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Triple-negative breast cancer (TNBC) presents significant diagnostic and therapeutic challenges due to the
lack of targeted treatments, rapid progression, high recurrence and metastasis rates, and overall poorer
prognosis. Herein, the targeted theranostic platform of cysteine-modified gold nanodots-sulfhydrated
luteinizing hormone releasing hormone (CGN-SLR) nanosystem was designed for target recognition and
precise dual-mode imaging-guided photothermal therapy (PTT) against TNBC. On the one hand, the CGN-
SLR nanosystem can serve as an ideal targeting fluorescent probe and computed tomography (CT) en-
hancer to facilitate the accurate diagnosis and surgical guidance of TNBC. On the other hand, the CGN-
SLR nanosystem with great targeting and PTT ability can significantly inhibit the growth of TNBC, without
causing harm to normal tissues and healthy organs. It provides an effective strategy for the diagnosis and
treatment of TNBC through the rational design of multifunctional nanoplatform with target recognition,

Photothermal therapy

multiple imaging guidance/monitoring, and high-efficiency PTT.

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

Medica, Chinese Academy of Medical Sciences.

Breast cancer is one of the most common malignancies in
women, accounting for 11.7% of all cancer cases globally. Its in-
cidence is rising, with new cases expected to increase to over 40%
by 2040 [1,2]. Among its subtypes, triple-negative breast cancer
(TNBC) accounts for 10%-15% of cases and is particularly aggres-
sive. TNBC presents significant clinical challenges due to its high
invasiveness and metastatic potential, leading to poor prognosis
and increased recurrence risk. Traditional single-mode diagnosis
methods struggle with accuracy in detecting TNBC, and there are
no targeted therapies currently available, making the development
of effective diagnostic and treatment strategies for TNBC an urgent
clinical priority [3-6].

The development of nanomaterials offers new hope for the
diagnosis and treatment of TNBC [7-10]. This approach involves
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the application of nano-drug delivery systems to facilitate im-
mune activation, enhance drug accumulation, and integrate multi-
modal therapeutic strategies to improve therapeutic efficacy while
minimizing side effects [11-13]. Among them, gold nanoparticles
(GNPs) possess excellent fluorescent properties and X-ray attenua-
tion ability, making them ideal for fluorescence and computed to-
mography (CT) imaging [14-16], significantly improving cancer de-
tection [17,18]. GNPs also exhibit excellent photothermal proper-
ties, which are used in photothermal therapy (PTT), a non-invasive
technique that converts light into heat to selectively destroy tu-
mor cells [19,20]. Additionally, based on the easy surface function-
alization of gold-based nanomaterials, they can be used as carriers
to load drugs, peptides, antibodies, which can endow them with
more functions, such as labeling, targeting, and intelligent release
of drugs [20,21].

Target recognition is important for diagnosis and treatment
[22]. Although TNBC lacks specific molecular targets, researchers
are actively exploring and developing novel targeting strategies
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Scheme 1. The preparation of CGN-SLR and utilized for target recognition and pre-
cise dual-mode imaging-guided PTT against TNBC. SLR-R: Sulfhydrated luteinizing
releasing hormone receptor.
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[23-27]. Luteinizing hormone releasing hormone is a polypeptide
released in a pulsatile manner by the hypothalamus. Its main
function for women is regulating the release of estrogen and
progesterone and the formation of menstruation [28]. Luteiniz-
ing hormone releasing hormone receptors can be expressed in
sex hormone-dependent tumors, such as prostate cancer, and
ovarian cancer [29-31]. There have been reports indicating sat-
isfactory outcomes in the diagnosis and treatment of prostate
cancer through luteinizing hormone releasing hormone-modified
nanoparticles [32]. At present, TNBC has limited effectiveness with
targeted therapies due to the absence of key receptors commonly
targeted in other breast cancer subtypes. Therefore, the high ex-
pression of luteinizing hormone releasing hormone receptors in
TNBC presents a promising target for both diagnosis and treatment
[33,34].

To address the challenges in diagnosing and treating TNBC,
the targeted theranostic platform of cysteine (Cys)-modified
gold nanodots-sulfhydrated luteinizing hormone releasing hor-
mone (CNG-SLR) nanosystem was designed for target recogni-
tion and precise dual-mode imaging-guided PTT. First, we suc-
cessfully developed Cys-modified gold nanodots (CGN), where
Cys acts as both an etching ligand and a stabilizing agent.
These fluorescent gold nanodots exhibited ultra-small size, ex-
cellent biocompatibility, robust fluorescence, favorable thermo-
dynamic properties, and notable X-ray attenuation capabilities.
Then, 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) and
N-hydroxysuccinimide (NHS) were used to activate the carboxyl
group of CGN, and subsequently, the activated carboxyl group
formed an amide bond with the amino group of SLR, result-
ing in the successful development of CGN-SLR nanosystem with
targeted recognition function. This multifunctional nanosystem
demonstrated not only outstanding targeted dual-mode imaging
capabilities (fluorescence and CT), offering a diagnostic reference
for non-invasive preoperative diagnosis of TNBC but also achieved
precise targeted PTT for TNBC (Scheme 1). This work offers a
promising direction for combining TNBC diagnosis and treatment.

An advanced CGN-SLR nanosystem was designed for imaging-
guided targeted PTT of TNBC. First, the Cys-stabilized fluores-
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cent gold nanoclusters were synthesized by ligand-induced etch-
ing via a top-down approach. Large-sized but non-fluorescent Au-
tetrakis(hydroxymethyl)phosphonium chloride (THPC) NPs were
prepared by reducing chloroauric acid (HAuCly) using THPC as a
reducing agent and ligand. Then, to obtain CGN, Cys with excellent
biocompatibility was used to etch Au-THPC NPs.

The morphology and structure of the CGN-SLR nanosystem
were investigated. As shown in Figs. 1a and ¢, CGN and CGN-SLR
prepared by this method spherical appearance under the transmis-
sion electron microscope (TEM). According to particle size analysis,
the CGN particles exhibited uniform size, and an average size of
approximately 2.99 &+ 0.07 nm (Fig. 1b). The carboxyl group present
on the surface of CGN is capable of forming an amide bond with
the amino group on the surface of SLR. This allows SLR to be ef-
fectively attached to the surface of CGN. The chemical structure of
SLR is shown in Fig. S1 (Supporting information). After modifica-
tion, the morphology of CGN-SLR was almost unchanged, the par-
ticle size was still spherical, and the size was about 3.25 4 0.05 nm
(Fig. 1d). Particle size is a critical factor in the delivery and
clearance of nanodots. Literature data indicates that nanoparti-
cles with diameters smaller than 20 nm, penetrate tumor tissues
more effectively and distribute drugs more uniformly across the
tumor site due to their small size [35-37]. Moreover, it is shown
that small-size nanoparticles, <10 nm, exhibit efficient renal clear-
ance and low accumulation in reticuloendothelial system (RES) or-
gans, thus reducing systemic toxicity [38]. As a result, nanodots
with a size of 3.3nm should be a good candidate for improved
pharmacokinetics, enhanced therapeutic efficacy and reduced
toxicity.

Due to the large number of carboxyl groups on the surface
of Cys, CGN was negatively charged with zeta potential —32 mV.
After connecting the SLR (zeta potential 33.3mV), the CGN-SLR
tended to be electrically neutral (zeta potential —3.7 mV) (Fig. 1e),
which could be beneficial because neutral or slightly negatively
charged nanodots could resist the protein adsorption for a longer
time [39,40]. Thus reducing the non-specific interactions, enhanc-
ing their stability in the bloodstream, and improving the delivery
efficiency to tumors. The ultraviolet absorption spectrum of CGN,
SLR, and CGN-SLR are shown in Fig. 1f. SLR had a characteristic
absorption peak at 273 nm, and CGN had a wide absorption in the
test range. The characteristic absorption peak of CGN-SLR appeared
at 260nm with a slight blue shift compared with SLR. We fur-
ther confirmed the successful conjugation between CGN and SLR
using Fourier transform infrared spectroscopy (FTIR), as depicted
in Fig. 1g. Both SLR and CGN-SLR exhibited a characteristic peak
at 667 cm~!, corresponding to the benzene ring. Additionally, the
presence of a peak near 3498 cm~!, indicative of the phenolic hy-
droxyl group, was observed in both samples, providing evidence
of the successful connection between CGN and SLR. Interestingly,
CGN displayed a characteristic carboxyl group peak at 3446 cm™!,
which disappeared in CGN-SLR. The above results all suggest that
the carboxyl group of CGN has formed an amide bond with the
amino group of SLR, providing strong evidence for successful con-
jugation.

The composition and valence structure of CGN-SLR was ana-
lyzed by X-ray photoelectron spectroscopy (XPS). Fig. 1h shows
the elemental composition of CGN-SLR, which includes Au, S, C,
and O. The Au 4f orbital binding energy spectrum reveals two dis-
tinct peaks at 84.35eV (Au(l)) and 88.10eV (Au(0)) (Fig. 1i). The
Au(0) facilitates the nucleation of nanodots, while Au(I) forms Au-
S bonds, ensuring NPs stability and fluorescence [41]. The pres-
ence of Au-S bonds enhances structural integrity and fluorescence.
The 2p orbital binding energy spectrum of S exhibits characteristic
peaks at 163.3 and 167.85eV, which are mainly attributed to the
formation of Au-S bonds with Au(I) (Fig. S2 in Supporting informa-
tion).
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Fig. 1. Characterization of CGN-SLR nano-system and the dual-mode imaging performance of CGN-SLR. (a) TEM image of CGN. (b) Particle size distribution of CGN. (c) TEM
image of CGN-SLR. Scale bar: 20 nm. (d) Particle size distribution of CGN-SLR. (e) Zeta potential measurement. (f) Ultraviolet absorption spectrum of CGN-SLR and CGN.
(g) FTIR confirms the successful conjugation between CGN and SLR. (h, i) XPS reveals the composition and valence structure of CGN-SLR. (j) Emission spectra of both CGN
and CGN-SLR were obtained when excited at 410 nm. Inset: Photographic images of a CGN-SLR solution illuminated with a 410 nm wavelength. (k) Fluorescence intensity of
CGN-SLR exposed under UV light for various periods. (1) The CT intensity variation of CGN-SLR was measured at different concentrations (50, 100, 200, 300, 400, and 500

pg/mL). Inset: CT images captured at varying mass concentrations of CGN-SLR.

The optimal function of a fluorescent probe lies in its fluores-
cence stability, ensuring that the endosome environment is suf-
ficiently complex to prevent fluorescence quenching. As depicted
in Fig. 1j, CGN-SLR exhibits a vibrant blue fluorescence upon ul-
traviolet excitation. Post-conjugation with the targeting agent, the
position and intensity of the fluorescence emission peak remain
largely unaltered, which underscored the sustained robustness of
CGN-SLR fluorescence characteristics. The prepared CGN and CGN-
SLR exhibits remarkable fluorescence stability, with negligible fluc-
tuations observed in both emission peak position and intensity
over 21 days (Figs. S3a and b in Supporting information). We con-
ducted a study on the photostability of CGN-SLR solution by ex-
posing it to ultraviolet light for 4h. As shown in Fig. 1k, the fluo-
rescence intensity of CGN-SLR remained almost unchanged, and no
fluorescence bleaching was observed, indicating that CGN-SLR pos-
sesses excellent photostability. Given the intricate physiological mi-
lieu within organisms, we systematically probed alterations in fluo-
rescence characteristics across diverse pH ranges and the presence
of varying ion species. As illustrated in Fig. S3c in Supporting infor-
mation, CGN-SLR evinced sustained fluorescence stability despite
high concentrations (200 mmol/L) of K*, Ca?+, Na*, and MgZ* ions,
and the fluorescence attributes of the specimen exhibited robust
constancy within the pH spectrum of 4-10 (Fig. S3d in Supporting
information). Notably, this compelling evidence underscores the
prospective viability of the synthesized CGN-SLR for in vivo flu-

orescence tracing applications, benefiting from their resilience to
physiological conditions and ionic environments. This exceptional
fluorescence stability underscores the potential of these nanodots
for fluorescence-based imaging technologies.

As we have already mentioned, gold nanomaterials are highly
regarded as an optimal contrast agent in vivo studies, achieving ef-
fective tumor accumulation and longer circulation times than stan-
dard small-molecule agents for CT imaging in living mice, due to
their excellent biocompatibility, stable physicochemical properties,
facile chemical synthesis and functionalization [15]. Furthermore,
gold nanomaterials possess exceptional X-ray attenuation capabili-
ties [14,42,43]. The synthesized CGN-SLR also exhibited remarkable
CT imaging performance. We conducted CT imaging at various con-
centrations (50, 100, 200, 300, 400, and 500 ug/mL) to observe the
relationship between concentration and CT intensity, revealing a
clear linear correlation (R? =0.9947, Fig. 11). These findings further
highlight the potential of the prepared CGN-SLR as an effective CT
imaging enhancer.

In this study, we employed MDA-MB-231 cells, a widely rec-
ognized cell line representing TNBC [44]. Notably, the cell lines
have demonstrated substantial luteinizing hormone releasing hor-
mone receptor expression [31,45]. Human umbilical vein endothe-
lial (HUVE) cells were chosen as the control group. To affirm the
biocompatibility of CGN and CGN-SLR, they were cultured within
HUVE cells (Figs. S4a and c in Supporting information) and MDA-
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Fig. 2. Targeting specificity assays of CGN and CGN-SLR in MDA-MB-231 cells. (a)
MDA-MB-231 cells were treated with CGN at 2, 4, and 6h. (b) MDA-MB-231 cells
were treated with CGN-SLR over the same periods. Scale bar: 50 pm. (c) Flow cy-
tometry analysis (PB 450 channel) of the percentage of fluorescent-positive MDA-
MB-231 cells after treatment with CGN and CGN-SLR for 2, 4, and 6 h. (d) Quantita-
tive analysis of blue fluorescence areas in (a) using Image ] software. (e) Statistical
analysis of flow cytometry data from (c) using GraphPad Prism (9.5.1). Data are pre-
sented as mean =+ standard deviation (SD) (n=3). ****P <0.0001.

MB-231 cells (Figs. S4b and d in Supporting information) for 24
and 48h. Various concentration gradients of CGN and CGN-SLR
were employed: 0, 100, 200, 300, 400, and 500 pg/mL. After 24
and 48h of incubation, even at a concentration as high as 500
pg/mL. The survival rates of HUVE cells (Figs. S4a and c) and MDA-
MB-231 cells (Figs. S4b and d) remained above 80%, suggesting
that both CGN and CGN-SLR exhibit good biocompatibility. We
chose 400 pug/mL for the following experiment. This robust viability
indicates that the synthesized nanomaterials possess ideal biocom-
patibility.

The capacity of CGN-SLR to target TNBC cells is pivotal for real-
izing a multifunctional approach to diagnosing and treating TNBC.
Cellular internalization was visualized using confocal laser scan-
ning microscopy (CLSM). The intracellular cytoskeleton was fluo-
rescently labeled with green fluorescence, while blue fluorescence
indicated CGN and CGN-SLR. As illustrated in Fig. 2a, after a 2h
exposure period with CGN, MDA-MB-231 cells exhibited minimal
blue fluorescence. The blue fluorescence signal corresponding to
CGN-SLR in tumor cells was significantly higher than that observed
in the non-targeted CGN group (Fig. 2b). Furthermore, at 4 and 6 h,
the fluorescence intensity in MDA-MB-231 cells treated with CGN-
SLR was markedly stronger compared to the CGN group. Quantita-
tive analysis was performed using Image ] software, revealing that
after 2h of the treatment period, the blue fluorescence area per-
centages for the CGN and CGN-SLR groups were 8.53% and 41.6 %,
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respectively. This substantiates the expedited intracellular uptake
of targeted nanomaterials. The targeted group maintained its su-
perior intracellular delivery capability. At 4 and 6h, the propor-
tions of targeted nanomaterials entering tumor cells were 53.6%
and 71.3 %, respectively, whereas the non-targeted group exhibited
values of 20.7% and 40.6 % (Fig. 2d).

The synthesized CGN-SLR in this study exhibits remarkable flu-
orescence characteristics and can be efficiently detected using the
fluorescence channel of flow cytometry. To further investigate cel-
lular uptake, MDA-MB-231 cells were treated with CGN and CGN-
SLR, and subjected to flow cytometry analysis in the PB 450 chan-
nel (excitation at 405nm and emission at 450nm). The corre-
sponding results are presented in Fig. 2c. In the CGN group, the
percentage of cells exhibiting positive PB 450 channels increased
gradually over time, with values of 9.34%, 16.2%, and 38.7% after
2, 4, and 6h of treatment duration, respectively. In contrast, the
CGN-SLR group displayed significantly higher percentages of cells
with positive PB 450 channels, reaching values of 47.9%, 54.6%,
and 62.3% at the corresponding time points (Fig. 2e). Hence, owing
to the targeted effectivity of SLR for luteinizing hormone releasing
hormone receptors on the breast cancer cell membrane, CGN-SLR
exhibited swifter and greater uptake by MDA-MB-231 cells than
CGN [27]. CGN-SLR shows improved cellular uptake compared to
CGN, highlighting its potential as a targeted delivery system. SLR
guides CGN-SLR to the luteinizing hormone releasing hormone re-
ceptors, promoting quicker and more frequent entry into TNBC
cells, which lays the groundwork for effective diagnosis and treat-
ment of TNBC and offers valuable insights for future biomedical
applications.

To clarify the differences in the uptake of CGN-SLR between
TNBC cells and normal cells, we conducted additional studies fo-
cusing on the uptake by HUVE cells over the same time intervals
as MDA-MB-231 cells using both CGN and CGN-SLR, assessed by
CLSM and flow cytometry. CLSM images of HUVE cells treated with
CGN and CGN-SLR showed no significant differences at any time
point (Figs. S5a and b in Supporting information). This observation
was further confirmed by quantitative analysis using Image ] soft-
ware (Figs. S5d in Supporting information). Flow cytometry results
revealed that the percentages of CGN internalized by HUVE cells at
2, 4, and 6h were 11.6%, 15.5%, and 31.3 %, respectively. Similarly,
the percentages of CGN-SLR uptake were 8.73%, 13.6%, and 30.6%
at the corresponding time points, with no statistically significant
differences between the two groups (Figs. S5c and e in Support-
ing information). Comparing TNBC tumor cells and HUVE cells, we
observed significantly higher nanoparticle uptake by MDA-MB-231
cells over the same period. Notably, a statistically significant differ-
ence was evident as early as 2 h, highlighting the enhanced target-
ing ability of SLR, which promoted the rapid entry of CGN-SLR into
tumor cells.

Studies indicate that the cell membrane is negatively charged,
hence nanoparticles with positive charges are more likely to en-
ter the cells [46]. However, CGN was negatively charged, and the
zeta potential of CGN-SLR was close to 0mV. So, was the ability
of CGN to enter MDA-MB-231 cells more quickly and in greater
numbers compared to CGN-SLR due to the difference in charge?
To address this, Au-PEI NDs were synthesized using PEI as a lig-
and as a control, with a particle size of 1.96+£0.02nm and a zeta
potential of 19.43 mV (Figs. S6 and S7 in Supporting information).
Cytotoxicity testing was then conducted for the Au-PEI NDs, fol-
lowed by CLSM and flow cytometry assays (Fig. S8 in Supporting
information). The results suggested that compared to CGN, Au-PEI
indeed could enter tumor cells in greater numbers at the same
time, nevertheless, the degree of cellular internalization was found
to have been substantially lower in comparison to that achieved
by CGN-SLR (Fig. S9 in Supporting information). Hence, our find-
ings suggest that CGN-SLR can exhibit enhanced and faster cellu-
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Fig. 3. Photothermal performance of the CGN-SLR nanosystem and in vitro evaluation of targeted PTT effects. (a) Temperature changes in CGN-SLR and PBS upon 808 nm
laser irradiation at 2.0 W/cm? for 10 min. (b) Temperature changes in CGN-SLR under varying laser power densities (1,1.5, 2.0, 2.5, and 3.0 W/cm?) for 10 min. (c) Thermal
cycling performance of CGN-SLR. (d) Infrared thermal images of PBS and CGN-SLR exposed to an 808 nm NIR laser at 2.0 W/cm? for 10 min. (e) CCK-8 assay result of CGN and
CGN-SLR upon 808 nm laser irradiation (2.0 W/cm?) for different durations (0, 2, 4, 8, and 10min). (f) Co-staining of MDA-MB-231 cells with calcein-AM (live cells, green)
and propidium iodide (dead cells, red) after different treatments. (g) Assessment of MDA-MB-231 cell migration 48 h post-treatment. Scale bar: 100 um. (h) Visualization of
apoptosis in MDA-MB-231 cells under control, CGN-SLR, single PTT, and CGN-SLR + PTT conditions. (i) Statistical analysis of migration data is depicted in (g). (j) Statistical
analysis of apoptosis data is shown in (h). Data presented as mean 4 SD (n=3). *P <0.05, ***P <0.001, ****P < 0.0001.

lar uptake in MDA-MB-231 cells due to the specific recognition of
SLR for luteinizing hormone releasing hormone receptors [47,48].
The excellent targeting ability of CGN-SLR toward TNBC cells pro-
vides a strong foundation for multimodal imaging and PTT in
TNBC.

Nanomaterials with targeting functions can selectively accumu-
late within tumor cells. By selectively irradiating these accumu-
lated areas, highly targeted PTT of tumor cells can be achieved, re-
ducing damage to the surrounding normal tissue [49]. PTT holds
promise as a viable treatment approach for various tumor types,
encompassing solid and invasive tumors, thereby presenting a vi-
able option for patients afflicted by multiple tumors. Notably, in
the case of breast cancer, its relatively superficial location com-
pared to other solid tumors renders it an optimal candidate for PTT
treatment [50,51].

Elevated temperatures exceeding 41 °C have been observed to
lead to the denaturation of proteins and transient inactivation of
cells, which could extend for several hours [52]. In the context of
PTT, when temperatures surpass 48 °C, thermal ablation initiates
a cascade of effects, including profound and irreparable protein
denaturation, DNA damage, and the disruption of cellular defenses
[53]. In this research, we delved into the photothermal effects
stemming from applying CGN-SLR. At an 808 nm near-infrared
wavelength, CGN-SLR showed significantly higher absorption com-
pared to PBS, providing a basis for PTT (Fig. S10 in Supporting
information). We selected 808nm irradiation at 2.0W/cm? for

10 min and compared the CGN-SLR group with the PBS group. The
temperature in the CGN-SLR group increased by 15.2 °C, while
the PBS group showed a rise of <5 °C (Fig. 3a). Fig. 3d provides
a clear visualization of the temperature increase in the CGN-SLR
nano-system. As depicted in Fig. S11 (Supporting information)
and Fig. 3b, upon exposure to an 808 nm laser at power levels
ranging from 1 W/cm? to 3W/cm? for 10 min with a concentration
of 400ug/mL, CGN and CGN-SLR solutions exhibited a positive
correlation between temperature variations and laser power. As
the concentration of CGN-SLR increases, the temperature elevation
under 808 nm laser irradiation at a power density of 2.0 W/cm?
also shows a gradual upward trend (Fig. S12 in Supporting infor-
mation). Remarkably, when subjected to a power of 2.0 W/cm?2 for
10 min, the temperature in CGN and CGN-SLR groups surged by
13.6 and 15.2 °C, respectively. With the human internal temper-
ature estimated at 37 °C, and the ability to attain temperatures
exceeding 48 °C, a critical threshold for complete tumor cell
ablation becomes evident. To assess the photothermal durability
of CGN-SLR, it was exposed to an 808 nm laser for 10 min and
allowed to cool to room temperature. This process was repeated
multiple times. The CGN-SLR maintained a consistent maximum
temperature throughout these cycles, indicating its robust and
sustained photothermal properties with minimal attenuation (Fig.
3c). This observation suggests that the material exhibits strong
photothermal properties, indicating its potential for sustained and
recurrent tumor treatments.
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Based on our photothermal property findings, we chose a laser
intensity of 2.0W/cm? for the subsequent cell experiments. MDA-
MB-231 cells were treated with CGN and CGN-SLR for 6h, then
exposed to an 808 nm laser for different durations: 0, 2, 4, 8, and
10min. Cell quantification was conducted using the cell count-
ing kit-8 (CCK-8). The results shown in Fig. 3e indicate that after
10 min of laser irradiation, the viability of MDA-MB-231 cells in the
CGN-SLR group was significantly reduced, with a cell survival rate
of approximately 20 %, compared to 46% in the CGN group. The in-
hibitory effect of the CGN-SLR group on both cell lines was greater
than that of the CGN group. This augmentation can be attributed
to the affinity of SLR to the luteinizing hormone releasing hormone
receptors in the aforementioned tumor cells, facilitating enhanced
cellular internalization of targeted nanodots [29,54]. These results
underscore the nanomaterial’s promising potential for PTT within
biological systems.

Building on this observation, we visually demonstrated the pho-
tothermal efficacy of CGN by using propidium iodide (PI) stain-
ing to indicate cell death and calcein-AM staining to represent
viable cells. MDA-MB-231 cell lines, when treated with CGN-SLR
combined with PTT, exhibited intense crimson fluorescence com-
pared to the CGN combined with the PTT group. These cellular ex-
periments not only validate the enhanced targeting precision but
also highlight the potent phototherapeutic potential of CGN-SLR in
treating TNBC (Fig. 3f).

Subsequently, the ability of CGN-SLR-mediated PTT to inhibit
tumor cell migration was evaluated. A scratch assay was per-
formed to evaluate cell migration. As shown in Fig. 3g, the mi-
gration rate of MDA-MB-231 cells in the CGN-SLR combined with
the PTT group exhibited a significant reduction. In contrast, the
migration ability of cells in the PTT-only group or the CGN-SLR-
only group was not notably different from the control group (cells
treated with Dulbecco’s modified Eagle medium) (Figs. 3g and i).
This finding demonstrates that the targeted CGN-SLR towards TNBC
cells enhances the PTT effect, effectively inhibiting the migratory
capabilities of breast cancer cells, and suggesting potential an-
timetastatic properties.

Furthermore, to comprehensively evaluate the impact of the
experimental interventions on cellular dynamics, Annexin V-
fluorescein isothiocyanate (FITC)/PI apoptosis detection was metic-
ulously conducted across the aforementioned experimental co-
horts. Our results further confirm the excellent biocompatibility
of both CGN and CGN-SLR. However, following their combination
with PTT treatment, we observed that the CGN-SLR group exhib-
ited a more pronounced ability to promote apoptosis in TNBC cells
compared to the CGN group (Figs. 3h and j). This collective evi-
dence further solidifies the robust targeted PTT efficacy of CGN-
SLR.

To address the limitations of single-modality imaging in clinical
settings, our study delved into the dual-modality targeted imag-
ing capabilities of CGN-SLR for TNBC, aiming to more accurately
pinpoint tumor locations and provide complementary information
for tumor detection. Given the in vitro validation of CGN-SLR’s su-
perior targeting ability to TNBC cells, we proceeded to in vivo ex-
periments to further substantiate these findings. All animal exper-
iments were approved by the Ethics Commission on Animal Use at
Jilin University first hospital (approval number: 20240292). We in-
travenously administered CGN-SLR to 4T1 tumor-bearing mice (tu-
mor volume 1000 mm?3) through the tail vein. Utilizing the ani-
mal fluorescence imaging system, observations revealed that at 1h
post-injection, CGN-SLR exhibited systemic distribution, with no-
ticeable accumulation at the tumor site becoming apparent around
the 2h mark, gradually diminishing by approximately 8h. Corre-
spondingly, the CGN dispersed throughout the body within 1h af-
ter intravenous injection, gradually dissipating after 4h, and no
significant accumulation was observed at the tumor site (Fig. 4a).
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Studies have shown that passively targeted nanomaterials may
only reach a small portion of solid tumors, and the permeability of
tumor vasculature may not be as pronounced as suggested by the
enhanced permeation and retention (EPR) effect hypothesis [24].
Therefore, actively targeted nanotechnology offers significant ad-
vantages in tumor diagnosis and treatment. Consequently, at the
4h time point, mice were euthanized under anesthesia for organ
imaging. We observed that tumor tissue exhibited a strong fluo-
rescence signal in the CGN-SLR group compared to the CGN group
(Fig. S13 in Supporting information).

Given the conspicuous accumulation of CGN-SLR at the tumor
site approximately 2h post-injection, we conducted CT imaging.
Remarkably, the CT signals at the tumor site displayed a marked
enhancement (Figs. 4b and c). In summary, the imaging capabil-
ity of CGN-SLR at the tumor site is superior to that of CGN. This
also indicates that the modification with SLR enhances the uptake
of CGN by TNBC tumor cells, thereby improving the imaging effec-
tiveness at the tumor site.

To further evaluate the therapeutic effect of CGN-SLR on TNBC,
we conducted experiments in 4T1 tumor-bearing BALB/c mice
(4T1 cells are mouse-derived cells recognized as representative of
TNBC). One week after the subcutaneous implantation of 4T1 cells,
tumor volume was measured every 2 days. When the tumor vol-
ume reached 70 mm?3, CGN-SLR was intravenously injected via the
tail vein. After 2-3 h, the tumors were irradiated with an 808 nm
laser at a power density of 2.0 W/cm? for 10 min. After 10 min of
irradiation with an 808 nm laser (2.0 W/cm?2), the temperature at
the tumor site in the CGN-SLR group rapidly increased to approx-
imately 50 °C (Fig. 4d). This significant temperature rise can be at-
tributed to the high enrichment of CGN-SLR at the tumor site. In
contrast, the CGN group showed minimal temperature change. This
observation further supports the potential of CGN-SLR for effective
tumor PTT.

The treatment was repeated every 2 days for a total period of
two weeks, and finally, tumor volume and weight outcomes were
observed. In parallel, control groups were set up, including a PBS
group, a PTT-only group, and a group treated with CGN followed
by PTT. Notably, the results revealed a significant reduction in tu-
mor volume within the CGN-SLR combined with PTT group com-
pared to the other cohorts (Fig. 4e). Specifically, the tumor vol-
ume consistently remained below 100mm? in the targeted treat-
ment group, while reaching approximately 800 mm? in the CGN-
treated combined with PTT group. Conversely, both the PTT-only
and PBS groups exhibited tumor volumes around 1800 mm?3, signi-
fying minimal impact from these interventions (Fig. 4f). This dis-
crepancy underscores the importance of SLR-mediated targeting in
facilitating the accumulation of CGN at the tumor site, thereby
augmenting the efficacy of PTT.

To confirm the physiological safety of CGN-SLR, we monitored
the body weight of mice in all treatment groups throughout the
experiment. Results indicated no significant weight loss in the
CGN-SLR combined with the PTT treatment group (Fig. 4g). We
further assessed hematological safety and potential effects on vi-
tal organs in BALB/c mice. Hemolysis experiments revealed that
the hemolysis rate of CGN-SLR at a concentration of 500pg/mL
was below 5%, showing no significant statistical difference com-
pared to the PBS group (Fig. S14 in Supporting information). Ad-
ditionally, we examined the impact on major organs, including
the heart, liver, spleen, lungs, and kidneys, across all treatment
groups. As shown in Fig. 4h, compared to the PBS group, no sig-
nificant changes were observed in the major organs of mice across
all treatment groups. These findings underscore the overall safety
profile of CGN-SLR in vivo. Therefore, we believe that CGN-SLR can
enhance the efficacy of PTT by targeting TNBC, effectively inhibit-
ing tumor growth while also demonstrating good in vivo biocom-
patibility.
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Fig. 4. In vivo targeting fluorescence/CT imaging and assessment of targeted PTT efficacy and safety. (a) The tumor sites and fluorescence signals detected after intravenous
injection of CGN and CGN-SLR with an animal fluorescence imaging system. (b) CT imaging of the tumor-bearing mouse before and 4 h after injection of CGN-SLR. (c) Three-
dimensional CT imaging corresponding to the same mouse as shown in (b). (d) Thermal imaging of tumor-bearing mice following administration of CGN and CGN-SLR. (e)
Post-experiment photographs of mice from each treatment group. I, II, IIl, and IV represent the PBS, PTT, CGN+PTT, and CGN-SLR+PTT groups, respectively. (f) Tumor volume
changes were monitored after treatments were administered every two days for two weeks across different treatment groups. ****P < 0.0001. (g) Body weight changes of
mice in each group over the treatment period. (h) Histological examination (HE staining) of major organs at the end of the experiment. Scale bar: 50 pm. Data are presented

as mean + SD (n=>5).

In summary, we successfully developed a targeted CGN-SLR
nanosystem for dual-modal FL and CT imaging-guided PTT against
TNBC. The modification with SLR enabled precise targeting of TNBC
cells by specifically recognizing luteinizing hormone releasing hor-
mone receptors thereby enhancing the accumulation of the CGN-
SLR nanosystem at tumor sites and improving its targeting speci-
ficity. This high targeting specificity facilitated accurate tumor lo-
calization through dual-modal imaging, offering a promising non-
invasive approach for precise diagnosis of TNBC and guidance for
cancer therapy. Furthermore, the targeted PTT strategy demon-
strated superior tumor ablation efficacy compared to non-targeted
systems, significantly inhibiting tumor growth in TNBC-bearing
mice. Overall, the CGN-SLR nanosystem provides valuable insights
and strategies for precise tumor diagnosis and treatment, holding
great promise for advancing targeted therapies for TNBC.
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