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Abstract

Background Despite the higher sensitivity of melanoma towards ferroptosis and photodynamic therapy (PDT),

the lack of efficient ferroptosis inducers and the poor solubility of photosensitizers restrict their synergistic strate-
gies. With unique advantages, carbon dots (CDs) are expected to serve as innovative building blocks for combination
therapy of cancers.

Results Herein, an ferroptosis/PDT integrated nanoplatform for melanoma therapy is constructed based on chlorin
e6-modified Fe ions-doped carbon dots (Fe-CDs@Ce6). As a novel type of iron-carbon hybrid nanoparticles, the as-
prepared Fe-CDs can selectively activate ferroptosis, prevent angiogenesis and inhibit the migration of mouse skin
melanoma cells (B16), but have no toxicity to normal cells. The nano-conjugated structures facilitate not only the
aqueous dispersibility of Ce6, but also the self-accumulation ability of Fe-CDs@Ce6 within melanoma area with-

out requiring extra targets. Moreover, the therapeutic effects of Fe-CDs@Ce6 are synergistically enhanced due

to the increased GSH depletion by PDT and the elevated singlet oxygen ('O,) production efficiency by Fe-CDs. When
combined with laser irradiation, the tumor growth can be significantly suppressed by Fe-CDs@Ce6 through cyclic
administration. The T,-weighted magnetic resonance imaging (MRI) capability of Fe-CDs@Ce6 also reveals their
potentials for cancer diagnosis and navigation therapy.

Conclusions Our findings indicate the multifunctionality of Fe-CDs@Ce6 in effectively combining ferroptosis/PDT
therapy, tumor targeting and MRI imaging, which enables Fe-CDs@Ce6 to become promising biocompatible nano-
platform for the treatment of melanoma.
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Introduction

Melanoma is a highly invasive malignant tumor, with
5-year survival rate below 30% once metastasized,
accounting for the majority of deaths from skin cancer
[1-3]. The extremely strong drug resistance and relapse
trend lead to the insensitivity of melanoma towards
chemotherapy, radiotherapy and immunotherapy, as well
as failed rehabilitation after surgical treatment [4, 5]. Fer-
roptosis is a form of iron-dependent programmed cell
death that involves the processes such as accumulation of
intracellular iron, depletion of antioxidant defenses, and
lipid peroxidation [6, 7]. The management of iron ions,
predominantly in the form of redox-active Fe?", plays a
pivotal role in facilitating the elevation of reactive oxy-
gen species (ROS) through mechanism such as Fenton
reactions and glutathione (GSH) consumption [8, 9]. The

concept of ferroptosis has provided innovative insights
into the development of effective combination therapies
and synergistic strategies for cancer treatments [10-12].
According to previous reports, melanoma is poten-
tially more susceptible to ferroptosis than other tumors,
which stems from the higher levels of dissociative iron
in melanoma cells [13], revealing the bright prospect of
ferroptosis in developing innovative strategies for mela-
noma therapy. Nevertheless, there is still a lack of stable
and valid ferroptosis inducers, highlighting the need for
further optimization of novel nanomaterials to activate
ferroptosis.

Over the past decades, carbon dots (CDs), an emerg-
ing type of carbon nanomaterials, have revealed bright
prospects in the field of drug delivery and disease ther-
apy [14-17]. The prominent advantages of CDs, such as
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ultra-small size, exceptional biosafety, modifiable and sta-
ble structures, make it an ideal alternative for designing
and mimicking nanozymes in biological systems [18—20].
Recently, CDs derived from natural product, i.e., Gin-
seng [21] and coffee extract [22], have been reported to
exhibit GSH oxidase-like activities, which can enhance
ferroptosis-dependent anti-tumor immunity [23]. How-
ever, despite the fact that GSH oxidase-like enzymes can
disrupt the glutathione peroxidase 4 (GPX4)-catalyzed
lipid peroxidation repair system and promote the vul-
nerability of cells towards ferroptosis, they are generally
incapable of directly inducing strong ferroptosis effects in
tumor cells [24, 25]. In biological systems, the regulation
of iron level is accomplished via transferrin-mediated
iron uptake and the autophagic/lysosomal degradation of
endogenous ferritin [26—30]. Considering that the above
mentioned iron-containing proteins and other iron oxide
nanoparticles [31, 32] are often restricted by their limited
effect, low selectivity, and poor stability, the development
of iron-carrying nanoagents based on CDs may have
innovative significance in ferroptosis research.

In addition, the adjacent lymphatic microenviron-
ment allows cellular infiltration of antioxidants, which
provides the possibility of ferroptosis escape and resist-
ance for melanoma cells. Photodynamic therapy (PDT),
that involves the generation of reactive oxygen species
(ROS) by photosensitizers (PS) under laser excitation
[33-36], has been reported to accelerate the destruc-
tion of oxidative homeostasis and enhance the effect of
ferroptosis [37]. Particularly, Fe-induced Fenton reac-
tion can also compensate for the hypoxic environment
in tumor cells, conversely strengthening PDT efficacy,
resulting in a synergistic amplification of anti-tumor
capability [38, 39]. However, traditional PS chlorin
e6 (Ce6) suffers from several drawbacks such as poor
solubility, lack of tumor targeting. Although various
delivery systems are reported for encapsulation and
transportation of Ce6, the difficulties in metabolism
and relatively large size of the carriers still limit their
further application. Fortunately, the abundant surface
functional groups and the nano-size effect endow CDs
with unique merits as Ce6 delivery systems [40—44].
To the best of our knowledge, there are no reports on
CDs-based ferroptosis/PDT synergistic therapy nano-
platform for the treatment of melanoma.

Inspired by this, the present work first report the syn-
thesis of biocompatible Fe ions-doped CDs (Fe-CDs)
using clinically approved nutritional iron supplements.
The oxidized Fe ions in Fe-CDs can be transformed
into Fe?™ in response to the high GSH level in tumor
cells. Therefore, Fe-CDs can effectively initiate the fer-
roptosis pathway, induce the apoptosis of melanoma
cells and inhibit migration, with no significant toxicity
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to normal cells. Afterwards, a novel type of Fe-CDs@
Ce6 nanoplatform is developed with multifunction of
ferroptosis/PDT synergistic therapy and magnetic res-
onance imaging (MRI). This integrated approach not
only enhances the therapeutic efficacy of Fe-CDs, but
also contributes to intervening in the tumor microen-
vironment and limiting the invasive and metastatic
capabilities of melanoma cells, thereby providing a
more comprehensive treatment outcome. Through
cyclic administration, the nanoconjugates of Fe-CDs@
Ce6 accumulate in the dorsal melanoma area of mice,
and the melanoma are almost ablated when introduced
660 nm laser irradiation. Moreover, the tumor metas-
tasis and recurrence are also suppressed due to anti-
tumor immune activation and angiogenesis inhibition
(Scheme 1). This study proposes a nanosystem that
combines ferroptosis and PDT treatment to improve
the solubility and tumor enrichment of photosensitiz-
ers, thus reduce the side effects and enhance the thera-
peutic efficacy for tumor therapy.

Methods

Materials

Ferrous gluconate hydrate (GlcFe) and chlorin e6 (Ce6)
were purchased from Macklin Reagent Inc. (Shang-
hai, China). N,N’-Dicyclohexylcarbodiimide (DCC),
4-dimethylaminopyridine (DMAP), and dimethyl sul-
foxide (DMSO) were purchased from Aladdin Indus-
tries Inc. (Shanghai, China). All the reagents were used
directly without further purification. Deionized (DI)
water was used throughout the whole experiments.

Synthesis of Fe-CDs

The Fe ions-doped carbon dots (Fe-CDs) were prepared
based on our previous work with some modification [45].
Briefly, 964.34 mg (2 mmol) GlcFe were added in 40 mL
DI water and completely dissolved by magnetic stirring
for 5 min. The solution was poured into a 100 mL Teflon-
lined autoclave and enclosed within a matched stainless
steel reactor. Then, the reactor was placed in a heating
oven and subjected to hydrothermal reaction at 180 “C for
4 h. After which, the kettle was taken out from the oven
and cooled naturally to room temperature. The reaction
solution was then centrifuged at 8000 rpm for 10 min to
remove aggregated particles and insoluble precipitates.
The supernatant was further filtered through a 0.22 um
polyethersulfone membrane, followed by purification for
at least 2 d in a 500-1000 Da molecular weight cut-off
cellulose ester (CE) dialysis bag to remove raw materi-
als and small molecular fragments. Finally, pure powder
of Fe-CDs could be obtained by desiccated in a vacuum
freeze dryer.
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Scheme 1 Schematic illustration of the synthesis procedure of Ce6-modified Fe ions-doped carbon dots (Fe-CDs@Ce6) as a multifunctional
nanoplatform for ferroptosis/photodynamic synergistic melanoma therapy

Synthesis of Fe-CDs@Ce6

The Ce6-modified Fe-CDs (Fe-CDs@Ce6) was syn-
thesized by catalyzed esterification coupling reac-
tion. Generally, a certain amount of Ce6 was weighed
and dissolved in DMSO at a concentration of 2 mg/
mL. Then, DCC with a molar mass of about twice that
of Ce6 was added and stirred for 30 min to activate the
carboxyl groups of Ce6. The working solution of Fe-CDs
(2 mg/mL) was configured and mixed with the DMSO
solution of Ce6 in a volume ratio of 2:1 under stirring.
Afterwards, DMAP with equal molar mass of DCC was
added into the mixture and the coupling reaction was
proceeded at room temperature for 12 h. The solution
was dialyzed in a 500-1000 Da CE dialysis bag for 4 d
to completely remove the unreacted free molecules and
DMSO solvent. The solution of Fe-CDs@Ce6 was con-
centrated by rotary evaporation, and then a certain vol-
ume of the solution was dried and weighed to determine
the concentration.

Characterization

Transmission electron microscope (TEM) images were
photographed on JEOL JEM-2100F. Photolumines-
cence (PL) spectra was recorded on Shimadzu RF-5301
PC. X-ray photoelectron spectroscopy (XPS) analysis
was measured from ESCALAB 250 spectrometer with a
mono X-ray source Al Ka excitation (1486.6 eV). Fourier
transformed infrared spectra (FTIR) was measured on
Nicolet Avatar 360 FTIR spectrophotometer. Ultravio-
let—Visible (UV-Vis) absorption spectra was recorded on
Shimadzu 3100 UV-Vis spectrophotometer. The metal
content of Fe-CDs was determined by Agilent 725 induc-
tively coupled plasma (ICP) spectrometer.

Cell culture

The mouse melanoma cell line (B16, TCM2, Shang-
hai, China) were provided by Chinese Academy of Sci-
ences Cell Bank. B16 were cultured in an incubator
with RPMI-1640 (11875093, Gibco, USA), 1% antibiotic
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antifungal preparations (C100C5, NCM, China) and
10% fetal bovine serum (FBS, FB25015, Clark, Australia)
at 37 C and 5% CO,, and were gathered when the cells
reached 80-90% confluence. The human umbilical vein
endothelial cells (HUVECs) were purchased from Fuheng
Biotechnology Co., Ltd. (FH1122, Shanghai, China).
HUVECs were cultured in endothelial cell medium
(ECM, ScienCell) with 10% FBS and endothelial growth
medium supplements. The rat Schwann cells (RSC96)
were purchased from Chinese Academy of Sciences Cell
Bank (GNR6, Shanghai, China). RSC96 were cultured in
Dulbecco’s modified eagle medium (DMEM, 03.1002C,
EallBio, China) with 10% FBS. All the cells were incu-
bated in a humidified incubator (37 ‘C, 5% CO,), and
checked regularly for mycoplasma contamination. They
were detached from the growth surface using a trypsin/
EDTA solution (C100C1, NCM, China) prior to analysis,
and maintained in logarithmic growth during all biologi-
cal assays.

Cytotoxicity assay

Cytotoxicity assays using Cell Counting Kit-8 (C0038,
Beyotime, China) were conducted for measuring the
cytotoxicity of Fe-CDs. First, Fe-CDs was diluted to
50, 100, 200, 300, 400, and 500 pg/mL. Then, CCK-8
assays were performed to determine the cell viability of
B16, RSC96 and HUVECs according to manufacturer’s
instructions. The absorbance at 450 nm was detected
using a multidetection microplate reader (BioTek micro-
plate reader, USA). The experimental process was
repeated three times in order to remove operating error.

In vitro experiments of anti-tumor and photodynamic
effects

Living/dead assay

The cells were cultured in RPMI-1640 containing 10%
FBS and added with Ce6, Fe-CDs, Fe-CDs@Ce6 (200 pg/
mL) and an equal volume of PBS (03.15018C, EallBio,
China). A portable 660 nm laser with a power density of
100 mW/cm? was irradiated onto Fe-CDs@Ce6 well for
10 min at the same distance (~ 8—10 cm) to provide the
same laser power. After 24 h, Calcein-AM/PI Double
Staining Kit (C2015M, Beyotime, China) was performed
to measure the percentages of live (calcein-AM+, PI-)
and dead (calcein-AM—, PI+) cells according to manu-
facturer’s instructions. The cell culture dish was observed
and photographed under laser confocal microscope
(Olympus FV1000).

Cell apoptosis assay
The cells were treated with PBS, Ce6 (80 pg/mL), Fe-
CDs (200 pg/mL), Fe-CDs@Ce6 (200 pg/mL) and then
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apoptosis was detected with the KeyGEN FITC Annexin
V/PI Apoptosis Detection Kit (C1062M, Beyotime,
China). Briefly, cells were simultaneously stained with
annexin V-FITC and PI, and incubated for 15 min at
room temperature in 1xannexin binding buffer. Then,
the data from flow cytometry was analyzed using Flow Jo
software (FlowJo LLC).

Cell colony assay

Cell colony formation ability was measured by plate col-
ony formation assay. About 200 cells were added to each
well of a 6-well plate and incubated for about 2 weeks.
Meanwhile, the cells were treated with PBS, Ce6, Fe-CDs,
Fe-CDs@Ce6 (200 pg/mL) until a colony was obviously
formed. Then the plate was gently washed with PBS and
stained with crystal violet (C0121, Beyotime, China). The
number of colonies was determined by observing the
proliferation of a single cell under an optical microscope.

Transwell invasion assay

Matrigel-coated Transwell chambers (CLS3422, Corn-
ing Transwell, USA) was used for Transwell migration
assay. Transwell inserts with 8 um pores were coated
with Matrigel (E1270, Corning, USA) and reconstituted
with fresh medium for 2 h before the experiment. B16
cells were seeded into the upper chambers with 500 pL
of serum-free RPMI-1640 in 12-well plates, while 650 uL
of RPMI-1640 supplemented with 10% FBS was placed in
the lower chamber. After 24 h, the cells that migrated to
the lower surface of the Matrigel-coated membrane were
fixed and stained with crystal violet and counted.

Cell comet assay

The cells were intervened once after being treated with
PBS, Ce6, Fe-CDs, and Fe-CDs@Ce6 (200 pg/mL) 24 h
prior to collection. Comet assays were performed using
the Comet Assay kit (4250-050-K, Trevigen, USA)
according to manufacturer’s instructions. Briefly, the
cells were washed once in ice-cold PBS, resuspended to
1% 10° cells/mL in PBS, mixed with molten low-melt aga-
rose at the ratio of 1:10 (10/100 pL), spread onto Comet
slides, allowed to set at 4 °C for 10 min, and lysed in Lysis
Solution for 1-2 h. For alkaline comet assay, slides were
transferred to Alkaline Unwinding Solution for 20 min
and subjected to electrophoresis in Alkaline Electro-
phoresis Solution at 21 V for 30 min at 4 “C. The slides
were washed in DI water twice for 5 min, and immersed
in 70% ethanol for 5 min, then dried at 37 'C for 15 min.
The dried slides were stained with a 1:30,000 dilution of
SYBR-green and the comet tail moment was quantified
using the Image] plugin OpenComet.
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Cell proliferation assay

The cells were co-incubated with EAU working solution
(C0071S, Beyotime, Shanghai, China) for 2 h at 5% CO,
and 37 °C. Subsequently, EdU fluorescence labeling was
performed using Alexa Fluor 488 (Beyotime) with the
EdU Cell Proliferation Kit, while cell nuclei were stained
with Hoechst solution (C1025, Beyotime) at room tem-
perature in the dark. Proliferating cells were labeled in
green, while the nuclei of all cells were stained blue. The
images of EdU-positive cells were captured at 100 X mag-
nification using an inverted fluorescence microscope
(Olympus), and cell counting was carried out using
Image] software. The percentage of EdU-positive cells
was calculated using the following formula:

EdU - positive cell count
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HUVEC: for 6 h before replacing it with fresh medium.
Subsequently, the cells from the treated and control
groups were incubated under DCFH-DA detection rea-
gent (20 min, 5% CO,, 37 °C). After that, the cells were
imaged at five different locations (four corners and one
in the center, covering ~ 5/9 of the entire structure) using
confocal microscope. Subsequently, the images were ana-
lyzed using Image] software to determine the fluores-
cence intensity directly associated with ROS levels.

The mitochondrial membrane potential was assessed
using the JC-1 Mitochondrial Membrane Potential Assay
Kit (C2006, Beyotime, China). After culturing B16 cells
treated with Fe-CDs (200 pg/mL) and HUVECs cul-
tured in conditioned medium from Fe-CDs-treated B16

EdU - positive rate = <

EdU - positive cell count + EdU - negative cell count

) x 100%.

Detection of GSH level and singlet oxygen production

The level of GSH/GSSH was detected using the GSH/
GSSG assay kit (Beyotime, Shanghai, China). The detec-
tion principle was that GSH reacted with the chromoge-
nic substrate DTNB to produce yellow TNB. The amount
of total cellular GSH can be calculated by detecting the
absorbance at 412 nm with a microplate reader. After
Ce6, Fe-CDs, Fe-CDs@Ce6, and Fe-CDs@Ce6+PDT
treatments, B16 cells were washed with PBS, recentri-
fuged at 1000g for 3 min, and the supernatant was aspi-
rated. The cells were lysed by two freeze—thaw cycles in
liquid nitrogen and 37 °C water bath. The molar concen-
trations of GSH and GSSG were calculated according to
the standard curve, and the GSH contents were deter-
mined as the protein content per unit weight.

The generation of singlet oxygen (*O,) in vitro was
detected with a singlet oxygen detection kit (S36002,
Thermo fisher, USA). Briefly, 25 pL of 50 uM SOSG was
added into the solutions containing free Fe-CDs (200 pg/
mL), Ce6 (80 pg/mL), and Fe-CDs@Ce6 (200 pg/mlL),
followed by 660 nm laser irradiation at 100 mW/cm? for
different time periods (0, 10, 20, 30, 40, 50, 60 min). Sub-
sequently, oxidized SOSG was detected by a microplate
reader to represent 'O, production. The blank aqueous
solution was used as a negative control.

Cellular ROS production and mitochondrial membrane
potential assessment

Reactive oxygen species (ROS) levels in cells were meas-
ured using an ROS assay kit (S0033S, Beyotime, China).
Briefly, after treating B16 cells with 200 pug/mL Fe-CDs,
the culture medium was collected, and fresh medium
was replaced. Subsequently, the collected medium con-
taining B16-conditioned medium was used to culture

cells for 6 h, the culture medium was replaced with fresh
medium. The cells were then incubated with JC-1 work-
ing solution in a CO, incubator for 20 min. After incu-
bation, the staining solution was removed, and the cells
were washed twice with JC-1 staining buffer. The cells
were imaged using a confocal microscope, and changes of
mitochondrial membrane potential (Aym) were reflected
by the ratio of green fluorescence to red fluorescence
(ratio of JC-1 monomers to JC-1 aggregates).

Stress fiber polymerization assay

After treating B16 cells with Fe-CDs (200 ug/mL) for 6 h,
the cells were fixed in 4% paraformaldehyde for 30 min,
permeabilized with 0.5% Triton X-100 (P0096, Beyotime,
China) for 30 min, and blocked with 3% skimmed milk
for 1 h. After each step, the cells were gently washed three
times with PBS. Subsequently, B16 cells were stained for
cellular cytoskeletal protein F-actin using fluorescein iso-
thiocyanate (FITC)-labeled phalloidin (CA1620, Solarbio,
China). The staining was observed under a laser confocal
microscope (Olympus FV1000).

Tube formation assay

To investigate the impact of Fe-CDs on angiogen-
esis, Matrigel tube formation assays were conducted
using HUVECs following the manufacturer’s protocol
(BD, Endothelial Cell Tube Formation assay). In brief,
HUVECs were cultured with the conditioned medium
from B16 cells previously treated with Fe-CDs (200 pg/
mL) for 6 h. Matrigel (50 pL) was coated onto a 96-well
culture plate and allowed to solidify at 37 °C for 1 h.
Subsequently, the HUVECs were incubated at 37 °C for
2 h. The images of tube formation were captured using a
microscope between 4 to 12 h.
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Intracellular distribution of Fe-CDs

B16 cells were cultured in RPMI-1640 containing 10%
FBS and added with Fe-CDs and an equal volume of PBS.
After 6 h, the cells were fixed with glutaraldehyde solu-
tion. Intracellular distribution of Fe-CDs was determined
under transmission electron microscopy (80 kV, Philips
EM208 or 120 kV, Tecnail2). The images were photo-
graphed at a magnification ofx50,000 orx 52,000, and
scanned at 6 pm per pixel using an MRC-KZA scanner.
High-resolution scanning electron microscope (FESEM,
Merlin) demonstrated the intracellular distribution of
Fe-CDs.

According to the manufacturer’s instructions, the Perl’s
Prussian Blue Staining Kit (G1426, Solarbio, USA) was
used to detect the distribution of intracellular iron ions.
Briefly, the cells were fixed in 4% paraformaldehyde for
15 min, followed by incubation with 10% potassium fer-
rocyanide for 25-30 min, and then washed and restained
with nuclear fast red for 10 min. The cells containing blue
granules in the cytoplasm were considered positive for
Prussian Blue staining.

In vivo anti-tumor experiments and photodynamic effect
Male C57BL/6 mice (18-20 g of weight, 8 weeks of age)
were obtained from Beijing Weitong Lihua Biotechnol-
ogy Co., Ltd. The animals were housed in a well-equipped
animal facility with an ambient temperature of 23 °C and
humidity ranging from 45 to 55%, under a 12 h dark/
light cycle. All the procedures during animal experi-
ments were approved by the Institutional Animal Care
and Use Committee at First Hospital of Jilin University
(Approval No. 20220742). Melanoma skin cancer model
was constructed by inoculation of B16 cells at a density of
5% 10°/200 pL to the dorsal flank of C57BL/6 mice. After
14 d, the average size of the tumor reached 5-6 mm.
Then, PBS, Ce6, Fe-CDs, and Fe-CDs@Ce6 conjugate
(2 mg/20 g of mice body weight per day) were injected
into tail vein, respectively. Then, a portable 660 nm
laser with a power density of 100 mW/cm? was applied
to irradiate the tumor area of mice injected with Ce6
and Fe-CDs@Ce6, and maintained at the same distance
(~ 10 cm) for 10 min. The tumor-bearing mice were sac-
rificed on 21 d, and then the tumor tissues were excised,
weighed and photographed.

In vivo imaging and ex vivo metabolic imaging experiment
For in vivo drug tracking, near-infrared dye IRDye®
800CW NHS ester was purchased from LI-COR Bio-
sciences (Lincoln, NE), and coupled with Fe-CDs to
achieve in vivo imaging capacity. Briefly, the solution
of Fe-CDs (20 mg/mL) was mixed with the solution
of IR800 (1 mg/mL) in equal volumes and subjected to
ultrasonic treatment at room temperature for 12 h. After
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that, the solution was dialyzed for 24 h with deionized
water, and the powder was obtained through freeze-
drying for subsequent applications. Each tumor-bearing
mouse received an intravenous injection of 20 mg of Fe-
CDs conjugated with IR800 through the tail vein. The
experimental animals were anesthetized with isoflurane
1 h after injection, and then in vivo fluorescence imag-
ing was performed using the Odyssey infrared imaging
system (Odyssey, LI-COR, USA). For in vitro imaging of
important organ metabolism, the animal models, injec-
tion methods, and observation time points were consist-
ent with in vivo imaging, including 30 min, 1, 24, 36, and
48 h. The mice were pre-anesthetized with isoflurane,
then the tissue including heart, liver, spleen, lung, kidney,
and tumor were isolated. After collecting the tissues, they
were grouped and photographed with in vivo fluores-
cence imaging system.

Magnetic resonance imaging (MRI) experiment

Magnetic resonance imaging (MRI) experiments were
conducted using a 7 T whole mouse MRI system (Var-
ian 7T/210/ASR, Varian/Agilent) equipped with a 38 mm
mouse body coil. To assess the T, relaxation time, a
Multi-Echo Multi-Slice (MEMS) sequence was employed,
utilizing the following parameters: a repetition time (TR)
of 1500 ms, 28 echoes, echo time (TE) ranging from 9 to
252 ms with 9 ms increments, data matrix of 128 x 128,
and a Field of View (FOV) of 50x50 mm. T,-weighted
images were acquired using a Fast Spin-Echo Multi-
Slice (FSEMS) sequence with the following settings:
TR=2000 ms, TE=24 ms, echo train length (ETL)=4,
k-zero =2, matrix size of 256 x 256, FOV of 50x 50 mm?,
20 interleaved slices with no gap and a slice thickness
of 0.5 mm, and an average of 2 scans. Subsequently, the
images were converted into DICOM format for viewing
and analysis.

Histological analysis

To evaluate the anti-cancer efficacy of Fe-CDs, the tumor
tissues were harvested for the histological analysis, with
PBS used as a control. After tail vein injection of mice
with Ce6, Fe-CDs or Fe-CDs@Ce6, the whole tumor tis-
sues were dissected and then fixed in 4% paraformalde-
hyde solution. The samples were encased in paraffin and
sliced into sections measuring 3 pm. Then, hematoxylin
and eosin (H&E) immunohistochemical stain was per-
formed and analyzed with microscopic examination.

The TUNEL assay was performed using the TUNEL
detection kit (C1086, Beyotime, China) following the
provided instructions. After washing twice with PBS, the
samples underwent treatment with 0.3% Triton X-100
(P0O097, Beyotime, China) for 15 min. Subsequently, 50
pL of the TUNEL reaction mixture (5 pL TdT enzyme
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solution and 45 pL labeling solution) was applied, and
the resulting mixture was incubated for 1 h at 37 °C in
dark and humidified environment. The cells were co-
stained with DAPI and visualized using laser confocal
microscope.

Immunohistochemistry (IHC) was utilized for tumor
tissue staining, employing primary antibodies (Abcam,
UK.) as follows: B-catenin (1:1000, ab32572), LEF1
(1:500, ab137872), HO1 (1:20,000, ab189491), and GPX4
(1:100, ab125066). Subsequently, the samples underwent
staining with isotype-matched secondary antibodies for
2 h at room temperature. The secondary antibodies used
were from the specific IHC polymer detection kit HRP/
DAB (1:1000, ab209101, Abcam, U.K.). The stained tis-
sues were then observed under a bright-field microscope.

mRNA transcriptome sequencing (RNA-seq) and proteomic
analysis

To verify the anti-cancer efficacy of Fe-CDs, high-
throughput genome-wide RNA-seq was performed. After
tail vein injection of mice with PBS, Fe-CDs, or Fe-CDs@
Ce6, a portable 660 nm laser with a power density of
100 mW/cm? was irradiated onto the tumors of Fe-CDs@
Ce6 mice for 10 min at the same distance (~ 10 cm) to
maintain a consistent laser power. The treatment con-
tinued for 7 d, after which the entire tumor tissues were
dissected and collected. The tissue samples were imme-
diately placed into liquid nitrogen and stored at — 80 °C.
RNA integrity was evaluated using the RNA Nano 6000
Assay Kit on the Bioanalyzer 2100 system (Agilent Tech-
nologies, CA, USA). Total RNA served as the input mate-
rial for RNA sample preparation. The obtained data were
subjected to strict quality control, mapping to the refer-
ence genome, and prediction of new transcripts. Gene
expression levels were quantified and subjected to dif-
ferential expression analysis. Gene Ontology (GO), Kyoto
Encyclopedia of Genes and Genomes (KEGG) enrich-
ment analysis, protein—protein interaction analysis, and
weighted correlation network analysis of differentially
expressed genes were further analyzed.

General procedure for western blotting

Phosphatase and protease inhibitors (P002, NCM, China)
were added to RIPA buffer for cell and tissue lysis, and
total proteins were extracted from cells and tissues in
the resulting supernatant. Protein concentrations in cell
samples were determined using the BCA Protein Assay
Reagent (P0010S, Beyotime, China). After lysis, pro-
teins were separated by SDS-PAGE (150 V, 60 min) and
subsequently transferred to a PVDF membrane (Bio-
Rad) using a Trans-Blot wet transfer system (Bio-Rad,
400 mA, 25 min). The membranes were then incubated
with the primary antibody in fresh blocking buffer at
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4 °C overnight. The concentrations of the primary anti-
bodies used were as follows: Anti-beta Catenin antibody
(1:1000, ab32572, Abcam), Anti-Lefl antibody (1:500,
ab3137872, Abcam), Anti-xCT antibody (1:10,000,
ab175186, Abcam), Anti-Glutathione Peroxidase 4 anti-
body (1:1000, ab125066, Abcam), and Anti-Heme Oxy-
genase 1 antibody (1:1000, ab68477, Abcam). Following
the overnight incubation, the blots were washed with
TBST (WB20500, NCM, China) and incubated with the
dye-labeled IRDye 800CW Goat anti-Rabbit IgG Second-
ary Antibody (dilution of 1:15,000, catalog number: 926-
32211, lot: D00825-14, LI-COR) in fresh blocking buffer
at room temperature for 1 h. Subsequently, the blots were
washed again in TBST. The molecular weight (MW) of
each protein on the immunoblots was estimated using
a Pre-Stained Standard (10-180 KD) (26616, Thermo,
USA). Immunoblot images were quantified using Image
] software. The relative levels of target proteins were nor-
malized to B-Actin (dilution of 1:50,000, catalog number:
ACO026, clone: ARC51105-01, ABclonal).

Gene expression by quantitative PCR

Total RNA was isolated from B16 cells using TRIzol rea-
gent (T9424, Sigma-Aldrich, USA) following the manu-
facturer’s instructions. Gene expression levels were
analyzed by real-time quantitative PCR (qQRT-PCR). First-
strand cDNA synthesis was performed using a cDNA
synthesis kit (RR036A, TAKARA, Japan) with 2 pg of
total RNA as the starting material and 2 pL of the pre-
pared ¢cDNA as a template. qRT-PCR was conducted
using 2XReal Star Fast SYBR qPCR Mix (SYBR Green
with ROX; Enzymenomics, Genster, China) according to
the manufacturer’s instructions. Mouse -actin was used
as an internal reference gene to determine relative gene
expression levels. Gene-specific primers for real-time
RT-PCR analysis were obtained from Shanghai Bioengi-
neering Co., Ltd. The following primer pairs were used:
Actin (forward primer sequences: 5'-CACTGCCGCATC
CTCTTCCTC-3’, reverse primer sequences: 5 -CGC
TCGTTGCCAATAGTGATGAC-3"); xCT  (forward
primer sequences: 5 -TCATCGGATCAGGCATCTTCA
TCTC-3’, reverse primer sequences: 5 -TACTCCACA
GGCAGACCAGAAAAC-3); GPX4 (forward primer
sequences: 5 -GGATGAAAGTCCAGCCCAAGGG-
3/, reverse primer sequences: 5 -CACGGCAGGTCC
TTCTCTATCAC-3"); HO1 (forward primer sequences:
5'-CAGCCACACAGCACTATGTAAAGC-3’, reverse
primer sequences: 5 -TGAGAGGTCACCCAGGTA
GCG-3"); B-catenin (forward primer sequences: 5'-GGA
ACGCAGCAGCAGTTTGTG-3, reverse primer
sequences: 5 -CCGAGCAAGGATGTGGAGAGC-3');
Wnt3a (forward primer sequences: 5-GTATGACAG
TGCCTCGGAGATGG-3', reverse primer sequences:
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5 -AGGTTCGCAGAAGTTGGGTGAG-3"); LEF1 (for-
ward primer sequences: 5'-ACATCAAATAAAGTGCCC
GTGGTG-3', reverse primer sequences: 5 -TCTGGA
CATGCCTTGCTTGGAG-3").

Statistical analysis

The data are expressed as means tstandard deviation
from several separate experiments. Statistical analysis
was conducted using Prism 8.4/8.5 software (GraphPad
Software). Normal distribution was assessed using the
Shapiro—Wilk test. If the data met the normality criteria,
a one-way ANOVA with posthoc multiple comparison
test was performed. If not met, the Kruskal-Wallis non-
parametric test was employed. The p values for *p <0.05,
*p<0.01, **p<0.001, ****p <0.0001 were considered sta-
tistically significant, NS indicates that there is no statisti-
cally significant difference.

Results and discussion

Synthesis and characterization of Fe-CDs@Ce6

In the present work, the multifunctional Fe-CDs@Ce6
was prepared by the coupling reaction between the
hydroxyl groups on the surface of Fe-CDs and the car-
boxyl groups of the PDT sensitizer Ce6 (Fig. 1A). Firstly,
the blue fluorescent Fe-CDs were synthesized by the
hydrothermal reaction of ferrous gluconate, an FDA-
approved iron supplement, on the basis of our previous
work [45]. It was considered that the polysaccharide por-
tion of gluconate salts would undergo dehydration and
carbonization during the hydrothermal procedure, sub-
sequently forming the carbon core of Fe-CDs. The Fe
ions were in-situ doped within Fe-CDs, which could be
connected to the hydroxyl and carboxylate groups via
electrostatic interaction or might accumulate inside the
graphite core. As shown in Fig. 1B, Fe-CDs appeared as
a uniform distribution of nanoparticle morphology, with
an average diameter of 2.8 nm. The high-resolution TEM
displayed the lattice fringe structure in a single Fe-CDs,
and the 0.21 nm lattice spacing corresponded to the (100)
crystal plane of graphite carbon [46], confirming the
carbon core structure. The yellowish solution of Fe-CDs
exhibited typical blue fluorescence under UV irradiation
(Fig. 1C). The PL spectra showed that the maximum exci-
tation and emission wavelengths of Fe-CDs were 374 and
442 nm, respectively. Under the excitation of different
light wavelengths, Fe-CDs presented obvious excitation-
dependent behavior, similar to most of the reported CDs
(Additional file 1: Fig. S1).

The XPS analyze verified the existence of C, O and Fe
elements within Fe-CDs (Fig. 1D), and the atomic per-
centage was calculated as 70.2% for C, 24.6% for O, and
5.2% for Fe. The element composition with C as the main
component and the low content of iron ensured the
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superior biocompatibility of Fe-CDs. The deconvoluted
C 1 s spectra revealed four types of carbon, i.e., sp> C
(C=C), sp® C (C-H/C-C), C-0, and C=0 at the binding
energy of 284.5, 284.9, 286.3, and 288.5 eV, respectively
(Additional file 1: Fig. S2A). Besides, two oxygen bonding
forms of C-O and C=0 at 532.4 and 531.5 eV appeared
in the O 1 s spectra of Fe-CDs (Additional file 1: Fig. S2B),
indicating the constitute of carbonaceous skeleton and
surface oxygen-containing functional groups in Fe-CDs.
Noteworthy, the Fe 2p spectra of Fe-CDs showed double
peaks at 711.1 (Fe 2p;,,) and 723.9 eV (Fe 2p,,,), which
were 0.9 and 0.7 eV higher than those of the precur-
sor GlcFe, respectively (Fig. 1E), indicating the oxidized
valence state of Fe ions [47]. In addition, the Fe 2p;;, peak
of Fe-CDs was accompanied by an adjacent characteristic
satellite peak, which was ascribed as the oxidized ionic
form of Fe [48]. This was possibly due to the oxidation
of Fe ions in the raw precursor caused by the high tem-
perature and oxygen ambience from hydrothermal condi-
tions. It was precisely because the Fe ions in Fe-CDs were
in oxidized states that they could be selectively reduced
to Fe’* in a tumor environment with high GSH levels and
triggered Fenton reaction, without causing fluctuations
in oxidative stress and side effects of normal cells.

Then, Ce6 was anchored to the surface of Fe-CDs
through DCC/DMAP-catalyzed condensation reac-
tion. On one hand, the ferroptosis effect of Fe-CDs and
the PDT function of Ce6 could synergistically increase
the oxidative stress level and improve the tumor killing
effect. On the other, as an aqueous-dispersed nanocar-
rier with high cell uptake efficiency, Fe-CDs could solve
the problem of poor solubility of Ce6, which was con-
ducive to its direct entry into tumor cells to exert pho-
totherapy role. The obtained Fe-CDs@Ce6 presented a
capsule-like assembly consisting of 2—4 nanoparticles
(Fig. 1F-@G). We speculated that this was because of the
abundant hydroxyl groups on the surface of Fe-CDs and
the three carboxyl groups of Ce6, thus the coupling reac-
tion between Fe-CDs and Ce6 was not a one-to-one cor-
respondence. Due to the presence of steric hindrance,
the equilibrium consequence was that several Fe-CDs
and Ce6 assembled together, forming a nanocapsule with
the longitudinal length of ca. 20 nm. The increased size
and the spindle structure might further facilitate the
efficient cellular entry of Fe-CDs@Ce6 by endocytosis
pathway. Besides, Fourier Transform-infrared spectros-
copy (FT-IR) was conducted to further prove the suc-
cessful connection of Fe-CDs and Ce6 (Additional file 1:
Fig. S3). The stretching vibrations of O-H, —-CH,—, C-0,
and C-O-C at the wavenumber of 3362, 2925, 1394, and
1084 cm™! were observed in both Fe-CDs and Fe-CDs@
Ce6, similar to the bonding types in XPS results (Addi-
tional file 1: Fig. S4). However, a stretching vibration
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Fig. 1 Characterization of Fe-CDs and Fe-CDs@Ce6. A Schematic illustration of the synthetic route of Fe-CDs and Fe-CDs-Ce6. B TEM image

of Fe-CDs (inset: HR-TEM image and histogram of size distribution of Fe-CDs). C Maximum excitation and emission PL spectra of Fe-CDs

(inset: photographs of Fe-CDs solution under daylight (left) and 365 nm UV light irradiation (right)). D XPS spectra of Fe-CDs. E Comparison

of deconvoluted Fe 2p XPS spectra of GlcFe and Fe-CDs. F-G TEM images of Fe-CDs@Ce6 at low magnification and high magnification. H
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peak of ester bond (CO-OR) at 1780 cm™' appeared in  the coupling reaction of Ce6. Moreover, the N 1 s signal
Fe-CDs@Ce6, which was originated from the condensa-  that only presented in the XPS elemental analysis of Fe-
tion between Fe-CDs and Ce6. Also, the peak position of CDs@Ce6 was derived from the four pyrrole N rings in
C=0 at 1634 cm™! shifted, probably indicating that the the molecular structure of Ce6 (Fig. 1H), which directly
chemical environment of carbonyl groups changed after ~ determined the modification of Ce6. The two new
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characteristic peaks at 670 and 506 nm in the UV-Vis
absorption spectra of Fe-CDs@Ce6 also resulted from
Ce6 (Fig. 1I). It was worth mentioning that Ce6 aggre-
gated and precipitated in PBS because of its poor water
solubility, leading to the quenching of fluorescence, while
the solution of Fe-CDs@Ce6 exhibited a clear and trans-
parent state with bright red fluorescence, which demon-
strated that Fe-CDs could serve as effective nanocarriers
of Ce6. As shown in Fig. 1], the as-prepared Fe-CDs@
Ce6 possessed two emission peaks constituted of blue
fluorescence from Fe-CDs and red fluorescence from
Ceb. Also, it could be seen that Fe-CDs@Ce6 could exist
stably for a long time in the dispersants required for bio-
logical experiments, such as phosphate buffered salt solu-
tion (PBS), acidic PBS and serum, without aggregation or
precipitation (Additional file 1: Fig. S5). The above results
concluded that a type of Ce6-modified Fe ions-containing
nanocapsule was successfully synthesized, which could
be applied for activating ferroptosis and PDT synergistic
therapy in tumor cells.

Cytotoxicity and photodynamic properties of Fe-CDs@Ce6

As shown in Fig. 2A, rat Schwann cells (RSC96), human
umbilical vein endothelial cells (HUVECs) and mouse
melanoma cells (B16) were selected for cytotoxicity assay
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of Fe-CDs. Compared with the control group, there were
no significant differences in cell activities of RSC96 and
HUVEC: treated with Fe-CDs, even at a high concentra-
tion of 500 pg/mL. However, the cell viability of B16 cells
decreased by about 20% upon the addition of 100 pg/
mL Fe-CDs. When the concentration raised to 200 pg/
mlL, the survival rate of B16 cells was only 64%, and as
the concentration of Fe-CDs continued to increase to
500 pg/mL, only 38% of B16 cells survived, indicating
the efficient ability of Fe-CDs to selectively kill mela-
noma cells. The main mechanism inducing ferroptosis
in tumor cells is lipid peroxidation and apoptosis caused
by oxidative stress (OS), which mainly depends on the
production of singlet oxygen ('O,), hydroxyl radicals
(+OH) and peroxides. Nevertheless, cancer cells have
developed a robust antioxidant defense system [49, 50],
with glutathione (GSH) serving as a distinctive antioxi-
dant to counteract oxidative stress [51]. It was speculated
that the oxidized Fe ions in Fe-CDs would be reduced to
Fe?" under the high GSH level of tumor cells, trigger-
ing Fenton-like reactions, and resulting in selective kill-
ing of tumor cells. To prove this statement, the valence
change of Fe ions in Fe-CDs after GSH treatment was
explored by the chromogenic reaction with salicylic acid
(SA) (Additional file 1: Fig. S6). It could be observed that
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the SA solution appeared a purple-red complex color
with Fe** from Fe-CDs, while there was no change in the
presence of FeSO,. As expected, Fe-CDs did not induce
the coloration of SA after treated with GSH, suggesting
the GSH-responsive reduction process of Fe ions in Fe-
CDs. Noteworthy, not all Fe*" is oxidized to Fe** dur-
ing the preparation of Fe-CDs. There still remains some
Fe?" in Fe-CDs, as proved by the chromogenic reaction
results of Fe?" and potassium ferricyanide (K;5[Fe(CN)gD)
(Additional file 1: Fig. S7). Moreover, in the presence of
H,0, and GSH-treated Fe-CDs, the methylene blue (MB)
indicator was degraded (Additional file 1: Fig. S8), which
could be attributed to the Fenton-like reaction induced
by GSH-stimulated Fe*" release from Fe-CDs [52]. Since
most of Fe ions have been oxidized to Fe", the catalytic
effect of Fe-CDs is more significant after GSH reduction,
which is conducive to the selective killing of tumors with
high GSH expression milieu. In addition, the measure-
ment of glutathione (GSH) levels was also conducted by
detection of oxidized glutathione (GSSG) in Fe-CDs and
Fe-CDs@Ce6 treated B16 cell. As illustrated in Fig. 2B,
the cellular GSH content decreased by 49.7% after treat-
ment with Fe-CDs compared to the control group. Upon
combined 660 nm laser irradiation, the GSH level fur-
ther decreased to 29.22% compared to the control group,
which indicated that Fe-CDs could consume GSH in
tumor cells, and the depletion of GSH becomes more
pronounced when introduced PDT. The endoperoxide
derived from the interaction of SOSG with 'O, exhibited
green fluorescence, thus the light intensity was recorded
to confirm whether Fe-CDs@Ce6 could generate a high
concentration of 'O, under laser irradiation that subse-
quently promoted ferroptosis and affected the tumor
microenvironment. For SOSG and Fe-CDs, there were no
changes in the fluorescent intensity with the extension of
laser irradiation time, while Ce6 and Fe-CDs@Ce6 both
produced high levels of singlet oxygen under irradiation
(Fig. 2C). Moreover, the fluorescent intensity of Fe-CDs@
Ce6 was significantly stronger than that of Ce6 alone,
which was attributed to the improved solubility of Ce6 in
PBS by Fe-CDs as nanocarriers.

The consumption of GSH and the oxidative damage
induced by ferroptosis can enlarge the therapeutic func-
tion of PDT, also integrating PDT will in turn accelerate
the occurrence of ferroptosis [53]. Therefore, in order
to investigate the synergistic effect between Fe-CDs and
Ceb6, the levels of ROS and changes in mitochondrial
membrane potential in cells were measured by fluores-
cence staining. The B16 cells were first treated with Fe-
CDs and Fe-CDs@Ce6 combined with PDT, and then
the conditioned medium was isolated and co-cultured
with HUVECs, which was incubated to simulate vascu-
lar cells within tumor microenvironment (TME). The
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results showed that HUVECs cultured in Fe-CDs-treated
B16 medium had a 6.8-fold higher ROS production com-
pared to the control group, indicating the ability of Fe-
CDs to induce oxidative damage of vascular cells in TME.
Furthermore, the B16 medium treated with Fe-CDs@
Ce6 and PDT induced higher ROS levels in HUVECs,
which was 9.0 fold that of the control group (Fig. 2D-E).
It was speculated that the possible mechanism was that
Fe-CDs@Ce6+PDT treatment significantly promoted
the death of tumor cells and caused the release of inflam-
matory factors. Then, when HUVECs were cultured in
the B16 cell conditioned medium, inflammation-related
response pathways were activated, thereby promoting
ROS production in HUVECs. To verify this statement,
the level of tumor necrosis factor (TNF-«) and interleu-
kin (IL-10) were tested by enzyme linked immunosorb-
ent assay (ELISA), which are increased and decreased in
the conditioned medium after Fe-CDs@Ce6+ PDT treat-
ment, respectively (Additional file 1: Fig. S9). Also, the
mitochondrial membrane potential in HUVECs cultured
with B16 conditioned medium after the treatments of
Fe-CDs and Fe-CDs@Ce6+PDT were 3.6 and 8.5 times
higher than those of the control group, demonstrating the
impaired mitochondrial function caused by ROS (Fig. 2F,
G). Therefore, Fe-CDs might inhibit tumor blood supply
by interfering with tumor vascularization, and this effect
could be further enhanced under the intervention of PDT
by accelerating the ROS production of Fe-CDs. In addi-
tion, Fe-CDs alone caused 5.9-fold ROS production and
5.0-fold mitochondrial membrane potential transition in
B16 cells (Additional file 1: Fig. SI0A-D), that is, Fe-CDs
itself could efficiently kill melanoma cells through ROS,
which was similar to the cell viability results. As a new
type of Fe-doped nanomaterials, it is necessary to verify
whether Fe-CDs cause ROS through ferroptosis pathway.

Ability of Fe-CDs@Ce6 to inhibit melanoma cell
proliferation by promoting ferroptosis

Firstly, Calcein-AM/PI, EDU, Annexin V-FITC/PI and
colony formation assays were performed to verify that
Fe-CDs could inhibit the proliferation and induce apop-
tosis of B16 cells. The results of live/dead cell staining
showed that about 91.9% and 85.7% of the cells showed
green fluorescence in the control group and Ce6 group,
respectively. In contrast, 83.6% of the B16 cells showed
red fluorescence representing apoptosis in the Fe-
CDs treatment group, and up to 95.1% cells underwent
apoptosis in the Fe-CDs@Ce6+PDT treatment group
(Fig. 3A, C). Besides, the EDU staining results indicated
that the inhibition rate of B16 cell proliferation was 91.6%
after Fe-CDs treatment, while after modified with Ce6
and combined with PDT, approximately 100% of B16 cell
proliferation were restrained (Fig. 3B, E). Moreover, the
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Fig. 3 Evaluation of the ability to inhibit the proliferation of B16 cells. A B16 cells were treated with Fe-CDs and Fe-CDs@Ce6. Microscopy images
were captured after staining with the LIVE/DEAD kit. Live cells are stained with green and dead cells with red (n=3). Scale bar: 100 um. B Cells
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the Hoechst stained cells. (n=3). Scale bar: 600 um. C Quantitative cell viability of the Live/Dead assay images. D Cell apoptosis of PBS, Ce6, Fe-CDs,
Fe-CDs@Ce6, Fe-CDs@Ce6+PDT by flow cytometry analysis. E Quantitative analyses of EdU assay. F Clone formation assay for assessing clone
formation. Scale bar: 60 mm. G Histogram of cell clone formation rate. H The RNA expression levels of xCT, HO-1, and GPX4 (n=4). I The protein
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flow cytometry results of V-FITC/PI staining showed relatively intact. Furthermore, the colony formation assay
that 99.7% of the cells in the control group were located  showed that 26.5% of the cell colony forming was inhib-
in the Q4 region of living cells. However, 97.2% of the ited in Fe-CDs group compared with the control group,
cells in the Fe-CDs group were located in the Q3 region, and when combined with PDT the inhibiting effect could
especially there were 51.3% of the cells located in the be as high as 71.1% (Fig. 3F, G), suggesting the strong
Q3 region and 47.5% in the Q2 region for Fe-CDs@  ability of Fe-CDs against the proliferation of melanoma
Ce6+PDT group (Fig. 3D). The cell surface began to cells.

express phosphatidylserine and the cell membrane was



Li et al. Journal of Nanobiotechnology (2024) 22:100

According to the recent studies, the activation of fer-
roptosis may help enhance the anti-tumor immune
responses and prevent tumor progression, the inhibi-
tory effect of Fe-CDs on the proliferation of B16 cells was
likely to be related to ferroptosis. In general, ferroptosis
is divided into two types, i.e., endogenous and exogenous
pathways [54]. The exogenous pathway includes inhibi-
tion of cell membrane iron transporter proteins, such as
the cystine/glutamate transporters (system Xc-), and acti-
vation of lactotransferrin induced ferroptosis. The endog-
enous pathway involves inducing ferroptosis by blocking
the intracellular antioxidant enzyme GPX4. To further
confirm whether the inhibition of B16 cell proliferation
by Fe-CDs is related to ferroptosis, reverse transcription-
polymerase chain reaction (RT-PCR) was conducted. The
results showed that the expression levels of XCT (system
Xc-) and GPX4 in B16 cells were reduced after treatment
with Fe-CDs, while the expression level of Heme Oxy-
genase-1 (HO1) significantly increased, indicating the
elevation of iron metabolism and up-regulation of fer-
roptosis (Fig. 3H). Furthermore, Western blotting (WB)
experiments were performed on Fe-CDs treated B16
cells, which revealed a remarkable decrease in the pro-
tein expression levels of XCT/GPX4 and increase in that
of HO1, consistent with the PCR results (Fig. 3I; Addi-
tional file 1: Fig. S11A—C). This further substantiated that
Fe-CDs could induce ferroptosis, and the PDT treatment
based on Fe-CDs@Ce6 greatly amplified the ferroptosis
effect, thus achieving the function of inhibiting the prolif-
eration of B16 cells.

Ability of Fe-CDs@Ce6 to inhibit melanoma cell invasion

by suppressing Wnt pathway

Inhibition of tumor cell invasion can reduce the rate of
tumor metastasis, because the active movement of tumor
cells is an important initial migration process. There-
fore, the effect of Fe-CDs on B16 cell invasion was evalu-
ated by Transwell assay to explore whether Fe-CDs can
also hinder tumor metastasis. As shown in Fig. 44, it
illustrated that the Fe-CDs, Fe-CDs@Ce6 and Fe-CDs@
Ce6+PDT groups had obviously reduced number of
blue-stained chemotactic cells passing through Matrigel
coating. Compared to the control group, the invasion rate
of B16 cells in the Fe-CDs group was 7.8%, while after
combined PDT, the invasion rate reduced to only 1.6%
(Fig. 4B). Then, the DNA damage extent was evaluated by
comet assay and calculated by quantifying the comet-tail
moment of in Fig. 4C. It was shown that the treatment
of Fe-CDs and Fe-CDs@Ce6+PDT generated promi-
nent DNA injury with 19.6 and 20.2 times than that of
the control group (Fig. 4F). It was worth mentioning that
the efficacy of Fe-CDs@Ce6 was not as good as that of
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Fe-CDs without laser irradiation. We believed the reason
was to use the mass concentration of nanodrugs as a ref-
erence, and the amount of Fe-CDs contained in Fe-CDs@
Ce6 group was lower compared to pure Fe-CDs group at
the same mass concentration. However, with the intro-
duction of PDT, the therapeutic impact of Fe-CDs@Ce6
was even better than that of Fe-CDs, which further dem-
onstrated the synergistic amplification effect between
ferroptosis and PDT. This was also conducive to reducing
the dosage amount of drugs and precise tumor therapy
under laser irradiation.

Moreover, in order to intuitively observe the degree
of cell migrations, stress fiber polymerization assay was
subsequently conducted on the Fe-CDs treated B16 cells
using phalloidin to stain the cellular cytoskeleton. The
cytoskeleton expansion of B16 cells treated with Fe-
CDs appeared smoother compared to untreated cells,
with a reduction of approximately 15.7% in cell spread-
ing area (Fig. 4D, E), suggesting that Fe-CDs could influ-
ence the migration and invasion of B16 cells. In addition,
the angiogenesis assay also showed that the tube for-
mation ability of HUVECs cultured in the tumor cell
medium after combined PDT treatment was significantly
decreased (Additional file 1: Fig. S12). Based on above
consequences, Fe-CDs could inhibit invasion and prevent
metastasis of melanoma cells, as well as suppress angio-
genesis within tumor environment. Previous studies had
shown that the Wnt/p-catenin pathway could accelerate
tumor cell infiltration and distant metastasis, thereby
accelerating tumor progression. Therefore, we consid-
ered that Fe-CDs might inhibit B16 cell invasion and
metastasis by influencing the Wnt/p-catenin pathway.
Since B-catenin and lymphoid enhancer-binding factor 1
(Lefl) were two essential molecules in the Wnt/[-catenin
pathway, RT-PCR experiments were then carried out to
determine their expression levels. The results indicated a
significant decrease in the expression of B-catenin, Lefl
and Wnt3a (Fig. 4G). Also, the results of WB experiments
demonstrated the protein expressions of B-catenin and
Lefl were notably down-regulated (Fig. 4H; Additional
file 1: Fig. S11D, E). In summary, the as-prepared Fe-CDs
can inhibit the proliferation and migration of B16 cells
by suppressing the Wnt pathway, which heralds the great
potential of Fe-CDs serving as an anti-tumor functional
nanocarrier of Ce6 and achieving ferroptosis/PDT syner-
gistic treatment of melanoma in vivo.

In vivo evaluation of the therapeutic effect of Fe-CDs@Ce6
on melanoma

After clarifying that Fe-CD@Ce6 possessed the func-
tion of inhibiting melanoma cell proliferation and vascu-
larization in tumor condition, we then created a mouse
melanoma model by subcutaneously injecting B16 cells
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into male BALB/c mice. When the average sizes of tumor
volume reached 5-6 mm after a week, 36 tumor-bearing
mice were randomly divided into 6 groups and continu-
ously administered via tail vein injection with PBS, Ce6,
Ce6 combined with PDT, Fe-CDs, Fe-CDs@Ce6 and Fe-
CDs@Ce6 combined with PDT, respectively (Fig. 5A).
After 7 days of treatment, all the mice were euthanized,
whose tumors and organs were collected for further
research. First, the tumor volume and mouse body weight
were measured daily (Additional file 1: Fig. S13A), which
revealed that the tumor volume continued to increase
in PBS and Ce6 groups by about 20 times. However, the
tumor volume growth rate of the Fe-CDs and Fe-CDs@
Ce6+PDT groups were significantly slower than those

of the other three groups (Additional file 1: Fig. S13B).
Remarkably, the tumors of two mice in the Fe-CDs@
Ce6+PDT group were even completely ablated, repre-
senting the efficient synergistic therapy effect (Fig. 5B).
Noteworthy, due to the poor water solubility and uptake
rate of Ce6, which leads to the fact that Ce6 cannot effec-
tively reach the tumor site through intravenous adminis-
tration, thus the killing effect is not ideal for Ce6+PDT
group. This further emphasizes the significance of Fe-
CDs@Ce6 nanocomposite to improve the tumor enrich-
ment of Ce6 for enhancing PDT effect. The statistical
results of tumor volume and mass on 21 d also verified
that the combined treatment of Fe-CDs@Ce6+PDT had
the best anti-tumor outcomes (Fig. 5C, D). The relatively
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poor efficacy of Fe-CDs@Ce6 group was due to the fact  with reduced dosage. Besides, there were no significant
that the content of Fe-CDs in Fe-CDs@Ce6 was less changes in body weight among the five groups (Addi-
than Fe-CDs under the same mass concentration, while tional file 1: Fig. S13C), which suggested that the treat-
introducing laser irradiation could achieve a better effect  ments did not cause malnutrition or consume normal
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organs, further confirming the good biocompatibility and
target-free selective anti-tumor properties of Fe-CDs.
Then, TUNEL staining of apoptotic cells were per-
formed in the tumor tissue samples obtained from the
corresponding animal experiments. As shown in Fig. 5E,
compared with other groups, the Fe-CDs and Fe-CDs@
Ce6+PDT groups showed obviously more green fluores-
cent staining cells than other groups, with apoptosis pro-
portion of 20.4% and 32.0%, respectively (Fig. 5F). This
further proved that Fe-CDs could promote the apopto-
sis of B16 cells and inhibit tumor growth, especially the
effect was enhanced after combined PDT. Moreover, sim-
ilar results were also presented in H&E staining images,
which illustrated that the tumor tissues treated with Fe-
CDs exhibited approximately 20% chromatin condensa-
tion, and about 27% chromatin condensation occurred
after PDT treatment (Fig. 5G, H). However, there were
no statistically significant differences in the PBS and Ce6
groups. Nuclear pyknosis is the irreversible condensa-
tion of chromatin in the nucleus, usually associated with
necrosis or apoptosis. In vivo experimental results con-
cluded that Fe-CDs@Ce6 could effectively inhibit mela-
noma growth by inducing tumor cell apoptosis and even
eliminated tumors through combining with PDT.

Tumor-targeting ability and in vivo biocompatibility

of Fe-CDs@Ce6

As mentioned above, Fe-CDs@Ce6 can exert anti-tumor
effect without affecting the survival status and body
weight of mice. This may be due to the enhanced perme-
ability and retention (EPR) effect of Fe-CDs@Ce6 nano-
structures or the increased permeability of tumor blood
vessels leading to the local uptake of Fe-CDs@Ce6 [55,
56]. To confirm whether Fe-CDs could enter B16 cells,
Prussian blue staining of Fe ions was used to label intra-
cellular Fe-CDs. It could be observed that 88% of the cells
in the Fe-CDs group exhibited blue-stained cytoplasm,
whereas only 20% cells in the control group showed blue
cytoplasm (Fig. 6A, B), proving the high cell entry effi-
ciency of Fe-CDs. According to the previous reports, CDs
can enter cells through clathrin or caveolin-mediated
endocytosis due to their nano-size effect and good bio-
compatibility, which make CDs an ideal drug carrier. In
order to determine whether Fe-CDs could carry Ce6 into
cells efficiently, confocal microscopy was used to record
the uptake of Fe-CDs@Ce6 based on the intrinsic red flu-
orescence of Ce6. The obvious fluorescence signal could
be seen within the cytoplasm of B16 cells, and the fluo-
rescence intensity at the incubation temperature of 37 °C
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was higher than that at 4 °C (Additional file 1: Fig. S14).
The decrease of enzyme activity under low temperature
conditions would interfere with the energy production
of mitochondria, indicating that the uptake of Fe-CDs@
Ce6 might be energy-dependent endocytosis. Also, the
efflux pathway of Fe-CDs@Ce6 was monitored, which
could be significantly inhibited at 4 °C, further indicat-
ing that the exclusion process of Fe-CDs@Ce6 was also
energy-dependent (Additional file 1: Fig. S15). Moreover,
transmission electron microscopy (TEM) identified the
spherically shaped black nanoparticles within the cyto-
plasm of B16 cells (Fig. 6C). In addition, Fe-CDs caused
vacuolar changes in the mitochondria of B16 cells, indi-
cating the mitochondrial oxidative damage and apoptosis
in B16 cells.

Benefiting from the doped Fe ions in Fe-CDs, it is
expected to be used as a magnetic resonance imaging
(MRI) contrast nanoagent to achieve drug tracking and
tumor diagnosis. Therefore, the T, relaxation rate (r,)
of Fe-CDs was measured and fitted as 13.08 mM ! s™*
according to the transverse relaxation times of Fe-CDs
at different concentrations (Fig. 6D), which were com-
parable to the conventionally used T',-weighted MRI
contrast agents (Fe;O, nanoparticles) [57]. The MRI
photographs of Fe-CDs solutions at different concentra-
tions also verified the excellent T,-weighted MRI capa-
bility of Fe-CDs, exhibiting the potential of MRI-guided
tumor therapy. Based on the above results, a marked
white MRI signal was clearly observed in the mela-
noma area of mice after tail vein injection of Fe-CDs
for 30 min, suggesting that Fe-CDs could be accurately
accumulated at the tumor sites (Fig. 6E). Furthermore,
upon intravenous injection of Fe-CDs conjugated with
near-infrared dyes (IR800) in mice for 30 min, a sig-
nificant accumulation of Fe-CDs was observed at the
tumor site (Fig. 6F), corresponding to the MRI results.
In addition, fluorescence quantification was performed
by dissecting the major organs of the mice at 30 min,
1, 24, 36 and 48 h after Fe-CDs injection (Fig. 6G). It
was found that Fe-CDs were mainly metabolized from
the body via liver and kidneys, which was similar to the
most reported CDs. After 48 h of injection, over 90%
of Fe-CDs was metabolized and no significant fluores-
cence signal was detected, indicating the fast plasma
clearance rate of Fe-CDs. Finally, H&E staining of
important organs including heart, liver, spleen, lung
and kidney showed that continuous administration of
Fe-CDs and Fe-CDs@Ce6 did not cause obvious inflam-
matory infiltration or cell state changes, confirming
the satisfactory biosafety of Fe-CDs (Additional file 1:
Fig. $16). In summary, a biocompatible and simple fer-
roptosis/PDT/MRI multi-functional nanoplatform was
constructed based on Fe-CDs@Ce6, showing broad
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application potential in the treatment of melanoma and
other types of tumors.

mRNA transcriptome sequencing (RNA-seq)

and bioinformatics analysis

To verify the inhibitory effect of Fe-CDs on the pro-
liferation and invasion of B16 cells and elucidate the
underlying mechanism, whole transcriptome mRNA
sequencing was performed on tumor tissues treated
with Fe-CDs. The sequencing results showed that a
total of 230 genes were differentially expressed between
Fe-CDs and the control group (p<0.05), of which
136 genes were up-regulated (e.g., FOXO1, MAPK],
CAMK2A, HMOX1) and 94 genes were down-reg-
ulated (e.g., Lefl, FZD10, Wntllb, Slc7all, Slc3a2)
(Fig. 7C; Additional file 1: Fig. S17). Kyoto Encyclope-
dia of Genes and Genomes (KEGG) of biological func-
tions of genes found that up-regulated genes in the
Fe-CDs group were enriched in pathways promoting
apoptosis and DNA damage repair, with representa-
tive signaling pathways included ferroptosis pathway
(Fig. 7A) and Wnt pathway (Fig. 7B). Further analysis
of these two representative signaling pathways identi-
fied related genes, including Slc7all and Lefl, which
were significantly downregulated in the Fe-CDs group.
Previous studies have found that the over-expression of
Slc7all in human tumor cells can inhibit ROS-induced
ferroptosis and attenuate the p53-mediated suppression
of tumor growth [58, 59]. Here, the levels of Slc7all
and Slc3a2 genes were decreased in the Fe-CDs group,
which resulted in the decrease of GSH synthesis, the
indirectly reduction of cell antioxidant capacity, and the
enhancement of the cell sensitivity of towards ferrop-
tosis (Fig. 7D). In recent years, a variety of interacting
components and functions have been identified in the
Wnt signaling pathway, revealing not only the complex-
ity but also the potential of Wnt signaling. It is currently
believed that the canonical Wnt/B-catenin signaling
pathway is involved in the promotion of cancer initia-
tion and progression [60]. Gene set enrichment analysis
(GSEA) was conducted on the significantly differentially
expressed genes in melanogenesis, revealing a down-
regulation in the expression of transcriptional regula-
tors associated with the WNT pathway (Fig. 7E). As a
downstream molecule of the Wnt pathway, f-catenin is
present inside and outside the cells, and contributes to
the adhesion of the trans-membrane adhesion protein
VE cadherin to the cell membrane, thereby increasing
the stability of the cytoskeleton, supporting angiogenic
processes such as vessel sprouting and elongation, and
promoting vessel maturation. The Fe-CDs treatment
could significantly down-regulate FZD10 and Lefl
in B16 cells, thereby inhibiting the expression of Wnt
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signaling pathway, inducing apoptosis and preventing accuracy of the sequencing analysis results, we con-
proliferation of B16 cells, and playing a certain role in  ducted immunohistochemistry (IHC) experiments on
anti-tumor growth and anti-metastasis. To validate the  the tumor tissue after treatments, which demonstrated
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that the expression levels of key genes associated with
the Wnt pathway decreased in the Fe-CDs and Fe-
CDs@Ce6 +PDT groups, such as B-catenin and Lefl.
Simultaneously, genes related to ferroptosis, notably
GPX4 and HO-1, showed significantly decreased and
increased expression levels, respectively (Fig. 7F; Addi-
tional file 1: Fig. S18). It is reported that elevated HO-1
levels can promote the generation of divalent iron
ions, thereby facilitating ferroptosis [61]. Furthermore,
WB results also indicated that the expression levels of
B-catenin and Lefl decreased, which proved the IHC
results. Additionally, genes related to ferroptosis (xCT
and GPX4) exhibited reduced expression, while HO-1
expression increased in the Fe-CDs, Fe-CDs@Ce6 and
Fe-CDs@Ce6 +PDT groups (Fig. 7G; Additional file 1:
Fig. S19), which further confirmed that Fe-CDs could
exert anti-tumor effects by promoting ferroptosis. In
summary, Fe-CDs had revealed their molecular mech-
anisms through whole transcriptome sequencing by
inhibiting melanoma cell proliferation, activating fer-
roptosis pathways, and suppressing the Wnt pathway
(Fig. 7H). The multi-functional nanoplatform based on
Fe-CDs@Ce6 combined with PDT demonstrated great
potential in the treatment and diagnosis of melanoma,
which provided promising avenues for future thera-
peutic research and clinical applications, while also
offering valuable insights into deeper understanding of
melanoma biology.

Conclusions

In summary, we successfully demonstrate Fe-CDs@Ce6
nanoconjugates by coupling ferroptosis nanoinducer Fe-
CDs with photosensitizer Ce6. Benefiting from the nano-
particle structure, Fe-CDs can efficiently enter cells via
endocytosis and self-enrich within melanoma, thus serv-
ing as a biocompatible and water soluble nanocarrier for
carrying Ce6 molecules. The doping of Fe* in Fe-CDs
can induce GSH-responsive ferroptosis, promoting apop-
tosis and inhibiting invasion of B16 cells by suppressing
the Wnt/p-catenin pathway. Combining Fe-CDs with Ce6
appears to further enhance the therapeutic potential of
ferroptosis based on the synergistic enhancement of ROS
production. In a mouse orthotopic melanoma model, the
tumors after Fe-CDs@Ce6 administration with laser irra-
diation completely disappeared without toxic side effects
in normal tissues and organs. As a result of loading iron
ions and chlorin, Fe-CDs@Ce6 also exhibits the capabil-
ity of T,-weighted MRI and FL dual-modal tumor imag-
ing, indicating its potential in imaging-guided tumor
therapy. The reported Fe-CDs@Ce6 not only show appli-
cation prospects in treatment of melanoma but also
extensive possibility in other types of tumor, such as
breast cancer, lung cancer and brain cancer. In particular,
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the multifunctionality and specificity of Fe-CDs endow
their prominent advantages in loading other moieties and
further integrating therapies, which provides a promising
research direction in the construction of nanoplatform
for cancer therapy.

Abbreviations

PDT Photodynamic therapy

CDs Carbon dots

Ce6 Chlorin e6

Fe-CDs Fe ions-doped carbon dots

B16 Mouse skin melanoma cells

'0, Singlet oxygen

MRI Magnetic resonance imaging

ROS Reactive oxygen species

GSH Glutathione

GPX4 Glutathione peroxidase 4

GSSG Oxidized glutathione

PS Photosensitizers

GlcFe Ferrous gluconate hydrate

DCC N,N’-Dicyclohexylcarbodiimide

DMAP 4-Dimethylaminopyridine

DMSO Dimethy! sulfoxide

DI Deionized

TEM Transmission electron microscope

PL Photoluminescence

XPS X-ray photoelectron spectroscopy

FTIR Fourier transformed infrared spectra

UV-Vis Ultraviolet-Visible

ICP Inductively coupled plasma spectrometer

PBS Phosphate buffered saline

FBS Fetal bovine serum

HUVECs ~ Human umbilical vein endothelial cells

ECM Endothelial cell medium

RSC96 Rat Schwann cells

DMEM Dulbecco’s modified eagle medium

H&E Hematoxylin—eosin

IHC Immunohistochemistry

WB Western blot

GO Gene Ontology

KEGG Kyoto Encyclopedia of Genes and Genomes

gRT-PCR  Real-time quantitative reverse transcription-polymerase chain
reaction

MB Methylene blue

GSEA Gene set enrichment analysis

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/512951-024-02346-2.

Additional file 1: Figure S1. PL spectra of Fe-CDs under different excita-
tion wavelengths. Figure S2. Deconvoluted C 1s and O 1s XPS spectra of
Fe-CDs. Figure S3. FTIR spectrum of Fe-CDs and Fe-CDs@Ce6. Figure S4.
XPS full spectra, deconvoluted C 1s and O 1s spectra of Fe-CDs@Ce6. Fig-
ure S5. Evaluation of stability of Fe-CDs@Ce6 (2 mg/mL) in PBS (pH=7.4),
acidic PBS (pH=5.0) and serum (10% FBS). Figure S6. Photographs of
solution for the chromatic reaction of Fe ions and SA. From left to right: SA,
SA+FeSO,, SA+Fe-CDs (0.2 mg/mL), SA+Fe-CDs (0.5 mg/mL), SA+GSH-
reduced Fe-CDs (0.2 mg/mL), and SA4+GSH-reduced Fe-CDs (0.5 mg/mL).
Figure. S7 Photographs of solution for the chromogenic reaction of Fe*
and K;[Fe(CN),]. From left to right: (a) 0.1 mg/mL Ks[Fe(CN)], (b) 0.1 mg/
mL K;[Fe(CN)e] +0.01 mg/mL FeSQ,, (c) 0.1 mg/mL K;[Fe(CN)¢] + 0.01 mg/
mL Fe,(SO,);, (d) 0.1 mg/mL Ks[Fe(CN)g] 4+ 0.1 mg/mL Fe-CDs, (e) 0.1 mg/
mL K;[Fe(CN)g] + 0.2 mg/mL Fe-CDs, (f) 0.1 mg/mL Ks[Fe(CN)4] 4 0.5 mg/
mL Fe-CDs. Figure S8. Evaluation of Fenton reaction by measuring the
UV-Vis absorption spectra of MB and H,O, under different concentrations
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of Fe-CDs (A) and GSH reduced Fe-CDs (B) (insets show the solution pho-
tographs of MB+H,0, and different concentrations of Fe-CDs and GSH
reduced Fe-CDs). Figure. S9 ELISA assay of TNF-a (A) and IL-10 (B) expres-
sion level in B16 conditioned medium after Fe-CDs@Ce6+PDT treatment.
Figure $10. A-B The levels of ROS in B16 cells after treatment with Fe-CDs
(Scale bar: 500 pm). C-D The alteration of mitochondrial membrane
potential in B16 cells after treatment with Fe-CDs (Scale bar: 100 um)
(n=3, **p<0.01, ***p<0.001 were considered statistically significant).
Figure S11. Western blot analysis for -catenin, xCT, Lef1, HO1 and GPX4
(n=3, *p<0.05, *p<0.01, **p<0.001 were considered statistically signifi-
cant). Figure $12. Stimulation of tube formation in HUVECs using B16

cell supernatant after treatment (Scale bar: 200 um and 100 um from top
to bottom) (n=3, ****p<0.0001 were considered statistically significant).
Figure $13. A Macroscopic presentation of tumors, along with measure-
ments of B tumor volume and € mouse body weight (n=6) (Scale bar: 1
cm). Figure. $14 Co-staining of Lyso- and Mito tracker with Fe-CDs@Ce6
at the incubation temperature of 4 and 37°C. Scale bar: 100 um. Figure.
S15 Time-dependent cellular uptake of Fe-CDs@Ce6 by B16 cells at the
incubation temperature of 4 and 37°C. Scale bar: 100 pm. Figure $S16. The
result of H&E staining of main organs of nude mice after treatment (Scale
bar: 100 um). Figure S17.Volcano plot of melanoma in PBS vs Fe-CDs.
Figure $18. Immunohistochemical analysis of 3-catenin, Lef1, HO1 and
GPX4 (n=3, **p<0.01, **p<0.001, ***p<0.0001 were considered statisti-
cally significant). Figure S19. Western blot analysis for 3-catenin, xCT, Lef1,
HO1 and GPX4 (n=3, **p<0.01, ***p<0.001, ****p<0.0001 were considered
statistically significant).
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