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In vitro diagnostics often detects biomarkers in body fluids (such as blood, urine, sputum, and
cerebrospinal fluids) to identify life-threatening diseases at an early stage, monitor overall health, or
provide information to help cure, treat, or prevent diseases. Most clinically used optical in vitro
diagnostic tests utilize dye-labeled biomolecules for biomarker recognition and signal readout, which
typically involve complex steps and long processing times. Activatable optical probes (AOPs), which
spontaneously activate their optical signals only in the presence of disease biomarkers, offer higher
signal-to-background ratios and improved detection specificity. They also have the potential to simplify
detection procedures by eliminating multiple washing steps. In this review, we summarize recent
advances in the use of AOPs for pre-clinical and clinical body fluid diagnostics across various diseases,
including cancer, nephro-urological disorders, infectious diseases, and digestive diseases. We begin by
Received 26th December 2024 discussing the molecular design strategies of AOPs to achieve different optical signal readouts and
DOI: 10.1039/d4cs01315h biomarker specificity. We then highlight their diagnostic applications in various disease models and body
fluids. Finally, we address the challenges and future perspectives of AOPs in enhancing body fluid
rsc.li/chem-soc-rev diagnostics and advancing precision medicine.
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1. Introduction

In vitro diagnostics (IVD) refers to the analytical technologies
used to examine the pathophysiological state of biological speci-
mens from living organisms under extracorporeal conditions, and
has become an integral part of modern healthcare in disease
diagnostics, health monitoring, and instructed clinical decision."
IVD involves a wide range of sample types, including body fluids,
secretions/excretions, tissues, and cells. As compared to other
types of IVD, body fluid (blood, urine, sputum, tears, saliva, etc.)-
based diagnostics offers advantages such as directly reflecting the
pathological states of various organs, minimally invasive sampling
procedures, and high reproducibility.> Therefore, body fluid diag-
nostics has remained as the most prevalent and widely applied
form of IVD. Current clinical approaches of body fluid diagnostics
encompass a variety of methods, including immunological meth-
ods (enzyme-linked immunosorbent assay (ELISA), chemilumi-
nescence immunoassay (CLIA), flow cytometry, etc.), molecular
diagnostic methods (polymerase chain reaction (PCR) and
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variants of reverse transcription-polymerase chain reaction
(RT-PCR), and quantitative real-time polymerase chain reaction
(qPCR)), clinical chemistry methods (spectrophotometry, electro-
chemistry, and colorimetry), hematology methods (complete
blood count and coagulation tests), microbiology methods
(culture and sensitivity testing and mass spectrometry), etc.’

In order to improve detection sensitivity and spatial resolution,
optical IVD approaches utilizing dye-labeled biomolecules for
biomarker recognition and signal readout have been developed,
such as colorimetry, CLIA, fluorescence immunoassay, qPCR, etc.
However, these methods are typically time-consuming, labor-
intensive, and require specialized personnel and instrumen-
tation.” For example, conventional immunoassays typically
require 4+ hours of processing time (from sample collection to
result reporting) with 5+ steps, including sample preparation,
incubation, multiple washing, signal detection and result inter-
pretation. These steps are crucial to reduce background signals
and enhance signal-to-background ratios (SBRs), and any devia-
tions can lead to false positive or false negative results.” While
automation has significantly improved operational efficiency and
reduced human errors in clinical laboratories, the assay’s inherent
complexity continues to pose challenges, such as variations in
sample handling and instrument calibration.® These limitations
underscore the importance of developing more simplified and
advanced diagnostic approaches to maintain high accuracy.

Activatable optical probes (AOPs) are a class of optical agents
that spontaneously activate their optical signals in the presence
of disease biomarkers, thereby offering high SBRs and improved
detection sensitivity and specificity.” To date, a variety of AOPs
have been applied in body fluid diagnostics.">"" As compared to
clinical assays, these AOP-based body fluid diagnostics have
substantially simplified protocols: they only require direct addi-
tion of AOPs into (pre)clinical specimens, followed by a short
incubation time and subsequent optical signal readout. This
streamlined process not only reduces procedural complexity
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Fig. 1 Body fluid-based disease diagnostics. An overview of diseases, body fluids, and biomarkers relevant to AOP applications in in vitro diagnostics.
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by eliminating repetitive washing steps and reducing sample
manipulation, but also potentially improves diagnostic perfor-
mance and achieves disease detection at an incipient stage. More-
over, by integrating molecular recognition and signal transduction
into a single entity, AOP-based body fluid diagnostics could be
developed into point-of-care testing (POCT) devices. This integra-
tion represents a significant advancement towards more efficient,
rapid, and accessible in vitro diagnostic tools, making them
particularly valuable across various clinical applications, especially
in resource-limited settings or when rapid results are crucial.">"
In this review, we summarize recent advances in AOP-based
body fluid diagnostics under various pathological conditions
(cancer, nephro-urological disorders, infectious diseases, diges-
tive diseases, etc.) (Fig. 1 and Table 1). The molecular design
strategies of AOPs that enable diverse optical signal readouts
and biomarker specificity are first discussed. The diagnostic
utility of these AOPs is then elaborated in various disease
models and body fluids. Finally, the challenges and future
perspectives related to improving body fluid diagnostics and
advancing the field of precision medicine are explored.

2. Molecular designs

To perform body fluid-based disease diagnostics, effective AOP
designs meet the following two requirements. First, the AOP
should be developed based on common optical imaging agents
(molecular fluorophores,”*® quantum dots,”® multifunctional
nanomaterials,”® etc.) and exhibits an obvious spectra change

3908 | Chem. Soc. Rev., 2025, 54, 3906-3929

upon biomarker detection. To enhance SBRs and improve
spatial resolution, AOPs with a “turn-on” signal response have
been reported. Ratiometric AOPs with shifts in emission profiles
have also been developed for biomarker quantification. Second,
AOPs should demonstrate sensitive and specific detection cap-
abilities towards biomarker-of-interest. Suitable sensing
mechanisms could be incorporated into AOP molecular designs
to achieve chemoselectivity towards various biomarkers in body
fluids, such as enzymes,**** small molecules,’*>* proteins,’” etc.

AOPs could be classified into different categories based on their
molecular design strategies, such as charge transfer processes,’®
energy transfer processes,”® photoinduced electron transfer
(PET)”” and aggregation-induced emission (AIE)*® (Fig. 2). For
example, several AOPs with signals “turn-ON” are designed based
on charge transfer processes, including intramolecular charge
transfer (ICT) and twisted intramolecular charge transfer (TICT).
For ICT-based AOPs (1, 5, and 11), they are designed based on fine-
tuning of the charge transfer processes, where the incorporation of
biomarker-responsive moieties on optical-tunable atoms disrupts
the charge transfer processes, and ICT processes are recovered
with fluorescence enhancement upon biomarker recognition
(Fig. 2a). In addition, several TICT-based AOPs (17, 19, and 20)
have been developed for albumin detection, where the initial
intramolecular rotation enables charge separation (TICT ON),
and upon albumin binding, the intramolecular rotation becomes
restricted in the protein hydrophobic cavity (TICT OFF), resulting
in fluorescence activation (Fig. 2b).

Based on energy transfer processes (for example, Forster
resonance energy transfer/FRET), several AOPs (33 and 39)

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 AOP molecular design strategies. Schematic illustration of AOP molecular design strategies: (a) ICT, (b) TICT, (c) FRET, (d) PET, (e) AIE, and (f) others.

are designed through a facile strategy by conjugating a donor
fluorophore and a quencher via a biomarker-cleavable linker,
and biomarker cleavage results in shifts in fluorescence emis-
sion (Fig. 2c). Besides, PET-based AOP 21 has been developed
by conjugating an electron-withdrawing nitrobenzyl group onto
fluorophores to achieve a nitroreductase-activatable response.
AOP 21 initially exhibits minimal fluorescence due to intra-
molecular electron transfer, and fluorescence is recovered after
biomarker cleavage. AIE represents a unique mechanism where
dispersed molecules show minimal emission, but biomarker-
induced aggregation restricts molecular motion, leading to
enhanced fluorescence emission (Fig. 2d), typically observed
in tetraphenylethene derivatives that become highly fluorescent
upon analyte-induced aggregation (AOPs 31, 32).

AOPs have also been developed based on other molecular
design strategies, including nanomaterial-based surface energy
transfer (NSET),> through bond energy transfer (TBET),*® ligand
substitution,®" and polarity responsiveness (Fig. 2e).°> NSET refers
to the dipole-surface energy transfer between fluorophores and
nanomaterial surfaces. For example, AOP 26 is developed by
conjugating fluorescently labeled substrates onto gold nano-
particles, and fluorophores are released upon biomarker cleavage.
TBET is a highly efficient energy transfer process based on a
conjugated donor-acceptor system connected via rigid =-
electronic bridges for rapid and efficient energy migration. Upon
biomarker recognition, structural or electronic perturbations of the
conjugated pathway modulate the energy transfer process, result-
ing in ratiometric fluorescence changes (AOP 37). Ligand
substitution-based AOPs (for example, AOP 36) are molecular
sensors that utilize coordination chemistry to achieve signal
transduction, wherein the exchange of ligands around a metal

This journal is © The Royal Society of Chemistry 2025

center induces a transition in optical properties. Polarity
responsiveness-based AOPs usually modulate their emission prop-
erties based on changes in the local environmental polarity and
exhibit distinct photophysical behaviors in environments of differ-
ent polarities. For example, AOP 24 represents a polarity-responsive
design where enzymatic incorporation and then into the hydro-
phobic mycomembrane triggers dramatic fluorescence enhance-
ment through environmental polarity transition from aqueous to
lipophilic conditions.

These various molecular mechanisms exhibit distinct advantages
and are suitable for different detection scenarios. For instance, ICT/
TICT-based mechanisms offer broad applicability and versatility in
molecular design, though their performance is susceptible to
environmental factors, particularly pH. FRET-based probes achieve
excellent ON/OFF contrast and are particularly valuable for detecting
DNA and protein, though their efficiency depends on the donor-
acceptor distance and spectral overlap. PET-based designs demon-
strate a rapid response and high sensitivity to electrical potential
changes, making them ideal for ion detection and neurotransmitter
monitoring. AIE-based probes are particularly useful for imaging in
aggregation-induced analytes, such as in cellular membranes or
amyloid fibrils, while their performance may be compromised in
highly soluble or dispersed systems. Therefore, selecting an appro-
priate luminescence mechanism, or even combining multiple
mechanisms, based on specific application conditions is crucial
for the design and application of AOPs.®*™®

3. Body fluid diagnostics using AOPs

AOPs have emerged as promising detection tools in body fluid
diagnostics, demonstrating superior advantages over other
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(pre)clinical diagnostic approaches through their rapid detec-
tion, high sensitivity, and minimal sample requirements
across various pathological conditions. Therefore, AOP-based
body fluid diagnostics has been successfully implemented
in the diagnosis of many major diseases, including cancer,
genitourinary disorders, infectious diseases, gastrointestinal
diseases, neurodegenerative diseases, cardiovascular disorders,
etc. Additionally, AOPs feature user-friendly operational proto-
cols and straightforward signal readout methods that require
minimal technical expertise, making them suitable for deploy-
ment in primary healthcare settings and home-based monitor-
ing. The specific applications of AOP-based body fluid
diagnostics in various disease categories will be elaborated in
more detail in the following sections.

3.1. Cancer

Cancer is one of the leading causes of death globally with high
morbidity and mortality.®® Therefore, cancer diagnosis at an
early disease stage is crucial to achieve effective treatment and
improved patient outcomes. Tumor-associated biomarkers,
representing a diverse array of small molecules, enzymes, and
reactive species that are distributed across various body fluids
(blood, urine, saliva, and tissue fluid), offer a wealth of detec-
tion targets and sample sources for tumor detection.®” Though
current clinical detection methods such as ELISA, MS, and PCR
have been widely employed to detect tumor-associated biomar-
kers, these techniques often require sophisticated instrumenta-
tion, complex sample preparation procedures, and substantial
analytical expertise, leading to time-consuming and costly
analyses.®® In contrast, AOP-based body fluid diagnostics
enables short detection times, simplified sample preparation
protocols, accessible operational procedures, and cost-effective
implementation, while maintaining sensitivity levels comparable
to standard commercial assay platforms. This innovative tech-
nology paves the way for precision oncology, promising to
significantly enhance the accuracy and timeliness of cancer
diagnostics.

3.1.1. Blood. Blood, a vital component of the human body,
is the main constitution of the whole-body circulatory system
and serves as the primary medium for clinical diagnosis.®® With
systemic circulation throughout the body, blood carries a series
of substances, including cells, proteins, metabolites, etc. This
complex mixture reflects the physiological and pathological
states of various organs and tissues, making blood an invaluable
source of information for diagnosing and monitoring diseases.”
In the field of cancer diagnostics and monitoring, hematological
analysis occupies a prominent position. Circulating components
from tumor microenvironments, including small molecules,
proteins and enzymes, have significant diagnostic potential as
tumor-specific biomarkers.”" These biomarkers provide addi-
tional evidence of cancer activity, complementing existing
blood-based diagnostic methods and potentially enhancing the
accuracy of cancer detection and monitoring.

v-Glutamyl transpeptidase (GGT) is a membrane protease
associated with tumor progression, invasion, and chemoresis-
tance, and its overexpression has been reported in various
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human malignancies (ovarian, cervical, liver tumors, etc.).””
The elevated serum GGT level is associated with an increased risk
of cancer progression, invasion, and migration.”® In response to
the diagnostic potential of GGT, Li’s and Yang’s groups reported
GGT-activatable fluorescent and bioluminescent AOPs 1 and 2
(Fig. 3)."*'> AOP 2 was constructed by caging the p-luciferin
hydroxyl group with the GGT-cleavable y-glutamyl group through
a self-immolative linker. The y-glutamyl bond was cleaved in the
presence of GGT to release active p-luciferin. Due to the absence of
excitation-induced autofluorescence, AOP 2 achieved a remarkable
limit of detection (LOD) value of 0.66 mU L™". The AOP 2-based
serum test was then applied to distinguish ovarian carcinoma
patients from healthy controls with clinical serum samples and
achieved high accuracy (Fig. 4a). Notably, the detection results
obtained with AOP 2 show complete concordance with those from
commercial GGT assay Kkits.

The elevated serum level of homocysteine (Hcy), hyperho-
mocysteinemia, has been correlated with an increased risk of
various cancers (such as colorectal cancer, glioblastoma, breast
cancer, bladder cancer, etc.).”* Kim’'s group reported a Hcy-
activatable fluorescent probe (AOP 3) for real-time monitoring
of serum Hcy levels with diagnostic and prognostic purposes.*®
AOP 3 utilized pyridine-thiol coordination and amine-addition
reaction mechanisms to achieve selective Hey detection (Fig. 3).
As shown in Fig. 4b, AOP 3 showed remarkable responsiveness
to Hey in plasma with a low LOD value (0.084 ppm) and a rapid
response time (within 5 minutes). The AOP 3-based blood test
was then applied to monitor tumor progression in the glioblas-
toma (GBM) tumor mice model and up to ~1.6-fold elevated
bioluminescence signals were observed at 7 days post-tumor
implantation. In contrast, AOP 3-based real-time imaging only
detected tumor growth at 14 days post-tumor implantation.
Therefore, the AOP 3-based blood test could effectively detect
GBM at an early stage (Fig. 4c). In addition to biothiols, other
small molecules have also emerged as potential biomarkers for
cancer diagnosis. For example, Zhu’s group developed a hydro-
gen peroxide (H,0,)-responsive fluorescent nanoprobe (AOP 4,
Fig. 3) to assist the identification of circulating tumor cells
(CTCs)."” AOP 4 consists of a H,0,-responsive molecular fluor-
ophore (coumarin derivative Cou-BPin) and a hydrophilic glycol
chitosan and self-assembles into micellar nanoparticles in
aqueous solutions. AOP 4 demonstrated high sensitivity to
H,0, with a LOD of 0.1 pM, therefore enabling imaging of
endogenous H,0, in human colorectal cancer cells and facil-
itating the identification of circulating tumor cells (CTCs). In
clinical blood samples from colorectal cancer patients, this
H,0,-based CTCs counting method showed better agreement
with pathological findings compared to traditional approaches.

3.1.2. Urine. Urine is a primary metabolite that contains
various components reflecting physiological and pathological
conditions, including tumor-associated biomarkers that are
crucial for cancer diagnosis.”> However, renal filtration and
reabsorption processes significantly dilute or eliminate certain
key biomolecules, presenting analytical challenges. With super-
ior detection sensitivity and specificity, AOPs represent a pro-
mising approach to detect low-abundance urinary biomarkers.

This journal is © The Royal Society of Chemistry 2025
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These probes are engineered to maintain minimal background
signals in their initial state while generating significant signal
enhancement upon biomarker recognition. The ‘“turn-on” or
ratiometric response pattern effectively reduces background
signals while amplifying response signals, substantially
improving the signal-to-background ratio compared to tradi-
tional ‘“always-on” probes. As a result, AOPs enable a highly
sensitive optical signal transformation, often achieving several-fold
to even ten-fold signal enhancement, which ensures sensitive
detection even in diluted samples. This emerging technology holds
potential to advance non-invasive diagnostics, particularly in early
cancer detection and disease monitoring, thereby transforming
urine-based clinical assessments.

Aminopeptidase N (APN) is a membrane-bound zinc-
dependent metalloprotease that is overexpressed in various
cancers (bladder cancer, breast cancer, liver cancer, etc.).”®
Previously, our group reported an APN-activatable AOP 5
(Fig. 3) for sensitive bladder cancer detection.'® In orthotopic
bladder cancer mice model, AOP 5-based urinalysis showed a
statistically significant fluorescence enhancement (2.1-fold) at
7 days post-tumor implantation, and the urine fluorescence
signals continued increasing to 4.1-fold at 28 days post-tumor
implantation (Fig. 4d). Histological studies further revealed

This journal is © The Royal Society of Chemistry 2025

that this signal evolution correlates well with the bladder tumor
progression.

Besides liable serum biomarkers, cysteine (Cys) and Hcy, are
also potential urinary biomarkers for cancer detection.”” Kim’s
group reported AOPs 6 and 7 that selectively detect urinary Cys/Hcy
for cervical cancer diagnosis (Fig. 3).">*° With high sensitivity
towards Cys (LOD = 1 ng mL "), AOP 6-based urinalysis requires a
small amount of urine sample (200 pL) and short diagnosis time
(40 min). The capability of AOP 6-based urinalysis was then tested
in 1756 urine samples from well-characterized patients bearing
urological disorders (urinary stone, kidney cancer, prostate cancer,
and bladder cancer), non-urological disorders (cervical cancer,
diabetes, pituitary adenoma, adrenal adenoma, lung cancer, ovar-
ian cancer, pancreatic biliary tract cancer, and pancreatic cancer),
and healthy controls (Fig. 4e). AOP 6 showed a remarkable
performance in cervical cancer diagnosis, achieving a true positive
rate of 74% and a true negative rate of 88.3% (Fig. 4f). Such a non-
invasive, simple, and rapid urine-based diagnostic approach offers
a promising alternative to traditional cervical cancer screening
methods (pap smear and staining), potentially improving early
detection rates and patients’ comfort.

Sialyl Lewis X (sLe) is a terminal O-glycan structure highly
expressed on cancer cells and has been identified as a prostate

Chem. Soc. Rev., 2025, 54, 3906-3929 | 3913
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cancer-related biomarker.”® Wang and coworkers presented 3.1.3. Saliva. Saliva is a complex biofluid secreted by the

AOP 8-based urinalysis for rapid prostate cancer detection.*
AOP 8 selectively binds to sLe, causing a significant fluores-
cence enhancement due to changes in electron transitions.
With high detection sensitivity (LOD = 4.58 x 10" mol L"),
AOP 8-based urinalysis successfully distinguished upregulated
sLe® levels in clinical urine samples from prostate cancer
patients compared to healthy controls within 15 minutes,
demonstrating its potential for pancreatic cancer early
screening.

3914 | Chem. Soc. Rev,, 2025, 54, 3906-3929

salivary glands and comprises lots of biomolecules that reflect
the systemic health. Salivary diagnostics offers several advan-
tages, including non-invasiveness, the ease of collection, and
the capacity for multiple sampling without causing patient
discomfort or pain. Therefore, the saliva test has become an
increasingly attractive option for diagnostic and prognostic
applications. Salivary biomarkers have demonstrated significant
potential as reliable diagnostic tools for a variety of pathological
conditions, especially in diagnosing and monitoring diseases of

This journal is © The Royal Society of Chemistry 2025
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the head and oral regions. Owing to the anatomical proximity of
these areas to the oral cavity, they could directly release specific
biomarkers into the saliva.”® This localized biomarker release
mechanism could potentially enhance the sensitivity and speci-
ficity of salivary diagnostics.

Nitric oxide (NO) is a multifunctional gaseous messenger
molecule involved in many important biological processes; yet,
recent studies revealed that an abnormally high concentration
of NO in saliva is associated with periodontitis and oral
carcinoma.® Jiao et al. reported a novel near-infrared fluores-
cent probe, AOP 9 (Fig. 3), to detect the saliva NO content in
clinical samples.”” AOP 9 is designed based on a Se-NO bond
recognition mechanism and therefore exhibits high selectivity
and sensitivity towards NO with a LOD value of 28 nM. The probe
demonstrates a rapid response (within 5 minutes) and near-
infrared emission (780 nm), making it suitable for biological
applications. The capability of AOP 9 to detect oral cancer was
then evaluated with clinical experiments involving 20 saliva
samples from healthy individuals and patients with periodonti-
tis and oral cancer. In samples from oral cancer patients, the
AOP 9-based saliva test showed statistically significant 4.9-, 1.9-
fold fluorescence enhancements, as compared to healthy and
periodontitis groups, respectively (Fig. 4g). Therefore, AOP 9
serves as a valuable tool for monitoring and evaluating the
progression of oral diseases.

3.1.4. Tissue fluid. Tissue fluid, also known as interstitial
fluid, refers to the extracellular fluid that surrounds cells within
tissues, facilitating the exchange of nutrients, waste products,
and signaling molecules between blood and cells.®! Tissue fluid
exhibits high diagnostic value as it directly reflects tissue
environments; yet, it is not easily accessible for direct sampling.
Recently, with advances in clinical techniques (microdialysis,
pressure measurements, artificial lavage, analysis of wound
exudates, etc.), tissue fluid-based in vitro diagnosis provides
insights into local physiological and pathological processes,
complementing traditional blood and urine tests in both
clinical and preclinical applications.®

For example, long-chain aldehydes (specifically, hexanal,
heptanal, octanal, and nonanal) have been identified as sig-
nificant biomarkers for lung cancer diagnosis, and their con-
centrations in biological matrices (lung fluid, blood, tumor
tissue, and exhaled breath) exhibit up to 80% elevation in lung
cancer patients compared to healthy individuals.®* To achieve
the specific detection of long-chain aldehydes, Jongkhumkrong
et al. presented a novel fluorescent nanosensor, AOP 10 (Fig. 3)
based on helicene dye encapsulated in ethyl cellulose.>® The
helicene dye contains a hydrazide group and could react with
the aldehyde group via imine formation; the chemical conjuga-
tion along with hydrophobic interactions with alkyl long-chain
aldehydes subsequently induce nanosensor self-assembly and
fluorescence turn-ON. AOP 10 showed high selectivity and sensi-
tivity with a short measurement time (15 minutes) and a LOD
value of 10 uM towards nonanal. The capability of AOP 10 to
quantify long-chain aldehyde content in lung fluid samples was
then tested with clinical specimens from lung cancer patients,
and the fluorescence enhancement from AOP 10 showed a

This journal is © The Royal Society of Chemistry 2025
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positive correlation with standard gas chromatography-mass
spectrometry (GC-MS) (Fig. 4h). Therefore, with the advantages
of high specificity, rapid response time, and simplicity of use, AOP
10 could become a promising tool for both research and clinical
diagnostics in lung cancer management.

3.2. Nephro-urological disorders

Nephro-urological disorders encompass a wide range of condi-
tions affecting the kidneys, ureters, bladder, and urethra and
represent a significant global health concern.®® Current clinical
approaches employ a combination of laboratory tests, imaging
techniques, and invasive biopsy. In comparison to other clinical
methods, in vitro diagnostics provides a non-invasive and rapid
test approach; yet, it is limited by issues of poor sensitivity
and specificity, particularly in early-stage disease detection.®®
To resolve these limitations, the AOP-based urine test with
enhanced specificity and real-time result readout capabilities
could potentially improve disease early detection and persona-
lized treatment strategies in nephro-urological disorders.

3.2.1. Urine. Urine possesses unique physiological properties
that reflect real-time alterations in urological homeostasis
and pathogenic changes in the nephron-urological system.®®
Therefore, urine serves as the representative biofluid for urologi-
cal disease diagnostics. In particular, urine contains numerous
biomarkers (small molecules, enzymes, proteins, etc.) that are
indicative of renal functions, metabolic processes, and pathologi-
cal conditions, providing a rich source of diagnostic information
for urological diseases.®” Therefore, urinary biomarker-responsive
AOPs have been developed and applied for early diagnosis and
management of urinary system disorders, for example, real-time
monitoring of kidney functions, early detection of kidney dis-
eases, and rapid drug screening.

Monitoring up-regulated urinary enzymes provides a non-
invasive approach to detect renal dysfunctions at an early stage
before kidney structural damages as reflected by elevations in
serum creatinine.®® A series of AOPs have been developed to
detect urinary enzymes that are associated with key pathophy-
siological processes, such as lysosomal damages (N-acetyl-B-p-
glucosaminidase (NAG))*® and proximal tubule brush border
membrane damages (GGT, alanine aminopeptidase (AAP), and
dipeptidyl peptidase-IV (DPP-1v)).*° Previously, our group
designed AOPs 11-13 for sensitive detection of drug-induced
kidney injury (DIKI) at an early disease stage.”***> These AOPs
were constructed by caging the optically tunable atoms on
fluorophores (coumarin, resorufin, and hemi-cyanine) with
biomarker-responsive groups (GGT: y-glutamate; AAP: alanine;
NAG: N-acetyl-B-p-glucosaminide). The capabilities of AOPs
11-13 to detect kidney dysfunctions were then tested in pre-
clinical DIKI mice models in both acute and chronic manners.
In cisplatin-induced acute kidney injury mice model, NAG-
activatable AOP 11 detected the onset of kidney injuries at
24 hours post-cisplatin treatment, which was at least 24 hours
earlier than other preclinical blood and urine biomarkers
(cystatin C, neutrophil gelatinase-associated lipocalin, osteo-
pontin, B2-microglobulin, and trefoil factor-3), and 48 hours
earlier than clinical serum creatinine and the BUN test.
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For multiplex urinalysis, AOPs 11-13 were designed to emit
distinct fluorescence signals with a minimal overlap (Fig. 6a-c).
In doxorubicin-induced chronic kidney disease models, these
AOPs detected kidney dysfunction 5 days earlier than tradi-
tional clinical biomarkers like serum creatinine and blood urea
nitrogen (Fig. 6d and e). Besides, as shown in Fig. 6f, receiver
operating characteristic (ROC) analysis revealed that AOPs
(11-13)-based multiplex urinalysis demonstrated the highest
diagnostic accuracy (AUC = 0.94) among traditional clinical
diagnostic approaches (AUC ~ 0.75).

In addition, enzyme-activatable AOPs have been applied for
nephron-urological disease diagnostics using clinical speci-
mens. For example, Isomoto et al. developed AOPs 14 and 15
that are specific towards DPP-IV and GGT and demonstrated
their applications in diabetic kidney disease diagnosis.>® Both
DPP-IV and GGT are localized to proximal tubular cells, and are
released into urine when tubules are injured; yet both tubular
and circulating DPP-IV are up-regulated in patients with dia-
betes mellitus. In a clinical study involving 102 patient urine
samples, AOPs (14 and 15)-based urinalysis successfully differ-
entiated diabetic kidney diseases from nephrosclerosis or
glomerulonephritis. Therefore, the non-invasive nature, early
detection capability, and improved diagnostic accuracy make
these urinalysis approaches promising for both preclinical drug
screening and clinical diagnosis of nephron-related diseases.

Detection of abnormal levels of urinary protein (especially
albumin (ALB)) holds great clinical importance, as it reflects
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various disease states such as kidney injuries, diabetic nephro-
pathy, cardiovascular risk, and pregnancy complications.’®
However, clinical methods to detect urine proteins, including
dipstick tests, immunoturbidimetry, and immunofluorescence
imaging suffer from shortcomings such as low sensitivity,
insufficient specificity, and complicated operation procedures.
To address these challenges, researchers have developed a
series of AOPs 16-20 to achieve sensitive detection of urinary
proteins (Fig. 5)."**"° For example, Zhou’s group reported
AOP 17 to quantitatively detect urinary ALB in samples from
chronic kidney injury rat models and patient samples.”® AOP 17
specifically binds to the hydrophobic cavity of ALB which
inhibits the TICT effect, and the fluorescence intensity
responds linearly towards ALB concentrations (0 to 1.0 g L)
with a LOD of 0.36 mg L' (5.4 nM). AOP 17 was then applied to
quantify the ALB amount in patient samples, and showed
consistent results with the Coomassie Brilliant Blue staining
method (Fig. 6g).

Zhu et al. reported AOP 20 for POCT of urinary microalbu-
min (mMALB) in clinical patient samples.'> AOP 20 exhibited
conformational changes upon binding to mALB, transitioning
from a twisted structure to a more planar one, which subse-
quently mitigated the TICT effect with fluorescence activation.
In vitro experiments revealed that AOP 20 achieves mALB
detection with a wide linear range (0-8000 pg mL™") and a
low LOD (3.1501 pg mL™'). Subsequently, AOP 20 was applied
for POCT (Fig. 6h). As shown in Fig. 6i, AOP 20-based POCT (AF)
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Fig. 5 Chemical structures of AOPs 11-20 for nephron-urological disorder diagnostics in urine. NAG, N-acetyl-B-p-glucosaminidase; GGT, y-glutamyl
transpeptidase; DPP-1V, dipeptidyl peptidase-1V; HSA, human serum albumin; mALB, microalbumin.
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diseases (A: chronic nephritis, B: type 2 diabetes, C: high blood pressure, D: nephropathy, E: chronic renal failure). Panels (a)—(c) are reproduced from ref.
24 with permission from Springer Nature Limited, copyright 2019. Panels (d)-(f) are reproduced from ref. 25 with permission from American Chemical
Society, copyright 2020. Panel (g) is reproduced from ref. 28 with permission from Elsevier B.V., copyright 2023. Panels (h)-(j) are reproduced from ref. 13
with permission from SCUT, AIEI and John Wiley & Sons Australia, Ltd, copyright 2024.

reliability for practical applications (Fig. 6j). This comprehen-
sive evaluation confirms the potential of AOP 20 as a reliable
POCT tool for kidney-related diseases.

showed the strongest positive correlation with mALB levels
(Pearson’s r = 0.92) than other kidney functional markers
(BUN, sCr, UA, and GFR). Furthermore, AOP 20-based
POCT showed positive correlation with the clinical ELISA

method (Pearson’s r = 0.8-0.9) across different nephron- Infectious diseases

3.3.

related diseases (chronic nephritis, type 2 diabetes, high blood
pressure, nephropathy, and chronic renal failure), validating its

This journal is © The Royal Society of Chemistry 2025

Infectious diseases are primarily caused by pathogenic micro-
organisms such as bacteria, viruses, fungi, and parasites and
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have posed significant global health challenges.”> Therefore,
rapid and accurate diagnostic approaches are essential to
achieve effective treatment and prevention of spread. Tradi-
tional clinical diagnostic approaches such as culture-based
techniques and PCR often face limitations including time-
consuming processes, limited sensitivity, and high costs.”® In
contrast, AOPs that detect antimicrobial resistance markers
with high sensitivity and specificity have been readily devel-
oped, and AOP-based body fluid diagnostics offers several
advantages for infectious disease diagnosis, such as rapid
results, direct visual readout, quantitative assessment, and
minimal sample requirement. Thus, AOPs have potential to
become valuable tools for improving infectious disease diag-
nosis in clinical settings.

3.3.1. Sputum. Sputum is a complex biofluid produced in
the lung and respiratory tract, and contains a rich array of
biomolecules that reflect the health status of the respiratory
system.”® Sputum, as biological specimen, offers unique
advantages for diagnostic purposes, including its non-invasive
nature, ease of collection, and the ability to obtain multiple
samples without causing significant patient discomfort.”> In
addition, as a result of the direct contact between sputum and
the affected respiratory tissues, sputum biomarkers could serve
as reliable diagnostic tools for a variety of respiratory condi-
tions, such as pneumonia, tuberculosis, and cystic fibrosis.”*
Therefore, sputum-based disease diagnostics has become an
indispensable detective tool in respiratory medicine.

Tuberculosis, an infectious lung disease caused by Mycobac-
terium tuberculosis (Mtb) infection, remains one of the most
deadly diseases with high morbidity and mortality.”® Therefore,
the precise detection of Mtb is crucial for early diagnosis
and treatment efficacy monitoring of pulmonary infections.
Liu et al. reported AOP 21 that specifically activates fluores-
cence in response to Rv3368c, and Rv3368c is a specific
nitroreductase conversely expressed in live Mth.*' AOP 21 is
designed by incorporating a cyanine fluorophore with a nitro-
benzyl group which acts as a PET quencher. In in vitro experi-
ments, AOP 21 showed high detection specificity and sensitivity
towards Rv3368v-positive Mtb in sputum, with LODs of 3.5 x
10% and 4.3 x 10® CFU, respectively, for M. smegmatis, Mtb
H37Rv. The AOP 21-based sputum test was then applied for TB
diagnosis using clinical samples, and showed both high sensi-
tivity (85.9%) and specificity (99.0%) in distinguishing TB
patients from healthy donors (Fig. 8a). As compared to the
clinical BACTEC MGIT 960 culture methods or auramine O (AO)
bacterial staining, AOP 21 showed similar diagnostic accuracy,
yet significantly reduced detection time (15 min to 2 hours),
prolonged signal retention time (24 hours) and superior photo-
stability (Fig. 8b).

Besides Rv3368c, B-lactamase (BlaC, class A B-lactamase) is
an enzyme naturally expressed and secreted by Mtb. To achieve
sensitive detection of BlaC, Rao’s group reported AOP 22 and
demonstrated their applications in the diagnosis of tuberculo-
sis in clinical sputum specimens.'> AOP 22 was constructed
based on chemically modified cephalosporins; and upon BlaC
hydrolyzation, they release free umbelliferone with up to
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View Article Online

Review Article

200 fold fluorescence enhancement. This allowed for rapid
detection of Mtb var. bovis strain BCG (<10 CFU) in the
unprocessed human sputum within 10 minutes. The potential
of AOP 22 for POCT technique was then demonstrated with a
cell phone-implemented portable device, and similar detection
sensitivity was observed (Fig. 8c).

An alternative approach for detecting Mtb involves targeting
specific enzymes and structural components of the bacterium.
On the basis of AOP 22, Rao’s group further reported a dual-
targeting AOP 23 that could both fluoresce upon BlaC activation
and retain covalent binding towards DprE1 (involved in cell
wall synthesis) to label single bacilli and signal retention.*”
With dual-targeting capability, AOP 23 not only differentiated
live from dead Mtb var. bovis BCG strains, but also showed
specificity for Mtb over other bacterial species. AOP 23 was then
applied in patients’ sputum imaging, and recognized Mth
strains in a GeneXpert (commercial DNA detection method)
positive but the auramine O (stain with mycolic acids) negative
sample (Fig. 8d). The authors further incorporated AOP 23 into
a low-cost, self-driven microfluidic chip, and demonstrated its
potential for POCT with rapid, automated quantification of live
BCG in patient sputum. Similarly, Bertozzi’ s group reported
AOP 24, which could be catalyzed by antigen 85 (Ag85, is a
complex of enzymes crucial for Mycobacterium tuberculosis and
plays a vital role in cell wall synthesis) into the mycomembrane
as trehalose mycolates.** Upon incorporation, the fluorophore
transitions from an aqueous to a hydrophobic environment
within the mycomembrane, triggering a >700-fold increase in
fluorescence. This process allows specific labeling of live Mtb
without washing steps, with a LOD value of approximately
10000 CFU mL ™" in sputum. AOP 24 was then applied to detect
Mtb in clinical patient samples, and showed comparable diag-
nostic accuracy to clinical auramine O staining yet much
simpler operational protocol (Fig. 8e).

3.3.2. Synovial fluid. Synovial fluid, a viscous substance
found within the cavities of synovial joints, is produced by the
synovial membrane and contains a complex mixture of compo-
nents (hyaluronic acid, lubricin, proteinases, and collagenases)
that collectively maintain joint health and functions. Although
the collection of synovial fluid involves invasive procedures, its
unique composition offers a significant diagnostic value and it
directly reflects the physiological and pathological conditions
of the joint environment.

Septic arthritis is an infectious orthopaedic disease mainly
caused by Staphylococcus aureus (S. aureus),”” and AOPs respon-
sive towards S. aureus-specific enzymes have been developed for
disease detection. Micrococcal nuclease is an enzyme specifi-
cally secreted by S aureus and widely used in molecular biology
for chromatin studies, nucleic acid cleanup, therefore serving
as a diagnostic marker for S. aureus. Van Dijl et al. reported AOP
25 (Fig. 7) which consists of a fluorophore (ATTO488) and
quencher (ZEN-IAbRA) pair linked by a nuclease-cleavable
oligonucleotide.?* After incubation with clinical synovial fluid
(biofilm) samples, AOP 25 distinguishes S. aureus from other
bacteria within 2 hours (15 min), which provides a much more
rapid approach as compared to traditional culture methods

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4cs01315h

Open Access Article. Published on 14 March 2025. Downloaded on 12/15/2025 7:19:44 AM.

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

(cc)

Review Article

O

i 22
Rv3368c  "° °ﬁ°“ BlaC
HO! OH

C’ﬁb AN

HO'

o Quencher

NH,

24 ; 25

Ag85 Micrococcal nuclease

HH

HoN HO
2 YJ%/N H H > / N<—,
j;( N :
PNF - o
COOH L o oH
\

27
ESBL/AmpC

ololo
- H

View Article Online

Chem Soc Rev

NO,

o~ NO,

OMe

ﬁﬁ@

BIaC

AuNPs
j; Ay J*mr P

26
Cas-1

Enzyme

28

Carbapenemase

Fig. 7 Chemical structures of AOPs 21-28 for infectious disease diagnostics in sputum (AOPs 21-24), synovial fluid (AOPs 25, 26) and urine (AOPs 27, 28).
Rv3368c, nitroreductase Rv3368c; BlaC, B-lactamase; Ag85, antigen 85; Cas-1, caspase-1; ESBL/AmpC, extended-spectrum/AmpC B-lactamases.

(2-5 days). Thus, AOP 25 showed potential for real-time, intra-
operative visualization of S. aureus infection.

In addition, the bacterial immune escape in host cells (especially
in macrophages) frequently causes ineffective antibiotic treat-
ment effects and disease recurrence of septic arthritis.”® To
achieve rapid and sensitive detection of intracellular bacteria,
Song and coworkers reported an activatable fluorescent AOP 26
that triggers fluorescence signals in response to caspase-1
(Cas-1), which is a cysteine protease expressed in bacterial-
infected macrophages.*> AOP 26 was constructed by conjugat-
ing FITC and gold nanoparticles (AuNPs), respectively, as
energy donors and acceptors, via a Cas-1-cleavable peptide
sequence. AOP 26 exhibited high detection specificity and
sensitivity with a LOD of 5 S. aureus per host cell without
the need for washing extracellular bacteria. AOP 26 was then
applied to detect intracellular bacteria in patients’ synovial
fluid samples, and its activated fluorescence signals showed a
positive correlation with bacterial colony growth, demonstrat-
ing the diagnostic potential of AOP 26 (Fig. 8f).

3.3.3. Urine. Urinary tract infections (UTIs) are the most
common nosocomial infection affecting millions globally. Urin-
ary tests serve as essential tools in diagnosing, monitoring, and
managing UTIs, providing critical information about bacterial
infection, inflammation response, and therapeutic efficacy.
Traditional diagnostic methods require 2-5 days for bacterial
culture and antimicrobial susceptibility testing, making rapid
detection critical for improving patient outcomes.’™'°" BlaC,
including extended-spectrum/AmpC B-lactamases (ESBL/AmpC)

This journal is © The Royal Society of Chemistry 2025

and carbapenemases, is a major factor causing antibiotic resis-
tance in bacteria, particularly in UTI treatment. Liu’s group
reported AOPs 27 and 28 for simultaneous ESBL/AmpC and
carbapenemase detection and demonstrated their applications
in the diagnosis of UTIs with clinical samples.*® These probes
were designed based on the ICT effect, where BlaC catalyzes the
hydrolysis of the carbon-nitrogen bond in the p-lactam structure,
leading to decreased structural rigidity and electron movements,
with corresponding color changes from light-green to red visible
to naked eye. AOPs 27 and 28 were applied in a paper sensor and
achieved a LOD value of 5 x 10* CFU mL™*' for B-lactamase-
producing bacteria. In clinical validation with 30 UTI patient
samples, the paper sensor successfully identified 10 cases as
ESBL/AmpC-positive and 8 cases as carbapenemase-positive,
showing 100% clinical sensitivity and specificity compared to
clinical laboratory results. The entire detection process could be
completed within 5 minutes, providing a rapid solution for UTI
diagnosis and rational antibiotic prescription, particularly valu-
able in resource-limited settings.

3.4. Digestive diseases

Digestive diseases refer to disorders occurred in the gastroin-
testinal tract, liver, pancreas, and associated organs, and repre-
sent a significant global health burden.'® Digestive disorders
can manifest in diverse forms, ranging from chronic inflamma-
tion to liver cirrhosis and even cancer. Therefore, the complex
nature of these diseases necessitates accurate and timely diag-
nosis for effective management and prevention of complications.

Chem. Soc. Rev., 2025, 54, 3906-3929 | 3919
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Infectious disease diagnostics using AOPs. (a) Comparative detection sensitivity of Rv3368c¢ in sputum samples using AOP 21 versus conventional

AO staining. Pie charts show detection rates in culture-positive TB patients (n = 92) and healthy donors (n = 96). AO, auramine O. (b) Time-lapse
fluorescence microscopy images of TB positive sputum samples treated with AOP 21 or AO. (c) Fluorescence imaging and (pre/after)-mapping results
using a smart phone of BCG-spiked sputum samples from cystic fibrosis patients and incubated with AOP 22. (d) Comparative Mtb detection in sputum
samples using GeneXpert, AO smear staining and AOP 23 staining, respectively. Patient 1 (negative in all tests); patient 5 (GeneXpert+/auramine-). (e)
Quantitative comparison of Mtb cell detection efficiency between AOP 24 and commercial AO staining across 16 sputum samples. (f) Fluorescence
intensity of synovial fluid samples from septic arthritis patients after AOP 26 treatment, with a red dashed line indicating a diagnostic threshold, ****p <
0.0001. Panels (a) and (b) are reproduced from ref. 31 with permission from American Chemical Society, copyright 2024. Panel (c) is reproduced from ref.
12 with permission from Springer Nature Limited, copyright 2012. Panel (d) is reproduced from ref. 32 with permission from American Association for the
Advancement of Science, copyright 2018. Panel (e) is reproduced from ref. 33 with permission from American Association for the Advancement of
Science, copyright 2018. Panel (f) is reproduced from ref. 35 with permission from Elsevier B.V., copyright 2024.

While current diagnostic methods such as endoscopy, imaging
techniques, and clinical laboratory tests have been crucial in
identifying these conditions, they often present challenges
including invasiveness, high costs, professional operators, and
limited sensitivity. In response to these limitations, AOP-based
body fluid diagnostics offers promising advantages for digestive
disease diagnosis, including minimal-invasion, rapid results,
high sensitivity and specificity, visual readout, and simplified
detection processing. The application of AOP-based body fluid
diagnostics for digestive diseases enables more precise and
personalized treatment strategies, and ultimately improving
patient outcomes.

3.4.1. Blood. Hematological tests play a crucial role in
diagnosing, monitoring, and prognosis for digestive diseases,
offering valuable insights into inflammation, nutrition, organ
function, and potential malignancies.'®® Zhang’s and Liu’s
groups reported AOPs 29-30 to achieve liver cirrhosis diagnosis
via the blood test (Fig. 9).>”® In terms of biomarker selection,
leucine aminopeptidase (LAP) and monoamine oxidase (MAO)
are selected as they are biomarkers for hepatocyte injuries and

3920 | Chem. Soc. Rev,, 2025, 54, 3906-3929

upregulated oxidative stress in cirrhosis, respectively. AOP 29 is
a “tandem-lock” probe that could be sequentially activated by
LAP and MAO with a linear detection range of 0-20 U L™ ". In
serum tests with clinical patient samples, AOP 29 successfully
distinguished cirrhotic and hepatitis B patients from healthy
control samples, with 3.3 and 1.8-fold fluorescence enhance-
ments, respectively (Fig. 10a). Similarly, Liu et al. reported AOP
30 for the simultaneous detection of LAP and MAO based on an
AND-logic gate. AOP 30 exhibits high detection sensitivity with
LOD values of 0.249 and 0.877 U L' for MAO and LAP,
respectively. In clinical serum tests, AOP 30 differentiated
cirrhotic patients from healthy individuals and hepatitis B
patients with a high signal-to-background ratio (Fig. 10b).
Compared to conventional clinical methods, AOPs 29 and 30
offer advantages, such as higher specificity due to their dual-
enzyme activation mechanism, reduced false-positive results,
and the ability to differentiate liver diseases.

Acute pancreatitis is an inflammatory disease caused by
premature activation of digestive enzymes within the pancreas
leading to autodigestion and severe inflammation and remains

This journal is © The Royal Society of Chemistry 2025
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one of the most severe abdominal emergencies with high
mortality, making early detection and appropriate therapeutic
intervention critical for improving patient outcomes.'** Lipase
(LPS) and o-amylase (AMY) are enzymes produced by the
pancreas and elevated circulating enzyme levels in body fluids
are commonly associated with pancreatic inflammation or
damage. Therefore, lipase and o-amylase have become key
indicators for diagnosing acute pancreatitis in clinical settings;
yet rapid and sensitive detection approaches are still lacking.
Tang’s group presented AOPs 31 and 32 (Fig. 9) for simultaneous
LPS and AMY detection and demonstrated their applications in
the diagnosis of acute pancreatitis with clinical samples.***°
AOP 31 was a supramolecular complex consisting of TPE-y-CD
and TPE-H designed to operate in a homogeneous system,
enabled by the y-CD cavity creating a micro hydrophilic-hydro-
phobic interface, eliminating the need for complex two-phase
systems. AOP 31 exhibited dual fluorescence responses with
minimal crosstalk: blue emission (460 nm) for lipase and orange
emission (610 nm) for o-amylase, with excitation at 390 nm.
Upon incubation with LPS/AMY, AOP 31 exhibits rapid responses
and visible color changes could be observed within 25 min. The
LODs were determined to be 0.11 UL ™" and 0.17 U L™ for lipase
and o-amylase, respectively. Besides, AOP 31-based clinical
serum tests enable clear differentiation of acute pancreatitis
patients from healthy individuals, and the results coincided
with those of the commercial lipase assay kit and a-amylase
assay (Fig. 10c). To further improve detection sensitivity, the
same group reported an AIE-based AOP 32 to detect AMY. AOP
32 showed high detection sensitivity towards o-amylase with a
LOD of 0.14 U L' and a response time of just 3 minutes. AOP 32
was then applied to test clinical samples (serum, urine, and
saliva) for acute pancreatitis diagnosis and psychological stress
analysis, and demonstrated high detection accuracy.

3.4.2. Drainage fluid. Drainage fluid is a biological fluid
collected from surgical sites or body cavities, and is produced
in response to tissue injury, inflammation, or pathological

This journal is © The Royal Society of Chemistry 2025

processes. Therefore, it typically contains a complex mixture
of components, including inflammatory mediators, cellular
debris, proteins, enzymes, and potentially microorganisms,
which collectively reflect the healing status and potential
complications. While its collection typically requires invasive
procedures such as surgical drain placement or needle aspira-
tion, the unique composition of the drainage fluid offers
significant diagnostic value, as it directly reflects the local
tissue environment, inflammatory responses, and potential
pathological processes occurring at the collection site.

Pancreatic proteases (such as trypsin, chymotrypsin, elastase)
are digestive enzymes produced by the pancreas that break down
proteins in the small intestine. Following gastroenterological
surgeries, postoperative pancreatic fistula (POPF) represents a
severe complication. Elevated levels of pancreatic proteases in
post-surgical drainage fluid serve as crucial indicators for early
detection and risk assessment of POPF development.'® Hashi-
zume et al. presented a novel nanoprobe AOP 33 (Fig. 9) with a
heat shock protein (HSP) nanocage labeled with donor and
acceptor fluorophores, which used FRET disruption upon clea-
vage by pancreatic proteases in the drainage fluid."' AOP 33
possessed a rapid response time of 10 minutes, and LOD values
as low as 0.003 U mL ™" for elastase, 5.00 U mL ™" for trypsin, and
0.02 U mL ™" for o-Chymotrypsin. AOP 33 demonstrated superior
performance in differentiating POPF drainage fluid samples from
normal samples. Its unique advantages include simultaneous
detection of multiple pancreatic proteases, higher stability in
blood plasma, lower toxicity, and the ability to provide visual
detection visible to the naked eye under UV light (Fig. 10d).
Compared to conventional methods like amylase measurements,
this approach offers faster, more specific results and the potential
for intraoperative visualization of pancreatic juice leakage.

3.5. Other diseases

3.5.1. Blood. Coronary heart disease (CHD) is a progressive
atherosclerotic pathology characterized by the accumulation of

Chem. Soc. Rev., 2025, 54, 3906-3929 | 3921
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lipoproteins, macrophages, and inflammatory mediators within
the coronary arterial intima. Without timely intervention, CHD
progresses towards luminal stenosis and myocardial hypoperfu-
sion, and eventually acute myocardial infarction and heart
failure.'® Thus, early diagnosis and continuous monitoring of

CHD progression are crucial strategies to prevent the develop-
ment of life-threatening cardiovascular events. Hydrogen sulfide
(H,S) is a gaseous signaling molecule in blood that can hardly be
quantified by traditional blood analysis methods because of its
low concentration and unstable nature.'® Clinical studies
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Fig. 11 Chemical structures of AOPs 34—40 for other disease diagnostics in blood (AOPs 34—-37), urine (AOP 38), tear (AOP 39), and cerebrospinal fluid
(AOP 40). H,S, hydrogen sulfide; HCIO, hypochlorous acid; His, histidine; MDA, malondialdehyde; AB oligomers, amyloid-beta oligomers.
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showed that an abnormally low H,S concentration is consistently
reported in cardiovascular patients.’°® Moreover, the strong
autofluorescence of blood poses a significant challenge for
fluorescence-based assays, particularly for quantifying trace
components. To tackle these challenges, Yang et al. reported
AOP 34 based on a BODIPY dye that quenches blood autofluor-
escence through the inner filter effect and fluoresces in the
presence of H,S with a LOD value of 28.0 nM (Fig. 11)."> In the
AOP 34-based blood test, the endogenous blood H,S was quan-
tified in 20-fold diluted whole blood samples within 30-50

View Article Online
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of CHD patients from those of healthy individuals, and the
results were consistent with clinical ELISA measurements
(Fig. 12a and b). Therefore, AOP 34 offers a promising tool for
early CHD diagnosis through the advantages of whole blood
analysis, enhanced sensitivity, simpler, faster, and more cost-
effective operation.

Diabetes mellitus is a chronic metabolic disorder affecting
millions of people worldwide.'®® Early diagnosis and continu-
ous monitoring of blood glucose levels are crucial for effective
management of diabetes and preventing complications. In

minutes. AOP 34 also successfully distinguished blood samples diabetes pathophysiology, abnormally high reactive oxygen
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cerebrospinal fluid; PET, positron emission tomography; ELISA, enzyme-linked immunosorbent assay; CN, cognitive normal; MCI, mild cognitive
impairment; ADD, Alzheimer's disease dementia. *p < 0.05. Panels (a) and (b) are reproduced from ref. 42 with permission from Wiley-VCH GmbH,
copyright 2023. Panel (c) is reproduced from ref. 44 with permission from Elsevier B.V., copyright 2017. Panel (d) is reproduced from ref. 46 with
permission from the authors, copyright 2023. Panel (e) is reproduced from ref. 47 with permission from Elsevier B.V., copyright 2017. Panels (f) and (g) are
reproduced from ref. 48 with permission from the authors, copyright 2024.
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species are produced due to the oxidative glucose phosphoryla-
tion. In particular, overexpression of hypochlorous acid (HCIO)
is related to vascular endothelial dysfunction, cell death, and
ultimately causes diabetes development.''® He and coworkers
reported AOP 35 based on an NIR fluorescent probe consisting
of methylene blue and a methyl sulfonamide moiety (Fig. 11).**
AOP 35 showed a 45-fold NIR fluorescence enhancement after
HCIO oxidization, followed by amide bond cleavage. AOP 35
presented high detection sensitivity towards HCIO with a LOD
value of 0.29 pM and a rapid response time of 2 seconds. In the
AOP 35-based serum test, approximately 7-fold fluorescence
enhancement was observed in the diabetic patients’ serum as
compared to serum from healthy controls.

Histidinemia is a rare hereditary metabolic disorder char-
acterized by deficiency of enzyme histidase, which is necessary
for the metabolism of the amino acid histidine. This condition
results in elevated blood histidine levels from normal (70-
120 pM) to high levels (290-1420 puM), potentially leading to
developmental issues in affected children. Attia et al. introduced
AOP 36 (Fig. 11), a samarium-tetracycline complex doped in the
sol-gel matrix, for early diagnosis of histidinemia in newborn
children.** AOP 36 exhibits enhanced luminescence at 645 nm
when histidine replaces water molecules in the coordination
sphere of the Sm complex through electrostatic attraction
between the positive charge of the complex and the negative
charge of histidine at pH 9.2. AOP 36 exhibited high detection
sensitivity and selectivity towards histidine, with a linear signal
response to histidine concentrations from 1.4 x 107> to 6.5 x
10" mol L™ and a LOD value of 3.2 x 10"’ mol L™". AOP 36
was then applied to detect histidine in the clinical serum and
urine samples of Histidinemia disease, and achieved high
diagnostic sensitivity (98.88%) and specificity (97.41%)
(Fig. 12c). Besides, AOP 36-based body fluid diagnostics showed
consistent results with clinical standard methods. Therefore,
AOP 36 presented a promising approach for the early, accurate,
and convenient diagnosis of histidinemia in newborns.

Folliculitis and peritonitis represent two distinct types of
inflammatory conditions - localized skin inflammation and
systemic abdominal inflammation."™* Blood viscosity serves as
a crucial biomarker for inflammatory conditions, as inflamma-
tion can alter blood rheological properties through changes in
the plasma protein composition and cellular components.*>
Lin and coworkers designed AOP 37 for detection of blood
viscosity, combining Nile red as the acceptor and tetrapheny-
lethylene (TPE) as the donor based on TBET (Fig. 11).*°> AOP 37
showed ratiometric responses (460 nm/675 nm) with enhanced
viscosity, with a 231-fold increase in fluorescence intensity ratio
(I460/1675) over a wide viscosity range (1.40 to 953 cp). In
preclinical blood samples of folliculitis and peritonitis mouse
models, AOP 37 successfully detected increased blood viscosity
(1.51-fold in folliculitis and 1.21-1.27-fold in peritonitis) with
minimal sample requirement (10 pL blood).

3.5.2. Urine. Atherosclerosis plays a key role in cardiovas-
cular diseases, creating an urgent need for early detection and
monitoring strategies.'*> Both chronic and acute inflammation
of vascular walls can cause increased systemic oxidative stress,
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which significantly contributes to the development of
atherosclerosis."'* Among various biomarkers, malondialde-
hyde (MDA) stands out as a stable oxidative stress indicator
that can be detected in urine, making urinary MDA a promising
biomarker for systemic oxidative stress assessment in athero-
sclerosis. Zhang’s group designed a near-infrared MDA-
responsive molecule (AOP 38) based on PET and ICT mechan-
isms (Fig. 11)."® AOP 38 detected urinary MDA detection with a
LOD value of 163 nM in only 10 pL of urine sample and 30
minutes processing time. In a large-scale clinical validation
study involving more than 600 participants, AOP 38 showed
that the urinary MDA levels were higher in atherosclerotic
patients (1.71-fold) and myocardial infarction patients (2.56-
fold) than those in healthy adults (Fig. 12d).

3.5.3. Tear fluid. Tear fluid, with its non-invasive collection
process and rich biochemical composition, serves as an accessible
and valuable diagnostic medium.""® Researchers had shown that
tear glucose levels are about 5 times higher in diabetics than in
healthy controls. Compared to traditional clinical methods for
diabetes detection, including finger-prick blood tests and contin-
uous glucose monitors, often leading to poor patient compliance
due to discomfort and the need for frequent testing, tear-based
glucose detection offers a promising alternative for atraumatic
and patient-friendly diabetes management. Zhang’s group devel-
oped AOP 39 that is constructed by conjugating CdSe/ZnS quan-
tum dots (QDs), dextran-bound malachite green (MG), and
concanavalin A as the FRET donor, acceptor and glucose active-
targeting agent, respectively (Fig. 11).*” The QDs’ fluorescence is
quenched by MG through FRET but restored in the presence of
glucose through competitive binding. Upon glucose incubation,
AOP 39 showed signal activation with a linear response to glucose
concentrations (0.03 to 3 mmol L"), covering the range of tear
glucose levels for both diabetics (0.35 & 0.04 mmol L") and
healthy people (0.16 & 0.03 mmol L™ ). In the preclinical test, AOP
39 successfully detected glucose levels in 2 pL of tear samples
within 30 seconds in a diabetic rat model (Fig. 12e).

3.5.4. Cerebrospinal fluid. Cerebrospinal fluid (CSF), with
its direct contact with neural tissues and relatively simple
matrix composition, offers a promising diagnostic medium in
central nervous system pathologies. Given its unique anatomi-
cal location and continuous exchange with brain interstitial
fluid, CSF provides critical insights into neurodegenerative
processes, such as Alzheimer’s disease (AD), meningitis, multi-
ple sclerosis and glioblastoma.'"® Among these, AD is a kind of
neurodegenerative disorder, affecting millions of individuals
worldwide and posing a significant global health challenge.'"”
Current clinical diagnostic approaches, including behavioral
assessments, PET imaging, and ELISA, have limitations such as
specialized instrumentations, prolonged detection time, and
high cost (Fig. 12f). AOPs have shown potential in detecting
neurodegenerative biomarkers with high sensitivity and speci-
ficity, enabling real-time monitoring of disease progression and
therapeutic response. The presence of amyloid-f (AB) species,
particularly soluble A oligomers, in CSF represents potential
early-stage biomarkers for AD, as these molecules play funda-
mental roles in disease pathogenesis and cognitive decline.
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Based on these, Kim and coworkers developed AOP 40, a donor-
n-acceptor fluorescent probe consisting of N,N-dimethylquino-
line and dioxaborine-based half-curcumin, for the selective detec-
tion of AP oligomers in AD (Fig. 11).*® AOP 40 exhibited enhanced
fluorescence upon binding to hydrophobic regions of A oligo-
mers, with a LOD value of 0.57 & 0.04 nM. In clinical applications
using CSF samples, AOP 40-based body fluid diagnostics success-
fully distinguished between cognitive normal (log(/l,) = 0.34 +
0.13), mild cognitive impairment (0.15 + 0.12), and AD dementia
(0.14 + 0.10) states (Fig. 12g). As compared to the traditional
thioflavin T-based staining method or antibody-based ELISA
methods, AOP 40-based body fluid diagnostics offered advantages
including higher detection selectivity, simpler operational proto-
cols, and more costeffective procedures. Therefore, AOP 40
represents a significant advancement in AD research and diag-
nosis, as it provides a sensitive and selective tool for detecting A
oligomers across various biological samples and applications. The
application of AOPs in neurodegenerative disease detection offers
significant advantages, including early diagnosis capability,
friendly operation procedures, and cost-effectiveness, making it
a promising tool for routine clinical applications.

4. Summary and outlook

The past decade has witnessed the development of AOP-based
body fluid diagnostics in both preclinical and clinical applica-
tions. With high detection sensitivity and specificity towards
biomarkers-of-interest, AOP-based body fluid diagnostics could
detect biomarkers at extreme low concentrations in the intri-
cate body fluid (for example, AOP 30 achieved LOD values of
0.249 and 0.877 U L' for MAO and LAP, respectively) and,
therefore, diagnose diseases at an early stage. Additionally, with
high detection sensitivity, AOP-based body fluid diagnostics
only require minimal sample volumes, as demonstrated by AOP
39 that could detect glucose in just 2 uL of tear fluids, making
them particularly valuable in analyses of precious or hard-to-
obtain fluids like the cerebrospinal fluid. Besides, by virtue of
the direct, quick chemical response of AOP towards biomar-
kers, AOP-based body fluid diagnostics typically requires short
measurement times with systems like AOP 22 capable of
recognizing BlaC within 10 min and eliminates the need for
complicated instrumentations and well-trained technicians.
Together, these properties endow AOPs a valuable tool for
primary healthcare providers and even patients at home in
the POCT settings.

Despite the significant progress achieved, AOP-based body
fluid diagnostics still faces challenges in both limited molecu-
lar design approaches and applications. Firstly, most AOPs are
designed for single biomarker detection, yet simultaneous
detection of multiple biomarkers is typically required for
accurate and comprehensive disease assessments. Multiplex
detection with several AOPs requires careful molecular designs
to avoid optical signal crosstalk. However, only limited multi-
lock AOPs, which allow simultaneous detection of multiple
biomarkers (for example, AOPs 29, 30 and 31), have been
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reported for body fluid diagnostics. Secondly, the complex
compositions in body fluids, such as red blood cells, proteins,
and electrolytes, can interfere with signal readouts and pose
challenges on the optical properties of AOPs. To resolve this
issue, AOP 34 has been developed based on a BODIPY dye that
quenches blood autofluorescence through an inner filter effect,
and detected the presence of H,S in blood with a LOD value of
28.0 nM. However, novel approaches to reduce the background
signal interference from body fluids are still lacking. Thirdly,
from the application perspective, the optical signal stability and
degradation behaviors of AOPs remain undiscovered, which
could potentially compromise the stability and reliability of
AOP-based body fluid diagnostics. Moreover, it is necessary to
expand the application of AOPs to more body fluids to assist
clinical diagnosis and treatment evaluation. Different body
fluids achieve diagnostic needs for various diseases. For
instance, the lymphatic fluid is crucial for monitoring cancer
metastasis and immune responses, the peritoneal fluid pro-
vides insights into abdominal pathologies, and the amniotic
fluid offers critical information for prenatal diagnostics.

To tackle these challenges, the AOP design and detection
methodologies could be potentially improved in the following
directions. Firstly, AOPs responsive towards multiple biomarkers
could be developed to improve the disease diagnostic accuracy. This
relies on careful biomarker selection through integrated multi-
omics technologies and designing sophisticated responsive optical
signal transitions with cost-effective synthesis strategies. Secondly,
AOP-based body fluid diagnostics could be incorporated into high-
throughput detection systems (for example, microfluidic techni-
ques) to achieve rapid and parallel sample processing. With the
advantages of simple operations and direct signal readouts, AOP-
based body fluid diagnostics could also be incorporated into POCT
or wearable devices. Furthermore, the integration of artificial intelli-
gence (AI) into AOP design in body fluid diagnostics offers optimi-
zation approaches beyond traditional empirical methods. Al-driven
virtual screening efficiently identifies promising molecular candi-
dates from chemical libraries, while machine learning models
analyze structure-activity relationships to guide rational probe
design, optimizing sensitivity, selectivity, and activation efficiency.
Advanced Al algorithms can simultaneously balance multiple per-
formance metrics, including fluorescence intensity, stability, bio-
compatibility, and even simulate the pathophysiologic conditions
especially for the hard-to-obtain body fluid samples. Moreover, by
integrating multi-omics data, Al can guide the design of multi-
responsive AOPs with minimal signal crosstalk. This interdisciplin-
ary collaboration among computational scientists, chemists, biolo-
gists, and clinical researchers, leading to robust high-quality
databases and advanced model training systems, accelerates the
development of next-generation AOPs for body fluid diagnostics.

Glossary

AAP Alanine aminopeptidase
AB Amyloid-f
AD Alzheimer’s disease
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Ag85
AIE
ALB
AMY
AO
AOPs
APN
BlaC
BUN
Cas-1
CHD
CLIA
CSF
CTCs
Cys
DIKI
dPCR
DPP-IV
ELISA
ESBL/AmpC
FRET
GBM
GC-MS
GFR
GGT
HCLO
Hcy
His
H,0,
H,S
HSA
HSP
ICT
IVD
LAP
LOD
LPS
mALB
MAO
MDA
MG
Mtb
NAG
NO
NR
NSET
PET
PCR
POC
POCT
POPF
QDs
qPCR
ROC
RT-PCR
Rv3368c
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Aggregation-induced emission
Albumin

a-Amylase

Auramine O

Activatable optical probes
Aminopeptidase N

B-Lactamase

Blood urea nitrogen

Caspase-1

Coronary heart disease
Chemiluminescence immunoassay
Cerebrospinal fluid

Circulating tumor cells

Cysteine

Drug-induced kidney injury

Digital polymerase chain reaction
Dipeptidyl peptidase-IV
Enzyme-linked immunosorbent assay
Extended-spectrum/AmpC f-lactamases
Forster resonance energy transfer
Glioblastoma

Gas chromatography-mass spectrometry
Glomerular filtration rate

y-Glutamyl transpeptidase
Hypochlorous acid

Homocysteine

Histidine

Hydrogen peroxide

Hydrogen sulfide

Human serum albumin

Heat shock protein

Intramolecular charge transfer

In vitro diagnostics

Leucine aminopeptidase
Limit-of-detection

Lipase

Microalbumin

Monoamine oxidase
Malondialdehyde

Malachite green

Mycobacterium tuberculosis
N-acetyl-beta-d-glucosaminidase
Nitric oxide

Not reported

Nanomaterials-based surface energy transfer
Photoinduced electron transfer
Polymerase chain reaction
Point-of-care

Point-of-care testing

Postoperative pancreatic fistula
Quantum dots

Quantitative real-time polymerase chain reaction
Receiver operating characteristic
Reverse transcription—-polymerase chain reaction
Nitroreductase Rv3368¢

Chem. Soc. Rev,, 2025, 54, 3906-3929

View Article Online

Review Article

S. aureus Staphylococcus aureus

SBRs Signal-to-background ratios

SCr Serum creatinine

sLeX Sialyl Lewis X

TBET Through bond energy transfer

TICT Twisted intramolecular charge transfer
TPE Tetraphenylethylene

UA Uric acid
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