Cu/Ca-CDs, H,O5 + TMB, Cu/Ca-CDs + H50,, and Cu/Ca-CDs + TMB,
were also tested under the same conditions. The UV-vis absorption
spectra of these solutions were measured at 652 nm.

2.5. The photothermal activity of Cu/Ca-CDs

Place an appropriate amount of Cu/Ca-CDs solution in a quartz
cuvette, ensuring the solution is well-dispersed. Irradiate the solution
with 405 nm and 808 nm lasers, using a controlled light source. During
the irradiation, continuously monitor the temperature changes of the
solution using a digital thermometer and record the temperature data at
0, 1, 2, 3, 4, and 5 min to ensure accurate temperature measurement.
The laser power should remain consistent throughout the experiment,
and the experimental environment should be kept at room temperature
to minimize external interference.

2.6. Cell culture

Murine squamous cell carcinoma cell line (SCC7) was cultured in
RPMI 1640 medium supplemented with 10 % FBS, 100 U/mL penicillin,
100 pg/mL streptomycin, and 25 pg/mL Amphotericin B solution in a 5
% CO9 humidified incubator at 37 °C. The culture medium was changed
every 1 day. Mouse fibroblast cells (L929) were resuspended in DMEM
high glucose medium supplemented with 10 % FBS and cultured in an
incubator at 37 °C with 5 % CO,. The culture medium was changed
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every 1 day.
2.7. Cell targeting and immunofluorescence staining

SCC7 cells were seeded at a density of 1 x 10* cells per well in
confocal dishes and incubated overnight at 37 °C in a 5 % CO4 atmo-
sphere. The cells were divided into two groups for targeting assessment:
1) Cu/Ca-CDs and 2) folic acid + Cu/Ca-CDs. After incubation for O to
120 min, the culture medium was aspirated at different time points (60
and 120 min), and the cells were washed three times with PBS. Finally,
fluorescence intensity was observed using a confocal laser scanning
microscope (CLSM). After overnight culture in RPMI 1640 medium
containing Cu/Ca-CDs, the cells were fixed in 4 % paraformaldehyde
fixative for 20 min, permeabilized with 0.1 % Triton X-100 for 10 min,
and blocked with goat serum at room temperature for 30 min. The
blocking solution was discarded, and DLAT (1:250, Proteintech) was
added and incubated overnight at 4 °C. After bringing to room tem-
perature, cells were incubated with CoraLite594-conjugated Goat Anti-
Rabbit IgG (H + L) (1:200, Proteintech) in the dark at room tempera-
ture for 2 h, followed by DAPI staining for 5 h. Finally, cells were imaged
using CLSM.

2.8. Cytotoxicity assays

For the cytotoxicity assays, a 96-well plate was prepared with blank
control wells and various concentrations of Cu/Ca-CDs (0, 100, 200,
300, 400 pg/mL). Except for the blank group, each well received 100 pL
of SCC7 cell suspension (2,000 cells). After incubating for 24 h at 37 °C
in a 5 % CO, humidified environment, the original medium was dis-
carded, and 100 pL of different concentrations of Cu/Ca-CDs was added
to each well. The cells were then incubated for another 6, 12, and 24 h
under the same conditions. Following this, the original medium was
removed, and each well received 10 pL of CCK-8 solution and 90 pL of
serum-free RPMI 1640 medium, incubating for approximately 1 h. The
absorbance at 450 nm was measured using a BioTek Synergy HT Multi-
Mode Microplate Reader. The OD values of the test wells were adjusted
by subtracting the blank OD value, and the mean =+ SD of each set was
calculated. The cell viability percentage was calculated as follows: cell
viability (%) = (OD of treatment group / OD of control group) x 100 %.
The same experimental setup was used to detect the cytotoxicity on L929
cells.

SCC7 cells were also seeded at 2 x 10° cells per well in a 6-well plate
and incubated for 24 h. After this period, 3 mL of RPMI 1640 medium
containing various concentrations of Cu/Ca-CDs (0, 100, 200, 300, 400
ug/mL) was added to each well. After another 24 h, cells were digested
using trypsin, centrifuged at 4 °C, and collected into 1.5 mL EP tubes.
The cells were washed twice with pre-chilled phosphate buffer saline
(PBS) at 1,500 rpm for 5 min. Finally, the cells were stained according to
the manufacturer’s instructions using the Annexin V-FITC/7-AAD
apoptosis assay kit (Tianjin Simu Biotech Co., Tianjin, China), followed
by flow cytometry analysis to detect fluorescence signals.

SCC7 cells were plated in small dishes and cultured overnight. The
medium was then replaced with 3 mL of RPMI 1640 medium containing
varying concentrations of Cu/Ca-CDs (0, 100, 200, 300, 400 pg/mL).
After 24 h, the medium was removed, and cells were washed with PBS
once. A working solution of propidium iodide detection was added (1
mL), and the cells were incubated in the dark at 37 °C for 30 min. After
incubation, the staining effect was observed under a fluorescence
microscope.

2.9. Molecular dynamics (MD) simulations

The folate receptor protein structure was obtained from the UniProt
protein database (ID: P35846). A basic model of Cu/Ca-CDs was created
using HRTEM and XPS analyses, then optimized through density func-
tional theory methods. MD simulations were executed using the
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GROMACS package, version 2018.8, with the AMBER99SB-ILDNP force
field for all-atom simulations. The Antechamber program, utilizing the
General Amber force field (GAFF), generated the force field parameters
for Cu/Ca-CDs. To solvate the system within a cubic box, TIP3P water
molecules were added, ensuring a minimum distance of 10 A from the
protein to the box boundary. Excess charges in the system were
neutralized using Na™ ions. Periodic boundary conditions were applied
in all directions to model an infinite system. To prevent negative in-
teractions, steepest descents and/or conjugate gradient minimization
were carried out with a tolerance of 1,000 kJ/mol/nm. Following this, a
two-phase equilibration was performed before production simulations.
Initially, the system underwent a constant volume (NVT) ensemble
simulation at 300 K for 1 ns using the V-rescale method. The equili-
brated structures from the NVT stage were then subjected to a constant
pressure (NPT) equilibration for another 1 ns using the Parrinello-
Rahman barostat, maintaining an isotropic pressure of 1.0 bar. Pro-
duction MD simulations lasted 120 ns without any restraints, and
simulation trajectories were recorded every 10 ps for subsequent anal-
ysis of root mean square deviation (RMSD), root mean square fluctua-
tion (RMSF), and protein-ligand interactions.

2.10. Measurement of intracellular Ca®*

SCC7 cells were plated in confocal dishes at a density of 1 x 10° cells
per well and incubated for 24 h. The cells were then treated with PBS or
Cu/Ca-CDs for 0, 2, and 4 h, respectively. To visualize the distribution of
cytoplasmic Ca?", cells were washed twice with PBS, incubated with
Rhod-2 AM (5 pM) for 30 min, and subsequently imaged using CLSM.

2.11. Reverse transcriptase quantitative polymerase chain reaction (RT-
qPCR) assay

SCC7 cells were divided into two groups for RT-qPCR assays: 1) PBS
and 2) Cu/Ca-CDs. After 12 h of incubation, total RNA was extracted
from the SCC7 cells using a Quick RNA Extraction Kit. Subsequently,
cDNA was synthesized using a cDNA Reverse Transcription Kit. Quan-
titative real-time PCR was performed on a StepOnePlus Real-Time PCR
system. The PCR cycling conditions consisted of an initial denaturation
step at 95 °C for 5 min, followed by 40 cycles of denaturation at 95 °C for
10 s and annealing/extension at 60 °C for 30 s. The relative gene
expression was calculated using the AACt method, with the ACTB gene
serving as an internal reference. The primer sequences were provided in
Table S1.

2.12. Western blot

SCC7 cells were also divided into two groups for Western blot assays:
1) PBS and 2) Cu/Ca-CDs. Following a 12-hour incubation, cell lysates
were collected to extract proteins. The proteins were extracted by
centrifugation at 14,000 rpm for 30 min using a BCA protein assay kit
(P0010, Beyotime). Each lane received 30 ug of protein samples, which
were then separated using 10 % sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) and transferred to a PVDF membrane
using a gel-electrophoretic apparatus (Bio-Rad mini, USA). The mem-
branes were blocked with 5 % milk for 2 h, followed by three washes.
The membranes were incubated overnight at 4 °C with primary anti-
bodies: DLAT (1:5,000, Proteintech), LIAS (1:2,000, Proteintech), FDX1
(1:5,000, Abcam), Bax (1:5,000, Proteintech), Bcl-2 (1:5,000, Pro-
teintech), Caspase 9 (1:500, Proteintech) and Caspase 3 (1:1,000, Pro-
teintech). After washing the membranes three times, they were
incubated at room temperature for 2 h with HRP-conjugated Affinipure
Goat Anti-Rabbit IgG (H + L) (1:10,000, Proteintech). Western blot
images were captured using a gel imaging system after applying 200 pL
of ECL chemiluminescent reagent (PK10002, Proteintech) to the mem-
brane. GAPDH (1:10,000, Proteintech) was used as a loading control.
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2.13. Mitochondrial membrane potential detection

The mitochondrial membrane potential was assessed using the
Mitochondrial Membrane Potential Assay Kit with JC-1 (C2006, Beyo-
time). SCC7 cells were divided into three groups for this analysis: 1) PBS,
2) Cu/Ca-CDs, and 3) CCCP (positive control). After removing the cul-
ture medium, the cells were washed three times with PBS and then
incubated with JC-1 staining solution for 20 min at 37 °Cin a 5 % CO4
atmosphere. Finally, the supernatant was discarded, and the cells were
washed twice with JC-1 buffer. Fluorescence was observed using CLSM.
The calculation was performed using the open-source software ImageJ.
To minimize statistical errors, images with consistent capturing pa-
rameters were selected. These images were then opened in ImageJ, and
the “split channels” function under the “Color” menu was used to
separate the red and green channels. Next, the “Set Measurements”
option under the “Analyze” menu was used to measure the Mean Gray
Value for both red and green channels. The red and green fluorescence
intensities were then divided to calculate the red/green ratio.

2.14. Animal experiments

All animal experiments were conducted in accordance with the
Guidelines for Animal Care and Use of Jilin University and were
approved by the Animal Ethics Committee of Jilin University (approval
number: 2024-05-010). The SCC7 tumor-bearing mice model was
established by subcutaneously injecting SCC7 cells (1 x 107 cells in 100
uL of suspension) into the left flank of mice. When the tumor volumes
reached approximately 100 mm?>, the female Balb/c nude mice were
randomly divided into two groups (n = 5 mice per group): the PBS group
and the Cu/Ca-CDs group. All mice were housed under standard labo-
ratory conditions with a controlled temperature of 22 °C, a humidity
level of 50 %, and a 12-hour light/dark cycle throughout the experi-
ment. The Cu/Ca-CDs group received tail vein injections of Cu/Ca-CDs
solution (10 mg/kg) on days O, 2, 4, and 6, while the PBS group
received equal volumes of PBS at the same time points. To accurately
evaluate the therapeutic effects, tumor volume (V) was calculated using
the formula V = (Width? x Length) / 2. Tumor volume changes were
recorded before and after each injection, and body weight was moni-
tored regularly to assess the health status and potential side effects. After
two weeks, the mice were sacrificed to assess therapeutic efficacy and
safety. Tumor tissues were collected, and the final tumor weights were
recorded. Additionally, the survival rate of the animals was tracked over
a 60-day period to evaluate the long-term effects of different treatments
on survival.

For histological analysis, the main organs-including the heart, liver,
spleen, lung, and kidney-and tumor tissues were collected at the end of
the treatment and fixed in 4 % paraformaldehyde solution. The tissues
were then processed to prepare paraffin sections, which were stained
with hematoxylin and eosin (H&E) and observed under an optical mi-
croscope to evaluate morphological changes and identify any treatment-
related toxicity or damage. Furthermore, to further evaluate tumor cell
apoptosis, tumor sections were stained using a terminal deoxy-
nucleotidyl transferase-mediated dUTP nick-end labeling (TUNEL) assay
kit to detect the presence and quantity of apoptotic cells. Additionally,
Alizarin Red S staining was performed on tumor sections to observe
potential calcification. All experimental results, including tumor vol-
ume, histological changes, and apoptosis analysis, will be comprehen-
sively analyzed to assess the therapeutic efficacy of Cu/Ca-CDs and their
potential side effects.

2.15. In vivo fluorescence and CT imaging

Female Balb/c mice bearing SCC7 tumors were chosen for both
fluorescence and CT imaging studies. Cu/Ca-CDs were injected intra-
tumorally, and the mice underwent two-dimensional fluorescence im-
aging at intervals of 0, 15, 30, 45, and 60 min using a NIR-II-Integration
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system (Digi-United biotech). The fluorescence intensity was subse-
quently assessed. For CT imaging, Cu/Ca-CDs were also injected intra-
tumorally, and CT scans were performed at the same time points (0, 15,
30, 45, and 60 min) using a CT scanner (United-Imaging, uCT 760).
Quantitative analysis of the CT values was then carried out.

2.16. Hemolysis assay

Fresh whole blood was obtained from healthy mice and collected
into heparinized centrifuge tubes. The blood was centrifuged at 1,500
rpm for 10 min to separate red blood cells (RBCs) from plasma. The
supernatant was discarded, and the RBCs were washed three times with
physiological saline. A 5 % RBCs suspension was prepared using saline.
Negative control (RBCs suspension + saline), positive control (RBCs
suspension + Triton X-100), and sample group (RBCs suspension + Cu/
Ca-CDs) were set up and incubated at 37 °C for 1 h. After incubation, the
mixtures were centrifuged at 1,500 rpm for 10 min to separate the RBCs
from the supernatant. The supernatant was transferred to a 96-well
plate, and the absorbance at 540 nm was measured using a microplate
reader. The percentage of hemolysis was calculated using the equation:
Hemolysis (%) = ((OD sample — OD negative control)/(OD positive
control — OD negative control)) x 100 %.

2.17. Inductively coupled plasma mass spectrometry (ICP-MS)
metabolism analysis

To investigate the in vivo metabolism of Cu/Ca-CDs, ICP-MS was used
to analyze the copper and calcium content in organs, tumors, and ex-
cretions at different time points. Mice were randomly divided into six
groups (n = 3 per group), including the control group (PBS injection)
and the Cu/Ca-CDs-treated groups at different time points (0, 6, 12, 24,
and 48 h). At each designated time point, mice were anesthetized, and
samples from the heart, liver, spleen, lungs, kidneys, and tumor tissues
were collected, along with urine and feces. All tissue samples were
digested using concentrated nitric acid for 120 min to ensure complete
decomposition of organic matter and the release of Cu and Ca elements.
The copper and calcium concentrations in the organs and excreta were
then measured using ICP-MS to evaluate the biodistribution, meta-
bolism, and excretion of Cu/Ca-CDs. This study provides insights into
the retention time, biodistribution, and potential biosafety concerns of
Cu/Ca-CDs in vivo.

2.18. Immunohistochemistry assay

First, antigen retrieval was performed on paraffin-embedded slides
for 30 min using a Pepsin Antigen Retrieval Kit. Endogenous peroxidase
activity was then blocked with 3 % H205 for 10 min at room tempera-
ture. After washing with PBS, the slides were blocked with 10 % normal
goat serum at 37 °C for 1 h. Subsequently, the slides were incubated
overnight at 4 °C with primary antibodies: DLAT (1:1,000) and FDX1
(1:100). After three washes with PBS for 10 min each, a reaction
enhancer was added, and the slides were incubated at 37 °C for 20 min,
followed by PBS washing. An HRP-conjugated goat anti-mouse/rabbit
IgG polymer was then added, and the slides were incubated at 37 °C
for another 20 min before washing again with PBS. The slides were
stained with DAB peroxidase substrate and counterstained with hema-
toxylin. After dehydration through graded alcohols, the slides were
mounted with neutral balsam. Finally, the specimens were observed
under an optical microscope.

2.19. Statistical analysis

Measurements were repeated three times, and the standard deviation
was plotted as error bars. Statistical analysis was performed using one-
way ANOVA, with a P-value of < 0.05 considered to indicate statisti-
cal significance.
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3. Results and discussion
3.1. Synthesis and characterization of Cu/Ca-CDs

Using our previously developed space-confined vacuum heating
method [27], Cu/Ca-CDs with tumor-targeting ability were synthesized
from folic acid, citric acid, urea, CuCl,-2H50, and CaCl,. After dissolving
the precursors, the solution was heated under vacuum, gradually
inflating into a spherical porous foam structure, effectively confining the
copper and calcium elements within the foam walls. As the temperature
increased, the precursors underwent dehydration and carbonization,
resulting in a crude product containing CDs (Fig. 1a). Under daylight,
this spherical product appeared brownish, and its porous structure was
clearly visible (Fig. 1b). The crude product was purified by dissolution,
centrifugation, and dialysis, yielding a Cu/Ca-CDs solution that
appeared yellow under sunlight and exhibited bright green fluorescence
under UV light (Fig. 1¢). The UV-vis absorption spectrum of Cu/Ca-CDs
displayed an absorption peak at 405 nm (Fig. 1d). The PL spectrum of
Cu/Ca-CDs showed an emission peak at 530 nm, providing a unique
visualization method for tracking the distribution and behavior of Cu/
Ca-CDs in biological systems (Fig. 1d). To evaluate whether the fluo-
rescence properties of Cu/Ca-CDs could be safely used for bioimaging
without causing thermal damage to surrounding tissues under excita-
tion, the photothermal activity of Cu/Ca-CDs was examined. As shown
in Fig. S1, Cu/Ca-CDs exhibited no detectable photothermal activity.
This is primarily because, when excited by incident light, electrons in
Cu/Ca-CDs primarily return to the ground state via radiative transitions
rather than non-radiative processes. Moreover, the consistent PL peak
position under different excitation wavelengths indicated uniform par-
ticle size (Fig. S2), further confirmed by HRTEM. The HRTEM images
revealed well-dispersed Cu/Ca-CDs with a uniform average diameter of
4.5 nm (Fig. 1e). The lattice spacing was measured as 0.21 nm (Fig. 1f),
consistent with the (100) crystallographic facet of graphitic carbon,
suggesting a graphene-like conjugated structure [28,29]. To further
elucidate the formation mechanism and chemical structure of Cu/Ca-
CDs, FTIR and XPS analyses were conducted.

The FTIR spectrum of citric acid exhibited two strong absorption
peaks at 1751 em ! and 1712 em™}, corresponding to the C=0O
stretching vibrations of free carboxyl groups and hydrogen-bonded
carboxyl groups, respectively (Fig. 1g). An absorption band in the
range of 3080-3580 cm ! was attributed to the O—H stretching vibra-
tion of carboxyl groups. These peaks confirm the presence of carboxyl
groups. The FTIR spectrum of urea displayed characteristic amine group
vibrations, including an N—H antisymmetric stretching vibration at
3347 cm ™!, and an N—H bending vibration at 1620 cm ™. The presence
of carboxyl and amino groups in the precursors facilitated dehydration,
condensation, and carbonization, leading to the formation of Cu/Ca-
CDs. In the FTIR spectrum of folic acid, an absorption peak at 1610
em ™! corresponded to the C=N stretching vibration of the isonitrile
group in the pterin ring, while a peak at 1412 cm ™! was attributed to the
C=N stretching vibration of the nitrogen-containing heteroaromatic
group. These peaks confirmed the presence of a pterin ring structure,
which facilitates binding to folate receptor proteins on tumor cells. The
FTIR spectrum of Cu/Ca-CDs exhibited a broad band in the 1500-1770
em™! range, which could be deconvoluted into four distinct peaks
(Fig. 1h). These peaks included the C=O stretching vibration of
carboxyl groups at 1712 cm™}, the C=O0 stretching vibration corre-
sponding to the amide I band at 1673 cm ™!, the N—H bending vibration
associated with the amide II band at 1550 cm ™, and the C=N stretching
vibration of isonitrile groups at 1619 cm™*. The presence of amide bonds
in Cu/Ca-CDs indicated their formation via dehydration condensation
between carboxyl and amino groups [30]. Additionally, the isonitrile
and nitrogen heteroaromatic groups at 1619 cm™' and 1412 cm™!
confirmed the presence of pterin ring structures, enabling targeted
binding to tumor cells.

XPS characterization further supported these findings. The C 1 s



W. Zheng et al. Journal of Colloid And Interface Science 690 (2025) 137337

Fig. 1. Characterization of Cu/Ca-CDs. (a) Schematic diagram of Cu/Ca-CDs synthesis. (b) Photographs of crude product containing Cu/Ca-CDs (left panel) and a
locally enlarged image (right panel). (c¢) Cu/Ca-CDs solution taken under sunlight and UV light, respectively. (d) PL emission (red line) spectra of the Cu/Ca-CDs
solution. (e) The corresponding particle size distribution histogram of Cu/Ca-CDs. (f) HRTEM image of Cu/Ca-CDs, with an inset showing an enlarged view of
the Cu/Ca-CDs lattice. (g) FTIR spectra of citric acid (gray line), urea (blue line), folic acid (yellow line) and Cu/Ca-CDs (red line). (h) The enlarged image shows the
peak fitting of the FTIR spectra of Cu/Ca-CDs in the 1500-1770 cem! range. High-resolution XPS spectra of Cu/Ca-CDs: (i) C 1s, (j) N 1s, (k) O 1s, (1) Cu 2p and (m)
Ca 2p. (n) EDS spectrum of Cu/Ca-CDs. The inset of (n) is a table showing the weight ratios of the elements in Cu/Ca-CDs. Data are presented as mean from three
independent experiments. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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spectrum of citric acid showed four peaks, which included sp? C (284.6
eV), sp3 C(285.2eV),C—0(286.2 eV), and -COO-(288.5eV).TheO1s
spectrum exhibited peaks at 532.2 eV and 533.2 eV, corresponding to
O—H and C=O0 groups, respectively (Fig. S3). The N 1 s spectrum of
urea confirmed the presence of amino groups (Fig. S4). These findings
aligned with the FTIR results, indicating that carboxyl and amino groups
participated in the formation of Cu/Ca-CDs via dehydration condensa-
tion. The C 1 s spectrum of folic acid was deconvoluted into five peaks
corresponding to sp2 C(284.6 V), sp3 C (285.2 eV), N—C-N (286.0 eV),
—CON- (287.9 eV), and —~COO- (288.5 eV) (Fig. S5). The N 1 s spectrum
exhibited peaks at 399.1 eV (N-C=N/N—H), 400.1 eV (-CON-), and
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400.5 eV (pyridinic N). These results confirmed the presence of the
pterin ring structure. The full XPS spectrum of Cu/Ca-CDs indicated the
presence of C, N, O, Cu, and Ca, confirming successful doping (Fig. S6).
Detailed analysis of the C 1 s spectrum revealed a peak at 287.9 eV
corresponding to the amide bond (-CON-), which was consistent with
the FTIR results, and a peak at 286.0 eV attributed to N—C-N (Fig. 1i).
The N 1s spectrum revealed peaks at 399.3 eV (C=N/N—H), 400.1 eV
(—CON-), 400.5 eV (pyridinic N), and 401.1 eV (graphitic N), indicating
the incorporation of pterin rings in Cu/Ca-CDs (Fig. 1j). Compared to the
O 1 s spectrum of the raw materials, the Cu/Ca-CDs spectrum contained
peaks at 532.2 eV for C—O/C=0 and 533.2 eV for -COO- [31]. Notably,

Fig. 2. Tumor-targeting ability of Cu/Ca-CDs. (a) The enrichment ability of Cu/Ca-CDs in SCC7 cells. (b) The enrichment ability of Cu/Ca-CDs in SCC7 cells treated
with folic acid. (c) The corresponding fluorescence intensity quantitative analysis of the images shown in (a and b). Measurements were repeated three times, and the
standard deviation was plotted as error bars. (d) A schematic representation of competitive binding of folic acid and Cu/Ca-CDs. (e) The enrichment ability of Cu/Ca-
CDs in L929 cells. (f) The fluorescence intensity of Cu/Ca-CDs in SCC7 cells and L929 cells at different time points (60 min and 120 min). Measurements were
repeated three times, and the standard deviation was plotted as error bars. * indicates P < 0.05, ** indicates P < 0.01, *** indicates P < 0.001.
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an additional peak at 531.1 eV appeared, which can be attributed to
Cu-0/Ca-0, indicating the presence of Cu and Ca (Fig. 1k). The Cu 2p
and Ca 2p spectra also validated the successful doping of copper and
calcium elements (Fig. 11 and m). To further confirm this, EDS and SEM
elemental mapping was performed, showing mass percentages of 6.5 %
for Cu and 15.7 % for Ca (Fig. 1n and S7). The successful doping of
copper and calcium, despite their large atomic radii, was attributed to
the space-confined vacuum heating synthesis method. This method
creates a confined reaction environment at high temperatures, effec-
tively overcoming lattice mismatch issues. During vacuum heating, the
organic precursors formed a thin-walled foam structure, confining the
reactants and thereby preventing diffusion [27]. This confinement
further inhibited the uncontrolled and disordered growth of the carbo-
genic cores during CDs formation, resulting in uniform particle sizes.
Simultaneously, metal ions were passively incorporated into the CDs
structure during the formation process, meaning that the metal ions do
not influence the size and surface properties. To confirm this, single-
doped carbon dots (Cu-CDs and Ca-CDs) were synthesized, and both
exhibited similar sizes and zeta potential to the co-doped Cu/Ca-CDs
(Fig. 1f, S8 and S9). Additionally, the catalytic activity of Cu/Ca-CDs
was evaluated and found to be nearly identical to that of CDs without
copper or calcium doping, demonstrating that copper and calcium ions
were indeed incorporated into the internal structure of the Cu/Ca-CDs
rather than being adsorbed on the surface (Fig. S10). This mechanism
ensures the effective doping of copper and calcium while allowing stable
ion retention, laying the foundation of Cu/Ca-CDs for tumor cells
destruction via copper-induced cuproptosis and calcium overload-
mediated apoptosis.

3.2. Tumor-targeting ability of Cu/Ca-CDs via binding to folate receptor

The tumor-targeting ability of Cu/Ca-CDs is a prerequisite for their
effective anti-tumor efficacy [32,33]. Due to the presence of the pterin
ring, which can specifically bind to the folate receptor protein on the
surface of tumor cells, the as-prepared Cu/Ca-CDs are expected to
exhibit tumor-targeting capability. To this end, SCC7 tumor cells, which
express high levels of folate receptor, were used. As shown in Fig. 2a,
SCC7 cells exhibited noticeable green fluorescence after co-incubation
with Cu/Ca-CDs for 60 min. After 120 min, the fluorescence intensity
increased significantly, indicating substantial cellular uptake of Cu/Ca-
CDs. In contrast, when SCC7 cells were pre-incubated with folic acid,
followed by the addition of Cu/Ca-CDs, minimal green fluorescence was
observed at 60 min, and the fluorescence remained weak even after 120
min (Fig. 2b). The fluorescence quantification results further demon-
strated that SCC7 cells incubated with Cu/Ca-CDs alone displayed much
stronger fluorescence compared to those incubated with both folic acid
and Cu/Ca-CDs (Fig. 2c). These findings suggest that folic acid inhibits
the uptake of Cu/Ca-CDs by competing for folate receptor binding sites,
confirming that Cu/Ca-CDs enter SCC7 cells by binding to folate re-
ceptor and thereby demonstrate potential for tumor-specific targeting
(Fig. 2d). As a control, L929 cells, which lack folate receptor expression
on their membrane surfaces, were co-incubated with Cu/Ca-CDs
(Fig. 2e). After 60 min, no significant fluorescence was observed, and
even after 120 min, fluorescence intensity did not increase noticeably
(Fig. 2f). Although faint green fluorescence was detected in L929 cells,
indicating that a small amount of Cu/Ca-CDs may have entered, this is
likely due to the weakly positive zeta potential of Cu/Ca-CDs (+5 mV)
(Fig. S8), which allows for slight electrostatic attraction to the nega-
tively charged cell membrane. Consequently, these findings confirm that
Cu/Ca-CDs have limited ability to enter normal cells due to the absence
of folate receptor, further confirming their high specificity for tumor
cells. This specificity underscores the potential of Cu/Ca-CDs for tumor-
targeted therapy.

To investigate the targeting mechanism at the molecular level, mo-
lecular dynamics simulations were conducted to verify the binding of
Cu/Ca-CDs to folate receptor and assess structural stability. Before the
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simulation, an initial model was constructed using folate receptor
structure from the UniProt database (ID: P35846) with a graphene-like
fragment representing the simplified Cu/Ca-CDs model. After a 120 ns
simulation, an animated movie showing the interaction between folate
receptor and Cu/Ca-CDs was generated from 600 trajectory frames
(Movie S1). The snapshots at 0, 60, and 120 ns (Fig. 3a, b and c) indi-
cated stable binding between Cu/Ca-CDs and folate receptor throughout
the simulation. Least-squares fitting of the trajectory yielded the RMSD
of atoms relative to the initial structure (Fig. 3d). The RMSD stabilized at
approximately 1.5 A after 90 ns, suggesting that the system reached
equilibrium. Additionally, the number of residues in various secondary
structures, including structure, B-sheets, B-bridge, bends, and a-helix,
remained nearly constant during the simulation (Fig. 3e). Further
analysis involved calculating the residue-wise RMSF to assess positional
deviations of folate receptor amino acid residues. For comparison, a 120
ns molecular dynamics simulation of folate receptor without Cu/Ca-CDs
was performed (Figs. S11 and S12 and Movie S2), and the RMSF values
of the free folate receptor were used as a reference. The RMSF results
showed that the binding pocket residues in the folate receptor and Cu/
Ca-CDs complex exhibited significantly lower RMSF values than the free
folate receptor (Fig. 3f), indicating that these residues were restrained
due to interactions with Cu/Ca-CDs. Collectively, these results demon-
strate that Cu/Ca-CDs target tumor cells by binding to folate receptor,
facilitating their cellular uptake. This targeted delivery of Cu and Ca
provides a foundation for the potential application of Cu/Ca-CDs in
tumor therapy through mechanisms such as copper-induced cuproptosis
and calcium overload-mediated apoptosis.

3.3. In vitro anti-tumor activity of Cu/Ca-CDs

The CCK-8 assay was used to evaluate the in vitro anti-tumor activity
of Cu/Ca-CDs. The results demonstrated that Cu/Ca-CDs exhibited a
concentration-dependent and time-dependent cytotoxic effect on tumor
cells, with cell death rates increasing as the concentration and incuba-
tion time increased (Fig. 4a and S13). Specifically, when the Cu/Ca-CDs
concentration reached 400 pg/mL, the viability of SCC7 tumor cells
significantly decreased to approximately 30 % after 24 h of co-
incubation (Fig. 4a). In contrast, as shown in Fig. S14, Cu/Ca-CDs dis-
played minimal toxicity toward L929 cells, with cell viability remaining
approximately 80 % even at the 400 pg/mL concentration after 24 h of
co-incubation. These findings not only confirm the potent cytotoxicity of
Cu/Ca-CDs toward tumor cells, driven by their tumor-targeting speci-
ficity, but also demonstrate their weak toxicity to normal cells. Due to
their ability to bind to the folate receptor on tumor cell membranes, Cu/
Ca-CDs efficiently enter tumor cells and exert cytotoxic effects even at
low concentrations. As the concentration increases, more Cu/Ca-CDs are
internalized by tumor cells, thereby enhancing their therapeutic effi-
cacy. In contrast, Cu/Ca-CDs do not specifically bind to normal cells,
resulting in minimal uptake by these cells (Fig. 2e and f). Therefore, Cu/
Ca-CDs exhibit weak toxicity toward normal cells, even at concentra-
tions that effectively kill SCC7 tumor cells (400 pg/mL).

Furthermore, flow cytometry analysis was performed to confirm the
therapeutic efficacy of Cu/Ca-CDs. As shown in Fig. 4b, the proportion
of viable SCC7 cells decreased with increasing Cu/Ca-CDs concentra-
tion, with only 36.2 % of cells remaining viable at 400 pg/mL, consistent
with the CCK-8 assay results. Additionally, both early and late apoptotic
cell populations increased with higher Cu/Ca-CDs concentrations, con-
firming that Cu/Ca-CDs induce significant apoptosis in tumor cells. This
result was further validated by propidiumiodide staining. Following
treatment of SCC7 cells with increasing concentrations of Cu/Ca-CDs,
the proportion of tumor cells exhibiting red fluorescence increased,
indicating enhanced cell death (Fig. 4c). In all, the combined results
from the CCK-8 assay, flow cytometry, and propidium iodide staining
demonstrate the promising potential of Cu/Ca-CDs for tumor-targeted
therapy, particularly in enhancing therapeutic selectivity and mini-
mizing damage to normal tissues.
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Fig. 3. (a—c) Structures of Cu/Ca-CDs binding to folate receptor, extracted from the molecular dynamics simulation trajectory at (a) 0 ns, (b) 60 ns, and (c) 120 ns,
respectively. Folate receptor is depicted as a rainbow-colored cartoon and gray-shaded surface. Cu/Ca-CDs are shown in ball-and-stick mode, with carbon, hydrogen,
oxygen, and nitrogen atoms colored gray, white, red, and blue, respectively. Enlarged views highlight the binding conformations of Cu/Ca-CDs within the folate
receptor binding pocket at different simulation times. (d) RMSD of the Ca atoms of folate receptor in folate receptor/Cu/Ca-CDs complex against time. (e¢) Numbers of
residues in diverse secondary structures of folate receptor. (f) RMSF values of amino acid residues 30-170 in folate receptor/Cu/Ca-CDs complex and folate receptor,
respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

3.4. Mechanisms of tumor cell death induced by Cu/Ca-CDs

After confirming the ability of Cu/Ca-CDs to kill tumor cells, the
underlying mechanisms were explored, focusing on copper-mediated
cuproptosis and calcium overload-induced apoptosis (Fig. 5a). Cuprop-
tosis, a novel form of regulated cell death, is characterized by the olig-
omerization of the mitochondrial lipoylated DLAT [34-37]. To
determine whether Cu/Ca-CDs induce cuproptosis, Western blot anal-
ysis was performed. As shown in Fig. 5b and Fig. S15, Cu/Ca-CDs
significantly promoted DLAT oligomerization, indicating the activa-
tion of the cuproptosis pathway. Immunofluorescence staining was used
to further investigate the effects of Cu/Ca-CDs on DLAT (Fig. 5¢, S16 and
$17). The Cu/Ca-CDs-treated group displayed markedly stronger DLAT
oligomerization signals compared to the control group, further con-
firming the activation of the cuproptosis pathway, consistent with the
Western blot results. Another hallmark of cuproptosis is the loss of Fe-S
cluster proteins, including mitochondrial ferredoxin 1 (FDX1) and lipoyl
synthase (LIAS), whose expression levels decrease during this process
[38-41]. Western blot and qRT-PCR analyses confirmed the reduced
expression of FDX1 and LIAS in the Cu/Ca-CDs-treated cells (Fig. 5d, e
and S18). These results strongly support that Cu/Ca-CDs exert anti-
tumor effects through the cuproptosis pathway.

In addition to cuproptosis, the inherent calcium in Cu/Ca-CDs is
expected to synergistically enhance their anti-tumor activity through
calcium ions overload [42]. To verify Ca®* overload-induced apoptosis,
Rhod-2 calcium probes were used to monitor changes in intracellular
Ca?* levels in SCC7 tumor cells after incubation with Cu/Ca-CDs. As

shown in Fig. 5f, red fluorescence intensity increased over time, indi-
cating a progressive release of Ca2t from Cu/Ca-CDs into the tumor
cells. Excessive intracellular Ca?" disrupts mitochondrial function,
thereby activating the mitochondria-mediated apoptosis pathway and
inducing tumor cell death [43,44]. To investigate the apoptosis mech-
anism induced by Ca®" overload, the expression levels of key apoptosis-
related proteins, including the pro-apoptotic proteins Bax, Caspase 9,
and Caspase 3, as well as the anti-apoptotic protein Bcl-2, were
analyzed. Fig. 5g and S19 show that Cu/Ca-CDs treatment significantly
upregulated Bax, Caspase 9, and Caspase 3, while Bcl-2 was down-
regulated. These changes indicate that Cu/Ca-CDs deliver calcium ions
specifically to tumor cells, causing calcium overload and activating the
mitochondria-mediated apoptosis pathway.

Since both cuproptosis and calcium overload-induced apoptosis
affect mitochondria, the impact of Cu/Ca-CDs on mitochondrial
dysfunction was investigated by measuring the mitochondrial mem-
brane potential (A¥Ym) using JC-1 dye staining. Healthy mitochondria
with high AYm emit red fluorescence, while damaged mitochondria
with low A¥m emit green fluorescence (Fig. 5h) [45]. The Cu/Ca-CDs-
treated group showed strong green fluorescence and weak red fluores-
cence, similar to the positive control treated with the mitochondrial
electron transport chain inhibitor CCCP (Fig. 5i). Further quantitative
fluorescence analysis revealed that the red/green ratio in the Cu/Ca-
CDs-treated group was only one-sixteenth of that in the control group
(Fig. S20). These results indicate significant mitochondrial membrane
depolarization and severe mitochondrial damage [46]. All above find-
ings demonstrate that Cu/Ca-CDs function as targeted carriers for
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Fig. 4. Invitro anti-tumor activity of Cu/Ca-CDs. (a) Cell viability of SCC7 cells after 24 h treatment of Cu/Ca-CDs at different concentrations (0, 100, 200, 300, and
400 pg/mL). Measurements were repeated three times, and the standard deviation was plotted as error bars. * indicates P < 0.05, ** indicates P < 0.01, *** indicates
P < 0.001. (b) Flow cytometry analysis of apoptosis in SCC7 cells which are treated with different concentrations of Cu/Ca-CDs (0, 100, 200, 300, and 400 pg/mL).
(c) Propidium iodide staining images of SCC7 cells at different concentrations (red for dead cells). (For interpretation of the references to color in this figure legend,

the reader is referred to the web version of this article.)

copper and calcium ions, creating an environment of copper and calcium
overload within tumor cells. Through the synergistic mechanisms of
cuproptosis and calcium overload-induced apoptosis, Cu/Ca-CDs
disrupt mitochondrial function and ultimately induce tumor -cell
death. These results highlight the significant potential of Cu/Ca-CDs for
tumor therapy.

10

3.5. In vivo dual-mode imaging of Cu/Ca-CDs

In clinical treatment, accurately determining the distribution and
concentration of therapeutic agents within tumor tissues is crucial for
minimizing damage to normal tissues and reducing side effects, which
remains a significant challenge for traditional drugs [47,48]. To address
this issue, Cu/Ca-CDs offer a promising solution due to their unique
fluorescence properties and the CT imaging capabilities conferred by the
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Fig. 5. In vitro evaluation of cuproptosis and apoptosis induced by Cu/Ca-CDs. (a) Schematic illustration of Cu/Ca-CDs-induced cuproptosis and apoptosis. (b)
Western blot analysis of the protein expressions of DLAT. (c) Immunofluorescence images of SCC7 cells co-cultured with Cu/Ca-CDs stained with anti-DLAT antibody
(red) and DAPI (blue). (d) Western blot analysis of the protein expressions of LIAS and FDX1 after different treatments. (e) Capability of Cu/Ca-CDs to suppress FDX1
and LIAS expression via RT-qPCR. Measurements were repeated three times, and the standard deviation was plotted as error bars. * indicates P < 0.05, ** indicates P
< 0.01, *** indicates P < 0.001. (f) CLSM images of Ca®* levels in the mitochondria of SCC7 cells as detected by Rhod-2 at different time points. (g) Western blot
analysis of the protein expressions of Bcl-2, Caspase 9, Caspase 3 and Bax. (h) Schematic illustration of the fluorescent indicator JC-1 dye which was applied for the
detection of mitochondrial membrane potential (A¥m). (i) CLSM images of JC-1-stained SCC7 cells. (For interpretation of the references to color in this figure legend,

the reader is referred to the web version of this article.)

doped high atomic number elements, copper and calcium. Based on the
excellent fluorescence properties of Cu/Ca-CDs, their in vivo fluores-
cence imaging was investigated (Fig. 6a). As shown in Fig. 6b, the Cu/
Ca-CDs-treated group exhibited a significant fluorescence signal,
clearly delineating the tumor. Furthermore, the fluorescence intensity of
Cu/Ca-CDs within the tumor remained stable over time, with the tumor
location still detectable 60 min post-injection (Fig. 6¢). This indicates
strong imaging capability and effective accumulation within the tumor,
laying a foundation for their in vivo anti-tumor efficacy. In addition, the

11

incorporation of copper and calcium enhances the X-ray absorption
capacity of Cu/Ca-CDs, enabling their use as a CT contrast agent. Fig. 6d
shows that the CT signal intensity increased with higher Cu/Ca-CDs
concentrations, establishing a linear relationship between concentra-
tion and signal strength. This provides an effective method for quanti-
fying Cu/Ca-CDs accumulation in tumors via CT imaging and supports
drug monitoring and precise dosing. The CT imaging performance of
Cu/Ca-CDs was further evaluated in vivo (Fig. 6e and f). Compared to the
control group, Cu/Ca-CDs clearly delineated the tumor boundaries,
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Fig. 6. Invivo dual-mode imaging of Cu/Ca-CDs. (a) Experimental design for dual-mode imaging. (b) The fluorescence imaging capabilities of Cu/Ca-CDs at different
times (0, 15, 30, 45 and 60 min). (c) Quantitative evaluation based on the fluorescence imaging data for Cu/Ca-CDs. Measurements were repeated three times, and
the standard deviation was plotted as error bars. (d) CT intensity of Cu/Ca-CDs across varying concentrations. Measurements were repeated three times, and the
standard deviation was plotted as error bars. (€) In vivo 3D CT images of tumor-bearing mice without (left) and with (right) intratumor injection of Cu/Ca-CDs. (f) CT
imaging capabilities of Cu/Ca-CDs at different times (0, 15, 30, 45, and 60 min). The white dashed box in each panel highlights the location of the tumor. (g) Trend
analysis of CT intensity over time following the administration of Cu/Ca-CDs. Measurements were repeated three times, and the standard deviation was plotted as

error bars.

demonstrating their advantage in tumor CT imaging. Moreover, the
sustained CT signal confirms the accumulation of Cu/Ca-CDs in the
tumor (Fig. 6f and g), consistent with the fluorescence imaging results.
Taken together, the exceptional fluorescence and CT imaging capabil-
ities of Cu/Ca-CDs enable dual-mode imaging, allowing real-time
tracking of their distribution and concentration within tumors. This fa-
cilitates precise and controlled drug delivery, optimizing dosing regimen
based on imaging feedback, and ultimately enhancing therapeutic
outcomes.

12

3.6. In vivo anti-tumor efficacy of Cu/Ca-CDs

As shown in Fig. 7a, a subcutaneous SCC7 tumor model was estab-
lished to investigate the in vivo anti-tumor effects of Cu/Ca-CDs
administered via tail vein injection. To confirm the feasibility of this
administration route, a hemolysis assay was performed to evaluate the
blood compatibility of Cu/Ca-CDs. The results indicated that the he-
molysis rate of Cu/Ca-CDs was below the 5 % threshold (Fig. 7b),
demonstrating good blood compatibility. During the subsequent treat-
ment, the tumor volume in the Cu/Ca-CDs group gradually decreased
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Fig. 7. In vivo anti-tumor efficacy of Cu/Ca-CDs. (a) Schematic of the experimental protocol in vivo. (b) Hemolysis tests of Cu/Ca-CDs. (c) Tumor growth trajectories
in SCC7 tumor-bearing mice post-Cu/Ca-CDs treatment. Tumor progression was monitored over a 12-day period. Measurements were repeated three times, and the
standard deviation was plotted as error bars. (d) Photographs of excised tumor after treated with PBS and Cu/Ca-CDs via intratumor injection. (e) Weights of the
extracted tumors. Measurements were repeated three times, and the standard deviation was plotted as error bars. (f) H&E and TUNEL staining of tumor tissues from
the different treatment groups. (g) Survival tracking of tumor-bearing mice over the course of the 60-day treatment in each group. (h) Inmunohistochemical staining
images of tumor sections showing DLAT and FDX1 expression. (i) Alizarin Red staining of the tumor tissues. (j) Body weight fluctuations of SCC7 tumor-bearing mice
over the 12-day treatment span. Measurements were repeated three times, and the standard deviation was plotted as error bars. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)

(Fig. 7c). After 12 days of treatment, significant tumor ablation was
observed in the Cu/Ca-CDs group (Fig. 7d). Quantitative analysis
showed that the tumor weight in the Cu/Ca-CDs group was only one-
fifth that of the PBS-treated control group (Fig. 7e), confirming the
excellent anti-tumor efficacy of Cu/Ca-CDs. Furthermore, H&E staining
and TUNEL staining were conducted to assess cellular changes within
the tumor tissue (Fig. 7f). The results revealed extensive damage to
tumor cells in the Cu/Ca-CDs group, indicating effective anti-tumor
activity of Cu/Ca-CDs. Consequently, the Cu/Ca-CDs group exhibited
higher survival rates over a 60-day observation period, as shown by the
survival curve (Fig. 7g).

Subsequently, the in vivo anti-tumor mechanism of Cu/Ca-CDs was
explored. Immunohistochemical staining of DLAT and FDX1 in tumor
tissues was performed to verify the activation of the cuproptosis
pathway. As shown in Fig. 7h, DLAT expression levels increased while
FDX1 expression decreased in the Cu/Ca-CDs group compared to the
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control group, which were consistent with the in vitro Western blot
findings, confirming the activation of the cuproptosis pathway. To verify
calcium accumulation in tumor tissues, Alizarin Red S staining was
conducted, as this dye binds to Ca>" and forms red precipitates. Fig. 7i
shows a significantly higher level of red staining in the Cu/Ca-CDs group
compared to the control group, indicating the activation of calcium
overload-mediated apoptosis.

Importantly, no significant changes in body weight were observed in
the Cu/Ca-CDs group throughout the treatment period (Fig. 7j),
demonstrating the excellent biosafety of Cu/Ca-CDs. Additionally, the
timely excretion of therapeutic agents from the body is crucial for
ensuring their safety. To investigate the excretion of Cu/Ca-CDs, we
employed ICP-MS to measure the concentrations of copper and calcium
ions in tumor tissue, heart, liver, spleen, lung, kidney, feces, and urine
from both the control group (PBS injection) and the Cu/Ca-CDs-treated
group at various time points (0, 6, 12, 24, and 48 h) (Fig. S21). The ICP-
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MS results revealed that after circulating in the bloodstream for a period
of time, copper and calcium ions were detected in tumor tissues at
approximately 6 h, with their concentration continuing to rise until 12 h,
indicating progressive accumulation in the tumor. Over time, the levels
of copper and calcium in the tumor gradually decreased, suggesting the
gradual metabolism of Cu/Ca-CDs within the tumor. During the entire
circulation process, no significant increase in copper or calcium levels
was observed in the heart, spleen, or lung. However, in the kidney and
liver, the concentrations of copper and calcium gradually rose until
reaching their peak at 6 h, after which they gradually declined.
Furthermore, copper and calcium ions were detected in both feces and
urine, indicating that Cu/Ca-CDs are primarily metabolized by the
kidney and liver, rather than by the heart, spleen, or lung. The efficient
clearance of copper and calcium ions further ensures that major organs
are not exposed to potential side effects from Cu/Ca-CDs. H&E staining
of the heart, liver, spleen, lungs, and kidneys was further performed and
showed no pathological damage or inflammation in the Cu/Ca-CDs-
treated group compared to the control group, confirming the safety of
Cu/Ca-CDs for in vivo applications (Fig. S22). These results collectively
demonstrate that Cu/Ca-CDs, administered via tail vein injection,
effectively target tumor tissues. Once internalized by tumor cells, Cu/
Ca-CDs release the doped copper and calcium, inducing cell death
through copper-induced cuproptosis and calcium overload-mediated
apoptosis. This targeted tumor-killing mechanism, combined with
minimal damage to normal tissues due to efficient clearance of copper
and calcium ions, highlights the significant clinical potential of Cu/Ca-
CDs for tumor therapy.

4. Conclusions

Metal ion-regulated tumor therapy has emerged as a novel approach
in cancer treatment [49]. However, its clinical application remains
limited due to the lack of tumor-targeting specificity [50]. In this study,
copper and calcium co-doped carbon dots (Cu/Ca-CDs) were success-
fully synthesized using a space-confined vacuum heating method,
demonstrating excellent tumor-targeting ability and significant anti-
tumor efficacy. Characterization analyses confirmed the successful
incorporation of copper and calcium into the Cu/Ca-CDs, which possess
a pterin ring structure that facilitates specific binding to folate receptor
on tumor cells. This targeted mechanism enabled the selective uptake of
Cu/Ca-CDs by tumor cells while sparing normal cells, thereby enhancing
therapeutic selectivity. After uptake by tumor cells, copper-induced
cuproptosis and calcium overload-mediated apoptosis synergistically
induced tumor cell death. The in vivo dual-mode imaging capability of
Cu/Ca-CDs, enabled by their fluorescence and computed tomography
(CT) imaging properties, allowed real-time tracking of their distribution
and accumulation within tumors. This imaging-guided approach
confirmed the effective delivery of Cu/Ca-CDs to tumor tissues and
minimized the risk of damage to normal tissues. In vivo studies further
demonstrated the potent anti-tumor effects of Cu/Ca-CDs, showing
significant tumor volume reduction and increased survival rates in
tumor-bearing mice. Importantly, no significant toxicity to normal tis-
sues or changes in body weight were observed, underscoring the
biosafety of Cu/Ca-CDs. In conclusion, nanoparticle-mediated metal ion
delivery has been widely explored for tumor diagnosis and therapy.
However, the development and clinical translation of metal-ion-doped
nanomaterials with tumor-targeting functionality remain challenging.
The Cu/Ca-CDs synthesized in this study exhibit significant potential for
tumor-targeted therapy, paving the way for the development of more
effective and safer cancer treatments and offering a viable strategy for
precision oncology.
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