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ABSTRACT: The recurrence of malignant tumors is mostly caused by incompleted surgical resection. Especially, it is
difficult for surgeons to detect and accurately remove metastatic tumors by predominantly using visual examination and
palpation owing to the lack of effective means to specifically distinguish the boundary range between normal and tumor
tissues. Thus, the development of activated fluorescent probe with superior Tumor-to-Normal (T/N) tissue ratios is
particularly urgent in clinics. In view of CDi13/Aminopeptidase N (APN) regarded as a cancer-specific biomarker,
mediating with progression, invasion and migration of malignant tumor, herein, we reported an APN-responsive
fluorescent probe YH-APN, and demonstrated its application to distinguish cancer cells. Through in-situ spraying manner,
fluorescent superior tumor-to-normal (T/N) tissue ratios (subcutaneous transplantation tumor: 13.86; hepatic metastasis:
4.42 and 6.25; splenic metastasis: 4.99) were achieved. More importantly, we have demonstrated the ability to image
metastasis tumor tissue less than 1 mm in diameter, highlighting the potential for this probe to be used as a tool in
surgical resection. This research may spur the use of enzyme-activatable fluorescent probes for the progress of tumor
diagnosis and image-guided surgery (IGS).

difficult to accurately distinguish the boundary between
tiny tumor tissue and normal tissue, some nonpalpable
and invisible foci (<2-3 mm) during surgery. In contrast,
fluorescence imaging techniques are used in real-time
monitoring of many physiological and pathological
processes at the cellular and even molecular level.®2¢
Thus fluorescence imaging is a promising approach for
tumor inspection during surgery.

INTRODUCTION

Surgerical removal of malignancies is still the first line
of therapy, and in many cases provides the only curative
treatment option.’3 During a surgery, visualizing the full
extent of solid tumors comprising tumor borders,
microscopic and metastatic lesions determines the
outcome of the operation.+5 Incomplete removal of tumor
lesions will result in tumor recurrence,®? and thus the
accurate detection of tumor in small sizes (less than 5 mm)
is becoming even more important.® Actually, the vast
majority of tumors accompanied by tumor metastasis are

In the last decade, efforts have focused on using
fluorescent molecules or nanoparticles for visualizing
tumors in animal models or human patients through their

clinically detected in the mid and late stages through
conventional diagnostic approaches including magnetic
resonance (MR)9%°, ultrasound (US)*> and X-ray
computed tomography (CT)5"5 due to unsatisfactory
resolution (more than 5 mm).¢ In addition, these methods
are also clinically inadequate because they are often

in situ spraying or intravenous injection.> 273 These
probes change the mode of surgical operations via
visualizing the location of tumor lesions which are
difficult or impossible to detect by human eyes.3> However,
“always-on” probes, emitting fluorescence regardless of
their interaction with the target tissues, result in
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moderate or low tumor-to-normal tissue (T/N) ratio. Thus,
fluorescence “always-on” probes lower the contrast
between tumor and normal tissues. Activatable
fluorescent molecules are promising for imaging in
vivos4°  Target analytes specifically induce the
fluorescence of molecules, allowing highly accurate
imaging of tissues of interest.#+4 Especially, activatable
fluorescent molecules with emission in the therapeutic
window (650-9oo nm) are more suited for imaging-guided
biomedical applications due to efficiently avoiding
auto-fluorescence and improving tissue penetration.3? 4549
Furthermore, tumor surgery practice also requires fast
fluorescence response. Positive margins results of
intraoperative frozen sections expose patients to the pain
of re-operation to avoid the risk of recurrence.>®° Recently,
some fluorescent probes activated by tumor enzymes have
been reported, and the activatable processes take hours or
more, unfavorable for a real-time imaging of tumors
during a surgical practice.5s3 Therefore, the effective
strategy for image-guided surgery with a high T/N ratio
and fast fluorescence response is particularly urgent for
visualizing the contrast between tumor and normal
tissues and thus enables precisely removal of tumors in
small sizes during intraoperative applications.

® Accurately discern cancer cells
® Superior Tumor-to-Normal tissue ratio Pﬁ
® Fluorescence-mediated surgical resection = :

Scheme 1. Schematic

recognition mechanism of YH-APN as the activatable probe

illustration demonstrating the

towards APN and its biological applications.

To address the aforementioned challenge, herein, we
reported an activatable fluorescent molecule YH-APN to
improve imaging-guided tumor surgery via tracking a
tumor-specific enzyme, CD13/aminopeptidase N (APN, EC
3.4.11.2).545 APN is one of the zinc metallopeptidases
anchoring on the extracellular membrane, and also
regarded as a biomarker associated with the onset,
invasion, angiogenesis and migration of cancer cells.57-58
We found that in response to APN, the emission of
YH-APN was rapidly activated through one step
enzymatic reaction. In addition, YH-APN was capable of
accurately monitoring APN activity in cancer cells with a
high signal-to-noise ratio due to its ultra-sensitivity and
excellent selectivity. Furthermore, YH-APN was able to do
real-time imaging of solid tumors with superior
tumor-to-normal (T/N) tissue ratio (13.86) through in situ
spraying. More importantly, metastatic lesions with less
than 1 mm were precisely removed under fluorescence

2

guidance. These findings of fluorescence-mediated tumor
surgery through in situ spraying APN-activatable
molecules hold potential for clinical applications.

RESULTS AND DISCUSSION

Synthesis and spectroscopic characteristics. The
enzyme-activatable fluorescent probe YH-APN was
synthesized via a five-step route (Scheme S1). The
intermediates and YH-APN were fully characterized using
nuclear magnetic resonance (‘H, 3C NMR) and high
resolution mass spectrum (ESI-HRMS) in supporting
information (Figure S32-34). YH-APN was composed of
two moieties: a dicyanoisophorone fluorophore as the
fluorescence reporting unit, and an L-alanine as the
recognition site for APN. Once interacting with APN, the
structure of YH-APN was transformed into intermediate 5,
releasing fluorescence emission of 650 nm which was
ascribed to the modulation of the conjugated m-electron
system of dicyanoisophorone dyes.

The UV-Vis absorption titration spectral of YH-APN in
PBS buffer solution (0.01 M, pH = 7.4) was displayed in
Figure Sia. It clearly showed that YH-APN can be well
dissolved in aqueous solution with a favorable solubility
up to 100 M (Figure Sib). The optical responses towards
APN were carried out in PBS buffer (0.01 M, pH = 7.4). In
response to 100 ng/mL APN, obvious red-shift of
absorption spectra of YH-APN (10 pM) ranging from 407
nm to 445 nm were observed, along with color changes of
solution (Figure S2 and S3). The fluorescence profiles of
YH-APN (1o pM) also experienced significant
enhancement in response to APN, which was ascribed to
the precise cutting of amide bond to emit strong
fluorescence, further convincing the enzymatic reaction
(Figure 1a). The fluorescence intensity centered at 650 nm
was linearly proportional to APN concentrations (i-9
ng/mL). The detection limit was calculated to be 0.13
ng/mL (Figure 1b), better than previous 0.8 ng/mL.5° Such
a low detection limit enables the ultra-sensitivity of
YH-APN to APN in vitro.
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Figure 1. a) Fluorescence spectrometric titration experiments.
b) The linear functional relationship between the
fluorescence intensity of 650 nm and low concentration APN.

ACS Paragon Plus Environment

Page 2 of 11



Page 3 of 11

oNOYTULT D WN =

) Selectivity of YH-APN towards different analytes in PBS
buffer solution. Except for special statement, all other
concentrations were 500 pM. Insert 1: blank, 2: Na*, 3: K*, 4:
Ca*, 5: Niz*, 6: Mg?*, 7: NH,*, 8: F, 9: CI, 10: Br, m: I, 12:
CH,COO, 13: HCOy, 14: CO5*, 15: S+, 16: HPO,>, 17: NOy, 18:
SO,>, 19: SCN-, 20: NO,, 21: Glutathione, 22: Cysteine, 23:
Homocysteine, 24: Ascorbic acid, 25: NO, 26: H,O, (100 pM);
27: nitroreductase (10 pg/mL); 28 transglutaminase (60
mU/mL); 29: y-GGT (300 ng/mL) 30: APN (100 ng/mL). d)
Inhibition characterization of APN activity with Ubenimex

(Ube).

In addition, a large Stokes shift of 205 nm could avoid
self-quenching and also greatly improve the accuracy of
detection (Figure S4). The specificity of recognition is one
of the vital indicators to investigate the usability of the
probe. Interestingly, only APN could cause a dramatic
change in fluorescence behavior under the identical
condition, which indicated that YH-APN could serve as a
potential tool for specifically detecting APN activity in
complex Dbiological systems (Figure 1c and Ss).
Subsequently, the time response experiment of YH-APN
reacting with APN (40 ng/mL) was performed at 37 °C in
aqueous solution. A very strong fluorescence intensity of
650 nm could be detected after half an hour (Figure S6).
In contrast, in the absence of APN, there was no distinct
changes up to 400 min in the spectral of absorption
(Figure S7, S8 and Sg), suggesting good stability of
YH-APN in the physiological environment. The effect of
analysis conditions including temperature and pH were
further explored. As displayed in Figure Si0 and S,
YH-APN demonstrated excellent stability under different
temperatures (25-50 °C) and pH values (4.75-10.27) in PBS
buffer solution. After adding 50 ng/mL APN, the optimum
value for increased fluorescence intensity was at 37 °C and
pH = 7.4, which inferred that YH-APN was capable of
efficiently identifing endogenous APN under physiological
conditions.

Journal of the American Chemical Society

Figure 2. a) Stereo image of human APN with binding
location (red transparent sphere). b) YH-APN reached
coordination center of zinc ion through wide-opening
hydrophobic cavity. ¢) The lengths of coordination bond
between YH-APN and APN. d) Hydrogen bonds between
YH-APN and residues amino acid Tyr477, Glugu, Gluzss, and
Alazs3 in APN.

Response mechanism. The specific response of YH-APN
to APN encouraged us to investigate the interaction
between YH-APN and APN. Docking calculations based
on Discovery Studio 2.5 platform were carried out for this
purpose. The crystal structure of human APN from PDB
database was selected as the research model. YH-APN
tends to approach the coordination center of zinc ion due
to matching the hydrophobic cavity of the enzyme (Figure
2a and 2b). Lengths of the coordination bond between
YH-APN and APN was 2.090 A (Zn-O, Figure S12) and
2131 A (Zn-N, Figure S12), infinitely close to its inherent
coordinate distance with amino acid residues (2.027 A,
2.085 A, and 1.936 A, Figure 2c). In addition, the presence
of hydrogen bonds between YH-APN and amino acid
residues Tyr477, Glugu, Glu3ss, and Ala3s3 allowed it to
firmly anchor in the specific cavity of APN (Figure 2d).
With the help of the catalytic system centering on zinc
ions, YH-APN was converted into intermediate 5 with the
exposed amino group which was a strong electron donor,
resulting in the increasement fluorescence around 650 nm.
A major peak (m/z) at 290.1655 was found in high
resolution mass spectra (Figure S13) of catalytic products,
which was consistent with the positive ion (H*) mode of
intermediate 5 (caled. 2901652 for [M+H]*). The
fluorescence intensity of YH-APN was reduced by 86.2%
and 89.5% (Figure 1d and S14) with the presence of 10 pM
and 20 pM Ubenimex (Ube, APN inhibitor)ss compared to
the control group without Ube, further verifying the
reaction mechanism (Scheme 1). Besides, the
normalization excitation and emission profiles of YH-APN
(10 pM) with 150 ng/mL APN at 37 °C in PBS buffer
solution (Figure Si5) were perfectly coincident with the
profiles of intermediate 5 (Figure S16). These results
clearly demonstrated that YH-APN could be identified by
APN, which leaded to the uncaging of the amino group
and emitted fluorescence.
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HepG-2 cells

B16/BL6 cells LO2 cells

Control YH-APN 10 uM Ube
al) b1) cl) d1)

FL image Bright image

Merged image

3D image

15 pM Ube

YH-APN
h1)

Control YH-APN Control

Figure 3. Fluorescence imaging of HepG-2, B16/BL6, LO2 cells treated with 5 pM probe YH-APN at 37 °C for 30 min. a-d)
HepG-2 cells: ai1-a3) control group; bi-b3) incubated with 5 uM probe YH-APN; ci-c3) pre-treated with 10 uM Ube, then
incubated with 5 pM probe YH-APN; di-d3) pre-treated with 15 uM Ube, then incubated with 5 uM probe YH-APN. e-f) B16/BL6
cells: e1-e3) control group; fi-f3) incubated with 5 uM probe YH-APN. g-h) LO2 cells: gi-g3) control group; hi-h3) incubated with
5 UM probe YH-APN. i) 3D fluorescence imaging of HepG-2 cells; j) 3D fluorescence imaging of LO2 cells. Aex = 488 nm and Aem

= 655-755 nm. Scale bar = 20 pm.

Response speed and Selectivity Fluorescence
imaging of APN-overexpression cancer cells.
Biocompatibility of probes is a prerequisite to cell and in
vivo imaging. Thus, the biocompatibility of YH-APN was
firstly investigated. Cytotoxicity of YH-APN was
determined through conventional 5-diphenyltetrazolium
bromide (MTT) assays. As shown in Figure S17, YH-APN
was not cytotoxic to cells, laying a good foundation for the
tracking of endogenous APN in living cells and in vivo.

The availability of YH-APN for monitoring endogenous
APN in living cells was investigated. The apparent
fluorescence signal of 655-755 nm (Figure 3b2) was
collected from HepG-2 cells (hepatoma carcinoma cells)
after incubation with YH-APN (5 uM) for 30 min, which
was attributed to the overexpression APN on the surface
of malignant tumor cells.”5® Furthermore, the
fluorescence intensity steadily increased with time (o, 30
and 60 min, Figure S18). Dose-dependent effect of probe
YH-APN was also studied in HepG-2 cells with various
concentrations (o, 5, 10 and 15 pM, Figure S19), indicating

that YH-APN was efficiently catalyzed by APN. HepG-2
cells were pre-treated with Ube (a specific inhibitor of
APN) for 1 h, followed by adding 5 uM YH-APN for
another 30 min. Almost no fluorescence (Figure 3c2 and
3d2) was detected, because Ube occupies the catalytic site,
and inhibits the enzymatic hydrolytic substrate. The
result confirmed that the fluorescence signal was indeed
induced by endogenous APN catalysis. Moreover, obvious
fluorescence emission from Bi6/BL6 cells (mouse
melanoma cells)ss was also detected because APN was
overexpressed in Bi6/BL6 cells (Figure 3f2). By
comparison, normal human liver cells (LO2) and African
green monkey kidney fibroblasts cells (COS-7) were
chosen as the negative groups due to their low-level APN
expression. As expected, no obvious fluorescence was
observed from LO2 and COS-7 cells under the identical
conditions (Figure 3h2 and S20), further indicating that
the overexpression of APN plays a vital role in inducing
the fluorescence signals of YH-APN.
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25 cultivation cells of HepG-2 (cyan region) and LO2 (green region). c-h) Intensity projection over z-axis of the different channel of
26 HepG-2 (green region) and COS-7 (red region). (i-k) Reconstructed 3D imaging of mixed cultivation cells. Aex = 488 nm and
27 Aem = 655-755 nm. Scale bar = 20 um.
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view of the whole. Cancer cells (HepG-2 cells and B16/BL6 on 12h 2an on 12h 24n
30 cells) were exactly distinguished from normal cells (LO2 g
31 cells and COS-7 cells) through 3D imaging relying on :
32 different amounts of endogenous APN on their cell 5
33 surface (Figure 3i, 3j, S21 and S22). Subsequently, high
34 throughput analysis for demonstrating the ability of E
35 YH-APN to distinguish cancer cells was conducted on e
36 LO2 cells and HepG-2 cells via flow cytometry (FCM). The N
37 fluorescence intensity of cancer cells and normal cells g
38 could be obviously distinguished after incubating cells B ;
39 with YH-APN (7.5 pM) for 30 min (Figure S23a3 and - n-:
40 S23bs), However, the fluorescence intensity of HepG-2 e
41 cells was essentially suppressed when cells were 5w
42 pre-incubated with Ube (10 uM) for 1 h (Figure S23a2). .
43 Overall, YH-APN was capable of differentiating cancer
44 cells from normal cells via 2D&3D imaging and flow oo
45 cytometry. Figure 5. Migration characterization of malignant tumor
46 cells. a-i): HepG-2 cells treated with YH-APN; j-r) HepG-2
47 cells pre-incubated with 100 uM Ube, then treated with
48 YH-APN; s) the distance of scratch collected from b, d, g, j, m,
49 and p, respectively. Aex = 488 nm, Aem = 655-755 nm. Scale
50 bar = 100 pm.
51
52 In fact, it is still inadequate to identify cancer cells from
53 the separated culture of cells for early detection of tumors,
54 because the early position of the tumor is where normal
55 cells and cancer cells coexist. Thus, the ability of
56 YH-APN to identify cancer cells in the mixed cultivation
57 5
58
59
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of cells is of great importance for the early diagnosis of
tumors. The early neoplastic simulating experiments were
carried out to verify the above functionality. HepG-2 cells
were planted and cultured for 24 h. Subsequently, LO2
cells were cultured on the same confocal dish for another
24 h (Figure 4). The mixed cultivation cells of HepG-2 and
LO2 were then treated with YH-APN (5 pM, 37 °C) for 30
min, followed by deep scan imaging of cells via 3 um as a
step along the z axis. Normal and cancer cells can be
distinguished by cell morphology (Figure 4ai-aio). The
remarkable fluorescence signal of 655-755 nm was
collected from the cyan region (HepG-2 cells, Figure 4b7)
compared to the green region (LOz cells) (Figure 4,
bi-bio), which was attributed to overexpression of APN in
HepG-2 cells. Besides, tumor cells (Figure 4h, green
region) could be selectively lighten up depending on dual
mark (APN activity labelled by YH-APN; Nucleic acid
labelled by commercial Hoechst 33342), which was further
confirmed by fluorescence imaging of mixed culture cells
of HepG-2 and COS-7 (Figure 4c-h) as well as
corresponding 3D imaging (Figure 4i-k). The above
experimental results indicated that YH-APN may have the
potential for the discrimination of APN-related cancer
cells from normal cells.

The invasion and migration is the most basic biological
feature of malignant tumors, which is the main reason for
cancer metastasis. Current researches have demonstrated
that Aminopeptidases N (APN) plays a key role in
regulating the migration of malignant tumor cells.57-58
Thus, the migration of tumor cells was expected to be
determined via fluorescence imaging of APN. The tumor
cell migration was established based on cell scratch. With
the addition of Ube, the appearance of shrinkage was
found in the cell morphology of HepG-2 (Figure 5m and
5p) compared to the control group (Figure 5d and 5g).
The migration distance of HepG-2 cells incubated with
100 pM Ube was apparently prevented because of APN
activity inhibited on the cell surface (Figure 5n and 5q). As
is seen in Figure 5s, the migration ratios of Ube treatment
and control group of cells were 13.15%, 26.56% (12 h) and
42.49%, 58.13% (24 h), respectively. The above results
clearly demonstrated that invasion of tumors can be
imaged by HY-APN, which is important for fluorescence
imaging of microscopic and metastatic tumor lesions.

'H\gh

I Low

Figure 6. Imaging of endogenous APN activity in bare
BABL/c mice bearing HepG-2 xenograft tumor and various
tissues. Time-dependent fluorescence photographs for mouse
intratumoral injection with probe YH-APN (50 uM, 50 pL): a)
0 min; b) 20 min; ¢) 50 min; d) 70 min; e) 100 min; f) 120 min;
g) 150 min. k) Average ph/s was collected from the tumor site
as the corresponding time. h-j) imaging of tumor tissue; 1-n)
imaging of normal tissue, Aex = 488 nm, Aem = 655-755 nm.
Scale bar = 20 pum. Fluorescence imaging of mouse was
gathered with an excitation filter of 475 nm (fwhm 20 nm)
and an emission filter of 655 nm (fwhm 20 nm). o) 3D
imaging of tumor tissue with two-photon excitation of 8oo
nm and emission of 575-630 nm.

Imaging of endogenous APN in tissues and in vivo.
Inspired by the desired activatable emission in responsive
to APN, the capability of YH-APN for visualization of
endogenous APN in vivo was then investigated. HepG-2
cells (1 x 10° cells) owing to overexpression APN was
transplanted around the axilla of the right limb of female
nude BABL/c mice to establish the animal research model.
All the animal procedures were performed in accordance
with the Guidelines for Care and Use of Laboratory
Animals of Dalian Medical University and experiments
were approved by Dalian Medical University Animal Care
and Use Committee. Upon tumor formation, the mice
were pre-anaesthetized, and in vivo imaging was
performed on an small animal imaging system. Distinct
fluorescence (645-665 nm) was obtained from the tumor
site after directly injected with YH-APN (50 pM, 50 pL) 20
min later due to rapid cleavage of amide bond by APN
(Figure 6b). The fluorescence can be restored up to 70
min with a high tumor-to-normal tissue (T/N) ratio
(Figure 6a-6d). As mentioned above, the histopathological
biopsy is required during current tumor surgery, which is
trapped in the time-consuming of sample preparation and
complex operation. Rapid, convenient, simple and correct
are thus the requirements for further tumor diagnosis. To
demonstrate the efficiency and reliability of the probe in
identifying tumor tissues from normal tissues, imaging of
various tissue sections was conducted on confocal
fluorescence microscopy. Tissue slices of 20 pm were
prepared by freezing microtome were incubated with
YH-APN (5 pM) for 30 min under room temperature.
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Compared to normal liver tissue (Figure 6l-6m), the
remarkable fluorescence signal (Figure 6h-6j) was
gathered from  hepatocellular carcinoma tissue.
Correspondingly, the 3D reconstruction imaging also
demonstrated the reliability of YH-APN for imaging APN
in tissue level (Figure 60, S24, and S25).
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Figure 7. Image-guided resection by spraying YH-APN in
bare BABL/c mice bearing HepG-2 xenograft tumor. A)
in-situ spraying imaging in vivo: a) bright image; b)
fluorescence image; c¢) spraying YH-APN for 30 min, then
fluorescence image; d) based on c), the slipped effusion
removed and fluorescence image. B) in vitro imaging of liver
tissue and normal liver tissue (e and f) through spraying
probe YH-APN for 30 min, g) statistical fluorescence
intensities. C) image-guided resection by spraying probe
YH-APN: h) bright image; i) fluorescence image; j) spraying
YH-APN for 30 min, then fluorescence image; k) surgical
removal of tumor; 1) based on k), respraying YH-APN for 30
min, and fluorescence image. Fluorescence imaging of mouse
was gathered with an excitation filter of 475 nm (fwhm 20 nm)
and an emission filter of 655 nm (fwhm 20 nm).

Image-guided resection by spraying YH-APN. In
order to gain precise image-guided resection for the
tumor, YH-APN can be utilized to visualize the full
outline of tumors. Initially, we demonstrated that the
tumor could be accurately lit up in situ by simply spraying
YH-APN (Figure 7c¢ and 7d). In contrast, no fluorescence
signal was obtained from the control group (Figure 7b).
Additionally, in vitro liver cancer tissue and normal tissue
could also be effectively distinguished via in situ spraying
of YH-APN (Figure 7e and 7f). The T/N ratio of 13.86 was
gathered and kept at least for 2 h, facilitating to accurately
identify cancerous tissues (Figure 7g). Based on the above
results, obvious fluorescent tissue (Figure 7j) from the
mouse was removed with a scalpel (Figure 7k). No

Journal of the American Chemical Society

fluorescence signal was collected (Figure 71) when the
probe was sprayed at the original location, which is in
accordance with the control group (Figure 7i). These in
vivo imaging results signified that the tumor was removed.
Therefore, YH-APN may serve as a powerful contrast
probe to assist accurate tumor resection in the clinical
field.
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Figure 8. Imaging of metastatic cancer through spraying
YH-APN in BALB/c mice bearing 4T1 xenograft tumor (s.c.
close to mammary gland for 5 weeks). Splenic metastasis: a)
bright image (left side: normal spleen; right side: splenic
metastasis); b) detail with enlarged scale; c) spraying
YH-APN for 30 min, then fluorescence image; d) statistical
fluorescence intensities. Hepatic metastases: e) bright image;
f) detail with enlarged scale; g) spraying YH-APN for 30 min,
then fluorescence image; h) statistical fluorescence
intensities. Fluorescence imaging of mouse was gathered
with an excitation filter of 475 nm (fwhm 20 nm) and an
emission filter of 655 nm (fwhm 20 nm).

Imaging of metastatic cancer. The unsuccessful
removal of micro-metastatic lesions during surgery always
results in tumor metastasis, which is the key reason for
the dissatisfactory overall survival of patients with
malignant tumors. To further investigate the clinical
application of YH-APN, we constructed a metastatic
tumor model in BALB/c mice bearing 4T1 xenograft tumor.
After sacrifice, spleen and liver samples were discreetly
taken out from mice, and then washed with PBS buffer for
three times. Compared to the normal spleen (Figure 8a,
left side), metastatic spleen (Figure 8a, right side) became
markedly swollen. After spraying the agent, the tissue of
splenic metastasis showed apparent fluorescence.
However, no fluorescence was observed from normal
spleen (Figure 8c). A high T/N tissue ratio of 4.99 was
gathered (Figure 8d). In addition, we also used this
method in tissue with liver metastasis (Stage II, multiple
metastases involving less than 25% of hepatic
parenchyma)®-¢ (Figure 8e and 8f). Metastatic lesions
with less than 1 mm in diameter could also be clearly
imaged (Figure 8g), which is superior to the traditional
diagnostic methods in clinical practice. Thus, T/N tissue
ratios (Figure 8h) of 4.42 (Figure 8g, ROI3/RON) and 6.25
(Figure 8g, ROI2/ROI1) were favorable for the accurate
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resection of micro-metastatic tumors. These experiments
suggested that YH-APN could track metastatic tumor
lesions within organs by in-situ spraying manner, which
would inevitably promote the accuracy of tumor
resection.

CONCLUSION

In summary, we presented an enzyme-activatable
fluorescent probe YH-APN for guiding surgical resection
via monitoring endogenous APN activity. Spectral analysis,
theoretical simulation, and high-resolution mass
spectrum provided clear proof for the recognition of
probe towards APN. YH-APN demonstrated ultrasensitive
detection limit to APN (DL 0.3 ng/mL) with excellent
selectivity and favorable biocompatibility. Tumor cells
(HepG-2 and B16/BL6 cells) were accurately lighted-up by
YH-APN in the separated and co-culture system through
2D&3D imaging, showing the level of single-cell
recognition. Notably, high tumor-to-normal (T/N) tissue
ratios were firstly observed in in-vivo tests which may
enable future applications in image-guided surgery. These
results elucidated that YH-APN can be used as a vital
research tool, and has potential applications in diagnosis
of metastatic disease in healthcare.
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