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ABSTRACT: In vivo electrochemical sensing based on implantable micro-
electrodes is a strong driving force of analytical neurochemistry in brain. The
complex and dynamic neurochemical network sets stringent standards of in
vivo electrochemical sensors including high spatiotemporal resolution,
selectivity, sensitivity, and minimized disturbance on brain function. Although
advanced materials and novel technologies have promoted the development of
in vivo electrochemical sensors drastically, gaps with the goals still exist. This
Review mainly focuses on recent attempts on the key issues of in vivo
electrochemical sensors including selectivity, tissue response and sensing
reliability, and compatibility with electrophysiological techniques. In vivo
electrochemical methods with bare carbon fiber electrodes, of which the
selectivity is achieved either with electrochemical techniques such as fast-scan
cyclic voltammetry and differential pulse voltammetry or based on the
physiological nature will not be reviewed. Following the elaboration of each
issue involved in in vivo electrochemical sensors, possible solutions supported
by the latest methodological progress will be discussed, aiming to provide
inspiring and practical instructions for future research.
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In vivo sensors directly established on systems maintaining
biological activity offer promise in both fundamental research
and practical applications.1−5 Through continuous monitoring
of certain analytes or biological processes, in vivo sensors not
only enable researchers to understand biological structure and
functions close to the physiological condition, but also enable
users to set up personal databases for customized health
management.
Brain endows people with the abilities of cognition,

perception, and action through a complicated and dynamic
network, which essentially subjects them to transmission
processes of neurochemicals. To take an in-depth look at the
brain, groundbreaking research has been conducted at different
scales: quantitative measurement of neurotransmitters at the
molecular scale,6−9 dynamic monitoring of nervous processing
at the cellular scale,10−13 investigation of normal and abnormal
states of metabolism and behavior at higher scales, and so
forth.14−16 In past decades, research that focus on neuro-
chemistry have received increasing attention and sustained
development. For example, quantitative correlation between
neurochemicals and neural activity in both physiological and
pathological processes that has been a longstanding goal is
gradually established.17−19 This correlation, in turn, provides
guidance in molecular regulation of neural networks.20

However, along with the better knowledge of brain structure
and function, increased understanding of insufficiency and

technical limitations is also acquired, especially when facing
neurogenic and psychiatric disorders.
Neurons and neuroglia cells collectively constitute the

dynamic network, in which various chemicals interact
continuously. Neurotransmitters and neuromodulators are
two major categories of neurochemicals. Typically, neuro-
transmitters serve as messengers across the synapse, establish-
ing direct communication between neighboring neurons.
Neuromodulators often participate in modulation of neuro-
transmission. Besides, neurochemicals also include small ions,
energy suppliers, reactive oxygen species (ROS), gases,
peptides, proteins, and nucleic acids, which corporately
regulate activity and dynamic structure of vesicles, neurons,
and circuits. This complex and dynamic environment provides
opportunities for in vivo neurochemical analysis, owing to its
improved reliability and time resolution compared with
conventional in vitro analysis. However, the complexity of
the brain network also proposes high demands about in vivo
analysis generally in two aspects: (a) sufficient spatiotemporal
resolution, sensitivity, reliability, and selectivity are necessary
to monitor specific neurochemicals; and (b) disturbance of the
brain is required to be minimized.

Received: September 3, 2019
Accepted: November 13, 2019
Published: November 13, 2019

Review

pubs.acs.org/acssensorsCite This: ACS Sens. 2019, 4, 3102−3118

© 2019 American Chemical Society 3102 DOI: 10.1021/acssensors.9b01713
ACS Sens. 2019, 4, 3102−3118

D
ow

nl
oa

de
d 

vi
a 

U
N

IV
 O

F 
G

L
A

SG
O

W
 o

n 
Ju

ly
 1

8,
 2

02
0 

at
 0

4:
37

:4
6 

(U
T

C
).

Se
e 

ht
tp

s:
//p

ub
s.

ac
s.

or
g/

sh
ar

in
gg

ui
de

lin
es

 f
or

 o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.

pubs.acs.org/acssensors
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acssensors.9b01713
http://dx.doi.org/10.1021/acssensors.9b01713


Imaging and electrochemical sensing are two typical in vivo
analytical tools at the forefront. In vivo imaging is a strong
driving force behind neurochemical research because this
noninvasive method enables a three-dimensional (3D) visual-
ization of neural activity across broad spatial scales, from the
molecular level to intact brain. Common imaging techniques
include functional magnetic resonance imaging (fMRI),
positron emission tomography (PET), mass spectrometry
(MS), and fluorescence.21 More recently, these methods are
reaching greater sensitivity (micromolar range) and larger
imaging depth (millimeters level), with the development of
multiphoton microscopy, novel fluorescent and luminescent
probes, and other technologies.22 Aside from imaging, in vivo
electrochemical sensing also contributes to fundamental
insights in analytical neurochemistry, owing to its excellent
spatial and temporal resolution.23,24 Typically, electroactive
neurotransmitters undergo redox reactions at the surface of
implanted microelectrodes, generating current or potential
signals that reflect characteristics of neurotransmitters
qualitatively and/or quantitatively. Fast-scan cyclic voltamme-
try (FSCV), amperometry, and galvanic redox potentiometry
are representative examples.3,24−30

Herein, we will restrict the scope of this Review to
implantable in vivo electrochemical sensors. Embarking from
the actual experiments, we summarize three key issues that
have decisive significance in sensor design: (a) selectivity; (b)
tissue response and sensing reliability; (c) compatibility with
electrophysiological techniques. In each section, we will
elaborate on the issues and their causes. We will also provide
possible solutions to these issues, supported by the latest
progress. Furthermore, we will present a brief outlook on in
vivo electrochemical sensing in the last section.

■ SELECTIVITY
Selectivity is the determining factor of sensor performance.
Different from the situation in solution, identifying analyte
selectively in the brain is commonly confronted with
considerable challenges owing to the myriad of coexisting
chemicals in the complex and ever-changing microenviron-
ment. Interference from electroactive species raises a critical
requirement on selectivity, as they often have similar chemical
structures and electrochemical properties. A typical example
could be given with catecholamines and their metabolites,
which undergo similar 2-electron oxidation reactions that
occur at almost the same potential in physiological solutions.24

Beside this, other coexisting reductants at relatively high
concentrations, such as ascorbic acid (AA),31 are also
inevitable hurdles on selective sensing. Moreover, some of
these species fluctuate accompanying physiological and
pathological processes, putting forward additional challenges
for selective sensing. Typical examples include glucose32 and
lactate33 dynamics with increased metabolic demand under
normal conditions, and ascorbate19 and oxygen18 fluctuation
during spreading depolarization (SD).
To achieve selective sensing for electroactive neuro-

chemicals, one essential thought is to regulate thermodynamics
and kinetics of particular electrochemical processes, leading to
rational design of the electrode/brain interface.34 A good
example is to use carbon nanotubes (CNTs) to enhance
electron-transfer kinetics of AA oxidation and thus reduce its
activation overpotential to avoid undesired oxidative interfer-
ence, establishing a selective platform for in vivo sensing of
AA.35−38 While modulating interfacial electron transfer kinetics

is an attractive strategy to tune sensing selectivity, utilizing
recognition elements is one of the most effective way for
obtaining selectivity for in vivo sensing.39 Thereby, we will
highlight the latest progress on the electrode/brain interface
design with recognition elements and an emerging technique
in this section, aiming to provide some useful inspiration.

Recognition Elements. Enzymes. High selectivity of
enzymes endows them with distinctive advantages in the
detection in a complex environment. The successful immobi-
lization of glucose oxidase on electrodes heralded the explosive
growth of an enzyme-based electrochemical biosensor.40

Typically, an enzyme can selectively catalyze a substrate and
then transfer electrons to an electrode directly (direct electron
transfer, DET) or through mediators (mediated electron
transfer, MET).
Theoretically, DET-based biosensors (or third-generation

electrodes) can fit in well with the complex in vivo
environment, without introducing additional mediators or
being interfered with by oxygen concentration. However,
stringent requirements on enzyme immobilization with proper
orientation, low current response, and enzyme activity
problems hinder its application in biosensing.41 To solve
these problems, increasing efforts have been made in
developing enzyme immobilization methods,42,43 and fabricat-
ing electrode materials with higher conductivity and better
biocompatibility.44−46 Immobilization methods generally in-
clude adsorption, covalent binding, cross-linking, entrapment,
and affinitive binding.47 In order to improve electron transfer
efficiency, tuning the surface-immobilized enzyme orientation
is one of the great concerns in the biosensor research
community. Inspiring strategies to solve this problem include
the use of nanoscale materials,47,48 introduction of site-specific
binding peptides,49 and protein engineering.48,50 Interestingly,
organic solvents are also found to play important roles in
regulating enzyme orientation by balancing surface wetting as
well as protein denaturing.51 Beside enzyme immobilization,
recent years have witnessed emerging development of
biocompatible and conductive electrode materials, such as
biomimetic membranes,52 nanomaterials,53,54 conducting
polymers,55 and their hybrid composites.56,57 However, in
vivo sensing of neurochemicals by DET-based biosensor is still
in its infancy. One encouraging example is the Cytochrome C
(Cyt c)-based in vivo sensor, which has been applied to
measurement of extracellular superoxide anion (O2

−) in the rat
brain.58 In order to improve selectivity, Tian et al. investigated
the properties of copper−zinc superoxide dismutase (Cu, Zn-
SOD) for selective detection of O2

−.59−61 To do this,
nanomaterials (i.e., differently shaped gold nanostructures,62

TiO2 microneedles,63 and ZnO nanodisks64) were utilized to
immobilize SOD onto the electrode surface for accelerating
DET. Further improvements on electrode miniaturization and
SOD stabilization call for in vivo O2

− monitoring in rat brain.65

For MET-based biosensors including both the first- and
second-generation biosensors, oxidases have been utilized in
monitoring neurochemicals in the central nervous system
(CNS). The first-generation biosensors detect the consumed
O2 or produced hydrogen peroxide (H2O2), thus determining
the analytes that are catalyzed by specific oxidase. An excellent
example is the adenosine microbiosensor reported by Dale et
al.,66 who combined adenosine metabolizing enzymes (i.e.,
xanthine oxidase, purine nucleoside phosphorylase, and
adenosine deaminase) within a composite matrix on a
platinum (Pt) microelectrode. The resulting biosensor
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possessed characteristics of small size (25−100 μm diameter),
quick response (∼2 s), high sensitivity (100−222 mA M−1

cm−2), and stability (>5 days), showing good performance to
monitor the release of adenosine in vivo. Taking a further step,
they developed an adenosine triphosphate (ATP) biosensor
based on an enzyme cascade of glycerol kinase and glycerol-3-
phosphate oxidase that converted ATP to glycerone phosphate
and detectable H2O2.

67 Exhibiting a quick response (<10 s),
fast temporal resolution (in millisecond scale), and wide linear
response range (20 nM − 50 μM), this biosensor was utilized
to detect ATP release in the nervous system, unraveling the
participation of ATP in mediating chemosensory transduction
in CNS.68

Poor selectivity is one of the most serious problems for the
first-generation biosensors mainly because of the high potential
employed for the oxidation of H2O2, at which other
neurochemicals (e.g., AA) can be oxidized as well. Improve-
ment has been achieved by introducing the permselective
membrane, reducing the oxidation potential of H2O2, and
employing other techniques.69−82 For instance, Gerhardt et al.
developed the self-referencing microelectrode arrays
(MEAs).83 On the active sites, the oxidase can selectively
respond to targeted analytes, whereas on the reference sites,
the chemically inactive proteins bovine serum albumin (BSA)
serve as the reporter of background signals and interfering
noises. By offline subtraction, self-referencing MEAs make it
possible to real-time monitor neurochemicals, such as L-
glutamate (L-Glu), glucose, lactate, choline, and acetylcholine
(ACh), in anesthetized, awake, or freely moving animals (rats
and monkeys).84−95 Different electrode materials were utilized
to fulfill various needs in monitoring diverse chemical events in
vivo. For example, the response time requirement for studying
neuro-metabolism is usually not as strict as that for monitoring
neurotransmission. Thus, polymers like the polyurethane
membrane were used to expand the linear detection range at
the cost of response speed.85,95 Although second-by-second
sensing can accomplish in vivo measurements in many cases,
higher temporal resolution is still a critical goal for acquiring
more detailed neurochemical information.
The second-generation biosensors use artificial mediators to

replace O2 for shuttling the electron transfer of enzymes,
including organic (e.g., quinone compounds), inorganic (e.g.,
ferricyanide), and metal−organic (e.g., ferrocene derivatives)
structures. By this means, selectivity and sensitivity are greatly
improved due to low polarization potential, O2-insensitivity,
and high enzyme utilization. Being one critical factor,
immobilization of mediators and enzymes onto the electrode
surface impacts redox potential of mediators, enzyme activity,
as well as electron transfer between mediators and enzymes,
therefore dramatically influencing the sensor performance.
Attempts have been made on both immobilization matrixes
and processes.96−102 As an example to highlight novel
immobilization matrixes, Ma et al. first applied the metal−
organic framework to coimmobilize mediator and enzyme on
the electrode surface to prepare in vivo biosensors.103

Despite the above-mentioned breakthroughs, challenges still
exist. For instance, oxidase-based electrochemical biosensors
can hardly exclude interference from O2 completely because of
the fast chemical reaction between oxidase and O2. While
dehydrogenases are generally independent of O2, it is difficult
to integrate both cofactors NAD+ and electrocatalyst for the
oxidation of β-nicotinamide adenine dinucleotide (NADH) on

the surface during the fabrication of dehydrogenase-based
biosensors.
To confront these challenges, an enlightening idea that

exploring new enzymes has attracted increasing attention.
Recently, Wu et al. introduced ferredoxin-dependent glutamate
synthase (Fd-GltS).104 Fd-GltS can specifically catalyze the
reversible transformation between 2-oxoglutarate and L-Glu,
being free from problems of O2 dependency and H2O2
interference (Figure 1). Furthermore, the flavin mononucleo-

tide (FMN) which accepts electrons during L-Glu oxidation is
embedded in Fd-Glts, indicating that there is little need to
introduce extra cofactors like other dehydrogenases do. Instead
of searching for natural alternatives, synthetic nanomaterials
mimicking enzymatic catalysts, termed nanozymes, have also
attracted increasing attention.105 As for more details and
remarkable applications of nanozymes in the field of
biosensing, please refer to the review published recently.106

Aptamers. As an alternative of enzymes, aptamers are
synthetic nucleic acids that possess high affinity with specific
ligands including small molecules, proteins, and even
cells.107−109 The development of SELEX (systematic evolution
of ligands by exponential enrichment) and PCR (polymerase
chain reaction) techniques enables aptamers to be simple,
flexible, and low-cost recognition elements. Inspired by
electrochemical DNA (E-DNA) sensors,110 Xiao et al. first
adopted aptamer in electrochemical sensing,111 arousing great
interest in the field of electrochemical aptamer-based (E-AB)
sensors. Typically, aptamers modified on the surface of
electrodes undergo conformational reorganization upon
aptamer-ligand binding, thus changing electron transfer
process between electrodes and redox moiety modified on
aptamers.112 Besides its successful applications in whole
blood113,114 and blood serum,115 research on selective analysis
of dopamine (DA),116 serotonin,117 and other neurochem-
icals118 have also been gaining prominence because of the fast
response (<1 s, for DA aptasensor) and excellent sensitivity
(62 nA μM−1 cm−2, for DA aptasensor). Moreover, aptamer
superstructures are proven to further improve detection
selectivity and sensitivity by amplifying signals.119

Field-effect transistor (FET) can also serve as a highly
sensitive platform for sensing of small molecules. In the latest
breakthrough, Nakatsuka et al. combined FETs with aptameric
stem-loop receptors that enable specific detection of
dopamine, serotonin, glucose, and sphingosine-1-phosphate

Figure 1. Schematic illustration of mediated bioelectocatalysis by Fd-
Glts.

ACS Sensors Review

DOI: 10.1021/acssensors.9b01713
ACS Sens. 2019, 4, 3102−3118

3104

http://dx.doi.org/10.1021/acssensors.9b01713


(S1P) in the presence of various interfering species (Figure 2).
More importantly, these aptamer-FETs not only presented
quick responses (in the order of seconds) in wide ranges of
analyte concentrations (10−14 to 10−9 M), but also maintained
stability when continuously exposed to brain tissue for 4 h.120

It is a difficult task to directly obtain exclusive aptamers for
targeted small molecules. With ATP as a typical example,
although some aptamer-based biosensors can selectively detect
ATP by recognizing A nucleobase, these aptamers show similar
affinity to sugar and triphosphate moieties, adding difficulties
to further distinguish ATP from adenosine diphosphate (ADP)
and adenosine monophosphate (AMP). In this case, Yu et al.
developed a dual recognition unit strategy (DRUS) by
incorporating polyimidazolium-brush (PimB) and aptamers
together to realize selective recognition of both A nucleobase
and triphosphate moieties simultaneously.121 On the basis of
this strategy, they constructed a highly sensitive and selective
ATP-biosensor and utilized this sensor to detect cerebral ATP
coupling with in vivo microdialysis. Shortly afterward, He et al.
found an ion current rectification (ICR) phenomenon in the
PimB-modified micropipette, termed micrometer-scale ion
current rectification (MICR).122 Inspired by MICR and
DRUS, Zhang et al. constructed a selective online ATP sensor
that can deliver rectification ratio signals in a linear relationship
with in vivo cerebral ATP concentration (5 nM to 100 nM).123

Compared with that of nanopipettes, tips at the micrometer
scale possess higher mechanical strength, which provides the
micropipette-based sensors great potential in further applica-
tions on in vivo sensing as implantable devices.
Another critical need is to reach sufficient temporal

resolution, which is mainly limited by the property of aptamers
as well as adopted electrochemical methods. To enhance
temporal resolution, Idili et al. prepared an E-AB sensor by re-
engineering the aptamers and introducing another aptamer for
larger signal gain.124 This E-AB sensor achieved a 20 s resolved
measurement of irinotecan in vivo, making possible a high-
precision view of pharmacokinetics. In addition to aptamers,
changing electrochemical methods also helps improve
temporal resolution. A 300 ms resolved measurement of

small molecules was achieved by employing chronoamperom-
etry, an order of magnitude faster than previous E-AB
sensors.125 Though performed in blood, their pioneering
work is of certain significance for in vivo monitoring
neurochemical dynamics in high resolution.

Molecularly Imprinted Polymers (MIPs). MIP-based
sensors have also been developed because of their inherent
advantages in biocompatibility, high selectivity and sensitivity,
chemical/mechanical stability, reusability, and facile and
inexpensive preparation.126,127 Typically, MIPs are polymer-
ized together with target molecules (as the templates). These
target templates are extracted after polymerization, leaving
recording sites on MIPs which are complementary to the
templates. In the past decade, various MIP-based sensors were
constructed for measuring neurochemicals127−129 including
DA,130,131 AA,132 uric acid (UA),133 tryptamine,134,135 and
noradrenaline (NE).136,137 For example, Li et al. successfully
detected DA at trace levels in serum and brain samples by
using an MIP-based sesnsor.138 To be specific, MIPs was
electro-polymerized on the nanoporous Au−Ag alloy micro-
rods (NPAMR), which were obtained via dealloying Au−Ag
alloy microrods (AMR). This MIP/NPAMR system showed
outstanding sensing performance such as wide linear detection
range (2 × 10−13 to 2 × 10−8 M) and low detection limit (7.63
× 10−14 M, S/N = 3). While most research focused on
analyzing biosamples in vitro, Tsai et al. first proposed a MIP-
based microsensor for in vivo sensing.139 Taking the DA-
imprinted overoxidized polypyrrole (OPPy) as MIPs, the
microsensor achieved a low detection limit (4.5 nM), good
reproducibility and excellent temporal resolution at the
subsecond scale, and was applied for DA detection in rat
striatum under administration of 3,4-dihydroxy-L-phenyl-
alanine (L-DOPA).

Recognition Elements for Ions. Ions are an indispensable
part in the brain for cell functioning. For example, local pH of
the brain microenvironment is closely correlated with many
physiological and pathological processes such as ion transport,
cell growth and apoptosis, and even neurodegenerative
disorders. Ca2+, acting as one of the second messengers,

Figure 2. (a−d) Aptamers for dopamine, serotonin, glucose, and S1P. (e−h) Fluorescence responses indicate selectivity of aptamers.120 (Reprinted
(adapted) with permission from Science. Copyright 2018, American Association for the Advancement of Science).
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participates in regulating neurotransmitter release and synapse
formation. In addition, Mg2+ plays a significant role in learning
and memory. Surface/interface design is keeping pace with
method innovation and paves an effective way to realize ion
detection with high selectivity and stability. Over the past 10
years, an increasing amount of research has endeavored to
accomplish in vivo electrochemical sensing directly on
implantable sensors. Two enlightening strategies respectively
based on dual-channel ratiometric electrochemical biosensors
and solid-state ion-selective electrodes (ISEs) are emerging.
The dual-channel ratiometric electrochemical biosensor
initially adopts two independent working electrodes, which
are modified with specific recognition elements, respec-
tively.140,141 To reduce brain injury during operation and
inaccuracy between two electrodes, recognition and reference
molecules are integrated onto a single electrode, realizing in
vivo qualitative measurement of ions such as H+142 and Cu2+143

(Figure 3). Different from the ratiometric strategy that offers

insights into design principles, ISE as one of the most well-
developed potentiometric sensors is experiencing its rebirth in
the field of in vivo electrochemical sensing.144 Compared with
the great amount of applications on wearable devices,
applications on in vivo neurochemical sensors are just emerging
in these years. For example, Hao et al. demonstrated a H+-ISE
for monitoring in vivo pH change during acid−base
disturbances.145 With the aim to meet the requirements of
miniaturization as well as mechanical robustness, they replaced
the conventional glassy electrode with a carbon fiber
microelectrode (CFE) to be the conducting substrate coated
by an antifouling H+ ion-selective membrane. The proposed
H+-ISE showed reversible, sensitive (58.4 mV/pH) and fast
(<1 s) response toward pH. This example together with other
successful applications on in vivo sensing of K+146,147 and
Ca2+148 proved the wide applicability of ISEs in the future.

Emerging Technique. Liquid−Liquid Interface-Based
Sensing. Ion transfer behavior across the interface between

Figure 3. (a) Schematic illustration of dual-channel ratiometric electrochemical sensor for monitoring Cu2+ and L-cysteine (CySH) in live rat
brains. (b) SEM image of the cross section of the electrochemical sensor. (c) Differential pulse voltammetry (DPV) responses obtained in artificial
cerebrospinal fluid (aCSF) with different concentration of Cu2+. (d) DPV responses obtained in (I) normal rat brain and (II) rat brain with
Alzheimer’s Disease (AD).143 (Reprinted (adapted) with permission from Angew. Chem., Int. Ed. Copyright 2015, WILEY-VCH Verlag GmbH &
Co. KGaA.)

Figure 4. Schematic illustration of a nanoITIES pipet electrode positioned around the synaptic cleft by SECM to monitor concentration dynamics
at single synapse.153 (Reprinted (adapted) with permission from J. Am. Chem. Soc. Copyright 2018, American Chemical Society).
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two immiscible electrolyte solutions (ITIES) reveals a
difference between similar molecules, endowing ITIES-based
sensing methods with unexpected selectivity. Typically, the
liquid−liquid interface is formed between organic solution
filling in the pipet and the testing biological fluid. Under
appropriate polarization conditions, charged analytes transfer
from the aqueous phase to the organic phase, and can be
determined by cyclic voltammetric mode (CV) or ampero-
metric mode qualitatively and quantitively. In this decade,
ITIES based on nanopipette (nanoITIES) has increased the
applicability in neurochemical analysis because of the
enhanced spatial resolution.149 Based on nanoITIES, Shen et
al. successfully identified and quantified ACh, tryptamine (T),
and serotonin (5-HT),150 and subsequent γ-aminobutyric acid
(GABA)151 and DA.152 Improved selectivity was realized by
modulating solvent and pH of the filling solution, and
introducing different types and concentration of ionophores
as well. Taking a further step, they employed the scanning
electrochemical microscopy (SECM) to position the nano-
ITIES pipet electrode, and observed diverse patterns of
cholinergic concentration dynamics at single synapse (Figure
4).153 These works marked that nanoITIES-based sensing is
consolidating its status during in vivo neurochemical analysis.

■ TISSUE RESPONSE AND SENSING RELIABILITY
In the history of in vivo electrochemical sensing, tissue
response to implants has been thought of as a major constraint
for high reliability. This decade has witnessed a rapid growth of
literature on the brain tissue response to implanted sensors;
books and reviews elaborated the whole reaction process,
biochemical pathway, biological reaction of different cell types,
and improvement of existing approaches as well.154−161 In this
section, we will tease out the brain tissue response after sensor
implantation and highlight inspiring strategies and innovative
research that achieved a higher degree of sensing reliability.
Tissue Response. Tissue response can be generally divided

into two overlapping stages: acute tissue response and
chronical inflammatory response (Figure 5). The implantation
of a sensor into brain is inevitably accompanied by disruption
of blood-brain barrier (BBB) and activation of nearby glia cells,
triggering an acute tissue response.159 Primary hemostasis
occurs within seconds, as collagen fibers on damaged
endothelial cells expose and adhere to platelets, induced by a

coagulation cascade.157 Upon platelets attaching to the injury
site, they rapidly aggregate, activate, and degranulate, aimed to
generate a fibrin clot. Furthermore, a wealth of released plasma
proteins and signal molecules can nonspecifically adsorb on the
sensing surface during clot formation, leading to the initial
electrode biofouling and passivation.154 These adsorbed
proteins and molecules also trigger an accelerated cascade of
inflammatory and immune response. For example, neutrophils
and macrophages successively migrate to the injury site within
24 h and clear foreign substance for days by phagocytosis or by
releasing chemicals (e.g., superoxide and chemotactic
cytokine).159

Besides, device insertion and released plasma proteins (e.g.,
albumin and fibrinogen) also activate glial cells through various
pathways.155 Microglia primarily play the roles of killing
pathological cells or degrading cellular debris. Once activated,
they begin to proliferate, and stretch out the lamellipodia
toward the device within 30 min. They can rapidly hinder mass
transfer processes on the sensing surface, leading to decreased
sensitivity. Moreover, these cells can persistently secrete factors
and lytic enzymes that initiate and facilitate foreign body
degradation, resulting in structural integrity failure of the
electrode; these factors and enzymes also induce neural
demyelination, apoptotic cell death, and electrode-modified
biomaterials destruction.159 In addition to microglia, astrocytes
are another important glial cell type, which mainly participate
in maintaining normal neurochemical environment and
buffering signal molecules during synaptic transmission.157 In
response to injury, the activated astrocytes upregulate glial
fibrillary acid protein (GFAP), and swell osmotically in situ.158

Within several days after insertion, the implanted sensor is
gradually encapsulated by a mixture of proteins, platelet plug,
and cells. Moreover, the viability and activity of the
surrounding neurons is also a challenge as the extracellular
environment and supporting glial cells gradually deviate from
the normal physiological state.
The persistent presence of implanted sensors is considered

as the main reason for the chronical inflammatory response,
which includes both repairing and remodeling processes.157

Chronical response in CNS can be basically characterized by
generation of cytokines and chemokines, eruption of reactive
gliosis, and formation of capillary. Sustained expression of
cytokines can not only impede BBB healing, but also lead to

Figure 5. Simplified scheme of brain tissue responses after implantation of microelectrodes.
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neurotoxicity and neurodegeneration, especially when com-
bined with ischemia and excitotoxicity.159 Reactive gliosis
refers to an ongoing process in which glial cells become
hypertrophic, and also actively proliferate and migrate.
Typically, the activated astrocytes intertwine tightly and
encircle around the lesion cores compactly by 2−4 weeks
after insertion and remain intact after 6 weeks, forming a
structural and functional barrier between the lesion core and
viable neuronal tissue. While this astrocyte scar prevents
further neuronal damage and inappropriate connections, it
dramatically attenuates sensing sensitivity and stability as well.
Much of the sensing signals are lost during fibrous
encapsulation. Besides, vascular endothelial cells and other
nonglial cells are also involved in scar formation, resulting in
accelerated angiogenesis and inhibition of injured axon
regrowth.157

Improvement of Sensing Reliability. Although brain
inflammatory response can have an impact on in vivo
electrochemical sensing, strategies have subsequently emerged
along with better understanding of this issue. Aimed at
minimizing tissue damage, alleviating inflammatory response,
or reducing its impact on sensing, improved aspects including
the physical and mechanical characteristics (e.g., size, shape,
flexibility) of sensors, surface modification (e.g., hydrophilic
polymers, superwettability-based polymers), and calibration
methods will be discussed below.
Physical and Mechanical Characteristics. It is generally

accepted that minimizing tissue damage during implantation
can essentially alleviate both short-term and long-term
inflammatory response. To attenuate acute response events
and neuronal damage, physical and mechanical characteristics
of the implanted sensor are primary concerns. Flexibility (or
compliance), as a key parameter correlated with mechanical
strain, leads the sensor design toward smaller size162 and with
softer materials.163 For instance, chronic inflammatory
response brings considerable difficulties to long-term neuro-
chemical monitoring. Recently, chronic in vivo dopamine (DA)
recording in rodents164 and primates165 was achieved by using
a 7-μm-diameter CFE, reinforcing previous study demonstrat-
ing that using microelectrodes with less than 12 μm in
diameter can dramatically reduce tissue encapsulation. Aside
from CFEs, carbon nanopipette electrodes (CNPEs) with a
submicrometer diameter tip can be utilized to realize DA
detection in Drosophila brain166 and rat brain slices.167

Additionally, researchers also observed decreased inflamma-
tory response when establishing detection on implantable
sensors made from polymers with low elastic modulus.168

However, these flexible sensors pose new challenges in batch
fabrication and accurate insertion. To enhance the reproduci-
bility, batch fabrication strategies such as photolithography and
3D-printing received increasing attention. Yang et al. lately
fabricated 3D-printed carbon microelectrodes for the first time
and successfully applied these microelectrodes to DA detection
in brain slice and in vivo.169 In addition, flexible sensors are
likely to buckle or deflect during implantation, resulting in the
wrong inserted location and additional tissue damage.
Attempts have been made to solve this problem with the
assistance of dissolvable or removable stiff shuttle during
insertion. The development of polymers provides new
possibilities in this area. One typical example is poly(ethylene
glycol) (PEG), a biocompatible polymer with high solubility in
biofluid. Another impressive example is the mechanically
adaptive polymer, of which elastic modulus can be controlled
by temperature or degree of water-saturation.170−174 Function-
alizing these polymer materials with microelectrodes makes it
possible to accurately positioning and stable chronic neural
recording. Lately, Guan et al. developed a Neurotassel that
consists of an array of flexible microelectrode filaments, each
with cross section at neurite scale (Figure 6a). The stiff PEG
adhered on the Neurotassel surface will dissolve after
implantation, exposing the Neurotassel probes which have
comparable elastic modulus with the brain tissue (Figure 6b−
g). Experiments on mice shown that Neurotassel was able to
not only record multiple neurons stably up to 6 weeks, but also
be assembled with optical fibers, achieving optogenetic
stimulation and neuronal activity recording simultaneously.175

Surface Modification. Owing to the important role of the
interface where electrochemical reactions commonly take
place, surface modification plays a weighty role in electro-
chemical sensing.176−180 To improve the biocompatibility of
surface modification, it is of necessity to qualitatively describe
the nonspecific protein adsorption process and quantitatively
determine possible parameters. Water-mediated hydrophobic
and hydration forces were the main parameters leading to
“Berg’s limit”, a concept that ascribed the surface biocompat-
ibility to its hydrophobic or hydrophilic properties. Thereafter,
various polar (e.g., hydrogen bonds) and nonpolar (e.g., van
der Waals) factors were taken into accounts. Whitesides et al.
proposed empirical rules to describe properties of protein-

Figure 6. (a) Schematics of Neurotassel; (b−g) Immunohistochemical staining and bright-field images of a brain slice after 5-week implantation of
a Neurotassel (upper row) and a silicon probe (lower row), respectively.175 (Reprinted (adapted) with permission from Sci. Adv. Copyright 2019,
American Association for the Advancement of Science).
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resistant monolayers: the presence of polar functional groups
and hydrogen bond acceptor groups; the absence of hydrogen
bond donor groups and net charge.181 Although exceptional
examples cannot be ignored, these rules effectively established
a theoretical foundation for surface modification, spurring the
growth of biocompatible surface materials including carbon-
based materials,182−184 polymeric and nonpolymeric
films,106,185−188 protein films,189 metallic nanoparticles,190,191

hydrogels,192 peptides,193−195 cell membrane,196 and thiolated
self-assembled monolayers (SAMs).197,198 One representative
example is CNT, which shows great compatibility with
mammalian cells and neurons.199 It has also been proven
that some of these surface modification materials can
drastically improve the stability of in vivo electrochemical
sensing. For example, Liu et al. reported a cell-membrane-
mimic film by electropolymerizing ethylenedioxythiophene
tailored with phosphorylcholine (PEDOT−PC) (Figure
7a,b).200 Impressively, this ultrathin film showed excellent

capability to resist protein adsorption with sustained sensitivity
and time response for in vivo detecting of DA (Figure 7c,d).
More recently, Su et al. proposed a kind of silica nanoporous
membrane (SNM) that was modified on CFEs. The uniform
nanochannels effectively prevent direct contact between the
electrode surface and proteins through steric effect, and thus
enable continuous monitoring of cerebral oxygen under in vivo
condition with enhanced stability.201 Interestingly, in addition
to the above-mentioned modified materials, E-AB sensors also
exhibit attractive antifouling properties because they are
insensitive to nonspecific protein adsorption to a great extent,
supporting a stable measurement lasting for hours.124

Besides, it is demonstrated that the surface roughness and
topography can affect the interaction between brain tissue and

electrode surface,202−205 and even regulate differentiation of
neural stem cells.206 Thus, microstructure of surface mod-
ification has gained considerable attention in these years. One
typical example is a superwettability-based antifouling surface.
Nanostructure on these bioinspired surfaces can greatly resist
adhesion of proteins and cells by trapping air cushion or liquid
layers.207,208 Overall, understanding and strategies unceasingly
shed new light on surface modification of implantable sensor,
allowing investigators to address the challenge of inflammatory
responses with broader perspectives.

Calibration. Aiming at accurate quantification, calibration is
an essential step of in vivo electrochemical sensing because of
the variability of each microelectrode surface, which mainly
comes from handmade process, as well as complex tissue
responses. Typically, the microelectrode is calibrated in the
homogeneous electrolyte solution right after being removed
from brain tissue. However, postcalibration is based on the
assumptions of unaltered sensitivity, surface properties, and
electrochemical processes during and after implantation. These
assumptions cause increasing concern that the postcalibration
cannot truly reflect the experimental process in the immensely
complex in vivo environment. In these years, literature has
emerged that provides alternative methods of calibration,
including in situ calibration and precalibration for single CFE.
In situ calibration takes nonfaradic background charging

current as a reference of electrode sensitivity to specific
analytes.209 To extract chemical information out of the
background waveform, mathematical tools such as multiple
linear regression,210 and subsequently principle component
regression,211 were reasonably adopted. Recently, Meunier et
al. employed a model circuit which mimicked surface fouling
by additional impedance, and validated this impedance model
by oxidation potential shifts.212 On the other hand,
precalibration was designed to improve calibration accuracy
by minimizing the impact of biofouling. The term precalibra-
tion was first proposed to describe the process that CFEs were
pretreated with BSA before implantation.189 Although BSA
adsorption affects mass transport and electron transfer, BSA-
pretreated CFEs bear good reliability in maintaining sensitivity
during in vivo electrochemical sensing of DA. From this
perspective, this simple strategy possesses the capability to
realize basal level detection of neurochemicals such as ascorbic
acid (AA) and O2.

■ COMPATIBILITY WITH ELECTROPHYSIOLOGICAL
TECHNIQUES

Integrating electrochemical and simultaneous electrophysio-
logical signals together can enrich the knowledge of the
relationship between neuromodulator systems and neural
interactions under physiological and pathological condi-
tions,213−215 thus advancing the development of clinical
monitoring and treatment.216 However, combining these two
powerful tools together is not easy because of compatibility
issues. One compatibility issue stems from the interference on
spontaneous neuronal activity during in vivo electrochemical
sensing. Hefti et al. performed an early experiment that
combined electrophysiological recording with in vivo chro-
noamperometric (CA) measurements based on a carbon-paste
electrode simultaneously in same brain region.217 Their results
suggested that CA recordings at potential below +0.55 V did
not influence firing rates of adjacent neurons. For potential
above +0.55 V, the initially high current interrupted
spontaneous activity of neurons. Lowering the operation

Figure 7. (a) Structure of PEDOT−PC. (b) Schematic illustration of
microelectrode interface functionalized with PEDOT−PC. (c)
Amperometric current responses toward 20 μM DA by CFE
(black), PEDOT/CFE (blue), PEDOT−OH/CFE (green), and
PEDOT−PC/CFE (red) at +0.20 V upon indicated addition of 10
mg/mL BSA. (d) In vivo FSCV response obtained with PEDOT−
PC/CFE.200 (Reprinted (adapted) with permission from Angew.
Chem., Int. Ed. Copyright 2017, WILEY-VCH Verlag GmbH & Co.
KGaA.)
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potential, using small-sized working electrode and adopting
voltammetric methods are effective strategies to avoid large
circuit current. Indeed, following research based on CFEs and
MEAs indicated that no significant influence on neuronal firing
rates was observed during DPV, CV, CA, and constant-
potential amperometry at even higher applied potential.218−220

However, unusual inhibition or activation of some neurons can
still happen when direct interference of applied potential on
the recording electrode is excluded.217 Owing to the unclear
effects, it is still an indispensable part of in vivo electrochemical
sensing to examine the influence on neuronal activity,
especially when coupled with electrophysiological measure-
ments.
The other compatibility issue is the signal interference

between the two methods. In the past decades, two typical
approaches, namely, serial approach and parallel approach,
have been commonly employed to record neurotransmitter
dynamics and single-unit spike neuronal activity.221,222 For the
serial approach, two types of recording are realized alternately
at the same microelectrode.213,223 Although problems such as
undersampling and electrical artifacts are inevitable, the serial
approach can extract both types of signal from the same
location. For the parallel approach, two separated micro-
electrodes are employed to record electrochemical and
electrophysiological signals continuously.17,224 While careful
insertion is required to make sure that two recording sites are
precisely located at the same neural circuit, parallel approach
enables complete sampling information and more reliable data
interpretation. Along with the development of micromachining
and locating technology, the parallel approach has been applied
to plenty of research mainly focused on DA,213 Glu,92 and
AA.17

More recently, local field potential (LFP) information with
lower frequency has gained increasing attention in simulta-
neous electrochemical and electrophysiological measurements.
Zhang et al. proposed a simple method to extract LFP
information from amperometric recording signals.225 They
found that high frequency components of amperometric
signals only reflected LFP information in several aspects,
suggesting that both electrochemical and LFP information can
be acquired from one single electrochemical sensor simulta-
neously. Based on the finding, they successfully coupled the
phasic ACh release and theta oscillation in vivo for the first
time.226 Soon after, Viggiano et al. presented another feasible
method to reconstruct LFPs by using Fast Fourier Transform

(FFT) and inverse FFT under a resistor−capacitor circuit-
based model.227 Lately, LFP has also fulfilled its potential on
epilepsy research.228,229 By decomposing the amperometric
signals with high sampling rates, each individual recording sites
on the MEA could simultaneously report changes of local pO2
and LFP-related currents. This work extended the horizon of
MEAs as in vivo sensors that record electrochemical and LFT
information simultaneously at multiple sites.
However, uncertain influence on neuronal activity is still an

unavoidable issue for both amperometry and voltammetry that
cause concentration gradient and electric field polarization
around the electrodes. Confronted with this issue, galvanic
redox potentiometry (GRP), measuring interfacial chemical
concentration under thermodynamic equilibrium circum-
stances, can serve as a new breakthrough.230 Typically, GRP
is established on a galvanic cell consisting of an indicating
electrode (EI) as the anode, a reference electrode (ER) as the
cathode, and a voltammeter with high impedance. Based on
the Nernst equation, this self-driven sensor can obtain
concentration-dependent information as reactants are able to
establish equilibrium potential spontaneously under infinites-
imal current when the potential difference (E = ER − EI) is
positive.
High selectivity and stability remain the biggest challenges in

GRP that restrict its application for in vivo electrochemical
sensing. One effective solution is the interfacial modification
on electrodes. Lately, Wu et al. pioneered a GRP-based sensor
that achieves in vivo AA sensing selectively. To be specific, the
indicating CFE was modified with a single-walled carbon
nanotube (SWCNT) to selectively oxidize AA, and the
reference CFE was modified with laccase to stably reduce O2
(Figure 8). Their inspiring results showed high selective
measurement of AA in complex environment with electroactive
neurochemicals coexisting, suggesting that the GRP-based
sensor endows the potential to be a universal strategy for in
vivo neurochemical detections.230

■ CONCLUSION AND OUTLOOKS

In vivo electrochemical analysis has raised close attention of
various fields including electrochemistry, physiology, materials
science, and micromachining. In this Review, we discussed
three key issues that lie at the heart of in vivo electrochemical
sensors. The issue of selectivity promotes the development of
electrochemical methods and electrode interfacial design.
Recognition elements such as enzymes, aptamers, MIPs, and

Figure 8. (a) Schematic illustration of GRP sensor design for in vivo AA measurement. (b) Calibration linear curves before and after BSA
adsorption. (c) In vivo monitoring of cortical AA concentration by GRP sensor during global cerebral ischemia (red arrow) and reperfusion (blue
arrow).230 (Reprinted (adapted) with permission from Anal. Chem. Copyright 2018, American Chemical Society).
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ion-selective membranes possess specific selectivity to neuro-
chemicals of interest. Response time and temporal resolution
of these recognition elements varies from subseconds to
minutes, commensurate with the requirements of different
physiological and pathological processes monitoring. To gain
more precise neurochemical information, considerable interest
has been paid to developing novel recognition elements and
electrochemical methods. Moreover, ion transfer at ITIES, as
an emerging technique, sheds new light on in vivo electro-
chemical sensing. Besides, ion transport-based sensing which
takes ionic currents rather than electron currents as output
signals has also expanded the concept of electrochemical
sensing. Although there are still few in vivo experiments
conducted by the ion transport-based sensors, their application
on the level of single cells afford researchers a bright future in
this field.231 Besides selectivity, brain tissue response remains a
challenging issue, because it inevitably makes a continuous
impact on both neuronal activity and implanted sensors.
Flexible materials, advanced surface modification, and
innovated calibration are all effective solutions to minimize
tissue damage, alleviate inflammatory response, and reduce
impact of tissue response on sensing. Furthermore, a
compatibility issue as the premise of sensing attracts grave
concern. Followed by rapid development of the serial approach
and the parallel approach, acquiring LFP information from
amperometric signals extended the horizon of electrochemical/
electrophysiological compatibility. However, both amperom-
etry and voltammetry pose uncertain problems on their
compatibility with neuronal activity. From this perspective,
GRP-based sensors afford researchers a new thinking direction.
Although herein we tried to discuss these issues separately,

in vivo electrochemical sensing can only be realized when
taking the whole spectrum of aspects into consideration. For
example, the outstanding performance of selective modification
is usually established on its antifouling characteristics, and
advanced micromachining technology is one main driving
force behind development of novel microelectrodes. As a kind
of emerging technology, in vivo electrochemical sensing is
rapidly growing to be a promising approach for neurochemical
detection with high selectivity, spatiotemporal resolution,
sensitivity, and reliability.
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■ ABBREVIATIONS
ROS, reactive oxygen species; 3D, three-dimensional; fMRI,
functional magnetic resonance imaging; PET, positron

emission tomography; MS, mass spectrometry; FSCV, fast-
scan cyclic voltammetry; AA, ascorbic acid; O2, oxygen; SD,
spreading depolarization; DET, direct electron transfer; MET,
mediated electron transfer; Cyt c, Cytochrome C; O2

−,
superoxide anion; Cu, Zn-SOD, copper−zinc superoxide
dismutase; CNS, central nervous system; H2O2, hydrogen
peroxide; Pt, platinum; ATP, adenosine triphosphate; MEAs,
microelectrode arrays; BSA, bovine serum albumin; L-Glu, L-
glutamate; ACh, acetylcholine; NADH, β-nicotinamide
adenine dinucleotide (reduced form); Fd-GltS, ferredoxin-
dependent glutamate synthase; FMN, flavin mononucleotide;
SELEX, systematic evolution of ligands by exponential
enrichment; PCR, Polymerase Chain Reaction; E-DNA,
electrochemical DNA; E-AB, electrochemical aptamer-based;
DA, dopamine; FET, field-effect transistor; S1P, sphingosine-1-
phosphate; ADP, adenosine diphosphate; AMP, adenosine
monophosphate; DRUS, dual recognition unit strategy; PimB,
polyimidazolium-brush; ICR, ion current rectification; MICR,
micrometer-scale ion current rectification; MIP, molecularly
imprinted polymer; UA, uric acid; NE, noradrenaline;
NPAMR, nanoporous alloy microrods; AMR, alloy microrods;
OPPy, overoxidized polypyrrole; L-DOPA, 3,4-dihydroxy-L-
phenylalanine; ISEs, solid-state ion-selective electrodes; CFE,
carbon fiber microelectrode; CySH, L-cysteine; DPV, differ-
ential pulse voltammetry; aCSF, artificial cerebrospinal fluid;
AD, Alzheimer’s Disease; ITIES, interface between two
immiscible electrolyte solution; CV, cyclic voltammetry;
nanoITIES, ITIES based on nanopipette; T, tryptamine; 5-
HT, serotonin; GABA, gamma-aminobutyric acid; SECM,
scanning electrochemical microscopy; BBB, blood-brain
barrier; GFAP, glial fibrillary acid protein; CNPEs, carbon
nanopipette electrodes; PEG, polyethylene glycol; SAMs, self-
assembled monolayers; PEDOT, poly(3,4-ethylenedioxythio-
phene); PC, phosphorylcholine; SNM, silica nanoporous
membrane; CA, chronoamperometry; LFP, local field
potential; FFT, Fast Fourier Transform; GRP, galvanic redox
potentiometry; SWCNT, single-walled carbon nanotube

■ VOCABULARY

Field-effect transistor, a semiconductor device whose output
current can be controlled by an electric field; Ion current
rectification, a nonlinear current−voltage response that the ion
current in one direction is higher than that in the opposite
direction; Molecularly imprinted polymers, synthetic polymers
with cavities which can specifically response to their “template”
molecules; Ion-selective electrodes, electrodes that determine
the concentration or activity of a specific ion by measuring the
electric junction potential; Galvanic redox potentiometry, an
analytical method measuring the concentration-dependent
electrochemical potential at near-zero current
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