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Copper-hollow mesoporous polydopamine-
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photoacoustic imaging-guided photothermal/
chemodynamic therapy for osteosarcoma
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Osteosarcoma (OS) is an extremely destructive and lethal primary bone cancer, and its treatment

remains a great challenge. Herein, a nanoplatform (HMPDA-Cu@PAA) was constructed by loading

copper ions into hollow mesoporous polydopamine (HMPDA) and subsequently coating with

polyacrylic acid (PAA), which exhibits dual responsiveness to the tumor microenvironment (TME) and

exogenous 808 nm near-infrared (NIR) laser irradiation. The mutual conversion of Cu* and Cu®" in
the TME endows HMPDA-Cu@PAA NPs with two enzyme-like activities: peroxidase-like (POD-like)
and glutathione peroxidase-like (GPx-like) activities. HMPDA-Cu@PAA NPs exhibit a synergistic
therapeutic capability that combines chemodynamic therapy (CDT), photothermal therapy (PTT), and

the imaging capability of photoacoustic imaging (PAl). The as-prepared HMPDA-Cu@PAA stimulates
the generation of toxic hydroxyl radicals ("OH) in response to the specific TME and depletes
intracellular glutathione (GSH) to kill MG63 cells with significant cytotoxic effect. Additionally, the
localized temperature increase induced by PTT promotes the generation of toxic 'OH, thereby

achieving synergistic enhancement of PTT/CDT for OS therapy. As a robust nanozyme for PAI-
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guided multimodal treatment of OS, the HMPDA-Cu@PAA nanoplatform exhibits a remarkable tumor

inhibition rate (TIR) of 81.36% in the MG63 tumor-bearing mouse models. Overall, this study
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1 Introduction

Osteosarcoma (OS) is a primary malignant bone tumor arising
from mesenchymal cell-derived osteogenic precursor cells.” OS
represents the second leading cause of cancer-related mortality
among pediatric patients.*® Treatment strategies for OS in
clinical settings primarily surgical intervention,
chemotherapeutic approaches (which encompass both neo-
adjuvant and adjuvant therapies), and radiotherapy. Owing to
the adverse effects associated with chemoradiotherapy and the
inability of surgical intervention to achieve complete tumor
eradication, therapeutic outcomes remain unsatisfactory.*® The
limitations of current OS treatment methods have compelled us
to develop novel, highly -effective,

involve

and safe treatment
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presents a versatile and rationally designed nanoplatform, offering a promising paradigm for PAI-
guided, TME-activated multimodal OS theranostics.

approaches, which are crucial for enhancing the overall
management level of OS.

Chemodynamic therapy (CDT) represents a treatment
approach that leverages Fenton or Fenton-like reactions within
the slightly acidic tumor microenvironment (TME) to transform
excess hydrogen peroxide (H,O,) into highly toxic hydroxyl
radicals ("OH), killing tumor cells.® In the TME, H,0, concen-
trations are often reported at levels of 50-100 puM, whereas
normal tissues typically exhibit levels ranging from tens of nM
to low puM.'" However, the most commonly used Fenton
reaction catalyzed by Fe®* only effectively functions under
strongly acidic conditions with pH < 4.*> Even under the slightly
acidic conditions of tumors, its reaction rate and therapeutic
efficiency remain relatively low.’* Under the mildly acidic
conditions characteristic of the TME, Cu'-mediated Fenton-like
reactions are considerably more efficient than those catalyzed
by Fe®".'+'* Moreover, the redox cycling between Cu*" and Cu*
can be driven by the elevated glutathione (GSH) levels in cancer
cells, leading to GSH consumption and thereby enhancing the
therapeutic efficacy of chemodynamic therapy (CDT).**"
However, CDT monotherapy has often proven insufficient to
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eradicate tumors, and most copper-based nanoplatforms are
now designed as CDT-based combination therapies to achieve
more complete tumor clearance.*®*

Photothermal therapy (PTT) is a tumor ablation strategy that
exploits the photothermal effect for therapeutic purposes. This
approach has garnered growing interest in cancer treatment
because of its minimally invasive characteristics, significant
selectivity, and reduced side effects.”** Dopamine-based
materials exhibit great potential in applications such as PTT
and photoacoustic imaging (PAI) due to their excellent
biocompatibility, biodegradability, and strong near-infrared
(NIR) absorption properties, along with their abundant cate-
chol groups that provide anchoring sites for metal ions.>*>¢
Compared to single treatment modalities, the synergistic
combination of CDT and PTT has been proven to be an effective
joint strategy for OS treatment.>**”*® Additionally, copper-based
materials and polydopamine (PDA) nanomaterials possess
outstanding photothermal properties under 808 nm NIR laser
irradiation, which not only directly induce tumor cell death
through thermal mechanisms but also accelerate Fenton-like
reactions in synergistic CDT for tumors.>**

PAI leverages the detection of ultrasonic signals generated by
the thermal expansion of tissues after absorbing light energy,
featuring characteristics such as non-invasive nature and high
sensitivity.** Copper-based nanomaterials have garnered
significant attention due to their ability to generate photo-
acoustic signals and synergize various therapies such as PTT
and CDT, alongside their high tissue penetration, non-invasive
nature, and excellent biocompatibility.*»** Moreover, copper-
based nanomaterials demonstrate unique advantages such as
high yield under mild conditions, controllable structure and
size, as well as their favorable safety profile as essential trace
elements for human health, particularly in comparison with
analogous materials such as gold and silver.****

In this work, a nanoplatform (HMPDA-Cu@PAA) has been
constructed by loading copper ions into hollow mesoporous
polydopamine (HMPDA) and subsequently coating with poly-
acrylic acid (PAA), aiming to enable PAI-guided multimodal
treatment (CDT-PTT) of OS. HMPDA-Cu is synthesized through
coordination chelation between copper ions and the catechol
and amine functional groups of HMPDA. HMPDA-Cu@PAA
nanoplatform serves as an efficient photoacoustic contrast
agent and PTT agent, while also exhibiting excellent peroxidase-
like (POD-like) enzymatic activity. Under 808 nm NIR laser
irradiation, the HMPDA-Cu@PAA effectively absorbs light
energy and facilitates Cu'/Cu®* redox cycling in the TME to
achieve multimodal treatment of OS. The results of in vivo
experiments demonstrate that HMPDA-Cu@PAA can efficiently
suppress OS, highlighting its great potential for solid tumor
therapy.

2 Results and discussion

2.1 Construction and characterization of HMPDA-Cu@PAA
NPs

The synthesis process and application of HMPDA-Cu@PAA NPs
was described in Fig. 1. HMPDA NPs were prepared using
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a previously reported soft-template method with slight modifica-
tions. HMPDA-Cu NPs were synthesized via coordination interac-
tions between copper ions and the catechol and amine groups of
HMPDA.***” To enhance colloidal stability, HMPDA-Cu NPs were
coated with PAA. As shown in Fig. 2a-c, transmission electron
microscopy (TEM) confirmed the successful synthesis of HMPDA
NPs, sea urchin-like structured HMPDA-Cu NPs, and HMPDA-
Cu@PAA NPs, with particle sizes of 149.6 + 10.8 nm, 170.2 £+
20.5 nm, and 177.8 £ 20.7 nm, respectively. The analysis of TEM
element mapping further revealed that the HMPDA-Cu@PAA NPs
were consisted of Cu, C, N, and O elements (Fig. 2d). The N,
adsorption-desorption isotherms of HMPDA and HMPDA-Cu
exhibited typical type-IV characteristics, confirming their meso-
porous structures. Upon copper coordination, the Brunauer—
Emmett-Teller (BET) specific surface area decreased markedly
from 120.39 m”> g~ to 45.22 m> g ' (Fig. 2e and h). Consistently,
the pore size distribution curves revealed a noticeable reduction in
the dominant pore diameter of HMPDA-Cu compared with pris-
tine HMPDA (Fig. 2f and h). Zeta potential analysis showed that
HMPDA exhibited a negative surface charge, whereas HMPDA-Cu
displayed a positive surface charge after the introduction of
copper ions. Following the coating with PAA, the Zeta potential of
HMPDA-Cu changed from +20.1 + 0.4 mV to —12.9 + 0.6 mV
(Fig. 2i), further confirming the successful incorporation of Cu ions
and the effective encapsulation by PAA. The hydrodynamic diam-
eters of HMPDA, HMPDA-Cu, and HMPDA-Cu@PAA were
measured to be 204.4 £+ 7.3 nm, 243.3 £ 7.1 nm, and 261.5 +
5.9 nm, respectively (Fig. 2j). Satisfyingly, the HMPDA-Cu@PAA
NPs exhibited considerable stability without evident agglomera-
tion during the 48 h observation (Fig. S1). X-ray photoelectron
spectroscopy (XPS) analysis of HMPDA-Cu@PAA NPs revealed five
distinct peaks at binding energies of 150.2, 285.4, 400.3, 532.7, and
978.1 eV, corresponding to Cl 2p, C 1s, N 1s, O 1s, and Cu 2p,
respectively (Fig. 3a). The C 1s spectrum showed two types of
interactions: C-O (288.1 and 286.1 eV) and C-C, (284.8 eV)
(Fig. 3b).*® The N 1s spectrum exhibited three types of interactions:
N-H (399.2 V), N-Cu (399.4 V), and N=C (400.3 eV) (Fig. 3c).*>*
The O 1s spectrum displayed peaks at 532.1 and 531.3 eV, corre-
sponding to O-Cu and O-H, respectively (Fig. 3d).** The peaks at
198.4 and 200.5 eV in the Cl 2p spectrum originated from the Cl-
Cu interaction (Fig. 3e).”> The Cu 2p spectrum displayed peaks at
932.6 and 954.6 eV corresponding to Cu-Cl, and additional peaks
at 956.3 and 933.8 eV matching Cu-O (Fig. 3f), indicating the
existence of both monovalent and divalent copper.”® The above
results confirm that copper coordinates with the active groups in
HMPDA, such as amino, hydroxyl, and carboxyl groups.*

After co-incubating red blood cells with HMPDA-Cu@PAA
NPs at concentrations of 100 pg mL ™", 200 ug mL ™", and 500
pug mL ™" for 4 h, the hemolysis rates were 1.80%, 2.61% and
4.24%, respectively, all below the safe threshold of 5%. In
contrast, the hemolysis of red blood cells in distilled water
(ddH,0) was significantly more pronounced (Fig. S2). These
data indicate that HMPDA-Cu@PAA NPs exhibit good biocom-
patibility in a blood environment, providing a crucial safety
basis for their further clinical applications.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 Schematic illustration of the synthesis process of HMPDA-Cu@PAA and CDT-PTT treatment of osteosarcoma by HMPDA-Cu@PAA NPs.

2.2 Characterization of photothermal properties

To evaluate the photothermal properties of the HMPDA-
Cu@PAA NPs, aqueous dispersions at concentrations of 50,
100, and 200 pug mL~" were irradiated with an 808 nm NIR laser
at a power density of 2 W cm ™2 for 10 min. It was noted that with
continuous exposure to the 808 nm NIR laser, the temperature
increased more significantly as the concentration of HMPDA-
Cu@PAA NPs grew (Fig. 4a). At a fixed nanoparticle concentra-
tion, increasing the laser power led to a more pronounced
temperature elevation of the solution (Fig. 4b). Based on the
cooling curve in Fig. S3a and S3b, the photothermal conversion
efficiency of the HMPDA-Cu@PAA NPs was measured as
41.44%, which significantly exceeded the photothermal
conversion efficiency of HMPDA NPs (23.53%) according to
a previous reported formula.*® The temperature variations of the
HMPDA-Cu@PAA NPs remained nearly steady throughout five
cycles of heating and cooling (Fig. 4c). Additionally, the TEM
micrograph of HMPDA-Cu@PAA NPs showed no significant
changes (Fig. S4) after five irradiation cycles, confirming that
HMPDA-Cu@PAA NPs had excellent thermal stability. In
conclusion, the HMPDA-Cu@PAA NPs exhibit outstanding
photothermal efficacy under 808 nm NIR laser irradiation.

2.3 Enzymatic activities evaluation of HMPDA-Cu@PAA NPs

Depleting intratumoral GSH can enhance the efficiency of CDT
since the high glutathione levels in tumor cells provide anti-
oxidant defense.'®*® The HMPDA-Cu@PAA NPs containing
divalent copper ions could not only deplete GSH but also be
converted into Cu' to promote the Fenton-like reaction. The
GSH depletion capability of HMPDA-Cu@PAA NPs was evalu-
ated using the traditional Ellman method (DTNB method) via
UV-vis spectroscopy and quantitative analysis (Fig. S5).

© 2026 The Author(s). Published by the Royal Society of Chemistry

Experimental results demonstrated that as the concentration of
HMPDA-Cu@PAA NPs increased, the degree of GSH depletion
by HMPDA-Cu@PAA NPs gradually intensified, accompanied by
significant color changes in the solution (Fig. 4d). This confirm
the outstanding GSH depletion capacity of HMPDA-Cu@PAA
NPs, which can effectively reduce GSH levels in tumor cells
and enhance CDT treatment efficiency.

The POD-like activity of HMPDA-Cu@PAA NPs was reflected
by the degradation of methylene blue (MB), indicating effective
ROS generation.”” The experimental results indicated that as the
concentration of HMPDA-Cu@PAA NPs increased (Fig. 4e), pH
decreased (Fig. 4f), reaction temperature rose (Fig. 4g), reaction
time was prolonged (Fig. 4h), and H,0, concentration increased
(Fig. 4i), ROS generation gradually escalated. These results
indicate that HMPDA-Cu@PAA NPs can effectively induce ‘OH
generation through H,0, decomposition under mildly acidic
conditions, demonstrating their excellent Fenton-like catalytic
capability in the slightly acidic TME. Under the catalytic action
of Cu”*, H,0, can be decomposed to generate 'OH. Therefore,
the "OH-generating capability of HMPDA-Cu@PAA NPs was
evaluated. In this study, 5,5-dimethyl-1-pyrroline-N-oxide
(DMPO) was employed as a spin-trapping agent, and ‘OH
formation was detected by electron paramagnetic resonance
(EPR) spectroscopy. As shown in Fig. S6, the appearance of a 1:
2:2:1 peak was observed exclusively in the mixture (pH 6.5)
containing HMPDA-Cu@PAA NPs (100 ug mL™ ") and H,0, (100
uM), confirming the generation of “OH. The POD-like activity of
HMPDA-Cu@PAA NPs was evaluated by oxidizing TMB with
H,0,, as in this catalytic reaction, TMB is oxidized to form
oxidized TMB (ox-TMB), a slightly blue product with a charac-
teristic absorption peak at a wavelength of 653 nm (Fig. S7).
These results were therefore suggesting that HMPDA-Cu@PAA

RSC Adv, 2026, 16, 26561-26571 | 26563
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catalyze the conversion of H,O, to "OH selectively in tumor cells
for CDT.

To investigate the catalytic mechanism, XPS was performed
to analyze the valence state of Cu in HMPDA-Cu@PAA under
different conditions (Fig. S8). The pristine sample is dominated
by Cu®*" with a Cu” fraction of 33.14%, while GSH treatment
markedly increases the Cu’ proportion to 59.62%, indicating

26564 | RSC Adv, 2026, 16, 26561-26571

the reduction of Cu** to Cu’(Fig. S8a and b). In contrast, H,0,
alone induces only a moderate Cu” proportion change (42.39%)
(Fig. S8c). Notably, in the presence of both GSH and H,0,, the
Cu' fraction decreases to an intermediate level (51.65%), sug-
gesting a dynamic interconversion between Cu® and Cu®'(-
Fig. S8d). Combined with GSH depletion and ROS generation

© 2026 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6ra01369d

Open Access Article. Published on 18 May 2026. Downloaded on 5/21/2026 4:23:36 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

View Article Online

RSC Advances

—
()
S

(b)

~~~
Q
SN

0 1s|

otz C1s
|

s T

Intensity (a.u.)
Intensity (a.u.)

N1s

Intensity (a.u.)
‘ =
(I_I’
e
\

1200 1000 800 600 400 200 O
Binding energy (eV)

(e)

292 200 288 286 284 282 280 278
Binding energy (eV)

405 400 395
Binding energy (eV)

(f)

O1s

H- Cu-Cl

Intensity (a.u.)
Intensity (a.u.)

LA

Cl2p Cu2p;, Cu2p

Satellite

_Cu-Cl
i Cu-0

Satellite

Cu-O0

Cu-Cl

Intensity (a.u.)

535 202

530
Binding energy (eV)

200
Binding energy (eV)

965 960 955 950 945 940 935 930 925
Binding energy (eV)

198 196 194

Fig. 3 XPS survey spectra of (a) HMPDA-Cu@PAA NPs, together with the corresponding high-resolution XPS spectra of (b) C 1s, (c) N 1s, (d) O 1s,

(e) Cl 2p, and (f) Cu 2p core levels.

results, these findings support a Cu>*/Cu* redox cycling process
responsible for the enhanced catalytic activity.

2.4 Combined anti-tumor therapeutic efficacy in vitro

To evaluate the in vitro antitumor efficacy of the HMPDA-
Cu@PAA NPs, their cytotoxicity against MG63 cells was
assessed using the MTT assay. The HMPDA-Cu@PAA NPs
inhibited the MG63 cell proliferation in a concentration-
dependent manner (Fig. 5a). HMPDA-Cu@PAA NPs exhibited
low toxicity towards MG63 cells without H,O,. Even after 24 h of
incubation with 100 pg mL™' HMPDA-Cu@PAA NPs, the
viability of MG63 cells still remained at 83.63%. The HMPDA-
Cu@PAA NPs plus H,0, (group IV 48.80%), and HMPDA-
Cu@PAA NPs plus 808 nm NIR laser (group V 39.81%) groups
all exhibited significant inhibition of MG63 cells (Fig. 5b).
Notably, the reduction in MG63 cell activity was most
pronounced for HMPDA-Cu@PAA NPs plus H,0, and 808 nm
NIR laser (group VI 26.89%) group. The observed therapeutic
effect can be ascribed to the TME-responsive Fenton-like cata-
lytic behavior of HMPDA-Cu@PAA NPs, coupled with the
synergistic action of CDT and PTT. Next, we evaluated the
biocompatibility of HMPDA-Cu@PAA NPs with fibroblast L929
cells (Fig. S9). The L929 fibroblast cells exhibited more than
86.65% viability after being incubated with 100 pg mL™'
HMPDA-Cu@PAA NPs for 24 h, indicating low cytotoxicity of
HMPDA-Cu@PAA NPs.

© 2026 The Author(s). Published by the Royal Society of Chemistry

As shown in Fig. 5c, cell live/death staining tests confirmed
the above findings. Both the PTT and CDT groups exhibited
stronger tumor cell-killing abilities than PBS group. Notably,
the quantity of dead MG63 cells was significantly higher in the
combined PTT/CDT group than in the groups involving PTT or
CDT alone. This further highlights the synergistic therapeutic
benefits of the HMPDA-Cu@PAA NPs.

2.5 Evaluation of ‘OH production capacity

Unlike normal cells, a considerable proportion of cancer cells
show heightened levels of ROS, leading to an exacerbated
condition of oxidative stress.”>*® This makes them more
susceptible to further damage caused by externally induced ROS
from treatments.*”” HMPDA-Cu@PAA NPs exhibited remarkable
photothermal properties, which can enhance CDT based on the
Fenton-like reaction by increasing temperature, thereby
promoting ROS generation to kill cancer cells. To further assess
the capability of HMPDA-Cu@PAA NPs to generate ROS in
MG63 cells, we employed the green fluorescence probe DCFH-
DA. When 808 nm NIR laser or H,O, was used alone, only
weak green fluorescence was observed. Bright fluorescence was
observed in the HMPDA-Cu@PAA plus H,0, group, attributed
to HMPDA-Cu@PAA's POD-like activities (Fig. 5d). After 808 nm
NIR laser irradiation (HMPDA-Cu@PAA plus H,0, and NIR,
Group VI), the green fluorescence was further significantly
enhanced, confirming the excellent photothermal performance
of HMPDA-Cu@PAA in boosting the Fenton-like reaction.

RSC Adv, 2026, 16, 26561-26571 | 26565
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(2.0 W cm™~2) for 10 min. (b) Temperature elevation curves of HMPDA-Cu@PAA NP dispersion (100 pg mL™%) under 808 nm NIR laser irradiation at
different power densities. (c) Heating and cooling profiles of HMPDA-Cu@PAA NPs irradiated with 808 nm NIR laser during five on/off cycles. (d)
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and different concentrations of HMPDA-Cu@PAA NPs, and the inset is

corresponding photograph. Under different conditions, the UV-vis absorption spectra of MB after undergoing HMPDA-Cu@PAA-mediated redox
reactions include the concentration of (€) HMPDA-Cu@PAA NPs, (f) pH, (g) temperature, (h) reaction time, and the concentration of (i) H,O..

2.6 Inhibition of MG63 cell migration and invasion

Given that restraining tumor cell migration and invasion can
further augment antitumor therapeutic outcomes, the influence
of HMPDA-Cu@PAA NPs on MG63 cell migration and invasion
was investigated through wound-healing and transwell invasion
assays. As shown in Fig. 5e,the effects of PBS, H,O,, HMPDA-
Cu@PAA NPs, HMPDA-Cu@PAA plus H,0,, HMPDA-Cu@PAA
plus 808 nm NIR laser, and HMPDA-Cu@PAA plus H,0, and
808 nm NIR laser treatments on the migration ability of MG63
cells were evaluated using the wound-healing assay. Notably,
the healing rate of MG63 cells in the HMPDA-Cu@PAA plus
H,0, and 808 nm NIR laser group was significantly lower
compared to that of the other groups. This group showed the

26566 | RSC Adv, 2026, 16, 26561-26571

most efficient inhibitory effect on MG63 cell migration, indi-
cating that the combination of PTT and CDT significantly
suppresses MG63 cell migration. Additionally, transwell inva-
sion experiment demonstrated that the HMPDA-Cu@PAA plus
H,0, and 808 nm NIR laser group exhibited the lowest number
of invasive cells (Fig. 5f), indicating that the combination of PTT
and CDT significantly suppresses MG63 cell invasion.

2.7 Evaluation of PAI and photothermal properties

As a highly effective, non-invasive imaging technique, PAI can
guide in vivo photothermal therapy.*® Given the significant NIR
absorption of HMPDA-Cu@PAA NPs, we evaluated their
potential as PAI contrast agents (Fig. S10). After intravenous

© 2026 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6ra01369d

Open Access Article. Published on 18 May 2026. Downloaded on 5/21/2026 4:23:36 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper
(a) (b) n (d)
§°" £ BF

0, 25 80 100 150 .
Concentration {pg mL ™

Pl

—~
)
—_—

View Article Online

RSC Advances

ysy

[\

| |
ST s 1 -
V .‘\*n‘f&' ;.w}"l,‘u 3
%irgK: Ry :
o .0
““gi =1 g’n }r"' %Y =

VI |
I: Culture medium II: H,0,;  Nl: HMPDA-Cu@PAA NPs ; IV: HMPDA-Cu@PAA NPs +H,0; ;

>

Fig. 5

VI: HMPDA-Cu@PAA NPs + H,0, + 808nm NIR laser

In vitro experiments of HMPDA-Cu@PAA NPs. (a) and (b) cell viability, (c) calicein-AM and PI staining, (d) ROS fluorescence images of

MG63 cells co-cultured with HMPDA-Cu@PAA NPs. (e) wound healing width of MG63 cells induced by various formulations measured and
photographed at 0 h and 48 h. (f) Representative images of invaded MG63 cells after various formulations. Scale bars: transwell: 50 pm, wound

healing: 200 pm. ***p < 0.001, **p < 0.01, *p < 0.05.

injection of HMPDA-Cu@PAA NPs, the appropriate time point
for PAI-guided PTT was determined. The tumor exhibited
a time-dependent response to the signal, which peaked at 12 h
after intravenous administration in vivo (Fig. 6a).

To assess the photothermal effect, temperature changes at
the tumor location were recorded over 10 min of 808 nm NIR
laser exposure, which took place 12 h following the intravenous
injection of PBS, and HMPDA-Cu@PAA (Fig. 6b and c). In
contrast to the previously mentioned group, the PBS alongside
the 808 nm NIR laser group exhibited a minimal temperature
rise of 3.7 °C, which indicates that continuous irradiation of the
808 nm NIR laser at a power density of 2.0 W cm™ > did not
adversely affect the tumor-bearing mice. Conversely, the tumors
in the HMPDA-Cu@PAA NPs treatment groups experienced
rapid temperature increases of 19.4 °C. These results indicate
that the HMPDA-Cu@PAA NPs exhibit significant EPR effects
and excellent photothermal conversion efficiency in vivo.

2.8 Evaluation of anti-tumor activity

To evaluate the in vivo antitumor efficacy of HMPDA-Cu@PAA
NPs, a subcutaneous MG63 tumor-bearing mouse model was
constructed. After intravenous administration at a tumor size of
approximately 4-5 mm, laser irradiation (808 nm, 2.0 W cm 2,
10 min) was applied 12 h post-injection. Tumor volume and
body weight were monitored at two-day intervals. At day 14, the

mice were sacrificed, and tumors were harvested and weighed

© 2026 The Author(s). Published by the Royal Society of Chemistry

for further evaluation (Fig. 7a). The tumor-bearing mice in the
HMPDA-Cu@PAA-based treatment groups showed no weight
loss, indicating that HMPDA-Cu@PAA NPs led to minimal acute
toxicity at the systemic level (Fig. 7b). Tumor volume growth
analysis indicated that the HMPDA-Cu@PAA NPs group
moderately suppressed tumor growth compared to the control
group, whereas the HMPDA-Cu@PAA NPs plus 808 nm NIR
laser group exhibited the strongest anti-tumor effect in vivo due
to the synergistic interaction between CDT and PTT (Fig. 7c).
Owing to the synergistic effects of PTT and CDT, HMPDA-
Cu@PAA NPs plus 808 nm NIR laser group exhibited the most
significant antitumor effect, with a tumor inhibition rate of up
to 81.36% (Fig. S11). The results of tumor tissue weight analysis
were consistent with the tumor volume growth data, showing
that the HMPDA-Cu@PAA NPs plus 808 nm NIR laser group led
to a lower mean tumor weight (233.13 mg) than the other
groups (Fig. 7d).

The tumor tissues were then obtained for TUNEL staining,
along with hematoxylin and eosin (H&E) staining (Fig. 7e).
TUNEL and H&E staining indicated that, compared to the
control group, the HMPDA-Cu@PAA NPs, and HMPDA-
Cu@PAA NPs plus 808 nm NIR laser groups all exhibited
larger necrosis areas and higher apoptosis levels. Cells treated
with HMPDA-Cu@PAA NPs plus 808 nm NIR laser showed the
largest blank areas along with nuclear shrinkage, indicating
that the combined therapy of CDT and PTT had significant
synergistic antitumor effects.
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In vivo antitumor assessments. (a) Schematic illustration of the therapeutic process. (b) Curves illustrating body weight change in response

to various treatments. (c) Curves showing relative tumor volumes, with the inset presenting typical images of the excised tumors. (d) Tumor
weights of MG63 tumor-bearing mice. (e) Representative HGE and TUNEL staining images of tumor tissues after antitumor treatment. Scale bars:

H&E: 100 um; TUNEL: 100 pm. ***p < 0.001, **p < 0.0, *p < 0.05.

2.9 Evaluation of safety of HMPDA-Cu@PAA NPs in vivo

Compared with the control group, histological examination of
major organs, including the heart, liver, spleen, lungs, and
kidneys, revealed no evident pathological abnormalities in the
treated groups (Fig. S12). Furthermore, blood samples from
MG63 tumor-bearing mice in the PBS and HMPDA-Cu@PAA
plus 808 nm NIR laser groups were analyzed to further eval-
uate hematological parameters and liver function - related
indicators. No statistically significant differences were observed

© 2026 The Author(s). Published by the Royal Society of Chemistry

in serum biochemical markers or hematological parameters
between the two groups (Tables S1 and S2). At 6, 12, and 24 h
post-injection, tumor-bearing mice treated with HMPDA-
Cu@PAA NPs were euthanized, and major organs and tumors
were collected for copper quantification by ICP-MS (Fig. S13). At
6 h, a high Cu level was detected in the liver. The maximum
accumulation of copper in the tumor region occurred at 12 h
post-injection, approximately 8.56 + 0.43% ID per g, which is
consistent with the PAI results. At subsequent time point,
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copper can still be detected in multiple organs, with only
minimal residual amounts in organs such as the heart, lungs,
and kidneys. These findings suggest that the synthesized
HMPDA-Cu@PAA NPs exhibited minimal toxic side effects on
MG63 tumor-bearing mice, demonstrating their excellent bio-
logical safety in vivo.

3 Conclusion

In summary, a multifunctional PAI-guided and therapeutic
platform for OS has been developed in this study, enabling
synergistic multimodal imaging and combined PTT-CDT
treatment. The HMPDA-Cu@PAA nanoplatform exhibits pH-
responsive characteristic, PAI capability, enhanced catalytic
activity through thermotherapy, glutathione depletion efficacy,
and outstanding photothermal performance. HMPDA-Cu@PAA
nanoplatform not only enhances the Fenton-like reaction by
consuming GSH to generate more toxic "OH but also achieves
effective photothermal therapy due to its excellent photo-
thermal properties. This results in a remarkable TIR of 81.36%
in a MG63 tumor-bearing mouse model and demonstrates
excellent biocompatibility, providing a promising approach for
OS treatment.
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