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a b s t r a c t

The management of breast cancer remains clinically intractable, driven by its highly invasive behavior and

limited susceptibility to conventional treatments. In this study, we engineered an innovative cyclodextrin-

porphyrin co-assembled nanoplatform (CT NPs) to enable multimodal breast cancer therapy. By success-

fully encapsulating camptothecin (CPT) within this nanocarrier, the system (CTC NPs) achieved synergis-

tic chemo-phototherapeutic efficacy through dual-modality action. The highly biocompatible cyclodextrin

carrier significantly improved the physicochemical characteristics of CPT. In vivo studies revealed that

CTC NPs effectively evaded clearance by the reticuloendothelial system, overcame the defect of prema-

ture drug leakage, and exhibited superior tumor targeting and infiltration capabilities. Under near-infrared

(NIR) laser irradiation, CTC NPs can simultaneously induce localized hyperthermia and produce reactive

oxygen species (ROS), thereby achieving efficient tumor ablation. In 4T1 tumor-bearing mice, CTC NPs ex-

hibited targeted, safe, and highly potent anti-tumor efficacy, significantly suppressing both primary tumor

progression (tumor suppression rate > 95%) and metastatic dissemination. In summary, this integrated

nanoplatform establishes a novel theranostic paradigm for synergistic chemo-phototherapy against triple-

negative breast cancer (TNBC), achieving precise tumor ablation through NIR-triggered drug release and

real-time imaging guidance.

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

Medica, Chinese Academy of Medical Sciences.

Breast cancer remains a major global health burden, rank-

ing among the most prevalent malignant neoplasms affecting

women worldwide. Current estimates project that by 2040, breast

cancer incidence will exceed three million new annual cases

and cause one million deaths [1–3]. Its highly invasive na-

ture and pronounced metastatic potential pose significant chal-

lenges to achieving curative outcomes [4,5]. While surgical le-

sion excision faces inherent limitations, combination chemother-

apy represents the primary clinical strategy [6–8]. Camptothecin

(CPT), a natural anticancer agent derived from Camptotheca acumi-
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nata, demonstrates high efficacy against diverse cancers [9–14].

However, its clinical utility is hindered by suboptimal physic-

ochemical properties and delivery challenges [15–17], prompt-

ing exploration of nanomedicine-based CPT delivery systems

[18–22].

Cyclodextrins (CDs), cyclic oligosaccharides featuring hy-

drophilic exteriors and hydrophobic cavities [23,24], are ideal drug

carriers due to their exceptional biocompatibility, low immuno-

genicity, minimal toxicity, and high bioavailability [25–27]. Their

hydrophobic cavities efficiently encapsulate lipophilic compounds,

including hydrophobic therapeutics [28]. Carboxymethyl-β-

cyclodextrin (CM-β-CD) exhibits superior host-guest binding

affinity, favorable biocompatibility with anticancer agents, and

an enhanced safety profile, making it a promising carrier for

structurally diverse pharmaceuticals [29–32].

https://doi.org/10.1016/j.cclet.2025.111901
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Scheme 1. Construction of cyclodextrin-based self-assembled nanoparticles CTC

NPs (A) and their anti-tumor mechanism (B).

Photodynamic therapy (PDT) and photothermal therapy (PTT)

have recently gained significant attention for their high thera-

peutic efficacy, tumor-specific ablation, minimal side effects, and

low risk of inducing drug resistance [33–39]. Photosensitizers

activated by light generate reactive oxygen species (ROS) from

molecular oxygen to mediate tumor cell death, while localized

photothermal effects synergistically enhance treatment outcomes

[40–43]. Porphyrin-based compounds, with their rigid conju-

gated frameworks and broad-spectrum photon absorption, serve as

canonical photosensitizers [44]. Among these, 5,10,15,20-tetrakis(4-

aminophenyl)porphyrin (TAPP) demonstrates exceptional chemical

stability, high photothermal conversion efficiency, and potent pho-

todynamic activity, establishing it as a high-performance dual-

modal photosensitizer [45–47].

In this study, we developed a novel cyclodextrin-porphyrin

nanoplatform via dynamic self-assembly for tumor-targeted deliv-

ery of CPT and integrated breast cancer theranostics (Scheme 1).

Initially, CM-β-CD was conjugated with TAPP to form a functional-

ized host complex (TAPP-CM-β-CD), which underwent hydrogen-

bond-driven self-assembly into TAPP-CM-β-CD nanoparticles (CT

NPs) in aqueous media. Subsequent host-guest interactions en-

abled the precise encapsulation of CPT within the hydropho-

bic cavity of CM-β-CD, yielding drug-loaded CPT@TAPP-CM-β-

CD nanoparticles (CTC NPs). Critically, TAPP integration conferred

dual photodynamic and photothermal functionality, providing ex-

ceptional ROS generation, high photothermal conversion efficiency

(η =43.9%), and enhanced photostability while enabling CPT/TAPP-

mediated multimodal therapy. The nanoplatform demonstrated op-

timized biodistribution and pharmacokinetics, effective evasion of

the reticuloendothelial system (RES), and significantly enhanced

tumor accumulation (≥2-fold) with deep tissue penetration. Fur-

thermore, TAPP potentiated amplified photothermal responsive-

ness. The active targeting and intrinsic fluorescence of CTC NPs

permitted precise tumor-normal tissue discrimination during in

vivo imaging, underscoring their translational potential as a breast

cancer nanotheranostic platform.

It has been demonstrated that CPT is capable of being encap-

sulated within the hydrophobic inner cavity of β-CD [48]. There-

fore, CM-β-CD, a derivative of β-CD, demonstrates considerable

potential for encapsulating CPT. To investigate the spatial configu-

ration between CM-β-CD and CPT and to verify whether CM-β-CD

is able to undergo host-guest complexation with CPT, relevant ki-

netic simulations were performed. The root mean square deviation

(RMSD), solvent accessible surface area (SASA), and different mo-

ments control plots of molecular dynamics simulation trajectories

in the system (Fig. 1A, Figs. S1 and S2 in Supporting information)

revealed that the subject molecule and the guest molecule were

rapidly combined to reach the optimal binding conformation at the

initial moment, and the whole system was very stable. The CPT

was tightly bound to the CM-β-CD, and the average free energy

of binding was −36.75 kcal/mol (Figs. S3, S4 and Table S1 in Sup-

porting information). It is well established that carboxyl (-COOH)

and amino (-NH2) groups are capable of undergoing condensation

via amidation [49,50]. Consequently, the activated carboxyl group

of CM-β-CD can condense with the amino group of TAPP to form

a new cyclodextrin derivative, TAPP-CM-β-CD, which exhibits pho-

tosensitizing properties. TAPP-CM-β-CD self-assembled into spher-

ical nanostructures via hydrogen bonding in water. CPT was then

encapsulated within the hydrophobic cavity of the TAPP-CM-β-

CD by means of host-guest complexation, forming the CPT@TAPP-

CM-β-CD (CTC NPs). Applying heating and stirring techniques en-

hanced non-covalent interaction formation, facilitated the dynamic

self-assembly process of non-covalent molecular recognition and

accelerated inclusion complex formation [51].

The hydrodynamic diameters of CTC NPs and CT NPs were

100.96±6.34 and 89.58±7.31nm by dynamic light scattering

(DLS), respectively (Fig. 1B). After loading CPT, the surface charge

of the NPs changed from −23.5mV to −19.6mV (Fig. 1C). Trans-

mission electron microscopy (TEM) images (Fig. 1D) showed that

the CTC NPs were uniformly dispersed, regular spherical parti-

cles with an average diameter of about 80nm. This result was

in agreement with the DLS measurements. The ultraviolet-visible

(UV–vis) spectrum of the CTC NPs showed a characteristic absorp-

tion peak at 450nm, which was red-shifted by 20nm compared

with the free TAPP (Fig. 1E). In addition, no additional absorp-

tion peak was observed for CPT (366nm). Meanwhile, CTC NPs

showed fluorescence quenching at 680nm (Fig. 1F). These obser-

vations were attributed to the different states of the molecules

(free/encapsulated/coupled), thus confirming the successful self-

assembly of CTC NPs.

In the simulated blood environment, the two nanoparticles (CT

NPs and CTC NPs) showed excellent stability with minimal changes

in particle size and polydispersity index (PDI) (Fig. 1G and Fig. S5

in Supporting information). Quantification of CPT encapsulated in

CTC NPs showed that the encapsulation and loading efficiencies of

CPT were 87.2% and 9.9%, respectively (Fig. S6 in Supporting in-

formation). It is noteworthy that, under simulated blood circula-

tion conditions (i.e., without the addition of surfactants), the rate

of drug leakage from the CTC NPs remained below 5% within 24h,

thereby demonstrating excellent nanostructural integrity. However,

when sodium dodecyl sulphate (SDS) was used to disrupt the

nanostructure, the drug release rate rapidly increased to 60% (Fig.

1H). This phenomenon confirms that the nanoplatform possesses

a unique ’stable-responsive’ dual characteristic: it maintains high

stability during in vivo circulation, and after being enriched at the

tumor site through enhanced permeability and retention (EPR) ef-

fects, its nanostructure can be specifically disrupted by the tumor

microenvironment, thereby achieving targeted drug release and ef-

ficient accumulation. It is imperative to consider that, following the

accumulation of CTC NPs at the tumor site, laser irradiation insti-

gates a dual activation mechanism. Firstly, the laser activates the

TAPP, resulting in the generation of ROS and local high temper-

atures. This process achieves synergistic effects of PDT and PTT.

Secondly, laser stimulation and photothermal effects significantly

promote the burst release of CPT, rapidly increasing the local drug

concentration in the tumor to the therapeutic threshold (Fig. 1I).

This spatiotemporal dual-regulation activation mode ensures the

safety of NPs in normal tissues and significantly enhances antitu-
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Fig. 1. Characterization of CTC NPs. (A) Comparison of the complex conformation at different moments of the CM-β-CD-CPT system. Size distribution, PDI (B) and zeta

potential (C) of CTC NPs and CT NPs. (D) TEM image of CTC NPs. Scale bar: 100nm (left), 200nm (right). (E) UV–vis scan patterns of free CPT, free TAPP, CT NPs and CTC NPs

(5 μmol/L). (F) Fluorescence spectra of free TAPP, CT NPs and CTC NPs (5 μmol/L) with excitation wavelength 430nm. (G) 7-day stability of CTC NPs in PBS containing 10%

FBS. (H) Percentage of cumulative drug release from CTC NPs (1mmol/L) in different environments. (I) Percentage of cumulative drug release from CTC NPs under 680nm

laser stimulation and at 50 °C. (J) Indications of ROS production by CTC NPs and photodynamic effects of CT NPs using SOSG as an indicator. (K) Photothermal effects of CTC

NPs and CT NPs under 680nm laser irradiation: photothermal heating curves (L) and thermal images (M) of CTC NPs during three ’ON/OFF’ laser irradiation cycles. Data are

expressed as means ± standard deviation (SD) (n=3). ∗∗∗P<0.001, ∗∗∗∗P<0.0001. ns: no significance.

mor activity through multiple synergistic effects. The experimental

data demonstrate that this smart, responsive drug delivery system

achieves precise spatiotemporal control of drug release, thus pro-

viding a new strategy for combined tumor therapy. CTC NPs have

been engineered to trigger the release of the drug in real time us-

ing a near-infrared laser (680nm), thereby enabling precise control

of on-demand drug delivery to the lesion site and avoiding toxicity

caused by systemic exposure.

In tumor phototherapy, the photodynamic properties and pho-

tothermal conversion rate of photosensitizers are key factors af-

fecting efficacy. We used the singlet oxygen sensor green (SOSG)

probe to assess the ability of CTC NPs to generate ROS under

laser irradiation. The photodynamic properties of both NPs were

concentration-dependent (Fig. 1J). The fluorescence signals of CT

NPs and CTC NPs were significantly enhanced after irradiation

(680nm, 0.4W/cm2, 5min), with a 2.8- and 3.6-fold increase, re-

spectively, compared with the control group. These results confirm

that TAPP can effectively endow the carriers with strong photo-

dynamic ability. Subsequently, the photothermal conversion abil-

ity of CTC NPs was evaluated. Fig. 1K shows the heating curves

of CT NPs and CTC NPs at different concentrations under 680nm

laser (0.4W/cm2) irradiation. The photothermal conversion effect

of the two NPs is very pronounced and exhibits a dual dependence

on concentration and irradiation time. Under laser irradiation, the

temperature of both NPs solutions increased significantly, reaching

over 50 °C in a short time. This temperature is sufficient to kill the

tumor cells, which meets the requirement of tumor thermother-

apy. The photothermal conversion efficiency (η) was 43.9%, and

the system time constant (τ ) was 267.8 s (Fig. S7 in Supporting in-

formation). The photostability was also evaluated by the tempera-

ture change of the solution during light irradiation and subsequent

cooling (Figs. 1L and M). After several cycles, the CTC NPs exhib-

ited excellent photostability and thermal stability. These findings

suggest that TAPP-mediated conversion of CTC NPs into effective

photosensitizers has potential for application in PTT/PDT.

The cellular uptake and subcellular distribution of CPT-

containing materials (CPT, CTC NPs) were investigated through the

intrinsic fluorescence of CPT (366nm). Initially, the intrinsic fluo-

rescence (366nm) of CPT was quantified by flow cytometry fol-

lowing the incubation of 4T1 cells with CPT or CTC NPs for vary-

ing periods (Fig. 2A and Fig. S8 in Supporting information). CTC

NPs were internalised by 4T1 cells via the endocytosis pathway

(Fig. S9 in Supporting information), and this process exhibited sig-

nificant time-dependent characteristics. The CTC NPs group exhib-

ited a stronger fluorescence signal compared to free CPT, indicating

a greater efficiency of cellular internalization. This is attributable

to the suboptimal physicochemical properties of CPT, which ren-

der it challenging to be ingested by cells. In contrast, CTC NPs

are more prone to enter cells via endocytosis. This suggests that

the nanoplatform enhances cellular uptake and elevates intracellu-

lar drug concentration, thereby augmenting its antitumor efficacy.

Subsequently, the intracellular distribution of CTC NPs was visu-

alized by confocal laser scanning microscopy (CLSM) (Fig. 2B and

Fig. S10 in Supporting information). Once internalized by 4T1 cells,

CTC NPs could be precisely localized within lysosomes. The co-

localization coefficients of CTC NPs and lysosomes at 4 and 12h

were 0.68 and 0.83, respectively, indicating that CTC NPs exhibited

an effective lysosomal co-localization performance. In conclusion,
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Fig. 2. In vitro antitumor effects of CTC NPs. (A) Cellular uptake of 4T1 cells after

co-incubation with free CPT and CTC NPs for 2, 4 and 6h. (B) Subcellular distribu-

tion of 4T1 cells after co-incubation with free CPT and CTC NPs for 4 and 12h. Scale

bar: 50 μm. (C) Viability of 4T1 cells treated with different materials. (D) Fluores-

cence images of calcein AM/PI stained 4T1 cells with or without 680nm laser irra-

diation after different treatments. Scale bar: 100μm. Production of ROS within cells

under 680nm laser irradiation (E) and quantitative analysis (F) in different treat-

ment groups (5 μmol/L). Scale bar: 100μm. Apoptosis (G) and quantitative analy-

sis (H) of 4T1 cells after different treatments. Data are expressed as means ± SD

(n=3). ∗P<0.05, ∗∗P<0.01, ∗∗∗∗P<0.0001.

the high cellular uptake of CTC NPs can be attributed to two fac-

tors. Firstly, CTC NPs efficiently enter tumor cells through endo-

cytosis, increasing intracellular drug accumulation. Alternatively, it

can be attributed to the specific localization and retention prop-

erties of CTC NPs in lysosomes following their internalization into

tumor cells.

The cytotoxicity of the various formulations was assessed us-

ing the methylthiazolyldiphenyl-tetrazolium bromide (MTT) assay

(Fig. 2C). The CT NPs nanoplatform showed good biocompatibility.

Cytotoxicity was significantly enhanced concentration-dependently

for all material groups except CT NPs. Exposure of CT NPs and CTC

NPs to laser light resulted in a significant decrease in cellular ac-

tivity. The combined antitumor effect showed that the combined

chemotherapeutic effect of CPT and the phototherapeutic effect of

TAPP were significantly better than either drug alone (Fig. S11 in

Supporting information).

The cytophototoxicity of both NPs was examined by observing

live/dead cells after different treatments with calcein AM/PI cell vi-

ability and cytotoxicity assay kit (Fig. 2D). Laser irradiation elicited

no significant effects on the PBS and CPT groups, indicating the ab-

sence of inherent laser cytotoxicity. In contrast, irradiation induced

a significant phototoxic effect in cells treated with TAPP material.

Notably, the number of live cells was significantly higher than the

number of dead cells in the area that did not receive laser ir-

radiation. Together, these findings suggest that CTC NPs are not

only powerful phototherapeutic agents but also capable of elimi-

nating tumor cells with a high degree of precision, making them

promising for use in tumor therapy. The satisfactory phototoxicity

prompted us to further investigate the photodynamic effects (Figs.

2E and F, Fig. S12 in Supporting information). The changes in the

PBS and CPT groups were almost negligible, while both groups of

CT NPs and CTC NPs showed significant green fluorescence from

2′,7′-dichlorofluorescein (DCF). In a word, the CTC NPs developed

in this study retained the excellent photodynamic and photother-

mal properties of TAPP, and 5min of laser irradiation produced

sufficient intracellular heat and ROS generation for a potent anti-

tumor effect. The introduced laser precisely kills tumors and avoids

damaging cells in normal areas.

The investigation of cell death mechanisms was performed us-

ing the Annexin V-FITC Apoptosis Detection Kit. Apoptosis and

necrosis are the two most prominent manifestations of cytotox-

icity. Apoptosis of 4T1 cells with or without laser irradiation

(680nm, 0.4W/cm2, 5min) was analyzed by flow cytometry af-

ter incubation with different materials for 24h (Figs. 2G and H).

Without combined laser treatment, apoptosis was not evident in

the control and porphyrin carrier groups, and most cells grew nor-

mally. This is consistent with the results of the cytotoxicity ex-

periments, further demonstrating the non-toxic and safe proper-

ties of the porphyrin carriers. The CPT-containing material group

(CPT, CTC NPs) showed stronger apoptosis, proving that the apop-

tosis was mainly induced by the chemotherapeutic effect of CPT in

the absence of laser presence. The CTC NPs group had higher in-

tracellular drug accumulation and showed higher apoptosis (41.1%)

due to stronger internalization than free CPT. After the intro-

duction of laser treatment (680nm, 0.4W/cm2, 5min), the apop-

totic phenomenon in the control group remained negligible, and

the apoptotic rate in the free CPT group was not significantly

changed. This proved that the laser itself could not induce apop-

tosis production, and even laser irradiation did not damage nor-

mal cells. In the porphyrin-carrier group, the apoptosis rate sig-

nificantly increased from 8.67% to 46.9% following irradiation, at-

tributed to the apoptosis-inducing effects of the photodynamic and

photothermal properties of the TAPP-loaded NPs. Combined with

phototherapy, the CTC NPs further enhanced apoptosis, reaching

61.2%. These results suggest that chemotherapy in combination

with phototherapy can enhance the anti-tumor effect, and our de-

signed nanoplatform in combination with PDT/PTT induced apop-

tosis in tumor cells with great potential for the treatment of ma-

lignant tumors, in line with our hypothesis.

The kinetic behavior in vivo was followed in real time using

the fluorescent properties of TAPP (Figs. 3A and B). All animal ex-

periments were conducted following the National Research Coun-

cil’s Guide for the Care and Use of Laboratory Animals and ap-

proved by the Experimental Animal Ethics Committee of the Lab-

oratory Animal Centre of Shanghai Jiao Tong University (approval

No. A2023232–002). After intravenous administration, the accumu-

lation of free TAPP at the tumor site was low and cleared rapidly.

The fluorescence of CTC NPs accumulated gradually at the tumor

site, reaching the highest intensity at 6 h after administration. CTC

NPs were more likely to accumulate at the tumor site and were al-

most completely cleared after 24h of circulation in the body, and

did not accumulate for a long time in the body to cause toxicity.

Six hours after the injection, heart, liver, spleen, lung, kidney,

and tumor tissues from the mice were collected for ex vivo imag-

ing (Figs. 3C and D). As a small molecule fluorophore, free TAPP

lacks tumor-targeting ability and is preferentially cleared from liver

and kidney tissues rather than accumulating at the tumor site.
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Fig. 3. In vivo performance of CTC NPs. Time-dependent tumor accumulation of

free TAPP and CTC NPs (A) and quantitative fluorescence analysis (B). Major organ

and tumor ex vivo imaging (C) and quantitative fluorescence analysis (D) after in-

travenous injection 6h of free TAPP and CTC NPs. Frozen sections showing tumor

accumulation (E) and quantitative analysis (F) of free TAPP and CTC NPs after in-

travenous injection 6h, tumor nuclei were labelled with Hoechst 33,342. Scale bar:

50 μm. ROS generating capacity (G), quantitative analysis of ROS (H), and tempera-

ture change (I) of the tumor site under 680nm laser irradiation, after intravenous

injection 6h of CTC NPs. Scale bar: 100μm. Data are expressed as means ± SD

(n=3). ∗∗∗P<0.001.

Compared with free TAPP, the distribution of CTC NPs in the liver,

kidney, and spleen was significantly reduced, suggesting that the

nanoplatform have RES scavenging ability, which may reduce the

systemic toxicity of the drug in vivo. The fluorescence of TAPP and

CTC NPs at the tumor site was observed (Figs. 3E and F). The CTC

NPs effectively aggregated and infiltrated at the tumor site under

the EPR effect. According to the quantitative results (Figs. 3B, D,

and F), the accumulation of CTC NPs at the tumor site was about

twice as much as that of free TAPP at 6h after administration. The

results confirmed the superior in vivo tumor-targeting ability of

CTC NPs, which prolongs the in vivo circulation time of the drug

and avoids the fate of the drug being rapidly cleared in vivo.

To validate the mechanism of CTC NPs mediated phototherapy

in 4T1 tumor-bearing mice, further investigation was conducted

into the tumor-site ROS production (Figs. 3G and H) and pho-

tothermal conversion ability (Fig. 3I) of CTC NPs. As anticipated,

the tumor tissue exhibited minimal fluorescence even in the ab-

sence of external factors, reflecting the elevated ROS environment

characteristic of the tumor. Irradiation with a laser did not result

in a change to this situation. The application of a 680nm laser

(0.4W/cm2, 5min) to tumor tissue infiltrated with CTC NPs re-

sulted in TAPP-mediated ROS production, thereby enhancing the

efficacy of cancer treatment. The temperature changes in tumors

exposed to laser light were recorded using infrared thermography

(Fig. 3I). No significant change in temperature was observed in the

Fig. 4. In vivo anti-tumor efficacy of CTC NPs. (A) Tumor treatment protocol in

4T1 tumor-bearing mice. Tumor growth (B) in each group of mice during treat-

ment (n=6). Tumor weight (C), tumor inhibition rate (D) and H&E staining of iso-

lated tumors (E) at the end of the treatment. Scale bar: 50 μm. Representative pho-

tographs of H&E staining (F) and Bouin’s fixation (G) of metastatic lung tissue. Scale

bar: 200μm. Data are expressed as means ± SD. ∗P<0.05, ∗∗P<0.01, ∗∗∗P<0.001,
∗∗∗∗P<0.0001.

tumor site of the PBS group during light exposure. In contrast, the

intratumor temperature of the CTC NPs-treated group increased

gradually and reached a maximum of 54.4 °C after 5min of laser

exposure, which was significantly higher than that observed in the

PBS group. The excellent photothermal conversion ability observed

can be attributed to the high targeted delivery efficiency of CTC

NPs and effective infiltration in the tumor site. The above results

confirm that the excellent photodynamic properties and photother-

mal conversion ability of CTC NPs are sufficient to support the pho-

totherapeutic function of the nanoformulation.

Based on the drug delivery efficiency and synergistic PDT/PTT

antitumor effects of CTC NPs, we investigated the antitumor effi-

cacy of CTC NPs in 4T1 tumor-bearing mice (Fig. 4A). Antitumor ef-

ficacy of each group was evaluated based on tumor growth curves

(Fig. 4B and Fig. S13 in Supporting information), tumor photos

(Fig. S14 in Supporting information), tumor weight (Fig. 4C) and

tumor inhibition rate (Fig. 4D). PBS, as a negative control group,

showed rapid tumor growth and little antitumor efficacy. The anti-

tumor efficacy of the free CPT group was only slightly higher than

that of the PBS group due to the low dose of CPT administered

(relatively lower than those reported in the literature [23,52,53])

and low drug accumulation. In contrast, the nanoplatform im-

proved drug targeting and tumor infiltration, a notably greater tu-

mor inhibition rate was observed in the CTC NPs group when

compared to the CPT group. Tumor growth was strongly inhibited

by nano-porphyrin alone, which showed superior anti-tumor effi-

cacy of PDT/PTT under laser irradiation (680nm, 0.4W/cm2, 5min).

The combination of phototherapy and chemotherapy enhanced the

therapeutic effect, and the tumor inhibition rate in the CTC NPs+
laser group was as high as 95.74% ± 3.04%, and the tumor was

almost completely ablated under laser (680nm, 0.4W/cm2, 5min)
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irradiation, which was higher than that in the CT NPs+ laser group

(80.42% ± 15.32%). In addition, the density and morphology of tu-

mor cells in hematoxylin and eosin (H&E) paraffin sections were

further observed (Fig. 4E). Compared to the other groups, the com-

bined treatment of CTC NPs and laser resulted in the lowest tumor

density and the highest tumor necrosis. These results suggest that

CTC NPs can be considered an ideal platform for the treatment of

4T1 tumor-bearing mice models. The self-assembly of nanostruc-

tures offers systemic stability and benefits in targeted tumor drug

delivery. Furthermore, multimodal therapy has been shown to re-

sult in tumor near eradication at the end of treatment.

The anti-tumor metastatic effect of the combination therapy

was assessed using pulmonary metastatic nodules of 4T1 tumors

(Figs. 4F and G). A substantial number of overt metastatic foci were

evident in the lungs of mice in the control and CPT groups, exhibit-

ing severe tumor infiltration, minimal presence of normal alveo-

lar tissue, and extensive areas of tumor cells within the sectioned

field of view. In contrast, only sporadic tumor nodules were ob-

served in the lungs of the CTC NPs and CT NPs+ laser groups, ac-

companied by a notable reduction in tumor infiltration. This indi-

cated that both the targeted delivery of the drug on the nanoplat-

form and phototherapy were effective in inhibiting tumor metas-

tasis. The lung tissue of the CTC NPs+ laser group exhibited a sig-

nificant reduction in metastatic foci, with a near-normal alveolar

morphology and minimal tumor infiltration. This was attributed

to the combination of high targeting efficiency and powerful pho-

tochemotherapy. In conclusion, these results suggest that the com-

bination of CTC NPs and laser plays a significant role in inhibiting

tumor growth and tumor metastasis by improving the biocompat-

ibility and tumor targeting of CPT, which in turn combines with

PDT/PTT.

The in vivo biosafety of the nanoplatform was further investi-

gated. Hemolysis was negligible at high concentrations of CTC NPs

(50 μmol/L) (Fig. S15 in Supporting information). The body weight

of the mice in each group remained consistent throughout the

course of treatment (Fig. S16 in Supporting information). This ob-

servation suggests that the nanoplatform developed in this study

did not exhibit any notable systemic toxicity. Fresh blood was col-

lected from each group at the end of treatment for hematological

analysis (Fig. S17 in Supporting information) and blood biochemi-

cal analysis (Fig. S18 in Supporting information) to assess the ef-

fects of the materials on hematotoxicity and liver and kidney func-

tions in mice. Malignant tumors have been reported to cause an

increase in peripheral blood white blood cells (WBCs), suggesting

entry into the terminal phase of the tumor [54]. After the different

treatments, the WBCs counts of the mice in each group returned

to normal levels to varying degrees. The WBCs counts in the CTC

NPs+ laser group were close to normal levels (Fig. S17), which ac-

counted for only a small part of the inflammatory effect. There was

no significant difference in any of the other hematological findings.

This proved that CTC NPs had good biosafety and could reduce sys-

temic inflammation.

All of the liver and kidney function indices indicated that CTC

NPs were not systemically toxic, and the liver and kidney func-

tions of the mice were not affected during treatment. The major

organs of the mice were collected at the end of treatment to fur-

ther assess the biosafety of CTC NPs. According to the organ indices

(Fig. S19 in Supporting information), all organs except the spleen

were morphologically normal. The spleens of all groups were en-

larged to varying degrees by 4T1 tumors, and CTC NPs+ laser had

the least effect on spleen morphology, further demonstrating that

CTC NPs combined with PDT/PTT reduced systemic inflammation.

H&E staining of the major organs (heart, liver, spleen, and kidney)

showed that the cellular morphology of the major organs was nor-

mal at the end of treatment in the different groups of mice, with

no obvious pathological changes (Fig. S20 in Supporting informa-

tion). In conclusion, CTC NPs can be used as a safe nanomedicine

for in vivo tumor therapy.

This study leverages the multiple binding sites and hydrogen-

bond stacking capabilities of CM-β-CD to construct self-assembled

cyclodextrin-porphyrin nanoparticles (CT NPs). Designed for

tumor-targeted delivery of the chemotherapeutic agent CPT, this

nanoplatform enables multimodal synergistic therapy against

breast cancer. Its unique photoresponsive mechanism concurrently

mediates three antitumor responses under near-infrared (NIR) irra-

diation: (1) Localized hyperthermia via PTT, (2) efficient activation

of the photosensitizer TAPP for PDT, and (3) spatiotemporally con-

trolled CPT release. These components establish a self-reinforcing

"PTT→PDT→Chemotherapy" cascade wherein photothermal accel-

eration of CPT release subsequently enhances phototherapeutic

efficacy. The nanoplatform maintains CPT stability, circumvents

RES clearance, and achieves tumor-specific accumulation, signifi-

cantly enhancing intratumoral drug penetration and biocompatibil-

ity while preserving therapeutic potency. Critically, PDT-generated

ROS acts synergistically with PTT-induced hyperthermia to pro-

mote tumor cell apoptosis, markedly amplifying CPT’s antitumor

efficacy. Concurrently, CTC NPs exploit intrinsic near-infrared flu-

orescence for precise tumor delineation and targeted imaging. In

4T1 subcutaneous tumor models, CTC NPs exhibited targeted de-

livery, favorable biosafety, and potent antitumor activity, effectively

suppressing primary tumor progression (tumor suppression rate

>95%) and metastasis. Collectively, this cyclodextrin-porphyrin

nanoplatform loaded with CPT demonstrates highly synergistic

breast cancer treatment through integrated chemo-phototherapy

mechanisms, while its inherent imaging functionality validates its

translational promise as a tumor-targeted theranostic system.
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