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Chemodynamic therapy (CDT), a noninvasive strategy, has emerged as a promising alternative to conventional
chemotherapy for treating tumors. However, its therapeutic effect is limited by the amount of HyO,, pH value,
the hypoxic environment of tumors, and it has suboptimal tumor-targeting ability. In this study, tumor cell
membrane-camouflaged mesoporous Fe304 nanoparticles loaded with perfluoropentane (PFP) and glucose oxi-
dase (GOx) are used as a tumor microenvironment-adaptive nanoplatform (M-mFeP@O,-G), which synergisti-
cally enhances the antitumor effect of CDT. Mesoporous Fe3O4 nanoparticles are selected as inducers for
photothermal and Fenton reactions and as nanocarriers. GOx depletes glucose within tumor cells for starving the
cells, while producing H,02 for subsequent -OH generation. Moreover, PFP, which can carry O, relieves hypoxia
in tumor cells and provides O3 for the cascade reaction. Finally, the nanoparticles are camouflaged with oste-
osarcoma cell membranes, endowing the nanoparticles with homologous targeting and immune escape abilities.
Both in vivo and in vitro evaluations reveal high synergistic therapeutic efficacy of M-mFeP@O,-G, with a
desirable tumor-inhibition rate (90.50%), which indicates the great potential of this platform for clinical treating
cancer.

1. Introduction treatment of tumors [8,9]. Tumor treatment strategies targeting the

TME can effectively inhibit tumor growth, providing crucial clinical

Tumor development poses a great threat to human health and life,
and the number of deaths caused by tumors is increasing worldwide [1,
2]. Thus, there is an urgent need to develop methods for safe and
effective tumor treatment [3]. At present, chemotherapy, surgery, and
radiotherapy are still the main methods for treating tumors, although
they have many disadvantages, such as serious side effects and increased
risk of metastasis [4,5]. The tumor microenvironment (TME) is the in-
ternal environment of tumors and is characterized by low pH, HyO4
accumulation, hypoxia, and inflammation [6,7]. This environment not
only provides conducive conditions for tumor cell growth, expansion,
and metastasis but can also form the basis for the highly specific
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benefit [10,11].

Chemodynamic therapy (CDT), an emerging noninvasive therapy, is
considered less toxic and more specific than traditional tumor treat-
ments [12,13]. CDT can kill tumor cells through Fenton/Fenton-like
reactions that convert the endogenous HyO2 of the TME into highly
toxic -OH [14,15]. It has emerged as one of the most promising thera-
peutic approaches and is developing rapidly [16,17]. A variety of
Fe-based Fenton reactions, including Fe3O4, FesCg, and Fe”—polyphenol
chelates, have been widely studied for their antitumor effects in vivo [18,
19]. Zhang et al. developed novel FeO/MoS; nanocomposites with
enhanced CDT that can effectively inhibit the growth of tumor cells
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[20]. Liu et al. designed nanoparticles in which Fe®' ions chelated to
tannic acid spontaneously on the surface of sorafenib nanoparticles,
intervening in iron metabolism to enhance CDT [21]. However, CDT is
limited by low H302 concentrations, low pH values, and a hypoxic
environment [22,23]. Therefore, certain strategies, such as the direct
delivery of glucose oxidase (GOx) and H202 into tumor cells, may
decrease the local pH and increase the level of Hy,O5 in tumor cells [24,
25]. However, leakage during the delivery process and phagocytosis by
the cells of the reticuloendothelial system are inevitable and are harmful
to normal cells [26]. In addition, the catalytic efficiency of GOx depends
on the local O; content and the catalytic temperature (43-60 °C) [27].
Therefore, exploring a TME-adaptive nanoplatform that can not only
decrease the pH value and increase the concentration of O2 in tumor
cells but also efficiently generate a high concentration of H2O in situ is
needed to enhance the efficacy of CDT.

In addition, most nanoparticles for CDT lack the ability to target
tumors and hence cannot effectively localize in the tumor site, limiting
their therapeutic effect and causing serious toxicity and side effects [28].
Nanoparticles camouflaged with cell membranes, such as erythrocyte
membranes [29,30], immune cell membranes [31], stem cell mem-
branes [32], and tumor cell membranes [33], have attracted consider-
able attention because of their excellent biological properties [34,35]. In
particular, decoration with tumor cell membranes can endow nano-
particles with high biocompatibility, immune escape abilities, and ho-
mologous targeting, owing to the specific membrane proteins [36-39].
Therefore, camouflaging nanoparticles with tumor cell membranes to
enhance homologous targeting and the immune escape properties of
nanoparticles may be a good strategy for enhancing the tumor-treating
efficacy of CDT.

In this study, we selected mesoporous Fe3O4 (mFe304) nanoparticles
with a large surface-to-volume ratio and excellent photothermal effect
as inducers of Fenton reactions and nanocarriers. At the same time, GOx
was encapsulated in these nanoparticles to deplete glucose in the TME
and generate gluconic acid and HyO5 in situ, further enhancing the
Fenton reaction and subsequently generating -OH. Further, perfluoro-
carbon (PFP) with a large O2 reservation capacity was applied to pro-
vide O, for this cascade reaction. Finally, K7M2-WT (K7M2)
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osteosarcoma cell membranes were used to camouflage the nano-
particles (M-mFeP@O,-G, Fig. 1A) and treat osteosarcoma, as tumor cell
membranes have a stronger affinity to homologous tumor cells because
of specific proteins on their surfaces. When these M-mFeP@O,-G
nanoparticles are injected intravenously into mice, the tumor cell
membranes on the surface of these nanoparticles can direct them to
accumulate at the tumor sites and then disintegrate to release Fe ions,
GOx, and Oj in the slightly acidic environment of the TME. These
released substances can lead to a series of self-amplifying catalytic
cascade in situ under 808 nm laser radiation, which can kill tumor cells
via enhanced CDT, starvation therapy, and photothermal therapy (PTT),
as shown in Fig. 1B. This new TME-adaptive nanoplatform for enhancing
CDT efficacy shows promise for effectively treating tumors.

2. Results and discussion
2.1. Synthesis and characterization of M-mFeP@Q,-G nanoparticles

Tumor cell membrane-camouflaged nanoparticles were prepared, as
shown in Fig. 1. First, mFe3O4 nanoparticles were synthesized, and
scanning electron microscopy (SEM) and transmission electron micro-
scopy (TEM) both showed that mFe304 nanoparticles had a uniform and
discrete spherical morphology within nanoscale dimensions (Figs. S1A
and S1B). Powder X-ray diffraction (XRD) patterns for all the mFe304
nanoparticles were also evaluated, and the characteristic diffraction
peaks of all the mFe304 nanoparticles can be well indexed to the (220),
(311), (400), (422), (511), and (440) planes according to JCPDS
19-0629 (Fig. S2A). Among them, the primary magnetite nanocrystals
from the mFe304 nanoparticles gave rise to the strongest and sharpest X-
ray diffraction peaks, indicating the formation of highly crystalline
Fe304. The elemental composition of mFe304 was also analyzed via X-
ray photoelectron spectroscopy (XPS), which confirmed the presence of
Fe and O elements (Fig. S2B). In addition, Brunauer-Emmett-Teller
(BET) N, adsorption-desorption analysis showed that the surface area
and pore size of mFe304 were 162.72 m? g~! and 18.123 nm, respec-
tively, which belong to the range of mesoporous nanoparticles (Fig. S3)
[40]. Their unique structure with a large pore size and surface area
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Fig. 1. Schematic of the tumor microenvironment adaptive nanoplatform for cascaded CDT for the treatment of osteosarcoma. A) Schematic illustration of the
preparation of M-mFeP@O,-G nanoparticles. B) Schematic diagram of the mechanisms of M-mFeP@O,-G nanoparticles for tumor-specific cascade reactions via

enhanced CDT after intravenous injection.
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indicates that they are promising biomedical carriers. These results
indicate that this method can successfully synthesize evenly dispersed
mFe304 nanoparticles.

To prepare M-mFeP@O»-G nanoparticles, we extracted the mem-
branes of K7M2 osteosarcoma cells and coated mFeP@O,-G nano-
particles with these membranes. The successful fusion of osteosarcoma
cell membranes with mFeP@O,-G nanoparticles was further confirmed
using TEM. First, the extracted osteosarcoma cell membranes were
hollow vesicles, suggesting that their cavities can encapsulate the
mFeP@0,-G nanoparticles via an extrusion method using extruders of
different sizes (Fig. 2A). At the same time, we compared the TEM images
of the mFeP@0,-G and M-mFeP@O3-G nanoparticles (Fig. 2B and C),
and a clear core-shell structure was present, indicating the presence of
unilamellar cell membranes on the mFeP@O»-G nanoparticles. Dynamic
light scattering analysis also revealed that the hydrodynamic diameters
of mFeP@O02-G and M-mFeP@O,-G nanoparticles were 128.0 + 2.0 nm
and 151.9 + 3.3 nm, respectively (Fig. 2D). These results indicate that
the extracted osteosarcoma cell membranes can be successfully coated
on the surface of mFeP@O2-G nanoparticles via extrusion. The zeta
potential of mFeP@O,-G nanoparticles was —7.51 + 1.81 mV, which
may be attributed to the residual carboxyl groups on the surface of the
mFeP@0»-G nanoparticle core after being ionized. After coating with
cell membranes, the charge of the M-mFeP@O,-G nanoparticles was
further reduced to —15.26 + 0.45 mV, which may be attributed to the
surface charge of the cell membranes, suggesting the successful coating
of cell membranes (Fig. 2E). In addition, the colloidal stability and
dispersion performance of the M-mFeP@O,-G nanoparticles were
further examined by measuring their size and polydispersity coefficient
(PDI) for a week. The M-mFeP@O,-G nanoparticles showed a negligible
size change and a low PDI in deionized water, PBS, and Dulbecco’s
modified Eagle’s medium (DMEM) for one week, without any notable
changes in particle size and PDI (Fig. 2F). Even after incubation in

Bioactive Materials 22 (2023) 239-253

DMEM and PBS for one week, the size of the M-mFeP@O,-G nano-
particles was still approximately 150 nm, with a narrow PDI. The
appearance of the M-mFeP@OQ,-G nanoparticles in different media was
also recorded. No obvious precipitation was observed, and the M-
mFeP@O0,-G nanoparticles still exhibited a good dispersion (Fig. S4A).
Meanwhile, the M-mFeP@O,-G nanoparticles still maintained good
Dundar phenomena and strong magnetism (Fig. S4B), which was
attributed to their uniform particle size distribution and negative
charge, suggesting that M-mFeP@O»-G nanoparticles could still be
applied for further biomedical applications. In addition, we conducted
precise elemental mapping of the mFeP@O»-G nanoparticles using en-
ergy dispersive spectroscopy (EDS). We found that Fe, F, O, and N were
clearly and uniformly distributed on the mFeP@O5-G nanoparticles,
which confirmed the successful loading of GOx and PFP (Fig. 2G). The
hemocompatibility of the M-mFeP@O»-G nanoparticles was also eval-
uated using red blood cells from rabbits. No hemolysis occurred upon
treatment with mFeP@O,-G or M-mFeP@OQ,-G nanoparticles, which
showed that these nanoparticles did not cause hemolysis and could be
safely used for intravenous injection with good biocompatibility
(Fig. S5).

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) and western blotting were performed to further verify
whether the tumor cell membrane surface proteins remained intact after
coating the surface of the mFeP@O,-G nanoparticles. As shown in
Fig. 2H, the protein bands of M-mFeP@O»-G nanoparticles were
consistent with those of the K7M2 cell membranes. Similarly, several
marker proteins on the surface of K7M2 osteosarcoma cells were
detected, including CD47 [41], E-cadherin, galectin-3, and glycoprotein
100 (gpl100) [42]. CD47, a “do not eat me” marker protein, plays a
significant role in escaping phagocytosis by macrophages [43]. E-cad-
herin, galectin-3, and gp100 play significant roles in homologous tar-
geting and are also marker proteins of tumor cells [44,45]. As shown in

Fig. 2. Characterization of biomimetic M-mFeP@O»-
G nanoparticles. A) TEM images of membrane vesicles
of K7M2 osteosarcoma cells. B) TEM images of
mFeP@O,-G nanoparticles. C) TEM images of M-
mFeP@O0,-G nanoparticles. D, E) Size distribution and
zeta potentials of mFeP@O,-G and M-mFeP@O,-G
nanoparticles. F) Size distribution and PDI stability of
M-mFeP@O,-G nanoparticles. G) Elemental mapping
of mFeP@O,-G nanoparticles. Scale bar: 50 nm. H)
SDS-PAGE analysis of mFe30,4 nanoparticles, K7M2-
cell membranes, and M-mFeP@O»-G nanoparticles.
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Fig. 2I, these proteins were preserved on the surface of K7M2 cells,
K7M2-cell membranes and M-mFeP@O,-G nanoparticles, indicating the
preparation of M-mFeP@O5-G nanoparticles did not destroy the surface
membrane proteins and retained the composition of the original mem-
brane proteins of K7M2-cell membranes. Based on the above experi-
ments, KZM2 cell membrane-coated nanoparticles were successfully
prepared and provided the potential homologous targeting of the pre-
pared nanoparticles.

2.2. Photothermal properties of M-mFeP@O>-G nanoparticles in vitro

Ideally, photothermal materials should possess excellent photo-
thermal conversion performance for biological PTT. Therefore, the in
vitro photothermal performance of the M-mFeP@O,-G nanoparticles
was evaluated, as shown in Fig. 3. The temperature of the M-mFeP@O-
G nanoparticles increased rapidly upon exposure to an 808 nm laser at
different concentrations and laser power densities (Fig. 3A and B). These
results showed that the photothermal performance of M-mFeP@O,-G
nanoparticles were both laser power density- and concentration-
dependent. The M-mFeP@O,-G nanoparticles can convert laser energy
into heat, as shown in Fig. 3C. Moreover, the M-mFeP@OQO,-G nano-
particles exhibited excellent photothermal stability without obvious
temperature decay after five laser-on/off cycles, which allowed repeated
PTT (Fig. 3D). In addition, the photothermal conversion efficiency (1) of
M-mFeP@O»-G nanoparticles was calculated according to a method
reported in the literature, which is important for clinical applications
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[46]. The 5 of the M-mFeP@O»-G nanoparticles was calculated to be
36.83% upon irradiation with an 808 nm laser (Fig. 3E). Taken together,
the prepared M-mFeP@O5-G nanoparticles showed high photothermal
conversion efficiency and excellent photothermal stability, which is
important for treating tumors using PTT.

After verifying the excellent photothermal performance of the M-
mFeP@O,-G nanoparticles, their Fe ion release rate was investigated in
vitro at different pH values. As shown in Fig. 3F, the amount of Fe ions
released from the M-mFeP@O,-G nanoparticles increased slowly over
time at pH 7.4, where only 1.46% of the Fe ions were released within 24
h. In contrast, the amount of Fe ions released increased considerably at
pH 6.0, reaching 8.24% within 24 h. This result showed that M-
mFeP@O0,-G nanoparticles were pH-sensitive, which was attributed to
the fact that mFe3O4 nanoparticles decomposed more easily into free Fe
ions at pH 6.0 than in a neutral medium. In addition, the coated cell
membranes might have effectively avoided the burst release of Fe ions,
thus preventing the large release of Fe ions in normal tissues and
releasing them quickly in acidic tumor tissues. This result is further
proof that this system adapts to the TME. In addition, the release of Fe
ions was further enhanced under 808 nm laser irradiation. With this,
more Fe ions could participate in the Fenton reaction to produce more
-OH to kill tumors, suggesting that PTT can further enhance CDT syn-
ergistically and kill tumor cells.

PFP, a type of perfluorocarbon compound, has a large O2 reservation
capacity and has been used as an artificial blood and contrast agent in
ultrasonography and magnetic resonance imaging [47,48]. The boiling
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Fig. 3. Photothermal properties of M-mFeP@O.-G nanoparticles in vitro. A) Temperature change curves of different concentrations of M-mFeP@O,-G nanoparticles
during NIR laser irradiation. B) Temperature change curves of M-mFeP@O.-G nanoparticles during NIR laser irradiation at different powers. C) Thermographic
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point of PFP increases to 40-50 °C in vivo after intravenous injection,
although its original boiling point is only 29 °C [49]. Therefore, an
O,-saturated PFP transformed into the body could release O2 with an
increase in temperature due to the photothermal effect of the mFe304
nanoparticles under 808 nm laser radiation. First, the loading of PFP in
the nanoparticles was confirmed via gas chromatography-mass spec-
trometry (GC-MS). The fragment ions (m z 1) detected via mass spec-
trometry matched well with the corresponding standards (Fig. 3G and
Fig. S6), indicating the successful loading of PFP. To visually monitor the
oxygen-carrying and photothermal-responsive capacity of the M-mFe-
P@O,-G nanoparticles adsorbed with PFP droplets, we used a portable
dissolved oxygen meter to measure the oxygen concentration in
different solutions. As shown in Fig. 3H, the dissolved oxygen concen-
tration in the M-mFeP@O,-G solution was significantly higher than that
in water and the mFe3O4 solution, demonstrating the excellent
oxygen-carrying capacity and gradual release profile of PFP. Notably,
the oxygen concentration in the M-mFeP@O,-G solution increased
dramatically upon irradiation with an 808 nm laser, which demonstrates
that the oxygen release from PFP is more sensitive under external NIR.
Optical microscopy was also employed to capture images of M-mFe-
P@0,-G solutions on glass slides before and after laser irradiation at a
power intensity of 1.8 W cm ™2 for 5 min. As shown in Fig. 3I, many
microbubbles were observed after laser irradiation. These results indi-
cate that the oxygen loaded in PFP can be fully released under photo-
thermal stimulation, improving the O, concentration and alleviating the
hypoxic state of the TME, and providing O2 for the cascade reactions to
enhance antitumor CDT.

Bioactive Materials 22 (2023) 239-253
2.3. Invitro catalytic performance of M-mFeP@O,-G nanoparticles

Glucose is an important source of energy and nutrients for the growth
and proliferation of tumor cells [50]. GOx can catalyze glucose in the
TME into gluconic acid and Hy0s, thus effectively cutting off the supply
of nutrients and energy to the tumor while blocking the growth of blood
vessels, realizing tumor starvation treatment [51]. First, the loading
capacity of GOx was calculated to be 5.03% via thermogravimetric
analysis (Fig. S7), indicating the successful loading of GOx. Next, to
assess whether the activity of GOx loaded in M-mFeP@O»-G nano-
particles was degraded, we compared the activity of free GOx, M-mFe-
P@O03-G nanoparticles, and M-mFeP@Q,-G nanoparticles upon laser
radiation (808 nm, 1.8 w cm’z, 10 min) using a CheKine™ Glucose
Oxidase Activity Assay Kit. The results showed that there was no sig-
nificant difference in the GOx enzyme activity between the free GOx,
M-mFeP@O32-G, and M-mFeP@O»-G + NIR groups, indicating that the
enzyme activity of GOx was not affected by the preparation process or
laser irradiation (Fig. S8A). This may be attributed to the encapsulation
of the nanoparticles with cell membrane materials, which shielded a
large amount of GOx from direct contact with the external environment,
thereby preventing enzyme degradation. Next, the GOx enzyme activity
in M-mFeP@O,-G nanoparticles was investigated at different pH values.
The results showed that the enzyme activity at pH 6.0 was higher than
that under neutral conditions, which was consistent with previous
studies [52], indicating that M-mFeP@O,-G nanoparticles were adap-
tive to the TME (Fig. S8B). In addition, the storage stability of GOx
loaded in M-mFeP@O»-G nanoparticles was also investigated. There was
no significant degradation of the loaded nanoparticles, and GOx
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maintained >90% of its activity after one week of storage (Fig. S8C).
Therefore, the activity of GOx can be maintained after stable storage for
a week at 4 °C and is not affected by the preparation methods. Moreover,
GOx has higher activity in the TME than in neutral conditions, which is
adaptive to the TME.

As illustrated in Fig. 4A, in the mechanism of catalytic therapy, M-
mFeP@0,-G nanoparticles first reached the tumor site, and then the
K7M2 cell membrane coating disintegrated to release Fe ions and GOx
under the acidic conditions of the TME. The released Fe ions can then
induce Fenton reactions by generating -OH, and GOx can catalyze
glucose into HyO and gluconic acid, which induces the self-amplifying
catalytic cascade reactions in situ. Therefore, to investigate the genera-
tion of -OH, 100 mM dimethyl pyridine N-oxide (DMPO) was applied to
trap the short-lived -OH to form relatively longer-living -OH-DMPO
adducts, which could be detected via electron paramagnetic resonance
(EPR). As shown in Fig. 4B, considerable levels of -OH were generated in
the presence of H,0,, as demonstrated by the characteristic -OH signals
in the EPR spectrum. These results were caused by Fenton reactions
between the Fe ions released from the mFe304 nanoparticles and HyO,
under mildly acidic conditions, resulting in a large amount of -OH
generated. Similarly, this reaction also generated a notable amount of
-OH in the presence of glucose. This was attributed to the released GOx
that catalyzes the conversion of glucose into HoO», and subsequently,
the generated Hy0O, can further react with the released Fe ions to
generate -OH. However, no signal was observed in the spectrum when
neither HoO5 nor glucose was present in the system, indicating that no
Fenton reaction occurred. All these results showed that Fe ions could
produce Fenton reactions with endogenous HyO5 under the conditions of
the TME and generate large amounts of -OH to kill tumors. At the same
time, encapsulated GOx can not only deplete glucose within tumor cells
as starvation therapy but also generate large amounts of HyO2, which
can further enhance the Fenton reaction to produce more -OH.

The mFe304 nanoparticles showed catalase-like activity under
neutral pH conditions and decomposed H30, into H,O and O,. In
contrast, they exhibited peroxidase-like activity in an acidic environ-
ment and can disintegrate HyO; into -OH [53]. Therefore, a typical 3,3,
5,5-tetramethylbenzidine (TMB) color reaction was performed to
further evaluate the -OH generation activity of M-mFeP@O»-G nano-
particles. UV-vis absorption spectroscopy was used to monitor the
production of the colorimetric product oxidized TMB (oxTMB), where a
signal peak should be observed at 652 nm. As shown in Fig. 4C, no
obvious signal peak was observed in the absence of TMB alone and TMB
with Hp0,, suggesting that no oxidation reaction occurred in either
group. As expected, when M-mFeP@O,-G nanoparticles, H,O5, and TMB
are present, a characteristic peak at 652 nm can be clearly observed in
the UV-Vis spectrum, confirming that the nanoparticles can undergo the
Fenton reaction to generate toxic -OH. Similarly, a characteristic peak at
652 nm was observed when M-mFeP@O,-G nanoparticles, glucose, and
TMB were present in the reaction system in the absence of HyO5. This
result showed that the GOx loaded in the M-mFeP@O,-G nanoparticles
can also undergo a catalytic reaction under the action of glucose to
generate HyO,, subsequently generating -OH, which can induce the
cascade reaction to kill tumors. Next, we monitored the ability of the
M-mFeP@O,-G nanoparticles to produce -OH under different pH con-
ditions (pH 7.4, 6.0, and 5.2). As shown in Fig. S9, the ability of the
M-mFeP@O,-G nanoparticles to generate -OH was pH-dependent,
wherein a decrease in pH gradually increased -OH generation. This is
mainly attributed to the accelerated release of Fe ions and the higher
activity of GOx under acidic conditions, which is more adaptive to the
TME and may be a promising antitumor treatment. To further verify the
successful generation of the cascade, similarly, we also monitored the
ability of different nanosystems (M-mFe-G, M-mFeP@O»-G, M-mFe-
P@O03-G + NIR) to produce -OH under the same glucose concentration.
As shown in Fig. 4D, the ability of the M-mFeP@O»-G and M-mFe-
P@O02-G + NIR nanoparticles to generate -OH was stronger than that of
M-mFe-G nanoparticles within a certain period of time. The results
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explained that the addition of oxygen and photothermal effects can both
further enhance the activity of GOx, to produce more hydrogen peroxide
and thus more -OH, which can effectively kill tumor cells.

Next, typical Michaelis—-Menten steady-state kinetics were used to
investigate the catalytic ability of the M-mFeP@O5-G nanoparticles.
Initially, the catalytic activity of the M-mFeP@O,-G nanoparticles was
systematically explored using typical Michaelis-Menten steady-state
kinetics with TMB and different concentrations of H,O45 (50, 20, 10,
and 5 mM) as substrates (Fig. 4E-G). The time-course absorbance vari-
ation was acquired upon the addition of HyO» into a solution of M-
mFeP@O0,-G nanoparticles (100 pg mL™!) in a 20 mM sodium acetate
buffer (pH 5.2) (Fig. 4E). The corresponding concentration-changing
rate (vo) of cation-free radical production was calculated using the
Beer-Lambert law according to Equation (1), which was fitted with the
Michaelis-Menten curves (Equation (2), Fig. 4F). According to equation
(3), to determine the Michaelis constant (Ky;) and maximum reaction
velocity (Vmax) of the catalytic reaction M-mFeP@O,-G nanoparticles,
the Lineweaver—Burk plot was obtained, as shown in Fig. 4G. The Ky; and
Vmax values were calculated to be 36.46 mM and 4.38 x 108 Ms™! for
M-mFeP@O»-G nanoparticles, respectively, using different concentra-
tions of HyO5 as the substrate. Hence, M-mFeP@OQ,-G nanoparticles
have good catalytic activity and can quickly catalyze HO- into toxic
-OH to kill tumors.

A=kbc 1
_ Vmax-[S]

K+ 5] @

1 Ky 1 1
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To assess if the GOx loaded in M-mFeP@O,-G nanoparticles can
catalyze the conversion of glucose in the TME into gluconic acid and
H,0,, we measured the pH of the M-mFeP@O--G solution after adding
different concentrations of B-p-glucose, as shown in Fig. S10. The
experimental results show that the pH of the M-mFeP@O,-G solution
decreased with increasing -p-glucose concentration, indicating that the
GOx loaded in the mFe304 nanoparticles maintained its activity and can
still catalyze the production of gluconic acid from glucose. Thus, M-
mFeP@O0,-G nanoparticles can not only consume glucose from the TME
and kill tumor cells via starvation therapy, but they can also catalyze the
production of Hy0, and gluconic acid, which further promote the
cascade reaction and enhance CDT. Similarly, the catalytic activity of M-
mFeP@O,-G nanoparticles was systematically explored using TMB and
different concentrations of p-b-glucose (10, 5, 2.5, and 1 mM) as sub-
strates (Fig. 4H-J). The time-course changes in absorbance were
observed by adding f-p-glucose to a solution of M-mFeP@O5-G nano-
particles (100 pg mL ™) in sodium acetate buffer (Fig. 4H). The corre-
sponding concentration-changing rate was calculated via the
Beer-Lambert law and fitted with Michaelis-Menten curves (Fig. 41). To
determine the Ky and Vp,ax of the catalytic reaction with M-mFeP@O,-G
nanoparticles, a Lineweaver-Burk plot was obtained, as shown in
Fig. 4J. The Ky and V.5 values were calculated to be 20.31 mM and
11.85 x 1077 Ms™! for the sequential M-mFeP@O5-G nanoparticles,
respectively. These results show that the M-mFeP@O»-G nanoparticles
have good catalytic activity in the presence of either glucose or HyOo,
which guarantees that the M-mFeP@O,-G nanoparticles could trigger a
desirable and steady cascade catalytic reaction. Therefore, when the
endogenous Hy0; in the TME is exhausted, GOx can catalyze glucose to
generate large amounts of HpO in situ and facilitate the Fenton reaction
to achieve antitumor effects.

2.4. Invitro evaluation of targeting effect and immune escape
performance

To further verify the uptake and targeting ability of the M-
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mFeP@0,-G nanoparticles, DiD (red), a fluorescent probe, was loaded
into mFe304 nanoparticles (defined as mFeD nanoparticles) which were
then coated with K7M2-cell membranes (defined as M-mFeD), and
labeled with DiO (green). Next, we incubated K7M2 cells with these
dual-fluorophore-labeled nanoparticles for 6 h and observed them using
a confocal laser scanning microscope. The results showed that around
the blue DAPI-stained nuclei, the red signal from DiD (representing the
mFe304 nanoparticle “core”) and the green signal from DiO (repre-
senting the K7M2 cell membrane “shell”) co-localized (Fig. 5A). These
results indicated that the M-mFeP@O,-G nanoparticles exhibited
desirable cell uptake. Flow cytometry was then performed to assess the
cell targeting and uptake of the M-mFeP@O,-G nanoparticles via the
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mean fluorescence intensity of DiD in K7M2 cells. The uptake fluores-
cence intensity of M-mFeD was indicated by the apparent rightward shift
of the curve compared with that of mFeD nanoparticles at both 2 h and 4
h of incubation (Fig. S11A). When the fluorescence intensity of mFeD
nanoparticles at 2 h was defined as 100%, the fluorescence intensity of
M-mFeD nanoparticles was 414.11% at 2 h, and that of the mFeD and M-
mFeD nanoparticles were 460.12% and 658.74% at 4 h, respectively
(Fig. S11B). These results indicate that nanoparticles coated with tumor
cell membranes had improved cell uptake, which was associated with
specific proteins on the K7M2 cell membranes. At the same time, the
fluorescence imaging results also showed that the red fluorescence in-
tensity was significantly increased after coating with the K7M2 cell
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Fig. 5. In vitro cell targeting and antitumor activity of M-mFeP@O,-G nanoparticles. A) Intracellular co-localization of the M-mFeD nanoparticle (shell: DiO/green;
core: DiD/red). Scale bar: 5 pm. B) Intracellular uptake of mFeD and M-mFeD in SKOV3 and RAW 264.7 cells after 2 h and 4 h of incubation. Scale bar: 50 pm. The
nuclei were stained with DAPI. C) Intracellular uptake of mFeD and M-mFeD in SKOV3 and RAW 264.7 cells after 4 h of incubation. Scale bar: 50 pm. The nuclei were
stained with DAPI. D) Fluorescence images of K7M2 cells stained with DCFH-DA pre-incubated with M-mFeP-G (top) and M-mFeP@O,-G (bottom) in a hypoxic
environment. Scale bar: 50 um. E) Fluorescence images of K7M2 cells after co-incubation with a) PBS, b) mFe304 nanoparticles, ¢) mFeP@O,-G nanoparticles, d) M-
mFeP@O,-G nanoparticles, or e) M-mFeP@O,-G nanoparticles + NIR under neutral (pH 7.4) and acidic (pH 6.0) conditions for 6 h and subsequent staining with
DCFH-DA. Scale bar: 50 pm. F, G) Relative mRNA expression of GPX4 and SLC7A11 after different treatment. H, I) In vitro cell cytotoxicity of PBS, mFe304, mFe-G,
mFeP@O0,-G, M-mFeP@0,-G, and M-mFeP@O,-G + NIR at different concentrations after incubation for 24 h at pH 6.0 and pH 7.4. Data are shown as mean + SD, n
= 4, ***P < 0.001, **P < 0.01, *P < 0.05. J) Flow cytometry analysis of K7M2 cells treated with PBS, mFe304, mFe-G, mFeP@0,-G, M-mFeP@O,-G, and M-
mFeP@O,-G + NIR for 24 h. The cells were stained with Annexin V-647 and PI for analysis.
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membranes, which corresponded to the flow cytometry results (Fig. 5B).

We then selected SKOV3 ovarian tumor cells to further evaluate the
homologous targeting capacity of the K7M2 osteosarcoma cell
membrane-coated nanoparticles. There was no obvious difference in
fluorescence intensity after incubating SKOV3 cells with M-mFeD and
mFeD nanoparticles (Fig. 5C and Fig. S12A). However, higher fluores-
cence intensity was observed in the K7M2 cells treated with M-mFeD
nanoparticles, indicating that the tumor cell membrane-coated nano-
particles possessed a stronger targeting ability to homologous tumor
cells, which was due to the affinity between the surface membrane
proteins present (Fig. 5B). Due to similar membrane proteins, nano-
particles modified with tumor cell membranes can have a significantly
enhanced ability to target homotypic tumor cells, which ensures that the
modified nanoparticles can better deliver cargo to the tumor site and
reduce unnecessary toxicity and other side effects.

Nanoparticles coated with tumor cell membranes can usually escape
phagocytosis by immune cells due to specific proteins on their surfaces
[54,55]. Therefore, to verify that the K7M2 cell membrane-coated
nanoparticles could escape macrophage phagocytosis, M-mFeD nano-
particles were incubated with RAW 264.7 cells. The red fluorescence
signal intensity of the M-mFeD nanoparticle-treated group was lower
than that of the mFeD nanoparticle-treated group (Fig. 5C and
Fig. S12B). This is largely due to the presence of membrane proteins on
the surface of K7M2 cells, especially CD47, which can induce phago-
cytosis escape. Therefore, when tumor cell membrane-coated nano-
particles enter the bloodstream, they can effectively avoid phagocytosis
of immune cells, safely reaching the tumor sites to kill tumor cells.

2.5. Invitro ROS and qPCR evaluation

After confirming the cellular uptake and homologous targeting
ability of the M-mFeP@O,-G nanoparticles, their -OH generation ca-
pacity was determined via the oxidation of DCFH-DA by ROS. As shown
in Fig. S13A, the green fluorescence intensity of M-mFeP@O»-G nano-
particles is indicated by the apparent rightward shift of the curve
compared with that of the mFeP@O,-G nanoparticles. Notably, the
curve shifted the most to the right after the cells were treated with M-
mFeP@0,-G nanoparticles + NIR. These results showed that modifica-
tion with cell membrane material could induce the nanoparticles to
enter cells and produce more -OH. Moreover, the additional photo-
thermal effect could further enhance the Fenton reaction and produce
more -OH, killing tumors. When the fluorescence intensity of PBS is
defined as 100%, the fluorescence intensities of the solutions containing
mFeP@02-G and M-mFeP@O,-G nanoparticles were 274.34% and
373.04%, respectively (Fig. S13B). Upon NIR treatment, the fluores-
cence intensity increased up to 563.91%, indicating that more ROS was
produced. In addition, we also compared the generation of ROS at
different pH values, and the fluorescence intensity at pH 6.0 was
significantly higher than that at neutral pH (Fig. 5E). At the same time,
the fluorescence imaging results also showed that the green fluorescence
intensity was significantly increased after coating with the K7M2 cell
membranes, and the strongest fluorescence intensity was achieved after
808 nm laser irradiation, similar to the flow cytometry results. These
results indicate that the acidic environment of the TME was adaptive to
the Fenton reaction and killed the tumor cells. This can be attributed to
the fact that, under acidic conditions, more Fe ions are released, leading
to the Fenton reaction, producing more ROS. At the same time, the GOx
enzyme activity increased under acidic conditions. Hence, the results of
the cellular uptake and homologous targeting assays suggest that
nanoparticles coated with tumor cell membranes effectively entered
tumor cells, synergized with photothermal agents in vitro to induce
tumor cells to produce more -OH, and promoted ferroptosis.

Ferroptosis is a programmed cell death caused by intracellular lipid
peroxidation and plasma membrane rupture [20]. GPX4 is inactivated
by GSH depletion and is a key regulator of ferroptosis and excessive
accumulation of lipid peroxidation to lethal levels [21]. SLC7A1l1
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mediates cystine uptake and glutamate release and is required for iron
overload mediated iron death. Moreover, SLC7A11 is glucose depen-
dent, and its expression level decreases with glucose consumption,
thereby reducing antioxidant defense and promoting tumor cell death
[56]. Therefore, we selected K7M2 tumor cells with high expression of
GPX4 and SLC7A11, treated them with different nanosystems, and
evaluated their mRNA expression levels in cells. The qPCR assays both
showed the expression of mRNA level of GPX4 and SLC7A11 was
obviously down-regulated when K7M2 cells were treated with different
nanosystems compared with PBS, which was attribute to the presence of
Fe ions in the nanosystems (Fig. 5F and G). While the cells treated with
mFe-G and mFeP@O,-G nanoparticles were more obviously compared
with mFe304 nanoparticles alone. This may be attributed not only to the
presence of Fe ions but also to the large amount of GOx and PFP loaded
in the nanosystem, which could deplete glucose within tumor cells and
produce H0; in situ for subsequent -OH generation, and carry O to
enhance the cascade reaction, respectively. We can also see that mFe-
P@O3-G nanoparticles coated with tumor cell membranes had further
down-regulated the mRNA expression level, which was associated with
specific proteins on the K7M2 cell membranes. In addition, external
photothermal effect also made a certain contribution, which can pro-
mote the occurrence of ferroptosis. Taken together, these data demon-
strated that the NIR-active mFeP@O»-G nanoparticles could act as an
efficient GPX4 and SLC7A11 inactivator, which may lead to collabora-
tive apoptosis and ferroptosis of tumor.

Because of the porous structure and large surface area of mFe304
nanoparticles, mFe3O4 can function as a nanocarrier for PFP loading,
which can absorb large amounts of O2 due to the van der Waals in-
teractions between PFP and O, [57]. Therefore, to assess if the
PFP-loaded O, has the ability to regulate hypoxic tumor environments,
we first monitored the protein expression of hypoxia-inducible factor-1a
(HIF-1a), which are major regulators of the intracellular hypoxia
adaptation response, in K7M2 osteosarcoma cells [58]. Hypoxia can
upregulate the expression of HIF-la. As expected, the expression of
HIF-1a protein was significantly downregulated in the presence of
M-mFeP@O,-G compared with that in the PBS and mFe304
alone-treated groups (Fig. S14A). The results showed that Os-saturated
PFP significantly improved intracellular O, levels and alleviated the
hypoxic state of K7M2 osteosarcoma cells. More importantly, the
expression of HIF-1a was further downregulated upon NIR laser irradi-
ation. This result further proved that stimulating PFP to rapidly release
oxygen bubbles under NIR is beneficial for relieving tumor hypoxia,
which can achieve a strong synergistic antitumor effect. The gray ratio of
HIF-1a to GAPDH was 34.5% in the M-mFeP@O»-G group and 23.02%
in M-mFeP@0O,-G + NIR groups, which were lower compared to the
cells treated with PBS and mFe304 alone (67.5% and 66.5%, respec-
tively) (Fig. S14B). Next, we further evaluated whether the O loaded in
PFP can play a therapeutic role in the hypoxic state of the TME. We
simulated the state of tumor hypoxia and monitored ROS generation
under hypoxic conditions. As shown in Fig. 5D, the green fluorescence
intensity of the M-mFeP@O»-G nanoparticles was significantly higher
than that of the M-mFeP-G nanoparticles without O2 saturation upon
irradiation with an 808 nm laser. When tumor cells are in a hypoxic
condition, the Oy-loaded nanoparticles can release a large amount of Oy
under external photothermal stimulation, thus simultaneously relieving
the tumor’s hypoxic state and producing more ROS.

2.6. In vitro cytotoxicity profiles

These cell experiments demonstrated the good targeting ability and
efficient production of -OH induced by the nanoparticles fabricated in
this study. To evaluate the killing ability of these nanoparticles on K7M2
osteosarcoma cells, their potential cytotoxicity and ability to induce
apoptosis were evaluated. The in vitro cytotoxicity of the different
nanoparticle formulations was evaluated via the CCK8 assay at various
concentrations in both acidic (pH 6.0) and neutral (pH 7.4) culture
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media for 24 h. The results showed that cell viability was highly
dependent on the concentration of the nanoparticles and the pH of the
media (Fig. 5H and I). The M-mFeP@O,-G nanoparticle + NIR groups
displayed remarkable inhibition of K7M2 cell growth, which had
stronger inhibitory effects than mFe304, mFe-G, mFeP@O,-G, or M-
mFeP@O0»-G at pH 7.4. The cell growth inhibition rate at pH 6.0, which
is higher than that in neutral culture media in all formations, also
showed the best inhibition efficiency in the M-mFeP@O»-G + NIR
group, compared to that of the mFe304, mFe-G, mFeP@O,-G, and M-
mFeP@0»-G groups. This could be attributed to the peroxidase-like
activity of mFe304 nanoparticles in the acidic environment that can
decompose HO> into -OH and the increased enzymatic activity of GOx
under acidic conditions. Additionally, the apoptosis of K7M2 cells was
analyzed using Annexin-V647/PI double staining via flow cytometry. At
a concentration of 50 pg mL !, the percentage of cell apoptosis induced
by the M-mFeP@O,-G nanoparticles + NIR was 70.83%, which was
higher than that in the M-mFeP@O5-G group (59.34%), the mFeP@0,-G
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group (34.3%) and the mFe-G group (26.55%) (Fig. 5J). Collectively,
these data suggest that the homologous targeting ability of the nano-
particles and their ability to generate -OH from the cascade reaction
contribute to their cytotoxicity and ability to induce apoptosis.

The efficacy of tumor cell membrane-coated nanoparticles for
enhanced CDT cascade in vitro may indicate their potential in vivo
therapeutic effects. To verify this, we examined the therapeutic prop-
erties of different nanoparticles in a subcutaneous tumor model in
BALB/c mice bearing K7M2 osteosarcoma. The in vivo treatment cycles
and administration methods were recorded as shown in Fig. 6A. First, to
confirm the time when these nanoparticles aggregated at the tumor site
and the targeting effect after the coating of cell membranes, we studied
the in vivo fluorescence imaging of mice bearing one K7M2 ostep-
sarcoma models at different time points. As shown in Fig. 6B, M-mFeD
nanoparticles can efficiently aggregate with the tumor sites, and the
fluorescence intensity was significantly stronger than that of the mFeD
nanoparticles (Fig. S15). And the fluorescence intensity reached the

Fig. 6. In vivo evaluation of the tumor-suppressive
effect of the fabricated nanoparticles. A) Experi-
mental timeline for the antitumor efficacy study. B) In
| vivo fluorescence images at different time points post

intravenous injection with M-mFeD and mFeD nano-
particles. C) Infrared thermographic maps of the
irradiated areas 12 h after intravenous injection. D)
Time-dependent temperature curves of the PBS,
mFeP@O,-G nanoparticles, and M-mFeP@O,-G
nanoparticles in the mouse subcutaneous ectopic
" tumor model upon irradiation with an 808 nm laser.
: E) Images of the tumor tissues collected from the test
groups after 22 days of treatment. F) The average
relative tumor volume vs. time curve after adminis-
tration of the different nanoparticles to K7M2
osteosarcoma-bearing mice. G) TGI on day 22. H)
Mouse body weight changes after different treat-
ments. I) Images of the mice on day 22 and H&E,
TUNEL, and Ki-67 staining of the tumor tissues after
different treatments. Scale bar: 50 pm.
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maximum value at 12 h, which could be used as the basis for subsequent
photothermal irradiation. Then, to further evaluate whether the M-
mFeP@0,-G nanoparticles possess homologous targeting capacity
owing to their membrane coating, the distribution of the M-mFeP@O»-G
nanoparticles in the BALB/c mice bearing K7M2 osteosarcoma tumors
was investigated. Infrared thermographs (1.25 W cm ™2, 10 min) in the
tumor locations were recorded, as shown in Fig. 6C. The temperature of
the tumors in the mFeP@O,-G nanoparticle group increased from 33.8
to 40.2 °C in 360 s, whereas those in the M-mFeP@O,-G nanoparticle
group showed a significant temperature increase from 34.2 °C to 48.2 °C
in 180 s, reaching 49.9 °C in 360 s. This temperature remained un-
changed under further irradiation, indicating that a stable heat ex-
change was achieved at this time point (Fig. 6D). This result indicated
that coating the nanoparticles with K7M2 cell membranes could direct
their accumulation at the tumor site. In addition, this result also shows
that the NIR laser can penetrate the skin tissue and trigger the photo-
thermal conversion of M-mFeP@O,-G nanoparticles in vivo, inducing
effective PTT.

2.7. In vivo evaluation of the tumor-suppressive effect

Encouraged by the in vitro results, we further evaluated the anti-
tumor efficacy of the different nanoparticles in vivo. After treatment for
22 days, the tumors of BALB/c mice in all groups were dissected and
weighed (Fig. 6E), and visually demonstrated that osteosarcoma cell
growth could be effectively suppressed after the administration of
mFeP@02-G, M-mFeP@O05-G, and M-mFeP@O,-G + NIR. After injec-
tion with PBS, no inhibitory effect on tumor growth was observed, and
the relative average tumor volumes increased more rapidly compared
with the other three groups (Fig. 6F). Within 22 days, the tumor growth
rate in the mice administered with M-mFeP@OQ,-G nanoparticles was
remarkably lower than those treated with mFeP@O,-G nanoparticles.
Moreover, the tumor growth inhibition (TGI) rates of the M-mFeP@O2-G
and mFeP@O--G nanoparticles have been calculated to be 68.68% and
51.72%, respectively. Notably, M-mFeP@O,-G nanoparticles irradiated
with an 808 nm laser have the best tumor inhibition effect in vivo, with a
TGI of 90.50% (Fig. 6G). Overall, the excellent therapeutic effects of M-
mFeP@0,-G nanoparticles + NIR laser irradiation could be attributed to
the synergy of enhanced CDT, PPT, and starvation therapy, which
showed clinical translation potential. This excellent antitumor effect of
M-mFeP@O,-G nanoparticles was mainly attributed to the homologous
targeting of tumor cell membranes, which could direct the nanoparticles
to the tumor site. At the same time, after these M-mFeP@O5-G nano-
particles accumulated at the tumor sites, they could disintegrate to
release Fe ions, GOx, and O under the slightly acidic TME upon NIR
laser irradiation. This can lead to a series of self-amplifying cascade
catalytic reactions in situ and kill tumor cells via synergistic CDT and
starvation therapy. The experimental results further suggest that PPT
can enhance CDT to kill tumor cells, which not only promotes the release
of Fe ions to drive the Fenton reaction and produce more -OH, but also
accelerates the catalytic ability of GOx to produce more HO,
enhancing the Fenton reaction and killing even more tumor cells.

In addition, the body weights of the mice were recorded every two
days. There were no significant changes in the body weights of the mice
during the experimental period (Fig. 6H), suggesting that the M-
mFeP@0»-G nanoparticles had no obvious systematic toxicity and that
the dose used was tolerable for the mice. At the same time, we also
performed hematoxylin and eosin (H&E) staining to evaluate the his-
topathological changes in different organs (heart, liver, spleen, lungs,
and kidneys) in the tumor model. The results showed no obvious organ
toxicity after the administration of different nanoparticles compared
with the PBS groups, indicating that the nanoparticles can be used for
intravenous injection without toxicity to these organs (Fig. S16). This
may be mainly attributed to the homologous targeting ability of tumor
cell membranes, which could direct nanoparticles to reach tumor sites
and not produce toxic side effects on normal tissues, resulting in a good
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therapeutic effect.

Additionally, H&E staining, terminal deoxynucleotidyl transferase-
mediated dUTP nick-end labeling (TUNEL), and Ki-67 staining of
tumor tissue slices were performed to evaluate the therapeutic outcome
of these nanoparticles, the results of which were consistent with the
results of tumor growth (Fig. 6I). H&E staining revealed that, compared
with PBS treatment, the proportion of the dead zone in tumor sites
increased when treated with different nanoparticles, especially upon
irradiation with an 808 nm laser. The Ki-67 proliferation assay showed
that the expression level of Ki-67 was significantly increased upon PBS
treatment, whereas it was reduced in the mFeP@0Q,-G, M-mFeP@0,-G,
and M-mFeP@O,-G + NIR groups. The TUNEL assay also showed that
the apoptosis of tumor cells increased when treated with different
nanoparticles, especially when photothermal stimulation was applied.
These results reveal the critical therapeutic outcomes of the different
nanoparticles when used in vivo to treat tumors.

3. Conclusions

In summary, a TME-adaptive nanoplatform for synergistically
enhancing CDT has been developed in this study and has achieved
notable antitumor effects both in vivo and in vitro. We developed tumor
cell membrane-functionalized nanoparticles by coating mFeP@O»-G
nanoparticles with K7M2 cell membranes for the targeted treatment of
osteosarcoma. Owing to the specific marker proteins on the surface of
the K7M2 cell membranes, M-mFeP@O»-G nanoparticles showed
effective immune escape and homologous targeting capacity to the
tumor sites. Upon reaching the tumor site, the mFe3O4 panoparticles
with excellent photothermal effects functioned as inducers of Fenton
reaction, while the loaded GOx consumed glucose in the TME and
catalyzed HyO2 decomposition, generating -OH. Moreover, PFP pro-
vided Og for this cascade reaction, further enhancing the Fenton re-
actions. Thus, using the M-mFeP@O,-G nanoparticles designed in this
study is a promising strategy and a potential new platform for the pre-
cision treatment of osteosarcoma via synergistic CDT, starvation ther-
apy, and PTT. We believe that this new enhanced CDT strategy using
nanoparticles camouflaged with tumor cell membranes holds great
promise for effectively treating tumors.

4. Materials and methods
4.1. Synthesis of mFe3O4 nanoparticles

Mesoporous Fe3O4 (mFe3O4) nanoparticles were synthesized ac-
cording to a previously published method [59]. Briefly, FeCl3-6H20 (0.8
g), sodium citrate dehydrate (0.47 g), and sodium acetate (1.5 g) were
dissolved in glycol (40 mL) under stirring to obtain a transparent solu-
tion, which was heated at 80 °C. The homogeneous solution was then
transferred to a Teflon-lined stainless steel autoclave and heated to
200 °C. After an 8-h reaction period, the autoclave was cooled to room
temperature and washed with water and ethanol. The final mFe304
nanoparticles were obtained via freeze-drying.

4.2. Synthesis of mFeP@O2-G nanoparticles

To load PFP and GOX, the prepared mFe3O4 nanoparticles (10 mg)
were transferred into a two-neck flask with a rubber stopper. Then, the
air inside was evacuated for 10 min, followed by the injection of PFP
(100 pL) into the flask. The system was ultrasonically oscillated for 5
min in an ice bath with 100 w power. The product was then dispersed in
PBS containing GOx (10 mg) and stirred overnight in the dark. The final
products were purified via centrifugation (10,000 rpm, 10 min) to
remove excess PFP and GOx (mFeP-G). The precipitate was dispersed in
PBS and stored in an oxygen chamber for 10 min to achieve oxygen
saturation (mFeP@0,-G).
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4.3. Cell membrane isolation

K7M2-WT (K7M2) osteosarcoma cell membranes were obtained
using a membrane protein extraction kit [60]. Briefly, the collected
K7M2 cells (approximately 2-5 x 107 cells) were dispersed in the
membrane protein extraction buffer solution and cooled in an ice bath
for approximately 20 min. The cells were then transferred into a glass
homogenizer and homogenized approximately 30-50 times. The
resulting mixture was then centrifuged (2500 rpm, 10 min, 4 °C) to
obtain the supernatant, which was centrifuged again (1500 rpm, 30 min,
4 °C) to collect the cell membranes. To obtain the membrane vesicles,
the extracted membranes were ultrasonicated for 5 min in an ice bath
with 100 w power and then extruded 20 times through 400-nm and
200-nm polycarbonate porous membranes using an Avestin mini
extruder (ATS Engineering Canada). The harvested vesicles were stored
at 4 °C until further use. A bicinchoninic acid (BCA) protein assay was
used to analyze the total protein content in the obtained K7M2 cell
membranes.

4.4. Synthesis of M-mFeP@O2-G and M-mFeD nanoparticles

M-mFeP@O,-G nanoparticles were fabricated by coating mFeP@O-
G nanoparticles with the isolated K7M2 cell membranes [61]. Briefly,
K7M2 cell membrane vesicles (1 mg mL™!, 200 pL) and mFeP@O2-G
nanoparticles (1 mg mL™}, 200 pL) were mixed and sonicated for 5 min
in an ice bath and then extruded via a polycarbonate porous membrane
(pore sizes of 400 nm and 200 nm) to harvest the M-mFeP@O»-G
nanoparticles. To prepare DiD dye-labeled nanoparticles, a 0.1 wt% DiD
dye solution was first loaded into mFe304 nanoparticles (defined as
mFeD nanoparticles) and then coated with the K7ZM2 cell membranes
according to the former method, and the products were defined as
M-mFeD nanoparticles.

4.5. Membrane protein characterization

SDS—PAGE was used to investigate the type and content of mem-
brane proteins in mFe3O4 nanoparticles, K7ZM2 osteosarcoma cell
membranes, and M-mFeP@O,-G nanoparticles. RIPA lysis buffer was
used to extract the total proteins from the cell membranes. The proteins
were then analyzed via polyacrylamide gel electrophoresis and stained
with Kaumas blue. Western blotting was used to identify the surface
proteins present in the K7M2 osteosarcoma cell membranes. First, K7M2
osteosarcoma cells, K7M2 osteosarcoma cell membranes, and M-
mFeP@O0»-G nanoparticles were lysed using RIPA buffer with 1 mM
PMSF in an ice bath for 30 min and were quantified analysis using a BCA
kit. These collected proteins were mixed with loading buffer, denatured
by boiling in water for 5 min, and added to SDS-polyacrylamide gel in an
electrophoresis chamber system (Bio-Rad Mini-Protean, USA). Next, the
membranes were transferred onto polyvinylidene fluoride (PVDF)
membranes and then blocked with 5% milk for approximately 1 h in an
ice bath. The membranes were then probed with primary antibodies
against CD47, glycoprotein 100, E-cadherin, and galectin-3 at 4 °C and
then incubated with the corresponding secondary antibody [62,63].
Finally, the protein signals were visualized via a gel imaging system
(Bio-Rad Gel Doc XR).

4.6. Hemolysis ratio calculation

Hemocompatibility was determined by evaluating the compatibility
between red blood cells (RBCs) and nanoparticles [64]. First, the whole
blood (2 mL) was injected into saline (5 mL) in a blood collection vessel.
Subsequently, RBCs were obtained via centrifugation at 2000 rpm for 5
min three times. The purified RBCs were then divided into four tubes.
Subsequently, 1 mL of saline (negative control), ultrapure water (posi-
tive control), and the mFeP@O0,-G and M-mFeP@O,-G solutions were
added to the tubes. All samples were then incubated at 37 °C for 3 h.
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Next, the samples were centrifuged at 2000 rpm for 5 min. Finally, the
absorbance of the supernatant at 540 nm was measured using an ul-
traviolet spectrophotometer and the hemolysis rate was calculated using
the following formula:

B
3 100% @

A
Hemolysis rate =
Y c—
where A is the absorbance of the nanoparticle solution, B is the absor-
bance of the negative control, and C is the absorbance of the positive
control.

4.7. In vitro photothermal effect measurements

To investigate their NIR laser-induced photothermal conversion,
different concentrations of M-mFeP@O3-G nanoparticles (50, 100, 200,
300, 400, and 500 pg mL ™}, 0.4 mL) in Eppendorf tubes were exposed to
an 808 nm laser with an output of 1.8 W cm ™2 for 6 min. The real-time
temperature was measured using an infrared thermal imager. Then, the
M-mFeP@0,-G nanoparticles (400 pg mL™') were irradiated with an
808 nm laser at powers of 0.5, 0.8, 1.2, 1.5, 1.8, and 2.0 W cm’z,
respectively. Finally, to study their photothermal stability, a M-
mFeP@0,-G solution (400 pg mL~!) was irradiated in five cycles of 6
min irradiation on and 6 min off. The real-time temperatures of the
solutions were recorded during irradiation.

In addition, the photothermal conversion efficiency (1) of the M-
mFeP@0,-G nanoparticles was determined according to a method
established in previous studies [65]. Briefly, the M-mFeP@O,-G solution
(400 pg mL_l, 0.4 mL) in vials was irradiated under an 808 nm NIR laser
at an intensity of 1.8 W cm ™2 for 450 s. Then, the laser was turned off,
and the temperature changes of the solution were monitored with an IR
camera. Finally, n was calculated using the following equation:

hAATmax - Qs
== 10w ®
where 75 is the conversion efficiency value, AT,y is the maximum
temperature change when the temperature reaches a steady-state under
irradiation with an 808 nm NIR laser, I is the laser power density, and A,
is the absorbance of the solution in the UV-vis spectrum. The values of
Qs and hA are unknown, but Qg is related to the light absorbance of pure
water and can be calculated using the following equation:

My ATy max

s At ©

where m,, is the mass of water, c,, is the heat capacity of water, AT,.max

is the maximum temperature change of water when the temperature

reaches a steady state under irradiation with an 808 nm NIR laser, and

At is the length of NIR laser irradiation treatment. The hA can then be

calculated using the following equation:
__mpCp

S=TA )

where mp is the mass of water used to suspend the nanoparticle, cp is the
heat capacity of water, and 15 is the time constant, which can be
calculated from the linear time-dependent data collected during the
cooling period of the nanoparticle solutions.

In this study, we calculated the 5 value of the M-mFeP@O,-G
nanoparticles in detail. Here, Qs was calculated to be 12.3 mW. The mass
of water used to suspend the nanoparticles (mp) was 0.4 g, the heat
capacity of water (cy) was 4.2 J g’1 K1, and the 15 of M-mFeP@O0,-G
nanoparticles was determined to be 192.31 s according to the linear
time-dependent data collected during the cooling period as shown in
Fig. 3D. Hence, according to equation (7), hA was calculated to be 8.74
x 103 WK

Finally, the maximum temperature change (ATnayx) is 42.7 °C, and I
is the laser power density which was 1.8 W cm™2. The absorbance of 400
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pg mL~! M-mFeP@O,-G nanoparticles at 808 nm in the UV-Vis spec-
trum (A;) was determined to be 0.291. According to Equation (5), the
photothermal conversion efficiency (1) of M-mFeP@O,-G nanoparticles
was calculated to be 36.83%.

4.8. Selective and rapid release of Fe ions

M-mFeP@O»-G solution (1 mg mL_l, 1 mL) was sealed in a dialysis
bag with a molecular weight cutoff of 7000 Da. The dialysis bags were
then placed in PBS buffer solutions at different pH values (7.4 and 6.0),
in the absence or presence of NIR laser irradiation at different time
points (6 h, 8 h, 12 h and 24 h), and kept in a horizontal laboratory
shaker at 37 °C. Under magnetic stirring, 1 mL of the sample solution
was collected and replaced with an equal volume of fresh PBS at
different time intervals. The concentration of the released Fe ions was
measured using ICP-AES.

4.9. Measurement of Oz release from M-mFeP@O2-G triggered using NIR

To visually monitor the oxygen-carrying capacity of PFP, we used a
portable dissolved oxygen meter to measure the oxygen concentration in
deoxygenated water (prepared by boiling under a nitrogen atmosphere),
mFe304, and M-mFeP@O,-G nanoparticles [66,67]. Briefly, mFe304 and
M-mFeP@O,-G solutions (1 mg mL’l, 1 mL) in an aqueous solution (50
mL) was pretreated with N bubbles, and the oxygen concentration was
recorded every 30 s for 10 min. In addition, the oxygen concentration of
the M-mFeP@0O,-G solution in water was also recorded after irradiation
with or without 808 nm NIR (1.8 W cm ™2, 8 min).

4.10. In vitro heat and NIR laser-induced bubble generation

Here, M-mFeP@O,-G solution (1 mg mL~}, 0.01 mL) was dropped
onto a glass slide and covered with a coverslip. After irradiation with an
808 nm NIR laser at 1.8 W cm ™2 for 5 min, the region of exposure was
captured with an optical microscope.

4.11. Evaluation of GOx activity

GOx activity was measured using a CheKine™ Glucose Oxidase Ac-
tivity Assay Kit, following the manufacturer’s instructions. Briefly, M-
mFeP@0,-G nanoparticles (1 mg mL~!, 0.01 mL) was added to 0.2 M
glucose (50 pL) and then incubated at 37 °C for 20 min. Next, the
chromogen (40 pL) was immediately added, and the solutions were
incubated at 37 °C for 10 min. Finally, the absorbance of the solutions
was measured at 580 nm. Therefore, according to the above method, we
assessed the activity of the different nanoparticle preparations at
different pH values. In addition, we evaluated the storage stability of the
GOx enzyme for a week according to the above method.

4.12. Invitro free radical detection

The production of -OH was detected using electron paramagnetic
resonance (EPR) spectroscopy with DMPO as a spin trap to capture -OH.
Briefly, to detect the -OH produced by Fe?" and Hy0,, M-mFeP@05-G
nanoparticles (1 mg mL ™1, 150 pL) was mixed with a DMPO solution (50
mM) at pH 5.2 containing a glucose (50 mM) solution with or without
H205 (50 mM). The solution was kept in a 37 °C water bath for 1 h, and
the captured -OH was detected using EPR spectroscopy.

4.13. Michaelis—Menten kinetics

A typical TMB color reaction was performed to systematically eval-
uate the -OH generation activity of M-mFeP@O»-G nanoparticles.
UV-vis absorption spectroscopy was used to monitor the production of
the colorimetric product oxidized TMB (0xTMB), and a signal peak
appeared at 652 nm. Briefly, the TMB (1 mM, 1 mL) and M-mFeP@O»-G
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nanoparticles (100 pg mL™!) were added upon the addition of HyO5 (5
mM) or B-p-glucose (1 mM). NaAC buffer solution (20 mM, pH 5.2) was
then added to a final volume (3 mL), and the absorbance change in the
range of 350-800 nm was monitored after the reaction for 10 min. The
same conditions were used to test the dependence of enzymatic acti-
vityon different pH values (pH 7.4, 6.0, and 5.2) by monitoring the
absorbance change at 652 nm for 10 min. The same conditions were also
used to test the dependence of enzymatic activityon different nano-
systems (M-mFe-G, M-mFeP@O»-G and M-mFeP@O,-G + NIR) by
monitoring the absorbance change at 652 nm for 10 min at the f-p-
glucose concentration of 10 mM.

To determine the kinetic parameters of the reaction, the TMB (1 mM,
1 mL) was used to monitor the chromogenic reaction (A = 652 nm)
between M-mFeP@O,-G nanoparticles upon the addition of varying
H,0; or p-p-glucose concentrations. An NaAC buffer solution (20 mM,
pH 5.2) was added to a final reaction volume (3 mL). The Michae-
lis-Menten kinetic curves of the M-MFePG@O- nanoparticles were ac-
quired by plotting the respective initial velocities against the
concentrations of HO, and p-p-glucose. The Michaelis—-Menten constant
(KM) and maximal velocity (Vpax) Were calculated by creating Line-
weaver-Burk plots.

4.14. Cell culture

K7M2 cells, the murine macrophage cell line RAW 264.7, and SKOV3
cells were obtained from the Shanghai Institute of Cells, Chinese Acad-
emy of Sciences, and were grown in high-glucose DMEM supplemented
with 10% FBS and 1% streptomycin—penicillin at 37 °C in a humidified
atmosphere with 5% COs.

4.15. Intracellular Co-localization

The fluorescent probe DiD was loaded into the mFe30,4 nanoparticles
to investigate the location of the nanoparticles (M-mFeD), while the cell
membranes were labeled with another fluorescent probe, DiO. K7M2
cells were seeded in 6-well plates. After culturing for 24 h, the medium
was replaced with M-mFeD nanoparticles (1 mg mL™}, 50 pL), and the
cells were incubated for an additional 6 h. The cells were then washed
three times with PBS and fixed with 4% paraformaldehyde solution at
room temperature. Finally, the nuclei were stained with DAPI for fluo-
rescent imaging and the cells were observed using a confocal laser
scanning microscope (Rtec, UP-Sigma) with 405, 488, and 644 nm
filters.

4.16. Evaluation of in vitro targeting capability

K7M2 cells were seeded in 6-well plates. After culturing for 24 h, the
medium was replaced with mFeD nanoparticles (1 mg mL !, 50 pL) and
M-mFeD nanoparticles (1 mg mL™}, 50 pL) for 2 and 4 h, respectively.
The cells were then washed three times with PBS and fixed with 4%
paraformaldehyde solution at room temperature. Finally, the cell nuclei
were stained with DAPI for fluorescence microscopy (IX71S1F-3,
OLYMPUS, Japan). In addition, flow cytometry was used to quantify the
fluorescence intensity. According to the same method above, the K7M2
cells were seeded in 6-well plates, and after the incubation with different
nanoparticles, the cells were collected and analyzed using a CytoFLEX
flow cytometer (Beckman Coulter, USA).

In addition, SKOV3 cells were seeded in 6-well plates. After culturing
for 24 h, the medium was replaced with mFeD nanoparticles (1 mg
mL’l, 50 pL) and M-mFeD nanoparticles (1 mg mL7, 50 pL) for 4 h.
Then, the cells were washed three times with PBS and fixed with 4%
paraformaldehyde solution at room temperature. Finally, the nuclei
were stained with DAPI and the cells were observed under fluorescence
microscopy.
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4.17. Evaluating escape from macrophage phagocytosis

RAW 264.7 cells were seeded in 6-well plates. After culturing for 24
h, the medium was replaced with mFeD nanoparticles (1 mg mL™?, 50
pL) or M-mFeD nanoparticles (1 mg mL‘l, 50 pL), and the cells were
incubated for another 4 h. Then, the cells were washed three times with
PBS and fixed with 4% paraformaldehyde solution at room temperature.
Finally, the nuclei were stained with DAPI and the cells were observed
under fluorescence microscopy.

4.18. In vitro ROS generation assay

ROS generation in vitro was evaluated through the fluorescence
change resulting from the ROS-induced oxidation of 2'-7’-dichlor-
odihydrofluorescein diacetate (DCFH-DA). Briefly, K7M2 cells were
seeded in 6-well plates and incubated for 24 h. Then, the cells were
treated with mFe304 nanoparticles, mFeP@O,-G nanoparticles, M-
mFeP@05-G nanoparticles, or M-mFeP@O»-G nanoparticles + NIR (2
w cm’z, 10 min). After another incubation for 6 h at different pH levels
(6.0 and 7.4), the cells were washed with PBS and stained with DCFH-
DA (10 pM) at 37 °C for 30 min and then observed via fluorescence
microscopy. In addition, flow cytometry was performed to quantify the
fluorescence intensity. According to the same method above, K7M2 cells
were seeded in 6-well plates, and the cells were collected and analyzed
via flow cytometry after incubation with the different nanoparticles.

Similarly, to assess whether PFP-loaded O can regulate hypoxic
tumor environments, K7M2 cells were seeded in 6-well plates in an
anaerobic bag for 24 h. Then, the cells were treated with M-mFeP@O2-G
or M-mFeP-G nanoparticles for another 6 h before NIR irradiation (2 W
cm_z, 10 min). The cells were then washed with PBS, stained with
DCFH-DA (10 pM) at 37 °C for 30 min, and observed under a fluores-
cence microscope.

4.19. Western blot analysis of HIF-1a expression

Western blotting was performed to evaluate changes in HIF-1a pro-
tein expression levels in K7M2 cells after treatment with the different
nanoparticles. Briefly, K7M2 cells were seeded in 6-well plates. After 24
h of incubation, the cells were treated with PBS, mFeP@O,-G, M-
mFeP@O0,-G, or M-mFeP@0,-G + NIR (2 W em ™2, 10 min) for another
24 h. Then, the cells were collected and lysed using RIPA buffer with
PMSF (1 mM) in an ice bath for 30 min, and the protein concentration of
lysates were quantified for analysis via a BCA kit. According to the above
method, the expression level of HIF-la protein was detected via
electrophoresis.

4.20. In vitro cytotoxicity assay

K7M2 cells were seeded in 96-well plates. After culturing for 24 h,
the medium was replaced with DMEM diluted nanoparticles at different
concentrations (10, 20, 50, 100, and 200 pg mL™D) of mFe304 nano-
particles, mFe-G nanoparticles, mFeP@O,-G nanoparticles, M-
mFeP@0,-G nanoparticles, or M-mFeP@O,-G nanoparticles + NIR (2
w cm’z, 10 min). After incubation for another 24 h at different pH levels
(pH 6.0 and 7.4), CCK-8 (10 pL) solution was added to the cells. After
incubation for 2 h, cell viability was evaluated by measuring the
absorbance at 450 nm.

4.21. Apoptosis assays

K7M2 cells were seeded in 6-well plates. After culturing for 24 h, the
medium was replaced with a concentration of 100 pg mL™! of mFe304
nanoparticles, mFe-G nanoparticles, mFeP@O»-G nanoparticles, M-
mFeP@0,-G nanoparticles, and M-mFeP@O»-G nanoparticles + NIR (2
W em™2, 10 min). After incubation for 24 h, all cells were collected and
stained with PI and Annexin V according to the Annexin V-FITC
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Apoptosis Detection Kitapoptosis detection kit and observed using a
CytoFLEX flow cytometer.

4.22. Animal experiments

Female BALB/c mice (4-5 weeks old) were purchased from the
Wuhan University Animal Biosafety Level III Lab. All animal handling
protocols were approved by the Institutional Animal Care and Use
Committee of the Animal Experiment Center of Sichuan University
(arrpove number: 20211516A). K7M2 osteosarcoma models were
established by subcutaneously injecting K7M2 cells (1 x 107 cells sus-
pended in 100 pL PBS) into the right flank/leg of each mouse. Tumor
size (V) was calculated as follows: V= (width® x length)/2 and
measured every two days. After three weeks, the tumors, heart, liver,
pleen, lungs and kidneys were collected from the sacrificed mice for
further analysis.

4.23. In vivo fluorescence imaging

Firstly, mice bearing one K7M2 ostepsarcoma models were devel-
oped. Mice were intravenously injected with 100 pL of solutions con-
taining mFeD and M-mFeD nanoparticles via tail vein at a concentration
of 1 mg mL™! per mouse. After different time points, mice were anes-
thetized and imaged via Maestro in vivo Imaging System (Caliper Life
Sciences, IVIS Spectrum, USA). For ex vivo fluorescence imaging, mice
were sacrificed at 24 h post-injection, and tumors and major organs (i.e.,
heart, liver, spleen, lung, and kidney) were dissected, washed with cold
saline and then subjected to Maestro in vivo Imaging System to obtain
the fluorescence images.

4.24. In vivo photothermal performance and tumor therapy

When the tumor volume grew to approximately 40 mm?, the tumor-
bearing mice were randomly divided into four groups (n = 4 each group)
and administered with different treatments via tail vein injection: (1)
PBS (control group), (2) mFeP@O»-G nanoparticles, (3) M-mFeP@0,-G
nanoparticles, or (4) M-mFeP@O»-G nanoparticles + NIR. NIR irradia-
tion (808 nm) was performed for 10 min at a power intensity of 1.25 W
cm ™2 after intravenous injection for 12 h, and the in vivo images and
temperatures were recorded using an infrared thermal imaging camera.
The body weight and tumor volume of each mouse were recorded every
two days. On the 22nd day, all the mice were sacrificed, and all the
tumors and major organs, including the heart, liver, spleen, kidneys, and
lungs, were harvested and preserved in 4% paraformaldehyde solution
for H&E staining to evaluate the biosafety of the nanoparticles. The
TUNEL assay and Ki-67 staining were also performed on the tumor tis-
sues to evaluate the degree of tumor cell apoptosis.

4.25. Statistical analysis

All experimental data in this study was shown as mean + standard
deviation (SD). Statistical comparisons were calculated by using Stu-
dent’s t-test, and p < 0.05 was considered to be statistically significant.
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