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in vivo electrochemical sensing
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For a long time, people have been eager to realize continuous real-time online monitoring of biological

compounds. Fortunately, in vivo electrochemical biosensor technology has greatly promoted the

development of biological compound detection. This article summarizes the existing in vivo

electrochemical detection technologies into two categories: microdialysis (MD) and microelectrode (ME).

Then we summarized and discussed the electrode surface time, pollution resistance, linearity and the

number of instances of simultaneous detection and analysis, the composition and characteristics of the

sensor, and finally, we also predicted and prospected the development of electrochemical technology

and sensors in vivo.
1. Introduction

The in vivo continuous monitoring of chemical and biological
species are urgently needed and have a profound impact in the
eld of life science, including medical diagnostics, pharmaco-
logical researches and physiology research. But the classical
analytical methods are mostly limited to chromatographic
methods which require expensive and cumbersome equipment
such as (ultra) high-performance liquid chromatography
(HPLC),1 and (ultra) high-performance liquid chromatography–
mass spectrometry (LC–MS),2–7 etc. All of the above methods are
very selective and reliable in terms of quantitative determina-
tion, but they always require extensive sample pretreatments
such as extracting the animal body uids or making tissue
homogenates aer the animal was executed, and then, through
a series of complicated purication processes using one by one
injection testing systems to detect and analyze biological
samples. More details of the operation could be found in our
previous work.1–4 Therefore, it is of high cost, time-consuming
and not easy to carry out continuous monitoring in vivo,
moreover, the composition of the samples might change a lot
with time elapsing in the handling process, and could not be
a real-time reection of the dynamic process of life information
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the Royal Society of Chemistry
in vivo. These shortcomings make the application of these
methods severely limited.

In vivo electrochemistry not only brings relevant information
about transmitter release, pathological markers and behavior,
but also has developed many new methods to detect biological
related molecules and manufacture high selective electrodes.
Compared with the above large analytical instruments, elec-
trochemical instruments have simpler and more economical
advantages. For example, the traditional detection methods of
MiRNA are northern hybridization, RT-PCR, etc. The northern
hybridization operation is very cumbersome and the detection
sensitivity is low. Although the detection limit of RT-PCR is low,
the cost is high. The use of electrochemical sensors not only has
higher sensitivity but also simple operation and lower detection
cost (for example, tungsten oxide (WO3) is the main material of
the sensor, which has the advantages of low cost, non-toxicity,
abundant sources, simple preparation process, etc.).124 Now in
vivo electrochemistry has become the main medium of neuro-
science.8 Particularly, with the development of biosensors,
through the modication of the new electrically conductive
materials to immobilize the enzymes,9,10 antibodies11 and other
biological materials12 on the surface of the electrode, the
sensitivity and selectivity of the electroanalytical method can be
both improved, and it can not only detect the low-concentration
and trace chemicals in vivo, but also resist the potential inter-
ferences from the many compounds presented in living body.
More importantly, it does not need the complicated sample pre-
treatment.13 Therefore, electrochemical measurement can help
us solve the problems that cannot be solved by individual
organisms: mixed sampling and whole tissue homogenization.
At present, it has gradually become the most ideal real-time
online detection technology.

This paper reviews the progress of new electrochemical
sensing equipment and methods for biological samples in the
RSC Adv., 2022, 12, 17715–17739 | 17715
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past two decades, and reviews the development of electro-
chemical in vivo detection and analysis technology using
biosensors and biological related molecules of electrochemical
sensors and neurochemistry. The microdialysis technology,
microuidic chip, microelectrode and microelectrode array
electrode manufacturing and modication are introduced.
Some new electrochemical methods, methods to resist elec-
trode biofouling15 and improve sensitivity, and methods
to measure the aluminum content in the microenvironment
of the plant were introduced.14 The current approach of
electrochemical in vivo measurement are comprehensively
reviewed here.
2. Microdialysis (MD)-
electrochemical in vivo detection
system

Microdialysis (MD) is a mature extraction technology that can
monitor the dynamic changes of chemicals in the body. This
technology originated in 1996. At that time Bito et al. Based on
the principle of analyte diffusion on a porous membrane, they
inserted sterile dialysis sacs into the dog's cortex so that the
analytes were collected in a saline stream through the sterile
dialysis sac, where they could then be detected.16,17 Most
polluting molecules, such as proteins, can be excluded from the
lysate by this method under electrochemical conditions (Fig. 1),
so this method can effectively avoid sensor pollution. At
present, rapid microdialysis sampling has been widely used in
cortical diffusion inhibition in cerebral cortex research.18 In this
case, by injecting potassium chloride solution, the dialysate is
transported to the area where lactate and glucose are detected at
the same time. Based on this principle, the depolarization of
diffusion wave can be induced in animal model (here, cat), so
that the levels of glucose and lactate can be detected. The
experimental results showed that the brain tissue was likely to
be seriously damaged because the glucose level decreased by
28% 10 minutes aer cortical diffusion depolarization was
induced, but the galactose level increased by 58%, and the
glucose consumption in the brain tissue lasted for at least 30
minutes. Patients in the intensive care unit aer acute brain
injury also use the same method to detect glucose.19 It is found
that spontaneous brain injury is caused by depolarization, and
the methods of increasing lactic acid and inhibiting hypogly-
cemia can effectively reduce brain injury. The device can
detect cortical diffusion depolarization by combining with
subdural EEG.

MD has the advantages of “in vivo, real-time, minimally
invasive, trace detection, accurate and efficient”, and can even
make a at least 2 hours continuesmeasurement.20–22 At the same
time, early microdialysis technology is oen used for in vivo
metabolic analysis of neurotransmitters such as dopamine and
serotonin aer administration.131,132 During the conventional
online measurements through the sampling technique of
microdialysis, analytes in dialysate are always regularly
measured by classical chromatographic methods such as (ultra)
high performance liquid chromatography HPLC, and (ultra)
17716 | RSC Adv., 2022, 12, 17715–17739
high performance liquid chromatography-mass spectrometry
(LC-MS).2,23–25 These approaches are inadequate for some
applications, especially for some life science studies which
require continuous monitoring, high temporal resolution and
rapid experimental data collection. Some analytical chemistry
scientists like Lanqun Mao26–28 and Guoyue Shi29–32 et al. have
established a stable microdialysis online electrochemical
testing platform for monitoring the dynamic changes of bio-
logically relevant molecules in rat brain (e.g. hippocampal
ascorbate30 and striatum glucose,22,26,28,29 dopamine,32 gluta-
mate,30,31 etc.). Due to the continuous detection and simple
sample pre-treatment characteristics of the electrochemical
sensors, the MD-electrochemical sensors not only can extract
the biological samples from a living body for direct analysis
without any other pretreatments, but also monitor the biolog-
ical events continuously at least 2 h.20–22
2.1 MD-thin-layer electrochemical ow-through cell (TEFC)
in vivo detection system

Since the amount of dialysis uid is generally very small, the
conventional macroelectrodes and electrochemical detection
cell in this system is usually replaced by a thin-layer electro-
chemical ow-through cell (TEFC).21 In the TEFC, the small
volume (microliter level) of dialysate is restricted to a thin layer
(2–100 mmol L�1) on the electrode surface, thus the ratio of the
electrode area and the volume of solution can be improved to
achieve overall electrolysis conditions.

For example, Meining Zhang et al. Based on the principles of
in vivo microdialysis sampling and radial TEFC,21 they devel-
oped a new analytical system with single-walled carbon nano-
tube (SWNT) modied glassy carbon electrode (GCE) as the
working electrode. The system can continuously monitor the
ascorbic acid in rat striatum caused by systemic ischemia. It can
be seen from Fig. 2 that the main structure of radial TEFC is
a thin radial ow block. The sensor uses Ag/AgCl electrode (3 M
NaCl) as the reference electrode, heat-treated SWNT modied
GCE (diameter 6 mm) as the working electrode and stainless
steel as the counter electrode. The thickness of the gasket used
for this sensor is 50 mm. The brain dialysate or standard solu-
tion is delivered through an airless syringe (BAS), and then
pumped into the radial ow cell through a tetrauoroethylene
hexauoropropylene (FEP) tube by a microinjection pump
(CMA 100, CMA microdialysis AB, Stockholm, Sweden).

Generally, we need to replace different working electrodes to
detect different substances. Ma et al. An integrated electro-
chemical biosensor based on dehydrogenase was constructed
by using zeolite imidazole ester skeleton (ZIF) as matrix, which
can be used to detect glucose content in vivo.26 In order to verify
the application of the sensor in electrochemical measurement
in vivo, the glucose in microdialysate continuously sampled
from guinea pig brain was monitored online by placing the
biosensor of ZIF-70 in radial TEFC. In this case, the ZIF-70
biosensor is mainly obtained by dropping MG/MG/ZIF-70
dispersion on the modied GCE, then washing the electrode
with water, and nally drying it. The system uses 50 mm. The
thin radial ow block of M gasket forms the ow cell. At the
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Picture (A) is the on-line electrochemical detection system for in vivo monitoring combined with in vivo microdialysis in the past.
Figure from Xulin Lu et al.22 Reproduced with permission from Anal. Chem., 2013, 85. Copyright American Chemical Society (2013). Picture (B) is
the combination of microdialysis sampling and two colorimetric sensors to continuously and simultaneously monitor AA and Cu2+ in the brain of
living rats. Figure from Chao Wang et al.125 Reproduced with permission from Anal. Chem., 2021, 91. Copyright American Chemical Society
(2021).
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View Article Online
same time, Ag/AgCl electrode (3.0 M NaCl) is used as the
reference electrode, the biosensor of ZIF-70 is used as the
working electrode and stainless steel is used as the auxiliary
electrode. Compared with other types of sensors, ZIF based
biosensors have the advantages of high selectivity and high
© 2022 The Author(s). Published by the Royal Society of Chemistry
sensitivity for the detection of glucose in the brain. Therefore,
using ZIF as matrix co immobilized biosensors (including
electrocatalysts and enzymes) is widely considered as a general
method for the development of new electrochemical
biosensors.
RSC Adv., 2022, 12, 17715–17739 | 17717
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Fig. 2 Picture (A) the structure of thin layer electrochemical flow cell a for on-line measurements of the brain dialysate, the aCSF used as the
perfusion solution is delivered from the syringe and pumped through the rat brain to the radial flow cell (line 1). The increase in the current response
obtained in the text is then due to the oxidation of ascorbate in the brain dialysatewith reference to the baseline recordedwith pure aCSF that is also
delivered from the syringes but pumped directly to the radial flow cell (line 2). For on-line evaluating the reproducibility of the electrode with the
brain dialysate, lines 1 and 2 are alternatively connected to the electrochemical flow cell to obtain the current responses for ascorbate in the same
brain dialysates several times. These steps additionally make it possible to evaluate the electrode reproducibility with the brain dialysate. Figure from
Meining Zhang et al.21 Reproduced with permission from Anal. Chem., 2005, 77. Copyright American Chemical Society (2005). Picture (B) the
detector is composed of a thin-layer electrochemical flow cell integrated with in vivomicrodialysis. Used to detect ascorbic acid in rat brain, figure
from Kun Liu et al.126. Reproduced with permission from Anal. Chem., 2013, 85. Copyright American Chemical Society (2013).

17718 | RSC Adv., 2022, 12, 17715–17739 © 2022 The Author(s). Published by the Royal Society of Chemistry
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By using this platform, Xulin Lu et al.22 demonstrated
a highly selective and sensitive three-dimensional conductive
framework for in vivo microdialysis and electrochemical detec-
tion. This three-dimensional conductive framework is based on
the hybridization of single wall carbon nanotubes (SWNT) and
innite coordination polymer (ICP) nanoparticles with bio-
electrochemical activity. ICP nanoparticles with bio-
electrochemical activity can be synthesized during the self-
assembly of NAD+ (nicotinamide adenine dinucleotide
(oxidized state)) and Tb3+ (terbium ion), and all biosensor
elements including cofactors i.e. b-nicotinamide adenine
dinucleotide, NAD+, enzyme (i.e. glucose dehydrogenase, GDH)
and electrocatalyst (i.e. methylene green, Mg) are adaptively
encapsulated. ICP/SWNT nanocomposites can be used to
simply prepare ICP/SWNT based biosensors on glass carbon
substrates. This sensor shows great advantages over ICP
biosensors prepared by ICP nanoparticles (i.e. no SWNT
hybridization). It has higher sensitivity and stability in electro-
chemical research. Because almost all the effective electrons of
the ICP limited to the electrode can be transmitted by SWNT,
and even if they are far away from the electrode, the ICP can
easily nd the nearby wires. The electrochemical biosensor
based on GDH is a good example. Combined with in vivo
microdialysis, the biosensor of ICP/SWNT is used as an on-line
detector in continuous ow system to build a simple but
effective on-line electrical analysis platform for continuous
monitoring of glucose in guinea pig brain. This study simplies
the preparation of biosensors and is considered.

To sum up, with the application of new matrix materials and
the high selective enzyme, the modied working electrodes
xed in the thin-layer electrochemical ow cells have achieved
good results in terms of single component in vivo measure-
ments. However, in the simultaneous measurement of multiple
components, the MD-thin layer electrochemical ow cell system
has not done well. Because of the restrictions on the structure of
thin layer electrochemical ow cell, it is difficult to increase the
working electrode surface, furthermore, it is difficult to nd an
enzyme which can measure two or more substances with high
selectivity and accuracy.
2.2 MD-electrochemical microuidic chip in vivo detection
system

To solve the problem of multi-component measurements,
Hoang-Thanh Nguyen et al. directly integrated electrochemical
ow cell based on microuidic chip combined with the micro
dialysis to continuously and simultaneously monitor the
multiple chemicals in living bodies.122

Miniaturization and integration are important developing
directions to modern analytical chemistry.35 Micro-
electromechanical systems (MEMS) provide the convenient
conditions for the miniaturization development of analytical
instruments. In the early 1990s, Manz and Widmer et al. rst
presented MEMS-based miniaturized total analysis system
(mTAS).36 The mTAS integrated the laboratory analytical func-
tionalities (including sampling, diluting, adding reagents,
mixing, reaction, separation, detection, etc.) into a portable
© 2022 The Author(s). Published by the Royal Society of Chemistry
device, or into a few square centimeters chip. The progress of
the micro-processing technology promote the miniaturization
of mTAS. Various function components like micro-channels,
micro-valves and micro-reservoirs, microelectrodes, and
connectors, etc. can be manufactured on the microchip. Now
electrochemical measurements is the method which can ach-
ieve the microuidic detection on a chip.

Woolley et al. 1998 reported the rst case of microchip
capillary electrophoresis amperometric detector37 Subse-
quently, the reports on the electrochemical detection on
microuidic chips gradually increased.38,39 Grab et al. made
a detailed description of the production of isotachophoresis –

conductivity chip detector on the substrate.40 Prest et al. design
a special contacting single-electrode conductivity detector for
the separation and analysis of chip isotachophoresis.41,42

Chaoxiong Ma et al. Recessed ring disk (RRD) electrode arrays
with nano-pitch are fabricated by nanosphere lithography,
multilayer deposition and multi-step reactive ion etching tech-
niques and incorporated into nanouidic channels, making
these arrays characteristic in nanouidic channels be displayed,
that is (Fig. 3), the redox cycle leads to current amplication
during cyclic voltammetry (CV) redox reversibility or redox
potential enables electroactive substances to be selectively
analyzed.43

In the same year, Chaoxiong Ma and co-workers found the
recessed disk array electrodes which had been constructed
suitable to do the detection of pyrocatechol and dopamine in
the presence of interferences. This study shows that reducing
the electrode spacing and size to nano scale can further improve
the sensor performance (Fig. 4), and proves some advanced
advantages of ring disk geometry.44

Jae Hyoung Park et al. designed a polydimethylsiloxane
(PDMS) microuidic chamber with microsieves, and they
immobilized high-density photosynthetic cells in a monolayer,
allowing it to measure measurements with two internal metal
electrodes photosynthetic activity of cells. PDMS microuidic
chamber is fabricated by so lithography with two electrodes
connected to glass substrate by sputtering method. The
microuidic chamber was manufactured, and the characteris-
tics of internal electrodes in redox solution were measured by
CV. In PDMS microuidic chamber, dense cells were accumu-
lated in hydrogel or water environment. Meanwhile, the physi-
ological characteristics of cell photosynthesis could be analyzed
by potentiometry or current method. The generation rate and
oxygen distribution in cell photosynthesis process could also be
simulated to estimate45 quantitatively (Table 1).

Although the above experiments have not been performed in
vivo, these experiments provide a good foundation for future
applications of in vivo assays.

Jiang Liu et al. have been conducting research in the area of in
vivo multi-component detection through a MD-electrochemical
microuidic chip and have made some progress.123 An on-line
electrochemical detection system based on microuidic chip
was developed by Xia Gao et al.47 The detection system can realize
the continuous online real-time detection of ascorbic acid and
Mg2+ in rat brain. The microuidic chip is used as the detector of
two species in the system. The detector ismade by combining the
RSC Adv., 2022, 12, 17715–17739 | 17719
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Fig. 3 (A): (a) Schematic cross section showing the fabrication procedure for the RRD array, including (i) layer-by-layer deposition, (ii) nano-
sphere lithography, and (iii) multistep reactive ion etching. The colors represent different layers: gray (glass slide), yellow (Au), red (SiNx), pink
(SiO2), purple (polystyrene spheres), and green (Cr). (b) Schematic diagram of the ring-disk geometry of the array. (c) An SEM image of the array at
50� tilt. (d) An optical image of the array integrated with SiNx channels. (e) Schematic diagram of the macroscopic layout of the RRD array (dark
blue) integrated with channels (black) and covered by a piece of PDMS (light blue) with two circular wells. Figure from Chaoxiong Ma et al.43

Reproduced with permission from Anal. Chem., 2013, 85. Copyright American Chemical Society (2013). (B) Improved chip bonding procedure: (a)
reversibly align the microchannel with the PPF electrode, (b) fold back the top section of the chip from the glass and temporarily tape to the
opposite end of the glass plate, (c) simultaneously expose the top sections of the PDMS chip and the glass substrate, (d) re-seal the chip onto
substrate by removing the tape and insert a stainless-steel tube to connect the chip to MD flow. Reproduced with permission from Anal. Chem.,
2020, 145. Copyright American Chemical Society (2020).

17720 | RSC Adv., 2022, 12, 17715–17739 © 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) Schematic diagram showing the macroscopic layout of the
device and (b) ring-disk geometry in the nanopores. (c) SEM image of
the array at 52 tilt; (d) magnified view for a single electrode at 52 tilt.
Figure from Chaoxiong Ma et al.44 Reproduced with permission from
ACS nano, 2013, 7. Copyright American Chemical Society (2013).
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stainless steel tube with the Ag/AgCl line as the reference elec-
trode, developing the single channel microuidic chip into an
electrochemical ow cell as the counter electrode, and
combining the chip with the indium tin oxide (ITO) electrode as
the working electrode. In order to realize the selective detection
of ascorbate and Mg2+ (Fig. 5), toluidine blue (polytbo) lm and
single wall carbon nanotube (SWNT) were coated and polymer-
ized on ITO electrode at the same time. In addition, in order to
avoid any crosstalk between the two electrodes, the solution
introduction mode and arrangement of polytbo modied elec-
trode and SWNT modied electrode were carefully designed. By
directly integrating the electrochemical ow cell based on
microuidic chip with in vivo microdialysis, and using the elec-
trochemical ow cell of microuidic chip as a detector, an on-
line electrochemical detection system can be successfully estab-
lished. The detection of Mg2+ and ascorbic acid by microuidic
system can show a good linear relationship respectively. In
addition, the system shows good reproducibility, high stability
and high selectivity for the detection of these two substances in
a continuous ow system.

It was because of the unmatched advantages microuidic
chips system has in contrast to those traditional macro-scale
instruments, the multi-working electrode exist on the a few
square centimeters chip without any cross talk and could
continuously and simultaneously detect multiple chemical
components. And the system was expected to make a greater
contribution to the in vivo analysis in the future (Table 2).

However, in this platform, dialysate samples needed to get
through a long tubing before they reached the detector cell, and
there was bound to affect the real-time detection, and limited
the scope of the experimental animals activities. It was
extremely uncomfortable to the animals anesthetized or xed
on the stereotaxic apparatus throughout the test, and the
recording processes are not natural.
© 2022 The Author(s). Published by the Royal Society of Chemistry
Moreover the main disadvantage of microdialysis electro-
chemical sensing platform was the high cost of microdialysis
probe, and the dialysis membrane could be blocked by proteins
and other macromolecules easily, thus the membrane was
difficult to be reused.

3. Microelectrode (ME)-
electrochemical in vivo detection
system

Facing such drawbacks of microdialysis-electrochemical
sensing systems, Shaneelchandra et al.15 designed microelec-
trodes by modifying the materials or components of the elec-
trodes to achieve in situ analysis of in vivo targets, which can
directly improve the sensitivity, thermal stability, and anti-
contamination of the electrodes. For example, by changing
the inherent properties of the electrode itself, such as BDD and
other electrode materials, the robustness and anti-pollution
properties of the electrode can be signicantly improved. Of
course, it can also be coated with a layer of anti-pollution
material, such as Naon, on the surface of the electrode to
resist biofouling. Finally, it can also reduce pollution through
electrode hydrogenation technology.

3.1 The carbon ber microelectrode (CFME)

Carbon ber microelectrodes (CFMEs) have good biocompati-
bility, easy insertion, and electrode diameters as small as 10 mm,
making in vivo electrochemical detection more reliable.128

3.1.1 CFME classical electric wire-connected electro-
chemical in vivo measurements on animals. The bioactive
substances in animals are detected by the combination of
CFME and electrochemical detector, in vivo studies mainly take
rats and mice as model organisms to determine the functional
effects of these substances, because they have the advantages of
short growth cycle, easy operation and fast reproduction.

However, in situ analysis and accurate detection in complex
animal tissues are very difficult, andmore efforts are required to
construct high-performance biosensors for real-time in situ
detection in vivo.137 Interestingly, a bovine erythrocyte copper
zinc superoxide dismutase (sod-e2zn2sod) was designed by
Chai Xiaolan et al.;10 E designates an empty site functionalized
CFME which combined with a 6-(ferrocenyl) hexanethiol
(FcHT)-modied CFME for high selectively and accurately
detecting Cu2+ ions in rat brain. Simultaneously, they synthe-
sized a gold-truncated octahedral microcapsule lled with
nanoparticles, which exhibits high electrocatalytic activity and
large surface area for signicantly improved sensitivity. In
addition, the concentration estimated by ICP-AES method is
highly consistent with the concentration of Cu2+ in rat brain
measured by this sensor.

Although Cu2+ level in rat brain can be monitored by dual
channel ratio electrochemical biosensor, in order to achieve
continuous monitoring, the important problem of long-term
stability of implantable microelectrode must be considered.
The original sensitivity of the sensor will be reduced or even lost
because a large amount of albumin and other circulating
RSC Adv., 2022, 12, 17715–17739 | 17721
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Fig. 5 (A) Scheme (A) Schematic illustration of themicrofluidic chip-based online detecting system for continuous and simultaneousmonitoring
of ascorbate and Mg2+ in rat brain and (B) structure of the microfluidic chip-based electrochemical detector a the microfluidic chip-based
detector consists of two independent substrates: upper wafer, PDMS chip with a channel as a continuous flowmicrofluidic cell, 40mm in length,
1 mm in width, and 500 mm micrometer in depth; lower wafer, SWNT-modified and poly TBO modified electrodes as dual working electrodes.
Ag/AgCl wire and stainless steel tube (also as outlet) were separately embedded into the PDMS chip and used as reference electrode (RE) and
counter electrode (CE), respectively, for the electrochemical detection. Figure from Yuqing Lin et al.46. Reproduced with permission from Anal.
Chem., 2013, 25. Copyright American Chemical Society (2013). (B) An illustration of an experimental setup for microdialysis sampling coupled
with on-chip BzCl derivatization in awake animals. Figure from Alec C. Valenta et al.127 Reproduced with permission from Anal. Chem., 2021, 146.
Copyright American Chemical Society (2021).
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proteins in cerebrospinal uid pollute the sensor surface, and
this might be the reason why this approach was only a point in
time detection of Cu2+ ions, not a continuous monitoring in rat
brain. It was the same as some other recent researches e.g. in
the work of Ste'phane Fierro et al.,49 to obtain reliable results,
the in vivo current measurement should not last more than 5 s.

Electrochemical measurement has been widely used for in
vivo measurement of electroactive biological events in model
systems (such as rats, mice and primates). However, in recent
years, electrochemical monitoring of small model animals such
as fruit ies is still not feasible.50–52

The change of extracellular monoamine concentration in the
ventral nerve cord of a single drosophila larva was measured in
© 2022 The Author(s). Published by the Royal Society of Chemistry
real time by Xenia Borue and colleagues53 for the rst time.
Using fast scanning cyclic voltammetry (FSCV) on implanted
microelectrode (CFME), channel rhodopsin-2-mediated neuron
type specic stimulation can be detected to trigger endogenous
serotonin release. They conrmed that the substance tested was
serotonin by reducing the release aer pharmacological inhi-
bition during serotonin packaging or synthesis. The concen-
tration of serotonin induced in ies is similar to that induced by
tetanus in mammals, with a concentration of 280–640 nmol
L�1. The specic concentration depends on the stimulation
length. Aer uoxetine or cocaine is given, the extracellular
serotonin signal in the detector is signicantly prolonged,
indicating that serotonin is cleared during the regulation of
RSC Adv., 2022, 12, 17715–17739 | 17723
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extracellular transport. The sensor can target dopaminergic
neurons through ChR2 to measure the release of dopamine in
vivo, which indicates that the detection of other neurotrans-
mitter systems can also be determined by this method. In this
study, they found that the dynamics of serotonin release and
reuptake in drosophila is highly similar to that in mammals, so
a simple model animal like this is very effective for studying the
basic physiological mechanism of serotonin. Monique A.
Makos et al. designed a background reduced FSCV method to
monitor dopamine in drosophila CNS using CFME.54 Absorp-
tion of exogenous dopamine by dopamine transporter (DAT) in
adult drosophila. Monique A. Makos et al. Veried the model
system for studying the mechanism of drug addiction by
comparing the dopamine concentration of fuming (FMN)
mutant drosophila and wild-type drosophila before and aer
cocaine (which is known to prevent data from absorbing
dopamine) treatment.

Aer the applicability of D. melanogaster larva model was
demonstrated, the work in recent years involved using larva to
test the biological practicability of modied electrode.55

ChR2 mediated serotonin release in the ventral nerve cord of
Drosophila melanogaster larvae can bemeasured by COOH–CNT,
modied disk electrode and carboxylic acid carbon. The elec-
trode was fabricated by modifying carbon ber disk micro-
electrode with carboxylic acid functionalized carbon nanotubes,
and then immersed in carbon nanotube suspension. The
sensitivity of serotonin measured with COOH–CNT electrode is
2.5 times higher than that of pure carbon ber electrode, and
the electrode can remain stable for several h.

In addition to these brain microelectrode analyses, there
were some other parts in vivo biological events analyses have
made some achievements.

Liu Junxiu et al.56 designed an in vivo method for real-time
monitoring the changes of ascorbic acid level in cochlear
extralymphatic lymph of guinea pigs in the acute stage of
tinnitus to study the role of ascorbic acid in the pathological
process of tinnitus. They induced the acute stage of tinnitus by
modifying CFME with multi walled carbon nanotubes (MWNT)
and microlocal input of salicylate. In order to continuously
detect ascorbic acid in cochlear extralymphatic microenviron-
ment in real time, they used micro Ag/AgCl as reference elec-
trode, Pt line as counter electrode and MWNT modied CFME
as working electrode. At the same time, the three electrodes are
combined around the capillary to form an integrated capillary
electrode, and then the integrated electrode is carefully
implanted in the cochlear lymph of guinea pigs. Finally, a small
amount of salicylate is injected into the cochlear lymph to
realize the real-time monitoring of ascorbic acid level. In this
study, this integrated capillary electrode has good linearity and
high selectivity for the determination of ascorbic acid. This
study provides a new strategy for the in vivo monitoring of
ascorbic acid in cochlear extralymphatic lymph aer salicylate
induced tinnitus, so it can be used for the physiological char-
acteristics related to tinnitus.

Since almost no clinical diagnosis of the brain diseases need
to do the examination by a implantable probe, and similarly,
subcutaneous glucose monitoring is considered much more
© 2022 The Author(s). Published by the Royal Society of Chemistry
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practical than the cerebral glucose monitoring. Because we have
too little research on themeasurement of peripheral tissues, the
clinical application of electrochemical sensors has stopped at
blood glucose meters, and there has been no major progress.
This may also be caused by our over-research on biosensors in
the brain.

3.1.2 CFME classical electric wire-connected electro-
chemical in vivo measurements on plants. Compared to the
above electroanalytical methods for in vivo measurements on
animals, a hemoglobin (Hb) – modied carbon ber ultra-
microelectrode (CFUME) and single wall carbon nanotubes
(SWCNTs) were designed by Qiong-Qiong Ren and his
colleagues45 to monitor the oxidation burst of aloe. Through
this method, an in vivoH2O2 sensor with direct electron transfer
can be constructed. Hb/SWCNTs/CFUME can directly monitor
H2O2 in aloe leaves under salt stress in vivo within 19.5 h by
taking advantage of low working potential and small size, and
this method does not need additional surface coating and
complex data processing to avoid interference (Fig. 6). Although
both are in vivo tests, the effective monitoring time of micro-
electrodes in animals and plants is very different. Therefore, we
infer that the albumin and other circulating adhesion
Fig. 6 (A) SEM images of bare CFUME (A), SWCNTs/CFUME (B), Hb/SWC
Qiong Ren et al.57 Reproduced with permission from biosensors and bioe
uncoated CFMEs approximately 7 mmol L�1 in diameter. (B) CFMEs electro
coats the surface of the electrode and fills the ridge of the fiber. (C) CFM
PEI. Reproduced with permission from Anal. Chem., 2020, 167. Copyrig

© 2022 The Author(s). Published by the Royal Society of Chemistry
substances in plants are not less than that in animals. This
requires us to nd the reason.

3.1.3 CFME wireless electrochemical in vivomeasurements
on animals. Additionally, there is another great difference
between plants and animals in vivo detection. Although no
microdialysis probe and long tubings in the micro-electrodes
electrochemical in vivo detection system, the microelectrode
still need wires to connect with the electrochemical worksta-
tion, thus the animals must be anesthetized or be xed on
a stereotaxic apparatus. That is bound to increase the difficulty
of the experiment, and affect the mood and physiological state
of the experimental animals, and may interfere with the accu-
racy of the experiment. Therefore, changing the connection
form of micro-electrodes and electrochemical workstations is
very critical.

In 2010, the development of wireless in vivo voltammetry of
neurotransmitters in freely behaving rats was described by
Francesco Crespi.58 In this case, unidirectional infrared (IR)
based on direct current (DCA) or differential pulse voltammetry
(DPV) is used to improve the “diffusion” of the transmission
channel of the telemetry system. The system has the charac-
teristics of small weight (only a few grams) and very small
NTs/CFUME (C) and tip of Hb/SWCNTs/CFUME(D). Figure from Qiong-
lectronics, 2013, 50. Copyright Elsevier Ltd (2013). (B) SEM images of (A)
deposited with polyethyleneimine (PEI). A thin layer of polymer evenly
Es electrodeposited with poly(3,4-ethylenedioxythiophene) (PEDOT)-
ht American Chemical Society (2020).
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structure. But what is more interesting is that the system adopts
one-way communication, which avoids the problems related to
cross and changes the function of the measuring electrode
system, this is the biggest difference from similar pre-existing
instruments based on IR transmission.59 In addition, it also
has the advantage of electromagnetic interference free from
interference RF transmission.

This study shows that the system seems to be highly sensitive
to serotonin (5-HT) and dopamine (DA), whether using DPV or
DCA, in vivo or in vitro. Especially aer uoxetine stimulated the
5-HT system in the frontal cortex of anesthetized rats, the use of
wireless DCA or classical wired DCA in parallel in vivo tests in
anesthetized rats resulted in data overlap.

In this Research, Francesco Crespi successfully applied
a wireless method of biosensors to freely moving conscious rats,
while Naon was used in the prefrontal cortex® the 5-HT
current related signals of the coated microbial sensor and the
chemical properties of DA were specially pharmacologically
veried (Fig. 7).
Fig. 7 (A) Drawing of auxiliary, reference andmCFE and details of constru
and after Nafion® coating. (C) The behaving freely moving rat with TX plac
receiving station (RX). A laptop computer, interfaced to the receiving sta
sentative in vitro DPV curves for dopamine 5 M and serotonin 5 M in PBS
studies, the tip of the Nafion®-mCFE is inserted in the rat prefrontal corte
color in this figure legend, the reader is referred to the web version of th
from Biosensors and Bioelectronics, 2010, 25. Copyright Elsevier Ltd (20

17726 | RSC Adv., 2022, 12, 17715–17739
To sum up, the telemetry system has two great advantages:
the rst is that the sampling speed of biological substances
(such as dopamine or serotonin) is fast, which can be sampled
every 100 milliseconds. Secondly, its weight and size are very
small, which can be effectively implanted into mice without
affecting the movement of mice. This is considered to be
a valuable feature of a telemetry system for real-time voltam-
metric monitoring of neurotransmitters.60

Currently, a self-powered skin patch electrochromic biosensor
has been developed. This sensor can detect the concentration of
lactic acid in the range of 0–10 mM by visually measuring the
metabolites in sweat,129 so animals do not need to be anes-
thetized. For example, humans can hide themselves and receive
signals in another room to carry on direct in situ and realtime
measurement of electronically active chemicals in freely
behaving animals, and through a variety of emotional stimuli
such as heating or giving an electric shock, man can observe if
there have any changes of cerebral extracellular content of
neurotransmitters, and can do some pharmacological
ction. (B) Magnification of the electroactive tip of themCFE before (left)
ed upon its head that transmits the signal via an infrared channel to the
tion, performs the required signal acquisition and analysis. (D) Repre-
(pH 7.4) as measured with Nafion®-mCFE (Crespi et al., 1988). In vivo
x as shown by the red arrow in (E) (for interpretation of the references to
e article). Figure from Francesco Crespi. Reproduced with permission
10).

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 (a) Atomic forcemicrographs, (b) Raman spectra, and (c) X-ray photoelectron spectra of (i) a bare carbon electrode and (ii) a hydrogenated
carbon electrode. Figure from Shaneel Chandra et al.15 Reproduced with permission from Anal. Chem., 2014, 86. Copyright American Chemical
Society (2014).
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experiments etc.However, how to further reduce the interference
and ensure the accuracy in long term remote sensing in vivo
experiments remains a problem need to be solved.
3.2 The glass substrates of conical-tip carbon electrodes

The lack of rigidity is also a big weakness of CFME. For the
fabrication of in vivo targets-sensing microelectrodes, it is
natural to consider the mechanical strength. In this regard,
other materials e.g. the glass substrates of conical-tip carbon,15

boron doped diamond (BDD),49 noble metals, e.g. platinum61

and gold,62 are much tougher as compared with the conven-
tional carbon ber.
© 2022 The Author(s). Published by the Royal Society of Chemistry
During the in vivo electrochemical detection of targets such
as dopamine, by placing CFME near the stimulated dopamine
cells, dopamine rapidly diffuses to the electrode, and nally the
physical contact of electron transfer can be transformed. This
electrode usually consists of about 2.5–7 mm tip diameter, the
carbon ber is sealed in a glass capillary, and the length
extending out of the capillary is about 100 mm.63,64 A peak signal
will be generated in the potentiostatic current detection of the
electrode. In this signal, the rising part is due to dopamine
oxidation aer contact with the electrode surface (Fig. 8), and
the falling part is due to the decrease of surrounding dopamine
concentration due to the inuence of absorption and diffusion
of the electrode.65
RSC Adv., 2022, 12, 17715–17739 | 17727
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Shaneelchandra et al.15 have developed a carbon electrode
whose structure is similar to a conical shape. It is deposited by
hot acryloyl zinc acetylene and quartz capillary or carbon at the
bottom.66–68 Recent simulation experiments69 show that these
electrodes are composed of tip diameters of 2–5 mm. It is pulled
around the capillary tube with an axial length of 4 mm.
Compared with CFMEs, the tapered-tip carbon electrode has
a ne tip, so in vivo experiments help to penetrate the cell
membrane more easily during the implantation process, and its
glass substrate has stronger mechanical strength. In addition,
the open base edge of the tapered-tip carbon electrode is easier
for the analyte to approach the electrode base edge than the
insulating plane at the junction of the limited ber capillary on
the carbon ber electrode. Therefore, the tapered-tip electrode
has better mass transfer characteristics. In addition, the tapered
tip. The size of the carbon electrode is similar to that of the
carbon ber electrode, and it shows a better signal-to-noise
ratio when detecting dopamine in vivo.63

The adsorption of peptides, lipids and amphiphilic high
molecular weight proteins in extracellular uid will cause elec-
trode contamination, which is a common problem in electro-
chemical biomaterial measurement in vivo. The analyte and
electrode surface are prevented by the electrochemical pollution,
which weakens the transient electrode response, which is the
direct reason for the reduction of electrode sensitivity and the
distortion of volt ampere signal.70,71 The problem of electrode
biofouling has attracted extensive attention of electrochemical
researchers. For example, the introduction of thin lms such as
Naon72 is to solve this problem. This kind of electrochemical
materials are negatively charged, which can not only prevent
electrode biofouling, but also make cationic polyamine selec-
tively enter the electrode surface at physiological pH value.
Fig. 9 SEM image of the BDDmicroelectrode. The image shows the tip o
et al.49 Reproduced with permission from Sci. Rep., 2012, 2. Copyright n

17728 | RSC Adv., 2022, 12, 17715–17739
Recently, Shanel Chandra et al. evaluated the effect of phenyl-
acetate lm-coated tapered tip carbon electrodes on electrode
fouling.73 The results show that the membrane can reduce the
fouling rate of the electrode by about two times compared to the
bare cone-tip carbon electrode. Similarly, fsdv is oen used to
prevent electrochemical pollution when detecting and quanti-
fying dopamine in vivo.74–76 In addition, diamond lm xed
electrode has been developed as an anti pollution electro-
chemical sensor. The electrode is composed of small faceted
crystals with a size of 100–200 nm and doped with some
boron.74,77–79 The electrode is inert to amphiphilic substances,
and because the microcrystals with good facets of diamond lm
on the electrode are sealed by hydrogen, the electrode produces
a non-polar hydrophobic surface. A large number of researchers
have proved that this electrode can minimize pollution in the
process of target detection in vivo.78 Hydrogenated graphite
carbon has also been proved to be similar to diamond electrode
and is not easy to be polluted by amphiphilic macromolecules.
This is because graphite oxide carbon is mainly composed of sp3

carbon, so it has a similar structure to diamond electrode, so it
will be polluted.80 Some preliminary results of anti scaling in vitro
using hydrogenated carbon electrode have been reported by
Shanel Chandra and colleagues.66 The electrode was hydroge-
nated by remote plasma hydrogenation process, and then the
hydrogenated electrode was incubated in 0.1% BSA for 3 weeks,
so that the hydrogenated carbon electrode was nally formed.
The dopamine CV of the bare carbon electrode shows a limiting
current of 29%, which is a very serious phenomenon, while the
hydrogenated carbon electrode can reduce the limiting current
by 5%, so it is an electrode that can promote the electrochemical
progress in vivo. Interestingly, with the continuous development
of electrode hydrogenation technology, Shanel Chandra et al.
f the needle shaped BDDmicroelectrode. Figure from Ste'phane Fierro
ature Ltd (2012).

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 Schematic illustration of the proposed fabrication process for surface modification of Au-NP/SAMs on the platinum microelectrodes.
Figure from Tien-Chun Tsai et al.61 Reproduced with permission from Analyst, 2012, 137. Copyright Royal Society of Chemistry (2012).

Fig. 11 MEAmodification: photographs of the MEAmodification process for chronic implantation in the freely moving mouse. (A) Stub MEA with
a 1 cm ruler for size comparison. (B) Copper wires are soldered onto the paddle, one for each corresponding platinum recording site. Female,
gold sockets are soldered to the other ends of the copper wire, which are inserted into a miniature black connector along with a miniature silver/
silver chloride wire. Five-minute epoxy is applied to hold the apparatus together and keep the ceramic tip of the MEA parallel to the miniature
black connector for stereotaxic placement. This entire apparatus is now referred to as the pedestal MEA. (C) Side view of (B) with an attached
stainless steel guide cannula. Sticky Wax (Kerr Brand, Romulus, MI) was used to hold a guide cannula in place that positions an internal cannula
among the four platinum recording sites resting approximately 100 mmabove the recording surface. Figure from K. N. Hascup et al.91 Reproduced
with permission from J. Pharmacol. Exp. Ther., 2008, 324. Copyright Williams & Wilkins Ltd (2008).

© 2022 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2022, 12, 17715–17739 | 17729
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designed a hydrogenated conical carbon electrode probe that can
reduce dopamine detection pollution in vivo by hydrogenating
the conical carbon electrode.15 This kind of electrode can
generate hydrophobic sp3 carbon surface aer hydrogenation, so
as to prevent the adsorption of proteins, peptides and amphi-
philic substances in extracellular uid. Therefore, the electro-
chemical pollution caused by adsorption can be minimized.

3.3 Boron doped diamond (BDD) microelectrode

BDD is composed of a particularly hard electrode material81, in
addition, compared with other traditional electrode materials,
it has other outstanding electrode properties such as high
resistance to biological and chemical pollution (Fig. 9), low
background current, weak adsorption of polar molecules and
wide electrochemical potential window.74,82–85 BDD microelec-
trode49 has been used by Ste'phane Fierro et al. To detect
reduced glutathione (L-c-glutamyl-L-cysteyl-glycine, GSH) in vivo
and in vitro, then it can be used to evaluate the potential
application of cancerous tumors. Their study demonstrated the
biological characteristics and malignancy of tumors using
several in vivo measurements of GSH in normal tissues.

It is worth thinking that although BDD has the characteristics
of anti biological and chemical pollution, once the BDD electrode
is polluted, the current difference between measurements in
normal tissue and tumor tissue decreases, resulting in measure-
ment error. Ste'phane Fierro et al. Solved this problem by adopt-
ing the strategy of cathode treatment (23 V, 20 minutes) in 0.1 M
PBS between each measurement. In addition, reliable results can
be obtained if the current measurement in vivo does not last for
more than 5 s.49 This fully shows that biological pollution is a very
serious problem in electrochemical detection in vivo.

In all current in vivo electrochemical studies, most of them
are the detection of brain biological substances.10,58,63 But in
terms of practicality, as with the diagnosis of diabetes, the
dynamic detection of subcutaneous glucose is as practical as the
acquisition of striatal glucose. Subcutaneous glucose testing
focuses on helping us quickly and effectively understand the
effects of the body, while the testing of striatal glucose focuses
on helping us understand the molecular mechanism of action
in the brain. This peripheral tissue GSH measurement method
will broaden the eld and increase the usefulness of in vivo
electrochemical research.

3.4 Metallic materials microelectrode

Since mechanical strength is the primary consideration in the
manufacture of in vivo target sensing microelectrodes, Md.
Aminur Rahman et al. have proposed to make in vivo detection
microelectrodes with metal materials.61,62,86 Tien Chun Tsai
et al.61 in order to reduce the interference of AA and improve the
specicity and sensitivity to DA (Fig. 10), they developed a new
microelectrode by modifying platinum microelectrodes with
gold nanoparticles (Au NPs) and self-assembled monolayers
(SAMs). The robustness, sensitivity and pollution resistance of
the sensor can be signicantly improved by changing the
components and materials of the electrode. To some extent, the
selection of appropriate coating is absolutely important to
RSC Adv., 2022, 12, 17715–17739 | 17731
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enhance the electrode characteristics. In this case, the results
show that the platinum microelectrode coated with gold
nanoparticles and 3-mercaptopropionic acid (MPA) is coated
with appropriate coating w-the chain length of mercaptoalkane
carboxylic acid can signicantly improve the electrode proper-
ties, including anti albumin adhesion and fast response time
(less than 2 seconds). At the same time, the specicity of Au NP/
MPA for AA is about 881 times. During current measurement, its
sensitivity is 2.7 times higher than that of traditional Naon
coated electrode.

Different from the inherent properties of chemical contam-
ination resistance of BDD,49 the change of the structure of the
tapered tip carbon electrode aer hydrogenation, its electrode
surface is susceptible to contamination by protein adhesion.15

In order to reduce the pollution of negatively charged albumin
(isoelectric point, pI 1

44.7)
87 in the physiological environment,

this study usedMPA carboxylic acid to solve this problem. At the
same time, their study also showed that aer using MPA
carboxylic acid, Au NP/MPA modied microelectrode soaked in
albumin solution for one week did not affect the sensitivity of
DA measurement (Fig. 11).

The performance of a microelectrode sensor relatively relies
on the ne processing technology. It is crucial to fabricate
a tough, good conductivity, fouling resistance microelectrode,
and of course, a good coated material is also important
(Table 3).

4. Microelectrode arrays (MEA)

The discovery and progress of ceramic based multipoint arrays
were described in detail by Gerhardt and colleagues in 2000.90

This kind of electrode consists of four 50 � 50 mm. Spacing is
200 mm. Because the ceramic material used in this kind of
electrode has stronger mechanical strength than silicon, it is
more robust than ordinary microelectrodes. At present, MEA
has become an ideal electrode for electrochemical measure-
ment in vivo. The wire of the electrode is insulated with poly-
imide coating, the connecting wire and electrode are made of
platinum, and the whole MEA electrode is made by lithography.
Remove the ceramic containing the electrode from the wafer of
the electrode and make it into a 1 cm long substrate, which can
gradually become a 2–5 mm tip. The selectivity, response time
and sensitivity of the electrode are usually expressed by
hydrogen peroxide and dopamine voltammetry. Then, the
detection of neurotransmitters such as glutamate can be real-
ized by modifying MEA array to manufacture enzyme coated
electrode. The teammainly studied the production of glutamate
emitters, which is the beginning of the development of non
electroactive emitters. In recent years, with the development of
electrochemical sensors, the combined determination and
rapid measurement technology of glucose, glutamate and
acetylcholine can be detected by MEA. In order to eliminate
unwanted anions, the team can also carry out in vivo electro-
chemical detection by coating Naon on four platinum elec-
trodes on the ceramic chip of the electrode.91

Glutaraldehyde and BSA are added to each pair of electrodes
to crosslink the platinum recording site and glutamate oxidase
17732 | RSC Adv., 2022, 12, 17715–17739
(GluOx). The concentration of BSA is 1%, and the electrodes are
coated with a mixture of the above three. The preparation of
such electrodes is based on the oxidation of glutamate to H2O2

by GluOx and a-ketoglutarate, and then H2O2 can be oxidized by
a two electron oxidation process at an electrode potential of
0.7 V vs. Ag/AgCl. At present, microelectrode array (MEA) has
been widely used for rapid measurement of glutamate. At the
same time, MEA can realize continuous and feasible measure-
ment of glutamate in freely moving and awake rats within seven
days. In this study, glutamate levels can be signicantly reduced
by the use of TTX, while elevated glutamate levels can be ach-
ieved by local use of DL soviet formula-b-hydroxyaspartic acid
(THA) was achieved, and these works have been clearly
demonstrated by them (Fig. 4). Therefore, because mea elec-
trode can provide fast time resolution and high spatial resolu-
tion in glutamate measurement, it is considered to be the most
suitable electrode by the team. Resting glutamate levels could
not be measured by in vivo voltammetry. Through the behav-
ioral development of long-term implantation experiment, it can
be seen that in vivo electrochemical measurement may be able
to measure the resting level of the transmitter. Prefrontal cortex
has been reported to be an important brain region related to
depression, drug addiction and mental diseases, and it plays an
important role in the process of higher cognition (Table 4).

In order to simultaneously monitor acetylcholine and
glutamate in vivo, gerhart's team expanded the ceramic micro-
array technology.92 At the same time, they also monitored the
resting level and the dynamic level of stimulus release. In their
study, they found that the dynamic and resting levels of each
neurotransmitter in any region of the brain were basically
similar. For each sub region of the brain, the resting level of
acetylcholine was signicantly lower than that of glutamate. In
the subregion they studied, the level of acetylcholine was
signicantly higher than that of glutamate induced by KCl, but
the release of acetylcholine was slower. At present, the devel-
opment of biosensor manufacturing and design for glucose
level detection in tears has been reported. Tears have become
a biological uid of great concern because of its advantages of
noninvasive sampling and detection, and the good correlation
between glucose level in tears and blood glucose. Glucose level
can be detected by oxidation of glucose by glucose oxidase
modied electrode. Recently, scientists have designed an elec-
trochemical biosensor that can efficiently collect 5 mL sample
of tears. Its preparation principle is to insert a complete sensor
into the capillaries.93 The sensor uses rabbit tears to detect
blood glucose levels. It is worth noting that the glucose oxidase
modied exible platinum electrode of the sensor is loaded on
the eye lens made of biocompatible polymer.94 At the same time,
compared with other sensors, a reverse/reference electrode is
designed on the polymer substrate. Through the above tech-
nology, the real-time detection of glucose can be realized, and
there will be little or no stimulation to animals. Through the
correlation analysis between tear and blood glucose level in
rabbits, Ming Xing Chua and her colleagues found that the
blood glucose level changed with the change of tear glucose
level, but there was a 10 minute delay between them (Table 5).
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 5 Comparison of advantages and disadvantages of different methods for electrochemical in vivo detection

Methods Advantages Disadvantages Ref.

MD-electrochemical in vivo
detection system

This method is relatively mature The microdialysis probe is
expensive

22, 26–34, 45, 47 and 48

This method can long time
monitoring

The dialysis membrane is easy to be
blocked and difficult to be reused

Multiple components can be
simultaneously detected aer
combined with microuidic chip

Because of its long tubings, this
method is not the very real-time
detection, and the experimental
animals require anesthetized or
xed

Micro-electrodes electrochemical in
vivo detection system

This method can make a in situ real-
time detection in vivo

The manufacturing process of
microelectrodes is very complicated

8, 10, 15, 49, 57, 58, 61, 62 and 88

Combined with the wireless sensing
device, this system can monitor the
chemicals in freely behaving
animals

The sensor is easily contaminated

Microelectrode arraies can
simultaneously detect multiple
components

To get accurate results, the in vivo
detection time cannot be long

RSC Advances Review

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

5 
Ju

ne
 2

02
2.

 D
ow

nl
oa

de
d 

on
 6

/1
4/

20
26

 1
1:

56
:4

0 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
An integrated exible implantable probe was developed by
hung Cao et al.8 on polyimide lm substrate and used for the
detection of neurotransmitters. Because the probe is very ex-
ible, it can effectively reduce the trauma to the tissue during
implantation, so the probe can realize long-term detection in
vivo. At the same time, Pt/Cr or Au/Cr working electrode and
micro Ag/AgCl reference electrode are integrated in the probe,
so there is no need for a separate reference electrode in the
measurement process. At present, several electrodes for
implantation in different positions of the central nervous
system have been used. The enzyme based electrochemical L-
glutamic acid sensor of L-glutamic acid oxidase is a prototype
device with proof of principle. The selectivity can be signi-
cantly improved by depositing L-glutamic acid oxidase on the
working electrode and then electropolymerizing m-phenyl-
enediamine. Their performance as working electrodes can be
evaluated by comparing Au and Pt lms by CV. At the same
time, the selectivity and detection limit can be improved by
using self reference technology. Regardless of the presence of
interfering molecules, the assembled and assembled sensors
can show good selectivity and sensitivity under different
concentrations of L-glutamate. By inserting a sensor probe into
the dorsal horn of the spinal cord for in vivo animal experi-
ments, the ability to detect changes in electrochemical signals
in response to graded peripheral somatosensory stimulation is
due to the termination of nociceptive primary afferent bers.95

Currently, the technology of MEA is not yet mature, espe-
cially in terms of multi-component detection. It is the same with
micro-electrode electrochemical sensors that the ne process-
ing technologies are their main challenge.

5. Conclusions and outlook

Microdialysis has been applied in many elds. It is a mature
sampling technology for monitoring biological compounds in
vivo. MD-electrochemical system is currently the most accurate
17734 | RSC Adv., 2022, 12, 17715–17739
and the longest time in vivo detection technique. Because of its
maturity and stability, man will be able to use it to screen drugs,
research chemicals such as neurotransmitters changes aer
external stimuli. Moreover, the development of manufacturing
technology has greatly promoted the progress of innovative
microchip technology for real-world monitoring applications.

With the continuous development of electrochemical anal-
ysis, the function of electrochemical detection in vivo is also
increasing. The catabolism of neurotransmitters aer animal
administration has been shied from microdialysis to micro-
chip electrophoresis and microelectrodes.133 The research
mainly uses microdialysis technology. The disadvantage of this
method is that it needs to be used in combination with classical
liquid phase methods such as high performance liquid phase,
and cannot realize real-time quantitative detection of drug
catabolism. Microchip electrophoresis and microelectrode
solve this problem very well. At the same time, at present, in vivo
electrochemistry can only indirectly reect the inuence of drug
metabolism by detecting neurotransmitter metabolism, and
there is no electrochemical research directly targeting drug
metabolism in vivo. The disadvantages of traditional pharma-
cokinetics also make the detection of drug metabolism in vivo
more real-time and accurate.

In addition, with the emergence of nanomaterials, nano-
technology has greatly promoted the development of in vivo
electrochemistry.134 At present, electrochemical biosensors for
in vivo detection of ROS have also been developed. Such sensors
have real-time detection, low cost,135 and rapid response., high
sensitivity and selectivity. However, there are no in vivo elec-
trochemical studies on food-borne pathogens or food-borne
toxins, and only a few in vitro studies.136 Therefore, it is very
urgent for us to develop biosensors for food-borne pathogens or
toxins, and we also believe that this is also the future of elec-
trochemistry. One of the main directions of chemical
development.
© 2022 The Author(s). Published by the Royal Society of Chemistry
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With the development of microuidic chip technology, MD-
electrochemical sensors will be able to simultaneously detect
more chemicals in vivo, and through the development of new
semipermeable membrane, man will create the new dialysis
membrane which is low cost and could resist the macromole-
cules adhesion in the extracellular uid and could be reused
easily in the future. The microelectrode electrochemical in vivo
detection system is a real-time in situ detection method in the
living body, combined with wireless sensing devices, can
dynamically monitor the chemical substances in plants and
freely moving animals. In particular, Qiongqiong Ren and
colleagues45 realized electrochemical monitoring in plants by
modifying carbon ber ultramicroelectrodes (CFUME) and
single-walled carbon nanotubes (SWCNT). Although the use of
modied CFUME for the measurement of chemical substances
in plants has the advantages of low interference and easy data
processing, the effective real-time monitoring time in plants is
still not as good as that in animals. In addition, there are many
plants such as albumin and other electrochemical biofouling.
For chemical pollutants, it is urgent to develop some electro-
chemical sensors that are resistant to pollution and can
monitor plants for a long time.

Through the development of new coatings or the trans-
formation of the electrode surface morphology, nding new
micro-electrode materials, people have minimized the foulings
at themicro-electrodes, andmaximized the detected time. But it
is still an arduous task to greatly extend the monitoring time
and get a accurate results simultaneously. It is still an urgent
need to develop a stable, reliable and powerful electrochemical
platform that can meet all the requirements of biological
samples and recognition elements. Nowadays, many
researchers are making great efforts to resist sensor fouling
from biological media.97 Therefore, we have reason to believe
that a surface chemistry platform which combines high binding
capacity and retention of specicity and activity of bio-
recognition elements (e.g. antibodies or DNA) with high resis-
tance to non-specic binding will be built up in the near future.

At present, implantable and self-powered electrochemical
sensors have also been developed. Such sensors can obtain
energy from living organisms, such as the chemical energy of
heartbeat, respiration, and glucose redox reaction,130 This
shows that the online MD-electrochemical biosensor system
and microelectrode-electrochemical in vivo detection system
will not be limited to basic research such as brain substances.
The analysis of this kind of in vivo brain chemicals has also
made major breakthroughs in the application research of
human subcutaneous blood glucose monitoring. Therefore, we
look forward to more in vivo analysis and an increase in the
actual application rate in the future.

With the development of the electrochemical in vivo
measurement, the ability to acquire direct physiological infor-
mation will bridge the gap between observed living creatures
behaviors and the chemical signaling pathways that underlie
those behaviors.

With the continuous development of electrochemical
biosensors, it can be seen that microdialysis, microchip and
microelectrode equipment are constantly optimized and the
© 2022 The Author(s). Published by the Royal Society of Chemistry
research on membrane manufacturing alternative materials is
deepening. At present, due to the emerging use of self-powered
electrochemical sensors, the integrated procedures and
manufacturing of implantable/wearable MD/microelectrode
systems for animal monitoring have also been developed.129,130

I believe that electrochemical sensors will continue to broaden
and deepen the eld of in vivo research. Moreover, electro-
chemical sensors will develop towards faster andmore sensitive
measurement, more selective detection of possible molecular
targets, and smaller and more compact electrode arrays. At the
same time, the focus of electrochemical detection in the eld of
in vivo research will be on more control over the system to be
measured. Finally, it is expected that electrochemical sensors
can achieve great breakthroughs in translational medicine and
biological substance analysis, thereby further improving the
level of human medical treatment.
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K. Hegnerová, A. de los Santos Pereira, C. Rodriguez-
Emmenegger, T. Riedel, M. Houska and E. Brynda,
Biosens. Bioelectron., 2014, 51, 150.

97 R. A. Saylor and S. M. Lunte, PDMS/glass hybrid device with
a reusable carbon electrode for on-line monitoring of
catecholamines using microdialysis sampling coupled to
microchip electrophoresis with electrochemical detection,
Electrophoresis, 2018, 39(3), 462–469.

98 S. M. Gunawardhana and S. M. Lunte, Continuous
monitoring of adenosine and its metabolites using
microdialysis coupled to microchip electrophoresis with
amperometric detection, Anal. Methods, 2018, 10(30),
3737–3744.

99 Y. Jiang, W. Ma, W. Ji, H. Wei and L. Mao, Aptamer
superstructure-based electrochemical biosensor for
sensitive detection of ATP in rat brain with in vivo
microdialysis, Analyst, 2019, 144(5), 1711–1717.

100 Y. Jiang, X. Xiao, C. Li, Y. Luo, S. Chen, G. Shi, K. Han and
H. Gu, Facile Ratiometric Electrochemical Sensor for in
vivo/Online Repetitive Measurements of Cerebral Ascorbic
Acid in Brain Microdiaysate, Anal. Chem., 2020, 92(5),
3981–3989.

101 B. Li, L. Li, K. Wang, C. Wang, L. Zhang, K. Liu and Y. Lin,
Ultrasensitive and facile electrochemical detection of
hydrogen sulde in rat brain microdialysate based on
competitive binding reaction, Anal. Bioanal. Chem., 2017,
409(4), 1101–1107.

102 T. N. H. Nguyen, J. K. Nolan, H. Park, S. Lam, M. Fattah,
J. C. Page, H. E. Joe, M. B. G. Jun, H. Lee, S. J. Kim, R. Shi
and H. Lee, Facile fabrication of exible glutamate
biosensor using direct writing of platinum nanoparticle-
based nanocomposite ink, Biosens. Bioelectron., 2019, 131,
257–266.

103 K. Zhang, X. He, Y. Liu, P. Yu, J. Fei and L. Mao, Highly
Selective Cerebral ATP Assay Based on Micrometer Scale
Ion Current Rectication at Polyimidazolium-Modied
Micropipettes, Anal. Chem., 2017, 89(12), 6794–6799.

104 J. Liu, Y. Zhang, M. Jiang, L. Tian, S. Sun, N. Zhao, F. Zhao
and Y. Li, Electrochemical microuidic chip based on
molecular imprinting technique applied for therapeutic
drug monitoring, Biosens. Bioelectron., 2017, 91, 714–720.

105 S. M. Gunawardhana, G. A. Bulgakova, A. M. Barybin,
S. R. Thomas and S. M. Lunte, Progress toward the
development of a microchip electrophoresis separation-
based sensor with electrochemical detection for on-line in
vivo monitoring of catecholamines, Analyst, 2020, 145(5),
1768–1776.

106 W. Tedjo, J. E. Nejad, R. Feeny, L. Yang, C. S. Henry,
S. Tobet and T. Chen, Electrochemical biosensor system
RSC Adv., 2022, 12, 17715–17739 | 17737

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra01273a


RSC Advances Review

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

5 
Ju

ne
 2

02
2.

 D
ow

nl
oa

de
d 

on
 6

/1
4/

20
26

 1
1:

56
:4

0 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
using a CMOS microelectrode array provides high spatially
and temporally resolved images, Biosens. Bioelectron., 2018,
114, 78–88.

107 Z. Pu, J. Tu, R. Han, X. Zhang, J. Wu, C. Fang, H. Wu,
X. Zhang, H. Yu and D. Li, A exible enzyme-electrode
sensor with cylindrical working electrode modied with
a 3D nanostructure for implantable continuous glucose
monitoring, Lab Chip, 2018, 18(23), 3570–3577.

108 Z. Pu, J. Tu, R. Han, X. Zhang, J. Wu, C. Fang, H. Wu,
X. Zhang, H. Yu and D. Li, A exible enzyme-electrode
sensor with cylindrical working electrode modied with
a 3D nanostructure for implantable continuous glucose
monitoring, Lab Chip, 2018, 18(23), 3570–3577.

109 L. Zhou, H. Hou, H. Wei, L. Yao, L. Sun, P. Yu, B. Su and
L. Mao, in vivo Monitoring of Oxygen in Rat Brain by
Carbon Fiber Microelectrode Modied with Antifouling
Nanoporous Membrane, Anal. Chem., 2019, 91(5), 3645–
3651.

110 T. Feng, W. Ji, Q. Tang, H. Wei, S. Zhang, J. Mao, Y. Zhang,
L. Mao and M. Zhang, Low-Fouling Nanoporous
Conductive Polymer-Coated Microelectrode for in vivo
Monitoring of Dopamine in the Rat Brain, Anal. Chem.,
2019, 91(16), 10786–10791.

111 Y. Fang, S. Wang, Y. Liu, Z. Xu, K. Zhang and Y. Guo,
development of Cu nanoowers modied the exible
needle-type microelectrode and its application in
continuous monitoring glucose in vivo, Biosens.
Bioelectron., 2018, 110, 44–51.

112 I. M. Taylor, N. A. Patel, N. C. Freedman, E. Castagnola and
X. T. Cui, Direct in vivoElectrochemical Detection of Resting
Dopamine Using Poly(3,4-ethylenedioxythiophene)/Carbon
Nanotube Functionalized Microelectrodes, Anal. Chem.,
2019, 91(20), 12917–12927.

113 M. Ganesana, E. Trikantzopoulos, Y. Maniar, S. T. Lee and
B. J. Venton, development of a novel micro biosensor for in
vivo monitoring of glutamate release in the brain, Biosens.
Bioelectron., 2019, 130, 103–109.

114 B. Zhang, C. Li, H. Zhang, Y. Chen, H. Jiang, L. Chen, F. Ur
Rehman and X. Wang, in vivo Dopamine Biosensor Based
on Copper(I) Sulde Functionalized Reduced Graphene
Oxide Decorated Microelectrodes, J. Biomed. Nanotechnol.,
2018, 14(7), 1277–1286.

115 H. Huang, T. Li, M. Jiang, C. Wei, S. Ma, D. Chen, W. Tong
and X. Huang, Construction of exible enzymatic electrode
based on gradient hollow ber membrane and multi-wall
carbon tubes meshes, Biosens. Bioelectron., 2020, 152,
112001.

116 Y. Song, D. Su, Y. Shen, H. Liu and L. Wang, Design and
preparation of open circuit potential biosensor for in vitro
and in vivo glucose monitoring, Anal. Bioanal. Chem.,
2017, 409(1), 161–168.

117 G. Xiao, Y. Song, Y. Zhang, Y. Xing, H. Zhao, J. Xie, S. Xu,
F. Gao, M. Wang, G. Xing and X. Cai, Microelectrode
Arrays Modied with Nanocomposites for Monitoring
Dopamine and Spike Firings under Deep Brain
Stimulation in Rat Models of Parkinson's Disease, ACS
Sens., 2019, 4(8), 1992–2000.
17738 | RSC Adv., 2022, 12, 17715–17739
118 Z. Li, Y. Song, G. Xiao, F. Gao, S. Xu, M. Wang, Y. Zhang,
F. Guo, J. Liu, Y. Xia and X. Cai, Bio-electrochemical
microelectrode arrays for glutamate and electrophysiology
detection in hippocampus of temporal lobe epileptic rats,
Anal. Biochem., 2018, 550, 123–131.
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