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Adenosine, a pivotal endogenous neuromodulator, plays a critical role in maintaining homeostasis related
to sleep and emotion regulation. Mounting evidence indicates that dysregulated adenosine homeostasis is
intricately involved in the pathological processes of brain disorders. Thus, the quantification of adenosine
levels is crucial for evaluating disease states in the brain. Currently, numerous reviews have focused on
adenosine detection technologies and their applications in tumor immunology and cardiovascular diseases.
However, there have been few systematic reviews of adenosine monitoring in the central nervous system.
Here, we first systematically summarize recent advances in adenosine detection technologies.
Subsequently, we discuss the implications of adenosine detection in the regulation of central nervous

system homeostasis. Finally, we highlight current challenges and future prospects, aiming to provide
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insights for the diagnosis, treatment, and prognosis of neurological disorders.

1. Introduction

Normal physiological functions of the brain rely on the precise
regulation of neuronal networks.'” Adenosine, as a brain
homeostatic modulator, exerts its effects by activating specific
receptor-mediated  signaling pathways.®™*  Specifically,

adenosine protects neurons by hindering neuroinflammation,
oxidative stress, and apoptosis; however, an imbalance in
adenosine levels abolishes this benefit and may even promote

neuroinflammation, hastening the progression of brain
13-17

diseases. Accurate measurement of adenosine levels in the
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brain is essential for understanding its neuromodulatory
functions. Nevertheless, the rapid metabolism of adenosine
presents a considerable challenge for achieving reliable
measurements in the brain.'® The development of monitoring
technologies with high spatiotemporal resolution is therefore
imperative.

A wide range of adenosine detection technologies has been
developed.'”?® High-performance liquid chromatography
(HPLC) is generally recognized as the gold standard due to its
exceptional stability and reliability.>* However, the complex
workflow hinders adenosine monitoring with  high
spatiotemporal resolution in vivo.*® Electrochemical methods
offer sub-second temporal resolution but are limited by
invasiveness and crosstalk interference from adenosine
analogues, compromising  measurement  accuracy.”®*’
Compared to non-optical methods above, optical methods offer
reduced invasiveness and superior spatiotemporal resolution,
enabling high-sensitivity monitoring of adenosine in vivo.***

Comprehensive reviews have discussed adenosine
detection technologies and elucidated the pathophysiological
roles of adenosine in various cancers.**” However, recent
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advances in adenosine monitoring and their applications in
neural circuits remain largely unreviewed. In this review, we
first present recent progress in adenosine monitoring
technologies, followed by a discussion of their roles in sleep-
wake regulation, emotional modulation, and neurological
disorders. Finally, we discuss the prevailing challenges and
future directions of adenosine detection for uncovering brain
states (Fig. 1). This review is expected to provide novel
insights for future research in this field.

2. Technological advances of
adenosine detection

Given its essential physiological roles, adenosine has been
recognized as a valuable biomarker for both disease
diagnosis and therapeutic monitoring.”® Therefore, the
development of highly sensitive

adenosine detection

strategies is of great importance (Fig. 2). In this part, we
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Fig. 1 Overview of adenosine detection techniques and their
applications in the central nervous system.

chemiluminescence in detail, and finally compares the
characteristics of all mentioned techniques.

2.1 Non-optical detection methods

2.1.1 High-performance liquid chromatography. HPLC, a
robust technique based on liquid partition chromatography,
has been widely utilized for adenosine detection because of
its high reliability. The method was initially applied to
adenosine detection in 1976.>° Wojcik et al. presented
excellent linearity for standard adenosine samples ranging
from 100 fmol to 100 pmol using HPLC.'® Integration of
HPLC with multidimensional analytical platforms has
significantly improved the sensitivity and accuracy of
adenosine detection. For instance, Lovatt et al.** and Marin
et al.*> employed HPLC coupled with ultraviolet detection to
quantify adenosine at 260 nm. Marin et al. further achieved
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precise detection using reversed-phase HPLC coupled with
ultraviolet detection, reaching a lower limit of detection
(LOD) of 6.25 pmol per sample. HPLC is also compatible with
microdialysis and mass spectrometry (MS). Using
microdialysis-HPLC-tandem MS, Cannazza et al. observed
that adenosine levels in mice initially increased, then
returned to baseline following amphetamine administration,
and remained stable after cocaine administration.*> This
method enables the monitoring of dynamic changes in
extracellular adenosine within the mouse nucleus
accumbens. HPLC-MS/MS technique not only mitigates
matrix interference from complex biological samples,
allowing detection of adenosine at concentrations as low as
picograms per milliliter in blood or tissues, but also offers
high-throughput analysis capabilities. It is noteworthy that
blood samples require enzyme inhibition and low-
temperature processing within seconds of collection to
prevent rapid adenosine degradation.**

Despite its widespread use, HPLC still faces challenges
such as inadequate analyte retention and limited resolution.
To this end, Olesti et al. introduced hydrophilic interaction
liquid chromatography as an alternative to reversed-phase
high-performance liquid chromatography.*> The hydrophilic
interaction liquid chromatography mode, which employs
organic solvent mobile phases, markedly enhances adenosine
retention and achieves superior separation efficiency. This
approach has been applied to the quantitative detection of
adenosine in rat plasma and brain homogenates.
Subsequently, Virgiliou et al. optimized the method by
mixing samples in vacuum blood collection tubes
immediately upon collection, effectively inhibiting enzymatic
degradation of adenosine.*® This optimized method exhibited
exceptional specificity and sensitivity with a LOD of 0.005 g
mL™*, but its time consumption hinders the direct
measurement of adenosine from becoming a routine clinical
assay. Moreover, this method is limited to measuring
adenosine levels in a static state in brain sections, not
in vivo.

2.1.2 Electrochemical methods. Owing to their advantages
of rapid response and excellent temporal resolution,
electrochemical methods have become standard techniques
for adenosine monitoring. The year 1986 marked the first use
of this method in demonstrating adenosine's regulation of
striatal neurotransmitter release.”” To investigate the
relationship between adenosine release and neuronal activity
in distinct brain regions, Cechova et al. employed fast-scan
cyclic voltammetry (FSCV) to demonstrate that transient
neuronal activity induced a large increase in extracellular
adenosine, reaching a concentration of 0.94 + 0.09 uM in the
rat caudate-putamen following electrical stimulation."®
Similarly, Venton's group explored the relationship between
adenosine release and cerebral blood flow."® Using FSCV, the
authors investigated transient adenosine release in the
caudate-putamen and showed that adenosine modulates
cerebral blood flow on a sub-second timescale. Furthermore,
the mechanisms of rapid adenosine release vary across brain
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Fig. 2 Timeline of technologies for adenosine detection.

regions. Pajski et al utilized FSCV to confirm these
differences.’® Through electrical stimulation experiments in
distinct brain regions, they found that adenosine efflux
within the caudate-putamen is dependent on the activation
of ionotropic glutamate receptors, whereas release in the
nucleus accumbens, cortex, and hippocampus is primarily
mediated by the breakdown of extracellular ATP. Chang's
group further advanced this approach by developing dual-
channel FSCV.>! They characterized the spatial extent of rapid
adenosine signaling by varying the distance between the
working electrodes within brain slices. This dual-electrode
configuration enabled simultaneous recordings from two
electrodes, allowing synchronous monitoring of adenosine
release within the hippocampal CA1 region on a microscopic
timescale. Notably, comparisons of signal amplitude and
frequency enhanced the resolution of adenosine release.
Despite the success of FSCV in resolving the rapid dynamics
of adenosine in the brain, its instability and limited
selectivity in complex environments impede its application
for long-term monitoring. To achieve highly selective and

e
-
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stable monitoring, Chang et al. employed a multi-enzyme
cascade modification strategy integrating nucleoside
phosphorylase (NP), adenosine deaminase (ADA), and
xanthine oxidase (X0).”> This tri-enzyme cascade catalytic
reaction ultimately converted adenosine into hydrogen
peroxide (H,0,), with adenosine (ADO) levels indirectly being
measured by changes in H,0, current (Fig. 3A). Then,
continuous electrochemical monitoring of adenosine in
anesthetized rats showed that implanted microsensors in the
gastrocnemius muscle generated a significant current
response upon injection of 4 mM adenosine (Fig. 3B). In
addition, injections of 4 mM and 10 mM adenosine induced
a dose-dependent increase in current response within the
dorsal striatum (Fig. 3C). These data confirmed that the
sensor is capable of monitoring exogenous adenosine levels
in vivo. On this basis, Shim's team designed a dual-electrode
sensor for adenosine detection.> They immobilized ADA and
NP onto a gold nanoparticle-modified electrode, whereas XO
and hydrazine were immobilized onto a porous gold-
modified electrode. This design enhanced enzyme loading
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and activity by immobilizing distinct enzymes on two
independent electrodes, ultimately yielding an 8.2-fold
sensitivity improvement compared to a single-electrode
sensor. In 2020, Venton et al. recorded cyclic voltammograms
to reveal transient adenosine release.>® This method
visualized adenosine levels by mapping current values at
different time points and potentials to electrochemical
signatures, represented by color-coded representations. To
further expand clinical application potential, Lan et al
constructed an  adenosine  electrochemical  sensor
incorporating PtCu nanoparticles anchored on multi-walled
carbon nanotubes, exploiting the high surface area and
excellent conductivity of multi-walled carbon nanotubes to
increase the active site density of PtCu nanoparticles.”® This
configuration increased the electrocatalytic efficiency towards
H,0, production generated from adenosine oxidation,
thereby indirectly amplifying the adenosine signal. With a
LOD of 1.0 nM under optimal conditions and successful
application in real serum samples, this sensor showed
potential for clinical diagnostics. Additionally, Tian et al
constructed a label-free electrochemical aptasensor for
adenosine detection using hollow bimetallic ZnNi MOF
microspheres. By optimizing the molar ratio of Zn>" to Ni*",
the material was endowed with enhanced electrochemical
activity and strong aptamer binding affinity of adenosine.
The developed sensor achieved a LOD of 20.32 fg mL™" with
excellent reproducibility, demonstrating its reliability for
precise clinical adenosine detection and showing significant
potential in early tumor diagnosis and auxiliary diagnosis of
brain disorders.”® It should be noted that the implantation of
microelectrodes induces inevitable physical injury to local
brain tissue and microvasculature, while also triggering a
series of neuroinflammatory responses. This pathological
cascade, characterized by glial activation and immune cell
infiltration,  fundamentally  alters the  pericellular
microenvironment. The resulting inflammation disrupts
purinergic signaling pathways and distorts the adenosine
levels that the technique aims to measure. Moreover,
substantial individual variability in inflammatory intensity
combined with the unpredictable duration of this
pathological state undermines the reliability of long-term
clinical monitoring.

2.2 Optical detection methods

HPLC and electrochemical techniques for adenosine
detection suffer from limitations, including limited
spatiotemporal resolution and inherent invasiveness. There
is an increasing demand for highly sensitive, real-time, and
minimally invasive adenosine detection methods. Optical
detection techniques offer several advantages, including
noninvasiveness, superior spatiotemporal resolution, and
excellent biocompatibility. These properties substantially
reduce interference with the tissue microenvironment,
enabling real-time monitoring and precise quantification of
adenosine in complex biological environments. This section

© 2025 The Author(s). Published by the Royal Society of Chemistry
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will focus on optical-based detection strategies, including
fluorescence, colorimetry, chemiluminescence, and other
approaches.

2.2.1 Fluorescence. Fluorescence-based detection relies on
the selective binding of fluorescent probes to adenosine for
highly sensitive monitoring. The first detection of adenosine
was achieved through fluorescence spectroscopy in 1979.%”

Owing to its accuracy and rapid response, this approach is
widely employed for measuring adenosine in biological
samples. Multiple fluorescent probes based on diverse
luminescence strategies have been engineered. For instance,
a label-free sensor was constructed using a dimeric
G-quadruplex and the fluorophore Thioflavin T. The
displacement of Thioflavin T occurs in the presence of
adenosine, resulting in a decreased fluorescence signal. This
sensor exhibited a linear response to adenosine
concentrations ranging from 0.5 to 120 pM, with a LOD of
245 nM.”® Besides, cascade amplification approaches have
been used to further enhance the sensitivity of adenosine
determination. As proof, Feng's team established two specific
initiator chains that cooperatively triggered a hybridization
chain reaction upon adenosine binding.”® This strategy
effectively suppressed non-specific responses from the
hairpin structures, improving the adenosine detection
sensitivity to 2.0 x 10~ M. Similarly, Quan et al. proposed a
catalytic reaction-triggered hybridization chain reaction for
adenosine detection.®® Through a catalytic cycle for recycling
of intermediates, this strategy not only allowed real-time
adenosine detection with a sensitivity down to 200 pM but
demonstrated high reliability. Notably, Forster resonance
energy transfer-based approaches have gained attention due
to their unique “off-on” mechanism and excellent anti-
interference capability. An example is a ratiometric
fluorescent sensor based on the fluorescence quenching
between CdS quantum dots and graphene oxide.®’ In the
absence of adenosine, graphene oxide significantly reduces
the fluorescence of CdS quantum dots. Upon adenosine
binding, fluorescence is recovered, enabling quantitative
detection with a LOD of 1.3 nM. Cheng et al. further designed
a ratiometric fluorescence sensor with dual-recognition
capability.®* The sensor achieved highly selective adenosine
recognition via the synergistic interaction of boronic acid
and molecularly imprinted polymers. On the one hand,
boronic acid possessed the ability for specific binding with
the cis-diol groups in adenosine, providing the first
recognition pathway. On the other hand, adenosine was
incorporated as a template molecule during the preparation
of molecularly imprinted polymers, creating imprinted
cavities highly complementary to adenosine in shape and
size. This dual-recognition strategy significantly suppressed
non-specific interference and enhanced the selectivity and
sensitivity, enabling adenosine detection at concentrations as
low as 0.26 mg L. In addition, Chen et al. constructed a
DNAzyme nanoreactor that enables precise detection of
adenosine via conformational changes of nucleic acids,
achieving a detection limit of 2.1 nM. This nanoreactor

Sens. Diagn.
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(A) The working mechanism of the GRABaq4o fluorescent sensor for adenosine detection. Reproduced with permission from ref. 66.

Copyright 2020, The American Association for the Advancement of Science. (B) Averaged fluorescence responses of GRABa4, (green) and mutant
(black) stimulated by running. (C) Correlation between adenosine signal responses and running duration. Reproduced with permission from ref. 67.
Copyright 2022, Springer Nature. (D) Design principle of the genetically encoded sensor. (E) Representative images, fluorescence response curve,
and aggregated data of AF/Fy in response to 100 uM adenosine. (F) Representative fluorescence response profiles of adenosine sensor to varying
adenosine concentrations and 100 puM inosine in brain slices. Reproduced with permission from ref. 69. Copyright 2025, Springer Nature.

demonstrates excellent accuracy and specificity for adenosine
assays. Significantly elevated adenosine levels detected in the
urine of liver cancer patients compared to healthy controls
suggest this nanoreactor's promise as a non-invasive,
metabolic biomarker for early tumor screening and treatment
surveillance.®® However, many adenosine detection strategies,
which rely on designed DNA nanostructures or composite
nanomaterials, are susceptible to enzymatic degradation,
non-specific adsorption, and instability in complex clinical
samples.®*®

As an in vivo neurorecording technique, fiber photometry
offers sub-second temporal resolution and nanomolar
sensitivity. This is crucial for capturing transient adenosine
dynamics during neural activity. In 2020, Xu's group
developed a genetically encoded fluorescent sensor based on
activation of a G protein-coupled receptor (Fig. 4A).°® Using
an adeno-associated virus vector, they constructed the
GRAB,q, sensor to monitor adenosine in specific brain
regions. When combined with a fiber photometry system,
this sensor enabled real-time tracking of fluorescence
changes that report adenosine dynamics in live mice.
GRAB,q, has since been extensively utilized in neuroscience
research. For example, to investigate the neural mechanisms
of motor regulation, Zhong's group expressed GRABpq, in
neurons of the mouse dorsolateral striatum and discovered a
significant increase in adenosine levels during exercise
(Fig. 4B), with the magnitude of this increase positively

Sens. Diagn.

correlating with exercise intensity (Fig. 4C).*” Despite
extensive research on adenosine function, its specific origins
in the brain remain debated. To address this, Wu et al
expressed GRAB,q, in neurons of brain regions, such as the
hippocampus, and measured adenosine levels under
different laser stimulation frequencies.®® Their findings
showed that adenosine release induced by neural activity
originates from the somatodendritic compartment, rather
than the previously assumed axon terminals. This study
provides a new perspective on adenosine release mechanisms
and their role in neural signaling. It is important to note,
however, that the antagonist ZM-241385 can inhibit GRABaqo,
reducing its basal fluorescence and potentially leading to the
erroneous results of endogenous adenosine levels. Building
on this, Wei et al recently developed an innovative
genetically encoded fluorescent probe for monitoring
intracellular adenosine.®® This probe integrated a circularly
permuted enhanced green fluorescent protein with the
adenosine deaminase from Plasmodium vivax, enabling rapid
and specific detection of intracellular adenosine dynamics
(Fig. 4D). In Drosophila, the researchers leveraged the probe
to detect real-time intracellular adenosine dynamics (Fig. 4E).
Furthermore, in acute brain slice experiments, the probe
exhibited dose-dependent fluorescence responses to
adenosine while showing minimal response to inosine,
confirming its excellent selectivity and fast response kinetics
(Fig. 4F). In summary, this strategy provides a robust

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(A) Design of a nanoparticle aggregation system based on adenosine-triggered disassembly for adenosine detection. (B) Kinetic profiles of

adenosine aptamer-assembled nanoparticle aggregates for nucleoside discrimination. (C) Kinetic profiles of the concentration-dependent color
changes in adenosine aptamer-assembled nanoparticle aggregates. Reproduced with permission from ref. 71. Copyright 2006, Springer Nature. (D)
Design of gold nanoparticle-based colorimetric adenosine sensor. (E) UV-vis spectroscopic characterization of gold nanorod in serum samples
spiked with varying adenosine concentrations. (F) The LOD of adenosine in the colorimetric assay. Reproduced with permission from ref. 72.

Copyright 2019, Springer Nature.

approach for adenosine monitoring with high spatiotemporal
resolution in vivo.

2.2.2 Colorimetry. Colorimetry quantifies analytes based on
visual observation or spectrophotometric readout of color
change and has been widely applied in detection. Since
adenosine is colorless and lacks light-absorption properties at
specific wavelengths, it cannot be directly monitored by
absorbance measurements. Therefore, colorimetric detection
of adenosine typically requires enzymatic or chemical reactions
to convert adenosine into substances possessing color or light
absorption characteristics. This method was applied to the
determination of adenosine at the micromolar level in 1969.”°
Metal nanoparticles have become an ideal strategy for
colorimetric analysis because of their high molar extinction
coefficients. Among them, gold nanoparticles are particularly
suitable for the specific recognition of target molecules due to
their unique surface plasmon resonance effect. Based on this
principle, Liu and Lu exploited the synergistic action in which
functionalized gold nanoparticles and linker DNA were used to
monitor adenosine.”* In the absence of adenosine,
nanoparticle aggregation mediated by base pairing via linker
DNA yielded a purple solution (Fig. 5A). However, adenosine
binding to the aptamer induces a conformational change,
causing nanoparticle dissociation and a color shift from purple
to red. Tracking the extinction ratio of the plasmon resonance
peak revealed a rapid color transition only in adenosine-
containing samples, validating its high selectivity for
adenosine detection (Fig. 5B). Notably, the duration of the color
transition correlated positively with adenosine concentration,
enabling quantitative analysis (Fig. 5C). After that, Zhang et al.
proposed a colorimetric assay based on the self-assembly of
functionalized gold nanoparticles.”* Its core design leveraged

© 2025 The Author(s). Published by the Royal Society of Chemistry

aptamer-specific adenosine binding to initiate nanoparticle
assembly, inducing a significant surface plasmon resonance
shift (Fig. 5D). The researchers applied this method to quantify
adenosine in serum at concentrations as low as 10 pM (Fig. 5E),
providing a highly efficient and sensitive approach for the
analysis of biological samples. With this strategy, the LOD for
adenosine was 3.6 pM (Fig. 5F). Zhu's team engineered a dual-
sensing system using gold nanoparticles.”” Specifically,
adenosine triggered controlled gold nanoparticle aggregation,
exploiting surface plasmon resonance effects to induce a color
transition from blue to red. Through optimization of surface
modification density and ionic strength, the system
maintained over 90% specificity for adenosine recognition
even with competing nucleotides present. Innovatively, Xu's
team designed an enzymatic cleavage signal amplification
mechanism.”* Within their dual-hairpin DNA system,
adenosine binding initiated an Exonuclease III-mediated cyclic
cleavage reaction. This process released guanine-rich
sequences that formed G-quadruplex structures, catalyzing the
oxidation of 3,3',5,5-tetramethylbenzidine to produce
measurable color changes. With this strategy, a LOD as low as
17 nM for adenosine was achieved. Moreover, it avoided the
use of precious metal nanomaterials, reducing detection costs
by approximately 40%. Taken together, these innovative
methodologies effectively circumvent the inherent limitations
of direct colorimetric assays for adenosine detection—such as
insufficient sensitivity and susceptibility to matrix interference
—while maintaining operational simplicity and analytical
robustness. The strategic integration of signal amplification
mechanisms with cost-effective materials represents a
significant advancement in the development of practical
biosensing systems for routine adenosine monitoring.
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However, in hemolyzed samples, the release of hemoglobin
introduces a strong background absorbance that overlaps with
the typical detection wavelengths for adenosine. Similarly, the
turbidity and high lipid content in lipemic sera can cause
significant light scattering and nonspecific absorption, thereby
distorting the accurate colorimetric readout.”>’® Overcoming
this spectral interference barrier is pivotal for advancing
colorimetric strategies toward more robust and routine clinical
use.

2.2.3 Chemiluminescence. Chemiluminescence has
emerged as an analytical tool for adenosine detection,
primarily owing to its rapid analysis and straightforward
operation. The year 1987 saw the first application of this
method for adenosine measurement.”” Recent years have
witnessed growing efforts to boost the sensitivity of
chemiluminescence sensors to meet the demand for
detecting adenosine in complex samples. For instance,
Asher's group devised an innovative sensor based on a DNA-
crosslinked two-dimensional photonic crystal (2DPC)
hydrogel for detecting adenosine.”® This sensor operates
through the specific binding of an aptamer to adenosine that
selectively cleaves DNA crosslinks and triggers expansion of
the hydrogel. The expansion altered the particle spacing of
the embedded 2DPC array, thereby causing a red-shift in the
Bragg diffraction peak of the photonic crystal (Fig. 6A).
Consequently, adenosine levels could be determined by
measuring the change in Bragg diffraction. Importantly, the
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sensor exhibited minimal response to other nucleosides,
such as cytidine, guanosine, and uridine (Fig. 6B). This
sensor showed a LOD of 13.9 uM in adenosine-binding
buffer (Fig. 6C). Combined with its rapid response time,
these attributes rendered the 2DPC hydrogel platform an
ideal solution for applications in low-resource environments.
This approach not only improves sensitivity via multistage
signal amplification but also exploits the environmentally
responsive properties of DNA hydrogels to enhance their
anti-interference capability. In short, the integration of DNA
hydrogels with metal-organic frameworks offers a practical
approach for adenosine detection in clinical application. As
a notable example, an ultrasensitive sensor based on a
target-responsive DNA hydrogel was developed by Lin et al.”’
This sensor incorporated an acrylamide-modified adenosine
aptamer, a single-stranded DNA linker, and a hemin
aptamer, all encapsulated within a copper-based metal-
organic framework possessing peroxidase-like activity. The
catalytic performance and signal response were further
optimized by incorporating gold nanoparticles into the
cavities of HKUST-1, forming an Au@HKUST-1 composite. In
the presence of hemin, the hemin aptamer formed a G-
quadruplex/hemin DNAzyme complex, stabilizing the
hydrogel structure. However, when adenosine was
introduced, its specific binding to the acrylamide-modified
adenosine aptamer triggered the dissociation of the hydrogel
network, leading to hydrogel dissolution and subsequent
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release of the pre-encapsulated G-quadruplex/hemin complex

and Au@HKUST-1. The released G-quadruplex/hemin
complex then catalyzed the generation of a strong
chemiluminescence signal in the luminol-H,0, system

(Fig. 6D). Furthermore, the Au@HKUST-1 synergistically
catalyzed this reaction through its intrinsic peroxidase-like
activity, achieving dual-signal amplification. With its
outstanding sensitivity, this biosensor exhibited an
exceptional LOD of 0.104 pM and demonstrated a robust
linear response to adenosine (Fig. 6E). Validation studies in
complex matrices confirmed the practicality and accuracy of
this method, as evidenced by adenosine quantification in
human urine. Nevertheless, the translation of this biosensing
platform to serum-based clinical diagnostics presents
substantially greater challenges. When deployed in undiluted
human serum, the assay demonstrates heightened
susceptibility to interference from both endogenous radical
scavengers and structurally similar metabolites. These
interfering species compete for binding sites and generate
false-positive signals through non-specific interactions,
ultimately compromising measurement reliability.*%

2.2.4 Other optical methods. Beyond the aforementioned
optical methods, plasmon  resonance-based
techniques, such as surface-enhanced Raman scattering
(SERS), have garnered attention for their ability to facilitate
highly sensitive, real-time and label-free detection of adenosine
by monitoring optical signal changes at nanostructured
composites. In 1998, Li et al. detected adenosine in separated
solutions using the SERS method.*” Then, utilizing the Raman
signal of graphene as a normalization reference across the
entire Raman spectrum not only improves signal stability but
also yields more reliable results for adenosine monitoring
through synergistic enhancement effects. To enhance
biocompatibility and improve the accuracy of adenosine
detection, Qiu's group developed a graphene-gold nanoparticle
composite substrate (Fig. 7A).** They observed a strong linear
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correlation (Fig. 7C) between Raman intensity and adenosine
concentration in both standard solutions (Fig. 7B) and diluted
serum (Fig. 7D). The LOD for adenosine in serum samples
reached 5 nM (Fig. 7E). Notably, the high reliability of the
substrate was evidenced by its undegraded performance even
after thermal oxidation treatment. To address the challenges
posed by complex biological samples, SERS has been applied to
diverse gold nanostructures that achieve direct detection in
undiluted serum. This is accomplished through data
augmentation and feature selection strategies, thereby
overcoming the high dependence on sample pretreatment that
is often required by non-optical methods.** However, SERS is
intrinsically susceptible to endogenous fluorescence and
spectral overlap from proteins and metabolites, which can
obscure or distort the adenosine signal. The ensuing data-
processing further increases uncertainty, preventing the
technique from truly tracking rapidly changing adenosine
levels in a clinical setting.®® Although advanced computational
algorithms can partially mitigate these effects, the requisite
data processing introduce additional analytical uncertainty.
Consequently, current SERS platforms still struggle to reliably
track adenosine concentration in real-time clinical monitoring
scenarios, particularly in critical care and neurosurgical
settings where minute-to-minute variation monitoring is
crucial.

2.3 Comparison of adenosine detection strategies

Each detection strategy exhibits significant differences in
terms of analytical performance and application feasibility
(Table 1). HPLC remains the clinical gold standard for
quantitative accuracy and selectivity, but lacks real-time
capability. Electrochemical sensors and genetically encoded
fluorescent probes offer high temporal resolution and are
suitable for monitoring transient adenosine fluctuations in the
brain, but due to their invasiveness, their clinical compatibility
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is limited. Optical nanoprobes strike a balance between spatial
resolution and invasiveness, demonstrating the potential for
deep tissue imaging and future translation. In contrast,
colorimetry and chemiluminescence, although having
relatively lower temporal resolution, have excellent selectivity
and clinical applicability and can be used for immediate
diagnosis. In summary, these comparisons indicate that no
single method is universally applicable; instead, the best
choice depends on whether the research goal is real-time
neurochemical dynamics or clinical quantitative requirements.
The integration of multimodal sensing technologies may
bridge this gap in future developments.

3. Roles of adenosine detection
technologies in neural circuit

Adenosine mediates diverse physiological and pathological
processes ranging from sleep regulation to synaptic plasticity
and dynamic neural networks through its actions on specific
receptor subtypes.®® Determining adenosine concentrations
in cells and tissues can offer valuable information on the
states of health and disease. In this section, we will elaborate
on the roles of adenosine, with a particular focus on its
applications in sleep and memory, emotional modulation,
and neurological disorders.

3.1 Roles in sleep and memory regulation

Adenosine serves as a key regulator in sleep homeostasis,
with its levels dynamically fluctuating in response to
wakefulness and sleep. Accumulating evidence has outlined
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that adenosine levels rise during wakefulness but decline
markedly during sleep (Fig. 8D).*” This fluctuation primarily
stems from activity-dependent metabolic processes in
neurons, where sustained wakefulness leads to the
accumulation of adenosine in the extracellular milieu,
thereby increasing sleep pressure and triggering non-rapid
eye movement (NREM) sleep.®® Peng et al. employed high-
resolution sensors to detect extracellular adenosine in the
murine basal forebrain, confirming state-dependent
fluctuations with adenosine concentrations peaking during
wakefulness and declining to baseline levels during NREM
sleep (Fig. 8A).°® Crucially, the millisecond-scale resolution
probe uncovered previously undetectable adenosine
transients during brief rapid eye movement (REM) sleep,
suggesting that adenosine regulates slow-wave activity
primarily through the direct modulation of thalamocortical
neurotransmission. To investigate the function of adenosine
in the regulation of sleep-wake cycles, Zhu et al. injected the
adenosine analog NECA into brain regions of freely moving
mice, resulting in a large increase in wakefulness.*
Subsequent optogenetic activation of astrocytes indicated
that endogenous adenosine induces arousal via adenosine A;
receptors (A;R). Strikingly, pharmacological blockade of A;R
substantially reduced transition probabilities from both
NREM and REM sleep to wakefulness, highlighting the
critical role of A;R in the astrocyte-mediated wakefulness
induction. Increased A;R availability and activation following
sustained wakefulness have been observed in both mice and
humans.”

Adenosine dynamically regulates sleep via downstream
signaling pathways of adenosine receptors.”’ Early studies
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(A) Schematic illustration of adenosine optical probes designed to record neural activity in the mouse basal forebrain during the sleep-

wake cycles. Reproduced with permission from ref. 66. Copyright 2020, The American Association for the Advancement of Science. (B) Schematic
representation of the electroencephalogram and electromyogram recording system and signals during the sleep-wake cycles. (C) Representative
signals of sleep-wake stages recorded by electroencephalogram. Reproduced with permission from ref. 94. Copyright 2024, Springer Nature. (D)
Adenosine dynamic changes in sleep-wake cycles. Reproduced with permission from ref. 87. Copyright 2012, Society for Neuroscience.
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confirmed that A;R activation can maintain
homeostasis by suppressing cholinergic neurons
promote wakefulness in the basal forebrain and
glutamatergic neurons in the preoptic area, thereby
disinhibiting cortical slow-wave activity and forming a
negative feedback loop.®” After that, neuroimaging studies in
humans suggested that prolonged sleep deprivation
increased A;R expression levels, which normalized following
recovery sleep.”® The upregulation of A;R is a form of
adaptation by the brain to this persistent high level of
adenosine. This adaptive response aims to enhance the
brain's sensitivity to “sleep pressure” signals, thereby
reducing neuronal excitability and promoting the need for
sleep. Meanwhile, adenosine A,A receptors (A,,R) signaling
plays an important role in sleep regulation. The primary
mechanism by which systemic caffeine induces arousal is
antagonism of A,,R, not A;R.°> Gomez-Castro et al. treated
CA1 pyramidal neurons with ADA and a CD73 inhibitor to
reduce extracellular adenosine levels.”> Through methods
such as super-resolution imaging and fluorescence labeling,
they found that reduction of extracellular adenosine induces
synaptic instability, yet selective activation of A,,R prevents
this effect. In brief, the role of the AR in maintaining
synaptic integrity was confirmed. Adenosine A,B receptors
(A2gR) are another essential mediator of sleep homeostasis.
Theparambil et al. employed the electroencephalogram and
electromyogram recordings to demonstrate that genetic
ablation of A,gR specifically in hippocampal astrocytes

sleep
that
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(Fig. 8B and C).°* Therefore, these findings indicate that
sleep-wake transitions are controlled by a molecular switch
involving balanced adenosine receptors-mediated signaling.
The coordinated action of the adenosine system has a
profound influence on cognitive processes through its
regulatory effects on synaptic plasticity and memory
consolidation. These effects are particularly prominent
during sleep, as physiological declines in adenosine levels
create permissive conditions for memory consolidation.”® In
contrast, under pathological conditions such as sleep
deprivation, adenosine accumulates significantly in the
striatum and cerebellum, impairing hippocampal memory
and then suppressing cAMP/PKA signaling pathways through
AR overactivation.”> Moreover, accumulated sleep pressure
from prolonged wakefulness can induce similar cognitive
impairments.®® Studies have reported that astrocyte-derived
adenosine can modulate both memory consolidation and
cognitive flexibility through A;R signaling.’’ Halassa et al.
employed the novel object recognition test to investigate the
role of astrocyte-derived adenosine in sleep deprivation-
associated cognitive performance.”® Through
electrophysiological techniques, they found that sleep
deprivation impaired memory in wild-type mice, whereas
mice with dominant-negative astrocytic SNARE were
protected from these impairments. Importantly, the memory
impairment in sleep-deprived wild-type mice could be
rescued after pharmacological blockade of A;R. This result
directly revealed the pathway of adenosine release from
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(A) Schematic illustration of the nanosensor for adenosine detection. (B) Representative in vivo fluorescence images of adenosine

detected by the nanosensor in different groups of mice. (C) Quantification of fluorescence intensity across brain regions. Reproduced with
permission from ref. 102. Copyright 2025, American Chemical Society. Schematic diagram of A,sR antagonist KW6002 treatment in chronic
restraint stress (CRS) - induced depression-like phenotypes (D) and the antidepressant effects of KW6002 in CRS mouse model (E). Reproduced

with permission from ref. 103. Copyright 2023, Springer Nature.
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regulating synaptic function in sleep homeostasis. Although
AR antagonists can temporarily memory
impairments caused by sleep deprivation, their non-
selectivity may disrupt neuronal mechanisms for sleep
pressure in the long term.’® This suggests that blockade of
adenosine receptors may provide short-term benefits under
specific conditions, yet chronic interventions perturb normal
sleep-wake cycles and may produce adverse effects, hence
this factor must be considered when using adenosine for
sleep disorders. In conclusion, adenosine exerts multifaceted
regulatory effects on sleep homeostasis and cognitive
processes through its activation in neural circuits.'**'%

reverse

3.2 Involvement in depression and anxiety

Depressed mood is a core clinical symptom of depressive
disorders. Adenosine accumulation and release in the brain
have been implicated in the regulation of neural circuits
underlying emotion. Yuan et al. recently introduced a NIR-
activatable nanosensor that enables high-spatiotemporal
imaging of adenosine in the intact mouse brain.'”® This
nanosensor remains optically silent in the absence of
adenosine and is activated only in the presence of adenosine
and NIR irradiation (Fig. 9A). In animals subjected to chronic
unpredictable mild stress, cerebral fluorescence remained at
baseline, whereas a marked, selective fluorescence increase
was observed exclusively in the brains of depression-model
mice, reflecting that adenosine levels were markedly higher
in depressed mice than in normal controls. Pharmacological
validation with the antidepressant fluoxetine reversed the
elevated adenosine levels (Fig. 9B and C). Collectively, this
work established a direct method for adenosine detection
and demonstrated a relationship between depressive states
and adenosine levels. Although the total adenosine levels
show an upward trend in the depressed state, due to the
significant differences in the expression distribution and
signal transduction efficiency of A;R and A,,R in different
brain regions and neuronal types, this global increase may
lead to the disruption of the signal balance between the
receptors. Furthermore, A;R and A;,R may have opposing
roles in the progression of depressive disorders. Indeed, A;R
activation exerts antidepressant effects and increases
treatment sensitivity, although prolonged activation may lead
to receptor desensitization.””> Conversely, A,,R activation has
been shown to engender depression-like behaviors. These
findings underscore the diverse involvement of adenosine
receptor subtypes in the pathophysiology of depression.
Moreover, Wang et al. created a chronic-stress mouse model
to simulate depressive symptoms observed in humans.'®
Their experiments identified that A,,R directly connected the
lateral septum (LS) with both the dorsomedial hypothalamus
(DMH) and the lateral habenula (LHDb). Likewise, imaging
studies revealed that A,,R in the LS is predominantly
expressed in GABAergic neurons. A;,R upregulation in the LS
enhanced the firing frequency of LS-A;,R neurons and
hindered surrounding LS neurons. Importantly, this
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activation of A;5R in the LS subsequently activated the DMH
and LHb, ultimately causing depression-like behaviors. Of
particular note, local application of the selective A,zR
antagonist KW6002 blocked this pathological process and
reversed stress-induced depression-like behaviors
(Fig. 9D and E). Under chronic stress, the persistently high
adenosine levels may prompt an increase in adenosine
release in the lateral septal nucleus (LS) region, which
specifically upregulates the expression of A,R within this
region. This upregulation of A;,R, through the regulation of
specific LS-DMH/LHb neural circuits, ultimately mediates the
generation of depressive-like behaviors. Beyond depression,
AyxR also significantly modulates anxiety-related behaviors.
Emerging evidence suggests that an imbalance between A;R
and A,sR signaling, rather than A,,R activation alone,
contributes to anxiety pathogenesis.'®*'*> Hohoff et al.
employed positron emission tomography to investigate the
associations between both A;R and AR availability and
anxiety-related brain regions in non-smokers.'*® To sum up,
these studies suggest that the coordinated interaction
between A;R and A,,R signaling pathways plays a critical role
in the neural modulation of stress-induced anxiety responses.

3.3 Implications for neurological disorders

Adenosine signaling is an important modulator of both
sleep-wake regulation and emotional processing, and it has
been linked to the pathogenesis of many brain disorders,
including Alzheimer's disease and epilepsy.'"”” These
associations are mediated by diverse molecular mechanisms.
The following sections will discuss the implications of
adenosine in a spectrum of neurological disorders.

3.3.1 Alzheimer's disease (AD). AD is pathologically
hallmarked by the presence of extracellular p-amyloid
plaques and tau-containing neurofibrillary tangles.'°® In AD
brains, adenosine signaling is dysregulated mainly through
altered expression and function of its receptors.'®''® Zhou
et al. used immunofluorescence imaging to identify that A;R
activation can induce an astrocyte phenotype that promotes
both neuroinflammation and synaptic dysfunction.'™
Notably, neurons exposed to conditioned medium from A;R-
overexpressing astrocytes exhibited marked dendritic atrophy
and impaired long-term potentiation (Fig. 10B). Post-mortem
human studies by Albasanz et al. further revealed increased
A;AR binding affinity in the frontal cortex of AD patients
versus controls."** This observation was corroborated by
electrophysiological recordings of hippocampal slices from
wild-type mice, which showed that accumulation of
adenosine generated from the enzymatic breakdown of ATP
greatly activates AR, thereby triggering synaptic
deterioration and memory impairment in murine models of
early-stage AD.""* This finding establishes A,AR signaling as
a potential therapeutic target for the prevention and reversal
of associated neurodegenerative disorders. Orr et al. likewise
reported up-regulated A, R expression in glial cells from AD
patients relative to non-demented controls."** Moreover, to
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Fig. 10

(A) Regulatory role of local adenosine signaling pathways in epilepsy. (B) Synaptic impairment in neurons with A;R overexpression.

Reproduced with permission from ref. 111. Copyright 2023, The American Association for the Advancement of Science. (C) Temporal profile of
adenosine-induced fEPSP pre- (black) and post-ischemic state (grey). Reproduced with permission from ref. 125. Copyright 2006, John Wiley and
Sons. (D) Schematic illustration of adenosine sensor mechanism (up) and LPS-induced adenosine dynamic imaging (down). (E) Fluorescence
micrographs (up) and corresponding pseudo-color representations (down) of GRABago1.0 Sensor signals following peripheral LPS administration.
Reproduced with permission from ref. 131. Copyright 2024, Springer Nature. (F) Schematic diagram of adenosine fluorescence sensor monitoring
epileptic activity in mice. (G) In vivo detection during seizure activity. Reproduced with permission from ref. 69. Copyright 2025, Springer Nature.

elucidate the cellular mechanism underlying the signal
control behavior of A,sR, the study employed in vivo
electrophysiological recordings, demonstrating that the
activation of A,5R in hippocampal cells triggers impairments
of spatial memory in AD.''” Moving beyond the vague
understanding of A,,R function, this study precisely
demonstrated its role within the globus pallidus neurons
circuit. This work thereby establishes a critical experimental
foundation for locally targeted therapies against
neuropsychiatric diseases. Collectively, these findings suggest
that adenosine receptor-mediated signaling may play a
critical role in the regulation of synaptic dysfunction in AD.
3.3.2 Schizophrenia. Schizophrenia, a chronic brain
disorder requiring long-term intervention, has been linked to
the dysregulation of adenosine homeostasis in its
pathological mechanism. Marta Valle-Le6n et al. found that
the A;pR-dopamine D, receptor heteromer in the striatum of
patients with schizophrenia was reduced, providing new
evidence for the adenosine hypothesis of schizophrenia.''®
Recent studies have revealed that adenosine signaling can
affect the metabolic activities of astrocytes.'’” Indeed, the
A;sR regulates Na'/K'-ATPase activity in astrocytes and
modulates the function of the glutamate transporter GLT-1,
an essential component in maintaining glutamate
homeostasis."*®'*® Marco Matos et al. employed (*H) CGS
21680 radioligand binding and (*'C) SCH 442416 PET
imaging to reveal an upregulation of A;,R in brain regions of
schizophrenia patients. Conversely, A,sR deletion in

Sens. Diagn.

astrocytes has been shown to induce phenotypes of
schizophrenia, accompanied by dysfunctional GLT-1."*° This
contradictory finding suggests that balanced adenosine-A;zR
signaling is important for maintaining glutamatergic
stability; either excessive or insufficient levels of adenosine
may disrupt this equilibrium. Notably, the associated
disruption of astrocytic A;sR-glutamate homeostasis offers a
valuable candidate target for diagnostic biomarkers,
potentially reducing the high misdiagnosis rate in
schizophrenia. Moreover, adenosine signaling has been
involved in the regulation of synaptic plasticity, as affirmed
by the research of Dang et al.'?>* Using electrophysiological
recordings of synaptic transmission and plasticity in the
hippocampus, they found that the deletion of the NLG3 gene
in astrocytes impaired long-term  potentiation in
hippocampal slices, demonstrating adenosine signaling as
the core pathway for restoring plasticity. Notably, exogenous
adenosine and selective A;,R agonists were able to restore
this deficit. Thus, these findings highlight the significance of
adenosine signaling pathways in the regulation of synaptic
plasticity in schizophrenia.

3.3.3 Traumatic brain injury (TBI). In the context of global
ischemia or TBI, local tissues rapidly initiate neuroprotective
responses, which include the rapid depletion of intracellular
ATP and a notable surge in adenosine generation and release
(Fig. 10A)."*"'** Locally released adenosine also mediates
rapid, transient signaling of tissue injury and promotes pain
resolution.’”® Previous research has indicated that a critical

© 2025 The Author(s). Published by the Royal Society of Chemistry
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response for cellular protection involved a several-fold
increase in the regional concentration of adenosine during
early ischemia. However, prolonged elevation of adenosine
impedes the reconstruction of neural circuits, suppresses
neurogenesis, and disrupts synaptic plasticity, thereby
interfering with the recovery of higher cognitive functions
such as learning and memory."** Frenguelli and colleagues
recorded neuronal electrical activity to investigate adenosine
release during hippocampal ischemia in rats.'>® They
observed rapid adenosine efflux following ischemic stroke,
which led to prolonged suppression of field excitatory
postsynaptic potentials (Fig. 10C). Thus, adenosine produces
sustained inhibition of excitatory transmission in the post-
ischemic hippocampus. Importantly, even though exogenous
adenosine was administered before or after ischemia, its
effects on neural activity were not markedly altered,
suggesting that adenosine signaling plays a sustained role in
modulating neural activity rather than merely an acute
response to ischemic stroke. Subsequent research by Jackson
et al. measured the release of adenosine under conditions of
glutamate excitotoxicity."*® Extracellular and intracellular
adenosine levels increased by 2.9- and 1.7-fold, respectively.
Under hypoxia and glucose deprivation conditions, these
levels were elevated by 2.4- and 2.6-fold, respectively. These
findings suggest that neurons can dynamically regulate the
production and release of adenosine in response to neuronal
homeostasis and function under pathological conditions."*’
However, A,,R overactivation exacerbates neuronal
dysfunction and excitotoxicity by promoting glutamate
release from both neurons and astrocytes.'”’ Manuela
Marcoli et al. found that in human brain tissue that there is
a vesicle-like release mechanism for glutamate exocytosis
during ischemia. Moreover, the A;,R antagonist can reduce
glutamate accumulation by inhibiting this mechanism,
providing a crucial experimental basis for neuroprotective
treatment of cerebral ischemia."”®'*® Meng et al. employed
HPLC to reveal significantly reduced adenosine levels in the
striatum of CD73 knockout mice compared to wild-type
controls, highlighting the role of CD73-mediated adenosine
in regulating microglial-mediated neuroinflammation.
Conversely, neuroinflammation has been shown to elevate
extracellular adenosine.”*® Guo et al. used an adenosine
sensor, GRABqo1.,0 to confirm that lipopolysaccharide (LPS)-
induced systemic inflammation increases extracellular
adenosine concentrations in the brain (Fig. 10D)."*" In their
study, fluorescence intensity began to rise two hours after
LPS administration and reached a plateau at six hours,
demonstrating that systemic inflammation can induce
adenosine accumulation (Fig. 10E). On the whole, the
generation and release of adenosine require precise
regulation to maintain neuronal homeostasis.

3.3.4 Epilepsy. Epilepsy is characterized by recurrent
seizures arising from neuronal hyperexcitability. Maintaining
adenosine homeostasis is thus critical for preventing seizure.
Seizures are accompanied by explosive poly-spike-and-slow-
wave discharges on electroencephalography.’** Wei et al.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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monitored real-time adenosine levels with a fluorescent
probe following kainic-acid-induced hippocampal seizures in
mice (Fig. 10F).* Mice expressing the probe exhibited a
larger fluorescence increase than controls. Strikingly, the
enhancement of the fluorescent probe was temporally aligned
with the termination of epileptic seizures, consistent with the
role of adenosine signaling in seizure termination (Fig. 10G).
Their work emphasized the importance of adenosine levels
during epileptic seizures and underscored astrocytes as a
crucial modulator in this mechanism. Besides, Shen et al
demonstrated that overexpression of adenosine kinase (ADK)
resulted in a half reduction of adenosine in tissue.’*® Li et al.
proposed a novel astrocyte-based mechanism of epilepsy,
laying the foundation for the ADK-mediated epilepsy
hypothesis."** ADK, a key enzyme regulating adenosine
levels, is rapidly downregulated after epileptic seizures,
leading to increased adenosine levels and exerting anti-
seizure effects. However, inflammatory responses induce
astrocytic proliferation during the latent period of epilepsy,
resulting in ADK overexpression and an increased likelihood
of seizures.”* This ADK-related dysregulation of adenosine
concentrations suggests that adenosine dynamics act as an
important driver of imbalances
Specifically, excessive ADK activity leads to decreased
adenosine levels and insufficient A;R activation, resulting in
the loss of a “braking” signal in neurons. This impairs their
ability to suppress excitatory signals and exacerbates seizure
severity.?’ In contrast, blocking nucleoside transporters
restores synaptic plasticity and reduces seizure severity."*® As
another key receptor in the adenosine signaling pathway,
A;AR regulates GLT-1 activity and directly impacts glutamate
homeostasis. These studies are consistent with those of
Boison's group, who validated that adenosine exerts
inhibitory effects on seizures, suggesting its potential value
in the treatment of epilepsy.'®” Moreover, researchers have
genetically modified fibroblasts to continuously release
adenosine, encapsulating and transplanting them into a rat
model of epilepsy, and significantly suppressed seizure-like
activity induced by electrical stimulation."*® Taken together,
these studies indicate that dysregulation of adenosine-based
neuromodulation may contribute to epileptogenesis. The
dynamic levels of adenosine in the cerebrospinal fluid or
blood of epilepsy patients may potentially serve as an early
warning indicator for seizures.®* The integration of a
photoelectrochemical sensor into a microfluidic chip
platform holds promise for providing a novel solution for at-
home adenosine monitoring in epilepsy patients. Currently,
the elevation of adenosine levels has emerged as a promising
therapeutic approach in epilepsy.'*’

in neural circuits.

Conclusions

The neuromodulatory role of adenosine in the central
nervous system has garnered widespread recognition over
recent decades. Adenosine participates in the regulation of
neuronal activity, and its dysregulation is closely associated
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with the pathological mechanisms of various neurological
diseases. This recognition has prompted the development of
adenosine detection methods, providing essential tools for
elucidating  adenosine  regulatory = mechanisms and
understanding its contributions to neurological pathologies.
In this review, we systematically discuss and categorize non-
optical and optical-based approaches. By analyzing the
applications of adenosine in sleep-wake regulation, mood
disorders, and various neurological conditions, we
emphasized the correlation between adenosine levels and
neural activity. These advances have not only deepened our
comprehension of adenosine's neuromodulatory roles but
also laid the foundation for novel diagnostic tools and
clinical therapeutic strategies.

At present, most adenosine-detection techniques remain
at the experimental research, and only a few have entered
pre-clinical or early clinical validation. In terms of
technological development, although fiber-optic photometry
enables high-spatial and temporal-resolution monitoring,
implantable fibers cause tissue trauma and disrupt the
microenvironment, prompting researchers to explore
biodegradable implant designs that balance monitoring
performance with biocompatibility. Regarding imaging,
optical methods struggle to achieve high-signal-to-noise-ratio
monitoring in deep brain regions because of limited tissue
penetration and autofluorescence interference. Near-infrared-
II imaging, which offers deeper penetration and lower
background noise, now provides a new route for non-invasive
monitoring of deep lesions. Notably, complex biological
matrices (plasma proteins, lipids) and adenosine structural
analogues in clinical samples severely compromise
specificity.  Multimodal data-analysis platforms that
incorporate artificial intelligence (AI) can magnify subtle
differences between adenosine and its analogues, markedly
improving detection accuracy in complex matrices. Future
efforts should concentrate on three synergistic advances: (i)
developing endogenous optical pathways for minimally
invasive intervention, (ii) leveraging NIR-II imaging to extend
deep-tissue detection, and (iii) integrating biodegradable
probes with AI analysis platforms, thereby accelerating the
translation of adenosine detection from bench to bedside. In
summary, technological advances will enable real-time,
dynamic detection of brain adenosine, providing deeper
insight into brain function and disease mechanisms.
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