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CHEMISTRY

Rapid sorting and auxiliary evaluation of malignant
breast tumors by accurate imaging analysis of

metastasis-related biomarker

Shan Zuo', Yanhua Li’, Yushi Chen?, Gangwei Jiang1*, Zhixuan Zhou’, Tian-Bing Ren’,
Lanlan Chen?, Sulai Liu®, Shulin Huang4*, Xiao-Bing Zhang‘, Lin Yuan'*

Accurate differentiation of benign and malignant breast tumors is paramount for establishing schemes of breast
cancer treatment and prognosis. Here we report a near-infrared (NIR) fluorescence probe (YF-1) with the overex-
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pressed cathepsin C (CTSC) in metastatic breast tumors as the detecting substrate. This probe allows accurate
identification of malignant tumor tissue specimens among tumor tissue specimens with unknown properties in a
blind study. Importantly, a series of visible to NIR CTSC-activated fluorescence probes based on the same strategy
realize effective identification of malignant tumor tissues, suggesting that CTSC could be the specific identifica-
tion substrate of malignant breast tumors. Furthermore, a hydrophilic PEG moiety is coupled into YF-1, producing
another CTSC-activated NIR probe (YF-2). YF-2 has excellent tumor-targeting capability, enabling the visualization
of lung-metastatic breast tumors. The excellent detection accuracy and construction versatility of CTSC probes

pave the way for preoperative diagnosis of malignant breast tumors.

INTRODUCTION

Tumors are serious threats to human health and have become the
leading cause of mortality (I, 2). In various types of tumors, breast
tumors are at the forefront of morbidity and mortality among fe-
males (3). Breast tumors can be classified into benign and malignant
tumors based on the phenotypic appearance, tumor size, and stage.
Generally, benign breast tumors grow slowly and have clear bound-
aries and regular morphology. Malignant breast tumors display the
rapid rate of growth and phenotypic appearance over benign breast
tumors and have a lot of pseudopods to erode the normal glands,
which endow it with a high metastatic potential (4). Notably, more
than 90% of breast cancer mortalities are caused by metastasis (5-7).
Clinically, the breast tumors enlarge rapidly over a short period due
to the transformation of tumor’s characteristics from benign into
malignant (8). Therefore, identification of the tumor’s characteristic
(benign/malignancy) is of great concern for the early and accurate
diagnosis of breast tumors (9, 10).

Until now, some medical imaging techniques have been applied
for the diagnosis of breast cancers, including magnetic resonance
imaging, positron emission tomography, x-ray computed tomogra-
phy, ultrasound, and so on (11-13). These techniques can visualize
the location and size of tumors but are difficult to provide tumor’s
characteristic. The clinical diagnosis of malignant breast tumors
mainly relies on the needle biopsy, which is a time-consuming and
painful process (14-16). Moreover, needle biopsy could induce im-
plant metastasis and cannot map the metastasis extent of malignant
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breast tumors (17). As a crowded topic in recent years, fluorescence
probe-based imaging techniques have made great strides in the
early diagnosis of diseases by virtue of their unique merits including
no radiation exposure, noninvasiveness, high sensitivity, and real-
time imaging (18-25). On account of the abnormal biomolecular
content/activity {reactive species [reactive oxygen (ROS), reactive
nitrogen (RNS), and reactive sulfur (RSS)] and enzymes} and mi-
croenvironments (pH, polarity, and viscosity) in tumors, research-
ers have developed numerous fluorescence probes to diagnosis and
imaging tumors (26-31). Nonetheless, small differences of these
abnormal indexes between benign and malignant tumors have
made it difficult to reveal the carcinogenic characteristics of tumors.

Cathepsins, a class of enzymes that degrade proteins, are present in
all animals and other organisms and play an important role in main-
taining cellular homeostasis. Categorized by their structure and cata-
lytic mechanism, there are more than a dozen members in this enzyme
family (32-34). Among these members, Cathepsin C (CTSC) has
been confirmed to be strongly associated with breast cancer metasta-
sis to the lung, while there is no obvious significance to primary tumor
growth (35). Clinical research has indicated that high CTSC activity
was associated with an increased incidence of brain and lung metasta-
ses and low survival of patients with breast cancer (36). Further stud-
ies revealed that CTSC had higher activity in metastatic tumors over
primary tumors, and CTSC promoted cancer cell proliferation in the
lungs at an early stage of breast cancer metastasis (fig. S1). (37). Con-
sidering that metastasis is an outward manifestation of malignancy;,
we speculated that CTSC might be a potential candidate for identify-
ing carcinogenic characteristics of tumors.

We here report a near-infrared (NIR) fluorescence (NIRF) probe
(YE-1) responsive to CTSC for specifically diagnosing and imaging
malignant breast tumors (Fig. 1). YF-1 successfully diagnosed the
malignancy of different types of homologous cancer cells and dem-
onstrated that murine 4T1 cells and humanized MDA-LM2 cells had
higher invasiveness than other cancer cells. Furthermore, YF-1 efhi-
ciently differentiated malignant tumor tissues and benign tumor or
lump tissues in mice models. More notably, YF-1 could accurately
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Fig. 1. Design and mechanisms of YFs for specific diagnosis and imaging of malignant breast tumors. (A) Associated schematic of CTSC and lung metastasis of
malignant breast cancer. (B) lllustration of CTSC-activated fluorescence probe based on different wavelength fluorophore for diagnosis of malignant breast cancer.

and rapidly identify malignant breast tumor tissues of patients with
malignant breast cancer in a blind study. Furthermore, we extended
the CTSC recognition site to other dye skeletons and constructed a
series of visible to NIR fluorescence probes. All of these probes dis-
played excellent capability for identifying malignant breast tumor
tissues, suggesting that CTSC could be the specific identification
substrate of malignant breast tumors. In addition, decorating YF-1
with a hydrophilic PEG moiety (YF-2) alleviated the enrichment of
the probe in the liver and improved the tumor-targeting capability of
the probe, enabling the visualization of breast cancer metastases to
the lung.

RESULTS

Synthesis and characteristics

To avoid the disturbance of autofluorescence of tissues and to visual-
ize CTSC in deep tissues, we applied fluorine substituted hemicya-
nine dye (HDF-1) with NIR absorption and emission maximum as
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fluorescent reporting moiety (38). A fluorine atom was introduced
into the ortho-position of hydroxyl group to regulate pK, (where K,
is the acid dissociation constant) value, allowing HDF-1 to deproton-
ate in the tumor microenvironment and transform into zwitterionic
form with strong fluorescence (39). Probe YF-1 was designed through
coupling HDF-1 with CTSC-cleavable peptide, glycine-phenylalanine
(Gly-Phe), via a self-immolative linker, para-aminobenzylalcohol
(PABA) (Fig. 2A) (40).

After obtaining dye HDF-1 and probe YF-1, we first explored
their optical/chemical properties in aqueous solution. At physiolog-
ical pH, YF-1 and HDF-1 showed the absorption maximum at
610/660 and 695 nm, respectively. Excited by a laser of 650 nm,
HDF-1 displayed strong fluorescence at 715 nm, while weak fluores-
cence was observed in aqueous solution containing YF-1 (fig. S2).
The fluorescent intensity ratio of HDF-1 and YF-1 is 50.0-fold, indi-
cating that the introduction of CTSC identification site significantly
quenched the fluorescence of HDF-1. YF-1 showed a weak and sta-
ble fluorescence signal at 715 nm in buffer solvent with different pH
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Fig. 2. Synthesis and in vitro evaluation of YF-1. (A) Structures of HDF-1 and synthesis of YF-1.The specific synthesis methods are displayed in Supplementary Materials.
(B) Fluorescence intensity at 715 nm of YF-1 (5 pM) and HDF-1 (5 pM) in MES buffers. (C) Fluorescence intensity at 715 nm of YF-1 (5 pM) after incubation of with CTSC
(0.5 U/ml) in MES buffers (pH 4.0 to 8.0). (D) Normalized absorption spectra (dotted line) and fluorescence spectra (solid line) of YF-1 (5 pM) in the absence or presence of CTSC
(0.5 U/ml) in MES buffer (pH 6.5) at 37°C. (E) Linear fitting curve of YF-1 (5 pM) at 715 nm against CTSC. (F) Time-dependent response of YF-1 (5 pM) to CTSC with different
concentrations (0 to 0.5 U/ml). (G) Fluorescence intensity of YF-1 at 715 nm in the presence of CTSC (0.5 U/liter) and E-64c (loxistatin acid, a CTSC inhibitor) with different
concentrations (0 to 50 uM). (H) Normalized fluorescence intensities of YF-1 (5 uM) in the presence of various biomolecules. (1) Predicted conformation of CTSC-YF-1
complex. (J) Quantitative fluorescence intensities of cells in (K) and (L). (K and L) Fluorescence imaging of murine cancer cells (K) and human cancer cells (L) incubated
with YF-1 (5 pM) in the absence and presence of CTSC inhibitor (E-64c, 50 pM). Scale bars, 40 pm. Error bars, + SEM. n = 3 for (B), (C), (E), (G), and (H); n =5 for (J). *P < 0.05
and **P < 0.01. a.u., arbitrary unit.
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(4.5 to 9.0), while HDF-1 exhibited the increasing fluorescence in-
tensity at 715 nm as pH rose from 4.5 to 7.0 (Fig. 2B). Notably, the
probe presented the strongest fluorescence intensity at pH 6.5 when
exposed to CTSC (Fig. 2C and fig. S3). These results suggested that
CTSC had the best activity in weak-acid environment, which was
consistent with the reported reference (34). Therefore, we examined
in detail the capability of YF-1 to detect CTSC in aqueous solution
of pH 6.5. Upon the addition of CTSC, YF-1 displayed an obvious
fluorescence enhancement (15-fold) at 715 nm, accompanied by
red-shift and increase of absorption maximum (Fig. 2D). The fluo-
rescence intensity of YF-1 presented a linear relationship with the
CTSC activity from 0 to 0.5 U/ml (Fig. 2E and fig. S4). Meanwhile,
YF-1 could achieve fluorescence equilibrium faster as CTSC activity
increased (Fig. 2F). The calculated detection limit and enzymatic
Michaelis-Menten constant (K,) of YF-1 were 0.022 U/ml and
2.99 uM, respectively. The catalytic rate constant (k) and catalytic
efficiency (kcy/Km) of CTSC were determined to be 0.377 s and
7.93 x 10° M™" s7", respectively (fig. S5). YE-1 was then incubated
with CTSC in the presence or absence of loxistatin acid (E-64c), a
CTSC inhibitor (41). The turn-on fluorescence of YF-1 gradually
weakened with increasing concentrations of E-64c (Fig. 2G and fig.
S6). YF-1 displayed negligible increases of fluorescent intensity
upon incubation with the homologous family enzymes (cathepsin B,
D, K, and S) and other types of enzymes (Fig. 2H and figs. S7 and
S8). These results demonstrated that YF-1 had excellent detection
specificity and selectivity toward CTSC, which also prompted us to
further investigate the interaction between YF-1 and CTSC at the
molecular level. The docking data showed that the distances of YF-1
and active sites of CTSC (Asp', Asn®, and Tyr®) are 1.8, 2.1,and 1.9 A,
respectively, smaller than the 3.5 A of the traditional hydrogen
bonding, which suggested that strong hydrogen bonding interac-
tions existed between YF-1 and CTSC. Meanwhile, a strong -n con-
jugation interaction between YF-1 and Trp*® amino acid was
observed, revealing that YF-1 could form stable complexes with
CTSC, which could be the primary cause for excellent detection
specificity and selectivity of YF-1 toward CTSC (Fig. 2I) (42).

We then applied YF-1 to detect intracellular CTSC activity after
confirming its inappreciable cytotoxicity (fig. S9). Cancer cells pre-
incubated with E-64c displayed weaker fluorescence signals than
untreated cancer cells (Fig. 2, ] to L), indicating that YF-1 could de-
tect the intracellular CTSC activity (fig. S10). Notably, 4T1 cells with
high metastasis risk displayed stronger fluorescence signal after in-
cubation with YF-1 than CT26 with low metastasis risk (43). The
similar results had been observed in human cancer cells (triple-
negative breast cancer cells (MDA231) and screen-purified breast
cancer cells with high metastasis risk (MDA231-LM2)) (Fig. 2L).
The scratch test exhibited that E-64c could inhibit the migration of
4T1 cells (fig. S11). These results confirmed the existence of a posi-
tive correlation between CTSC activity and tumor metastasis (Fig.
2K). In addition, we further applied YF-1 to incubate 4T1 cells (can-
cer cells), human embryonic kidney (HEK) 293 cells (normal cells),
and the mixed cells. As shown in fig. S12, the fluorescence intensity
of 4T1 cells was obviously stronger than that of HEK293 cells, sug-
gesting that the activity of CTSC in 4T1 cells was higher than that in
HEK293 cells. Meanwhile, the fluorescence brightness of the both
cells in the mixed state was similar with that in the single culture
state, which indicated that mixed culture insignificantly change the
activity of CTSC in 4T1 cells and HEK293 cells. These results dem-
onstrated that YF-1 had the capability to judge the aggressiveness of
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cancer cells and distinguish 4T'1 cells with high metastasis risk from
other cells through detecting endogenous CTSC activity.

In situ distinction between organizations of

different properties

Inspired by the results of the in vitro tests, we further applied YF-1 to
detect CTSC activity in vivo. 4T1 tumors injected intratumorally,
with YF-1 displayed stronger fluorescence signals than subcutaneous
tissues over 10 hours (fig. S13). Moreover, the signal intensity ratio
between tumor and subcutaneous tissues had increased to 4.8-fold at
15 min post-injection, indicating that YF-1 could be activated by the
overexpressed CTSC in 4T1 tumors (fig. S13). Further, YF-1 was in-
discriminately sprayed on cancerous and paraneoplastic tissues (Fig.
3A and fig. S14). The fluorescence signals of 4T1 tumors gradually
increased over 30 min, while skin and muscle tissues remained weak
signals (Fig. 3, A and B). Signal intensity ratio between tumor and
paraneoplastic muscle tissues was 10.0-fold (Fig. 3, C and D). Subse-
quent hematoxylin and eosin (H&E) staining demonstrated mor-
phological differences of the tumor and paraneoplastic muscle tissues
(Fig. 3E), which validated that YF-1 could be an excellent imaging
tool for distinguishing cancerous and paraneoplastic tissues, and it
had the potential to be applied for fluorescence-guided surgery.

It is of great significance for the early treatment of cancers to as-
sess the carcinoma characteristics of tumors (benign or malignancy)
in a timely manner (44, 45). Probe YF-1 might be able to resolve the
current dilemma due to CTSC overexpression in malignant tumors
with high metastasis. YF-1 was intratumorally injected into tumors
with different metastatic capabilities, including C6 (glioma, essen-
tially no metastases), CT26 (colorectal cancer, multiple proximal
metastases), and 4T1 (mammary carcinoma, multiple distal metas-
tases) tumors (fig. S15). Fluorescence signals of 4T1 tumors in-
creased over time and reached more than eightfold enhancement at
1 hour post-injection, while there was no significant fluorescence
increase to be observed in C6 and CT26 tumors (Fig. 3F). The fluo-
rescence signal ratio of 4T1 tumors and C6/CT26 tumors was calcu-
lated to be 7.1-fold and 6.3-fold, respectively (Fig. 3G). A similar
phenomenon was also observed in the isolated tumors (Fig. 3, H
and J). Furthermore, we lysed tumor tissues and separated proteins
by SDS-polyacrylamide gel electrophoresis. Higher expression con-
tents of CTSC were observed in 4T1 tumor lysates over CT26 and
C6 tumor lysates (Fig. 3I), confirming that the fluorescence en-
hancement of YF-1 is directly related to overexpressed CTSC in
4T1 tumor.

Precisely diagnosing benign/malignant breast tissues of
mice and human

Recognizing the benign and malignant features of tumors is of
broad social concern and was related with cancer treatment and
prognosis. To achieve this goal, modern physicians often apply a
combination of pathological biopsy and imaging, which increases
the demands for imaging instruments and pathology analysts (46-
51). YF-1 might be qualified for this task considering its superior
performance for detecting CTSC. Malignant breast cancer (in situ
4T1 tumors) and benign breast lesions (breast hyperplasia) were se-
lected to examine the capability of YF-1 for diagnosing the malig-
nant tumors. The two models were constructed by the implantation
of 4T1-Luc cells in breast pads for 10 days and feeding estrogen for
25 days, respectively (Fig. 3K). Some distinct features of malignant
tumors were observed in the H&E staining, such as irregular cellular
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Fig. 3. Application of YF-1 in identifying cancer characteristics of mouse models. (A and C) In vivo (A) and in vitro imaging (C) of tumor and muscle tissues sprayed
with YF-1 (20 pM). (B and D) Quantitative fluorescence analysis of YF-1 in in vivo (A) and in vitro imaging (C). (E) H&E staining of muscle and tumor tissues. Scale bars, 100 pm.
(F) Real-time-fluorescence imaging of Balb/c mice bearing C6 tumors (top), CT26 tumors (middle), and 4T1 tumors (down), respectively, after intratumoral injection
of YF-1 (200 pM, 30 pl). (G) Dynamic fluorescence intensities of tumors in (F). (H) Representative fluorescence images of the isolated tumors (C6, CT26, and 4T1 tumors)
after intratumoral injection of YF-1 (200 pM, 30 pl). (I) Western blot of CTSC and p-actin in C6, CT26, and 4T1 tumor lysates. (J) Quantitative fluorescence intensity of iso-
lated tumor tissues in (H). (K) Schematic illustration of establishing the breast hyperplasia and breast cancer mouse models. (L) Representative fluorescence images of the
mice with breast hyperplasia (top) and tumors (down) after directly injecting YF-1 (200 uM, 30 pl) into the lesions. (M) Dynamic fluorescence intensities of tumors in (L).
(N) Representative fluorescence images of isolated tumor and breast hyperplasia tissues after injection of YF-1 (200 pM, 30 pl). (O) Quantitative fluorescence intensity of
isolated tissues in (N). (P) H&E staining of the breast hyperplasia tissues and 4T1 tumor tissues. Scale bars, 200 pm. Error bars, + SEM. n = 3. *P < 0.05 and **P < 0.01.

arrangement and abnormal nuclear morphology, while there were
the marked ductal structures in breast hyperplasia tissues (Fig. 3P),
indicated that the two models were successfully established. Imag-
ing was performed after in situ injection of YF-1 (Fig. 3L, left). The
fluorescent signals in the 4T1-Luc tumors reached a maximum after
30 min post-injection and were 4.5-fold higher than that in breast
hyperplasia (Fig. 3M). The bioluminescent signal carried by 4T1-
Luc cells also appeared only in mice bearing breast tumors (Fig. 3L,
right). A similar phenomenon was observed in the isolated tumors
and hyperplasia tissues (Fig. 3, N and O), which was reconfirmed by
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Western blot analysis of CTSC (fig. S16), indicating that YF-1 could
precisely diagnose the malignant tumors.

We further applied YF-1 for diagnosing the malignant tumor tis-
sues of human from benign ones in a blind study (Fig. 4A). The
surgical tissue specimens from 14 patients with benign or malignant
breast cancer were harvested, cryo-sectioned into 20 pm in thick-
nesses, and then incubated with YF-1 for 20 min, followed by imag-
ing. As shown in Fig. 4B, seven breast tissue specimens (#1 to #7)
showed a stronger fluorescence signal (10-fold) over the other seven
specimens (#8 to #14) (Fig. 4, B and C), indicating that there was the
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higher CTSC activity in the first seven tissue specimens over the last
seven tissue specimens. Considering the correlation between CTSC
activity and tumor characteristics, we speculated that #1 to #7 and
#8 to #14 were patients with malignant breast cancer and patients
with benign breast cancer, respectively. Unexpectedly, the subse-
quent H&E staining and clinical diagnosis confirmed this conjec-
ture (Fig. 4D, fig. S17, and table S1). H&E staining exhibited that
there were obvious malignancy features in #1 to #7 tissue specimens,
large numbers of nuclei with elongated peripheral infiltration lines,
while the benign tumor features, including the regular and rounded
tumor morphology and the clear isolation between tumor and adja-
cent tissues, were observed in #8 to #14 tissue specimens (fig. S17)
(52, 53). These astonishingly consistent results indicated that YF-1
could accurately diagnose malignant tissues. In addition, clinical di-
agnosis reports presented that there was lymphatic metastasis with
varying degrees in 1#, 2#, and 4# to 7# tumor tissue specimens while
that was not obviously observed in 3# specimens (table S1), which
might be responsible for the significantly low fluorescence intensity
in 3# tissue specimens (Fig. 4B). These results demonstrated the
clinical promise of YF-1 for the diagnosis of malignant metastatic
breast tumors.

Subsequently, we extended CTSC identification site to other dye
skeletons [coumarin, rhodol, and dicyanomethylene-4H-pyran
chromophores (DCM)], and constructed a series of CTSC-activated
fluorescent probes (AFC-1, RhD-1, and DCM-1) spanning visible to
NIR light region (Fig. 4A and figs. S18 to S20). These probes could
be quickly activated by CTSC, and then emit fluorescence (figs. S18
to S20). All of these probes could effectively identify malignant
breast tumors in a blind study, which suggested that CTSC could be
the specific identification substrate of malignant tumors (Fig. 4, B
and C, and figs. S18D, S19D, and S20D). In addition, many fluores-
cent probes have also been developed to diagnose and image tumors
by detecting other biomarkers, such as p-galactosidase (p-Gal) and
hNOQI (39, 46). On the basis of the merocyanine skeleton, we syn-
thesized two probes (RX-2 and CS-p-Gal) and then used them for
diagnosing the benign/malignant breast tissues of humans (fig. S22,
A and C) (39, 54, 55). As shown in fig. S22, inapparent statistics dif-
ferences of fluorescence signals were observed between malignant
breast tumor tissues and benign ones incubated with RX-2 or CS--
Gal. The disordered fluorescence signals in different human tissues
suggested that there could be great heterogeneity of hANQO1 and f-
Gal content. The remarkable performance of these CTSC-activated
probes under the same scenario and imaging conditions suggested
that CTSC could be a specific biomarker of malignant tumors
once again.

Visualization of breast cancer lung metastasis

High invasiveness is an important feature of malignant tumors and
often causes tumors to metastasize to other organs. Ultimately, this
will result in multiple organ failures or even death (56). Visualiza-
tion of tumor metastasis enables us to understand and timely con-
trol the development of malignant tumors (57-60). Considering the
above superior performance of YF-1, we speculated that YF-1 might
be applied for noninvasive and real-time imaging of metastases. Un-
fortunately, YF-1 was difficult to be activated in the tumors when
injected via the tail vein (fig. $23). This could be related to the good
lipophilicity (YF-1popw = 2.193, HDF-1p,, = 2.452) and short circu-
lation time (#1/, = 45 min), further resulting in the probe accumulat-
ing mainly in the liver, rather than in the tumor (figs. S24 to $26). To
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break through this bottleneck, we tried to introduce polyethylene
glycol, molecular weight 2000 (PEG-2000) into HDF-1 and YF-1 to
expand the hydrophilicity and circulation time and synthesized dye
HDF-2 and probe YF-2 (Fig. 5A) (61). HDF-2 and YF-2 spontane-
ously assembled spherical nanoparticles with an average hydrody-
namic diameter of 30 nm in aqueous solution (Fig. 5, B and F) due
to their amphipathic skeletons (hydrophobic merocyanine skeletons
and hydrophilic PEG-2000) (62).

Consistent with our expectations, the introduction of hydrophil-
ic PEG-2000 significantly relieved the lipophilicity (YF-2p, = 0.274,
HDEF-2p,, = 0.320) and extended circulation time (t;/, = 200 min)
(fig. S25). Furthermore, we explored the pharmacokinetics of YFs.
HDF-1 and HDF-2 were injected into mice via the tail vein, respec-
tively. The main organs (heart, liver, spleen, lung, and kidney) were
acquired after 30 min, followed by imaging. Compared to HDF-1,
HDF-2 containing PEG-2000 displayed significantly reduced fluo-
rescence signal in the liver and enhanced fluorescence signals in
other organs, which was conductive to the detection of CTSC activ-
ity in metastatic tumors (fig. S27). Considering that 4T1 tumors are
susceptible to lung metastasis, we performed whole-body longitudi-
nal NIRF imaging of the mice at different time points post-injection
(0, 5, 15, 30, and 60 min) and detailly studied the enrichment of
both dyes in lungs. Stronger NIR fluorescence signals were observed
in the lungs (dorsal views) of mice treated by HDF-2 over that of
mice treated by HDF-1 at every time point post-injection (3 to 30 min)
(Fig. 5]). The recorded fluorescence signal of HDF-2 was strongest
after 9 min post-injection, producing a sevenfold fluorescence en-
hancement (Fig. 5G). Therefore, driven by these observations, we
expected that probe YF-2 could be suitable for detecting CTSC in
4T1 lung-metastasis tumors.

Similar to YF-1, YF-2 showed a 15-fold fluorescence increase at
715 nm after co-incubation with CTSC (0.5 U/ml) and reached
maximum fluorescence intensity when the incubation time was
30 min (Fig. 5, C and D). Fluorescence imaging further revealed the
close responsiveness of YF-1 and YF-2 (Fig. 5E). These results indi-
cated that the self-assembly produced a negligible effect on the re-
sponsiveness of the probe. We then applied YF-2 for offline (blood)/
online (in vivo) diagnosis of lung metastasis progressions of breast
cancer. After injection of 5 X 10°> 4T1-Luc cells or phosphate-
buffered saline (PBS) (equal volume) via the tail vein, blood was ob-
tained from the orbit vein at different time points, followed by
serum extraction (Fig. 6A). The CTSC activity in serums was evalu-
ated after incubation with YF-2 for 1 hour. The serum from meta-
static mice showed significantly stronger fluorescence signals over
that from normal mice. At days 3, 7, 10, and 14 post-injection of
4T1-Luc cells, the signal ratios between metastatic mice and normal
mice in serums were 1.74-fold, 2.26-fold, 2.61-fold, and 2.50-fold,
respectively (Fig. 6, C and D). This demonstrated that breast cancer
metastasis was accompanied by an up-regulation of CTSC activity
in serum (37). Next, to further explore the association of breast can-
cer lung metastasis and CTSC activity, we injected YF-2 into mice
models with metastatic tumors (15 days) via the tail vein and per-
formed noninvasive in vivo imaging (37, 63). The lungs of mice
bearing metastatic tumors displayed gradually enhanced fluores-
cence signals with the extension of time, while no obvious signal
changes were observed in that of normal mice. YF-2 exhibited the
strongest fluorescence signals in the lungs of mice bearing meta-
static tumors at 90 min post-injection, which was 3.78-fold higher
than in that of normal mice (Fig. 6, E and F). Naked eye observation
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Fig. 5. Synthesis and lung accumulation studies of YF-2 and HDF-2. (A) Structures of HDF-2 and synthesis of YF-2. (B and F) DLS size distribution of YF-2 (B) and HDF-2
(F). Inset: Representative transmission electron microscopy images of YF-2 (B) and HDF-2 (F) in MES buffer. (C) Fluorescence spectra of YF-2 (5 pM) after incubation with
CTSC (0 to 1 U/ml) in MES buffer for 30 min. (D) Time-dependent response of YF-1 and YF-2 in the absence or presence of CTSC (0.5 U/ml). (E) Normalized fluorescence
intensity of YF-1 or YF-2 (5 pM) at 715 nm in the absence or presence of CTSC (0.5 U/ml) in MES buffer for 30 min. Inset: Fluorescence images of YF-1 and YF-2. (G) Quanti-
tative fluorescence intensities of lungs in (J). (H) Zeta potential of YF-2 and HDF-2 in MES buffer. (I) Quantitative fluorescence intensities of isolated lung tissues after injec-
tion of HDF-1 or HDF-2 (200 uM, 100 pl). Inset: Fluorescent images of isolated lung tissues in (J). (J) Real-time fluorescence images of mice after intravenous injection of
HDF-1 or HDF-2 (200 uM, 100 pl). Ex vivo fluorescence images and signal quantification of resected organs from mice at t = 1 hour intravenous injection of (K) HDF-1 and
(L) HDF-2 (200 pM, 100 pl), respectively. Inset: In vitro imaging of major organs with different dyes in (A) and (B). Error bars, + SEM. n = 3. ***P < 0.001 and ****P < 0.0001.
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Fig. 6. Application of YF-2 in diagnosis of breast cancer lung metastases. (A) Schematic illustration of establishing mice models bearing lung 4T1 metastasis and the
workflows for imaging/blood analysis in living mice. (B) Schematic illustration of YF-2 sensing mechanism in the serum from metastatic tumor mice. (C) Fluorescence
imaging of mouse serum of mice models with varying degrees of metastasis after incubated with YF-2 (20 uM, 10 pl). (D) Quantitative fluorescence intensity in (B).
(E) Representative fluorescence images of living mice after injection of YF-2 via the tail vein at different post-treatment time points. (F) Dynamic fluorescence intensities of
lung as a function of time post-injection of YF-2 in the healthy mice and the metastasis-bearing mice. (G) Dissected healthy mice and metastasis-bearing mice. Represen-
tative fluorescence (H) and bioluminescence images (I) of lungs from the healthy mice and the metastasis-bearing mice at 180 min post-injection of YF-2. (J) H&E staining
of lung tissues from the healthy mice and the metastasis-bearing mice. Scale bars, 1 mm. (K) Immunofluorescence analysis for evaluating CTSC activity in lung tissues from
the healthy mice and the metastasis-bearing mice. Error bars, + SEM. n = 3. *P < 0.05, *#*P < 0.001, and ****P < 0.0001.
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and H&E staining exhibited the formation of numerous metastases
in the lungs (Fig. 6, G and J). These results demonstrated that YF-2
could be activated by the overexpressed CTSC in lung metastases,
which was further confirmed by the excellent colocalization of im-
munofluorescence of CTSC with the fluorescence of the activated
YF-2 (Fig. 6K) and the identical distribution of fluorescence and
bioluminescence signals in isolated lungs (Fig. 6, H and I). Further-
more, we established mice models bearing orthotopic breast tumors.
YF-2 was injected into the mice via the tail vein, followed by nonin-
vasive in vivo imaging. The orthotopic 4T1 tumors exhibited gradu-
ally enhanced fluorescence signals with the extension of time, while
there were only dim fluorescence signals in normal breasts. The
fluorescence intensity ratio reached nearly fourfold between the or-
thotopic 4T1 tumors and normal mammary glands after 4 hours
post-injection of YF-2 (fig. S28). Meanwhile, these results were also
reconfirmed in mice models of orthotopic breast cancer lung metas-
tasis (fig. S29). Thus, YF-2 was a potentially available tool for diag-
nosing and imaging lung metastasis of breast cancer (38, 64, 65).

DISCUSSION

Here, we reported a CTSC-activated NIRF probe (YF-1) based on the
high metastasis tendency of malignant breast tumors. YF-1 specifically
unlocked its NIRF signal at 715 nm by more than 20-fold in the pres-
ence of CTSC and could effectively identify malignant tumor cell lines
with overexpressed CTSC (4T1 and MDA-LM2). The high signal
specificity allowed the probe to distinguish the malignant and benign
tumor tissues and reflect the malignancy level of tumor tissues. More-
over, the probe could accurately identify malignant breast tumor tis-
sues of humans in a blind study. The diagnosis results given by
fluorescence imaging matched perfectly with the H&E staining results,
which proved that YF-1 is of potential value in the preoperatively rapid
diagnosis of malignant breast tumors. Further, we synthesized a series
of CTSC-activated fluorescence probes spanning visible to NIR light
regions. These probes exhibited a similar capability to identify malig-
nant breast tumor tissues with YF-1, suggesting that CTSC could be
the specifically overexpressed substrate of malignant breast tumors. In
addition, we further introduced PEG-2000 into YF-1 and synthesized
a self-assembled nanoprobe (YF-2). This modification relieved the en-
richment of the probe in the liver while maintaining excellent respon-
siveness. Leveraging YF-2, we visualized lung metastasis of malignant
breast tumors and demonstrated that the serum CTSC activity is ele-
vated along with the increasing metastasis of malignant breast tumors.
The nanoprobe has broken through the tumor-enriching limitation of
YF-1 and has great application prospects for noninvasively auxiliary
evaluation of malignant breast tumor metastasis.

Despite the technological advances of these CTSC-activated
probes, there are still some issues that require further research. First,
the diagnostic accuracy of YF-1 in the carcinomatous features of
breast tumor tissue blocks was insufficient, which could be due to
the apparent differences in the penetration capability of YF-1 in the
different tissue blocks. One possible solution is to develop CTSC-
activated probes with high permeability. Second, YF-2 has a fast
metabolic rate, which produces obstacles for tracking the metastatic
process of malignant breast tumors over a long period. The limita-
tion could be addressed by introducing the near-labeling strategy
into the design of CTSC-activated probes, which allows the un-
locked probe (dye) to be covalently labeled at the lesion location,
enabling long-term tracking of both in situ tumors and metastases.

Zuo et al., Sci. Adv. 11, eadr5541 (2025) 2 April 2025

Studies on the physiological and pathological function of CTSC
are still in the shallow stage. The CTSC-involved signaling pathways
in the metastasis process of malignant breast tumor require to be
systematically researched. The role of CTSC in various other dis-
eases needs to be elucidated. In addition, the penetration depth and
the variation of fluorescence signals generated by the current CTSC
probes are still inadequate, which decreases the sensitivity of probes
in deep tissue imaging. Long-wavelength CTSC fluorescence probes
with high sensitivity or multimodal CTSC probes combined with
other imaging techniques should be developed for the accurate de-
tection of CTSC activity in deep tissues.

MATERIALS AND METHODS
Detailed synthesis procedures and spectroscopic data of all com-
pounds are provided in the Supplementary Materials.

Materials and general methods

Unless otherwise stated, all chemical and biological reagents were ana-
lytical grade, purchased from commercial suppliers—including
Beyotime Biotechnology, Sigma-Aldrich, Bide Pharmaceutical Tech-
nology, Tansoole, and Shanghai Haohong Scientific Co. Ltd. (TLC Silica
Gel 60 GF254)—and used without further purification. CTSC was pur-
chased from Sigma-Aldrich (Shanghai) Trading Co. Ltd. Cathepsin D,
Cathepsin K, and Cathepsin S were purchased from MedChemExpress
LLC. CTSC antibody (D-6) was purchased from Santa Cruz Bio-
technology (Shanghai) Co., Ltd. MDA-231-LM2 cells were purchased
from Shanghai Guandao Biological Engineering Co. Ltd. All tests
are performed at room temperature. 'H and ">C nuclear magnetic
resonance spectra were recorded on a Bruker DRX-400 spectrome-
ter. Mass spectra were recorded on a matrix-assisted laser desorption
ionization time of flight mass spectrometry (ultrafleXtreme) or LCQ
Advantage ion trap mass spectrometer from Thermo Finnigan or
Agilent 1100 high-performance liquid chromatography/MS.E.M.
spectrometer. Ultraviolet (UV) absorption and emission spectra
were recorded on UV-1800 spectrophotometer (Shimadzu Cor-
poration, Japan) and Edinburgh spectrofluorometer, respectively.
Confocal microscopy was performed on a Nikon A1 plus confocal
microscope. The in vivo (living mice) imaging was carried out using
an IVIS Lumina XR (IS1241N6071) in vivo imaging system.

Ethical license

All animal procedures were performed in accordance with the Reg-
ulations on experimental animals in Hunan province [license num-
ber: SYXK (Xiang) 2020-0017], and all animal experiments were
approved by the Animal Ethics Committee of Hunan Provincial
People’s Hospital (The First Affiliated Hospital of Hunan Normal
University) (number: 2023-62).

The study was approved by the Ethics Committee of Hunan Pro-
vincial People’s Hospital (The First Affiliated Hospital of Hunan
Normal University) (number: 2023-139), and all clinical samples
were used in accordance with institutional guidelines and the Dec-
laration of Helsinki after obtaining signed informed consent from
all participants.

Benign/malignant tumor mouse model

To generate the model of breast hyperplasia mice, female balb/c mice
were randomly selected and treated with estradiol benzoate (0.8 mg/kg
per 2d, intraperitoneal injection, 10 times), then progesterone (4 mg/kg

100f 12



SCIENCE ADVANCES | RESEARCH ARTICLE

per 2 days, intraperitoneal injection, four times). Female balb/c mice
were randomly selected and injected with 5 x 10° 4T1-Luc cells in
30 pl of Dulbecco’s PBS into the right third pair of breast fat pads.

Frozen tissue section preparation

The specimens were immersed in a gel-like medium consisting of
polyethylene glycol and poly (vinyl alcohol) [optimal cutting tem-
perature compound (OCT) gel]. Each sample was rapidly frozen to
about —20° to —30°C. Then, the OCT was removed to make the sec-
tion of the specimen visible. The frozen tissues were cut into 20 pm
for the following experiments. All of the frozen tissue sections were
fixed in 75% alcohol for 1 min and then incubated directly with YF-
1 (20 pM) for 20 min at room temperature. All of the sections were
washed with buffer three times for each step.

Real-time in vivo NIRF imaging of lung metastasis in

living mice

Real-time NIRF imaging were conducted at ¢ = 0, 15, 30, 45, 60, 90,
120, or 150 min after intravenous injection of YF-2 (200 pM, 100 pl).
Fluorescence images were acquired using the IVIS Lumina XR with
the excitation at 710 + 10 nm, the emission at 820 + 10 nm, and the
acquisition time of 5 s. NIRF intensities of lung in living mice were
analyzed by the ROI analysis using the Living Image 4.3 Software.
Mice were euthanized after live imaging. Lung tissues were collected
and placed in 4% paraformaldehyde for histological examination.

Supplementary Materials
This PDF file includes:
Supplementary Text

Figs. S1to S57

Table S1
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