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Cysteine is well-known to be an important biothiol and related to many diseases. However, the in vivo
detection of endogenous cysteine still suffers from lacking small-molecule fluorophores with both exci-
tation and emission in the near-infrared (650-900 nm)/shortwave-infrared region. Herein, we report a
molecular engineering strategy for shortwave infrared (SWIR, 900-1700 nm) sensing of cysteine, which
integrated an excited-state intermolecular proton transfer (ESIPT) building block into the intramolecular
charge transfer (ICT) scaffold. The obtained novel fluorophore SH-OH displays a maximum absorption at
the NIR region, and emission at the SWIR region. We introduce the cysteine-recognition moiety to SH-OH
structure, and demonstrate sensing of endogenous cysteine in living animals, using the SWIR emission as
a reliable off-on fluorescence signal. This fluorophore design strategy of cooperation of ICT and ESIPT
processes expands the in vivo sensing toolbox for accurate analysis in clinical applications.

© 2021 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Biothiols, including glutathione (GSH) [1-3], cysteine (Cys) [4-
6], and homocysteine (Hcy) [4], play essential and pervasive roles
in physiology, nutrition, and metabolism system [7-10]. Especially,
Cys is known to be related to many diseases, including neurotoxic-
ity [11-13], decreased hematopoiesis [14-16], psoriasis, edema, liver
damage [17,18], and so on [16-20]. Therefore, in vivo sensing of Cys
at high spatiotemporal resolution holds the key to the fundamen-
tal understanding of its physiological function. Compared to visible
(400-600 nm) and near-infrared (NIR, 650-900 nm) light [21-25],
shortwave infrared (SWIR, 900-1700 nm) imaging [26-28] allows
non-invasive, real-time analysis of biological processes due to low
photon scattering, autofluorescence, deeper tissue penetration, and
improved signal-background ratio. Thus, there is a desperate need
to develop SWIR fluorescence probes that enable high-fidelity in
vivo sensing of Cys.

Over the last two decades, intramolecular charge transfer (ICT)
molecules have been receiving widespread attention for developing

* Corresponding authors.
E-mail addresses: chenxuyan@ecust.edu.cn (C. Yan), guozq@ecust.edu.cn (Z.
Guo).

https://doi.org/10.1016/j.cclet.2021.08.015

activatable fluorophores [29-33]. The ICT reaction can often gener-
ate large Stokes shift [34-36] in aromatic dyes possessing strong
electron-donor and electron-acceptor substituents, contributing to
achieve long-wavelength emission [37,38]. However, the excitations
of these ICT fluorophores are still restricted to the visible region. To
the best of our knowledge, few studies have been exploited in the
small-molecule ICT fluorophores with both excitation and emission
in the NIR/SWIR region for in vivo imaging. We envision that flu-
orescence probes uniting ICT and excited-state intermolecular pro-
ton transfer (ESIPT) processes [39-42] can realize real-time tracking
Cys in the SWIR region.

Herein, we describe a molecular rational design strategy to cre-
ate activatable off-on SWIR probes for Cys, relying on the coopera-
tion of ICT and ESIPT processes. We employed the “step-by-step”
strategy for extending both excitation and emission wavelength:
(i) heteroatom substitution (from DCM to SCM building block) for
narrowing the energy bandgap in ICT fluorophore scaffold; (ii) em-
ploying HBT as an additional ESIPT group [43] for further extend-
ing emission wavelength to SWIR region (Fig. 1A). By virtue of har-
nessing this strategy, a novel small-molecule fluorophore SH-OH
was developed with maximum absorption at the NIR region, and
emission at the SWIR region. Using the designed probe SHC, we
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Fig. 1. Rational design of shortwave infrared (SWIR) fluorophores for Cys detection. (A) The “step-by-step” strategy to unit ICT and ESIPT processes achieves emission wave-
length extension from visible to SWIR region. (i) Engineering ICT building block by heteroatom substitution for narrowing the energy bandgap (AEs;_so) in ICT fluorophores.
(ii) Grafting HBT as additional ESIPT group for further extending emission wavelength to SWIR region. (B) Proposed sensing mechanism of the probe for Cys.

were able to conduct in vivo sensing of endogenous Cys via the
off-on SWIR fluorescence signal (Fig. 1B). This de novo strategy for
activatable SWIR fluorophores would greatly facilitate the advance-
ment of in vivo fluorescence imaging.

We take full advantage of the “step-by-step” strategy to achieve
both excitation and emission in the NIR/SWIR region. Above all, we
estimated the structure-function relationship between electron-
withdrawing building block and emission wavelength. As well
known, the DCM group [44-46] has been widely used to construct
ICT fluorophores with multiple photophysical advantages, such as
adjustable and NIR emission, large Stokes shift, and good photo-
stability [47-49]. In order to further extend the emission wave-
length, we replaced the electron-withdrawing building block from
QM and DCM to benzothiopyran-malononitrile (SCM) (i.e., replac-
ing the oxygen atom in DCM with sulfur atom). To our delight,
the heteroatom substitution led to a significant red-shift in fluo-
rescence spectra. Specifically, QM-OH, DCM-OH, and SCM-OH dis-
played emission maximums at 560, 685, and 750 nm, respectively
(Figs. 2A-C). These results clearly indicated that engineering the
SCM as the electron-withdrawing building block could effectively
extend the emission wavelength in ICT fluorophores.

To clarify the relationship between the electron-withdrawing
building block and fluorescence properties of DCM-OH and SCM-
OH, we further carried out density functional theory (DFT) calcu-
lation. As determined in Fig. S3 (Supporting information), the en-
ergy bandgap (AEsisg) of SCM-OH (2.95 eV) is much narrower
than that of DCM-OH (3.07 eV), resulting in lower energy for elec-
tronic transition and red-shift emission [50]. Simultaneously, the
energy of the highest occupied molecular orbital (HOMO) of SCM-
OH (-6.070 eV) is higher than that of DCM-OH (-6.108 eV), which
means the excited electrons would return to a higher energy state
accordingly with a larger Stokes shift [51]. As a consequence, SCM-
OH displayed much longer emission and larger Stokes shift than
that of DCM-OH (Figs. 2A-C, Fig S1 in Supporting information). Al-
though SCM-OH showed extended emission wavelength in the NIR
region, SCM-OH still suffered from the short excitation wavelength
(Aex < 600 nm, Fig. 2B). In order to develop small-molecule flu-
orophores with both excitation and emission in the NIR/SWIR re-
gion, we then envisioned that fluorescence probes uniting ICT and
ESIPT processes could make a breakthrough to further extend the
excitation/emission wavelength (Fig. 1B).

To validate the feasibility of this method, we designed and syn-
thesized a novel fluorophore SH-OH by grafting HBT (a typical ES-
IPT building block) in the SCM-OH scaffold to extend the total -
conjugation system. Notably, SH-OH showed an obvious absorption
peak in the NIR region at 700 nm (Fig. 2B, Fig. S2 in Support-
ing information). More importantly, SH-OH could emit light in a

763

broad range of 700-1000 nm with a high quantum yield of 2.3
times higher than that of DCM-OH [52] (a NIR fluorophore with
high quantum yield, Table S1 in Supporting information), and also
exhibited bright emission in the SWIR region (> 900 nm). Taken
together, our strategy of uniting ICT and ESIPT mechanism could
successfully exploit fluorophores with both excitation and emission
wavelength in the NIR/SWIR region.

To further investigate the bio-applicability of SH-OH, we sub-
sequently examined the photostability under physiological condi-
tions, and the results were compared with the commercially avail-
able ICG (FDA-proved NIR fluorophore). As depicted in Fig. 2D, the
fluorescence intensity of commercial dye ICG dropped rapidly to
1% after irradiation for 10 min under stable light irradiation, in-
dicating that ICG was photobleached. Meanwhile, the fluorescence
intensity of SH-OH, SCM-OH, and DCM-OH decreased to 47%, 48%,
and 42%, respectively. Clearly, SH-OH exhibited higher photostabil-
ity than ICG, enabling its much longer time-lapse imaging [53]. All
these data demonstrated that SH-OH could be utilized as an excel-
lent SWIR fluorophore for in vivo bioimaging applications.

As well known, the fluorescence intensities of ICT chro-
mophores are extremely sensitive to electronic disturbance [29,30].
For an example of SCM-OH, after masking the hydroxyl group with
electron-withdrawing acryloyl group, the NIR fluorescence inten-
sity of SCM-OH was effectively quenched (Figs. 3A and B). In the
presence of Cys, the acryloyl group of SOC was cleavaged, and the
released SCM-O~ could lead to a significant fluorescence enhance-
ment (Figs. 3A-E, Figs. S5 and S6 in Supporting information). En-
couraged by this fluorescence response, we further explored the
feasibility to employ SH-OH (fluorophore uniting ICT and ESIPT) as
an activatable SWIR fluorophore.

We subsequently evaluated the pH dependence of the emission
profiles of SH-OH and acryloyl group masked SHC. As shown in
Fig. S4 (Supporting information), the SWIR fluorescence of SHC re-
mained silent over the physiological pH range. Importantly, the pK,
of SH-OH was measured to be ca. 7.8 (Fig. S4), which allowed SHC
to favorably exploit the physiological conditions of living systems.

The pH-insensitivity of SHC and pH-sensitivity of SH-OH in-
spired us to further test the validity of this probe in vitro and in
vivo. As demonstrated in Figs. 3F and G. The probe SHC performed
an obvious fluorescence signal in the SWIR region in the presence
of Cys as the acryloyl group of SHC was cleavage and SH-O~ was
released (Fig. S7 in Supporting information). This Cys-triggered re-
action reached equilibrium in only 5 min (Fig. 3G), indicating a
very fast response toward Cys. Notably, the plots of the Igs9 nm
against the concentrations of Cys ranging from 0 to 100 pum dis-
played a good linear relationship (Figs. 31 and ]). Hence, the lin-
ear curve of the Igs9 ,m allowed for the convenient quantitative
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Fig. 2. Engineering SCM fluorophores with absorption in NIR region and emission in SWIR region. (A) Chemical structures, excitation peaks and emission peaks of QM-OH,
DCM-OH, SCM-OH, and SH-OH. (B) Normalized absorption spectra in DMSO and (C) normalized fluorescence spectra of QM-OH, DCM-OH, SCM-OH, and SH-OH. (D) Time-
dependent normalized fluorescence intensity of SH-OH (monitored at 840 nm, Ax = 600 nm), SCM-OH (monitored at 750 nm, Aex = 595 nm), DCM-OH (monitored at 685
nm, Aex = 560 nm), and ICG (monitored at 812 nm, Aex = 780 nm) under sustained illumination. (E) Design of SWIR activatable probe SHC for detection of Cys.
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Fig. 3. Cys-triggered fluorescence response in SWIR region. (A) Proposed mechanism of SOC incubated with Cys. (B) Time-dependent normalized fluorescence spectra of
SOC (100 pmol/L) incubation with Cys (20 equiv.). (C) Time-dependent normalized I;50 ,m of SOC with Cys (20 equiv.). (D) Normalized fluorescence spectra of SOC upon
treatment with consequent concentration Cys after reacting 1 h at 37 °C. (E) The relationship between normalized I750 n,, of SOC and Cys concentration after incubation
with 1 h. (F) Proposed mechanism of SHC incubated with Cys. (G) Time-dependent normalized fluorescence spectra of SHC (10 pmol/L) incubation with Cys (10 equiv.). (H)
Time-dependent normalized Igsg ,m of SHC with Cys (10 equiv.). (I) Normalized fluorescence spectra of SHC upon treatment with consequent concentration Cys after reacting
5 min at 37 °C. (J) The relationship of normalized Ig50 n,, of SHC and Cys concentration after incubation with 5 min.
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Fig. 4. In vitro and in vivo bioimaging. (A) Confocal laser scanning microscope (CLSM) images of HeLa cells incubated with different compounds (100 pmol/L) for 1 h such
as SCM-OH, probe SOC, exogenous Cys and SOC, NEM and SOC. Note: the NIR fluorescence intensity monitored channel obtained from 740 nm to 760 nm, iex = 605
nm. (B) Plate fluorescence imaging of SH-OH (10 pmol/L), probe SHC (10 pmol/L) and SHC (10 pmol/L) incubating with Cys (100 pmol/L), yellow-red scale. (C) In vivo SWIR
fluorescence imaging of HeLa xenograft mice after in situ injection of SHC probe at various time (1 min, ¢;; 5 min, ¢;; 25 min, c3; 60 min, c4), rainbow scale. Note: Aex = 600

nm, SWIR fluorescence signal monitored at 950 nm.

detection of Cys over this concentration range. Besides, the detec-
tion limit of the probe SHC was 4 pmol/L, indicating excellent sen-
sitivity of SHC toward Cys (Table S2 in Supporting information).
Consequently, SHC enabled the fast and quantitative SWIR fluores-
cence detection of Cys.

The complex microenvironment in vivo could affect the recog-
nition and efficiency of fluorescence probes on the target analyte.
Hence, the selectivity of the probe is one of the key indicators to
evaluate the application in biological samples. To our satisfaction,
both SOC and SHC exhibited a significantly higher selectivity to-
ward Cys than any other biothiols such as glutathione (Figs. S8
and S9 in Supporting information). When glutamic or other amino
acids were added to the solution, the fluorescence intensity of SHC
showed little change. In contrast, the signal at 950 nm apparently
increased after incubating with Cys for 5 min, thereby verifying
that probe SHC exerted outstanding selectivity to Cys. Overall, we
have successfully developed and demonstrated a viable strategy for
the SWIR fluorescence analysis of Cys.

As demonstrated, SHC exhibited activatable SWIR fluorescence
toward Cys, while SOC displayed an activatable NIR fluorescence.
This SWIR imaging has advantages over NIR imaging in vivo due
to deeper tissue penetration. Therefore, SOC/SHC has great poten-
tial for in vitro and in vivo bioimaging, respectively. Subsequently,
HeLa cells were selected to evaluate the response of the probe
SOC to exogenous and endogenous Cys in vitro. Compared to the
Hela cells incubated with SCM-OH for 1 h at 37 °C, the NIR signal
in the 740-760 nm fluorescence channel exhibited observable sig-
nal when treated with SOC (Fig. 4A). It suggested that SOC could
sense endogenous Cys in cells. Besides, when pretreated with ex-
ogenous Cys for promotion intracellular Cys concentration, the sig-
nal was observed obviously. On the other hand, in order to ver-
ify the specific recognition of Cys by SOC, we pretreated HeLa
cells with NEM, the Cys inhibitor, to inhibit the expression of Cys
in cells [54]. As expected, the confocal laser scanning microscope
(CLSM) image revealed a negligible detection signal in cells. The
above results demonstrated effective fluorescence “turn-on” detec-
tion of probe SOC in the presence of either exogenous or endoge-
nous Cys in vitro. Therefore, we have successfully achieved a light-
up NIR probe SOC for the detection and imaging of Cys in living
cells.
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Considered that the SWIR signal possesses deeper tissue pen-
etration, and improved signal-background ratio than that of the
NIR signal, the PerkinElmer IVIS spectrum was executed to assess
the in vivo performance of SHC as a Cys-triggered SWIR probe. As
shown in Fig. 4B, the fluorescence signal at the SWIR region of
the plate with SHC could be negligible in PBS/DMSO mixture so-
lution. In contrast, when treated with Cys for 5 min, the signal
emerged and could clearly be observed. Afterward, we investigated
the capability of SHC for real-time in vivo visualization of Cys ac-
tivity in tumors (Fig. 4C). When the nude mice were intratumor
injected with probe SHC, SHC displayed a remarkable fluorescence
signal at SWIR region immediately, indicated that SHC was acti-
vated rapidly by endogenous Cys. Furthermore, the SWIR fluores-
cence signal could still be observed after injecting 1 h (Fig. S10 in
Supporting information), which demonstrated SHC could achieve
long-term tracking of endogenous Cys activity in vivo. These imag-
ing results further highlight the potential of SHC for in vivo sensing
of Cys in the SWIR region.

In summary, we focused on engineering long-wavelength fluo-
rophores for reliable SWIR imaging of Cys in vivo. We have success-
fully developed a molecular engineering strategy with the cooper-
ation of ICT and ESIPT processes that enabled to construct chro-
mophores with both excitation and emission in the NIR/SWIR re-
gion. By employing the “step-by-step” strategy, we rationally engi-
neered the electron-withdrawing building block from DCM to SCM,
and grafted HBT in the SCM-based ICT scaffold. The obtained SH-
OH displayed a maximum absorption at the NIR region, emission
at the SWIR region, large Stokes shift, and excellent photostability.
The combination of the SWIR emission and activatable response
allows construction of fluorescence probe SHC that can be applied
for reliable sensing of Cys both in vitro and in vivo. We anticipate
that our strategy of uniting ICT and ESIPT processes would inspire
the creation of a generation of quantitative SWIR fluorescence as-
says for clinical applications.
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