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phenotypes, which commonly progresses 
from indolent androgen dependence at 
an early stage to aggressive androgen 
independence at a high-grade stage. The 
lack of sensitive and accurate diagnosing 
methods and the limited efficacy of clin-
ical therapeutic strategies (i.e., androgen 
deprivation therapy) toward high-grade 
prostate cancer lead to the disease deterio-
ration and ultimate cancer-related death.[2] 
Specifically, current screening approach of 
prostate cancer in clinics commonly relies 
on in vitro diagnosis of elevated serum 
prostate-specific antigen, which is facile 
but has limited sensitivity and difficulty 
in differentiating benign prostatic hyper-
plasia (BPH) from malignant lesions.[3] 
To achieve an accurate diagnosis, a his-
tological biopsy is frequently required, 
which is invasive and always misses the 
early curable stage.[4] Though noninvasive 
imaging techniques such as magnetic 
resonance imaging, ultrasound and com-
puted tomography (CT) have been sub-

stantially applied to diagnose prostate cancer, most of them are 
not adapted to early diagnosis of cancer due to their insensi-
tivity and inability to discriminate between low-grade primary 
and advanced prostate cancer.[5]

In vivo simultaneous imaging and quantification of multiple 
biomarkers is beneficial to accurately diagnose disease as well 
as decipher fundamental processes through monitoring and 
quantifying different biomarkers at a certain pathological evo-
lution.[6] Activatable probes have attracted increasing attention 
due to their ability to send out specific signals in response to the 
biomarker of interest, enabling real-time, non-invasive detec-
tion of biomarkers with high imaging contrast and sensitivity.[7] 
However, only a few activatable probes have been reported for 
dual- or multi-biomarker imaging, let alone quantification of 
multi-biomarkers.[8] In addition, these probes are mostly fluo-
rescent probes with limited imaging and quantification ability 
due to the shallow penetration depth of fluorescence.[9] By 
contrast, photoacoustic (PA) imaging combines the merits of 
optical and acoustic imaging, which possesses deeper penetra-
tion depth and higher spatial resolution as well as great avail-
ability for imaging and relative quantification of biomarkers 
via activatable PA probes.[10] Besides, among all the imaging 

In vivo simultaneous visualization of multiple biomarkers is critical to accu-
rately diagnose disease and decipher fundamental processes at a certain 
pathological evolution, which however is rarely exploited. Herein, a multi-
modal activatable imaging probe (P-125I) is reported with activatable fluoro-
photoacoustic and radioactive signal for in vivo imaging of biomarkers (i.e., 
hepsin and prostate-specific membrane antigen (PSMA)) associated with 
prostate cancer diagnosis and prognosis. P-125I contains a near-infrared (NIR) 
dye that is caged with a hepsin-cleavable peptide sequence and linked with a 
radiolabeled PSMA-targeted ligand (PSMAL). After systemic administration, 
P-125I actively targets the tumor site via specific recognition between PSMA 
and PSMAL moiety and in-situ generates of activated fluoro-photoacoustic 
signal after reacting with hepsin to release the free dye (uncaged state). P-125I 
achieves precisely early detection of prostate cancer and renal clearance to 
alleviate toxicity issues. In addition, the accumulated radioactive and activated 
photoacoustic signal of probe correlates well with the respective expression 
level of PSMA and hepsin, which provides valuable foreseeability for cancer 
progression and prognosis. Thus, this study presents a multimodal activatable 
probe for early detection and in-depth deciphering of prostate cancer.

ReseaRch aRticle

1. Introduction

Prostate cancer is the second most prevalent cancer diagnosed 
amongst men worldwide and confronts increased morbidity 
and mortality in recent years.[1] Prostate cancer is highly het-
erogeneous with a variety of histopathologic and molecular 
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modalities, radioactive imaging inherently provides absolute 
quantification ability, holding great potential for acquiring accu-
rately quantifiable information of detected biomarkers.[11] Thus, 
multimodal activatable imaging that converges PA imaging 
with radioactive imaging for imaging and quantifying multi-
biomarkers is a promising approach toward precise diagnosis, 
but it has been less explored.

In this study, we report the synthesis of a multimodal activat-
able probe (P-125I) with dual targeting capability for early diag-
nosis of prostate cancer. P-125I contains a near-infrared (NIR) 
dye that is caged with a hepsin-cleavable peptide sequence and 
linked with a radiolabeled prostate-specific membrane antigen 
(PSMA)-targeted ligand (PSMAL). P-125I actively targets tumor 
site via lock-and-key specific recognition between PSMA and 
PSMAL moiety and in-situ generates uncaged free dye with 
spectral change to turn on its fluoro-photoacoustic signal after 
reacting with hepsin. Note that hepsin, as a member of the 
type-II transmembrane serine protease family, is one of the ear-
liest biomarkers in early-stage prostate cancer, which is often 
overexpressed by tenfold relative to normal prostate or BPH.[12] 
However, hepsin has also been found overexpressed in other 
cancers such as ovarian, kidney and breast cancers, and even 
ubiquitously expressed in normal tissues due to its indispen-
sable implication in an oncogenic and physiological process.[13] 
Besides, upregulation of PSMA is a hallmark of prostate cancer, 
though it has been noticed with limited specificity for early 
prostate cancer.[14] Thus, simultaneous detection of hepsin and 
PSMA is vital for not only precise diagnosis of early-stage pros-
tate cancer, but also favoring in-depth understanding of funda-
mental process in tumor progress and invasion. However, few 
probes have been exploited to achieve it so far.

2. Results and Discussion

P-125I was designed with dual-targeting ability endowing a 
hepsin-induced activatable fluoro-photoacoustic and PSMA-
targeted radioactive imaging capability. To achieve this, P-125I 
consists of four components: 1) a specific peptide substrate, 
Ac-Lys-Gln-Leu-Arg-OH (Ac-KQLR) recognized and hydrolyzed 
by hepsin, 2) a self-immolative linker p-aminobenzyl alcohol,  
3) an NIR fluorescence and PA signaling moiety (a hemicyanine 
dye, CyN3OH),[15] and 4) a PSMA ligand (Lys-urea-Glu, PSMAL)  
with 125I labeling to target to PSMA and provide a radioactive 
signal. Non-radioactive probe P is used for further in vitro study. 
The probe is originally non-fluorescent and non-photoacoustic 
because the hydroxyl group is in a “caged” state to cause dimin-
ished electron-donating ability. In the presence of hepsin, the 
amide linkage between Ac-KQLR-OH and the self-immolative 
linker is cleaved, which causes spontaneous 1,6-elimination to 
release Cy-PSMAL-125I at an “uncaged” state. As a consequence, 
the NIR fluorescence and PA signal are activated attributing to 
the enhanced electron-donating ability from the oxygen atom of 
dye at the “uncaged” state (Scheme 1). Besides, the molecular 
recognition between PSMA ligand and PSMA overexpressed on 
the membrane of prostate cancer cells would favor the accumu-
lation of probes within diseased sites and enable real-time long-
term longitudinal imaging.[16] Therefore, the designed probe 
not only can be activated by hepsin with turn-on NIR fluores-

cence and PA signal, but also has the ability to specifically bind 
PSMA on the membrane of prostate cancer cells for long-term 
imaging.

To validate hepsin-induced optical activation of probe P, the 
optical and chemical changes of the probe before and after 
enzymatic cleavage were monitored, respectively (Figure 1). P 
was non-fluorescent and non-photoacoustic with an absorp-
tion maximum at 610  nm at the initial state. After incuba-
tion with hepsin (0.5  µg mL−1) in assay buffer (50  mm Tris, 
pH = 7.4) for 30  min, P presented a dramatic decrease in the 
absorption peak at 610  nm and an emergence of a new peak 
at 695 nm corresponding to its free dye Cy-PSMAL (Figure 1a; 
Figure S1, Supporting Information). At the same condition, P 
showed 70.6-fold enhancement in the fluorescence intensity at 
725  nm and 3.6-fold enhancement in PA intensity at 700  nm 
upon hepsin activation, respectively (Figure 1b,c). High-perfor-
mance liquid chromatography (HPLC) further validated that P 
(retention time, TR  = 24.1  min) was totally cleaved by hepsin 
and converted into free Cy-PSMAL (TR = 22.8 min) (Figure 1d). 
Moreover, after co-incubation with hepsin and its inhibitor 
hexamidine (Hex, 100 µm), no obvious changes of absorption, 
fluorescence, PA spectra, and HPLC trace of P were observed, 
further verifying the hepsin-mediated specific cleavage and acti-
vation of probe. The enzymatic kinetics of hepsin toward P was 
also studied. The enzymatic Michaelis–Menten constant (Km) 
and catalytic rate constant (kcat) of hepsin toward P were calcu-
lated to be 97.57 µm and 3.296 s−1, respectively. Hence, the cata-
lytic efficiency (kcat/Km) of hepsin toward P was calculated to be 
3.37 × 104 m−1s−1 (Figure S2, Supporting Information). Besides, 
free dye Cy-PSMAL that corresponds to the product of P after 
activation by hepsin possessed ideal photostability, predicting 
its suitability for in vivo long-term imaging (Figure S3, Sup-
porting Information). Then, P (10 µm) was incubated with other 
proteases including urokinase (uPA), aminopeptidase N (APN), 
fibroblast activation protein α (FAP-α), and caspase-3 to study 
its selectivity. No fluorescence activation of P was observed, 
demonstrating its high selectivity toward hepsin (Figure S4, 
Supporting Information).

Before investigating the imaging capability of P in pros-
tate cancer cells, the expression levels of hepsin and PSMA in 
prostate cancer cell lines (i.e., LNCaP, PC3, and DU145 cells) 
were evaluated by Western blot analyses.[17] Note that LNCaP 
cells are the most widely used cell line in the study of diag-
nosis and treatment of prostate cancer due to their retained 
biologic and tumor cytological characteristics of early-stage 
prostate cancer.[17e,18] In contrast, PC3 and DU145 cells rep-
resent advanced prostate cancer based on their source of 
origin and aggressive characteristics.[19] The results showed 
that LNCaP cells have an extensive expression of hepsin and 
PSMA at the cell membrane while PC3 and DU145 cells have 
minimal expression of both biomarkers (Figures S5,S6, Sup-
porting Information), which was in accordance with previous 
report.[12e,17a] Then the cytocompatibility of P was studied 
(Figure S7, Supporting Information). 3-(4,5-dimethylthiazol-
2-yl) 2,5-diphenyltetrazolium bromide (MTT) assay indicated 
that P was nontoxic to all the prostate cancer cells.

After that, P was used to detect early-stage prostate cancer 
LNCaP cells with overexpression both of hepsin and PSMA. 
After incubation with P for 2 h, LNCaP cells showed remarkably  
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strong NIR fluorescence, indicating the feasibility of P for 
prostate cancer cell imaging (Figure 2a). Co-staining studies 
confirmed that the P was mainly localized in the mitochondria 
region after hepsin activation (Figure S8, Supporting Infor-
mation). By contrast, no obvious fluorescence was observed 
in other groups including PC3, DU145, and LNCaP cells pre-
treated with Hex (Figure  2a). The quantification analyses 
showed that the fluorescence intensity of P in LNCaP cells was 
10.1-, 10.5-, and 14.8-fold higher than those in PC3, DU145, 
and LNCaP cells pretreated with Hex, respectively (Figure 2b). 
The results confirmed that the fluorescence enhancement was 
derived from P after being activated by hepsin overexpressed 
in LNCaP cells. Then PSMA-targeted ligand (i.e., Glu-urea-Lys) 
was used as the PSMA inhibitor (PSMAI) to competitively bind 
to PSMA and therefore prevent the specific binding between P 
and PSMA. As expected, if pretreatment with PSMAI, the fluo-
rescence intensity of P in LNCaP cells was decreased by 4.8-
fold relative to that treatment with P in LNCaP cells, indicating 
PSMA further favored the targeting efficiency and thereafter 
promoted the probe accumulation and activation in hepsin-
overexpressed LNCaP cells.

PA images and spectra of P after incubation with prostate 
cancer cell lines were also investigated. As shown in Figure 2c, a  

distinct PA signal at 700  nm was observed for LNCaP cells 
treated with P, which was 8.4- and 10.6-fold higher than that of 
PC3 and DU145 cell pellets, respectively. The activated PA spec-
trum of LNCaP cells treated with P resembled the spectrum 
of P upon hepsin activation in aqueous solution, verifying the 
strong PA signal was actually activated by hepsin overexpressed 
in LNCaP cells (Figure  2d). Similar to fluorescence imaging, 
the PA signal could be decreased by 5.6- and 1.8-fold if LNCaP 
cell pellets were pretreated with Hex and PSMAI, respectively. 
These data presented the high imaging specificity and suit-
ability of P to detect early-stage prostate cancer cells from other 
advanced prostate cancer cells.

To study the metabolic pathway and pharmacokinetics of 
probe in vivo, P-125I (200 µCi, 200 µL) was injected into healthy 
mice through tail vein. The excreted urine and blood sample 
were collected for analyses of the metabolic pathway and phar-
macokinetic behavior, respectively. Quantitative analyses of 
radioactive urine until 24 h post intravenous injection indicated 
that the renal clearance efficiency reached 90.4% (Figure S9,  
Supporting Information). Such higher renal clearance was 
attributed to the excellent solubility of probe and thereafter 
facilitated to escape from the mononuclear phagocytic system, 
confirming its ideal biosafety for in vivo utility. At different time 
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Scheme 1. Schematic illustration of multimodal activatable probes for dual-targeting imaging of prostate cancer. a) Syntheses of probe P-125I and 
mechanism of hepsin-induced activatable fluoro-photoacoustic signals (FL and PA). b) Mechanism of P-125I for dual-targeting imaging. After systemic 
injection and circulation into tumor site, probe is 1) activated by hepsin at the cell surface followed by 2) binding to PSMA or the intact probe directly 
2′) binds to PSMA, which will undergo 3,3′) cell internalization via clathrin-dependent endocytosis.[16] 4,4′) The activated probe and the intact probe 
will be transported throughout the cell via endosomes which fuse with a lysosome and undergo lysosome degradation, 5,5′) followed by probe release, 
and may 6) diffuse extracellularly for further hepsin activation and cell internalization.[16] The specific binding between the probe and PSMA refrains 
from fast clearance of probe from tumor site and thus facilitates probe activation and retention.
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points post-injection of P-125I, the blood sample was collected 
from the retinal vein for the radioactivity assay and the blood 
circulation half-life (t1/2) of P-125I was calculated to be 179.2 min 
(Figure S10, Supporting Information), which was ideal for in 
vivo imaging.

After that, P was utilized for in vivo optical imaging of early 
prostate cancer in the subcutaneous LNCaP-, PC3-, and DU145-
tumor-bearing nude mice (Figure 3a–c). After systemic treat-
ment with P (300 µm, 200 µL), NIR fluorescence and PA images 
of mice were acquired over time. As shown in Figure 3a,b, NIR 
fluorescence and PA intensities of LNCaP tumor-bearing nude 
mice treated with P gradually increased over time and reached 
maximum signals at 2 h post-injection. However, the activated 
NIR fluorescence and PA signals could be apparently reduced 
if the LNCaP tumor-bearing nude mice were pretreated with 
Hex, indicating the enhanced signals were derived from over-
expressed hepsin-induced activation of P in LNCaP-xenografted 
tumor (Figure  3d,e). In addition, the in vivo hepsin-induced 
enhanced PA signals were further confirmed by the in vivo PA 
spectrum in LNCaP-xenografted tumor treated with P, which 
resembled the spectrum of P after hepsin activation in vitro 
(Figure  3f). In contrast, no distinct NIR fluorescence and PA 
signals were observed at any time points in control PC3 and 
DU145 xenograft tumors, proving that P had the capability to 
discriminate early prostate cancer from advanced prostate 
cancer (Figure 3a,b).

Interestingly, if the LNCaP xenograft tumor was pretreated 
with PSMAI, NIR fluorescence could be decreased by 2.3-fold 

(Figure  3a,d). Nevertheless, the strong NIR fluorescence of 
LNCaP xenograft tumor after treatment with P decreased quite 
slowly, which was decreased by 51.8% at 8 h post-injection, 
while nearly no signals could be observed at 4 h post-injection 
in the PSMAI-pretreated control group (Figure 3a,d). PA anal-
yses showed similar results (Figure  3b,e). Such phenomenon 
validated the necessity to introduce PSMA ligand in probe P 
to favor the enhanced accumulation and extended retention of 
probes in the tumor region via the lock-and-key affinity between 
PSMA ligand in probe P and PSMA overexpressed in tumor 
region, thus facilitating probe activation for real-time longitu-
dinal imaging. The NIR fluorescence images of various tissues 
in LNCaP tumor-bearing mice for biodistribution study after  
24 h treatment with P were obtained and the fluorescence inten-
sities were quantified (Figure S11, Supporting Information). 
The signal of tumor presented the highest intensity, which was 
1.6- and 9.6-fold higher than those of kidney and liver, respec-
tively. The data were consistent with tumor imaging, further 
verifying the long retention of resulted products after hepsin 
activation in tumor site and their renal excretion pathway. His-
tological studies showed no histological changes after injection 
of P, indicating its biocompatibility (Figure S12, Supporting 
Information).

After confirming in vivo hepsin-induced activated NIR flu-
orescence and PA imaging of early prostate cancer, radiola-
beled P-125I was also applied to detect endogenous PSMA in 
LNCaP, PC3, and DU145 xenograft tumors. After intravenous 
injection of P-125I (200 µCi, 200 µL) into LNCaP tumor-bearing 
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Figure 1. In vitro validation of probe's responsivity toward hespin. a) UV–vis absorption spectra, b) fluorescence spectra, c) PA spectra, and  
d) HPLC analyses of P (10 µm) in the absence, presence of hepsin, or hepsin together with its inhibitor Hex (100 µm) for 30 min at 37 °C in Tris buffer 
(50 mm, pH 7.4). Inset: ambient light photographs, fluorescence, and PA images of P after various treatment at indicated conditions. Fluorescence 
images were collected at 725 nm upon excitation at 650 nm. PA images were acquired with a laser excitation at 700 nm. The values in (c) are shown in  
means ± SD (n = 3).
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living mice, SPECT/CT images showed a strong radioactive 
signal in tumor with a maximum tumor uptake of 17.1 ID g−1 
at 2 h post-injection (Figure  3c,g). Apart from the obvious 
signal from tumor and bladder, negligible radioactivity was 
observed in other organs. Such ideal imaging quality was 
attributed to the excellent targeting ability of probe to bind 
to PSMA resided in tumor cell membrane and fast clearance 
of circulating probe in body. Moreover, a tiny tumor with a 
diameter as small as 2  mm could still be clearly delineated 
in SPECT/CT imaging, verifying the admirable sensitivity and 
excellent specificity of the probe to detect LNCaP xenograft 
tumors (Figure S13, Supporting Information). For the PSMAI-
pretreated group, the tumor still could be delineated and the 
maximum radioactivity was 4.4-fold lower than that of tumor 
treated with P-125I alone at 2 h post-injection. Such ineffective 
inhibitory efficiency was probably due to the higher affinity 
between P-125I and PSMA receptor. By contrast, no radioac-
tivity was detected in PC3 and DU145 xenograft tumors due to 
the deficiency of PSMA on their cell membrane. Biodistribu-
tion quantification in radioactivity was similar to NIR fluores-
cence result (Figure S14, Supporting Information). These data 
proved the high imaging potentiality of P-125I to detect early-
stage prostate cancer.

Based on the statistical analyses of clinical data originated 
from The Cancer Genome Atlas (TCGA),[20] the upregulated 
gene expression of hepsin in prostate cancer is closely corre-
lated with disease-free survival or progression-free survival, pre-
dicting the progression and worse prognosis of disease, which 
was also reported in previous study (Figure S15, Supporting 
Information).[21] Besides, high expression of PSMA gene (i.e., 
FOLH1) suggests the high risk of regional lymph node metas-
tasis for patients (Figure S16, Supporting Information). There-
fore, non-invasive detection and quantification of the expres-
sion level of hepsin and PSMA are meaningful not only for 
diagnosis of prostate cancer, but also for assessment of cancer 
progression and prognosis.

The quantification of hepsin and PSMA using P and its 
radioactive counterpart P-125I was further validated in LNCaP 
tumor-bearing nude mice with different tumor sizes. PA and 
SPECT/CT images were collected 2 h after intravenous injec-
tion of P and P-125I, respectively. As shown in Figure 4a,b, 
the PA intensity at 700  nm substantially increased against 
the tumor size. Tumor-size-dependent hepsin expression was 
determined by Western blotting assays as given in Figure  4c 
and Figure S17, Supporting Information, indicating the hepsin 
expression decreased against the tumor size. As a consequence,  
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Figure 2. In vitro discriminative imaging of LNCaP cells from PC3 and DU145 cells. a) Fluorescence imaging of LNCaP, PC3, and DU145 cells treated 
with P (2 µm, red) for 2 h, and LNCaP cells pretreated with Hex (100 µm), or PSMAI (100 µm) for 1 h, followed by treatment with P for 2 h. Then, the 
cells were further treated with Hoechst 33342 for nucleus staining (blue). Scale bar: 20 µm. b) Quantification of fluorescence intensities of the cells in 
(a). The values are shown in means ± SD (n = 3). c) PA images of cell pellets (LNCaP, PC3, and DU145 cells) after treatment with P (2 µm) together 
with Hex (100 µm) or PSMAI (100 µm) for 8 h. d) The PA spectra of corresponding cell pellets in (c). The values are shown in means ± SD (n = 3). 
Statistically significant difference between the groups (LNCaP and PC3 groups, LNCaP and DU145 groups, LNCaP and LNCaP + Hex groups, and LNCaP 
and LNCaP +PSMAI groups), n = 3, one-way t-test, *p < 0.05, **p < 0.01, and ***p < 0.001. n.s.: no statistically significant differences among the four 
groups (PC3, DU145, LNCaP + Hex, and LNCaP + PSMAI group).
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a non-linear correlation relationship between the PA sig-
nals and hepsin expression level in tumor was obtained 
(Figure  4d). Subsequently, we further quantitatively correlated 
the radioactive signal with the PSMA expression level using a 
similar approach. As shown in Figure  4e–g, radioactive signal 
increased against the tumor size and the PSMA expression level 
decreased against the tumor size, resulting in a linear correla-
tion relationship between the radioactive signals and the PSMA 
expression level (Figure 4h). In combination with PA and radio-
active imaging, in vivo simultaneously quantitative detection of 
hepsin and PSMA expression levels utilizing P and P-125I was 
first achieved, verifying the high promise for early diagnosis as 
well as in-depth cancer staging and prognosis.

3. Conclusion

In summary, we have developed a multimodal activatable probe 
endowing a hepsin-induced activatable fluoro-photoacoustic 
and PSMA-targeted radioactive signal for quantitative visu-
alization of prostate cancer biomarkers. P-125I is designed to 
comprise an NIR dye that is coupled with a hepsin-cleavable 

substrate through a carbamate-based self-immolative linker, 
and linked with a PSMA-targeted ligand on the side. The non-
radioactive probe P can clearly discriminate early-stage prostate 
cancer cells (i.e., LNCaP cells) from advanced prostate cancer 
cells (i.e., PC3 and DU145 cells). After intravenous administra-
tion, the probe efficiently accumulates in the tumors and spe-
cifically activates its NIR fluorescence and PA signals together 
with targeted radioactive signals to detect and quantify the 
expression level of cancer biomarkers (i.e., hepsin and PSMA). 
Meanwhile, the probe shows excellent renal clearance efficiency 
of 90.4% within 24 h post-injection of probe, predicting the 
high biosafety and great potential for clinical translation.

To our knowledge, the probe represents the first multimodal 
activatable reporter with dual targeting capability for early diag-
nosis of prostate cancer. The favorable targeting ability of P-125I 
enables ideal tumor accumulation and ultrasensitive detection 
of tiny tumors with a diameter as small as 2  mm. Because 
hepsin and PSMA are biomarkers for cancer diagnosis as 
well as in association with cancer progression, probe can be 
not only used for early detection of prostate cancer, but also 
potentially explored for the evaluation of cancer malignancy 
and prognosis.

Small 2022, 18, 2201334

Figure 3. In vivo NIR fluorescence, PA, and SPECT/CT imaging of early-stage prostate cancer. Representative a) NIR fluorescence and b) PA images of 
LNCaP-, PC3-, and DU145-tumor-bearing mice at different time points after intravenous injection of P (300 µm, 200 µL), and LNCaP-tumor-bearing mice 
after intravenous administration of P together with Hex or PSMAI. c) Representative SPECT/CT images of LNCaP-, PC3-, and DU145-tumor-bearing 
mice at different time points after intravenous injection of P-125I, and LNCaP-tumor-bearing mice after intravenous administration of P-125I (200 µCi, 
200 µL) together with Hex. Quantification of d) NIR fluorescence intensities at 710 nm and e) PA intensity increment at 700 nm of the tumors as a 
function of post-injection time of probes in (a,b). f) In vivo PA intensity increment spectra of tumors 2 h post-injection of probes. g) Radioactive inten-
sities of tumors as a function of post-injection time of probes in (c). All the values are shown in means ± SD (n = 3). Statistically significant difference 
between the groups (LNCaP and PC3 groups, LNCaP and DU145 groups, LNCaP and LNCaP + Hex groups, and LNCaP and LNCaP + PSMAI groups), 
n = 3, one-way t-test, *p < 0.05, **p < 0.01, and ***p < 0.001.
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4. Experimental Section
Enzymatic Cleavage: Hepsin (100  µg mL−1) was activated first by 

incubating with activation buffer (0.1 m Tris, 10 mm CaCl2, 0.15 m NaCl, 
0.05% Brij-35, pH = 8.0) at 37  °C for 24 h. P (10  µm) was incubated 
with hepsin (0.5  µg mL−1) at 37  °C in assay buffer (50  mm Tris, pH = 
7.4) for 0.5 h. After incubation, UV–vis absorption spectra, fluorescence 
spectra, IVIS images, and PA images of the mixture were recorded and 
then the incubation mixture was injected into HPLC for further analyses. 
For inhibitory experiment, P (10  µm) was co-incubated with hepsin 
inhibitor (hexamidine, 100  µm) and hepsin at 37  °C for 0.5 h in assay 
buffer (50 mm Tris, pH = 7.4).

Cell Imaging: Cells were seeded on a confocal dish (35  mm) with 
1 × 104 cells per dish and cultured with 1  mL medium overnight. The 
medium was removed and the cells were incubated with P (2  µm) at 
37 °C for 0.5, 1, or 2 h. For inhibitory study, LNCaP cells were pretreated 
with hepsin inhibitor hexamidine (100 µm) for 1 h, and then incubated 
with P for 2 h. After that, the medium was removed and the cells 
were washed with PBS for three times. Then the cells were stained 
with lysotracker (LysoGreen, Beyotime Biotechnology) or mitotracker 
(MitoGreen, Beyotime Biotechnology), and stained with Hoechst 33342 
(Beyotime Biotechnology) for the nuclei. Fluorescence images were 
obtained on a confocal laser scanning microscopy (FV1200, Olympus). 
Excitation wavelengths were 405 ± 20  nm for Hoechst 33342, 488 ± 
20  nm for lysosome and mitochondria trackers, and 635 ± 20  nm for 
P. Meanwhile, emission wavelengths were 460 ± 20, 525 ± 20, and 710 ± 
20 nm, respectively.

Tumor Mice Model: All animal experiment protocols were followed 
by the Animal Ethics Committee of the Soochow University Laboratory 
Animal Center (approval number: 202104A0865). To establish tumors 
in 4-week-old male nod-scid mice, LNCaP, PC-3, or DU145 cells (6–8 × 
106 cells each mouse) were suspended in 0.1  mL of 50% v/v mixture 
of matrigel in supplemented PBS (pH = 7.4). Each mouse was injected 
subcutaneously on the right leg with cell-matrigel mixture (0.1  mL). 
Tumors were allowed to grow to a single aspect of 6–8 mm (≈20 days) 
before imaging experiments.

Tumor Imaging: P (300 µm, 200 µL) or P-125I (200 µCi, 200 µL) was 
systematically injected through intravenous injection. Fluorescence, PA, 
and SPECT/CT images were acquired at 0, 0.5, 1, 2, 4, 8, and 12 h post-

injection. Fluorescence images were captured with a 0.1 s acquisition 
time with excitation at 640 ± 10 nm and emission at 720 ± 10 nm using 
an IVIS Spectrum imaging system (PerkinElmer, Inc.). PA images were 
acquired from a multispectral optoacoustic tomography scanner (MSOT, 
iThera medical, Germany) at 700 nm. In vivo PA spectra with excitation 
wavelengths from 680 to 850 nm were acquired from the tumor regions 
after 2h systemic injection of P. SPECT/CT images were obtained with a 
U-SPECT+/CT (MILabs) by detecting gamma rays. For inhibitory group, 
the mice were pretreated with hexamidine (1  mm, 200  µL) through 
intravenous injection.

Statistical Analysis: Data were analyzed by one-way analysis of 
variance using GraphPad Prism 5.0 software and were described as the 
mean ± SDs. Statistical analysis was performed by one-way t-tests for 
comparisons of different groups. Significant differences between groups 
were noted as follows: *p < 0.05, **p < 0.01, ***p < 0.001, and n.s. for no 
significance.
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Figure 4. In vivo quantitative detection of hepsin and PSMA activities. a) Representive PA images of LNCaP-tumor-bearing mice with different tumor 
sizes after 2 h intravenous injection of P (300 µm, 200 µL). b) PA signal at 700 nm and c) hepsin expression levels determined by Western blot assays 
as a function of tumor size. d) Nonlinear-correlation relationship between hepsin expression level and PA signal. e) Representive SPECT/CT images of 
LNCaP-tumor-bearing mice with different tumor sizes after 2 h intravenous injection of P-125I (200 µCi, 200 µL). f) Radioactive signal intensities and  
g) PSMA expression levels determined by Western blot assays as a function of tumor size. h) Linear-correlation relationship between PSMA expression 
level and radioactive signal. All the values are shown in means ± SD (n = 3).
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