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Abstract: The functionalization of biosensor interfaces constitutes a crucial aspect of biosensing sys-
tems, as it directly governs key characteristics, including sensitivity, selectivity, accuracy, and rapidity.
Among the diverse range of functionalization strategies available for biosensor interfaces, the click re-
action has emerged as an exceptionally straightforward and stable approach for modifying electrodes
and sensing films. Notably, the electro-click reaction enables the reagent-free functionalization of the
biosensing interface, offering significant advantages, such as high speed, selectivity, and minimal
pollution. Consequently, this strategy has garnered substantial attention and is widely regarded as a
promising avenue for enhancing biosensor interface functionalization. Within this comprehensive
review, we commence by presenting the latest advancements in functionalized biosensor interfaces,
organizing the regulatory strategies into distinct categories based on the mediators employed, rang-
ing from nanomaterials to biomolecules. Subsequently, we provide a comprehensive summary
with an emphasis on recently developed electro-click strategies for functionalizing electrochemical
and optical biosensor interfaces, covering both principles and applications. It is our anticipation
that gaining a profound understanding of the principles and applications underlying electro-click
strategies for biosensor interface functionalization will facilitate the design of highly selective and
sensitive biosensor systems for diverse domains, such as clinical, pharmaceutical, environmental,

and food analyses.
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Chemosensors 2023, 11, 481. Biosensors represent a distinct branch within the broader domain of analytical sensors,
https://doi.org/10.3390/ with a specific emphasis on incorporating biometric entities into the detection mode [1].
chemosensors11090481 These remarkable devices house miniature analytical sensing systems that seamlessly

integrate biometric components, thereby showcasing micro-level analyte specificity. By
leveraging this capability, biosensors can proficiently identify a diverse array of analytes,
including proteins, cells, and viruses within living organisms, as well as track heavy-metal
pollutants and biochemical waste within the environment encompassing air, water, and
soil [2,3]. The accurate detection of these analytes assumes paramount importance in
disease surveillance and treatment and environmental monitoring [4]. Typical biosensors

contain two basic functional units: recognition elements and signal transducers [5]. The
selectivity of a biosensor hinges upon the inherent properties of the recognition element,
while its sensitivity relies upon the signal transducer. The fusion of these two components
facilitates the attainment of stringent requirements for both high selectivity and sensitivity.
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conditions of the Creative Commons  the sensitivity, selectivity, accuracy, and speed, are directly determined. Accordingly, the
Attribution (CC BY) license (https:// ~ development of innovative interfaces stands as the foundational approach for enhancing
creativecommons.org/licenses /by / the biosensor performance. Hence, the functionalization of biosensor interfaces assumes a
40/). vital role within the biosensing system.
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Numerous studies have focused on the development of novel and improved mate-
rials for the functionalization of biosensor interfaces [6,7]. In addition, researchers have
proposed more controllable, safe, and convenient strategies to enhance the efficiency of
functionalization. In 2001, Professor Sharpless and his team introduced the concept of
“Click Chemistry” along with a series of reactions aligned with this concept, marking its
first introduction to the scientific community [8]. Despite being a relatively recent concept,
click chemistry has gained widespread adoption in various fields, including biomolecular
labeling and detection, biomolecular modification, drug lead-compound discovery, drug
delivery, polymer modification, fluorescence imaging, CRISPR sgRNA synthesis, target
gene labeling, and more. Notably, click chemistry has found significant application in the
development of highly controllable, selective, and sensitive biosensing platforms [9-15].
It is worth mentioning that the 2022 Nobel Prize in Chemistry was jointly awarded to
American chemist Carolyn Bertozzi, Danish chemist Morten Meldal, and American chemist
Barry Sharpless for their contributions to the development of click chemistry and biological
orthogonal chemistry.

In recent years, electrochemical reactions have garnered increasing attention due to
their rapid reaction kinetics, relatively straightforward reaction conditions, and minimal
environmental impact. This has led to the emergence of the electro-click method. Compared
to traditional click reactions, the reagent-free nature of the electro-click method makes it
a good candidate for functionalization strategies employed in biosensor interfaces [16].
In this paper, we present a comprehensive review of recent advancements in biosensor
interface functionalization strategies, with a particular emphasis on the electro-click func-
tionalization strategy. It is anticipated that this review will positively contribute to the de-
velopment of more precise and high-performance biosensors through the utilization of the
electro-click strategy.

2. Functionalization Technologies of Biosensor Interfaces

As previously mentioned, the fundamental components of typical biosensors are
recognition elements and signal transducers. To imbue biosensors with specific functions
and enhance their performance, it becomes necessary to functionalize the biosensing
interface. In this context, nanostructures, macromolecules, small molecules, and cells
assume crucial roles as regulators mediating the process of functionalization. Various
strategies exist to modify these regulators onto the biosensor interface, including physical
adsorption, covalent binding, redox reactions, electrostatic self-assembly, and more. These
functionalization strategies empower biosensors to achieve efficient and specific target
recognition, minimize background noise, and amplify sensing signals. In the subsequent
discussion, we will delve into recent research advancements in this field.

2.1. Nanostructured Biosensor Interface

The integration of nanomaterials into the biosensor interface results in a nanostruc-
tured biosensor interface, thereby altering the chemical binding profile and composition of
the sensing interface. This integration facilitates the attainment of unique detection modes,
enhances sensitivity and specificity, and imparts novel properties to the entire biosensor
system [17]. The interface between nanomaterials and biomolecules has played a pivotal
role in the development of biosensors optimized for diverse objectives and applications.

2.1.1. Carbon Nanomaterials

Carbon nanomaterials, owing to their exceptional electrical conductivity, high stabil-
ity, and ease of functionalization, have found extensive utilization in various biosensor
interfaces [18].

Graphene Nanomaterials

Graphene, with its large specific surface area and excellent conductivity, has emerged
as an ideal sensing surface that can be functionalized by grafting different functional
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groups [19]. As a monolayer graphite with intriguing physical and chemical properties [20],
graphene has been extensively employed in the construction of nanostructured biosensor
interfaces, as highlighted in many research reviews [21-24].

Graphene oxide (GO) utilizes its high specific surface area to accommodate a greater
number of recognition elements or employs its unique sp? structure to specifically adsorb
corresponding molecules. Moreover, it enhances the performance of transducers by fa-
cilitating electron transfer through its high conductivity [25]. GO, which can be readily
dispersed in water [19] and prepared in large quantities through the stripping of graphite
under acidic and oxidizing conditions [26], possesses abundant carboxyl, hydroxyl, and
epoxy groups on its base surface. Additionally, it exhibits a nanoscale domain comprising
crystalline carbon or highly oxidized regions, allowing for the differential adsorption of
biomolecules with varying affinities in different regions. Upon the successful preparation
of the GO interface, fluorescence-based determination represents a commonly employed
method for target detection. This method relies on the interference of external substances
with the interaction between dye-labeled biomolecules and GO [27]. Iwe et al. [28] intro-
duced a fluorescence-based method for DNA determination, utilizing GO, exonuclease
III (Exo III), and specially designed fluorophore-labeled hairpin probes (HP1 and HP2).
This approach capitalizes on the differential binding ability of GO towards hairpin DNA
probes and single nucleotides (Figure 1a). Based on this principle of binding difference,
many GO-based biosensor interfaces have been constructed for the detection of DNA
or DNA-related biomolecules [29-31]. Affected by DNA hybridization [32], changes in
voltage, current, or impedance may accompany DNA hybridization in GO-structured
biosensor interfaces. Zhao et al. [6] synthesized a controllable flower-like Pt-graphene
oxide (PtNFS-GO) structure via the layer-by-layer electrostatic self-assembly method and
used it for biosensing research on DNA damage marker 8-hydroxy-2'-deoxyguanosine
(8-OHAG). The PtNFS-GO structure, which resulted from the improved combination fa-
cilitated via electrostatic self-assembly, demonstrated high conductivity and exhibited an
excellent electrochemical biosensor performance for the oxidation state of 8-OHdG.

The reduction from GO to reduced graphene oxide (rGO) introduces a higher density
of defects, resulting in enhanced electrochemical activity compared to GO. This property
proves particularly advantageous for the development of electrochemical biosensors [33].
Furthermore, rGO inherits the unique morphological structure and characteristics suitable
for sensing applications. Cao et al. [34] reported on the combination of rGO and exonuclease
III, which enables signal amplification in electrochemical impedance spectroscopy for
DNA detection. By employing enzyme-assisted target recycling, the biosensing system
transitions from a high-impedance state, in which ssDNA probes are directly adsorbed
onto rGO, to a low-impedance state generated by the continuous desorption of target-
probe ssDNA hybrid products and ssDNA probe digestion (Figure 1b). This approach
allows for efficient interfacial tuning, and the change in the electron-transfer resistance
becomes more pronounced after the removal of the ssDNA probe. As a result, changes in
impedance signals can be measured to sensitively detect ssDNA targets with a remarkably
low detection limit (LOD) of 10 aM. In recent practical applications, Ali et al. [35] reported an
advanced biosensing platform based on rGO nanomaterials capable of the rapid detection
of COVID-19 antibodies. They employed rGO nanosheets, immobilized specific viral
antigens on their surfaces, and integrated the electrode with a microfluidic device. When
antibodies were introduced to the electrode surface, they selectively bound to the antigens,
and the binding event was detected by monitoring the impedance spectrum.

The examples above show that graphene nanomaterials and their derivatives play
important roles in biosensor interfaces.
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Figure 1. (a) Schematic of the detection strategy. On addition of GO without the presence of the target
DNA (path A’), HP1 and HP?2 are adsorbed onto the GO surface, giving rise to a low background
signal (path B’). Upon the addition of the target DNA (path A), it hybridizes and forms a duplex
structure with HP1 (a). The HP1-target DNA complex in cycle I allows Exo III to digest HP1 from the
3’ blunt end (b) to free the part of HP1 complementary to HP2, release the fluorophore, and regenerate
the target DNA (c). In cycle II, the released fragment of HP1 binds with HP2 (d) and activates the
enzyme again (e) to digest HP2, free the fluorophore, and release a fragment of HP1 to repeat the

-

cycle (f). The subsequent addition of GO (path B) cannot quench the fluorescence of FAM, leading to
the production of a strong fluorescence signal Reprinted with permission from [28], copyright 2019,
Microchimica Acta. (b) Schematic representation of the fabrication of DNA impedimetric biosensor
and its detection through enzyme-assisted target recycling. After the target DNA binds to the probe
DNA on the electrode (path 1), exonuclease III is added to selectively hydrolyze the DNA probe in
the double-stranded structure (path 2), and the released target DNA will bind to another probe to
initiate another round of exonuclease III digestion (path 3). Reprinted with permission from [34],
copyright 2019, Analyst.

Porous Carbon

Porous carbon possesses notable advantages, including a high specific surface area and
superior electron-transfer performance, making it a promising candidate for biosensor ap-
plications [36]. In recent years, there has been significant interest in porous carbon derived
from biomaterials due to its ease of preparation through low-cost precursor carbonization.
Guan et al. [37] prepared a self-powered biosensor using lactate oxidase-modified porous-
carbon film. This porous-carbon film exhibits the ability to absorb sweat and generate
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electricity by harnessing the heat from natural sweat evaporation. The output voltage of
the biosensor increases in proportion to the concentration of lactic acid present in sweat.
Furthermore, the surface enzymatic reaction alters the zeta potential of the carbon, thereby
influencing the output voltage. Gao et al. [38] utilized a luminescent reagent, luminol, for
the in situ reduction in chloroauric acid on the nanopores of porous carbon. By combining
this approach with an enzyme-cycle and chain-replacement mechanism, they achieved
the ultra-sensitive detection of mucinl, an important tumor biomarker. The incorporation
of Au-Lum nanoparticles (NPs) within the pores and hollow interiors of porous-carbon-
accelerated electron transfer, resulting in excellent luminescence properties of the composite
(Figure 2a). Tian et al. [39] designed an accurate biosensor based on n-doped porous-carbon-
containing Fe (Fe/N-C) nanocomposites for the detection of H,O, in real water samples
and renal epithelial 293T cells. The Fe/N-C nanocomposites substantially enhanced the
electron-transfer process and catalytic activity of the sensor, enabling the detection of trace
amounts of H,O,. This development holds significance for various applications, such as
monitoring HyO, levels in water samples and studying its impact on renal epithelial cells.
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Figure 2. (a) The schematic of ECL biosensors for MUC1 detection. After further integrating with
proximity-initiated secondary target DNA strand displacement (a), the ECL signal quality was
significantly higher than that before replacement (b). Reprinted with permission from [38], copyright
2019, Nanoscale. (b) Nanosensor preparation via probe-tip sonicating SWCNTs in the presence of
ssDNA followed by ultracentrifugation of the resultant dispersion. Reprinted with permission
from [40], copyright 2021, Advanced Functional Materials.
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Carbon Nanotubes

Carbon nanotubes, resembling rolled-up graphene cylinders, exhibit remarkable ten-
sile strength, high conductivity, and excellent electrocatalytic abilities [41]. Single-walled
carbon nanotubes (SWCNTs) consist of a single graphene cylinder, while multi-walled
carbon nanotubes (MWCNTs) are composed of multiple layers [42,43]. Notably, through a
comprehensive analysis of the existing literature, Gooding et al. [44] observed that SWCNTs
outperformed their MWCNT counterparts in terms of electroanalytical performance. Al-
though SWCNT-based electrodes expose a larger number of surface oxides to reactants and
facilitate faster electron transfer, the reaction primarily occurs in a non-oriented manner,
with the sidewalls predominantly immersed in the solution. This arrangement hampers
the transmission and detection of the charge [36]. Consequently, current research pre-
dominantly focuses on SWCNTs. Exploiting the excellent light stability and fluorescence
properties of SWCNTs in the near-infrared (NIR) range, which lies outside the autofluo-
rescence region of chlorophyll, Lew et al. [45] developed a detection platform utilizing a
pair of DNA-coated SWCNT probes. This ratio measurement platform enabled the in vivo
detection of endogenous hydrogen peroxide in plants. The functionalized biosensing
interface not only holds potential for monitoring H,O; levels in human tumors, but also
finds application in monitoring the therapeutic response of pancreatic ductal adenocar-
cinoma (PDAC) cells to tumors in vitro and in vivo, as well as in evaluating the efficacy
of chemotherapy drugs (Figure 2b), as demonstrated by Bhattacharya et al. [46]. Safaee
et al. [40] employed optical core-shell microfiber textiles incorporating SWCNTs for the
real-time optical monitoring of the hydrogen peroxide concentration in in vitro wounds,
enabling the tracking of the wound-healing progress. The versatility of the SWCNT biosen-
sor extends to other applications depending on the utilization of wrapped single-stranded
DNA. For instance, Harvey et al. [47] selected this implantable optical biosensor to swiftly
quantify the exposure of doxorubicin in living tissues. Furthermore, Salem et al. [48] de-
vised a sensor capable of distinguishing Cu(II), Cd(II), Hg(II), and Pb(Il) at a concentration
of 100 uM.

2.1.2. Polymer and Bio-Nanomaterials

Conducting polymers possessing favorable electrochemical properties, nanostruc-
tural morphology, and biological-coupling functionality play a crucial role in polymer
biosensor systems. To reduce reliance on traditional nanomaterials, Meng et al. [49] em-
ployed tetrabutylammonium perchlorate as a soft template to fabricate a bifunctional
poly(34-ethylenedioxythiophene) (PEDOT) interface with an adjustable 3D nanofiber net-
work and carboxylic acid groups. This was achieved by controlling the copolymerization
of 3,4-ethylenedioxythiophene(EDOT) and EDOT-COOH monomers (Figure 3a). The
newly developed Bio-Nano-PEDOT-COOH interface allows for the coupling of various
biorecognition molecules through the carboxylic acid groups, enabling the development of
advanced all-polymer biosensors. Expanding on this work, Zhao et al. [50] demonstrated
the sensitive and specific monitoring of 173-estradiol (E2) by modifying electrodeposited
PEDOT-graphene oxide (GO) with Au@Pt nanocrystals (Au@Pt). The PEDOT-GO nanocom-
posite film was polymerized in situ on a glassy carbon electrode using cyclic voltammetry,
followed by the synthesis of Au@Pt on the conductive polymer. This provided a platform
for aptamer immobilization. With the addition of E2, the differential pulse voltammetry
signal gradually decreased due to hindered electron transfer at the E2-aptamer complex
interface. Additionally, Zhu et al. [51] investigated the self-assembly of size-controlled
tetrahedral framework nucleic acids (FNAs) on a microfluidic microchannel interface,
allowing the elevation of DNA probes from the interface to construct a nanoscale three-
dimensional reaction space. The highly ordered orientation, configuration, and density
of the DNA probes within this three-dimensional reaction space optimize the reaction
kinetics in molecular recognition processes. The FNA-designed interface was successfully
applied to the one-stop detection of Escherichia coli O157:H7 (E. coli O157:H7), achieving
a bacterial detection efficiency of 10 CFU/mL with excellent selectivity and precision. In
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recent advancements, the design and development of polymer-based biosensing platforms
for detection have been realized through novel analytical and scientific methodologies.

2.1.3. Other Nanomaterials

Besides the graphene nanomaterials and polymer and bio-nanomaterials mentioned
earlier, various other nanomaterials, such as metal nanomaterials and metal oxide nano-
materials, have also been explored [52,53]. Zhou et al. [54] introduced a novel class of
chameleon DNA-template silver nanoclusters (AgNCs) capable of switching fluorescence
colors among red, orange, and yellow in response to Mg?*, non-fluorescent auxiliary AgNC
and complementary DNA. Based on this principle, a ratiometric fluorescence analysis plat-
form was developed for the detection of target DNA. The yellow fluorescence of the probe
increased, and the red fluorescence weakened as the amount of target DNA decreased.
Regarding metal oxide nanomaterials, Fan et al. [55] discovered that MnO; nanosheets
(NSs) can effectively quench the fluorescence of highly fluorescent Scopoletin (SC) while
enhancing the fluorescence of non-fluorescent Amplex Red (AR) through an oxidation
reaction. Upon the addition of glutathione (GSH), MnO, was reduced to Mn?* and lost the
oxide properties (Figure 3b). At this stage, the fluorescence of the SC intensified, and the
AR was quenched. The biosensor system monitors GSH levels by detecting changes in the
fluorescence signals of SC and AR.

Another commonly employed nanomaterial is MoS,, a layered 2D transition metal di-
halide exhibiting unique structural, physicochemical, optical, and biological properties [56].
Yan et al. [57] developed an aptasensor using hierarchical MoS; nanostructuring and SiO,
nano-signal amplification. In this approach, hierarchical MoS; nanostructures served as
functional interfaces, enhancing the accessibility between molecules and improving the
efficiency of DNA hybridization. Simultaneously, the SiO, nanoprobes, combined with
electroactive labels and DNA probes, amplified the electrochemical signal. This biosensing
system enabled the simultaneous detection of prostate-specific antigen (PSA) and sarcosine,
two prostate cancer (PCa) biomarkers.

Overall, nanomaterials play a pivotal role in the functionalization strategies of biosensing
interfaces. Table 1 provides a comparison of nanostructure-functionalized biosensor interfaces.
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Figure 3. (a) Schematic of 3D Nano-PEDOT-COOH network preparation via copolymerization of
EDOT and EDOT-COOH monomers using TBAP as a soft template; Bio-Nano-PEDOT; Nano-PEDOT-
COOH bio-conjugation with lactate dehydrogenase via EDC/S-INHS chemistry for lactate biosensing.
Reprinted with permission from [49], copyright 2022, Biosensors and Bioelectronics. (b) Schematic
operations of the MnO, NS-based ratiometric fluorescent sensor for GSH based on two fluorescent
substrates. Reprinted with permission from [55], copyright 2017, ACS Appl Mater Interfaces.
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Table 1. Comparison of nanostructure-functionalized biosensor interfaces.

Functionalized Goal Functionalized Nanostructure Principle Effect Reference
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Table 1. Cont.

Functionalized Goal Functionalized Nanostructure Principle Effect Reference
Strategy
Fabrication of a Logsiizl;ie:ﬁgifer
Blo-Nar}o-PEDOT EDC/S._NHS PEDOT-COOH Chemical coupling  transduction activity [49]
*-based biosensor for chemistry
lactate detection towards the
co-enzyme NADH
Preparation qf an Fabricates a simple,
electrochemical label-free
aptasensor EDC/S._NHS PEDOT-COOH Chemical coupling electrochemical [50]
electrodeposited of chemistry aptasensor to
PEDOT *-GO coupled dert)ect estradiol
with Au@Pt
One-stop detection of
E.Coli O157:H7 with
Development of an .
. ” p Complementary Framework nucleic capture, release,
integrated “one-stop b .. . Hydrogen bond . [51]
. oy 1. ase pairing acids enrichment, cell culture,
microfluidic biosensor U .
and antimicrobial
susceptibility testing
Detection of dual PCa * nestackin Enhances the
biomarkers, PSA DNA wrapping DNA-SiO; . 8 diagnostic performance [57]
. Iinteractions
and sarcosine of PCa *

* ECL: electrochemiluminescence; PEDOT: poly (3,4-ethylenedioxythiophene); PCa: prostate cancer.

2.2. Small-Molecule-Mediated Interfacial Regulation

Small molecules offer several advantages, including good biocompatibility, clear struc-
tures, and easy modification, making them versatile for biosensor functionalization [58].
For instance, Cui et al. [59] utilized dopamine as a functional monomer to synthesize
graphdiyne (GDY) with high biocompatibility and conductivity through hydrogen bonding
and multipoint electrostatic attraction. They incorporated GDY into C-reactive molecular-
imprinted polymers (C-MIPs), achieving high sensitivity and selective recognition of
human C-reactive protein (Figure 4a). Salimian et al. [60] employed polyethylene glycol to
modify the sensing interface, effectively preventing non-specific protein adsorption and
enabling the sensitive and specific detection of cancer biomarkers in serum. Similarly;,
Zhang et al. [61] employed 6-mercapto-1-hexanol to modify DNA probes and immo-
bilized them on the gold-nanoparticle interface to analyze DNA methylation through
current changes.

Fluorescent probes based on small molecules have also found widespread application
in the detection of crucial biological analyses [62]. These probes undergo changes in lumi-
nescence intensity or emission wavelength through various sensing mechanisms. Among
them, electrochemiluminescence (ECL), also known as electrogenerated chemilumines-
cence, stands out as a superior method for biosensing compared to other photoexcitation
spectroscopy techniques. ECL involves the generation of free radicals on the electrode
surface, which undergo high-energy electron-transfer reactions to form excited states and
emit light [63]. Consequently, ECL does not require excitation light and exhibits minimal
background signals [64]. Currently, luminol serves as the most commonly used organic-
small-molecule ECL emitter. Zhao et al. [65] developed a paper-based dual-mode detection
platform to detect Pb?* based on the oxidation reaction initiated by horseradish peroxi-
dase (HRP) in the presence of H,O,. Upon the addition of Pb?* to the interface, cleaved
oligonucleotide fragments linked to HRP-functionalized Au nanocubes penetrated into
the cellulose, quenching the ECL signals of CDs and quantum dots via resonance energy
transfer [63] while enhancing the ECL intensity generated by luminol catalyzed by H,O,
(Figure 4b). On this basis, Guo et al. [66] further advanced the field by using reactive
oxygen species (ROS) instead of H,O, to develop a new luminol-ROS ECL system for GSH
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detection. The dissolved oxygen was reduced to superoxide radicals (O, ") by atomized
gold-loaded 2D VO, nanobelts (Au/VO,), which combined with the loaded luminol to
promote the ECL. The ECL resonance energy transfer (ECL-RET) between the hollow SiO,
nanospheres and luminol resulted in a significant decrease in the ECL-signal response.
In the presence of GSH, the effective redox reaction between SiO, and GSH restored the
ECL signal.

Due to distinct luminescence mechanisms and low electroluminescence efficiency
in the aqueous phase, most small organic molecules are unsuitable for recognition and
response analysis, limiting their application in biosensing [67]. Therefore, further re-
search is needed to explore the interfacial regulation mediated by organic electrolumi-
nescent small molecules. Table 2 shows a comparison of small-molecule-functionalized
biosensor interfaces.
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Table 2. Comparison of small-molecule-functionalized biosensor interfaces.

Functionalized

Functionalized Goal Small Molecule Principle Effect Reference
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Table 2. Cont.

Functionalized Goal Functionalized Small Molecule Principle Effect Reference
Strategy
Design of a
mltoc}lgﬂ?;:;;p ecific Linker erou 7-diethylamino- Allows real-time ratio
g sroup coumarin Hydrogen bond imaging of HCN in [74]
pyrrolidinium- connectivity . Tivi 1
derived moiety 1ving cells

fluorescence probe

* MIT: molecular-imprinting technology; HER-2: human epidermal growth factor receptor-2; GSH: glutathione;
HOCI: hypochlorous acid; OONO™: peroxynitrite.

2.3. Biomacromolecule-Mediated Interfacial Regulation

In response to the growing demand for biosensing, the development of biomacromolecule-
mediated sensing interfaces with precise molecular recognition, controllable signal ampli-
fication, and enhanced sensing performance has become imperative. Various biomacro-
molecules, including enzymes, DNA, proteins, and cells, have been employed to modify
the sensing interface, enabling the creation of highly sensitive and selective biosensors [32].

2.3.1. Enzyme-Based Interfaces

Enzymes, in particular, are widely utilized components in biosensor interfaces, lever-
aging their ability to detect targets with high specificity through the catalytic conversion of
the analyte or enzyme inhibition [7]. To achieve a superior sensing performance, it is crucial
to immobilize efficient biological enzymes onto the sensing interface while preserving
their biological properties. Consequently, numerous immobilization methods have been
developed, ranging from membrane encapsulation and physical adsorption to covalent
binding [75].

For example, Gu et al. [76] employed a membrane encapsulation method to modify
the electrode surface with glucose oxidase (GOx) for glucose sensing (Figure 5a). They
utilized a 3D porous Ti3C, Tx-Mxene—graphene (MG) hybrid film with an adjustable porous
structure, which provided a highly hydrophilic microenvironment for GOx immobilization.
Dhanjai et al. [77] employed chitosan (CHI) as a binder for the physical adsorption of
glucose oxidase (GOx) onto a cobalt oxide-loaded mesoporous carbon framework (Co;04 @
MCF), enabling highly selective glucose detection upon the modification of a glassy carbon
electrode. Levien et al. [7] covalently linked GOy and acetylcholinesterase (AChE) onto the
surface of plasma-polymerized (pp) hydrogels to fabricate an electrochemical biosensor
interface. They utilized glucose as the substrate for GOx and eserine as the AChE inhibitor
to validate the practicality of the biosensing approach.

2.3.2. DN A-Based Interfaces

DNA, a genetic biological macromolecule, plays a crucial role in regulating life ac-
tivities with remarkable accuracy. Additionally, DNA possesses the unique attribute of
sequence programmability, allowing for the incorporation of desired functions through
well-designed sequences [78]. Currently, DNA modifications can be broadly categorized
into chain DNA, DNA nanomaterials, and framework DNA (FDNA) [79-81]. For instance,
Su et al. [80] investigated the impact of probe DNA on the detection performance of adeno-
sine triphosphate aptamer (ATPA) and adenosine triphosphate (ATP) in the presence of
hairpin DNA and double-stranded DNA (DsDNA). Subsequently, Zhu et al. [82] separated
the two and developed two aptamer sensors based on hairpin DNA (HDNA) and linear
single-stranded DNA (ssDNA) for the detection of aflatoxin B1 and diethyl phthalate.

In the DNA /nano-functionalized electrochemical sensing interface, thiol-modified
DNA is immobilized on the gold-electrode surface through strong gold-thiol
interactions [81]. Miao et al. [83] proposed an electrochemical biosensor utilizing DNA-
modified Fe304 @ Au magnetic NPs (Figure 5b). The three DNA probes contain specific



Chemosensors 2023, 11, 481

13 of 32

mismatched base pairs, and the presence of different heavy-metal ions promotes hybridiza-
tion with distinct DNA probes, enabling the detection of corresponding electrochemical
species on the magnetic nanoparticle surface. Han et al. [84] anchored methylene blue-
labeled polyadenine DNA onto a gold electrode to construct an electrochemical biosensor
interface for the detection of the COVID-19 virus.

Comparatively, FDNA offers a higher probe density on the electrode surface com-
pared to DNA nanomaterials [79]. Su et al. [85] covalently coupled DNA tetrahedrons
to the carbon surface and applied them for the detection of various bioactive molecules.
Furthermore, Mao et al. [86] developed a three-dimensional pure DNA hydrogel serving
as a scaffold for electron transfer. The DNA hydrogel incorporates an embedded electron
mediator through binding, while DNAzyme is introduced at the hydrogel scaffold nodes
to enable the long-range acquisition of DNAzyme catalytic signals.
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Figure 5. (a) Preparation of MG hybrid film for enzyme immobilization. Reprinted with permission
from [76], copyright 2019, ACS Applied Nano Materials. (b) Preparation schematic diagram of DNA-
modified Fe30,@Au NPs and detection of Ag* and Hg?*. Reprinted with permission from [83],
copyright 2017, ACS Appl Mater Interfaces. (c) Schematic fabrication protocol of the electrochemical
biosensor based on IgG-imprinted hydrogel. Reprinted with permission from [87], copyright 2021,
Sensors and Actuators B: Chemical.

2.3.3. Protein-Based Interfaces

Proteins, as quintessential biological macromolecules, exhibit distinct binding affinities
and sequence specificities towards DNA and RNA, as elucidated by Berezovski et al. [88].
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For instance, Campuzano et al. [89] demonstrated that Tombusviral p19 protein forms
dimers and selectively binds to short dsSRNA, making it a valuable tool for identifying
miRNAs upon hybridization with specific RNA probes. Rubio et al. [90] harnessed the
concept of de novo-designed protein switches to create protein-based biosensors, enabling
the reversal of information flow. Applying this approach, they developed a biosensor for
the SARS-CoV-2 spike protein, incorporating a de novo-designed spike receptor-binding do-
main (RBD) binder4, with a remarkable limit of detection of 15 pM. Innovative techniques
involving the combination of proteins and molecular-imprinting technology (MIT) have led
to the development of protein-imprinted hydrogels (MIHs) [91]. Extensive efforts have been
made in this area. Utilizing free-radical polymerization, a new type of protein-imprinting
hydrogel was created by combining N,N'-methylenebis(acrylamide) cross-linkers, N,N’-
dimethylaminoethyl methacrylate gas-sensitive monomers, and human serum albumin
(HSA) as the template protein. This hydrogel exhibited unique self-recognition properties
towards HSA protein [92]. Furthermore, Cui et al. [87] synthesized a protein-imprinted
hydrogel using acrylamide as a functional monomer through free-radical polymeriza-
tion. This hydrogel demonstrated high sensitivity and selectivity for detecting target
immunoglobulins in complex biological samples (Figure 5c).

2.4. Cell-Based Interfaces

Cell-mediated biosensing interfaces have emerged as promising tools in biomedicine [93].
For example, Qi et al. [94] utilized marine-pathogen sulfate-reducing bacteria (SRB) to facil-
itate the synthesis of bio-imprinted membranes, leading to the formation of a biosensing
interface. The electrochemical impedance method enabled the direct measurement of the
bacterial concentration. Building upon this work, Jiang et al. [95] employed electropoly-
merization to create a Salmonella-imprinted membrane, resulting in the development of
a biosensor interface capable of detecting Salmonella within a short span of 20 min. In
addition to molecular-imprinting technology (MIT), red blood cell (RBC)-mediated biosens-
ing interfaces have also witnessed significant advancements. Shete et al. [96] employed a
reversible membrane-opening/resealing method to incorporate a designed nanosensor into
RBCs, facilitating the detection of exchangeable Pb?* concentrations over time and space.
Furthermore, Chen et al. [97] immobilized gold-coated Fe3O4 core—shell nanocomposites
on RBCs, enabling the use of RBCs as cell biosensors for detecting H,O,. As technology
continues to progress, cell-mediated interface regulation strategies are becoming increas-
ingly sophisticated. In 2018, Liu et al. [98] combined red cell membrane vesicles with
near-infrared persistent luminescent nanophosphors (PLNPs) and employed mesoporous
Si0; as a carrier to fabricate a biosensor interface for the in situ monitoring of tumor-growth
inhibition. Although there are relatively fewer examples of cell-mediated biosensing in-
terfaces compared to nanomaterials and other biomolecules, their development prospects
remain highly promising. This is attributed to the superior biocompatibility of cells, which
allows biosensors to play a crucial role in human medicine. Table 3 shows a comparison of
biomacromolecule-functionalized biosensor interfaces.

Table 3. Comparison of biomacromolecule-functionalized biosensor interfaces.

Functionalized Goal Functionalized Biomacro- Principle Effect Reference
Strategy Molecule
Construction of a 3D
porous Ti3Cp Ty MG * Membrane Enhances the stable
hybrid film for the encapsulation GOy Wrapped fixation and retention of [76]
determination of glucose p GOy in the membrane
in serum
Preparation of advanced . . . .
functional nanostructures Physm.al GOx Hydrogen bond Highly selective detection [77]
adsorption of glucose

based on Co30,@MCEF *
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halrplr}—m.edlated groups DNA detection Eerformanie of
biosensing interface ATPA * and ATP
Development of a
dual—ratlome.trlc Greatly improves the
electrochemical Complementar assembly and recognition
apta-sensing strategy for plementaty ssDNA Hydrogen bond od & [82]
the simultaneous base pairing eff1c.1enc.y of the
detection of AFB1 * and sensing interface
OTA *
Development .Of an Detects heavy-metal ions
electrochemical biosensor . . .
based on DNA-modified Reaction of Au with no obvious
Fe;04 @ Au magnetic with mercapto DNA Au-Sbond interference at the same [83]
304 RN .
NPs for the detection of groups time; maintains the high
i sensitivity
trace heavy-metal ions
Prop osition of an Reaction of Au . Detects COVID-19 NPs *
electrochemical aptamer . Polyadenine . .
sensor based on with mercapto DNA Au-Sbond rapidly ar‘u?l is [84]
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into the junction signal of DNAzyme
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Construction of a specific
gnd lgng—a}ctmg Multlple—po.mt Detects target
antifouling biosensor Template electrostatic . A
. Complex . " . . immunoglobulins in [87]
interface based on protein IgG interaction, . .
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* MG: Mxene-graphene; GOy: glucose oxidase; MCF: mesoporous carbon framework; HEMA: hydroxyethyl
methacrylate; DEAEMA: 2-(diethylamino)ethyl methacrylate; SPE: gold screen-printed electrodes; ATPA: adeno-
sine triphosphate aptamer; ATP: adenosine triphosphate; AFB1: aflatoxin B1; OTA: ochratoxin A; NP: nucleocapsid
protein; IgG: immunoglobulin G.
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3. Electro-Click Chemistry for the Functionalization of Biosensor Interfaces

In 2001, Sharpless et al. [8] first proposed the concept of connecting small units with
heteroatom connections (C-X-C) to generate matter. They hope to develop a set of powerful
and selective “modules” that can work reliably in both large and small applications. The
basis of this method is named “click chemistry”. In simple terms, click chemistry is a
selective assembly of two molecular building blocks under mild reaction conditions. It
has the characteristics of high yield, harmless by-products, and easy separation via non-
chromatographic methods [14].

For click chemistry, carbon-heteroatom-bond-formation reactions are the most com-
mon examples, including cycloadditions of unsaturated species, nucleophilic substitution
chemistry, carbonyl chemistry of the “non-aldol” type, and additions to carbon—carbon
multiple bonds [8]. Then, researchers from the same group reported that the reaction
rate and regioselectivity can be improved by using Cu(I) to catalyze the Huisgen dipolar
cycloaddition in 2002 [99]. A few years later, Sharpless et al. [100] and Rodionov et al. [101]
further found that Cu(I)-catalyzed alkyne—azide cycloaddition (CuAAC) can effectively
form 1-4-disubstituted 1,2,3-triazole bonds in water and organic solvents (Figure 6). Today,
CuAAC has become the most representative cycloaddition reaction, compatible with a
wide range of solvents, pH values, and temperatures [102]. Of course, there are also the
thiol-ene reaction, Michael addition reaction, imine and oxime reaction, and Diels—Alder
cycloaddition reaction [103]. Click chemistry is considered an effective strategy to immobi-
lize biomolecules while maintaining their biological activities [104-106]. This review will
take the CuAAC click reaction as an example to introduce the development in recent years.

Cu(l) catalyst N, .R
- N N

R—== + N;=R
' polar solvent )-:-I
R

Figure 6. CuAAC process. Reprinted with permission from [107], copyright 2008, J. Am. Chem. Soc.

3.1. Traditional Click Technology

Because CuAAC is an addition reaction of azides and alkynes catalyzed by Cu(J),
Cu(I) can be directly added to the reaction environment or in situ generated by the re-
action of Cu(Il) with reducing agents [9]. Although Cu(I) can be directly added to the
reaction system, the development of stable Cu(I) catalysts is of great significance for
the application of CuAAc due to the poor stability of Cu(I). Yang et al. [108] prepared
Cuy«SySe; -y nanoparticles, which have a large number of Cu vacancies, and Cu(Il) and
Cu(I) coexist, to catalyze the click chemistry of CuAAC (Figure 7a). Because glutathione
can stabilize Cu(I), Zhang et al. [104] successfully prepared a novel nanocatalyst contain-
ing abundant and stable Cu (I). Therefore, the reduction in Cu(Il) by a reducing agent is
also a common method of the CuAAC click reaction. Guerrero et al. [105] reported the
first electrochemical immunosensor for the detection of CXCL7 (chemokine (C-X-C motif)
ligand 7) as an autoimmune marker via the click reaction of azide-functionalized MWCNTs
and ethynyl-IgG on screen-printed carbon electrodes using ascorbic acid to reduce the
Cu(II) (Figure 7b). Then, Xue et al. [109] used specific antigen—antibody recognition to
trigger the in situ reduction in Cu MOF, thereby generating a powerful click catalyst for the
CuAAC click reaction.

However, as a catalyst, Cu(l) has certain toxicity, and some Cu-catalyzed fixed viruses
or oligonucleotide chains will degrade [111]. Bertozzi et al. [112] first proposed copper-free
click chemistry, which eliminates the adverse effects of Cu(I), simplifies the experimental
steps, and becomes an alternative CuAAC click reaction. This is an alternative method
to activate alkynes for the catalyst-free [3+2] cycloaddition reaction with azides. Then,
Xiang et al. [110] reported a biosensor system based on azide-co-functionalized graphene
oxide (GO-N3) and carbon dots (CDs). Carbon-dot-labeled DNA (CD-DNA) binds to GO-
N3 by copper-free click chemistry and quenches the fluorescence of CDs by fluorescence
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resonance energy transfer (FRET) (Figure 7c). After adding carcinoembryonic antigen
(CEA), CEA binds to the aptamer and fluorescence recovers. The latest research progress
was proposed by Yang et al. [113]. They designed and constructed a nanopore complex
containing unnatural amino acid, which is a conical rigid complex formed by octameric
Mycobacterium smegmatis porin A (MspA). Through the strain-promoted azide-alkyne
cycloaddition reaction, single-stranded DNA composed of 40 thymines (poly-T(40)) and
lysozyme molecules with dibenzocyclooctyne (DBCO) were successfully connected to
the functionalized nanopore interface, and it was found that it exhibited a new signal
distribution pattern and the signal was significantly enhanced. When combined with
different oligosaccharide substrates, the corresponding signals will change significantly.
The prepared functionalized interface provides a new direction for single-molecule sensing.
We can see that click chemistry is also an attractive technique in the biomedical field.
However, there are only a few papers on the latest application of click chemistry in the
biomedical field [15].

@, . . , U
jN{f/\/ V\NHI_'_SNN;{/\/ ‘ﬁ/\cgc" :l:_:': "l ~of; : ) ‘N‘m’
I L]

o : \
hd \\\- Cu CU.E click é
b .
N Cu* | WM Weram

Raman Shifvem'
W WA

Capture antibody  Detection antibody @ PSA O Cu,,S.5e,, NPs OA&NPs

Figure 7. (a) Cup«SySe;.y-NP-catalyzed click chemistry for SERS immunoassay of PSA detec-
tion. Reprinted with permission from [108], copyright 2018, Anal Chem. (b) Schematic display
of the different steps involved in the preparation of the immunosensor for the determination of
CXCLY. Reprinted with permission from [105], copyright 2019, Journal of Electroanalytical Chemistry.
(c) Schematic illustration of CEA detection system based on click chemistry and FRET between
GO-Nj3 and CD -DNA. Reprinted with permission from [110], copyright 2020, Anal Chim Acta.

3.2. Electro-Click Technology

In the CuAAC click reaction, Cu(l) salts or the in situ reduction in Cu(Il) are com-
monly employed to introduce a catalytic amount of Cu(I). Various methods can be used to
generate the required Cu(]) ions, including microwave [114], ultrasound [115], UV irradia-
tion [116], and electrochemical reactions [117]. The electrochemical approach enables the
reagent-free functionalization of biosensing interfaces, known as electro-click [16]. Devaraj
et al. [118] demonstrated that catalytic Cu(I) ions can be generated by applying a mild
reduction potential (—300 mV vs. Ag/AgCls) at the interface in contact with the Cu(Il)
solution. For example, Lesniewski et al. [119] deposited gold nanoparticles modified with
terminal alkynyl groups onto azide-functionalized glassy carbon surfaces. The generation
of the Cu catalyst can be precisely controlled by adjusting the treatment time, allowing
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control over the surface coverage by altering the deposition time. Villalba et al. [120]
achieved the catalytic assembly of multilayers through the covalent bonding of poly(acrylic
acid) (PAA) multilayers with alkynyl (PAAalk) and azide (PAAaz) groups. Recently,
Yamamoto et al. [121] utilized electro-click chemistry to modify boron-doped diamond
(BDD) electrodes. The electro-click strategy enables precise control over the amount of
Cu(I) catalyst and the loading of azide-terminated ferrocene on alkyne-terminated BDD
electrodes. Compared with the chemical synthesis method, the electro-click approach offers
advantages such as faster reaction kinetics, environmental friendliness, and the absence of
chemical residues. Furthermore, the assessment technique inherent to electro-click chem-
istry is inherently uncomplicated, affording the direct interpretation of the reaction through
the analysis of the cyclic voltammetry profile.
These reasons contribute to the ongoing popularity of the electro-click strategy.

3.3. Electro-Click Strategies for the Functionalization of Biosensor Interfaces

Before constructing biosensors, careful attention must be given to the functional-
ization strategies of the biosensor interfaces in order to meet diverse sensing require-
ments. The resulting interface should not only immobilize the biometric element in a
stable manner, but also offer a selective and sensitive response. In this section, we will
discuss the functionalization strategies for electrochemical biosensor interfaces and optical
biosensor interfaces.

3.3.1. Electro-Click Strategies for the Functionalization of Electrochemical
Biosensor Interfaces

Electrochemical biosensors have long been extensively utilized across various fields.
These biosensors can generate sensing signals by monitoring changes in impedance, cur-
rent, and dielectric properties when the target analyte is formed on the electrode surface.
Numerous strategies exist for the modification of interfaces in electrochemical biosensors,
encompassing approaches such as self-assembled monolayers, covalent immobilization,
and electro-click methodologies, among others [122,123]. Concurrently, a diverse array
of electrochemical biosensor variants is available. Notably, owing to its electrochemically
mediated modifications and notable versatility, the electro-click strategy finds predomi-
nant utility within the domain of electrochemical biosensors. The functional modification
strategies based on electro-click for electrochemical biosensor electrodes can be catego-
rized into four parts: electrografting, electropolymerization, electrodeposition, and bipolar
electrode methods.

Electrografting

The most commonly employed approach for modifying biosensing interfaces is electro-
grafting [124,125]. Electro-click-mediated electrografting plays a crucial role in preparing
controllable nanostructures, enhancing the sensor performance, and expanding the sensor
functionalities [126]. In simple terms, azide and alkyne are grafted onto the biosensing
interface and modifier, respectively, and then connected by the CuAAC electro-click reac-
tion. For instance, Sciortino et al. [127] achieved a network structure of organic/inorganic
hybrid products containing alkynes and polyethylene glycol azides with bifunctional
groups through the electro-click reaction on an F-SnO, electrode. The composition and
loading of these hybrid films can be adjusted, demonstrating the versatility of such hybrid
coatings. Fenoy et al. [126] reported the synthesis of azide-derived organic electrochemical
transistor monomers and applied them in a CuAAC reaction with a dibenzocyclooctyne-
grafted thrombin-specific HD22 aptamer to achieve specific thrombin recognition. Also,
Guerrero et al. [128] utilized ethynylated IgG bonded to azide-modified multi-walled car-
bon nanotube (MWCNT) electrodes to construct an electrochemical immunosensor for the
cytokine interleukin 1b (IL-1b). The detection limit of this immunosensor was significantly
improved to 5.2 pg/mL compared to the commercial kit. Effective coupling methods
between interfaces are vital for achieving both sensitivity and selectivity. Therefore, we
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employed cucurbituril- and azide-grafted graphene oxide to develop a novel functional
nanomaterial as a biosensor interface for the detection of VEGF165 protein (Figure 8a) [129].
This interface demonstrated the simultaneous acquisition of sensitivity and selectivity, with
a dynamic detection range of from 10 fg/mL to 1 ng/mL and a detection limit of 8 fg/mL.
Electro-click-mediated electrografting enables the preparation of multipoint-specific elec-
trode functionalization for multi-target biosensors on various materials. The examples
discussed above clearly illustrate the potential of electro-click-mediated electrografting in
expanding the capabilities of biosensor interfaces [130].

Electropolymerization

Electropolymerization (EP) refers to the network polymerization of solution com-
ponents into a film when applying electrical stimulation through cyclic voltammetry
(CV) [131]. This unique film structure enables the immobilization of functional molecules
on or within the coating, making it suitable for combining with electro-click chemistry to
create new functional biosensing interfaces. Rydzek et al. [131] developed self-assembled
functional polymer films based on aniline and naphthalene using a one-pot method that in-
volved simultaneous EP and electro-click functionalization. CV facilitated the oxidation of
4-azidoaniline and the reduction in Cu(lI) ions, allowing for the simultaneous polymeriza-
tion of the former and the CuAAC click reaction. For electropolymerization on conductive
substrates, electrochemically mediated surface-initiated atom-transfer radical polymeriza-
tion (SI-eATRP) offers a convenient approach to control polymer growth with low catalyst
concentrations [132]. Wu et al. [133] achieved the fixation of sparse monomolecular mem-
branes of ethynylphenyl on a carbon matrix through the electroreduction in aryldiazonium
ions. They subsequently polymerized Poly(N-isopropylacrylamide) (PNIPAM) from the
substrate in a one-pot solution containing an azide-derived initiator, PNIPAM, and a Cu
catalyst (Figure 8b). The electro-reduction from Cu(II) to Cu(l) facilitated both the click reac-
tion and SI-eATRP on the surface of the ethynylphenyl. This method is simple, convenient,
and combines the advantages of electro-click chemistry and SI-eATRP.

Electrodeposition

Electrodeposition, as an electrochemical synthesis method based on solution-based
synthesis, allows for the synthesis of different material types and the manipulation of
various synthetic variables affecting morphology. It also enables the fabrication of uni-
form and tightly joined multi-junction electrodes through continuous multilayer deposi-
tion [134]. This feature proves particularly beneficial for synthesizing and functionalizing
biosensing interfaces.

Conductive hydrogels, among various synthetic materials, have garnered attention
from researchers. These hydrogels consist of conductive polymer networks formed by
combining hydrogels with inherently conductive polymers. They offer a combination
of biocompatibility, flexibility, high diffusivity, and conductivity [135,136]. Hydrogels
can be prepared in specific forms on various substrates to suit the desired purpose.
Hu et al. [137] described a method for coating chitosan hydrogel on a conductive surface
using the electro-click-mediated electrodeposition technique. Chitosan was functionalized
with azide or alkynyl groups, and a cathodic potential was applied to a gold chip to reduce
Cu(Il) ions to Cu(I) ions, catalyzing the CuAAC click reaction between the alkynyl chitosan
and azide chitosan to form a conjugated chitosan hydrogel attached to the gold surface
(Figure 8c). Experiments demonstrated the encapsulation of biomolecules within this
hydrogel for biosensing purposes. Similarly, Choi et al. [138] electrodeposited PVA-based
hydrogel on an indium tin oxide glass electrode using a Cu(I)-catalyzed CuAAC reaction
with the reduction in Cu(Il) ions. They found that embedding carbon nanotubes within the
hydrogel enabled the deposition of thicker films due to the larger electrochemically active
area provided by the carbon nanotubes.
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Figure 8. (a) Schematic of the BPEI-Fc/CB [7]-N3-GO composite preparation and representation of
the electro-click biosensing platform for VEGF165 analysis based on the composition. Reprinted
with permission from [129], copyright 2017, Anal Chem. (b) Strategy for the preparation of H-
Eth-Ar monolayers and grafting PNIPAM. Reprinted with permission from [133], copyright 2019,
ChemElectroChem. (c) Schematic illustrating the “electro-click” chitosan hydrogel on a gold chip
triggered by a negative potential that reduces Cu?* to Cu*. Reprinted with permission from [137],
copyright 2014, RSC Advances.
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Bipolar Electrodes

Bipolar electrodes (BPEs) can simultaneously perform anodic and cathodic reactions,
making them a versatile electrochemical-reaction-driving mode and suitable as radio
electrodes [139]. BPEs do not require electrical connection and can accommodate conduc-
tive materials of any shape and size, and even multiple materials at once (Figure 9a) [140].
These characteristics align well with electro-click chemistry (Figure 9b). The potential gradi-
ent at the BPE interface has been successfully utilized as a controllable template for forming
molecular- or polymer-gradient materials, making it suitable for biomimetic materials or
biosensor analysis equipment [141]. A study was conducted on the gradient modification
of azide-functionalized conductive-polymer film using electrogenerated Cu(l) species on a
bipolar electrode through an electroshock reaction in the presence of terminal alkyne [142].
This allowed the introduction of various gradient functions, such as gradient hydrophobic-
ity /hydrophilicity and visible labeling, on the poly(3,4-ethylenedioxythiophene) (PEDOT)
film to prepare the biosensing interface. In subsequent work, Zhou et al. [143] introduced
a bipolar electrolytic micelle disruption (BEMD) system for shaping organic films. They
created a U-shaped bipolar electrolysis system with an S-shaped potential gradient on the
BPE, enabling the formation of a gradient film containing various organic compounds. This
approach provided a novel idea and method for modifying organic membranes using the
CuAAC electro-click reaction.
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Figure 9. (a) Comparison of electrolytic systems for conventional and bipolar electrolysis. Red
dotted line represents an ideal electric field generated between driving electrodes. (b) Scheme for the
electro-click reaction of an azido-functionalized polymer film on a BPE with an alkyne derivative
using an electrogenerated Cu(l) species. Reprinted with permission from [140], copyright 2019, Acc
Chem Res.

Applications of Electro-Click Strategies in Electrochemical Biosensor Functionalization
with Submicron Resolution

Numerous techniques are available for effecting functional alterations in biosensing in-
terfaces, including single-molecule modification/deposition [144]. However, these methods
seldom permit intricate modifications at the micron scale. Furthermore, they often exhibit
constrained control over interface surfaces or necessitate costly equipment [145]. In stark
contrast, a notable facet of electro-click chemistry, which entails electrochemical reactions,
is its spatial selectivity. This distinctive attribute facilitates the precise functionalization of
nanogaps, gradients, and microelectrodes, all achieved with submicron precision.

The utilization of NPs as fundamental building blocks has catalyzed the emergence of
a novel category of nano-building materials, thereby illuminating a promising avenue for
nano-gap functionalization. In a pioneering endeavor, Rydezk et al. [146] orchestrated a
nanodevice with a high aspect ratio, selectively focused through covalent self-assembly
via spatially arranged Cu(I)-catalyzed electro-click reactions. Employing dendritic iron
oxide nanoparticles endowed with azide and alkyne functionalities as building blocks,
they achieved a spatially orchestrated electro-click network structure. This method of NP
functionalization proves highly adaptable and can be extrapolated to diverse nanoparticle
varieties featuring clickable moieties. As such, the electro-click approach emerges as a
sanguine instrument for seamlessly integrating covalent NPs into nanodevices, thereby
beckoning forth prospects for biosensors and granular electronic devices [147].

The manipulation of physicochemical property gradients—marked by gradual spatial
and temporal transitions—can substantially amplify the efficacy of catalyst and drug design,
introducing novel analytical avenues of considerable import in solution and interface
functionalization. Krabbenborg et al. [148] harnessed electro-click chemistry to fabricate
a solution gradient, thereby enabling the high-throughput control and monitoring of
the surface reactivity across spatial and temporal dimensions. By virtue of the solution
gradient, finely adjustable and inherently predictable variations in the spatial concentration
of chemically active species are achieved, engendering micron-scale surface gradients.
In analogous fashion, Nicosia et al. [149] harnessed the CuAAC reaction to generate a
monolayer on a glass surface flanked by platinum electrodes, effectively manipulating the
gradient of the Cu(I) solution to effect microelectrode interface functionalization.

Beyond gradient-driven surface modification, the repertoire of electro-click chemistry
extends to the direct functionalization of microelectrodes. Hansen et al. [150] directly
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functionalized microelectrodes with PEDOT-N3, showcasing a universally applicable and
convenient strategy for diverse conductive-polymer functionalization. Notwithstanding the
aforementioned applications, numerous prospects for submicron-resolution applications
await exploration.

3.3.2. Electro-Click Strategies for the Functionalization of Optical Biosensor Interfaces

In recent times, the augmentation of optical biosensors using the electro-click approach
has gained prominence. This development is attributed to the understanding that electron
dynamics can arise not exclusively from direct electrochemical processes, but also from
alternative energy excitations [151]. Consequently, as investigations into the interplay
between photons and electrons advance, the electro-click strategy has found application
within the realm of optical sensing [142,152]. Optical biosensors rely on measuring changes
in the optical properties of the transducer surface when the analyte and recognition element
form a complex [153]. They can be categorized as direct optical biosensors or indirect optical
biosensors. While there are limited examples of optical biosensing interfaces prepared
using electro-click chemistry, luminescent products prepared through electro-click have
been identified. It is expected that similar functionalization strategies will be applied in the
near future to prepare corresponding optical biosensors.

Direct optical biosensor signals depend on the complex formation on the biosensor
interface. Shida et al. [142] used rhodamine-based acetylene as a visible indicator. After
electroshock reaction on the bipolar electrode (Figure 10a), the polymer film was uni-
formly oxidized to the doped state, reducing the background absorption of PEDOT in the
visible-light region. Consequently, the cathode part turned purple, allowing for naked-eye
detection (Figure 10b). In addition to the existing direct optical sensor, Goll et al. [152]
blended EDOT and branched 2,2":3',2"-terthiophene (3T) to form an EDOT-Nj film that
facilitated functional modification through an electro-click reaction. By altering the mixing
ratio of the two materials, the optical properties exhibited significant changes that could be
detected via infrared spectroscopy (Figure 10c).
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Figure 10. (a) Electro-click reaction of PEDOT-Nj3 film and terminal alkyne using cathodically
generated Cu(l) species. (b) Photograph of PEDOT-N3 film gradually modified with thodamine and
the absorption profile (550 nm) across the film. Reprinted with permission from [142], copyright 2012,
ACS Macro Letters. (c) IR mappings (bottom) of the azide band intensity at 2100 cm ™! of copolymer
films deposited under potentiostatic control on gold in 0.1 M NBuyPFs/MeCN. Reprinted with
permission from [152], copyright 2015, Beilstein | Org Chem.
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Indirect optical biosensors commonly employ various labels, such as fluorophores,
to detect and amplify signals. As early as 2008, Ku et al. [107] introduced the use of
electro-click reactions to attach non-reactive fluorescent molecular patterns onto azide
glass substrates (Figure 11a). This approach can be extended to enable the growth of any
fluorescent molecule on an insulating substrate, forming a direct covalent bond beneath
the microelectrode. The F-SnO, coating developed by Sciortino et al. [127] using the afore-
mentioned electro-click reaction exhibited notable differences in fluorescence spectra when
loaded with 4,4-Difluoro-8-(4-trimethylsilylethynylphenyl)-1,3,5,7-tetramethyl-2,6-diethyl-
4-bora-3a,4a-diaza-s-indacene(BODIPY) (Figure 11b). This method also proves to be a viable
approach for indirect optical biosensors. Coceancigh et al. [154] employed electrochemi-
cally assisted CuAAC to precisely control the inner surface of poly(ethylene terephthalate)
(PET) track-etched pores. In this process, the ethynyl groups within the etched holes were
first modified via the amidation of the surface-COOH groups. Subsequently, a solution
containing copper (II) and azide-labeled fluorescent dye was introduced and sandwiched
between gold electrodes (Figure 11c). Rydzek et al. [155] harnessed the electro-click reaction
methodology to fabricate a thin film atop a gold electrode. Variations in the pH induced
distinct electrostatic-repulsion patterns between PAA-Alk moieties, thereby governing
the structural attributes of the resultant film. These disparities in the film structure were
anticipated to manifest as discernible divergences in fluorescence responses. As a result,
the fluorescent group could be directly immobilized onto the membrane. Furthermore,
materials such as CNTs, CDs, and luminol exhibit light-specific properties [45,63,110]. If
they can be utilized for modification, then a broader range of functional optical biosensor
interfaces could be developed to meet diverse requirements.
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Figure 11. (a) Local reduction of Cu(Il) to Cu(l) at a gold microelectrode (left) and immobilization of
acetylene fluorophore derivatives onto a glass. Reprinted with permission from [107], copyright 2008,
Journal of the American Chemical Society. (b) Fluorescence spectra in the dry state (Aexc at 480 nm) of
BODIPY (black line), drop-casted bodipy-loaded hybridosome (blue line), and an electro-clicked film
based on BODIPY-loaded hybridosomes (red line). Reprinted with permission from [127], copyright
2018, Phys Chem Chem Phys. (c) Electrochemically controlled pore modification based on CuAAC.
Reprinted with permission from [154], copyright 2017, Langmuir.



Chemosensors 2023, 11, 481

24 of 32

3.3.3. Limits of Electro-Click Strategies for the Functionalization of Biosensor Interfaces

Electro-click chemistry offers an expedient, versatile, and facile approach to biosens-
ing interface functionalization; nevertheless, it is not without its imperfections. Several
challenges persist, warranting researchers’ dedicated efforts. Within the realm of biosen-
sors, a paramount concern in the electro-click methodology is the retention of copper
ions (Cu(II)/Cu(I)) during functionalization, which could potentially impede biomolecular
activity. Cu(Il) might catalyze the production of reactive oxygen species at the biosensing
interface, engendering lipid peroxidation, protein oxidation, and DNA degradation [156].
Cu(I) is highly thiophilic and can directly damage the Fe-S-cluster-containing enzyme
modifiers in the biosensing interface [157]. Schaaf et al. [158] ventured to ameliorate the
Cu(II) influence via EDTA, yielding commendable outcomes. Contemporary endeavors,
such as those by Cheng et al. [159], persist in deploying EDTA overdosing to tackle this
conundrum. Beyond chemical mitigation, physical adsorption emerges as an effective
countermeasure against Cu(Il). In this vein, Liu et al. [160] prepared triethanolamine-GO
nanosheets to robustly adsorb Cu(Il), displaying an elevated equilibrium capacity even at
higher initial Cu(II) concentrations.

Early forays into electro-click applications also confronted challenges in characterizing
functionalized biosensing interfaces. Evolving scientific and technological advancements
have enriched the characterization methodologies, enhancing precision and deepening
researchers” appreciation for the electro-click paradigm. Presently, indirect characterization
techniques, spanning SEM [104,119,127], TEM [104,127], XRD [104], BET [104], fluores-
cence [104,127], CV [119,120,127,128,131], and EIS [128], discerningly probe interfacial
substance connections. Complementary to these indirect avenues, polarization-modulated
infrared-reflectance-absorption spectroscopy (PM-IRRAS) [119,120], XPS [104,131,142], and
EDS [104,127,142] have emerged as more direct means of elucidating reactions via element-
or chemical-group alterations at electrode surfaces. It is firmly believed that future en-
deavors will engender a proliferation of characterization methods, augmenting researchers’
arsenal for scrutinizing electro-click-functionalized biosensing interfaces.

The widespread adoption of the electro-click reaction rests on its attributes of expedi-
tious reaction kinetics, ecological benignity, and minimal pollution. However, investigations
into the recycling and reutilization of electro-click-functionalized biosensing interfaces
have remained relatively sparse, casting a spotlight on a nascent concern for future inquiry.
Encouragingly, select researchers have delved into recycling experiments concerning electro-
click-functionalized biosensors. For instance, Fomo et al. [106] demonstrated the potential
for electrode reuse by washing it with deionized water after sample detection, subsequently
reemploying the electrode with negligible alteration in DPSV voltammograms, attesting
to the sensor viability. Likewise, Qi et al. [117] exhibited a stable immunosensor retention
for 15 days, with the subsequent detection revealing a commendable 88% retention of the
initial steady-state current. These instances provide inspiring precedents. Thus, within
the domain of electro-click-functionalized biosensing interfaces, the focus must expand
beyond novel modification methodologies, encompassing heightened attention toward in-
terface recyclability and, building upon this foundation, the exploration of straightforward
recovery protocols. In general, the journey toward electro-click-modified-functionalized
biosensing interfaces stretches ahead, necessitating persistent exploration and innovation.

4. Conclusions

In summary, we have comprehensively examined the different strategies for function-
alizing biosensing interfaces, encompassing nanomaterials, small molecules, biomacro-
molecules, and cell-mediated interfacial regulations. We have also delved into the process
of transforming identified elements into signals, imparting functionality to the sensor, and
enhancing its performance.

Among the various functionalization strategies for biosensing interfaces, click chem-
istry stands out due to its advantages of rapidity, selectivity, and low pollution. We have
elucidated the origins and principles of click chemistry, with CuAAC serving as an exem-



Chemosensors 2023, 11, 481

25 of 32

Acronym
GO

Exo III
HP1 and HP2
PtNFS-GO
8-OHdG
rGO

LOD
Fe/N-C
ECL
SWCNTs
MWCNTs
NIR
PDAC
EDOT
PEDOT
Au@Pt
FNAs

E. coli O157:H7
AgNCs
SC

AR

plar, highlighting its advantages. In the realm of electrochemical biosensors, the use of
click-chemistry-based modifications on the sensing interface offers improved stability and
convenience, leading to more discernible electrochemical signals. For optical biosensors,
the modified sensing interface not only generates optical signals in response to the target
analyte, but also amplifies the signal through the incorporated materials, thereby bolstering
the reliability of the sensing outcomes. Within this domain, electro-click chemistry emerges
as an environmentally friendly, swift, and convenient approach, surpassing traditional
click chemistry in terms of functionalizing biosensing interfaces. We have summarized the
research and application progress of electro-click chemistry in functionalizing electrochem-
ical biosensors and optical sensors. While there may be fewer corresponding examples
in optical biosensors, drawing from related literature, this review has identified potential
examples that can be utilized for constructing optical biosensor interfaces.

This review provides a fresh perspective for the development of novel functional
biosensing interface strategies. Moreover, the expansion of biosensing systems based on
electro-click chemistry will contribute to the selection of materials and the advancement
of strategies. Ultimately, this will broaden the applications of biosensors across diverse
fields, such as chemistry, agriculture, food science, clinical diagnostics, pharmaceuticals,
and environmental analysis.
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Abbreviations
Definition Acronym  Definition
Graphene oxide ATPA Adenosine triphosphate aptamer
Exonuclease III ATP Adenosine triphosphate
Hairpin probes DsDNA Double-stranded DNA
Flower-like Pt-graphene oxide HDNA Hairpin DNA
8-hydroxy-2'-deoxyguanosine SsDNA Single-stranded DNA
Reduced graphene oxide NPs Nanoparticles
Low detection limit RBD Receptor-binding domain
N-doped porous-carbon-containing Fe HSA Human serum albumin
Electrochemiluminescence SRB Sulfate-reducing bacteria
Single-walled carbon nanotubes RBC Red blood cell
Multi-walled carbon nanotubes PLNPs Persistent luminescent nanophosphors
Near-infrared MCF Mesoporous carbon framework
Pancreatic ductal adenocarcinoma HEMA Hydroxyethyl methacrylate
3,4-ethylenedioxythiophene DEAEMA  2-(diethylamino)ethyl methacrylate
Poly(3,4-ethylenedioxythiophene) SPE Gold screen-printed electrodes
Au@Pt nanocrystals AFB1 Aflatoxin Bl
Framework nucleic acids OTA Ochratoxin A
Escherichia coli O157:H7 NP Nucleocapsid protein
Silver nanoclusters IeG Immunoglobulin G
Scopoletin CuAAC Cu(I)-catalyzed alkyne-azide cycloaddition
Amplex Red CXCL7 Chemokine (C-X-C motif) ligand 7
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Acronym Definition Acronym  Definition

GSH Glutathione GO-Nj3 Azide-co-functionalized graphene oxide
PSA Prostate-specific antigen CDs Carbon dots

PCa Prostate cancer CDs-DNA  Carbon-dot-labeled DNA

GDY Graphdiyne FRET Fluorescence resonance energy transfer
C-MIPs C-reactive-molecular-imprinted polymers CEA Carcinoembryonic antigen

HRP Horseradish peroxidase MspA Mycobacterium smegmatis porin A
ROS Reactive oxygen species DBCO Dibenzocyclooctyne

O~ Superoxide radicals PAA Poly(acrylic acid)

Au/VO, Gold-loaded 2D VO, nanobelts PAAalk Poly(acrylic acid) multilayers with alkynyl
RET Resonance energy transfer PAAaz Poly(acrylic acid) multilayers with azide
MIT Molecular-imprinting technology BDD Boron-doped diamond

HER-2 Human epidermal growth factor receptor 2 EP Electropolymerization

HOC1 Hypochlorous acid Ccv Cyclic voltammetry

SI-eATRP Surface-initiated atom-transfer

OONO™ Peroxynitrite dical pol Lo

radical polymerization

GOx Glucose oxidase PNIPAM Poly(N-isopropylacrylamide)

MG Mxene-graphene BPEs Bipolar electrodes

CHI Chitosan PEDOT Poly(3,4-ethylenedioxythiophene)

Co304 @ MCF  Cobalt oxide-loaded mesoporous carbon framework BEMD Bipolar electrolytic micelle disruption

AChE Acetylcholinesterase 3T 2,2":3 2" terthiophene

PP Plasma-polymerized PET Poly(ethylene terephthalate)

4,4-Difluoro-8-(4-trimethylsilylethynylphenyl)

FDNA Framework DNA BODIPY -1,3,5,7-tetramethyl-2,6-diethyl-4-bora-3a,

4a-diaza-s-indacene
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