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ABSTRACT

Much effort has been devoted to improving treatment efficiency for osteosarcoma (OS). However, most current approaches result in poor therapeutic responses, thus
indicating the need for the development of other therapeutic options. This study developed a multifunctional nanoparticle, PDA-MOF-E-M, an aggregation of OS
targeting, programmed death targeting, and near-infrared (NIR)-aided targeting. At the same time, a multifunctional nanoparticle that utilises Fe-MOFs to create a
cellular iron-rich environment and erastin as a ferroptosis inducer while ensuring targeted delivery to OS cells through cell membrane encapsulation is presented. The
combination of PDA-MOF-E-M and PTT increased intracellular ROS and LPO levels and induced ferroptosis-related protein expression. A PDA-based PTT combined
with erastin showed significant synergistic therapeutic improvement in the anti-tumour efficiency of the nanoparticle in vitro and vivo. The multifunctional
nanoparticle efficiently prevents the osteoclasia progression of OS xenograft bone tumors in vivo. Finally, this study provides guidance and a point of reference for

clinical approaches to treating OS.

1. Introduction

Osteosarcoma, a rare form of cancer, accounts for approximately
0.2% of all cancer cases and 20% of primary bone cancers [1,2]. It
typically affects the long bones of the body (e.g., the femur, tibia, or
humerus) and has an incidence rate of 4.6 cases per million people per
year in the USA, with a higher incidence in males, children, and young
adults aged 10-25 years [2-4]. The most common symptom is bone
pain, which may worsen with activity or at night and may also include
swelling or tenderness in the affected area, limited movement, and a
palpable mass occasionally [4,5]. The primary mode of treatment is
surgical resection in combination with adjuvant chemotherapy to
decrease the risk of local recurrence and metastatic disease, or with
radiation therapy in cases where surgery is not feasible or for palliative
purposes [6-8].

New treatment strategies for osteosarcoma have been a focus of
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recent studies [8]. Ferroptosis, identified by the accumulation of reac-
tive oxygen species (ROS) and lipid peroxides within cells, is related to
oncogenesis as well as cancer progression and osteosarcoma [9-11].
Suppression of glutathione peroxidase 4, a chief modulator of ferrop-
tosis, can stimulate this cell death pathway and thwart osteosarcoma cell
growth in vitro and in vivo [12]. Erastin, a small-molecule inducer of
ferroptosis, triggers the depletion of intracellular glutathione due to
cystine or glutamate antiporter inhibition, which leads to the accumu-
lation of lipid peroxides and, ultimately, osteosarcoma cell death in vitro
and in xenograft models [13]. Moreover, erastin combined with other
therapies has been found to amplify the anti-tumour response in oste-
osarcoma. A recent study showed that simultaneous administration of
erastin and doxorubicin enhanced the efficacy of doxorubicin and eli-
cited ferroptosis in osteosarcoma cells [10,14]. Potential inducers of
ferroptosis, such as Fe metal-organic frameworks (MOFs), have been
investigated for their ability to generate reactive oxygen species (ROS)
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[15,16]. Fe-MOFs can trigger ferroptosis in cells by releasing iron ions
that combine with hydrogen peroxide to generate hydroxyl radicals,
leading to oxidative damage and lipid peroxidation [15-18].

Studies have shown the efficiency of Fe-MOFs in inducing ferroptosis
in osteosarcoma cells and thus inhibiting their growth both in vitro and
in vivo [17]. Furthermore, Fe-MOFs can work in synergy with erastin to
induce ferroptosis in osteosarcoma cells. These studies have suggested
the viability of the ferroptosis pathway for managing osteosarcoma [17],
but additional studies are still needed to appraise the therapeutic po-
tential and safety of ferroptosis inducers in treating osteosarcoma.
Nevertheless, exploiting the ferroptosis pathway provides promising
new avenues for developing innovative strategies to treat osteosarcoma
[17].

The potential synergistic effects of combining PTT with ferroptosis
inducers for cancer treatment have been recently explored [19-22]. PTT
has emerged as a potential non-invasive and targeted approach for
treating osteosarcoma, which employs NIR light-absorbing agents to
generate heat and selectively ablate tumor cells [23-27]. The rationale
for this combination is that PTT can enhance the accumulation of iron in
cancer cells, making them more susceptible to ferroptosis induction [28,
29]. Additionally, the heat generated by PTT increases lipid peroxida-
tion, which is the key mechanism of ferroptosis [12,30-32]. Several
preclinical studies have demonstrated the effectiveness of combining
PTT with drugs such as erastin or RSL3 to induce ferroptosis in cancer
cells [32]. Silica-coated iron oxide nanoparticles were used as a photo-
thermal agent in a study to induce heat-mediated cell death, and erastin
was then added to promote ferroptosis [33]. The combination treatment
resulted in a synergistic effect, with greater cancer cell death compared
to either treatment alone [33,34]. In another study, gold nanoparticles
were used as a photothermal agent and combined with a ferroptosis
inducer called ML162 [35]. It was found that the combination treatment
led to increased lipid peroxidation and ROS production, resulting in
enhanced cancer cell death [35]. Recently, polydopamine (PDA) nano-
particles have been found promising as delivery vehicles for cancer
photothermal therapy due to their biocompatibility, stability, and ease
of functionalization [18], which can be conveniently equipped with
specific targeting molecules [36,37], such as antibodies or aptamers, to
improve their specificity and selectivity towards cancer cells [36,38,39].
Considering the high surface area and tunable structures of MOFs, they
can be integrated with PDA nanoparticles [40], thereby creating
theranostic systems with enhanced imaging and therapeutic capabilities
[41,42]. PDA can easily incorporate Fe-MOFs, improving its imaging
and photothermal properties [43], and Fe-MOFs modified PDA nano-
particles exhibit excellent CT imaging contrast and selective NIR-aided
targeting and elimination of osteosarcoma cells [44,45]. Additionally,
they can also synergize with chemotherapy drugs to enhance their effect
on destroying osteosarcoma cells [44].

Above all, how to combine and take advantages of multiple tech-
niques to settle osteosarcoma down is the key point for this work.
Herein, we reported a multifunctional nanoparticle, PDA-MOF-E-M,
which was an aggregation of osteosarcoma targeting, programmed
death targeting and NIR-aided targeting, all of which benefit from os-
teosarcoma membrane, MOF, erastin and PDA. The superiority of the
physicochemical properties of PDA-MOF-E-M was identified and
confirmed through the physical and biological characterization.
Furthermore, the effects of PDA-MOF-E-M on the viability and fate of
osteosarcoma cells were clarified in vitro, and its ability to induce fer-
roptosis in osteosarcoma treatment was also confirmed. In addition, the
therapeutic effect of PDA-MOF-E-M on osteosarcoma-bearing mice was
evaluated using allograft models. Overall, this work combined PTT with
ferroptosis induction, providing a new attempt for the clinical treatment
of osteosarcoma.
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2. Results and discussion
2.1. Characterization of PDA-MOF-E-M

PDA-MOF-E-M is a nanomaterial that we designed and synthesized,
combining the biological characteristics of PTT, ferroptosis induction,
and osteosarcoma tumor targeting. According to published literature
[46], it is constructed from a MOF iron skeleton, embedded with PDA
nanoparticles, modified on the surface with erastin, and finally fused
with osteosarcoma cell membranes. PDA is an excellent compound for
PTT therapy because of its excellent photothermal properties and use of
osteosarcoma cells’ inherent thermal sensitivity to kill tumors [47].
MOF is a widely reported iron element nanoskeleton structure that can
provide a locally rich iron element environment [16,48]. The erastin
surface-modified by Michael’s addition reactions, directly induces fer-
roptosis, causing osteosarcoma cells to die [10]. We then cultured os-
teosarcoma cells in vitro, isolated and extracted their cell membranes,
and coated the synthesized nanoparticles in the cell membranes to
improve the biocompatibility and targeting of the nanoparticles for bone
tumors. Furthermore, we characterized the synthesized nanoparticles
physically and biologically to validate their exceptional physicochem-
ical properties. The SEM images revealed that the PDA-MOF-E-M and its
synthetic raw materials (PDA and MOF) were uniform in shape, size, and
dispersion and that the cell membrane’s outer layer is visible (Fig. 1A,
S1A-B). PDI analysis verified that PDA-MOF-E-M and its synthetic raw
materials (PDA and MOF) had a unique nanoparticle size (with a similar
average particle size of 100-1000 nm) and a narrow particle size dis-
tribution range, demonstrating the shape uniformity of the synthesized
nanomaterials (Fig. 1B, S1C-D). Infrared spectroscopy was performed to
identify the structural characteristics of nanoparticles, including
PDA-MOF-E-M, PDA and MOF (Fig. 1C, S1E-F), in which PDA-MOF-E-M
behaved similarly with the characteristics of PDA around 3421 cm™!
and 1651 cm ™. Further, we measured the ultraviolet absorbance
characteristics of nanoparticles at different synthesis stages and con-
centrations of PBS, PDA, MOF, PDA-MOF-E, and PDA-MOF-E-M between
350 and 750 nm (Fig. S1G). It is possible to classify the absorbance of
different PBS concentrations as background noise because it was com-
parable. PDA and MOF exhibited completely different absorbance
characteristics, and as the concentration of nanoparticles increased, so
did their absorbance. PDA-MOF-E and PDA-MOF-E-M exhibited similar
absorbance characteristics, with PDA contributing more to the changes
in absorbance (Fig. S1G). However, it was evident that PDA-MOF-E-M
exhibited superior ultraviolet absorbance characteristics at the same
concentration (especially 50 pg/ml) (Fig. 1D). To take full advantage of
this feature, we detected the stability of nanoparticles in acid-base
(pH5.0 and pH9.0, Fig. S1H) and thermal (35 °C and 42 °C, Fig. S1I)
stimulation, in which PDA-MOF-E-M, PDA and MOF behaved well in the
aforementioned process, suggesting the favorable chemical stability for
various humoral environments. Finally, we examined the biological
characteristics of PDA-MOF-E-M nanoparticles and used Western blot to
determine the effectiveness of cell membrane coating. By specifically
detecting the protein types present in the cell membrane, represented by
Na, K-ATPase a, it was observed that Na, K-ATPase was successfully
detected in PDA-MOF-E-M (Fig. 1E). In contrast, none of proteins were
detected in other nanoparticles, indicating that PDA-MOF-E-M was
successfully coated with the cell membrane and had the corresponding
biological activity. In this section, we experimentally confirmed the
successful preparation of PDA-MOF-E-M nanoparticles and their
exceptional physicochemical properties, indicating their potential as a
therapeutic agent for osteosarcoma.

2.2. Ferroptosis induced by PDA-MOF-E-M
Next, the biological effects of PDA-MOF-E-M nanoparticles on the in

vitro treatment of osteosarcoma were further validated. Oxidative stress
levels are usually an important indicator evaluating the normality of cell
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Fig. 1. Characterizations of PDA-MOF-E-M nanoparticles. (A) SEM images of PDA-MOF-E-M; (B) The size distribution of PDA-MOF-E-M; (C) Infrared spectrum of
PDA-MOF-E-M; (D) UV-Vis spectra of PDA, MOF, PDA-MOF-E and PDA-MOF-E-M in concentration of 50 pg/ml; (E) The Western blot of PBS, PDA, MOF, PDA-MOF-E

and PDA-MOF-E-M for protein concentration determination.

states, and excessive oxidative stress will inevitably lead to a series of
malignant cell life activities, including ER stress, oxidative imbalance,
inflammatory response, and programmed cell death [16,49,50].
Compared to the treatment of osteosarcoma cells by PBS, different
nanoparticles or NIR therapy were all hereby found to lead to an in-
crease in intracellular ROS levels (Fig. 2A). Among them, osteosarcoma
cells treated with PDA-MOF-E-M + NIR presented the strongest ROS
response, indicating the best efficiency of PDA-MOF-E-M in regulating
the biological function of osteosarcoma cells (Fig. 2A). Furthermore, the
impact of different treatments on the proliferation activity of bone
tumor cells was also evaluated, which is the most direct indicator for the
therapeutic effect of nanoparticles on osteosarcoma (Fig. 2B). The re-
sults showed that compared with PBS treatment, PDA treatment had
almost no adverse effect on the vitality of osteosarcoma cells, while the
treatment of other nanoparticles more or less inhibited the proliferation
activity of osteosarcoma cells (Fig. 2B). Similar to the increase in the
ROS levels, PDA-MOF-E-M also performed outstandingly in inhibiting
osteosarcoma proliferation, almost inhibiting the proliferation of more
than half of the cells. Besides, the iron content in cells is the first step in
inducing cell death, a necessary condition for the formation of a fer-
roptosis microenvironment (Fig. 2C). The hereby-synthesized nano-
particles contain important sources of iron elements. To verify whether
these nanoparticles can enter cells and release iron ions to form a rich
iron microenvironment, the impact of different treatment methods on
the change in iron content in osteosarcoma cells was detected as well,
and the results showed that significantly different from PBS and PDA,
MOF did provide sufficient intracellular iron-rich microenvironments
(Fig. 2C). However, there was no significant statistical difference be-
tween PDA-MOF-E and PDA-MOF-E-M, proving that MOF could form a
rich iron microenvironment in cells and that the doping of other
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nanoparticles and compounds exerted almost no significant impact on
the iron content (Fig. 2D). Generally, cells are regulated by ferroptosis
signals to undergo programmed cell death after forming a rich iron
microenvironment, among which, lipid peroxidation is an important
biological indicator of ferroptosis [51]. In this case, the impact of
different treatment methods on lipid peroxidation in osteosarcoma cells
was further detected (Fig. 2D), and the results showed that PBS and PDA
treatment presented similar results, and the level of lipid peroxidation in
osteosarcoma cells did not change significantly; even if MOF provided
sufficient intracellular iron-rich environments, it did not lead to a sig-
nificant increase in lipid peroxidation levels, indicating that the rich iron
microenvironment in cells is only a necessary condition for ferroptosis,
not a sufficient condition. Besides, the NIR therapy of both PDA-MOF-E
and PDA-MOF-E-M led to a significant increase in lipid peroxidation in
osteosarcoma cells, and almost no significant difference was observed
between the two on this indicator, indicating the essential role of the
ferroptosis inducer erastin in increasing lipid peroxidation levels in cells
(Fig. 2D). Finally, the Western Blot method was used to detect the
impact of different treatment methods on key regulatory molecules of
the ferroptosis signaling pathway (Fig. 2E). Among them, SLC7A11 is a
key regulatory protein of ferroptosis, also the specific target of erastin.
Down-regulation of SLC7A11 leads to a decrease in the intracellular
cysteine levels and a depletion of GSH biosynthesis, thus indirectly
inhibiting the activity of GPX4, resulting in the accumulation of lipid
peroxides, and ultimately inducing ferroptosis [13]. Compared with
mesenchymal stem cells (MSCs), the expression of SLC7A11 and GPX4 is
significantly overexpressed (Fig. S2A). Moreover, the high expression of
SLC7A11 is closely associated with poor prognosis in sarcoma patients
(Fig. S2B). In different treatments of osteosarcoma cells, compared with
PBS, PDA treatment significantly increased the content of SLC7A11 and
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Fig. 2. PDA-MOF-E-M killed osteosarcoma cells via ferroptosis in vitro. (A) The ROS detection of PDA, MOF, PDA-MOF-E and PDA-MOF-E-M in 143B cells; (B) Cell
viability determination of PDA, MOF, PDA-MOF-E and PDA-MOF-E-M in 143B cells; (C) Fe content determination of PDA, MOF, PDA-MOF-E and PDA-MOF-E-M in
143B cells; (D) The LPO detection of PDA, MOF, PDA-MOF-E and PDA-MOF-E-M in 143B cells; (E) The ferroptosis related proteins detection of PDA, MOF, PDA-MOF-
E and PDA-MOF-E-M in 143B cells. *p < 0.05, **p < 0.01 and ***p < 0.001 analyzed by Student’s t-test.

GPX4, which enhanced the ability of cells to resist ferroptosis (Fig. 2E).
The results are consistent with the literature. Additionally, MOF,
PDA-MOF-E + NIR, and PDA-MOF-E-M + NIR all inhibited the expres-
sion of GPX4 to varying degrees, indicating that the three methods all
contribute considerably to inducing cell ferroptosis. Furthermore,
PDA-MOF-E-M + NIR treatment effectively inhibited the expression of
SLC7A11 in cells, while PDA-MOF-E + NIR treatment did not have a
good inhibitory effect on the expression of SLC7Al1, indicating the
non-negligible contribution of cell membrane encapsulation to the de-
livery of PDA-MOF-E-M nanoparticles and erastin in cell activity
(Fig. 2E). Under normal conditions, Keapl maintains Nrf2 at low level
by mediating Nrf2 ubiquitination and degradation. During the ferrop-
tosis process, excess ROS degrades Keapl and releases Nrf2 to
compensate for excessive oxidative stress. Herein, PDA-MOF-E-M + NIR
treatment significantly reduced the expression of Keapl and signifi-
cantly increased the expression of Nrf2, while other treatments showed
no significant protein expression differences compared to PBS treat-
ment, confirming that PDA-MOF-E-M + NIR treatment can promote the
occurrence of ferroptosis in osteosarcoma cells.

2.3. Inhibition of osteoclast differentiation by PDA-MOF-Erastin

Osteosarcoma disrupts the homeostasis of the bone, and most bone
diseases become osteolytic [5]. Osteosarcoma secretes osteoclast stim-
ulating cytokines that stimulate bone resorption, and factors released
during osteolysis promote tumor growth. RANKL (a member of the
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tumor necrosis factor TNF receptor family) and macrophage
colony-stimulating factor (M-CSF) are two key factors required for
osteoclast differentiation, especially required for osteoclast formation
and function [52]. RANKL is provided with the capacity to suppress the
function of inhibitory molecules in the upstream TRAF3 of NFATc1 in-
duction, which can efficiently induce the NFATc1 auto-amplification
[53,54].

It could be found that TRAF3 had an obvious increase in the mRNA
expression level of OS cells with erastin administration in the dose-
dependent mode (Fig. S2C). In order to demonstrate the inhibition
capability of PDA-MOF-Erastin to osteoclastogenesis, the ability of
osteoclast differentiation in bone marrow monocytes (BMMs) was
hereby detected. BMMs were extracted from mice and induced by the
addition of M-CSF (30 ng/ml) and RANKL (100 ng/ml). In the differ-
entiation process, PBS, PDA, MOF and PDA-MOF-Erastin were respec-
tively added to observe the effect of PDA-MOF-Erastin on osteoclasts.
After treatment, the cells were stained according to the TRAP kit for
identification. In the PDA-MOF-Erastin group, the differentiation of
BMM osteoclasts, especially the formation of multinucleated osteoclasts,
was found to be inhibited (Fig. 3A). Furthermore, the statistical results
of osteoclasts also showed that the addition of PDA-MOF-Erastin could
inhibit the formation of multinucleated osteoclasts (TRAP + cell >3
nuclei) (Fig. 3B). Besides, TRAF3 presented an obvious increase both
mRNA and protein expression (Fig. 3C-E) with PDA-MOF-Erastin
administration, while NFATc1 performed in an opposite manner. In a
word, it demonstrates that PDA-MOF-Erastin can significantly inhibit
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Fig. 3. PDA-MOF-E inhibits osteoclast differentiation. (A) TRAP staining images of osteoclastic differentiated BMMs. BMMs were pre-treated with M-CSF and RANKL
(30/100 ng/ml) and incubated with PBS, PDA, MOF and PDA-MOF-E nanoparticles respectively; Scale bar, 50 pm; (B) The number of TRAP-positive multinucleated
osteoclast cells with nuclei more than 3 after treatment was counted. Statistical analysis of TRAP positive multi-nucleated (>3) osteoclasts in multiple field; (C-D)
The mRNA expression level of osteoclast-specific genes including TRAF3 (C) and NFATc1 (D) in BMMs after the treatment; (E) WB assay to detect NFATc1 and TRAF3
expression. *p < 0.05, **p < 0.01 and ***p < 0.001 analyzed by Student’s t-test.

osteoclast differentiation of BMMs.

2.4. Evaluation of the OS-targeting ability in vivo

In a previous study by the present group [55], a prepolymeric doping
method was used to mix iron ion-(PDA) complex with free dopamine
and polymerize PDA/Fe. The application of this method could adjust the
loading efficiency of iron ions in a wider range, and PDA/Fe (loading
5.3% Fe ions) was chosen for high MRI contrast. To evaluate the contrast
enhancement in MR, an investigation was conducted on the T1 relaxa-
tion rate of PDA/Fe in aqueous solution in a 7.0 T MR system. As the
concentration of PDA/Fe decreased, the signal was observed to be weak
in Tl-weighted MR images (Fig. 4A-B). These results indicate that
PDA/Fe can be used as positive contrast media.

For the diagnostic issue, the in vivo theranostic performance of PDA-
MOF-E-M supramolecular nanomedicine in a tibia tumor bearing model
was further investigated. PDA/Fe and PDA-MOF-E-M loaded with iron
were prepared to evaluate the efficacy of OS-targeting therapy and
distribution in vivo. Using a 7.0 T MR imager, T1 MRI was performed on
mice with bone tumors before caudal venous injection and 24 h after
caudal venous injection of PDA/Fe and PDA-MOF-E-M. The PDA-MOF-
E-M group showed an enhanced T1 signal at the tumor site, while
PDA/Fe injected mice showed no enhanced T1 signal. Analysis of T1
signal changes in tumor-associated bone showed an increase in the
signal intensity in the area of bone injury after the injection of PDA-
MOF-E-M compared to that before injection (Fig. 4C-D). The experi-
mental results showed that PDA-MOF-E-M could be used as a contrast
agent for the MRI of bone tumors, and the MR imaging signal of T1 in
bone tumors of mice was significantly enhanced, which proved the ef-
ficiency of OS-membrane in enhancing the bone targeting of nano-
particles. Combined with the above results, it can be concluded that
PDA-MOF-E-M has higher targeting of OS-tumors, and can be used as
a nuclear magnetic resonance imaging contrast agent to guide the
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treatment of bone tumors.

2.5. Inhibition of OS growth in vivo

A tibial tumor mouse model was hereby established to evaluate the
efficacy of PDA-MOF-E-M photothermal therapy combined with fer-
roptosis induction on bone tumor models in vivo (Fig. 5A). The mice
with bone tumor were injected with PBS, PDA, MOF, PDA-MOF-E and
PDA-MOF-E-M respectively through the caudal vein and irradiated with
an 808 nm NIR laser. The temperature at the tumor site during NIR
irradiation (1.0 W-cm-2, 5 min) was recorded using an infrared camera.
The tumor site temperature of NIR irradiated mice was controlled near
43 °C (Fig. 5B), and the fluorescence images of mice were recorded
before and after the synergistic treatment.

Among the three groups, including the PBS group, the MOF group
and the PDA group, the fluorescence intensity of tumor was greatly
increased after treatment. MOF showed a fairly strong fluorescence
similar to PBS injection, which indicated that MOF failed to inhibit the
growth of OS in vivo itself. NIR treatment was carried out in the three
groups including the PDA, PDA-MOF-E and PDA-MOF-E-M group. In the
PDA + NIR group, the relative fluorescence intensity was lower than
that in the PBS group, but higher compared with the PDA-MOF-E and
PDA-MOF-E-M group, indicating that the photothermal treatment alone
could partially control the growth of bone tumor but could not
completely inhibit it at 43 °C (Figs. S3A-B).

However, in the PDA-MOF-E and PDA-MOF-E-M + NIR group, the
relative fluorescence intensity was lower than that in those three groups,
demonstrating the inhibiting effect of erastin and photothermal treat-
ment. Moreover, the PDA-MOF-E-M with NIR of PTT had the least in-
tensity of fluorescence among the whole OS-bearing model mice after
treatment, and photographs of the tumor in vitro after treatment showed
similar results (Fig. 5C-D). This indicates that the introduction of OS-
membrane can enhance the OS-targeting effect in the treatment and
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Fig. 4. MR images and biodistribution of PDA-MOF-Erastin-M. (A) Linear equation of relaxation time of PDA-MOF-Erastin-M; (B) T1-weighted magnetic resonance
imaging of PDA/Fe images PDA-MOF-E-M at different concentrations in water; (C-D) T1-weighted MRI images of tibial tumor-bearing mice in vivo before and after
intravenous injection of PDA/Fe and PDA-MOF-Erastin-M for 24 h and tibial tumors were indicated by red circle.

inhibit the growth of bone tumors at a relatively mild photothermal
temperature, thus reducing tissue burns caused by an excessive photo-
thermal temperature.

During the treatment, the tumor growth was almost completely
inhibited in the PDA-MOF-E-M + NIR group, which, however, was
inhibited but not completely inhibited in the PDA-MOF-E-M + NIR
group. In addition, the difference of tumor volume and weight was
detected and recorded to reflect the growth of bone tumor during
treatment (Fig. 5E and Fig. S3C), and the results were consistent with
those of tumor fluorescence intensity. Additionally, the body weight of
mice in the treatment group did not change significantly during the
treatment (Fig. S3D).

2.6. Inhibition of the osteolysis effect in vivo

The osteolysis and bone defect often occurred in OS tumorigenesis
and progression [56]. To this end, OS-bearing model mice were thereby
taken to confirm the ability of osteolysis remission to target the bones, in
which the three-dimensional (3D) micro-computed tomography
(micro-CT) was performed for further evaluation. The 3D micro-CT
images showed that the tibia retained its morphological integrity in
the PDA-MOF-E-M + NIR irradiated group compared to any other
groups (Fig. 6A).

At the same time, the 3D parameters of the tibia, including the bone
volume, bone surface area, bone trabecular number (Tb. N.) and bone
trabecular separation (Tb. Sp.), were also evaluated, and the tendency of
difference in the three indexes aforementioned was consistent with the

above results. Especially, administration of PDA-MOF-E-M + NIR pre-
sented the maximal bone volume, the largest bone surface and the most
trabecular numbers among the whole treatment groups (Fig. 6B-E). In
general, the significantly stronger protective effect of the PDA-MOF-E-
M + NIR irradiation group on the tibia microstructure compared with
any other groups was clearly demonstrated.

Above all, the results indicated that the combination therapy of
ferroptosis inducers and PTT with nanoparticles of OS-targeted admin-
istration could repress the growth of OS and relieve the osteolysis and
bone defect in the OS-bearing model mice. Osteoclast differentiation had
also been verified and monitored in the OS-bearing model mice after
administration and irradiation treatments. The results were consistent
with those in vitro, revealing that the expression of NFATc1 mRNA was
decreased significantly after treating with both PDA-MOF-E-M admin-
istration and NIR laser irradiation and TRAF3 contrasted in the tendency
of mRNA expression (Fig. 6F-G).

The toxicity of different treatments was further evaluated in vivo. No
significant changes were observed in serum biochemical indicators
including aminotranferease (ALT) aspartate aminotransferase (AST)
levels and blood urea nitrogen (BUN) in the PDA-MOF-E-M treated mice
(Figs. S4A-C). Besides, the histological staining of main organs
including the heart, liver, spleen, lungs and kidneys was performed to
detect the toxicity after administration of CPT in vivo, and the results
suggested no obvious changes in aforementioned organs, implying the
good biocompatibility, biodegradability and biosecurity of the NIR
agents including PDA-MOF-E-M (Fig. S4D).
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3. Methods
3.1. Materials

Dopamine and DMF were both bought from Sigma-Aldrich (USA).
NaOH and FeCl3-6H20 were purchased from Macklin Biochemical
(China).

3.2. Synthesis of PDA

According to the literature-recommended method for synthesizing
PDA, 90 mg of hydrochloride dopamine was dissolved in 45 ml of ul-
trapure water, vigorously stirred and heated to 50 °C. Then, 380 pL of 1
mol/L NaOH was added immediately. After 6 h of reaction, the solution
was centrifuged at 11,000 rpm (25 min, 4 times) to remove excess re-
actants. Then, the precipitate was collected and dissolved in ultrapure
water at 4 °C to obtain PDA.

3.3. Synthesis of Fe-MOF

According to the literature-reported method, Fe-MOF was hereby
synthesized following the steps as follows: first, separately drop 10 mL of
FeCl3-6H,0 solution (H20, 40 mM) and 10 mL of BDC solution (DMF, 40
mm) into 25 mL of mixed solvent (DMF/water = 1/1) at a dripping rate
of 50 mL/h and 15 mL/h, respectively. Then, take out 30 mL of reaction
solution from the reaction bottle and repeat the above dripping opera-
tion five times. The obtained product was centrifuged and washed once
with DMF, washed twice with anhydrous ethanol, kept moist, and then
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dried with nitrogen gas at room temperature for 20 min to obtain the
final product.

3.4. Synthesis of PDA-MOF-E

1 mL of PDA solution, 1 mL of Fe-MOF solution, and 100 pL of erastin
solution were taken, mixed thoroughly, and then shaken vigorously at
room temperature for 2 h to obtain the PDA-MOF-E solution.

3.5. Preparation of osteosarcoma membrane

143B cells were collected in EP tubes and 0.1*PBS solution was
added. After that, the EP tubes were transferred to liquid nitrogen and
frozen for 8 s, and then transferred to room temperature to recover to
liquid state. This freeze-thaw cycle was repeated 6 times and centrifuged
at 14800 rpm for 10 min, and the supernatant was discarded. 1 mL of
sterile water was added, homogenized by pipetting, and the obtained
osteosarcoma membrane was stored at 4 °C.

3.6. Synthesis of PDA-MOF-E-M

1 mL of PDA-MOF-E was mixed evenly with 1 mL of 143B cell
membrane. Following the recommended method in the literature, the
mixture was treated with 37-degree ultrasound for 2 min, so as to ensure
that the 143B cell membrane covered the surface of PDA-MOF-E fully
and evenly. The system was then centrifuged at room temperature at
10,000 g for 5 min to remove the unloaded 143B cell membrane. The
sediment obtained was PDA-MOF-E-M. 1 mL of sterile water was added
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Fig. 6. The inhibition of osteolysis and osteoclast differentiation in osteosarcoma by PDA-MOF-E-M + NIR-mediated treatment. (A) 3D reconstructed image of tibias
performed using micro-CT of OS-bearing mouse after treatment; (B-E) Quantitative analysis on the architecture parameters including bone volume, bone surface,
trabecular number, and trabecular separation; (F-G) The mRNA expression level of osteoclast-specific genes including TRAF3 (F) and NFATc1 (G) in the tibial tissues
after treatments by qRT-PCR. *p < 0.05 and ***p < 0.001 analyzed by Student’s t-test.

to re-suspend the PDA-MOF-E-M, which was then stored at 4°.

3.7. Characterization of PDA-MOF-E-M

The morphology of PDA-MOF-E-M was observed using transmission
electron microscopy (TEM), and the particle size distribution of PDA-
MOF-E-M was measured using a dynamic light scattering instrument.
The optical absorption spectra of nano-particles at different concentra-
tions were evaluated using a UV-vis spectrophotometer. Assessing the
cell membrane coating of PDA-MOF-E-M was followed the subsequent
Western Blot assay.

3.8. Cell culture

143B cells were purchased from Wuhan Puno Life Science and
Technology Co., Ltd. and cultured in DMEM medium supplemented with
10% fetal bovine serum and 1% penicillin-streptomycin. The cells were
then placed in a cell culture incubator containing 5% carbon dioxide and
cultured at 37 °C.

3.9. Western blot

According to cell density or tissue weight, lysis buffer and protease/
phosphatase inhibitor mixture (100:1) was added, cell sonication or
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bead milling was performed, lysis was ice-cooled for 30 min and
centrifuged at 14,000 g for 15 min, the supernatant was collected, the
protein concentration was determined by BCA assay kit, and protein
loading buffer was then added, which was then heated at 97 °C in a
metal bath for 10 min. A rapid gel kit was used to prepare separation and
concentration gels (10%) at a constant pressure of 200 V for 30 min.
PVDF membrane was activated with methanol solution in advance, and
then run at a constant current of 200 mA for 2 h, blocked with 5% milk in
TBST and incubated at room temperature for 2 h. Primary antibody
SLC7A11, GPX4, Nrf2 and Keap1 (1:1000, CST, USA) was incubated on a
shaking bed at 4 °C overnight. The membrane was washed with TBST
three times and incubated with secondary antibody at room temperature
for 1 h. Then, the membrane was washed with TBST three times, and
ECL developing solution was added and imaged with a chem-
iluminescence imager.

3.10. CCK-8 assay

The recommended method of the reagent manufacturer for CCK-8
assay was adopted. Specifically, 143 cells were seeded in a 96-well
plate and incubated overnight. Different treatment methods were
administered to stimulate the 143B cells, and after 12 h, the culture
medium was removed and washed three times with PBS, and CCK-8
detection working solution was prepared by mixing the CCK-8 assay
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reagent with culture medium at a ratio of 1:10. A total of 200 pL of CCK-
8 detection working solution was added to each well and incubated for
2-4 h in a cell culture incubator, and the absorbance of the cells at 450
nm was measured using a UV spectrophotometer.

3.11. ROS and LPO assay

143B cells were seeded in a 6-well plate and cultured overnight. The
treated 143B cells were stimulated with different therapeutic methods.
After 12 h, the processed 143B cells were washed twice with HBSS so-
lution. 10 pmol/L H2DCFDA (used for ROS detection) or C11 BODIPY
581/591 (used for LPO detection) was mixed with HBSS (1:1000) and
incubated at 37 °C for 30 min, which was then washed three times with
HBSS solution. The 1640 culture medium was preheated and incubated
at 37 °C for 20 min. The flow cytometer was used to detect the ROS and
LPO levels in cells under a wave length of 495/529 nm.

3.12. MRI of PDA/Fe and PDA-MOF-E-M in vivo

BALB/c nude mice (4 weeks old) with an average weight of 20 g were
purchased from SLAC Laboratory Animal Co. Ltd. (Shanghai, China).
The animal experiments were carried out according to the National In-
stitutes of Health guidelines for care and use of laboratory animals and
approved by the ethics committee of Chinese PLA General Hospital. The
orthotopic bone-tumor model was established by injecting 143B-luc
cells (2 x 10° in 20 pL PBS) in the cavum medullare of BALB/c nude
mice tibia. The MR images were acquired on a Bruker 7.0 T magnet with
Avance II hardware equipped with a 72 mm quadrature transmit/
receive coil. The parameters for 7 T MRI are TR = 750.0 ms, TE = 12.6
ms, echo = 1/1, FOV = 6.91/3.12 cm, slice thickness = 2 mm, nex = 2
mm, matrix = 256 x 116. Two mice with orthotopic bone tumor were
intravenously injected with 200 pl PDA/Fe and PDA-MOF-E-M (30 mg/
kg, both concentrations calculated by the mass of PDA/Fe, Fe content in
PDA/Fe was 5.3%), respectively. The MR images were collected before
and 24 h after injection.

3.13. In vivo photothermal treatment of bone tumors

Male BALB/c nude mice (4 weeks of age) with an average body
weight of 20 g were conducted in accordance with the National In-
stitutes of Health Guidelines for the Care and Use of Laboratory Animals
and approved by the Ethics Committee of Chinese PLA General Hospital.
143B-luc cells (2 x 10° cells in 20 pl phosphate buffer (PBS)) were
transplanted into the lumen medulla of the tibia of nude mice. After two
weeks, the mice were divided into five groups. Three groups of mice
were given 100 pL PDA, PDA-MOF-E and PDA-MOF-E-M through caudal
vein, respectively. Then, at 24 and 48 h after injection, the mice were
irradiated with NIR with a power density of 3.6 W-cm-2 for 10 min.
Second and third injections were given on the fourth and eighth day
after the first injection, and the same NIR was given. Luminescent im-
aging of tumors was recorded before and after treatment using a small
animal live imaging system (Lumina-II, Caliper Life Sciences, USA). The
weight of the mice was recorded daily. Temperature and thermal images
of tumor sites in mice were obtained using infrared thermography.

3.14. Treatment of malignant bone tumors by nanoparticles

The orthotopic osteosarcoma model was established using 143B cells
as described above. The mice with similar luminescence intensities at
tumor site were rationally divided into five groups (five mice in each
group) and intravenously injected with 150 puL PBS, PDA, MOF, PDA-
MOF-E and PDA-MOF-E-M respectively. The treatments were repeated
every other day with a total number of six injections, and the mice were
imaged and quantitatively analyzed by IVIS before the first injection,
after the third and sixth injection, respectively. The circumference of
tumor-bearing legs and the body weight of each mouse were recorded
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every day. The mice were sacrificed after treatment. The tumor-bearing
legs were excised from the mice bearing osteosarcoma 143B tumor, and
scanned by Siemens Biograph micro-CT (Skyscan 1076, Antwerp,
Belgium). A CTVox program (Bruker micro-CT NV, Antwerp, Belgium)
was employed to reconstruct the 3D structure of tibias.

3.15. Invivo three-dimensional (3D) microcomputed tomography (micro-
CT) reconstruction of the tibia

Hind legs with tumors were isolated from the sacrificed mice after
photothermal treatment. The hind legs of mice were placed in a scanning
rack and analyzed using the Siemens Biograph 3D micro-CT device
(Skyscan 1076, Antwerp, Belgium). After scanning, the 3D model was
reconstructed and evaluated using the CTVox program (Bruker micro-CT
NV, Antwerp, Belgium).

3.16. Statistical analysis

All data came from the results of three independent repeated ex-
periments. Graphpad Prism 10.0 was used for data processing and sta-
tistical analysis. The one-way-ANOVA was performed to statistical
analysis of multiple groups under the premise of homogeneity of vari-
ance. All statistical data was displayed as Mean + SEM. *p < 0.05, **p <
0.01 and ***p < 0.001.

4. Conclusion

In summary, a ferroptosis-targeted nanoparticle, PDA-MOF-E-M,
combined with PTT was hereby reported for the OS treatment. The
PDA-MOF-E-M utilized Fe-MOFs to create a cellular iron-rich environ-
ment, took the erastin as a ferroptosis inducer, and ensured the targeted
delivery to osteosarcoma cells through cell membrane encapsulation.
PDA-MOF-E-M behaved well in physical and chemical characteristics,
including particle size distribution, spectral absorption, thermal and pH
stability. In terms of biological functions, PDA-MOF-E-M could induce
the process of ferroptosis in osteosarcoma cells owning to Fe-MOFS and
erastin, enhance efficacy of PTT benefit from PDA, and improve the
bioavailability thanks to the cell membrane encapsulation. In the tibia
tumor bearing mice, PDA-MOF-E-M could target osteosarcoma, inhibit
osteoclast differentiation and suppress osteosarcoma growth.

These results indicated that PDA-MOF-E-M could be performed as a
nuclear magnetic resonance imaging contrast agent to guide the treat-
ment of osteosarcoma. Overall, this study provided a new therapeutic
option for the treatment of malignant bone tumors.
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