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Molecular design of near-infrared (NIR)
fluorescent probes targeting exopeptidase and
application for detection of dipeptidyl peptidase
4 (DPP-4) activity+
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Takashi Kojima,® Daisuke Kotani,® Ayumu Nomoto,® Eita Sasaki, & ° Toru Komatsu,?
Tasuku Ueno, (22 Hiroyuki Takamaru,” Yutaka Saito,” Yasuyuki Seto® and

Yasuteru Urano*®®

Monitoring the activities of proteases in vivo is an important requirement in biological and medical
research. Near-infrared (NIR) fluorescent probes are particularly useful for in vivo fluorescence imaging,
due to the high penetration of NIR and the low autofluorescence in tissue for this wavelength region,
but most current NIR fluorescent probes for proteases are targeted to endopeptidase. Here, we describe
a new molecular design for NIR fluorescent probes that target exopeptidase by utilizing the >110 nm
blueshift of unsymmetrical Si—rhodamines upon amidation of the N atom of their xanthene moiety.
Based on this molecular design, we developed Leu-SiR640 as a probe for leucine amino peptidase
(LAP). Leu-SiR640 shows a one order of magnitude larger fluorescence increment (669-fold) upon
reaction with LAP than existing NIR fluorescent probes. We similarly designed and synthesized
EP-SiR640, a NIR fluorescent probe that targets dipeptidyl peptidase 4 (DPP-4). We show that this probe
can monitor DPP-4 activity not only in living cells but also in mouse organs and tumors. This
probe could also detect esophageal cancer in human clinical specimens, based on the overexpression

rsc.li/rsc-chembio of DPP-4 activity.

Introduction

Proteases play important roles in a wide range of biological
phenomena and their activities are deeply related to many
diseases, including cancer and neurodegenerative, inflamma-
tory and vascular diseases.™ Proteases are also effective drug
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targets for the treatment of diseases such as hypertension
(angiotensin-converting enzyme inhibitor),> HIV (HIV protease
inhibitor),® and malignant melanoma (proteasome inhibitor).”
Therefore, detecting the activities of proteases in vivo is impor-
tant both in biological research to understand disease mechan-
isms and in medicine for clinical diagnosis.®°

Activatable fluorescent probes are useful as chemical tools
for detecting protease activities with high sensitivity and high
temporal and spatial resolution.'® Among them, near-infrared
(NIR) fluorescent probes have recently attracted attention,'*
because NIR light (650-900 nm) shows high tissue penetration
due to low absorption by biomolecules inside the body, and
also because biological samples show low autofluorescence
in this wavelength region.'>'* Thus, NIR fluorescent probes
enable the detection of the target protease activity even in the
living body.

Many NIR fluorescent probes for detecting protease activi-
ties have been developed by conjugating NIR fluorescent dyes
and dark quenchers such as BHQ3 and QSY21 via a protease-
recognition peptide.'*'® Their molecular design is based on the
Forster resonance energy transfer (FRET) mechanism as a
fluorescence-controlling off/on mechanism, and this approach

RSC Chem. Biol., 2022, 3,859-867 | 859


https://orcid.org/0000-0003-0797-4038
https://orcid.org/0000-0002-8202-4465
https://orcid.org/0000-0001-6657-8209
http://crossmark.crossref.org/dialog/?doi=10.1039/d1cb00253h&domain=pdf&date_stamp=2022-04-06
https://doi.org/10.1039/d1cb00253h
https://rsc.li/rsc-chembio
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1cb00253h
https://pubs.rsc.org/en/journals/journal/CB
https://pubs.rsc.org/en/journals/journal/CB?issueid=CB003007

Open Access Article. Published on 24 March 2022. Downloaded on 6/10/2026 5:10:31 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

can be applied to various NIR fluorophores. However, the mole-
cular design can be applied only to probes for the enzymatic
activity of endopeptidases that recognize a central region of the
peptide sequence. In other words, these probes cannot detect
the enzymatic activity of exopeptidases that recognize a term-
inal amino acid residue. Recently, a few NIR fluorescent probes
for detecting exopeptidase activity have been developed by
directly conjugating an amino acid to a NIR fluorophore.'*™*®
However, these probes do not show a dramatic fluorescence
increment when cleaved via the enzymatic reaction (less than
30-fold). Therefore, new approaches to the molecular design
of NIR fluorescent probes for exopeptidase activity are still
needed.

In recent years, we have established a synthetic scheme
for a group of unsymmetrical Si-rhodamines, which are NIR
fluorophores.’® Rhodamines are widely used for fluorescence
imaging because of their high fluorescence quantum yield,
excellent photobleaching resistance, and high water solubility.
In particular, unsymmetrical Si-rhodamines emit fluorescence
in the farred to NIR region, and it is possible to precisely
control their absorption and emission wavelengths by means of
alkyl substitution on the amino groups at the 3- and 6-positions
of the xanthene ring. Here, we describe our discovery that
unsymmetrical Si-rhodamine dyes showed very large blueshifts
(>110 nm) of the absorption maximum when an amino group
is converted to an amide group on the xanthene moiety.
Although our previously reported symmetrical Si-rhodamine,
SiR600, similarly showed a large blueshift, its fluorescence does
not extend to the NIR wavelength region (~650 nm), and a
longer fluorescence wavelength is needed for in vivo imaging.*°
Focusing on this photophysical property, we have developed a
novel molecular design for NIR fluorescent probes that target
exopeptidase activity. The developed probes show a fluores-
cence increase one order of magnitude higher than previously
reported probes. As a proof of concept, we designed and
synthesized Leu-SiR640 as a NIR fluorescent probe for leucine
aminopeptidase (LAP) activity. This probe showed a 669-fold
fluorescent increase after the enzymatic reaction. We also
developed EP-SiR640 as a NIR fluorescent probe for dipeptidyl
peptidase 4 (DPP-4) activity.

DPP-4 is a transmembrane exopeptidase that cleaves X-proline
or X-alanine dipeptides from the peptide N-terminal. It hydrolyzes
various biological peptides, including chemokines, neuro-
peptides, and bioactive peptides,”"** and is involved in various
biological processes and diseases. For instance, glucose-
dependent insulinotropic polypeptide (GIP) and glucagon-like
peptide 1 (GLP-1), which are important for glucose homeostasis,
are substrates of DPP-4, so DPP-4 inhibitors are widely used as
therapeutic agents for type-2 diabetes.>® In recent years, DPP-4
has also attracted attention as a drug target for cancer immu-
notherapy and many studies have confirmed its antitumor effect
and examined the mechanism involved.?*® Furthermore, our
group has found that fluorescent probes that target DPP-4 enable
the rapid detection of esophageal cancer in resected tissue
from patients,””*® and it has also been reported that DPP-4
is overexpressed in esophageal cancer by other researchers.”
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NIR fluorescent probes are expected to detect esophageal cancer
in deeper regions compared with the previously reported green
and red fluorescent probes for DPP-4. Therefore, we set out to
develop a NIR fluorescent probe that targets DPP-4 activity, since
we anticipated that this would be a powerful tool for studies of
DPP-4-related biology and diseases, as well as a candidate for the
clinical diagnosis of esophageal cancer. Indeed, EP-SiR640 was
able to detect DPP-4 activity in living cells and mice, as well as in
tumor-bearing mice and specimens from esophageal cancer
patients.

Results and discussion

Photophysical properties of unsymmetrical Si-rhodamines

First, we designed and synthesized three unsymmetrical
Si-rhodamines that contain an amino group (2,6-diMe SiR640,
2,6-diMe JuloSiR, and 2,6-diMe QuinoSiR) as dye scaffolds for
exopeptidase probes, as well as their acetylated derivatives (Ac-
2,6-diMe SiR640, Ac-2,6-diMe JuloSiR and Ac-2,6-diMe QuinoSiR)
(Fig. 1a). A 2,6-dimethylbenzene moiety was introduced into the
probe structure to prevent the attack of bionucleophiles such as

a
| 2,6-dimethyl
[ benzene moiety
H,N /Si\ N\@ HoN
2,6-diMe SiR640 2,6-diMe JuloSiR 2,6-diMe QuinoSiR
ADS 0 /EMray = 637/660 NM AbSyra/EMyngy = 635/656 N AbS;1 0/ EMyna = 663/691 nm
® =0.18, £ = 54,000 ® =0.20, £ = 57,000 & =0.045, £ = 63,000
o X
M @
N Si N
H VAN
Ac-2,6-diMe SiR640 Ac-2,6-diMe JuloSiR Ac-2,6-diMe QuinoSiR
ADS i /EMpay = 500/623 NM AbS;ra/EMygy = 501/627 N AbS; o/ EMyna = 549/668 nm
® =0.069, £ = 31,000 ® =0.10, £ = 34,000 ® =0.018, £ = 30,000
— 2,6-diMe SiR640
®
8 12 12 = Ac-2,6diMe SiR640
_5-5 1 E 1
E 0.8 ° 0.8
o o
© a nm
N o4 £ 04
T S
£ 02 Z 02
IS
2 ol . > : ol . : ‘
400 500 600 700 550 650 750 850

Wavelength (nm) Wavelength (nm)

Fig. 1 Changes in photophysical properties upon amidation of unsym-
metrical Si-rhodamines. (a) Chemical structures and photophysical pro-
perties in phosphate-buffered saline (PBS; pH = 7.4) of the synthesized
unsymmetrical Si—rhodamines and their acylated derivatives. The fluores-
cence quantum yields were determined using a Hamamatsu Photonics
Quantaurus-QY spectrometer, and the photophysical properties of
2,6-diMe SiR640 are taken from ref. 19. (b) Normalized absorption (left)
and emission (right) spectra of 1 uM 2,6-diMe SiR640 and Ac-2,6-diMe
SiR640 in PBS (pH = 7.4) containing 0.1% DMSO as a co-solvent. The
excitation wavelength was 637 nm. The sharp fluorescence peak of
Ac-2,6-diMe SiR640 is the Rayleigh scattering of the excitation light.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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reduced glutathione (GSH) at the 9-position of the Si-xanthene
moiety of each probe. Interestingly, all the unsymmetrical
Si-rhodamines showed very large blueshifts (more than 110 nm)
of the absorption maximum upon amidation of the amino group
on the xanthene ring (Fig. 1b and Fig. S1, ESIt). Moreover, the
molar extinction coefficients and the fluorescence quantum
yields of these unsymmetrical Si-rhodamines were also reduced
by the amidation (Fig. 1a).

Due to the changes in the photophysical properties, all the
acetylated unsymmetrical Si-rhodamines showed almost no
fluorescence when excited at the absorption maximum before
acetylation. Therefore, all compounds having an amino group
showed a more than 100-fold greater fluorescence intensity
than their acetylated forms (Fig. 1b and Fig. S1, ESIt). Among
them, 2,6-diMe SiR640 showed the largest fluorescence inten-
sity change (610-fold). Furthermore, the absorption and fluores-
cence spectra of all these compounds did not change in the
range of pH 3-10 (Fig. S2, ESIT). Based on these results, it was
expected that 2,6-diMe SiR640 would be a good basic scaffold
for highly sensitive NIR fluorescent probes that target exo-
peptidase activity.

To investigate in detail the mechanism of this large absorp-
tion spectral change, we investigated the molecular orbitals of
the synthesized unsymmetrical Si-rhodamines using TD-DFT
(time-dependent density-functional theory) calculations. As a
result, the transition from SO to S1 of all compounds was
assigned as the transition from the HOMO to the LUMO
(Fig. S3d, ESIY), and the decrease of the HOMO energy level
of each compound was larger than that of the LUMO energy
level after acetylation of the N atom on the xanthene ring
(Fig. S3, ESIt). Thus, we consider that the HOMO-LUMO
energy gap of each compound was increased by acetylation,
resulting in the observed large blueshift of the absorption
maximum.

We further examined whether or not this large blueshift is
observed in solvents other than water. Interestingly, the blue-
shift of Ac-2,6-diMe SiR640 in the absorption spectrum became
larger (up to 123 nm) as the solvent polarity was increased,
while 2,6-diMe SiR640 showed almost no blueshift regardless of
the solvent polarity (Fig. S4, ESIt). Such fluorescent dyes that
show a solvent polarity dependence of the absorption spectrum
are known as environment-sensitive dyes. In general, the dipole
moment of such dyes changes greatly between the ground state
and the excited state, and is affected by the different degrees of
solvent stabilization.®® The large blueshift of the absorption
maximum in a polar solvent, as observed in Ac-2,6-diMe
SiR640, can be explained as negative solvatochromism.*"*
Thus, it is considered that the acetylated unsymmetrical
Si-rhodamines have a large dipole moment in the ground state,
which is probably derived from the electron-withdrawing acetyl
group, so that the blueshift of the absorption maximum in a
polar solvent is larger than that in a less polar solvent (Fig. S5,
ESIY). Thus, the large absorption wavelength difference between
2,6-diMe SiR640 and Ac-2,6-diMe SiR640 probably arises because
2,6-diMe SiR640 is not environment-sensitive, like typical rhod-
amines, but becomes environment-sensitive after acetylation.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Design and synthesis of a NIR fluorescent probe for leucine
aminopeptidase (LAP)

Next, we examined if 2,6-diMe SiR640 could be used as a
scaffold for NIR fluorescent probes for exopeptidase activity.
As a proof of concept, we designed and synthesized Leu-SiR640
in which a recognition site for LAP, a leucine residue, was
introduced into 2,6-diMe SiR640 (Fig. 2a), and we examined the
absorption and fluorescence spectral changes after the enzy-
matic reaction. It was confirmed via HPLC analysis that the
leucine residue of Leu-SiR640 was cleaved by the enzymatic
reaction with LAP to produce 2,6-diMe SiR640 (Fig. S6, ESIT).
Concomitantly, we observed a large redshift of the absorption
maximum (139 nm) and a large fluorescence increase (up to
670-fold) (Fig. 2a and b). This fluorescence increase was
suppressed by a LAP inhibitor, bestatin (Fig. 2¢). Furthermore,
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Fig. 2 NIR fluorescent probe for LAP activity based on the unsymmetrical
Si—rhodamine scaffold. (a) The reaction scheme of Leu-SiR640 with LAP
and the photophysical properties. The data of 2,6-diMe SiR640 are taken
from ref. 19. (b) Normalized absorption (left) and fluorescence (right)
spectra of 1 uM Leu-SiR640 upon addition of LAP (11 ng) in 10 mM HEPES
buffer (pH = 7.4). The excitation wavelength was 637 nm. The sharp small
fluorescence peak is the Rayleigh scattering of the excitation light. (c) Time
course of the fluorescence intensity change of 1 uM Leu-SiR640 upon
addition of LAP (11 ng) at 300 s in 10 mM HEPES buffer (pH = 7.4). The
excitation and emission wavelengths were 637 nm and 660 nm, respec-
tively. The concentration of the LAP inhibitor, bestatin, was 100 pM.
(d) Kinetic parameters of Leu-SiR640 with LAP.
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Leu-SiR640 had a two orders of magnitude lower K;,, and a one
order of magnitude higher k.../K;, compared with the fluores-
cent probe based on 7-amino-4-methylcoumarin (AMC) (K, =
189 UM, keae/Km = 6.33 x 10° M~ ' s7%),** which is a widely used
substrate for LAP (Fig. 2d). Furthermore, Leu-SiR640 showed a
lower K, and a one order of magnitude higher fluorescence
increase than existing NIR fluorescent probes for the activity of
LAP (Fig. S7, ESIt). These results suggest that our molecular
design for NIR fluorescent probes based on unsymmetrical
Si-rhodamines is valid, and our scaffold is indeed suitable
for developing NIR fluorescent probes with extremely high
fluorescence activation in response to exopeptidase activity.

Design and synthesis of a NIR fluorescent probe for DPP-4

We next applied this molecular design to develop a NIR
fluorescent probe for DPP-4 activity. The second proline from
the N-terminal is essential for DPP-4 substrate recognition, and
glycine-proline is a typical recognition sequence for DPP-4. So,
we designed and synthesized GP-SiR640, EP-SiR640, DP-SiR640
and SP-SiR640 in which different DPP-4 recognition sequences
were introduced into the 2,6-diMe SiR640 scaffold, and examined
the changes of their photophysical properties upon enzymatic
reaction with DPP-4. HPLC analysis indicated that all these probes
afford 2,6-diMe SiR640 upon enzymatic reaction with DPP-4
(Fig. S8, ESIf), and showed a large redshift of the absorption
maximum (about 140 nm) and a >200-fold fluorescence increase,
similar to the probe for LAP activity (Fig. 3b and Fig. S9, ESIT).
These fluorescence increases were suppressed by the DPP-4 inhi-
bitor sitagliptin (Fig. 3c and Fig. S10, ESI}). Furthermore, the
enzymatic reaction constants of each fluorescent probe were
determined (Fig. 3d). The K;,, and kc./Ky, values of each fluorescent
probe were almost the same as those of a fluorescent probe based
on AMC, GP-AMC (K, = 34 UM, key/K = 7.6 x 10° M~ ' 571>
which is a widely used fluorescent substrate. It is interesting that
the k.,/Ky, value of DP-SiR640 is about one-third that of EP-SiR640,
and the slight structural difference between these probes may affect
their enzymatic recognition by DPP-4.

We then examined the selectivity of these probes for DPP-4
versus various other prolyl peptidases. There are many prolyl
peptidases other than DPP-4 in the human body, and among
them, DPP-8, DPP-9, and fibroblast active protein (FAP) are
reported to release N-terminal proline dipeptides.”** So, we
measured the fluorescence increase when various prolyl pepti-
dases were added to each probe solution (Fig. 4). All the
fluorescent probes showed a large fluorescence increase upon
addition of DPP-4. Interestingly, EP-SiR640 and DP-SiR640
showed almost no fluorescence increase upon addition of
DPP-9, whereas GP-SiR640 and SP-SiR640 showed a relatively
large fluorescence increase. All the probes showed essentially
no fluorescence increase when prolyl peptidases other than
DPP-4 and DPP-9 were added. Among the probes, EP-SiR640
showed the highest selectivity and reactivity to DPP-4, and we
thought that it would be suitable for the selective detection of
DPP-4 activity in living samples. The structure at the active site
is highly conserved among dipeptidyl peptidases, including
DPP-4 and DPP-9. For example, the hydrogen bonds between
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Fig. 3 NIR fluorescent probe for DPP-4 activity based on the unsymme-
trical Si-rhodamine scaffold. (a) Reaction scheme of EP-SiR640 with DPP-
4 and the photophysical properties. The data of 2,6-diMe SiR640 are taken
from ref. 19. (b) Normalized absorption (left) and fluorescence (right)
spectra of 1 uM EP-SiR640 upon addition of DPP-4 (0.24 pg) in 10 mM
HEPES buffer (pH = 7.4). The excitation wavelength was 637 nm. The sharp
small fluorescence peak is the Rayleigh scattering of the excitation light.
(c) Time course of the fluorescence intensity change of 1 uM EP-SiR640
upon addition of DPP-4 (0.24 pg) at 300 s in 10 mM HEPES buffer (pH =
7.4). The excitation and emission wavelengths were 637 nm and 660 nm,
respectively. The concentration of the DPP-4 inhibitor, sitagliptin, was
1.8 uM. (d) Kinetic parameters of GP-SiR640, EP-SiR640, DP-SiR640 and
SP-SiR640 with DPP-4.

the N-terminal amino group of the substrate peptide and Glu248
and Glu249 residues are essential for substrate recognition.*®
On the other hand, the active site of DPP-9 has a narrower space
around the N-terminal amino acid residue of the substrate than
that of DPP-4.%® So, we assumed that EP-SiR640 and DP-SiR640
showed a low affinity for DPP-9 due to repulsion involving the
negative charges of a carboxylic acid group of the probe and two
glutamic acid residues at the active site of DPP-9.

Live-cell fluorescence imaging

We then applied EP-SiR640 for live-cell fluorescence imaging
of two different cell lines (H226 and KYSE270). First, the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Fluorescence intensity of 1 uM GP-SiR640, EP-SiR640, DP-SiR640
and SP-SiR640 upon addition of 0.1 ug ML~ DPP-4 and related proteases
in 10 mM HEPES buffer (pH = 7.4) containing 0.2% DMSO as a co-solvent.
The excitation and emission wavelengths were 637 nm and 660 nm,
respectively. Error bars represent £S.E. (n = 4). POP, prolyl oligopeptidase;
FAP, fibroblast activation protein.

expression of DPP-4 in both cells was confirmed via western
blotting (Fig. S11, ESIT). Then, EP-SiR640 was applied to both
cell lines with or without the DPP-4 inhibitor (sitagliptin or
K579). A fluorescence intensity increase of EP-SiR640 was
observed in both cell lines within 10 min after addition of the
probe, and this fluorescence increase was significantly sup-
pressed in the presence of the DPP-4 inhibitor (Fig. 5a and
Fig. S12, ESIt). In addition, EP-SiR640 was mainly localized in
the mitochondria and partly in lysosomes and showed high
intracellular retention, so that strong fluorescence was still
observed even after three washing procedures (Fig. S13 and
S14, ESIt). We also performed live-cell fluorescence imaging
with four developed NIR fluorescent probes (GP-SiR640,
EP-SiR640, DP-SiR640 and SP-SiR640) to compare their fluores-
cence activation in living cells. These fluorescent probes were
applied to H226 cells with or without the DPP-4 inhibitor.
A fluorescence increase was observed with all the probes, and
was suppressed in the presence of the DPP-4 inhibitor (Fig. 5b
and Fig. S15, ESIT). Among them, EP-SiR640 showed the largest
fluorescence increase ratio after incubation for 60 min (Fig. 5¢),
in accordance with the in vitro experiments shown in Fig. 4.
There are two possible reasons for this: (i) EP-SiR640 shows
high selectivity for DPP-4 among the various prolyl peptidases,
as shown in Fig. 4; (ii) EP-SiR640 shows lower membrane
permeability than the other probes due to the negatively
charged carboxylic acid group of the glutamic acid residue.
DPP-4 is the membrane protein, and if the probe can easily
enter the cells, an intracellular fluorescence increase would be
observed independently of DPP-4 activity due to the enzymatic
activation of the probe by intracellular enzymes other than
DPP-4. The idea that EP-SiR640 and DP-SiR640, which both
have a carboxylic acid group, show low cell-membrane perme-
ability is consistent with the observation that their fluorescence
intensity in A549 cells, which have a low level of DPP-4 expres-
sion, is low compared to that of GP-SiR640 (Fig. S16, ESIY).
Furthermore, we investigated whether or not EP-SiR640 can
detect differences of intracellular DPP-4 activity using various
living cells. First, cell lysates of four different cell lines (H226,
KYSE270, A549 and HEK293) were prepared, and the DPP-4
activity of each cell lysate was measured with EP-SiR640.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Application of GP-SiR640, EP-SiR640, DP-SiR640 and SP-SiR640
for live-cell fluorescence imaging. (a) Fluorescence confocal microscopy
images of live H226 and KYSE270 cells, which were incubated with or
without the DPP-4 inhibitor (sitagliptin or K579). Each cell line was pre-
incubated with 18 pM sitagliptin or 1 uM K579 for 30 min and then
incubated with 1 uM EP-SiR640 for 10 min. The excitation and emission
wavelengths were 633 nm and 660-695 nm, respectively. Scale bars
represent 25 um. (b) Fluorescence confocal microscopy images of live
H226 cells, which were incubated with or without the DPP-4 inhibitor
(sitagliptin). Cells were pre-incubated with 18 uM sitagliptin for 30 min and
then incubated with 1 puM GP-SiR640, EP-SiR640, DP-SiR640 or
SP-SiR640 for 60 min. The excitation and emission wavelengths were
633 nm and 660-695 nm, respectively. Scale bars represent 25 um.
(c) Fluorescence intensities of H226 cells incubated with 1 uM each probe
for 60 min. Error bars represent +£S.E. (n = 4); * and ** indicate p < 0.05
and p < 0.01 (Student's t-test), respectively.

Based on the fluorescence intensity increase of EP-SiR640 in
the cell lysates, it was confirmed that H226 and KYSE270 cells,
which express DPP-4 as determined via western blotting
(Fig. S11, ESIY), had a higher DPP-4 activity than A549 and
HEK293 cells (Fig. S17a, ESIt). Then, fluorescence imaging of
each cell line with EP-SiR640 was performed. A fluorescence
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increase was observed in H226 and KYSE270 cells, while no
fluorescence increase was observed in A549 and HEK293 cells,
in accordance with the cell lysate experiments (Fig. S17, ESIT).
When we examined the expression of DPP-4 in A549 and
HEK293 cells via western blotting, we observed the expression
of DPP-4 in A549 and HEK293 cells as well as in H226 and
KYSE270 cells (Fig. S11, ESIf). From the result, we think that
the lower fluorescence intensity of A549 and HEK293 cells in
the experiments with the cell lysate and the live-cell fluores-
cence imaging shown in Fig. S17 (ESIT) may be due to the low
expression of the active form of DPP-4 in these cells. Thus, the
enzymatic activity level of DPP-4 in the living cells could be
monitored through fluorescence imaging with EP-SiR640.

In vivo fluorescence imaging

We next applied EP-SiR640 to in vivo fluorescence imaging to
examine whether or not this probe can detect endogenous DPP-
4 activity in living mice. All animal procedures were approved
by the Animal Care and Use Committee of the University of
Tokyo. Saline or DPP-4 inhibitor (sitagliptin or linagliptin) in
saline was orally administered to mice every day for one week,
then EP-SiR640 was intravenously administered, and fluores-
cence imaging was performed under anesthesia. Note that
these two inhibitors are used in clinical practice to treat type-
2 diabetes. We measured the time-dependent fluorescence
increase of each exposed organ inside the body after the
resection of the skin. When we performed the fluorescence
imaging of mice orally administered with saline for a week after
intravenous injection with 100 pM EP-SiR640 via the tail vein,
large and definite fluorescence increases were observed in the
kidney, and the liver and the intestine, respectively (Fig. S18a,
ESIY). So, it is considered that EP-SiR640 was rapidly metabo-
lized to 2,6-diMe SiR640 and excreted mainly via the kidney
within an hour, while 2,6-diMe SiR640 had a high intracellular
retention as shown in Fig. S14 (ESIt). On the other hand, the
fluorescence intensity increase seen in living mice given saline
was suppressed by the administration of DPP-4 inhibitor (Fig.
S18, ESIf). In addition, after oral administration of saline or
various concentrations of the DPP-4 inhibitor (sitagliptin or
linagliptin) in saline to mice every day for 3 days, the mice were
sacrificed and their organs were removed. Each organ was
incubated with EP-SiR640 aqueous solution, and ex vivo fluores-
cence imaging was performed. The fluorescence intensity
increase was suppressed in a concentration-dependent manner
by the DPP-4 inhibitors, and the DPP-4-inhibitory activity could
be evaluated at the organ level (Fig. S19 and S20, ESIT). Both
inhibitors inhibited the DPP-4 activity in all organs, especially
the digestive organs such as the stomach and intestines, which
may account for their therapeutic effect in type-2 diabetes.
Linagliptin suppressed the DPP-4 activity in all organs at a
lower dose (1 mg kg ' day ') than sitagliptin, and this is
consistent with the much lower dissociation constant (K,) of
linagliptin than that of sitagliptin.>” Thus, this probe enables
monitoring of the DPP-4 activity (not the biodistribution of the
DPP-4 inhibitor) inside the body, with all the advantages of a
fluorescent probe compared to a radioactive probe.
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Fig. 6 Application of EP-SiR640 for in vivo fluorescence imaging. (a and
b) Fluorescence images of tumor-bearing BALB/cAJcl-nu/nu mice
(female, 5 weeks old) intratumorally injected with saline or 0.05 mg
sitagliptin in 10 plL saline, and then with 100 uM EP-SiR640 in 10 pL saline
containing 1% DMSO as a co-solvent. The excitation and emission wave-
lengths were 635 (616-661) nm and 700 nm, respectively. The scale bar
represents 10 mm. (c) Fluorescence intensity change of the tumor. Error
bars represent £S.E. (n = 4).

Finally, we applied EP-SiR640 to tumor imaging in mice and
clinical specimens. First, we applied EP-SiR640 to H226 tumor-
bearing mice. Saline or DPP-4 inhibitor (sitagliptin) was intra-
tumorally administered, and then EP-SiR640 was also intratu-
morally administered. We observed a time-dependent increase
of fluorescence in the tumor, and the fluorescence increase was
suppressed in the presence of the DPP-4 inhibitor (Fig. 6 and
Fig. S21, ESIY). Strong fluorescence was maintained even 2
hours after the administration of the fluorescent probe, sug-
gesting that EP-SiR640 is well retained in the tumors. The slight
fluorescence observed in the tissues surrounding the tumor
was considered to be due to leakage of the probe injected into
the tumor or of the activated probe after enzymatic reaction in
the tumor. Thus, EP-SiR640 could fluorescently detect DPP-4
activity in the tumor in vivo.

Fluorescence imaging in clinical specimens

Next, we examined whether or not EP-SiR640 could detect
human esophageal tumors that express DPP-4. Our group has
previously reported that green and red fluorescent probes that
target DPP-4 are effective for detecting esophageal tumors in
clinical specimens obtained via ESD (endoscopic submucosal
dissection).””*® So, we examined if EP-SiR640 could also detect

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Comparision of DPP-4 activity in esophageal cancer and normal
tissues. (a and b) Fluorescence images of sections of human biopsy clinical
specimens containing (a) esophageal cancer and (b) normal tissue. Each
specimen was incubated for 50 min with 1 uM EP-SiR640 and DAPI
containing 0.1% DMSO as a co-solvent. The excitation and emission
wavelengths were 620/60 and 700/75 nm for EP-SiR640, and 360/40
and 460/50 nm for DAPI, respectively. Scale bars represent 300 pm.

esophageal tumors in human ESD specimens. First, EP-SiR640
was applied to sections of human biopsy clinical specimens
containing esophageal tumor and normal tissues. All samples
were confirmed to contain tumor or normal tissue through
hematoxylin/eosin (HE) staining (Fig. 7). We observed strong
fluorescence from the tumor tissues after the addition of
EP-SiR640, while no such fluorescence increase was seen in
normal tissues (Fig. 7). This result suggested that EP-SiR640
can clearly distinguish between tumor and normal tissue sites
in esophageal cancer biopsy specimens.

Finally, we applied EP-SiR640 to the fluorescence imaging of
esophageal tumor tissues in freshly resected ESD specimens.
When EP-SiR640 was applied to the esophageal tumor speci-
mens, regions of squamous cell carcinoma (SCC) could be
detected within 5 minutes based on the increased fluorescence
(Fig. 8 and Fig. S22, ESIt). Furthermore, the boundary between
the tumor and normal tissues was clearly demarcated, and was
in good agreement with the boundary seen after Lugol staining
and with the pathological diagnosis of the tumor. We further
applied EP-SiR640 to 6 ESD specimens of esophageal cancer.
Although 2 small specimens showed a fluorescence increase in
both normal and tumor regions, the others showed fluores-
cence images that coincided well with the Lugol staining
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Before spraying

Fig. 8 Application of EP-SiR640 to the detection of the esophageal
cancer in freshly resected ESD tumor. Fluorescence images and white-
light images before and after the Lugol staining, and a macroscopic
pathological image of the esophageal tumor in the ESD specimen.
50 uM EP-SiR640 in PBS (pH = 7.4) containing 0.5% DMSO as a co-solvent
was added to the specimen. The excitation and emission wavelengths were
635 (616-661) nm and 700 nm, respectively. Scale bars represent 10 mm. The
red line indicates the tumor lesion in the pathological image.

images (Fig. S23 and Table S1, ESIt). Thus, we succeeded in
rapidly detecting esophageal tumors in freshly resected ESD
specimens using EP-SiR640.

Conclusions

We have established a new molecular design strategy for NIR
fluorescent probes that target exopeptidase activity and show a
large fluorescence enhancement. This design is based on the
large blueshift of unsymmetrical Si-rhodamines triggered by
N-acetylation on their xanthene moiety. The synthesized
unsymmetrical Si-rhodamines showed blueshifts of more than
110 nm upon acetylation of the N atom on the xanthene ring
(Fig. 1a). We chose 2,6-diMe SiR640 as a scaffold, and devel-
oped Leu-SiR640, which showed a fluorescence increase of
more than 600-fold upon enzymatic reaction with LAP, based
on the large blueshift in the absorption spectrum of this
scaffold. This fluorescence increase is an order of magnitude
larger than that of existing NIR fluorescent probes for LAP
activity. We also observed small fluorescence increases due to
the non-enzymatic reaction in Fig. 2c and performed stability
experiments for the synthesized probes (Fig. S24, ESIt). As a
result, the stability of the probe was dependent on the cleaved
group of the probe and further stabilization of the probe may
be possible by designing the structure of the cleaved group.
We believe our approach utilizing this unique blueshift of
unsymmetrical Si-rhodamines provides a flexible platform for
NIR fluorescent probes that target various exopeptidase activities.
The large absorption change may also be useful for the detection
of exopeptidase activity via photoacoustic imaging, which is a
novel imaging modality that utilizes ultrasonic waves emitted after
the photoexcitation of molecules.*® Since ultrasonic waves have a
higher tissue penetration than light,***° these probes should be
useful for the photoacoustic imaging of exopeptidase activity deep
inside the body.
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To demonstrate the usefulness of this molecular design
strategy, we developed NIR fluorescent probes for detecting
DPP-4 activity. By optimizing the DPP-4 recognition sequence,
we succeeded in developing EP-SiR640, which detected DPP-4
activity in terms of a large fluorescence increase in vitro and was
also applicable for the detection of DPP-4 activity in living cells.
Furthermore, we could monitor the inhibitory activity of DPP-4
inhibitors towards endogenous DPP-4 inside the mouse body,
as well as performing the in vivo fluorescence imaging of
tumors in tumor-bearing mouse models. EP-SiR640 generated
strong fluorescence in tumor tissues, but not in normal tissues
in human biopsy clinical specimens, as well as freshly resected
ESD esophageal cancer specimens. An esophageal tumor could
be detected within 5 min (Fig. 8). Since DPP-4 is involved in
various biological phenomena and diseases, including cancer
and type-2 diabetes, EP-SiR640 is expected to be useful as a
research tool for probing DPP-4-related biological phenomena
and diseases, in addition to its clinical potential as a
diagnostic aid.
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