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Charge-regulated hepatic y-glutamyltranspeptidase fluorescent
probe: in vivo staging Schistosoma-infection

Xiaoxi Ma?, Eryang Xie?, Qiang Li¢, Chuyang Sun?, Yongkang Yao? Chenxu Yan*?, Qianfu Luo*?,
Zhigian Guo*2t & Wei-Hong Zhu?

Schistosomiasis remains a formidable global health threat, yet current diagnostic modalities like microscopy and
ultrasonography suffer from limited sensitivity and critical inability for real-time in vivo monitoring, posing significant hurdles
in precise infection staging. To address this diagnostic bottleneck, we develop a de novo strategic charge-regulation
approach for developing a dual-channel near-infrared fluorescent probe toward hepatic y-glutamyltranspeptidase (GGT), a
key biomarker for schistosomiasis-induced liver pathological evolution. By engineering quinoline scaffold from zwitterionic,
single positive charge, to double positive charge, the optimized probe QMC-N-GGT achieves superior precise targeting to
the infected liver tissues with anionic microenvironment. Impressively, its dual-channel signals make a breakthrough to track
when, where, and how the probe targets the liver and in situ lights up endogenous GGT. This probe exhibits a remarkable
stage-dependent fluorescent response to GGT, enabling accurate distinction of slight, middle, and severe infection stages
with an ultra-high signal-to-noise ratio. QMC-N-GGT thus represents an unprecedented diagnostic tool, bridging the gap
between conventional infection screening and advanced pathological staging for non-invasive, real-time schistosomiasis

monitoring.

INTRODUCTION

Schistosomiasis, caused by trematode flukes of the genus
Schistosoma, is the second most prevalent parasitic disease
worldwide.' Triggered by tissue-trapped eggs, schistosomiasis
leads to serious pathologies ranging from systemic symptoms
to multi-organ damage, such as severe hepatosplenism,
progressive fibrosis, and so on.>” Three distinct phases exist in
schistosomiasis progression (acute infection, established active
infection, and late chronic infection), each stage requiring
specific therapeutic interventions.?® As such, real-time staging
and evolution identification of Schistosoma-infection are
essential for clinical management. However, a fundamental
challenge is how to non-invasively assess these dynamic staging
processes in vivo. Current approaches harness in vitro detection
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(Fig. 1A), relying on microscopic counting of viable eggs in urine,
faeces, or tissue biopsies. Owing to the limited sensitivity, the
presence of infecting schistosomes cannot be ruled out
definitively. As for in vivo diagnosis, ultrasonography is
generally confined to detecting pathological changes in the late
stages of infection. Consequently, a tool that could identify the
spatiotemporal progression across stages, would have critical
utility in the clinical management of schistosome-induced
conditions.

Fluorescence-based technologies'®!* have revolutionized the in
vivo monitoring of biomarkers.1>1° Especially for schistosomiasis, y-
glutamyltransferase (GGT) has emerged as a crucial enzymatic
marker,20-22 as it’s markedly upregulated during schistosomiasis-
induced hepatic granuloma formation and subsequent fibrosis,>23:24
with its catalytic activity showing a strong positive correlation with
the infectious progression.>?” As such, developing activatable
probes to track hepatic GGT activity presents an effective strategy
for the real-time staging of schistosomiasis.?33° However, the
intrinsic  pathological complexity of Schistosoma-infection,
characterized by deep-tissue hepatic sequestration and dynamic
evolution features, poses significant hurdles for probe design.31-3> In
this regard, we reasoned that two prerequisites are essential: one is
to modulate the charge properties of the molecular scaffold to
optimize pharmacokinetics for hepatotropic enrichment;3¢-4° the
other is to incorporate an additional emission channel to transform
conventional “turn-on” probes into dual-channel ratiometric
sensors, enabling high-fidelity identification of GGT activity in situ
and in vivo.
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Fig. 1. Double positive charged NIR fluorescent probe: dual-channel mapping liver y-glutamyltranspeptidase for staging Schistosoma-
infection. (A) Limitations of current diagnostics for staging Schistosoma-infection. (B) Double positive charged NIR probe for dual-channel
mapping hepatic y-glutamyltransferase (GGT), enabling the intact in vivo staging of schistosomiasis progression.

Herein, we present a charge-regulated dual-channel NIR probe
strategy to address the limitations of traditional microscopic
examination and ultrasonography in schistosomiasis monitoring. This
strategy centers on a quinoline scaffold, featuring precisely tailored
charged centers*#* (from zwitterionic, single positive charge, to
double positive charge) that optimize pharmacokinetic behavior for
hepatotropic enrichment and retention (Fig. 1B). Our optimized
probe, QMC-N-GGT, integrates a dicationic core to significantly
enhance systemic circulation and liver targeting capability via
electrostatic attraction to the anionic microenvironment of damaged
liver tissues. Crucially, its dual-channel ratiometric signaling provides
real-time feedback to track when, where, and how the probe targets
the liver and in situ lights up endogenous GGT. In vivo imaging results
provide solid evidence that QMC-N-GGT could differentiate markedly
among severity evolution (including slight, middle, and severe
infection stages) via both the fluorescent response kinetics and
intensity. This integrated approach offers an intact molecular
imaging platform for the high-fidelity in staging of
schistosomiasis, representing a potent chemical tool for multiscale
assessment of infection dynamics.

RESULTS AND DISCUSSIONS

Double positive charged quinoline NIR fluorophore with hepatic
targeting and retention

Given that the pathogenesis of schistosomiasis is characterized
by the formation of spatially heterogeneous hepatic fibrosis, an
effective imaging agent must meet two key criteria: efficient
liver accumulation to target infection sites and NIR fluorescence
to ensure sufficient penetration for deep liver imaging. To
address these requirements, we selected quinoline as the

vivo

2| J. Name., 2012, 00, 1-3

fluorophore building block due to its inherent sensitivity to
electronic modifications and tunable intramolecular charge
transfer (ICT) characteristics. As established, the major
components of the liver extracellular matrix (ECM) include
glycoproteins and negatively charged proteoglycans, such as
chondroitin sulfate, biglycan, and decorin. In fibrotic liver, the
ECM components are similar to those in normal liver but are
quantitatively increased, leading to an increase in overall
negative charge.*>*® As such, we reasoned charge-regulation
approach could improve the probe’s hepatic targeting and
retention. With this in mind, we designed and synthesized a
series of quinoline-based candidates with distinct electronic
properties (Fig. 2A): QMC-OH-C (single positive charged), QMC-
OH-SO3 (zwitterionic), and QMC-OH-N (double positive
charged). As expected, all derivatives exhibit typical NIR
properties, with absorption and emission maxima centered at
around 580 nm and 735 nm, respectively (Fig. 2B and 2C). Then,
we examined how charge characteristics serve as a key
determinant of the fluorophores’ solubility and
pharmacokinetic behavior.

To assess the water solubility,
concentration-dependent absorbance spectra. As shown in Fig. 2D
and S1, QMC-OH-N maintains a consistently higher absorbance than
QMC-0OH-C across the tested concentration range, indicating much
better miscibility of QMC-OH-N. These results strongly support that
double positive charge regulation substantially enhances aqueous
solubility and effectively suppresses nonspecific aggregation in
aqueous media. We next investigated the pH-dependent spectral
behavior of QMC-OH-N. As pH increased from 5.0 to 10.0, the pH-
dependent absorption spectra exhibited a clear bathochromic shift

water

we conduct the test of

This journal is © The Royal Society of Chemistry 20xx
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Fig. 2 Charge-modulated quinoline NIR fluorophores with good miscibility and liver targeting. (A) Chemical structures of three tailored
NIR fluorescent probes: QMC-OH-C, QMC-OH-S03, and QMC-OH-N. (B and C) Normalized absorption (B) and fluorescence (C) spectra of
the QMC dyes in aqueous solution, exhibiting characteristic NIR emission centered at approximately 735 nm (Aex = 620 nm, 10 uM). (D)
Comparative water solubility evaluation. The concentration-dependent absorbance plots highlight the superior linear dynamic range and
improved dispersity of the cationic QMC-OH-N compared to the anionic QMC-OH-C. (E and F) pH-dependent fluorescence response of
QMC-OH-N (10 uM, pH 5.0 to 10.0, Aex = 620 nm). (G) Ratiometric pH titration curves based on the fluorescence intensity ratio. (H)
Representative real-time NIR fluorescence images of healthy mice at different time intervals (1, 2, 4, and 8 h) after intravenous injection
of QMC-0OH-C, QMC-0OH-S03, and QMC-OH-N. (1) Time-dependent fluorescence intensity profiles in the liver region of mice (n = 3). Data

are expressed as mean * s.d.

in the maximum absorption wavelength (Fig. S2, from 620 nm to 760
nm). Simultaneously, we observed a substantial decrease in
fluorescence intensity at 735 nm (Channel 1, Aex = 620 nm),
accompanied by a sharp enhancement of a new NIR emission band
centered at 800 nm (Channel 2, Aex = 760 nm, Fig. 2E-2G). As shown
in Fig. S3, the pK, constant of the probe was determined to be 5.5,
confirming that QMC-OH-N remains in its stable sensing state under
physiological conditions. This spectral evolution is attributed to the
deprotonation of the phenolic hydroxyl group, which transforms the
zwitterionic hydroxyl donor into a potent phenolate anion, thereby
strengthening the ICT effect within the quinoline scaffold and causing
the observed bathochromic shift both in absorption and emission.
This dual-channel NIR strategy offers a robust molecular imaging

This journal is © The Royal Society of Chemistry 20xx

platform, serving as a potent chemical tool for the assessment of
infection dynamics.

We then evaluated the in vivo pharmacokinetic and liver targeting
efficiency of the quinoline dyes. Following intravenous injection,
QMC-OH-N demonstrated superior liver enrichment and prolonged
retention compared to QMC-OH-C and QMC-OH-SOs (Fig. 2H).
Quantitative analysis of the liver fluorescence showed that QMC-OH-
N reached peak intensity at 4 hours post-injection, with a signal
approximately 2-fold higher than the other two candidates (Fig. 21).
This significantly enhanced liver targeting capability is mainly
attributed to the electrostatic attraction toward the anionic
microenvironment (rich in glycosaminoglycans and proteoglycans) of
liver tissues. All these spectral and pharmacokinetic results highlight
that the dicationic QMC-OH-N exhibits good water solubility,

J. Name., 2013, 00, 1-3 | 3
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Fig. 3 High-fidelity sensing of GGT via dual-channel NIR fluorescence. (A) Schematic illustration of the probe design and the GGT-
activated dual-channel fluorescence response. (B) Absorption spectra of QMC-N-GGT (10 uM) in the absence and presence of GGT (120
U L%). (C and D) Dual-channel NIR fluorescence responses of QVIC-N-GGT (10 uM) upon incubation with GGT (120 U L'). Channel 1: Aex =
620 nm, Aem = 735 nm (C); and Channel 2: Aex = 760 nm, Aem = 800 nm. (E) Representative macroscopic imaging of QMC-N-GGT (10 uM)
before and after GGT (120 U L) activation across dual NIR channels (Channel 1: Aex = 620 nm, Aem = 640-750 nm; Channel 2: Aex = 760 nm,
Aem = 770-850 nm). (F) Quantitative correlation between the fluorescence intensity at 800nm and GGT concentrations (0-120 U L). (G)
Kinetic profiles of the GGT-triggered fluorescence enhancement at 800 nm. (H) Sensing specificity of QMC-N-GGT (10 uM, Aex = 760 nm,

sensitive dual-channel NIR response,*’-52 excellent hepatic targeting
and retention. We thus envisaged that conjugating a GGT-responsive
moiety to this scaffold would yield a dual-channel NIR probe for the
real-time in vivo monitoring of Schistosoma-infection.

GGT-triggered dual-channel NIR fluorescence

4| J. Name., 2012, 00, 1-3

To implement our sensing strategy, we incorporated y-glutamyl
reactive moiety into the phenolic hydroxyl group of the three
quinoline-based fluorophores, generating a series of dual-
channel NIR probes toward GGT: QMC-C-GGT, QMC-SO3-GGT,
and QMC-N-GGT (Fig. 3A and S4). For instance of QMC-N-GGT,

This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins



http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6sc02037b

Page 5 of 12

Open Access Article. Published on 18 April 2026. Downloaded on 4/18/2026 9:14:00 PM.

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

(ec)

(A) (B

Chemical Science

View Article Online

C
Blank QMC-OH-C QMC-OH-SO; QMC-OH-N © DOI: 10.1039/D6SC02037B
QMC-OH-N @ [—
g dedkk
2 —~20 P
5 =]
@ QMC-0H-S0O;4 et s
5 2 =15
<] =
5] @
QMC-OH-C S 10
=
_
Blank ) s
]
=
0 10?7 108 104 105
® ® AS549 HepG 2 (endogenous GGT) ()
-N- GGStop
QMC-N GGLT Il Channel 1 Il Channel 2
5 N 4 GGT — _— ] *hkK
X il b ‘ ' ‘ 5 z 60
c ~—
| % > ek
. & @ 40
o
Ny £
- o~
e T 204
c
©
£
o
A549 + HepG2 + GGStop +

QMC-N-GGT QMC-N-GGT QMC-N-GGT
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and QMC-OH-N (10 uM). (B and C) Confocal laser scanning microscopy images (B) and corresponding mean fluorescence intensity (C) of
HepG2 cells treated with the three probes (Aex = 620 NM, Aem = 640-750 nm). Scale bar: 20 um. ****p<0.0001 by unpaired two-tailed
Student’s t-test. (D and E) High-contrast imaging of endogenous GGT activity in different cell lines (QMC-OH-N 10 uM, Channel 1: Aex =
620 nM, Aem = 640-750 nm; Channel 2: Aex = 760 nm, Aem = 770-850 nm). Scale bar: 20 um. (F) Quantitative fluorescence intensity of
Channel 1 and Channel 2 across each group in panel E. ****P<0.0001.

the probe was specifically designed by conjugating a y-glutamyl
moiety to the QMC-OH-N scaffold via a p-aminobenzyl alcohol-
based self-immolative linker. We then carefully evaluated the
GGT-triggered spectral response of QMC-N-GGT. Initially, the
probe exhibited a strong absorption peak at 620 nm (Fig. 3B).
Upon the addition of GGT, a new absorption peak around 735
nm appeared. This spectral evolution is more obvious in the
fluorescence spectra: upon addition of GGT, the fluorescence at
735 nm undergoes a substantial decrease (Channel 1, Aex = 620
nm), with a concomitant rise of a new NIR emission band
peaking at 800 nm (Channel 2, Aex = 760 nm, Fig. 3C-3E). The
fluorescence intensity of QMC-N-GGT at 800 nm exhibited a
well-defined linear relationship with GGT concentration in the
range of 0-120 U L. The calculated LOD of 0.4 U L7 is
substantially lower than clinical GGT thresholds, validating the
probe’s exceptional capability for the sensitive monitoring of
hepatic GGT activity.(Fig. 3F). Kinetic analysis revealed that the
fluorescence intensity at 800 nm increased and then reached a
plateau around 60 min (Fig. 3G). QMC-N-GGT also showed
excellent GGT-specificity against various potential competitive
species, including common amino acids, inorganic ions, and
biological macromolecules as well as biologically relevant
reactive oxygen species (ROS) and biothiols (Fig. 3H). To ensure
the reliability of QMC-N-GGT for persistent bioimaging, we
confirmed its superior photostability in comparison with the

This journal is © The Royal Society of Chemistry 20xx

clinical NIR fluorophore ICG (Fig. S5). These results highlighted
the sensitivity and selectivity of QMC-N-GGT with GGT-
triggered dual-channel NIR fluorescence response.

To further validate the proposed sensing mechanism, we
conducted a comprehensive analysis using high-performance liquid
chromatography (HPLC) and mass spectrometry (MS). As shown in
Fig. 31, the QMC-N-GGT probe exhibited a single characteristic peak
at a retention time of 6.8 min. Upon incubation with GGT, a distinct
new peak emerged at 3.2 min, which precisely aligned with the
retention time of the independently synthesized active fluorophore
QMC-OH-N. The ESI-MS spectrum of QMC-N-GGT incubated with
GGT for 60 min showed observed m/z of 227.1302 and 344.1803 (Fig.
3J, corresponding to the hypothesized product QMC-OH-N and the
probe QMC-N-GGT. Taken NIR
fluorescence of QMC-N-GGT made it possible to track ratiometrically

together, the dual-channel
when, where, and how the probe targets the liver (Channel 1) and in
situ lights up endogenous GGT (Channel 2).

Dual-channel NIR fluorescence tracking of endogenous GGT in living
cells

To investigate the capability of QMC-N-GGT for tracking
endogenous GGT activity, we examined its dual-channel
fluorescence responses in living cells. We first assess the cellular
internalization of the fluorophore engineered with different
charge properties. Flow cytometry analysis indicated that

double positive charged QMC-OH-N exhibited a pronounced

J. Name., 2013, 00, 1-3 | 5
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Fig. 5 Dual Channel GGT detection enabling in vivo mapping Schistosoma-infection. (A) Schematic illustration of the Schistosoma-
infectious mouse model establishment. (B) /n vivo NIR fluorescence imaging of healthy mice of the three probes (100 uM, Channel 1: A«
=620 nm, Aem = 640-750 nm). (C and D) Quantitative comparison of total fluorescence intensity (Channel 1) in the liver regions of healthy
mice. ****P<0.0001 by unpaired two-tailed Student’s t-test. (E) /n vivo dual-channel NIR fluorescence imaging of healthy and infected
mice one hour after intravenous injection of the three probes. (F and G) Statistical analysis of fluorescence signals in Channel 1 and
Channel 2 for three probes in normal (F) and infectious (G) mice (100 uM, Channel 1: Aex = 620 nm, Aem = 640-750 nm; Channel 2: Aex =
760 nm, Aem = 770-850 nm). ****P<0.0001. (H and |) Ex vivo fluorescence images of major organs (heart, liver, spleen, lung, and kidney)
in Channel 1 (H) and Channel 2 (l) at 24 h post-injection, confirming the specific activation in liver tissue. (J and K) Quantitative
biodistribution (J, Channel 1) and activation analysis (J, Channel 2) in major organs for the three probes.

rightward shift in fluorescence counts compared to the exhibited negligible toxic effects (Fig. S6), demonstrating good
zwitterionic alkyl-substituted QMC-OH-C and the anionic QMC- biocompatibility for cellular sensing and imaging. Cell retention
OH-SOs3 derivatives (Fig. 4A). This superior internalization was and co-localization assays further supported that the dicationic
visually confirmed by confocal laser scanning microscopy, structure effectively prevents probe efflux through enhanced
where QMC-OH-N-treated cells displayed the brightest and electrostatic interactions (Fig. S7 and S8).

most uniform intracellular staining (Fig. 4B and 4C). Cytotoxicity

assays in HepG2 and 293T cell lines confirmed that QMC-N-GGT

6 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx
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Fig. 6 Staging of Schistosoma-infection via NIR imaging. (A) Schematic illustration of the Schistosoma-infectious mouse model
establishment, depicting the timeline from abdominal percutaneous infection (Day 0) to severe hepatic fibrosis (Day 40). (B and C)
Representative histopathological images of liver sections from mice at distinct stages of Schistosoma-infection (normal, slight, middle,
and severe). HE staining (B) shows normal hepatic tissue (pink) and an area of inflammatory lesions (purplish-blue). Tissue disruption
due to the lesion is indicated by the black arrow. Masson’s trichrome staining (C) shows normal liver tissue (pink) and areas of hepatic
fibrosis (blue), with bridging fibrosis forming fibrous septa (black arrow). (D) Time-dependent in vivo NIR fluorescence imaging (1, 10,
30, and 60 min) of infectious mice following intravenous injection of QMC-N-GGT (100 uM, Aex = 760 M, Aem = 770-850 nm). (E) Kinetic
plots of average fluorescence intensity at the liver site as a function of time (0—60 min) across the four groups, demonstrating stage-
dependent activation rates. (E) Statistical comparison of the total fluorescence intensity at the liver site at 60 min post-injection,
confirming the probe’s ability to differentiate the severity of schistosomiasis. Data are expressed as mean + s.d. (n = 3). ****P<0.0001

by unpaired two-tailed Student’s t-test.

We next evaluate the intracellular sensing performance of the
GGT-responsive probe QMC-N-GGT (Fig. 4D). In A549 cells (GGT-
underexpressing cell line), fluorescence was observed primarily in
Channel 1 (735 nm, Fig. 4E). In contrast, HepG2 cells (GGT-
overexpressing)®3** showed a decrease in Channel 1 signal and a
significant increase in Channel 2 emission (800 nm, Fig. 4E),
confirming probe activation by the endogenous GGT. To further
verify the specificity, we incubated HepG2 cells with GGStop (GGT
inhibitor). As expected, this treatment suppressed the fluorescence
increase at 800 nm, and the resulting signal levels correlated directly
with cellular GGT activity (Fig. 4E and 4F). These results highlighted
that QMC-N-GGT combined efficient cellular uptake, good
biocompatibility, and specific dual-channel fluorescence response to
endogenous GGT. Thus, QMC-N-GGT provides a reliable method for
visualizing enzyme activity in living cells, and offers a promising tool
for tracking GGT-relevant biological processes especially for
Schistosoma-infection.

Double positive charge strategy enabling in situ identification of
Schistosoma-infection via illuminating hepatic GGT

This journal is © The Royal Society of Chemistry 20xx

Based on the promising cellular GGT imaging performance, we then
assessed the potential of QMC-N-GGT for in vivo identification of
Schistosoma-infection via probing hepatic GGT. The pathology of
schistosomiasis is characterized by the maturation of cercariae into
adults, which triggers an intense inflammatory cascade and
subsequent aberrant GGT upregulation during hepatic fibrosis. To
model this, mice were percutaneously infected with cercariae
following standardized protocols, leading to significant hepatic
architectural remodeling (Fig. 5A).

We then investigated in vivo imaging performance by comparing
the three charge-tailored probes (QMC-C-GGT, QMC-S0O3-GGT, and
QMC-N-GGT) in both healthy and infected mice following
intravenous injection. The distribution and activation of each probe
were tracked via channel 1 (yellow-red) and 2 (rainbow) fluorescence
readouts, respectively (Fig. 5B-5G). In healthy mice, the hepatic
fluorescence intensity of QMC-N-GGT progressively increased after
injection, reaching a maximum at 4 hours post-injection (Fig. 5B and
5C). This was followed by a gradual metabolic clearance, with a
noticeable decrease in signal intensity at 16 hours. Notably, at the
peak time point (4 h), the liver signal from the dicationic QMC-N-GGT
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was substantially stronger than that of its single positive charged
QMC-C-GGT and zwitterionic QMC-SOs-GGT (Fig. 5D). To ensure the
reliability of this approach in complex internal environments, we
validated the stability of the reference signal (Channel 1). As shown
in Fig. S9, the fluorescence intensity of Channel 1 remained highly
stable across a wide physiological pH range (pH 4.0-9.0), confirming
its photophysical stability to local pH fluctuations. Furthermore, Zeta
potential measurements (Fig. S10) revealed that QMC-N-GGT
maintained a significantly positive charge (~12 mV) even after
incubation with 50% FBS, indicating that the dicationic scaffold is not
completely shielded by protein corona formation.This result strongly
supports that the double positive charge strategy effectively
promotes liver enrichment and retention.

In Schistosoma-infected mice, the activated form of QMC-N-GGT
produced much stronger fluorescence in channel 2 (at the liver site),
along with a weak signal in channel 1 (Fig. 5E). This could be
attributed to the liver GGT-triggered activation. This response was
significantly more pronounced with QMC-N-GGT than the other two
probes, yielding the highest signal-to-noise ratio for detecting
Schistosoma-infection (Fig. 5F and 5G). Biodistribution analysis of
major organs collected 24 hours post-injection showed that all three
probes were primarily localized in the liver, with weaker signals in
the kidneys and negligible fluorescence in the heart, spleen, and
lungs (Fig. 5H). Consistent with the real-time imaging data, QMC-N-
GGT exhibited the highest hepatic fluorescence intensity both in
channel 1 and 2 (in isolated liver, Fig. 5) and 5K), further supporting
its superior liver-targeting and GGT-sensing capability. Histological
examination (H&E staining) of organs from healthy mice treated with
QMC-N-GGT revealed no apparent morphological damage or
inflammatory infiltration compared to the PBS control group (Fig.
S11), indicating good biocompatibility in vivo. All these in vivo results
demonstrate that double positive charged QMC-N-GGT integrates
excellent liver-targeting properties with the capacity for real-time,
specific visualization of GGT upregulation. This enables intact
diagnosis of Schistosoma-infection during its pathological
progression, highlighting its potential as a precision imaging tool for
staging Schistosoma-infection.

Intact tracking the spatio-temporal
Schistosoma-infection in living mice

The dual-channel response and hepatic targeting capability of QMC-
N-GGT inspired us to further explore its utility for staged diagnosis of
Schistosoma-infection progression. With this in mind, we
systematically monitored the pathological progression of hepatic
fibrosis induced by Schistosoma japonicum infection in a murine
model (Fig. 6A). According to the experimental timeline, the infection
progressed from initial percutaneous exposure on day 0 to severe
pathology by day 40. To correlate the probe’s fluorescence response
with the actual physiological state, histopathological analysis was
performed using H&E and Masson’s trichrome staining.>>>” The H&E
sections revealed progressive hepatic structural disorganization and
inflammatory infiltration (marked in Fig. 6B), while the Masson’s
trichrome staining clearly depicted the severity-dependent
deposition of collagen (blue regions in Fig. 6C). These results
confirmed the transition from a healthy liver to slight, middle, and
severe infection states, thereby providing a robust biochemical basis
for our GGT-responsive imaging using QMC-N-GGT.

progression: staging
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Subsequently, in vivo fluorescence imaging was employed;te track
the real-time activation of the probe across Vatyifg iFRiEXienh 31agés
(normal, slight, middle, and severe, Fig. 6D). Following intravenous
administration of QMC-N-GGT, in the healthy group, no significant
fluorescence  enhancement (Channel 2) was observed,
demonstrating the remarkably low background and excellent
stability of QMIC-N-GGT against non-specific activation. In contrast,
infected mice showed a rapid and substantial signal increase at 800
nm, with the fluorescence intensity positively correlated with the
infection severity.

Kinetic profiles further characterize the response of the probe
toward varying levels of Schistosoma-infection. Although
fluorescence increased continuously over 60 minutes in all groups,
both the fluorescent response kinetics and intensity level differed
markedly among severity stages (Fig. 6E and 6F). Specifically, the
severe infection group displayed the fastest activation kinetics and
the highest final signal. Quantitative analysis confirmed this severity-
dependent trend: the average fluorescence intensity at the 60-
minute time points increased stepwise from the slight to severe
infection groups, with all infected stages showing a statistically
significant enhancement (p <0.001) compared to the normal control.
Thus, QMC-N-GGT successfully transduces the pathological
progression of Schistosoma-infection into a severity-dependent NIR
signal with high spatiotemporal resolution. These results establish
the probe as a powerful diagnostic tool for the in situ mapping and
staging of schistosomiasis.

CONCLUSIONS

In summary, we have developed a rational molecular engineering
strategy to address the critical bottleneck in non-invasive staging of
Schistosoma-infection, which remains challenge for conventional
anatomical imaging. Unlike traditional microscopic examination and
ultrasonography diagnostic modalities limited by sensitivity or late
stage detection, our approach focuses on the precise charge-
regulation of a quinoline scaffold to optimize probes’ in vivo
pharmacokinetics for dual-channel ratiometric sensing. Specifically,
by manipulating the fluorophore core from zwitterionic, single
positive charge, to double positive charge, the optimized probe
QMC-N-GGT achieves significant enhancement in hepatic
accumulation via electrostatic recruitment to the anionic fibrotic
microenvironment.

Leveraging this hepatotropic targeting and a GGT-activatable dual-
channel ratiometric mechanism, QMC-N-GGT enables high-fidelity
visualization of enzymatic dynamics with a remarkable signal-to-
noise ratio. We established the mouse model of Schistosoma-
infection via standard protocol. Crucially, the probe successfully
decodes the spatiotemporal evolution of Schistosoma-infection,
accurately differentiating slight, middle, and severe stages through
distinct fluorescence kinetic profiles, a capability previously
unattainable in real-time in vivo settings. This study not only provides
a potent chemical tool for the precise evolution staging of parasitic
diseases but also establishes a generalized paradigm for designing
charge-regulated molecular probes to interrogate complex deep-
tissue pathologies in clinical translation.

This journal is © The Royal Society of Chemistry 20xx
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