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Developing effective strategies to simultaneously suppress tumor thermotolerance and secondary inflam-
mation remains a significant challenge in enhanced photothermal therapy (PTT). In this study, we devel-
oped a nitroreductase (NTR)-triggered multifunctional photothermal agent (m-SCy-DCF) by conjugating
mitochondria-targeted sulfur-substituted hemicyanine to the anti-inflammatory diclofenac (DCF) through
an NTR-cleavable linker. Upon activation in the hypoxic tumor microenvironment, m-SCy-DCF selectively
accumulated in mitochondria and generated localized hyperthermia under laser irradiation. This process
not only disrupted mitochondrial function but also suppressed the expression of heat shock proteins
(HSPs). Simultaneously, the released DCF exerted potent anti-inflammatory effects, effectively reducing
the levels of inflammatory cytokines in vivo. This dual suppression of tumor thermotolerance and in-
flammation induced immunogenic cell death and achieved effective tumor ablation, demonstrating the
potential of m-SCy-DCF as a highly promising candidate for enhanced PTT.

© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Photothermal therapy (PTT), characterized by its non-invasive
property and high specificity, has garnered considerable attention
in the field of cancer therapy [1-5]. Distinct from conventional
treatments, PTT utilizes harmless near-infrared light as an energy
source to induce localized hyperthermia, thereby triggering cell
apoptosis or necrosis for effective tumor ablation [6,7]. PTT has
exhibited superior spatiotemporal controllability through precise
modulating light intensity and exposure duration, as well as metic-
ulously designing tumor-targeted photothermal agents, which pro-
vides great prospect in precise tumor therapy [8,9].

Although PTT holds significant potential for tumor ablation, sev-
eral challenges remain to be addressed to enhance therapeutic ef-
ficiency and improve prognosis. One major challenge is the cellular
protective response to hyperthermic stress, which is characterized
by the rapid induction of heat shock proteins (HSPs) [10,11]. These
chaperone proteins play a crucial role in repairing hyperthermia-
induced cellular damage, thereby increasing the thermotolerance
of cells and reducing the efficacy of PTT [12]. Given the substan-
tial energy chaperone associated with the transcription and trans-
lation of upregulated HSPs, therapeutic strategies aimed at in-
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hibiting cellular metabolism have shown great promise in mitigat-
ing these limitations [13-15]. Targeting and disrupting mitochon-
drion, the well-known powerhouse in cell, represents a promi-
nent approach to inhibiting the upregulation of HSPs [16-18]. In
addition, PTT-induced secondary inflammatory response poses an-
other notable challenge in tumor therapy [19,20]. Located hyper-
thermia causes cytoplasmic membrane disruption and the release
of damage-associated molecular patterns, which promotes the in-
flammatory response within tumor tissues. Excessive inflamma-
tion elevates the risk of tumor metastasis and recurrence, subse-
quently impairing the overall therapeutic outcome [21-23]. There-
fore, simultaneously inhibiting HSP-mediated thermotolerance and
suppressing the secondary inflammatory response is anticipated to
significantly enhance the efficacy of PTT.

Utilizing over-expressed markers in tumor tissues to activate
therapeutic agents represents a promising strategy, which sub-
stantially minimizes off-target effects on surrounding healthy tis-
sues [24-27]. Given the characteristics of rapid proliferation, in-
tense metabolic activity, and aberrant angiogenesis of tumor tis-
sue, tumor cells usually reside in a hypoxic microenvironment
[28]. Consequently, the level of nitroreductase (NTR) is signifi-
cantly upregulated, which potentially serves as an effective trig-
ger for PTT agents [29,30]. Herein, we designed and synthesized
an NTR-triggered photothermal agent (designated as m-SCy-DCF)
with anti-inflammatory and HSP-inhibitory functions for effective
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Scheme 1. The synthesis of multifunctional photothermal agent m-SCy-DCF and
the schematic diagram of enhanced PTT efficacy through suppressing thermotol-
erance and secondary inflammation.

PTT. The selective activation of m-SCy-DCF by NTR enabled the lo-
calized release of photothermal agent specifically within malignant
tissue, which was expected to protect normal tissues from ther-
mal damage and enhance the safety of the treatment. To construct
the multifunctional photothermal agent m-SCy-DCF, mitochondria-
targeted sulfur-substituted hemicyanine (m-SCy) was conjugated
to the anti-inflammatory diclofenac (DCF) via NTR-cleavable link-
ers. Within hypoxic microenvironment, NTR catalyzed the conver-
sion of nitro groups into amino groups, triggering a cascade of
electronic restructuring and the subsequent liberation of m-SCy
and DCF (Scheme 1). The activated m-SCy selectively accumulated
within mitochondria and generated localized hyperthermia under
laser irradiation to directly damage mitochondria, thereby cutting
off the energy supply and inhibiting the expression of HSPs. The
released DCF, serving as a non-steroidal anti-inflammatory drug
(NSAID), exhibited significant efficacy in relieving hyperthermia-
caused secondary inflammation. The experimental results showed
that m-SCy-DCF localized mitochondria and reduced HSP expres-
sion under laser irradiation. Furthermore, it effectively curtailed
the levels of inflammatory cytokines in vivo, thereby exerting a
profound inhibitory effect on tumor growth.

The multifunctional photothermal agent m-SCy-DCF was syn-
thesized following the synthetic route outlined in Fig. S1 (Sup-
porting information). In brief, 4-nitrobenzyl bromide was intro-
duced to afford the key intermediate compound 1, endowing m-
SCy-DCF with NTR-responsive property. Subsequently, the anti-
inflammatory drug DCF was esterified with compound 1 via an
ester linkage to form compound 2. Finally, the mitochondrion-
targeted photothermal agent m-SCy was coupled through an acti-
vation process mediated by p-nitrophenyl carbonate, yielding the
desirous photothermal agent m-SCy-DCF. Nuclear magnetic reso-
nance (NMR) spectroscopy and high-resolution mass spectrometry
(HRMS) were employed to confirm the structural integrity of m-
SCy-DCF and related intermediates (Figs. S2-S7 in Supporting in-
formation). The detailed analysis of the corresponding spectra val-
idated the precise molecular structures and successful synthesis of
the designed compound.

The NTR-mediated release of photothermal molecules and DCF
was determined preferentially. The absorbance of m-SCy-DCF solu-
tion exhibited a significant decrease within the 500-700 nm range
upon incubation with NTR, while it increased observably in the
range from 700 nm to 800 nm (Fig. 1A). The redshift of the absorp-
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Fig. 1. (A) The ultraviolet-visible absorption spectra of m-SCy-DCF (30 pmol/L)
treated with/without NTR (1pg/mL). The changes in fluorescence intensity (B)
and related quantization (C) of m-SCy-DCF over time after incubation with NTR
(1 pg/mL). Ex=756nm. (D) Temperature changes of m-SCy-DCF (300 pmol/L)
with/without NTR (10 jug/mL) upon 750-nm laser irradiation (0.6 W/cm?, 5 min).

tion wavelength is conducive to the photothermal conversion in
the near-infrared region. Fluorescence spectroscopy was also uti-
lized to monitor the release of active molecules. As illustrated in
Figs. 1B and C, upon incubation with NTR, the fluorescence in-
tensity at 790 nm progressively increased over time and reached
a plateau within approximately 30 min, indicating that the active
molecules were effectively released within a short time. Addition-
ally, high-performance liquid chromatography (HPLC) analysis con-
firmed the successful release of the active photothermal agent m-
SCy from m-SCy-DCF following NTR treatment (Fig. S8 in Support-
ing information). Next, the photothermal conversion performance
was tested by recording the temperature changes with a thermal
imager. As shown in Fig. 1D and Fig. S9 (Supporting information),
the temperature of the solution increased by 25°C in the pres-
ence of NTR under laser irradiation (750 nm, 0.6 W/cm?), while the
group without NTR increased by only 15°C. These results demon-
strated that m-SCy-DCF could be effectively activated by NTR and
held significant potential for tumor PTT. Subsequently, the concen-
tration of m-SCy-DCF and the laser power density were adjusted to
further study the photothermal conversion effect. As shown in Fig.
S10 (Supporting information), the temperature changes increased
with the increasement of concentration and power density. To en-
sure the sustained efficacy of PTT in eliminating tumor cells, a laser
power density of 0.6 W/cm? was selected for subsequent experi-
ments. The stability of the photothermal agent was further evalu-
ated via a heating and cooling cycle experiment (Fig. S11 in Sup-
porting information). It was concluded that m-SCy exhibited satis-
factory photothermal stability, as the temperature still increased to
50°C after three cycles of laser switching. These results indicated
that m-SCy-DCF could be efficiently activated by NTR to generate
hyperthermia under laser irradiation for tumor ablation.
Subsequently, cell viability was investigated under hypoxic and
normoxic conditions to assess the cytotoxic effects of m-SCy-
DCF. As shown in Fig. S12 (Supporting information), cells main-
tained high viability upon exposure to various concentrations of
m-SCy-DCF in the dark, independent of oxygen levels. However, a
concentration-related decrease in cell viability occurred after laser
irradiation, which was more pronounced under hypoxia, consistent
with hypoxia-induced NTR upregulation (Fig. 2A). In addition, we
systematically assessed the inhibitory effects on tumor cells in var-
ious groups, including the control group (Control), laser-irradiated
group (Laser), DCF-treated group (DCF), m-SCy-treated group (m-
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Fig. 2. (A) Cell viability of 4T1 cells incubated with different concentrations of
m-SCy- DCF upon irradiation with a 750-nm laser (0.6 W/cm?, 5min). (B) The co-
localized confocal fluorescence images of m-SCy-DCF (red) and commercial Mito-
Tracker (green). Immunofluorescent images (C) and related quantification (D) of HSP
70 and HSP 90 under various conditions. The levels of typical ICD markers CRT (E)
and HMGBI1 (F) in 4T1 cells under different treatments. Scale bar: 50 wm. **P < 0.01,
***P < 0.001. n.s., no significance. Data are presented as mean =+ standard deviation
(SD) (n=3).
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SCy), m-SCy-DCF-treated group (m-SCy-DCF), and groups receiving
additional laser irradiation (m-SCy+L and m-SCy-DCF+L). As de-
picted in Fig. S13 (Supporting information), the lowest cell viabil-
ity was observed in m-SCy+L and m-SCy-DCF+L groups, imply-
ing superior tumor suppression. Live/dead cell staining assay re-
vealed similar results, with a significantly higher proportion of PI-
stained cells in the m-SCy+L and m-SCy-DCF+L groups compared
to others, demonstrating the enhanced PTT capability of the pho-
tothermal agent (Fig. S14 in Supporting information). Cell migra-
tion and colony formation assays were conducted to verify the ef-
fects of different materials on cell motility and proliferation respec-
tively (Figs. S15 and S16 in Supporting information). The scratch
wounds in laser-treated groups (m-SCy+L and m-SCy-DCF+L) re-
mained negligible changes, while those in control groups were
closed in varying degrees. These results suggested that m-SCy-DCF
exhibited a substantial capacity to inhibit cell migration following
laser irradiation. Meanwhile, the obviously decreased colony num-
ber in the colony-formation experiment verified that cell prolifer-
ation was substantially inhibited in m-SCy-DCF+L group (Fig. S16).
The above results demonstrated that m-SCy-DCF possessed signifi-
cant cytotoxicity under laser irradiation and effectively suppressed
the movement and proliferation of tumor cells.

Given the presence of the lipophilic triphenylphosphine group,
it was hypothesized that the agent would preferentially localize to
and damage the mitochondria. Colocalization images demonstrated
a substantial overlap between the fluorescent signals of m-SCy-DCF
and commercial mitochondrial localization dyes, yielding a calcu-
lated colocalization coefficient of 0.94 (Fig. 2B). Subsequently, the
JC-1 probe was utilized to assess the changes in mitochondrial
membrane potential (Fig. S17 in Supporting information). When in-
cubated with m-SCy-DCF and exposed to laser irradiation, tumor
cells exhibited a bright green fluorescence signal (JC-1 monomers)
rather than a red signal (JC-1 aggregates), suggesting substantial
decrease in membrane potential. Mitochondrial damage plays a
critical role in inducing apoptosis, resulting in the upregulation of
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downstream caspase-3. The immunofluorescence staining images
(Fig. S18 in Supporting information) confirmed the highest levels
of caspase-3 were observed in the m-SCy-DCF+L group, indicating
the most significant degree of apoptosis.

Next, the expression levels of HSPs in cells under various con-
ditions were further explored. As illustrated in Figs. 2C and D, cells
exposed to a high-temperature environment exhibited a significant
stress response, leading to markedly elevated expression of HSP
70 and HSP 90. However, the groups targeted to mitochondria (m-
SCy+L and m-SCy-DCF+L) exhibited a more pronounced reduction
in HSP levels, likely attributable to hyperthermia-induced mito-
chondrial damage. Notably, the groups treated with DCF possessed
a superior inhibitory effect on HSP, which was probably associated
with the previously reported DCF-mediated inhibition of glucose
transport [31]. Studies have demonstrated that PTT could cause
immunogenic cell death (ICD) and trigger the release of tumor-
associated immunogens, which further stimulates the immune sys-
tem to attack tumor cells. Therefore, the expression of several ICD
markers, such as calreticulin (CRT) and high-mobility group box 1
(HMGBT1), was assessed in Figs. 2E and F. The results showed that
the level of CRT significantly increased in m-SCy-DCF-incubated
cells upon laser irradiation. Meanwhile, HMGB1 rapidly translo-
cated from the nucleus to the extracellular space, resulting in a
decreased fluorescence signal. These results indicated the success-
ful induction of ICD.

In vivo experiments were then conducted and approved by the
Animal Experiment Ethics Committee of Shandong Normal Univer-
sity (No. AEECSDNU2024068). The temperature changes in tumor
areas were first recorded as shown in Fig. S19 (Supporting infor-
mation). A significant increase was observed in the m-SCy-DCF+L
group, reaching approximately 50°C following irradiation. Build-
ing upon the efficacy of m-SCy-DCF in inhibiting tumor cell pro-
liferation, we subsequently evaluated its anti-tumor potential in
vivo using a tumor-bearing mouse model. The mice were divided
into following groups: (I) control, (I) laser, (III) DCF, (IV) m-SCy,
(V) m-SCy-DCF, (VI) m-SCy+L, and (VII) m-SCy-DCF+L. As shown
in Figs. 3A and B, m-SCy-DCF+L group exhibited the most signif-
icant tumor growth suppression among all treatment modalities.
These satisfactory results were attributed to the synergistic effects
of thermal ablation, DCF-mediated inflammation relief, and the in-
hibition of HSPs.

To verify the anti-inflammatory effect of m-SCy-DCF in vivo,
serum samples were collected 24h post-treatment to determine
the levels of inflammatory cytokines, such as tumor necrosis
factor-o (TNF-«) and interleukin-6 (IL-6). As demonstrated in
Figs. 3C and D, samples from m-SCy+L group exhibited a signifi-
cant increase in inflammatory cytokines, indicating the occurrence
of PTT-induced secondary inflammation. However, the introduction
of DCF (m-SCy-DCF+L group) effectively mitigated the inflamma-
tory response as the levels of inflammatory cytokines were recov-
ered. In addition, a series of experiments were conducted to as-
sess the biosafety of the multifunctional photothermal agent. The
body weight of mice (Fig. 3E) remained stable during the treat-
ment period. Moreover, no obvious abnormalities were observed
in several liver and kidney function indicators (Fig. 3F), blood rou-
tine (Fig. 3G), and hematoxylin and eosin (H&E) staining images
of major organs (Fig. S20 in Supporting information), demonstrat-
ing that different treatments had no significant systemic toxic side
effects on the mice.

In summary, a multifunctional photothermal agent m-SCy-DCF
was developed to overcome the limitations of conventional PTT in
terms of thermotolerance and secondary inflammation. By leverag-
ing hypoxia-responsive activation, m-SCy-DCF efficiently disrupted
tumor cell mitochondria, inhibited HSP expression, and alleviated
hyperthermia-induced inflammation. The agent demonstrated ro-
bust photothermal conversion efficiency, mitochondrial targeting
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Fig. 3. (A) Photographs of mice under various treatments at day 0 and day 14. (B)
Curves depicting changes in relative volume in different treatment groups. The lev-
els of inflammatory cytokine IL-6 (C) and TNF-« (D) from the serum of mice in
different treatment groups. (E) Body weight change curves for various treatment
groups. Several indicators pertaining to liver and kidney function (F) and routine
blood parameters (G) across different groups. *P < 0.05, **P < 0.01, ***P <0.001. n.s.,
no significance. Data are presented as mean + SD (n=3). ALT, alanine aminotrans-
ferase; AST, aspartate aminotransferase; BUN, blood urea nitrogen; CREA, creati-
nine; HGB, hemoglobin; MCV, mean corpuscular volume; MCHC, mean corpuscular
hemoglobin concentration; RBC, red blood cell count; HCT, hematocrit; MCH, mean
corpuscular hemoglobin; RDW, red cell distribution width.

property, and ICD induction ability, resulting in significant tumor
inhibition both in vitro and in vivo. Additionally, m-SCy-DCF exhib-
ited excellent biosafety and effectively mitigated inflammatory re-
sponses, emphasizing its potential for clinical application in cancer
therapy. This multifunctional platform represents a significant ad-
vancement in the field of PTT, offering a synergistic and safe strat-
egy for enhancing therapeutic efficacy.
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