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The level of glutathione (GSH) is significantly associated with numerous pathological processes, thus,
real-time detection of the GSH level is of significance for early diagnosis of GSH-related diseases. Herein,
we developed in vivo second near-infrared (NIR-II) window fluorescence (FL) and ratiometric photoacous-
tic (RPA) dual-modality imaging of GSH using a GSH-activatable probe (LET-14). LET-14 was synthesized
based on a rhodamine hybrid xanthene skeleton with a FL shielding 2,4-dinitrobenzene sulfonyl group
that can be specifically cleaved by GSH, thus resulting in a markedly bathochromic-shift absorption, a
6.5-fold increase in NIR-II FL intensity (FLgyo) and a 13-fold increase in RPA signal (PAggo/PA7os) in vitro.
Intriguingly, LET-14 exhibits good selectivity and sensitivity for NIR-II FL and RPA dual-modality imaging
of GSH in 4T1 tumor-bearing mouse model. Our findings develop an in vivo detection tool of GSH, which
has great potential in the field of cancer diagnosis.

© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Glutathione (GSH), a tripeptide thiol, assumes a pivotal posi-
tion in sustaining cellular redox homeostasis and safeguarding cells
against oxidative stress [1]. The level of GSH is significantly as-
sociated with numerous pathological processes, including cancers,
Alzheimer’s disease, neurodegenerative disorders and a plethora of
other diseases [2-5]. GSH is regarded as an important biomolecule
for diagnosis of various diseases. For instance, the GSH content in
tumor tissues is no less than fourfold higher compared to that in
normal tissues [6-9]. Consequently, real-time detection of GSH lev-
els is important for the early diagnosis of GSH-associated diseases,
especially for cancers.

Currently, visualization of in vivo GSH is based on fluorescence
(FL) probes in visible or first near-infrared (NIR-I) window [10-20].
However, FL imaging in these windows is circumscribed by fac-
tors like insufficient tissue penetration depth and photon scatter-
ing, which conspicuously hinders its employment in highly sen-
sitive imaging of GSH in vivo. Noticeably, FL imaging in second
NIR (NIR-II) window possesses the capability to markedly allevi-
ate the impact of light scattering phenomena and autofluorescence
effects, thereby allowing for deeper tissue penetration depths and
enhanced spatial resolution [21-28]. The advancement of NIR-II FL
probe for in vivo GSH imaging is a hotspot [23,29]. Nonetheless,
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single imaging modality usually suffers deficient accuracy or quan-
tification [30-33]. On account of this, photoacoustic (PA) imaging
serves as a robust complement to NIR-II FL imaging for the de-
tection of GSH, offering more comprehensive and precise detection
outcomes. The PA imaging offers exceptional deep tissue penetra-
tion, reaching depths of several centimeters, along with high 3-
dimensional (3D) spatial resolution imaging capabilities for living
subjects. However, to date, the applications of most reported PA
probes for GSH detection have been significantly constrained by
various endogenous biomolecules. Furthermore, this type of probes
was dependent on the single-channel signal variation of PA imag-
ing and was prone to the influence of multiple environmental fac-
tors, for instance, microenvironmental disparities and diverse pho-
tobleaching rates [34,35]. By contrast, the ratiometric photoacous-
tic (RPA) probe effectively surmounts the numerous constraints of
single-channel imaging probes through the introduction of self-
calibration properties, thereby enabling more accurate detection
of GSH [36-43]. Taken together, the development of NIR-II FL/RPA
imaging with self-calibration capabilities is urgently required for
the accurate diagnosis of GSH in vivo.

Herein, we developed in vivo NIR-II FL/RPA dual-modality imag-
ing of GSH using a GSH-activatable probe (denoted as LET-
14) (Scheme 1). LET-14 consisted of a rhodamine hybrid xan-
thene skeleton bridged with a shielding 2,4-dinitrobenzene sul-
fonyl (DNBS) group, which could be specifically cleaved by GSH,

1001-8417/© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.



Y. Zhang, S. Lei, Y. Pan et al.

Signalling moiety

NIR-Il FL/RPA imaging

Real-time detection

Laser
High PA,

LET-14

Scheme 1. Schematic illustration of an activatable NIR-II FL and RPA dual-modality
probe (LET-14) for in vivo GSH imaging.

resulting in a markedly bathochromic-shift absorption, a 6.5-fold
increase in NIR-II FL intensity (FLgyg) and a 13-fold increase in
RPA signal (PAggg/PA79s). In vitro and in vivo experiments demon-
strated that LET-14 could selectively and sensitively identify GSH
using NIR-II FL/RPA dual-modality imaging, which is a promising
diagnostic tool.

LET-14 was synthesized by an aldol condensation reaction of
rhodamine-type fluorophore with xanthene derivative (Fig. S1 in
Supporting information). The structures of LET-14 and intermedi-
ates have been characterized by nuclear magnetic resonance (NMR)
and electrospray ionization mass spectra (ESI-MS) (Figs. S2-S10 in
Supporting information). LET-14 is ensconced in a "fluorescence
caged" status, due to the shielding impact of DNBS on the in-
tramolecular charge transfer (ICT) process. In the presence of GSH,
a thiol-promoted cleavage reaction takes place between GSH and
DNBS, leading to the liberation of LET-14 from the caged moiety,
thereby simultaneously turning on the NIR-II FL and RPA signals
for imaging of GSH (Scheme 1). The mechanism of the cleavage
reaction between LET-14 and GSH was further validated by time-
dependent 'H NMR and ESI-MS (Figs. S11 and S12 in Supporting
information).

The photophysical properties of LET-14 were tested before and
after addition of GSH. After incubating with GSH (50 pmol/L) for
30 min, the LET-14 (10 pmol/L) showed a noticeable color change
from green to brown, visible by the naked eye (Fig. 1a). At the
same time, the absorption band of LET-14 manifested red-shift
ranging from 695 (Absggs) to 880 nm (Absggg) (Fig. 1b). The prop-
erties of the ultraviolet-visible-near infrared (UV-vis-NIR) absorp-
tion spectroscopy impelled us to further explore its PA property. As
shown in Fig. 1c, upon the addition of GSH, the PA signal shifted
from 705nm to 880nm, and this change was in accordance with
the results of the UV-vis-NIR absorption spectra. Concurrently, a
significant enhancement of NIR-II FL emission at 920 nm (FLgyq)
was observed after incubation with GSH (Fig. 1d), which demon-
strated that LET-14 exhibited an excellent response to GSH.

Next, the concentration and response time-dependent spectral
variations were demonstrated for the assessment of sensitivity of
LET-14 to GSH. The Absgg, intensity of LET-14 exhibited a gradual
increase, while that of the Absggs demonstrated a decrease as var-
ious concentrations of GSH addition (0-50 pmol/L) (Fig. 2a). The
FLgyg intensity gradually intensified and reached its peak value at
50 pmol/L, with a nearly 6.5-fold signal enhancement (Fig. 2b).
Furthermore, a significant linear correlation (R? =0.9958) was ob-
served between the FLgyy intensity and GSH concentration (Fig.
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Fig. 1. (a) Color change of LET-14 towards GSH. (b) UV-vis-NIR absorption, (c) PA
spectra, and (d) NIR-II FL (Aex =880nm) of LET-14 (10 pmol/L) after incubation
with/without GSH (50 umol/L) for 30 min in dimethyl sulfoxide (DMSO)/phosphate
buffered saline (PBS) (v/v=2/3, pH 7.4).
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Fig. 2. (a) UV-vis-NIR absorption, (b) NIR-II FL spectra (Aex =880nm), (c) the ratio
of PAggo/PA7ps intensity and (d) the corresponding PA images of LET-14 (10 pmol/L)
with the addition of GSH (0-50 pmol/L) for 30 min in DMSO/PBS (v/v=2/3, pH 7.4).
Time-dependent (e) Absggg/Absggs intensity, (f) NIR-II FLgyo intensity (Aex =880 nm),
(g) PAggo/PA7os intensity and (h) the corresponding PA images of LET-14 after incu-
bation with GSH (50 umol/L) for 30 min in DMSO/PBS (v/v=2/3, pH 7.4).

S$13 in Supporting information), and the detection limit was ascer-
tained to be 0.32 pmol/L. Inspired by the property of the absorp-
tion spectrum in the response process between LET-14 and GSH,
the PA signal of LET-14 to GSH was also examined. After addition of
GSH, the PAggq signal exhibited significant enhancement, whereas
PA795 signal was decreased, thus the signal ratio of PAggg/PA7gs5 re-
ceived a 13-fold increase (Figs. 2c and d). The above results indi-
cated that LET-14 could detect GSH using both FL and RPA imaging.
Besides, the kinetics reaction of LET-14 with GSH was investigated.
Upon the addition of GSH (50 pmol/L) to LET-14 (10 pmol/L), the
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Fig. 3. (a) NIR-II FLgy intensity, (b) NIR-II FL images, (c) Absggo/Absegs, (d) PAggo/PA7s ratio and (e) the corresponding PA images of LET-14 (10 umol/L) after incubation with
various amino acids and hydrogen sulfide for 30 min in DMSO/PBS (v/v=2/3, pH 7.4). (f) NIR-II FL images of LET-14 (10 umol/L) with the addition of GSH (50 pmol/L) before
incubation with different concentrations of NMM (0-150 umol/L). (g) The corresponding NIR-II FLy,q inhibition efficiency. Data are presented as mean =+ standard deviation

(SD) (n=3).

Absggg/Absggs ratio displayed a gradual increment over time, at-
taining a plateau approximately 30 min (Fig. 2e and Fig. S14a in
Supporting information). The FLgyy displayed a similar trend (Fig.
2f and Fig. S14b in Supporting information). Additionally, the ra-
tio of PAggg/PA7gs increased gradually over time, peaked within
30min, and remained stable thereafter (Figs. 2g and h).

To assess specific response of LET-14 to GSH, we evalu-
ated the reactivity of LET-14 with a variety of biological sub-
stances, including L-cysteine (Cys), L-homocysteine (Hcy), L-alanine
(Ala), L-glutamic acid (Glu), L-arginine (Arg), L-serine (Ser), L-
histidine(His), L-lysine hydrate (Lys), glycine (Gly), L-glutamine
(GIn), L-methionine (Met), L-phenylalanine (Phe), L-threonine (Thr),
L-dithiothreitol (DTT), hydrogen sulfide (H,S). As shown in Fig. 3a,
GSH was the only species that induced a significant alteration in
FLgyg signal, whereas the other species scarcely brought about any
alterations in FL emission of LET-14, which was in line with the
outcomes of NIR-II FL images (Fig. 3b). Meanwhile, upon the addi-
tion of GSH, a significant alteration in the ratios of Absggg/Absggs
(Fig. 3c) and PAggg/PA7os (Figs. 3d and e) was observed in LET-14,
whereas negligible variation in other substances. It is noteworthy
that stability is one of the crucial indicators for assessing the qual-
ity of FL probes. LET-14 exhibited excellent chemical stability in the
presence of reactive oxygen and nitrogen species (RONS), such as
H,0, and ONOO~ (Fig. S15 in Supporting information). Addition-
ally, GSH inhibition study was demonstrated by pretreatment with
an inhibitor, N-methylmaleimide (NMM). As increase of NMM con-
centration, the inhibition efficiency of LET-14 by GSH was signifi-
cantly increased, and reached to 100% at 150 pmol/L of NMM (Figs.
3f and g). These results demonstrated that LET-14 exhibited high
selectivity and rapid responsiveness toward GSH.

After validating the outstanding FL and PA properties of LET-
14 for detection of GSH, we conducted a systematic investigation
into the biocompatibility for in vitro imaging. First, the biocom-
patibility of LET-14 was investigated on normal cell line (HEK293T
cell) and mouse breast cancer cell line (4T1 cell). After 24 h of in-
cubation with various concentrations of LET-14 (0-40 umol/L), all
cell viabilities were over 90%, indicating its good biocompatibility
(Figs. 4a and b). Subsequently, cell imaging experiments were con-
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Fig. 4. Cell viability estimated by MTT assay with HEK293T (a) and 4T1 (b) cells,
which were cultured in the presence of LET-14 (0-40 pmol/L) for 24 h. (c) Schematic
representation of NIR-II FL and RPA imaging for 4T1 cells. (d) Time-dependent NIR-
Il FL images of 4T1 cells with/jwithout NMM pretreatment (0.5 mmol/L), respec-
tively, then addition of LET-14 and (e) the corresponding quantitative FL intensity
in (d). (f) Time-dependent PA images of 4T1 cells with/without NMM pretreatment
(0.5mmol/L), respectively, then addition of LET-14 and (g) the corresponding quan-
titative RPA intensity in (f). Data are presented as mean & SD (n=3).

ducted by NIR-II FL/PA imaging system (Fig. 4c). When 4T1 cells
were incubated with LET-14, the NIR-II FL signal of cells gradually
intensified over time, ultimately reaching a stable state within 2 h.
This observation suggested that LET-14 could be efficiently taken
up by 4T1 cells and then triggered by endogenous GSH to gener-
ate NIR-II FL signals in a time-dependent manner (Figs. 4d and e).
By contrast, the NIR-II FL intensity of the cells in NMM-pretreated
group remained at a low level, owing to the suppressive impact
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Fig. 5. (a) Schematic representation of NIR-II FL and RPA imaging for 4T1 tumors. (b) Time-dependent NIR-II FL images of 4T1 tumor-bearing nude mice with or without
NMM (1 mmol/L, 50 uL), respectively, then injection of LET-14. (¢) The relative FL intensity of tumors collected from (b). (d) Quantification of FL intensity of tumors at 60 min
(P=0.0008). (e) In vivo PA images of 4T1 tumor-bearing nude mice. (f) RPA signal of PAggq/PA;0s measured as a function of post-injection time. (g) Quantification of RPA
signals of tumors at 60 min (P=0.002). (h) H&E stained images of major organs (heart, liver, spleen, lung, and kidney) were obtained from mice 14 days post-injection of

LET-14 (scale bar: 100 pm). Data are presented as mean + SD (n=3).

of NMM on GSH activity. Meanwhile, the PA;gs intensity of cells
gradually decreased over time, while that of PAggg gradually in-
creased, and finally RPA reached relative stability within 2 h, which
was notably higher than that of NMM-pretreated 4T1 cells (2.2-
fold) (Figs. 4f and g). These results indicated that LET-14 could be
used to monitor intracellular GSH levels through NIR-II FL and RPA
dual-modality imaging.

Finally, we further employed LET-14 for NIR-II FL/RPA imag-
ing of GSH in bilateral 4T1 tumor-bearing nude mice (Fig. 5a). All
of the in vivo experiments were conducted in consistence with
the approved protocol of Animal Ethics and Welfare Committee
of Shenzhen University (AEWC-SZU). NMM was injected into the
left tumor tissue, then LET-14 (0.5 mmol/L, 20 pL) was adminis-

tered into the tumor tissues on both sides. The NIR-Il FL inten-
sity of the tumor (right side) gradually augmented (Fig. 5b), reach-
ing the maximum intensity within 1h (Fig. 5c¢), exhibiting an 8-
fold enhancement when compared to tumor (left side) pretreated
with NMM (Fig. 5d). As shown in Fig. 5e, upon injection of LET-
14 into tumor tissues, the PA;ps exhibited a relatively strong in-
tensity, whereas the PAggy was comparatively weak. Interestingly,
with the extension of time, the PA;ps gradually diminished and
PAggo gradually intensified, ultimately generating a strong RPA sig-
nal within 1h, which was 2.5-fold higher than that of tumor
(left side) pretreated with NMM (Figs. 5f and g). Taken together,
these results demonstrated LET-14 with high sensitivity for GSH
detection in vivo through NIR-II FL and RPA dual-modality imaging.
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Furthermore, the biocompatibility of LET-14 was also evaluated in
vivo. As shown in Fig. 5h, the hematoxylin and eosin (H&E) stained
images of major organs (heart, liver, spleen, lung, kidneys) showed
no distinct organ damage or inflammation after LET-14 treatment
for 14 days, indicating its good biocompatibility.

In summary, we have developed a GSH-activatable dual-
modality probe (LET-14) that integrated NIR-II FL and RPA imag-
ing abilities for in vivo GSH detection. Experimental results demon-
strated that LET-14 can be specifically and sensitively activated
by GSH, leading to significant enhancement of NIR-II FL and RPA
signals, being capable of effectively differentiating between GSH
and closely related biothiols like Cys and Hcy. Importantly, LET-14
showed good biocompatibility and achieved accurate and reliable
in vivo GSH monitoring by leveraging the complementary advan-
tages of NIR-II FL/PA dual-modality imaging. Taken together, LET-14
showed substantial potential for in vivo detection of GSH-related
diseases.
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