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Abstract: The multifunctional platform response to the tumor microenvironment (TME) is critical
for the high-precision diagnosis and treatment of cancer with low systemic toxicity. In this regard,
vanadium-doped carbon dots (V—CDs) have been developed for TME-activated fluorescence imaging
and chemodynamic therapy (CDT). Due to the Forster resonance energy transfer caused by the doped
vanadium, the obtained V—CDs displayed quenched fluorescence. Once entering the tumor, the
fluorescence imaging ability of the V—CDs are stimulated by the reaction between vanadium and
overexpressed HyO, in a weak acid TME. Meanwhile, the hydroxyl radicals generated by the
catalytic reaction of V—CDs could induce oxidative damage in tumor cells for CDT, while showing
less cytotoxicity and side effects in normal cells. Therefore, the well-designed V—CDs could be used
for TME-activated fluorescence imaging and CDT while maintaining an “inactive” status in normal
tissues to ensure low biological toxicity, satisfying the clinical requirements for accurate diagnosis
and efficient treatment with low side effects for tumors. Our research provides an effective strategy
for designing and preparing multifunctional nanotheranostic drugs responsive to TME for accurate
tumor imaging and treatment.

Keywords: carbon dot; fluorescence imaging; chemodynamic therapy; antitumor; tumor microenvironment

1. Introduction

Due to the high incidence and mortality rates, cancer has become the number one killer
threatening human health worldwide [1,2]. Common cancer treatments include surgery,
chemotherapy, and radiotherapy, but these may result in adverse reactions, drug resistance,
and long-term complications. The tumor microenvironment (TME) is the environment in
which tumors occur, develop, and live, and its composition is complex, usually composed
of cancer cells and a variety of stromal cells, cytokines, chemokines, etc. [3,4]. The charac-
teristics of TME, such as abnormal vascular, high H,O,, acidic pH, and hypoxia, provide
an internal environment for the origin and residence of cancer cells, and play a major role
in tumor progression, invasive metastasis, and drug resistance [5,6]. Inversely, these TME
characteristics also provide an effective target for tumor diagnosis and therapy and are
highly valued when exploring new anti-cancer strategies [7-9]. Recently, smart nanomateri-
als responsive to TME have been proposed to achieve an accurate diagnosis and treatment
of cancer, showing obvious advantages in improving treatment efficiency and reducing
side effects [10-12]. Although extensive research has been done on the TME-triggered
nanoplatform, there is still a strong desire to develop a simpler method to fabricate such
nanoplatforms with satisfactory anti-tumor outcomes.
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Fluorescence imaging has several advantages, including a low cost and low radiation
risk, high sensitivity and resolution, and real-time imaging capture, making it suitable for
tumor diagnosis [13,14]. Traditionally, fluorescent probes are used for imaging in their
normally open state, which produces strong background signals and significantly reduces
signal-to-noise ratios. In order to overcome these shortcomings, switched or activated
fluorescence probes have been developed. For example, after interacting with the specific
target, such as low pH values or high levels of GSH and H,O; in the TME, the fluorescence
probes could change from a quenched state to a non-quenched state [15,16]. For example,
the content of H" and ATP in the tumor microenvironment is significantly higher than that
in normal tissues. Professor Zhang’s research team constructed pH- and ATP-responsive
fluorescence probes based on the Forster resonance energy transfer using silicon rhodamine
as a donor and CS dyes as receptors, which are suitable for imaging in living organisms
and guiding tumor resection during surgery [17].

Carbon dots (CDs) have attracted widespread attention in the biomedical field, es-
pecially in tumor imaging and treatment, due to their extensive sources, rich functions,
and safety/biocompatibility [18,19]. Because of their excellent and tunable multicolor
emission, CDs have been widely used in fluorescence imaging to guide the treatment of
tumors [20,21]. However, the non-specific distribution of CDs in normal organs, such as
the liver and the kidneys, leads to the poor effect of tumor imaging with a low signal-to-
background ratio. In addition, the common CDs used as photosensitizers or photothermal
agents in tumor treatment also cause damage in normal tissues [22,23]. Developing CDs as
fluorescence-imaging probes that respond to the TME and simultaneously activate their
intrinsic therapeutic ability can provide a potential application for the accurate diagnosis
and treatment of cancer [24].

Chemodynamic therapy (CDT) kills cancer cells by producing cytotoxic -OH through
the reaction of metal ions such as iron and copper and endogenous, overexpressed Hy,O,
in weak-acid TME, which has a high specificity in killing tumors and avoiding damage
to normal tissues [25,26]. Doping metal in CDs can endow them with the unique charac-
teristics of metal ions [27,28]. Vanadium (V) metallodrugs have recently been reported to
inhibit tumor proliferation and metastasis. In particular, V ions can react with H,O; in
a Fenton-like manner to produce -OH, in order to be used for tumor-specific CDT [29].
In addition, the therapeutic effect of CDT is easily affected by catalysts (e.g., the optimal
pH range of iron-based derivatives is 3-4) and the over-expression of the antioxidant glu-
tathione (GSH) in TME, which seriously hinders its further clinical transformation and
application [30]. However, the multivalent states of V and its high-optimal catalytic pH
range allow it to play a significant role in Fenton-like reactions and TME regulation [31,32].
Herein, we synthesized the V—doped CDs (V—CDs) with citric acid, urea, thioacetamide
(TAA), and NH4VOj3 using a facile hydrothermal treatment. The prepared V—CDs showed
quenched fluorescence at 500-650 nm. However, after the reaction of the doped V with
H,0;, the fluorescence of V—CDs can be restored for the fluorescence imaging of the
tumor, and the -OH can be produced for CDT at the same time. Therefore, in response to
the overexpression of H,O, in TME, the prepared V—CDs can achieve activated-specific
fluorescence imaging and CDT, thus implementing the requirement for accurate diagnosis
and treatment of tumors.

2. Materials and Methods
2.1. Materials and Apparatus

Citric acid, urea, TAA, H,O,, and NH4VO3; were obtained from Adamas. Dulbecco’s
modified Eagle’s medium (DMEM) was purchased from Baoshun Biotechnology Co., Ltd.
(Xi'an, China). Fetal bovine serum (FBS) was purchased from Sigma—Aldrich Trading Co., Ltd.
(Shanghai, China). Trypsin was purchased from Life Technologies Corporation. Penicillin—
Streptomycin Solution was provided by Regen Biotechnology Co., Ltd. (Beijing, China). Liv-
ing/dead cell double staining kit was purchased from Vandersen Laboratory Equipment Co., Ltd.
(Xi’an, China). Cell viability test dye, Alamar Blue, was purchased from Thermo Fisher Scientific.
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Phosphate buffer saline (PBS) was purchased from saiguo Biotech Co., Ltd. (Guangzhou, China).
H,O, was obtained from Sinopharm Chemical Reagents Co., Ltd. (Xi’an, China). HeLa cells
were provided by Servicebio Biotechnology Co., Ltd. (Wuhan, China). All chemicals used were
analytical reagent grade or higher, and no further purification was required. Deionized (DI)
water with a resistivity of 18 MQcm was prepared using a Millipore Milli-Q system.

Transmission electron microscopy (TEM) was performed on FEI Talos F200X. The
UV-vis and fluorescence spectra were acquired on a UV-3010 spectrophotometer (Hitachi)
and an F-4500 fluorescence spectrophotometer (Hitachi). Fourier transform infrared spectra
(FTIR) was recorded on a Bruker Tensor II FTIR spectrometer (Bremen). The X-ray photo-
electron spectra (XPS) was acquired on an X-ray photoelectron spectrometer (Kratos). The
spectra were processed with Case XPS v.2.3.12 using a peak fitting routine with symmetrical
Gaussian—Lorentzian functions. The fluorescence images of HelLa cells were acquired on a
Nikon confocal laser scanning microscope (CLSM).

2.2. Preparation of V—CDs

The V—CDs were prepared using one-pot hydrothermal carbonization. Firstly, 100 mg
citric acid, 200 mg urea, 64.4 mg TAA, and 10 mg NH; VO3 were dissolved in 40 mL of ultra-
pure water, and then placed in a stainless-steel autoclave with a PTFE liner (50 mL). After
heating at 160 °C for 12 h, the vessel was cooled naturally to obtain a light purple solution,
indicating the successful preparation of water-soluble V—CDs. Subsequently, large particles
and precipitates in the solution were removed through centrifugation (10,000 rpm, 10 min,
25 °C) and filtering (Millipore, 0.22 um). The V—CDs were further purified using a dialysis
membrane (MWCO 1000 Da) for 24 h in ultra-pure water. Finally, the resulting aqueous
solution was collected and freeze-dried to obtain the V—CDs in powder form, and then
stored in a dry, ambient condition.

2.3. HyO;-Activated Fluorescence of V—CDs

50 uL V—CDs solution (2 mg/mL) was added to 2 mL H,O; (1 mM) at pH 5, and
then UV-vis and fluorescence spectrophotometers were used to measure the absorption
(300-800 nm) and fluorescence (Aex = 480 nm) changes.

2.4. Detection of OH Generation

In order to evaluate the Fenton-like catalytic performance of V—CDs, 3,355 -tetramethy-
Ibenzidine hydrochloride (TMB) was selected as the detection reagent, and the qualitative
and quantitative tests were carried out by UV-visible spectrophotometry [33,34]. TMB reacts
with strongly oxidizing -OH and generates blue TMB+ (ox—TMB) with significant absorption
at 652 nm. Its absorbance at 652 nm can be measured quantitatively using the UV —vis
absorption spectrometer.

In order to determine the optimal pH for the peroxidase catalytic reaction of V—CDs,
acetate buffer solutions with pH levels from 3 to 7 were prepared. V—CDs were added into
the mixed solution of H,O, (1 mM) and TMB (20 ng/mL) with pH levels of 3, 4, 5, 6, and
7, respectively, and the absorbance changes of the mixed solution within 5 min at 665 nm
were measured using the multi-function microplate detector in time-scanning mode. The
time-dependent changes in absorbance were statistically analyzed to obtain the optimal
pH of V—-CDs’ catalytic reaction.

In order to investigate the effect of V—CDs concentration on catalytic reactions, V—CDs
of different concentrations were added to a mixed solution of H,O, and TMB, then the
absorbance curve of different test groups at 550-800 nm were measured using an ultraviolet
spectrophotometer.

In order to obtain the reaction and kinetic parameters of the V—CDs catalytic reactions,
the concentration of the substrate TMB was changed, and the quantitative relationship
between the catalytic reaction rate and the substrate concentration was explored. Buffer
solutions, CDs, and TMB of different concentrations were added in the 96-well plate, and
finally, HyO, was added to initiate the reaction. After the reaction, the absorbance changes
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of the solution at 665 nm were detected within 5 min using a multi-function microplate
detector in a time-scanning mode.

2.5. In Vitro Fluorescence Imaging of V—CDs

In the cell culture flask, the HeLa cells were resuscitated using a DMEM high-sugar
medium (5 mL, containing 10% fetal bovine serum and 1% penicillin mixture). HeLa cells
were cultured in a constant temperature incubator with parameters set at 37 °C and 5% CO,.
When HelLa cells were in good condition and full grown, 1 mL of trypsin was added to
digest the cells, transforming them from an adherent state to a floating form for cell passage.
The cells with high cell viability after passage were used for subsequent cell experiments.

HelLa cells were seeded into 35 mm confocal dishes at a concentration of 1 x 10°
cells per dish and incubated at 37 °C under 5% CO, for 12 h. After washing with PBS,
the cells were incubated with a DMEM medium containing 25 pug/mL of V—CDs for 4 h
at 37 °C, and then added to 100 uM H,O, with a further incubation of 3 h. Next, the
fluorescence of V—CDs in cells was observed by a laser confocal microscope (Aex = 488 nm).
The V—CDs-treated cells without H>,O, addition were used as control. The NIH3T3 cells
were resuscitated using the same method as described above, with newborn bovine serum,
and incubated in a 96-well plate in a cell incubator for 12 h. The cells were incubated with
different concentrations of V—CDs for 12 h, and then added to 100 uM of Alamar Blue for
an incubation period of 6 h. The fluorescence intensity of 590 nm under the excitation of
530 nm wavelength was measured by a multifunctional microplate detector.

2.6. In Vitro Cytotoxicity and CDT of V—CDs

HelLa cells were seeded in 96-well plates (1 x 10* cells per well) and incubated at
37 °C under 5% CO, for 12 h. The cells were incubated with different concentrations of
V—CDs for 12 h, and then added to 100 pM H;O; with a further incubation period of 12 h.
After adding Alamar Blue for an incubation period of 6 h, the fluorescence intensity of
590 nm under the excitation of 530 nm wavelength was measured by a multifunctional
microplate detector. Cell survival rate was calculated as follows: (Cell Viability = (ODyeated
— ODplank)/ (ODcontrol — ODplank) X 100%. In this equation, ODyeqteq represents the
fluorescence intensity of the CDs treat group, and OD¢gptro1 and ODy,nx represent the
fluorescence intensity of the control group and the blank group, respectively. The V—CDs-
treated cells without H,O, addition were used as control.

The cytotoxicity of the V—CDs was further evaluated by Calcein AM/propidium
iodide (PI) staining. Before use, the working solution was diluted 10 times with serum-free
DMEM high-sugar medium as a dye solvent, then 1 uL. AM and 2 uL PI dye was added
into 2mL diluent and shaken well for standby. HeLa cells were then seeded in confocal
dishes (1 x 10° cells per dish) and incubated for 12 h. The cells were incubated with
different concentrations of V—CDs for 12 h, and then added to 100 uM H,O, with a further
incubation period of 12 h. After that, the fresh DMEM medium containing 5 uM Calcein
AM and 5 uM PI was added for an incubation period of 0.5 h. After dyeing, the cells were
washed with PBS three times to. The bright green/red fluorescence was captured by a laser
confocal microscope (Aex = 488/543 nm). The V—CDs-treated cells without H,O, addition
were used as control.

3. Results
3.1. Characterization of V—CDs

The V—CDs were successfully prepared by the hydrothermal treatment of citric acid,
urea, TAA, and NH4VOs at 160 °C for 12 h. The prepared V—CDs were determined by
TEM. As shown in Figure 1a, V—CDs were observed to be well-dispersed quasi-sphere
nanoparticles with 3-5 nm. The high-resolution TEM (HR—TEM) image exhibits that
the lattice spacing of V—CDs was 0.21 nm, demonstrating their graphite-like structure
(Figure 1b) [35]. The XRD pattern of V—CDs shows a peak at 20 = 30° (Figure 1c), suggesting
that the dominant carbon species is sp?-hybridized [36].
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Figure 1. (a) TEM image of V—CDs. (b) HRTEM image of V—CDs. (c¢) XRD pattern of V—CDs.
(d) FTIR spectra of V—CDs. (e) XPS survey spectra of V—CDs. The high resolution XPS spectrum of
V—CDs: (f) Cls, (g) Ols, (h) V2p, and (i) S2p, respectively.

FTIR was carried out to investigate the chemical compositions of V—CDs. In the FTIR
spectra, V—CDs exhibited obvious peaks at about 950, 1381, 1568, 2992, and 3183 cm~ 1,
suggesting the presence of carboxyl (—COOH), amino (—NH3), and hydroxyl (—OH)
groups (Figure 1d), which ensure the excellent water solubility of V—CDs [37]. Additionally,
XPS was performed to further confirm the chemical compositions of V—CDs (Figure 1e).
The survey spectrum of V—CDs exhibited five characteristic peaks of Cls (284.8 eV), N1s
(399.8 eV), Ols (531.7 V), V2p (516.4 V), and S2p (164.7 eV). The high-resolution Cls
spectrum (Figure 1f) revealed three different C types of C=C, C=0, and C-O. Moreover,
the Ols spectrum showed three peaks of C=0, C—-0O, and V—-O (Figure 1g). The V2p
spectrum (Figure 1h) showed two peaks at 517.4, and 524.5 eV, which were assigned to
V42p3/2 and V4*2p1/2, respectively. The S2p spectrum showed two peaks of R-SH and
V-S (Figure 1i) [38]. All of the above results proved the successful preparation of V—CDs,
and the doped coordinated with S and O in the form of a tetravalent state.

3.2. Fluorescence and -OH Generation

In order to study the optical properties of V—CDs, we prepared CACDs as a control by a
hydrothermal treatment of citric acid, urea, and TAA without adding NH4VO3. As shown
in Figure 2a, the UV-vis spectrum of CACDs exhibited an absorption peak at 340 nm, which
is ascribed to a t—7* transition of the aromatic C=C bond. In addition to the absorption
peak of the t—7* transition of the aromatic C=C bond at 332 nm, V—CDs also showed a new
absorption peak at 560 nm due to the doping of V. However, the absorption peak of V—CDs
at 560 nm disappeared with H,O, addition. Additionally, CACDs could emit fluorescence in
the range of 500-650 nm, while the fluorescence of V—-CDs was quenched due to V doping
(Figure 2b). Amazingly, in the presence of 1 mM H,O,, the fluorescence of V—CDs recovered
at a pH of 5, which may be attributed to the V oxidation reacting with HyO, and being released
from the CACDs. The fluorescence recovery mechanism is inferred from the existing literature
reports as follows: on the one hand, the metal V binds to CDs through solitary electron pairs
on oxygen atoms, and this ligand structure tends to confine carriers within the core of V—CDs.
When metal V is oxidized and released from V—CDs and becomes ionic, it floats in the
solution, thus liberating groups such as —COOH/—OH on the surface of V—CDs. Changes
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in charged-surface groups cause the separation of electron hole pairs, making photo-induced
charge transfer possible. On the other hand, the doping of V metal changes the conduction
band and valence band positions of CDs, and increases the energy band gap value, making
transitions difficult. When H,O, oxidizes the metal V into an ionic state and releases it from
V—CD:s, the excitation energy is lower than the difference in the energy band gap transitions,
restoring the photoluminescence behavior of CDs [39,40]. As reported, V4 can catalyze H,O,
to produce -OH according to Formula of V4 + H,O, + H* — V°* + H,O + OH [41]. To
evaluate the ROS generation through a Fenton-like reaction induced by V—-CDs, TMB was
selected as the capture probe of -OH, which shows an obvious absorption peak at 652 nm
and makes the solution blue (Figure 3a) [42]. Firstly, pH-dependent catalytic performances of
V—CDs were studied. As shown in Figure 3b, pH 5.0 is the most favorable for enzyme-like
activity. Thereby, the optimal catalytic condition (pH 5.0) was selected to study the catalytic
properties of V—CDs. Subsequently, the effect of the concentration of V—CDs on the catalytic
performance was studied. As displayed in Figure 3¢, the mixed solution containing TMB and
H,0; treated with V—CDs at pH 5 had an obvious absorption peak at 652 nm, and gradually
increased with the increase of V—CDs concentration. However, in the absence of H,O,, the
absorption of the mixture solution hardly changed. All these results confirmed that V—CDs
can effectively catalyze H,O, to produce -OH. Additionally, the maximum initial velocity
(Vmax) and the Michaelis—-Menten constant (K;,) were obtained from the Lineweaver-Burk
plot to analyze the kinetic parameters of V—CD (Figure 3d). The Vyax and Ky, values of
V—CDs were determined to be 143.2 x 108 M S~! and (2.019 x 107!) x 1073 M, respectively,
with TMB as a substrate, which are similar to the kinetic parameters of reported CDs [42]. In
summary, the weak acid and high level of H,O, simulating the TME can promote the release
of V** from V—CDs, leading to the activation of fluorescence and the “switch on” of CDT.
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Figure 2. (a) UV —vis spectrum of CACDs, V—CDs, and HyO, treated V—CDs. (b) Fluorescence
spectra of CACDs, V—CDs, and H;O; treated V—CDs at excitation wavelengths of 480 nm.

= pH3
a b =
 pH5
0.25]——pHs -
8 PHT
c e ol
5 020 PR
§o15 ‘/"” )
H,0, . / oxTMB ; Zo10
M e 0.05
(- .
u i i 0.00
~H2N:©_Q=Nng 0 50 100_ 150 200 250 300
/ \ Time (s)
c 1.2 d 0.15
=0 pg/ml
——25 pg/ml —_ 3
1.0 —— 50 pg/ml -
M ——100 pg/ml @
co08 = 0.10 $
c ?
s e
Los <
2 £ 005 Kn = (2.019 x 10) x 105M
2 X
<% 2 Viax = 142.3 x 108M S
0.2 >
" 0.00 v T
00 0.0 0.5 1.0
550 600 650 700 750 800 . - :
Wavelength(nm) TMB (mM)

Figure 3. (a) Schematic illustration of TMB used to detect OH produced by V—CDs catalytic H,O5.
(b) Catalytic activity of V—CDs for TMB oxidation at various pH values. (c) Absorption spectra of
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TMB in the presence of H,O, at different concentrations of V—CDs. (d) Steady state kinetic assay of
V—CDs catalytic activity.

3.3. In Vitro Fluorescence Imaging

As proved in the solution, V doping could cause fluorescence quenching of V—CDs
due to heavy atom effect. In the presence of HyO,, V4* in the V—CDs can be oxidized to
V5*, which releases from the V—CDs to restore the fluorescence of V—CDs. Subsequently,
we evaluated the fluorescence imaging of HeLa cells treated by V—CDs under the stimu-
lation of excessive HyO; using CLSM. As shown in Figure 4, when there is no H,O,, no
fluorescence was observed in the V—CDs-treated HelLa cells. With the addition of H,O,,
the fluorescence emitted by V—CDs could be observed in HeLa cells. Under the excitation
of a 488 nm laser, green emissions within the range of 510 to 540 nm could be collected
and uniformly distributed in HeLa cells, indicating that V—CDs are effectively absorbed
through endocytosis. All these results show that the prepared V—CDs can be used as a
TME stimuli-responsive nanoprobe for in vitro biological multicolor fluorescence imaging.

FL filed Bright filed

Control

V-CDs

V'CDS"'H;_Oz

Figure 4. Confocal laser scanning microscope fluorescence images of V—CDs—treated HeLa cells
with or without HyO,. The images of bright field, and the overlay for the corresponding samples
were recorded. Scale bar represents 100 pm.

3.4. In Vitro Cytotoxicity and CDT of V—CDs

Cell proliferation is an important life feature of organisms, and is the basis for the
growth, development, reproduction, and inheritance of organisms. New cells are produced
through cell division in the organism to supplement the aging or dead cells in the body.
Therefore, the proliferation activity of cells is also one of the criteria used to measure the
strength of cell function. The proliferation activity of damaged cells is weak, while the
proliferation activity of tumor cells is often very active. Therefore, in order to measure the
effect of V—CDs and CDT on HeLa cells, the cell activity test was carried out.
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NIH3T3 cells were selected to study the cytotoxicity of V—CDs. As shown in Figure 5a,
when the concentration of V—CDs was 100 pg/mL, the cell viability of NIH3T3 cells was
close to 90%. The experimental results indicated that V—CDs have low toxicity and good
biocompatibility. The produced -OH could lead to cell oxidative damage and cause them
to die. Next, we determined the lethal activity of V—-CDs on HeLa cells using Alamar
Blue staining. Figure 5b shows that HeLa cells still maintained a high survival rate after
co-incubation with V—CDs for 24 h. When the concentration of V—CDs was 100 g mL~!,
the cell survival rate was still higher than 90%. With the addition of 100 uM HO,, the cell
survival rate decreased with the increase of V—CDs concentration, and the cell death rate
reached 60% at the concentration of 100 g mL~!. Therefore, within a certain concentration
range (=100 ug/mL), V—CDs have high biological safety and can respond to the high level
of Hy,O, in TME to kill tumor cells effectively and specifically.

120 V-CD
a [ v-cps b 1004 = - s Ev-cp;uzo2
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£ O T A e
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Figure 5. (a) The viability NIH3T3 cells incubated with various concentrations of V—CDs. (b) The
viability HeLa cells incubated with various concentrations of V—CDs in the presence of H,O,.

The living cell/dead cell double staining probe includes the living cell fluorescence
probe calcein AM and the dead cell fluorescence probe PI. Calcein AM is a hydrophobic
compound that can easily penetrate intact living cells. After entering the cells, it is hy-
drolyzed by esterase to produce strong fluorescence. At the same time, it can be completely
stored in the cytoplasm of cells. The esterase activity is proportional to the number of living
cells. For living cells with intact membranes, the DNA dye Pl is polar and cannot penetrate
the cell membrane. It can only bind to the DNA of dead cells. Thus, AM is used to mark
living cells, which dyes living cells green, while PI is used to mark dead cells, which dyes
dead cells red.

The calcein AM/PI staining experiment was carried out to further prove the specific
CDT efficacy of V-CDs. As shown in Figure 6a, in the V—CDs-treated groups, only
green (live) and no red (dead) fluorescence was observed, agreeing well with the low
cytotoxicity of CACDs. Since only a few dead cells lost their adherent state, resulting in
being washed out during the process of staining, the red fluorescence in the picture is not
obvious. With the addition of H,O,, the green fluorescence gradually weakened, while the
red fluorescence improved with the increase of the concentration of V—CDs (Figure 6b),
verifying the excellent HyO,-activated CDT efficacy of V—CDs.
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Figure 6. Live/dead staining of HeLa cells (a) HeLa cell treated with different concentrations V—CDs.
Control was cells not treated with V—CDs. and (b) HeLa cell treated with different concentrations V—CDs
in the presence of H,O,. Control was cells not treated with V—CDs. Scale bar represents 200 pm.

3.5. Comparison of the Performance of Fluorescent and Peroxidase-like CDs

We further compared the as-prepared diagnosis and treatment integration CDs with
those currently reported (Table 1). The existing multifunctional-integrated nanocomposites
for fluorescence diagnosis and chemokinetic therapy are composed of multiple reagents,
which have difficulty ensuring stability and pose a risk of disassembly in organisms.
In our work, the as-prepared green fluorescent V—CDs were prepared using a one-pot
method with the common citric acid urea hydrothermal system, which can be directly used
without modification after successful preparation. The versatility of V—CDs stems from
their own structure, and due to its high stability, there is no potential disassembly risk.
Better luminescence behaviour and higher catalytic efficiency was demonstrated, compared
to the reported systems. Overall, the performance of the prepared CDs—based assay is
comparable to or even better than those reported in the literature.

Table 1. Comparison with other types of CDs previously reported in terms of stability, cell imaging,
and CDT.

Assembled or Response Emission Vmax/10—8

Materials Decorated Conditions Fluorescence Km/mM Ms—1 Ref
V—-CDs No H,O, Green 0.2019 142.3 This work
CDs@EDTA@Gd@Fe Yes pH Red Not tested [43]
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Table 1. Cont.

. Assembled or Response Emission Vmax/10—8
Materials Decorated Con(l:'l)itions Fluorescence Km/mM Ms—1 Ref
Fe-decorated CDs Yes GSH Blue Not tested [44]
g-CNQDs-PEG Yes pH Green Not tested [45]
Fe-Ce6-RCDs Yes pH Red Not tested [46]
4. Discussion
In this study, we have successfully fabricated an intelligent anti-cancer theranostic
platform, referred to as V—CDs, using a simple and rapid one-pot hydrothermal method.
Notably, the introduction of V in CDs not only provided luminescence in response to TME
stimulation, but also offered effective CDT function by generating -OH through a reaction
with HyO;. As evidenced in in vitro experiments, the V—CDs could make HeLa cells
present green fluorescence in response to HyO,, and also confirmed the effectiveness and
high specificity of the CDT effect induced by V4* through the Fenton-like reaction. The
platform boasted impressive features of TME stimuli-responsive fluorescence imaging and
synergistic CDT. In addition, V—CDs did not exhibit significant cytotoxicity on normal cells.
Compared to the reported nanocomposites, they have high stability, good luminescent
behavior, and high catalytic efficiency, without having potential disassembly risks. The
well-designed V—CDs could effectively enhance therapeutic efficacy with minimized side
effects by fully taking advantage of the TME, providing a novel strategy for the integrated
diagnosis and treatment of cancer.
Author Contributions: Conceptualization, Y.L. and Q.].; methodology, R.N.; resources, Y.L. and Q.J.,
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