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ABSTRACT: Synergistic mild photothermal/nanozyme therapy with
outstanding hyperthermia performance and excellent multienzyme
properties is highly needed for osteosarcoma treatment. Herein, we
have developed efficient single-atom nanozymes (SANs) consisting of
Mn sites atomically dispersed on nitrogen-doped carbon nanosheets
(denoted as Mn-SANs) for synergistic mild photothermal/multi-
enzymatic therapy against osteosarcoma. Benefiting from their black
N-doped carbon nanosheet matrices, Mn-SANs showed an excellent
NIR-II-triggered photothermal effect. On the other hand, Mn-SANs
with atomically dispersed Mn sites have outstanding multienzyme
activities. Mn-SANs can catalyze endogenous H2O2 in osteosarcoma
into O2 by catalase (CAT)-like activity, which can effectively ease
osteosarcoma hypoxia and trigger the oxidase (OXD)-like catalysis
that converts O2 to the cytotoxic superoxide anion radical (•O2−). At the same time, Mn-SANs can also mimic glutathione oxidase
(GSHOx) to effectively consume the antioxidant glutathione (GSH) in osteosarcoma and inhibit intracellular glutathione peroxidase
4 (GPX4) expression. Such intratumoral •O2− production, GSH depletion, and GPX4 inactivation mediated by Mn-SANs can create
a large accumulation of lipid peroxides (LPO) and •O2−, leading to oxidative stress and disrupting the redox homeostasis in
osteosarcoma cells, which can ultimately induce osteosarcoma cell death. More importantly, heat shock proteins (HSPs) can be
significantly destroyed via Mn-SAN-mediated plentiful LPO and •O2− generation, thus effectively impairing osteosarcoma cells
resistant to mild photothermal therapy. Overall, through the cooperative effect of chemical processes (boosting •O2−, consuming
GSH, and enhancing LPO) and biological processes (inactivating GPX4 and hindering HSPs), collaborative mild photothermal/
multienzymatic therapy mediated by Mn-SANs is a promising strategy for efficient osteosarcoma treatment.

1. INTRODUCTION
Osteosarcoma, as a type of tumor with high malignancy and
easy recurrence and metastasis, greatly affects people’s health
and life, especially teenagers and young adults.1,2 With the
progression of osteosarcoma, there may be very unsatisfactory
prognosis, including pain, fractures, tumor recurrence, and
metastasis.1−3 At present, the first choice for clinical treatment
is wide-margin surgical resection of osteosarcoma.3,4 However,
due to the complexity and high malignancy of osteosarcoma,
the progression of osteosarcoma would be rapid, and limb-
sparing surgery resection is not always applicable.1−4 Although
chemotherapy against osteosarcoma has been developed, the
poor responsiveness of tumor cells and the rapid emergence of
drug resistance often impair the therapeutic effectiveness.1−4

Because of these clinical difficulties, osteosarcoma therapeutics
with new mechanisms and highly efficient antitumor effects are
highly desired. Photothermal therapy (PTT), which depends
on photothermal nanoagents to generate cytotoxic heat for
killing tumor cells with high specificity and efficiency under
near-infrared (NIR) laser irradiation, is one of the most

effective therapeutic modalities for osteosarcoma treatment
due to its minimal invasiveness, high tissue penetration, and
prominent antitumor effects.1,5 Nevertheless, to realize entire
tumor eradication, PTT needs to elevate the intratumoral
temperature to above 50 °C.6−9 Such hyperthermia perform-
ance can not only induce tumor cell death but also cause an
unavoidable damage to surrounding healthy tissues via the
complexity in preventing heat diffusion.6−9 Besides, during
PTT, inevitable adverse effects will be formed of inflammatory
disease and systemic immune responses caused by the
hyperthermia ablation.6−9 Compared with conventional PTT,
the emerging mild PTT (lower than 45 °C) may successfully
destroy primary osteosarcoma, while preventing thermal
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damage to normal tissues and alleviating unwanted inflamma-
tory/immunosuppression.6,7 Nevertheless, the curative effects
of mild PTT were severely impaired due to the upregulated
expression of the heat shock proteins (HSPs), which would
resist heat pressure and repair the thermally damaged tumor
cells.10,11 In recent years, small-molecular HSP inhibitors,
small-interfering RNA (siRNA), and nanosystems with photo-
thermal agents binding HSP inhibitors or siRNA have been
exploited to boost the curative effects of mild PTT.12−15

Nevertheless, they are usually not satisfying due to poor water
solubility, high systemic toxicity, inferior stability, low loading
efficiency, and especially asynchronous hysteretic therapeutic
effects, thereby impeding the future clinic practice.7,16,17

Consequently, it is essential to develop a multifunctional
nanomaterial as a therapeutic nanoagent that combines
hyperthermia properties with HSP silencing to improve the
therapeutic efficacy of mild PTT for osteosarcoma.
Recently, nanozymes with intrinsic enzyme-like character-

istics have received growing attention in numerous disease
treatments, including antitumor therapy, due to their low cost,
easy storage, unique physicochemical properties, high pene-
trability, superior stability, and multifunctionalities.18−23 In
particular, nanozyme-based therapy, in which nanozymes
specifically in situ trigger enzymatic activity within the tumor
microenvironment (TME) and catalyze oxidoreductase-mimic
reactions to break relatively vulnerable homeostasis of tumors
(especially redox homeostasis) for killing tumor cells,
represents an emerging antitumor modality.21−25 Typically,
transition metal-based nanozymes can effectively catalyze
enzyme-like reactions (e.g., CAT-, OXD-, and POD-like
reactions) with overexpressed H2O2 of the TME as the initial
reactant to generate oxygen and cytotoxic reactive oxygen
species (ROS, e.g., •O2− and •OH).20−25 This can not only

alleviate hypoxia in the TME but also disrupt the redox
homeostasis within the tumor and induce oxidative stress,
ultimately causing severe oxidative damage to tumor
cells.20,25−27 More importantly, abundant ROS production in
the tumor subsequently leads to the enrichment of lipid
peroxides (LPO), and the resulting ROS and LPO can
crosslink primary amines of HSPs to damage their structure
and efficacy, thereby inhibiting HSP expression and promoting
mild PTT.6,28 Meanwhile, LPO accumulation can also induce
ferroptosis for tumor cell killing.29,30 On the other side,
nanozymes with glutathione oxidase (GSHOx)-like activity can
catalyze the oxidation of glutathione (GSH, as the most
important antioxidant) into glutathione disulfide (GSSG), thus
reducing the GSH content in tumor cells and depressing the
expression of glutathione peroxidase 4 (GPX4).6,29,30 Such
depletion of GSH and inactivation of GPX4 can not only help
destroy the intracellular redox balance but also facilitate the
accumulation of LPO and ROS in the tumor, further cleaving
HSPs and improving mild PTT as well as boosting
ferroptosis.6,29,30 Notably, mild heating can also enhance
oxidoreductase-like activities and accelerate intratumoral
homeostasis disruption.1,6,7,31 Therefore, building a synergistic
mild photothermal/nanozyme therapy is a promising strategy
to enhance mild PTT performance and achieve synergistic
antiosteosarcoma efficacy. Nevertheless, because only a small
segment of active-site atoms exposed to the surface can devote
to the enzyme-like catalysis, nanozymes face the severe
challenge of catalytic activity, which extremely influences the
therapeutic efficacy of nanozymes. Meanwhile, how to
rationally scheme efficient nanozymes with multienzyme
properties and NIR light response simultaneously to achieve
synergistic enhanced mild photothermal/nanozyme therapy is
another challenge.

Scheme 1. Diagram of the Fabrication Process of the Mn-SANs and Their Mechanism for Synergistic Mild Photothermal/
Multienzymatic Therapy
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Single-atom nanozymes (SANs) are very promising
antitumor nanoagents owing to their adjustable electronic
and geometric structures, maximum atomic utilization
efficiency, atomically dispersed active sites, and outstanding
catalytic activities.6,26−28,31 Specifically, the SANs consist of
nitrogen-doped carbon matrices with anchored single metal
atoms and exert multiple functionalities, including superior
NIR light absorption, promotion of osteoinduction by
nitrogen-doped carbon matrices, and exertion of multienzyme
activities.32−34 However, most of the previously reported
nitrogen-doped carbon matrices for holding single-atom sites
present three-dimensional bulk structures, rendering a large
amount of active sites buried inside and restricting mass
transfer during the catalytic reaction.35 Forming 2D nitrogen-
doped carbon matrices is an attractive strategy that can fully
expose the active sites and accelerate mass transfer during the
reaction process.36 Meanwhile, the 2D structure might permit
nitrogen-doped carbon matrices to serve as laser-cavity
mirrors, which would improve the NIR light absorption and
photothermal conversion efficiency.37 Herein, we developed
multifunctional SANs consisting of Mn single-atom sites
anchored on 2D nitrogenated carbon nanosheets (denoted as
Mn-SANs) for synergistic mild photothermal/multienzymatic
therapy against osteosarcoma (Scheme 1). The resulting Mn-
SANs showed a remarkable photothermal effect in the near-
infrared II (NIR-II, 1000−1400 nm) region and had excellent
synergistic multienzyme properties. On the one hand, owing to
their black N-doped carbon nanosheet matrices, Mn-SANs
possessed strong optical absorption and exhibited excellent
NIR-II-triggered photothermal performance. Moreover, by
adjusting laser power density, Mn-SANs can give a relatively

safe mild treatment temperature. On the other hand, Mn-SANs
can catalyze endogenous H2O2 in osteosarcoma into O2 by
CAT-like activity, excellently easing osteosarcoma low oxygen
conditions and activating the OXD-like catalysis that converted
O2 to cytotoxic •O2−. At the same time, Mn-SANs can also
mimic GSHOx to effectively consume the antioxidant GSH in
the TME and inhibit intracellular GPX4 expression. Such
intratumoral •O2− production, GSH depletion, and GPX4
inactivation mediated by Mn-SANs can create a large
accumulation of LPO and •O2−, leading to oxidative stress
and disrupting the redox homeostasis in tumor cells, which
ultimately induced tumor cell death. More importantly, HSPs
can be significantly destroyed though Mn-SAN-mediated
plentiful LPO and ROS generation, thus effectively impairing
tumor cells resistant to mild PTT. Additionally, the photo-
thermal effect triggered by Mn-SANs can further enhance
multienzyme synergistic catalysis to heighten •O2− production,
GSH depletion, and LPO accumulation. Finally, through a
two-pronged strategy of chemical trails (boosting •O2−,
exhausting GSH, and promoting LPO) and biological
processes (inactivating GPX4 and hindering HSPs), a
synergistic mild photothermal/multienzymatic therapy medi-
ated by Mn-SANs exhibited a significantly enhanced
antiosteosarcoma efficacy.

2. RESULTS AND DISCUSSION
The preparation process, using the pyrolysis strategy of the
metal−organic framework (MOF) precursor, for Mn-SANs
with N-doped carbon nanosheet morphology is shown in
Scheme 1. As shown in the transmission electron microscopy

Figure 1. (a) TEM image of the Mn-SAN sample. (b) AFM image and (c) corresponding height profile of Mn-SANs. (d) XRD pattern of Mn-
SANs. (e, f) AC-HAADF-STEM images of Mn-SANs (orange dashed circle-marked Mn single atoms in Mn-SANs). (g) EDX elemental mapping of
Mn-SANs. (h) FT of the k3-weighted EXAFS spectra at the Mn K-edge of Mn-SANs. The FT was not corrected for the phase shift. (i) Schematic
illustration of the coordination structure for Mn-SANs. Deconvoluted C 1s XPS spectra (j) and N 1s XPS spectra (k) for Mn-SANs. (l) Mn 2p XPS
spectra for Mn-SANs.
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(TEM) image, Mn-SANs presented a typical nanosheet
morphology (Figure 1a). Moreover, the average size of Mn-
SANs was ∼122 nm, as revealed by dynamic light scattering
(DLS) (Figure S1). Meanwhile, the thickness of Mn-SANs was
detected to be ∼4.0 nm via atomic force microscopy (AFM),
further identifying their nanosheet structure for Mn-SANs
(Figure 1b,c). Such a 2D nanosheet structure was advanta-
geous for the adequate exposure of Mn active centers and
promoted mass transfer through catalyst layers, thereby
enhancing catalytic activity and improving reaction kinetic
features.36 Moreover, the X-ray diffraction (XRD) pattern
revealed that Mn-SANs presented two diffraction peaks that
can be attributed to the (002) and (101) planes of graphite-
like carbon at 26.3 and 42.9° (PDF 41-1487), respectively,
while no peaks from metal or metallic oxide nanoparticles can
be detected (Figure 1d). This indicated the nonappearance of
Mn-based nanoelectrons in Mn-SANs, which was in
accordance with the TEM observations. Atomically dispersed
Mn sites in Mn-SANs were further confirmed by careful
aberration-corrected high-angle annular dark-field scanning
transmission electron microscopy (AC-HAADF-STEM) anal-
yses. As presented in Figure 1e, the numerous bright spots
were homogenously dispersed on the N-doped carbon
nanosheets, indicating the uniform dispersion of metal single
atoms. The enlarged AC-HAADF-STEM image further
confirmed that Mn single atoms (emphasized by orange
loops) existed in Mn-SANs (Figure 1f). Correspondingly, it
was found that C, N, and Mn atoms were homogenously
dispersed in Mn-SANs, as revealed by energy dispersive X-ray
spectroscopy (EDX) elemental mapping analyses (Figure 1g).
Additionally, the weight loadings of Mn in the Mn-SANs were
∼4.21%, as revealed by inductively coupled plasma atomic
emission spectroscopy (ICP-AES).
Next, the extended X-ray absorption fine structure (EXAFS)

was performed to investigate the fine structure of Mn-SANs.
The Fourier transform (FT) of the EXAFS spectra at the Mn
K-edge for Mn-SANs exhibited a prominent peak around ∼1.6

Å (Figure 1h), belonging to Mn−N scattering paths (Figure
1i). Notably, compared to Mn foil, no measurable first Mn−
Mn shell peak at ∼2.3 Å was observed in Mn-SANs, suggesting
that atomically dispersed Mn sites were anchored on the N-
doped carbon nanosheets. Furthermore, the electronic
structure of the Mn-SANs was investigated using high-
resolution X-ray photoelectron spectroscopy (XPS). The
deconvoluted C 1s peak attributed to the C−N bonding was
observed at 285.5 eV, suggesting the existence of N-doped
carbon species in Mn-SANs (Figure 1j).38 Meanwhile, the N 1s
XPS of Mn-SANs can be deconvoluted into four peaks, which
were assigned to graphitic N, pyrrolic N, Mn−N, and pyridinic
N (Figure 1k).39 These results suggested that the Mn atoms in
Mn-SANs are basically coordinated with the N sites of the
nitrogenated carbon nanosheets. Moreover, the Mn 2p3/2
spectrum displayed the presence of Mn2+ (640.9 eV) and
Mn4+ (642.3 eV) species in Mn-SANs (Figure 1l).40 Therefore,
a combination study including XRD, AC-HAADF-STEM,
EXAFS, and XPS confirmed the successful fabrication of Mn
single atoms on the N-doped carbon nanosheets.
2.1. Synergistic Photothermal Performance and

Multienzyme-Mimicking Properties. Mild-temperature
photothermal therapy, which depended on the photothermal
conversion agent to produce cytotoxic heat (<45 °C) under
near-infrared (NIR) laser irradiation, was a promising
noninvasive and stimuli-responsive therapeutic modality for
destroying tumor cells and preventing normal tissue from
destruction by excessive temperature.6,7 Meanwhile, NIR-II
light-triggered photothermal therapy (NIR-II region: 1000−
1700 nm) can achieve an outstanding therapeutic effect for
deep tumor treatment, owing to the stronger tissue penetration
and lower scattering of NIR-II light.41,42 Here, the UV−vis−
NIR absorption spectrum of Mn-SANs (Figure 2a) displayed a
flat and stretchable absorption band in the NIR region (>780
nm), suggesting their significant NIR-II light absorption.
Encouraged by this, 1064 nm was utilized as a light source
to explore the NIR-II light-triggered photothermal perform-

Figure 2. (a) UV−vis−NIR absorption spectrum of Mn-SANs. (b) Temperature elevation curve of Mn-SANs (60 μg mL−1) (variation power
density of the NIR-II laser). (c) Temperature elevation curve of Mn-SANs with different concentrations under 1.0 W cm−2 of the NIR-II laser. (d)
Heating and cooling curve of Mn-SANs under 1064 nm laser irradiation. (e) Cooling time versus−ln θ fitted by a linear equation. (f) Thermal
stability of Mn-SANs.
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ance of Mn-SANs. Initially, photothermal performance was
examined by detecting the temperature elevation of Mn-SANs
under 1064 nm (varying power intensity) (Figure 2b). Mn-
SANs exhibited a power density-dependent heating behavior.
Moreover, the Mn-SANs displayed raised temperature with
increasing concentration, and the temperature can reach 53.8
°C after irradiation with a 1064 nm laser for 10 min (Figure
2c). By contrast, the temperature of pure water only elevated
to 28.7 °C under the same conditions. Notably, the
photothermal conversion efficiency (η) of Mn-SANs was
determined to be 40.3% (Figure 2d,e). In addition, after five
consecutive heating/cooling cycles, there was no significant
change in the photothermal performance of Mn-SANs,
confirming their stable photothermal properties (Figure 2f).
Besides, UCNs exhibited photothermal behavior like that of
Mn-SANs (Figure S2). Therefore, the Mn-SANs can act as an
ideal photothermal agent for NIR-II light-triggered mild
photothermal therapy and cause local heat to improve their
synergistic multienzyme-mimicking catalysis.
Next, the catalase (CAT)-, oxidase (OXD)-, and glutathione

oxidase (GSHOx)-like properties of Mn-SANs were inves-
tigated in the mimic mildly acidic TME (pH 6.0). Mn-SANs
can efficiently catalyze the conversion of H2O2 to O2, as
revealed by generating gas bubbles in solution when Mn-SANs
and H2O2 were present (Figure 3a). Meanwhile, with the
increase of H2O2 concentration, Mn-SANs exhibited enhanced
ability to decompose H2O2 into O2, identifying the outstanding
CAT-like activity of Mn-SANs (Figure 3b). On the contrary,
the UCNs under the same conditions failed to induce an

obvious generation of gas bubbles and showed negligible CAT-
like activity; thus, Mn was indispensable for the catalysis.
Moreover, based on the Michaelis−Menten equation, the
Michaelis−Menten constant (Km) and maximum reaction
velocity (Vmax) during the CAT-like catalysis of Mn-SANs were
calculated as 11.60 mM and 4.53 × 10−5 M s−1, respectively
(Figure 3c). Furthermore, the CAT-like action of Mn-SANs
was also fitted using the Lineweaver−Burk model (Figure 3d).
In addition, the ability of Mn-SANs to decompose H2O2 into
O2 can be enhanced obviously under NIR-II irradiation,
attributing to that their photothermal effect-induced temper-
ature elevation boosted CAT-like catalysis (Figure 3e).25,43−47

Thus, Mn-SANs can efficaciously ease tumor hypoxia and
create the prerequisite for triggering an OXD-like activity and
generating cytotoxic •O2−.
Oxidase, as one of the oxidative metalloenzymes, catalyzed

the oxidation of substrate O2 as an electron acceptor to
cytotoxic •O2−.

20 Furthermore, the possible •O2− generated by
the OXD-like catalysis of Mn-SANs was measured using 1,3-
diphenylisobenzofuran (DPBF) as the probe, as the
absorbance of DPBF at 410 nm can be bleached by •O2−
(Figure 3f). As shown in Figure 3g, the H2O2 or UCNs were
found to have a very weak influence on DPBF oxidative
bleaching. By contrast, significant DPBF oxidative bleaching
was observed in the presence of Mn-SANs, and addition of
H2O2 can further boost the oxidative bleaching of DPBF by
Mn-SANs. Thus, •O2− was effectively produced through the
OXD-like catalysis of Mn-SANs; it also confirmed O2
generation through CAT-like catalysis of Mn-SANs, which

Figure 3. (a) Reaction scheme for H2O2 decomposition and photos displaying O2 production under different treatments at pH 6.0: PBS, H2O2,
H2O2 + UCNs, and H2O2 + Mn-SANs. (b) O2 production from H2O2 decomposition by Mn-SAN-mediated catalysis under different H2O2
concentrations. (c) Michaelis−Menten kinetic analysis and (d) Lineweaver−Burk plot for CAT-like action of Mn-SANs with H2O2 as the substrate.
(e) NIR-II laser-enhanced CAT-like catalysis and corresponding O2 generation by Mn-SANs. (f) Reaction scheme for •O2−-induced DPBF
oxidation through OXD-like catalysis. (g) UV−vis spectrum of different treatments for DPBF oxidation at pH 6.0: DPBF + PBS, DPBF + H2O2,
DPBF + UCNs, DPBF + Mn-SANs, and DPBF + Mn-SANs + H2O2. (h) Michaelis−Menten kinetic analysis and (i) Lineweaver−Burk plot for the
OXD-like action of Mn-SANs with TMB as the substrate. (j) NIR-II laser-enhanced OXD-like catalytic activity and corresponding •O2− generation
by Mn-SANs. (k) Schematic diagram of the reaction mechanism of GSH and DTNB. (l) GSH consumption after treatment with Mn-SANs. (m)
Michaelis−Menten kinetic analysis and (n) Lineweaver−Burk plot for GSHOx-like action of Mn-SANs with GSH as a substrate. (o) Schematic
illustration of Mn-SANs for the photothermal-synergistic multienzyme-mimicking reaction.
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can enhance subsequent OXD-like catalysis. The kinetic Km
and Vmax parameters were 0.66 mM and 2.24 × 10−8 M s−1 for
OXD-like activity of Mn-SANs with 3,3′,5,5′-tetramethylben-
zidine (TMB) as a substrate, respectively (Figure 3h).
Moreover, the OXD-like action of Mn-SANs was also fitted
using the Lineweaver−Burk model (Figure 3i). Additionally,
under 1064 nm laser irradiation, Mn-SANs can obviously
promote the catalytic oxidation of TMB to the oxidized-TMB
(blue product), as revealed by the significant enhancement in
the absorbance at 652 nm (Figure 3j). This was attributed to
that the photothermal effect-induced temperature elevation
enhanced OXD-like catalysis of Mn-SANs, promoting •O2−
generation.25,43−47 The generation of •O2− can further be
boosted by 1064 nm laser plus H2O2, suggesting that the
photothermal effect of Mn-SANs enhanced multienzyme-
mimicking synergistic catalysis. Since the TME was typically
hypoxic while containing overexpressed H2O2, a successive
cascade reaction can proceed by multienzyme-like catalysis of
Mn-SANs: Mn-SANs can decompose H2O2 into O2, followed
by altering O2 to •O2−. Therefore, the •O2− produced by such
cascade catalysis, by means of intratumoral excess H2O2 as the
initial reactant, can induce oxidative stress and disorder the
redox homeostasis, causing tumor cell death.
Notably, the overproduced glutathione (GSH) in tumor

cells can extremely neutralize the generated ROS, thus greatly
impairing oxidative damage to tumor cells.6,29 Moreover,
glutathione peroxidase 4 (GPX4) could be inactivated by the
depletion of GSH, causing the accumulation of lethal LPO
triggered by ROS and thus inducing tumor cell death.6,29

Therefore, we investigated whether the Mn-SANs can mimic
GSHOx to consume GSH. After the addition of Mn-SANs into

the GSH solution, the remnant GSH was detected by the
probe 5,5′-dithiobis-2-nitrobenzoic acid (DTNB), which can
react with GSH to generate TNB with a characteristic
absorption peak at 412 nm (Figure 3k). It was observed that
the absorbance at 412 nm decreases significantly with time,
suggesting the oxidative consumption of GSH by GSHOx-
mimicking activity of Mn-SANs (Figure 3l). Moreover, the
Mn-SANs exhibited Michaelis−Menten kinetics during
GSHOx-like action, and the kinetic Km and Vmax parameters
were calculated as 0.33 mM and 8.44 × 10−6 M s−1,
respectively (Figure 3m). In addition, the GSHOx-like action
of Mn-SANs was also fitted using the Lineweaver−Burk model
(Figure 3n). Altogether, Mn-SANs can act as mild hyper-
thermia-reinforced multienzyme-mimic single-atom nano-
zymes to effectively alleviate tumor hypoxia and cause
intracellular •O2− augmentation and oxidative damage to
tumor cells (Figure 3o). Meanwhile, such intracellular •O2−
augmentation can also severely destroy heat shock proteins
(HSPs) that impede mild photothermal therapy.
2.2. In Vitro Synergistic Antiosteosarcoma Effect. To

ensure the Mn-SANs with better biocompatibility and
biosafety, mPEG-COOH was employed to modify the surface
of Mn-SANs, ultimately obtaining PEGylated Mn-SANs. The
successful surface modification of mPEG-COOH was con-
firmed through a change in the negative ζ-potential value
(Figure S3). The resulting PEGylated Mn-SANs were well-
dispersed in different physiological conditions: no obvious
aggregation was found after PEGylated Mn-SANs were aged
after 10 days, and the average size of PEGylated Mn-SANs also
had no obvious change (Figure S4). Moreover, no Mn leach
was detected in mildly acidic physiological medium (Figure

Figure 4. (a) Survival of L929 cells after the incubation with Mn-SANs and UCNs at various concentrations (ranging from 0, 25, 50, 100 μg mL−1

to 200 μg mL−1). (b) CLSM images for cellular uptake of Mn-SANs without any label (as control) in Saos-2 cells and Cy5.5-labeled Mn-SANs in
Saos-2 cells. (c) O2 release inside the cells detected by RDPP probe. (d) Intracellular •O2− detections of Saos-2 cells using DCFH-DA as the probe.
(e) Intracellular GSH detections of Saos-2 cells with various groups: (1) PBS only, (2) NIR-II only, (3) UCNs + NIR-II, (4) Mn-SANs, and (5)
Mn-SANs + NIR-II groups. (n = 3, mean ± SD; ***p < 0.001, **p < 0.01, and *p < 0.05).
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S5). Besides, no significant differences were found between
PEGylated Mn-SANs and Mn-SANs in terms of photothermal
performance and multienzyme activities (Figure S6). These
results indicated that PEGylated Mn-SANs possessed good
stability under mildly acidic physiological conditions and
maintained excellent photothermal/multienzymatic perform-
ance, thus enabling the application of biological experiments.
To make it straightforward, the PEGylated Mn-SANs were
referred to simply as Mn-SANs in the following text. Next, to
reveal the cytocompatibility of Mn-SANs and UCNs, cell
counting kit-8 (CCK-8) assay of fibroblast L929 cells was
performed. As presented in Figure 4a, no evident toxicity of
Mn-SANs and UCNs can be observed even at high

concentrations of 200 μg mL−1, suggesting their good
biocompatibility. Endocytosis of Mn-SANs in osteosarcoma
cells (Saos-2 cell line) was considered via confocal laser
scanning microscopy (CLSM). After 4 h of incubation with
Cy5.5-labeled Mn-SANs, Saos-2 cells displayed a red signal,
while the nucleus showed blue intensity, suggesting that Cy5.5-
labeled Mn-SANs were successfully ingested into Saos-2 cells
and mainly accumulated in the cytoplasm (Figure 4b).
Encouraged by these superior photothermal performance

and multienzyme properties of Mn-SANs, a synergistic mild
photothermal and nanozyme therapeutic effect at the cellular
level was studied in mimicking the tumor physiologic
conditions (typically, pH = 6.0 and 100 μM H2O2). The

Figure 5. (a) Mitochondrial membrane potential of Saos-2 cells after staining by the JC-1 probe. (b) ATP level in Saos-2 cells with various
treatments. (c) Western blots of GPX4 and HSP70 after various treatments. (d) Intracellular LPO detection using Liperfluo as a probe. (e)
Cytotoxicity assessment on Saos-2 cells with different treatments. (f) Fluorescence imaging of calcein-AM/PI-stained Saos-2 cells after various
treatments. (g) Flow cytometry results of Saos-2 cell apoptosis after various treatments. Groups: (1) PBS-only, (2) NIR-II-only, (3) UCNs + NIR-
II, (4) Mn-SANs, and (5) Mn-SANs + NIR-II groups. (n = 3, mean ± SD; ***p < 0.001, **p < 0.01, and *p < 0.05).
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Saos-2 cells were then treated with PBS-only, NIR-II-only,
UCNs + NIR-II, Mn-SANs, and Mn-SANs + NIR-II groups.
Initially, after different treatments of Saos-2 cells, intracellular
O2 levels were evaluated using the red fluorescent probe
[Ru(dpp)3]Cl2 (RDPP). Compared with PBS-only, NIR-II-
only, or UCNs + NIR-II groups, an obvious increase in
intracellular O2 levels was found in Saos-2 cells treated with
Mn-SANs, confirmed by a noteworthy diminishment in
intracellular red fluorescence of the RDPP probe (Figure
4c). This suggested that the Mn-SANs maintained the effective
CAT-like activity in the Saos-2 cells. Notably, such an O2
generation for Mn-SANs can be further heightened by NIR-II
laser irradiation, attributed to the enhancement of CAT-like
catalysis by their own photothermal effect. Such CAT-like
activity of Mn-SANs, thus, can provide a prerequisite for
effectively triggering OXD-like activity and generating
cytotoxic •O2− in the hypoxic while H2O2-rich TME. Then,
the green fluorescent probe 2, 7-dichlorofluorescin diacetate
(DCFH-DA) was used to detect intracellular •O2− generation.
As presented in Figure 4d, evident DCFH-DA green
fluorescence can be viewed in Saos-2 cells after treatment
with Mn-SANs, suggesting that Mn-SANs can produce •O2− in
cells through OXD-like catalysis, while intracellular •O2−
generation was negligible in the PBS-only, NIR-II-only, or
UCNs + NIR-II treatment group. Moreover, intracellular •O2−
generation properties of Mn-SANs can be further enhanced
after 1064 nm NIR-II laser irradiation due to their own
photothermal effect. Meantime, it can be found that the Mn-
SANs + NIR-II treatment group (Figure 4e) showed more
pronounced consumption of intracellular GSH compared with
the Mn-SAN group. This indicated that the photothermal
effect can also heighten the GSHOx-like activity of Mn-SANs.
Therefore, synergistic multienzyme-mimicking catalysis of Mn-
SANs enhanced by a photothermal effect can break intra-
cellular redox homeostasis and trigger the irreversible oxidative
damage of •O2− to intracellular biomolecules (including
proteins, nucleic acids, and lipids), ultimately inducing cell
death.
The increased cellular ROS level can typically destroy the

mitochondrial membrane and induce mitochondrial dysfunc-
tion, thereby causing a significant decrease in adenosine
triphosphate (ATP) production and severe cell dam-
age.25,31,48,49 We investigated Mn-SAN-mediated mitochon-
drial dysfunction using a 5,5′,6,6′-tetrachloro-1,1′,3,3′-tetraeth-
yl-imidacarbocyanine iodide (JC-1) probe to indicate the loss
of mitochondrial membrane potential (MMP) (Figure 5a).
Compared to the PBS-only, NIR-II-only, or UCNs + NIR-II
group, the increased disruption of the mitochondrial
membrane was found in Saos-2 cells after treating with Mn-
SANs, which decreased the red fluorescence and led to obvious
green fluorescence. This was because the mitochondria were
adversely affected by •O2− generation and GSH depletion
mediated by the OXD- and GSHOx-like catalysis of Mn-SANs.
Furthermore, the combination of NIR-II laser irradiation
nearly depleted the red fluorescence and showed strong green
fluorescence, suggesting the severe damage of the mitochon-
drial respiratory chain and mitochondrial membrane. Sub-
sequently, it was also observed that the intracellular ATP
production in the Mn-SANs + NIR-II-treated group was
obviously inhibited compared with the cells in the other
groups, due to the serious mitochondrial dysfunction of Saos-2
cells, originating from the synergies of the photothermal effect
and multienzyme catalysis (Figure 5b). Accordingly, Mn-SANs

had the ability to disrupt the mitochondrial function and ATP
synthesis, eventually leading to cell death.
The elevated intracellular ROS level can also cause serious

oxidation of the cellular lipid by adding oxygen at the
unsaturated bonds of fatty acid existing in the cellular lipid,
thus inducing significant lipid peroxides (LPO) and cumulative
ferroptosis.6,29,30 However, intracellular GSH and glutathione
peroxidase 4 (GPX4) can reduce LPO accumulation and
suppress ferroptosis in tumor cells.6,29,30 It was well known that
the depletion of GSH can inhibit the expression of GPX4.6,29,30

Inspired by Mn-SAN-mediated effective GSH depletion (as
shown in Figure 4e), we measured the expression of GPX4 in
Saos-2 cells after different treatments. From western blot
analysis, it was observed that the treatment of the Mn-SAN
group can obviously inhibit the GPX4 level in Saos-2 cells
compared to PBS only or the UCNs + NIR-II group, due to
the oxidative consumption of GSH by GSHOx-mimicking
activity of Mn-SANs (Figure 5c). Moreover, the Mn-SANs +
NIR-II treatment group can further downregulate the GPX4
expression to a very low level, implying that photothermal
effect-enhanced GSHOx-like catalysis can profoundly deplete
GSH and effectively inactivating GPX4. Subsequently, it can be
found that Mn-SANs irradiated by the NIR-II laser exhibited a
significant accumulation of intracellular LPO, confirmed by
strong green fluorescence of Liperfluo as an LPO probe
(Figure 5d). Thus, these results demonstrated that the
synergies of the photothermal effect and multienzyme catalysis
mediated by Mn-SANs (enhancing ROS, depleting GSH, and
inactivating GPX4) led to a plentiful accumulation of LPO in
Saos-2 cells, triggering the ferroptosis process.
Notably, ROS generation and the collection of LPO can

provide a strong method for slicing HSPs.6,28 The production
of plentiful ROS can crosslink primary amines of HSPs to
damage their structure and efficacy, while LPO can react with
HSPs to form lethal crosslinks.6,28 Moreover, HSPs were ATP-
dependent activated, and reducing ATP production can
suppress the synthesis of HSPs and impair the HSP
expression.28,49 It is worth noting that the downregulation of
the HSP expression can sensitize tumor cells to mild
photothermal therapy, considerably developing the healing
efficiency.28,49 Thus, the inhibitory effect of Mn-SAN-mediated
multienzyme catalysis on HSP expression was evaluated by
western blotting assay to scrutinize the level of HSP70 in Saos-
2 cells. It was found that the HSP70 content in Saos-2 cells
treated with the UCNs + NIR-II group was notably superior
than that of the PBS-only group, owing to that the generated
mild photothermal effect activated upregulation of HSP
expression (Figure 5c). For the Saos-2 cells treated with the
Mn-SAN group, the HSP70 was obviously downregulated,
representing that Mn-SAN-mediated ROS generation, LPO
accumulation, and ATP decline inhibited HSPs. Positively, the
HSP70 expression was still at a low level after the Mn-SANs
were exposed to NIR-II irradiation, which made it tremen-
dously possible for Mn-SAN-mediated multienzyme catalysis
to boost mild PTT. Therefore, the above-mentioned results
clearly indicated that the synergetic effect of ROS generation,
LPO accumulation, and ATP decline mediated by the
multienzyme catalysis of Mn-SANs can restrain HSP
expression, which offered a potential strategy for improving
mild PTT. Next, the therapeutic effect of synergistic mild
photothermal/multienzymatic therapy was evaluated by CCK-
8 assay (Figure 5e). Compared with the PBS-only group and
NIR-II group, the UCNs + NIR-II group led to some lethality
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to Saos-2 cells, stemming from mild PTT. Mn-SANs also had
an obvious lethal effect for Saos-2 cells, attributing to plentiful
•O2− generation and LPO-featured ferroptosis triggered by
their multienzyme activities. Compared with other treatment
groups, the Mn-SANs + NIR-II group achieved an impressive
therapeutic effect due to the synergies of the mild photo-
thermal effect and multienzyme catalysis, which basically killed
all Saos-2 cells, with the survival rate as low as 2.7%. Taken
together, these results were further sanctioned by live/dead
imaging (Figure 5f). Flow cytometer apoptotic analysis of
Saos-2 cells also provided confirmation (Figure 5g). Therefore,
such synergistic mild photothermal/multienzymatic therapy
mediated by Mn-SANs possessed the potential to enhance
antiosteosarcoma efficacy through a two-pronged strategy of
chemical processes and biological processes.
2.3. In Vivo Synergistic Osteosarcoma Eradication.

The excellent in vitro synergistic treatment property of Mn-
SANs encouraged us to further investigate the in vivo
antiosteosarcoma effect on Saos-2 tumor-bearing mice. Before
that, the biodistribution of Mn-SANs was explored. After the
i.v. administration of ICG-labeled Mn-SANs into Saos-2
tumor-bearing mice, ICG intensity can be witnessed in the
tumor regions and reached its maximum at 8 h, being sustained
for a further 24 h, highlighting the effective tumor enrichment
features of Mn-SANs (Figure 6a,b). Furthermore, as shown in
the ex vivo fluorescence image of the excised tumor, the liver,
kidney, and spleen showed relatively higher fluorescence
compared with the heart and lung, indicating the active uptake
by the reticuloendothelial system (Figure 6c). Next, the half-
life of Mn-SANs in the bloodstream of Saos-2 tumor-bearing
mice was calculated to be 1.38 h by detecting the
concentration of Mn in the blood over time (Figure 6d).
Additionally, the in vivo distribution of Mn in main organs and

tumors after 24 h of Mn-SAN injection suggested a significant
intratumoral enrichment of Mn-SANs (Figure 6e). Subse-
quently, in vivo photothermal effects of Mn-SANs were
evaluated by monitoring thermal images and the temperature
variation of the tumor sites under NIR-II irradiation (Figure
6f). As revealed in the infrared imaging, the local tumor
temperature of Saos-2 tumor-bearing mice treated with Mn-
SANs was elevated to 44.7 °C within 10 min by altering a
suitable laser power density, thereby offering a relatively safe
mild temperature for therapy.
Based on the remarkable in vitro antiosteosarcoma effects,

satisfactory tumor accumulation, and favorable in vivo
photothermal effects, the antiosteosarcoma performance of
Mn-SANs was further studied in Saos-2 tumor-bearing mice
for 14 days. The tumors were then treated with PBS + NIR-II,
UCNs + NIR-II, Mn-SANs, and Mn-SANs + NIR-II groups.
Within 2 weeks of therapy, the tumor volume of all mice was
measured every other day (Figure 7a). Compared with PBS +
NIR-II, UCNs + NIR-II, and Mn-SANs, tumors in the Mn-
SANs + NIR-II treatment group were substantially inhibited
with no obvious tumor growth found during the treatment
period. After 14 days, mice were sacrificed; the tumors were
resected and weighed, and the inhibition rate was calculated
accordingly. Photographs of excised osteosarcoma further
confirmed that synergistic mild photothermal/multienzymatic
therapy mediated by Mn-SANs had a significant inhibitory
effect on osteosarcoma (Figure 7b). Next, according to
quantitative analysis of weight and inhibition rate for
osteosarcoma (Figure 7c,d), the tumors in the Mn-SANs and
UCNs + NIR-II groups were only partially suppressed and still
increased at a certain rate, with the tumor inhibition rates of
∼39.5 and ∼24.2%, respectively. It was worth noting that the
tumors in the Mn-SANs + NIR-II group were almost

Figure 6. (a) In vivo fluorescence images of Saos-2 tumor-bearing mice after i.v. administration of ICG-labeled Mn-SANs. (b) Fluorescence
intensity extracted from tumor regions as a function of time after administration of ICG-labeled Mn-SANs. (c) Ex vivo quantification of average
fluorescence intensity of the major organs and tumor of mice at 24 h after administration of ICG-labeled Mn-SANs. (d) Mn concentrations in the
blood from mice treated with Mn-SANs. (e) In vivo distribution of Mn in main organs and tumors after 24 h of Mn-SAN treatment. (f) Thermal
images of Saos-2-tumor-bearing mice injected with PBS and Mn-SANs upon NIR-II laser irradiation. (n = 3, mean ± SD; ***p < 0.001, **p < 0.01,
and *p < 0.05).
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completely eradicated with the inhibition rate of up to 96.9%.
This resulted from synergistic mild photothermal/multi-
enzymatic therapy achieved by a two-pronged strategy of
chemical processes and biological processes mediated by Mn-
SANs. Meanwhile, the Mn-SANs + NIR-II treatment led to no
evident body weight loss issues (Figure 7e). Besides, all the
mice in PBS + NIR-II, UCNs + NIR-II, and Mn-SAN groups
died at day 40 (Figure 7f). In contrast, mice in the Mn-SANs +
NIR-II group survived for over 50 days, with the survival rate
as high as 100%, indicating that the Mn-SAN-mediated
synergistic mild photothermal/multienzymatic therapy had a
satisfactory inhibitory effect on tumor growth. Moreover,
pathological assays, including terminal deoxynucleotidyl trans-
ferase dUTP nick end label (TUNEL) staining and Ki-67
staining, further confirmed the outstanding antiosteosarcoma
effect of synergistic mild photothermal/multienzymatic
therapy (Figure 7g). After Mn-SANs + NIR-II treatment, the
hematoxylin-eosin (H&E) staining images showed no obvious
injury in major organs including the heart, liver, spleen, lungs,
and kidneys (Figure S7). In addition, the biochemical blood
indices of mice showed no significant differences after 14 days
of the treatment with Mn-SANs and PBS, respectively (Figure

S8). Therefore, these results indicated that the Mn-SAN-
mediated synergistic mild photothermal/multienzymatic ther-
apy not only exhibited excellent inhibition of tumor growth but
also showed negligible toxicity.

3. CONCLUSIONS
In summary, we developed efficient SANs consisting of Mn
sites atomically dispersed on nitrogen-doped carbon nano-
sheets for synergistic mild photothermal/multienzymatic
therapy against osteosarcoma. The resulting Mn-SANs showed
a remarkable photothermal effect in the near-infrared II (NIR-
II, 1000−1400 nm) region and excellent synergistic multi-
enzyme properties. On the one hand, owing to their black N-
doped carbon nanosheet matrices, Mn-SANs possessed strong
optical absorption and exhibited excellent NIR-II-triggered
photothermal performance. Moreover, by adjusting laser power
density, Mn-SANs can give a relatively safe mild treatment
temperature. On the other hand, Mn-SANs can catalyze
endogenous H2O2 in osteosarcoma into O2 by CAT-like
activity, excellently easing osteosarcoma low-oxygen conditions
and activating the OXD-like catalysis that converted O2 to
cytotoxic •O2−. Meanwhile, Mn-SANs can also mimic GSHOx

Figure 7. (a) Growth curves of osteosarcoma in Saos-2 tumor-bearing mice after various therapies. (b) Photographs of excised osteosarcoma from
different treatments. (c) Osteosarcoma weight separated from Saos-2 tumor-bearing mice after various therapies. (d) Inhibition rate of all groups
with that of the control group as zero. (e) Body weights of mice in different groups. (f) Survival profiles of mice in various groups. (g) Pathological
results of mice in different groups via TUNEL and antigen Ki-67 staining. Groups: (1) PBS + NIR-II, (2) UCNs + NIR-II, (3) Mn-SANs, and (4)
Mn-SANs + NIR-II. (n = 3, mean ± SD; ***p < 0.001, **p < 0.01, and *p < 0.05).
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to effectively consume the antioxidant GSH in the TME and
inhibit the intracellular GPX4 expression. Such intratumoral
•O2− production, GSH depletion, and GPX4 inactivation
mediated by Mn-SANs can create a large accumulation of LPO
and •O2−, leading to oxidative stress and disrupting the redox
homeostasis in tumor cells, which ultimately induced tumor
cell death. More importantly, HSPs can be significantly
destroyed through Mn-SAN-mediated plentiful LPO and
ROS generation, thus effectively impairing tumor cells resistant
to mild PTT. Additionally, the photothermal effect triggered
by Mn-SANs can further enhance multienzyme activities to
boost •O2− generation, GSH depletion, and LPO accumu-
lation. Finally, through a two-pronged strategy of chemical
processes and biological processes, synergistic mild photo-
thermal/multienzymatic therapy mediated by Mn-SANs
exhibited a significantly enhanced antiosteosarcoma efficacy.

4. EXPERIMENTAL SECTION
4.1. Synthesis of Mn-SANs. The precursor for the Mn-

BTC MOF (Mn(BTC)(H2O)3) was initially synthesized
through chemical precipitation, employing trimesic acid and
manganese acetate in a water−ethanol solvent. Specifically, a
solution comprising Mn(CH3COO)2·4H2O (0.488 g) and
trimesic acid (0.232g) was dissolved in a 200 mL ethanol−
water mixture and stirred at room temperature for 2 h. The
resulting product underwent centrifugation, thorough washing
with deionized water, and subsequent drying in a vacuum oven
for 24 h to yield the Mn-BTC MOF precursor.
The 0.1 g portion of the Mn-BTC MOF precursor was

sufficiently ground and mixed with dicyandiamide to form a
homogenous mixture. Subsequently, the obtained product
underwent pyrolysis in a tube furnace at 800 °C under a N2
flow for 3 h. The resulting pyrolysis product was washed with
deionized water/ethanol and diluted with acid under ultra-
sound to eliminate metal and dicyandiamide residues.
4.2. Measurement of Multienzyme-Like Activity. To

assess the CAT-like activity of Mn-SANs, the oxygen
production was measured. Briefly, Mn-SANs (60 μg mL−1)
were incubated with varying concentrations of H2O2 (0, 1, 3,
and 5 mM) in a PBS solution (pH = 6.0). Subsequently, the
oxygen concentrations were monitored in real time for 6 min.
The DPBF was employed to determine the presence of

•O2−. Briefly, DPBF and different samples were mixed in PBS
solution (pH = 6.0). The degree of •O2− was determined by
the degradation in absorbance at 420 nm.
To explore the GSHOx-like activity, Mn-SANs (60 μg

mL−1) were incubated with GSH in PBS solution (pH 6.0). At
the corresponding time points, DTNB was used as a probe to
measure the remaining GSH and record the absorbance with a
UV−vis spectrophotometer.
4.3. Detection of Intracellular •O2

− and GSH. For the
detection of intracellular •O2−, Saos-2 cells were treated with
various conditions, and DCFH-DA was used to stain the cells.
The fluorescence signal intensity of DCF reflects intracellular
•O2− levels. To assess the mitochondrial membrane potential,
JC-1 was employed to stain Saos-2 cells post-treatment. A red
signal for JC-1 aggregates or a green signal for JC-1 monomers
indicated normal or reduced mitochondrial membrane
potential. To detect intracellular GSH, Saos-2 cells were
cultured in 96-well plates and subjected to different treat-
ments: PBS-only, NIR-II-only, UCNs + NIR-II, Mn-SAN, or
Mn-SANs + NIR-II groups. Following treatment, each group

of GSH levels was analyzed using the GSH assay kit according
to the manufacturer’s instructions.
4.4. Cell Viability Assay. To assess the antiosteosarcoma

effects of various treatments in vitro, cell toxicity experiments
were organized into five groups: (1) PBS only, (2) NIR-II
only, (3) UCNs + NIR-II, (4) Mn-SANs, and (5) Mn-SANs
+NIR-II. The Mn-SANs and UCNs were present at an
equivalent concentration of 150 μg mL−1 in all groups. Saos-2
cells were treated with different treatments, including 0.1 mM
H2O2. After 6 h of incubation, the irradiation groups were
subjected to a 1064 nm laser. Subsequently, the cells were
further cultured for 24 h. Finally, the cell viability was assessed
by CCK-8 assay in different groups of treatments. Further-
more, Saos-2 cells were stained with calcein-AM and PI to
confirm treated live/dead cells. After that, the treated Saos-2
cells were further stained with Annexin V-FITC and PI staining
kits and sorted by flow cytometry.
4.5. In Vivo Antiosteosarcoma Performance. All animal

experiments adhered to the relevant laws and institutional
guidelines of the University of Chinese Academy of Sciences
(UCAS) and received approval from the Model Animal
Research Center of the Institute of Process Engineering,
Chinese Academy of Sciences. Female Balb/c nude mice were
obtained from Beijing HFK Bioscience Co., Ltd. Each mouse
received a subcutaneous injection of 4 × 106 Saos-2 cells in the
right scapular region. The treatment was initiated when Saos-2
tumor-bearing mice reached a tumor volume of 80−100 mm3.
For in vivo infrared thermography, 8 h postinjection of Mn-
SANs (15 mg kg−1) or PBS, the tumor area underwent
irradiation with a 1064 nm laser. An infrared thermal imaging
camera was employed to record real-time temperature changes
and infrared thermal images of the mice. For in vivo
antiosteosarcoma experiments, Saos-2 tumor-bearing mice
were divided into four groups, with three mice in each
group: (1) PBS + NIR-II; (2) UCNs + NIR-II; (3) Mn-SANs;
and (4) Mn-SANs + NIR-II. The equivalent doses of
intravenously injected Mn-SANs and UCNs in different groups
were approximately 15 mg kg−1. The irradiation group was
exposed to 1064 nm laser 8 h after intravenous injection.
Tumor size and body weight of animals in four groups were
recorded every 2 days over the 14-day treatment period.
Following treatment for 14 days, the mice were euthanized,
and tumor tissues were harvested and weighed. In addition, the
mouse tissue sections were processed for hematoxylin−eosin
(H&E), terminal deoxynucleotidyl transferase-mediated dUTP
nickel-end labeling (TUNEL), and Ki67 staining to investigate
histological differences.
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