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Anti-Her2 affibody-decorated arsenene
nanosheets induce ferroptosis through
depleting intracellular GSH to overcome
cisplatin resistance
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Abstract

Ferroptosis, a form of regulated cell death induced by excessive accumulation of reactive oxygen
species and lipid peroxidation, has recently attracted extensive attention due to its ability to effec-
tively suppress tumors and overcome drug resistance. Unlike previously reported metal nanoma-
terials that induce ferroptosis via the Fenton reaction, arsenene nanosheets can effectively deplete
intracellular glutathione and then induce ferroptosis by inhibiting glutathione peroxidase 4. In
this study, we designed target-modified arsenene nanosheets loaded with cisplatin (Her2-ANs(@
CDDP), which are capable of selective uptake by tumor cells. Her2-ANs@CDDP promotes both
apoptosis and ferroptosis through a reciprocal cascade reaction between cisplatin and the carrier,
respectively, and we demonstrate that it can significantly inhibit the activity of drug-resistant
cells. Arsenene nanosheets kill drug-resistant tumor cells by inducing ferroptosis and restoring
the sensitivity of drug-resistant cells to cisplatin. Cisplatin-loaded arsenene nanosheets can be
prepared simply, and exert synergistic effects that overcome drug resistance. They show great
potential for applications in the clinical treatment of chemotherapy-insensitive osteosarcoma,
expanding the uses of arsenic in the treatment of solid tumors.
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Introduction
Osteosarcoma (OS) is the most common primary malig-
nant bone tumor, with approximately 70-80% of patients
being children and adolescents [1]. The standard treat-
ment protocol for OS is surgery combined with multi-
course, multi-drug sequential neoadjuvant chemotherapy
[2]. Although surgery combined with neoadjuvant che-
motherapy can improve the limb salvage rate and sur-
vival rate of patients, patients are often forced to undergo
amputation due to the emergence of chemotherapy
resistance. OS can acquire chemoresistance through the
expansion of chemotherapy-resistant cell populations,
which are also responsible for tumor recurrences and
metastases [3]. Therefore, it is essential to develop new
therapies that can overcome chemotherapy resistance.
The first-line chemotherapy drugs for OS mainly
induce caspase-dependent apoptosis [4]. However, some
tumors do not respond to initial chemotherapy owing to
intrinsic drug resistance, while other tumors that show
an initial response often progress to drug resistance,
ultimately leading to treatment failure. The mechanism
of chemotherapy resistance is closely related to the self-
protection of tumor cells, including reduced intracellular
drug accumulation, increased drug detoxification, and
increased DNA damage repair to combat chemotherapy-
induced apoptosis [4, 5]. Therefore, other non-apoptotic

regulatory cell death modalities have attracted increasing
attention.

Ferroptosis is defined as a regulated cell death caused
by rupture of the cell plasma membrane due to exces-
sive accumulation of reactive oxygen species (ROS) and
lipid peroxidation [6]. Because it is morphologically,
biochemically, and genetically regulated differently from
apoptosis, it offers a new therapeutic option for overcom-
ing resistance to apoptosis [7]. The use of nanomaterials
to induce ferroptosis is an emerging anti-tumor strategy
[8]. Various iron-based nanomaterials have been shown
to induce ferroptosis, potentially acting through elevat-
ing intracellular iron ions [9-11]. However, current iron-
based nanomaterials usually require very high iron doses
to induce ferroptosis, and the long-term safety of metal
accumulation in vivo cannot be guaranteed [10]. Inacti-
vation of the glutathione peroxidase 4 (GPX4)-related
signaling pathway can also induce ferroptosis [12]. Glu-
tathione peroxidase 4, which requires glutathione (GSH)
as a cofactor, can reduce toxic phospholipid hydroper-
oxides (PLOOH) to non-toxic phosphatidyl alcohols,
thus protecting cell membranes from rupture due to the
accumulation of PLOOH [13]. Therefore, depletion of
intracellular GSH can induce ferroptosis by inhibiting
the activity of GPX4 [14]. Notably, there are no relevant



He et al. Journal of Nanobiotechnology (2023) 21:203

reports on nonmetallic single-element nanomaterials
that induce ferroptosis by depleting intracellular GSH.

Arsenic trioxide has demonstrated excellent efficacy
in the treatment of newly diagnosed and relapsed acute
promyelocytic leukemia [15]. Arsenic has a strong affin-
ity for the sulthydryl group of cysteine and much of its
biological activity is mediated by inactivation of various
sulfhydryl-containing enzymes and proteins [16-18].
The tripeptide glutathione, which contains sulthydryl
and cysteine and is widely distributed in cells, is a natural
candidate to react with arsenic [13]. Moreover, the reduc-
ing and detoxifying effects of GSH are mainly dependent
on sulthydryl groups [19]. We hypothesize that arsenic
has the potential to induce ferroptosis through the deple-
tion of intracellular GSH.

The lack of tumor selectivity in traditional chemother-
apy often results in inadequate accumulation of drugs at
the tumor site and systemic side effects, which seriously
affects the efficacy and safety of chemotherapy [1, 20].
Two-dimensional nanomaterials have a large surface area
and unique surface chemistry, which allows them to be
loaded with peptides and chemotherapeutic agents in a
covalent or non-covalent manner [15, 21, 22]. The tar-
geted modification of arsenene nanosheets (ANs) can
achieve specific release and accumulation of chemo-
therapy drugs in tumor cells through active targeting and
passive accumulation (enhanced permeability and reten-
tion effect, EPR) [23].

Many studies have identified proteins that are abun-
dantly expressed on the surface of osteosarcoma cells,
sparking ongoing targeting studies for these proteins
[24]. Her2 is expressed in approximately 40% of osteo-
sarcomas, making it a potential target for trastuzumab
in the treatment of osteosarcoma [2, 25]. However, in a
phase 1II clinical trial, it was demonstrated that combin-
ing trastuzumab with chemotherapy in Her2-positive
osteosarcoma did not improve patient survival [26].
The development of targeted drug delivery based on the
Her2 receptor on the surface of osteosarcoma cells might
be expected to achieve better therapeutic results. Thus,
appropriately designed arsenic-based nanomaterials
might be capable of both targeting drug delivery to Her2-
expressing cells and exerting intrinsic anti-tumor activity
while enhancing chemotherapy and ferroptosis-mediated
therapeutic effects.

In this study, ANs capable of inducing ferroptosis by
inactivating GPX4 were successfully prepared using a
liquid-phase exfoliation technique. We test the ability
of Her2-target-modified cisplatin-loaded ANs to sup-
press the activity of cisplatin-resistant osteosarcoma cells
and their effects on osteosarcoma in vivo using a mouse
model.
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Result and discussion

Validating the expression of Her2 in OS

The distribution of Her2 expression in osteosarcoma was
explored by single-cell sequencing, which showed that
Her2 was only aberrantly expressed in cell populations
of malignant origin (Fig. 1A, B). Therefore, the selection
of Her2 as a target would be expected to improve the
tumor-homing capacity of nanomaterials and reduce the
toxicity to normal tissues. Moreover, the expression levels
of Her2 in osteosarcoma tissues from different patients
were also distinct (Additional file 1: Fig. S1). Immuno-
histochemical analysis of samples collected from eight
patients with OS revealed that six of them displayed Her2
expression in tumor tissues (Fig. 1C, D). Five human-
derived OS cell lines were analyzed for Her2 expression
by flow cytometry, and the results showed that four of
them were positive (Fig. 1F, G). The results of western
blotting showed a higher abundance of Her2 expression
in U20S cells than in 143B cells, which was also consis-
tent with the results of flow cytometry (Fig. 1E).

Synthesis and characterization of Her2-ANs

With the emergence of nanomedicine, there has been
rapid development in the application of nanomaterials to
the diagnosis and treatment of tumors [20]. However, the
result of clinical translation is that only a few nanomate-
rials that can be applied to clinical oncology treatments.
The main concerns are about the intrinsic biosafety of
materials and the side effects caused by the abnormal
accumulation of materials in vivo [10]. In 1996, it was
demonstrated that arsenic trioxide as a single agent could
induce complete remission of acute promyelocytic leuke-
mia with only mild myelosuppression [16, 27]. However,
the therapeutic effect of arsenic trioxide in solid tumors
is far from satisfactory due to the lack of targeting [18].
In this study, we have successfully prepared ANs by a liq-
uid phase exfoliation technique. The complete synthetic
route of ANs is shown in Scheme 1 A.

Transmission electron microscope (TEM) images show
that the ANs exhibit ultrathin nanosheet morphology
(Fig. 2B). The TEM images reveal that the size of ANs is
about 131 nm (Fig. 2B), which is significantly different
from the raw arsenic powder with a size larger than 2 pm
(Additional file 1: Fig. S3A). The morphology and height
of the raw arsenic powder and Her2-ANs were analyzed
by AFM, and the results showed that the height of the
nanosheets was about a dozen nanometers (Fig. 2H),
which was significantly different from the raw arsenic
powder with a height greater than 2 um (Additional file
1: Fig. S3C). In addition, the difference in absorbance
between raw arsenic powder, ANs and Her2-ANs was
analyzed by UV-Vis absorption spectroscopy. The absor-
bance of the raw arsenic powder increased gradually
between 300 and 800 nm (Additional file 1: Fig. S3D),
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Fig. 1 Validating the expression of Her2 in OS. (A) UMAP visualization of cells analyzed by scRNA-seq and integrated across 5 primary osteosarcomas.
Clusters were annotated for their cell types as predicted using canonical markers. (B) Log-normalized expression of ERBB2(Her2). (C) The expression of
Her2 in osteosarcoma derived from different patients assessed by immunohistochemistry assay. Scale bar: 100 um. (D) Percentage of Her2-positive areas
per osteosarcoma tissue. (E) Expression of Her2 in U20S and 143B cells determined by Western blot. (F, G) The expression of Her2 in various osteosarcoma

celllines was detected by flow cytometry

whereas the absorbance of ANs and Her2-ANs decreased
significantly in this range (Fig. 2L). The high-resolution
transmission electron microscopy (HRTEM) images
show the presence of 0.28 nm lattice fringes (Fig. 2C, F),
which are characteristic of crystalline material. The crys-
tal structures of the raw arsenic powder and ANs were
further analyzed by Raman spectroscopy (Additional file
1: Fig. S4B, C). The Raman spectra showed two charac-
teristic peaks at 209.6 and 242.2 cm™ for the raw arse-
nic powder, which was different from the characteristic
peaks for the AN’ (211.4 and 244 cm™). As the density of
anhydrous ethanol is lower than that of ultrapure water,

anhydrous ethanol can isolate oxygen during the process
of exfoliation. There were also no characteristic peaks for
arsenic oxide in the Raman spectrum. Moreover, etha-
nol can lower the temperature of the synthesis system
through volatilization, which can increase the yield of
nanosheets [15]. All the above results confirm the suc-
cessful exfoliation of ultrathin ANs from the raw arsenic
powder. Digital photographs of arsenic in ultrapure water
(Fig. 2A, D; insets) show that the ANs and Her2-ANs are
homogeneously dispersed in solution.

To achieve active targeting of the nanosheets, an
Anti-Her2 Affibody was linked to the surface of ANs.
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Scheme 1 Schematic illustration of Her2-ANs@CDDP synthesis and arsenene nanosheets-induced ferroptosis

Anti-Her2 Affibody is a peptide with a C-terminal cys-
teine residue, which can be covalently bound to arsenic
[28]. The mode of action of arsenic trioxide in the treat-
ment of promyelocytic leukemia is based on the direct
binding of arsenic to the cysteine residues of the zinc fin-
ger located in the promyelocytic leukemia protein [29].
When Anti-Her2 Affibody was linked to ANs, the zeta
potential changed from —33mV to -15mV, which is con-
sistent with the results of two previous affibody modifica-
tion studies (Fig. 2K) [30, 31]. Since the molecular size of
the affibody was only 14 kDa, the size of the nanosheets
increased slightly after the affibody modification (Addi-
tional file 1: Fig. S4F). FTIR spectra show characteris-
tic absorption bands of ANs and Her2-ANs at different
frequencies. After affibody modification, the absorption
bands were changed at 1650 cm™ and 1366 cm™ (Addi-
tional file 1: Fig. S4A) [30]. The elemental composition
of Her2-ANs was analyzed using energy dispersive spec-
troscopy (EDS) and the results show that elemental sulfur
was uniformly distributed in Her2-ANs after connection
of the affibody (Additional file 1: Fig. S4D). In addition,
a slight shift in the characteristic peaks of Her2-ANs
after affibody attachment was found by comparing the
Raman spectra of ANs and Her2-ANs (Additional file
1: Fig. S4B). These results confirmed that the Anti-Her2

Affibody was successfully connected to the surface of
ANSs.

Drug loading and release

Single-element ANs as a two-dimensional nanomaterial
may be a promising carrier for chemotherapy drugs [15].
Results from inductively coupled plasma (ICP) showed
that the maximum cisplatin loading rate of Her2-ANs
was 34.3 w/w%, which is significantly higher than the
approximately 5-15% cisplatin loading rate reported in
previous nanocarrier-related studies (Fig. 3A) [32, 33].
Based on the results of preliminary experiments, the ANs
could not be loaded with cisplatin without BSA modifica-
tion, which indicates that BSA assists in cisplatin loading.
After 24 h of cisplatin intravenous infusion, approxi-
mately 80% of cisplatin is bound to plasma proteins, in
particular to serum albumin [34]. It was demonstrated
in vitro that cisplatin binding to bovine serum albumin
(BSA) occurs mainly through coordination with histidine
or methionine side chains [35, 36]. In addition, the EDS
mapping showed that S and Pt were uniformly distrib-
uted in Her2-ANs@CDDP and the contents of As, S, O
and Pt were 24.13%, 1.94%, 20.36% and 53.57%, respec-
tively (Fig. 21, ).
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Fig. 2 Characterization of the ANs. (A) TEM image of ANs, and photograph of ANs in solution (inset). (B, C) HRTEM images of ANs. (D) TEM image of Her2-
ANs, and photograph of Her2-ANs in solution (inset). (E, F) HRTEM images of Her2-ANs. (G) AFM image of Her2-ANs. (H) Corresponding height profiles
along the white lines. (1, J) The corresponding elemental mapping (1) and EDS (J) of Her2-ANs@CDDP. (K) Zeta potentials of ANs and Her2-ANs. (L) UV —vis
spectra of ANs and Her2-ANs. (Values are presented as means+sd, n=3, *P <0.05, **P <0.01.)

Many of the biological effects of arsenic are medi-
ated by the inactivation of various sulthydryl-containing
enzymes or proteins in cells, and sulthydryl-containing
GSH is known to be widely distributed in cells [13, 18].
Therefore, we hypothesized that arsenic would effectively
deplete intracellular GSH. Firstly, we evaluated the GSH
scavenging capacity of Her2-ANs in vitro. After incubat-
ing of Her2-ANs with GSH for 12 h, the concentration
of GSH was lowered by 67% (Additional file 1: Fig. S6).
Based on these results, we further observed the degrada-
tion of Her2-ANs by TEM under various GSH and pH

conditions. In the absence of GSH, the morphology of
Her2-ANs remained almost unchanged (Additional file
1: Fig. S5). However, the edges of the nanosheets became
blurred after 12 h of incubation in an environment with
GSH (5 mM). After 24 h, the nanosheets were observed
to degrade into smaller-sized nanofragments (Additional
file 1: Fig. S5).

After determining the stability of ANs under different
environments, we further explored the stimulus-respon-
sive release ability of Her2-ANs@CDDP under different
pH and GSH conditions. In the conditions without GSH
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(pH=7.4), Her2-ANs@CDDP released only 7.59% of
cisplatin for 24 h, indicating that the nanocarriers were
relatively stable before reaching the tumor microenvi-
ronment (Fig. 3B). The release rate of cisplatin could be
increased to 21.65% at 24 h by increasing the GSH con-
centration (pH=7.4, GSH=5 mM), which could be attrib-
uted to the nanosheets decomposing in the presence of
GSH. The release rate of cisplatin could be increased to
18.67% at 24 h by lowering the pH (pH=5.0, GSH=0
mM) [32, 37]. In a simulated tumor microenviron-
ment (pH=5.0, GSH=5 mM), the cumulative release of
Her2-ANs@CDDP could reach 39.18% at 24 h (Fig. 3B).
Considering that the tumor microenvironment is char-
acterized by high GSH content and low pH, Her2-ANs@
CDDP can selectively release drugs into the interior of
the tumor, which can reduce the side effects of cisplatin
[13, 30].

In vitro tumor cell selective uptake and cytotoxicity

Since Her2 expressed on cell membranes is recog-
nized specifically by Anti-Her2 Affibody, the affibody
may contribute to the endocytosis of Her2-ANs [30].
We performed cellular uptake studies by laser confocal
microscopy, flow cytometry and ICP-MS. For U20S-
Her2(+) cells, the uptake of Her2-ANs-FITC was signifi-
cantly higher than that of ANs-FITC due to the binding
of Her2 and Anti-Her2 Affibody, which was mainly mani-
fested by the stronger green fluorescent signal exhibited
in the Her2-ANs-FITC group (Fig. 3C). Analysis by flow
cytometry showed that the uptake rates of Her2-ANs-
FITC in U20S-Her2(+) cells reached 81.89% and 99.7% at
2 and 4 h, respectively, whereas the uptake rates of ANs-
FITC were only 65.9% and 91.88% (Fig. 3D, E). Quantita-
tive assessment of cellular uptake of arsenic material by
ICP-MS showed that Her2-positive cells took up signifi-
cantly more Her2-ANs than AN at the same dose, which
is consistent with the results of laser confocal microscopy
and flow cytometry (Additional file 1: Fig. S8A). In addi-
tion, ICP-MS results showed that raw arsenic powders
with sizes exceeding 2 um were barely taken up by the
cells.

The cytotoxicity induced by ANs was assessed by
CCK-8 and cell death assays to verify whether the
nanosheets could be applied to tumor therapy. Compared
with the low toxicity to AML-12 normal hepatocytes, the
viability of U20S-Her2(+) and 143B-Her2(+) cells was
below 20% after 20 h incubation with Her2-ANs (40 pg/
mL), suggesting that arsenene nanosheets were able to
selectively kill tumor cells (Fig. 3H and Additional file
1: Fig. S7C). As shown in Fig. 3F, H, the killing effect of
Her2-ANs on Her2-positive tumor cells was significantly
higher than that of ANs, which was mainly attributed to
the increased cellular uptake of nanosheets after cou-
pling them with Her2. In addition, CCK-8 and cell death
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assays showed that the antitumor effect of Her2-ANs@
CDDP was the best among all treatment groups, suggest-
ing a synergistic antitumor effect of ANs and cisplatin
(Fig. 3G, I and Additional file 1: Fig. S7B). Collectively,
these results suggest that smaller sizes, sheet structures
and targeted modifications are essential for the uptake
and cytotoxic effects of arsenic materials.

Mechanism underlying ANs-induced ferroptosis
Considering the outstanding antitumor activity and GSH
scavenging ability of ANs, we hypothesized that arsenene
nanosheets could induce ferroptosis by depleting intra-
cellular GSH and inhibiting the activity of GPX4. Hence,
we tested the ability of Her2-ANs to deplete intracellular
GSH. The results showed that the levels of intracellular
GSH were significantly decreased after Her2-ANs treat-
ment compared to the control group (Fig. 4E). Since acti-
vation of GPX4 requires GSH as a cofactor, depletion of
intracellular GSH will affect the activity of GPX4 [38].
The expression level and activity of intracellular GPX4
decreased substantially with increasing concentration
and incubation time of Her2-ANs (Fig. 4F, G).

The GSH-centered redox system is the intracellular
oxidative defense barrier that can most effectively scav-
enge intracellular ROS [39]. According to the results
from staining using the ROS probe (DCFH-DA), the level
of ROS was significantly increased in Her2-ANs-treated
cells, which was attributed to the depletion of intracellu-
lar GSH by Her2-ANs (Additional file 1: Fig. S9A, C). By
activating nicotinamide adenine dinucleotide phosphate
oxidase (NOX), cisplatin can produce large amounts
of intracellular O,”, which can be converted into H,O,
under the action of superoxide dismutase. Subsequently,
H,0, catalyzes the production of ROS in the cell through
the Fenton reaction, which is consistent with the results
of flow cytometry and laser confocal microscopy images
(Fig. 4A, C) [40, 41]. The stronger intracellular ROS fluo-
rescence signal after Her2-ANs@CDDP treatment com-
pared to cisplatin was attributed to the cisplatin-induced
ROS production and reduced GSH with antioxidant
activity. Excess intracellular ROS can lead to the accu-
mulation of lipid peroxides, which is a key hallmark of
ferroptosis [42]. In addition, intracellular lipid peroxides
cannot be converted to non-toxic lipid alcohols due to
the inhibition of GPX4 activity [38]. Similar to the results
of ROS, the strongest intracellular lipid peroxide fluores-
cence signal was observed after Her2-ANs@CDDP treat-
ment (Fig. 4B, D). These results suggest that the strategy
of depleting GSH combined with ROS self-supplementa-
tion synergistically promote ferroptosis (Fig. 4H).

Morphologically, the accumulation of excess lipid per-
oxides increases membrane permeability and damages
the cell membrane, eventually leading to the rupture of
the cell membrane [7, 43]. The changes in cell membranes
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Fig. 3 In vitro tumor cell uptake and cytotoxicity. (A) CDDP loading capacities of Her2-ANs. (B) Release profiles of Her2-ANs@CDDP at different pH values
and different GSH concentrations. (C) Intracellular uptake of ANs and Her2-ANs (labeled with FITC) in the U20S-Her2(+) cells was measured by confocal
laser scanning microscopy. Scale bar: 100 um. (D) Intracellular uptake of ANs and Her2-ANs (labeled with FITC) in the U20S-Her2(+) cells was measured by
flow cytometry. (E) Statistical analyses of the intracellular uptake rate of ANs and Her2-ANs. (F, G) Cytotoxicity of ANs and Her2-ANs against U20S-Her2(+)

cells (F). Relative viabilities of U20S-Her2(+) and U20S-Her2(-) cells after incubation with various treatments (G) (CDDP: 2 ug/mL; As ions:

10 pg/ml). (H,

1) Cytotoxicity of ANs and Her2-ANs against 143B-Her2(+) cells (H). Relative viabilities of 143B-Her2(+) and 143B-Her2(-) cells after incubation with various
treatments (I) (CDDP: 1 ug/mL; As ions: 10 ug/ml). (Values are presented as means+sd, n=3, *P <0.05, **P <0.01.)

after treatment with Her2-ANs were observed by Scan-
ning electron microscope (SEM). The results showed
pore structures of varying sizes on the surface of the cell
membrane, indicating a loss of cell membrane integ-
rity (Fig. 4]). In addition, TEM imaging of Her2-ANs-
treated cells revealed a marked atrophy of mitochondria
accompanied by the disappearance of cristae, a typical

morphological change of ferroptosis (Fig. 4I) [7]. After
24 h, chromatin condensation was also observed in cells
treated with Her2-ANs, which may be attributed to DNA
damage caused by persistent and extensive intracellular
oxidative stress (Fig. 4I) [44]. Unlike previously reported
metal nanomaterials that induce ferroptosis via the Fen-
ton reaction, ANs, which are classified as inorganic
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non-metallic materials, can be used as a novel ferroptosis
inducer by depleting intracellular GSH.

To further validate that ANs induce ferroptosis, regu-
lated cell death was analyzed using several inhibitors
associated with the ferroptosis pathway. As expected,
ferroptosis inhibitor (Fer-1) and iron chelator (DFOM)

prevented cell death induced by Her2-ANs, whereas
apoptosis inhibitor (Z-VAD-FMK) did not have any effect
(Additional file 1: Fig. S8B). In addition, the addition of
antioxidants (GSH or NAC) significantly inhibited the
cytotoxic effects of Her2-ANs. These results suggest that
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oxidative stress and ferroptosis play a key role in the cell
death induced by Her2-ANs.

ANs overcome cisplatin resistance by restoring intracellular
drug accumulation

Cisplatin is the first-line chemotherapeutic agent for OS,
and the development of cisplatin resistance is a challenge
for tumor treatment [45]. Ferroptosis is characterized by
an imbalance in the intracellular redox state accompa-
nied by elevated levels of ROS and lipid peroxides, which
is a completely different mechanism to apoptosis [7, 46].
Inducing ferroptosis is one of the best ways to overcome
apoptosis resistance [38]. To test whether Her2-ANs@
CDDP can effectively overcome and reverse cisplatin
resistance, we constructed cisplatin-resistant OS cells
by stepwise drug screening. The IC50 values of cisplatin
against U20S and U20S/CDDP cells were 2.437 pg/mL
and 12.98 pg/mlL, respectively, indicating the success-
ful construction of drug-resistant cells (Additional file 1:
Fig. S11). The results showed that Her2-ANss significantly
inhibited the activity of U20S/CDDP cells, whereas
cisplatin did not exhibit any cytotoxic effect (Fig. 5B).
Resembling the previous results, ROS and lipid peroxi-
dation levels were significantly increased in Her2-ANs
treated U20S/CDDP cells (Fig. 5H, I). These results sug-
gest that Her2-ANs can overcome the drug resistance of
U20S/CDDP cells by inducing ferroptosis.

Cisplatin resistance is closely associated with increased
levels of intracellular GSH, and multidrug resistance-
associated proteins (MRPs) are also involved in the devel-
opment of cisplatin resistance [47, 48]. Cisplatin can bind
GSH to form Pt(GS)2 conjugates before binding to DNA,
and then Pt(GS)2 is excreted from the cell mediated by
MRPs, leading to a decrease in intracellular content of
the drug [5, 32]. Therefore, we measured GSH in U20S/
CDDP cells, and the results showed significantly higher
levels of GSH in resistant cells compared to their parental
cells (Fig. 5E). Based on the role of GSH in cisplatin resis-
tance and the ability of ANs to deplete intracellular GSH,
we hypothesized that ANs may reduce Pt(GS)2 forma-
tion by decreasing intracellular GSH, thereby increasing
intracellular accumulation of cisplatin and restoring the
sensitivity of U20S/CDDP cells to cisplatin (Fig. 5A). As
shown in Fig. 5E, the highest cell mortality was detected
after Her2-ANs@CDDP treatment, indicating that
U20S/CDDP cells regained drug sensitivity.

To verify whether the elevated cytotoxicity was due
to increased intracellular drug accumulation, we exam-
ined the levels of Pt in the cells and the DNA. Both total
Pt and DNA-bound Pt were significantly increased in
Her2-ANs@CDDP-treated cells compared to the cispl-
atin-treated group (Fig. 5C, D). Cisplatin-induced DNA
damage results in the formation of yH2A X at the site of
damage, which is a sign of a DNA double-strand break
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[5]. Consistent with the analyses of Pt-DNA, immuno-
fluorescence showed the strongest yH2A.X fluorescence
signal in the Her2-ANs@CDDP treated group (Fig. 5]).
These results indicate that ANs can not only kill drug-
resistant tumor cells by inducing ferroptosis, but can also
improve the sensitivity of drug-resistant cells to cisplatin.

Assessment of in vivo antitumor efficacy

Because of the excellent in vitro antitumor activity of
AN, we further evaluated the in vivo antitumor effects of
ANs. A monoclonal formation assay showed that Her2-
ANs and Her2-ANs@CDDP could completely inhibit the
formation of tumor cell colonies in vitro (Additional file
1: Fig. S12). To investigate the tumor-homing capacity of
target-modified ANs, the distribution of the nanosheets
in vivo was analyzed by ICP-MS. The results showed a
significantly reduced accumulation of Her2-ANs in the
mononuclear phagocytic system of the liver, however,
there was a significant increase in the content of ANs
within the tumor (Additional file 1: Fig. S13). During
14 days of treatment, the tumor volume of mice in the
control and cisplatin groups increased rapidly by more
than 1000 mm?, while the tumor volumes of mice in the
other groups showed a significant suppression (Fig. 6B).
Among all groups, the Her2-ANs@CDDP group had the
highest tumor inhibition rate, which was attributed to the
antitumor effect of ferroptosis induced by GSH depletion
in combination with the targeted delivery of cisplatin
(Fig. 6D).

To explore the mechanism by which ANs induce
tumor cell death in vivo, we measured the levels of ROS
and lipid peroxides in fresh tumor tissues. As shown in
Fig. 6G, H, the levels of ROS and lipid peroxides were
significantly elevated in tumor tissues of the Her2-ANs@
CDDP group. In addition, immunohistochemical stain-
ing showed significantly lower expression levels of GPX4
in tumor tissues of the Her2-ANs@CDDP group com-
pared with the cisplatin group (Fig. 6I). These results
suggest that ANs can induce ferroptosis of tumor cells
in vivo by inhibiting the expression of GPX4, resulting in
suppression of tumor tissue growth. In addition, patho-
logical analyses were performed on sections of tumor
tissues to comprehensively assess the antitumor effects
of Her2-ANs@CDDP. Hematoxylin and eosin (HE)
staining showed large necrotic areas mixed with cellular
debris in the tumor tissue, indicating that Her2-ANs@
CDDP effectively induces tumor tissue damage (Fig. 6I).
These findings were further confirmed by TUNEL stain-
ing, which showed that the tumor tissue was filled with
apoptotic cells. The proliferation status of tumor cells
was assessed by the expression of Ki67 protein. There
was almost complete absence of Ki67 expression in the
tumor tissues of the Her2-ANs@CDDP group. CD31
staining showed a significant reduction of microvessels in
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tumor tissue of the Her2-ANs@CDDP group, which may
be attributed to significant inhibition of tumor cell activ-
ity resulting in reduced angiogenesis [49]. Therefore, the
synergistic effect of Her2-ANs@CDDP through induc-
tion of ferroptosis and apoptosis achieved a comprehen-
sive inhibition of OS progression.

Biosafety assessment of ANs

In addition to assessing the in vivo antitumor effects
of the nanosheets, attention was also focused on the
safety and reliability of the nanosheets after intravenous

injection. The results of a hemolysis assay showed that
ANs did not cause erythrocyte rupture at multiple con-
centration gradients, suggesting that ANs can be admin-
istered by intravenous injection (Additional file 1: Fig.
S17). Compared with the cisplatin group, mice in the
Her2-ANs@CDDP group had only a slight decrease in
body weight, which was gradually restored over time
(Fig. 6F). There were no observable necrosis, inflam-
matory lesions, or histological abnormalities in HE sec-
tions of the major organs of the mice (Additional file
1: Fig. S16). In addition, the hematological and blood
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biochemical indicators of the mice fluctuated within the =~ Conclusions

normal range after treatment (Additional file 1: Fig. S14, We prepared Her2-ANs@CDDP through liquid exfo-

Fig. S15). In conclusion, cisplatin-loaded ANs have excel-  liation techniques and targeted modifications. As Her2

lent biosafety in vivo and are expected to be applied to  is overexpressed in osteosarcoma, it can be used as

OS treatment through clinical translation in the future. a target for osteosarcoma therapy. Unlike previously
reported metal nanomaterials that induce ferroptosis
by the Fenton reaction, ANs can be used as a new fer-
roptosis inducer by depleting intracellular GSH and can
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significantly inhibit the activity of drug-resistant cells.
Her2-ANs@CDDP promotes apoptosis and ferroptosis
through a reciprocal cascade of reactions between cis-
platin and carrier, respectively. The ROS produced by
cisplatin synergistically promotes ANs-induced ferrop-
tosis through increased levels of oxidative stress. ANs
restore the sensitivity of drug-resistant cells to cisplatin
by increasing the accumulation of intracellular cisplatin.
Multifunctional nanocarriers can be prepared simply and
exert synergistic effects that overcome drug resistance.
They show great potential for applications in the clini-
cal treatment of chemotherapy-insensitive osteosarcoma
and expand the potential uses of arsenic in the treatment
of solid tumors.
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