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Prostate cancer (PCa) is characterized by high incidence and propensity for easy metastasis, present-
ing significant challenges in clinical diagnosis and treatment. Tumor microenvironment (TME)-responsive
nanomaterials provide a promising prospect for imaging-guided precision therapy. Considering that
tumor-derived alkaline phosphatase (ALP) is over-expressed in metastatic PCa, it makes a great chance
to develop a theranostics system with ALP responsive in the TME. Herein, an ALP-responsive aggregation-
induced emission luminogens (AlEgens) nanoprobe AMNF self-assembly was designed for enhancing the
diagnosis and treatment of metastatic PCa. The nanoprobe exhibited self-aggregation in the presence of
ALP resulted in aggregation-induced fluorescence, and enhanced accumulation and prolonged retention
period at the tumor site. In terms of detection, the fluorescence (FL)/computed tomography (CT)/magnetic
resonance (MR) multi-mode imaging effect of nanoprobe was significantly improved post-aggregation, en-
abling precise diagnosis through the amalgamation of multiple imaging modes. Enhanced CT/MR imaging
can achieve assist preoperative tumor diagnosis, and enhanced FL imaging technology can achieve “in-
traoperative visual navigation”, showing its potential application value in clinical tumor detection and
surgical guidance. In terms of treatment, AMNF showed strong absorption in the near infrared region
after aggregation, which improved the photothermal treatment effect. Overall, our work developed an

effective aggregation-enhanced theranostic strategy for ALP-related cancers.
© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia
Medica, Chinese Academy of Medical Sciences.

Prostate cancer (PCa) is a highly prevalent tumor of the male
genitourinary system and one of the leading causes of cancer death
in men worldwide [1,2]. Due to its bone-philicity, it is prone to
bone metastasis. The precise diagnosis and treatment of metastatic
PCa still face many clinical challenges. In terms of diagnosis,
current clinical imaging techniques such as computed tomogra-
phy (CT), magnetic resonance imaging (MRI), and choline positron
emission tomography (PET) have been used to diagnose PCa and its
metastases [3]. However, traditional contrast agents (such as iodine
small-molecule) have high toxic and side effects, and are limited to
single-mode imaging, which faces challenges such as insufficient
resolution and sensitivity [4,5]. It is difficult to accurately deter-
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mine the location of PCa, making surgery face great challenges.
Fluorescence (FL) imaging is a promising imaging method that can
be used for disease surveillance and guiding surgery. Many fluo-
rescent probes have been successfully used for imaging biological
tissues, such as carbon dots and down-conversion nanoparticles.
Unfortunately, these fluorescent probes face the challenges of flu-
orescence bleaching, high toxicity, hydrophobicity, and low quan-
tum yield when imaging in vivo [6]. In terms of treatment, the
main treatment methods for metastatic PCa are androgen depriva-
tion therapy (ADT) and chemotherapy. However, ADT often causes
drug resistance, making PCa transform into castration-resistant PCa
(CRPC), which seriously affects the quality of life of patients [7]. In
addition, systemic toxicity and side effects hinder the further ap-
plication of chemotherapy [8]. In conclusion, it is of great clinical
significance to design a theranostic platform that can accurately di-
agnose and treat PCa with bone metastases.

1001-8417/© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.
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In recent years, nanomaterials have been widely used in
the biomedical field including biosensing, biomedicine, diagnostic
imaging and oncotherapy. In particular, gold nanoparticles (AuNPs)
have attracted much attention from researchers due to their excel-
lent fluorescence properties, biocompatibility, and ease of surface
functionalization [9-13]. Manganese (Mn) is an essential trace el-
ement for maintaining human physiological functions, while Mn?*
is a paramagnetic metal ion with promising MRI effect and widely
used in biomedicine [14,15]. Based on the advantages of AuNPs
and Mn2*, developing an effective and simple method to assemble
AuNPs and Mn2* into a single multifunctional spherical nanoparti-
cle can better exert their advantages in tumor diagnosis and treat-
ment. Notably, the antitumor effect of gold-based nanomaterials is
closely related to their size. The smaller AuNPs (<20 nm) have bet-
ter fluorescence properties, deeper tissue penetration, and more
uniform diffusion within the tumor tissue [16-18]. Unfortunately,
they are easily excreted by the body, resulting in insufficient tu-
mor accumulation, making diagnostic and therapeutic efficacy lim-
ited [19]. Larger AuNPs (>100nm) can exert enhanced permeabil-
ity and penetration (EPR) effects and generally exhibit strong ab-
sorption in the near infrared (NIR) region, making them suitable
for photothermal therapy (PTT) [20,21]. However, they are easily
captured by the reticuloendothelial system (RES), leading to un-
satisfactory treatment outcomes [22]. To resolve the above contra-
dictions, stimulus-induced size aggregation systems may provide a
solution while taking full advantage of nanoparticles.

To date, researchers have developed a number of techniques to
induce nanoparticle aggregation, such as external stimuli (temper-
ature, light, electric and magnetic fields, etc.) or the tumor mi-
croenvironment (TME, pH, redox species, etc.) [23]. Recently, re-
searchers have found that self-assembly of nanoparticles can also
be effectively triggered by enzymes that are overexpressed in TME,
along with the aggregation-induced emission (AIE) phenomenon
[24-26]. Alkaline phosphatase (ALP) has been reported to be over-
expressed on the membrane structures of certain tumors, such as
liver cancer, cervical cancer, osteosarcoma, and especially advanced
PCa with bone metastasis [27-29]. It has become an important
biomarker for targeted imaging, diagnosis, and therapy of related
cancers. ALP is characterized by dephosphorylation effect on its
substrates to produce more hydrophobic products, along with self-
assembly (or aggregation) of products [30]. Therefore, the develop-
ment of an ALP-triggered aggregation of gold-based nanomaterials
at the tumor site may be a novel and effective strategy for improv-
ing the diagnostic accuracy and therapeutic efficacy of metastatic
PCa in clinic.

Inspired by the strategy of enzyme-mediated nanoparticle ag-
gregation in situ, we designed ALP-triggered AlEgen nanoprobe
self-assembly for aggregation-enhanced multi-mode imaging and
PTT of metastatic PCa (Scheme 1). Firstly, Au/Mn nanodots (AMN)
with excellent biocompatibility, multi-mode imaging and PTT func-
tion were prepared. Then, AMN combined with ALP-responsive
peptide (Phe-Phe-Tyr(H,PO3)-OH, designated as FTp) to form
AMN-FTp (AMNF) through amidation. In ALP-positive tumor tis-
sues (such as metastatic PCa), after ALP-catalyzed dephosphoryla-
tion, the products can self-assemble through intermolecular inter-
actions (e.g., intermolecular H-bonds, hydrophobic interactions and
m—m stacking) due to the strong hydrophobic effect of benzene
ring exposure, showing significant aggregation at the tumor site
[27,31,32]. TME-responsive in situ aggregation of nanoprobe may
have three obvious advantages: (1) Increasing the concentration
and retention time of the nanodots (NDs) at the tumor site. (2)
The multi-mode imaging effect (FL/CT/MR) can be significantly im-
proved after aggregation, and the accurate diagnosis of PCa and its
metastases can be achieved by combining multiple imaging modal-
ities. In addition, enhanced FL imaging can realize “intraoperative
visualization navigation” and provide good guidance for clinical
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Scheme 1. Schematic illustration of (a) preparation and ALP-triggered self-assembly
of AMNF nano-system, and (b) used for enhanced multi-mode imaging and pho-
tothermal therapy of metastatic prostate cancer.

surgery. (3) After aggregation, AMNF has a strong absorption in the
NIR region to further improve the PTT effect.

The ALP-triggered self-assembly of AMNF nano-system were
synthesized for enhanced multi-mode imaging and PTT of
metastatic PCa, as shown in Scheme 1. Firstly, the AMN with ultra-
small size and good biocompatibility were synthesized by electro-
chemical exchange method. It can be seen from the transmission
electron microscopy (TEM) images that the morphology of AMN is
spherical and the size was about 4.6nm (Fig. S1a in Supporting
information). The hydration particle size of the solution of AMN
was about 27.25 nm, which was slightly larger than the size mea-
sured by TEM in the dry state (Fig. S1b in Supporting information).
The fluorescence property of AMN was investigated. As shown in
Fig. S2 (Supporting information), AMN displayed a strong emission
peak at 376 nm excitation. The magnetic responsiveness of AMNF
was investigated (Fig. S3 in Supporting information). The magne-
tization curve showed that the AMN have a good superparamag-
netism (magnetic coercivity at 298K is close to 0Oe). Superparam-
agnetism is beneficial for MRI in vivo, which can not only reduce
the energy loss, but also keep the imaging intensity stable. Fur-
thermore, the chemical composition and elemental valence states
of AMN was assessed by X-ray photoelectron spectroscopy (XPS).
XPS survey spectrum of AMN contains characteristic peaks of Au
4f, Mn 2p, S 2p, O1s and C1s (Fig. S4 in Supporting information).
As shown in Fig. S5 in Supporting information, the Au 4f peaks
at 88.80 and 85.05eV indicate the coexistence of Au(0) and Au(l)
[33]. Au(0) is conducive to the nucleation of nanodots. Au(l) can
react with the sulfhydryl group of the ligand to form Au-S bond,
which not only gives nanodots the bright and stable fluorescence
characteristics, but also enhances the stability. The Mn 2p peaks
at 653.80 and 642.40eV were assigned to Mn2*, which provides
the possibility for MRI in vivo (Fig. S6 in Supporting information)
[34]. The characteristic peaks at 163.50 and 164.60eV were at-
tributed to S 2p (Fig. S7 in Supporting information). Thus, AMN
with ultra-small size, excellent fluorescence and magnetic proper-
ties were synthesized.

To achieve the strategy of enzyme-induced nanoparticle aggre-
gation in situ, ALP-responsive nanoprobe AMNF was synthesized by
connecting AMN with the ALP-sensitized peptides (FTp) through
amide bond. The zeta potential of the AMNF was investigated by
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Fig. 1. ALP-mediated self-assembly of AMNF. (a) TEM image and (b) hydration particle size distribution of the AMNF after the addition of ALP (30U/mL, 37°C) for 2h. (c)
Fluorescence spectra of AMN, and AMNF following incubation with varying concentration (0, 10, 20, 30, 40 and 50U/mL, 37°C) of ALP for 2h. (d) Fluorescence intensity
of AMNF incubated with trypsin, BSA, lysozyme, ACP or ALP. (e, f) Temperature-dependent photoluminescence emission spectra of AMNF after the addition of ALP under
376 nm excitation. (g) UV spectra of AMN, AMNF and AMNF + ALP. (h) Temperature change of the PBS (as control), AMN, AMNF and AMNF + ALP solution under the 808 nm
laser irradiation as a function of irradiation time. (i) Infrared thermal images of PBS (as control), AMN and AMNF + ALP solution under the 808 nm laser irradiation as a

function of irradiation time.

dynamic light scattering (DLS) (Fig. S8 in Supporting information).
AMN had a large negative charge (—30.4+2.61 mV), while AMNF
was close to neutral (—7.11+0.94mV) when connected to posi-
tively charged FTp (+6.94+3.58 mV), indicating that the surface
potential of AMNF was partially neutralized. As shown in the in-
frared spectrogram, there was no characteristic peak of AMN at
785 cm~!, the characteristic peak of benzene appeared in both
FTp and AMNF at the same position. Meanwhile, FTp and AMNF
showed characteristic peaks at 1016-1223 cm~!, which may be at-
tributed to the P=0 and P-O bond stretching vibration peaks of
FTp (Fig. S9 in Supporting information). These results indicate that
AMN and FTp are successfully connected. The spectra of proton nu-
clear magnetic resonance ('H NMR) were demonstrated in Fig. S10
(Supporting information). The presence of resonances at 7.13 ppm
was attributed to the characteristic peak of benzene of FTp. The
characteristic peak of benzene also presented at the same position
of AMNEF. These results supported the formation of the stable struc-
ture of AMNF.

The ALP-mediated self-assembly of AMNF was evaluated in
vitro. After ALP-catalyzed dephosphorylation, the exposed benzene
ring of the products has a strong hydrophobic effect, and AMNF
can achieve self-aggregation through efficient intermolecular inter-
actions (e.g., intermolecular H-bonds, hydrophobic interactions and
w—m stacking) [27,31]. It can be seen directly from the TEM im-
ages that after adding ALP, the size of aggregate particle is about
165nm, indicating that there is self-assembly among nanoparti-

cles happened in the presence of ALP (Fig. 1a). The self-assembling
behavior of AMNF was further evaluated through DLS. Upon ALP
treatment, the hydration particle size of AMNF was increased to
1069 nm (Fig. 1b). In addition, after ALP-catalyzed dephosphoryla-
tion, the solution of AMNF gradually changed from clear to cloudy,
which could be recognized with the naked eye (Fig. S11 in Sup-
porting information). These results supported that the enzyme-
mediated self-assembly of AMNF took place. Next, the responsive-
ness of AMNF to ALP was detected by fluorescence spectroscopy.
As shown in Fig. 1c, the fluorescence intensity increases with the
increase of ALP concentration, indicating that AMNF has a good re-
sponsiveness to ALP. There is a good linear relationship between
the fluorescence intensity centered at wavelength of 624 nm and
ALP concentrations (R? =0.988, Fig. S12 in Supporting information).
A subsequent test of AMNF selectivity toward ALP over other rep-
resentative enzymes (e.g., trypsin, BSA, lysozyme, acid phosphatase
(ACP)) showed that only ALP could show a significant enhance-
ment of the fluorescent signal (Fig. 1d). This suggests that AMNF
has the potential to be used as an ALP-specific biosensor for mon-
itoring ALP activity in complex biological samples.

In 2001, Tang’s group puts forward the concept of AIE, de-
scribing an abnormal phenomenon that weak fluorescence or even
no fluorescence in solution but strong emission once aggregated,
which is opposite to the aggregation-caused quenching (ACQ) ef-
fect [35-38]. When the nanodots gather, the molecular confor-
mation is highly distorted and the intramolecular motion is re-
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stricted, regulating the energy release of the excited state, leading
to brighter fluorescence. Therefore, we support that “restricted in-
tramolecular motion (RIM)” is the main cause of AIE phenomenon.
To test this hypothesis, we restricted intramolecular motion by
changing the external environment (decreasing the temperature).
We studied emission behavior of AMNF + ALP at low temperatures,
at which their intramolecular motion will be strongly suppressed
(Figs. 1e and f). The results showed that the fluorescence intensity
of AMNF +ALP increased gradually as the temperature decreased
from 290K to 90K. In the absence of ALP, the fluorescence in-
tensity of AMNF did not change with the decrease of temperature
(Fig. S13 in Supporting information). In summary, the intramolec-
ular rotation of AMNF + ALP is strongly inhibited at low tempera-
ture, resulting in enhanced fluorescence, which is consistent with
the properties of AIE.

To verify the responsiveness of AMNF to ALP, the visible-NIR
spectrum was detected. As shown in Fig. 1g, the absorption of
AMNF + ALP was obviously higher than that of AMN and AMNF,
indicating that AMNF has more potential for PTT in the presence
of ALP. Then, photothermal properties were evaluated. As shown
in Fig. 1h, under the irradiation of 808 nm laser at 2.0 W/cm?, tem-
perature raise of AMNF + ALP was faster and higher (the maximum
temperature raise, ATmax = 13.5°C) at each point in time than that
of AMNF (ATpax =7.8°C) and AMN (ATmax =7.5°C). The tempera-
ture increases of the phosphate buffered saline (PBS; as control)
was negligible. The temperature changes between the different
groups can also be more intuitively observed with infrared thermal
images (Fig. 1i). The above results strongly confirm that the ALP-
indicated aggregation of AMNF enhances the photothermal proper-
ties, which can be used as the potential photothermal agent (PTA)
for PTT.

Good biocompatibility is the foundation for further applica-
tions of nanomaterials. Therefore, we applied the Cell Counting Kit
8 (CCK8) method to evaluate the biocompatibility of the AMNE.
Different concentration of AMN and AMNF (0, 12.5, 25, 50, 100,
and 200pg/mL) were co-cultured with PC-3 and MCF-7 cells for
24h (Figs. 2a and b) and 48h (Fig. S14 in Supporting informa-
tion). As shown in the figures, even at the highest concentration
(200 pg/mL), the cell viability of PC-3 and MCF-7 can still be main-
tained at over 80%. Moreover, with the extension of co-culture
time, the cells survival rate was still above 80% (Figs. S14a and b).
These results indicating that AMNF have good biocompatibility.

Then, we conducted in vitro cell experiments to validate the
ALP-responsive characteristics, the binding ability and localization
of AMNF with tumor cells. Initially, we utilized flow cytometry to
assess the fluorescence intensity of PC-3 and MCF-7 cells after 12 h
of co-culturing with AMN and AMNF, respectively (Figs. 2d and e).
When PC-3 cells were co-cultured with AMNF, the average fluo-
rescence intensity was significantly increased compared to AMN.
However, the average fluorescence intensity of ALP negative MCF-7
cells co-cultured with AMNF or AMN had no significant difference
(Fig. 2c). The results indicated that the AMNF can be stimulated to
aggregate by highly expressed ALP in PC-3 cells, thereby inducing
intense fluorescence intensity.

Based on flow cytometry results, we used confocal microscopy
to visually observe the aggregation of AMNF in cells. The con-
focal microscopy results showed that the fluorescence signal of
AMNF group was obvious in PC-3 cells, and the fluorescence in-
tensity of PC-3 cells with AMNF was 2.93-fold compared with AMN
(Figs. 2f and g). On the contrary, there was no significant difference
in fluorescence intensity between AMNF and AMN in MCF-7 cells
(Figs. 2h and i). Both of flow cytometry and confocal microscopy
results confirmed that AMNF significantly aggregated in PC-3 cells,
increasing the concentration of intracellular nanoparticles. Further-
more, the enhanced fluorescence intensity suggests that it can be
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used as an excellent fluorescence probe for the diagnosis of ALP-
related tumors.

For advanced PCa, particularly metastatic PCa, where surgery is
not suitable, conservative treatment modalities such as ADT and
chemotherapy play a crucial role. However, ADT often leads to the
development of resistance, resulting in the transition of PCa to
castration-resistant prostate cancer (CRPC). Chemotherapy can po-
tentially cause severe side effects and systematic toxicity. PTT is a
recently developed cancer treatment modality that utilizes PTAs to
convert near-infrared light into heat, effectively ablating tumors. In
comparison to traditional advanced PCa therapies, PTT exhibits sig-
nificant advantages in terms of precise spatial-temporal position-
ing and reduced invasiveness. To study the effect of PTT in vitro,
CCK8 assay was applied (Fig. 2j). After laser irradiation for 1, 3 and
5min, PC-3 cells viability of AMNF and AMN groups decreased sig-
nificantly. This result indicates that gold-based nanomaterials have
the potential for clinical PTT. Notably, AMNF exhibited greater cy-
totoxicity compared to AMN under the same photothermal condi-
tions. This may be due to the fact that in PC-3 cells, AMNF showed
significant aggregation, which further enhanced the PTT effect. En-
hanced PTT effect simultaneously induces morphological of PC-3
cells changes (Fig. S15 in Supporting information), exhibiting sig-
nificantly signs of apoptosis and excellent in vitro therapeutic ef-
fects.

To further improve the imaging and diagnostic accuracy of
metastatic PCa, the ALP-responsive multi-mode imaging probe
AMNF was designed. First, the FL imaging performance was eval-
uated in vitro. After the addition of ALP, the fluorescence emission
intensity of AMNF increased by about 1.9 times (Fig. 3a). The dif-
ference of fluorescence intensity before and after aggregation can
be visually seen from fluorescence images (Fig. 3b). Meanwhile, CT
signals were also gradually enhanced after different concentrations
(50, 100, 150 and 200 pg/mL) of AMNF incubation with ALP, which
were higher than that of AMN at the same concentration (Fig. 3c).
The CT signal value and image brightness are proportional to the
concentration, so the enrichment degree of AMNF can be quanti-
tatively analyzed according to the imaging effect (Fig. 3d). In addi-
tion, after the addition of ALP, the MR signal intensity of different
concentrations of AMNF also increased, and was higher than that
of the same concentration of AMN (Fig. 3e). This may be attributed
to the fact that after the aggregation of AMNF triggered by ALP,
the T; of water protons is gradually shortened due to the change
of particle size, thus producing brighter T;-weighted MR images
(Fig. 3f).

After confirming the ALP sensitivity of AMNF through in
vitro experiments, we further conducted research on its ALP-
responsive multi-mode imaging (FL/CT/MRI) in PCa tibial metas-
tasis xenografted mice. All animal experiments were approved by
the Ethics Commission on Animal Use at Jilin University First Hos-
pital. FL images showed that the fluorescence signal intensity of
PCa bone metastasis site in the AMNF group gradually increased
over time and reached a peak at 3h after injection (Fig. 3g and
Fig. S16 in Supporting information). The region of the fluorescence
signal was also expanded, and the whole tumor was lit up at 3 h.
The contrast between the tumor and the surrounding normal tis-
sue was obvious, showing a clear tumor border. On the contrary,
AMN showed a weaker FL signal in tumor tissues, and the flu-
orescence signal gradually diminishes after injection. These find-
ings suggested that AMNF can achieve efficient aggregation and
retention at the tumor site. The great FL imaging effect of AMNF
achieved in this study holds the potential for “intraoperative de-
tection” and can serve as a valuable guidance tool for clinical sur-
gical procedures. Subsequently, the fluorescence distribution in re-
sected organs and tumors was observed in the different groups.
The results showed that the tumors of the “aggregate” group of
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mice showed significantly higher fluorescence (Fig. S17 in Support-
ing information).

Then, to explore the possibility of AMNF as contrast agent, we
evaluated CT/MR imaging efficacy of AMNF in PCa bone metasta-
sis model. As shown in Fig. 3h, the CT imaging results demon-
strated the enhancement in brightness after injection of both AMN
and AMNF. However, the difference lies in the fact that CT en-
hancement caused by AMNF increased over time and could be sus-
tained for a longer duration than AMN. CT intensity of AMN group
exhibited a continuous decreasing after injection, whereas AMNF
peaked at 3h after injection (Fig. S18 in Supporting information).
This result may be attributed to the ability of ALP in the PCa bone
metastasis to induce the aggregation of AMNF, thereby prolonging
their retention time at the tumor site. As for MRI detection, we
confirmed that injection of AMN and AMNF can achieve enhance-
ment in MRI within the bone metastatic lesions of PCa (Fig. 3i).

Similar to the CT results, from the brightness perspective of MRI,
AMNF demonstrates a stronger enhancement effect compared to
AMN.

Taken together, supramolecular self-assembly of nanoparticles
successfully occurred in vivo through our novel strategy of in situ
inducing of nanoparticle aggregation based on ALP. The aggrega-
tion of nanoparticles not only reduces spread and prolongs their
retention time, but also achieves enhanced FL/CT/MR multi-mode
imaging effect. With the ability of aggregation in situ and enhanced
multi-mode imaging effect, the AMNF nano-system provides pre-
cise localization of PCa bone metastasis. This unique capability em-
powers surgeons to identify lesion locations both preoperatively
and during surgery, thereby enhancing the accuracy of PCa imag-
ing prior to the procedure and guiding intraoperative resection. By
harnessing the complementary strengths of each imaging modality,
the AMNF nano-system exhibits its potential for clinical applica-
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tions in cancer detection and surgical guidance, offering promising
prospects in the field of oncology.

In this study, we employed AMNF for PTT in PC-3 bone metasta-
sis xenograft models (Fig. 4a). After the model of PCa tibial metas-
tasis was established, the mice were randomly divided into six
groups: Control, NIR, AMN, AMN + NIR, AMNF and AMNF + NIR.
To monitor the spatial temperature distribution and temperature
evolvement of the tumor in real time, temperature changes were
continuously monitored using an infrared thermal imaging cam-
era (Fig. 4b). After 5min of 808 nm laser irradiation at 2.0 W/cm?,
the temperature at the tumor site in both AMN and AMNF group
rapidly increased. Meanwhile, the temperature changes in the PBS
group were not significant. Importantly, temperature raise of AMNF
was faster and higher (the maximum temperature approximately
55°C) at each point in time than AMN. This may be due to the ag-
gregation of AMNF induced by the ALP in vivo, thereby enhancing
its photothermal effect. Based on the potential for PTT of the AMNF
nano-system, different groups of mice were treated. As shown in
Fig. 4c, the PCa bone metastasis-growth in AMNF + NIR group was
slower than that in other groups. Significantly, our findings re-
vealed that the tumor volume observed in the AMNF + NIR group
exhibited a notable reduction compared to the AMN + NIR group

(Fig. 4c and Fig. S19 in Supporting information), consistent with
the in vitro data.

After administering various treatments, hematoxylin and eosin
(H&E), immunohistochemistry and immunofluorescence staining
of tumor sections were performed to provide additional evi-
dence of the therapeutic effect of the nano-system on metastatic
PCa (Fig. 4e). The H&E staining results indicated that both
AMN +NIR and AMNF+NIR groups have caused certain cyto-
toxic effects on tumor tissues. This could be attributed to pho-
tothermal ablation based on gold-nanomaterials. However, what
differs is that the tumor apoptosis area is significantly higher
in the AMNF+NIR group (65.80%43.42%) compared to the
AMN + NIR group (53.80%+ 1.64%) (Fig. 4f). This result could be
due to the enhanced PTT effect of PCa after the aggregation of
AMNE. Subsequently, different groups of tumor tissues were col-
lected for immunohistochemical staining (caspase-3 and Ki67), as
well as immunofluorescence staining terminal deoxynucleotidyl
transferase-mediated dUTP nick-end labeling (TUNEL). Caspase-
3 is a crucial enzyme that plays a vital role in the process
of cell apoptosis. The quantitative analysis of caspase-3 stain-
ing revealed that AMNF + NIR group exhibited the highest abun-
dance of positively stained cells (90.6%+2.30%) (Fig. 4h). TUNEL
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Fig. 4. Photothermal therapy effect in vivo and detection of PCa proliferation and apoptosis after therapy. (a) Schematic diagram showing the establishment of tibial metas-
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volume and (d) body weight collected from mice with different treatment groups. (e) H&E staining of tumor sections after different treatments; immunohistochemistry
staining of the caspase-3 and Ki67, immunofluorescence staining of TUNEL of the tumor tissues on the 16" day after different treatments. Scale bar: 20 pm. Quantitative
analysis of the (f) tumor cell apoptosis, (g) Ki67-positive cells, (h) caspase-3 positive cells and (i) TUNEL-positive cells in tumor sections after different treatments. The data

exhibited as mean+SD (n=5). ***P <0.001.

is method widely used to detect apoptotic cells. In this work,
we performed TUNEL staining and conducted quantitative anal-
ysis (Figs. 4e and i). The quantitative analysis of TUNEL posi-
tive area in AMNF+ NIR group (71.02% +3.03%) was much higher
than that in other groups, such as Control (8.04%40.90%), AMN
(14.28% £ 3.25%), AMNF (21.94% +5.47%), NIR (44.92% 4 2.20%), and
AMN +NIR (57.76% +2.02%). This observation strongly suggests
that the AMNF+NIR group achieved the highest level of tumor
cell apoptosis among the experimental groups. Ki67 is an indica-
tor of tumor proliferation. The results showed that the tumor sec-
tions from the AMNF + NIR group had lowest level of Ki67 protein
content (Fig. 4e). Furthermore, quantitative analysis of Ki67 pos-
itive staining cells showed that AMNF + NIR group (10.6% + 1.14%)
was significantly lower than that of other groups (Fig. 4g). Overall,
these results further confirmed that high ALP environment within
the PCa region can induce the aggregation of AMNF, thereby en-
abling enhanced PTT capabilities upon laser irradiation.

Toxicity to the organism is also one of the important aspects
considered when evaluating the application of nanomaterials. The
body weight change is one of the primary indicators of organism
intoxication. As shown in Fig. 4d, the weight changes among the
various experimental groups of tumor-bearing mice did not exhibit
any significant differences. Furthermore, on the 16t day, histologi-
cal analysis of major organs was conducted to provide further con-
firmation regarding the biosafety of the nano-system (Fig. S20 in
Supporting information). H&E staining of the heart, liver, spleen,
lung and kidney in all treatment groups revealed no discernible
signs of organ damage or abnormalities. This observation indicates
the absence of systemic or chronic toxicity of AMNF nano-system.

In summary, based on enzyme-mediated self-assembly strat-
egy, we prepared an ALP-responsive AIEgen AMNF for aggregation-
enhanced diagnostic and therapeutic efficacy of metastatic PCa.
Upon dephosphorylation in the presence of ALP, AMNF self-
assembles into large aggregates. After aggregation, AMNF achieved
high accumulation and prolonged retention time at the tumor
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site. The results of in vivo and in vitro experiments showed that
AMNF can significantly improve the FL/CT/MR multi-mode imag-
ing effect after aggregation, and realize the accurate diagnosis of
metastatic PCa. In addition, the absorption of AMNF was signifi-
cantly enhanced after aggregation, further improving the effect of
PTT in vitrofin vivo. It is anticipated that the enzyme-responsive
AlEgen could become a valuable tool in the clinic for the diagnosis
and treatment of ALP-related cancers.
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