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Superwettable materials have attracted much attention due to their fascinating properties and great

promise fields. Recently,
electrochemical biosensors. Superwettable electrodes exhibit unique advantages, including large

in several superwettable materials have injected new vitality into

electrochemical active areas, electrochemical dynamics acceleration, and optimized management of
mass transfer. In this review, the electrochemical reaction process at electrode/electrolyte interfaces and

some fundamental understanding of superwettable materials are discussed. Then progress in different
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Accepted 22nd March 2022 electrodes has been summarized,

including superhydrophilic, superhydrophobic, superaerophilic,

superaerophobic, and superwettable micropatterned electrodes, electrodes with switchable wettabilities,

DOI: 10.1038/d2sc00614f and electrodes with Janus wettabilities. Moreover, we also discussed the development of superwettable
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Introduction

Billions of years of evolution endows many plants and animals
with fascinating wetting properties to adapt to complex natural
environments, such as the superhydrophobic lotus surface,
underwater superoleophobic fish scales, or Nepenthes' slippery
surface.’™ In the last two decades, much effort has been devoted
to revealing the wetting behavior mechanism and fabricating
artificial superwettable surfaces.>® In 2021, superwettability
was announced as one of the IUPAC Top Ten Emerging
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materials for wearable electrochemical sensors. Finally, our perspective for future research is presented.

Technologies in Chemistry.® Superwettability has been
employed in many applications, including self-cleaning, water
harvesting, anti-icing, anti-fogging, anti-corrosion, printing,
sensors, and water-oil separation.'**®

With the outbreak of coronavirus-2019, a massive number of
diagnostic devices or biosensors are needed to fight this global
pandemic. Innovation in biosensing technologies can accel-
erate the early diagnosis of diseases and the control of
epidemics.” Recently, superwettable materials have injected
new vitality into the construction of efficient biosensors.?*¢
Biosensing interfaces with special wettabilities exhibit unique
solid-gas-liquid interfacial behavior and could further enhance
the efficiency of biorecognition.”” Special wettable materials
have been broadly applied in biosensors and can be combined
with different signal output methods, including fluorescence,
electrochemistry, surface-enhanced Raman spectroscopy
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(SERS), and colorimetry assay.>*?*®* Among various biosensors,
electrochemical biosensors have attracted extensive attention
due to their high sensitivity, good selectivity, low cost, simple
manipulation, multiplexed detection capabilities, ease of
miniaturization, and real-time signal feedback.*”** The elec-
trochemical sensing interface is crucial in electrochemical
biosensors and directly affects the biosensing sensitivity, spec-
ificity, stability, and response dynamics.**** Advantages that
superwettable materials bring to electrochemical biosensors
include, but are not limited to, behaving as biocompatible
substrates for biomolecule immobilization, enlarging the active
electrochemical areas, intelligent liquid management, favoring
the enrichment of target biomolecules, and accelerating the
desorption of products.**™** Most superwettable electrodes are
nanostructured materials with high roughness, increasing the
active electrode area dramatically. Superwettable surfaces also
exhibit particular liquid management capability, which will play
an important role in sample collection and multiplex biosens-
ing. By optimizing the wettability of electrodes, the contacting
behavior between reactants/products and electrodes can be
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varied, thus affecting the desorption/absorption of reactants or
products.**** Hence, the thermodynamics and reaction rates of
electrochemical reactions can be well-tuned for improved
performance of biosensors.

Inspired by natural superwettable interfaces, several super-
wettable electrodes have been fabricated, including super-
hydrophilic, superhydrophobic, superaerophilic,
superaerophobic, superwettable patterned, Janus wettability,
and wettability switchable electrodes as shown in Scheme 1.5’
Due to their remarkable features, these superwettable elec-
trodes inject fresh energy into the development of electro-
chemical biosensing and exhibit outstanding promise.***°
Although superwettable electrodes are still in their infancy
stage, it is required to summarize the progress in superwettable
electrodes for sensitive and wearable biosensing and predict
future studies in this field. First, we discussed the electro-
chemical reaction process at the electrode/electrolyte interfaces.
Then, we introduced some fundamental understanding of
superwettable materials. Subsequently, we summarized the
recent progress of superwettable material-based electro-
chemical biosensors. Finally, we also highlighted the perspec-
tives and challenges of superwettable electrodes. We expect this
review to promote the further development of superwettable
electrodes, intelligent electrochemical biosensors, and wear-
able biosensors towards routine disease surveillance or early
diagnosis of malignant diseases.

Electrochemical reaction at the interfaces

Electrochemical sensing systems consist of a biorecognition
element and a transducer. Biorecognition elements refer to the
immobilized capture probes such as DNA, aptamer, antibodies,
enzymes, or receptors.”’ Electrochemical transducer parts, ie.
electrodes, transfer the biorecognition process to the electro-
chemical signal. Electrochemical reactions are the core part of
bioelectrochemical biosensors, occurring at an “electrified
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Scheme 1 Bioinspired superwettable surface for electrochemical
biosensors. Due to their intrinsic advantages, including large active
areas, intelligent liquid management, and dynamics acceleration,
several superwettable materials have been applied in electrochemical
biosensors. This review mainly focuses on the recent progress in
superhydrophilic, superhydrophobic, superaerophilic, superwettable
patterned, and Janus wettability electrodes, and electrodes with
switchable wettability.

interface” between electrodes and electrolytes.*>** According to
the Stern model, the electrode/electrolyte interfaces can be
divided into the inner Helmholtz layer (IHP) filled with non-
solvated ions, the outer Helmholtz layer (OHP) filled with
solvated ions, and the diffuse layer where the ion diffusion
occurs, as shown in Fig. 1a.°*** The electrochemical reaction
generally occurs at the IHP.
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In the electrochemical reaction, the reaction process is
generally accompanied by reactant transport, product trans-
port, and electron conduction, as shown in Fig. 1b.** For
a reversible reaction, A + B = AB, the thermodynamics equi-
librium constant can be defined as eqn (1),

CAB

K= —-—+ 1
CAXCB ()

where C is the concentration of the reactant and the product. K
is constant under a given condition. Increasing the C, or Cy or
decreasing C,p can promote the forward reaction. Enriching
reactants or accelerating the desorption of products by
changing the surface structure or interfacial properties can
promote the forward reaction. Reactant enrichment and
product escape can be realized by tailoring the wettability of
electrodes, which will accelerate the thermodynamics of the
electrochemical reaction.*

In addition to mass transfer, enhancing the current intensity
is also crucial for improving the electrochemical sensitivity. The
diffusion flux was employed further to explain the relationship
between the current and interface reaction. In brief, the diffu-
sion flux is the amount of substance that passes through a unit
area in a unit of time, according to Fick's first law (eqn (2)),**

Rle

J =D @)

where J is the diffusion flux, D is the diffusion coefficient, C is
the concentration of the component and x is the diffusion
distance. Current is the amount of charge passing through any
cross-section in unit time according to Faraday's law (eqn

(3)) 69-72
[ = —JnFa = nFap (3)
ax

where I is the current, 7 is the reactant valence, F is the Faraday
constant, and A is the electrode area. Generally, the reactant
valence and Faraday constant are usually constant for a given
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Fig.1 Schematic illustration for the electrochemical reactions occurring at the interface between the electrode and electrolyte. (a) Stern model
of the EDL generated on a negatively charged electrode surface. (b) The key processes consist of mass transport and electron conduction in an

electrochemical reaction.
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Wenzel State

Fig. 2
Cassie model.

redox reaction. The current intensity is proportional to the
diffusion flux and cross-sectional area. Thus, materials with
high conductivity and a high surface area have a significant
impact on the signal current. Most superwettable electrodes
exhibit high roughness, which further favors the increase of
current and improves the sensitivity of superwettable electrode-
based biosensors.””*

According to the above discussion, the development of
electrodes that promote the enrichment of reactants, accelerate
the desorption and escape of products, have high electrical
conductivity, and high specific surface areas will facilitate the
development of sensitive electrochemical biosensors.

General concepts about superwettable materials

Wettability generally refers to the liquid wetting ability on
a solid surface. The wettability of the surface can be described
using the contact angle (CA).”> As shown in Fig. 2a, Young's
equation described the relationship between the CA and inter-
facial energy on an ideal solid surface (smooth and chemically
homogeneous surface) using eqn (4),”

cos 0, = Vv — 751/71v (4)

where 0, is the CA of the liquid and v, vq, and vy, are the
specific energies of solid-vapor, solid-liquid, liquid-vapor,
respectively. Young's equation revealed the relationship
between wettability and surface energy. According to Young's
equation, surfaces with special wettability can be constructed
using a material with different surface energies.”” The surface
with a water CA less than 65° is hydrophilic, and the hydro-
phobic surface is the one with a water CA larger than 65°.7%7 In
particular, some surfaces have shown extreme wettability. Thus
a further definition of superhydrophilic (CA < 5°) and super-
hydrophobic (CA > 150°) was proposed.”*® Surface wettability is
determined by the surface chemical composition and
morphology. Higher roughness of the surface can drive the
wettability to the extreme.® Generally, two models, including the
Wenzel and Cassie models, explain the wetting state on a rough
surface. In the Wenzel model (Fig. 2b), the droplet was wetted
into the surface structure at the contact area, resulting in high
CA hysteresis.®" In this case, the CA was enlarged by a factor r
(related to the surface roughness) according to eqn (5).

cos 0, = r cos 6, (5)

Eqn (5) shows that the surface roughness will promote either
hydrophilicity or hydrophobicity of the surface. In the Cassie

5072 | Chem. Sci,, 2022, 13, 5069-5084
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Cassie State

(a) Definition of the contact angle of the droplet on an ideal surface. The wetting state on the rough surface: (b) Wenzel model and (c)

model (Fig. 2¢), the droplet only sits on the top of the surface
with a gas layer between the liquid and substrate, which leads to
a liquid-gas-solid triphase interface.®” In this composite state,
the CA will be corrected by the area fraction (f;) of the solid on
the surface according to eqn (6).

cos 0, = —1 + fi(cos B, + 1) (6)

As has been discussed, the wettability of the surface is
determined by the chemical composition and roughness. For
the fabrication of superwettable surfaces, high roughness
nanostructures were constructed by different methods,
including electrodeposition, self-assembly, etching, and so on.
The modulation of the chemical composition can be achieved
by direct use or chemical modification of materials with
different surface energies. For the superwettable patterned

a Superhydrophilic Superhydrophobic
In Air Water
AP LN
b Superaerophilic Superaerophobic
Under Water
(o] Superoleophilic Superoleophobic

d Superhydrophilic
Under Oil  Qj]

Superhydrophobic

Water
¥

Fig. 3 The superwettability systems. (a) Superhydrophilicity (left) and
superhydrophobicity states in air. (b) Underwater superaerophilicity
(left) and superaerophobicity (right). (c) Underwater superoleophillicity
(left) and superoleophobicity (right). (d) Underoil superhydrophilicity
(left) and superhydrophobicity (right).
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surface, photoirradiation or plasma treatment through
a photomask might be employed.

Recently, superwettable materials in air have been extended
to water and oil systems. Several other types of superwettability
are also studied, including underwater superaerophobicity,
underwater superaerophilicity, underwater superoleophobicity,
underwater superoleophilicity, underoil superhydrophilicity,
underoil superhydrophilicity, etc as shown in Fig. 3.'477:83-8¢
Accordingly, the application of superwettable materials has also
been extended.*”* Electrochemical reactions at superwettable
electrodes may differ markedly from those on traditional elec-
trodes due to the special interactions between solid, liquid, oil,
and gas phases.?>* For example, the superoleophobic electrode
can accelerate the desorption of oil phase products in the Kolbe
reaction and greatly improve the working life of the electrode.”
Highly efficient electrochemical biosensing can be achieved by
tailoring the wettability of electrodes.

Superhydrophilic electrodes in electrochemical biosensing

Superhydrophilic surfaces with CA < 5° have high roughness
and can be wetted by electrolyte solutions thoroughly according
to the Wenzel model.”> The Wenzel contact mode results in
a large contact area between the electrolyte solution and the
electrode, ie., higher electroactive surface areas, which
improves the sensitivity for biochemical detection (Fig. 3a,
left).°® Metal electrodes have been broadly applied in electro-
chemical biosensors due to their excellent electrical conduc-
tivity and high surface energy. By fabricating hierarchical
structures on metal electrodes, superhydrophilic electrodes
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with micro/nano roughness can be obtained. Compared with
the planar electrode, the electrochemical sensing performance
can be improved because of the increased specific surface
area.”

Many superhydrophilic metal electrodes with rough struc-
tures have been constructed to detect proteins and nucleic
acids. Our group has developed a superhydrophilic fractal gold
electrode (FracAu) for electrochemical biosensors (Fig. 4a).”>*”
The superhydrophilic FracAu-based biosensor has been
employed to detect thrombin and apolipoprotein E4 (APOE4)
and achieved a limit of detection (LOD) of 5.7 fM for thrombin
and 0.3 ng mL " for APOE4, respectively. Compared to the plain
gold electrode, the LOD of the superhydrophilic FracAu elec-
trode was reduced by 3 to 10 times, and the electroactive surface
area was improved to almost 50 times. In addition, the fractal
structure can decrease the steric hindrance, which can promote
the bio-recognition efficiency between probes and targets. The
FracAu electrode has provided a high sensitivity biosensor and
shown great potential in detection. Besides, our group has
developed a free-standing superhydrophilic Pt nanowire
network electrode (PtNNE) for glucose biosensors (Fig. 4b).”
The PtNNE exhibited high electrocatalytic activity and stability
due to the 3D structure of high-index facet surface poly-
crystalline nanowires. The superhydrophilic PtNNE also
provided an excellent sensitivity of 1360 nA mM ' cm 2 for
detecting hydrogen peroxide (H,0,) and 114 pA mM "' cm ™ for
detecting glucose. The excellent performance of the super-
hydrophilic PtNNE-based biosensor is ascribed to the 3D
nanowire self-interconnecting network nanostructure induced
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Fig. 4 The applications of superhydrophilic electrodes in biosensors. (a) The superhydrophilic fractal gold electrode for thrombin detection.
Reproduced from ref. 52 with permission. Copyright 2012, Royal Society of Chemistry. (b) The superhydrophilic electrode based on the self-
interconnecting Pt nanowire network for an electrochemical amperometric biosensor. Reproduced from ref. 73 with permission. Copyright
2015, Royal Society of Chemistry. (c) The NME array for the multiplexing miRNA detection. The signal of NME hybridized with target miRNA can
be exported by differential pulse voltammetry (DPV). Adapted from ref. 101 with permission. Copyright 2009, Wiley-VCH.
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high surface area and hydrophilicity. The electrochemical active
surface area of PtNNE was measured as almost 214 times higher
than that of the plane electrode. Moreover, the porous structure
of PtNNE provided abundant active sites for rapid electron
migration and mass transportation. On the other hand, the
substrate-free noble metal electrode has shown better electro-
chemical properties than the substrate-based electrode. This
superhydrophilic PtNNE has provided a reliable electro-
chemical platform for oxidase-based enzyme biosensors.
Notably, the liquid wetting behavior on the superhydrophilic
electrode is the Wenzel state, which makes the liquid thor-
oughly wet the electrode and further increases the sensitivity of
the electrochemical biosensor.

Bulk superhydrophilic electrodes are generally used in large
volumes of solutions, which causes large sample consumption.
In addition, bulk superhydrophilic electrodes are not easily
integrated into mobile biosensing platforms for portable bio-
sensing. In this case, nanostructured microelectrodes (NMEs)
with superhydrophilicity have attracted much attention due to
their high electric current density, large specific surface area,
and small size.®>*® Microelectrodes are generally developed by
electrochemical deposition. The as-prepared NMEs have
a highly fractal nanostructure which further induces a super-
hydrophilic surface. Shana's group developed a Pd NME-based
biosensor for the detection of nucleic.® PNA single strands were
employed to capture the target with [Ru(NH;)s** and
[Fe(CN)¢]>~ as signal molecules. Due to the high surface area of
the superhydrophilic nanostructured microelectrodes, the LOD
of this nanostructured microelectrode-based biosensor is 1 fM,
which is 100 times higher than that of a smooth microelectrode.
Superhydrophilic NMEs lead to thorough wetting between the
electrode and the electrolyte, increasing the sensitivity. The
high curvature of NMEs causes lower steric hindrance, which is
conducive to bioconjugation of the biomarkers.'*® Besides
single biomarker detection, superhydrophilic NMEs have also
shown great potential in the multiplex detection of biomarkers.
Shana's group developed an NME array for multiplexing miRNA
detection based on these nanostructured superhydrophilic
microelectrodes, as shown in Fig. 4c.'* The NME array was
fabricated by electrodeposition of Pd on an Au micropatterned
silicon substrate. The sensitive detection of miRNA was ach-
ieved with a LOD of 10 aM. Moreover, they have developed
a gene-circuit-based sensor based on the NME array.'” In
response to the target, gene circuits generated restriction
enzymes and released methylene blue-labeled reporter DNA.
The capture DNA modified NMEs were then bioconjugated with
the methylene blue-labeled reporter DNA for the output of the
signal. The gene-circuit-based sensor has achieved sensitive and
simultaneous detection of colistin antibiotic resistance genes
(mer-1, mer-2, mer-3, and mer-4) with LOD of 1 fM for mcr-4.
Such an approach has provided a multiplexing NME platform
for electrochemical biosensors and shown great potential in
high-throughput biosensing for clinical diagnoses. Besides,
NMEs were combined with a neutralizer displacement assay
(NDA) for simultaneous detection of nucleic, protein, and small
molecules.' The neutralizer-modified NME exhibited a charge-
free state. Displacement of the neutralizer in the presence of the
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target resulted in a change of charge which further generated an
electrochemical signal. Such a NDA-based NME has achieved
sensitive detection of cocaine, DNA (LOD 100 aM), E.coli RNA
(10 pg mL™"), bacteria (0.15 c.f.u. mL™"), proteins (lower to 10
fM for thrombin), and adenosine triphosphate. And the NME-
based neutralizer displacement assay has shown exciting mul-
tiplexing capabilities, which allows simultaneous detection of
multiple analytes.

Nanostructured microelectrodes can also be combined with
a digital microfluidic device to develop portable biosensors.
Rackus et al. combined NMEs with digital microfluidics and
achieved the sensitive rubella virus diagnosis with a LOD of 0.07
IU mL ™" for rubella virus IgG.** And digital microfluidics gives
an alternative for automated manipulation sample handling as
well as lowering sample consumption. Therefore, NME-based
digital microfluidics has provided high-integration, automa-
tion, portable, user-friendly, and low-cost biosensors for
distributed diagnoses (e.g. blood glucose meter) in practical
applications.

According to the above discussion, superhydrophilic elec-
trodes and superhydrophilic NMEs have provided high elec-
trochemically active area and low steric hindrance in
biosensors. And the incorporation of superhydrophilic elec-
trodes with digital microfluidics has further provided an effi-
cient approach for practical applications.

Superhydrophobic electrode in electrochemical biosensing

Inspired by the self-cleaning properties of lotus, many super-
hydrophobic surfaces have been developed and have various
applications in different fields.'® In electrochemical biosens-
ing, the passivation of the electrode surface has led researchers
to develop electrochemical biosensors. Superhydrophobic
electrodes (CA > 150°) provide an optional solution for fabri-
cating electrodes with long-term stability.”® On the super-
hydrophobic electrode with a Cassie state, air was trapped
between droplets and substrates, which led to a nonwet contact
mode (Fig. 3a right). Superhydrophobic electrodes have
exhibited particular self-cleaning properties and provided
refreshable ability for repetitive use by simply washing. Zhu
et al. developed a PDMS@MWCNT modified glassy carbon
(GCE) superhydrophobic electrode for refreshable biosensors.**
The polydimethylsiloxane (PDMS) provided a super-
hydrophobic surface, and the multi-walled carbon nanotubes
(MWCNT) provided high conductivity. Due to the self-cleaning
properties of the electrode, biosensors based on super-
hydrophobic electrodes have presented excellent stability in
repeated experiments with a lower RSD (1.4% for dopamine and
5.5% for quercetin) of anodic peak current compared to the bare
GCE (10.5% for dopamine and 29% for quercetin). Super-
hydrophobic electrodes have achieved sensitive detection of
dopamine and quercetin with LODs of 0.25 uM and 0.5 um,
respectively. Self-cleaning superhydrophobic electrodes can be
combined with the magneto-controlled moveable architecture
(MCMA) strategy for detecting carcinoembryonic antigen (CEA).
This work achieved linear detection ranges of 0.1-100 ng mL ™"
and a LOD of 0.041 ng mL~". Due to its self-cleaning properties,

© 2022 The Author(s). Published by the Royal Society of Chemistry
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permission. Copyright 2013, Royal Society of Chemistry.

the superhydrophobic electrode can be used repetitively by
simple washing for the desorption of the MCMA.

The self-cleaning superhydrophobic electrode was also
combined with a ratiometric strategy for complex detection, as
shown in Fig. 5a. Zhang et al. developed a self-cleaning elec-
trode by modifying the zeolite imidazole framework (ZIF) and
PDMS on the GCE.' The ratiometric strategy was built by
introducing methylene blue as a reference molecule into the
electrolyte solution, which avoids tedious modification of elec-
trodes. The superhydrophobic electrode has proved to be stable
in air for 45 days due to its great self-cleaning ability. And the
reproducibility was verified by repeatedly polishing and rema-
nufacturing with an average RSD of 6.67%. Moreover, the
integrated biosensor has presented good sensitivity in multiple
biomarker detection (LOD of 0.13 uM for Adrenaline, 0.03 uM
for Serotonin, and 0.5 pM for Tryptophan). The super-
hydrophobicity of the fabricated electrodes is beneficial for
refresh ability and stability of the electrode, improving the
reproducibility of detection results.

Biomarker enrichment can effectively improve the detection
sensitivity of low-abundance biomarkers.'”” Evaporation of
sample droplets is an efficient method to achieve biomarker
enrichment.*® The droplet evaporation process on solid surfaces
can be divided into two modes: constant contact area mode and
constant contact angle mode. Droplet evaporation on surfaces
with high contact angle hysteresis usually adopts constant
contact area evaporation. In contrast, evaporation on the
surface with low contact angle hysteresis is constant contact
angle evaporation. Alam's group has developed a nanotextured
superhydrophobic electrode array for ultratrace biomarker
analysis, as shown in Fig. 5b." The high roughness of the
nanotextured surface provided superhydrophobicity with high
contact angle hysteresis. Droplet evaporation on the fabricated
superhydrophobic electrode followed the constant area mode,
and the three-phase contact line did not move backward. Thus,
the enrichment of biological samples and signal enhancement
were achieved. In addition, the thermal effect of the electrodes
in the detection process accelerates the evaporation process of
the droplets. The superhydrophobic electrode has exhibited
ultra-high sensitivity towards label-free DNA detection with
a LOD of 60 aM by non-faradaic impedance spectroscopy.

© 2022 The Author(s). Published by the Royal Society of Chemistry

Superhydrophobic electrodes give insight into ultra-trace
sample detection and will have broad application in biosensing.

Superaerophilic/superaerophobic electrodes for
electrochemical biosensing

In some gas involving electrochemical reactions, the contact
state between the gas and electrode interface will affect the
thermodynamics of the reaction.”*'* Gas involving electro-
chemical reactions can be divided into gas consumption reac-
tions and gas evolution reactions.® For gas consumption
reactions, increasing the gas concentration can promote the
forward progress of the reaction.™’ In contrast, accelerating the
desorption and escape of the gas is the key process to promote
the progress of gas evolution reactions.'*'*?

Inspired by bubble bursting on the surface of lotus leaves,
many superaerophilic surfaces have been fabricated.'**Super-
aerophilic electrodes are electrodes with high gas affinity. The
rough superaerophilic electrode can trap air bubbles on the
surface when immersed into the electrolyte solution (Fig. 3b
left), and a liquid-gas-solid triphase interface formed.""* Since
the diffusion coefficient of the gas in the liquid phase is much
lower than that in the gas phase, the triphase interface on
superaerophilic electrodes can provide a stable and abundant
concentration of the gas reactant, which favors the forward
process for those gas consumption reactions. The electro-
chemical glucose detection is a typical gas consumption reac-
tion, where oxygen is the main reactant. The stable oxygen
concentration at the electrode surface is critical for glucose
biosensing." The liquid—-gas-solid triphase interface induced
by the superaerophilic electrode will provide an abundance of
oxygen. Feng's group has developed an oxygen-rich enzyme
biosensor for glucose detection based on the superaerophilic
electrode.®® As shown in Fig. 6a (left), the superaerophilic elec-
trode was fabricated by modifying a catalyst (e.g., Pt) and
oxidase (e.g., glucose oxidase) on an underwater superaerophilic
(i.e. superhydrophobic substrate) carbon fiber substrate. The
superaerophilic electrode has been used for glucose detection
and achieved a large linear detection range (up to156 mM),
which is much higher than the linear detection range (up to 5
mM) of the GCE, as shown in Fig. 6a right. Furthermore, the
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Fig. 6 Applications of the underwater superaerophilic electrode for glucose detection. (a) The triphase interface induced by the superaerophilic
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line) (right). Adapted from ref. 88 with permission. Copyright 2016, Wiley-VCH. (b) The H,O, cathodic reaction for glucose detection based on
the superaerophilic electrode (left). The cathodic reaction (red line) exhibits better interference resistance compared to the anodic reaction (blue
line) (right). Adapted from ref. 116 with permission. Copyright 2018, Wiley-VCH. (c) The PEC bioassay system based on the superaerophilic
electrode. Compared with the diphase system, the triphase system provided sufficient oxygen content. Adapted from ref. 117 with permission.

Copyright 2018, Wiley-VCH.

superaerophilic electrode exhibited excellent stability by
measuring 20 mM glucose 120 times with a relative standard
deviation of 1.1%.

In the detection of glucose, there are many interferences
(e.g., ascorbic acid (AA), homovanillic acid (HVA), and uric acid
(UA)) in the anodization reaction. In contrast, the H,0, cathodic
reduction reaction can avoid these interferences in glucose
detection in complex solutions. Since the reduction potential of
oxygen is similar to that of H,0, reduction, the unstable oxygen
concentration will result in inconsistent background signal.
Due to the triphase interface, the oxygen concentration in the
system is stable, resulting in a stable background signal. Song
et al. developed a superaerophilic electrode for H,O, cathodic
detection as shown in Fig. 6b (left)."*® Compared with normal
electrodes, superaerophilic electrodes showed stable signals in
solutions with different oxygen contents. The cathodic reduc-
tion reaction has effectively avoided the interference of other
substances (Fig. 6b right). The detection of glucose based on the
superaerophilic electrode was achieved in a linear dynamic
range of 80 x 10> M, which is significantly higher than that of
a standard GCE (0.7 x 10~% M). The superaerophilic electrode
has provided a novel strategy by introducing a triphase reaction
interface that caused sufficient gas supply for gas consumption
biosensors. In addition, superaerophilic electrodes have also
been used in photoelectrochemical (PEC) bioassays. Wang et al.
developed a PEC bioassay system based on the cathode reaction
as shown in Fig. 6c.*” The superaerophilic electrode has
provided a stable concentration of O, due to the triphase
interface. Such superaerophilic electrode-based PEC biosensors
have been applied in glucose detection and achieved high
sensitivity with a LOD of 1 x 10~® M. The linear detecting range
of the triphase electrode is 100 times higher than that of the
diphase one.

5076 | Chem. Sci, 2022, 13, 5069-5084

The triphase interface based on the superaerophilic elec-
trode can be applied as a versatile platform for other gas
consumption reactions and provides an optional way to fabri-
cate highly sensitive biosensors with gas involved.

Electrochemical water splitting has been considered an
efficient and sustainable strategy to produce clean fuels. In the
hydrogen evolution reaction, hydrogen gas bubbles are
produced, and generally adhere to the electrodes and desorb
when grown to a critical size (about a few hundred pm). These
bubbles hinder the contact between the electrolyte and the
electrode and reduce the electrochemical catalytic efficiency.'*®
The superaerophobic surface has low adhesion to gas bubbles
(Fig. 3b right), and can facilitate the desorption and escape of
gas bubbles on the electrode surface. This unique property will
promote the forward progress of some gas evolution electro-
chemical reactions. Sun's group has developed an underwater
superaerophobic electrode based on the MoS, nanostructured
film for a highly efficient hydrogen evolution reaction (HER), as
shown in Fig. 7a left.” The superaerophobic electrode has
exhibited good HER efficiency (Fig. 7a right), which can be
higher than the HER efficiency of commercial Pt/C films at
sufficiently high overpotentials. On the superaerophobic elec-
trode, the bubbles desorb and escape before reaching 100 pm in
diameter. The superhydrophobic electrode exhibits anti-bubble
adhesion performance compared with the flat electrode
(bubbles diameter more than 400 pm). They also developed
a superaerophobic electrode based on a pine-shaped Pt nano-
array for the HER as shown in Fig. 7b left."** The pine-shaped Pt
nanoarray electrode exhibited a high electrochemically active
surface area, which is twice that of the flat electrode. Compared
with spherical nanostructured electrodes with similar electro-
active surface areas, the pine-shaped Pt nanoarray electrodes
exhibited better HER performance (2.55 times higher) due to
better bubble repulsion induced by the unique nanostructures.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 The highly efficient HER on an underwater superaerophobic electrode. (a) Schematic of the adhesion behavior of bubbles on the
superaerophobic electrode (left). The superaerophobic electrode (nanostructured film) showed high HER performance compared with flat films
and Pt/C films, (right). Adapted from ref. 92 with permission. Copyright 2014, Wiley-VCH. (b) The pine-shaped Pt nanoarray superaerophobic
electrode for the HER (left). Pine-shaped Pt nanoarray superaerophobic electrode showed good long-term stability compared with the Pt
nanosphere electrode and the Pt flat electrode (right). Adapted from ref. 119 with permission. Copyright 2015, Wiley-VCH.

Furthermore, the pine-shaped Pt nanoarray electrode has
showed steady HER performance (about 100% retention) over
36 hours of stability measurements (Fig. 7b right). This work
revealed the relationship between electrode wettability and
sensing performance and provided a new approach to devel-
oping highly efficient electrodes for gas evolution reactions.

Due to their extraordinary low adhesion to gas bubbles,
nanostructured superaerophobic electrodes favor gas evolution
reactions, which might be very promising in developing effi-
cient electrochemical assays with gas products, such as H,0,
detection.

Superwettable micropatterned electrodes for electrochemical
biosensors

Inspired by desert beetles, superwettable micropatterns have
been fabricated by combining superhydrophobic backgrounds
with superhydrophilic microwells.”*® Superwettable patterns
have been broadly applied in biosensors due to their several
advantages, including: (1) superhydrophilic microwells provide
stable droplet anchoring ability; (2) the superhydrophobic
background prevents contamination between adjacent drop-
lets; (3) the evaporation of droplet enables ultratrace sample
enrichment; (4) the small size of the superhydrophilic micro-
wells allows low sample consumption; (5) the superhydrophilic
microwell array allows multiplex detection.*”*>***-123

Our group has combined the superwettable micropattern
microchip with the dual-DNA walker strategy to detect E. coli

© 2022 The Author(s). Published by the Royal Society of Chemistry

0157: H7 DNA."” The microchip was prepared based on
a fractal gold substrate. The superhydrophobic background
prevents the liquid from spreading, and the superhydrophilic
microwells provide the point of liquid anchoring. Such
a synergistic effect has provided good droplet management and
significantly reduced the amount of the analytical solution.
Moreover, the nanostructured fractal gold has provided a large
contact area to enhance the response signal. The microchip has
achieved ultrahigh sensitive detection of the E. coli 0157: H7
DNA with a LOD of 30 aM. In addition, we also used the
superwettable micropatterned microchip for the multiplex
detection of prostate cancer biomarkers (miRNA-375, miRNA-
141, and prostate-specific antigen), as shown in Fig. 8a.'* The
superhydrophobic background has successfully prevented the
inter-contamination of adjacent droplets. And the multi-
biomarker sensitive detection has proved that the LODs of
miRNA-141 and miRNA-375 are 0.8 nM, and the PSA is 1.0 pM.
The superwettable micropatterned electrodes have presented
great potential in multiplex electrochemical analysis.

Levkin's group has developed a superwettable droplet array
based on orthometric gold electrode bands (Fig. 8b)."** The
superwettable droplet array was fabricated by covering super-
wettable patterned porous polymethacrylate on orthometric
gold electrode bands. Each superhydrophilic well can act as an
individual electrochemical assay without the inter-contamina-
tion of adjacent droplets and ion transport. The individual
droplet cell array was obtained by rolling liquid on the surface

Chem. Sci., 2022, 13, 5069-5084 | 5077
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Fig. 8 The superwettable micropatterned electrode-based microchip for electrochemical analysis. (a) The miRNAs and PSA electrochemical
analysis on the superwettable patterned microchip. Adapted from ref. 125 with permission. Copyright 2018, American Chemical Society. (b) The
electrochemical analysis in the droplet microarray based on orthometric gold electrode bands. Reproduced from ref. 126 with permission.
Copyright 2017, American Chemical Society.

of the electrode. The electrochemical signal of each droplet in
the array can be read out individually. The sensitive detection
ability of 1,4-benzoquinone and H,0, within a single droplet
has been confirmed.

Electrodes with switchable wettabilities

The coupling of the amplification-by-wettability switching
concept with the electrochemical method offers great promise
in bio-detection. The surface with switchable wettabilities in
response to the external stimulus (pH value, irradiation, heat, or
some molecules) was explored.””” Adding some biomolecules
(saccharides, nucleic, or protein) can induce hydrogen-boding
interactions between the polymer substrate and biomolecules,
which incurs wettability switching. The biomarker responded
switchable surface could be applied for fabricating electro-
chemical biosensors.***?%12°

Ding et al. developed a wettability switchable electrode for
chiral sensing of monosaccharide enantiomers.>® As shown in
Fig. 9, the presence of monosaccharide induces enantiomer
conformational transition of the copolymer, which further
results in the transformation of wettability and facilitates the
diffusion of electroactive probes to the electrode. In the absence
of target monosaccharides, the copolymer consisting of poly(N-
isopropylacrylamide) (PNI), B-Asp-Phe dipeptide (B-MAP), and
bis(trifluoromethyl)-modified phenylthiourea (TP) can form
intramolecular hydrogen bonds, which results in the contrac-
tion of the copolymer chains and superhydrophobic surface.
When different chiral monosaccharide enantiomers were
present, the intramolecular hydrogen bonds of the copolymer

5078 | Chem. Sci, 2022, 13, 5069-5084
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were broken to different extents, which further resulted in the
switching of the wettability from hydrophobicity to hydrophi-
licity. The change of electrode wettability favors the enrichment
of the target on the screen-printed carbon electrode (SPCE) and
further improves the sensitivity of electrochemical detection.
Such a wettability switchable electrode has achieved sensitive
detection of p-glucose as observed by electrochemical imped-
ance spectroscopy with a LOD of 1 nM. In addition, electrodes
with switchable wettabilities have been employed to monitor
the p-glucose uptake behavior of cancer cells.

According to the same strategy, an electrode with switchable
wettability in response to sialic acid (SA) has been fabricated for
SA electrochemical biosensing."*® The modified SPCE/Au elec-
trode can switch from superhydrophobic to superhydrophilic
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Fig. 9 Schematic of wettability switchable electrodes for chiral
sensing of monosaccharide enantiomers. Reproduced from ref. 56
with permission. Copyright 2016, American Chemical Society.
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with the presence of SA, which further allows the enrichment of
redox labels and targets on the electrode surface, thus
enhancing the electrochemical signal response. Sensitive SA
detection (LOD 0.4 pM) was achieved based on the electrode
with switchable wettability. The dynamic monitoring of SA in
a living mouse brain was also performed by combining with in
vivo microdialysis.

Electrodes with switchable wettability have shown excellent
selectivity due to their inherent specificity molecule recognition
system. Such electrodes have indicated broad applications in
highly specific biomarker monitoring in complex samples.

Superwettable materials for wearable electrochemical sensors

Wearable electrochemical sensors have garnered considerable
attention due to their tremendous promise in real-time and
non-invasive monitoring of chemical markers and physical
signals.”*** Through the modality of accessories or clothes,
sweat components (including glucose, sodium and potassium
ions, and pH) can be non-invasively detected by the wearable
electrochemical sensor."****” Connecting wearable electro-
chemical sensors to mobile devices (e.g., mobile phones and
tablet computers) can achieve real-time, user-friendly, and
household/bedsides monitoring."*® Superwettable materials
have been used in wearable biosensors and provide unique
sample management capabilities.'*
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Eccrine sweat is a significant biofluid containing rich
biomarkers ranging from electrolytes, metabolites, hormones
to proteins. Sweat collection is critical for wearable biosen-
sors.”®® Current sweat collection relies on absorbent pads
adhering to the skin. He et al. recently developed a wearable
sweat sensor based on a superhydrophilic carbon textile derived
from silk fabrics for six sweat biomarker simultaneous detec-
tion (Fig. 10a)."*® A superhydrophilic nitrogen-doped carbon
textile (SilkNCT) was integrated on a flexible PET substrate as
the working electrode. The hydrophobic PET substrate can
separate the six working electrodes and avoid inter-contami-
nation. The superhydrophilic SilkNCT has provided excellent
sweat collection ability and shown good sensitivity for detecting
glucose, lactate, ascorbic acid, uric acid, Na* and K', and the
LODs are 5 uM, 0.5 mM, 0.5 mM, 0.1 uM, 1 mM and 0.5 mM,
respectively. The excellent reproducibility was confirmed with
relative standard deviations (RSD) for six biomarkers < 8.2%. In
addition, the SilkCNT-based wearable biosensor combined with
mobile phones enabled real-time monitoring of the glucose
concentration.

As has been discussed previously, the triphase interface can
provide a stable and abundant concentration of gas reactants.
Lei et.al. combined the MXene-based superhydrophobic elec-
trode with wearable biosensors for the detection of glucose and
lactate in sweat as shown in Fig. 10b.*** The MXene-based
superhydrophobic electrode exhibited high gas affinity and
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Fig. 10 Superwettable materials in wearable electrochemical biosensors. (a) The wearable biosensor based on the superhydrophilic electrodes
for the multiplex sweat analysis. Adapted from ref. 140 with permission. Copyright 2019, AAAS. (b) The superhydrophobic (superaerophilic)
electrode integrated wearable biosensor for gas-involving on-body analysis. Adapted from ref. 141 with permission. Copyright 2019, Wiley-VCH.
(c) Wearable sweat sensor based on the Janus electrode for sweat transportation and analysis. The Janus electrode transported the sweat from
the hydrophobic side to hydrophilic side for sample enrichment. Adapted from ref. 148 with permission. Copyright 2020, American Chemical

Society.
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Table 1 The properties of superwettable electrodes in electrochemical biosensing

Type Interfacial property

Sensing Performance

Limitation

Superhydrophilic electrode Large electroactive area

Superhydrophobic electrode Self-cleaning
Small contact area

Superaerophilic electrode High gas affinity

Superaerophobic electrode Gas repelling

Superwettable patterned electrode Patterned hydrophilicity and

hydrophobicity

Wettability switchable electrode
Janus wettability electrode

Stimuli response wettability change
Asymmetric wettability

formed a stable liquid—-gas-solid triphase interface. The exis-
tence of the triphase interface promised a high abundant
concentration of oxygen during the detection process. The
superaerophilic electrode presented high electrochemical
sensitivity in the detection of glucose (35.3 pA mm™ ' cm™?) and
lactate (11.4 pA mm~ " cm™?) with LODs of 0.33 x 10°° M and
0.67 x 10~° M respectively. And the glucose values during the
on-body tests showed good agreement with the reported blood
and sweat glucose levels very well.

Inspired by the binary synergistic wettability of lotus leaves,
Janus films with asymmetric wettability have been developed
and are promising in various fields, including water harvesting,
fog collection, liquid separation, microfluidics, and wound
dressing.'**'*® Incorporating Janus films with wearable
biosensors can achieve the directional transport of sweat. The
hydrophobic side of Janus films was placed on the skin. When
sweat was secreted, the capillary force helped sweat transport
from the hydrophobic side to the superhydrophilic side.**” The
collected sweat was retained in the superhydrophilic side for
sample enrichment. Compared to the ordinary gauze, the Janus
band showed excellent sweat transportation, resulting in an
almost dry skin side. He et al. presented a Janus wettability
textile strategy to transport sweat from the skin to the
embedded electrode surface for the directional collection of
sweat (Fig. 10c).**® A Janus band was developed by combining
a hydrophobic polyurethane (PU) and a superhydrophilic gauze
through the electrospinning process. The PU side was covered
on the skin, and the superhydrophilic side was linked to the
electrode. The Janus band has shown good sensitivity in glucose
(8 nA uM ), lactate (67 nA uM '), Na* (35.0 mV dec '), and K*
(45.6 mV dec™'). The on-body test can achieve real-time
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Signal enhancement

Accelerating recognition dynamics

Good reproducibility

Sample enrichment

Enrichment of gas reactant
Promoting gas consumption
reactions

Accelerating gas product desorption
Promoting gas evolution reactions
Liquid manipulation

Sample enrichment

Low sample consumption
High-throughput

High selectivity

Sample directional transport

High sample consumption for bulk
electrodes

Nonspecific adsorption
Reproducibility needs to be
improved

Expensive

Unstable superhydrophobicity
Difficulty in anchoring droplets
Only for gas consumption reactions

Only for gas evolution reactions

Reproducibility needs to be
improved

Nonspecific adsorption in
hydrophilic zone

Not versatile
Reproducibility needs to be
improved

Nonspecific adsorption in
hydrophilic side

perspiration tracking, and the results were in good agreement
with the physiological indicators of healthy people. In addition,
Janus materials with sweat management can conduct thermal
management on wearable biosensors. They have developed
a Janus silk-based wearable sweat electrochemical biosensor
with good wet-thermal comfort.”” A conductive silk yarn elec-
trode was woven into the Janus silk. When sweat was trans-
ported, the signal can be directly recorded, processed, and
transmitted by the connected printed circuit board. The direc-
tional transport of the sweat ensures good thermal and
humidity management, which improves the wearing comfort.
The silk electrode showed excellent electrochemical stability
through 800 cycle bending and a sensitive response to glucose
(0.49 nA uM ™), urine acid (1.703 nA pM "), pH (62.25 mV/
Ig(H") and K' (67.44 mV/Ig(K")). And the Janus silk showed
a higher response rate than the ordinary silk in the on-body
measurements due to its good ability of sweat transportation.

Conclusion and outlook

In this review, recent developments in bioinspired electrodes
with special wettability have been summarized. The special
structure and interfacial properties of superwettable electrodes
have injected new vitalities to electrochemical biosensing,
which are listed in Table 1. Research on electrodes with special
wettabilities not only has fundamental interest but also prom-
ising practical applications in biomarker detection, clinical
diagnosis, environment monitoring, food safety, and so on.
Superwettable electrodes have exuded unique advantages in
promoting the electrochemical reaction such as accelerating
component transport, enhancing sensitivity and selectivity, and

© 2022 The Author(s). Published by the Royal Society of Chemistry
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target solution management. However, most superwettable
electrodes are limited to laboratory research and have not yet
been applied to practical applications and industrial-scale
production. Thus there are some challenges including the cost
of biosensor construction and the long-term storage ability of
the electrode to be addressed.

1. Cost is the most crucial parameter in industrial manu-
facture and diagnostic application. Most superwettable elec-
trodes are based on expensive noble metals. Nanostructured
conductive polymer materials might be a good alternative in
fabricating electrodes with special wettability. Moreover, the
fabrication process for superwettable electrodes is limited to
laboratory research and not suitable for industrial scale.
Therefore, there is an urgent need for a stable and efficient
engineering method to lower the fabrication cost.

2. The mechanical stability and durability of superwettable
electrodes are significant in practical applications. The collapse
of the surface structure may result in instability of wettability. In
this case, self-healing and self-replenishing materials (such as
hydrogel or slippery surfaces) may be helpful in fabricating
superwettable electrodes with long-term stability under
different physical conditions.

3. For now, the surface structures of many organisms have
been revealed. Bioinspired materials with special wettability
(Fig. 3) based on these special surfaces have also been devel-
oped and widely used in many ways. However, these surfaces
have not been explored for electrochemical sensors. Extending
the concept of superwettable electrodes to water/oil/solid
systems might be crucial for bio-detection in complex samples.

4. The understanding of wetting and adhesion of reactants/
products at superwettable electrodes at the molecular level
remains obscure. More effort should be contributed to theo-
retical calculations and simulations to enhance the funda-
mental understanding. The relationship between the surface
wettability of superwettable electrodes and the biosensor
performances should be intensively studied.

Although the study about superwettable electrodes in bio-
sensing is still in its infancy, numerous opportunities are
emerging ranging from chemistry and materials science to
clinical applications. With the rapid development of biomi-
metic superwettable materials, a variety of surfaces with special
wettability have been successfully fabricated. In the future,
more electrodes with special wettable interfaces will be devel-
oped to meet the requirements of various electrochemical
biosensors. Given the continuous efforts devoted to this field,
we are confident that superwettable surfaces may not only
possess tremendous potential in biosensing but also provide
many insights for other multiphase reaction systems.
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