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Abstract: Multiplexed biosensing methods for simultaneously detecting multiple biomolecules are
important for investigating biological mechanisms associated with physiological processes, devel-
oping applications in life sciences, and conducting medical tests. The development of biosensors,
especially those advanced biosensors with multiplexing potentials, strongly depends on advance-
ments in nanotechnologies, including the nano-coating of thin films, micro–nano 3D structures,
and nanotags for signal generation. Surface functionalization is a critical process for biosensing
applications, one which enables the immobilization of biological probes or other structures that
assist in the capturing of biomolecules. During this functionalizing process, nanomaterials can either
be the objects of surface modification or the materials used to modify other base surfaces. These
surface-functionalizing strategies, involving the coordination of sensor structures and materials, as
well as the associated modifying methods, are largely determinative in the performance of biosensing
applications. This review introduces the current studies on biosensors with multiplexing potentials
and focuses specifically on the roles of nanomaterials in the design and functionalization of these
biosensors. A detailed description of the paradigms used for method selection has been set forth to
assist understanding and accelerate the application of novel nanotechnologies in the development
of biosensors.

Keywords: surface functionalization; nanomaterials; biosensor; multiplexing; sensor performance

1. Introduction

Biomolecules, including proteins, deoxyribonucleic acid (DNA), ribonucleic acid
(RNA), and metabolites in the form of small molecules, are the bases for all kinds of biologi-
cal activities. Biosensors, which aim at quantifying the levels of target biomolecules, are the
basis for daily healthcare monitoring, diagnostics, food safety, and biomedical research.

Due to the limited representability of single biomolecules, multiplexing is crucial
for the development of novel biosensing technologies. By enabling the simultaneous
detection of multiple analytes from a single sample, multiplexed biosensors significantly
enhance efficiency and reduce the time and resources required for testing. This capability
is particularly important in clinical settings, where high-dimensional readouts provided
by multiplexed biosensors provide more a comprehensive and accurate diagnosis, which
can lead to timely treatment decisions, ultimately improving patient outcomes. Because
of these advantages, the global market of multiplexed assay has reached USD 12.9 billion
in 2023, and is predicted to reach USD 17.85 billion by 2025 [1]. Additionally, multiplexed
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biosensors facilitate comprehensive analysis, allowing for the identification of functional
correlations between markers that may be overlooked when using traditional single-analyte
approaches [2–4]. As a result, the development and applications of multiplexed biosensors
hold great promise for enhancing our understanding of biological systems and addressing
global health challenges.

Currently, the biosensors for molecular analytes can be roughly divided into several
major categories. One major type of sensor is the electrochemical biosensor, which can
be sub-divided into amperometric and voltammetric biosensors, targeting different types
of analytes [5]. Apart from electrochemical biosensors, image-based biosensors (such
as those based on colorimetric reactions and fluorescence) are also widely encountered
due to their features of simple system design, low cost, and capability of generating
high-dimension data. To achieve detection of analytes with a very low detection limit,
optical biosensors such as Raman spectroscopy and surface plasmon resonance (SPR) are
commonly applied [6].

One common process of measuring biomolecules includes three procedures: capturing
molecules, signal amplification, and signal measurement. For different types of biosensors,
nanomaterials are usually involved in different procedures and play different roles. For
example, in electrochemical biosensors, nanomaterials are usually used for functionalizing
electrodes, such as by modifying the electrode surface to facilitate the binding and capturing
of biomolecules [7–12]. In contrast, in optical and image-based biosensors, nanomaterials
with special quantifiable properties are usually functionalized by biological probes to
serve as signal generators and provide quantifiable signals for measurement [13–20]. The
selection of nanomaterials for biosensors, as well as the related surface-functionalizing
strategies, are highly important for the performance of biosensors. Moreover, in actual
applications, simultaneous quantification on multiple biomolecules is usually required,
emphasizing the importance of nanomaterials and of functionalizing strategies that have
good multiplexing potentials.

This review serves as an overview of past studies related to biosensors, with em-
phases on nanomaterials’ functions and their roles in surface-functionalizing strategies,
as illustrated in Figure 1. Aiming at bridging the development of novel nanomaterials
and nanofabricating technologies and the instances of their applications in biosensors, we
discuss and summarize the rationale behind the selections of materials and strategies. Rep-
resentative examples of multiplexed biosensors were picked out to describe their special
considerations and methods.
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American Chemistry Society. Reproduced with permission from Ref. [25]. Copyright 2023, Wiley. 
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the ability to form covalent gold–thiol bonds with biomolecules. Some studies have de-
veloped nucleic acid probes with terminal thiol groups. For instance, Sadat Mousavi et al. 
created a sensor array with electrodes functionalized with DNA probes via gold–thiol 
bonds, enabling the simultaneous measurement of five to ten genes [4]. The thiol group 
can also be easily conjugated to aptamers for immobilization on gold electrodes, allowing 
for the detection of a diverse range of analytes, including DNA sequences [27], proteins 
[28], exosomes [29], small-molecule metabolites [30], and antibiotics [31]. Furthermore, 
thiolated nanostructures can be immobilized on gold electrodes through gold–thiol 
bonds, enhancing sensor performance. This strategy has been shown to significantly im-
prove hybridization efficiency and the signal-to-background ratio in miRNA level meas-
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with permission from Ref. [21]. Copyright 2021, Elsevier. Reproduced with permission from Ref. [22].
Copyright 2021, American Chemistry Society. Reproduced with permission from Ref. [23]. Copyright
2022, Springer Nature. Reproduced with permission from Ref. [24]. Copyright 2024, American
Chemistry Society. Reproduced with permission from Ref. [25]. Copyright 2023, Wiley. Reproduced
with permission from Ref. [26]. Copyright 2020, Springer Nature.

2. Surface Structures for Functionalization

Biosensors usually contain elements with largely different structures. The structural
features of these elements are determined by their roles. In general, there are three types of
surface structures: plane surfaces, 3D micro–nano structures, and nanoparticles.

2.1. Plane Surfaces

The plane surface is a fundamental structure in biosensors, exemplified by the elec-
trodes used in electrochemical biosensors. These biosensors typically employ a three-
electrode system, consisting of a working electrode, a counter electrode, and a reference
electrode. To facilitate electrochemical reactions that generate current signals, molecular
probes must be immobilized on the working-electrode surface [5].

Traditionally, electrodes of electrochemical biosensors are fabricated from metal ma-
terials such as gold, silver, or platinum, with gold being the most commonly used due to
its excellent conductivity. In addition to its superior electrical properties, gold possesses
the ability to form covalent gold–thiol bonds with biomolecules. Some studies have de-
veloped nucleic acid probes with terminal thiol groups. For instance, Sadat Mousavi et al.
created a sensor array with electrodes functionalized with DNA probes via gold–thiol
bonds, enabling the simultaneous measurement of five to ten genes [4]. The thiol group can
also be easily conjugated to aptamers for immobilization on gold electrodes, allowing for
the detection of a diverse range of analytes, including DNA sequences [27], proteins [28],
exosomes [29], small-molecule metabolites [30], and antibiotics [31]. Furthermore, thiolated
nanostructures can be immobilized on gold electrodes through gold–thiol bonds, enhancing
sensor performance. This strategy has been shown to significantly improve hybridization
efficiency and the signal-to-background ratio in miRNA level measurements [7].

In addition to the direct binding between thiolated probes and electrodes, gold–thiol
bonds facilitate the formation of nanoscale self-assembled monolayers (SAMs). For ex-
ample, Lee et al. utilized 11-mercaptoundecanoic acid to create SAMs on gold electrodes,
which not only allowed for antibody binding through 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide and N-hydroxysuccinimide (EDC-NHS) treatment but also enabled the re-
generation of electrodes by washing away the SAM without damaging the gold surface [9]
(Figure 2a). Gold–thiol bonds also support SAM formation using cysteamine and cys-
tamine [32,33], both of which provide amino groups for binding with carboxyl groups via
EDC-NHS treatment or with other amino groups through reactions with disuccinimidyl
suberate, thereby facilitating the immobilization of capture probes or enzymes on elec-
trode surfaces [34,35] (Figure 2b). Compared to the direct binding of probes to electrode
surfaces, SAMs offer several advantages. In addition to facilitating the regeneration of
sensing layers, as previously described [9], SAMs also reduce biofouling and enhance the
stability of electrochemical biosensors by spatially separating the sensor surface from the
environment [36]. SAMs with longer alkyl chains usually demonstrate better antifoul-
ing performance [37]. However, SAMs can also lead to baseline signal drift, which may
increase noise levels [38]. Therefore, selecting appropriate molecules for SAMs and effec-
tively managing their imperfections are crucial for maintaining the signal-to-noise ratio of
the sensors.
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Figure 2. Functionalizing electrodes with self-assembled monolayer (SAM). (a) Functionalizing
gold electrodes with a SAM based on 11-mercaptoundecanoic acid, which is regeneratable and
contains carboxyl groups for connecting with streptavidin. Reproduced with permission from Ref. [9].
Copyright 2023, American Chemistry Society. (b) SAM on gold electrodes generated by cysteamine
enables binding with carboxylated capturing probes. Reproduced with permission from Ref. [34].
Copyright 2021, Multidisciplinary Digital Publishing Institute.

Beyond gold–thiol bonds, gold surfaces can form strong bonds with selenium (Au-Se
bonds). Some studies have employed selenocysteine to generate selenocysteine SAMs [39]
which contain carboxyl terminals that can be coupled with an EDC-NHS treatment for
immobilizing molecules within an amino group. Notably, this method can be used to
bind streptavidin (SA) on gold electrode surfaces [39]. The SA–biotin bond, known for its
strength, is commonly used to immobilize molecular probes on electrodes [39,40]. Simpler
methods, such as direct physical adsorption, are also available for functionalizing gold
surfaces with SA [41]. However, covalent and SA–biotin bonds are generally more robust
and stable than physical adsorption. While the SA–biotin bond is known for its high
stability, challenges arise from the structural characteristics of SA. As a tetramer, SA can
complicate the control of probe orientation [42], potentially impacting the reproducibility
and sensitivity of biosensors. Additionally, the ability of multiple biotinylated probes to
bind to a single SA molecule may introduce steric hindrance, which can further hinder the
detection of analytes.

Recently, researchers have begun exploring novel materials like graphene for electrode
fabrication due to the exceptional electrical properties of these materials. However, the
surface-functionalization strategies for these materials differ from those used for metals.
Physical adsorption is frequently employed to immobilize traditional capture probes on
graphene or carbon electrodes. For instance, antibodies can be immobilized on carbon
electrodes through hydrophobic interactions [43]. Additionally, SA can be physically ad-
sorbed onto graphene electrodes, sometimes aided by electrode polarization, allowing for
the immobilization of antibodies or aptamers via SA–biotin binding [44,45]. To achieve
covalent binding for the immobilization of antibodies or amine-conjugated DNA probes,
graphene may need to be pre-modified with 1-pyrenebutanoic acid succinimidyl ester to
introduce a succinimide group for connection with amine groups [46], or by introducing
carboxyl groups through ultraviolet–ozone treatment [47] or anodizing graphene oxide
with NaOH [48]. Notably, carboxyl functionalization using ultraviolet–ozone has been suc-
cessfully applied to functionalize sensor arrays made from carbon nanotubes for antibody
binding in the diagnosis of Alzheimer’s disease [26].
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While biological probes can be directly immobilized on electrodes made from novel
materials like graphene, the functionalization process is complex. Additionally, binding
efficiency is often limited by the surface area and inherent properties of the electrode mate-
rials. Another common approach used to assist in the binding of probes is depositing extra
nanomaterials in order to facilitate probe immobilization [49,50]. For instance, a nanolayer
of gold coating is frequently used to functionalize electrodes made from materials with a
low affinity for biological probes, such as carbon, silver, and innovative nanomaterials like
MXene [51,52]. This strategy leverages the strengths of each material to achieve synergistic
effects. Furthermore, materials with a high affinity for specific analytes can be deposited
onto electrodes to create adsorptive structures, such as porous films. These structures are
particularly effective for detecting small molecules [53].

Nanoparticles are also widely used as a material to modify electrodes. One important
reason for the use of nanoparticle deposition on electrodes is to make use of its function
of providing a high surface area for high-density probe binding. One common choice is
gold nanoparticle (AuNP), which allows efficient binding of probes or SAM molecules
with thiol groups [54,55]. Pt nanoparticles can also be applied to modify the electrode sur-
face, facilitating the binding of probes through Pt-S bonds [56]. Beyond merely increasing
surface area, nanoparticles impart valuable properties that enhance sensing mechanisms.
For instance, lead sulfide colloidal quantum dots (QDs) can be deposited on gold elec-
trodes, leveraging their surface ligand exchangeability to adsorb antigens for antibody
detection [57]. Graphene QDs can function as nanozymes, catalyzing electrochemical re-
actions and enabling the development of enzyme-free systems for protein detection [58].
Overall, the integration of nanoparticles into electrode design not only improves sensitivity
but also broadens the scope of applications in biosensing technologies.

Molecularly imprinted polymer (MIP) is another promising functionalizing method
that does not rely on chemical binding. This technique creates a nanolayer of polymer on
the surface of electrodes, one designed with specific affinities for target analytes, enabling
effective capture and recognition. A significant advantage of MIPs is their adaptability:
they can be customized for different target analytes and can be applied to a diverse array of
electrodes, including graphene and glassy carbon. This flexibility allows for the detection of
a wide range of molecules, extending far beyond just proteins and nucleic acids [10–12,59].
Additionally, MIP layers exhibit greater stability compared to traditional probes, making
them suitable for applications in complex and extreme environments [60]. Despite their
broad adaptability, MIP remains relatively underutilized as a surface-functionalization
technique for biosensors. This is primarily due to significant challenges in its fabrication
process, including difficulties in template removal (which can greatly impact target bind-
ing properties), selection of appropriate monomers, and management of environmental
variables such as pH in the synthesis of MIP [61].

In recent years, advancements in chemical methodologies have broadened the range
of probe-binding techniques available. Among these, click chemistry has emerged as a
powerful approach, featuring highly efficient and selective reactions that facilitate the
rapid assembly of molecules. A key functional group in click chemistry is the azide
group (-N3), which can react with alkynes (carbon-carbon triple bonds) to form 1,2,3-
triazoles. Building on this reaction, Xie et al. developed an aptasensor for lysozymes by
modifying the surface of AuNP-coated carbon electrodes with 10-azidoundecan-1-thiol.
This modification generates a SAM with azide terminals, enabling the binding of alkyne-
modified aptamers [55]. Compared with traditional methods for binding biological probes
(such as direct binding to the electrode’s surface through gold–thiol bond or EDC/NHS-
mediated binding between carboxyl and amino group), this click chemistry, assisted by
SAM, has demonstrated superiority as a technique for optimizing surface properties and
achieving the higher binding efficiency of probes [55]. Furthermore, the use of click
chemistry for assembly can effectively preserve the advantageous properties of surface
modifications, such as antifouling characteristics, during the binding of probes. This
preservation enhances the overall sensing performance [62]. While click chemistry has not
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yet gained widespread adoption in the surface functionalization of biosensors (mainly due
to the cost and complexity involved in preparing electrodes and probes with the necessary
functional groups), its strong compatibility and synergistic potential with SAM suggests
that it will play a significant role in future advancements.

In addition to the advantages and disadvantages of the various surface-functionalization
strategies discussed above, the reusability of biosensors is an important consideration
that is often overlooked. Generally, covalent bonding of probes to the electrode surface
enhances long-term usability. Among currently available biosensors utilizing covalent bind-
ing, gold is the most widely used electrode material. However, graphene- and carbon-based
electrodes are believed to offer better stability and reusability compared to gold [9,63,64].
While SAMs show promise for improving the reusability of gold electrodes, selecting
and fabricating an appropriate SAM can be challenging. Longer SAMs may compromise
electron transport, whereas shorter SAMs tend to be less stable [64]. Therefore, developing
functionalization methodologies that utilize stable electrode materials, ensure robust probe
binding, and maintain good electrical properties is crucial for the practical application of
biosensors. Notably, innovations in materials may help address the limitations of current
methodologies. For instance, Wan et al. developed an electrochemical biosensor for pesti-
cides by introducing polymeric ionic liquids onto a glassy carbon electrode. This approach
provides a stable environment for immobilizing and encapsulating gold nanoparticles
(AuNPs) on the sensor surface while allowing for a modifiable interface that facilitates the
incorporation of additional components with favorable electron transport properties [65].
Surface modification using composite nanomaterials may represent a promising strategy
for leveraging the advantages of different materials and functionalization methods.

In summary, the functionalization of planar electrodes primarily involves the binding
or attachment of biological probes, often facilitated by a nanolayer coating known as a
SAM. Electrodes can also be constructed from or coated with nanomaterials to enhance
biomolecule binding or improve electrical properties. The high flexibility of functional-
ization allows for the easy construction of multiplexed biosensors by integrating multiple
electrode systems, each functionalized with different probes [8,26,48].

2.2. 3D Structures

3D micro–nano structures are commonly utilized in biosensors for two primary pur-
poses: signal amplification and analyte sampling.

Signal amplification through 3D nanostructures is essential for optical biosensors,
particularly in surface-enhanced Raman spectroscopy (SERS) and surface plasmonic sen-
sors. In SERS biosensors, these nanostructures play a crucial role in enhancing Raman
signals, thereby improving the sensitivity and accuracy of the detection process [66,67].
Likewise, sensors that utilize SPR also employ 3D nanostructures to enhance the coupling
conditions between an incident light beam and the surface plasmons [68,69] (Figure 3a).
Most of these sensors are functionalized using techniques commonly employed in the
fabrication of electrochemical biosensors, such as the formation of gold–thiol bonds [66–68]
and Au-Se bonds [69] between probes and a gold-based surface. In addition to direct
binding, MIPs are also valuable in optical biosensors. Guerreiro et al. demonstrated the
application of thiophenecarboxylic acid to create a thiol layer on gold nanodisks, followed
by the generation of MIPs through protein adsorption, polymerization (using methacrylic
acid and (vinylbenzyl)trimethylammonium chloride), and subsequent protein removal [70]
(Figure 3b). The resulting nanocomplex can rebind with proteins, allowing for the eval-
uation of a protein’s affinity to various polyphenols, based on SPR measurements [70]
(Figure 3b).
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Figure 3. Functionalization of 3D biosensing substrates. (a) SAMs on gold electrodes generated
by cysteamine conjugated with capturing probes with amino groups through the mediation of
glutaraldehyde. Reproduced with permission from Ref. [69]. Copyright 2017, Springer Nature.
(b) Generating molecularly imprinted polymer layers on gold nanodisks for measuring protein–
polyphenol interactions based on surface plasmonic resonance. Reproduced with permission from
Ref. [70]. Copyright 2016, American Chemistry Society. (c) Decorating hydroxyapatite nanoflowers on
poly(lactic-co-glycolic acid) microneedles for intradermal sampling and detection of small molecules
by surface-enhanced Raman spectroscopy. Reproduced with permission from Ref. [21]. Copyright
2021, Elsevier.

3D nanostructures are also prominent in electrochemical biosensors. Kim et al. devel-
oped a woodpile-like platinum (Pt) nanowire array that significantly enhanced the elec-
trochemically active surface area, facilitating efficient charge transfer for the ultrasensitive
detection of axonal neuron-specific proteins associated with Alzheimer’s disease [71]. No-
tably, they created a SAM using mercaptoundecanoic acid and mercaptohexanol, followed
by the immobilization of antibodies through carbodiimide-assisted covalent binding [71].

In addition to signal modulation, 3D structures can be tailored for specific sampling
requirements. For instance, microneedles have been utilized in various studies to facili-
tate sampling from tissues at specific depths. Researchers have integrated microneedles
into biosensor systems using two primary approaches. The first approach involves using
microneedles solely for sampling, with sensing electrodes connected to them for signal
detection [31,72,73]. This design does not necessitate direct modification of the micronee-
dle surfaces for molecular capture or signal generation. The second approach employs
microneedles as the site for signal detection, which requires surface functionalization
directly on the microneedles. One example of this is the use of gold (or gold-coated)
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microneedles functionalized with aptamers via gold–thiol bonds, enabling the monitoring
of multiple molecular biomarkers in interstitial fluid through real-time electrochemical
detection [74–76]. In these studies, microneedle arrays were incorporated into a three-
electrode system, with aptamers immobilized on the microneedles featuring a redox re-
porter at their distal end, away from the sensor surface [74–76]. Upon capturing the target
analytes, the aptamer undergoes a conformational change that brings the redox reporter
closer to the sensor surface, affecting electron transfer and generating a change in the
square-wave voltammogram peak current, which can be measured through voltammetric
interrogation. This functionalization and sensing mechanism allows for straightforward up-
grades to multiplexing by physically dividing the microneedle arrays into multiple sections
separated by walls to enable independent aptamer deposition and target detection [74].
Notably, these studies also modified the microneedle surface with a self-assembled mono-
layer (SAM) formed by alkylthiols, which not only provides binding sites for aptamers
but also stabilizes the electrodes against fluctuations in capacitance [74–77]. Furthermore,
microneedles with nanostructures can also enhance optical biosensors. For example, a
poly(lactic-co-glycolic acid) microneedle modified with polydopamine and decorated with
hydroxyapatite nanoflowers has been employed for intradermal sampling and the detection
of small molecules using SERS [21] (Figure 3c).

Apart from signal modulation and sampling, a major advantage of 3D micro–nanostructures
is their ability to achieve a high probe density, which is particularly beneficial for sensors
that require ultrasensitive detection of analytes. For instance, polystyrene microbeads
have been incorporated onto the surfaces of carbon electrodes, significantly increasing
the surface area available for loading aptamers through direct incubation in a simple
buffer solution [33]. Similarly, the surfaces of gold electrodes can be roughened using
electrical pulses to create 3D nanostructures, facilitating the binding of a greater num-
ber of aptamers [78]. Indeed, enhancing surface roughness by generating 3D nanostruc-
tures is a common strategy used to support high-density immobilization of probes and
biomolecules [78–80]. However, it is important to note that random and uncontrolled
surface roughness can negatively impact the stability and reproducibility of sensors [81,82].
To mitigate the adverse effects of nanoscale defects, various methods can be employed to
refine the sensor surface, including electropolishing [83], SAM [81], annealing [84], and elec-
trodeposition [85]. Overall, optimizing the surface properties of 3D micro–nanostructures
is crucial for enhancing the performance of electrochemical sensors.

In contrast to electrical and optical biosensors, which are often constrained by the
physical properties of specific materials, fluorescence- and image-based biosensors offer
greater flexibility in material selection. This versatility allows for a wider array of strate-
gies for surface functionalization. For instance, diamond microneedles on a silicon base
functionalized with aptamers or RNA-binding proteins have been employed to detect
intracellular proteins and microRNAs through fluorescent signals in a technique known
as “molecular fishing” [86,87]. To modify diamond microneedles with biological probes,
the two studies treated the device with piranha solution to introduce hydroxyl groups on
the silicon surface; this was followed by the application of (3-aminopropyl)triethoxysilane
to create amino tails that serve as binding sites for biological probes [86,87]. Multiplexing
on these microneedles is typically achieved using signaling probes labeled with different
fluorescent markers. For example, Wang et al. functionalized silicon microneedles with the
universal double-stranded RNA binding protein p19 [87]. “Bait” RNA sequences were pre-
delivered intracellularly and hybridized with target microRNAs to form double-stranded
structures that can be captured by the p19 protein probe. After the capturing of the target,
the microneedle array was retrieved; this was followed by a hybridization chain reaction
to generate and amplify fluorescent signals for quantifying microRNAs, with different
fluorescence indicating different microRNAs [87]. Additionally, methacrylated hyaluronic
acid (MeHA) hydrogel-based microneedles have been utilized for the rapid measurement of
glucose, adenosine triphosphate, l-tyrosinamide, and thrombin [88]. In one study, aptamer
probes labeled with fluorophore were immobilized on the microneedles through covalent
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bonding between hyaluronic acid and acrydite groups, facilitated by a photoinitiator and
ultraviolet exposure [88]. The binding of target analytes results in the detachment of the
displacement strand-quencher from the aptamers, leading to fluorescent emission [88].
In some instances, the hydrogel coating can also function as a means of surface function-
alization, which is useful in sampling from tissues. For example, one study introduced
an alginate-coated poly(l-lactide) microneedle with alkyne-modified peptide nucleic acid
probes embedded in the alginate hydrogel layer for sampling from interstitial fluid [89].
This microneedle can be functionalized with various peptide nucleic acid sequences that
are complementary to different cell-free nucleic acid biomarkers, enabling sampling for
subsequent in vitro multiplexed analysis [89]. Moreover, polymers can also be utilized
in the fabrication of microneedles. For instance, polystyrene can effectively attract and
immobilize proteins, such as antibodies, on its surface through hydrophobic interactions
with nonpolar residues on the proteins, making it suitable for biomarker detection [90].

In summary, 3D micro–nano structures significantly boost the sensitivity and appli-
cability of biosensors by improving signal amplification and analyte sampling, as well
as increasing the active surface area for probe binding and efficient charge transfer. A
diverse array of materials can be utilized in the development of biosensors featuring 3D
micro–nano structures, including metals, hydrogels, polymers, and silicon. It is essential to
carefully select the appropriate materials and their corresponding surface-functionalization
strategies based on the specific requirements of each application.

2.3. Nanoparticles

Nanoparticles (NPs) are usually used as a key component for biosensors, such as
magnetic nanoparticles (MNPs), AuNPs, and QDs. Surface functionalization is required for
these NPs to capture target analytes and facilitate signal generation.

MNP is a material traditionally applied in biosensing. In practical applications, MNPs
are usually surface modified with carboxyl groups or SA/biotin for the enabling of connec-
tion with antibodies through the treatment of EDC-NHS or by forming SA–biotin bonds.
This method has been used in fabricating MNPs for surface plasmonic resonance-based
sensing of a hormone [13], detection of oligo and protein interactions [14], and detection of
DNA based on magnetic sensors [15].

Functionalization of AuNPs is largely similar to the functionalization of gold elec-
trodes, such as the establishment gold–thiol bonds [16,17] (Figure 4a). However, there are
also some special methods for fabrication of AuNPs. For example, binding nucleic acid
probes to AuNPs by polyadenine (polyA) is more efficient than building gold–thiol bonds,
due to the improved hybridization efficiency and reduced unwanted bond formation [18].
Moreover, a major advantage of polyA-mediated binding is its significantly lower cost in
the synthesis of oligonucleotide probes, since there is no need to conjugate extra chemical
groups. This strategy can be seen in SERS sensors used to detect multiplexed protein
biomarkers of Alzheimer’s Disease [18], fluorescence-based detection of proteins and
miRNAs [19,25] (Figure 4b), and fabrication of NPs for test strips based on lateral flow [20].

Apart from MNPs, AuNPs, and composite nanoparticles with gold on their surfaces,
there are also other particles that are frequently used in biosensors. QDs are semiconductor
nanoparticles with special electronic and optical properties, such as sharp absorption and
emission spectra, and the capability to tune their band gap by controlling their size [91].
Therefore, QDs are usually used in optical or fluorescence-based biosensors. Also due
to their special fluorescent emission properties, QDs are suitable for being used in mul-
tiplexed detection [24]. A common strategy for functionalizing QDs is adding active
chemical groups, such as carboxyl or amino groups, directly to QDs during the process of
synthesis. For example, diethylenetriamine can be used to synthesize amine-functionalized
graphene QDs, and graphene oxide can be used to fabricate graphene QDs with carboxyl
groups [92,93]. These QDs can be easily bonded to probes like antibodies or aptamers
through the chemical bonds formed between amine group (-NH2) and carboxyl group
(-COOH) mediated by EDC-NHS treatment [92,93]. Another approach is decorating QDs
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with amphiphilic polymers that display carboxyl groups, which can also help antibodies
to bind to QDs through the EDC-NHS treatment [94,95]. EDC-NHS can also mediate the
binding of antibodies to QDs with hydrophilic thiol groups [96].

The interaction between -COOH and -NH2 is commonly employed for functionalizing
QDs with biological probes. However, certain non-covalent binding methods offer greater
convenience. For instance, polyhistidine peptide tags (his-tags) exhibit a strong affinity for
metals, facilitating the attachment of probes to QDs [24,97] (Figure 4c). This approach is
advantageous due to its straightforward synthesis and high thermal and enzymatic stability,
making it ideal for the conjugation of biological probes with tailored sequences to QDs.
Some studies have extensively utilized his-tags in the development of QD-based biosensors
employing Förster resonance energy transfer (FRET), enabling the multiplexed detection of
nucleic acids and proteins [24,42,97,98]. Moreover, surface modifying techniques that are
frequently used in electrodes can also be applied to QDs, such as MIP for capturing target
molecules [99] (Figure 4d).

Multiple types of nanoparticles can be integrated into one sensing system to utilize
their respective advantages. He et al. designed a sensing system containing CoFe2O4
nanoparticles, ZnO nanoparticles, and AuAg polyhedron [100]. In this work, ZnO and
CoFe2O4 nanoparticles were aminated by 3-Aminopropyltrimethoxysilane for the surface
conjugation with oligos that can specifically bind to target miRNAs. If the target miRNA
were to exist, it would form a complex with the ZnO and CoFe2O4 nanoparticles. ZnO
nanoparticles would then be dissolved by HCl to supply Zn2+ ions for the triggering of the
DNAzyme cycle that cuts S5 oligo to S2 analogues, which can bind to the oligo-decorated
AuAg polyhedrons that were immobilized on the sensing layer. The AuAg polyhedron
serves as the signal enhancer for SERS detection, while magnetic CoFe2O4 nanoparticles
would be removed by simple magnetic separation [100]. This study is a good example of
nanoparticles’ systemic integration, which is also highly suitable for multiplexing, due to
the involvement of unique oligos for biomarker capturing.
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Figure 4. Functionalization of nanoparticles for the capturing and detection of target analytes. (a) A
nano sensing system capable of detecting two mRNA targets at the same time. The nanoparticle dimer
with fluorescent dyes was established by immobilizing thiolated single-strand DNA oligos on gold
nanoparticles though gold–thiol bonds. Reproduced with permission from Ref. [17]. Copyright 2018,
American Chemistry Society. (b) PolyA hairpin DNA molecules labelled by FAM are immobilized on
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gold nanoparticles through PolyA-mediated binding. Reproduced with permission from Ref. [25].
Copyright 2023, Wiley. (c) (His)6 motif mediates binding of protein-based probes to surface of Zn-
rich quantum dots (QDs) for detection of protein biomarkers based on Förster resonance energy
transfer (FRET). Reproduced with permission from Ref. [97]. Copyright 2018, Wiley. (d) Molecularly
imprinted polymer coated on Fe3O4 magnetic nanoparticles/l-cysteine-modified zinc sulfide QDs for
detection of lysosomes based on fluorescent quenching. Reproduced with permission from Ref. [99].
Copyright 2021, Multidisciplinary Digital Publishing Institute.

3. Nanomaterials for Improving Sensor Performance

In many past studies related to biosensors, nanomaterials are used to assist the im-
provement in the sensors’ performance. For instance, certain nanomaterials can enhance
the density of sites available for immobilizing probes. Additionally, some nanomaterials
can introduce chemical groups that facilitate probe binding to surfaces lacking bioactive
functionalities. Furthermore, the unique affinity of specific nanomaterials for certain ana-
lytes, as well as the special properties of certain nanomaterials, can significantly improve
the detection and quantification of biomolecules.

3.1. Polymers

Polymers are highly useful in facilitating the binding of probes to sensors and im-
proving the sensing efficiency. They usually present special geometric, chemical, and
bioactive features which can support efficient immobilization of sensing probes and enable
sensitive biosensing.

A well-validated form of polymer for biosensing is dendrimer. Dendrimers are nanos-
tructures with a tree-like monodisperse architecture, typically featuring a symmetric core,
an inner shell, and an outer shell. Its superior aspects include providing high-density sites
for the conjugation of sensing probes and providing spatial separation in order to avoid the
aggregation of nanoparticles.

One material typically used to generate dendrimers is polyamidoamine (PAMAM).
There are in total around 10 generations of PAMAM dendrimers. The generations lower
than G4 mainly evince planar structures, low steric hindrance, and high polarity [101]. In
contrast, the higher generations (G5 to G10) are increasingly spherical, have higher steric
hindrance, and evince a larger cavity in their size [101]. Due to the presence of amino
groups at the terminals of its branches, PAMAM can be flexibly applied to functionalize dif-
ferent materials. For example, PAMAM dendrimers lower than G4 can easily be connected
to AuNPs through the high affinity between an amino group and AuNPs [23,102,103]
(Figure 5a). In the fabrication of electrochemical biosensors, PAMAM dendrimers are
usually used to provide binding sites for immobilizing probes, awhile minimizing un-
desired adsorption [104–106]. They can be easily functionalized to electrodes through
direct binding to carboxylated surface by EDC-NHS treatment [104], or by binding with
other carboxylated nanomaterials like carbon nanotube or graphene oxide for drop-coating
onto electrodes [105,106]. In a past study, PAMAM dendrimer was even applied in spa-
tial omics. Cao et al. conjugated PAMAM dendrimers to glass slides silanized with 3-
Glycidyloxypropyltrimethoxysilane through creating chemical bonds by reactions between
PAMAM’s amine terminal and the epoxy rings of 3-Glycidyloxypropyltrimethoxysilane [107].
The glass slides modified with PAMAM dendrimers can be easily functionalized with
amine-conjugated oligonucleotides in order to efficiently capture RNAs in tissue sections,
thereby supporting downstream RNA sequencing [107].

Apart from the amine ends, there are also different types of cores for PAMAM which
might be utilized for surface functionalization. For example, PAMAM with cystamine core
can be processed by sodium borohydride (NaBH4) to reduce the core disulfide bonds, and
thereby expose active thiol groups to assist in its attachment to a gold electrode surface
for electrochemical sensing [108]. PAMAM dendrimers can also be applied as the spatial
support for synthesis of other nanoparticles like QDs, and functionalized by antibody for
multiplexed detection of proteins based on anodic stripping voltammetric analysis [109].
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Figure 5. Integrating polymers in biosensors to improve sensing performance. (a) Functionalizing
MXene with PAMAM dendrimers to improve its electrochemical performance and providing active
sites for binding with gold nanoparticles. Hydroxyl groups introduced by HF etching on MXene
can react with succinic anhydride, thereby forming active carboxyl terminals for the binding or
in situ growth of PAMAM dendrimers. Reproduced with permission from Ref. [23]. Copyright
2022, Springer Nature. (b) Functionalizing glassy carbon electrodes with poly(propylene imine)
dendrimers and gold nanoparticles by electro-co-deposition for improved immobilization of aptamers.
Reproduced with permission from Ref. [54]. Copyright 2023, American Chemistry Society.

Other than PAMAM, some other types of dendrimers have also been applied in fabri-
cating biosensors. Sipuka et al. applied electro-co-deposition to functionalize glassy carbon
electrodes with generation-3 (G3) poly(propylene imine) (PPI) dendrimers and AuNPs.
PPI dendrimers provide good supports for the immobilization of AuNPs, a finding which
was further functionalized with thiol-conjugated aptamers for electrochemical sensing [54]
(Figure 5b).

Apart from forming dendrimers, some polymers can also serve as the linker between
a sensor base and bioactive probes. Poly-L-lysine has been used to bridge the connection
between graphene and DNA probes for the detection of multiple types of miRNAs [110].
Poly-L-lysine can also form dendrimers, but their dendrimers are more frequently used in
nanomedicine rather than biosensing [111,112]. Because of their high designability, some
customized polymers have been proposed to provide multiple types of surface reactive
groups for functionalization [113]. Polyethylenimine is also occasionally applied to the
surface of electrodes or nanoparticles [114]. Polyethylenimine can bind to biological probes
through many ways, including covalent binding through its amino groups [115,116], or by
its affinity to biomolecules such as DNA due to electrostatic interactions [117].
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3.2. Composite Nanomaterials

Similar to polymers, some composite nanomaterials can also be used to functionalize
sensor surfaces to assist in the immobilization of biological probes. More importantly, due
to the combination of different materials, they can provide multiple benefits by exerting
advantages on each component’s respective properties.

One advantage of the functionalization of sensors with composite nanomaterials is the
ability to provide chemical groups that facilitate binding of probes. For example, coatings
composed of BSA and reduced graphene oxide (rGO) nanoflakes (terminated with amine
group) crosslinked with glutaraldehyde have been applied to functionalize gold electrodes
to prevent biofouling, improve sensors’ electrochemical properties, and allow the binding
of antibodies and other probes for multiplexed biomarker detection [8].

Some composite nanomaterials may exert special properties in assisting biosensing.
For example, zinc oxide (ZnO) has a high isoelectric point, which could improve the
detection of multiple types of analytes by attracting them to the sensor surface through
electrostatic interactions. Nanocomposite formed by ZnO and carbon nano-onion has
been deposited to the surface of a glassy carbon electrode for enzyme-less detection of
glucose [118]. Cupric oxide has catalytic activities; its nanocomposite with graphene
is therefore applied to a carbon paste electrode for the detection of multiple medical
molecules [119]. Some carbon-based nanomaterials such as multiwalled carbon nanotube
(MWCNT) can also be used to assist functionalization. Periasamy et al. developed a
biosensor for detecting glucose by coating gelatin-MWCNT on a glassy carbon electrode to
assist the immobilization of glucose oxidase [120]. Polyethyleneimine-wrapped MWCNT
has been used to screen a printed electrode for immobilization of antibodies to detect a
carcinoembryonic antigen in multiple types of body fluids [121].

One example of a sensing technique that extensively employs composite nanomaterials
is the field effect transistor (FET). Composite 2D nanomaterials that have semiconductive
properties are expected to foster the development of novel sensitive FET-based biosen-
sors. One prominent example is shown by transition metal dichalcogenides, such as
molybdenum disulfide (MoS2). De Silva et al. developed a FET-based biosensor capa-
ble of detecting femtomole-level concentrations of tumor necrosis factor-alpha (TNF-α)
using two-dimensional MoS2 diodes [122] (Figure 6b). In their study, the FET was con-
structed on a silicon substrate covered with a 300 nm thick layer of silicon dioxide (SiO2).
The MoS2 layer, with a thickness of less than 100 nm, was mechanically exfoliated and
placed onto the Si/SiO2 substrate. An aluminum oxide (Al2O3) nano-layer was then de-
posited onto the MoS2 layer for passivation and to facilitate the functionalization of amine-
conjugated aptamers. Glycidyloxypropyltrimethoxysilane and 1,1′-carbonyldiimidazole
were employed to modify the Al2O3 surface, enabling the binding of amine group-modified
probes [122] (Figure 6b). In addition to MoS2, FETs incorporating rGO on SiO2 layers have
also been reported. In these devices, the rGO surface was modified with 1-pyrenebutyric
acid N-hydroxysuccinimide ester (PBASE) through π–π stacking interactions between the
pyrene group and rGO. The PBASE modification introduces succinimidyl ester groups
that facilitate binding with amine groups, thereby enabling effective surface functionaliza-
tion [123]. Multiplexing capabilities can be achieved using FET arrays, where different FETs
are functionalized with distinct probes [123]. One significant advantage of multiplexed
FET-based biosensors is their high specificity, which arises from the unique doping effects
induced by target analytes with varying isoelectric points, which results in different shifts
in the transfer characteristic curves [123].
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(a) DNA nanoswitches connecting microbeads to glass substrate, supporting multiplexed detection
of target binding. Reproduced with permission from Ref. [22]. Copyright 2020, American Chemistry
Society. (b) MoS2 diode-based field effect transistor containing nanolayers of MoS2 and Al2O3

for ultrasensitive detection of TNF-α in body fluids. Reproduced with permission from Ref. [122].
Copyright 2022, Springer Nature.

Composite nanomaterials also enable innovative sensing modes. Nucleic acids are
highly versatile and exhibit strong affinity for various biomolecules. Lubken et al. devel-
oped a material called the nanoswitch, based on DNA strands, which serves as a linker
that binds to a microparticle and immobilizes it on a glass slide (Figure 6a). The dynamic
binding of analytes leads to deformation of the nanoswitch and displacement of the mi-
croparticle, which can be quantified through image analysis [22] (Figure 6a). Importantly,
the nanoswitch linkers bind reversibly to target analytes, with the association and dis-
sociation kinetics determined by different sequences of the nanoswitch and their target
analytes. This variation in binding kinetics is reflected in the concentric motion patterns of
each individual microparticle (Figure 6a), which can be recorded, quantified, and analyzed
through imaging techniques. Hundreds of these nanoswitch-bound microparticles, each
targeting different analytes, can be monitored simultaneously, with their target molecules
decoded through their unique “motional barcodes”, allowing for the estimation of the
concentrations of multiple analytes.
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Composite nanoparticles themselves can also be applied to modify surfaces of biosen-
sors to achieve desired properties. Nie et al. developed TiO2@Pt nanoparticles with a
hairpin-shaped nucleic acid probe functionalized on its surface through a Pt-S bond, and
deposited the nanoparticles on a glassy carbon electrode to utilize the material’s property
of promoting electron transfer, which was demonstrated on multiple types of miRNA
biomarkers [56].

In summary, employing composite nanomaterials for the functionalization of biosen-
sors offers flexible strategies to leverage the synergistic properties of different materials,
thereby improving their performance in various aspects. The continuous discovery of
innovative composite nanomaterials holds the potential to further elevate the efficacy of
biosensing technologies.

4. Paradigms for Multiplexed Molecular Biosensing

Multiplexed detection of biological analytes is a major direction for the development
of novel biosensing methods. Despite the similarity in the principle of functionalization
compared with single-analyte sensors, the fabrication of multiplexed biosensors requires
some special strategies to allow for the simultaneous detection of multiple biomarkers. In
general, there are three different approaches to achieve the goal of multiplexed sensing,
and they require different strategies in surface functionalization.

4.1. Spatial Separation of Detecting Regions

Spatial separation is the simplest way to achieve multiplexed detection. For exam-
ple, many studies based on lateral-flow devices have applied jetting of probes directly
onto different regions of test strips to achieve detection of multiple biomarkers in a single
test [124–126]. Similarly, the functionalization of electrical, optical, and fluorescence-based
biosensors that achieve multiplexing through spatial separation can also be performed by
separately applying different probes to their corresponding sensing regions [8,26,48,127]
(Figure 7a). To achieve good outcomes of functionalization, techniques that support the pre-
cise coating of reagents to specific regions of biosensors are sometimes adopted, especially
nanofabricating methods such as inkjet printing or spotting [127,128].

Some microfluidics-based technologies have also adopted a special method that ap-
plies the same surface functionalization to the whole microchannel, with molecules that
capture signaling probes (such as avidin for biotin-labeled probes), while the multiplexed
detection is achieved by dividing the sample liquid into multiple, distinct portions and
distributing them to different regions of the channels for quantification [129]. The key to
this strategy is functionalizing the sensing device with a universal capturing probe, while
dividing the sensing reactions into spatially separated regions, which is more flexible as to
various applications, since the same device can be applied for different tasks with different
target analytes.

In summary, all kinds of common functionalizing strategies can be used for estab-
lishing multiplexed biosensors based on the spatial separation of their detecting regions.
Notably, some methods that reduce non-specific binding and improve sensor stability
might be required for this type of multiplexed biosensors, such as the coating of nanolayers
on electrodes [130,131] (Figure 7b).
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Figure 7. Multiplexed sensors based on spatially separating sensing regions that are functionalized
with different probes. (a) Spatially separated functionalization of carbon nanotubes for multiplexed
detection of biomarkers related to Alzheimer’s disease. Ultraviolet–ozone was used to generate
carbonyl groups on carbon nanotubes, followed by EDC-NHS treatment to activate the surface,
and the dropping of antibodies to predesigned sensor regions. Reproduced with permission from
Ref. [26]. Copyright 2020, Springer Nature. (b) Multiplexed electrochemical aptasensor for detection
of multi-toxin. Spatially separated electrodes with deposited gold nanoparticles were incubated
with their respective thiolated aptamers for functionalization. The aptamers form self-assembled
monolayers that improve sensor stability. Reproduced with permission from Ref. [131]. Copyright
2024, Multidisciplinary Digital Publishing Institute.

4.2. Unique Identifiers

One effective way to detect multiple biomarkers from a limited amount of sample is to
apply unique identifiers for classification. Multiple types of identifiers have been used in
past studies, mostly related to the application of materials that generate different signals.

Many biosensors based on nanoparticles apply the strategy of unique identifiers in
order to achieve multiplexing. Raman spectroscopy assisted by nanostructures used to
enhance signals is capable of detecting multiple analytes based on their unique Raman
spectra [132], especially organic molecules. However, Raman’s distinguishability towards
macromolecules like proteins is relatively low, limiting its applications in this area. SERS
tags with target-specific probes can overcome this problem. By functionalizing probes
targeting different biomarkers on different Raman dye-coded nanoconjugates, the varied
levels of different biomarkers can be easily realized [18,133]. QDs that generate distinct
electrical, optical, and fluorescent signals are also commonly employed to achieve multi-
plexing. This is accomplished by functionalizing the QDs with various probes and mixing
them in a single reaction system, where different signal tags are used to target specific
analytes [109,134,135]. DNA barcodes are also useful agents, since they are easy to amplify
and flexible to customize. Nanoparticles decorated with different antibodies and DNA
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barcodes have been applied along with nanopore sensing for multiplexed detection of
cancer biomarkers [136].

Advancements in nanomaterials and in their integration with oligonucleotides have
led to the development of novel multiplexing techniques. For instance, the nanoswitch and
microparticle sensing system proposed by Lubken et al. enables the detection of various
analytes by quantifying their binding periods, which indicates their different levels of affin-
ity to the nanoswitch [22]. Similarly, Hastman et al. modified QDs with oligonucleotides
hybridized to complementary strands labeled with dyes, as well as peptides modified with
electroactive groups (Figure 8a). This system can detect multiple target DNAs and proteins
through changes in fluorescence emission spectra resulting from FRET [24] (Figure 8b).
These methods demonstrate that nanomaterials capable of generating multiple types of
signals have significant potential for multiplexed biosensing, offering advantages in the
simplification of detection systems while enhancing multiplexing capabilities. Furthermore,
this insight emphasizes the technologies that could drive the future development of multi-
plexed sensors, such as molecular fluorescent multicolor indicators, which can generate
distinct fluorescent signals based on different conformational states or interactions with
specific analytes [137].
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Figure 8. Multiplexed detection of DNAs and proteases by QDs. (a) Capturing probes based on
oligo nucleotides and peptides were immobilized on the same QD. (b) Multiplexing of the QD-based
biosensor was achieved by FRET. Reproduced with permission from Ref. [24]. Copyright 2024,
American Chemistry Society.

In general, biosensors that achieve multiplexed detection by unique identifiers nor-
mally do not require special surface-functionalizing methods. Instead, the selection of
signal-generating agents is important. Functionalization is usually performed separately
on different signal-generating agents to afford different targeting capabilities, and these
signal-generating agents would be mixed for multiplexed detection. Novel nanomaterials
with different levels of quantifiable reactions to different analytes also have huge potential
with respect to their use in the making of multiplexed biosensors.

4.3. Multimodal Detection

In many biosensing tasks, the target biomarkers can be largely different in their forms
and properties. Under this situation, multimodal sensing systems would be required.
One major problem to be considered under this situation is how to detect different signals
simultaneously, without interference between each other.

One effective way to perform multimodal biosensing is integrating multiple sensing
elements together in a system, while keeping them separated. For example, Zahed et al.
designed a wearable patch for monitoring multiple physiological biomarkers, including
glucose, pH, skin impedance, and electrocardiography [50]. The patch contains MXene–
polyvinylidene fluoride nanofiber for the detection of forces, polyaniline-based nanofibrous
porous layer to measure pH, and gold electrode coated with nanolayer of rGO for the
measurement of glucose (by glucose oxidase immobilized on a carboxylated rGO layer
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through EDC-NHS treatment) [50]. In some cases, to further avoid interference between
electrode areas used for different purposes, insulators can be added to seal and separate
different sensing regions. Imani et al. designed a multimodal patch to measure ECG and
lactate in human sweat (Figure 9a), which applied screen printer to sequentially print
Ag/AgCl (conductive material for working and counter electrodes) on electrodes for the
detection of both ECG and lactate, and further print lactate oxidase-modified Prussian blue
as well as insulator inks for functionalizing the lactate-sensing electrodes [138] (Figure 9b).
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Figure 9. Multiplexed biosensor based on multimodal signal detection. (a) Flexible multimodal
patch for simultaneously measuring ECG and lactate. (b) Electrodes of the sensor were fabricated
by sequential screen printing of conductive material, oxidase-modified Prussian blue, and insulator
(PVC: Polyvinyl chloride) inks. Reproduced with permission from Ref. [115]. Copyright 2016,
Springer Nature.

Advancements in materials may also provide novel ideas for multimodal biosensing. A
recent study proposed a conductive hydrogel based on modified poly(3,4-ethylenedioxythio-
phene):poly(styrenesulfonate) and gelatin. This hydrogel provides responsive signals
related to urea, body temperature, and even cardiac conditions [139]. These types of multi-
modal materials provide novel ideas for the functionalization of biosensors for achieving
multiplexed sensing. We expect that multimodal composite nanomaterials might also
have great potential to be applied in such a kind of multiplexed biosensor. In fact, multi-
modal nanomaterials have already been applied in multiplexed detection of biomolecules;
Tort et al. developed a DNA-gold nanoparticle for the detection of biomarkers based on
localized SPR and spatial information for a particle binding to a detecting slide [140].
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Although multimodal detection in this study was used for improving detectability rather
than directly providing quantification of different biomarkers, this technique still provides
a good reference for future study in this area.

In summary, strategies for multiplexed biosensing can be roughly divided into
two paradigms. Currently, most of the multimodal biosensors integrate sensor elements
functionalized for different types of biomarkers together into one sensor. However, with the
development of novel composite materials, we can expect that materials with multimodal
properties might be used more and more in functionalizing and developing biosensors.

5. Summary and Outlook

Biosensors are continuously infiltrating into people’s lives, providing support for
diagnosis, daily healthcare management, chemical monitoring, food safety, and biomedical
research. The application scenarios are becoming more and more diverse, along with
higher requirements for precision and comprehensiveness of detection. These requirements
are leading to several trends in biosensor development. Firstly, the awareness of the
importance of multiplexing has been raised, especially for solving complex problems, such
as diagnosing heterogeneous diseases and point-of-care testing [7,11,18,110]. Secondly,
aiming at the tackling of tasks related to different types of samples, analytes, and scenarios,
novel biosensors are evolving to have diverse structural features and sensing principles.
Thirdly, composite materials are commonly used more and more in biosensors to overcome
the limitations of single materials.

The trends in biosensor development are leading to the widespread adoption of
nanomaterials and nanofabricating technologies. Nanomaterials and nanostructures have
many advantages that can hardly be gained otherwise. For example, nanostructures
like SAMs [9,32,33,39,71,74,76], MIPs [10–12], and dendrimers [23,54,102,103,107–109] pro-
vide ideal spatial and chemical supports for the binding of biological probes, or even
the direct capture of biomolecules. Certain types of nanoparticles are widely used as
tags for the generation or enhancement of quantifiable signals, such as MNPs [13–15],
AuNPs [16–20], QDs [91–96], and composite nanomaterials that contain these nanoparti-
cles as core elements [23,54,60,100]. Some 3D nanostructures on certain materials (such as
gold) have special optical effects that can be utilized by biosensors based on SERS and
SPR [66–69]. Therefore, advancements in nanomaterials and nanofabrication have become
major promoters for the development of novel biosensors.

We can clearly see that nanotechnologies are fostering new modes of biosensors, espe-
cially multiplexed detections. Traditionally, multiplexed biosensors based on the spatial
separation of detecting regions apply nanomaterials merely for surface modification and
electrode fabrication to improve their performance (e.g., SAM) [8,26,130,131], or apply
basic nanoparticles as tags to denote the existence of analytes (e.g., lateral flow) [124–127].
However, nanomaterials have much more potential in supporting multiplexed detection
based on more integrated manners of use. Due to their high flexibility in customizing
structures, nanoparticles can be fabricated to carry different signal-generating components
and molecule-capturing probes, which are highly useful in multiplexed biosensors based
on unique identifiers [18,109,133–135]. In recent years, the involvement of oligo nucleotides
as a part of a nano sensing system also further extended the forms and capabilities of iden-
tifiers for multiplexing [22,136]. With the development of novel nanomaterials and nano-
fabricating technologies, new patterns of biosensing are expected to continually appear.

The bridge that links nanotechnologies with biosensing capability is surface function-
alization. Surface functionalization for biosensors includes two major types. The first type
is the functionalization of nanomaterials for the carrying of biological probes. This method
is commonly seen in biosensors based on nanoparticles with signal-generating capabilities.
Most of these nanoparticles are immobilized with probes based on covalent bonds such
as SA–biotin bonds, the gold–thiol bond, and the peptide bond [13–20,23,54,60,91–96,100],
while a few of them adopt simpler non-covalent bindings that utilize affinities between cer-
tain motifs and nanoparticles [18–20,24]. The second type of functionalization is the use of
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nanomaterials to modify sensing surfaces and improve sensors’ performance. Several types
of SAMs, MIPs, dendrimers, and nanoparticles are commonly used in the modification of
electrodes for electrochemical biosensors, for the purpose of facilitating immobilization
of bioactive probes, protecting electrodes from contamination, exerting catalytic effects,
and modulating electron transfer [8–12,22,32,33,39,56,71,74,76,104–106,118–121]. Impor-
tantly, although the methods for surface functionalization are very diverse, most of them
are based on several basic chemical reactions. Although this review cannot cover all the
recent progress related to the application of nanotechnologies in biosensing, we have
reviewed the major types of strategies for surface functionalization, with representative
examples provided.

In the near future, we anticipate that multiplexing capabilities will be a key considera-
tion in the development of new biosensing systems, with nanomaterials and nanofabrica-
tion serving as the foundations for innovations in this field. Researchers can contribute to
the advancement of novel biosensors through several approaches. Firstly, in sensor fabri-
cation, there is a pressing need for innovative materials for sensor bodies that guarantee
stable, reproducible, and high-efficiency performance. Composite nanomaterials which
offer stability, high affinity for biological probes, and excellent electrical properties are
particularly promising in this regard. Secondly, in application design, researchers should
focus on creating sensors that excel in challenging yet critical tasks for biological research,
such as sampling biomarkers from deep tissues or within the cytoplasm by the application
of 3D structures or multiplexed capturing probes. Thirdly, the exploration of novel nanoma-
terials with favorable properties for surface modification or those that possess multiplexed
sensing capabilities is highly valuable. Moreover, significant innovations are required in the
system integration process to establish functional sensing systems, particularly in surface-
functionalization methods that effectively bind biological probes to sensors and support
the required sensing tasks. By summarizing the surface-functionalization strategies related
to biosensors, this review aims to serve as a reference supporting interdisciplinary technical
integrations and as a foundational guideline for the initiation of research in this area.
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8. Zupančič, U.; Jolly, P.; Estrela, P.; Moschou, D.; Ingber, D.E. Graphene Enabled Low-Noise Surface Chemistry for Multiplexed
Sepsis Biomarker Detection in Whole Blood. Adv. Funct. Mater. 2021, 31, 2010638. [CrossRef]

9. Lee, J.; Na Suh, H.; Park, H.-B.; Park, Y.M.; Kim, H.J.; Kim, S. Regenerative Strategy of Gold Electrodes for Long-Term Reuse of
Electrochemical Biosensors. ACS Omega 2023, 8, 1389–1400. [CrossRef]

10. Wang, M.; Yang, Y.; Min, J.; Song, Y.; Tu, J.; Mukasa, D.; Ye, C.; Xu, C.; Heflin, N.; McCune, J.S.; et al. A wearable electrochemical
biosensor for the monitoring of metabolites and nutrients. Nat. Biomed. Eng. 2022, 6, 1225–1235. [CrossRef]

11. Bauer, M.; Wunderlich, L.; Weinzierl, F.; Lei, Y.; Duerkop, A.; Alshareef, H.N.; Baeumner, A.J. Electrochemical multi-analyte
point-of-care perspiration sensors using on-chip three-dimensional graphene electrodes. Anal. Bioanal. Chem. 2021, 413, 763–777.
[CrossRef] [PubMed]

12. Nguyen, T.N.T.; Pham, N.T.; Ngo, D.-H.; Kumar, S.; Cao, X.T. Covalently Functionalized Graphene with Molecularly Imprinted
Polymers for Selective Adsorption and Electrochemical Detection of Chloramphenicol. ACS Omega 2023, 8, 25385–25391.
[CrossRef] [PubMed]

13. Wang, Y.; Dostalek, J.; Knoll, W. Magnetic Nanoparticle-Enhanced Biosensor Based on Grating-Coupled Surface Plasmon
Resonance. Anal. Chem. 2011, 83, 6202–6207. [CrossRef]

14. Chen, S.; Sun, Z.; Li, W.; Yu, P.; Shi, Q.; Kong, F.; Zhang, Q.; Wang, P.; Wang, Y.; Shi, F.; et al. Digital Magnetic Detection of
Biomolecular Interactions with Single Nanoparticles. Nano Lett. 2023, 23, 2636–2643. [CrossRef]

15. Oropesa-Nuñez, R.; de la Torre, T.Z.G.; Stopfel, H.; Svedlindh, P.; Strömberg, M.; Gunnarsson, K. Insights into the Formation
of DNA–Magnetic Nanoparticle Hybrid Structures: Correlations between Morphological Characterization and Output from
Magnetic Biosensor Measurements. ACS Sens. 2020, 5, 3510–3519. [CrossRef]

16. Downs, A.M.; Gerson, J.; Hossain, M.N.; Ploense, K.; Pham, M.; Kraatz, H.-B.; Kippin, T.; Plaxco, K.W. Nanoporous Gold for the
Miniaturization of In Vivo Electrochemical Aptamer-Based Sensors. ACS Sens. 2021, 6, 2299–2306. [CrossRef]

17. Kyriazi, M.-E.; Giust, D.; El-Sagheer, A.H.; Lackie, P.M.; Muskens, O.L.; Brown, T.; Kanaras, A.G. Multiplexed mRNA Sensing
and Combinatorial-Targeted Drug Delivery Using DNA-Gold Nanoparticle Dimers. ACS Nano 2018, 12, 3333–3340. [CrossRef]

18. Zhang, X.; Liu, S.; Song, X.; Wang, H.; Wang, J.; Wang, Y.; Huang, J.; Yu, J. Robust and Universal SERS Sensing Platform for
Multiplexed Detection of Alzheimer’s Disease Core Biomarkers Using PAapt-AuNPs Conjugates. ACS Sens. 2019, 4, 2140–2149.
[CrossRef]

19. Li, W.; Dong, Y.; Wang, X.; Li, H.; Xu, D. PolyA-tailed and fluorophore-labeled aptamer-gold nanoparticle conjugate for
fluorescence turn-on bioassay using iodide-induced ligand displacement. Biosens. Bioelectron. 2015, 66, 43–49. [CrossRef]

20. Li, X.; Qian, Z.; Chang, R.; Peng, C.; Xie, Z.; Wang, Z. Non-thiolated nucleic acid functionalized gold nanoparticle–based aptamer
lateral flow assay for rapid detection of kanamycin. Microchim. Acta 2022, 189, 244. [CrossRef]

21. Linh, V.T.N.; Yim, S.-G.; Mun, C.; Yang, J.-Y.; Lee, S.; Yoo, Y.W.; Sung, D.K.; Lee, Y.-I.; Kim, D.-H.; Park, S.-G.; et al. Bioinspired
plasmonic nanoflower-decorated microneedle for label-free intradermal sensing. Appl. Surf. Sci. 2021, 551, 149411. [CrossRef]

22. Lubken, R.M.; de Jong, A.M.; Prins, M.W.J. Multiplexed Continuous Biosensing by Single-Molecule Encoded Nanoswitches. Nano
Lett. 2020, 20, 2296–2302. [CrossRef] [PubMed]

23. Liu, X.; Qiu, Y.; Jiang, D.; Li, F.; Gan, Y.; Zhu, Y.; Pan, Y.; Wan, H.; Wang, P. Covalently grafting first-generation PAMAM
dendrimers onto MXenes with self-adsorbed AuNPs for use as a functional nanoplatform for highly sensitive electrochemical
biosensing of cTnT. Microsyst. Nanoeng. 2022, 8, 35. [CrossRef] [PubMed]

24. Hastman, D.A.; Hooe, S.; Chiriboga, M.; Díaz, S.A.; Susumu, K.; Stewart, M.H.; Green, C.M.; Hildebrandt, N.; Medintz, I.L.
Multiplexed DNA and Protease Detection with Orthogonal Energy Transfer on a Single Quantum Dot Scaffolded Biosensor. ACS
Sens. 2024, 9, 157–170. [CrossRef]

25. Li, J.; Li, H.-W. Ultrasensitive miRNA Detection by AuNP-based 3D DNA Walker and Catalytic Hairpin Assembly (CHA) Cascade
Amplification for Early Cancer Diagnosis. Chem.—Asian J. 2023, 18, e202300367. [CrossRef]

26. Kim, K.; Kim, M.-J.; Kim, D.W.; Kim, S.Y.; Park, S.; Park, C.B. Clinically accurate diagnosis of Alzheimer’s disease via multiplexed
sensing of core biomarkers in human plasma. Nat. Commun. 2020, 11, 119. [CrossRef]

27. Wang, J.; Liu, Z.; Hu, C.; Hu, S. Ultrasensitive Photoelectrochemical Biosensing of Multiple Biomarkers on a Single Electrode by a
Light Addressing Strategy. Anal. Chem. 2015, 87, 9368–9375. [CrossRef]

28. Ji, X.; Lin, X.; Rivnay, J. Organic electrochemical transistors as on-site signal amplifiers for electrochemical aptamer-based sensing.
Nat. Commun. 2023, 14, 1665. [CrossRef]

29. Zhang, W.; Tian, Z.; Yang, S.; Rich, J.; Zhao, S.; Klingeborn, M.; Huang, P.-H.; Li, Z.; Stout, A.; Murphy, Q.; et al. Electrochemical
micro-aptasensors for exosome detection based on hybridization chain reaction amplification. Microsyst. Nanoeng. 2021, 7, 63.
[CrossRef]

30. Kesler, V.; Fu, K.; Chen, Y.; Park, C.H.; Eisenstein, M.; Murmann, B.; Soh, H.T. Tailoring Electrode Surface Charge to Achieve
Discrimination and Quantification of Chemically Similar Small Molecules with Electrochemical Aptamers. Adv. Funct. Mater.
2023, 33, 2208534. [CrossRef]

https://doi.org/10.1007/s11468-023-01803-2
https://doi.org/10.1021/acsami.7b05981
https://doi.org/10.1002/adfm.202010638
https://doi.org/10.1021/acsomega.2c06851
https://doi.org/10.1038/s41551-022-00916-z
https://doi.org/10.1007/s00216-020-02939-4
https://www.ncbi.nlm.nih.gov/pubmed/32989512
https://doi.org/10.1021/acsomega.3c02839
https://www.ncbi.nlm.nih.gov/pubmed/37483252
https://doi.org/10.1021/ac200751s
https://doi.org/10.1021/acs.nanolett.2c04961
https://doi.org/10.1021/acssensors.0c01623
https://doi.org/10.1021/acssensors.1c00354
https://doi.org/10.1021/acsnano.7b08620
https://doi.org/10.1021/acssensors.9b00974
https://doi.org/10.1016/j.bios.2014.10.047
https://doi.org/10.1007/s00604-022-05342-1
https://doi.org/10.1016/j.apsusc.2021.149411
https://doi.org/10.1021/acs.nanolett.9b04561
https://www.ncbi.nlm.nih.gov/pubmed/32091908
https://doi.org/10.1038/s41378-022-00352-8
https://www.ncbi.nlm.nih.gov/pubmed/35450327
https://doi.org/10.1021/acssensors.3c01812
https://doi.org/10.1002/asia.202300367
https://doi.org/10.1038/s41467-019-13901-z
https://doi.org/10.1021/acs.analchem.5b02148
https://doi.org/10.1038/s41467-023-37402-2
https://doi.org/10.1038/s41378-021-00293-8
https://doi.org/10.1002/adfm.202208534


Nanomaterials 2024, 14, 2014 22 of 26

31. Keyvani, F.; GhavamiNejad, P.; Saleh, M.A.; Soltani, M.; Zhao, Y.; Sadeghzadeh, S.; Shakeri, A.; Chelle, P.; Zheng, H.; Rahman, F.A.;
et al. Integrated Electrochemical Aptamer Biosensing and Colorimetric pH Monitoring via Hydrogel Microneedle Assays for
Assessing Antibiotic Treatment. Adv. Sci. 2024, 11, e2309027. [CrossRef] [PubMed]

32. Wirde, M.; Gelius, U.; Nyholm, L. Self-Assembled Monolayers of Cystamine and Cysteamine on Gold Studied by XPS and
Voltammetry. Langmuir 1999, 15, 6370–6378. [CrossRef]

33. Deng, J.; Yuk, H.; Wu, J.; Varela, C.E.; Chen, X.; Roche, E.T.; Guo, C.F.; Zhao, X. Electrical bioadhesive interface for bioelectronics.
Nat. Mater. 2021, 20, 229–236. [CrossRef] [PubMed]

34. Rodríguez, A.; Burgos-Flórez, F.; Posada, J.D.; Cervera, E.; Zucolotto, V.; Sanjuán, H.; Sanjuán, M.; Villalba, P.J. Electrochemical
Immunosensor for the Quantification of S100B at Clinically Relevant Levels Using a Cysteamine Modified Surface. Sensors 2021,
21, 1929. [CrossRef]

35. Yang, Y.; Yang, M.; Wang, H.; Jiang, J.; Shen, G.; Yu, R. An amperometric horseradish peroxidase inhibition biosensor based on a
cysteamine self-assembled monolayer for the determination of sulfides. Sens. Actuators B Chem. 2004, 102, 162–168. [CrossRef]

36. Watkins, Z.; Karajic, A.; Young, T.; White, R.; Heikenfeld, J. Week-Long Operation of Electrochemical Aptamer Sensors: New
Insights into Self-Assembled Monolayer Degradation Mechanisms and Solutions for Stability in Serum at Body Temperature.
ACS Sens. 2023, 8, 1119–1131. [CrossRef]

37. Radi, A.-E.; Abd-Ellatief, M.R. Electrochemical Aptasensors: Current Status and Future Perspectives. Diagnostics 2021, 11, 104.
[CrossRef]

38. Kanyong, P.; Davis, J.J. Homogeneous functional self-assembled monolayers: Faradaic impedance baseline signal drift suppression
for high-sensitivity immunosensing of C-reactive protein. J. Electroanal. Chem. 2020, 856, 113675. [CrossRef]

39. Xia, N.; Sun, Z.; Ding, F.; Wang, Y.; Sun, W.; Liu, L. Protease Biosensor by Conversion of a Homogeneous Assay into a
Surface-Tethered Electrochemical Analysis Based on Streptavidin–Biotin Interactions. ACS Sens. 2021, 6, 1166–1173. [CrossRef]

40. Liu, G.; Wan, Y.; Gau, V.; Zhang, J.; Wang, L.; Song, S.; Fan, C. An Enzyme-Based E-DNA Sensor for Sequence-Specific Detection
of Femtomolar DNA Targets. J. Am. Chem. Soc. 2008, 130, 6820–6825. [CrossRef]

41. Bai, H.; Wang, R.; Hargis, B.; Lu, H.; Li, Y. A SPR Aptasensor for Detection of Avian Influenza Virus H5N1. Sensors 2012, 12,
12506–12518. [CrossRef] [PubMed]

42. Mathur, D.; Thakur, M.; Díaz, S.A.; Susumu, K.; Stewart, M.H.; Oh, E.; Walper, S.A.; Medintz, I.L. Hybrid Nucleic Acid-Quantum
Dot Assemblies as Multiplexed Reporter Platforms for Cell-Free Transcription Translation-Based Biosensors. ACS Synth. Biol.
2022, 11, 4089–4102. [CrossRef] [PubMed]

43. Huang, Z.; Zhang, L.; Dou, Y.; Liu, X.; Song, S.; Jiang, H.; Fan, C. Electrochemical Biosensor for Point-of-Care Testing of
Low-Abundance Biomarkers of Neurological Diseases. Anal. Chem. 2024, 96, 10332–10340. [CrossRef] [PubMed]

44. Yang, Z.; Lan, Q.; Li, J.; Wu, J.; Tang, Y.; Hu, X. Efficient streptavidin-functionalized nitrogen-doped graphene for the development
of highly sensitive electrochemical immunosensor. Biosens. Bioelectron. 2017, 89, 312–318. [CrossRef]

45. Moreira, G.; Qian, H.; Datta, S.P.A.; Bliznyuk, N.; Carpenter, J.; Dean, D.; McLamore, E.; Vanegas, D. A capacitive laser-induced
graphene based aptasensor for SARS-CoV-2 detection in human saliva. PLoS ONE 2023, 18, e0290256. [CrossRef]

46. Xu, S.; Zhan, J.; Man, B.; Jiang, S.; Yue, W.; Gao, S.; Guo, C.; Liu, H.; Li, Z.; Wang, J.; et al. Real-time reliable determination of
binding kinetics of DNA hybridization using a multi-channel graphene biosensor. Nat. Commun. 2017, 8, 14902. [CrossRef]

47. Osbeck, S.; Bradley, R.; Liu, C.; Idriss, H.; Ward, S. Effect of an ultraviolet/ozone treatment on the surface texture and functional
groups on polyacrylonitrile carbon fibres. Carbon 2011, 49, 4322–4330. [CrossRef]

48. Boonkaew, S.; Jang, I.; Noviana, E.; Siangproh, W.; Chailapakul, O.; Henry, C.S. Electrochemical paper-based analytical device for
multiplexed, point-of-care detection of cardiovascular disease biomarkers. Sens. Actuators B Chem. 2021, 330, 129336. [CrossRef]

49. Zhu, C.; Yang, G.; Li, H.; Du, D.; Lin, Y. Electrochemical Sensors and Biosensors Based on Nanomaterials and Nanostructures.
Anal. Chem. 2015, 87, 230–249. [CrossRef]

50. Zahed, A.; Kim, D.K.; Jeong, S.H.; Reza, S.; Sharifuzzaman, M.; Pradhan, G.B.; Song, H.; Asaduzzaman, M.; Park, J.Y. Microfluidic-
Integrated Multimodal Wearable Hybrid Patch for Wireless and Continuous Physiological Monitoring. ACS Sens. 2023, 8,
2960–2974. [CrossRef]

51. Song, W.; Li, H.; Liang, H.; Qiang, W.; Xu, D. Disposable Electrochemical Aptasensor Array by Using in Situ DNA Hybridization
Inducing Silver Nanoparticles Aggregate for Signal Amplification. Anal. Chem. 2014, 86, 2775–2783. [CrossRef] [PubMed]

52. Ye, C.; Wang, M.; Min, J.; Tay, R.Y.; Lukas, H.; Sempionatto, J.R.; Li, J.; Xu, C.; Gao, W. A wearable aptamer nanobiosensor for
non-invasive female hormone monitoring. Nat. Nanotechnol. 2024, 19, 330–337. [CrossRef] [PubMed]

53. Gao, Y.-S.; Xu, J.-K.; Lu, L.-M.; Wu, L.-P.; Zhang, K.-X.; Nie, T.; Zhu, X.-F.; Wu, Y. Overoxidized polypyrrole/graphene
nanocomposite with good electrochemical performance as novel electrode material for the detection of adenine and guanine.
Biosens. Bioelectron. 2014, 62, 261–267. [CrossRef] [PubMed]

54. Sipuka, D.S.; Olorundare, F.O.G.; Makaluza, S.; Midzi, N.; Sebokolodi, T.I.; Arotiba, O.A.; Nkosi, D. Dendrimer–Gold
Nanocomposite-Based Electrochemical Aptasensor for the Detection of Dopamine. ACS Omega 2023, 8, 33403–33411. [CrossRef]

55. Xie, D.; Li, C.; Shangguan, L.; Qi, H.; Xue, D.; Gao, Q.; Zhang, C. Click chemistry-assisted self-assembly of DNA aptamer on gold
nanoparticles-modified screen-printed carbon electrodes for label-free electrochemical aptasensor. Sens. Actuators B Chem. 2014,
192, 558–564. [CrossRef]

https://doi.org/10.1002/advs.202309027
https://www.ncbi.nlm.nih.gov/pubmed/39250329
https://doi.org/10.1021/la9903245
https://doi.org/10.1038/s41563-020-00814-2
https://www.ncbi.nlm.nih.gov/pubmed/32989277
https://doi.org/10.3390/s21061929
https://doi.org/10.1016/j.snb.2004.04.016
https://doi.org/10.1021/acssensors.2c02403
https://doi.org/10.3390/diagnostics11010104
https://doi.org/10.1016/j.jelechem.2019.113675
https://doi.org/10.1021/acssensors.0c02415
https://doi.org/10.1021/ja800554t
https://doi.org/10.3390/s120912506
https://www.ncbi.nlm.nih.gov/pubmed/23112728
https://doi.org/10.1021/acssynbio.2c00394
https://www.ncbi.nlm.nih.gov/pubmed/36441919
https://doi.org/10.1021/acs.analchem.4c01278
https://www.ncbi.nlm.nih.gov/pubmed/38865206
https://doi.org/10.1016/j.bios.2016.09.026
https://doi.org/10.1371/journal.pone.0290256
https://doi.org/10.1038/ncomms14902
https://doi.org/10.1016/j.carbon.2011.06.005
https://doi.org/10.1016/j.snb.2020.129336
https://doi.org/10.1021/ac5039863
https://doi.org/10.1021/acssensors.3c00148
https://doi.org/10.1021/ac500011k
https://www.ncbi.nlm.nih.gov/pubmed/24490908
https://doi.org/10.1038/s41565-023-01513-0
https://www.ncbi.nlm.nih.gov/pubmed/37770648
https://doi.org/10.1016/j.bios.2014.06.044
https://www.ncbi.nlm.nih.gov/pubmed/25022509
https://doi.org/10.1021/acsomega.3c03133
https://doi.org/10.1016/j.snb.2013.11.038


Nanomaterials 2024, 14, 2014 23 of 26

56. Nie, Y.; Yuan, X.; Zhang, P.; Chai, Y.-Q.; Yuan, R. Versatile and Ultrasensitive Electrochemiluminescence Biosensor for Biomarker
Detection Based on Nonenzymatic Amplification and Aptamer-Triggered Emitter Release. Anal. Chem. 2019, 91, 3452–3458.
[CrossRef]

57. Zhao, Y.; Chen, J.; Hu, Z.; Chen, Y.; Tao, Y.; Wang, L.; Li, L.; Wang, P.; Li, H.-Y.; Zhang, J.; et al. All-solid-state SARS-CoV-2 protein
biosensor employing colloidal quantum dots-modified electrode. Biosens. Bioelectron. 2022, 202, 113974. [CrossRef]

58. Mansuriya, B.D.; Altintas, Z. Enzyme-Free Electrochemical Nano-Immunosensor Based on Graphene Quantum Dots and Gold
Nanoparticles for Cardiac Biomarker Determination. Nanomaterials 2021, 11, 578. [CrossRef]

59. Liu, G.; Ling, J.; Li, J. Extremely Sensitive Molecularly Imprinted ECL Sensor with Multiple Probes Released from Liposomes
Immobilized by a Light-Triggered Click Reaction. ACS Sens. 2021, 6, 4185–4192. [CrossRef]

60. Pan, Y.; Shan, D.; Ding, L.; Yang, X.; Wang, J.; Wu, B.; Ren, H. Ultra-fast Redox Pulse for Stable Electrochemiluminescence on
AuNP-Based Biosensors and Mechanism Investigation. Anal. Chem. 2023, 95, 2975–2982. [CrossRef]

61. Mostafa, A.M.; Barton, S.J.; Wren, S.P.; Barker, J. Review on molecularly imprinted polymers with a focus on their application to
the analysis of protein biomarkers. TrAC Trends Anal. Chem. 2021, 144, 116431. [CrossRef]

62. Chen, M.; Li, Y.; Han, R.; Chen, Q.; Jiang, L.; Luo, X. Click reaction-assisted construction of antifouling immunosensors for
electrochemical detection of cancer biomarkers in human serum. Sens. Actuators B Chem. 2022, 363, 131810. [CrossRef]

63. Han, L.; Shen, H.; Zhu, J.-X.; Li, Y.-T. Mini review: Electrochemical electrode based on graphene and its derivatives for heavy
metal ions detection. Talanta Open 2022, 6, 100153. [CrossRef]

64. Demir, E.; Kırboga, K.K.; Işık, M. Chapter 8—An overview of stability and lifetime of electrochemical biosensors. In Novel
Nanostructured Materials for Electrochemical Bio-Sensing Applications; Manjunatha, J.G., Ed.; Elsevier: Amsterdam, The Netherlands,
2024; pp. 129–158.

65. Wan, Y.; Wang, H.; Zhang, L.; Chen, Y.; Li, S.; Zhou, J.; Zhang, Q.; Xia, L. Highly stable acetylcholinesterase electrochemical
biosensor based on polymerized ionic liquids microgel for pesticides detection. Microchim. Acta 2022, 189, 300. [CrossRef]

66. Yang, Y.; Peng, Y.; Lin, C.; Long, L.; Hu, J.; He, J.; Zeng, H.; Huang, Z.; Li, Z.-Y.; Tanemura, M.; et al. Human ACE2-Functionalized
Gold “Virus-Trap” Nanostructures for Accurate Capture of SARS-CoV-2 and Single-Virus SERS Detection. Nanomicro Lett. 2021,
13, 109. [CrossRef]

67. Kim, W.H.; Lee, J.U.; Song, S.; Kim, S.; Choi, Y.J.; Sim, S.J. A label-free, ultra-highly sensitive and multiplexed SERS nanoplasmonic
biosensor for miRNA detection using a head-flocked gold nanopillar. Analyst 2019, 144, 1768–1776. [CrossRef]

68. Najiminaini, M.; Ertorer, E.; Kaminska, B.; Mittler, S.; Carson, J.J.L. Surface plasmon resonance sensing properties of a 3D
nanostructure consisting of aligned nanohole and nanocone arrays. Analyst 2014, 139, 1876–1882. [CrossRef]

69. Focsan, M.; Craciun, A.M.; Potara, M.; Leordean, C.; Vulpoi, A.; Maniu, D.; Astilean, S. Flexible and Tunable 3D Gold Nanocups
Platform as Plasmonic Biosensor for Specific Dual LSPR-SERS Immuno-Detection. Sci. Rep. 2017, 7, 14240. [CrossRef]

70. Guerreiro, J.R.L.; Bochenkov, V.E.; Runager, K.; Aslan, H.; Dong, M.; Enghild, J.J.; De Freitas, V.; Ferreira Sales, M.G.;
Sutherland, D.S. Molecular Imprinting of Complex Matrices at Localized Surface Plasmon Resonance Biosensors for Screening of
Global Interactions of Polyphenols and Proteins. ACS Sens. 2016, 1, 258–264. [CrossRef]

71. Kim, K.; Lee, G.R.; Kim, M.; Lim, H.; Jung, Y.S.; Park, C.B. Metallic Woodpile Nanostructures for Femtomolar Sensing of
Alzheimer’s Neurofilament Lights. ACS Nano 2020, 14, 10376–10384. [CrossRef]

72. Wang, Q.; Liu, Q.; Zhong, G.; Xu, T.; Zhang, X. Wearable Vertical Graphene-Based Microneedle Biosensor for Real-Time Ketogenic
Diet Management. Anal. Chem. 2024, 96, 8713–8720. [CrossRef] [PubMed]

73. Zhou, S.; Chino, Y.; Kasama, T.; Miyake, R.; Mitsuzawa, S.; Luan, Y.; Ahmad, N.B.; Hibino, H.; Takai, M.; Zhou, S.; et al.
Biocompatible Core–Shell Microneedle Sensor Filled with Zwitterionic Polymer Hydrogel for Rapid Continuous Transdermal
Monitoring. ACS Nano 2024, 18, 26541–26559. [CrossRef] [PubMed]

74. Wu, Y.; Tehrani, F.; Teymourian, H.; Mack, J.; Shaver, A.; Reynoso, M.; Kavner, J.; Huang, N.; Furmidge, A.; Duvvuri, A.; et al.
Microneedle Aptamer-Based Sensors for Continuous, Real-Time Therapeutic Drug Monitoring. Anal. Chem. 2022, 94, 8335–8345.
[CrossRef]

75. Downs, A.M.; Bolotsky, A.; Weaver, B.M.; Bennett, H.; Wolff, N.; Polsky, R.; Miller, P.R. Microneedle electrochemical aptamer-based
sensing: Real-time small molecule measurements using sensor-embedded, commercially-available stainless steel microneedles.
Biosens. Bioelectron. 2023, 236, 115408. [CrossRef]

76. Reynoso, M.; Chang, A.-Y.; Wu, Y.; Murray, R.; Suresh, S.; Dugas, Y.; Wang, J.; Arroyo-Currás, N. 3D-printed, aptamer-based
microneedle sensor arrays using magnetic placement on live rats for pharmacokinetic measurements in interstitial fluid. Biosens.
Bioelectron. 2024, 244, 115802. [CrossRef]

77. Mirsky, V.M.; Riepl, M.; Wolfbeis, O.S. Capacitive monitoring of protein immobilization and antigen–antibody reactions on
monomolecular alkylthiol films on gold electrodes. Biosens. Bioelectron. 1997, 12, 977–989. [CrossRef]

78. Arroyo-Currás, N.; Scida, K.; Ploense, K.L.; Kippin, T.E.; Plaxco, K.W. High Surface Area Electrodes Generated via Electrochemical
Roughening Improve the Signaling of Electrochemical Aptamer-Based Biosensors. Anal. Chem. 2017, 89, 12185–12191. [CrossRef]

79. Srivastava, M.; Nirala, N.R.; Srivastava, S.K.; Prakash, R. A comparative Study of Aptasensor Vs Immunosensor for Label-Free
PSA Cancer Detection on GQDs-AuNRs Modified Screen-Printed Electrodes. Sci. Rep. 2018, 8, 1923. [CrossRef]

80. Martín, M.; Salazar, P.; Álvarez, R.; Palmero, A.; López-Santos, C.; González-Mora, J.; González-Elipe, A.R. Cholesterol biosensing
with a polydopamine-modified nanostructured platinum electrode prepared by oblique angle physical vacuum deposition. Sens.
Actuators B Chem. 2017, 240, 37–45. [CrossRef]

https://doi.org/10.1021/acs.analchem.8b05001
https://doi.org/10.1016/j.bios.2022.113974
https://doi.org/10.3390/nano11030578
https://doi.org/10.1021/acssensors.1c01763
https://doi.org/10.1021/acs.analchem.2c04826
https://doi.org/10.1016/j.trac.2021.116431
https://doi.org/10.1016/j.snb.2022.131810
https://doi.org/10.1016/j.talo.2022.100153
https://doi.org/10.1007/s00604-022-05383-6
https://doi.org/10.1007/s40820-021-00620-8
https://doi.org/10.1039/C8AN01745J
https://doi.org/10.1039/C3AN02332J
https://doi.org/10.1038/s41598-017-14694-1
https://doi.org/10.1021/acssensors.5b00054
https://doi.org/10.1021/acsnano.0c04053
https://doi.org/10.1021/acs.analchem.4c00960
https://www.ncbi.nlm.nih.gov/pubmed/38745346
https://doi.org/10.1021/acsnano.4c02997
https://www.ncbi.nlm.nih.gov/pubmed/39297515
https://doi.org/10.1021/acs.analchem.2c00829
https://doi.org/10.1016/j.bios.2023.115408
https://doi.org/10.1016/j.bios.2023.115802
https://doi.org/10.1016/S0956-5663(97)00053-5
https://doi.org/10.1021/acs.analchem.7b02830
https://doi.org/10.1038/s41598-018-19733-z
https://doi.org/10.1016/j.snb.2016.08.092


Nanomaterials 2024, 14, 2014 24 of 26

81. Dutta, G.; Fernandes, F.C.; Estrela, P.; Moschou, D.; Bueno, P.R. Impact of surface roughness on the self-assembling of molecular
films onto gold electrodes for label-free biosensing applications. Electrochim. Acta 2021, 378, 138137. [CrossRef]

82. Butterworth, A.; Blues, E.; Williamson, P.; Cardona, M.; Gray, L.; Corrigan, D.K. SAM Composition and Electrode Roughness
Affect Performance of a DNA Biosensor for Antibiotic Resistance. Biosensors 2019, 9, 22. [CrossRef] [PubMed]

83. Zaki, S.; Zhang, N.; Gilchrist, M.D. Electropolishing and Shaping of Micro-Scale Metallic Features. Micromachines 2022, 13, 468.
[CrossRef] [PubMed]

84. Pardo, W.A.; Mir, M.; Samitier, J. Signal enhancement in ultraflat electrochemical DNA biosensors. Electrophoresis 2015, 36,
1905–1911. [CrossRef] [PubMed]

85. Guntupalli, B.; Liang, P.; Lee, J.-H.; Yang, Y.; Yu, H.; Canoura, J.; He, J.; Li, W.; Weizmann, Y.; Xiao, Y. Ambient Filtration Method to
Rapidly Prepare Highly Conductive, Paper-Based Porous Gold Films for Electrochemical Biosensing. ACS Appl. Mater. Interfaces
2015, 7, 27049–27058. [CrossRef]

86. Wang, Z.; Yang, Y.; Xu, Z.; Wang, Y.; Zhang, W.; Shi, P. Interrogation of Cellular Innate Immunity by Diamond-Nanoneedle-
Assisted Intracellular Molecular Fishing. Nano Lett. 2015, 15, 7058–7063. [CrossRef]

87. Wang, Z.; Qi, L.; Yang, Y.; Lu, M.; Xie, K.; Zhao, X.; Cheung, E.H.C.; Wang, Y.; Jiang, X.; Zhang, W.; et al. High-throughput
intracellular biopsy of microRNAs for dissecting the temporal dynamics of cellular heterogeneity. Sci. Adv. 2020, 6, eaba4971.
[CrossRef]

88. Zheng, H.; GhavamiNejad, A.; GhavamiNejad, P.; Samarikhalaj, M.; Giacca, A.; Poudineh, M. Hydrogel Microneedle-Assisted
Assay Integrating Aptamer Probes and Fluorescence Detection for Reagentless Biomarker Quantification. ACS Sens. 2022, 7,
2387–2399. [CrossRef]

89. Al Sulaiman, D.; Chang, J.Y.H.; Bennett, N.R.; Topouzi, H.; Higgins, C.A.; Irvine, D.J.; Ladame, S. Hydrogel-Coated Microneedle
Arrays for Minimally Invasive Sampling and Sensing of Specific Circulating Nucleic Acids from Skin Interstitial Fluid. ACS Nano
2019, 13, 9620–9628. [CrossRef]

90. Wang, Z.; Luan, J.; Seth, A.; Liu, L.; You, M.; Gupta, P.; Rathi, P.; Wang, Y.; Cao, S.; Jiang, Q.; et al. Microneedle patch for the
ultrasensitive quantification of protein biomarkers in interstitial fluid. Nat. Biomed. Eng. 2021, 5, 64–76. [CrossRef]

91. Agarwal, K.; Rai, H.; Mondal, S. Quantum dots: An overview of synthesis, properties, and applications. Mater. Res. Express 2023,
10, 062001. [CrossRef]

92. Kalkal, A.; Pradhan, R.; Kadian, S.; Manik, G.; Packirisamy, G. Biofunctionalized Graphene Quantum Dots Based Fluorescent
Biosensor toward Efficient Detection of Small Cell Lung Cancer. ACS Appl. Bio Mater. 2020, 3, 4922–4932. [CrossRef] [PubMed]

93. Wang, S.; Zhang, Y.; Pang, G.; Zhang, Y.; Guo, S. Tuning the Aggregation/Disaggregation Behavior of Graphene Quantum
Dots by Structure-Switching Aptamer for High-Sensitivity Fluorescent Ochratoxin A Sensor. Anal. Chem. 2017, 89, 1704–1709.
[CrossRef] [PubMed]

94. Yang, Q.; Gong, X.; Song, T.; Yang, J.; Zhu, S.; Li, Y.; Cui, Y.; Li, Y.; Zhang, B.; Chang, J. Quantum dot-based immunochromatogra-
phy test strip for rapid, quantitative and sensitive detection of alpha fetoprotein. Biosens. Bioelectron. 2011, 30, 145–150. [CrossRef]
[PubMed]

95. Wu, R.; Zhou, S.; Chen, T.; Li, J.; Shen, H.; Chai, Y.; Li, L.S. Quantitative and rapid detection of C-reactive protein using quantum
dot-based lateral flow test strip. Anal. Chim. Acta 2018, 1008, 1–7. [CrossRef]

96. Wang, J.; Meng, H.-M.; Chen, J.; Liu, J.; Zhang, L.; Qu, L.; Li, Z.; Lin, Y. Quantum Dot-Based Lateral Flow Test Strips for Highly
Sensitive Detection of the Tetanus Antibody. ACS Omega 2019, 4, 6789–6795. [CrossRef]

97. Wu, Y.; Qiu, X.; Lindbo, S.; Susumu, K.; Medintz, I.L.; Hober, S.; Hildebrandt, N. Quantum Dot–Based FRET Immunoassay for
HER2 Using Ultrasmall Affinity Proteins. Small 2018, 14, 1802266. [CrossRef]

98. Green, C.M.; Spangler, J.; Susumu, K.; Stenger, D.A.; Medintz, I.L.; Díaz, S.A. Quantum Dot-Based Molecular Beacons for
Quantitative Detection of Nucleic Acids with CRISPR/Cas(N) Nucleases. ACS Nano 2022, 16, 20693–20704. [CrossRef]

99. Zhang, X.; Tang, B.; Li, Y.; Liu, C.; Jiao, P.; Wei, Y. Molecularly Imprinted Magnetic Fluorescent Nanocomposite-Based Sensor for
Selective Detection of Lysozyme. Nanomaterials 2021, 11, 1575. [CrossRef]

100. He, Y.; Zeng, Z.; Cao, Y.; Zhang, X.; Wu, C.; Luo, X. Ultrasenstive SERS biosensor based on Zn2+ from ZnO nanoparticle assisted
DNA enzyme amplification for detection of miRNA. Anal. Chim. Acta 2022, 1228, 340340. [CrossRef]

101. Bahadır, E.B.; Sezgintürk, M.K. Poly(amidoamine) (PAMAM): An emerging material for electrochemical bio(sensing) applications.
Talanta 2016, 148, 427–438. [CrossRef]

102. Hoffman, L.W.; Andersson, G.G.; Sharma, A.; Clarke, S.R.; Voelcker, N.H. New Insights into the Structure of PAMAM Den-
drimer/Gold Nanoparticle Nanocomposites. Langmuir 2011, 27, 6759–6767. [CrossRef] [PubMed]

103. Mandal, T.; Dasgupta, C.; Maiti, P.K. Engineering Gold Nanoparticle Interaction by PAMAM Dendrimer. J. Phys. Chem. C 2013,
117, 13627–13636. [CrossRef]

104. Zhou, Y.; Lü, H.; Zhang, D.; Xu, K.; Hui, N.; Wang, J. Electrochemical biosensors based on conducting polymer composite and
PAMAM dendrimer for the ultrasensitive detection of acetamiprid in vegetables. Microchem. J. 2023, 185, 108284. [CrossRef]

105. Chen, X.; Wang, Y.; Zhang, Y.; Chen, Z.; Liu, Y.; Li, Z.; Li, J. Sensitive Electrochemical Aptamer Biosensor for Dynamic Cell Surface
N-Glycan Evaluation Featuring Multivalent Recognition and Signal Amplification on a Dendrimer–Graphene Electrode Interface.
Anal. Chem. 2014, 86, 4278–4286. [CrossRef]

106. Li, F.; Peng, J.; Zheng, Q.; Guo, X.; Tang, H.; Yao, S. Carbon Nanotube-Polyamidoamine Dendrimer Hybrid-Modified Electrodes
for Highly Sensitive Electrochemical Detection of MicroRNA24. Anal. Chem. 2015, 87, 4806–4813. [CrossRef]

https://doi.org/10.1016/j.electacta.2021.138137
https://doi.org/10.3390/bios9010022
https://www.ncbi.nlm.nih.gov/pubmed/30736460
https://doi.org/10.3390/mi13030468
https://www.ncbi.nlm.nih.gov/pubmed/35334760
https://doi.org/10.1002/elps.201500049
https://www.ncbi.nlm.nih.gov/pubmed/25999089
https://doi.org/10.1021/acsami.5b09612
https://doi.org/10.1021/acs.nanolett.5b03126
https://doi.org/10.1126/sciadv.aba4971
https://doi.org/10.1021/acssensors.2c01033
https://doi.org/10.1021/acsnano.9b04783
https://doi.org/10.1038/s41551-020-00672-y
https://doi.org/10.1088/2053-1591/acda17
https://doi.org/10.1021/acsabm.0c00427
https://www.ncbi.nlm.nih.gov/pubmed/35021736
https://doi.org/10.1021/acs.analchem.6b03913
https://www.ncbi.nlm.nih.gov/pubmed/28208258
https://doi.org/10.1016/j.bios.2011.09.002
https://www.ncbi.nlm.nih.gov/pubmed/21963096
https://doi.org/10.1016/j.aca.2017.12.031
https://doi.org/10.1021/acsomega.9b00657
https://doi.org/10.1002/smll.201802266
https://doi.org/10.1021/acsnano.2c07749
https://doi.org/10.3390/nano11061575
https://doi.org/10.1016/j.aca.2022.340340
https://doi.org/10.1016/j.talanta.2015.11.022
https://doi.org/10.1021/la1050964
https://www.ncbi.nlm.nih.gov/pubmed/21539319
https://doi.org/10.1021/jp401218t
https://doi.org/10.1016/j.microc.2022.108284
https://doi.org/10.1021/ac404070m
https://doi.org/10.1021/acs.analchem.5b00093


Nanomaterials 2024, 14, 2014 25 of 26

107. Cao, J.; Zheng, Z.; Sun, D.; Chen, X.; Cheng, R.; Lv, T.; An, Y.; Zheng, J.; Song, J.; Wu, L.; et al. Decoder-seq enhances mRNA
capture efficiency in spatial RNA sequencing. Nat. Biotechnol. 2024, 42, 1735–1746. [CrossRef]

108. Santos, C.S.; Mossanha, R.; Pessôa, C.A. Biosensor for carbaryl based on gold modified with PAMAM-G4 dendrimer. J. Appl.
Electrochem. 2015, 45, 325–334. [CrossRef]

109. Tang, D.; Hou, L.; Niessner, R.; Xu, M.; Gao, Z.; Knopp, D. Multiplexed electrochemical immunoassay of biomarkers using metal
sulfide quantum dot nanolabels and trifunctionalized magnetic beads. Biosens. Bioelectron. 2013, 46, 37–43. [CrossRef]

110. Gao, J.; Wang, C.; Wang, C.; Chu, Y.; Wang, S.; Sun, M.Y.; Ji, H.; Gao, Y.; Wang, Y.; Han, Y.; et al. Poly-l-Lysine-Modified Graphene
Field-Effect Transistor Biosensors for Ultrasensitive Breast Cancer miRNAs and SARS-CoV-2 RNA Detection. Anal. Chem. 2022,
94, 1626–1636. [CrossRef]

111. Kaneshiro, T.L.; Wang, X.; Lu, Z.-R. Synthesis, Characterization, and Gene Delivery of Poly-l-lysine Octa(3-aminopropyl)silsesquioxane
Dendrimers: Nanoglobular Drug Carriers with Precisely Defined Molecular Architectures. Mol. Pharm. 2007, 4, 759–768.
[CrossRef]

112. Avaritt, B.R.; Swaan, P.W. Internalization and Subcellular Trafficking of Poly-l-lysine Dendrimers Are Impacted by the Site of
Fluorophore Conjugation. Mol. Pharm. 2015, 12, 1961–1969. [CrossRef] [PubMed]

113. Li, X.; Guo, J.; Asong, J.; Wolfert, M.A.; Boons, G.-J. Multifunctional Surface Modification of Gold-Stabilized Nanoparticles by
Bioorthogonal Reactions. J. Am. Chem. Soc. 2011, 133, 11147–11153. [CrossRef] [PubMed]

114. Li, J.; Wang, X.; Shen, M.; Shi, X. Polyethylenimine-Assisted Generation of Optical Nanoprobes for Biosensing Applications. ACS
Appl. Bio Mater. 2020, 3, 3935–3955. [CrossRef] [PubMed]

115. Grabowska, I.; Sharma, N.; Vasilescu, A.; Iancu, M.; Badea, G.; Boukherroub, R.; Ogale, S.; Szunerits, S. Electrochemical
Aptamer-Based Biosensors for the Detection of Cardiac Biomarkers. ACS Omega 2018, 3, 12010–12018. [CrossRef] [PubMed]

116. Jamei, H.R.; Rezaei, B.; Ensafi, A.A. Ultra-sensitive and selective electrochemical biosensor with aptamer recognition surface
based on polymer quantum dots and C60/MWCNTs-polyethylenimine nanocomposites for analysis of thrombin protein.
Bioelectrochemistry 2021, 138, 107701. [CrossRef]

117. Ma, L.; Sun, N.; Zhang, J.; Tu, C.; Cao, X.; Duan, D.; Diao, A.; Man, S. Polyethylenimine-coated Fe3O4 nanoparticles effectively
quench fluorescent DNA, which can be developed as a novel platform for protein detection. Nanoscale 2017, 9, 17699–17703.
[CrossRef]

118. Sharma, A.; Agrawal, A.; Pandey, G.; Kumar, S.; Awasthi, K.; Awasthi, A. Carbon Nano-Onion-Decorated ZnO Composite-Based
Enzyme-Less Electrochemical Biosensing Approach for Glucose. ACS Omega 2022, 7, 37748–37756. [CrossRef]

119. Khoshhesab, Z.M. Simultaneous electrochemical determination of acetaminophen, caffeine and ascorbic acid using a new
electrochemical sensor based on CuO–graphene nanocomposite. RSC Adv. 2015, 5, 95140–95148. [CrossRef]

120. Periasamy, A.P.; Chang, Y.-J.; Chen, S.-M. Amperometric glucose sensor based on glucose oxidase immobilized on gelatin-
multiwalled carbon nanotube modified glassy carbon electrode. Bioelectrochemistry 2011, 80, 114–120. [CrossRef]

121. Viswanathan, S.; Rani, C.; Anand, A.V.; Ho, J.-A.A. Disposable electrochemical immunosensor for carcinoembryonic antigen
using ferrocene liposomes and MWCNT screen-printed electrode. Biosens. Bioelectron. 2009, 24, 1984–1989. [CrossRef]

122. De Silva, T.; Fawzy, M.; Hasani, A.; Ghanbari, H.; Abnavi, A.; Askar, A.; Ling, Y.; Mohammadzadeh, M.R.; Kabir, F.; Ahmadi, R.;
et al. Ultrasensitive rapid cytokine sensors based on asymmetric geometry two-dimensional MoS2 diodes. Nat. Commun. 2022,
13, 7593. [CrossRef] [PubMed]

123. Park, D.; Kim, J.H.; Kim, H.J.; Lee, D.; Lee, D.S.; Yoon, D.S.; Hwang, K.S. Multiplexed femtomolar detection of Alzheimer’s
disease biomarkers in biofluids using a reduced graphene oxide field-effect transistor. Biosens. Bioelectron. 2020, 167, 112505.
[CrossRef] [PubMed]

124. Xu, Y.; Liu, Y.; Wu, Y.; Xia, X.; Liao, Y.; Li, Q. Fluorescent Probe-Based Lateral Flow Assay for Multiplex Nucleic Acid Detection.
Anal. Chem. 2014, 86, 5611–5614. [CrossRef]

125. Han, S.; Zhou, T.; Yin, B.; He, P. A sensitive and semi-quantitative method for determination of multi-drug residues in animal
body fluids using multiplex dipstick immunoassay. Anal. Chim. Acta 2016, 927, 64–71. [CrossRef]

126. Han, M.; Gong, L.; Wang, J.; Zhang, X.; Jin, Y.; Zhao, R.; Yang, C.; He, L.; Feng, X.; Chen, Y. An octuplex lateral flow immunoassay
for rapid detection of antibiotic residues, aflatoxin M1 and melamine in milk. Sens. Actuators B Chem. 2019, 292, 94–104. [CrossRef]

127. Hendriks, J.; Stojanovic, I.; Schasfoort, R.B.M.; Saris, D.B.F.; Karperien, M. Nanoparticle Enhancement Cascade for Sensitive
Multiplex Measurements of Biomarkers in Complex Fluids with Surface Plasmon Resonance Imaging. Anal. Chem. 2018, 90,
6563–6571. [CrossRef]

128. Li, L.; Pan, L.; Ma, Z.; Yan, K.; Cheng, W.; Shi, Y.; Yu, G. All Inkjet-Printed Amperometric Multiplexed Biosensors Based on
Nanostructured Conductive Hydrogel Electrodes. Nano Lett. 2018, 18, 3322–3327. [CrossRef]

129. Bruch, R.; Johnston, M.; Kling, A.; Mattmüller, T.; Baaske, J.; Partel, S.; Madlener, S.; Weber, W.; Urban, G.A.; Dincer, C. CRISPR-
powered electrochemical microfluidic multiplexed biosensor for target amplification-free miRNA diagnostics. Biosens. Bioelectron.
2021, 177, 112887. [CrossRef]

130. Liu, T.; Sin, M.L.; Pyne, J.D.; Gau, V.; Liao, J.C.; Wong, P.K. Electrokinetic stringency control in self-assembled monolayer-based
biosensors for multiplex urinary tract infection diagnosis. Nanomed. Nanotechnol. Biol. Med. 2014, 10, 159–166. [CrossRef]

131. Rhouati, A.; Zourob, M. Development of a Multiplexed Electrochemical Aptasensor for the Detection of Cyanotoxins. Biosensors
2024, 14, 268. [CrossRef]

https://doi.org/10.1038/s41587-023-02086-y
https://doi.org/10.1007/s10800-015-0791-6
https://doi.org/10.1016/j.bios.2013.02.027
https://doi.org/10.1021/acs.analchem.1c03786
https://doi.org/10.1021/mp070036z
https://doi.org/10.1021/mp500765e
https://www.ncbi.nlm.nih.gov/pubmed/25950742
https://doi.org/10.1021/ja2012164
https://www.ncbi.nlm.nih.gov/pubmed/21678979
https://doi.org/10.1021/acsabm.0c00536
https://www.ncbi.nlm.nih.gov/pubmed/35025470
https://doi.org/10.1021/acsomega.8b01558
https://www.ncbi.nlm.nih.gov/pubmed/30320285
https://doi.org/10.1016/j.bioelechem.2020.107701
https://doi.org/10.1039/C7NR07085C
https://doi.org/10.1021/acsomega.2c04730
https://doi.org/10.1039/C5RA14138A
https://doi.org/10.1016/j.bioelechem.2010.06.009
https://doi.org/10.1016/j.bios.2008.10.006
https://doi.org/10.1038/s41467-022-35278-2
https://www.ncbi.nlm.nih.gov/pubmed/36535944
https://doi.org/10.1016/j.bios.2020.112505
https://www.ncbi.nlm.nih.gov/pubmed/32841782
https://doi.org/10.1021/ac5010458
https://doi.org/10.1016/j.aca.2016.05.004
https://doi.org/10.1016/j.snb.2019.04.019
https://doi.org/10.1021/acs.analchem.8b00260
https://doi.org/10.1021/acs.nanolett.8b00003
https://doi.org/10.1016/j.bios.2020.112887
https://doi.org/10.1016/j.nano.2013.07.006
https://doi.org/10.3390/bios14060268


Nanomaterials 2024, 14, 2014 26 of 26

132. Sun, J.; Zhang, Z.; Li, H.; Yin, H.; Hao, P.; Dai, X.; Jiang, K.; Liu, C.; Zhang, T.; Yin, J.; et al. Ultrasensitive SERS Analysis of Liquid
and Gaseous Putrescine and Cadaverine by a 3D-Rosettelike Nanostructure-Decorated Flexible Porous Substrate. Anal. Chem.
2022, 94, 5273–5283. [CrossRef] [PubMed]

133. Choi, N.; Dang, H.; Das, A.; Sim, M.S.; Chung, I.Y.; Choo, J. SERS biosensors for ultrasensitive detection of multiple biomarkers
expressed in cancer cells. Biosens. Bioelectron. 2020, 164, 112326. [CrossRef] [PubMed]

134. Wang, H.; Wang, X.; Wang, J.; Fu, W.; Yao, C. A SPR biosensor based on signal amplification using antibody-QD conjugates for
quantitative determination of multiple tumor markers. Sci. Rep. 2016, 6, 33140. [CrossRef] [PubMed]

135. Sapsford, K.E.; Pons, T.; Medintz, I.L.; Mattoussi, H. Biosensing with Luminescent Semiconductor Quantum Dots. Sensors 2006, 6,
925–953. [CrossRef]

136. Liu, L.; Li, T.; Zhang, S.; Song, P.; Guo, B.; Zhao, Y.; Wu, H. Simultaneous Quantification of Multiple Cancer Biomarkers in Blood
Samples through DNA-Assisted Nanopore Sensing. Angew. Chem. Int. Ed. 2018, 57, 11882–11887. [CrossRef]

137. Auria-Luna, F.; Foss, F.W.; Molina-Canteras, J.; Velazco-Cabral, I.; Marauri, A.; Larumbe, A.; Aparicio, B.; Vázquez, J.L.;
Alberro, N.; Arrastia, M.I.; et al. Supramolecular chemistry in solution and solid–gas interfaces: Synthesis and photophysical
properties of monocolor and bicolor fluorescent sensors for barium tagging in neutrinoless double beta decay. RSC Appl. Interfaces
2025. [CrossRef]

138. Imani, S.; Bandodkar, A.J.; Mohan, A.M.V.; Kumar, R.; Yu, S.; Wang, J.; Mercier, P.P. A wearable chemical-electrophysiological
hybrid biosensing system for real-time health and fitness monitoring. Nat. Commun. 2016, 7, 11650. [CrossRef]

139. Sun, J.; Wu, X.; Xiao, J.; Zhang, Y.; Ding, J.; Jiang, J.; Chen, Z.; Liu, X.; Wei, D.; Zhou, L.; et al. Hydrogel-Integrated Multimodal
Response as a Wearable and Implantable Bidirectional Interface for Biosensor and Therapeutic Electrostimulation. ACS Appl.
Mater. Interfaces 2023, 15, 5897–5909. [CrossRef]

140. Tort, N.; Salvador, J.-P.; Marco, M.-P. Multimodal plasmonic biosensing nanostructures prepared by DNA-directed immobilization
of multifunctional DNA-gold nanoparticles. Biosens. Bioelectron. 2017, 90, 13–22. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1021/acs.analchem.1c05013
https://www.ncbi.nlm.nih.gov/pubmed/35319200
https://doi.org/10.1016/j.bios.2020.112326
https://www.ncbi.nlm.nih.gov/pubmed/32553352
https://doi.org/10.1038/srep33140
https://www.ncbi.nlm.nih.gov/pubmed/27615417
https://doi.org/10.3390/s6080925
https://doi.org/10.1002/anie.201803324
https://doi.org/10.1039/D4LF00227J
https://doi.org/10.1038/ncomms11650
https://doi.org/10.1021/acsami.2c20057
https://doi.org/10.1016/j.bios.2016.11.022

	Introduction 
	Surface Structures for Functionalization 
	Plane Surfaces 
	3D Structures 
	Nanoparticles 

	Nanomaterials for Improving Sensor Performance 
	Polymers 
	Composite Nanomaterials 

	Paradigms for Multiplexed Molecular Biosensing 
	Spatial Separation of Detecting Regions 
	Unique Identifiers 
	Multimodal Detection 

	Summary and Outlook 
	References

