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Chemodynamic therapy (CDT) is a promising treatment modality that utilizes highly toxic hydroxyl radicals
(*OH) to kill tumor cells in situ. However, real-time monitoring of drug distribution and therapeutic response
remains a challenge, hindering the optimization of personalized treatment regimens. Here, we developed
a glutathione (GSH)-responsive nanoreactor (FA-Mn NR), with integrated magnetic resonance imaging

(MRI) functionality for self-enhanced CDT. The nanoreactor undergoes GSH-triggered Mn?* release,
Received 17th June 2025 hich simult ly functi MRI contrast agent and catalyzes hyd ide (H,0,) t
Accepted 26th August 2025 which simultaneously functions as an contrast agent and catalyzes hydrogen peroxide (H,O,) to
produce additional ‘OH, thereby achieving synergistic CDT amplification. The study demonstrates

DOI: 10.1039/d55c044369 a theranostic platform combining GSH-responsive imaging guidance with enhanced therapeutic efficacy,
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Introduction

Current clinical cancer treatments, such as surgery, chemo-
therapy, and radiotherapy, play vital roles in antitumor therapy.
However, the effectiveness is often compromised by limitations
such as intervention timing, systemic side effects, and drug
resistance."” Chemodynamic therapy (CDT) has emerged as an
innovative strategy that utilizes the Fenton-like reaction to
convert endogenous hydrogen peroxide (H,0,) into highly toxic
hydroxyl radicals ("OH) for tumor eradication.** Unlike photo-
dynamic therapy (PDT) and photothermal therapy (PTT), CDT
operates independently of external energy sources, thereby
overcoming the limitations associated with tissue light pene-
tration depth, which is a promising anti-tumor strategy.®®
Importantly, real-time monitoring of drug distribution and
therapeutic progression is crucial to optimize personalized
treatment regimens and achieve precision therapy.’ Currently,
advanced imaging techniques such as photoacoustic imaging
(PAI), photothermal imaging (PTI), and magnetic resonance
imaging (MRI) have been developed to visualize and assess
tumor tissues.'®** Nevertheless, the design of smart contrast
agents capable of minimizing background interference while
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presenting a novel approach for cancer therapy.

simultaneously enabling imaging-guided anti-tumor therapy
remains a significant challenge.™

The tumor microenvironment (TME) provides a suitable
environment for tumor cell proliferation and plays a pivotal role
in facilitating metastasis, invasion, and multidrug resis-
tance."*** Therein, glutathione (GSH) stands out as the most
abundant thiol-based antioxidant, serving as a critical defense
mechanism against reactive oxygen species (ROS) and xenobi-
otic drugs.’*?* While normal cells typically maintain GSH
concentrations of 1-2 mM, cancer cells exhibit markedly
elevated levels (~10 mM).****> This GSH overexpression poses
a significant challenge for CDT, as it scavenges therapeutic ROS,
enhances tumor cell antioxidant capacity.”*>® Paradoxically,
GSH-rich environment offers a unique biochemical switch,
enabling the design of tumor-selective, GSH-responsive systems
for precision imaging and therapy.””°

Transition metal ions such as Mn**, Cu*, and Co®" have been
widely explored as catalytic agents in Fenton-like reactions due
to redox-active properties.*>** Notably, many of these ions
exhibit multivalent states, enabling redox cycling that depletes
GSH while simultaneously enhancing CDT efficacy—a strategy
with significant therapeutic potential. Considering oxidation
and imaging contrast,®* Mn element was selected as the cata-
Iytic ion to develop Mn(m)-doped nanomaterials targeting
tumor cells for CDT with MRI guidance. Specifically, FA-Mn NRs
internalized by tumor cells react with GSH to release Mn*",
which depletes the antioxidant defense system and serves dual
roles: (i) acting as an MRI contrast agent for real-time moni-
toring, and (ii) catalyzing H,O, to produce 'OH, thereby
amplifying oxidative stress and enabling MRI-guided thera-
peutic feedback. Furthermore, to address the insufficient
endogenous H,0, levels in tumors for efficient CDT, glucose
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oxidase (GOx) was integrated into the system. GOx catalyzes
intratumoral glucose oxidation to generate H,O, in situ, which
supplies substrates for Fenton-like reaction and initiates star-
vation therapy (via glucose depletion), synergistically enhancing
anti-tumor outcomes (Scheme 1).

Results and discussion
Synthesis and characterization of Mn(u)-doped nanoparticles

In order to realize chemodynamic therapy under GSH-
responsive imaging monitoring, we designed and synthesized
FA-Mn NR and GOx-FA-Mn NR. The nanoparticles were
synthesized through a straightforward fabrication process.
Transmission electron microscopy (TEM) revealed that Mn NRs
exhibited spherical morphology with a uniform size distribu-
tion (Fig. 1a and b). Subsequently, surface functionalization
with folic acid and GOx induced distinct morphological trans-
formations, as evidenced by increased diameters and irregular
architectures in both FA-Mn NR and GOx-FA-Mn NR (Fig. S1). X-
ray energy spectrum analysis (EDS) confirmed the characteristic
signals of C, N, O and Mn contained in FA-Mn NR, indicating
the successful doping of manganese ions (Fig. S2). X-ray
photoelectron spectroscopy (XPS) further validated the conclu-
sion (Fig. 1c). In addition, the analysis of XPS spectra shows that
the valence state of manganese in FA-Mn NR is mainly trivalent,
accounting for about 50.2% (Fig. 1d). UV-vis absorption spectra
of FA-Mn NR and GOx-FA-Mn NR displayed characteristic folic
acid absorption bands at 280 nm, confirming effective folate
doping (Fig. 1e and f). Fluorescence spectra showed minimal
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indicating preserved optical properties in FA-Mn NRs (Fig. S3).
Thermogravimetric analysis (TGA) revealed exceptional thermal
stability for both Mn NR and FA-Mn NR (Fig. S4).

GSH depletion and ROS generation by Mn(m)-doped
nanoparticles

As the predominant intracellular antioxidant, GSH plays a crit-
ical role in mitigating oxidative stress, thereby potentially
compromising CDT efficacy. Previous studies suggest that high-
valent metal ions can oxidize GSH to its dimeric form (GSSG),
disrupting cellular redox homeostasis. To quantify this effect,
we employed Ellman's reagent to measure GSH levels in reac-
tion systems containing Mn(um)-doped nanoparticles.**** As ex-
pected, Mn(m)-nanoparticles demonstrated efficient GSH
depletion, significantly reducing GSH concentrations in the
reaction system (Fig. 2a, S5 and S6). GSH consumption is an
inherent characteristic of Mn(m)-doping nanoparticle.

To characterize Mn** release, we conducted time-dependent
release assays by incubating FA-Mn NR with GSH, followed
quantitative analysis of supernatant Mn content. Results
revealed that FA-Mn NR undergoes reduction-triggered
manganese ions liberation in the presence of glutathione,
with rapid ion release observed within 15 minutes followed by
progressively increased manganese ions in the supernatant over
extended periods (Fig. S7). Moreover, XPS analysis of the
precipitates derived from FA-Mn NR after 30 min GSH reaction
revealed a Mn(m) content of 37.88% (Fig. S8). By extending the
reaction time, the content of manganese(u) in the precipitate
further decreased to 23.65% (Fig. 2b), collectively confirming

Scheme 1 Schematic of the proposed mechanism of Mn(i)-doped nanoparticles synergistic enhancement of CDT under MRI monitoring.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 The characterization of Mn(i1)-doped nanoparticles. (a and b) TEM images of Mn NR. (c) XPS spectrum of FA-Mn NR. (d) High-resolution
Mn 2p XPS spectrum of in FA-Mn NR. (e) UV-vis absorption spectra of Mn NR and FA-Mn NR. (f) UV-vis absorption spectra of GOx-Mn NR and

GOx-FA-Mn NR.

redox-driven dissolution that underpin subsequent sustained
Fenton-like reaction.

GOx is a highly efficient enzyme that can catalyze the intra-
cellular decomposition of glucose into gluconic acid and
hydrogen peroxide. Significantly, the above processes can
replenish raw materials for the Fenton-like reaction and affect
the supply of nutrients to cells and initiate starvation therapy.

To verify H,O, generation, we employed our previously devel-
oped NP-Golgi probe,* which exhibits concentration-
dependent fluorescence enhancement at 560 nm. Fluores-
cence spectroscopy revealed systems containing GOx-FA-Mn
NRs and glucose demonstrated significant 560 nm fluores-
cence intensification, confirming enzymatic H,O, production
(Fig. 2¢). Concurrently, gluconic acid accumulation acidified the
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Fig.2 GSH depletion and ROS generation. (a) GSH consumption in FA-Mn NR systems at varying concentrations. (b) Mn 2p XPS spectrum of FA-
Mn NR post-GSH treatment. (c) Fluorescence spectra of NP-Golgi probes in different reaction system. (d) Time-dependent pH changes across
experimental groups. (e) UV-vis spectra of MB aqueous solution treated with FA-Mn NR plus H,O,. (f) UV-vis spectra of MB aqueous solution
treated with GOx-FA-Mn NR plus glucose. Data are expressed as the mean + SD. *p < 0.05; ***p < 0.001. The significance was determined by

a Student's t-test.
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Fig. 3

Annexin-FITC

Intracellular ROS detection and death assessment. (a) The fluorescence intensity of DCF in cells was measured and analyzed by flow

cytometry. (b) The fluorescence images of Annexin V-FITC/PI-stained cells exposed to Mn(in)-doped nanoparticles (green: Annexin V-FITC, red:
Pl). (c) Cell viability after FA-Mn NR and GOx-FA-Mn NR treatments. (d) Flow cytometry analysis of cells incubated with different nanoparticle.
Scale bar: 100 um. Data are expressed as the mean £ SD. ***p < 0.001. The significance was determined by a Student’s t-test.

reaction microenvironment,* with pH decreasing from 7.1 to
4.1 within 90 minutes (Fig. 2d). Extended reaction times (300-
900 minutes) yielded further acidification, as evidenced by pH
indicator paper transitioning to red hues (Fig. S9). These results
collectively demonstrate that GOx-FA-Mn NR mediate glucose
decomposition into gluconic acid and H,0,, creating a self-
amplifying system for enhanced CDT efficacy.

The production of ‘OH was validated using methylene blue
(MB) as a probe. As demonstrated in Fig. 2e, the addition of FA-
Mn NR with H,0, resulted in a significant decrease in MB
absorption, confirming effective “OH generation. Notably, GOx-
FA-Mn NR displayed superior catalytic performance, functioning
as a self-sufficient "OH generator through its integrated glucose

© 2025 The Author(s). Published by the Royal Society of Chemistry

oxidase—producing "OH even without exogenous H,0, (Fig. 2f).
To rigorously exclude non-specific oxidation interference, we
implemented control groups without nanoparticles. These
controls demonstrated no significant methylene blue degrada-
tion, confirming that ‘OH generation depends on nanoparticle-
catalyzed Fenton-like reaction (Fig. S10). These results collec-
tively validate the robust Fenton-like catalytic activity and efficient
"OH generation capacity of the Mn(m)-doped nanoplatform.

Effects of Mn(m)-doped nanoparticles on cellular oxidative
stress

Intracellular redox homeostasis is crucial to tumor cell survival
and proliferation. Given the demonstrated ability of Mn(m)-

Chem. Sci., 2025, 16, 17736-17743 | 17739
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doped nanoparticles to generate ‘OH in chemical systems, we
further investigated the capacity to induce oxidative stress in
tumor cells. The commercial probe DCFH-DA was used to
evaluate the ability of nanoparticles to generate ROS in cells.
DCFH-DA can cross the cell membrane and be hydrolyzed by
intracellular esterase to produce non-fluorescent DCFH. Intra-
cellular ROS oxidizes DCFH into fluorescent DCF to reflect
intracellular ROS levels. As shown in Fig. S11 and S12, cells
treated with Mn(m)-doped nanoparticles exhibited enhanced
green fluorescence, indicating significant ROS accumulation.
Notably, GOx-FA-Mn NR-treated cells demonstrated signifi-
cantly stronger fluorescence signals, suggesting synergistic ROS

17740 | Chem. Sci, 2025, 16, 17736-17743

amplification through GOx-mediated glucose decomposition
and subsequent endogenous H,0, production for Fenton-like
reactions (Fig. 3a). In addition, flow cytometry analysis of
thousands of cells further corroborated the conclusion. These
results conclusively demonstrate that Mn(u)-doped nano-
particles disrupt cellular redox homeostasis via ROS generation,
improving the efficacy as CDT agents.

Evaluation of cell death induced by Mn(i)-doped
nanoparticles

Subsequently, the CDT effects of Mn(ui)-doped nanoparticles
were assessed via confocal fluorescence imaging using FITC-

© 2025 The Author(s). Published by the Royal Society of Chemistry
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**p < 0.01. The significance was determined by a Student's t-test.

Annexin V/PI staining (Fig. 3b). Cells treated with Mn NR or FA-
Mn NR exhibited green fluorescence (FITC-Annexin V) with
negligible red fluorescence (PI), indicative of early-stage
apoptosis. Moreover, GOx-FA-Mn NR incubated cells showed
strong green and red fluorescence, indicating that more cells
were in the apoptotic stage. The results were quantitatively
confirmed by flow cytometry analysis of >5000 cells per experi-
mental condition, conclusively demonstrating the enhanced
therapeutic potential of the GOx-integrated nanoplatform
(Fig. 3d and S13).

To further quantitatively evaluate therapeutic efficacy, we
performed MTT assays to assess different nanoparticle cyto-
toxicity. The results revealed concentration-dependent cytotox-
icity for FA-Mn NR (Fig. 3c). When the concentration of FA-Mn
NR was 75 pg mL™', the cell survival rate was about 50%.
Notably, GOx-FA-Mn NR exhibited significantly enhanced cyto-
toxicity, reducing cell viability to ~20% at equivalent concen-
trations. This enhancement is attributed to GOx-mediated H,O,
supplementation, which amplifies Mn(u)-driven Fenton-like

© 2025 The Author(s). Published by the Royal Society of Chemistry

reactions. Collectively, these results demonstrate that GOx-FA-
Mn NR synergize starvation therapy and CDT to achieve
potent anti-tumor efficacy.

GSH-responsive MRI contrast performance

MRI remains indispensable for clinical diagnostics, providing
deep-tissue resolution without optical limitations. As Mn*" is
a typical T; contrast agent, we systematically evaluated the
imaging potential of Mn(m)-doped nanoparticles. Considering
that the reaction between Mn(m) and GSH may affect the
magnetic resonance imaging of nanoparticles, the magnetic
resonance imaging signals in the system with and without GSH
were investigated. As shown in the Fig. 4a, nanoparticle
concentration-dependent signal enhancement was observed in
GSH-containing systems. T, relaxation rate (r;) measurements
revealed a 2.1-fold increase (from 3.93 to 8.18 mM ' s7') in
relaxivity for FA-Mn NR following GSH exposure, demonstrating

Chem. Sci., 2025, 16, 17736-17743 | 17741
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the potential of FA-Mn NR as a GSH-responsive T; contrast
agent (Fig. S14).

To assess in vivo imaging capability, we established SMMC-
7721 tumor xenografts in BALB/c nude mice via subcutaneous
cell inoculation. Following nanoparticle administration,
magnetic resonance imaging was performed at designated time
points (Fig. 4b). The experimental results showed that MRI
signals appeared 15 min after intratumoral injection of Mn NR.
In addition, the same results were confirmed in mice admin-
istered intravenously with FA-Mn NR. In detail, FA-Mn NR was
administered intravenously to tumor-bearing mice for imaging
at different intervals. Given that it takes time for the nano-
particles to travel through the bloodstream to reach the tumor
and react with GSH, MRI was performed on the mice every four
hours after injection. MRI signals became detectable in tumor
regions 4 hours post-injection (Fig. 4c), demonstrating tumor-
targeting capability and GSH-responsive contrast generation.
The MRI performance of Mn(m)-doped nanoparticles can not
only enable tumor lesions visualization, but also assess the
distribution of CDT reagents during therapy, providing critical
feedback for treatment optimization.

In vivo antitumor efficacy of Mn(m)-Doped nanoparticles

The therapeutic potential of GOx-FA-Mn NR was evaluated in
SMMC-7721 tumor-bearing BALB/c nude mice. Tumor-bearing
mice were randomized into four groups and systemically
administered designated formulations every other day (Fig. 5a).
Tumor volumes were monitored over a 14 days period to assess
therapeutic outcomes.

Compared to the control group, all treatment groups
exhibited tumor growth inhibition. Specifically, tumor size was
slightly reduced in the Mn NR and FA-Mn NR groups (Fig. 5b).
GOx-FA-Mn NR showed remarkable tumor growth inhibition,
compared with the other groups, demonstrating superior ther-
apeutic efficacy. Notably, no significant body weight fluctua-
tions were observed across groups (Fig. 5c), confirming the
systemic biocompatibility of Mn(m)-doped nanoparticles. To
further demonstrate the effect of GOx-FA-Mn NR on other
tissues in vivo, we performed H&E staining on tumor tissues
(Fig. 5d). Compared with the control group, there was no
abnormal damage in GOx-FA-Mn NR group, indicating that
Mn(m)-doped nanoparticles have low toxicity to normal tissues.
In conclusion, Mn(u)-doped nanoparticles have significant
potential to inhibit tumor growth. Overall, while FA-Mn NR
demonstrates reduced systemic toxicity, challenges remain for
clinical application. GSH-activated systems inherently spare
normal tissues with low glutathione levels, developing tumor-
selective therapeutics remains challenging due to organ-
specific GSH heterogeneity. Moreover, the results reveal
a discrepancy between in vivo antitumor outcomes and in vitro
cytotoxicity. This divergence is possiblely attributed to tumor
microenvironmental constraints and heterogeneous nano-
particle distribution.*”*® These results underscore the need for
both therapeutic dosage optimization and comprehensive long-
term safety evaluation to facilitate clinical translation. The FA-
Mn NR as a promising theranostic platform provide critical

17742 | Chem. Sci, 2025, 16, 17736-17743
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guidance for developing next-generation platforms, suggesting
that future systems incorporating microenvironmental triggers
and improved tumor penetration capabilities may better over-
come translational barriers.

Conclusions

Tumor redox homeostasis plays a pivotal role in regulating
cancer cell proliferation, invasion, and metastasis. The unique
tumor microenvironment simultaneously presents opportuni-
ties and challenges for both imaging and therapeutic inter-
vention. Real-time monitoring of chemodynamic therapy agent
distribution and metabolism within the TME could enable
personalized treatment optimization. Here, we developed GSH-
responsive Mn(m)-doped nanoparticles for MRI-monitored
CDT. Comprehensive experimental validation established FA-
Mn NR as a multifunctional theranostic platform with three
key merits: (i) GSH depletion: disrupts tumor antioxidant
defenses by depleting intracellular GSH via Mn(ur)/Mn(u) redox
cycling; (ii) imaging-guided therapy: Mn*" released during GSH
activation serves dual roles as MRI contrast agent and a Fenton-
like catalyst for localized "OH generation; (iii) synergistic func-
tionality: integration of functional units such as GOx enables
self-supplied H,0, for enhanced CDT while initiating glucose
deprivation-induced starvation therapy. Through a straightfor-
ward synthesis protocol, we engineered Mn(m)-doped nano-
particles capable of modulating tumor redox microenvironment
and delivering potent anti-tumor effects. This work has opti-
mized CDT-MRI systems by synergistically integrating folic acid
targeting, GOx-mediated self-supplied H,0,, and Mn*'-cata-
lyzed "OH amplification. The multifunctional design enables
self-sustaining therapeutic cycles achieving independence from
endogenous H,0,, thereby enhancing antitumor efficacy. The
research establishes a paradigm for image-guided CDT, holding
promise for addressing the urgent need for real-time thera-
peutic feedback. In the future, integrating MRI and other
multimodal imaging techniques to develop precise tools for
accurate tumor diagnosis and treatment guidance is important
to the precise treatment. While future studies must address
individual variability in dosing and response, our work provide
a promising platform for MRI-monitored precision therapy.
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