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Review Article

Advancements in real-time electrochemical sensing 
of brain neurochemicals
Ajay Pradhan and Ann-Sofie Cans

Neurochemical signaling can be investigated across multiple 
spatial scales, ranging from quantal exocytotic neurotrans-
mitter release at single synapses to extracellular fluctuations 
in neurochemical concentrations across intact brain circuits 
associated with physiology and behavior. Electrochemical 
techniques are particularly suited for monitoring these pro-
cesses because they combine high temporal resolution and 
chemical sensitivity with miniaturized electrodes enabling 
spatially resolved measurements from single cells to freely 
behaving animals with minimum tissue damage. This review 
highlights recent advances in carbon fiber microelectrodes, 
alternative electrode materials, nanostructured interfaces, 
surface modification strategies and electrochemical method-
ologies that improve analytical performance. It also examines 
novel molecular-recognition and biosensing strategies 
including aptamers, molecularly imprinted polymers, enzyme-
based biosensors, liquid-liquid junction microelectrodes, 
photoelectrochemical sensors and synthetic receptor-based 
platforms that extend detection also to non-electroactive 
neurotransmitters. Particular focus is placed on simultaneous 
multianalyte detection and complementary methodologies 
enabling to better understand how neurotransmitter dynamics 
relate to brain function and dysfunction.
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Introduction
Real-time monitoring of neurochemical dynamics is 
essential for understanding mechanisms that regulate

brain function and dysfunction. The human brain com-

prises approximately 86 billion neurons and a comparable 
number of glial cells, both of which contribute to tightly 
regulated neurochemical signaling. At chemical synapses, 
action potentials trigger synaptic vesicle exocytosis and 
rapid neurotransmitter release from presynaptic termi-

nals. These molecules diffuse across the synaptic cleft 
and activate receptors of neighboring cells, thereby 
mediating intercellular communication. More than 100 
neurotransmitters and neuromodulators have been 
identified, ranging from classical small-molecule neuro-

transmitters to neuropeptides. Together, they form 
complex, interconnected signaling networks whose co-

ordinated spatiotemporal interplay shapes neuronal cir-

cuits and supports brain functions such as learning, 
memory, cognition and behavior. Understanding the 
molecular interaction within such networks requires 
technologies capable of tracking multiple neurochemical 
signals with high spatiotemporal resolution.

Electrochemical techniques offer unique quantitative, 
real-time measurements of neurotransmission with 
high temporal resolution and chemical sensitivity and 
are compatible with miniaturized electrodes. These 
capabilities support investigations across spatiotem-

poral scales spanning from individual sub-millisecond 
quantal exocytosis events at single cells to sub-second 
fluctuations in extracellular neurochemical concentra-

tions within intact brain circuits of freely behaving 
animals. Advances in electrochemical sensing are 
driven not only by the need to improve analytical per-

formance of individual neurotransmitter measurements 
but also by growing interest in simultaneously moni-

toring multiple neurochemicals to better understand 
how their coordinated interplay regulates brain func-

tion. This review highlights recent developments in 
electrode design, molecular recognition strategies, 
multianalyte detection and multiplexing platforms for 
investigating neurochemical signaling across spatial and 
temporal scales.

Recent advances in electrochemical 
neurotransmitter detection: from 
established carbon fiber microelectrodes 
to emerging sensor technologies
Since their first implementation by the group of Ralph 
Adams in the 1970s [1], carbon fiber microelectrodes
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(CFMEs) have remained the gold standard for real-time 
electrochemical detection of neurotransmitter release. 
Their small footprint (5—7 μm diameter) combined 
with high sensitivity and rapid electron transfer kinetics 
enable the detection of electroactive neurotransmitters 
like dopamine and serotonin with minimal tissue 
damage [2]. The versatility of CFMEs has supported 
measurements across different biological scales. At 
single cells, high-speed amperometric recordings 
sampled up to 100 kHz can resolve individual vesicle 
release events and sub-millisecond features associated 
with fusion pore regulated exocytosis [3,4]. In brain 
tissue, CFMEs coupled with fast-scan cyclic voltam-

metry (FSCV) provide sub-second monitoring and 
chemical discrimination based on characteristic oxida-

tion and reduction peaks in cyclic voltammograms, 
making them particularly suitable for measuring extra-

cellular neurotransmitter dynamics in vivo of freely 
behaving animals. However, CFMEs face limitations 
associated with biological and chemical fouling, reduced 
temporal resolution due to adsorption kinetics, and 
limited selectivity between analytes with similar redox 
properties (Reviewed in Refs. [2,5]). Considerable ef-

forts have therefore been directed towards modifying 
CFME surfaces and geometries to improve their 
analytical performance.

Chemical, electrochemical, and thermal treatments can 
enhance CFME sensitivity by altering its surface 
chemistry and introducing nanoscale structures. For 
example, positioning a CFME near the heating filament 
of a conventional glass capillary puller enables time- and 
temperature-controlled heat etching, producing nanotip 
electrodes with tip diameters of approximately 150 nm 
and roughened surfaces comprising carbon nanodots and 
nanocavities [6] (Figure 1a). Together with the 
increased abundance of oxygen-containing functional 
groups, these structural changes enhance electro-

chemical sensitivity. Such porous structures are attrac-

tive because analyte confinement within the pores 
amplify electrochemical signals [2]. Controlled elec-

trochemical etching using a potassium hydroxide 
droplet has been similarly used to tailor carbon fiber 
geometry and size, enabling the fabrication of short 
ultralow-noise electrodes with tunable needle- and 
cone-shaped profiles [7,8]. Compared with earlier 
nanotip electrodes with exposed length of 50—100 μm, 
electrodes with exposed carbon lengths of ∼10 μm 
provide lower-noise amperometric recordings [9]. Their 
nanotip dimensions and minimal electroactive surface 
area facilitate positioning the sensor close to the indi-

vidual synapses, thereby enabling localized measure-

ments of single-vesicle exocytosis in single-cell studies. 
Electrode geometry has also been shown to directly in-

fluence neurotransmitter detection performance 
[10,11]. Reducing the electroactive surface area

generally lowers recording noise and improves spatial 
resolution, while larger surfaces can increase signal in-

tensity by sampling greater tissue volumes. For in vivo 
measurements in awake animals, sensor dimensions 
need to be controlled to confine measurements to brain 
region of interest. Minimizing the implanted sensor 
dimensions is also important because larger probes can 
cause tissue damage and inflammatory responses, 
particularly during long-term implantation. As sensor 
size and geometry also affect neurotransmitter diffusion 
and mass transport, electrode design must be matched 
to both the spatial scale and biological setting of 
the measurement.

In addition to modifying their intrinsic surface properties 
and geometry, CFMEs can be further functionalized with 
materials such as gold or platinum nanoparticles, poly-

mers, carbon nanotubes (CNTs), and graphene oxide [5]. 
Depending on the material properties, these modifica-

tions can increase the electroactive surface area, accel-

erate electron transfer, enhance chemical selectivity, or 
reduce surface fouling. CFMEs modified with single-

atom Fe nanozyme catalyst with antioxidant properties 
have also been explored and shown to reduce inflam-

matory responses upon in vivo implantation [12]. In 
addition to electrode design and functionalization, 
selecting the appropriate electrochemical technique is 
equally critical for maximizing the detection limit and for 
enabling detection at speeds comparable to biological 
time scales of interest. Although techniques like differ-

ential pulse and square wave voltammetry offer high 
sensitivity and analyte identification, they are generally 
too slow to capture rapid exocytotic neurotransmitter 
release dynamics at single cells. At single cells, high-

speed amperometry provides microsecond temporal res-

olution that can resolve individual vesicular release 
events and sub-millisecond features of fusion-pore dy-

namics, although it lacks chemical identification. In 
contrast, in vivo studies generally monitor sub-second 
fluctuations in extracellular neurotransmitter concentra-

tions reflecting the collective activity of neuronal popu-

lations. FSCV is well-suited for such measurements in 
awake animals as it combines sub-second temporal res-

olution with chemical identification. However, these re-

cordings are typically limited to several minutes due to 
sensor drift, particularly with surface-modified elec-

trodes. Matching carbon fiber sensor design with the 
appropriate electrochemical method is therefore essen-

tial for investigating neurotransmission from single-

vesicle exocytosis to population dynamics in vivo.

Exploration of alternative carbon-based 
electrode materials
In parallel with CFME modifications, alternative 
carbon-based electrode materials have been explored for 
neurotransmitter detection, particularly for in vivo
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applications [5]. Flexible carbon nanotube (CNT) yarns 
represent an attractive alternative to conventional 
CFMEs because their graphitic edge plane defect sites 
and extensive sp2-hybridization offer both fast electron 
transfer and antifouling properties [5,13]. Graphene 
oxide fibers have also shown favorable performance for 
serotonin detection, including improved fouling resis-

tance compared to CFMEs [14]. Another recently re-

ported innovative design involves pyrolyzed Parylene-N 
coatings on metal wires to generate defect-rich carbon 
electrodes showing excellent performance for detection 
of dopamine, adenosine and serotonin in vivo while 
resisting chemical fouling [15,16]. Other emerging 
electrode platforms include boron-doped diamond 
electrodes [17], 3D-printed carbon electrodes [18], and 
carbon-coated nanopipettes [19]. Despite these ad-

vances, the broader adoption of emerging electrode 
materials will depend not only on analytical performance 
but also on fabrication accessibility, reproducibility and 
cost. Some of these modern sensors described here 
require advanced nanofabrication facilities including 
expensive chemical vapor deposition equipment, that

are accessible to relatively few research laboratories. In 
contrast, carbon fibers are commercially available and 
can be readily fabricated and modified using standard 
laboratory equipment. This practical advantage is 
particularly important for in vivo applications, where the 
ease of sensor fabrication and modification is also equally 
important. Accessible approaches such as simple heat-

induced surface modification may therefore help 
CFMEs remain widely used alongside emerging carbon-

based sensor technologies [6].

Molecular recognition and biosensing 
strategies for neurotransmitter detection
Nucleic acid aptamers are versatile molecular recogni-

tion elements for neurotransmitter sensing because of 
their high affinity and selectivity. Aptamer-based sen-

sors have been developed for small molecule neuro-

transmitters [20—22], neuropeptides [23], and 
multianalyte detection of several neurochemicals 
[24,25]. Despite challenges with aptamer stability and 
biofouling, recent advances have enabled real-time 
ex vivo and in vivo neurotransmitter measurements.

Figure 1

(a) Scanning electron microscopy (SEM) image of a heat-etched carbon fiber microelectrode (CFME) exhibiting a defect-rich nanostructured surface. 
Adapted from the study by Gupta et al. (Ref. [6]) with permission. (b) Bright-field micrograph of a CFME modified with chitosan and glutamate oxidase for 
dual detection of dopamine and glutamate, where dopamine is detected by direct oxidation and glutamate through enzymatic production of hydrogen 
peroxide (H 2 O 2 ). Adapted from the study by Kimble et al. (Ref. [32]) with permission. (c) SEM image of a gold nanoparticle (AuNP) modified carbon fiber 
nanotip electrode functionalized with the enzymes acetylcholinesterase (AChE) and choline oxidase (ChO) for acetylcholine detection at single synapses. 
Adapted from the study by Wang et al. (Ref. [9]) with permission. (d) Schematic showing the working principle of an aptamer-modified nanopipette 
biosensor for serotonin detection. Serotonin binding induces a conformational change in the aptamer layer that increases ion permeability and the 
measured current, while the 10 nm pipette opening prevents the entry of interferents. Adapted from the study by Nakatsuka et al. (Ref. [20]) with 
permission. (e) Schematic of an aptamer-modified microelectrode array for multianalyte detection of dopamine, serotonin, and ATP. Aptamer for ATP was 
first deposited onto three electrodes, followed by removal at two of the electrodes via electrochemical treatment. Aptamers for dopamine and serotonin 
were then deposited sequentially using the same addition and removal process, generating a three-electrode aptamer microarray with distinct molecular 
recognition surfaces. Adapted from the study by Sen and Lazenby (Ref. [25]) with permission. (f) Schematic of the sensing mechanism of a linear-chain 
stimuli-responsive polymer in its target-free and target-bound states. In the absence of the target neurotransmitter, the polymer in the unbound state 
inhibits electron transfer between the polymer-attached redox probe and the electrode surface. Neurotransmitter binding alters the polymer conformation 
and facilitates electron transfer, which increases the voltammetric current. Adapted from the study by Ahmadian-Alam et al. (Ref. [28]) with permission.
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Examples include aptamer-functionalized field effect 
transistors [21], graphene microtransistors [26], and 
differential sensing systems based on paired nano-

pipettes approximately 10 nm in diameter, with one 
serving as reference for subtracting signals arising from 
non-specific interactions [27]. Molecularly imprinted 
polymers (MIPs) have similarly emerged as synthetic 
recognition elements and may overcome some of the 
stability limitations of aptamers. MIPs are templated 
polymers containing binding cavities designed to 
recognize specific analytes with high affinity and selec-

tivity. Recent developments have extended these plat-

forms to multianalyte detection [28,29]. Both aptamer-

and MIP-based biosensors can target electroactive and 
non-electroactive neurotransmitters. Nevertheless, 
enzyme-based biosensors remain the most commonly 
used strategy for monitoring non-electroactive neuro-

transmitters like glutamate [30] and acetylcholine [31]. 
Enzymatic biosensors commonly use oxidases that, 
through the enzymatic reaction, convert the target an-

alyte while generating hydrogen peroxide (H 2 O 2 ). 
Subsequent oxidation or reduction of H 2 O 2 at the 
electrode surface, produces a current proportional to the 
analyte concentration. Enzymatic detection can also be 
combined with direct electrochemical detection to 
enable dual-analyte sensing. For example, CFMEs 
modified with glutamate oxidase-containing chitosan 
hydrogel have been used for simultaneous, sub-second 
detection of dopamine and glutamate in brain slices 
[32] (Figure 1b). Extending enzymatic biosensing to 
single-cell amperometry requires a response sufficiently 
rapid to resolve fusion pore regulated exocytotic release 
from individual synaptic vesicles. This has been 
achieved by reducing the enzyme coating at the elec-

trode surface to a molecular monolayer, thereby mini-

mizing the diffusion distance of enzymatically 
generated H 2 O 2 to the electrode surface and enabling 
sub-millisecond detection [30]. Enzymatic glutamate 
sensing has since been extended to several additional 
applications [32—36]. Similarly, ultrafast monitoring of 
acetylcholine exocytosis at individual synaptic release 
sites have been demonstrated, together with intracel-

lular quantification of vesicular acetylcholine content 
[9,31,37] (Figure 1c).

Alternative strategies have also been developed for 
detecting non-electroactive neurotransmitters. Micro-

and nano-scale interfaces between two immiscible 
electrolyte solutions (ITIES) have been developed and 
used by the Shen group for acetylcholine detection, 
including recent in vivo measurements [38]. Rather than 
relying on electron transfer, these sensors detect 
potential-driven ion transfer from the aqueous medium 
into an organic phase contained within the sensor probe. 
The composition of the organic phase can be optimized 
to favor transfer of particular analytes, thereby 
improving sensor selectivity. To date, however, neuro-

transmitter applications of this approach has so far

focused primarily on acetylcholine. Further, the reported 
experiments were only performed acutely, leaving long-

term stability unexplored, and sensor fouling was 
observed even during short-term implantation [38]. The 
use of toxic organic chemicals, which can leak if the glass 
pipette encasing the solution is damaged in living ani-

mals after implantation, may also raise biocompati-

bility concerns.

Gu et al. reported a photoelectrochemical biosensing 
strategy based on isolated zinc atoms supported on a 
TiO 2 substrate [39]. The rationally designed zinc-TiO 2 
structure selectively interacts with the molecular moi-

eties present on the norepinephrine molecule via mo-

lecular docking, enabling sensitive norepinephrine 
detection in vivo with selectivity over structurally similar 
neurotransmitters [39]. Interestingly, its reported 
response time of 60 ms is sufficiently fast for monitoring 
neurochemical dynamics in vivo. Finally, engineered 
glutamate receptor proteins immobilized on electrode 
surfaces provide a non-enzymatic sensing mechanism 
analogous to the molecular recognition used in fluores-

cent glutamate probes [40]. Glutamate binding induces 
a structural change in the receptor that disrupts the 
electron transfer between ferrocene molecules conju-

gated at the gold-coated sensor and the underlying gold 
surface [40]. The sensor exhibited a response time of 
30—40 ms, which is sufficient for sub-second recordings 
of basal neurotransmitter dynamics but is significantly 
slower than enzymatic glutamate biosensors with 
monolayer enzyme coating with sub-millisecond 
response [30], in addition to having a significantly 
more complex sensor functionalization pipeline [40].

Recent progress in electrochemical multi-
neurotransmitter detection
Understanding neurochemical interactions in the brain 
requires tools capable of monitoring multiple neuro-

chemicals simultaneously. Several emerging strategies 
enable multi-neurotransmitter detection at a single 
electrochemical sensor, ensuring that signals are 
collected from the same spatial location and avoiding 
the separation inherent to measurements using multiple 
probes (Table 1). In carbon-based sensors, polymer 
coatings can shift neurotransmitter oxidation peak po-

tentials and facilitate dual-analyte detection [41]. 
Overlapping FSCV signals can also be deconvoluted 
with machine learning pipelines [42,43].

Multianalyte measurements can further be achieved by 
combining direct electrochemical detection with enzy-

matic biosensing. Enzyme-based sensors commonly 
detect H 2 O 2 through oxidation at higher positive po-

tentials or reduction at negative potentials, allowing this 
reporter signal to be distinguished from the redox sig-

nals of redox-active neurotransmitters like dopamine. 
Accordingly, the Sombers group demonstrated
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1
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of recent works demonstrating

 
simultaneous

 
detection

 
of release of several neurochemicals

 
with

 
a
 
single

 
sensor.

Authors
 

NTs
 

Methods
 

Sensor modification
 

RT
 
dual detection of 
NT
 
release?

Biological sample

Qi et al. [47] DA, adenosine FSCV
 

Carbon
 
coated-gold

 
MEA

 
electrodes

 

Yes
 

DA
 
detected

 
in
 
NAc

 
of living rats

Han
 
et al. [48] DA, 5-HT 

CV
 

CNT
 
and
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modified
 
CFMEs

No
 

Detection
 
of injected 

DA, 5-HT 
in
 
living
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Huang
 
et al. [45] DA, 5-HT 
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carbon
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No
 

Spiked
 
serum, and 

DA
 
detection
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Goyal et al. [42] DA, NE,
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Multiple
 
cyclic

 
SWV

 
CFMEs

 
Yes

 
NAc

 
of living rats

Park
 
&
 
Venton

 
[43] DA, octopamine

 
FSCV CFMEs No DA

 
and
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injected
into

 
D. melanogaster 

brain
Berger et al. [44] DA, Met-Enkephalin FSCV CFME Yes Rat striatal brain 

slices
Kimble

 
et al. [32] DA, glutamate

 
FSCV Chitosan

 
and

 
enzyme-modified

 
CFMEs

 

Yes
 

Rat striatal brain 
slices

Chu
 
et al. [33] Glutamate, GABA Amperometry Enzyme/Pt-black-

modified
 
microarray

Yes
 

Anesthetized
 
rat 

brain
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simultaneous real-time detection of directly oxidized 
dopamine and enzymatically generated glutamate sig-

nals in striatal brain slices using a single FSCV waveform 
[32]. Direct dual detection of dopamine and neuro-

peptides has also been achieved using specialized 
sawhorse FSCV waveforms [44]. Simultaneous enzy-

matic detection of two non-electroactive neurotrans-

mitters presents a greater challenge. Dual glutamate 
and gamma-aminobutyric acid (GABA) detection has 
recently been demonstrated albeit requiring sentinel 
electrodes [33]. Enzymatic GABA sensing is compli-

cated and requires alpha-ketoglutarate as a co-substrate. 
However, alpha-ketoglutarate generated during gluta-

mate oxidase-catalyzed conversion of glutamate is suf-

ficient for effective GABA sensing. This coupled 
enzymatic pathway provides a potential basis for 
simultaneous in vivo sensing of both neurotransmit-

ters [33].

Other promising multianalyte platforms include 
aptamer-based sensors [25], molecularly imprinted 
polymers (MIPs) [28,29] and metal—organic frame-

works (MOF)- modified electrodes [45]. Although their 
suitability for in vivo applications remains to be estab-

lished, these approaches are expanding the capabilities 
of electrochemical neurotransmitter sensing. While 
single-sensor multianalyte sensing using aptamers has 
been demonstrated for cytokines [46], microelectrode 
arrays are generally preferred for multi-neurotransmitter 
sensing (Figure 1e). The number of molecular targets 
that can be distinguished at a single sensor is limited by

the availability of redox probes with sufficiently sepa-

rated peak potentials. Additionally, signal dilution 
occurs with a decreased proportion of aptamer detection 
probes per analyte [25]. Synthetic recognition polymers 
have also enabled multi-neurotransmitter detection, but 
conventional cross-linked MIPs require incubation 
times of approximately 20 min, making them unsuitable 
for monitoring neurotransmitter dynamics in vivo [29]. 
Stimuli-responsive polymers have significantly acceler-

ated binding kinetics of approximately 1 min, but their 
selectivity and cross-reactivity in complex neurochem-

ical matrices remain insufficiently characterized [28] 
(Figure 1f). Further, improvements in response time and 
molecular discrimination will therefore be required 
before these materials can be applied to real-time 
multianalyte measurements.

Multiplexing electrochemical detection with 
complementary techniques in vivo
Miniaturized electrochemical sensors can be integrated 
with complementary methods to provide multimodal 
in vivo measurements (Table 2). For example, FSCV-

based dopamine detection has been successfully com-

bined with functional resonance imaging (fMRI) [49] 
and fluorescent glutamate sensing [50]. Driscoll and 
colleagues recently demonstrated a multimodal plat-

form incorporating CNTyarn electrodes for FSCV-based 
dopamine sensing and electrophysiological recordings, 
together with a polymer-fiber waveguide for opto-

genetics [13] (Figure 2c). The platform also supports

Table 2

Summary of key recent works showcasing multiplexed electrochemical detection with other methods.

Authors NTs Methods RT 
detection of 
NT release?

Biological sample

Shnitko
et al. [49] 

DA FSCV, fMRI Yes NAc of anesthetized rat brain

Shrestha 
et al. [50] 

DA, glutamate FSCV for DA, fluorescent glutamate probe Yes Caudate putamen of mouse brain slices

Driscoll
et al. [13] 

DA FSCV, electrophysiology, fiber photometry, fMRI, behavior Yes NAc of awake behaving mice

Fan et al. 
[54]

DA Amperometry, local field potentials Yes Striatum of awake behaving mice

Qi et al. 
[47] 

DA FSCV, electrophysiology Yes NAc of living rats

Wang et al. 
[51]

DA Amperometry, local field potentials, behavioral Yes Caudate putamen of awake mice

Xie et al. 
[52] 

Glutamate Amperometry, action potentials, local field potential Yes Cortex and hippocampus of living rats

Hasegawa 
et al. [34]

Glutamate Amperometry, field potential Yes Mouse hippocampal brain slices

Abbreviations used in Table.
DA: dopamine, FSCV: fast scan cyclic voltammetry, fMRI: functional magnetic resonance imaging, NAc: nucleus accumbens, NTs: neurotransmitters, RT: 
real-time.
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fiber photometry recordings of calcium activity and is 
compatible with fMRI and behavioral experiments, 
although FSCV was evaluated separately from these 
other methods [13]. Other platforms have combined 
electrochemical neurotransmitter sensing with electro-

physiology [47,51] (Figure 2b), including a smaller 
number of them integrating glutamate sensing [34,52] 
(Figure 2a). By correlating chemical signaling with 
electrical activity, these approaches can provide a more 
comprehensive understanding of neuronal circuit func-

tion. Electrochemical neurotransmitter measurement is 
also possible in a plate-reader format for two-

dimensional cell cultures [53], although their integra-

tion with electrophysiological recordings in neuronal 
cultures remains unexplored. Although such strategies 
are extremely valuable in neuroscience research, their 
complex design, specialized fabrication requirements 
and limited commercial availability, currently restrict 
widespread adoption of this technology. With efforts 
focused on reproducible manufacturing, standardized 
interfaces and compatibility with commonly available 
instrumentation, these multimodal electrochemical 
technologies could become more accessible to the 
broader neuroscience community.

Conclusions and future outlook
Real-time electrochemical neurotransmitter sensing 
offers a powerful means of investigating neurochemical 
signaling across wide spatial and temporal scales. Ad-

vances in controlling electrode dimensions, geometry, 
surface structure and recognition chemistry have 
broadened the range of detectable neurochemicals 
while improving sensitivity, spatial resolution and 
compatibility with complex biological environments. 
These capabilities allow sensors to be adapted to spe-

cific biological questions, from resolving single-vesicle 
exocytosis at individual cells to monitoring extracel-

lular neurotransmitter dynamics within intact neural 
circuits in vivo. The evolution of CFME-based sensing 
demonstrates this progress, from its introduction for 
detection of electroactive neurotransmitters such as 
dopamine, to now having its surface miniaturized, 
structurally modified, and functionalized with catalytic 
materials and molecular recognition elements to support 
increasingly diverse applications.

The field is now progressing toward simultaneous 
multianalyte measurements and integration with elec-

trophysiological and optical-based approaches, providing

Figure 2

(a) Micrograph of a multimodal sensor integrating enzymatic glutamate sensing with electrophysiological recordings. The sensor simultaneously 
resolved action potentials, local field potentials, and glutamate levels. Adapted from the study by Xie et al. (Ref. [52]) with permission. (b) Schematic and 
images of a Kapton-based sensor for simultaneous in vivo dopamine sensing at the carbon-coated gold surface and electrophysiological recordings at 
the platinum-iridium surface. Adapted from the study by Qi et al. (Ref. [47]) with permission. (c) Schematic and an image of a fMRI-compatible 
multimodal sensing device integrating drug delivery, optical stimulation and sensing through a polymer optical waveguide, and six CNT yarn electrodes 
for electrical stimulation, electrophysiological recordings and dopamine sensing using FSCV. Adapted from the study by Driscoll et al. (Ref. [13]) with 
permission.
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complementary information on the intricacies of 
neuronal communication and mechanisms of brain dis-

eases. Aptamers, MIPs, enzymatic recognition, tailored 
FSCV waveforms, and computational signal deconvolu-

tion are expanding the chemical information obtainable 
from individual sensors and arrays. However, such 
ambitious undertaking comes with important challenges 
such as analyte cross-talks, overlapping electrochemical 
signatures, biofouling, signal drift, sensor-to-sensor 
variability and limited long-term stability. Wider adop-

tion will also require reproducible fabrication, stan-

dardized validation, compatibility with common 
instrumentation and commercial availability.

Most real-time neurochemical measurements have pri-

marily been performed in animal models, which cannot 
fully reproduce the specific human neurophysiology. 
Studies in human-relevant systems remain largely 
limited to stem cell-derived neuronal cultures [55] and 
surgically extracted brain tissue from patients with epi-

lepsy [36]. Advanced three-dimensional cultures, orga-

noids, and other human-derived models could therefore 
help bridge between animal studies and clinical trans-

lation. In the longer term, integration with clinically 
implanted devices such as deep-brain stimulation elec-

trodes, may enable neurochemical monitoring in patients. 
Achieving this goal will require substantial advances in 
biocompatibility, selectivity, recording stability, and 
safety. Importantly, regulatory approval must 
be addressed.
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