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ABSTRACT: Squaraine dyes have excellent photostability with intensive
absorption and strong fluorescence in the near-infrared (NIR) region.
However, they display a strong tendency to aggregate in aqueous media
because of their poor water solubility, often causing fluorescence
quenching that severely limits their in vivo applications, especially for
detecting or imaging diagnostic enzymes. In this work, an oligo(ethylene
glycol)-functionalized squaraine fluorophore has been developed as an
NIR-fluorescent probe that can detect and image the activities of a
diagnostic enzyme (leucine aminopeptidase) both in vitro and in vivo. The
probe shows near-infrared absorption and emission, a low detection limit
(0.61 ng/mL), relatively good aqueous solubility, high selectivity, and little
toxicity. In addition, the probe herein was successfully used to track
endogenous leucine aminopeptidase both in vitro and in vivo with a nude-

' HepG2 xenograft tumor

i.v. with USSQ-Leu

mouse model.

luorescence detection and imaging techniques are effective

tools for monitoring biological targets and processes and
providing outstanding spatiotemporal resolution at the
molecular level with high sensitivity.'~'" For noninvasive in
vivo detection and imaging, fluorescent probes with absorption
and emission in the near-infrared (NIR) region (650—900 nm)
are particularly advantageous and highly sought after because
of the low absorption of biological molecules, little photo-
damage to biological samples, relatively deep tissue pene-
tration, and low background interference from the autofluor-
escence of biomolecules in the living systems.'*™*’

Squaraine dyes show intensive absorption and strong
emission typically in NIR region”* > and have been
successfully applied in solar cells because of their good optical
properties and excellent photostability;*” ™" hence, these dyes
can be designed as promising NIR-fluorescent probes for
detecting biomolecules. However, squaraine dyes display a
strong tendency to aggregate in aqueous solution partly
because of their poor water solubility, often causing
fluorescence quenching as a result of an aggregation-caused-
quenching (ACQ) property,””>* thus limiting their in vivo
applications. Because of these properties, many squaraine-
based fluorescence-detection systems are often utilized for
metal-ion recognition and protein detection in vitro via
aggregation or disaggregation or a coordination process.‘i’s_38
Furthermore, many enzymes are very important biomarkers for
disease diagnosis, yet only a few squaraine fluorophores have
been used for detecting and imaging diagnostic enzymes in
vitro.”>™*' On the other hand, it is well-known that the
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incorporation of hydrophilic poly(ethylene glycol) (PEG) and
oligo(ethylene glycol) (OEG) onto drugs can enhance their
water solubility and improve their biocompatibility via
minimizing nonspecific interactions with biological molecules
such as proteins, RNA, and DNA, thus achieving prolonged
circulation time.””™* OEG with a well-defined length can
easily undergo chemical modification, which is preferred for
functionalization. We envision that incorporating an OEG
(e.g., triethylene glycol) on one side and a hydrophilic
substrate moiety on the other side of a squaraine scaffold
may ameliorate the above limitation and thus generate an NIR-
fluorescent probe for detecting diagnostic enzymes. To this
end, by employing leucine aminopeptidase (LAP) as a model
diagnostic enzyme, we constructed an OEG-functionalized
squaraine NIR probe (USSQ-Leu) for in vitro and in vivo LAP
detection and imaging. This enzyme is normally found in liver
cells and small-intestine cells, and abnormal expression of LAP
is closely related to several human diseases, including
hepatitis%_48 and liver cancer;*”™>' therefore, LAP is an
important biomarker (diagnostic enzyme) for detecting these
diseases. The probe herein with NIR absorption and emission
has quite good aqueous solubility and shows a sensitive, rapid,
and selective response toward LAP. Moreover, this probe has
been successfully used in imaging HepG2 xenograft tumors in
a mouse model.
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As shown in Scheme 1, this probe contains three parts: an
unsymmetrical squaraine (USSQ) unit serves as the NIR-

Scheme 1. Schematic Overview of the Sensing Mechanism
for Detecting LAP in Vitro and in Vivo via an Enzymatic
Reaction with the Probe, USSQ-Leu
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fluorescent reporter, the hydrophilic L-leucine moiety serves as
the enzyme substrate (the recognition moiety for LAP) and
the fluorescence quencher, and an OEG (triethylene glycol)
moiety improves the aqueous solubility and biocompatibility.
The probe, USSQ-Leu, was synthesized by coupling the r-
leucine-containing quinolone and the OEG-containing indole
with squaric acid, as shown in Scheme S1. For comparison, two
other squaraine-based fluorophores (namely, one with no OEG
group, SQ-0; and the other with two OEG groups, SQ-2) were
also synthesized, as shown in Scheme S2. The structures of the
intermediates and the final product were confirmed by 'H
NMR and HR-MS spectrometry (Figures S1—16).

B EXPERIMENTAL SECTION

Materials and General Instrumentation. 4-Nitroaniline,
crotonaldehyde, stannous chloride dihydrate, BOC-L-leucine,
PyBop, N,N-diisopropylethylamine (DIPEA), ethyl iodide,
triethylene glycol monomethyl ether, p-toluene sulfonyl
chloride, 2,3,3-trimethylindolenine, 1,2,3,3-tetramethyl-3H-in-
dolium iodide, and squaric acid were purchased from Sigma-
Aldrich Reagents without further purification. DMEM was
purchased from KeyGen BioTECH. The solvents, including
carbon tetrachloride, acetone, dichloromethane (DCM), and
N,N-dimethylformamide (DMF), ethanol, n-butyl alcohol, and
toluene were dried with a SA molecular sieve and distilled
under a nitrogen atmosphere. Other solvents used in this study
were of analytical grade and used as received. In the
experiments, water was triple-distilled. Column chromatog-
raphy was conducted with silica gel (300—400 mesh), and pH
values were measured with a Sartorius PB-10 pH meter.

Synthesis of USSQ-Leu (Compound 10, the Probe).
Compound 9 (1 equiv, 0.25 mmol, 100 mg) was dissolved in a
toluene/n-butanol mixture (1/1, 40 mL), and compound 4 (1
equiv, 0.25 mmol, 130 mg) was added. The flask was equipped
with a Dean—Stark apparatus, and the solution was heated at
125 °C overnight. The solvents were evaporated, and the crude
product was purified by column chromatography (CH,ClL,/
CH,OH = 50/3, v/v) to obtain a blue solid as USSQ-BocLeu.
Next, the blue solid was dissolved in 10 mL of CH,Cl,, and 1
mL of TFA was added. The reaction solution was stirred at
room temperature for 3 h; then, the solvents were evaporated,
and product 10 was obtained (40 mg, 15%). '"H NMR (600
MHz, DMSO-dg) 6 9.45 (d, J = 9.3 Hz, 1H), 8.27 (d, ] = 2.3
Hz, 1H), 8.07 (d, ] = 9.4 Hz, 1H), 7.98 (d, ] = 9.5 Hz, 1H),
7.95 (dd, J =9.3,2.3 Hz, 1H), 7.39 (d, ] = 7.2 Hz, 1H), 7.27—
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722 (m, 1H), 7.12 (d, ] = 7.9 Hz, 1H), 7.01 (t, ] = 7.4 Hz,
1H), 5.90 (s, 1H), 5.61 (s, 1H), 4.55 (d, ] = 5.9 Hz, 2H), 4.09
(s, 2H), 3.74 (t, ] = 5.6 Hz, 2H), 3.54—3.51 (m, 2H), 3.47—
3.44 (m, 2H), 3.45-3.41 (m, 2H), 3.36—3.34 (m, 2H), 3.18
(s, 3H), 1.80—1.74 (m, 1H), 1.66 (s, 6H), 1.55—1.52 (m, 1H),
1.44 (t, ] = 7.2 Hz, 3H), 0.92 (dd, J = 14.3, 6.6 Hz, 6H), 0.86
(t, J = 7.0 Hz, 2H). HR-MS (ESI): calculated for C,yH,N,O¢4
([M]*) 682.3730, found 682.3729.

Measurements. The instruments for measurements were
as previously reported.”” Briefly, 'H NMR spectra were
obtained with a Bruker Avance 600 MHz NMR spectrometer.
Chemical shifts are reported in parts per million using the peak
of residual proton signals of TMS as the internal reference.
High-resolution mass spectra (HRMS) were obtained with AB
Sciex Triple TOF 5600+ mass spectrometer. Absorption
spectra were obtained with a Hitachi U-3010 UV-—vis
spectrophotometer. A Hitachi F-4600 fluorescence spectro-
photometer was used for measuring fluorescence spectra.
Olympus IX 71 with a DP72 color CCD was used for
obtaining fluorescence images. In vivo imaging was performed
on an Ami small-animal-imaging system (SI Imaging).

Spectroscopic Measurement. A stock solution of USSQ-
Leu (1.0 mM) in DMSO was made and used upon dilution
with phosphate-buffered water (PBS, pH 7.4, 10 mM). The
stock solutions (10.0 mM or 200 U/L) of CaCl, MgCl,
ZnCl,, and the other bioanalytes (FeCl,, FeCl;, CuCl,, CaCl,,
GSH, Cys, Leu, Gly, Arg, Phe, NaOCI, H,0,, lactase, DT-
diaphorase, carboxylesterase, nitroreductase, and LAP) were
prepared in PBS (10 mM, pH 7.4).

Optical measurements were conducted with similar
procedures to those previously reported.*® Briefly, the solution
of USSQ-Leu was incubated with the analyte (LAP or one of
the others) in PBS (pH 7.4, 10 mM, containing 10% DMSO)
at a certain pH in a standard quartz cuvette with an optical-
path length of 1 cm under 37 °C; the final USSQ-Leu
concentration was 5 yM. The optical spectrum of the above
solution was obtained after being measured with an indicated
procedure. For the fluorescence measurements, the excitation
wavelength was 650 nm with slit width of 5 X 10 nm. For the
selectivity experiment, USSQ-Leu was incubated with every
analyte for 30 min, and the fluorescence intensity at 710 nm
was then measured. In order to compare the change of
fluorescence intensity, we used the fluorescence intensity at
710 nm of USSQ-Leu (5 uM) in PBS (pH 7.4, 10 mM,
containing 10% DMSO) as a standard value defined as F,.

Water-Solubility Determination. In a centrifuge tube, an
oversaturated aqueous solution was prepared in ultrapure
water. Then, the solution was centrifuged (30 min at 9000 rpm
and 25 °C), and the supernatant was collected at 25 °C to get
10 mL of saturated solution. After that, the saturated solution
underwent freeze-drying overnight to obtain the weight of the
solute. The solubility was finally determined by using the
volume (10 mL) and the weight of the solute.

Cell Imaging. HepG2 cells, LO2 cells, and 1929 cells were
cultured in DMEM with 10% FBS for a 24 h incubation. Then,
the cells were seeded in a six-well plate. Cells were allowed to
grow to 50—70% confluence and washed with DMEM.

The cells were incubated with the USSQ-Leu solution
(containing 1% DMSO) in a humidified incubator (37 °C, 5%
CO,) for 2 h directly or after the following treatments: For
acetamidophenol (Ace) stimulation, an Ace solution (1 mM)
was added to six-well plates containing adherent cells in
DMEM supplemented with 10% FBS in a humidified incubator
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(37 °C, 5% CO,) before the probe was added, and then the
cells were incubated for 24 h. For bestatin inhibition, the six-
well plates containing adherent cells in in DMEM
supplemented with 10% FBS in a humidified incubator (37
°C, 5% CO,) were pretreated with a bestatin solution before
the probe was added; then, the cells were incubated for 1 h.

Afterward, the six-well plates were washed with PBS three
times. By using an Olympus IX71 inverted fluorescence
microscope equipped with a DP72 color CCD, fluorescence
images were obtained.

Cell-Viability Assay. Cells (5000 cells/well) were seeded
in 96-well plates and incubated with the probe, USSQ-Leu,
with varied concentrations (from 0 to 100 uM, with 1%
DMSO) at 37 °C. The cells without the treatment were used
as the control. After incubation for 24 h, the wells were washed
three times with PBS and treated with DMEM medium
containing 0.5 mg/mL MTT for another 4 h. The resulting
formazan crystal was dissolved in 150 yL of DMSO (after the
medium was removed carefully), and then the absorbance was
recorded (at $70 nm). Cell-viability assays were performed
using a Thermo MK3 ELISA plate reader. Three independent
experiments performed in six replicates were used to obtain the
statistical means and standard deviations.

In Vivo Fluorescence Imaging. The experiments
involving animals were carried out in the Laboratory Animal
Center of South China Agricultural University (SCAU), and
the experimental protocols were approved by the Animal
Ethics Committee of SCAU in accordance with the guidelines
for the care and use of laboratory animals. BALB/c nude mice
(5—6 weeks old) were supplied by Guangdong Medical
Laboratory Animal Center and maintained under standard
conditions.

For in vivo imaging, the nude mice were subcutaneously
injected with 100 uL of HepG2 cells (5 X 10° cells per mouse)
on the right oxter to establish a tumor model. The tumor-
bearing mice were randomly divided into two treatment groups
for early- and advanced-stages of cancer (n = 6 per group).
Tumors were allowed to grow to volumes of 25—30 mm?®
(early stage, around S days after inoculation of HepG2 cells)
and around 500 mm® (advanced stage, around 21 days after
inoculation of HepG2 cells), and then they were used for the
experiment. A control group (n = 6) was established with no
cancer cells injected.

To detect endogenous LAP activity, the probe, USSQ-Leu
(50 uM, SO uL), was injected into the tail vein. Then, in vivo
imaging was obtained by using an AMI small-animal-imaging
system from SI Imaging Company with 4., = 650 nm and 4, =
710 nm. In the nude-mouse xenograft tumor model, the early-
stage tumor usually had a volume of around 60 mm® or
smaller, and the advanced-stage tumor had a volume of around
500 mm?® or larger.”*>’

Ex Vivo Fluorescence Imaging. The tumor-bearing mice
with different stages of tumor were intravenously injected with
the probe, USSQ-Leu (50 uM, S0 uL). After 4 h, the injected
mice were sacrificed with CO,, and the tumor and other organs
were dissected and imaged with 4., = 650 nm and 4., = 710
nm.

B RESULTS AND DISCUSSION

Spectral Properties of USSQ-Leu with and without
LAP. The probe, USSQ-Leu, exhibits a strong absorption peak
at around 650 nm and weak fluorescence, as shown in Figure
S17. However, after incubation with LAP under physiological
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conditions, a remarkable fluorescence enhancement (9-fold) at
710 nm occurs (Figure S18). The fluorescence spectra of
USSQ-Leu in the presence of LAP were recorded as well. As
expected (Figure la), as the LAP level was increased (0—40
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Figure 1. (a) Concentration-dependent fluorescence spectra of
USSQ-Leu toward LAP. The concentration of LAP is from 0 to
100 U/L; the reaction occurred at 37 °C for 30 min in PBS with 10%
DMSO at pH 7.4. Inset: fluorescence intensity at 710 nm vs LAP
concentration. (b) Time-dependent fluorescence spectra of USSQ-
Leu (5 M) incubated with 40 U/L LAP (PBS with 10% DMSO, pH
7.4 at 37 °C). Inset: fluorescence intensity at 710 nm vs incubation
time, A, = 650 nm. (c) HR-MS spectrum of the reaction solution of
USSQ-Leu (5 M) incubated for 10 min with LAP (40 U/L). F,
represents the emission intensity at 710 nm of USSQ-Leu (S M) in
PBS (pH 7.4, 10 mM, containing 10% DMSO).

U/L) and upon incubation with USSQ-Leu (S yM) for 30 min
under physiological conditions, the fluorescence intensity
gradually increased, whereas when further LAP (>40 U/L)
was added, no more significant changes were be seen. Then,
the time-dependent fluorescence spectra of the USSQ-Leu
with 40 U/L of LAP in PBS were also measured; the
fluorescence intensity at 710 nm increased strikingly and
reached a plateau in 30 min (Figure 1b). Moreover, in order to
further confirm the enzymatic-cleavage reaction by LAP had
occurred, the reaction solution was analyzed by HR-MS
(Figure 1c); after the treatment with LAP for 10 min, the mass
peak at 570.2962, corresponding to the reaction product
USSQ-NH,, could be observed. The enzymatic-cleavage
reaction was also confirmed by HPLC. As illustrated in Figure
S19, USSQ-Leu and the reaction product can be identified at
3.02 and 1.53 min in the HPLC chromatogram. In addition,
the apparent kinetic parameter of USSQ-Leu (the probe) was
determined in accordance with the Michaelis—Menten
equation,”* and correspondingly, the Michaelis-constant (K,,)
value was 10.8 uM (Figure S20).

Aqueous Solubility of the Probe. To evaluate effects of
the OEG moiety on the water solubility of the probe, we also
synthesized the two other squaraine fluorophores, SQ-0 and
SQ-2, which contained zero or two OEG groups, respectively
(the details of the synthesis and their related characterizations
are shown in Scheme S2 and Figures SIS and S16 in the
Supporting Information). Their water solubility was deter-
mined to be 0.0212 mg (SQ-0), 0.341 mg (the probe, USSQ-
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Leu), and 1.278 mg (SQ-2). The absorption spectra of these
three squaraine fluorophores (with same concentration, 5 M)
in solutions containing different ratios of phosphate-buffered
water (PBS) and DMSO were measured. As displayed in
Figure 2, we can see that the spectra of SQ-0 changed
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Figure 2. (a) Chemical structures of squaraine fluorophores.
Absorption spectra of (b) SQ-0; (c) the probe, USSQ-Leu; and (d)
SQ-2 in the solutions with different ratios of PBS and DMSO
(concentration = 5 uM).

significantly when the ratio of PBS was raised, probably
because with a higher amount of PBS, the fluorophore SQ-0
could not completely dissolve, even in such dilute solution (5
uM), whereas the spectra of the probe and SQ-2 were
relatively stable, which further confirmed that the introduction
of OEG improved the aqueous solubility of squaraine
fluorophores.

Effects of pH. To confirm the probe, USSQ-Leu, can be
utilized for bioimaging, the effects of pH on the probe’s
response to LAP was also explored. As shown in Figure 3a, the
fluorescence of USSQ-Leu was almost unaffected by the
variation of pH. However, when pretreated with LAP for 30
min, the USSQ-Leu solution exhibited a recognizable
fluorescence enhancement in the pH range of 4.0—10.0.
Markedly, the emission intensity of USSQ-Leu in the presence
of LAP reached the maximum when pH was around 7.0, and it
varied slightly under the pH ranging from 4.0 to 10.0, which
indicates that the probe would be applicable in biological
milieu.

Photostability of the Probe, USSQ-Leu. To prove the
probe has high photostability, the fluorescence intensity of the
probe and the probe pretreated with LAP under the irradiation
of a xenon lamp (150 W) were recorded. As displayed in
Figure 3b, the fluorescence of USSQ-Leu showed nearly no
change upon UV-light irradiation. Meanwhile, when pretreated
with LAP for 30 min, the USSQ-Leu solution exhibited very
good photostability as well.

Selectivity of the Probe, USSQ-Leu. Given that the
intracellular environment is a complex biological system,
before the cellular imaging experiment, the performance of
USSQ-Leu with some other bioanalytes, such as CaCl,, MgCl,,
ZnCl, and others (FeCl,, FeCl;, CuCl,, CaCl,, GSH, Cys, Leu,
Gly, Arg, Phe, NaOCl, H,0,, lactase, DT-diaphorase,
carboxylesterase, nitroreductase, y-glutamyl transferase, proli-
dase, and methionine aminopeptidase) were also investigated,
including some biologically important metal ions, biomole-
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Figure 3. (a) Effects of pH on the fluorescence of USSQ-Leu (5 uM)
and USSQ-NH, (5 uM of USSQ-Leu treated with 40 U/L of LAP in
PBS, pH 7.4, 10 mM, containing 10% DMSO, at 37 °C for 30 min
before the pH change). 4, = 650 nm and 4., = 710 nm. (b)
Photostability of USSQ-Leu (5 uM) and USSQ-NH, (5 uM of
USSQ-Leu treated with 40 U/L of LAP in PBS, pH 7.4, 10 mM,
containing 10% DMSO, at 37 °C for 30 min before irradiation) under
the irradiation of a xenon lamp (150 W). (c) Fluorescence intensity of
the probe (S yM) at 710 nm in PBS (pH 7.4, 10 mM, with 10%
DMSO) in the presence of various potential species for 30 min: (1)
control, (2) KCI (150 mM), (3) CaCl, (S mM), (4) MgCl, (S mM),
(5) ZnCl, (100 uM), (6) FeCl, (1 mM), (7) FeCl; (1 mM), (8)
CuCl, (1 mM), (9) CaCl, (1 mM), (10) GSH (5§ mM), (11) Cys (5
mM), (12) Leu (5 mM), (13) Gly (5 mM), (14) Arg (S mM), (15)
Phe (5§ mM), (16) NaOCI (100 uM) , (17) H,0, (100 uM), (18)
Lactase (100 U/L), (19) DT-diaphorase (100 U/L), (20)
carboxylesterase (100 U/L), (21) nitroreductase (100 U/L), (22)
y-glutamyl transferase (100 U/L), (23) prolidase (100 U/L), (24)
methionine aminopeptidase (100 U/L), and (25) LAP (40 U/L). A,
= 650 nm and A, = 710 nm. F, represents the fluorescence intensity
at 710 nm of USSQ-Leu (5 M) in PBS (pH 7.4, 10 mM, containing
10% DMSO).

cules, and other enzyme species. As displayed in Figure 3c, the
emission intensity at 710 nm had negligible variation in the
presence of possible competitive analytes. After the probe was
treated with LAP, however, the emission intensity displayed a
striking enhancement. The results reveal that the probe,
USSQ-Leu, is a quite specific probe toward LAP in the
biological environment. Moreover, we also performed control
experiments by employing the LAP-inhibitor bestatin.”>™>* As
shown in Figure S21, the LAP inhibitor led to much weaker
fluorescence as a result of fewer LAP-induced enzymatic
reactions, which further confirms that the change of the
fluorescence signal is triggered by LAP.

Sensitivity of the Probe, USSQ-Leu, for LAP. To
investigate USSQ-Leu’s fluorescence turn-on response to LAP
with different concentrations, LAP (0—15 U/L) was added to
USSQ:-Leu solutions (S uM) in PBS (pH 7.4, 10 mM, with
10% DMSO) at 37 °C for 30 min, and then the fluorescent
turn-on response at 710 nm was recorded. The result is
displayed in Figure S22, and the limit of detection for LAP was
determined to be 0.61 ng/mL. Compared with probes from
various other studies, USSQ-Leu is quite a good probe for the
detection of LAP.*"~
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Fluorescence Imaging in Living Cells. Subsequently, we
investigated the ability of USSQ-Leu to detect LAP inside cells.
As for the cell-imaging experiments, we employed DMSO as
the cosolvent, because it is the most commonly used organic
solvent that has a high water affinity and low systemic toxicity,
and also it is widely used in several procedures for cell-
culturing experlments, including those involving cell freezing
and cell thawing.*® First, we explored the influence of USSQ-
Leu on the viabilities of the HepG2 cells and their cellular
uptake of USSQ-Leu. The viability of HepG2 cells upon
treatment with USSQ-Leu were assessed using MTT assays. As
shown in Figure S23, the results showed that there was
insignificant cytotoxicity when the HepG2 cells were incubated
with 0—100 uM of USSQ-Leu for 24 h. Afterward, the cell
uptake was also evaluated by flow cytometry, and the mean
fluorescence intensities showed significant increments when
USSQ-Leu was incubated with HepG2 cells compared with
those of the cells incubated without the probe for 2 h (Figure
$24), indicating that the probe molecules can be efficiently
internalized by cells. Because the probe shows good
biocompatibility and excellent cellular uptake, we then
investigated its ability to detect endogenous LAP in three
kinds of cell lines which express LAP differently. As shown in
Figure 4, as the LAP-overexpressed HepG2 cells were
incubated with USSQ-Leu, a bright-red image resulted (Figure
4a), and the fluorescence was much less bright in LO2 cells
(Figure 4d) which expressed less LAP. To further confirm that
USSQ-Leu can be activated by endogenous LAP, we then used
acetaminophen®”®® (Ace), which can upregulate LAP levels by
causing damage to liver cells, and bestatin (a specific inhibitor
of LAP) in the cellular-imaging experiments. As shown in
Figure 4e, the Ace-pretreated LO2 cells show strong-red
fluorescence images compared with those of the normal LO2
cells. The fluorescence of the cells treated with bestatin (Figure
4b,f) look almost the same as that of the untreated LO2 cells.
Moreover, we chose L929 cells, which contain nearly no LAP,
as the control and incubated them with the probe, and they
turned out to be almost dark (Figure 4c). The above results
verify the outstanding ability of the probe, USSQ-Leu, for the
fluorescent sensing of LAP in cells and confirm that our probe
could serve as a detection system for tracking LAP in vitro.

Fluorescence Imaging in Vivo. Because the probe and its
NIR properties can be used for monitoring LAP activity under
in vitro conditions, we therefore used it to detect xenograft
tumors in BALB/c nude mice by imaging the overexpressed
LAP. The mice were subcutaneously injected with ca. 5 X 10°
HepG2 cells in the right oxter. As shown in Figure Sa, for the
advanced-stage HepG2 xenograft tumor model (the tumors
were around 500 mm?® in volume), after the HepG2 tumor-
bearing mice were intravenously injected with 50 yL of USSQ-
Leu, weak fluorescence could be observed in the tumor region
in 30 min on an AMI small-animal-imaging system (SI Imaging
Company), and the fluorescence gradually increased and
remained intense for 4 h; then, the fluorescence gradually
decreased. Moreover, after the fluorescence in the abdominal
cavity disappeared entirely, we could still observe relatively
recognizable fluorescence at the tumor site. In addition, we
used USSQ-Leu to image the LAP activity in the early-stage
HepG2 xenograft tumor (the tumors were around 25—30 mm®
in volume) in vivo. As depicted in Figure Sb, when the mice
were intravenously injected with 50 uL of probe, a significant
fluorescence enhancement was observed in 4 h at the tumor
site and remained this way for 24 h. The above results indicate
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Figure 4. Fluorescent and bright-field images of cells. (a,2") HepG2
cells incubated with the probe, USSQ-Leu (5 uM) for 2 h. (bb’)
HepG2 cells pretreated with bestatin (50 yM) for 1 h and then
incubated with probe (5 M) for 2 h. (c,c’) L929 cells incubated with
the probe (S uM) for 2 h. (d,d") LO2 cells incubated with the probe
(5 uM) for 2 h. (e,e’) LO2 cells pretreated with Ace for 24 h (1 mM)
and then treated with the probe for 2 h (5 uM). (£f) LO2 cells
pretreated with bestatin (10 M) for 1 h and then incubated with the
probe (S uM) for 2 h.

Bright field

48 h

GHEEE

Figure S. Typical fluorescent images of the (a) advanced-stage and
(b) early-stage HepG2-xenograft-tumor-model mice after being
injected with USSQ-Leu for 0—48 h.

that USSQ-Leu is capable of imaging LAP overexpression in
tumors in vivo. Moreover, strong fluorescence also appeared in
livers mainly caused by the metabolism of the activated probe
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and high levels of LAP due to liver damage as a side-effect of
cancer.

Fluorescence Imaging ex Vivo. The mice were sacrificed
humanely and some organs were dissected for fluorescent
imaging (shown in Figure 6). As for the control group (healthy
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Figure 6. Typical images of dissected organs from (a) control mice;
(b) early-stage tumor-bearing mice; (c) advanced-stage tumor-bearing
mice. Organs of panel (a) were dissected from healthy mice
intravenously injected with PBS (as the control group). Organs of
panels (b,c) were dissected from the tumor-bearing mice 4 h after
being intravenously injected with the probe for different stages of the
HepG2 xenograft tumor.

mice without injection of the probe), nearly no fluorescence
could be observed (Figure 6a). In Figure 6b,c (early and
advanced stages, respectively), strong fluorescence was found
in tumors and in livers, which also contains high levels of LAP.
The kidneys were also found to exhibit weak fluorescence,
probably because part of the probe molecules could be
metabolized through kidney. Taken together, the results
indicate that the probe herein can serve as an efficacious
probe for LAP in vivo.

B CONCLUSION

In summary, we have successfully developed a squaraine-based
NIR probe for detecting LAP via enzymatic reaction. The
probe shows improved aqueous solubility, high sensitivity, and
selectivity. By exploiting these advantageous properties, we
have successfully used the probe to detect the activity of LAP
in vitro and image LAP-overexpressed tumors in vivo. The
probe herein may be applicable in tracking and positioning
hepatoma where LAP is overexpressed, and the approach for
constructing the probe may offer helpful insights for designing
other squaraine-based fluorophores as useful NIR bioprobes
for applications in complicated physiological environments.
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