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a b s t r a c t

Cervical cancer remains a leading cause of cancer-related mortality in women, underscoring the ur-

gent need for advanced diagnostic and therapeutic strategies. Current imaging techniques face signifi-

cant limitations, including radiation exposure, high costs, and inadequate sensitivity for detecting early

metastases, particularly in imaging and diagnosing tumor metastatic lesions. To overcome these chal-

lenges, we developed a multimodal imaging strategy that combined near-infrared fluorescence (NIRF,

750–1700nm) imaging with X-ray imaging, with assistance of innovative nanomaterial to achieve precise

tumor targeting and comprehensive diagnostic. Specifically, we synthesized a folate acid-functionalized

polydopamine-modified ICG-Bi2Se3 nanocomposite (FA-PDA@ICG-Bi2Se3, FPBI), which integrated the com-

plementary advantages of NIRF, X-ray, and computerized tomography imaging. The FPBI nanocompos-

ite leveraged the targeting capability of folate acid for specific identification of cervical cancer lesions

and metastatic lymph node. Furthermore, it demonstrated robust photothermal therapeutic efficacy un-

der near-infrared (808nm) excitation, achieving significant tumor ablation effects. This work provides an

innovative nanoplatform based strategy for multimodal imaging, precise diagnosis, and targeted therapy

of cervical cancer, paving the way for improved detection and management of metastatic lesions.

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

Medica, Chinese Academy of Medical Sciences.

Imaging examinations play a pivotal role during the diagnosis

and treatment evaluation of cervical cancer [1]. Commonly used

imaging techniques although play crucial roles in the biomedical

detection and management, while still have been limited by radia-

tion exposure, high costs, and patient-specific contraindications [2–

4]. Thus, the safe and versatile imaging technologies are increas-

ingly in huge demand [5,6]. Among them, near-infrared fluores-

cence (NIRF, 750–1700nm) imaging has emerged as a promising

molecular imaging technique, offering non-invasive detection of

tissue-specific signals via fluorescent dyes excited by near-infrared
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lasers [7–9]. While NIRF shows potential in diagnosing tumors, in-

flammation, and vascular abnormalities [10–12], its clinical use is

constrained by shallow penetration depth [13–15]. Among them,

near-infrared II (NIR-II, 900–1700nm) fluorescence imaging have

exhibited advantages of high sensitivity, reduced scattering, and

enhanced spatial resolution in deep tissue [16–18]. To achieve

higher penetration depth as well as resolution and sensitivity, it is

more favorable to combine NIRF imaging with X-ray imaging and

computed tomography (CT). The multimodal imaging could help to

achieve quick tumor localization, as well as providing accurate and

comprehensive diagnostic solutions [19,20].

Another significant challenge lies in integrating NIR probes

with other imaging modalities, which requires precise co-localized

imaging to provide complementary and overlapping information

https://doi.org/10.1016/j.cclet.2025.111488
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Scheme 1. Illustration of FPBI NCs synthesis process, NIR multimodal bioimaging

and PTT effect.

while enhancing the capabilities of multi-techniques [21]. Address-

ing this challenge demands breakthroughs in nanomaterial design.

Bismuth-based nanomaterials have attracted attention for their

high sensitivity to X-rays, which enables enhanced X-ray imaging

[22]. Additionally, these materials respond to NIR light, allowing

excitation to induce photothermal effects [23,24]. Currently, their

application in NIRF imaging has been confirmed, and their poten-

tial in the NIR-II spectral region is equally enormous [25]. In addi-

tion, from the perspective of composite probe designing, the sur-

face properties of Bi2Se3 nanomaterials make them highly suitable

for functionalization with fluorescent molecules [26].

NIR-sensitive Bi2Se3 exhibits excellent photothermal therapeu-

tic properties, making it highly attractive for designing integrated

diagnostic and therapeutic strategies. However, challenges remain

regarding their targeting specificity and biological safety under

NIR light activation [27]. Designing polymeric network modifica-

tion layers grown outward from the inorganic core is a key strat-

egy for achieving integrated diagnostic and therapeutic systems

[28]. Among various organic molecules, polydopamine (PDA) has

received widespread attention. These characteristics stem from the

abundance of cationic amino acids and catechol groups in PDA.

In terms of optical performance, due to its energy level match-

ing and strong adhesion, PDA can act as an "antenna molecule"

to absorb near-infrared energy and transfer charges to inorganic

materials, thereby improving overall photothermal performance

[29]. As an organic network structure surrounding the inorganic

core, PDA can further load NIR-II fluorescent molecules and tar-

geting agents, making it an ideal platform for designing multi-

modal imaging and therapeutic systems. For instance, to enhance

PDA’s tumor-targeting ability, it can be functionalized with tumor-

targeting molecules such as folic acid (FA) which achieves active

targeting through its high affinity for folate receptors that are over-

expressed in tumor tissues [30]. This strategy holds great promise

for accurate tumor diagnosis and therapy, particularly for imag-

ing metastatic lesions, and provides a foundation for developing

efficient and safe multimodal imaging and therapeutic systems.

In this study, as illustrated in the Scheme 1, we successfully de-

veloped a novel type of FA-PDA@ICG-Bi2Se3 (FPBI) nanocompos-

ite (NCs). This composite leverages FA for precise navigation and

active targeting of ICG and Bi2Se3, integrating multiple imaging

modalities, including NIR-I, NIR-II, X-ray, and CT imaging, to har-

ness their complementary advantages. The FPBI NCs demonstrated

precise tumor localization and early detection of cervical cancer

lymph node metastasis. PDA modification further enhanced bio-

compatibility, ensuring safety in vivo. Additionally, excitation with

NIR light (808nm) enabled targeted photothermal therapy (PTT),

yielding significant therapeutic effects. These advancements pro-

vide a robust platform for multimodal imaging and precise diag-

nosis and treatment of cervical cancer.

Bi2Se3 nanosheets were synthesized and subsequently encap-

sulated in PDA via the self-polymerization of dopamine hydrochlo-

ride under alkaline conditions [31]. As shown in Fig. 1a, the re-

sulting FPBI NCs exhibited a "rose-like" morphology under trans-

mission electron microscopic (TEM) image. The particle size was

around 150nm (Fig. 1b). The particle size analysis of FPBI NCs in

1× phosphate buffered saline (PBS) solution were evaluated within

7 days (Fig. S1 in Supporting information). X-ray diffraction (XRD)

analysis confirmed the presence of Bi2Se3 within the FPBI NCs (Fig.

1c). The ultraviolet-visible (UV–vis) absorption spectrum exhibited

characteristic peaks at 500nm (Bi2Se3) and 780nm (ICG), validat-

ing the successful incorporation of both materials (Fig. 1d). Accord-

ing to absorption measurements, the loading dose of ICG in FPBI

NCs was calculated to be 3.81%, and the encapsulation efficiency

was 91%. Zeta potential analysis showed a surface charge shift

from −25.06mV to −19.44mV after functionalization with FA-PEG-

NH2 (2000kDa) and PDA, indicating successful modification (Fig.

1e). As depicted in Figs. 1f and j and Fig. S2 (Supporting informa-

tion), XPS and EDS results revealed characteristic peaks for Bi, Se,

S, and Cl, verifying the presence of these elements and the suc-

cessful incorporation of both ICG and Bi2Se3. Figs. 1g and h illus-

trated changes in the binding energy of Bi and Se valence bonds in

FPBI NCs compared to pure Bi2Se3. This electronically shared coor-

dination enhances the internal structural stability of FPBI NCs and

improves their physical properties [32]. By utilizing these unique

charge transfer structures, strong metal electron transfer and the

formation of interface sites can be promoted [33]. Fourier trans-

form infrared spectrometer (FT-IR) spectral analysis (Fig. 1i) further

supported these findings. Under 808nm NIR excitation, FPBI NCs

emitted fluorescence in the range of 820–840nm (Fig. 1k). Com-

pared to the fluorescence peak of free ICG, a slight redshift was

observed. This shift likely resulted from PDA modification, which

expanded the PDA shell’s network structure. This structure trans-

forms ICG to transition from a monomeric to an aggregated state

within the NCs, altering the charge density distribution between

interacting molecules. Furthermore, changes in the geometric con-

figuration of ICG molecules may have affected the bandgap en-

ergy, contributing to the observed redshift [34]. In a 60min pho-

tobleaching resistance experiment using an NIR-II fluorescence mi-

croscopic imaging system, FPBI NCs demonstrated higher fluores-

cence signal intensity than free ICG after 40min of continuous ir-

radiation (Fig. 1l). This suggests improved photostability, a critical

factor for prolonged imaging applications.

The photothermal properties of FPBI NCs, ICG, Bi2Se3, PDA@ICG

NCs and PDA@Bi2Se3 NCs were evaluated to assess the in vitro

photothermal performance of FPBI NCs, as shown in Fig. S3a (Sup-

porting information). The influence of concentration and laser

power density on the properties of FPBI NCs was studied (Figs.

S3b–d in Supporting information). The photothermal stability of

FPBI NCs had been further demonstrated through five consecutive

heating and cooling cycles. The photothermal conversion efficiency

(PCE) of FPBI NCs was calculated to be 26.24% (Figs. S3e and f in

Supporting information). The cellular level imaging capabilities and

photothermal therapeutic effects were further validated in HeLa

cells and H8 cells (Figs. S4–S6 in Supporting information). FA func-

tionalization enables more FPBI NCs to enter tumor cells, where

NIR radiation activates FPBI NCs and converts NIR energy into ther-

mal energy. The tumor targeting and PTT effects of FPBI NCs are

key to achieving comprehensive diagnosis and treatment of cancer

[35].

Based on the ex vivo fluorescence performance evaluation and

cell level tracking localization ability of FPBI NCs, NIR-II fluores-
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Fig. 1. Characterization of FPBI NCs. (a) Transmission electron microscopic image of FPBI NCs. (b) DLS analysis of FPBI NCs. (c) X-ray diffraction of FPBI NCs. (d) Absorption

spectra of Bi2Se3, ICG, PBI NCs and FPBI NCs. (e) Zeta analysis of Bi2Se3, PBI NCs and FPBI NCs. Data were presented as mean ± standard deviation (SD) (n=3). (f) X-ray

photoelectron spectroscopy of Bi2Se3 and FPBI NCs. (g) The binding energy changes of Bi2Se3 and FPBI NCs at the Bi valence bond and (h) at the Se valence bond. (i) FT-IR

of Bi2Se3, PBI NCs and FPBI NCs. (j) Energy dispersive spectrometer of FPBI NCs. (k) Fluorescence spectra of ICG and FPBI NCs. (l) Fluorescence intensity analysis of ICG and

FPBI NCs (808nm laser irradiation, 1W/cm2).

cence microscopic imaging system and IVIS spectral imaging sys-

tems were further utilized to analyze the NIR-II fluorescence capa-

bility. As shown in Figs. 2a and b, strong fluorescence signals were

observed in the tumor site of tumor-bearing mice 24h after tail

vein injection of FPBI NCs, utilizing the NIR-II IVIS spectroscopic

imaging system (808nm laser, 500mW/cm2), indicated that the

active targeting strategy utilizing FA as a target could mediate the

internalization of more FPBI NCs by tumor cells, thereby achiev-

ing in vivo tumor localization and tracking. Through analyzing the

full width at half maximum (FWHM) and signal to background ra-

tio (SBR), NIR-II fluorescence images of cervical tumors with a high

signal-to-noise ratio were acquired. The SBR value is 11.14 (Fig. S7

in Supporting information), indicating that FPBI NCs exhibit good

imaging capabilities in NIR-II. Next, SOP TOP NIR-II FMMS was uti-

lized to analyze the fluorescence imaging of microvessels in the

tumor site of tumor-bearing mice. By adjusting the magnification

of the objective lens, we carefully observed and clearly displayed

the different collateral branches of the tumor’s main blood vessels

(Fig. 2c). As shown in Fig. 2d, the FWHM of the main blood vessels

was analyzed, which also exhibited a high SBR.

Therefore, a lymph node (LN) tumor metastasis model was es-

tablished to evaluate the recognition and tracking ability of FPBI

NCs for early LN metastasis of tumors. FPBI NCs were injected into

the tumor site of the foot pad, and after 30min, utilizing the NIR-

II IVIS spectroscopic imaging system (808nm laser, 500mW/cm2),

the accumulation of FPBI NCs significantly increased in mice with

tumor infiltrating LN due to the specific binding of FA to FA recep-

tors expressed on tumor cells (Fig. 2e). Finally, the primary tumor

and excised LNs were subjected to diagnostic gold standard hema-

toxylin and eosin (H&E) staining. As shown in Fig. 2f, the boundary

between normal tissue and LN tissue is clearly visible, and there is

no residual lymph node at the edge of lymph node tissue, indicat-

ing complete resection of lymph node. Accurately identifying and

dissecting sentinel LN is currently an important method in clini-

cal cancer diagnosis. All animal experimental procedures have been

approved by the Animal Experiment Ethics Committee of Xinjiang

Medical University (No. IACUC-20,220,308–55).

Considering the X-ray absorption ability of Bi2Se3, further am-

plifying the advantages of NIRF imaging and increasing penetra-

tion depth, NIRF imaging was combined with X-ray imaging. As

shown in Figs. 3a and b, after tail vein injection of FPBI NCs, strong

fluorescence signals were observed at the tumor site in the FPBI

NCs group mice at 24h using the IVIS spectroscopic imaging sys-

tem, compared to the ICG group mice. However, no significant flu-

orescence signals were observed in the tumor sites of the PBI NCs

group mice without FA targets (Figs. S8 and S9 in Supporting in-

formation). ICP-MS analysis revealed the distribution of Bi and Se

elements in organs and tumor sites of mice. More Bi and Se el-

ements were concentrated at the tumor site, indicating that FPBI

NCs could slow down the metabolic loss of Bi2Se3 in vivo under

PDA encapsulation, allowing more Bi2Se3 to target the tumor site

(Fig. 3c and Fig. S10 in Supporting information). The in vivo mul-

timodal imaging performance of FPBI NCs was further evaluated.

As shown in Figs. 3f and h, under NIR and X-ray irradiation, the

superimposition of NIR and X-ray imaging effects was successfully

achieved in cervical tumor-bearing mice. Strong fluorescence sig-

nals were observed from the tumor site, accompanied by changes

in high-density shadows. With assistance of FPBI NCs, high spa-

tial resolution in NIRF imaging was achieved, while also providing

deep penetration via X-ray imaging. Integrating NIRF imaging and

X-ray imaging into cancer diagnosis could further obtain more ac-

curate information.

Based on the X-ray imaging performance of FPBI NCs, Micro-

CT was utilized to further investigate the CT imaging effects of

FPBI NCs both in vitro and in vivo. As illustrated in Figs. 3d and

e, with increasing of FPBI NCs concentration, the Hounsfield unit

(HU) value of CT imaging gradually rises, indicating greater absorp-

tion of X-rays. Furthermore, through in vivo CT imaging analysis,

3
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Fig. 2. In vivo NIR-II fluorescence imaging. (a) NIR-II fluorescence images of tumor

site at different times after tail vein injection of 1× PBS and FPBI NCs, and corre-

sponding fluorescence images of organs and tumors tissues in 48h (808nm laser,

500mW/cm2). (b) NIR-II fluorescence intensity analysis of organs and tumors at

48h. Data were presented as mean ± SD (n=3). (c) NIR-II fluorescence microscopic

images of blood vessels in tumor sites. (d) SBR analysis of blood vessels in tumor

sites. (e) NIR-II fluorescence images of metastatic sentinel lymph nodes. (f) H&E

stained sections of primary tumor and metastatic lymph nodes.

it was observed that compared to the control group, tumor mice

injected with FPBI NCs exhibited more pronounced high-density

shadows at the tumor site (Fig. 3g), and the HU value was signif-

icantly higher than that of the control group (Fig. 3i). In the early

detection of tumors, intraoperative navigation, and disease diagno-

sis and treatment in the future, this dual-mode imaging technology

is expected to provide biomedical researchers with more accurate

and comprehensive diagnostic basis, thereby improving treatment

effectiveness and benefiting patients.

As depicted in Fig. S11 (Supporting information), a potent NIR-

I fluorescence signal persisted in vivo for up to 48h, indicating

a prolonged metabolic duration. And major organs (heart, liver,

spleen, lungs, and kidneys) were collected for in vitro fluorescence

intensity analysis (Fig. S12 in Supporting information). The ex vivo

imaging of the organs further corroborated the pronounced flu-

orescence signal originating from the liver. To further assess the

fluorescence stability of FPBI NCs in the in vivo blood circulation

(Figs. S13 and S14 in Supporting information). After 24h of blood

circulation and metabolism, the fluorescence signals from FPBI NCs

in mouse blood had decreased by <50% compared to the fluores-

cence signals after injection for 2h (Figs. S15 and S16 in Support-

ing information), indicating that FPBI NCs, with the assistance of

PDA and Bi2Se3, could slow down the fluorescence quenching of

ICG and improve its fluorescence stability.

The in vivo antitumor efficiency of FPBI NCs was evaluated.

After 24h post-injection, the tumor site was irradiated with an

808nm NIR laser (1W/cm2) for 10min, and the temperature

change of the irradiated site was observed using a thermal imag-

ing instrument (Figs. 4a and b). The results of in vivo photother-

mal imaging experiments showed that under 808nm laser irradia-

tion, FPBI NCs injected through the tail vein absorbed light energy

and converted it into heat energy, causing the temperature of the

mouse tumor site to rise to 53.9 °C, which meets the conditions

for effective tumor PTT [36,37]. Further research was conducted on

the in vivo PTT effect of 808nm laser on cervical tumor-bearing

mice. After 14 days of treatment and observation, mice were euth-

anized and tumors and important organs were removed (Fig. 4c).

The weight comparison analysis of tumors from different groups

showed that the tumor quality of the FPBI NCs+laser group was

significantly lower than that of the other three groups (Fig. 4d).

Fig. 3. In vivo multimodal imaging. (a) NIR-I fluorescence images of tumor sites at different times after tail vein injection of 1× PBS and FPBI NCs, corresponding fluorescence

images of organs and tumors in 48h. (b) Fluorescence intensity analysis of organs and tumors at 48h. (c) ICP-MS analysis of Bi content in organs and tumors at 48h. (d) In

vitro CT images of FPBI NCs dispersion in different concentrations. (e) CT value as a function of concentration of FPBI NCs, slope obtained by linear fitting of the experimental

data is the HU values of FPBI NCs. (f) Dual-modal in vivo imaging integrating X-ray imaging and NIR-I fluorescence imaging and (h) Changes in grayscale values related to

tumor sites. (g) CT imaging of the tumor sites and (i) HU values of the tumor sites. Data were presented as mean ± SD (n=3).
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Fig. 4. (a) Thermal images of PBS and FPBI NCs at tumor sites (1mg/kg) under

irradiation of 808nm laser at 1W/cm2 for 10min. (b) Temperature rise curves of

PBS and FPBI NCs at tumor sites. (c) Tumor images after different interventions.

(d) Tumor weight from different interventions. (e) Tumor volume from different

interventions. (f) Body weight from different interventions. Data were presented as

the mean ± SD (n=4). ∗∗∗P<0.001.

During the entire observation period, the tumor growth of the FPBI

NCs+ laser group showed significant inhibition and ablation effects

(Fig. 4e), the tumor inhibition rate was 86.1%. During the observa-

tion period, there was no significant change in the weight of the

mice (Fig. 4f), after the observation period, the main organs and tu-

mor tissues of the mice were removed and subjected to H&E stain-

ing section observation. No obvious organ inflammation or damage

was found in the sections (Fig. S17 in Supporting information). A

series of biosafety experiments were designed here to evaluate the

biosafety of FPBI NCs (Figs. S18–S20 in Supporting information).

FPBI NCs demonstrated good biocompatibility and in vivo clear-

ance. Hemolysis studies were conducted (Fig. S21 in Supporting

information), FPBI NCs did not exhibit significant hemolysis. The

hemolysis rate tested at a concentration of 100μg/mL was 3.8%,

these findings validated the potential applications of FPBI NCs in

bioimaging and therapy, providing a biosafety foundation for fu-

ture clinical translation.

In summary, a novel type of multifunctional, diagnostic ther-

apeutic integrated nanocomposite material was successfully de-

signed and developed for the combination of NIRF imaging with

X-ray imaging and PTT for cervical cancer. Leveraging the target-

ing capabilities of FA, PDA encapsulated the NIR fluorescent probe

ICG and CT enhancer Bi2Se3, enabling in vivo targeted tracking and

localization of cervical tumors. Furthermore, NIR-II fluorescence

imaging facilitated the observation of tumor microvessels, achiev-

ing a high SBR and deep-tissue penetration capability for tumor

micro tissues. Additionally, it can perform non-invasive, real-time,

and accurate tracking and localization of cervical cancer LN metas-

tasis lesions. This study offers a novel preclinical trial strategy

and approach for the diagnosis and treatment of cervical cancer,

encompassing the integration of multimodal imaging techniques,

monitoring of early metastasis, and treatment methods for cervical

cancer.
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