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ABSTRACT: β-Glucuronidase (GUS) is an acidic hydrolase enzyme
overexpressed in various inflammatory diseases, making it a promising
biomarker for inflammation. However, current tools for real-time, in situ
imaging of GUS activity are hindered by background interference, which
reduces their effectiveness in dynamic biological environments. To address
this challenge, we developed Ox-GUS, a GUS-specific fluorescent probe
with a unique molecular design featuring a disrupted conjugated structure.
This design provided Ox-GUS with near-zero background optical
properties, a significantly enhanced signal-to-noise ratio, and a highly
sensitive detection ability. The probe demonstrated a fluorescence
enhancement of up to 400 folds in response to GUS activity, with a
detection limit as low as 0.0035 U/mL. We successfully employed Ox-GUS
to visualize GUS activity in real-time in mouse models of rheumatoid
arthritis, autoimmune hepatitis, and inflammatory bowel disease, and
effectively monitored therapeutic responses. This study highlights the potential of Ox-GUS as a robust tool for advancing research
on GUS-related inflammatory mechanisms and for early diagnosis and treatment monitoring of inflammatory diseases.

■ INTRODUCTION
Inflammation is a complex biological response triggered by
infection, injury, or harmful stimuli, aimed at eliminating
pathogenic factors and initiating tissue repair.1−5 Biomarkers of
inflammatory diseases play a pivotal role in understanding the
severity and progression of inflammation, providing critical
insights into the molecules and pathways involved.6−9 Real-
time monitoring of these markers can greatly enhance early
diagnosis and therapeutic management by delivering dynamic
and precise information on disease progression.10−13

β-glucuronidase (GUS), an acidic hydrolase enzyme, is
central to various biological processes, including cellular
detoxification and metabolic waste clearance.14−17 Notably,
GUS is overexpressed in inflammatory diseases such as
arthritis, hepatitis, and pancreatitis, establishing it as a valuable
biomarker for inflammation.18−21 Despite its importance,
current methods for detecting GUS activity rely primarily on
ex vivo analyses of blood or tissue samples.22,23 These
approaches are time-consuming, labor-intensive, and prone to
inaccuracies due to sample processing, which limits their
utilization in real-time, dynamic in vivo analyses.24−27

Fluorescent probes have emerged as powerful tools for in
situ detection of biomarker activity.6,28−30 β-glucuronide is a
recognition group commonly used in GUS-targeted fluorescent
probes, and numerous probes have been developed using this

group.31,32 For example, Feng et al. developed HC-glu for the
detection of GUS activity in the intestines of animals such as
mice and zebrafish.33 Ding et al. introduced DP-GLU to
noninvasively track GUS levels in a mouse tumor model.34 Liu
et al. designed DCDNO2, a fluorescent probe for imaging and
detecting hepatocellular carcinoma cells and tumor tissues in
mice.35 The probe can also be used in conjunction with real-
time imaging to guide surgical resection of liver cancer tumors.
However, these probes predominantly rely on internal charge
transfer (ICT) mechanisms induced by their recognition
group. This often leads to incomplete fluorescence quenching
and high background signals. Consequently, traditional GUS-
targeted fluorescent probes suffer from substantial background
interference, which reduces their effectiveness in complex
biological environments. These limitations significantly hinder
their use for real-time imaging and dynamic analysis,
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particularly in vivo analysis, where high sensitivity and
specificity are essential.36,37

Although the association between β-glucuronidase and
inflammation has been discovered, no fluorescent probe has
been developed to date that enables real-time in situ
visualization of GUS activity across different inflammatory
tissues, which greatly limits further investigation of GUS as a
biomarker for inflammatory diseases (Table S1). To overcome
these challenges, we designed and synthesized Ox-GUS, a
GUS-specific fluorescent probe. Ox-GUS consists of three key
components: (1) oxazine 1 as the fluorophore, (2) 4-
hydroxymethyl-2-nitrophenol as the linker group, and (3) β-
glucuronide as the recognition group. The disrupted
conjugated structure of Ox-GUS effectively minimizes spectral
background interference, resulting in near-zero background
fluorescence and a dramatically improved signal-to-noise ratio.
In addition, we incorporated a connecting group, as reported
by Liu et al., by introducing a − NO2 group onto 4-
hydroxybenzyl alcohol.35 This modification enhances the
efficiency of glycosidic bond cleavage in the presence of
GUS, further improving the probe’s responsiveness. The
unique design of Ox-GUS allows it to detect β-glucuronidase
activity with high sensitivity using both fluorescence and
colorimetry methods. Ox-GUS was applied in real-time, in situ
fluorescence imaging of GUS activity at inflammatory sites in
various mouse models of inflammatory diseases, including
rheumatoid arthritis, autoimmune hepatitis, and inflammatory
bowel disease. This probe shows potential as a tool for
monitoring dynamic changes in GUS activity under diverse
physiological and pathological conditions, as well as during
therapeutic interventions. Overall, the developed probe can be
utilized as a versatile tool for monitoring and detecting
inflammation-related processes.

■ EXPERIMENTAL SECTION
Materials and Instruments. The chemicals, reagents, and

analytical instruments are detailed in the Supporting
Information.

Synthesis. The synthetic route for Ox-GUS is presented in
Figure 1. The preparation of Compound 1 was carried out
following a previously reported method.36

Synthesis of Compound 2. Under a nitrogen atmosphere,
(2S,3R,4S,5S,6S)-2-(4-(hydroxymethyl)-2-nitrophenoxy)-6-
(methoxycarbonyl)tetrahydro-2H-pyran-3,4,5-triyl triacetate
(194 mg, 0.4 mmol), Compound 1 (155 mg, 0.4 mmol),
Cs2CO3 (391 mg, 1.2 mmol), and DMAP (49 mg, 0.4 mmol)
were mixed with 30 mL of dichloromethane and incubated
overnight at 45 °C. The reaction mixture was washed three
times with 50 mL of 1 M HCl, and the solvent was removed
under reduced pressure. The crude product was purified by
silica gel column chromatography and eluted with dichloro-
methane/methanol (v/v, 30:1), from which Compound 2 as a
white solid (64 mg, 19% yield) was obtained. 1H NMR (600
MHz, CDCl3) δ 7.85 (d, J = 2.0 Hz, 1H), 7.56 (dd, J = 8.6, 2.1
Hz, 1H), 7.35 (d, J = 8.6 Hz, 1H), 7.30 (d, J = 8.0 Hz, 2H),
6.50 − 6.25 (m, 4H), 5.38 − 5.27 (m, 3H), 5.26 − 5.17 (m,
3H), 4.21 (d, J = 8.9 Hz, 1H), 3.74 (s, 3H), 3.32 (q, J = 6.8 Hz,
8H), 2.12 (s, 3H), 2.06 (d, J = 5.1 Hz, 6H), 1.15 (t, J = 6.9 Hz,
12H) (Figure S1). 13C NMR (151 MHz, CDCl3) δ 170.02,
169.31, 169.26, 166.68, 151.22, 148.70, 146.59, 141.23, 133.37,
124.98, 124.70, 120.11, 120.00, 116.79, 111.60, 106.43, 99.82,
99.48, 72.58, 71.15, 70.20, 68.75, 65.72, 53.05, 44.58, 20.60,
20.56, 20.52, 12.55 (Figure S2). HR-MS (m/z): Calculated for
[C41H50N4O15]2+: 419.1631, found: 419.1629 (Figure S3).
Synthesis of Ox-GUS. Compound 2 (54 mg, 0.065 mmol)

and sodium methoxide (7.02 mg, 0.13 mmol) were dissolved
in 4 mL of methanol, and the mixture was stirred at room
temperature for 1.5 h. The reaction mixture was concentrated
under reduced pressure to remove the solvent. The crude
product was purified by silica gel column chromatography and
eluted with dichloromethane/methanol (v/v, 10:1) to obtain
Ox-GUS as a white solid (19 mg, 42% yield). 1H NMR (600
MHz, DMSO-d6) δ 8.48 (s, 1H), 7.90 (s, 1H), 7.67 (d, J = 8.7
Hz, 1H), 7.44 (d, J = 8.7 Hz, 1H), 7.30 (d, J = 8.9 Hz, 2H),
6.40 (d, J = 9.0 Hz, 2H), 6.33 (s, 2H), 5.32 (t, J = 4.8 Hz, 1H),
5.20 (s, 2H), 5.10 (d, J = 7.5 Hz, 1H), 3.51 (s, 2H), 3.31 (d, J
= 7.0 Hz, 8H), 3.16 (d, J = 7.9 Hz, 1H), 3.09 (d, J = 5.1 Hz,

Figure 1. Synthesis route of Ox-GUS.
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1H), 3.03 − 2.99 (m, 2H), 1.07 (t, J = 6.9 Hz, 12H) (Figure
S4). 13C NMR (151 MHz, DMSO-d6) δ 172.35, 153.34,
151.21, 149.96, 146.59, 140.10, 134.03, 130.12, 125.63, 124.57,
117.65, 116.80, 106.74, 100.71, 99.17, 77.23, 74.08, 73.47,
72.26, 66.36, 44.22, 12.85 (Figure S5). HR-MS (m/z):
Calculated for [C34H42N4O12]2+: 349.1394, found: 349.1391
(Figure S6).
In Vitro Detection of GUS. Ox-GUS was dissolved in

DMSO to prepare a 1 mM stock solution. In GUS detection, a
reaction system containing Ox-GUS (10 μM) and PBS (10
mM, pH 7.4) was prepared at a final volume of 1 mL. The
UV−visible absorption spectra and fluorescence spectra of the
reaction system were recorded using a UV−visible spectropho-
tometer and fluorescence spectrometer, respectively. The stock
solution was stored at −20 °C.
Cell Imaging. Cells in the blank control group did not

receive any treatment. To study GUS expression, cells were
treated with Ox-GUS (10 μM) for 50 min. To study
inflammatory GUS expression, cells were treated with LPS
(0.5 μg/mL) for 24 h, followed by Ox-GUS (10 μM) for 50
min. To investigate endogenous GUS regulation during
inflammation, cells were treated with LPS (0.5 μg/mL) for
24 h, followed by baicalin (200 μM) for 1 h, and then Ox-GUS
(10 μM) for 50 min. Prior to imaging, all cells were washed
three times with PBS (10 mM, pH 7.4). Fluorescence signals
were then collected using a laser scanning confocal micro-
scope.
Fluorescence Imaging of Mouse Models. All animal

experiments have been approved by the Institutional Animal
Care and Use Committee (IACUC) of Jilin University (ethical
review permit number SY2024090007). The experiments were
conducted in compliance with established ethical protocols to
minimize animal distress.
Rheumatoid Arthritis Model. Mice in the inflammation

group were injected with λ-carrageenan (10 mg/mL, 50 μL
PBS) in the right tibial joint. Mice in the treatment group

received an intra-articular injection of methotrexate (1 mg/mL,
50 μL) in the same joint 4 h after λ-carrageenan injection.
Mice in the control group received an equivalent volume of
normal saline. Seven hours after the treatment, all mice were
subcutaneously injected with Ox-GUS (200 μM, 50 μL) in the
right tibial joint. Mice were anesthetized using isoflurane and
imaged in vivo using a small animal imaging system 10 min
after injection.
Autoimmune Hepatitis Model. To establish an auto-

immune hepatitis mouse model, mice in the inflammation
group received concanavalin A (ConA, 20 mg/kg) via tail vein
injection. Mice in the treatment group were injected
intraperitoneally with prednisolone (10 mg/kg) 30 min after
ConA injection. Mice in the control group were injected with
an equivalent volume of normal saline. Twelve hours after the
treatment, all mice were injected with Ox-GUS (200 μM, 100
μL) via the tail vein. Ten minutes after injection, mice were
anesthetized using isoflurane and then imaged using a small
animal imaging system. After imaging, major organs were
collected for ex vivo fluorescence imaging.
Inflammatory Bowel Disease Model. To establish an

inflammatory bowel disease (IBD) mouse model, mice in the
inflammation group were provided with drinking water
containing 5% dextran sulfate sodium (DSS). Treatment
group mice were gavaged daily with cyclosporin A (25 mg/kg)
starting on the same day as DSS administration. Control group
mice were fed with a standard diet and drinking water. After 7
days, all mice were anally injected with Ox-GUS (200 μM, 100
μL). Mice were anesthetized using isoflurane and subjected to
imaging using a small animal imaging system 10 min after
injection. After imaging, major organs were collected and
subsequently subjected to ex vivo fluorescence imaging.

Figure 2. (A) Absorption spectra of Ox-GUS (10 μM), the reaction system (10 μM Ox-GUS + 15 U/mL GUS), and oxazine 1 (10 μM). The
illustration shows the color change of the reaction system without GUS (left) and with GUS (right). (B) Absorption spectra of Ox-GUS (10 μM)
in the presence of GUS at different concentrations (0−15 U/mL). (C) Linear relationship between absorbance at 650 nm and GUS concentration
(0−6 U/mL). (D) Fluorescence spectra of Ox-GUS (10 μM), the reaction system (10 μM Ox-GUS + 15 U/mL GUS), and oxazine 1 (10 μM).
(E) Fluorescence spectra of Ox-GUS (10 μM) in the presence of GUS at different concentrations (0−15 U/mL). (F) Linear relationship between
fluorescence intensity (λex = 635 nm) and GUS concentration (0−6 U/mL).
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■ RESULTS AND DISCUSSION
Optical Response of Ox-GUS to GUS. The changes in

UV−vis and fluorescence spectra of Ox-GUS before and after
its reaction with GUS were first investigated. Before the
addition of GUS, Ox-GUS was colorless and transparent and
exhibited minimal UV absorption and fluorescence. This
indicates that Ox-GUS nearly does not exhibit background
signals. Upon the addition of GUS, the solution color turned
from colorless to blue. Distinct UV−vis absorption and
fluorescence emission peaks also appeared at 650 and 680
nm, respectively (Figure 2A,2D). The reaction conditions for
Ox-GUS were then optimized. The fluorescence intensity
reached its peak at 1 h (Figure S7). All spectral tests were
performed in PBS (10 mM, pH 7.4) at 37 °C to simulate
physiological conditions (Figures S8 and S9).
Dual-modal Detection of GUS. Ox-GUS had excellent

performance in dual-modal, quantitative fluorescence and
colorimetric detection of GUS. As the GUS concentration
increased from 0 to 15 U/mL, the UV−vis absorption peak at
650 nm and the fluorescence emission peak at 680 nm were
significantly enhanced (Figure 2B,2E). Notably, Ox-GUS
exhibits near-zero spectral background signals and achieves
up to 400-fold fluorescence enhancement, significantly higher
than other GUS probes while offering excellent signal-to-noise
ratio (Table S1). A good linear relationship was observed
between the signal enhancement in both detection modes and
GUS concentrations within the range of 0 to 6 U/mL. The
detection limits were determined to be 0.0049 U/mL for the
colorimetric method (Figure 2C) and 0.0035 U/mL for the
fluorescence method (Figure 2F). The dual-modal detection
capability of Ox-GUS allows for highly sensitive detection of
GUS. It also improves the reliability and accuracy of the
analysis by providing complementary validation of colorimetric
and fluorescence signals. This dual-modal approach provides a
more comprehensive method for quantitative analysis.
Photostability and Selectivity. The photostability and

selectivity of Ox-GUS were also determined to assess its
potential for practical applications. After continuous irradiation
with 635 nm light for 1 h, the fluorescence intensity of the
reaction system and the probe remained stable, an indication
of their good photostability (Figure S10). Common substances
in the human body were selected as potential interferents, and
their effects on the probe were examined. The fluorescence
intensity was almost unchanged after the probe was
coincubated with these substances. This confirms that Ox-
GUS is highly selective to GUS and suitable for use in complex
biological environments (Figure S11).
Enzymatic Reaction Kinetics. The interaction between

Ox-GUS and GUS was examined based on their enzymatic
reaction kinetics. The Michaelis constant (Km) for the Ox-
GUS-GUS interaction was determined to be 6.2832 μM,
indicating a strong binding affinity between them (Figures S12
and S13).
Sensing mechanism. The mechanism of Ox-GUS in

detecting GUS was explored using mass spectrometry and
molecular docking. Mass spectrometry revealed ion peaks
corresponding to both the probe and the fluorophore in the
Ox-GUS-GUS reaction system (Figures S6, S14, and S15).
Molecular docking results suggested that Ox-GUS formed
hydrogen bonds with five specific amino acids�ASP172,
GLU425, TYR485, TRP561, and ARG574�at the active site
of GUS, with a binding energy of −8.0 kcal/mol. This indicates

a strong and stable binding between the probe and the enzyme,
involving five hydrogen bonds (Figure S16). Based on these
findings, the sensing mechanism was proposed: (1) GUS
specifically cleaves the β-glucuronide moiety from the probe;
(2) this cleavage triggers the self-immolation of the linker
group in Ox-GUS; and (3) as a result, the fluorophore
(oxazine 1) is released, producing a detectable fluorescence
signal.
Fluorescence Imaging of GUS Activity in Living Cells.

Before live cell fluorescence imaging, the cytotoxicity of Ox-
GUS was tested on HepG2 cells using the CCK8 assay. The
results showed that Ox-GUS at concentrations ranging from 10
to 100 μM had negligible effects on cell viability, indicating it
has good biocompatibility (Figure S17).

Ox-GUS was then applied for fluorescence imaging in
HepG2 cells. The optimal incubation time for the cells and the
probe was determined. The fluorescence intensity was found to
gradually increase with time and reached its maximum value at
50 min. Thus, 50 min was chosen as the optimal incubation
time (Figure S18). Since β-glucuronidase is located in cellular
lysosomes, we investigated the intracellular distribution of Ox-
GUS through lysosomal colocalization experiments. As shown
in Figure S19, the red fluorescence from Ox-GUS demon-
strated strong overlap with green fluorescence from the
commercial lysosomal dye (LysoTracker Green), yielding a
Pearson correlation coefficient of 0.90. These results indicate
that Ox-GUS primarily localizes in lysosomes, enabling
accurate in situ visualization of intracellular GUS. To visualize
changes in GUS activity during an inflammatory response at
the cellular level, an LPS-induced inflammation model was
established. The results showed that the fluorescence intensity
of LPS-treated cells was markedly higher than that of the
control group (untreated cells), suggesting GUS expression
was elevated during inflammation. To confirm that the increase
in fluorescence intensity was due to elevated endogenous GUS
levels, LPS-induced inflammatory cells were treated with
baicalin, a GUS-specific inhibitor. The addition of baicalin
significantly reduced the red fluorescence of the cells (Figure
3A,3B). This finding confirmed that the increased fluorescence
was due to higher GUS expression in inflammatory cells. These
results demonstrate that Ox-GUS can accurately detect
changes in GUS levels at the cellular level.

Figure 3. (A) Fluorescence imaging of HepG2 cells under different
treatment conditions: (a) untreated cells; (b) cells incubated with Ox-
GUS (10 μM) for 50 min; (c) cells incubated with LPS (0.5 μg/mL)
for 24 h, followed by Ox-GUS (10 μM) for 50 min; (d) cells
incubated with LPS (0.5 μg/mL) for 24 h, followed by baicalin (200
μM) for 1 h, and Ox-GUS (10 μM) for 50 min. (λex = 640 nm, λem =
663−738 nm. Scale bar = 50 μm). (B) Comparison of fluorescence
intensities for the different treatments in (A).
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Fluorescence Imaging of GUS Activity in RA Mouse
Model. Rheumatoid arthritis (RA) is an autoimmune disease
characterized by synovitis, which leads to the destruction of
articular cartilage and bone.38 This progression ultimately
causes joint deformities and loss of function.38 Traditional
imaging techniques such as X-ray, CT, MRI, and ultrasound
have been widely used to detect RA.39 However, they primarily
focus on structural changes in bones and joints and fail to
capture dynamic molecular changes at the pathological level.39

This limits their ability to elucidate pathological processes
underlying RA. Although studies have found increase of GUS
expression in RA, no diagnostic tools have been developed to
utilize this feature for RA diagnosis and therapeutic
monitoring.40,41 To address this limitation, we utilized Ox-
GUS to visualize changes in GUS expression during RA
progression. RA models were established by injecting λ-
carrageenan into the right tibial joint of mice, followed by Ox-
GUS administration (Figure 4A). Fluorescence imaging
revealed a progressive increase in fluorescence in the joints
of mice over time after probe injection. Notably, fluorescence
in the joints of RA mice was significantly stronger than that of
the control mice, indicating markedly elevated GUS expression
during RA progression. Additionally, we evaluated GUS
expression during RA treatment using methotrexate, a
commonly used clinical drug. The results demonstrated a
notable reduction in fluorescence in the joints of treated mice,
suggesting that methotrexate effectively decreased GUS
expression in inflamed joints (Figure 4B,4C). These findings
demonstrate that Ox-GUS can dynamically monitor GUS
activity in joints, providing valuable insights for both diagnostic
and therapeutic evaluation of RA. In summary, GUS levels are
elevated during RA progression, and Ox-GUS can monitor
GUS activity in joints in real-time. This approach provides a

new perspective for studying RA pathology and has potential as
a simple and rapid tool for RA diagnosis and therapeutic
efficacy evaluation.
Fluorescence Imaging of GUS Activity in AIH Mouse

Model. Autoimmune hepatitis (AIH) is a chronic inflamma-
tory liver disease resulting from an abnormal immune reaction
against liver cells, which leads to liver damage.42 Because AIH
often has an insidious onset and is asymptomatic in its early
stages, it frequently progresses unnoticed until significant liver
damage has occurred.43 To study GUS activity in liver
inflammation, a ConA-induced mouse model was used to
simulate AIH. After successfully establishing the mouse model,
Ox-GUS was injected in the mice, and in vivo fluorescence
imaging was performed 10 min later (Figure 5A). The results
showed a significant increase in fluorescence intensity of the
inflammation group compared to negligible fluorescence
observed in the control group. This observation indicates
that GUS expression is elevated in the liver of AIH mice. To
further assess the ability of Ox-GUS to evaluate therapeutic
effects, we used prednisolone, a clinically prescribed drug for
AIH treatment. The results showed that the fluorescence
intensity of the treatment group was significantly reduced,
confirming that the treatment with prednisolone could lower
GUS levels in the liver (Figures 5B and 5C). Ex vivo
fluorescence imaging of major organs also showed similar
results: the liver of AIH mice exhibited strong fluorescence,
while that of the treatment group exhibited notably lower
fluorescence (Figure 5D). H&E staining further confirmed
hepatic tissue necrosis and inflammatory infiltration in AIH
mice, and the treatment with prednisolone could alleviate these
symptoms (Figure 5E). In conclusion, during AIH inflamma-
tion, liver GUS activity is elevated. Additionally, Ox-GUS can
effectively monitor the progression of AIH and the therapeutic

Figure 4. (A) Schematic diagram showing the procedure for developing RA mouse model used for in vivo fluorescence imaging. (B) Fluorescence
images of mice in the control group, inflammation group, and treatment group at different time points after Ox-GUS injection. (C) Mean
fluorescence intensity of images in (B).

Analytical Chemistry pubs.acs.org/ac Article

https://doi.org/10.1021/acs.analchem.5c00658
Anal. Chem. 2025, 97, 9414−9421

9418

https://pubs.acs.org/doi/10.1021/acs.analchem.5c00658?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.5c00658?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.5c00658?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.5c00658?fig=fig4&ref=pdf
pubs.acs.org/ac?ref=pdf
https://doi.org/10.1021/acs.analchem.5c00658?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


effects of treatment. Thus, it could be used as a novel
diagnostic tool for early detection and evaluation of liver
inflammatory diseases.
Fluorescence Imaging of GUS Activity in IBD Mouse

Model. Inflammatory bowel disease (IBD) is a chronic,
relapsing inflammatory condition of the intestine that
significantly affects the quality of life of patients and increases
the risk of colorectal cancer.44 Accurate diagnosis and effective
treatment during inflammatory episodes are crucial for
preventing disease progression and improving prognosis.45

To address these needs, we used Ox-GUS to monitor GUS
activity in an IBD mouse model induced by dextran sulfate
sodium (DSS) (Figure 6A). Fluorescence imaging showed a
gradual increase in fluorescence intensity over time in the
inflammation group, and the intensity was notably higher in
comparison to the control group, indicating elevated GUS
expression during IBD. These findings suggest that Ox-GUS
can serve as a fluorescence tool for diagnosing IBD. We also
evaluated the therapeutic effect of cyclosporin A (CsA), a drug
used to treat IBD. The results showed that the fluorescence
intensity of the treatment group was significantly lower
compared to the IBD model group. This indicates that CsA
treatment decreases GUS activity during inflammation (Figure
6B,6C). Ex vivo imaging of the organs further confirmed that
the intestines of mice in the inflammation group exhibited the
brightest fluorescence, consistent with the in vivo imaging
results (Figure 6D). H&E staining revealed significant

inflammatory cell infiltration and goblet cell destruction in
the intestines of IBD mice, and CsA treatment markedly
alleviated these symptoms (Figure 6E). In summary, through
variations in fluorescence intensity, Ox-GUS can accurately
reflect dynamic changes in GUS activity during IBD. It can also
serve as a reliable tool for evaluating drug efficacy, offering new
insights into the clinical management of IBD. These findings
highlight the potential of Ox-GUS as an essential tool for
diagnosing and assessing the therapeutic effects of IBD
treatments.

■ CONCLUSIONS
In summary, we developed Ox-GUS, a GUS-specific
fluorescent probe with exceptional optical properties, including
near-zero background fluorescence and absorption. These
characteristics resulted in a high signal-to-noise ratio, enabling
highly sensitive detection of GUS activity through both
fluorescence and colorimetric methods. Ox-GUS could
effectively visualize the upregulation of GUS during cellular
inflammation. In vivo fluorescence imaging confirmed that the
probe could sensitively detect changes in GUS activity in
inflammatory tissues. This was validated in mouse models of
rheumatoid arthritis, autoimmune hepatitis, and inflammatory
bowel disease. Additionally, Ox-GUS was able to successfully
monitor the decrease in GUS levels following targeted
treatment, which highlights its potential for therapeutic

Figure 5. (A) Schematic diagram showing the procedure for developing AIH mouse model used for in vivo fluorescence imaging. (B) Fluorescence
images of mice in the control group, inflammation group, and treatment group at different time points after Ox-GUS injection. (C) Mean
fluorescence intensity of images in (B). (D) Fluorescence images of dissected organs of mice in the control group, inflammation group, and
treatment group. (E) H&E staining images of liver tissue of mice in the control group, inflammation group, and treatment group (×400
magnification).
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evaluation. This study shows that Ox-GUS is a powerful tool
for investigating the dynamic role of GUS in inflammatory
processes. Its application paves the way for advancements in
the early diagnosis and treatment monitoring of inflammation-
related diseases and reinforces the potential of GUS as a
reliable biomarker for inflammatory conditions.
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