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a b s t r a c t

Chemotherapy combined with photodynamic therapy has emerged as a promising strategy for cancer

treatment. However, simultaneously delivering chemotherapeutic drugs and photosensitizers and pre-

cisely adjusting the ratio of the two components as needed remains a challengeable task. Herein, novel

supramolecular nanoparticles (donated as BODIPY-CPT-NPs) for chemo-photodynamic combination can-

cer therapy are constructed from a glutathione-responsive camptothecin-based prodrug, BODIPY photo-

sensitizer, and dimacrocyclic host molecule through orthogonal host-guest recognitions and co-assembly.

With this strategy, the ratio of prodrugs and photosensitizers in nanoparticles can be easily and precisely

controlled as needed. Benefiting from the strong host-guest interactions and stable self-assembly, the

nanoparticles exhibit excellent stability and photobleaching resistance. Furthermore, camptothecin can be

released from nanoparticles for chemotherapy in the presence of reduction agent and single oxygen can

be efficiently generated for PDT with light irradiation. The combined effects of the BODIPY-CPT-NPs have

been verified in CT26 and HeLa cancer cells.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Chemotherapy is still the most common cancer treatment

modality in clinics [1]. However, owing to the disadvantages such

as poor water solubility [2], non-specificity [3], and serious side

effects of chemotherapy drugs [4,5], the effect of chemotherapy

is often unsatisfactory. In order to curb tumors effectively, be-

sides traditional chemotherapy, a series of treatment methods have

been developed by researchers [6–12]. Among them, photodynamic

therapy (PDT) has been extensively studied due to its spatiotem-

poral selectivity, minimal invasiveness, and effectiveness [13–15].

PDT kills cancer cells mainly through reactive oxygen species (ROS)

generated by photosensitizers (PSs) under light irradiation. How-

ever, the poor solubility and stability of PSs as well as the hy-

poxic environment of tumor tissues severely limit the further de-

velopment of PDT [16,17]. Since each treatment strategy has its

shortcomings, it is difficult to achieve effective suppression of

malignant tumors with monotherapy. To address this dilemma,

chemo-photodynamic combination therapy has been proposed in

recent years. Compared with the monotherapy method, chemo-

photodynamic combination therapy shows good complementarity
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of the two therapies [18–23], improving anti-tumor efficiency in

clinical application [24,25].

Thus far, considerable effort has been focused on developing

the co-delivery strategies of chemotherapeutic drugs and photo-

sensitizers for chemo-photodynamic combination therapy, for ex-

ample, loaded by nanocarriers (including liposomes [26], micelles

[27], framework materials [28,29], and inorganic porous materi-

als [30]), or constructing “drug-photosensitizer” agents via covalent

linkage [31–34]. Due to the different pharmacokinetics and biodis-

tribution of different agents in organisms, the precise control of

the ratio of chemotherapeutic drugs and PSs is a crucial param-

eter for chemo-photodynamic combination therapy [35,36]. How-

ever, the strategies mentioned above usually lack a mechanism to

precisely control the ratio of chemotherapeutic drugs and PSs.

Supramolecular chemistry based on non-covalent interactions

has been gradually applied in the field of cancer nanotheranostics.

Various agents could be used as building blocks of supramolec-

ular cancer nanotheranostics, including chemotherapeutic drugs

such as camptothecin (CPT) [37,38], paclitaxel (PTX) [39], doxoru-

bicin (DOX) [40], and others as well as PSs (BODIPY [41,42], por-

phyrin [43,44], and phthalocyanine [45,46]). The water solubility

and stability of chemotherapeutic drugs and PSs are significantly

improved through supramolecular interactions [47,48]. Moreover,

compared to traditional passive encapsulation and covalent con-
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Scheme 1. (a) Preparation pathway of BODIPY-CPT-NPs via host-guest interactions and self-assembly; and (b) a schematic illustration of the mechanism of chemo-

photodynamic combination therapy by BODIPY-CPT-NPs. (c) Chemical structures of Py-BODIPY, Ada-CPT, and P5CD.

jugation, benefitting from the dynamics and reversibility of non-

covalent interactions, supramolecular cancer nanotheranostics sys-

tem has excellent stimulus responsiveness, such as pH [49–51],

H2O2 [52], glutathione (GSH) [32,53], adenosine triphosphate (ATP)

[36,54,55], and enzymes [56].

Macrocyclic compounds, including cyclodextrins [57–61], cu-

curbiturils [62–65], calixarenes [66], and pillararenes [67–73].

Thereinto, β-cyclodextrin (β-CD) could bind to adamantane or

adamantane-modified guests [74], water-soluble pillar[5]arenes

(WP5) show high affinities for cationic moieties, such as pyri-

dinium and ammonium moieties [75–77]. They all exhibit good

water solubility and biocompatibility. Thus, it is possible to pre-

cisely control the ratio of chemotherapeutic drugs and PSs in

supramolecular assembly, utilizing the specific recognition of pro-

drugs and PSs guests by the two kinds of macrocycles in the

dimacrocyclic host molecule. Herein, as a proof-of-concept, we

constructed a new type of supramolecular nanoparticles based

on host-guest interactions for chemo-photodynamic combina-

tion therapy (Scheme 1). The supramolecular nanoparticles were

composed of three components: (1) a novel dimacrocyclic host

molecule (P5CD) bearing WP5 and β-CD was synthesized; (2)

PSs (Py-BODIPY) decorated with pyridinium salt unit; (3) pro-

drug (Ada-CPT) conjugated adamantane and the chemotherapeu-

tic drug camptothecin (CPT) by redox responsive disulfide linker.

A ternary host-guest complex containing Py-BODIPY, Ada-CPT, and

P5CD could be obtained through orthogonal host-guest recogni-

tions, which then self-assembly to form supramolecular nanopar-

ticles (BODIPY-CPT-NPs). Due to the strong host-guest interactions

between WP5 of P5CD and Py-BODIPY and β-CD of P5CD and Ada-

CPT, the ratio of prodrugs to PSs in the nanoparticles could be pre-

cisely adjusted as needed. As shown in Scheme 1b, after BODIPY-

CPT-NPs were internalized by cancer cells, the disulfide bond of the

Ada-CPT component could be reduced by the bio-reductive agent

presented in the cancer cells, resulting in the release of CPT for

chemotherapy, and under the irradiation of light, singlet oxygen

(1O2) could be generated by the Py-BODIPY component for PDT.

Cytotoxicity experiments showed that BODIPY-CPT-NPs exhibited

excellent chemo-photodynamic combination therapy effects.

The dimacrocyclic host molecule P5CD, PSs Py-BODIPY, and pro-

drug Ada-CPT were prepared as described in Schemes S1-S3 (Sup-

porting information). The host-guest binding behavior between

WP5 of P5CD and Py-BODIPY was investigated firstly by UV-

vis spectroscopy and isothermal titration calorimetry (ITC) exper-

iments in detail. Due to the poor water solubility and photosta-

bility of Py-BODIPY, model guest (Py) was synthesized to assist in

the study of the host-guest interaction between WP5 of P5CD and

Py-BODIPY. As shown in Fig. S1 (Supporting information), upon

stepwise addition of Py into the aqueous solution of P5CD, the

absorption intensity of WP5 at 292 nm gradually increased, ac-

companied by an obvious bathochromic shift (Fig. S1a). An obvi-

ous inflection point appeared after the addition of 1.0 equiv. of Py

(Fig. S1b), confirming the 1:1 binding stoichiometry of P5CD with

Py, and the association constant between P5CD and Py was de-

termined by nonlinear least-squares analysis to be Ka =3.44×106

L/mol (Fig. S2 in Supporting information). The binding affinity be-

tween P5CD and Py was further evaluated by ITC experiments

(Fig. S3 in Supporting information). The ITC experiments for P5CD

and Py suggested the 1:1 complexation and strong binding affin-

ity (Ka =3.40×106 L/mol), which was consistent with the UV-vis

titration result. It is known that β-CD could form host-guest com-

plexes with adamantane-containing guests in a 1:1 stoichiometry

with high association constant, generally reach up to 104 L/mol

in water [78]. In addition, the optimized structure of the ternary

host-guest complex formed by Py-BODIPY, Ada-CPT, and P5CD was

obtained by theoretical calculation (Fig. S4 in Supporting informa-

tion). These results suggested the capability of P5CD to simulta-

neously bind both Py-BODIPY and Ada-CPT with strong binding

affinity, forming three-component supramolecular amphiphiles and

then self-assembled into supramolecular nanoparticles.

Before investigating the supramolecular nanoparticles, the self-

assembly behavior of free Py-BODIPY or free Ada-CPT in an aque-

ous solution (1.0×10−5 mol/L, containing 0.1% DMSO) was first in-

vestigated by dynamic light scattering (DLS). The results showed

that almost no signal was detected during the experiments with

free Py-BODIPY, which indicated that the free Py-BODIPY could not

form effective aggregates under the experimental concentration

conditions. However, the hydrophobic prodrug Ada-CPT formed

large-sized aggregates (average diameter: 812.8 nm) in water (Fig.

S5 in Supporting information), which may be due to the disulfide

bond induced chalcogen bonding interaction and the π-π inter-

action of CPT [79,80]. Subsequently, BODIPY-CPT-NPs were conve-

niently prepared by mixing Py-BODIPY and Ada-CPT with P5CD in

aqueous solution due to the strong electrostatic and hydrophobic

interactions between them. For comparison purposes, Py-BODIPY-

based PDT supramolecular nanoparticles (BODIPY-NPs) and Ada-

CPT-based chemotherapy supramolecular nanoparticles (CPT-NPs)

were prepared using the same method (Scheme 1a and Fig. 1a).

The size and morphology of the three kinds of supramolecu-

lar nanoparticles were investigated by DLS, scanning electron mi-

croscopy (SEM), and transmission electron microscopy (TEM) mea-
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Fig. 1. (a) Schematic illustration of (i) BODIPY-NPs, (ii) CPT-NPs, and (iii) BODIPY-CPT-NPs. (b) DLS size distribution of (i) BODIPY-NPs, (ii) CPT-NPs, and (iii) BODIPY-CPT-NPs.

(c) TEM images of BODIPY-CPT-NPs. (d) EDS element mapping of C, O, S, F, and B of BODIPY-CPT-NPs by HAADF-STEM image. Scale bar: 100 nm. (e) UV-vis spectra of

BODIPY-NPs, CPT-NPs, and BODIPY-CPT-NPs.

surements. According to DLS results, the average hydrodynamic di-

ameter (DH) of BODIPY-NPs, CPT-NPs, and BODIPY-CPT-NPs were

187.6, 142.4, and 179.1 nm, respectively (Fig. 1b). SEM and TEM

images clearly showed the morphology of spherical structures with

diameters consistent with the DLS results (Fig. 1c, Figs. S6 and S7

in Supporting information). To further demonstrate the successful

preparation of BODIPY-CPT-NPs, elemental mapping based on high-

angle annular dark-field scanning TEM (HAADF-STEM) was first

employed (Fig. 1d). The results showed that the featured S element

from Ada-CPT was distributed uniformly throughout the entire

nanoparticle. Additionally, the featured F and B element derived

from Py-BODIPY could also be found in the element mapping, sug-

gesting the predesigned structure of BODIPY-CPT-NPs. The stability

of BODIPY-CPT-NPs in H2O, phosphate-buffered saline (PBS), Dul-

becco’s modified Eagle’s medium (DMEM), and DMEM with 10% fe-

tal bovine serum (FBS) was investigated by detecting their DH and

polydispersibility (PDI) changes based on DLS experiments (Fig. S8

in Supporting information), while no clear change in the DH and

PDI were observed for 6 days, indicating the excellent stability of

BODIPY-CPT-NPs in these four media. In addition, DLS showed that

ζ -potential of BODIPY-NPs, CPT-NPs, and BODIPY-CPT-NPs were

-46.7, -53.9, and -48.7 mV, respectively (Fig. S9 in Supporting infor-

mation). The high negative ζ -potential of these nanoparticles could

be attributed to the anion WP5 of P5CD.

The strong binding affinity and orthogonal host-guest interac-

tions of Py-BODIPY and Ada-CPT to P5CD offer great potential for

precisely controlling the ratio of PSs and prodrugs. For the demon-

stration, nanoparticles with different ratios of Py-BODIPY and Ada-

CPT (1:5, 3:5, 5:3, and 5:1) were also prepared (Fig. S10 in Sup-

porting information). DLS results showed that the DH of these

supramolecular nanoparticles ranged from 170.8 nm to 226.9 nm

(Fig. S11 in Supporting information). TEM revealed that the mor-

phologies of these nanoparticles were spherical (Fig. S12 in Sup-

porting information). Furthermore, these nanoparticles were di-

luted from 50 μmol/L, and the changes in DH were monitored by

DLS (Fig. S13 in Supporting information). The results showed that

these nanoparticles had similar DH compared with the initial con-

centration condition when diluted to a concentration as low as

0.05 μmol/L, which further demonstrated that the supramolecular

nanoparticles formed through host-guest interactions have excel-

lent stability. This will be beneficial for the application in therapy

systems.

The photophysical properties of BODIPY-CPT-NPs were evalu-

ated by UV-vis spectroscopy and FL spectroscopy. As shown in

Fig. 1e, the typical absorbance peaks of three components, includ-

ing P5CD (292 nm), Ada-CPT (363 nm, 379 nm), and Py-BODIPY

(509 nm, 536 nm) were observed in the BODIPY-CPT-NPs solution,

which further confirmed the co-assembly of these three compo-

nents. Interestingly, due to significant overlap between the emis-

sion spectrum of Ada-CPT and the absorption spectrum of Py-

BODIPY (Fig. S14a in Supporting information), a fluorescence res-

onance energy transfer (FRET) effect was observed in aqueous so-

lution of BODIPY-CPT-NPs. Upon excitation at 370 nm, the fluores-

cence emission of BODIPY-CPT-NPs at 437 nm was substantially

quenched and was much weaker than that of free Ada-CPT and

CPT-NPs (Fig. S14b in Supporting information).

Given the intramolecular FRET effect in BODIY-CPT-NPs, the re-

lease process of CPT could be monitored by fluorescence spec-

troscopy (Fig. 2a). Since BODIY-CPT-NPs were prone to precipitate

in GSH-containing solution, dithiothreitol (DTT) was chosen as the

reducing agent to cleave disulfide bonds (Fig. S16 in Supporting

information). Upon the addition of DTT (10.0 mmol/L), the emis-

sion of BODIY-CPT-NPs solution at 437 nm significantly enhanced,

indicating the gradual cleavage of the disulfide bonds of Ada-CPT

and the release of CPT (Figs. 2b and c, as well as Fig. S15 in Sup-

porting information). CPT release behavior of BODIY-CPT-NPs was

further investigated by using high-performance liquid chromatog-

raphy (HPLC). From the HPLC results (Fig. S17 in Supporting infor-

mation), the retention time of free CPT and BODIY-CPT-NPs was

5.83 and 20.47 min, respectively. After incubating BODIY-CPT-NPs

with DTT, a new peak corresponding to CPT was observed at 5.83

min, which was enhanced with extending incubation time and ac-

companied by a decrease in the peak of BODIY-CPT-NPs. Further-

more, in the presence of 1.0 mmol/L DTT, only a small amount of

CPT (21.2%) was released within 3 h. In contrast, 54.8% and 92.5%

of CPT was released from BODIY-CPT-NPs treated with 5.0 mmol/L
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Fig. 2. (a) Schematic diagram of BODIPY-CPT-NPs releasing CPT and generating 1O2 under DTT and light, respectively. (b) Fluorescence spectra of BODIPY-CPT-NPs after being

incubated with DTT (10.0 mmol/L) at 37 °C for different time periods. (c) Changes of fluorescence intensity of BODIPY-CPT-NPs in the presence of DTT (10.0 mmol/L) or in

the absence of DTT. (d) In vitro time-dependent CPT release efficiency of BODIPY-CPT-NPs in the presence of different concentrations of DTT at 37 °C. CPT concentration was

determined by HPLC. (e) The generation of 1O2 during the exposure of BODIPY-CPT-NPs to light (525 nm, 40 mW/cm2) irradiation, evaluated by 1,3-diphenylisobenzofuran

(DPBF)-based assays.

and 10.0 mmol/L DTT, respectively (Fig. 2d). These studies showed

that the release of CPT from BODIY-CPT-NPs in the presence of DTT

showed concentration-dependence, which will be beneficial to re-

alize the rapid release of CPT from nanoparticles in cancer cells

with high GSH concentration and remain stable in normal cells.

The capability of ROS production is a critical parameter to

evaluate a photodynamic therapy system. The generation abil-

ity of 1O2 was evaluated during the exposure of BODIPY-CPT-

NPs solution to light (525 nm, 40 mW/cm2) irradiation using

1,3-diphenylisobenzofuran (DPBF) as the indicator. DPBF could re-

act with 1O2, which resulted in decrease in its characteristic ab-

sorbance at 425 nm (Fig. S18a in Supporting information). As

shown in Fig. 2e, the absorbance of the DPBF at 425 nm in the

presence of the BODIPY-CPT-NPs decreased rapidly within 30 s, in-

dicating the production of 1O2. The decay rates of DPBF were com-

parable when compared with BODIPY-CPT-NPs, BODIPY-NPs, and

Py-BODIPY (Figs. S18b-f in Supporting information), suggesting that

the introduction of host-guest interactions and co-assembly with

prodrug molecules did not affect the 1O2 generation capability of

BODIPY PSs.

PSs are known to be prone to photodegradation [81]. Thus,

the photostability of BODIPY-CPT-NPs was measured by monitor-

ing changes in the UV-vis spectra. As shown in Fig. S19 (Support-

ing information), after 3 h of room light exposure, the absorbance

attributed BODIPY-CPT-NPs decreased slowly and the degradation

rate was only 11.6%, however, BODIPY-NPs and free Py-BODIPY

were photodegraded by 22.1% and 72.8%, respectively. The re-

sults showed that the photostability of BODIPY-CPT-NPs was much

higher than that of free Py-BODIPY and slightly higher than that

of BODIPY-NPs, which might be attributed to host-guest interac-

tions and the formation of stable assemblies [47,82]. The excellent

photostability of BODIPY-CPT-NPs facilitates material storage and

durable PDT.

The cellular uptake behavior of BODIPY-CPT-NPs was studied by

confocal laser scanning microscope (CLSM). CT26 cells were incu-

bated with BODIPY-NPs, CPT-NPs, and BODIPY-CPT-NPs for 4 h, re-

spectively. The cells were imaged by CLSM at fluorescence chan-

nels for CPT (blue) and BODIPY (red), CLSM showed that the red

fluorescence in BODIPY-NPs treated CT26 cells and the blue flu-

orescence in CPT-NPs treated CT26 cells, while BODIPY-CPT-NPs

treated CT26 cells display both blue and red fluorescence (Fig.

3a), which indicated that the supramolecular nanoparticles formed

by three-component self-assembly successfully achieved the co-

delivery of chemotherapeutic drugs and PSs. Finally, the 1O2 gen-

eration in CT26 cells treated with BODIPY-NPs or BODIPY-CPT-NPs

was detected by DCFH-DA staining. Under light irradiation, a strong

green fluorescence was observed in BODIPY-NPs or BODIPY-CPT-

NPs treated cells (Fig. 3b), which indicated that BODIPY-NPs or

BODIPY-CPT-NPs could efficiently produce 1O2 in CT26 cells under

light irradiation.

Before studying the chemo-photodynamic combination therapy

efficacy of BODIPY-CPT-NPs, the cytotoxicity of P5CD in the CT26

cells was first assessed using a Cell Counting Kit-8 (CCK-8) as-

say. P5CD exhibited negligible cytotoxicity to CT26 cells even at

higher concentration (160 μmol/L) (Fig. S20 in Supporting infor-

mation), showing the excellent biocompatibility. Subsequently, the

cytotoxicity of Ada-CPT and CPT-NPs were studied. The cell sur-

vival rate gradually decreased with the increase of the Ada-CPT

concentration (Fig. S21a in Supporting information), which indi-

cated that overexpression GSH in the microenvironment of CT26

cancer cells led to the cleavage of disulfide bonds and the release

of CPT. The dark toxicity of Py-BODIPY and BODIPY-NPs were also

studied (Fig. S21b in Supporting information), the results showed

that compared with Py-BODIPY, the dark toxicity of BODIPY-NPs

had a certain degree of reduction, which may be attributed to the

host-guest interaction between Py-BODIPY and P5CD. However, the

low dark toxicity of PSs should be taken into consideration in the

chemo-photodynamic combination therapy system design [83]. To

minimize the undesired dark toxicity from PSs, the molar ratio of

Py-BODIPY and Ada-CPT in BODIPY-CPT-NPs was controlled at 1:5

for the subsequent cell study.

Finally, the efficacy of combination therapy was evaluated. Can-

cer cells CT26 and HeLa were used to determine the chemo-

photodynamic combination therapy effect of BODIPY-CPT-NPs. As

shown in Fig. 4a, CT26 cells treated with BODIPY-CPT-NPs in the

dark and BODIPY-NPs under light irradiation were used as com-

parisons for chemotherapy and PDT, respectively. After exposure

to light irradiation (525 nm, 40 mW/cm2, 2 min), the viability of

CT26 cells treated with BODIPY-NPs decreased upon increasing PSs

concentration. This result indicated that 1O2 produced by BODIPY-

NPs under light irradiation could effectively damage and kill can-

cer cells. The capacity of chemotherapy of BODIPY-CPT-NPs was
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Fig. 3. (a) CLSM images of CT26 cells treated with BODIPY-NPs, CPT-NPs, and BODIPY-CPT-NPs for 4 h. The blue fluorescence signals are from CPT moieties, and red

fluorescence signals are from BODIPY moieties. Scale bars: 60 μm. (b) The intracellular ROS level investigations in CT26 cells treated with BODIPY-NPs or BODIPY-CPT-

NPs in the dark or in the presence of light (525 nm, 40 mW/cm2, 2 min) through CLSM. (i) BODIPY-NPs (dark), (ii) BODIPY-CPT-NPs (dark), (iii) BODIPY -NPs (light), (iv)

BODIPY-CPT-NPs (light). Scale bars: 30 μm.

Fig. 4. In vitro cell viability of (a) CT26 cells and (b) HeLa cells after 24 h treatment with BODIPY-NPs or BODIPY-CPT-NPs in the absence and presence of light (525 nm,

40 mW/cm2, 2 min). Data points represent mean ± SD (n=4). (c) Confocal laser scanning microscopy images of calcein AM and propidium iodide co-staining on CT26 cells

upon different treatments. Scale bars: 200 μm.

also dependent on concentration. Particularly, BODIPY-CPT-NPs un-

der light irradiation presented the highest anticancer effect at the

same prodrugs and PSs concentrations. In addition, the cytotoxicity

against HeLa cells was similar to that against CT26 cells (Fig. 4b).

The combinational therapy efficacy of BODIPY-CPT-NPs was fur-

ther characterized by using the live/dead cell staining assay on

CT26 cells. Calcein acetoymethyl ester (calcein-AM) emits green

fluorescence in living cells, and propidium iodide (PI) emits red

fluorescence in dead cells. As shown in Fig. 4c, control groups

of CT26 cells without any treatment in the dark or treated with

light alone emitted strong green fluorescence without red fluo-

rescence, proving that the cells survived well under these con-
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ditions. In contrast, red fluorescence was observed in cells incu-

bated with BODIPY-NPs under light and BODIPY-CPT-NPs in the

dark, demonstrating the PDT effect of BODIPY-NPs under light

and the chemotherapeutic effect of BODIPY-CPT-NPs in the dark.

While when cells were incubated with BODIPY-CPT-NPs under

light, strong red fluorescence was shown, indicating highest cy-

totoxicity caused by the combination of chemotherapy and PDT,

which was consistent with the results of CCK-8. Taken together, the

above-mentioned results suggested that the chemo-photodynamic

combination therapy effect provided by BODIPY-CPT-NPs was more

effective than monotherapy.

In summary, we have constructed a new type of supramolecu-

lar nanoparticles (BODIPY-CPT-NPs) for chemo-photodynamic com-

bination therapy based on host-guest interactions between di-

macrocyclic host molecule (P5CD) and two therapeutic agents.

Benefiting from the orthogonal host-guest recognitions and flex-

ible supramolecular self-assembly, the ratio of prodrug and PSs

in supramolecular nanoparticles could be precisely controlled as

needed. The obtained supramolecular nanoparticles showed excel-

lent physical stability and photostability. In addition, nanoparti-

cles can effectively generate 1O2 and release the chemotherapeutic

drug CPT under light irradiation and in the presence of reduction

agent, respectively. In vitro cell experiments showed that BODIPY-

CPT-NPs could be efficiently internalized by CT26 cells and had a

significant combined therapeutic effect on cancer cells under light

irradiation. Considering the great potential of combination therapy,

this work may provide a novel approach for the construction of

chemo-photodynamic combination therapy systems.
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