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ABSTRACT: Gamma-glutamyltransferase (GGT) is a plasma-membrane-bound enzyme that
is involved in the γ-glutamyl cycle, like metabolism of glutathione (GSH). This enzyme plays
an important role in protecting cells from oxidative stress, thus being tested as a key biomarker
for several medical conditions, such as liver injury, carcinogenesis, and tumor progression. For
measuring GGT activity, a number of bioanalytical methods have emerged, such as
chromatography, colorimetric, electrochemical, and luminescence analyses. Among these
approaches, probes that can specifically respond to GGT are contributing significantly to
measuring its activity in vitro and in vivo. This review thus aims to highlight the recent
advances in the development of responsive probes for GGT measurement and their practical
applications. Responsive probes for fluorescence analysis, including “off−on”, near-infrared
(NIR), two-photon, and ratiometric fluorescence response probes, are initially summarized,
followed by discussing the advances in the development of other probes, such as
bioluminescence, chemiluminescence, photoacoustic, Raman, magnetic resonance imaging
(MRI), and positron emission tomography (PET). The practical applications of the responsive probes in cancer diagnosis and
treatment monitoring and GGT inhibitor screening are then highlighted. Based on this information, the advantages, challenges, and
prospects of responsive probe technology for GGT measurement are analyzed.
KEYWORDS: responsive probes, γ-glutamyl transpeptidase, fluorescence measurement, activatable materials,
cancer diagnosis and treatment, ratiometric fluorescence probe, near-infrared fluorescence, two-photon fluorescence, photodynamic therapy,
glutathione

1. INTRODUCTION
Enzymes, often termed biological catalysts, constitute a group
of proteins that play central roles in a variety of biological
processes. These processes encompass crucial functions
including digestion, metabolism, nucleic acid replication, and
cellular signaling.1,2 The distinctive functions that enzymes
fulfill within these biological contexts render them indispen-
sable agents in maintaining the fundamental operations of
cells.3,4 For example, γ-glutamyltransferase (GGT) is an
enzyme residing on the extracellular cell membrane for
maintaining cellular homeostasis through the decomposition
of glutathione (GSH).5 Specifically, GGT catalyzes hydrolysis
or transpeptidation, facilitating the cleavage and transfer of g-
glutamyl groups of GSH and other derivatives.6 This intricate
process involves the transfer of γ-glutamyl residues from
disparate g-glutamylated compounds to water and amino
acids.7 The decomposed amino acids are also employed by
cells for physiologically defending against oxidative stress.8

Notably, many research indicate that GGT is involved in free
radical generation within specific contexts, particularly in the
presence of iron or other transition metals.9,10 Furthermore,

GGT plays a role in the metabolism of leukotriene,11 a pivotal
contributor to inflammatory responses.

GGT in the body has been one of the key biomarkers in
both the diagnosis and treatment monitoring of numerous
medical conditions.12 For instance, as a key enzyme in GSH
metabolism, GGT’s activity is generally tested as an indicator
of oxidative stress and liver injury for diagnosis of hepatic and
biliary disorders.13 In liver injury or compromised bile
transport, GGT is highly expressed and subsequently a high
level of GGT presents in the bloodstream.14 Thus, measuring
GGT activity in liver and blood would contribute to the
diagnosis of liver and biliary injury.15 Elevated GGT levels are
commonly associated with liver pathologies such as hepatitis,16

cholestasis, cirrhosis,17 hepatocellular carcinoma, and hepatic
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injuries triggered by acute or chronic alcohol consumption and
medication. In clinical practice, GGT measurements are
commonly involved in liver function tests, alongside the tests
of alanine aminotransferase (ALT), aspartate aminotransferase
(AST), and alkaline phosphatase (ALP) levels.18 Beyond
hepatopathology, changes of GGT levels are also implicated in
other conditions, such as diabetes, cardiovascular disorders,
and certain cancers.19 For instance, an elevated GGT level in
serum has been confirmed in patients of cardiovascular
diseases,20,21 type 2 diabetes,22 pancreatitis, pancreatic, and
ovarian cancers,23 and metabolic syndrome.24 Apart from its
diagnostic utility, GGT holds promise as a therapeutic target
for several diseases. For example, inhibiting GGT activity in
animal models of nonalcoholic fatty liver disease (NAFLD)
may enhance insulin sensitivity and reduce hepatic fat
deposition.25,26

Therefore, measurement of GGT activity in the body and
biological fluids (e.g., serum) is essential for early diagnosis and
treatment monitoring of various diseases. Until now, a series of
methods have been developed for measuring GGT, such as
high-performance liquid chromatography (HPLC),27 colori-
metric analysis based on p-nitroanilide,28 electrochemical
analysis,29 and luminescence analysis.6 Of these methods,
bioanalysis using responsive probes has been particularly
interesting.30 Therefore, in the past few years, a number of
responsive probes have been developed for the GGT activity
measurement. In this work, we provide a comprehensive
overview of the responsive probes, including fluorescence,
bioluminescence, chemiluminescence, photoacoustic, Raman,
and other probes, for the measurement of GGT activity and
highlight their practical applications in disease diagnosis,
treatment monitoring, inhibitor screening, etc. The current
limitations and future research directions of the development
of responsive probes and their applications are also discussed.

2. MEASURING GGT BY A SMALL-MOLECULE-BASED
RESPONSIVE FLUORESCENCE PROBE

Fluorescence analysis using small-molecule-based responsive
probes has attracted enormous interest in recent decades,
primarily owing to their remarkable attributes such as high
sensitivity, specificity, simplicity, rapid response, and excep-
tional efficiency.31 As a result, a number of responsive
molecular probes have been recently developed for fluorescent
measurement of GGT’s activity.32 The design of these probes
is generally based on the cleavage of the γ-glutamate in
glutathione (GSH) and other γ-glutamyl linkages and
subsequent intramolecular displacement of thiolate to form
amino-substituted products (Figure 1A). As a result of this
specific cleavage reaction, the fluorophores would be released,
leading to an “off−on” fluorescence response (Figure 1B). In
addition, for some other probes, the molecular structures or
intramolecular charge transfer (ICT) processes would be
varied, resulting in a shift of the emission band for ratiometric
fluorescence measurement of GGT (Figure 1C). In the
following section, advances in the development of small-
molecule-based responsive probes, including the “off−on” and
ratiometric fluorescence response probes for fluorescence
measurement of GGT activity, are discussed.
2.1. “Off−On” Fluorescence Response Probes for GGT
Measurement

Building on the sensing mechanism of GGT-triggered cleavage
reaction, Urano and colleagues developed a fluorescence probe

(Figure 2) for GGT and used it for cancer detection (Figure
3).23 The probe was designed by conjugating the rhodamine
green with a γ-glutamyl linker, and the formed γ-glutamyl
hydroxymethyl rhodamine green (γGlu-HMRG, Probe #1)
showed quenched emission due to the intramolecular
spirocyclic caging. The GGT-catalyzed cleavage of the g-
glutamyl bond resulted in a greater than 350-fold increase in
the green emission.

Although there are advantages of γGlu-HMRG for GGT
measurement and the various applications, multiple steps of
synthesis procedures with low yield (41%) are required for
preparing this probe. Moreover, the probe is also potentially
pH sensitive as of the two amino functional groups (-NH2). To
address this issue, Li and co-workers described a one-step
reaction to synthesize a chloro-rhodamine (ClR) dye-based
probe (CIR-Glu, Probe #2) for GGT measurement (Figure
2).33 In this probe, the amino group was conjugated with a γ-
glutamyl bond, and the closed state of the spiro ring led to the
quenching of CIR’s emission at 530 nm. In the presence of
GGT, the cleavage of the γ-glutamyl bond released the CIR
fluorophore, leading to a greater than 400-fold enhancement in
fluorescence intensity. This probe showed high sensitivity
(Limit of Detection, LOD < 50 mU/L) and selectivity for
GGT measurement. Interestingly, the emission of both CIR
and CIR-Glu is pH independent, enabling the imaging of GGT
activity in HepG2 and LO2 cells.

Except for the sensing mechanism presented in Figure 1,
measuring the byproduct of the GGT-catalyzed reaction with
glutamlhydrine substrate has also been explored for the design
of Rho-GGT (Probe #3) for GGT activity measurement
(Figure 4).34 In a reaction of GGT with glutamlhydrine, a trace
amount of hydrazine is produced. The hydrazine could react
with the 4-bromobutyriate group of Rho-GGT to release the
fluorescent Rho. The probe could be used for measuring GGT
in the range 0−100 μM with LOD 0.25 μM. Imaging of GGT
activity in live cells and liver injury was then demonstrated.

In another work reported by Li et al., a γ-glutamyl group was
incorporated into the cresyl violet (CV) fluorophore to
produce the CV-Glu responsive probe (Probe #4) for
fluorescence measurement of GGT (Figure 5).35 The
substitution of CV’s amino group led to the quenching of
the emission, while the GGT-catalyzed cleavage of the γ-
glutamyl linker resulted in the recovery of CV’s emission at

Figure 1. Design of responsive small-molecule probes for fluorescence
measurement of GGT based on the specific cleavage of γ-glutamate in
GSH and other g-glutamyl linkages (A) and corresponding “off−on”
(B) and ratiometric (C) fluorescence responses.
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615 nm (λex = 585 nm). In addition to the enhancement of
emission, the color of the test solution changed from light
yellow to pink, enabling naked eye analysis of GGT activity. In
comparison to γGlu-HMRG and CIR-Glu, the CV-Glu probe
showed an even larger enhancement in emission to about 500-
fold. Therefore, higher sensitivity was obtained (LOD 5.6 mU/
L) for GGT activity analysis in the range of 1−50 U/L. The
CV-Glu was then used to measure GGT activity in HepG2
cancer cells and the intracellular GGT level changes upon
anticancer drug (NaBu) treatment. In addition to the CV
fluorophore, the substituted amino group of indocyanine dye
also showed quenched emission because of the interruption of
the ICT process. By virtue of this fluorescence quenching
mechanism, Guo et al. reported the development of the
responsive probe BMI-Glu (Probe #5) for GGT activity
measurement (Figure 2).36 Similarly, a red shift of the

absorption spectra from 438 to 512 nm was observed after
the cleavage of the γ-glutamyl bond, accompanied by an 8-fold
fluorescence enhancement at 578 nm within 25 min of GGT-
triggered cleavage reaction. This probe, therefore, showed a
relatively lower sensitivity over the probes described above
with a LOD of 70.2 mU/L.

One of the key challenges in fluorescence analysis is the
quenched emission at high concentration of fluorophore, a
well-known phenomenon of “concentration quenching” or
“aggregation-caused quenching” (ACQ).37 Tang’s group
revealed that the emission could be enhanced upon
aggregation for some fluorogens due to the aggregation-
induced emission (AIE) and then defined these fluorogens as
AIEgens. In sharp contrast to ACQ, AIEgens, like tetraphenyl-
ethylene (TPE) derivatives, display significant enhancement in
emission upon aggregation. As a result, AIEgens have been

Figure 2. Chemical structure of selected “off−on” responsive probes for the fluorescence measurement of GGT.

Figure 3. γGlu-HMRG probe for fluorescence measurement of cancer cells’ GGT activity. (A) Activation of the γGlu-HMRG probe by GGT on
the cancer cell membrane. (B) Molecular structure of γGlu-HMRG (Probe #1) and its sensing reaction to GGT. (C) Changes of absorption and
emission spectra of γGlu-HMRG to GGT. Reprinted with permission from ref 23. Copyright 2011 American Association for the Advancement of
Science.
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widely used in fluorescence biosensing and imaging, disease
diagnosis and treatment, etc. The design of AIE-based
responsive probes for biosensing and imaging mainly relies
on the modification of their water solubility.38 In 2016, Hou et
al. reported the development of a TPE derivative as the
responsive AIEgen for measuring of GGT activity (Figure 6).39

In this probe (Probe #6), the coupling of hydrophilic g-
glutamyl amide groups onto the TPE derivative facilitated the
good water solution of the probe. In the presence of GGT, the
cleavage of the γ-glutamyl bond resulted in the release of TPE

derivative, which has poor water solubility. The aggregation of
TPE derivative in aqueous solution then led to the enhance-
ment of the emission at 472 nm (λex = 360 nm). This probe is
able to measure the GGT activity at lower concentration
(LOD 0.59 U/L) in PBS buffer with 20 μM CTAB, and GGT
in human serum and A2780 cells.

In addition to the cleavage of primary aromatic-amine-based
γ-glutamyl linkages, the cleavage of aliphatic-amine-based γ-
glutamyl linkages, like the derivatives of GSH, has also been
explored as the recognition unit for the development of
responsive probes for GGT. For example, Ou-Yang and
colleagues reported the development of a precipitating
fluorochrome (2-(2-hydroxyl-phenyl)-6-chloro-4-(3H)-quina-
zo-linone (HPQ))-based probe (HPQ-PDG, Probe #7) for
GGT measurement in 2018 (Figure 7).40 In this probe, the
GGT recognition unit, γ-glutamyl, was conjugated to the HPQ
through a tertiary carbamyl linkage. The restriction of the
excited-state intramolecular proton transfer (ESIPT) process
together with the improvement of the water solubility of HPQ
contributed to the quenched emission of probe HPQ-PDG. In
the presence of GGT, the cleavage of γ-glutamyl was followed
by 1,2-diamine-based cyclization and release of HPQ, which
has poor water solubility. Similar to AIEgens,39 the solid-state
fluorescence of HPQ was observed, enabling a 53-fold increase
in emission at 500 nm (λex = 370 nm) for GGT measurement
in the range of 0.05−80 U/L (LOD 16.7 mU/L). The practical
application of the HPQ-PDG probe was then demonstrated in
GGT activity measurement in mice serum, fluorescence
imaging in living cells, and HCT116 tumor tissue slice.

Cleavage of γ-glutamyl from GSH has also been employed
for the design of responsive probes for GGT measurement.
These probes, such as TCF-GGT (Probe #8)41 and NM-GSH
(Probe #9) (Figure 2),42 were developed by attaching GSH to
fluorophores, such as dicyanomethyldifuranyl (TCF-OH) and
1,8-naphthalimide,43 respectively, through the thioether. The
GGT-catalyzed cleavage of γ-glutamyl from GSH triggered an
intramolecular cyclization and elimination cascade reaction.
The release (TCH-OH) and structural modification of the
fluorophore (naphthalimide derivative) then led to the
enhancement of emission at 605 and 473 nm for probes
TCF-GGT and NM-GSH, respectively. In comparison with
probe NM-GSH, TCH-GGT exhibited higher sensitivity
(LOD 41 mU/L) and long excitation and emission wave-
lengths (λex/em = 520/605 nm), enabling it to be used for
fluorescence imaging of GGT activity in tumor-bearing mice.

Figure 4. Schematic illustration of the design of the GGT probe
(Rho-GGT, Probe #3) for GGT measurement in live cells and liver
injury. Reprinted with permission from ref 34. Copyright 2023
Elsevier.

Figure 5. Sensing reaction of CV-Glu (Probe #4) with GGT, color,
and fluorescence changes after the sensing reaction and the imaging of
GGT in HepG2 cells. Reprinted with permission from ref 35.
Copyright 2015 American Chemical Society.

Figure 6. Design of the TPE-based AIE probe (Probe #6) for measurement of GGT, the sensing mechanism, and the change of fluorescence.
Reprinted with permission from ref 39. Copyright 2016 Elsevier.
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2.2. Near-Infrared (NIR) Fluorescence Probe for GGT
Measurement

One of the primary challenges in fluorescence sensing and
imaging is the potential interference caused by background
autofluorescence originating from the samples themselves.44 In
the case of biological samples, such as living cells, tissues, and
biological fluids (e.g., blood and urine), the predominant
source of autofluorescence usually arises from endogenous
proteins and other biomolecules. These biomolecules typically
emit within the UV−visible range, rendering NIR fluorescence
probes more suitable for accurately measuring biomolecules
such as GGT in biological samples. Moreover, the NIR
fluorescence has higher tissue penetration depth than that of
the UV−vis fluorescence,45 allowing the responsive NIR
fluorescence probes for biomolecules’ measurement in diseased
tissues in vivo. Therefore, the development of NIR
fluorescence probes for measuring GGT activity in vitro and
in vivo has emerged in recent years. The conjugation of γ-

glutamate in GSH and other γ-glutamyl linkages with NIR
fluorophores, such as heptamethine cyanine, hemicyanine, Si-
rhodamine and derivatives, and dicyanoisophorone,46 have
been the key approaches for the design of these responsive
probes (Figure 8).

Through grafting a glutamic acid moiety onto heptamethine
cyanine dye, He et al. reported the development of a
responsive probe for NIR fluorescence measurement of GGT
in aqueous solution, living cells, and pulmonary fibrosis mice
(Figures 8 and 9).47 After the glutamic acid conjugation, the
capability of the electron-donating amine was blocked,
resulting in weakened emission from the probe Cy-GGT
(Probe #10). While in the presence of GGT, the cleavage of
the γ-glutamyl linkage led to the release of Cy dyes. The “off−
on” fluorescence response at 780 nm was then recorded for
GGT analysis. The Cy-GGT showed a fast response (second-
order rate constant k2 = 1.09 × 107 M−1 s−1), high specificity,
and sensitivity (LOD 7.6 mU/L) for GGT measurement in

Figure 7. Sensing mechanism of HPQ-PDG (Probe #7) to GGT and fluorescence images of GGT in normal/cancer cells and tissues. Reprinted
with permission from ref 40. Copyright 2018 American Chemical Society.

Figure 8. Chemical structure of selected NIR fluorescence probes for GGT.
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HEPES buffer of pH 7.4. Further applications of this probe for
GGT activity analysis in RLE-6TN cells and pulmonary
fibrosis mice were then demonstrated.

The cyanine dyes, such as IR-780, could react with
resorcinol to form a new NIR fluorophore HXPI and
derivatives. Similar to resorufin,48 substitution (“protection”)
of the hydroxy group of HXPI derivatives could block the ICT
process to quench the emission of the probes, while the
deprotection of the probes’ substituent groups allows for the
recovery of the ICT for fluorescence “off−on” response to
analytes. On the basis of this sensing mechanism, Li et al.
modified the HPXI with GSH through an acrylyl linker to
develop a responsive probe (Probe #11) for NIR fluorescence
measurement of GGT (Figure 8).49 Probe #11 showed
fluorescence silence due to the restriction of the ICT process.
Similar to probe TCF-GGT,41 the GGT catalyzed the cleavage
of g-glutamyl from GSH, which was followed by an
intramolecular cyclization and elimination cascade reaction
to release HPXI. As a result, the absorption band at 590 nm
was red-shifted to 660 nm with the color changed from purple
to blue. The NIR emission at 708 nm was then remarkably
enhanced for the fluorescence measurement of GGT activity in
the range of 1−75 U/L (LOD 0.5 U/L).

The substitution of HPXI with an electron-withdrawing
group, like chlorine atom to form mCy-Cl, would be able to
adjust HPXI’s pKa (to about 4.5), thus ensuring the high NIR
emission under acidic conditions, such as the tumor micro-
environment and lysosomes of cancer cells.50 In another
example of a responsive NIR fluorescence probe for GGT
measurement, Luo et al. modified the mCy-Cl with glutamic
acid through a self-immolative linker p-aminobenzyl alcohol to
prepare the GGT-responsive probe, GANP (Probe #12)
(Figures 8 and 10).51 The GANP probe presented an about
100-fold enhancement in fluorescence at 720 nm (λex = 680
nm) after the GGT-catalyzed cleavage of the γ-glutamyl
linkage. GANP showed high sensitivity to GGT (LOD 3.6
mU/L), enabling it to be further used for imaging of GGT
activity in OVCAR5 cells and HCT116-tumor-bearing mice

and GGT inhibitor analysis. In a follow-up study by the same
research group, αvβ3-integrin-receptor-targetable ligand, c-
RGD, was integrated into the probe GANP to develop a
new probe (Probe #13) for tumor-targeted GGT measurement
(Figure 8).52 As a result of the RGD targeting, Probe #13
could be captured by U87MG tumor cells via αvβ3-receptor-
mediated endocytosis, allowing for GGT measurement
specifically at the tumor site.

GGT is an enzyme that is localized to the cell membrane,
with its active site facing the extracellular space.14 Taking this

Figure 9. (A) Mechanism for Cy-GGT (Probe #10) for the measurement of GGT. (B) Imaging of GGT in pulmonary fibrosis mice using Cy-
GGT. Reprinted with permission from ref 47. Copyright 2020 Elsevier.

Figure 10. Sensing mechanism of NIR fluorescence probe GANP
(Probe #12) for the measurement of GGT. (A) Chemical structure of
GANP and GGT-catalyzed reaction. (B) Response of GANP to GGT
on the membrane of cancer cells. Reprinted with permission from ref
51. Copyright 2017 Wiley-VCH.
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fact into consideration, Li and colleagues replaced the chlorine
atom with an ethylcarbamate on NIR emissive HD dye to
develop probe GGTIN-1 (Probe #14) for in situ GGT
measurement in vitro and in vivo (Figure 11).53 In this
responsive probe, γ-glutamyl served as the GGT recognition
moiety. The cleavage of this linker led to the conversion of
ethylcarbamate into highly reactive quinone methide that can
further react with nucleophilic residues, such as thiols,
hydroxyl, and amine from GGT and/or other proteins nearby,
resulting in the measurement of GGT activity at the site of
interest. Similar to the above hemicyanine-based responsive
probes, the GGTIN-1 showed a sensitive and specific NIR
fluorescence response to GGT at 714 nm upon excitation at
687 nm. More interestingly, Probe #15 allowed the
fluorescence measurement of GGT at the outer surface of
HepG2 cells.

In addition to the hydroxyl derivatives of HPXI, the reaction
of IR-780 with 3-nitrophenol and the following of the
reduction nitro (-NO2) to amine (-NH2) afforded the amine
functionalized NIR fluorophore HCA. Then, the conjugation
of glutamic acid to HCA through a γ-glutamyl linker allowed Li
et al. to prepare the probe HCAGlu (Probe #15) for GGT
measurement (Figure 8).54 The applications of HCAGlu for
GGT imaging of HeLa cells and tumor tissues and the in vivo
HepG2 bearing tumor model were then demonstrated. In
another study by Liu and colleagues, glutamic acid was
incorporated into a similar NIR fluorophore, Bcy-NH2, to
produce the probe Mito-Bcy-GGT (Probe #16) for GGT
measurement (Figure 8).55 The sensing mechanism is similar
to the probe HCAGlu,54 while, more interestingly, Probe #16
is able to accumulate in mitochondria due to the cationic and
hydrophobic properties of the benzoleindolium moiety, thus
allowing it for fluorescence measurement of mitochondrial
GGT.

It has been well-known that the replacement of “O” with a
“Si” atom would render the rhodamine derivatives with NIR
emission,56 and thus, a series of responsive probes for NIR
fluorescence sensing and imaging have been reported,56−58

including those probes for GGT measurement. For instance, Li
et al. modified the amine of SiRB2 with glutamic acid to

produce a SiRB2-Glu probe for NIR fluorescence measure-
ment of GGT (Figure 8).59 The SiRB2-Glu (Probe #17) with
closed spirocyclized form showed low NIR fluorescence, while,
in the presence of GGT, an “off−on” fluorescence response
was clearly observed within 30 min, which allowed it for NIR
fluorescence imaging of GGT in colon cancer. Another
example of a meso-amine Si-rhodamine fluorophore-based
responsive probe for GGT measurement represented an
interesting “AND” logic gate approach (Figure 12).60 In this

probe (Si-NH2-Glu, Probe #18), glutamic acid was incorpo-
rated into the Si-NH2 fluorophore through the typical γ-
glutamyl linker. Interestingly, the NIR emission at 654 nm (λex
= 515 nm) could be observed after GGT-catalyzed cleavage of
γ-glutamyl linker at pH < 7.4. This was attributed to the
quenching of NIR emission of the deprotonated amine in
alkaline solution. The Si-NH2-Glu with high sensitivity (LOD
51.4 mU/L) was then employed for imaging of GGT in cancer
cells and 4T-1-tumor-bearing mice.

Figure 11. Design of GGTIN-1 (Probe #14) for GGT measurement. (A) Chemical structures of GGTIN-0 and GGTIN-1. (B) Hydrolysates of
GGTIN-1 or GGTIN-0 after reaction with GGT. (C) Mechanism of the response of GGTIN-1 to GGT and the subsequent immobilization on the
cell membrane after the GGT-triggered reaction. Reprinted with permission with ref 53. Copyright 2020 American Chemical Society.

Figure 12. Chemical structure of Si-NH2-Glu (Probe #18) and its
reaction mechanism with GGT.60
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2.3. Responsive Probes for Two-Photon Fluorescence
Measurement of GGT
The NIR fluorescence responsive probe provides an effective
approach for bioassay in situ in the body with low
phototoxicity and bleaching, high tissue penetration depth,
and minimal background autofluorescence. As an alternative
technique, two-photon fluorescence probes that could be
activated by the light source of two NIR photons have also
been widely adopted in bioassay and imaging in recent
years.61−63 The excitation by two NIR photons shows high
tissue penetration depth with low phototoxicity and bleaching,
allowing the responsive probes for high spatiotemporal
resolution imaging of biomolecules in situ.63

Through incorporating a γ-glutamyl linker into the two-
photon excitable fluorophores, responsive probes for two-
photon fluorescence measurement of GGT have also been
developed in the past few years (Figure 13). For example, due

to its intense emission at about 650 nm (λex = 445 nm),
dicyanoisophorone dye (NIR-SN-NH2) has been explored as
the NIR fluorophore for the development of a GGT responsive
probe (NIR-SN-GGT, Probe #19) by Li and co-workers
(Figure 13).46 The design of NIR-SN-GGT is similar to the
probe TCF-GGT (Probe #8),41 in which the glutamic acid was
directly conjugated to the amine group of NIR-SN-NH2. This

probe responds to GGT in the range of 0−10 mU/L with
LOD 24 mU/L. Despite NIR emission, the excitation of NIR-
SN-NH2 located in the UV−vis range (λex = 445 nm), which
has high light toxicity and low tissue penetration depth. To
address this issue, two-photon fluorescence imaging was
involved in the evaluation of GGT in tumor cells, tissue, and
in vivo tumor bearing mice model. In another study, Zhang et
al. modified the -NH2 of dicyanomethylene-4H-pyran (DCM)
fluorophore with g-glutamyl linker to develop a two-photon
fluorescence “off−on” response probe (DCM-GA, Probe #20)
for GGT measurement (Figure 14).13 Similar to NIR-SN-
GGT, the ICT process was restricted due to the γ-glutamyl
functionalization; thus, the emission of DCM-GA at 635 nm
was weakened. The DCM-GA showed a large two-photon
cross section (Φδ = 150 GM) with excitation at 820 nm,
allowing it to be used for two-photon fluorescence imaging of
GGT in living A2780 cells and zebrafish.

TPAN (6-naphthylamine-2,3-dicarboxylate) is another fluo-
rophore that can be excited by two-photon NIR light (λex =
720 nm) with strong green fluorescence at 490 nm. By
conjugating the -NH2 of TPAN with glutamic acid, the
emission of Glu-TPAN (Probe #21) (Figure 13) was
quenched due to the restriction of the ICT process.64 This
Glu-TPAN probe allowed for one-photon fluorescence
measurement of GGT in the range of 0.2−5 U/L and LOD
147 mU/L and two-photon fluorescence imaging of GGT in
HepG2 and L02 cells and C. elegans and zebrafish. In another
study, Huo et al. described a cascade-reaction-based two-
photon fluorescence probe (Figure 13) for GGT measure-
ment.65 The probe, 4F-2CN-GSH (Probe #22), was developed
by conjugating GSH to 4F-2CN through a thioether bond.
Interestingly, the GGT-triggered cleavage of the γ-glutamyl
linker led to a subsequent cyclization. The blue emission of 4F-
2CN-GSH was red-shifted to blue-green, and the intensity at
490 nm increased over time. The probe showed two-photon
excitation at 780−900 nm and a large cross section of 63 GM
upon excitation at 850 nm. Using 4F-2CN-GSH as a tool, two-
photon fluorescence imaging of GGT activity of OVCAR3,
SKOV3, and HUVEC cells was then demonstrated.
2.4. Responsive Probes for Ratiometric Fluorescence
Measurement of GGT

Despite that the above “off−on” fluorescence response probes
have been successfully applied for GGT measurement in vitro
and in vivo, it remains challenging for quantitative determi-
nation of GGT activity in practical samples because of the
interference caused by various factors, such as autofluor-
escence, excitation source fluctuation, local concentration of
probes, light scattering, etc.66,67 Through introducing another
emission peak as the reference, the fabricated dual emission

Figure 13. Chemical structure of selected two-photon fluorescence
probes for GGT.

Figure 14. Chemical structure of DCM-GA (Probe #20) and its response with GGT in living cells and zebrafish by one- and two-photon imaging.
Reprinted with permission from ref 13. Copyright 2016 Elsevier.
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probes and/or ratiometric fluorescence probes would be an
effective solution for quantitative measurement of GGT. In
contrast to the “off−on” fluorescence response probes, the
ratiometric fluorescence probes introduced an “internal
standard” for self-calibration when quantitative fluorescence
measurement is required, and therefore, the more reliable data
would be obtained for fluorescence bioassay and imaging.68

The structures of several typical ratiometric fluorescence
probes, including the ratiometric two-photon fluorescence
probes, are highlighted in Figure 15.

By using a fluorophore similar to Probe #22, Wang and
colleagues described the design and preparation of Probe #23
for GGT measurement in blood serum and living cells (Figure
15).69 Probe #23 showed a similar sensing mechanism with
Probe #22, while a blue shift of the emission spectra from 494
to 452 nm was noticed, resulting in a ratiometric fluorescence
response to GGT. Incorporating γ-glutamyl and biotin (cancer
cell targeting ligand) into curcuminoid difluoroboron
fluorophore, Bai et al. reported the development of a dual
emission NIR fluorescence probe (Figure 15) for GGT
measurement (Figure 16).70 The probe Glu-DFB-biotin
(Probe #24) showed green emission at 565 nm, while the
fluorescence peak shifted to 670 nm in the presence of GGT.
This red shift of the emission peak was attributed to the
restriction and recovery of the ICT process. The decrease of
emission at 565 nm and the increase of the emission at 670 nm
potentially facilitate the Glu-DFB-biotin for ratiometric
fluorescence measurement of GGT. Although the ratiometric
fluorescence responses in aqueous solution were not presented,
corresponding measurements in living QSG-7701, HepG2, and
HeLa cells were demonstrated using Glu-DFB-biotin as the
GGT probe.

Similar ICT-mechanism-based ratiometric fluorescence
probes have been developed by the incorporation of γ-
glutamyl into fluorophores, including (E)-4-(4-aminostyryl)-1-

methylpyridin-1-ium iodide and cresyl violet (CV) for the
fabrication of responsive probes (GTP, Probe #25) (Figure
15)71 and CV-Glu (Probe #26) (Figure 15),72 respectively, for
ratiometric fluorescence measurement of GGT. For the probe
GTP, the emission at 500 nm decreased while emission at 560
nm increased upon the GGT-catalyzed cleavage of γ-glutamyl
linker. For the CV-Glu probe, the cleavage of the γ-glutamyl
linker induced the decrease of emission at 580 nm and increase
of emission at 625 nm. The ratio (I625/580) was increased from
0.77 to 10.3, allowing the CV-Glu for ratiometric fluorescence
analysis of GGT in living cells and colon cancer in a mouse
model.

Figure 15. Chemical structure of selected ratiometric fluorescence probes for GGT.

Figure 16. Curcuminoid-difluoroboron-based tumor-targeting dual-
channel fluorescent probe Glu-DFB-biotin (Probe #24) for GGT
measurement in cancer cells.70
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Taking advantage of the two-photon fluorescence bioassay
and imaging technique, several probes for the two-photon
ratiometric fluorescence measurement of GGT activity have
been developed. For instance, by exploring the ICT
mechanism of naphthalimide fluorophore,43 Zhang et al.
synthesized a probe ANF-Glu (Probe #27) for GGT
measurement (Figure 15).73 The probe ANF-Glu was
developed by directly conjugating glutamic acid to -NH2
functionalized naphthalimide dye through a γ-glutamyl linker.
Similar to other GGT-responsive probes, the cleavage of the γ-
glutamyl linker led to the changes of the ICT process. The
fluorescence peak at 441 nm was diminished, and a new
emission centered at 531 nm emerged, accompanied by the
fluorescence color changes from blue to green. Interestingly,
after cleavage of the γ-glutamyl linker, the production of ANF
with a -NH2 functional group can further respond to N-
acetyltransferase (NAT), an enzyme highly expressed in the
DNA damage area. Therefore, this ANF-Glu probe was
claimed to determine the DNA damage (by measuring
NAT) in cancer cells (by measuring GGT).

In 2019, Reo et al. reported the development of a
benzocoumarin-based two-photon fluorescent probe for GGT
measurement.74 The probe (Py+BC_Glu, Probe #28) was
developed by incorporating GGT-cleavable γ-glutamyl onto
the Py+BC fluorophore. This probe showed a 70 nm red-shift
emission from 570 to 640 nm after cleavage of the γ-glutamyl.
The two-photon cross section was 133 GM at 840 nm for
Py+BC_Glu and 195 GM at 870 nm for Py+BC, allowing for
two-photon ratiometric fluorescence measurement of GGT in
HeLa cancer cells and CT-26 tumor bearing mice. In a follow-
up study by the same research group, GGT-responsive γ-
glutamyl linker was conjugated to -NH2 of a naphthalene
derived fluorophore, mNVPy.75 More importantly, considering
the nature of cell membrane localization of GGT, one long
alkyl chain with zwitterionic character was conjugated to the
other end of mNVPy, facilitating mNVPy cell membrane
staining properties.76 The mNVPy_Glu (Probe #29) (Figures
15 and 17), therefore, could respond to membrane localized
GGT with high potential for quantitative measurement of
GGT activity, similar to the probe GGTIN-1.53 Similar to the
probe Py+BC_Glu, the emission at 544 nm was decreased and

Figure 17. Sensing mechanism of mNVPy_Glu (Probe #29) for the measurement of GGT.75

Figure 18. Chemical structure and mechanism of FRET-based ratiometric probe PZS1 (Probe #31) for two-photon fluorescence measurement of
GGT.78
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the emission at 610 nm was increased upon the GGT-catalyzed
cleavage of the γ-glutamyl linker. The two-photon cross section
was 115 GM at 810 nm for mNVPy_Glu and 119 GM at 900
nm for mNVPy. As a result of the cell membrane staining
characteristic, the mNVPy_Glu demonstrated its capability for
two-photon ratiometric fluorescence imaging of GGT on
membranes in cancer cells and tissues. Kim and colleagues also
described the preparation of a two-photon probe (Probe #30)
(Figure 15) for ratiometric fluorescence measurement of GGT
in colon cancer tissues by integrating the naphthalene derived
fluorophore with a g-glutamyl linker.77 The introduction of the
ethylene glycol allowed the probe to have high water solubility
for ratiometric (I527/456) to one-photon fluorescence imaging of
GGT in colon cancer.

In addition to the ICT mechanism, the Förster resonance
energy transfer (FRET) has been well-known for its capability
in developing a ratiometric fluorescence probe. To measure
GGT activity in ovarian cancer, Shi et al. reported a FRET-
mechanism-based ratiometric two-photon fluorescence probe
PZS1 (Probe #31) (Figure 18).78 In this probe, the distance
between 7-hydroxycoumarin and the BODIPY chromophore
was estimated to be 8.19 Å with a FRET efficiency of 88.8%.
Upon GGT-catalyzed cleavage of γ-glutamyl to form PPZS1,
the distance was increased to 11.84 Å, resulting in low FRET
efficiency. Therefore, the emission of BODIPY at 610 nm was
decreased and coumarin’s emission at 461 nm increased for a
ratiometic fluorescence (I461/610) measurement of GGT. The
PZS1 is able to undergo two-photon excitation at 700 nm,
allowing for two-photon ratiometric fluorescence imaging of
GGT activity in ovarian cancer cells.
2.5. Measuring GGT by a Responsive Fluorescence
Nanoprobe

Responsive nanoprobe technology has emerged for the
biosensing and imaging application for measuring various
biomolecules in recent years.79 In comparison with small
molecular probes, cutting edge nanotechnology facilitates huge
numbers of luminophores to be loaded into one nanoparticle,
thus allowing the prepared nanoprobe for specific biomolecule
measurement with higher sensitivity. Moreover, the surface of
the nanoparticles could be easily adjusted for biosensing and
imaging applications by sophisticated surface modification
approaches.79,80 For example, the surface coating with
biocompatible materials or surface conjugation of targeting
ligands would allow nanoprobes with minimal cytotoxicity for
biomolecules’ measurement at specific diseased tissues. Until
now, only four nanoprobes have been developed for
fluorescence measurement of GGT activity that are discussed
in this section.

In 2019, Liu and colleagues described the preparation of a
nanoprobe (Probe #32) for GGT fluorescence measurement in
living cells and the application in precision medicine (Figure
19).81 This probe was designed based on exploring the AIE
and ESIPT mechanism; i.e., the fluorescence “off−on”
response that is essential for GGT measurement could be
achieved through a three-step process, including: (i) the GGT-
catalyzed cleavage of γ-glutamyl linker on small molecular
probe ABTT-Glu and the formation of ABTT product; (ii) the
molecular form of ABTT has low water solubility and could
aggregate in aqueous solution to form the nanoparticle; and
(iii) the aggregation of ABTT switched on the emission due to
the AIE triggered ESIPT effect, which is not possible for ABTT
and ABTT-Glu as the molecules in solution. This probe

showed a fast response (within 30 min) to GGT in the range
of 0−90 U/L with LOD 2.9 U/L. Imaging GGT’s activity in
living HepG2 cells and human liver tissues was then
demonstrated using ABTT-Glu as the probe.

Carbon dots (CDs) have emerged as one type of key
luminescence nanoparticles for the development of nanop-
robes for biosensing and imaging.82 In designing the CD-based
nanoprobe for GGT, the inner filter effect (IFE) has been
wildly adopted to quench the emission from CDs. For
example, Tong et al. prepared the nitrogen doped CDs (N-
CDs) and used the N-CDs (Probe #33) as the nanoprobe for
fluorescent GGT measurement.83 The N-CDs were mixed with
γ-L-glutamyl-4-nitroanilide (γ-G4NA); the prepared nanoprobe
solution showed intense emission at 510 nm upon excitation at
408 nm. In the presence of GGT, the cleavage of the γ-
glutamyl linker from γ-G4NA yielded 4-NA. The overlapping
of 4-NA’s absorption and N-CDs’ excitation promoted the IFE
process, thus leading to the quenching of N-CDs’ emission. In
addition to the “off−on” fluorescence response, the color of
the solution changed from colorless to pale yellow, allowing
colorimetric measurement of GGT. Then, this nanoprobe was
used for GGT measurement in human sera and evaluating
GGT inhibitors from extracts of Schisandra chinensis.

Cui et al. prepared the biomass quantum dots (BQDs) from
cauliflower raw materials and used the BQDs as the nanoprobe
(Probe #34) for fluorescent GGT measurement (Figure 20).84

The cauliflower extract was solvothermally treated, and the
formed BQDs were mixed with γ-L-glutamyl-p-nitroanilide
(GPNA) to measure GGT. The resulting solution showed
intense NIR emission at 678 nm upon excitation at 408 nm.
The GGT-triggered cleavage of γ-glutamyl linker of GPNA
formed P-NA that could quench the NIR emission through the
IFE process, similar to the above N-CD nanoprobe.83 The
“on−off” response of the BQDs allowed GGT measurement in
the range 0−10 U/L, with an LOD of 0.276 U/L. The
applications of the BQDs for GGT imaging in HepG2 cells and
GGT’s inhibition measurements were then demonstrated. In
another study, Tong et al. reported the preparation of dual
emission CDs (Probe #35) for fluorescence measurement of
GGT and alkaline phosphatase (ALP) activity simultane-
ously.85 The CDs prepared from A. chinensis showed dual
emission at 471 (λex = 410 nm) and 671 nm (λex = 615 nm). A

Figure 19. Chemical structure of responsive fluorescence probe
ABTT-Glu (Probe #32) and mechanism for this probe in responding
to GGT.81
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mixture of CDs with γ-GPNA was then prepared for GGT
measurements because the γ-GPNA could respond to GGT to
produce P-NA. The P-NA would then quench the blue
emission at 471 nm through the IFE process, facilitating the
GGT activity measurement with LOD 0.71 U/L.
2.6. Measuring GGT by Other Techniques
Measuring the activity of GGT has also been achieved by
alternative techniques, including bioluminescence,86 chemilu-
minescence,87 photoacoustic imaging (PAI),88 Raman,89,90

ionizing-radiation-based techniques, like positron emission
tomography (PET),91−93 and magnetic resonance imaging
(MRI).94,95 In comparison with the responsive probes used for
fluorescence measurements, the availability of probes employ-
ing these techniques for GGT measurements is limited. In this
section, advances in the development of probes using these
alternative techniques are summarized.

Bioluminescence is the luciferase-catalyzed light emission
through the oxidation of some small-molecule-based sub-
strates, like luciferins.96 As the external light excitation is not
required, bioluminescence probes for luminescence measure-
ments are featured with “zero” background noise signal,97

allowing for highly sensitive biosensing and imaging. Generally,
bioluminescence probes using luciferin substrate are designed

by modifying the hydroxyl or -NH2 with analyte-responsive
linker.98 For the GGT-responsive bioluminescence probe
(Probe #36) developed by Lin et al. (Figure 21),86 the -NH2
of aminoluciferin was caged with γ-glutamyl, which blocked the
luciferase catalysis for bioluminescence. Upon cleavage of the
γ-glutamyl, aminoluciferin was released, followed by the
reaction with luciferase for an “off−on” bioluminescence
response for GGT measurement. The bioluminescence at
520 nm was 309-fold enhanced in the presence of 100 U/L
GGT, and the LOD was 3.22 U/L for GGT measurement.
Using this probe #34 for bioluminescence imaging of GGT
expressed by ES-2-luc cells and tumor-bearing mice was then
achieved.

Similar to bioluminescence, chemiluminescence that emits
from electron-transfer-based chemical reactions is also free
from external light excitation, enabling a high S/N ratio for
background free luminescence measurements.99 The develop-
ment of chemiluminescence probes for biosensing and imaging
has received increasing attention in recent years, and a huge
number of responsive chemiluminescence probes have been
developed,100 including the probe for GGT activity measure-
ment. For instance, in 2019, An and colleagues reported a
chemiluminescence probe (Probe #37) for GGT activity
measurement in vitro and in vivo (Figure 22).87 This probe
was developed by incorporating γ-glutamyl with electron-
withdrawing acrylic group substituted Schaap’s phenoxy-
dioxetane through a p-aminobenzyl alcohol self-immolative
linker. As for the caged hydroxyl of luminophore, Probe #37
showed inactive chemiluminescence, while when it was
switched on after GGT catalysis it initialized cleavages of γ-
glutamyl and p-aminobenzyl alcohol linker. The chemilumi-
nescence at about 540 nm was 876-fold enhanced for sensitive
(LOD 16 mU/L) measurement of GGT. The background free
chemiluminescence allowed the probe for measuring GGT
activity in serum from lipopolysaccharide (LPS)-treated
mouse. Moreover, real-time chemiluminescence imaging of
GGT activity in cancer and normal cells and U87MG-tumor-
bearing mice were obtained to demonstrate the practical
applications of this probe.

As an emerging molecular bioimaging technique, PAI has
been able to track the biomolecules in situ in deep tissue with
high spatial resolution and S/N ratio.101 Different from

Figure 20. Design of fluorescent BQDs as the probe (Probe #34) for
GGT. (A) The procedure for preparing BQDs. (B) Mechanism for
mixture of BQDs and GPNA in response with GGT via IFE.
Reprinted with permission from ref 84. Copyright 2021 Elsevier.

Figure 21. Mechanism of the bioluminescent probe (Probe #36) for GGT measurement and the bioluminescence imaging results of mice with and
without GGT inhibitor after injection of the probe. Reprinted with permission from ref 86. Copyright 2018 Elsevier.
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fluorescence measurement, excitation to PA endogenous
chromophores and exogenous contrast agents leads to the
temperature and pressure rise and subsequently the acoustic
wave for PA image construction.102 Despite the high spatial
resolution of PAI in in vivo imaging, it is challenging to
investigate the biomolecule’s variation at (sub)cellular level
with the technique.102 Complementary with fluorescence
measurements, a fluorescence-PA bimodal imaging probe

(IP, Probe #38) for GGT activity was reported by Miao and
colleagues (Figure 23).88 The IP was developed by coupling
GGT-responsive γ-glutamyl to thioxanthene-hemicyanine, the
NIR fluorophore, and PA contrast agent. An integrin-targeted
peptide (cRGD) was also linked to thioxanthene-hemicyanine
through a click reaction for targeting of the liver fibrosis region.
Upon the GGT-catalyzed cleavage of γ-glutamyl, a new
absorption peak at 730 nm emerged, allowing for conversion
of light excitation to acoustic wave for PAI. The fluorescence
emission at 770 nm also showed a 36-fold increase, allowing
for highly sensitive fluorescence measurement of GGT’s
activity (LOD = 0.6 mU/L). The cRGD peptide facilitated
the IP’s accumulation at the liver fibrosis region for targeted
fluorescence and PA imaging of GGT’s activity in LO2 cells
and liver fibrosis in living mice.

As a Raman spectroscopic analysis technique, surface-
enhanced Raman spectroscopy (SERS) provides structural
fingerprinting of analytes at low concentration with ultrahigh
sensitivity and selectivity.103,104 Therefore, SERS have been
widely adopted in various research fields in surface and bio-
nanointerface chemistry, biological and biomedical investiga-
tions, food and agriculture studies, environmental analyses,
etc.105 In 2020, Jiang et al. reported a SERS probe (Probe #39)
for measuring GGT’s activity in serum and for investigating
GGT’s inhibitors.89 The compound bis-s,s′((s)-4,4′-thiolphe-
nylamide-Glu) (b-(s)-TPA-Glu) is able to respond to GGT by
cleaving the γ-glutamyl to yield 4,40-disulfanediyldianiline. The
disulfide (−S−S−) bond can bind to the surface of silver
nanoparticles (AgNPs) to enhance the Raman signal. As a
result of the GGT-catalyzed cleavage reaction, a new peak

Figure 22. Reaction of the chemiluminescent probe (probe #37) with
GGT, change of chemiluminescence in the absence and presence of
GGT, and use of this probe for GGT imaging. Reprinted with
permission from ref 87. Copyright 2019 American Chemical Society.

Figure 23. (A) Schematic illustration of the chemical structure and synthesis of the photoacoustic (PA) and fluorescence probe (IP, Probe #38) for
integrin-targeted GGT measurement. (B) Schematic representation of IP for NIR fluorescence and PA imaging of liver fibrosis. Reprinted with
permission from ref 88. Copyright 2023 Elsevier.
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located at 387 cm−1 that could be attributed to the C−C−C
rocking of the benzene ring and the scissoring of CeCeNH2
emerged. Using the peak at 1075 cm−1 (stretching of the
benzene ring and scissoring of the C−H bond) as the
reference, a ratiometric (I387/I1075) measurement of GGT’s
activity was achieved. Zhang et al. in another study reported a
fluorescence and Raman probe (Probe #40) for GGT activity
measurement.90 The hydroxyl group hemicyanine fluorophore
was caged by a cyano group functionalized GSH derivative that
could respond to GGT through a cleavage reaction. Uncaging
of the fluorophore was then achieved after a spontaneous
intramolecular cyclization, and the emission of the fluorophore
(λem = 710 nm) on the surface of gold nanorods (AuNRs)-
mesoporous silica was further increased through a plasmon
enhanced fluorescence (PEF) mechanism. The release of
cyano group compounds resulted in the emergence of a SERS
signal at 2250 cm−1. The LOD for GGT measurement was 1.2
and 95 mU/L for the fluorescence and Raman method,
respectively.

Considering the fact of GGT overexpression in tumors,
radiolabeling by radiocomplex has been reported for cancer
diagnosis. For example, Sidiq et al. reported the design of
radiocomplex [99mTc]Tc-GSH and evaluated its performance
in labeling of colon cancer.92 In another study, Ye et al.
reported a GGT-activatable fluorine-18 labeled probe (Probe
#41) for enhanced PET imaging of tumors.91 In this study, a
fluorine-18 labeled small-molecule probe, [18F]γ-Glu-Cys-
(StBu)-PPG(CBT)-AmBF3 (18F-1G), was synthesized. Upon
GGT-catalyzed cleavage of γ-glutamyl, intramolecular con-
densation of the product allowed the formation of a dimer
(18F-1-Dimer) that was then self-assembled to form the
nanoparticle (18F-1-NPs). The 18F-1G was able to target
cancer cells because of the GGT overexpression, which was
then confirmed by the PET imaging of HCT116 tumor bearing
mice. The [18F]-based PET probe ([18F]JM-10, Probe #42)
was also developed by Wang et al. in 2022 for GGT
measurement (Figure 24).93 Interestingly, the probe
[18F]JM-10 could respond to GGT on the cell membrane to
produce [18F]JM-C. After internalization of [18F]JM-C,
[18F]JM-D could be produced that could then be self-
assembled through p-stacking to form the nanoparticle with

179 ± 20 nm diameter. The probe [18F]JM-10 was finally
applied to measure GGT activity in tumors.

Despite some progress of radiolabeling and PET imaging of
GGT activity in vitro and in vivo, the use of these nuclear
imaging techniques may lead to toxic side-effects.106 An
alternative technique would be MRI by contrast agents, such as
the most commonly used responsive gadolinium (Gd)
complexes.107 For example, Hai and colleagues described the
synthesis of a GGT-responsive Gd complex (Glu-Cys(StBu)-
Lys(DOTA-Gd)-CBT, 1-Gd) as the probe (Probe #43) for
imaging of tumor (Figure 25).95 In this system, the GGT could
cleave the γ-glutamyl to form 1-cleaved that then could be
condensed to a 1-Dimer, similar to that of 18F-1G.91 Self-

Figure 24. Sensing mechanism of [18F]JM-10 (Probe #42) for GGT measurement. Reprinted with permission from ref 93. Copyright 2022 The
Royal Society of Chemistry.

Figure 25. (A) Sensing mechanism for the GGT-responsive Gd
complex. (B) T2-weighted coronal MR images of HeLa-tumor-
bearing mice injected with DON and Gd-DTPA at different times (0
and 2.5 h). Reprinted with permission from ref 95. Copyright 2019
American Chemical Society.
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assembly of 1-Dimer allowed the formation of nanoparticles
(1-NPs), promoting the T2-weighted MR signal for GGT
measurement. In addition to 1H MRI, 13C NMR spectra have
also been used for GGT measurement by Nishihara and
colleagues.94 In this case, the 13C-labeled small molecule γ-Glu-
[1-13C]Gly that responds to GGT through a cleavage reaction
was synthesized. A chemical shift (Δ = 4.3 ppm) from 177.2 to
172.9 ppm was observed after the cleavage, while this shift was
not obtained in the presence of a GGT inhibitor, like acivicin.

3. APPLICATIONS OF GGT-ACTIVATABLE
FLUORESCENCE MATERIALS

3.1. GGT-Activatable Materials for Cancer Diagnosis
Beyond the measurement of the GGT’s activity, GGT-
activatable materials have also emerged as a new research
topic in biological investigation. Of the different applications,
the use of the GGT-activatable materials for cancer diagnosis
and treatment, bacterial detection, and inhibitor analysis has
been particularly interesting.32 Cancer remains the predom-
inant cause of mortality across the globe, responsible for
approximately one in every six deaths. Timely detection and
successful management of cancer within the body are pivotal
factors in combating this disease.50 Previous studies have
clearly identified the elevated GGT levels in cancer, e.g.,
494.5765 U/L of GGT in HeLa cells,73 while 5−85 U/L in
blood of normal adult.39 Taking this fact into consideration,
GGT has been explored as a potential diagnostic and
prognostic biomarker for various cancers.108

As introduced above, Urano and co-workers developed an
“off−on” response fluorescence probe (γGlu-HMRG, Probe
#1) for GGT measurement. The GGT could cleave the γ-
glutamyl from γGlu-HMRG to release the fluorescent HMRG
that was then rapidly internalized into cells and accumulated
primarily in lysosomes to promote the fluorescence specifically
in enzyme-expressing cells (Figure 2).23 Spraying of γGlu-
HMRG to the tumor tissue lit up the fluorescence signals
within 1 min. For other normal tissues, fluorescence signal was
not observed due to the limited expression of GGT, which
created a high signal-to-noise (S/N) ratio for cancer diagnosis.
Following research included spraying γGlu-HMRG for rapid
diagnosis of metastatic lymph nodes (mLNs) of colorectal
cancer,109 for visualization of the leakage of pancreatic juice
after digestive surgery,110 and for colorectal tumor imaging,111

intravenous administration of γGlu-HMRG for deeply located
tumors, like lung tumor diagnosis,112,113 and urinalysis of GGT
for diagnosis of diabetic kidney and glomerular diseases.114

3.2. GGT-Activatable Materials for Bacterial Measurement
and Isolation
Elevated expression of GGT has also been revealed in
Helicobacter pylori infections.115 Using γGlu-HMRG as the
probe, Akashi et al. then evaluated the Helicobacter pylori
infection by recording the changes of fluorescence signals at 5
and 15 min post initial exposure to γGlu-HMRG.116 The
sensitivity and specificity were 75.0% and 83.3% in the antrum
and 82.6% and 89.5% in the stomach body, suggesting the
potential of this probe for rapid diagnosis of Helicobacter pylori
infections. In addition to the Helicobacter pylori infection,
bacterial proliferation also produces high levels of GGT. In
another study by Wang and co-workers, glutamic acid was
conjugated to 7-amino-1,3-dichloro-9,9-dimethylacridin-
2(9H)-one (DDAN) fluorophore to fabricate DDAG (Probe
#44) for NIR fluorescence analysis of bacterial GGT and

screening of GGT inhibitors (Figure 26).117 The cleavage of
the γ-glutamyl linker led to the formation of DDAN with the

sensing mechanism similar to other GGT fluorescence probes.
Red shifts of the absorption spectra and the enhancement of
fluorescence at 667 nm were observed after the cleavage
reaction. Different from other responsive probes, the DDAG
showed its capability in measuring GGT activity in various
bacteria including Pseudomonas aeruginosa, Escherichia coli,
Enterobacter aerogenes, Bacillus cereus, Acinetobacter baumannii,
and Enterococcus faecalis. Investigation of inhibitors from
natural compounds and herbal medicines was then conducted
to identify the baicalein, myricetin, and amaronol A from
herbal medicines for GGT inhibition.

Isolation of GGT rich bacteria from mouse gut has also been
achieved using a “off−on” response fluorescence probe
(ADMG, Probe #45) developed by Liu and colleagues.118

The emission at 670 nm (λex = 456 nm) was enhanced after
the GGT-catalyzed cleavage of the γ-glutamyl linker.
Fluorescence in vivo imaging of intestinal bacteria revealed
high bacterial GGT level at the duodenum section. The GGT
levels could be decreased when applying antibiotics, such as
ampicillin, metronidazole, neomycin, and vancomycin. Dis-
section of mice guts allowed the collection of intestinal
bacteria, which were then identified to be K. pneumoniae
CAV1042, K. pneumoniae XJRML-1, and E. faecalis using
16sDNA analysis.

Another interesting application of the GGT-activation
involves nucleolus targeting specifically for cancer cells. In
2022, Xue and co-workers grafted glutamic acid to indole-
quinolinium (QI) through an L-proline-glycine dipeptide
linker.119 The formed QI-PG-Glu (Probe #46) is able to be
activated by GGT through a two-step process, including (i)
GGT-catalyzed cleavage of γ-glutamyl and (ii) rapid self-driven
cyclization of the L-proline-glycine dipeptide linker. Release of
HQI dye is not fluorescent, while it can specifically bind to the
nucleolus to switch on emission at 578 nm. This GGT-

Figure 26. (A) Chemical structure of DDAG (Probe #44) and
sensing mechanism of this probe for GGT measurement. (B) The
native PAGE-gel electrophoresis for different bacterial lysates stained
with DDAG and fluorescence imaging for bacteria in liquid culture
and agar plate. (C) The fluorescence imaging for discovery of GGT
inhibitors and in silico docking analysis for them. Reprinted with
permission from ref 117. Copyright 2021 Elsevier.
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activated HQI showed capabilities in restricting RNA
Polymerase I transcription, resulting in cell apoptosis.
Together with the fact of high expression of GGT in cancer
cells, this GGT-activatable material has the potential for cancer
diagnosis and treatment.
3.3. GGT-Activatable Materials for Cancer Therapy

Precision medicine for cancer treatment plays a pivotal role in
improving the therapeutic efficacy for cancer patients.50

Currently, most of the medicines, including the targetable
nanomedicine, exhibit limited treatment efficiency because of
the high risk of side effects. To address this issue, customized
medicines would be more suitable because the anticancer
drugs can only be activated at the specific tumor tissues by
responding to the tumor microenvironment (TME), such as
acidic condition, hypoxia, and high redox levels.50 For example,
phototherapy, including photodynamic therapy (PDT) and
photothermal therapy (PTT), has been particularly interesting
over other treatment procedures because the use of toxic
anticancer drugs is not required,120 minimizing the side
effects.45 However, phototherapy necessitates that patients
remain in a dark room both during the treatment process and
in the subsequent days.121 This precaution is necessary because

the photosensitizers generate a substantial quantity of reactive
oxygen species (ROS) for PDT and heat for PTT upon
exposure to natural light.120 Caging the photosensitizers by
chemical modification would be able to tackle this problem, in
which the modified photosensitizers are photoinactive while
activation in TME allows photosensitizers for production of
ROS and heat for cancer treatment.

Realizing that the γ-glutamyl linker could be specifically
cleaved by GGT in tumor tissue,23 Chiba et al. reported the
development of an activatable photosensitizer (γGlu-HMSeR)
for PDT through caging hydroxymethyl selenorhodamine
green photosensitizer (HMDESeR) with a GGT-activatable
γ-glutamyl linker.122 The γGlu-HMSeR is photoinactive, while,
in the presence of GGT in TME, the HMDESeR would be
released. The HMDESeR photosensitizer showed a high
singlet oxygen (1O2) quantum yield (ΦΔ = 0.74, similar to
Rose Bengal ΦΔ = 0.75 in PBS of pH 7.4) to kill the cancer
cells and tumor in a chick chorioallantoic membrane model.
Similarly, an asymmetric bismuth-rhodamine (BiRGlu) has
also been developed by Mukaimine et al. as the GGT-
activatable photosensitizer for PDT.123 In similar research,
Yang et al. modified the chemical structure of diketopyrrolo-

Figure 27. (A) Chemical structure and synthesis procedure of NRh-G. (B) Processes of NRh-G capsuled into nanoparticles and reacting with
GGT. (C) TEM image of NRh-G-NPs. (D) Schematic diagram of the photothermal property turning on. (E) Infrared thermography was
performed on NPs under varying temperature and time gradients, both in the presence and absence of GGT. Reprinted with permission under a
Creative Commons Attribution 4.0 International License from ref 128. Copyright 2021 Ivyspring International Publisher.
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pyrrole (DPP)-based photosensitizers (DPP-py) with glutamic
acid through a 4-methyl-phenyl linker.124 The GGT-catalyzed
cleavage of γ-glutamyl from DPP-GGT resulted in the
formation of the final DPP-py photosensitizer. The red
emission (λem = 672 nm) of DPP-GGT was blue-shifted to
yellow (λem = 548 nm), allowing ratiometric fluorescence
measurement and imaging of GGT activity in HepG2 and

MCF-7 cancer cells. Upon the light irradiation at 530 nm (20
mW/cm2), the DDP-py produced ROS for cancer cell killing in
vitro and HepG2 tumor bearing mouse.

In 2021, Li et al. reported a GGT-activatable small molecule
(Glu-RdEB) as the probe for tumor imaging and photo-
sensitizer for PDT.125 The Glu-RdEB (Probe #47) encom-
passes three parts, including (i) GGT-cleavage γ-glutamyl

Table 1. Summary of the Responsive Probes for GGT Measurementa

Number λex/λem (nm)
Limit of
Detection Linearity Range Condition Ref.

1 501/524 - 0−80 U/L PBS, pH 7.4, 1% DMSO 23
2 460/530 0.029 U/L 0−10 U/L 0.1 M sodium phosphate buffer, pH 7.4, 0.1% DMSO 33
3 580/632 0.5 U/L 5−100 U/L 10 mM PBS, pH 7.4, 1% DMSO 34
4 585/615 5.6 mU/L 1−50 U/L PBS, pH 7.4 35
5 470/578 0.0702 U/L 0−30 U/L PBS, pH 7.4 36
6 360/472 0.59 U/L 0−10 U/L 10 mM PBS, pH 7.4, 37 °C 39
7 370/500 16.7 mU/L 0.05−80 U/L 10 mM PBS, pH 7.4, 0.1% DMSO 40
8 520/605 41 mU/L 0−50 U/L PBS, pH 7.4 41
9 362/473 210 mU/L 0−22 U/L PBS, pH 7.4, 25 °C 42
10 730/780 7.6 mU/L 0−100 U/L 10 mM HEPES, pH 7.4, 37 °C 47
11 680/708 0.5 U/L 1−75 U/L PBS, pH 7.4 49
12 680/720 3.6 mU/L 0.2−5 U/L PBS, pH 7.4 51
13 660/712 2.91 mU/L 0.02−5 U/L PBS, pH 7.4 52
14 687/714 - 0−0.05 U/mL PBS, pH 7.4 53
15 680/710 1.2 U/L 5−200 U/L PBS, pH 7.4 54
16 680/727 0.4 U/L 1−90 U/L 10 mM PBS, pH 7.4, 1.5% DMSO 55
17 640/675 - 0−20 U/L PBS, pH 7.4 59
18 515/654 51.4 mU/L 0−2 U/mL PBS, pH 7.4 60
19 445/650 24 mU/L 0−10 mU/L 10 mM PBS, pH 7.4 46
20 490, 820/635 0.057 U/L 0−35 U/L 10 mM PBS, pH 7.4, 37 °C 13
21 330/490 147 mU/L 0.2−5 U/L PBS with 5% DMSO and 0.2% Triton, pH 7.4 64
22 405, 800/490 0.117 U/L 1−60 U/L 10 mM PBS, pH 7.4, 37 °C 65
23 380/452, 494 0.042 U/L 0−100 U/L PBS, pH 7.4 69
24 600/670 78.5 mU/L 0−25 U/L PBS:DMSO = 4:1, v/v; pH 7.4, 37 °C 70
25 398/500, 560 0.23 μM 0−50 U/L 10 mM PBS, pH 7.4, 1% DMSO 71
26 480/580, 625 - - PBS, 37 °C 72
27 417, 800/531 182 U/L 230−2200 U/L PBS, pH 7.4 73
28 470, 850/570 2.27 U/L 0−50 U/L 10 mM PBS, pH 7.4, <1% DMSO 74
29 420, 850/544,

610
1.47 U/L 0−50 U/L 10 mM PBS, pH 7.4, 0.1% BSA, <1% DMSO 75

30 385/456, 527 - - 10 mM PBS, pH 7.4 77
31 350/461, 610 - - 0.01 mM PBS, pH 7.4 78
32 365/650 2.9 U/L 0−90 U/L 10 mM PBS, pH 7.4, 37 °C 81
33 408/510 0.6 U/L 2−10 U/L,

10−110 U/L
10 mM PBS, pH 7.4 83

34 408/678 0.276 U/L 0−10 U/L PBS, pH 7.4, 37 °C 84
35 410, 615/471,

671
0.71 U/L 2.5−90 U/L 10 mM Tris−HCl, pH 8.0, 37 °C 85

36 355/520 3.22 U/L 0−100 U/L 50 mM Tris−HCl, pH 7.4, 10 mM MgCl2 86
37 405/540 16 mL/U 0−250 U/L PBS, pH 7.4, 37 °C, 5% DMSO 87
38 730/770 6 × 10−4 U/mL 0−0.05 U/mL 10 mM PBS, pH 7.4, 37 °C 88
39 - 0.09 U/L 0.2−200 U/L PBS, pH 7.4, 37 °C 89
40 - 1.2 mU/L 0−1 U/L PBS, pH 7.4, 37 °C 90
41 - - - Tris−HCl, pH 8.0, 0.05% Tween@20, 0.4% DMSO, 1 mM DTT 91
42 - - - PBS, pH 7.4 93
43 - - - PBS, pH 7.4, 37 °C 95
44 615/667 - 0−25 μg/mL PBS, pH 7.4, 37 °C 117
45 456/670 0.036 U/mL 0−1.4 U/mL KH2PO4−K2HPO4 buffer, pH 8.0, 37 °C, phosphate buffer−acetonitrile

v/v = 2:1
118

46 420/549 - - PBS, pH 7.4, 1% DMSO; 0.02% Tween-20 119
47 540/580 - - PBS, pH 7.4 125

a“-”: Not provided in original publication.
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conjugated self-immolative linker for tumor specific activation;
(ii) 5-(ethylamino)-9-diethylaminobenzo-[a]-phenothiazinium
(ENBS) photosensitizer for ROS production; and (iii)
rhodamine (Rd) fluorophore as the signaling unit for
fluorescence measurement and imaging. In this Glu-RdEB
structure, the emission of Rd was quenched by ENBS that is
photoinactive in the absence of GGT. Upon GGT-catalyzed
hydrolysis, fluorescent Rd and ENBS were released for
fluorescence imaging and 1O2 production upon light irradiation
(660 nm, 300 mW/cm2). This GGT-activatable photo-
sensitizer was then used for U87 cancer cell killing and
tumor growth inhibition in a mouse model.

In addition to PDT, PTT in which the local temperature
increases upon light irradiation, has also been widely adopted
for cancer therapy.126,127 For instance, Zhou et al. prepared a
GGT-activatable nanoparticle for NIR fluorescence imaging
guided PTT in 2021 (Figure 27).128 Conjugating the glutamic
acid with cyanine dye (NRh-NH2) through a γ-glutamyl linker,
the formed NRh-G would be spontaneously assembled into
50−60 nm nanosphere NRh-G-NPs in water. Upon the
reaction with GGT, the nonfluorescent NRh-G-NPs showed
high fluorescence at 740 nm, which was attributed to the
cleavage of γ-glutamyl linker to form fluorescent NRh-NH2-
NPs. Moreover, the emergence of a new absorption band at
714 nm allowed NRh-NH2-NPs for converting light to heat for
PTT. Upon light irradiation (730 nm, 1.0 W/cm2 for 5 min),
the temperature increased from 36 to 54 °C in U87MG tumor-
bearing mice after the intravenous injection of NRh-G-NPs,
demonstrating the capability of NRh-G-NPs for cancer PTT.

4. CONCLUDING REMARKS
This review summarizes the advances in the development of
responsive probes for measuring GGT’s activity both in vitro
and in vivo and highlights the practical applications of GGT-
activatable materials. Regarding the responsive probes for
fluorescence measurement of GGT activity, advances in the
development of “off−on”, ratiometric, two-photon, and NIR
fluorescence probes were overviewed. Alternative probe
technology, such as the probes based on bioluminescence,
chemiluminescence, MRI, PET, PA, and SERS, was then
summarized. The performance of the responsive probe for
GGT measurement was summarized in Table 1.

In comparison with responsive probes for the fluorescence
measurement of GGT, limited numbers of alternative probes
are currently available, which might be attributed to the unique
advantages of fluorescence bioassay in vitro and in vivo. The
practical applications of the GGT-activatable materials for
cancer diagnosis and therapy (e.g., PDT and PTT), bacterial
determination, and purification were also highlighted. Through
systematic analysis of the publications, we determined the
unique strengths and inherent limitations of each responsive
probe and activatable materials and proposed the following
research in the field:

(1) In terms of the responsive probe technology in bioassay,
a number of probes have been successfully developed as
tools for measuring GGT activity by recording the
signals of fluorescence, bioluminescence, chemilumines-
cence, MRI, PET, Raman, and PA. It is clear that the
responsive probes for fluorescence analysis have been
widely investigated due to their unique advantages, such
as high sensitivity and selectivity, low cost, simplicity,
and high resolution in bioimaging. The limitations of

this method, such as poor tissue penetration of the light
excitation and emission, light scattering, and autofluor-
escence from biological systems, should be considered in
further developing of responsive fluorescence probes for
GGT. Interestingly, recent studies have demonstrated
the bi- (or multi-) modal probes, such as fluorescence-
PA88 and fluorescence-Raman90 probes for precise and
accurate measurement of GGT activity in vitro and in
vivo. Therefore, the development of bi- (or multi-)
modal probes would be more preferable in future
studies.

(2) For the development of almost all responsive probes, the
GGT-catalyzed cleavage of γ-glutamyl linker is the
sensing mechanism, and this cleavage reaction generally
takes a few minutes to hours. For fast measurement of
GGT activity, the discovery of an innovative sensing
mechanism for the development of new responsive
probes is highly demanded.

(3) GGT has been identified as the cell-membrane-bound
enzyme that contributes to maintaining cellular homeo-
stasis of GSH and derivatives. Although a few responsive
probes have been developed for intracellular GGT
measurement, these probes could respond to GGT at
the cell membrane and then the sensing reaction
products could be internalized into the cells. To address
this issue, a few probes (e.g., GGTIN-153 and
mNVPy_Glu75) have been developed for GGT
measurement on cell membranes. These probes are
promising for precise and accurate measurement of
GGT activity in situ, in vitro, and in vivo.

(4) Regarding the GGT-activable materials for practical
applications, the GGT-activated phototherapy (PDT
and PDT) is particularly interesting. In this type of
phototherapy, the caged photosensitizers are insensitive
to light, while the GGT-activated photosensitizers in situ
could be used for killing cancer cells and bacteria,
allowing for high treatment efficiency with minimal side
effects. Therefore, the development of GGT-activatable
photosensitizers and medicines would be one of the
directions in future studies.

In conclusion, we believe that this comprehensive review will
contribute to guiding future research on the development of
responsive probes for GGT activity analysis and the fabrication
of new GGT-activatable materials. Given the rapid progress of
the research field, we are convinced that the new generation of
GGT responsive probes and activatable materials would be
developed for (pre)clinical applications in diseases’ early
diagnostic, treatment, and treatment monitoring in the not-
too-distance future.
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