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Near-infrared (NIR) chromophores with analyte tunable emission and absorption properties are highly
desirable for developing activatable fluorescence and photoacoustic (PA) probes for bioimaging and
disease diagnosis. Here we engineer a class of new chromophores by extending the m-conjugation
system of a xanthene scaffold at position 7 with different electron withdrawing groups. It is
demonstrated that these chromophores exhibit pH-dependent transition from a spirocyclic “closed”
form to a xanthene “open” form with remarkable changes in spectral properties. We further develop
fluorescence and PA probes by caging the NIR xanthene chromophores with a dipeptidyl peptidase 4
(DPPIV) substrate. In vitro and live cell studies show that these probes allow activatable fluorescence and

PA detection and imaging of DPPIV activity with high sensitivity, high specificity and fast response.
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Introduction

Small molecule-based fluorescence and photoacoustic (PA)
probes hold great promise for bioimaging and disease diag-
nosis. Activatable fluorescent probes responsive to cancer-
associated biomarkers and treatment-relevant proteases have
been developed for tumor imaging and anti-cancer assessment
in vivo.*® However, fluorescence imaging approaches generally
possess a shallow penetration depth (<1 mm) and low spatial
resolution due to tissue scattering and absorption.*® PA
imaging is emerging as a powerful imaging modality that
utilizes optical signals as an excitation source and acoustic
signals as the output, allowing imaging with deep tissue pene-
tration depths (centimeter) and excellent spatial resolution (100
pm).*>” Activatable small-molecule PA probes have been devel-
oped to image cancer-associated enzymes and small mole-
cules.®® Nonetheless, the development of high-contrast
fluorescence and PA imaging probes relies on the availability
of chromophores with near-infrared (NIR) excitation/emission
wavelengths, desirable quantum yields and analyte-tunable
absorption or emission profiles.
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Among the various chromophores, xanthene-based chro-
mophores such as fluorescein, rhodamine and their hybrid
(rhodol) have received great interest owing to their desirable
photophysical properties.'®'* Xanthene-based chromophores
can exist in a spirocyclic “closed” form with a disrupted
conjugation system and zwitterionic “open” form with large -
conjugation. More importantly, the spirocyclic form with short
absorption and negligible emission can be switched to the
zwitterionic form with a long absorption and emissive state by
analytes, allowing the development of high-contrast fluores-
cence and PA imaging probes. To engineer xanthene based NIR
chromophores, a typical approach is substituting the central
oxygen atom with other elements such as Si, S and P, affording
chromophores with pronounced bathochromic shifts and NIR
emission.””™ These chromophores generally exhibited small
Stokes shifts. An alternative approach is conjugating xanthene
with varying m-conjugation systems at different positions.*>°
For instance, m-conjugated expansion at position 3 afforded
chromophores with NIR absorption wavelengths.'>'® However,
some of these chromophores always exist in a spirocyclic
“closed” form or xanthene “open” form at physiological pH,
preventing the design of analyte-activatable fluorescence/PA
imaging probes.'”'®* Recently, a type of xanthene-based NIR-II
chromophore has been engineered by m-conjugated expansion
at positions 3 and 6."*° However, they intended to exist in the
spirocyclic form and the carboxylic moiety needs to be esterified
to inhibit the lactonization. Thus, the development of new

Chem. Sci., 2024, 15, 2221-2228 | 2221


http://crossmark.crossref.org/dialog/?doi=10.1039/d3sc04947g&domain=pdf&date_stamp=2024-02-02
http://orcid.org/0000-0002-5872-2693
http://orcid.org/0000-0002-6541-2853
http://orcid.org/0000-0003-1594-4023
https://doi.org/10.1039/d3sc04947g

Chemical Science

(a) Design of xanthene-derived NIR chromophores

Spirocyclic form

e

Open form

S ) J
rord
O

R

(b) DPPIV activated NIRF/PA imaging
DPPIV substrate cage

—_——
L

Edge Article

= N o ., RnoMaDPPIV R=® / NIREON
N 0. DPPIV >~ @ ‘ _ \
> .O A o oo rnomaopey R=CI I = PAON
OA J i

NIRF/PA probe

Tumor

&
(*]

NIRF/PA probe

NIRF/PA chromophores

Scheme 1

+ High activation ratio

+ High selectivity to DPPIV
\ Large Stokes shifts

\ In vivo NIRF/PA imaging

\/ Tumor targeting

(@) Schematic illustration for the design of xanthene-derived NIR chromophores with tunable spirocyclic “closed” and xanthene

“open” properties. (b) Schematic illustration for the mechanism of probes RnoMQ-DPPIV and RhoMA-DPPIV for NIRF/PA imaging of DPPIV

activity in vivo.

xanthene-based NIR chromophores that exhibit analyte-
modulated photophysical properties is highly desirable.

Here we report a class of new xanthene-based chromophores
which exhibit a transition from a spirocyclic “closed” form to
a zwitterionic “open” form through decaging of the phenolic
hydroxyl group, allowing the development of high-contrast
fluorescence and PA imaging probes. We first engineer
a series of new xanthene chromophores by conjugating rhodol
with different electron withdrawing groups including indolium
(Rhol), benzothiazolium acetonitrile (RhoBTA), methylquino-
line (RhoMQ) and methylacridine (RhoMA) at position 7
(Scheme 1a). It is demonstrated that these chromophores are
predominantly in the zwitterionic form at neutral pH and spi-
rocyclic form at acidic pH (<5.2). This result suggests that -
conjugation expansion of rhodol at position 7 holds great
promise for developing activatable molecular probes via caging
the phenolic hydroxyl group. As a proof of demonstration, we
choose RhoMQ and RhoMA to develop an NIR fluorescence and
a PA probe for imaging dipeptidyl peptidase 4 (DPPIV) activity
(Scheme 1b). DPPIV is a transmembrane glycoprotein with
serine protease activity that can cleave N-terminal dipeptides
from polypeptides with proline preferentially at the penultimate
position.** It is recognized that DPPIV is abnormally
expressed in various pathological processes such as diabetes
and malignant tumours, and has become an important diag-
nostic biomarker and therapeutic target.”>*®* We design an NIR
fluorescence probe (RhoMQ-DPPIV) and a PA probe (RhoMA-
DPPIV) for DDPIV by caging the phenolic hydroxyl groups of
RhoMQ and RhoMA with the enzyme recognition group (Gly-
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Pro) via a self-immolative p-aminobenzyl alcohol linker,
respectively. We demonstrate that these probes exhibit high
sensitivity, high specificity and high signal-to-background
ratios toward DPPIV activity in vitro and in vivo via NIR
fluorescence/PA imaging. To our knowledge, this is the first
time that the activity of DPPIV is imaged via systemic admin-
istration in vivo. Our study highlights the potential of xanthene-
based chromophores for developing high-contrast molecular
probes for biological studies.

Results and discussion
Synthesis and characterization of NIR chromophores

To engineer xanthene-derived NIR chromophores that exhibited
analyte-tunable spirocyclic and zwitterionic forms, we started to
conjugate xanthene with different electron withdrawing groups
at the 7 position (Scheme S17). Briefly, a rhodol derivative with
an aldehyde at the 7 position (Rho-A) was obtained by refluxing
3-diethylaminophenol and phthalic anhydride in methyl-
benzene, followed by reacting with 2,4-dihydroxybenzaldehyde
in methanesulfonic acid. Then, Rho-A was conjugated with
indolium, benzothiazolium acetonitrile, methylquinoline and
methylacridine, respectively, to obtain Rhol, RhoBTA, RhoMQ
and RhoMA via a Knoevenagel condensation reaction. The
successful synthesis of Rhol, RhoBTA, RhoMQ and RhoMA was
characterized by M NMR, *C NMR and HR-ESI-MS,
respectively.

With these four chromophores, we investigated their pho-
tophysical properties by absorption and fluorescence

© 2024 The Author(s). Published by the Royal Society of Chemistry
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spectroscopy. Rhol, RhoBTA, RhoMQ and RhoMA exhibited
maximum absorption at 600, 536, 580 and 690 nm, respectively,
in pH 7.4 buffer (Fig. 1a). These varied absorption peaks were
presumably due to their different conjugation systems and
donor-r-acceptor structures. The molar absorption coefficients
for Rhol, RhoBTA, RhoMQ and RhoMA were calculated to be
3.08 x 10°, 1.92 x 10°, 1.99 x 10°, and 0.27 x 10° M~ ' em™,
respectively (Table S17). Besides, all four conjugates exhibited
varied absorption spectra in solvents of different polarity, which
could be ascribed to their donor-m-acceptor structures and
spirocyclic-forming switchability (Fig. S1t).***” Fluorescence
spectra showed that these chromophores were highly emissive
with emission peaks at 727 nm (¢ = 0.088), 575 nm (¢ = 0.126)
and 775 nm (¢ = 0.026) for Rhol, RhoBTA and RhoMQ,
respectively (Fig. 1b and Table S1f). By contrast, RhoMA
exhibited very weak fluorescence, which might be due to
predominant vibration relaxation mediated energy dissipation
(Fig. S27). This result demonstrated that these chromophores
exhibited large Stokes shifts. Moreover, the highly emissive
properties suggested that these chromophores were in the
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zwitterionic “open” form with extended m-conjugation systems
at physiological neutral pH.

We then investigated the spirocyclic “closed” and zwitterionic
“open” properties of these chromophores in different pH solu-
tions. Rhol exhibited a major absorption peak at 515 nm with
a minor shoulder at 600 nm in acidic pH (Fig. S3t). The absor-
bance at 515 nm gradually decreased with concurrent increased
absorbance at 600 nm as pH increased. Fluorescence measure-
ments showed that Rhol was weakly fluorescent at acidic pH and
the fluorescence intensity at 727 nm continuously increased with
increasing pH. This result demonstrated that Rhol was
predominantly in the spirocyclic “closed” form at acidic pH and
“zwitterionic” form at physiological pH. The pK.y value (the pH
at which half of the chromophores existed in the spirocyclic
“closed” form) based on absorbance was determined to be 5.1.
Furthermore, RhoBTA exhibited increased absorbance at 536 nm
and enhanced fluorescence at 575 nm as pH increased from 2.0
to 9.0 (Fig. S4t). The pK.y. value was calculated to be 5.0. Simi-
larly, RhoMQ exhibited an absorption peak at 510 nm at pH 2.0
which was gradually decreased with a concurrent increase in
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(a) Normalized absorption spectra of RhoMQ, Rhol, RhoBTA and RhoMA (5 uM) in pH 7.4 buffer. (b) Normalized fluorescence spectra of

RhoMQ, Rhol and RhoBTA (5 uM) in pH 7.4 buffer. (c) pH-dependent structural switching for xanthene-derived NIR chromophores. (d)
Normalized fluorescence intensities for RnoMQ, Rhol, RhoBTA and Cy5 after irradiation for different times. (e) Normalized absorption spectra of
RhoMQ-DPPIV and RhoMQ (5 pM) in pH 7.4 buffer. (f) Fluorescence spectra of RhoMQ-DPPIV (5 uM) with or without incubation with DPPIV (2.0
ng mL™Y in pH 7.4 buffer. (Inset) Photographs of RnNoMQ-DPPIV (left), RhoMQ-DPPIV and DPPIV (right). (g) Fluorescence responses of RhoMQ-
DPPIV (5 pM) in the presence of varying concentrations of DPPIV (0-2.2 ug mL™) for 1 h. (Inset) Linear relationship between fluorescence
intensities at 775 nm and the concentrations of DPPIV (0-2.0 ng mL™). (h) Time-dependent fluorescence intensities at 775 nm for RnoMQ-
DPPIV (5 uM) with or without incubation with DPPIV (n = 3). (i) Fluorescence responses of RhoMQ-DPPIV (5 uM) toward DPPIV (2.0 ug mL™Y)
without or with the inhibitor sitagliptin (50 uM) in pH 7.4 buffer. Statistical comparison was performed by a two-tailed t-test (****p < 0.0001, **p <
0.01, *p < 0.05, n = 3).
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absorption at 580 nm as pH increased (Fig. S5T). The pK,y. value
was estimated to be 4.5. Concurrently, RhoMQ was essentially
non-emissive at pH 2.0 which was gradually increased with
increasing pH. Moreover, RhoMA exhibited an absorption peak
at 500 nm at acidic pH which declined as pH increased (Fig. S67).
Meanwhile, there emerged a new absorption peak at 690 nm. The
absorbance at 690 nm was increased by 140-fold as pH increased
from 2.0 to 7.4. The pK. value was determined to be 5.2.
Collectively, these results demonstrated that the chromophores
predominantly existed in the spirocyclic “closed” form at acidic
pH and zwitterionic “open” form at physiological pH (Fig. 1c),
suggesting their potential for developing high-contrast molec-
ular probes for analyte detection and imaging in biological
systems. It is worth noting that these chromophores obtained via
extension of the conjugation system of xanthene at the 7 position
exhibited pK.. values <5.2, suggesting that -conjugation
extension at the 7 position could be a general strategy to afford
new chromophores with tunable NIR absorption and emission
under physiological conditions. In addition, RhoBTA, RhoMQ
and Rhol exhibited high photostability as compared to
commercial fluorophore Cy5 (Fig. 1d). We chose RhoMQ and
RhoMA for developing fluorescence and PA probes owing to their
large Stokes shifts, high photostability and NIR emission or
absorption wavelengths.

NIRF detection of DPPIV activity

The NIRF probe for DPPIV (RhoMQ-DPPIV) was first prepared
by caging the phenolic hydroxyl group of RhoMQ with the
DPPIV substrate Gly-Pro via p-aminobenzyl alcohol. RhoMQ-
DPPIV exhibited a maximum absorption peak at 530 nm,
which was blue-shifted by 50 nm compared to that for RhoMQ
(Fig. 1e). Moreover, RhoMQ-DPPIV showed very weak fluores-
cence (Fig. S7t). These results indicated that RhoMQ-DPPIV
existed in the spirocyclic form, which was ascribed to the
caging of the phenolic hydroxyl group.

Next, we investigated the responsiveness of the RhoMQ-
DPPIV probe to DPPIV. As anticipated, the fluorescence emis-
sion at 775 nm was dramatically increased upon incubation
with 2.0 pg mL™' DDPIV for 1 h (Fig. 1f). Concurrently, the
absorbance at 530 nm was remarkably decreased and there
emerged a strong absorption peak at 580 nm, which coincided
with that for RhoMQ at neutral pH (Fig. S8t). This result sug-
gested that RhoMQ-DPPIV was in the zwitterionic “open” form
upon incubation with DPPIV, which was ascribed to DPPIV
cleavage mediated release of RhoMQ. We employed ESI-MS and
HPLC assays to verify the reaction mechanism. ESI-MS analysis
showed there emerged a new peak with an m/z of 555.45 after
reaction, which was ascribed to [M]" for RhoMQ (Fig. S97).
HPLC showed that RhoMQ-DPPIV was efficiently transformed
to RhoMQ upon reaction with DPPIV (Fig. S107). These results
confirmed that RhoMQ-DPPIV was responsive to DDPIV.

We further tested the ability of RhoMQ-DPPIV to detect DPPIV
activity. The fluorescence intensity at 775 nm gradually increased
as the concentration of DPPIV increased from 0 to 2.2 ug mL™*
(Fig. 1g), and the fluorescence signal was enhanced by ~145-fold
in the presence of 2.2 ug mL ™' DPPIV. Moreover, the fluorescence

2224 | Chem. Sci., 2024, 15, 2221-2228
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intensity was linearly correlated with the concentration of DPPIV
in the range of 0 pg mL™" to 2.0 pg mL™", and the limit of
detection was calculated to be 2.3 ng mL~'. Further time-
dependent measurements showed that RhoMQ-DPPIV quickly
responded to DPPIV within 5 min, and reached a maximum at
40 min (Fig. 1h). These results demonstrated that RhoMQ-DPPIV
was capable of detecting DPPIV activity with high sensitivity and
rapid kinetics. Selectivity studies showed that the fluorescence
response of RhoMQ-DPPIV was highly selective to DPPIV with
negligible increases in the presence of other common biological
substances and several prolyl-cleaving peptidase enzymes
(Fig. S11t). Moreover, the specific response of RhoMQ-DPPIV was
verified by using sitagliptin, a specific DPPIV inhibitor.>>** The
fluorescence was dramatically decreased for RhoMQ-DPPIV in the
presence of DPPIV and sitagliptin (Fig. 1i). HepG2 cell lysate with
positive expression of DPPIV also delivered intense fluorescence
which was largely decreased in the presence of sitagliptin
(Fig. S12t). These results demonstrated that RhoMQ-DPPIV was
specifically activated by DPPIV. In addition, enzyme kinetic results
showed that the Michaelis-Menten constant of RhoMQ-DPPIV to
DPPIV was 12.37 uM (Fig. S137), which was much smaller than in
previous reports.”>*® The values of K., and K../K;, were deter-
mined to be 4.53 s~ ' and 3.66 x 10> s™' M ', respectively.

Fluorescence imaging of DPPIV activity in living cells

First, the cytotoxicity of RhoMQ-DPPIV was examined using
a CCK-8 assay. HepG2 and HEK293T cells exhibited over 90%
viability upon incubation with up to 100 uM RhoMQ-DPPIV,
suggesting its good biocompatibility (Fig. S14t). Then, we
explored the ability of RhoMQ-DPPIV to image DPPIV activity in
live cells. Confocal laser scanning microscopy (CLSM) images
showed that HepG2 cells incubated with RhoMQ-DPPIV dis-
played intense fluorescence (Fig. 2a and b). By contrast, the
fluorescence signal was significantly reduced when HepG2 cells
were pre-incubated with the DPPIV inhibitor sitagliptin. Flow
cytometry showed a consistent result that HepG2 cells treated
with RhoMQ-DPPIV showed strong fluorescence which was
significantly decreased in the presence of sitagliptin (Fig. 2c).

DPPIV is an enzyme dysregulated in various pathological
diseases especially tumors. We then explored the capability of
RhoMQ-DPPIV to detect and image DPPIV activity in different
cell lines. We found that RhoMQ-DPPIV treated HepG2, PC3
and MCF-7 cells delivered strong fluorescence signals (Fig. 2d
and e). By contrast, there were very weak fluorescence signals
from RhoMQ-DPPIV in A549, HeLa and HEK293T cells. This
result implied DPPIV activity was high in HepG2, PC3 and MCF-
7, but low in A549, HeLa and HEK293T cells, which was
consistent with previous reports.”>*® Furthermore western
blotting confirmed that the different DPPIV activities were
ascribed to the varying DPPIV expression levels (Fig. S157).
Moreover, flow cytometry assays showed the fluorescence
signals of RhoMQ-DPPIV treated HepG2, PC3 and MCF-7 cells
were dramatically decreased upon pretreatment with the
inhibitor sitagliptin (Fig. 2f and S16t). These results demon-
strated that RhoMQ-DPPIV was capable of detecting DPPIV
activities in different cell lines.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Fluorescence imaging of DPPIV activity in living cells. CLSM images (a) and relative fluorescence intensity (b) for HepG2 cells incubated
with RnoMQ-DPPIV (5 uM, 1 h) under different treatments: (i) HepG2 cells treated with RnoMQ-DPPIV (5 uM) for 1 h; (i) HepG2 cells pre-treated

with sitagliptin (50 pM, 1 h) and incubated with RnoMQ-DPPIV (5 uM,

1 h). (c) Flow cytometry analysis of HepG2 cells incubated with RhoMQ-

DPPIV (5 uM, 1 h) without or with sitagliptin (50 uM). CLSM images (d) and relative fluorescence intensity (e) for various cell lines treated with
RhoMQ-DPPIV (5 uM, 1 h). (f) Flow cytometry analysis for various cell lines treated with RhoMQ-DPPIV with or without sitagliptin. Scale bar = 25

pm. Data are presented as the mean =+ s.d.

PA detection and imaging of DPPIV activity

We chose RhoMA to develop a PA probe for DPPIV owing to its
NIR absorption in the zwitterionic form with a large blue shift in
the spirocyclic form. A PA probe, RhoMA-DPPIV, for DPPIV was
prepared by coupling RhoMA with the dipeptide substrate Gly—
Pro via a self-immolative p-aminobenzyl alcohol. RhoMA-DPPIV
showed a maximum absorption peak at 540 nm (Fig. 3a). The
absorption peak was blue-shifted by 150 nm as compared to that
for RhoMA in neutral pH, which coincided with that for RhoMA
in acidic pH, suggesting that RhoMA-DPPIV was in the spi-
rocyclic “closed” form. The responsiveness of RhoMA-DPPIV to
DPPIV was then investigated using absorption and PA spectros-
copy. The absorption peak for RhoMA-DPPIV was red-shifted to
690 nm after incubation with DPPIV for 60 min (Fig. S177).
Similarly, there was negligible PA signal in the range of 680-
800 nm for RhoMA-DPPIV (Fig. 3b). By contrast, the PA signal at
690 nm was increased by 19-fold after incubation with 2.0 pg
mL " DPPIV (Fig. 3c). Moreover, a specificity assay showed that
the PA signal for RhoMA-DPPIV was sharply decreased in the
presence of the inhibitor sitagliptin. This result suggested that
RhoMA-DPPIV was in the zwitterionic “open” form after incu-
bation with DPPIV. Further ESI-MS and HPLC analysis verified
that RhoMA-DPPIV was converted to RhoMA after reaction with
DPPIV (Fig. S18t). Together, this result demonstrated the capa-
bility of RhoMA-DPPIV for high-contrast PA detection of DPPIV.

We further explored the possibility of RhoMA-DPPIV for
quantitatively detecting DPPIV activity via PA. The PA signals at
690 nm dynamically increased as the concentrations of DPPIV
increased from 0 to 2.0 ug mL ™' (Fig. 3d). Further analysis
revealed that the PA intensity was proportional to the

© 2024 The Author(s). Published by the Royal Society of Chemistry

concentration of DPPIV in the range of 0-2.0 pug mL ™" with
a limit of detection of 2.5 ng mL™'. Moreover, there were
negligible PA signals at 690 nm for RhoMA-DPPIV incubated
with several biologically relevant substances and several prolyl-
cleaving peptidase enzymes (Fig. S19%). In addition, time-
dependent measurements showed that RhoMA-DPPIV respon-
ded quickly to DPPIV within 5 min and reached a maximum at
~40 min (Fig. S2071). These results showed that RhoMA-DPPIV
was capable of detecting DPPIV activity with high sensitivity,
rapid kinetics and high specificity.

We then explored the probe to image DPPIV activity via PA in
living cells. The cytotoxicity of RhoMA-DPPIV was first evaluated.
The cell viability for HepG2 and HEK293T cells treated with
RhoMA-DPPIV (0-100 uM) was over 90%, indicating that RhoMA-
DPPIV was highly biocompatible (Fig. S21f). Multi-spectral
optoacoustic tomography (MSOT) imaging showed that HepG2
cells with overexpression of DPPIV delivered intense PA signals
with increasing RhoMA-DPPIV concentration (Fig. 3e and f).
Moreover, the PA amplitude was remarkably decreased for HepG2
cells treated with sitagliptin. This result showed that RhoMA-
DPPIV was capable of PA imaging of DPPIV activity in live cells.

NIRF/PA imaging of DPPIV activity in vivo

Motivated by the excellent performance of RhoMQ-DPPIV and
RhoMA-DPPIV in vitro and in live cells, we then investigated the
possibility of these two probes to image DPPIV activity via NIRF
and PA in vivo. First, we explored the ability of RhoMQ-DPPIV
and RhoMA-DPPIV to image DPPIV activity through chicken
breast tissue. As expected, there was a weak NIRF signal for
DPPIV activated RhoMQ-DPPIV embedded in 1 mm tissue,

Chem. Sci., 2024, 15, 2221-2228 | 2225
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with RnoMA-DPPIV (5 uM) for 1 h; (V) HepG2 cells pre-treated with sitagliptin (50 uM, 1 h) and treated with RhoMA-DPPIV (5 uM) for 1 h. Data are

presented as the mean + s.d.

whereas RhoMA-DPPIV treated with DPPIV still displayed
evident PA signals through up to 1 cm tissue (Fig. S22t). Then,
HepG2 cells were implanted into the left flanks of the BALB/c
nude mice to establish the tumour-bearing mouse model. We
first tested the ability of the fluorescent probe RhoMQ-DPPIV to
image DPPIV activity via tail-vein injection (Fig. 4a). The
tumour-bearing mice were randomly divided into three groups
(n = 3) and injected with PBS, RhoMQ-DPPIV, inhibitor sita-
gliptin and RhoMQ-DPPIV, respectively. Fluorescence imaging
was then acquired at different time points. The mice injected
with RhoMQ-DPPIV showed an evident NIRF signal at the
tumour site at 2 h post-injection (Fig. 4b). The NIRF signal
reached a maximum at 3 h and then gradually decreased until
12 h post-injection. By contrast, there were no appreciable
fluorescence signals at the tumour site for control mice treated
with PBS at each time point. The average NIRF signal at tumour
sites in mice was enhanced by 3.8-fold at 3 h post-injection as
compared to the control group treated with PBS (Fig. 4c). This
result indicated that RhoMQ-DPPIV was activated at the tumour
sites. To verify its specific activation by DPPIV, we pre-injected
the tumour-bearing mice with the inhibitor sitagliptin. As
anticipated, the NIRF intensity at the tumour sites substantially
decreased as compared to the tumour-bearing mice treated with
RhoMQ-DPPIV only at each acquisition time point (Fig. 4b and
¢). In addition, ex vivo NIRF imaging of dissected organs at 3 h
post-injection showed intense NIR fluorescence in the liver and
kidneys, which was presumably because the probe was mainly
metabolized and cleared by these two organs (Fig. 4d and S237).
The RhoMQ-DPPIV fluorescence showed good colocalization
with the immunofluorescence from DPPIV, suggesting that
RhoMQ-DPPIV was selectively activated by DPPIV (Fig. S247).
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These results demonstrated that RhoMQ-DPPIV was specifically
activated by DPPIV in the tumour sites and could be employed
for detecting DPPIV activity in vivo.

Subsequently, we explored the potential of PA probe RhoMA-
DPPIV for imaging DPPIV activity in vivo. Similarly, HepG2
tumour-bearing mice were randomly divided into three groups (n
= 3) and injected with PBS, RhoMA-DPPIV, and the inhibitor
sitagliptin and RhoMA-DPPIV, respectively. MSOT images
showed that the PA signal at the tumour sites began to appear at
2 h post-injection of RhoMA-DPPIV, and reached a maximum at
~3 h, followed by a gradual decrease until 12 h (Fig. 4e). By
contrast, the mice treated with PBS showed negligible PA signal
at 690 nm throughout the acquisition period. The PA signal at
the tumour site was increased by approximately 6.8-fold at 3 h
post-injection of RhoMA-DPPIV as referenced to the control mice
treated with PBS (Fig. 4f). Similarly, the PA amplitude was
remarkably decreased for mice pre-treated with the inhibitor
sitagliptin. Similar to RhoMQ-DPPIV, mice injected with RhoMA-
DPPIV also displayed strong PA signals in the liver and kidneys at
3 h post-injection (Fig. S25t). These results indicated that
RhoMA-DPPIV was specifically activated by DPPIV activity in the
tumour sites, allowing high-contrast imaging of DPPIV activity in
vivo. To our knowledge, this is the first PA probe that enabled PA
imaging of DPPIV activity in vivo. In addition, hematoxylin-eosin
(H&E) analysis of major organs including the heart, liver, spleen,
lungs and kidneys for mice treated with RhoMQ-DPPIV or
RhoMA-DPPIV showed no abnormal cell morphology and tissue
lesions (Fig. S261). Additional blood chemistry analysis revealed
that RhoMQ-DPPIV and RhoMQ-DPPIV exhibited negligible
effect on the hepatic-renal function (Fig. S277). These results
imply their low toxicity and good biocompatibility. Together,
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Fig.4 Invivo NIRF/PA imaging of DPPIV activity in HepG2 tumor-bearing mice. (a) Schematic illustration of NIRF/PA imaging of DPPIV activity in
vivo. (b) Representative NIRF imaging of HepG2 tumor-bearing mice upon tail-vein injection of RhoMQ-DPPIV (100 uM, 100 pL) with or without
sitagliptin (100 uM) at different time points, with PBS as a control. (c) Time-dependent fluorescence intensities of HepG2 tumor-bearing mice at
different time points under different treatments (n = 3). (d) Fluorescence intensities of dissected major organs and tumor tissues from the mice at
3 h post injection. (e) Representative PA imaging of HepG2 tumor-bearing mice upon tail-vein injection of RhoMA-DPPIV (100 uM, 100 pl) with
or without sitagliptin (100 pM) at different time points, with PBS as a control. (f) Time-dependent PA intensities of HepG2 tumor-bearing mice at

different time points under different treatments (n = 3). Data are presented as the mean =+ s.d.

these results demonstrated that RhoMQ-DPPIV and RhoMA-
DPPIV were capable of detecting DPPIV activity via NIRF/PA
imaging with high specificity in vivo.

Conclusions

In conclusion, we developed a class of new chromophores by
extending the conjugation system of a xanthene scaffold with
different electron withdrawing groups at the 7 position. It was
shown that these new chromophores exhibited red-shifted
absorption and emission wavelengths, large Stokes shifts and
high photostability. It was demonstrated that these chromo-
phores exhibited a pH-tunable equilibrium between a spi-
rocyclic “closed” and a zwitterionic “open” form. We further
develop two activatable probes by caging the phenolic hydroxyl
groups of RhoMQ and RhoMA with the DPPIV substrate. It was
demonstrated that these two probes allowed NIR fluorescence
and PA detection and imaging of DPPIV activity with high
sensitivity, high specificity and rapid kinetics in vitro and in live
cells. Moreover, these probes allowed high-contrast NIR fluo-
rescence and PA imaging of DPPIV activity in a tumour bearing
mouse model in vivo. This result highlights the promise of -
conjugation expansion of xanthene chromophores at position 7
for developing high-contrast molecular probes.
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Main experimental data are provided within the main text and
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