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Biodegradable two-dimensional nanomaterials could be a significant breakthrough in the field of oncology
nanotheranostic agents, which are rapidly emerging as promising candidates for tumor theranostic applications.
Herein, a novel biodegradable ferrous sulfide nanosheet (FeS NS) is developed. Compared to the traditional
photothermal material, black phosphorus nanosheet (BP NS), FeS demonstrates superior degradability and
enhanced photothermal performance, and making it ideal for efficient photothermal therapy (PTT) of tumors. In
the acidic tumor microenvironment, FeS degrades and releases H,S, which inhibits mitochondrial respiration and
ATP production. This process leads to a reduction in heat shock protein expression, lowering the resistance of
tumor cells to photothermal stimulation, and improving the efficacy of PTT. The released Fe?* exhibits efficient
peroxidase activity, triggering ferroptosis in tumor cells. Furthermore, due to its superparamagnetic nature, FeS
NSs could accumulate at the tumor site and provide a strong magnetic resonance imaging (MRI) signal for
imaging-guided tumor therapy. Overall, as a promising alternative to BP, the FeS NSs are a potentially innovative
nanotheranostic agent of tumors, offering a synergistic approach to ferroptosis—PTT with MRI guidance.

1. Introduction degradation, whereas non-biodegradable nanomaterials degrade slowly

and incompletely. Within the body, biodegradable nanomaterials

The ultrathin structure of two-dimensional (2D) nanomaterials, such
as the high specific surface area and excellent surface properties like
optical, ultrasonic, magnetic response, has attracted significant research
interest [1]. Biodegradable 2D nanomaterials hold promise for future
cancer theranostics [2], provided they can achieve a balance between
functioning in the body for an adequate period and being metabolically
cleared from the body promptly. While most nanomaterials undergo
some form of biodegradation, the rate and degree of degradation vary
widely. Biodegradable nanomaterials undergo rapid and complete
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engage in a dynamic process, progressively breaking down into smaller
size or ions across various organs, circulating through the bloodstream,
and ultimately being either absorbed or excreted from the body [3]. For
example, iron ions degraded by iron oxide in the body can be stored in
certain proteins or eliminated through typical iron metabolic pathways
[4]. However, non-biodegradable or slow-biodegradable 2D materials
have a low clearance rate and pose various acute toxicity and long-term
safety concerns. For example, the injection of nanoscale graphene oxide
(GO) into mice led to acute lung injury and chronic lung fibrosis [5]. GO
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Scheme 1. Schematic illustration of (A) the detailed synthesis of FeS-PEG, (B) Superiority of FeS over BP, (C) Enhanced T2 MRI performance of FeS, and (D)

Mechanism of FeS-PEG in promoting ferroptosis-enhanced PTT of tumors.

nanocolloids were found to be toxic to human skin fibroblasts at low
concentrations [6]. Graphene also exhibited significant toxicity to
human astrocytes [7], while MoS, triggered notable toxicity in Kupffer
cells [8]. Hexagonal boron nitride showed cytotoxic effects in mouse
trachea, human alveolar and human corneal epithelial cells [9].
Therefore, the development of biodegradable 2D nanomaterials is
crucial for clinical translation and holds promising applications in the
biomedical field.

In recent years, a biodegradable 2D nanomaterial, such as black
phosphorus nanosheet (BP NS), have gained significant attention as
promising alternatives to other 2D nanomaterials due to its excellent
physical and chemical properties, which has been extensively explored
and applied in multiple fields [10,11], and shown considerable potential
in photothermal therapy (PTT) for tumors [12]. BP NSs are primarily
composed of phosphorus, an element naturally abundant in the human
body, enabling the material to degrade into non-toxic byproducts. BP
NSs has become the darling material amongst all current biodegradable
2D nanomaterials for cancer nanotheranostics. However, current
exfoliation-based preparation methods for BP often produce nanosheets
with numerous defects [13], limited universality, low yield, and high
production costs. Consistent size and morphology of nanosheets are
crucial for biomedical applications, however, mechanical exfoliation
methods often yield variable sizes and shapes. Additionally, BP exhibits
a slow degradation rate and reduced ultraviolet absorption 1/3 after 72
h in aqueous or bodily fluid environments. After 7 days, transmission
electron microscope (TEM) analysis revealed a sheet structure with
blurred edges and rough surfaces, while still a relatively intact
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nanosheet structure [14]. Despite their potential as photothermal
agents, BP NSs exhibit suboptimal photothermal efficiency and limited
therapeutic efficacy due to their inherent properties and lack of func-
tional groups for surface modification [15,16]. Therefore, developing
optimized biodegradable 2D nanomaterials with improved properties
remains a critical need for achieving efficient PTT in tumor therapy.
Through rational design and synthesis of nanomaterials, it is possible
to integrate various clinical diagnostic and therapeutic processes into a
single nanosystem which enables real-time and precise disease diagnosis
and treatment [17-19]. Moreover, this approach also facilitates the
monitoring of treatment efficacy, timely dosing adjustments, and ulti-
mately better therapeutic outcomes for patients [20]. Magnetic Reso-
nance Imaging (MRI) is a radiation-free imaging technique known for its
high spatial resolution, deep tissue penetration ability and excellent soft
tissue contrast, making it a valuable tool in clinical research [21].
Nanoprobes are currently being explored as potential MRI contrast
agents to enhance imaging sensitivity and specificity [22,23]. However,
safety concerns regarding contrast agents pose a challenge to their
clinical translation. It has been reported that gadolinium-based contrast
agents have been associated with nephrogenic systemic fibrosis in some
patients, leading to dose reductions that can compromise imaging
quality [24]. In contrast, iron-based nanomaterials offer advantages
such as natural degradation mechanisms, good biocompatibility, and the
potential induction of ferroptosis in cells [25]. Therefore, various
iron-based nanomaterials have been extensively studied for cancer
theranostics [26], due to their superparamagnetic properties, improved
biocompatibility, and cost-effectiveness [27]. And the accumulation of
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the released iron ions in cells leads to ferroptosis. Xie et al. developed
amorphous ferrous sulfide-embedded bovine serum albumin (FeS@BSA)
nanoclusters that released Fe?* under acidic conditions, triggering a
rapid Fenton reaction to induce cytotoxic ROS production in cancer cells
and released HsS in Huh7 cancer cells [28]. Following intravenous in-
jection in mice, FeSS@BSA aggregated at the tumor site and produced a
strong MRI signal. This observation led to the development of an
MRI-guided nanoplatform for tumor theranostics.

Herein, a novel biodegradable 2D ferrous sulfide nanosheets (FeS
NSs) was developed and compared to BP NSs for tumor PTT. FeS NSs
demonstrated higher efficiency for PTT, with superior photothermal
conversion efficiency (PCE) (Schemes 1A, B). In addition to higher PCE
for PTT, FeS also released H5S in acidic tumor microenvironments,
inhibiting mitochondrial respiration and ATP production, leading to
reduced HSP70 expression and increased sensitivity of tumor cells to
PTT. Additionally, the released Fe?* exhibited potent peroxidase (POD)
activity, inducing ferroptosis in tumor cells at the same time (Scheme
1D). Furthermore, FeS within the tumors generated robust MRI signals,
which guided synergistic ferroptosis-PTT therapy for effective tumor
elimination (Scheme 1C). Overall, FeS exhibits strong potential as a 2D
photothermal nanomaterial, offering enhanced efficacy in tumor ther-
apy compared to BP.

2. Materials and methods
2.1. Materials

Black phosphorus nanoplates dispersion was purchased from Nanj-
ing/Jiangsu XFNANO Materials Tech Co. Ltd. Fe(NH4)2-(SO4)2-6H20,
PEI, PEG, trisodium citrate, thioacetamide and bisBenzimide H33342
trihydrochloride (Hoechst 33342) were purchased from Aladdin
Chemical Co. Ltd. (Shanghai, China). Fetal bovine serum (FBS) was
purchased from Lonsera (USA). Dulbecco’s modified Eagle’s medium
(DMEM), Phosphate-buffered saline (PBS) and penicillin-streptomycin
and ATP Assay Kit were purchased from Beyotime biotechnology
(Shanghai, China). FITC, BCA protein assay kit, cell lysis buffer for
Western blotting, and IP, primary antibody dilution buffer and other
commonly used buffers were purchased from Aladdin Chemical Co. Ltd.
(Shanghai, China). Cy5.5 and WSP-1 were purchased from Shanghai
Maokang Biotechnology Co. Ltd. Mitochondrial Membrane Potential
Assay Kit with JC-1 was purchased from Solarbio Science & Technology
Co., Ltd. (Beijing, China). BODIPY581/591-C11, SuperSignal West Pico
PLUS chemiluminescent substrate was purchased from Thermo Fisher
Scientific Co. (USA). GAPDH Monoclonal Antibody and GPX4 Polyclonal
Antibody were purchased from Proteintech. Hsp70 Rabbit Monoclonal
Antibody was purchased from Beyotime biotechnology. All chemical
reagents were used directly without further purification.

2.2. Measurements

The morphology and element composition of the NSs were observed
by TEM (Talos F200i) and AFM (Bruker Dimension ICON). The particle
size distribution and ¢ potential were measured by using a DLS detector
(Malven, UK). The UV-vis spectra were performed with a UV spectro-
photometer (Thermo Fisher, USA). Fourier transform infrared (FTIR)
was detected by a Magna-560 spectrometer. Metal content was quanti-
fied on an ICP-OES instrument (G8018A, Agilent, USA). Cell uptake,
intracellular ROS detection and H,S detection etc. Were observed by
CLSM (DMi8, Leica, Germany).

2.3. Cell culture

The DMEM medium was mixed with 10 % FBS and 1 % antibiotics
(penicillin and streptomycin) for the culture of LLC and HUVEC cells.
The culture condition is 37 °C in a humidified environment containing 5
% COo. For cell harvesting, 0.5 % w/v trypsin in PBS was used to detach
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from the cell culture dish and then resuspended in a fresh medium for
the following usage.

2.4. Animal experiment

C57BL/6 mice (Half male and half female, 6 weeks old) were ob-
tained from Huafukang Bioscience Co. (Beijing, China). All animal ex-
periments are fully authorized and approved by the Experimental
Animal Care Ethics Committee of Shandong First Medical University
(Approval No. SDTHEC2023003137).

2.5. Synthesis of FeS nanosheets

Fe(NH4)2-(SO4)2 (0.6 mmol) and trisodium citrate (0.2 mmol) were
dissolved in 15 mL of ethylene glycol, and PEI (500 mg) dissolved in 5
mL ethylene glycol was added to the above solution and stirred for 120
min. Subsequently, thioacetamide and triethanolamine (2 mL) were
added to the mixture and stirred for a further 5 min. Afterward, the
product was transferred to a stainless-steel autoclave lined with Teflon
and kept at 200 °C for 24 h. Finally, the product was collected by
centrifugation.

2.6. Synthesis of FeS-PEG and BP-PEG

FeS (1 mg) or BP (1 mg) and PEG (50 mg) were dissolved in 5 mL of
anhydrous ethanol (BP in deionized water) and stirred under dark
conditions for 6 h at room temperature. The product was centrifuged,
washed, and finally dispersed in anhydrous ethanol or deionized water.

2.7. Degradation behavior of FeS NSs

FeS NSs and BP NSs of the same mass were incubated in PBS at room
temperature, and the images of the color change and the absorbance
were recorded, and its extinction coefficient was calculated. A(A) = ¢ x
C x L, where A represents the absorbance, L and C represent the path-
length (10 mm) and the FeS concentration (g/L), respectively. To eval-
uate the photothermal-enhanced degradability of FeS, FeS-dispersed
aqueous suspensions (150 pg/mL) were exposed to laser irradiation
with varied power. The absorbance spectra and TEM images of FeS
aqueous solutions at the corresponding temperatures were collected.

2.8. In vitro cytotoxicity study

LLC cells in the logarithmic growth phase were taken and inoculated
into 48-well plates (2 x 10* cells/well), and cultured in DMEM at 37 °C
with 5 % CO; for 24 h. They were then treated with the sample with
different concentrations and NIR (1.5 W/cmz) irradiated for 5 min/well,
and then cultured for 6 h. Cell survival was detected by the MTT assay.
Briefly, the MTT reagent (1:5 diluted in DMEM) was added to each well
and the plates were incubated for another 3.5 h. DMSO was then
introduced (200 pL/well) and the plates were kept in the dark for an
additional 15 min. Measurements of absorbance were subsequently
completed with a microplate reader.

2.9. Biocompatibility assay

HUVEC in logarithmic growth phase were taken and inoculated in
96-well plates, and cultured in DMEM at 37 °C with 5 % CO». After that,
the cells were treated with FP and BPP at different concentrations for 24
h. Cell survival was detected by the MTT assay.

2.10. Cell uptake
LLC cells in the logarithmic growth phase were inoculated in

confocal dishes (3 x 10° cells/dish) and cultured for 24 h. Subsequently,
the cells were treated with different concentrations of FP-Cy5.5 for 4 h
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and then stained with Hoechst under dark conditions for 15 min. Then
cells were washed twice with PBS and kept in 1 mL PBS for CLSM. LLC
cells were inoculated in 6-well plates (3 x 10° cells/well) and then
treated by FP-FITC for 4 h. Subsequently, flow cytometry was used for
detection.

2.11. Live/dead cell staining

The in vitro therapeutic effect was explored with a cell viability/
cytotoxicity assay kit that can label live/dead cells with calcein AM and
PI probes, respectively. In short, LLC cells were inoculated in 6-well
plates (4 x 10° cells/well) and cultured for 24 h. After that, the cells
were treated with different conditions, 6 h later, mixed with DMEM
containing AM (2 uM) and PI (4.5 pM) under dark conditions for 30 min
and washed with PBS. Then cells were visualized by CLSM to observe the
staining results.

2.12. Intracellular -OH detection

Intracellular ROS production was investigated by 2,7-dichlorodihy-
drofluorescein diacetate (H2DCFDA). LLC cells were inoculated in
confocal dishes (3 x 10° cells/dish) and incubated for 24 h. Subse-
quently, the cells were divided into different processing (Control, 50 pg/
mL FP, 100 pg/mL FP and 100 pg/mL BPP). After 6 h, the cells were
incubated with H2DCFDA (10 pM) in dark conditions for 30 min.
Intracellular DCF fluorescence was observed by CLSM.

2.13. Intracellular H5S detection

LLC cells were inoculated in a confocal dish (3 x 10° cells/dish) and
cultured for 24 h. They were divided into negative control, FP and NayS-
positive control groups for 4 h incubation respectively. After that, cells
were incubated with WSP-1 probes according to the manufacturer’s
protocol, and the production of HyS in the cells was observed through
CLSM.

2.14. Intracellular ATP Level Evaluation

LLC cells were inoculated in 6-well plates (2 x 10° cells/well) and
incubated for 24 h, then incubated with FP (80 pg/mL) for 24 h. Sub-
sequently, cells were washed three times with PBS, and ATP levels in the
cells were detected by ATP Assay Kit (Beyotime, China).

2.15. Mitochondrial membrane potential and LPO evaluation

LLC cells were inoculated in a confocal dish (3 x 10° cells/dish) and
cultured for 24 h. Then cells were treated and grouped Control, FP, FP +
Fer-1 and BPP. After 6 h, the cells were stained by JC-1 assay kit and
C11-BODIPY 581/591 according to the manufacturer’s protocols. The
mitochondrial membrane potential and LPO were visualized by CLSM.

2.16. GSH detection

LLC cells were inoculated in the 6-well plates. Then, different con-
centrations of FP were added and incubated for 24 h, respectively. The
GSH content was detected using the GSH detection kit (Beyotime,
China).

2.17. Western blot

LLC cells were cultured as described in Intracellular ATP Level
Evaluation and divided into different treatment groups. Using a solu-
tion containing protease with a phosphatase inhibitor and by following
the manufacturer protocol, the total proteins were then extracted after
the cells were lysed. Subsequently, the total protein was quantified using
a BCA protein kit (Aladdin, China). The protein was analyzed using SDS-
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PAGE and transferred to a PVDF membrane for imaging. After being
sealed with 5 % skim milk, it was sequentially incubated with HSP70,
GPX4, GAPDH antibody (1:1000), HRP-labeled goat anti-rabbit sec-
ondary antibody (1:5000).

2.18. Hemolysis test

Mouse blood was centrifuged and washed to obtain red blood cells
(RBCs) and suspended in PBS. FP was added to the erythrocyte sus-
pension at various concentrations. Incubated at 37 °C for 3 h, centri-
fuged, and take photos. The hemolysis rate was determined and
calculated.

2.19. MRI experiment

For in vitro MRI, LLC cells treated by different concentrations of FP
were scanned by MR to acquire T2 MR images. For in vivo MR, FP was
injected into mice via vein, and the MRI effects at different time points
were evaluated by a 9.4T MRI instrument. MRI scanning was performed
by a 9.4T Bruker animal scanner (Bruker BioSpec 94/30). The gradient
system allowed a maximal gradient strength of 660 mT/m with a slew
rate of 4570 (T/m)/s. A series of scout images were acquired in the
coronal view and the axial view of the tumor before each scanning
session. The T2-weighted imaging parameters were as follows: TE = 33
ms, TR = 2500 ms, excitation angle = 90°, field of view = 3.6 x 3.0 cm?,
matrix size = 256 x 256, slice thickness = 0.8 mm, and number of
repetitions per slice = 18.

2.20. In vivo tumor inhibition study

LLC cells were dispersed into a serum-free medium (1 x 107 cells/
mL) and 100 pL was injected subcutaneously via the right side to
establish a hormonal C57BL/6 mouse model. After the tumor reached an
initial size of approximately 100 mm?3, the mice were randomly divided
into PBS, PBS + NIR, BPP, FP, BPP + NIR and FP + NIR with 5 mice in
each group. NIR irradiation was performed in the NIR group (1.5 W/
cm?, 5 min). After 13 days of measurement, the tumors were extracted,
weighed, and photographed. Tumor volume (mm3) = (length) x
(width)?/2.

2.21. In vivo biodistribution imaging

The LLCs-tumor-bearing mice were constructed subcutaneously on
the right side of C57BL/6 mice (1 x 10° per mouse). FP-Cy5.5 was then
injected intravenously into the mice. The fluorescence images were
recorded at various time points (O h, 1 h, 2 h, 4 h, 6 h) by an IVIS imaging
system. Finally, all tumors and major tissues were excised and imaged
after 6 h administration.

2.22. In vivo infrared thermal imaging

The LLCs-tumor-bearing mice were constructed subcutaneously on
the right side of C57BL/6 mice; PBS, FP and BPP were then injected
intravenously into the mice, respectively. After 2 h, tumors were
exposed to an 808 nm laser (1.5 W/cmz). The thermal images were
obtained by using an infrared thermal camera.

2.23. Biosafety assessment

For histopathological analyses of major organs, the mice were
sacrificed after the treatment to collect the major organs (brain, heart,
liver, spleen, lung, and kidney). The tissue samples were stained with
H&E. And to collect the blood for serum biochemistry assay of
indicators.
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Fig. 1. Synthesis and characterization analyses. (A) TEM images of FeS and BP. (B) Elemental mapping of FeS. (C) Typical AFM image of FeS and the statistical
thickness. (D) Hydrodynamic sizes of FeS and FP, and (E) BP and BPP. (F) { potential analysis of FeS and FP, and (G) BP and BPP. (H) UV-vis spectra of FeS and BP
(80 pg/mL). (I) Photothermal-conversion heating curves under NIR laser irradiation with different concentrations of FeS and (J) BP. (K) Calculation of the PCE at 808
nm laser irradiation of FeS and (L) BP. (M) FTIR spectrum of FeS. Laser irradiation at 808 nm, 1.5 W/cm?.
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Fig. 2. Biodegradation performance analysis. (A) Photographs, (B) absorbance spectra of FeS and (C) BP (100 pg/mL) in varied degradation durations, and (D) the
corresponding extinction coefficient. (E) Photothermal-conversion heating curves with 5 times NIR irradiation cycle of FeS and (F) BP. (G) Photothermal-conversion
heating curves (5 min) of FeS aqueous solutions (150 pg/mL) showing varied photothermal-conversion temperatures. (H) Absorbance spectra, (I) the corresponding
schematic diagram, and (J) TEM images with different magnifications for FeS degradation (150 pg/mL) at the corresponding temperatures by photo-
thermal treatment.
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Fig. 3. Invitro evaluation of antitumor properties. (A) CLSM images of LLC cells internalization of FP and BPP with increasing dose. (B) FCM analysis of LLC cells
internalization of FP and (C) BPP with increasing dose. (D) Fluorescent images of living and dead cells with different treatments by co-staining with Calcein-AM and
PIL. The white dotted line represents the boundary of the NIR. (E) Cell viabilities of LLC cells with or without NIR irradiation by FP and (F) BPP. Laser irradiation at
808 nm, 1.5 W/cm?. (ns indicates no statistically significant difference, ***P < 0.001, ****P < 0.0001.)

2.24. Statistical analysis

All statistical data were analyzed using GraphPad Prism 8.0 soft-
ware, and the results were expressed as mean =+ standard deviation (SD).
Comparisons between two groups were assessed using an unpaired two-
tailed t-test. A p-value less than 0.05 (P < 0.05) was considered statis-
tically significant, specifically with ns = non-significant, *p < 0.05, **p
< 0.01, ***p < 0.001, and ****p < 0.0001.

3. Results and discussion

3.1. Preparation and characterization of the FeS-PEG and BP-PEG
nanosheets

The detailed synthesis of the prepared FeS-PEG is illustrated in
Scheme 1A. First, the ammonium iron (II) sulfate hexahydrate and
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thioacetamide were thoroughly stirred in ethylene glycol, followed by a
reaction in an autoclave at 200 °C for 24 h resulting in the formation of
FeS NSs. Then, polyethylene glycol (PEG) was functionalized onto the
FeS NSs surface to enhance its biocompatibility. The TEM images
(Fig. 1A) revealed that FeS exhibited a sheet morphology with uniform
particle size and good dispersion, measuring approximately 100-150
nm. The atomic force microscope (AFM) demonstrated a thickness of
about 1.5 nm (Fig. 1C). In contrast, BP displayed a larger and thicker
lamellar morphology (Fig. 1A). Furthermore, elemental mapping results
confirmed the presence of Fe and S elements in the FeS NSs as expected
(Fig. 1B). Dynamic light scattering (DLS) measurement showed that the
relative hydrodynamic size of FeS-PEG (abbreviated as FP) was slightly
larger than that of FeS NSs (Fig. 1D), indicating the successful modifi-
cation of PEG. Similarly, BP-PEG (abbreviated as BPP) was larger than
bare BP NSs (Fig. 1E). The synthesized FeS NSs were concluded to be
significantly thinner and smaller than both the commercial BP NSs used
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in this study (bought from XFNANO, with a thickness of 1-10 layers) and
the previously reported BP NSs (Supporting Information, Table 1). Due
to the presence of the abundant amine groups, FeS NSs showed a positive
charge of approximately +23 mV. While the BP NSs had a negative
charge of —8.8 mV. Upon modification of PEG, the absolute potentials
values of both FeS NSs and BP NSs decreased (Fig. 1F and G). UV-vis
spectra revealed that FeS NSs displayed higher absorption at 808 nm
compared to BP NSs (Fig. 1H), which encourages to further explore and
compare their photothermal properties. Fourier transform infrared
(FTIR) spectra highlighted the respective characteristic chemical bonds
of them (Fig. 1M and Fig. S1). The XPS analysis confirmed the presence
of Fe, S, O, and N elements. Raman spectroscopy was further analyzed.
The peaks at 280 cm™! and 214 cm™! are assigned to the symmetric and
asymmetric stretching vibration of Fe-S, respectively (Fig. S2). Above
results confirmed the successful synthesis of FeS NSs. The optical ab-
sorption spectra acquired on FeS NSs exhibited an intense absorption at
808 nm, which was higher than that of BP NSs. Although both materials
are potential photothermal agents, FeS NSs exhibit superior photo-
thermal performance. FeS and BP displayed a temperature increase with
increasing concentration at the same 808 nm laser power (1.5 W/cmz)
(Fig. 1I and J). After the same duration and intensity of 808 nm laser
radiation, FeS NSs rose to a higher temperature than BP NSs. The tem-
perature of 100 pg/mL FeS elevated to almost 60 °C in 5 min while BP
was less than 45 °C. The PCE of FeS NSs was calculated to be 42.72 %,
surpassing that of BP NSs at 28.56 % (Fig. 1K and L). Therefore,
compared to BP, FeS NSs may serve as a more effective photothermal
agent for potential PTT applications.

3.2. In vitro biodegradability of FeS/BP and photothermally accelerated
degradation of FeS nanosheets

The degradation performance of 2D nanomaterials remains a sig-
nificant challenge for their clinical translations [29]. Therefore, inves-
tigating degradation characteristics of FeS/BP under ambient conditions
is crucial for their future biomedical applications. To evaluate the
biodegradability of FeS and BP NSs, they were dispersed in phosphate
buffer saline (PBS) and exposed to the air at room temperature for 6 h.
Subsequently, their optical/spectroscopic properties and morphology
changes were analyzed at different time points (0, 1, 2, 4 and 6 h). The
color of the FeS NSs suspension gradually weakened over time, attrib-
uted to its inherent strong reduction and degradation behavior (Fig. 2A
and Fig. S3). In contrast, BP NSs showed a slight lightning of color
during the same time frame. The corresponding UV-vis absorption
spectra of FeS NSs suspension displayed a significant decrease in
absorbance intensity as the dispersion time increased, while BP NSs
remained stable (Fig. 2B, C, D). Accordingly, it is indicated that FeS NSs
exhibit a prominent degradation capacity over BP NSs. To evaluate the
acid-responsive degradation of FeS and BP NSs, they were dispersed in
PBS of pH 7.4 and 5.5 and exposed to the air at room temperature for 6 h
(Fig. S4). The color of FeS NSs suspensions weakened over time, which
was particularly notable in PBS of pH 5.5, suggesting a strong reduction
and acid-responsive degradation behavior. In contrast, BP NSs in PBS of
pH 7.4 and 5.5 showed a slight lightning of color during the same time
frame. The corresponding UV-vis absorption spectra of FeS NSs sus-
pension displayed a decrease in absorbance intensity as the dispersion
time increased, and the decrease in absorbance was more significant
when dispersed in PBS of pH 5.5. The same degradation trend was
observed in simulated body fluids and simulated acidic TME (Fig. S5).
The results showed that FeS NSs have acid-responsive degradation
properties. BP was relatively stable, but acidic environments also
enhanced BP degradation.

Moreover, significant temperature changes of FeS could be observed
during the 5 times on/off laser exposure cycles, and BP barely changed
(Fig. 2E and F). The findings suggest that while BP demonstrated pho-
tothermal stability, FeS exhibited excellent photothermal-enhanced
degradability. In other words, FeS can degrade in vivo after effectively
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performing its role in photothermal conversion. The experimental
evaluations were conducted to investigate the photothermal-induced
biodegradation behavior of FeS NSs. The FeS NSs-dispersed aqueous
suspensions were exposed to 808 nm laser irradiation for 5 min at
varying power densities to achieve different temperature elevations (25,
47.7,69.3, and 80 °C) (Fig. 2G). The absorbance intensity of the FeS NSs
in water decreased as temperature elevated (Fig. 2H). TEM observation
results further supported this photothermal-enhanced biodegradation
process. The FeS NSs show a significant change in morphology with the
increasing treatment temperature (Fig. 21 and J). Specifically, at 47.7 °C,
the lamellar morphology became porous and fragmented. Subsequently,
when the temperature was raised to 69.3 °C, there was obvious change
in morphology characterized by a gradual cleavage of FeS into smaller
nanofragments due to intense oxidation on the NSs. Finally, at 80 °C, the
majority of FeS NSs were converted into highly dispersed 2D fragmented
structures. These findings underscore a temperature-dependent degra-
dation behavior of the synthesized FeS NSs.

3.3. Cellular uptake performance and antitumor effect of FeS-PEG and
BP-PEG nanosheets in vitro

Flow cytometry (FCM) analysis and confocal laser scanning micro-
scopy (CLSM) were used to analyze the cellular uptake of FP and BPP
(Fig. 3A, B, C and Figure S6). LLC cells displayed obvious dose-
dependent fluorescence intensity enhancement, indicating that both
FP and BPP can be effectively internalized by LLC cells with dose
dependence. In order to explore optimal laser power densities conditions
for treatment, the MTT experiments under different power conditions
were carried out (Fig. S7). The results showed that the photothermal
killing ability of FP on cells became stronger with higher laser power,
and the killing effect of the 1.5 W/cm? condition was far more promi-
nent than that of 1 W/ cmz, and not much weaker than that of 2 W/cm?2.
For the consideration of therapeutic effect and safe dose for laser
exposure, the 1.5 W/cm? power condition was chosen as the optimal
one. The cytotoxicity of FP and BPP were determined via MTT assay. The
cell survival rate decreased with the addition of FP, and the cell survival
rate decreased sharply under NIR condition, with only 10 % of cells
surviving at 100 pg/mL, reflecting the excellent PCE of FeS (Fig. 3E).
BPP itself was not significantly toxic to cells, and the cell survival rate
dropped to 55 % under NIR conditions, which was weaker than the PTT
killing effect of FP (Fig. 3F). The results from Calcein-AM/PI staining
were consistent with those obtained from the MTT assay. Lewis lung
carcinoma (LLC) cells with both FP and NIR treatment displayed more
cell death than those with only FP treatment (Fig. 3D and Fig. S8).
Additionally, the combination of FP and NIR resulted in significantly
more cell death compared to the combination of BPP and NIR. The
biocompatibility experiment was conducted with HUVEC cells as a
model, and the cell survival rate of them with FP or BPP treatment was
above 81 % in the concentration range of the administered drug, which
indicated that it had good cell compatibility (Figs. S9 and 10). The above
results confirmed both FP and BPP had PTT effect, but FP was more
effective. Therefore, FP can be a better agent for efficient tumor therapy.
What’s more, FP itself can kill tumor cells without NIR.

3.4. FeS-PEG enhances its inducing-ferroptosis ability in tumor cells

Subsequently, intracellular hydroxyl radicals (-OH) production was
investigated using DCFH-DA as a probe (Fig. 4A and D). The strongest
green fluorescence of DCF was observed in the high concentration FP
group, indicating the Fe?*-catalyzed Fenton reaction process promoted
the production of -OH [30]. HsS, generated by the decomposition of FeS
under acidic conditions, can interact with mitochondrial proteins, and
-OH induces peroxidation of mitochondrial lipids, leading to damage in
the electron transport chain and alterations in the mitochondrial
membrane potential. Mitochondrial function was assessed using the
JC-1 probe (Fig. 4B and E). The results showed that, after FP treatment,
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the green fluorescence representing JC-1 monomer was improved, while
the red fluorescence representing JC-1 aggregates was significantly
decreased. This indicates that the H,S and eOH produced by FP led to a
reduction in mitochondrial membrane potential, resulting in mito-
chondrial damage. In addition, the level of lipid peroxidation (LPO) and
glutathione (GSH) in LLC cells were analyzed respectively (Fig. 4C and F
and Fig. S11). The results showed that LPO levels increased and GSH
levels decreased with FP treatment, suggesting that FP could induce
oxidative stress in cells. The massive accumulation of LPO and reduction
of GSH both contribute to subsequent ferroptosis, as evidenced by
decreased expression of glutathione peroxidase 4 (GPX4) (Fig. 4G and
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Fig. S12). Ferrostatin-1 (Fer-1), an active ferroptosis inhibitor, could
both protect against damage to mitochondrial by FP and reduce the
levels of LPO.

3.5. Investigation of the intracellular H,S-modulating performance of
FeS-PEG nanosheets

As reported, H,S can impede the oxidative phosphorylation process
in the mitochondrial respiratory chain by reducing the activation of
cytochrome C oxidase (COX IV), disrupting energy metabolism, and
ultimately leading to cellular dysfunction and death [31]. The
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Fig. 6. In vivo biodistribution analysis and cancer therapy. (A) Schematic illustration of tumor model establishment and therapy process. (B) In vivo fluorescence
images of LLCs-tumor-bearing mice after the injection of Cy5.5-labeled FP at different time intervals. (C) Ex vivo fluorescence images of major tissues at 6 h post-
injection of Cy5.5-labeled FP, and (D) the quantification of fluorescence intensity of various tissues (a: Heart; b: Liver; c: Spleen; d: Lung; e: kidney; f: Muscle; g:
Tumor). (E) Infrared thermal images and the corresponding temperature elevations at the tumor regions of LLCs-tumor-bearing mice with different treatment. (F) The
photographs and (G) eventual average weights of tumors after different treatments for 13 days. (H) Relative tumor volume curves and (I) relative body weight curves
of LLCs-tumor-bearing mice under distinct treatments during 13 days. (J) H&E staining of tumor tissues dissected from the mice in various groups. Laser irradiation at

808 nm, 1.5 W/cm? (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.)

production of HyS was demonstrated in Fig. 4K after the cells was treated
by NayS with increasing dose, clearly illustrates the inhibitory effect of
HoS on ATP levels. The H,S level in LLC cells was assessed using the
WSP-1 probe, the results indicating that the green fluorescence intensity
gradually increased after FP treatment (Fig. 4H and I), suggesting the
H3S level within LLC cells rose. This increase is attributed to that FeS
with pH-response can generate Fe?! and H,S within the acidic tumor
microenvironment. Therefore, ATP production is significantly reduced
after FP treatment (Fig. 4J). By inhibiting the synthesis of heat shock
proteins (HSPs) in the process of PTT, the heat resistance of tumor cells
can be reduced, thereby enhancing the PTT effect [32]. Hence, it is
essential to explore whether the down-regulation of ATP can lead to a
decrease in HSPs expression. Western blot results showed a remarkable
decrease in HSP70 levels in FP-treated LLC cells, as well as in the FP with
NIR group compared to the control group (Fig. 4L and Fig. S13). How-
ever, LLC cells treated by the conventional photothermal agent BP
exhibited heat generation under NIR conditions, prompting the syn-
thesis of HSPs to protect the cells and potentially impact the effective-
ness of PTT. These findings suggest that FP can suppress the production
of ATP by generating H,S and further reduce the expression of HSPs at
the cellular level. An in-depth study on the specific mechanism of FP
inhibiting mitochondrial respiration in cell was conducted (Fig. S14).
Western blot results showed significant differences between the control,
BPP and FP groups for COX IV. This suggests that the inhibition of
mitochondrial respiration by FP is mainly attributed to the suppression
of COX IV expression.

3.6. Evaluation of MRI performance of FeS-PEG in vivo

The performance of the developed FP as contrast agents for MR
imaging was investigated in vitro. T2-weighted MR images of LLC cells
treated by FP exhibited dose-dependent contrast enhancement (Fig. 5A),
which indicated that FP can be effectively internalized by LLC cells. The
excellent in vitro MRI performance of FP encouraged us to further
explore the MRI performance of FP in vivo. As shown in MR images,
significantly enhanced negative signals at the tumor site were observed
at 60 min post-injection (Fig. 5D and E). The relative signal-to-noise
ratio (ASNR) of the FP group reached 17.01 % (axial) and 17.24 %
(coronal), respectively (Fig. 5B and C). Hence, FP could serve as a po-
tential MRI nanoplatform to enhance magnetic resonance contrast,
which provide a highly sensitive imaging evidence for precise tumor
diagnosis, and potentially guide subsequent anti-tumor therapy.

3.7. Investigation of FeS-PEG’s biodistribution, anti-tumor efficacy, and
biosafety in vivo

Next, fluorescence imaging was performed in vivo to examine the
distribution of FP in living body of mice (Fig. 6B). The results showed
that fluorescence levels peaked approximately 2 h’ post-injection, with
accumulation of FP at tumor site reaching a maximum before gradually
diminishing. Upon dissection, FP showed strong fluorescence in the
liver, which could be valid evidence that FP is mainly metabolized
through the liver (Fig. 6C and D). Building upon the promising in vitro
laser absorbance, photothermal-conversion capabilities and in vivo
accumulation efficiency of FP, the in vivo PTT experiments were further
performed on LLCs-tumor-bearing mice. Following irradiation with an
808 nm laser, mice injected with FP via the tail vein exhibited a more
significant temperature increase at tumor sites compared to BPP-
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injected mice, indicating that FP possessed superior photothermal
properties and could effectively induce PTT effect on tumor tissues
(Fig. 6E).

For a more comprehensive evaluation and comparison on FeS and BP
in anti-tumor efficacy, the LLCs-tumor-bearing C57BL/6 mice were
randomly divided into six groups: PBS, PBS + NIR, BPP, FP, BPP + NIR,
FP + NIR. The therapeutic process was monitored for 13days post-
treatment (Fig. 6A). Results showed that the tumor volume continued
to increase in the PBS group, PBS + NIR group and BPP group, while the
tumor volume in the FP group was inhibited to a certain extent.
Remarkably, the tumor volume in the BPP + NIR group and FP + NIR
group was significantly suppressed, with FP + NIR group showing the
most pronounced effect (Fig. 6F-H). H&E staining results showed the
most extensive damage of tumor tissues of FP + NIR group (Fig. 6J). In
consistent with in vitro therapeutic findings, in vivo experiments
confirmed that FP effectively induced ferroptosis and apoptosis in tumor
cells. Consequently, the combination of FP and NIR resulted in a syn-
ergistic ferroptosis-PTT effect, leading to a highly effective anti-tumor
therapy that surpassed the efficacy of BPP combined with NIR.

The nanosheet exhibited excellent degradability and in vivo clear-
ance of FeS, demonstrating favorable biosafety characteristics essential
for an ideal 2D nanomaterial. Throughout the study, the body weights of
mice increased steadily, indicating the good biosafety profile of these
NPs (Fig. 6I). After 13 days, all mice were euthanized, and blood along
with major organs were collected. Serum biochemical indices (ALT,
AST, UREA, CREA, CK and LDH) of major organs were measured to
evaluate functional toxicities. As is shown in Fig. 7A and Fig. S15, all
groups displayed similar values to those of PBS group, and all indicators
fell within the normal reference range. The serum inflammatory factors
in PBS group and FP treatment group were detected. There was no sig-
nificant difference in the level of inflammatory factors between the FP
group and the PBS group, which indicated that FP did not cause sig-
nificant inflammatory reactions of mice (Fig. S16). In addition, hemo-
lysis test also showed that FP had a relatively low hemolysis activity
(Fig. S17), indicating FP had good blood compatibility. Furthermore,
representative H&E staining images indicated no significant variations
in the main organs of mice treated with FP (Fig. 7B). The distribution
and the metabolic behavior of FP in mice showed that with the extension
of time, Fe content in various organs showed obvious decrease, which
indicated that FeS metabolized at a faster rate and could be effectively
excreted from the body, thus reducing the accumulation of Fe in the
body with a good safety (Fig. S18). The half-life of FP during blood
circulation was investigated by collecting blood at different time points
post-injection. The obtained data were fitted to a time-dependent con-
centration curve (Fig. S19). It was found that the concentration of the
iron ions decreased sharply within 12 h, and the half-life of FP was
calculated to be 5.61 h. Overall, the combination of FP with NIR
exhibited the most effective tumor growth inhibition with expected in
vivo compatibility, indicating its potential for clinical translation. We
believe that over time, emerging sulfide nanomaterials will extend their
applicability into other non-tumor diseases [33].

4. Conclusions

To sum up, a novel type of 2D FeS nanosheets with prominent
biodegradability has been designed and synthesized via a one-step sol-
vothermal reaction. Given its excellent properties including high PCE,
rapid degradation, enhanced T2 MRI and the ability to induce
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ferroptosis, it is considered a promising candidate to succeed BP in the
field of 2D nanomaterials for MR imaging-guided synergetic ferroptosis-
PTT tumor therapy. FeS demonstrates effective PTT tumor elimination
owing to their high PCE and ability to generate Fe>™ and H,S within the
acidic tumor microenvironment. (I) The released Fe®! exhibits potent
POD-like activity, effectively inducing tumor cell ferroptosis. (II) HyS
plays a key role in inhibiting mitochondrial respiration and ATP pro-
duction in tumor cells, (III) consequently decreasing HSP70 expression,
(IV) which can reduce the resistance of tumor cells to PTT and enhancing
PTT effect. As a result, FeS emerges as a superior candidate for 2D
photothermal nanomaterials in cancer theranostic applications
compared to BP.
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