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Stimuli-responsive polymers for interface
engineering toward enhanced electrochemical
analysis of heurochemicals

Shushu Ding, ©2° Guoyue Shi{®? and Anwei Zhu () *

Neurochemical monitoring can provide important insights into the chemical communications in the
brain and neurological diseases. Although electrochemical sensors have promoted the development of
neurochemical analysis, the limited analytical performance of the existing sensors restrict our
understanding of the roles that chemical signals play in the brain. The central nervous system is
composed of a large number of neurochemical species. Meanwhile, it is difficult to monitor
neurochemicals with high sensitivity because of the kinetic barrier of mass transport and electron/ion
transfer. More importantly, to fabricate a “smart” electrochemical sensor for neurochemicals, the
engineering of an electrode surface with switchable properties and a response is urgently needed. This
review focuses on the construction and application of electrochemical sensors based on stimuli-
responsive polymers. The response of polymers to external stimuli can not only enhance the target
recognition, but also modulate the electrochemical signals, thus providing smart electrochemical
sensing platform with improved analytical performance, including high selectivity, sensitivity, and
controllability. In this review, we first introduce the design strategy of bio-responsive stimuli-responsive
polymers and highlight the relationship between their structure and molecular recognition efficiency.
Then, we summarize the electrochemical techniques with different sensing principles and emphasize
the contribution that stimuli-responsive polymers made to the conversion of chemical/electrochemical
reactions into electric signals. Finally, the opportunities and limitations of stimuli-responsive polymer-
modified electrochemical sensors for neurochemical analysis will be discussed. Taking advantage of the
development of novel materials, electrochemical techniques and microelectronic engineering, the
advanced devices (e.g., antifouling, flexible, miniaturized, and multi-functional) with remarkable analytical
performance will benefit the evaluation of neurochemicals, which can promote a deep understanding of
brain events and the diagnosis and treatment of neurological diseases.

the brain, considerable efforts must be paid to construct
analytical platforms, and then to establish the connection

Each neuron in the brain is endowed chemically with the
presence of various molecules [e.g., neurotransmitters (dopa-
mine, serotonin, epinephrine, etc.), neuromodulators (e.g,
ascorbate), ions (H', K*, Ca®", etc.), reactive oxygen species
(e.g., H,0,), energy suppliers (glucose, ATP, lactate, etc.), gases
(NO, H,S, etc.), peptides, proteins, and nucleic acids]."® The
complex and dynamic network of these neurochemicals defines
the unique neuron/brain functions. To take an in-depth look at
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between neurochemistry and brain activities.

Electrochemical sensors have contributed fundamental
insights into neurochemical analysis due to their simple
manipulation, ease of miniaturization and excellent spatiotem-
poral resolution.”** However, three obstacles limit the real-
world application of electrochemical sensors to efficient analy-
sis of neurochemicals in the brain. One is the improvement of
the selectivity of sensors because biomolecules coexisting in the
brain often have similar electrochemical properties and
structures.””'®> Moreover, most neurochemicals are electro-
inactive and thus cannot be detected by direct electrolysis.
Although multiple enzyme-based electrochemical biosensors
have been constructed with distinctive selectivity,"®™*° the
number of natural biocatalysts is limited. Another challenge
is the improvement of sensitivity. The nonspecific adsorption
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of proteins and molecules at the electrode surface can hinder
the mass transfer processes, leading to decreased sensitivity.
Antifouling pretreatment was widely adopted to weaken elec-
trode fouling, but the sensitivity of the sensors was greatly
limited.>® More importantly, constructing sensors (especially
implantable bioelectronic systems) with excellent switching
performance is necessary for controllable, long-term stable,
and on-demand monitoring of neurochemicals, which can
improve the reliability of clinical diagnosis and treatment for
neurological disorders. According to the above discussion, the
synthesis of new molecules, the construction of functionalized
surface that promote the enrichment of targets and facilitate
electron transfer, and the development of new electrochemical
techniques, will enable electrochemical sensors with high
selectivity, sensitivity and controllability.

Stimuli-responsive polymers represent a class of ‘“smart”
materials that may undergo dynamic changes in their struc-
tures and properties (e.g., conformation, wettability, and sur-
face charge) in response to external stimuli.*»**> Due to their
unique structure and interfacial behavior, stimuli-responsive
polymers have recently injected new vitality into the
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construction of efficient sensors.** 2%

The advantages that
stimuli-responsive polymers bring to electrochemical sensors
include the following: (1) In comparison with small molecules,
stimuli-responsive polymers are composed of repeating
monomers,”" which can offer multiple interactions to enhance
the efficiency of recognition. Moreover, the programmable
stimuli-responsive polymers enable the incorporation of differ-
ent functional monomers,?® which can provide expandable
platforms for specific applications. (2) Stimuli-responsive poly-
mers have the ability to transform microscopic molecular
recognition into macroscopic properties of polymers.>*?' The
change in interfacial properties can regulate reactions and then
produce measurable electrical signals. (3) A reversible binding
can be achieved between the stimuli-responsive polymers and
targets through the synergy of noncovalent interactions,**
promoting the construction of a switchable system with excel-
lent controllability. In this sense, the stimuli-responsive poly-
mer can be regarded as a smart ‘“sense-to-action” device
(Fig. 1). Due to the above remarkable features, the electroche-
mical sensors based on stimuli-responsive polymers will inject
fresh energy to speed up the development of neurochemical
analysis.

In this review, we first introduce some common stimuli-
responsive polymers, followed by the discussion of a molecular
design strategy, aiming to improve the performance of stimuli-
responsive polymers. Then, we summarize electrochemical
sensors with different analytical principles and highlight
state-of-the-art examples of stimuli-responsive polymer-based
electrochemical approaches for neurochemical analysis. In this
section, following the elaboration of issues involved in different
electrochemical techniques, possible solutions supported by
stimuli-responsive polymers will be emphasized. Finally, the
perspectives and challenges in this field are given for future
investigation, aiming to promote the further development of
advanced material and intelligent electrochemical sensors for
neurochemical analysis.
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Fig. 1 Schematic illustration of the signal transduction for the electrochemical sensors based on stimuli-responsive polymers.

2. Types of stimuli-responsive
polymers

Mother nature greatly inspires us to design stimuli-
responsive polymers. For example, in life systems, numerous
noncovalent interactions (e.g., hydrogen bonds, hydrophobic
and electrostatic interactions) mediate the biological func-
tions with a well-tuned balance. Although noncovalent inter-
actions are usually weaker than covalent and ionic
counterparts, a stronger but tunable and reversible binding
capability can be achieved through cooperativity in nonco-
valent interactions. Considering the important contribution
that noncovalent interactions make in living systems, poly-
amides with hydrogen bonds have been widely used in
polymer systems. For example, poly(N-isopropylacrylamide)
(PNIPAAm) has been extensively explored due to its confor-
mational transition with high reversibility derived from the
competition between inter- and intra-molecular hydrogen-
bonding interactions and has been utilized for building
temperature-responsive sensors.>* Below the lowest critical
solution temperature (LCST), PNIPAAm are hydrophilic and
can form intermolecular hydrogen bonds with water mole-
cules. When the temperature increases above the LCST,
intramolecular hydrogen bonds will form between the car-
boxyl group and the amino group within the PNIPAAmM

This journal is © The Royal Society of Chemistry 2022

chains, resulting in a compact and hydrophobically
collapsed PNIPAAm chains (Fig. 2A). In addition to PNI-
PAAm, other polymers displaying conformational changes
in response to temperatures have also been reported
(Fig. 2B).>®> Another type of stimuli-responsive polymer with
outstanding flexibility is a polyelectrolyte (Fig. 2B).>*>” These
polymers containing weak acids and/or bases can be ionized
into different degrees towards the changes of solution pH.
The electrostatic interactions between the ionizable chemical
groups are able to disrupt hydrogen bonds and then drive the
conformational change of polymer chains, thus altering the
resulting surface wettability.?® Taking the cationic polyelec-
trolyte of poly(dimethylamino ethyl methacrylate)
(PDMAEMA) as an example, when the pH is greater than 7,
the polymer chains adopted a collapsed morphology. At pH
less than 7, the polymer chains were protonated, resulting in
a stretched conformation with hydrophilicity (Fig. 2A). In
addition, some polymers [e.g., poly(2-(methacryloyloxy)-ethyl-
trimethylammonium chloride) (PMETA)] showed unique
responses to specific ions.*® To expand the applications,
these polymers discussed above can work as a scaffold to
be incorporated with amounts of specific monomers (recog-
nition moieties and redox mediators). Some typical stimuli-
responsive polymers and functional monomers are shown in
Fig. 2B.

Chem. Commun., 2022, 58,13171-13187 | 13173
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Fig. 2 (A) Schematic illustration of reversible conformation/wettability changes of (a) PNIPAAmM induced by temperature and (b) PDMAEMA induced by
pH. (B) Chemical structures of some common stimuli-responsive polymers and functional monomers.

3. Strategies for improving the
performance of stimuli-responsive
polymers

For an analytical system, stimuli-responsive polymers can work
not only as the recognition elements but also as transducers.
The thermodynamic and kinetic control of the behavior of
stimuli-responsive polymers is dictated by not only the compo-
nent but also the topology of the polymer system.>" Below, the
three most studied polymer forms (1) single polymer chains, (2)
two-dimensional (2D) polymer brush and (3) three-dimensional
(3D) polymeric network will be introduced. In this section, we

13174 | Chem. Commun., 2022, 58, 13171-13187

mainly introduce the molecular design strategies to improve
the recognition and signal-transduction, generating a deep
understanding of the requirement for interfacial chemistry in
analytical platforms with high performance.

3.1. Single polymer chain

In view of chemical science, the chain compositions of a
polymer can be easily managed. Although the one-component
polymers may modulate the receptor-ligand binding in bior-
ecognition, more feasible strategies are required to adjust the
material functions. A promising mainstay is to create the
multicomponent stimuli-responsive polymers. The synergetic

This journal is © The Royal Society of Chemistry 2022
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communication in the building components can promote the
amplification of tiny biological signals to a significant extent.
For example, Sun’s group proposed a series of three-component
polymers with an “RMF”’ design concept.**”** These copolymers
were comprised of recognition units, mediating units and
functional switching units, which have interrelated influences
on each other. The recognition unit can identify biomolecules
either by hydrogen bonds or other combination ways. The
functional switching unit can change the macroscopic proper-
ties of materials by conformational transitions activated by
recognition. The mediating component acts as a bridge
between the other two components, promoting the transforma-
tion of recognition signals into the changes in the macroscopic
properties of materials (Fig. 3).

Taking the smart copolymer (P(NIPAAm-co-TF-co-AAPBA)) as
an example,® the CA switched from 81° to 43° after glucose
treatment (Fig. 4A(a)). However, taking a pure PNIPAAm film
toward glucose recognition as the control experiments, no
obvious CA changes (ACA < 2°) can be observed (Fig. 4A(b)),
indicating the weak interaction between glucose and the PNI-
PAAm chain. Moreover, the control copolymers of P(NIPAAm-
co-AAPBA) and P(NIPAAm-co-TF) have also been explored. For
P(NIPAAm-co-AAPBA), the CA only changed from 77° to 63°
(Fig. 4A(c)). Although the CA of P(NIPAAm-co-TF) changed from
84° to 60°, the wettability can rapidly be restored to the original
state by water triggering (Fig. 4A(d)). These results further
confirmed the unique contribution of each building compo-
nent in “RMF” smart polymers. The AAPBA worked as the
recognition unit. Furthermore, the TF component facilitated
the formation of hydrogen bonds with the other two units and
promoted the surface wettability switching. Such “RMF” copo-
lymer design breaks the limitations of conventional polymers.
Furthermore, the three-component modular design endows
“RMF” systems with full expandability by changing the species
of three units.

Compared with small biomolecules, the diversity of proteins
with complex structures restricted the specific detection. Sun’s
group designed a stimuli-responsive polymer which contained
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NIPAAm as the functional switching unit and 4-(3-acryloyl-
thioureido)-benzoic acid (ATBA) as the recognition unit.*’
Driven by multiple hydrogen-bonding interactions, the polymer
exhibited differential complexation with non-modified pep-
tides, singly phosphorylated and multiply phosphorylated pep-
tides. Through the precise design of the components in
polymers, the excellent expandability can help to obtain novel
stimuli-responsive polymers for other proteins. In addition,
several stimuli-responsive molecularly imprinted polymers
(SRP-MIPs) for protein analysis have been reported.*** SRP-
MIPs can be prepared by co-polymerization of functional
monomers. After removal of the templates, recognition cavities
complementary in shape, size and functionality remain. The
properties of SRP-MIPs can be switched by external stimuli,
which can be utilized for recognizing metabolic disorders
of cells.

Although stimuli-responsive polymers have been applied for
protein analysis, several challenges should be overcome. The
first challenge is the design of receptor molecules with high
specificity toward proteins. Multiple interactions (e.g., coordi-
nation bond and hydrogen bond) between the polymers and
proteins should be explored to distinguish proteins with simi-
lar charge/structure. The second challenge is manipulating the
polymer properties through external stimuli. The transition
rate of stimuli-responsive polymers should be adequate for
rapid analysis. Therefore, we should pay more attention to
the transition mechanisms for polymer chains.

Driven by the complex functions of living systems, multi-
stimuli-responsive polymers (e.g., light/pH/temperature, ionic
strength/pH/temperature, and glucose/pH/temperature) have
also been designed in recent years.***® These polymers can
be synthesized with two/more types of components. However, it
is difficult for these polymers to respond to multiple chemical
signals simultaneously. Moreover, the multi-stimuli-responsive
polymers that can be utilized for biomolecules detection were
limited. These problems restrict the comprehensive elucidation
of physiological and pathological phenomena in the central

nervous system.*”*®

“RMF” smart polymers

o

Synergetic H-bonding interaction

Biomolecular Mediating Function
recognition " unit switching
unit unit

Fig. 3 The modularized design concept for “RMF"” smart polymers. Reproduced with permission from ref. 33. Copyright 2017, John Wiley and Sons.

This journal is © The Royal Society of Chemistry 2022
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AAPBA), and (d) P(NIPAAm-co-TF). (B) Chemical structures of the above stimuli-responsive polymers. Reproduced with permission from ref. 33.

Copyright 2017, John Wiley and Sons.

3.2. Polymer brushes

Polymer brushes can be defined as polymer chains which have
one end tethered to solid substrates.’®>' Due to the irreversible
attachment to a surface, the chain mobility and consequently
stimuli-responsiveness will be reduced.>"*> Therefore, polymer
brushes exhibit very distinct behavior relative to polymers in
solution. The chemical energy required for the transitions of the
polymer properties will be significantly greater than that required
for the polymers in solution.>® On the other hand, the behavior of
polymer brushes is dictated by not only the polymer composition
but also the polymer architecture and the grafting density on the
substrate. The synthetic paths should therefore be carefully
chosen in engineering stimuli-responsive interfaces.

Currently, “living” free-radical polymerizations including
atom transfer radical polymerization (ATRP) and reversible
addition-fragmentation chain transfer (RAFT) polymerization
have been widely employed.>*” Different from the traditional
radical polymerizations, these polymerization processes pro-
duce stimuli-responsive polymers with controlled molecular
weight (chain length) and low polydispersity index (PDI), which
allows one to probe phase transition behavior more precisely.

To create polymer brushes, two primary covalent attachment
techniques (i.e., “grafting-to” and “grafting-from”) were
used.’® For the “grafting-to” method, end-functionalized poly-
mer chains can covalently react with the functional groups on
the surface (Fig. 5A).>° Typically, RAFT polymerization may
serve as a suitable synthetic route because the obtained

13176 | Chem. Commun., 2022, 58, 13171-13187
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Fig. 5 Schematic illustration of preparation of stimuli-responsive polymer
brush by (A) “grafting-to” and (B) “grafting-from" approaches.

polymer chains possessing di-thioester or tri-thiocarbonate
end groups can be utilized in further chemical reactions. Since
polymer chains with well-defined structures can be pre-
synthesized, the “grafting-to” method contributes to improved
controllability and flexibility. For the ‘“‘grafting-from” method,
initiators are immobilized at the surface, followed by the
polymerization of monomers from the active sites. In this
approach, a higher grafting density can be achieved due to
the easy penetration of monomers through grafted segments
(Fig. 5B).®” Owing to the versatility of monomers and mild

This journal is © The Royal Society of Chemistry 2022
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reaction conditions, ATRP is widely utilized in the “grafting-
from” method. To better control the initiation process for ATRP
and develop electrochemical sensors with excellent analytical
performance, Zhang’s group proposed enzyme catalyzed elec-
tron transfer atom transfer radical polymerization.®® This
methodology is easy to operate, environmentally friendly, and
can be prepared on a large-scale at room temperature. In
addition, the in situ growth of polymers significantly contrib-
uted to the coupling efficiency of polymer chains on the
electrode surface. The electrochemical sensor developed by this
method has been used for a rapid analysis of DNA with the
detection limit of 11.79 aM. In addition, Niu’s group developed
a series of electrochemical sensors based on electrochemically
controlled RAFT polymerization.®” ® These methods showed
great prospect as an amplification strategy for the sensitive
detection of biological molecules.

3.3. Polymer networks

Three-dimensional (3D) responsive polymer-based networks
are commonly generated using physical and/or chemical
crosslinkers.®® Of particular interest are polymer hydrogels.
The interstitial sites of hydrogel network are filled with a large
amount of water, resembling the structures of biological sys-
tems. Due to the high content of water and hydrophilic nature,
the polymeric hydrogels exhibit unique characteristics like
biocompatibility, anti-fouling and ease of surface modifi-
cation.’®®” Benefiting from the porous structure, bioreceptors

A Swollen
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(e.g. enzyme, nucleic acid, and protein) can be facially encap-
sulated or cross-linked into polymer matrix. Moreover, the high
biocompatibility of hydrogels helps to preserve their bioactivity
for practical applications.®®”7°

Bioreceptors embedded hydrogel biosensors possess well-
established molecular recognition characteristics. In the
presence of external stimuli, hydrogels can undergo volume
change (swelling/shrinking process) that is called volume phase
transition (VPT), forming the basis of recognition in hydrogel-
based sensors (Fig. 6A).”" However, for the traditional respon-
sive hydrogels, the dense skin layer formed during the chain
growth polymerization. Therefore, the diffusion of water mole-
cules among the interior network structure of the hydrogels
may be restricted, resulting in the slow swelling-shrinking rates
(i.e., response rate, from several hours to days) to changes in
the environmental conditions.

One possibility of countering the limitation is diminishing
the dimensions of hydrogels. It has been verified that the
response rate of hydrogels was inversely proportional to the
square of a linear dimension. Microgels with the size ranging
from 50 nm up to 5 um are soft and deformable, while still
retaining structural integrity. Their swelling lead to an open
structure, allowing high mobility of solvent, solute molecules,
chain segments as well as of the entire microgel. Therefore,
there is no sharp boundary for the mass exchange between
microgel and surroundings. In other words, microgels are
sensitive to their environment.””””* Because of the unique

Shrunken

=

B
PNIPAAm nanogel

PNA microspheres matrix

T < VPTT;
(a)

VPTT1<T<VPTT:

T>VPTT;
(b) (c)

Fig. 6 (A) Schematic illustration of reversible volume phase transition of hydrogel. (B) The rapid response process of nanocomposite smart hydrogel
upon heating-up or cooling-down. Reproduced with permission from ref. 76. Copyright 2012, Elsevier.
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properties to undergo fast and reversible phase transitions,
recently, the interest in the construction of microgel-based
biosensors have significantly increased. For example, the horse-
radish peroxidase (HRP)-polyacrylamide (PAA)-based biosensor
has been successfully used for amperometric determination of
acetaminophen (APAP). PAA microgels exhibited a protective
effect on the bio-catalyzer. The biosensor showed good catalytic
activity with the detection limit of 3.1 x 10°® M and the
response time was 135 s.”>

Moreover, the structural diversity of microgel (e.g., hollow
microgels core-shell microgels) contributed to the improve-
ment of the response rate.”® For example, a nanocomposite
smart hydrogel was developed by chemically crosslinking nano-
gels [poly(N-isopropylacrylamide) PNIPAAm] into the micro-
sphere matrixes [poly(N-isopropylacrylamide-co-acrylic acid)
(PNA)]. The volume phase-transition temperatures (VPTT) of
PNIPAAm nanogels (VPTT,) is lower compared with the VPTT,
of PNA microsphere matrixes (Fig. 6B). The different VPTTs led
to hierarchical phase-transition of the microspheres, and rapid
response rate could be achieved by either the cooling-down or
the heating-up process: when the temperature was in the range
of VPTT; and VPTT,, the PNIPAAm nanogels were in shrunken
phase whereas the PNA microsphere matrixes were in swollen
phase. Hence, lots of voids and channels formed inside the
nanocomposite hydrogel (Fig. 6B(b)). At this stage, the porous
structure of microsphere matrixes interconnects the water
pathway, facilitating the response rate.

4. Electrochemical sensing platforms
based on stimuli-responsive polymers

In this section, we summarize the development and applica-
tions of electrochemical sensors based on stimuli-responsive
polymers, and discuss the strategy to facilitate signal-
transduction and amplification, aiming at providing promising
interface materials and electrode engineering strategies for
neurochemical analysis. According to the principles of signal
transduction, we divided the electrochemical sensors for neu-
rochemical detection into three groups (Fig. 7): (1) electroche-
mical techniques based on electron transport, (2) field-effect
transistor based on carrier mobility, (3) nanochannel based on
ion transport.

4.1. Electrochemical techniques based on electron transport

In electrochemical sensors based on electron transport, the
electrochemical reaction occurring at the inner Helmholtz layer
is generally accompanied by mass transport (reactant and
product) and interfacial electron conduction.””””® For a rever-
sible reaction, the enrichment of reactants can promote the
forward reaction to accelerate the thermodynamics of the
reaction process. Switching the wettability of electrodes by
tailoring the surface structure can realize reactant enrichment,
which will improve the electrochemical sensitivity.®® The
unique properties of stimuli-responsive polymers motivated
us to associate them with the electrode surface and constructed

13178 | Chem. Commun., 2022, 58, 13171-13187
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a series of electrochemical biosensors manipulating electro-
chemical processes based on the shrinking-swelling of polymer
brushes. Firstly, we developed a stimuli-responsive copolymer/
graphene hybrid-modified screen-printed carbon electrode for
enantioselective determination of sugars with high sensitivity
and selectivity (Fig. 8A).%" In this electrochemical sensor, the
copolymer consisted of the chiral recognition center N-f-r-
aspartyl-.-phenylalanine dimethyl ester, the mediating unit
bis(trifluoromethyl)-modified phenylthiourea (TP) and the
functional switching unit poly(N-isopropylacrylamide) (PNI-
PAAm). The three units were copolymerized on graphene sheets
by the ATRP process. Initially, intramolecular hydrogen bond
network was formed among these three components, resulting
in the contracted copolymer chains and relative hydrophobi-
city. When exposed to monosaccharide solutions, the copoly-
mer combined with monosaccharide through intermolecular
hydrogen bonds, leading to the breakdown of intramolecular
hydrogen bonds to different extents. The copolymer film
exhibited swollen states with hydrophilicity. The conformation
and wettability switch promoted the diffusion and enrichment
of the electroactive probe [Fe(CN)s]**~ to the electroactive
surface. Therefore, the interface redox reaction was facilitated
and the target could be sensitively recognized. The described
method can quantify p-glucose even when the concentration
was as low as 1 nM. In addition, this sensor could distinguish
monosaccharides from potential interferences, and achieve
chiral discrimination of monosaccharides with different spatial
structures. The excellent sensing capacity enabled this platform
to explore the transport mechanism of glucose enantiomers in
live cells.

In addition, we further developed a novel three-component
copolymer and constructed an electrochemical sensor for eval-
uating sialic acid (SA) in live mouse brain (Fig. 8B).** The
copolymer containing phenylboronic acid (PBA) as the specific
recognition unit, TP as the mediating unit, and PNIPAAm as the
functional switching unit was pre-synthesized with RAFT poly-
merization and then covalently attached onto the electrode
surface via Au-S bonds. This method exhibited anomalous
selectivity toward SA: (1) At the physiological pH of 7.4, PBA
can form specific covalent bonding with SA with the binding
constant of 37.6, which is 2-7 times higher than those for other
sugars. (2) The TP unit in the copolymer can interact with the
carboxylate ion (-COO ™) as well as the hydroxyl groups (-OH) in
SA through directional hydrogen bonds. The detection limit for
SA could be achieved down to 0.4 pM. In combination
with in vivo microdialysis, this electrochemical sensor with
excellent analytical performance was utilized for monitoring
SA levels in different brain regions of live mice with AD. This
work validated the stimuli-responsive copolymer-modified elec-
trochemical sensor as an effective platform for exploring the
neurochemicals in neurodegenerative diseases. For these
works, the stimuli-responsive copolymer was adopted not only
as a recognition element but also as a signal amplification
strategy: (1) the synergy of interactions (e.g., hydrogen bonds,
covalent bonds and chirality) that the stimuli-responsive poly-
mer presented can enhance the target recognition. Besides, the
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enantiomer and (B) sialic acid in live mouse brain. Reproduced with permission from ref. 81 and 82. Copyright 2016 and 2017, American Chemical Society.

macroscopic surface changes (conformation and wettability and redox labels near the electrode surface. (2) The inherent
switching) promoted the access and enrichment of targets wettability of copolymer was dramatically amplified by
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enhancing the surface roughness (graphene film and gold
nanoflower) of the substrate, thus improving the sensitivity
toward weak interactions.

For neurochemical analysis, the research must be conducted
not only in vitro but also at the cellular or in vivo scale to
dynamically monitor nervous process."®'>>#379 However, the
electrochemical signals for the above works are generated from
the added redox labels, not suitable for the in situ and in vivo
analysis. Taking advantages of the programmability of poly-
mers, stimuli-responsive polymers with redox properties can be
developed, expanding the applications of electrochemical sen-
sors based on stimuli-responsive polymers. Recently, Sojic’s
group prepared one kind of stimuli-responsive hydrogel which
contained PNIPAAm as the functional unit, PBA moieties as the
recognition units, and [Ru(bpy);]** as redox centers (Fig. 9A).%*
In the presence of fructose, the hydrophilicity and charge
density of the polymer chain increased due to the formation
of boronate ester, which resulted in the hydrogel swelling.

A

+ Fructose: §
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Consequently, the average distance of adjacent [Ru(bpy)s]*"
centers in the hydrogel matrix increased and the number
of accessible electroactive sites decreased, leading to a decrease
in the electrical signals. Marcisz et al. synthesized a thermo-
responsive microgel based on N-isopropylacrylamide, sodium
acrylate and N,N’-bisacryloylcystine. The electroactive amino-
ferrocene and glucose oxidase enzyme were covalently
bonded with the microgel through the classical 1-ethyl-3-(3-
dimethyllaminopropyl) carbodiimide (EDC)/N-hydroxysulfo-
succinimide (NHS) coupling reaction (Fig. 9B(a)).”> If the
temperature is below 30 °C, the electrochemical biosensor
displayed low current density. When the temperature increased
to a value beyond the volume phase transition (34 °C), the
microgel became shrunken state and decreased the separation
distance between the enzyme and the ferrocenium group,
which promoted the electron hopping in the polymer network
and the efficiency of the electrocatalytic oxidation of glucose
(Fig. 9B(d)). The electrochemical response was proportional to

—
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Fig. 9 (A) Schematic illustration of the modulation of hydrogel films by fructose and chemical structure of the corresponding stimuli-responsive

hydrogel. Reproduced with permission from ref. 94. Copyright 2018, American Chemical Society. (B) (a) Microgel network with amino-ferrocene and
glucose oxidase. (b) TEM image of the microgel. (c) Schematic illustration of electroactive microgel modified electrode for glucose detection.
(d) Influence of temperature on sensor response. Reproduced with permission from ref. 95. Copyright 2018, John Wiley and Sons.
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the glucose concentration in the physiological concentration
range. Correspondingly, stimuli-responsive polymers functio-
nalized with electrochemical mediators and enzymes have
provided a favorable micro-environment to facilitate the
catalytic reaction at the human body temperature. Zhou et al.
constructed a  temperature-controlled electrochemical
sensor for detection of H,O, based on a mixture of poly(N-
isopropylacrylamide)-b-poly(2-acrylamidoethyl benzoate) (PNI-
PAAmM-H-PAAE), graphene oxide (GO), and hemoglobin (Hb).®
Hb at PNIPAAm-b-PAAE/GO/Hb (PGH) film exhibited well-
defined redox peaks and intrinsic electro-catalytic activity
toward H,0,. Furthermore, the sensing film showed
temperature-tunable catalytic activity toward H,0,. There was
an obvious increase in electrocatalytic current as well as sensi-
tivity above 32 °C in comparison with below 30 °C. These
studies demonstrated the flexible regulation of electron trans-
port among the polymer matrix and the prospect of electro-
chemical biosensors based on stimuli-responsive polymers
for in vivo analysis. With the integration of light-sensitive
monomers, the light-guided electrochemical sensors can be
fabricated. Moreover, a variation of the thermo-responsive
properties by illumination can even be achieved. The controlled
recognition of neurochemicals can progress our understanding
of the physiological and pathological events in the brain,
especially for chronic brain disease.

4.2. Field-effect transistor (FET) based on carrier mobility

Field-effect transistors (FET) modified with specific receptors
enable direct target detection with high sensitivity and tem-
poral resolution.®”*°® The conductivity at the source-drain
“channel” is proportional to its carrier density, which is
sensitive to the change in the electric field in a direction
perpendicular to the gate surface (Fig. 10). For bio-sensing
applications, receptors are immobilized on the gate surfaces
of FETs. Upon specific interactions with targets, the channel
conductivity will be changed correlated to the polarity and

Aqueous Solution

Reference electrode

"Gate insulator

Chanriél

Si

|
=

Fig. 10 Structure and principles of Bio-FETs.
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density of charges at the gate, thus providing a basis for
identification and quantification of targets (Fig. 10).**!
However, the generality of FETs for real-time sensing in phy-
siological conditions must overcome two fundamental limita-
tions: (1) in physiological fluids, the Debye screening
length (ie., the effective sensing distance) is <1 nm, which
reduces the field produced by charged macromolecules on
the FET surface.'®® (2) Small target molecules with few or
no charges will have minimal impact on semiconductor
transconductance.'%?

To address these obstacles, stimuli-responsive polymer gel
was explored as the chemical-electrical signal transducer.
Upon stimulation, smart gels can evoke an abrupt volume
change, accompanied by the changes of other physical para-
meters such as thickness, charge density and permittivity.
These physicochemical changes commencing at the gel/outer
aqueous media interface can geometrically propagate across
the gel layer, resulting in the transport of signals beyond the
‘barrier’ of the Debye length (Fig. 11A)."°"'%* For example, a
PBA-based polymer gel was covalently introduced into the FET
gate surface (Fig. 11B)."°>'% Upon treatment with glucose, the
negatively charged phenylborate moiety increased the counter-
ion osmotic pressure within the gel, resulting in the swelling of
the gel. Considering the extremely high permittivity of water
(ca. 80) compared to the value for condensed polymeric materi-
als (ca. 2), the entry of water into gel matrix can alter the
capacitive properties of gel/gate interface, leading to the
enhancement of electrical conductance. By integrating with
an inkjet-printed interdigitated capacitor (IDC), battery-free
sensor was developed for the intermittent or continuous mon-
itoring of glucose (Fig. 11B). Furthermore, the flexible polymer
allowed the sensor to conform to biological tissues and living
bodies.'% In addition, such a gel transition-synchronized sys-
tem has been exploited for detection of Ca** due to the changes
in charge density and permittivity evoked on the gate
surface.'”’
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Fig. 11 (A) Schematic illustration of a stimuli-responsive gel-mediated signal transduction enabling “Debye length-free” FET-based molecular

detection. Reproduced with permission from ref. 101. Copyright 2013, Royal Society of Chemistry. (B) Battery-free glucose sensor: (a) Layered structure
consisting of glucose-responsive polymer hydrogel and an inkjet-printed interdigitated capacitor. (b) Photograph of the glucose sensor conforming to
chicken muscle. (c) Structure of glucose-responsive hydrogel. Reproduced with permission from ref. 106. Copyright 2021, Royal Society of Chemistry.
(C) Hydrogel-gated organic field-effect transistor for dynamic measurement of pH. Reproduced with permission from ref. 108. Copyright 2018, American

Chemical Society.

However, in most cases, the hydrogel-modified electrode
surface was constructed by drop-casting or spin-coating, lead-
ing to thick hydrogel layers and reduced response time. Taking
advantage of the ability to control polymer architectures,
recently, Noel’s group utilized ATRP to graft a nanometric
poly(acrylic acid) hydrogel (PAA, ca. 6 nm) on the gate of
FET.'®® Such ultrathin PAA layer can overcome the Debye
length problematics. The reversible PAA swelling/deswelling
processes toward pH changes were evidenced by the measure-
ment of the drain current (Fig. 11C). Here both the swelling
(Tswen = 121 s) and deswelling (tswen = 75 s) time are shorter than
those reported in the literature. Accordingly, the stimuli-
responsive hydrogel modified FET with milliseconds resolution
was demonstrated as an effective tool for neurochemical
analysis.

Collectively, the stimuli-responsive gel-based FET enabled
the detection of biomarkers in the body fluids (e.g., blood,
urine, and cerebrospinal fluid). Moreover, this system is cap-
able of detecting not only charged species but also neutral
species. With the development of modern manufacturing tech-
niques, advanced platform (e.g., nanometric FET and tissue-

13182 | Chem. Commun., 2022, 58, 13171-13187

interfaced battery-free sensors) can be fabricated, which is
expected to open up exciting opportunities for in vivo analysis.

4.3. Nanochannel based on ion transport

Benefiting from the advanced micro-nanofabrication technolo-
gies, solid-state nanopore/nanochannel system has emerged as
a powerful electrochemical technique for biosensing.'®®''?
One of the main signal output strategies is based on ion current
rectification (i.e., the current at a specific potential is greater
than that in the opposite potential, ICR), which is inherently
related to the selective transport of ions and susceptible to the
surface states. When the target is passing through the nano-
pore/nanochannel integrated with functional elements, it will
influence the surface properties (e.g., surface charge distribu-
tion, effective pore size and wettability), which can in turn
effectively regulate the ion transportation within nanopores/
nanochannels and finally change the ion current.** The nar-
row tip and conical shape render the nanopipette a confined
space that enables the enhancement of the electrochemical
field within the nanopipette, and the electrochemically con-
fined effect contributes to the signal amplification and
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sensitivity enhancement of the analytical system."'* Although
the ion transport-based nanochannel biosensors displayed
bright perspective for recognition of electro-inactive molecules,
several limitations must be overcome. The ligand - (ie.,
signaling-biomolecules) gated ion channels in vivo exhibited
high sensitivity and precise controllability. A huge gap still
existed between natural biological systems and classically
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manufactured ion channels. Moreover, more intelligent ion
channels manipulated by specific biomolecules are urgently
needed.

Recently, Qing’s group developed a stimuli-responsive
polymer functionalized polyethylene terephthalate (PET) con-
ical nanochannel for monitoring tyrosine phosphorylation
(pTyr) (Fig. 12A)."** In this work, the polyethyleneimine-g-
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Fig. 12 (A) Schematic illustration of copolymer-modified nanochannel for phosphorylated peptide. Reproduced with permission from ref. 115.
Copyright 2020, American Chemical Society. (B) Schematic illustration of copolymer-modified glass nanopore for measurement of glucose in human
saliva. Reproduced with permission from ref. 120. Copyright 2019, American Chemical Society. (C) Schematic illustration of a biomimetic ATP-sensitive
potassium channel for measurement of ATP. Reproduced with permission from ref. 121. Copyright 2021, Elsevier. (D) Schematic illustration of an MICR-
based glass micropipette for online measurement of cerebral ATP. Reproduced with permission from ref. 123. Copyright 2017, American Chemical
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phenylguanidine (PEI-PG) polymer containing PG as recogni-
tion receptor and PEI as a flexible chain was designed. Initially,
the PEI-PG polymer presented a swollen conformation due to
the repulsive electrostatic interaction between cationic PEI and
cationic guanidinium groups in PG. In the presence of pTyr,
multiple interactions including hydrogen bonds and cation-n
interaction can be formed between the guanidinium groups
and the pTyr residue, which triggered the conformational
shrinkage of PEI-PG, and the corresponding “OFF-ON” change
of ion-flux. Taking advantages of strong interaction between
the guanidinium group and the pTyr side-chain, apart from
good selectivity toward the phosphorylated peptide (PP) in
comparison to the nonmodified peptide, this nanochannel
could precisely distinguish PP with different types/numbers
of phosphorylated residues. Together, the nanochannel with
outstanding performance was applied for real-time monitoring
of pTyr process by c-Abl kinase on a peptide substrate.

As a member of artificial solid nanochannel/nanopores,
glass capillary-based nanochannel/nanopores have been
widely investigated resulting from attractive properties, such as
flexible preparation, stiffness and durability, surface modifi-
ability.""*"*'"® We designed a stimuli-responsive polymer
modified glass nanochannel for sensitive recognition of
glucose in the saliva (Fig. 12B)."*° In this work, poly(3-(acry-
loylthioureido) phenylboronic acid-co-N-isopropylacrylamide)
(PATPBA-co-PNIPAAm) was modified on the inner wall of glass
nanopore via Au-S bond. The copolymer displayed good selec-
tivity toward glucose results from multivalent boronic acid-
glucose interaction and the cooperation of thiourea units.
Notably, in the presence of glucose, the copolymer could
undergo not only wettability switch but also charge change.
The cooperation of electrostatic effect and wettability change
significantly regulated the ion transport, thus improving the
sensitivity with the detection limit of 1 nM. Inspired by the
adenosine triphosphate (ATP)-gated ion channel in cell mem-
branes, we have reported an ATP-regulated artificial nanochan-
nel based on tricomponent copolymer system (denoted as PNI-
PBA-CP) (Fig. 12C)."”" In this copolymer, phenylthiourea (CP)
was introduced to bind the phosphate units of nucleotides and
phenylboronic acid (PBA) was used to combine the pentose ring
of ATP. Besides, the -COOH group with electron-withdrawing
properties in CP units can promote the hydrogen bonding. The
ionic gating of nanochannel can be achieved by the structure
changes of the copolymer after responding to ATP. Moreover,
the synergistic hydrogen bonding between the ATP and the
copolymer promoted the reversibility and switching perfor-
mance of the ion channel. In summary, the stimuli-
responsive polymers provide an efficient tool to modulate the
dynamic adsorption/desorption behavior of guest bio-
molecules, which suggests an ideal platform for evaluating
biological processes at the molecular level.

However, the relatively tiny and soft tip of glass nanopipettes
renders difficulties in applying this method for real sample
analysis. Recently, Mao’s group has found that the ICR could be
obtained at the polyelectrolyte brush-modified micropipette
(e.g., 5 pm radius), essentially extending the knowledge of

13184 | Chem. Commun., 2022, 58, 13171-13187
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ICR from the nanoscale to the microscale (MICR)."*> Compared
with ICR at the nanoscale, MICR can be obtained in high-salt
solutions and can be modulated by adjusting the polyelectro-
Iyte length. The type of polyelectrolyte endows MICR with more
designability. These unique properties made polyelectrolyte
brush-modified micropipette a new platform for practical
applications, such as in vivo sensing. Based on this study,
Mao’s group constructed a new platform for cerebral ATP assay
(Fig. 12D)."** In this work, positively charged polyimidazolium
(Pim) brush was first grafted onto the inner wall of micropip-
ette by ATRP. Then, negatively charged ATP aptamer was
modified by electrostatic interaction. The Pim brush not only
enable the generation of MICR, but also promote enrichment of
ATP in the sensing interface due to the strong affinity between
Pim and the triphosphate moiety of ATP. In the presence of
ATP, the aptamer was dissociated from the inner surface. The
exposure of imidazole moieties led to an increase of the net
surface charge and thus the rectification ratio. The detection
linear range for ATP varied from 5 nM to 100 nM. In combi-
nation with in vivo microdialysis, the MICR-based micropip-
ettes with excellent sensitivity and selectivity were used for
determining cerebral ATP. Compared with the traditional
nano-systems, MICR-based sensors are favored due to the
ease-in-operation and relatively robust tip, opening a new way
to neurochemical analysis.

In terms of scalability, the single functional micro/nano-
channel demonstrate the potential for in situ detection, includ-
ing single-cell and in vivo analysis. These properties will
promote the full understanding of the molecular mechanism
in physiological and pathological processes.

5. Conclusions and future
perspectives

In summary, this review provides an outline of recent advance-
ments about stimuli-responsive polymers functionalized elec-
trochemical sensors. To fulfill the demanding requirements of
neurochemicals measurements, considerable interest should
be paid to developing novel stimuli-responsive polymers and
electrochemical methods. Typically, electroactive neurochem-
icals can be detected by direct electrolysis. However, most
neurochemicals are electro-inactive. To gain more precise
neurochemical information, several strategies were proposed:
first, the development of novel stimuli-responsive polymers
based on multiple interaction is expected to enable the highly
selective recognition of neurochemicals. The design strategies
of stimuli-responsive polymers discussed in this review can be
extended to more neurochemicals. Second, apart from electro-
chemical techniques based on electron transport, introduction
of new electrochemical principles and techniques may shed
new light on analysis of neutral neurochemicals. For example,
stimuli-responsive gel-based field-effect transistor can trans-
form the biomolecular recognition into electrochemical signals
through the volume change of polymers accompanied by
permittivity change at the gel/gate interface. In addition, as
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an emerging technique, nanochannel worked based on ion
transportation. The stimuli-responsive polymers can flexibly
regulate the ionic transportation with the transition of surface
properties (e.g., charge, wettability and conformation). These
techniques enabled the detection of not only electroactive
neurochemicals but also electro-inactive species. For in vivo
electrochemical analysis, stimuli-responsive polymers functio-
nalized with electrochemical mediators and enzymes can be
explored. In addition, rationally tailoring the structure of poly-
mers can greatly improve the manipulation of polymer proper-
ties, and then promote the chemical-electrical signal
conversion. Although notable progress has been achieved,
there are still many challenges and unremitting efforts still
needed in the future:

1. Considerable effort must be put into the relationship
between the architectures and properties of the stimuli-
responsive polymers to expand the applications. Novel
stimuli-responsive polymers for the simultaneous determina-
tion of multiple neurochemicals are expected to obtain more
information about the central nervous system (CNS).

2. In compared with in vitro conditions, the recognition of
neurochemicals in CNS may be hindered by biofouling (e.g.,
non-specific protein absorption, microorganism adhesion),
resulting in low reliability and high signal noise. Integrating
the stimuli-responsive polymers with antifouling properties
may help to solve these problems and make them ideal for
in vivo analysis.

3. To minimize tissue damage, advanced soft polymers
possessing good electronic conductivity and biocompatibility
enable the construction of flexible sensors, promoting
implanted and chronical monitoring in free animals.

4. It is worth mentioning that while the electrochemical
sensors based on stimuli-responsive polymers have been widely
used in the recognition of various biomarkers, the sensors
applied for clinical trials are rare. The limitations for clinical
translation are summarized as follows: first, to guarantee the
accuracy of clinical diagnosis, the electrochemical biosensor
should be fabricated with high reproductivity and stability.
Second, multi-functional device should be fully considered.
For example, arrays of micro/nanoelectrodes can promote
multimodal analysis and facilitate brain mapping study of
biomolecules. In addition, wireless technique will benefit the
portable diagnostics. Finally, miniaturization has been a long-
term trend in the instrumentation for clinical diagnosis. Con-
siderable effort must be made in the integration of all parts
(e.g., electrodes and materials) without reducing the
performance.

Overall, we believe that interdisciplinary collaboration
between, e.g., advanced material, electrochemistry and micro-
electronic engineering will push neurochemistry analysis to
new heights.
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