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a b s t r a c t

The complexity of cancer therapy has led to the emergence of combination therapy as a promising

approach to enhance treatment efficacy and safety. The integration of glutathione (GSH)-activatable

two-photon photodynamic therapy (TP-PDT) and chemodynamic therapy (CDT) offers the possibility to

advance precision and efficacy in anti-cancer treatments. In this study, a GSH-activatable photosensi-

tizer (PS), namely copper-elsinochrome (CuEC), is synthesized and utilized for combination second near-

infrared (NIR-II) TP-PDT/CDT. The Cu2+ acts as a “lock”, suppressing the fluorescence and 1O2 generation

ability of EC in a normal physiological environment (“OFF” state). However, the overexpressed GSH in the

tumor microenvironment acts as the “key”, resulting in the release of EC (“ON” state) and Cu+ (reduced

by GSH). The released EC can be utilized for fluorescence imaging and TP-PDT under NIR-II (λ=1000nm)

two-photon excitation, while Cu+ can generate highly toxic hydroxyl radicals (•OH) via Fenton-like reac-

tion for CDT. Additionally, this process consumes GSH and diminishes the tumor’s antioxidant capacity,

thereby augmenting the efficacy of combination therapy. The CuEC achieves significant tumor cell abla-

tion in both 2D monolayer cells and 3D multicellular tumor spheres through the combination of NIR-II

TP-PDT and CDT.

© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Induction of cell death through reactive oxygen species (ROS)

is a widely employed strategy in cancer therapy, including modal-

ities such as radiotherapy (RT), photodynamic therapy (PDT), son-

odynamic therapy (SDT), and chemodynamic therapy (CDT) [1,2].

Among them, PDT is considered as a promising treatment strat-

egy in the field of anti-tumor due to its advantages of excellent

selectivity, minimal side effects, and low invasiveness [3,4]. PDT

is a process in which photosensitizer (PS) convert surrounding O2

or substrate into ROS under light irradiation to kill cancer cells

[5–7]. Due to the limited absorption wavelength range of tradi-

tional PSs, their application is primarily restricted to the treat-

ment of superficial and cavity-type tumors, such as skin cancer and

esophageal cancer [8,9]. To overcome this challenge, researchers
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have developed PSs based on up-conversion [10,11], near-infrared

(NIR) [12,13], and two-photon excitation (TPE) [14,15] to achieve

enhanced tissue penetration. Among these, TPE PSs have gained in-

creasing attention in the field of biomedicine due to their ability to

retain one-photon (OP) absorption and exhibit exceptional spatial

accuracy [16,17]. Unlike one-photon excitation (OPE), TPE technol-

ogy utilizes a pair of longer-wavelength photons simultaneously to

excite the PS during the treatment process [18,19]. This results in a

significant increase in tissue penetration depth and imaging resolu-

tion, while reducing laser-induced damage to neighboring healthy

tissues [20,21]. However, two-photon photodynamic therapy (TP-

PDT) also encounters the challenge of hypoxia within the tumor

microenvironment (TME) [12,22]. Therefore, the integration of TP-

PDT with other therapeutic modalities holds great potential for en-

hancing the overall efficacy of tumor treatment.

The CDT enables the conversion of endogenous hydrogen per-

oxide (H2O2) at the tumor site into cytotoxic hydroxyl radicals

https://doi.org/10.1016/j.cclet.2024.109874
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Scheme 1. Illustration of CuEC as a GSH-activatable PS for combined specific NIR-II

TP-PDT/CDT.

(•OH), thereby partially mitigating the limitation of PDT, which re-

lies on O2 [23,24]. Moreover, the emergence of activatable thera-

nostic agents has accelerated the application of fluorescence imag-

ing in tumor diagnosis and therapeutic monitoring, thereby aug-

menting the specificity of tumor diagnosis and the effectiveness

of therapeutic outcomes [25]. These activatable theranostic agents

can be precisely activated within the TME, such as hypoxia, overex-

pressed H2O2 and glutathione (GSH), offering a strategic advantage

for targeted therapy. This approach not only maximizes therapeutic

efficacy but also minimizes damage to healthy tissues [26,27]. Cu,

which serves as a cofactor for redox-active Cu-dependent enzymes,

is essential in numerous biological processes [28]. The increasing

evidence suggests that GSH possesses the capability to facilitate

the reduction of Cu2+, leading to the formation of Cu+ species [29].

These Cu+ act as Fenton-like reagent for the conversion of H2O2

into •OH [30,31]. Additionally, the decrease in GSH levels induced

by Cu2+ has been shown to intensify oxidative stress within cancer

cells, thereby enhancing its anticancer effect [32,33]. Under typ-

ical physiological conditions, Cu2+ coordination with suitable PSs

results in the formation of highly stable Cu2+/PS prodrug. Due to

energy transfer or electron transfer interactions between Cu2+ and

PSs, these prodrugs remain in an “OFF” state [34–36], characterized

by the fluorescence quenching of PSs and the inability to generate

ROS under laser irradiation. However, in the TME, Cu2+/PS prodrug

tend to undergo disaggregation due to the high concentration of

GSH (1–10mmol/L) [37,38]. This disaggregation occurs due to the

reaction between Cu2+ and GSH, resulting in the selective release

of Cu+ and PS within the tumor cells. The released PS could gener-

ate ROS under laser irradiation for PDT, and the released Cu+ could

initiate Fenton-like reactions to induce CDT effects. The combina-

tion of PDT and CDT, therefore, holds great potential in enhanc-

ing the efficacy of malignant tumor treatment and represents a

promising approach to achieving optimal therapeutic outcomes.

Elsinochrome is a type of natural perylenequinonoid PS with

advantages such as high singlet oxygen (1O2) quantum yield (as

high as 0.98, with hypocrellin B (0.84) in benzene as a reference

[39]), low toxicity, and fast metabolism in vivo [40,41]. The pres-

ence of a large conjugated π-electron system in elsinochrome en-

ables it to exhibit significant TP absorbance, making it well-suited

for TP-PDT [42,43]. Additionally, the structure of elsinochrome C

(EC) contains phenolic hydroxyl and quinonoid carbonyl oxygens,

which serve as binding sites for Cu2+ chelation [44]. Herein, we

developed a novel GSH-activatable prodrug, named CuEC, for the

combination NIR-II TP-PDT/CDT therapy (Scheme 1). The CuEC can

Fig. 1. (a) Crystal structure and molecular packing of CuEC (hydrogen atom is omit-

ted for clarity). (b) XPS survey spectra of CuEC. (c) Cu 2p XPS spectra of CuEC.

(d) Normalized ultraviolet–visible (UV–vis) absorbance spectra of EC and CuEC in

DMSO. (e) Fluorescence spectra of EC and CuEC (10 μmol/L, DMSO, λex =480nm).

be activated to an “ON” state by overexpressed GSH in the TME, re-

sulting in the release of EC and Cu+. The released EC can fluoresce

for FL imaging and generate 1O2 for TP-PDT under NIR-II TP laser

irradiation. Additionally, the released Cu+ can react with overex-

pressed H2O2 through a Fenton-like reaction, generating toxic •OH.

This process depletes GSH and reduces the tumor’s antioxidant ac-

tivity, thereby enhancing the effectiveness of combination therapy.

In vitro experiments have demonstrated that CuEC achieves signif-

icant tumor cell ablation in both 2D monolayer cells and 3D mul-

ticellular tumor sphere (MCTS) through the combination of NIR-II

TP-PDT and CDT. This offers a promising approach for designing

activatable PSs and treating deep-seated tumors.

The CuEC was synthesized by reacting EC with (2,2′-
bipyridine)-dichlorocopper at room temperature under N2 atmo-

sphere. The synthetic and chemical structure of CuEC is shown

in Scheme 1, while detailed experimental information is pro-

vided in Supporting information. The structure of CuEC was con-

firmed by means of single-crystal X-ray crystallography and ESI-

MS (Fig. 1a and Fig. S1 in Supporting information). As shown in

Fig. 1a, CuEC is a binuclear Cu(II) complex with EC as the bridg-

ing ligand and 2,2′-bipyridine as the terminal ligand, exhibiting

an overall planar structure. CuEC molecules have a layer-by-layer

packing mode through π-π stacking interaction (3.366 Å). Further-

more, the Cu content was accurately quantified using inductively

coupled plasma mass spectrometry (ICP-MS), resulting in a mea-

sured value of 9.78%, which closely corresponds to the calculated

value of 9.74%. The valence state of Cu in the CuEC compound

was determined using X-ray photoelectron spectroscopy (XPS). The

presence of Cu, C, N, and O elements in the CuEC was observed

in Fig. 1b. The peaks corresponding to Cu (2p3/2) and Cu (2p1/2) in

Cu2+ were identified at 934.5 and 954.6 eV, respectively. Further-

more, the presence of satellite peaks around 943.2 eV confirmed

the existence of Cu2+ in the compound (Fig. 1c) [45–47]. The ab-

sorption band at 460nm attributed to EC is assigned to the π-π ∗
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Fig. 2. (a) The absorbance spectra and (b) fluorescence spectra of CuEC (20 μmol/L,

DMSO, λex =480nm) upon treatment with different concentrations GSH at room

temperature. (c) GSH consumption ability with DTNB as an indicator. (d) Cu 2p XPS

spectra of CuEC+GSH. •OH detection using (e) HPF (5 μmol/L, phosphate-buffered

saline) and (f) MB as indicators.

transition of the conjugated system consisting of the quinone car-

bonyl group and the perylene nucleus [48]. The coordination of

Cu may promote the charge transfer (CT) process [44], therefore

shifts the absorption maximum from 460nm to longer wavelength

(480nm) (Fig. 1d). Compared to EC, the fluorescence of CuEC is

completely quenched due to the paramagnetic nature of Cu [49] or

as a result of Forster resonance energy transfer between EC and

Cu2+ (Fig. 1e) [36].

Considering the internal overexpression of GSH in tumors, we

next investigated the response behavior of CuEC under different

concentrations of GSH. The changes in the absorbance spectra of

CuEC in response to various concentrations of GSH are presented

in Fig. 2a. Upon the addition of GSH, a gradual reduction in ab-

sorbance at 480nm was observed, accompanied by an increase in

absorbance at 565nm. This resulted in an overall blue-shift in the

absorbance spectra, ultimately aligning with the absorption spec-

trum of EC. Furthermore, the fluorescence of CuEC was gradually

restored to the same fluorescence of EC with the addition of GSH

(Fig. 2b). The ESI-MS results further demonstrated that the addi-

tion of GSH resulted in the formation of EC (Fig. S2 in Support-

ing information), indicating the effective activation of CuEC by GSH

for EC release. As an indicator to quantify the consumption abil-

ity of GSH, 5,5′-dithiobis-2-nitrobenzoic acid (DTNB) can bind with

free sulfhydryl groups (-SH) to form a yellow product, resulting in

a characteristic absorbance peak at 412nm [33,50]. As shown in

Fig. 2c, the addition of CuEC resulted in a significant reduction in

absorbance at 412nm, indicating the ability of CuEC to effectively

consume GSH. Next, we investigated the valence change of Cu in

CuEC after the introduction of GSH. The disappearance of satel-

lite peaks and the emergence of peaks at 932.5 and 952.4 eV con-

firmed the presence of Cu+, thereby further substantiating CuEC’s

ability to deplete GSH (Fig. 2d and Fig. S3 in Supporting infor-

Fig. 3. (a) OPE (10 μmol/L) and TPE (1mmol/L) fluorescence spectra of EC in DMSO

at room temperature. (b) Quadratic correlation between the intensity of TP fluores-

cence and laser power. (c) Photostability of EC under two different laser conditions:

488nm laser and 1000nm fs laser. (d) 1O2 detection using DPBF as an indicator

under 532nm laser irradiation. ESR spectra of 1O2 with TEMP as a spin trapping

reagent under (e) 532nm laser irradiation and (f) NIR-II 1000nm fs laser irradia-

tion (100mW/cm2).

mation). The CuEC demonstrated remarkable GSH depletion prop-

erties attributed to the presence of Cu(II), which could enhance

the disruption of cellular antioxidant defense mechanisms. There-

fore, we subsequently assessed the chemodynamic activity of CuEC.

To demonstrate the generation of •OH, hydroxyphenyl fluorescein

(HPF) was used as a probe. HPF has no fluorescence, but it can

produce strong green fluorescence when reacts with •OH. In the

CuEC+GSH group, there was a significant increase in the fluores-

cence intensity at 515nm of HPF, whereas the fluorescence inten-

sity of both the control group (HPF) and the CuEC-treated group

remained relatively stable. This demonstrates CuEC can effectively

produce •OH in the presence of GSH (Fig. 2e and Fig. S4 in Sup-

porting information). The production of •OH was further assessed

by measuring the degradation of methylene blue (MB). As shown

in Fig. 2f, in the absence of GSH, the intensity of the absorbance

peak of MB in the CuEC-treated group remained nearly unchanged

compared to that of the control group (MB only). The insignificant

color change also indicates that MB was not degraded (inset of

Fig. 2f). However, the addition of GSH to CuEC resulted in a sig-

nificant decrease in MB absorbance and a noticeable lightening of

the color. These results demonstrate that CuEC can effectively de-

plete GSH and achieve chemodynamic therapeutic effects.

We further investigated the TP properties of EC by testing

the TP fluorescence spectra and TP absorbance cross-section in

the wavelength range of 860–1000nm. As shown in Fig. 3a and

Fig. S5a (Supporting information), fluorescence emission occurred

under the excitation of 860–1000nm TP laser. Due to the higher

concentration used during TPE fluorescence measurements and the

fluorescence reabsorption effect, the TPE fluorescence signal ex-

hibits a red-shift compared to OPE fluorescence under the same

solvent conditions [51]. Fig. 3b illustrates a quadratic correlation

3
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Fig. 4. (a) Fluorescent images of HeLa cells incubated with CuEC (5 μmol/L) under

OP (488nm) and TP (1000nm) excitation. Scale bar: 20 μm. (b) Intracellular genera-

tion of ROS using DCFH-DA (5 μmol/L) as probe under 1000nm fs laser irradiation.

Scale bar: 20 μm. (c) Intracellular generation of •OH using HPF (5 μmol/L) as probe.

Scale bar: 20 μm. (d) MTT assay of HUVEC and HeLa cells. (e) Calcein AM/PI co-

staining analysis of HeLa cells. Scale bar: 100μm.

between the intensity of TP fluorescence and laser power, thereby

proving the TP properties of EC. Furthermore, the TP absorbance

cross-section was calculated to be 6 GM at 1000nm (Fig. S5b

in Supporting information). The photostability of EC was further

evaluated. As shown in Fig. 3c and Fig. S6 (Supporting informa-

tion), the fluorescence intensity of EC exhibited no significant de-

crease after continuous irradiation with either a 488nm laser or

a 1000nm fs laser for 10min, suggesting that EC exhibits ex-

cellent photostability. The 1O2 generation ability of CuEC was

subsequently evaluated under 532nm laser irradiation and 1,3-

diphenylisobenzofuran (DPBF) as an indicator (Fig. 3d and Fig. S7

in Supporting information). The absorbance of DPBF treated with

CuEC only remained unchanged under 532nm laser irradiation,

similar to the control group (DPBF only), indicating a lack of
1O2 generation. However, following the addition of GSH, the ab-

sorbance of DPBF gradually decreased under the 532nm laser ir-

radiation, exhibiting a similar trend to that observed in the EC

group. Next, the 1O2 generation ability of CuEC under OP and NIR-

II TP (1000nm fs laser) irradiation was evaluated. The ESR result

is consistent with that obtained under OP laser irradiation, indi-

cating that EC can effectively generate 1O2 under OP or NIR-II TP

laser irradiation, which proves that CuEC can effectively produce
1O2 under the excitation of OP or NIR-II TP in the presence of GSH

(Figs. 3e and f). The high production of 1O2 observed after CuEC in-

teracts with GSH suggests that CuEC holds great potential for the

application of TP-PDT in biological systems.

The internalization of CuEC in HeLa cells was subsequently in-

vestigated using confocal laser scanning microscopy (CLSM). In or-

der to improve the solubility of CuEC, CuEC containing 1% DMSO

was selected for subsequent cell experiments, and no significant

CuEC aggregation occurred in this system (Fig. S8 in Supporting

information). As shown in Fig. 4a and Fig. S9 (Supporting infor-

mation), after being incubated with CuEC at 37 °C for 2h, HeLa

cells exhibited intense intracellular red emission under both OPE

(488nm) and NIR-II TPE (1000nm fs laser), similar to cells incu-

bated with EC (Fig. S10 in Supporting information). This indicates

that the cells were able to efficiently uptake CuEC and activate it to

an “ON” state. To further investigate the effect of GSH concentra-

tion on activation, we pre-treated the cells with GSH and buthio-

nine sulfoximine (BSO, a GSH scavenger [52]), followed by incu-

bation with CuEC. As shown in Fig. S11 (Supporting information),

cells pre-treated with GSH exhibited an increase in fluorescence

intensity, while fluorescence intensity was significantly reduced in

cells pre-treated with BSO. The ROS generation capacity of CuEC

under NIR-II TP laser irradiation was subsequently assessed by

employing 2′,7′-dichlorodihydrofluorescein diacetate (DCFH-DA) in

vitro. DCFH-DA is a fluorescent probe that exhibits a maximum

emission peak at approximately 525nm following oxidation by

ROS. As shown in Fig. 4b, a gradual increase in green fluorescence

was observed in HeLa cells after treatment with CuEC+DCFH-DA

under NIR-II TP (1000nm fs laser) irradiation. Conversely, no sig-

nificant fluorescence increase was observed in the control group

(DCFH-DA only). These findings provide evidence of the efficient

ROS generation for TP-PDT under NIR-II TP irradiation. Intracellular

GSH depletion was investigated using GSH assay kits. As shown in

Fig. S12 (Supporting information), the intracellular GSH content of

HeLa cells undergoes a significant decrease after incubation with

CuEC. This not only diminishes the antioxidant capacity of the tu-

mor cells but also generates Cu+ as a Fenton-like reagent, which

produces •OH at the cellular level. The ability of CuEC to gen-

erate •OH was detected using HPF as a probe in HeLa cells. As

shown in Fig. 4c, no significant green fluorescence was observed

in cells treated with HPF alone or CuEC alone. However, the co-

incubation of CuEC and HPF resulted in strong green fluorescence

observed in the cells, indicating that CuEC can effectively produce
•OH in the presence of GSH. Given the efficient ROS generation ca-

pability of CuEC in vitro, a subsequent evaluation was performed

to assess the therapeutic effectiveness of CuEC. The standard 3-

(4,5-dimethylthiazolyl-2)−2,5-diphenyltetrazolium bromide (MTT)

assay was used to investigate the therapeutic effectiveness of dif-

ferent concentrations of CuEC on cancer cells (HeLa cells) and nor-

mal cells (human umbilical vein endothelial cells (HUVEC)). Under

dark condition, the viability of normal cells remained at approxi-

mately 90% even at a high concentration of 10 μmol/L, as depicted

in Fig. 4d, thereby demonstrating the excellent biocompatibility of

CuEC towards normal cells. In contrast, the viability of HeLa cells

decreased significantly with the increasing concentrations of CuEC,

indicating that CuEC can effectively achieve CDT on HeLa cells in

dark. Additionally, the combination therapy effect of CuEC was ex-

amined. After 3min of 532nm laser irradiation, the viability of

HeLa cells was significantly lower than that of cells treated with-

out laser irradiation. These results indicate that the combination of

PDT and CDT had a greater antitumor effect.

Next, the combination of NIR-II TP PDT and CDT effect of CuEC

was further evaluated on HeLa cells using the calcein-AM (green,

live cells) and propidium iodide (PI, red, dead cells) co-staining

methods. As shown in Fig. 4e, the NIR-II TP laser-treated group

displayed robust green fluorescence, indicating no apparent cell

death. In the CuEC-treated group, both red and green fluorescence

were present with similar intensity, indicating that CuEC exhibits

cytotoxicity by CDT effect. To evaluate the efficiency of CuEC in TP-

PDT and CDT, a square region was selected for TP laser scanning.

After 3min of 1000nm fs laser irradiation, complete cell death was

confirmed in the scanned area by the presence of red fluorescence.

The experimental results demonstrate that CuEC can achieve the

combination of NIR-II TP PDT and CDT in cancer cells, consistent

with the MTT results.

After evaluating CuEC’s therapeutic effects in a 2D mono-

layer model, we proceeded to investigate the biological impact of

CuEC using a 3D MCTS model. The utilization of MCTS offers a

more authentic portrayal of clinical tumor treatment scenarios and

serves as an invaluable tissue model for investigating drug delivery

[53,54]. Initially, we examined the cellular uptake of CuEC within

HeLa MCTS using z-scanning CLSM. As shown in Fig. 5a, CuEC ex-

hibits red fluorescence within the 3D MCTS under both OPE and

TPE, confirming its ability to effectively penetrate the complex 3D

4



Z. Gao, X. Zheng, W. Liu et al. Chinese Chemical Letters 36 (2025) 109874

Fig. 5. (a) Fluorescent images of HeLa MCTS incubated with CuEC (5 μmol/L) under OP (488nm) and TP (1000nm) excitation. Scale bar: 300μm. (b) Inhibition of tumor

cells growth in HeLa MCTSs. Scale bar: 500μm. (c) Calcein AM/PI co-staining analysis of HeLa MCTSs. Scale bar: 500μm.

cellular structure and release EC in the presence of GSH. In the

deeper regions of the MCTS, the spheres displayed more intense

fluorescence when excited using TP fs laser, indicating that TP ex-

citation provides superior resolution and deeper tissue penetration

capabilities. Subsequently, we assessed CuEC’s capacity to gener-

ate ROS within the MCTS under TP laser irradiation. As shown in

Fig. S13 (Supporting information), a gradual increase in green fluo-

rescence was observed in MCTS treated with CuEC+DCFH-DA un-

der NIR-II TP (1000nm fs laser) irradiation. The experimental re-

sults demonstrate that CuEC efficiently generates ROS within the

complex 3D cellular structure under TP irradiation. Next, the ef-

ficacy of CuEC in combination therapy on MCTS was tested. As

shown in Fig. 5b, after incubation with CuEC (CDT only), the struc-

ture of the MCTS became loose. In the CuEC+TP laser-treated

group, not only did the MCTS exhibit reduced compactness, but

it also underwent collapse and rupture in the central region. To

further determine the effect of combination therapy, calcein AM

and PI co-staining experiment was performed. As shown in Fig. 5c,

CuEC exhibited a significant damage effect on 3D MCTS, the killing

effect is more significant after irradiation by TP laser. All the ex-

perimental results demonstrate that CuEC has effective TP-PDT/CDT

combination therapy effects in the 3D MCTS tumor model.

In summary, we have developed a GSH-activatable PS for com-

bination NIR-II TP-PDT/CDT therapy. The Cu2+ functions as a “lock”

in a normal physiological environment, inhibiting the fluorescence

and 1O2 generation ability of EC. However, within the TME, over-

expressed GSH acts as a “key” that triggers the release of both

Cu+ and EC. The released EC can be utilized for NIR-II two-photon

excitation-based fluorescence imaging and TP-PDT. Meanwhile, Cu+

can produce highly toxic •OH via Fenton-like reaction for CDT. By

integrating NIR-II TP-PDT/CDT strategies, CuEC demonstrates re-

markable efficacy in killing tumor cell both in 2D monolayer cells

and 3D MCTS, thereby presenting a novel idea for the develop-

ment of advanced theranostic agents for treatment of deep-seated

tumors.
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