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ABSTRACT

Treatment of cancer can be challenging, because of the disease’s intricate and varied nature. Consequently, developing 
nanomedicines with multimodal therapeutic capabilities for precise tumor therapy holds substantial promise in 
advancing cancer treatment. Herein, a nanoplatform strategy involving supramolecular photosensitizers (ETSCe6 
NPs) and chelated metal ions (Au and Bi) was found to induce a shift in tumor microenvironment responsiveness 
from photothermal therapy to photodynamic therapy, thus facilitating tumor visualization for precise diagnosis and 
treatment. Self-assembly of supramolecular photosensitizers enhanced photothermal therapy through aggregation-
caused quenching. Moreover, glutathione triggered disulfide bond cleavage, and consequently Ergosterol (ET) and 
Chlorin e6 release. Therefore, chemotherapy and photodynamic therapy achieved synergistic anticancer effects. Ce6 
cavities were also used to chelate high valence Au and Bi metal ions for computed tomography. The ETSCe6@Au, Bi 
NPs demonstrated remarkable efficacy in vitro and in vivo, achieving complete tumor elimination after treatment. 
This integrated approach combining imaging, chemotherapy, photodynamic, and photothermal therapies has 
substantial promise for clinical applications, and may provide an innovative strategy for developing intelligent 
nanomedicines with promising prospects.

Keywords: Natural small molecules, Aggregation-caused quenching, Photodynamic therapy, Photothermal therapy, 
Synergistic cancer treatment

1. INTRODUCTION

Cancer’s complexity and diversity pose substantial 
treatment challenges [1]. Currently, the exploration 
of single-molecule multifunctional nanosystems to 
simultaneously achieve various therapeutic effects has 
emerged as a prominent focus in anticancer research. 
Among them, photothermal therapy (PTT) and photo-
dynamic therapy (PDT) have shown promise in clinical 
cancer treatment, because of their low toxicity, high 

efficacy, and non-invasiveness [2-9]. These therapies 
offer further advantages such as high responsiveness 
and better selectivity than conventional treatments [10, 
11]. Consequently, the development of nanomedicines 
with multimodal therapeutic capabilities for precision 
tumor therapy has substantial promise in advancing and 
optimizing cancer treatment [12-14].

Compared with numerous photothermal reagents, 
organic photothermal molecules have potential advan-
tages in the field of photothermal therapy, because 
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of their unique biodegradability. Organic small mole-
cule self-assembled materials based on porphyrins or 
porphyrins have been found to achieve favorable PTT 
performance. The self-assembly of photosensitizers 
induces the quenching of fluorescence and reactive oxy-
gen species (ROS) of the photosensitized drug, owing 
to specific aggregation-caused quenching (ACQ) effects 
[15]. This phenomenon enhances non-radiative relaxa-
tion and amplifies the PTT effect [16-19]. Du et al. have 
developed self-assembled nanoparticles (NPs) for encap-
sulating cyanine molecules, exploiting intra- and inter-
molecular fluorescence bursts to enhance photothermal 
conversion efficiency [20]. Porphyrin-like molecules have 
emerged as optimal candidates for dual PDT and PTT 
platforms. Currently, an important challenge lies in induc-
ing ordered self-assembly of photosensitizers to achieve 
PTT while preserving inherent PDT activity. Therefore, 
the selection of appropriate functional nanomaterials 
is paramount in this endeavor. However, these materials 
inevitably face the fundamental problems of nanoma-
terials, such as difficulties in large-scale fabrication with 
high reproducibility, or nanotoxicity due to their long-
term metabolism in vivo [21, 22]. In recent years, nano-
carriers derived from natural small molecules (NSMs) 
with self-assembly functions have become a promising 
approach to cancer treatment [23-26]. Because of their 

ability to effectively interact with biological receptors, 
NSMs usually have a wide range of biological activities 
and are considered an important source in drug devel-
opment [27]. Biologically active nanocarrier systems 
of natural small molecules, such as ursolic acid, betu-
linic acid, β-sitosterol, and dehydrofiric acid, have been 
constructed for synergistic chemo- and photodynamic 
therapy of cancer, on the basis of their self-assembling 
properties [28-34]. Assembly strategies can be used to 
create multifunctional nanocarrier platforms based on 
NSMs with synergistic anti-tumor effects. Ergosterol (ET) 
is an important steroidal compound with cholesterol-like 
functions, which is found primarily in the cell membranes 
of fungi, yeast, and some plants. In recent years, ET and 
its derivatives have been found to have favorable phar-
macological effects, including anticancer, anti-inflam-
matory, and antioxidant properties. Introducing ET into 
nanocarrier systems enables the pharmacological effects 
of this molecule, such as anti-cancer and anti-inflam-
matory functions, to be fully exploited, while overcom-
ing deficiencies in bioavailability, targeting, controlled 
release, and stability [35].

Drawing inspiration from the aforementioned inves-
tigations, we developed a supramolecular photosensi-
tizer, referred to as ETSCe6 NPs, with in situ switchable 
PTT and PDT effects (Scheme 1). This novel approach 

Scheme 1  |  Schematic representation of the synthesis process and anti-tumor effects of ETSCe6@Bi NP nanocomposites with 
chemotherapy/PTT/PDT/CT imaging effects.
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is aimed at providing precise and controllable photo-
therapy for the treatment of tumors [36]. ETSCe6 NPs 
not only reaches the tumor cells but also is affected 
by its ACQ properties, thus enhancing the efficiency 
of PTT against tumors. The ET molecule, with excel-
lent biosafety and unique self-assembly function, was 
disulfide bonded to the photosensitizer Ce6, and ETSCe6 
NPs were self-assembled through antisolvent precipita-
tion. Ce6 cavities have also been used to chelate high 
valence Au and Bi metal ions for computed tomography 
(CT) [37-41]. Interestingly, the presence of large amounts 
of GSH under TME conditions leads to disulfide bond 
breakage, have been found to promote the release of 
ET and Ce6, and achieve synergistic anti-cancer effects 
of chemotherapy and PDT. This study is an example of 
an NP integrating the therapeutic functions of four-mo-
dality imaging, chemotherapy, and photodynamic and 
photothermal characteristics, thereby offering signifi-
cant advantages for potential clinical applications.

2. MATERIALS AND METHODS

2.1 Preparation of ETSCe6 NPs
The nanocarriers were prepared through antisolvent 
precipitation. Briefly, ETSCe6 was dissolved in dimethyl 
sulfoxide (DMSO; 33.54 mM). The carrier solution was 
quickly added to 1 mL water. The mixture was then 
sonicated for 10 minutes (ultrasonic cleaner, Shanghai 
Hengqin Instrument Equipment Co., Shanghai, China). 
Centrifugation at 4°C and 12,000 rpm for 20 minutes 
yielded ETSCe6 NPs (high-speed freezing centrifuge, 
Changsha Xiangyi Centrifuge Instrument Co., Changsha, 
China). The precipitated NPs were washed twice with 
double-distilled water to remove excess DMSO. Other 
nano-assemblies with various initial additions (10, 20, 
30, or 40 μL), were prepared similarly.

2.2 Preparation of ETSCe6@Bi NPs
ETSCe6 and metal ions (Au and Bi) were dissolved in 
DMSO (33.54 mM). The ETSCe6@Au NP or ETSCe6@
Bi NP preparations involved various constituent ratios 
(ETSCe6/Au = 10 μL:5 μL, 10 μL:10 μL, 10 μL:20 μL, 20 
μL:5 μL, 20 μL:20 μL, 20 μL:30 μL, 20 μL:40 μL, and 20 
μL:60 μL; ETSCe6/Bi = 10 μL:5 μL, 10 μL:10 μL, 10 μL:20 
μL, 10 μL:30 μL, 20 μL:5 μL, 20 μL:30 μL, 20 μL:40 μL, 
and 20 μL:60 μL). The carrier solution was quickly added 
to 1 mL water. The mixture was then sonicated for 10 
minutes. ETSCe6 NPs were obtained by centrifugation at 
12,000 rpm for 20 min at 4°C. The precipitated NPs were 
washed twice with double-distilled water to remove 
excess DMSO.

2.3 Characterization of ETSCe6 NPs
The morphology of the prepared NPs was character-
ized with a Tecnai G2 20 TWIN transmission electron 
microscope (FEI USA, Inc., Hillsboro, USA) and a Quanta 
200FEG scanning electron transmission microscope (FEI 
USA, Inc., Hillsboro, USA) at 20 kV. UV-visible spectra 

were obtained with a TU-1900 PERSEE spectrometer 
(Beijing Pujin General Instrument Co., Ltd., Beijing, 
China). A full scan (200–800 nm) was performed on the 
ETSCAe6 NPs. Infrared spectra in the range of 4,000 to 
400 cm−1 were obtained through the KBr method with 
a Fourier transform infrared spectrometer (Nicolet iS10, 
Thermo, USA).

2.4 UV-visible spectroscopy
For UV determination, equivalent Ce6 concentrations 
of 0.4 μg/mL were configured as a monomeric Ce6 
DMSO solution, Ce6 aggregate DMSO-H2O solution, 
ETSCe6 NPs, ETSCe6@Bi NPs, and ETSCe6@Au NPs. A full 
scan (200–800 nm) was performed on the ETSCe6 NPs, 
ETSCe6@Bi NPs, and ETSCe6@Au NPs.

For photothermal assays, ETSCe6 NPs, ETSCe6@Bi NPs, 
and ETSCe6@Au NPs were prepared with a Ce6 concen-
tration of 50 μg/mL and continuously irradiated at 808 
nm (500 mW cm−2) for 300 s (808 infrared laser, Beijing 
Nyubit Technology Co., Beijing, China). An infrared 
thermography camera (Fluke thermal imaging camera, 
Fluke Co., Washington, USA) was used to obtain tem-
perature changes at various time points, and double-dis-
tilled water was used as a control.

The photothermal conversion efficiency (η) was meas-
ured according to the reported method and calculated 
with equation 1:

	  ( )
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− −
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where h is the heat transfer coefficient, s is the surface 
area of the container, QDis is the amount of heat dis-
sipated by the laser mediated by the solvent and con-
tainer, and I is the laser power.

2.5 Extracorporeal phototherapy
In 96-well and six-well plates, 4T1 cells were seeded at 
a density of 104 cells/well for 24 h. The supernatants 
from the 96-well plates were removed, and 100 μL fresh 
DMEM at various concentrations was added to each 
well. Fresh medium containing ETSCe6 NPs at a concen-
tration of 100 μg mL−1 was added to each well of a six-
well plate. Cells were irradiated at 808 nm with a power 
density of 0.5 W cm−2 for 5 min for PTT and PDT. Cell 
viability was also assessed with the MTT method after 24 
h and with calcein-AM/propidium iodide (PI) co-staining 
and inverted fluorescence microscopy (Chongqing Opal 
Optoelectronic Technology Co., Chongqing, China) to 
visualize live/dead cells for 30 min.

2.6 In vivo biodistribution and CT imaging
Female BALB/c mice (6–8 weeks old, 18–22 g) from the 
Second Affiliated Hospital of Harbin Medical University 
(Harbin, Heilongjiang, China) were used for the experi-
ments. All animal experiments were conducted according 
to protocols approved by the Harbin Medical University 
Animal Care and Use Committee, in accordance with the 
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standards and norms of the Animal Ethics Society. When 
4T1 cells mouse tumors reached 150–200 mm3, ETSCe6 
NPs and ETSCe6@Au NPs (150 μL each) were injected 
in vivo through the tail vein. Subsequently, the mice 
received isoflurane anesthesia and were imaged with 
661 nm excitation at various time points with a Maestro 
Mouse In Vivo Fluorescence Imaging System (Cambridge 
Research & Instrumentation, Inc., Massachusetts, USA). 
At 24 h after injection administration, the mice were 
euthanized through cervical dislocation, and major 
organs, including the heart, liver, spleen, lungs, and kid-
neys, as well as tumor tissue, were collected for ex vivo 
fluorescence imaging.

For CT imaging of ETSCe6 NPs, 150 μL ETSCe6@Bi NPs 
was injected into the tail vein in mice when the tumor 
volume (4T1) was approximately 150–200 mm3. The 
mice were then anesthetized with isoflurane. The imag-
ing signals of the ETSCe6@Bi NPs were detected at vari-
ous times through CT imaging.

2.7 In vivo anti-tumor therapy
When the mean tumor volume approached 75 mm3, 150 
mm3, or 400 mm3, the mice were randomly divided into 
nine groups (n = 5) receiving the following treatments: 
(1) 5% glucose aqueous solution, (2) ETSCe6 NPs, (3) 
ETSCe6 NP-PDT, (4) ETSCe6 NP-PTT, (5) ETSCe6 NP-PDT-
PTT, (6) ETSCe6@Bi NP-PDT, (7) ETSCe6@Bi NP-PDT-PTT, 
(8) ETSCe6@Au NP-PDT, or (9) ETSCe6@Au NP-PDT-PTT. 
The first administration was designated as day 0, and 
200 μL of the corresponding drug was injected into the 
tail vein on days 0, 2, and 4. In the PTT group, mice were 
anesthetized with isoflurane and treated with light for 
15 min at the tumor site 6 h after each administration. 
The PDT group was irradiated at the tumor site with a 
600 nm laser at 150  mW  cm−2 for 15 min. Changes in 
tumor volume and body weight were obtained every 2 
days. Tumor volume was calculated with equation 2:

	  2 0.5V a b= × × � (2)

where a and b represent the long and short diameters 
of the tumor, respectively.

At the end of the experiment, the mice were 
euthanized, and the tumors were weighed. The average 
tumor inhibition rate (TIR) was estimated with equation 3:

	  sample conttolTIR(%) (1 / ) 100%W W= − × � (3)

where Wsample and Wcontrol indicate the average tumor 
weight in the treatment and control groups, respectively.

2.8 In vivo safety evaluation
At the end of the PTT/PDT/chemotherapy treatment, 
major organs (heart, liver, spleen, lungs, and kidneys) 
and tumors from each group were collected, fixed in 
10% neutral formalin buffer for 2 days, processed for 
paraffin embedding, sectioned, and stained with hema-
toxylin and eosin (H&E). The results were photographed 
under a light microscope and analyzed.

At the end of the treatment, blood was collected 
retro-orbitally (without anticoagulant) and allowed to 
stand for 2–4 h at 4°C, then centrifuged at 3,000 rpm for 
10 min. The upper layer of yellowish transparent serum 
was collected for blood macrobiochemical analysis. The 
recorded blood data included liver and kidney function 
indexes, specifically albumin transaminase, aminotrans-
ferase, alkaline phosphatase, albumin, total bilirubin, 
creatinine, uric acid, and urea.

2.9 Statistical analysis
All data are expressed as mean±standard deviation, and 
two-sided Student’s t test (SPSS 19.0 software, Chicago, 
IL, USA) was used to compare the differences between 
groups. P<0.05, *P<0.01, and ***P<0.001 indicated sig-
nificant differences.

3. RESULTS AND DISCUSSION

3.1 Preparation and characterization of ETSCe6 NPs
The GSH-responsive ETSCe6 synthetic routes are shown 
in Figure 1a. The chemical structure of ETSCe6 was con-
firmed by NMR carbon, hydrogen, and high-resolution 
mass spectrometry (Figure S1–S3). To prepare ETSCe6 
NPs, we used an anti-solvent precipitation method [30]. 
The morphology of the prepared ETSCe6 NPs is shown in 
Figures 1b and S4. As expected, the obtained NPs showed 
morphologically intact, uniformly sized spherical shapes 
under scanning microscopy. The hydrodynamic diameter, 
measured with dynamic light scattering, was ~129.5±1.2 
nm (Table S1). The zeta potentials of the ETSCe6 NPs 
(Table S1), showed a negatively charged distribution at 
−26.5±1.5 mV. To verify the successful assembly of ETSCe6 
NPs, we assessed the photochemical properties of aque-
ous dispersions of ETSCe6 NPs (Figure  1c). The nano-
assembled ETSCe6 NPs showed the typical Soret band 
and Qy band of Ce6 at 409 and 669 nm, respectively. 
Notably, red-shifted Soret and Qy bands with respect 
to those for free ETSCe6 indicated successful assembly 
and possible intermolecular π-π stacking interactions 
between species. Meanwhile, the appearance and shift 
of the C=N characteristic vibration in the Fourier trans-
form infrared spectra further confirmed the successful 
assembly of the ETSCe6 NPs (Figure 1d).

On the basis of the above findings, we further pre-
pared ETSCe6@Au NPs and ETSCe6@Bi NPs by chelating 
ETSCe6 NPs with Au or Bi ions, respectively (Figure S5 
and Table S2). Subsequently, the surface elemental com-
position of ETSCe6@Bi NPs and ETSCe6@Au NPs was ver-
ified with XPS (Figure 1e, f). The ETSCe6@Bi NP spectrum 
exhibited four characteristic peaks: C 1s (284.6 eV), N 1s 
(399.1 eV), O 1s (531.7 eV), and Bi 4f (157.9 eV). Similarly, 
the ETSCe6@Au NP spectrum exhibited four characteris-
tic peaks: C 1s (284.6 eV), N 1s (399.1 eV), O 1s (531.3 eV), 
and Au 4f (87.5 eV). XPS results confirmed the presence 
of Bi and Au ions. The UV absorption spectrum clearly 
indicated that the Soret and Qy bands were redshifted, 
and the Au and Bi had therefore been complexed 
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Figure 1  |  Characterization of ETSCe6 NPs.
a) ETSCe6 synthesis route. b) Scanning electron micrograph of ETSCe6 NPs. c) UV spectra of ETSCe6 and ETSCe6 NPs. d) FT-IR spectra of ETSCe6 
and ETSCe6 NPs. e, f) XPS of ETSCe6@Bi NPs and ETSCe6@Au NPs. g) UV spectra of ETSCe6@Bi NPs and ETSCe6@Au NPs.
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(Figure  1g). The encapsulation rates of ETSCe6 NPs, 
ETSCe6@Bi NPs, and ETSCe6@Au NPs were determined 
to be 66.0%, 79.0%, and 47.8%, respectively.

3.2 Assembly process of ETSCe6 NPs
Spectral absorption analysis of ETSCe6 NPs was used to 
study the driving forces for self-assembly. Ce6 tended 
to exist as H-type aggregates (dimers or multimers) in 
insoluble or highly polar media (e.g., aqueous solutions) 
in a coplanar arrangement, thus decreasing the absorb-
ance and absorption wavelengths. With the addition of 
water, the absorbance of Ce6 in the Qy band decreased, 
and the absorption wavelength showed a significant 
blueshift (Figure 2a). ETSCe6 was added to water/DMSO 
solutions at various ratios to induce self-assembly of 
ETSCe6 NPs. Intermolecular π-π stacking interactions 
were facilitated within ETSCe6 NPs, thus resulting in a 
redshift of the Qy band (Figure 2b). According to the 
above results, ETSCe6 NPs consisted primarily of aggre-
gates and not monomers of ETSCe6. To investigate the 
presence of monomeric forms in the NPs, we measured 
the supernatant of ETSCe6 NPs after centrifugation and 
the UV spectra of non-centrifuged NPs. ETSCe6 NPs and 
centrifuged supernatant (Figure 2c) both showed red-
shifts indicating the absence of ETSCe6 monomer in both 
samples. This observation supported the hypothesis that 

ETSCe6 was present predominantly in ETSCe6 NPs in 
aggregated rather than monomeric form.

Subsequently, the interaction between ET and the 
aromatic ring of Ce6 was confirmed by measurement 
of UV-visible absorption spectra after incubation 
with surfactant sodium dodecyl sulfate (SDS; 0.2% 
w/v). Incubation of ETSCe6 NPs with SDS resulted in a 
prominent blueshifted UV absorption peak near 643 
nm, thereby confirming the hydrophobic interactions 
between ET and the Ce6 aromatic ring (Figure 2d). The 
hydrophilicity of the ETSCe6 NPs was determined by 
contact angle measurements (Figure 2e). A significant 
enhancement in surface hydrophilicity of the NPs ver-
sus free ETSCe6 was observed, possibly because of the 
arrangement of hydrophilic groups on the outer sur-
face. The aforementioned findings corroborated that 
π-π stacking and hydrophobic interactions were likely to 
be the primary driving forces underlying the formation 
of co-assembled ETSCe6 NPs.

3.3 Mechanism of PDT induced and photothermal 
conversion by ETSCe6 NPs
To evaluate the potential of ETSCe6 NPs for chemo/PDT/
PTT therapy and determine the detailed PDT process, 
we assessed the drug’s photochemical and photophys-
ical properties, namely fluorescence and photothermal 

Figure 2  |  Assembly mechanism of ETSCe6 NPs.
Different ratios of water/DMSO solution in a) Ce6 and b) ETSCe6 NPs. c) UV-visible absorption spectra ETSCe6 NPs before and after centrifu-
gation. d) UV-visible absorption spectra of ETSCe6 NPs after incubation with 0.2% SDS and urea for 6 h. e) Contact angle tests of ETSCe6 and 
ETSCe6 NPs.
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performance. The fluorescence spectra of ETSCe6 NPs 
were determined (Figure 3a). The fluorescence burst 
efficiency of ETSCe6 NPs in water was ~99.3% that of 
ETSCe6 in DMSO. The ETSCe6@Bi and ETSCe6@Au NPs 
fluorescence spectra are illustrated in Figure S6. The 
ACQ effect of ETSCe6 NPs was attributed primarily to 
the effective intramolecular PET effect, thus indicat-
ing that the excited state energy of ETSCe6 was easily 
attenuated through non-radiative pathways, thereby 
promoting photothermal conversion. This finding also 
confirmed the absence of ETSCe6 monomers in ETSCe6 
NPs. The fluorescent probe 2,7-dichlorofluorescein diac-
etate (DCFH-DA) was used to directly measure ROS gen-
eration in ETSCe6 NPs with irradiation (Figures 3b and 
S7). Moreover, the fluorescence of ETSCe6 NPs gradually 
increased over time. After irradiation with ETSCe6 NPs 
and DCFH in a mixed aqueous solution for various times, 

a significant increase in fluorescence emission near 
520 nm was observed. Over time, ETSCe6 NPs showed 
increasing fluorescence. The levels of ROS with ETSCe6 
NPs assembled in water were ~1.2 times higher than 
those of free ETSCe6 (Figure 3c, d). To further under-
stand whether the synthesized ETSCe6 had photother-
mal conversion capability, we used density functional 
theory calculations with ETSCe6 to determine their opti-
mized geometries, and to calculate the lowest unoccu-
pied molecular orbital (LUMO) and the highest occupied 
molecular orbital (HOMO) (Figure 3e, f). Direct transi-
tions from the higher excited state to the lower excited 
state can be facilitated by Ce6 and ETSCe6 NPs [42]. The 
energy gap (∆gap) was calculated to be 1.8382 eV for 
Ce6 and 1.8604 eV for ETSCe6 NPs. A smaller ∆gap indi-
cates a lower energy requirement for electron transition 
from the HOMO to the LUMO, thus necessitating less 

Figure 3  |  Mechanism of photodynamic reaction triggered by ETSCe6 NP assembly.
a) Fluorescence emission spectra of ETSCe6 NPs assembled in water. b, c) ROS generation of ETSCe6 NPs and free ETSCe6, detected with the 
fluorescent probe 2,7-dichlorofluorescein diacetate (DCFH-DA). d) Changes in fluorescence intensity of the DCFH probe at 520 nm at various 
time points. e) UV-visible absorption spectra ETSCe6 and Ce6. f) Optimized geometry, HOMO, and LUMO of ETSCe6 NPs, calculated with 
density functional theory (DFT).
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energy for light absorption. This observation was con-
sistent with the UV spectroscopy results, wherein Ce6 
demonstrated a small ∆gap and UV absorption at 666 
nm. In contrast, ETSCe6 exhibited a larger ∆gap, result-
ing in a blueshifted absorption wavelength at 663 nm. In 
conclusion, the ETSCe6 NPs have the optical properties 
necessary to achieve synergistic treatment of tumors.

For further study of the photothermal conversion 
with ETSCe6 NPs, we monitored the temperature change 
in the aqueous solution of ETSCe6 NPs with continuous 
irradiation from an 808 nm laser. After 600 seconds of 
irradiation at 500 mW cm−2, pure water showed neg-
ligible temperature variation (Figure S8), whereas the 
temperature of the ETSCe6@Bi NPs solution showed a 
time-dependent increase (Figure 4a). On the basis of 
infrared thermogram recordings (Figure 4c), a peak 
temperature of 44°C was observed within 600 seconds 
at a concentration of 500 μg mL−1. The photothermal 
conversion efficiency of the ETSCe6@Bi NPs was calcu-
lated to be 31.2%. Similarly, both ETSCe6 and ETSCe6@
Au NPs showed similar behavior (Figures 4b, d and 
S9). These compelling findings regarding ETSCe6 NPs 

suggested promise as a strong photothermal agent with 
a high photothermal conversion capacity suitable for 
photothermal therapy.

3.4 In vitro cellular response to TME stimulation
To elucidate the internalization and disintegration of 
ETSCe6 NPs at the cellular level, we incubated 4T1 cancer 
cells with ETSCe6 NPs (Figure 5a). ETSCe6 NPs efficiently 
targeted the tumor cells and used the ACQ effect, which 
significantly enhanced the efficiency of PTT. In addition, 
ET and Ce6 were released at tumor sites, because of 
the introduction of disulfide bonds in the presence of 
the tumor microenvironment. When ET and Ce6 were 
released, the PTT effect was lost because of weakening 
of the ACQ effect, thus restoring the chemotherapy and 
PDT effects. Free Ce6 showed intense fluorescence, thus 
indicating its presence in a monomeric form that was 
readily phagocytosed by the cells (Figure 5b). ETSCe6 
did not exhibit strong fluorescence with cellular uptake. 
Over time, the gradual intensification of red fluorescence 
indicated that the intracellular reduction of GSH trig-
gered the cleavage of disulfide bonds, and subsequently 

Figure 4  |  Photothermal conversion of ETSCe6 NPs.
a, c) Photothermal heating curves of various concentrations of ETSCe6 NPs and aqueous solutions of ETSCe6@Bi NPs irradiated at 500 mW 
cm−2 with an 808 nm laser. b, d) Photothermal images of the ETSCe6 NPs and aqueous solutions of ETSCe6@Bi NPs, irradiated at 500 mW 
cm−2 with an 808 nm laser.
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led to the dissociation and restoration of Ce6 molecule 
fluorescence. Therefore, GSH-activated Ce6 fluores-
cence served as a real-time indicator for monitoring NPs 

breakdown in vitro. The DCFH-DA probe was co-incu-
bated with Ce6 or ETSCe6 NPs (Ce6 concentration: 2.4 
μg mL−1) to assess intracellular ROS production. With 

Figure 5  |  In vitro cellular anticancer activity in response to TME stimulation.
a) Schematic illustration of intracellular treatment of ETSCe6 NPs (blue, DAPI; red, NPs). b) Fluorescence images of 4T1 after co-incubation with 
ETSCe6 NPs. Scale bar: 20 μm. c) Fluorescence images of intracellular ROS of various treatments. Scale bar: 20 μm. d) Cell survival after 24 h of 
treatment of 4T1 with various drugs. e) Staining analysis of live/dead cells of AM-PI after treatment of 4T1 with ETSCe6 NPs. Scale bar: 50 μm.
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illumination, cells exposed to ETSCe6 NPs showed nota-
bly more intense green fluorescence signals than those 
treated with Ce6 (Figure 5c). This finding suggested that 
the intracellular ROS levels induced by ETSCe6 NPs sub-
stantially increased in the presence of illumination. The 
ETSCe6 NPs therefore had significant phototoxicity in 
PDT applications.

To further illustrate and explore the photochemo-
therapeutic anticancer ability of ETSCe6 NPs, we meas-
ured the cytotoxicity of ETSCe6 NPs with MTT assays in 
4T1 cells. The cell viability decrease was concentration 
dependent, and combined PTT and PDT treatment had 
the greatest cell killing effect, with ~76% of the can-
cer cells effectively killed with treatment with ETSCe6 
NPs at a concentration of 80 μg mL−1 (Figure 5d). To 
illustrate the remarkable photochemotherapeutic effi-
cacy of ETSCe6 NPs, we used calcein-AM and PI fluo-
rescence double staining to distinguish live from dead 
cells, thereby detecting apoptosis and necrosis induced 
by the nanomedicine. Cells in the control group showed 
robust health, devoid of red fluorescence indicative of 
cell death (Figure 5e). Notably, ETSCe6 NPs showed sig-
nificant induction of apoptosis and necrosis when sub-
jected to PDT and PTT. This observation underscored 
the potential efficacy of combined treatment modes. 
Figure S10 illustrates the outcomes of ETSCe6@Au NPs. 
ETSCe6 NPs therefore have favorable biocompatibility 
and in vitro phototherapeutic effects.

3.5 In vivo imaging
A small animal in vivo fluorescence imaging system 
was used to investigate the biodistribution of ETSCe6 
NPs in tumor-bearing mice. The fluorescence emit-
ted by free ETSCe6 in mice surpassed that in the other 
groups (Figure 6a). This finding indicated fluorescence 
quenching in NP-treated mice due to the ACQ effect. 
Simultaneously, at the tumor sites, the fluorescence 
intensity in all groups initially increased. peaked at 8 h, 
and subsequently decreased (Figure 6b). Additionally, 
images of the heart, liver, spleen, lungs, kidneys, and 
tumors were captured 24 h after ex vivo injection 
(Figure 6c, d). The weak fluorescence observed in the 
tumor tissue suggested gradual degradation of ETSCe6 
NPs at tumor sites.

The CT capability of ETSCe6@Bi NPs was studied 
through both in vitro and in vivo experiments. Increasing 
brightness was observed with higher concentrations of 
ETSCe6@Bi NPs (Figure 6e). To further assess CT capabil-
ity, we conducted in vivo studies in 4T1 tumor-bearing 
mice. In the initial experiments, mice bearing tumors 
were injected intratumorally, and significant enhance-
ment of tumor signals was observed (Figure 6f), thereby 
supporting in vivo imaging applications of the NPs. After 
tail-vein injection in tumor-bearing mice, a sustained 
increased EPR effect was observed at tumor sites (Figure 
6g, h), in agreement with the FL imaging data. These 
results indicated the accumulation of ETSCe6@Bi NPs at 
tumor sites, thus underscoring their utility as CT contrast 

agents for guiding in vivo phototherapy. Encouraged 
by the promising results of in vivo CT imaging and the 
potential for GSH-triggered PTT/PDT switching, we stud-
ied the PTT efficacy of ETSCe6 NPs in vivo at various time 
intervals (0–10 min). With the injection of ETSCe6@Bi 
NPs, the temperature at the tumor site rose from 36.4 to 
59.3°C within the same timeframe (Figure 6i). This find-
ing indicated that metal ions confer CT imaging capabil-
ity and synergistically enhance PTT.

3.6 Synergistic anti-tumor properties with in vivo 
PCT
The in vivo anticancer efficacy of nanomedicines was 
evaluated in 4T1 mice bearing tumor cells on the basis 
of the in vitro photochemical anticancer activity of 
ETSCe6@Bi NPs. Figure 7a shows the general sched-
ule of animal experiments. Continuous tumor growth 
was observed in mice injected with PBS (Figure 7b, c), 
whereas all tumors in the group treated with PTT were 
significantly suppressed. However, solid tumors in both 
the free ETSCe6 and ETSCe6 NP-PDT groups could not 
be eliminated, and some recurred within 14 days. Solid 
tumors in several other groups of tumor-bearing mice 
were completely ablated and did not recur after 26 
days, thereby achieving an early tumor suppression rate 
of 100% (Figure 7d). In view of the observed high anti-
tumor efficacy, we extended the study to assess the ther-
apeutic potential of ETSCe6 NPs in mid-tumor regions. 
After the tumor volume reached 150 mm3, the previously 
described treatment protocol was applied. The ETSCe6 
NP-PDT-PTT group, along with the ETSCe6@Bi NP-PDT-
PTT group, showed substantial tumor inhibitory effects 
after combined treatment (81.7% and 72.4% inhibi-
tion, respectively) (Figures S11 and S12). Representative 
images of mice undergoing treatment in various groups 
are displayed in Figures S13 and S14. During the subse-
quent monitoring period, rapid regeneration of tumor 
tissue was observed in both the ETSCe6 NP-PDT-PTT 
and ETSCe6@Au NP-PDT-PTT treatment groups. In con-
trast, the crusts observed in the ETSCe6@Bi NP-PDT-PTT 
group did not reappear within the tumor during the 
subsequent observation period after shedding 8 days 
later. Subsequently, a mouse model of advanced tumors 
was established to investigate ETSCe6 NPs’ maximum 
therapeutic capacity. When the tumor volume reached 
400 mm3, the treatment and determination of tumor 
volume were performed as previously described. The 
tumor inhibition rate in the ETSCe6 NP-PDT-PTT group 
reached nearly 70% (Figures S15 and S16). Together, 
the results indicated ETSCe6 NPs’ excellent anticancer 
efficiency in chemo-PDT-PTT combination therapy. In 
addition, pathological analyses of tumor tissues from 
mice with medium-term tumors were performed. H&E 
staining indicated tissue deterioration and nuclear 
detachment in tumor sections of chemo-PDT-PTT com-
bination-treated tumors (Figure 7e). The above results 
indicated that the successfully constructed ETSCe6 NPs 
achieved efficient anti-tumor efficacy.
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Figure 6  |  In vivo biodistribution of ETSCe6 NPs.
a) In vivo real-time fluorescence imaging of each group (black circles mark the tumors). b) Real-time fluorescence intensity at tumor sites. c) 
Fluorescence imaging of isolated tumors and major organs at 24 h. d) Average fluorescence intensity in each isolated tissue. e) CT images of 
ETSCe6@Bi NPs. f) CT images of tumor-bearing mice injected intratumorally. g, h) CT signals of tumor-bearing mice treated with ETSCe6@Bi NPs 
at various time points and their quantification. i) Infrared thermal images of mice injected intravenously with ETSCe6@Bi NPs under continuous 
irradiation for 10 minutes.
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3.7 Biosafety
During the treatment period, the body weights of the 
mice were measured every other day (Figure S17). We 

observed no significant changes in the body weights of 
tumor-bearing mice in the various experimental groups 
at various times. At the end of the treatment, the major 

Figure 7  |  In vivo assessment of anticancer activity in mice.
a) Overall timetable for animal experiments. b, c) Tumor volumes and inhibition rates in early stages of tumor growth. d) Images of represent-
ative mouse in various groups during treatment of early stage tumors. e) Tumor H&E staining results after various drug treatments. Scale bar: 
50 μm. Groups: 1) control; 2) ETSCe6 NPs; 3) ETSCe6 NP-PDT; 4) ETSCe6 NP-PTT; 5) ETSCe6 NP-PTT/PDT; 6) ETSCe6@Bi NP-PTT; 7) ETSCe6@Bi 
NP-PTT/PDT; 8) ETSCe6@Au NP-PTT; 9) ETSCe6@Au NP-PTT/PDT.
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Figure 8  |  Biosafety.
a) High-resolution organ histopathology assessment (H&E staining of heart, spleen, lungs, and kidneys). Scale bar: 50 μm. b–d) Analysis of 
biochemical indices in tumor-bearing mice. e) Analysis of blood routine indices in tumor-bearing mice.
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organs (heart, liver, spleen, lungs, and kidneys) of the 
mice with advanced tumors were collected for H&E stain-
ing analysis. No clear injuries or inflammatory lesions 
were observed in the major organs of mice in each 
group (Figure 8a and S18). The cellular morphology and 
structure were normal. In addition, we conducted blood 
macrobiotics analyses to further assess the biosafety 
and potential toxicity of ETSCe6 NPs (Figure  8b–d). 
No significant changes in major liver function indices 
(aminotransferase, alkaline phosphatase, and albumin 
transaminase), renal function indices (blood urea nitro-
gen, creatinine, and uric acid), and other blood bio-
chemical indices were observed in ETSCe6 NPs-treated 
mice compared with normal healthy mice. Similarly, red 
blood cell count, hemoglobin, white blood cell count, 
mean corpuscular volume, and platelet count did not 
change significantly (Figure 8e). Therefore, the above 
results suggested that ETSCe6 NPs had favorable bio-
compatibility, biodegradability, low in vivo toxicity, and 
strong synergistic anti-tumor potential, and therefore 
may serve as a promising multiple synergistic chemo-
therapy/PDT/PTT drug carrier.

4. DISCUSSION

This study developed intelligent supramolecular NPs 
through the self-assembly of ETSCe6, thereby address-
ing the issue of low drug loading in supramolecular 
photosensitizers frequently arising with co-assembly 
strategies. The NPs chelated metal ions (Au and Bi) 
and consequently achieved TME-responsive, visualiza-
ble, and precise diagnosis and therapy at tumor sites. 
ETSCe6, a single-molecule photosensitizer based on Ce6, 
self-aggregates in NPs with strong π-π stacking. Because 
of the ACQ effect, the fluorescence quenching efficiency 
reached 99.34%, thus leading to quenching of both flu-
orescence and ROS production. This suppression instead 
enhanced the PTT effect and significantly increased PTT 
anti-tumor efficiency. ET and Ce6 are linked via disulfide 
bonds, thus allowing GSH-induced reduction to release 
free molecules and restore PDT capabilities. The mor-
phology, PTT, and PDT performance of this material 
were comprehensively studied. On the basis of Gaussian 
theoretical calculations, the lower energy required for 
electron transitions from the HOMO to the LUMO in 
ETSCe6 indicated a diminished need for absorbing light 
energy. Given their excellent photophysical properties, 
ETSCe6 NPs achieved synergistic tumor therapy.

Extensive in vitro and in vivo experiments confirmed 
ETSCe6’s photothermal and photodynamic capabilities, 
and strong ROS and photothermal performance. ETSCe6 
NPs exhibited significantly enhanced, synergistic, and 
safe anticancer effects, achieving a 100% early tumor 
inhibition rate and partial tumor ablation. Additionally, 
ETSCe6@Bi NPs were demonstrated to serve as contrast 
agents for CT imaging to guide tumor therapy. The 
in situ activation of the PTT/PDT switch may provide an 
efficient strategy for 4T1 breast cancer treatment.

This study highlights the potential of NSMs in supra-
molecular photosensitizer self-assembly nano-systems, 
demonstrating the advantages and efficient assembly 
strategies of triterpenoid NSMs in constructing supramo-
lecular photosensitizers. This approach offers significant 
benefits for potential clinical applications and provides 
an innovative pathway for developing intelligent nano-
medicines. We believe that the designed ETSCe6@Bi NPs 
may provide new perspectives for stimulus-responsive 
intelligent phototherapy nanomedicines and, by inte-
grating multiple bioactive molecules, hold promise for 
achieving precise, multifunctional therapeutic effects.

5. CONCLUSION

Smart supramolecular NPs were engineered to visual-
ize the TME response at tumor sites by self-assembly of 
ETSCe6 with chelated metal ions, thus facilitating accurate 
diagnosis and treatment. ETSCe6-based photosensitizers 
self-aggregate into NPs with π-π stacking, and conse-
quently increase the fluorescence efficiency to 99.3%. 
Furthermore, the efficient intramolecular PET effect 
enhances ETSCe6’s photostability and boosts its photo-
thermal capacity. The incorporation of ET and Ce6 with 
a disulfide bond was found to facilitate GSH-induced 
reductive dissociation into free molecules and to restore 
photodynamic capacity. Importantly, ETSCe6’s PDT and 
PTT capabilities were confirmed through in vitro and in 
vivo experiments investigating ROS and photothermal 
properties. Remarkably, the ETSCe6 NPs showed signifi-
cantly improved, synergistic, and safe anticancer efficacy, 
achieving 100% early tumor inhibition. In addition the 
ETSCe6@Bi NPs can serve as contrast agents for CT imag-
ing-guided tumor therapy. The in situ activated PTT/PDT 
switch offers an efficient strategy for treating 4T1 breast 
cancer, and has potential for multifunctional precision 
therapy applications by integrating multiple pharmaco-
logically active molecules.
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