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Abstract: SPR biosensors operate on the principle of evanescent wave propagation at
metal-dielectric interfaces in total internal reflection conditions, with consequent photonic
energy attenuation. This plasmonic excitation occurs in specific conditions of incident
light wavelength, angle, and the dielectric refractive index. This principle has been the
basis for SPR-based biosensor setups wherein mass/concentration-induced changes in
the refractive indices of dielectric media reflect as plasmonic resonance condition changes
quantitatively reported as arbitrary response units. SPR biosensors operating on this
conceptual framework have been designed to study biomolecular interactions with real-
time readout and in label-free setups, providing key kinetic characterization that has been
valuable in various applications. SPR biosensors often feature antibodies as target affinity
probes. Notably, the operational challenges encountered with antibodies have led to the
development of aptamers—oligonucleotide biomolecules rationally designed to adopt
tertiary structures, enabling high affinity and specific binding to a wide range of targets.
Aptamers have been extensively adopted in SPR biosensor setups with promising clinical
and industrial prospects. In this paper, we explore the growing literature on SPR setups
featuring aptamers, specifically providing expert commentary on the current state and
future implications of these SPR aptasensors for drug discovery as well as disease diagnosis
and monitoring.

Keywords: surface plasmon resonance; aptamers; SELEX; biosensors; ligands; drug
discovery

1. Introduction

Recent advancements in biosensor materials and the integration of artificial intelligence
in data acquisition and monitoring have led to multiplexed SPR biosensors developed, for
example, to diagnose COVID-19, other infectious diseases, and detect small molecule targets
in complex biological media with high sensitivity and clinical performance [1]. Crucially,
SPR biosensors have also been extensively adopted in the pharmaceutical industry. In
addition to label-free detection, they provide real-time binding data, enabling the in-depth
characterization of the kinetics underpinning biomolecular interactions. This capability of
SPR biosensors has led to their integration into drug discovery and development workflows
to better identify promising drug candidates and evaluate pathophysiologically relevant
binding events.

Antibodies have been the biorecognition molecules of choice in biosensors due to their
high specificity and affinity for a wide range of analytes. However, they are disadvantaged
in their instability and strict production and handling requirements that drive up costs of
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production and limit their use at scale. Alternative probe molecules have been developed
to address the challenges with antibodies, the most prominent of which are aptamers, small
oligonucleotides or peptides with structural flexibilities, adopting tertiary structures that
impart high affinity and specific binding to a wide range of targets like proteins, peptides,
antibodies, small molecules, and toxins, among others [2].

Aptamers are a relatively recent technology developed via an in vitro iterative selec-
tion process less than 40 years ago [3]. Structurally, they are peptide or oligonucleotide
sequences comprising 20 to 200 nucleotides. They are a quintessential outcome of ex-
perimental science; while the theory underlying their high-affinity binding to bio-targets
remains a subject for active, ongoing research, they have already been utilized in several
industrial and scientific applications, having found use in biomarker research, molecular
diagnostics and disease monitoring, environmental monitoring, materials science, and
clinical biotherapy applications [2,4,5]. The binding of aptamers to their targets has been
hypothesized to be mediated by complex 3D structural conformations of the aptamer
molecules, snugly fitting the targets to form complexes stabilized by combinations of
hydrogen bonds, electrostatic, aromatic interactions, and van der Waals forces, among
others [6].

The advantages of aptamers over protein- and antibody-based affinity probes arise
from their relative simplicity, ease of production at scale, thermal and chemical stability, and
flexibility and reversibility of structural deformations, making them less immunogenic, cost-
effective, easy to handle, more amenable to chemical functionalizations, and less prone to
batch-to-batch variations, compared to their biologically produced counterparts [4,7]. These
functional merits have driven their wide adoption in biosensor research and translational
adoption. Aptamers have become monumental in the biomedical sciences and clinically,
for both diagnostic and therapeutic purposes. An aptamer-based therapeutic received
regulatory approval for treating age-related macular degeneration 20 years ago, becoming
the first clinically approved aptamer therapeutic [8].

While the potential of aptamer-based biosensors is undeniable, there appears to be
minimal instances of SPR aptasensors making it to translational adoption, compared to
other aptasensor setups. In this review, we examine the literature on aptasensors with SPR
signal transduction modality, providing a comprehensive overview of the theoretical basis
and applications of SPR biosensors, as well as design considerations of SPR aptasensors,
to facilitate a general understanding of the contemporary SPR aptasensor literature land-
scape. We also present the translational perspective of SPR aptasensors, discussing current
challenges, limitations, and future perspectives.

2. SPR Biosensors: Theoretical Basis and Applications
2.1. The Principle of Surface Plasmon Resonance

The surface plasmon resonance (SPR) phenomenon first emerged as an observable
optical phenomenon in the early twentieth century, with experimental demonstrations of
inexplicable intensity patterns in polarized light reflected from metal-backed diffraction
gratings, termed Wood’s anomalous diffraction gratings. Theoretical studies that followed
this discovery culminated in the postulation of polarized quasi-stationary waves existing
close to the boundaries of metallic surfaces, excitable by incident irradiation under critical
conditions [9]. The excitation of these surface plasma oscillations or polaritons led to
interference patterns in reflected light and was dependent on optoelectronic events just
beyond the boundaries of the metal surfaces. This principle was operationalized in the
mid-70s in the development of ‘surface polariton probes’ of surfaces and interfaces for the
characterization of metallic films and coatings [10]. Later, one of the first applications of
SPR in biosensing was demonstrated by applied physicists at the Linkoping Institute of
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Technology, Sweden, in 1983 when they experimentally demonstrated SPR shifts due to
human immunoglobulin in aqueous solution, flowing through a 2 mL cavity with one of
its walls being a silver film-coated glass prism [11]. Several SPR biosensors have since been
developed, utilizing surface plasmons as sensitive probes of dielectric media interfacing
thin metallic surfaces, and scientific interest in SPR biosensors continues to rise.

Studies on the theoretical basis for the SPR phenomenon have produced detailed
frameworks of the resonance condition’s dependencies. One of the most extensively cited
mathematical models for the SPR phenomenon is Fresnel’s equations, which model SPR as
a complex physical resonance event dependent on an interplay of incident light wave and
material properties of the setup’s components [12].

P-polarized light incident on a metal surface propagates with a wave-vector compo-
nent, perpendicular to the metal-dielectric interface k, defined by the following [12]:

Em * W2
LCZ — K2 (1)

k, =
where w and c, respectively, represent the photonic wave angular frequency and speed of
light; ey denotes the dielectric constant of the metal; and ky is the wave-vector component
parallel to the metal-dielectric interface, defined by [12]

w, /e
ki = #sine 2)

where &g is the dielectric constant of the material on the side of the metal adjacent to
the incident irradiation (presumably a glass prism), and 6 is the angle of incident light
in radians. Equations (1) and (2) demonstrate the dependence of incident light wave
properties, not only on the incident angle (8) and wavelength/frequency (w), but also on
the properties (dielectric constants) of the metal itself and the material on the side of the
metal, irradiated by light. This provides an avenue to optimize SPR biosensor performance
by precisely tuning their designs and component materials.

In the hypothetical absence of a glass prism interfacing with the metal sheet on the
other side, surface plasmons at a metal-dielectric medium interface would predictably
oscillate with a calculated wavenumber, kg [12]:

W [Eq*Em
kg = — 42 3
0 C €4t &m )

where w here represents the angular frequency of plasmonic oscillation and ¢4 denotes the
dielectric constant of the dielectric/sensing medium. In Equation (3), the dielectric constant
of the sensing medium comes to fore, showing how changes to the sensing medium such as
refractory index changes, which affect its dielectric constants, might affect surface plasmons.
This demonstrates the mechanism by which binding events in SPR biosensors are detected
as resonance shifts.

In a theoretical model described by K. Kurihara et al. (and widely adopted in the liter-
ature to date), building on the simple Kretschman SPR configuration, plasmonic excitation
and consequent photonic energy attenuation occur in the following condition [12]:

kx = k0 (4)

Representing the resonance of parallel components of both photonic and plasmonic
waves across a sufficiently thin metal film, which occurs only in the presence of a glass
prism or similar optical material, introducing a third dielectric constant (¢g), to account for
negative en,, and imparting a perturbation in the surface plasmonic wave number such as
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that in resonance conditions, the parallel component of their oscillation wave number (ksp)
is given by the following [12]:
ksp = ko + K )

where k¥, the prism-mediated perturbation, is mathematically dependent on amplitude
reflectance at the prism—metal interface at resonance, e, ¢4, the thickness of the metal,
and the wavelength (A) of incident light [11,12]. While slightly different mathematical
models exist to accommodate the peculiarities of other SPR configurations apart from
Kretschmann’s, they share similarities in the major resonance condition dependencies,
which are exploited through instrumentation design to institute a highly sensitive SPR shift
response to changes in the sensing dielectric medium.

In essence, surface plasmon resonance is a phenomenon that is characterized by light
transferring energy to and exciting waves at the boundaries of metallic materials. This
excitation occurs in very specific conditions (the resonance conditions) and results in
measurable changes in the properties of the light reflected from the metal surface, such as
its intensity and phase. Detecting these changes and determining the resonance conditions
provides valuable information on the optical properties of the interaction medium, and
it forms the basis of SPR biosensors. A technical discussion of the factors governing the
resonance event follows.

Crucially, incident light in an SPR setup is required to be p-polarized, such that the
electric field component is perpendicular to the metal surface, allowing optimal interactions
with surface polaritons. Additionally, the optical properties of the metal play an important
role in the SPR event. Conventionally, gold (Au) and silver (Ag) have been used most exten-
sively in SPR systems, owing to their electronic properties and biological compatibility as
noble metals [13,14]. However, Au and Ag have limitations of scarcity, difficulty in bandgap
tuning, and control of opto-electronic features for plasmonic applications. As a result, sev-
eral other metallic and semi-conductor plasmonic material systems have been explored,
like metal oxides, carbon-based nanomaterials, non-metallic materials, two-dimensional
nanomaterials, and importantly, transition-metal nitrides, especially when tunability, ther-
mal stability, and scalability are desired for sensing and other applications [14,15]. It is
important to note that the electronic properties of these different material systems manifest
in their permittivity /dielectric constant and have significant impacts on the SPR conditions,
as well as the wave properties of the generated surface plasmons, like probing depth and
field confinement [13].

In addition to the wave properties of the incident light and optoelectronic properties
of the plasmonic metal /material, certain experimental conditions also influence the plas-
monic resonance event and conditions. The angle of light incidence (0) is one such crucial
condition, as is demonstrated in the mathematical model described (Equations (2)—(4)).
The parallel wave-vector of incident light depends on 6 (Equation (2)), introducing it
into the eventual resonance equation. Importantly, several SPR instruments in different
configurations are designed to vary incidence angles during measurement, such that a
shift in the angle at which resonance is observed is recorded in an arbitrary unit as a
real-time measure of the binding event in the sensing medium. The resonance angle was,
in fact, the major binding signal transduction principle of the SPR biosensor developed by
Liedeberg and colleagues when they demonstrated the first SPR application in biosens-
ing [11]. Another SPR dependency commonly exploited in SPR biosensors—similarly to the
incident angle—is the incident light wavelength. We see this in the ky term of the resonance
condition (Equation (4)), with w, denoting the angular frequency of the incident light wave,
which is inversely proportional to the wavelength and provides a mathematical description
of the photonic momentum/energy state. SPR biosensors designed to detect resonance
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wavelength shifts (typically at constant incident angles) are said to conduct wavelength
interrogation [16].

Plasmonic resonance is also dependent on the optical properties of the sensing medium
adjacent to the metal surface. This is the factor that provides the biosensing capacity and
sensitivity of the physical phenomenon. The refractive index and permittivity of the
medium significantly influence SPR conditions, such that shifts in resonance angle or
wavelength are highly sensitive to mass-induced changes in the sensing medium, often
occurring consequent to an analyte binding to an immobilized affinity probe. Importantly,
the wave properties of the surface plasmons, peculiar to the plasmonic materials, determine
the sensitivity of SPR biosensing, due to the depth of plasmonic penetration into the sensing
medium (probing depth) and field confinement which determines signal resolution through
plasmonic localization along the interface [13].

Taken together, SPR dependencies are exploited through precisely engineered biosen-
sor systems to obtain rich data on biomolecular interactions for a plethora of purposes.
Steady-state affinity data rivaling legacy immunoassays can be obtained, with the added
advantage of label-free experimental workflows. Dynamic time-plot series (sensorgrams)
that uncover interaction kinetics can also be obtained from SPR biosensors. Recent advance-
ments in materials engineering, functionalization, and instrument design have opened up
new notable possibilities to explore biochemical interactions at a deeper level with SPR
biosensors. These reported advancements include multi-wavelength biosensing [16], phase
change interrogation [17], SPR imaging on nanopatterned sensor substrates [18], and ma-
chine learning-powered big data acquisition and processing possibilities, among others [1].
Requirements for certain data types and broader biosensing needs and circumstances have
given rise to various SPR biosensor configurations with peculiar characteristics. These form
the crux of the discussion in the next section.

2.2. SPR Configurations

In SPR systems, momentum and energy remain conserved, and the photonic atten-
uation observed at resonance results in plasmonic excitation. Notably, photons naturally
have momenta that are insufficient to excite surface plasmons. To address this, some
configurations have been developed to increase the momentum of photons and provide
the possibility of resonance at the right conditions. These include prism-coupled and
diffraction grating-based configurations, as well as fiber optics and waveguide-based se-
tups [16]. Additional biosensing data requirements as well as advanced applications of
SPR have also given rise to other configurations like SPR imaging (SPRi), localized SPR
(LSPR), and electrohydrodynamic microfluidics for improved sample handling and high-
throughput screening.

Prism-coupled SPR setups were the first configurations in which SPR was experimen-
tally applied for chemical characterization purposes and remain the most widely used
configuration in SPR biosensors. In a prism-coupled SPR biosensor, incident light typically
passes through a prism made of a high-refractive-index material, where total internal
reflection occurs, coupling the incident light wave to plasmons at the surface of a metal film
adjacent to the prism (Figure 1A). This is the general setup for the Kretschmann and Otto
SPR configurations. In the Kretschmann configuration, however, the prism is typically in
contact with the metal film, while Otto configurations utilize a small gap containing air or
other dielectric materials to separate the prism from the metal surface. This provides better
flexibility and tunability in photon—plasmon interactions through precise instrumentation
design [13].

While prism-coupled SPR represents the most widely used configuration and the
setup on which legacy mathematical modeling of SPR biosensors is based, it is noteworthy
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that Wood’s anomalous behavior of light waves, the first experimental observation of
plasmonic resonance that eventually gave rise to SPR biosensors, was observed in metal-
backed diffraction gratings. Instead of prisms, diffraction grating-based SPR biosensors
use diffraction gratings (periodic patterns on the metallic surface), with slits that act as
point wave sources for the diffracted light wave at varying angles, resulting in photonic
momentum reaching levels capable of plasmonic excitation. Diffraction grating-based
SPR configurations are advantageous over prism-coupled SPR biosensors. They are more
easily adjustable through the modification of grating parameters (Figure 1B). Additionally,
diffraction grating-based SPR setups are more compact and amenable to miniaturization,
enabling their use in point-of-care testing and portable biosensor devices while being more
cost-effective and economically viable at scale [19].

Advancements in the fabrication and functionalization of materials have enabled fur-
ther miniaturization and operationalization of SPR biosensors based on innovative optical
waveguides and fibers. Optical fibers are typically made of two materials with different
refractive indices, which comprise the core and cladding. The interaction of incident light
within this biphasic optical environment ensures perpetual total internal reflection along
the length of the fiber at incidence angles beyond the critical angle. Optical fiber-based SPR
setups exploit this by incorporating a metal-sensing medium interface in an unclad area of
the fiber, effectively generating plasmonic probes from broadband incident light for the
wavelength interrogation of the sensing medium (Figure 1C). These systems overcome the
bulkiness of prism-coupled setups, providing compactness, the possibility of integration
within multiplexed sensing systems, and remote monitoring functionalities [20]. In addition
to fibers, optical waveguides have also been functionalized with plasmonic metal films for
waveguide-based SPR sensing, providing additional possibilities for incorporating other
sensing principles within the same physical setup for multimodal biosensing [21].

SPR biosensors in their base forms are typically label-free setups that detect mass-
induced changes in the dielectric medium due to analyte binding, reflecting in a propor-
tional shift in resonance angle or wavelength. By implication, the sensitivity of the biosensor
depends on the physicochemical properties of the analyte and its affinity probe, especially
their relative molecular weights and size. This limitation on the sensitivity of SPR biosen-
sors has resulted in the development of localized SPR (LSPR) and nanoconstruct-based
sensor surfaces, which provide sensitivity improvements without the need for sample
labeling for signal amplification. Surface plasmons typically propagate along the metal
film—dielectric interfaces, generating evanescent waves that probe the dielectric media.
However, in nanosized plasmonic particles (often smaller than or the same size as the inci-
dent light wavelength), the plasmonic fields are confined to the surfaces of the nanoparticles
and are easily excitable (Figure 1). This plasmonic localization improves the biosensor’s
sensitivity and performance, with resonance shifts highly responsive to changes close to
the nanoparticles [22]. LSPR biosensor setups with different coupling configurations have
been developed for this reason. Importantly, recent studies have demonstrated prism-
coupled and glass-coupled LSPR setups, fabricated by coating purified glass slides with
gold nanoparticles, nanorods, and nanodisks, among other nanoconstructs, leveraging
the high refractive index, transparency, and optical properties of glass to enable localized
plasmon generation at nano-surfaces [23-26]. As nanofabrication technologies develop,
challenges associated with LSPR biosensors, like high radiation losses, are surmounted
with precisely controlled nanoparticles of pre-determined morphologies, arrangement, and
distribution on sensor substrates [27,28]. The inherent compactness of LSPR systems also
drives their clinical adoption, and one such LSPR biosensor was recently developed for the
point-of-care diagnosis of COVID-19 [29].
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In SPR imaging (SPRi), a heterogeneously functionalized sensor surface is typically
irradiated with defocused incident light, with the reflected light recorded by a charge-
coupled device (CCD) camera, producing a two-dimensional map of SPR activity on the
entire sensor surface, with high spatiotemporal resolution (Figure 1D). SPRi setups often
utilize LSPR, exploiting the high electronic localization to more effectively capture SPR at
each pixel. SPRi has notably been applied in different fields of research, such as monitoring
biochemical activities of microorganisms and cells, as well as environmental monitoring
and clinical diagnostics [30,31]. In addition to SPRi, some other innovative SPR-based
biosensor setups have been designed to address the increasing demand for compactness,
high-throughput screening, and smart biosensors. Some of these approaches include minia-
turized SPR chips for use with smartphones [32] and electrohydrodynamic microfluidic
blocks for more efficient sample handling, miniaturization, and high-throughput screen-
ing [33], among others. Ongoing research continually builds on these advancements to
improve the sensitivity, efficiency, and scalability of SPR biosensors through key design,

material functionalization, data acquisition, and crunching approaches.
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Figure 1. An illustration of the major SPR biosensor configurations. The inset diagram demonstrates
the general principle of SPR and LSPR, juxtaposing film-confined evanescent waves in SPR with
localized plasmons in LSPR upon polarized light irradiation. (A) A schematic of the conventional
Kretschmann SPR configuration. Reproduced with permission from ref. [34]. Copyright 2025 Elsevier
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B.V. (B) A typical diffraction grating-based SPR setup. p, grating period; b, grating bar width;
h, grating thickness; h’, plasmonic metal coating thickness; d, substrate thickness; 6, incident angle
(slight modifications made for editorial and formatting purposes) [19]. (C) A diagrammatic sketch of
a transmissive fiber optic SPR sensor. SPP, Surface plasmon polaritons. Reproduced with permission
from ref. [20]. Copyright 2022, Wiley-VCH GmbH. (D) An SPR imaging (SPRi) system based on
the Kretschmann configuration. L1-L5, lenses; DA, diaphragm aperture; MF, multimode fiber; DM,
dichroic mirror; P1 and P2, polarizers [35].

2.3. SPR Applications

SPR biosensors have found broad use in research and development, for drug discovery,
development, and lead optimization purposes. They have also been used for biomarker
identification and characterization, disease modeling, and clinical diagnostic and disease
monitoring purposes. Industrially, SPR biosensors are used for drug biosimilarity analyses
and material characterization. They also play important roles in environmental monitoring
applications. The versatility of SPR biosensors is underpinned by the mass-mediated signal
transduction modality, which eliminates the need for labeling steps that often compromise
test analytes. Additionally, biomolecules often perform their pathophysiological roles
through highly specific interactions with conjugate pair molecules; this is the principle that
underlies many immunoassays. Advancements in chemical biology and the wide variety
of immobilization strategies for these conjugate pair molecules on SPR sensor surfaces
have also driven their biomedical applications, establishing the technology as mainstay in
clinical and pharmaceutical research industries.

In pharmaceutical research, the safety and efficacy of novel therapeutics can be esti-
mated by a thorough assessment of their binding dynamics within drug—target, antigen—
antibody, and protein-receptor complexes. In their simplest form, SPR bioassays can
provide binding kinetics data, representing complex formation and decay rate constants, as
well as steady-state affinity values. Through advanced experimental designs, SPR biosen-
sors can also be used to evaluate the thermodynamic stability of complexes, obtain stepwise
rate constants of a multi-step process for a more elaborate representation of mechanisms
of action, and conduct high-throughput drug screening, typically following in silico ex-
periments to validate computational findings and quickly compare multiple lead drug
compounds [13]. In the same vein, SPR biosensors have also been used to conduct the
biosimilarity screening of new biologics, based on their functional similarity with innovator
products, demonstrable by their target binding characteristics [36].

In clinical use, SPR biosensors offer immense capabilities in the characterization of
protein and nucleic acid biomarkers that have theoretically been demonstrated to contribute
to the pathogenesis, pathophysiology, and progression of infectious diseases and other
chronic diseases like cancers, autoimmunity, and neurodegeneration. Additionally, the
compact designs of advanced SPR configurations contribute to their potential for clinical
deployment to diagnose and monitor diseases, through the highly specific detection and
accurate quantification of biomarkers. SPR biosensors can be functionalized with innovative
surface preparation strategies that make them specific and selective for target analytes,
making them capable of reliably detecting key biomarkers at low levels within complex
biological media and clinical samples like blood [37-39], synovial fluid [40,41], saliva [42],
and urine [1].

Beyond industrial and clinical biomedical applications, SPR biosensors have also
demonstrated usefulness in environmental monitoring. The versatility of SPR biosensors
makes them amenable to surface functionalization with a wide range of affinity probes
capable of detecting pollutants in environmental samples, as well as agricultural produce.
SPR biosensors can similarly be functionalized to detect volatile and air-borne chemical
markers of air quality and environmental quality monitoring. In the agricultural industry,
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common pathogens can be detected and quantified in soil, water, the air, and living tissue
to contain communicable diseases in plants and livestock [43]. In addition to characterizing
binding interactions between conjugate-pair molecules, SPR has also been applied in
material characterization to obtain the optical characteristics of thin films, providing data
on the complex refractive indices and thickness of thin films deposited on plasmonic
metal surfaces [44]. An overview of the applications of SPR biosensors in various fields is
presented in Figure 2.

ePharma R&D

*Drug discovery and
development;
biosimilarity analyses

eDiagnostics
eBiomarker

characterization; POCT,;
disease monitoring

eEnvironmental
monitoring

e Air, soil, water quality
monitoring; pathogen
detection.

eMaterial
Characterization

eDetermination of thin film optical
constants;  monitoring  layer—by—layer
assembly; evaluation of 2D materials;
corrosion and oxide film growth studies;
gas and vapor adsorption; characterizing
polymer swelling and solvent uptake.

Figure 2. SPR biosensors have found widespread use in pharmaceutical research and development,

clinical diagnostics, environmental monitoring, and the characterization of thin films’ structural and
optical properties.

3. Design Considerations in SPR Aptasensors
3.1. Aptamer Selection and Properties

Aptamers are small oligonucleotide or peptide biomolecules typically produced
in vitro, which bind biochemical targets with high affinity and specificity, due to their
structural flexibility and intrinsic tertiary folding behaviors. One of the first attempts
at the molecular evolution of oligonucleotides appeared in the literature in 1988, when
scientists at the Salk Institute for Biological Studies, USA, reported an iterative workflow
for the mutation, selection, and amplification of RNA for catalytic purposes [45]. Less
than a year after this study, Kinzler and Vogelstein reported a PCR-based amplification of
DNA sequences with affinity for gene regulatory proteins [46], laying the groundwork for
Ellington and Szostak, who generated RNA subpopulations from a combinatorial nucleic
acid library, with high affinity for organic dyes [3], and Bock et al., who, for the first time,
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generated single-stranded DNA aptamers with high affinity for biomolecules with which
they have no known physiological interactions [47]. This was a monumental leap in ap-
tamer technology as it ascertained the versatility of aptamers, demonstrating that aptamers
can be synthesized to bind a wide variety of molecules, even those with which they do not
interact in vivo. Aptamers have since been produced and reported in the literature with
affinity for a wide range of targets like heavy metals, toxins, proteins, whole cells, and small
molecules, among others [4]. Ellington and Bock are widely acknowledged as pioneers
of aptamer production, together with Tuerk and Gold, who, coincidentally, at the same
time as Ellington and Szostak, iteratively selected RNA molecules to bind a bacteriophage
polymerase [8,48]. This iterative selection technique is termed Systematic Evolution of
Ligands by Exponential Enrichment (SELEX). While different modified SELEX techniques
have been developed, they all follow a simple workflow that starts with a random library
and iterates through incubation, elution, and amplification steps, until a high-specificity
and -affinity subpopulation is reached and sequenced, enabling reproducible chemical
synthesis [4].

SELEX technologies have evolved through more efficient incubation and elution pro-
cesses. Advancements in gene sequencing and computational methods have also further
increased the scalability and efficiency of SELEX methodologies. Some of the conventional
SELEX techniques discussed in the previous literature include magnetic bead-based SELEX,
capillary electrophoretic SELEX, and whole-cell SELEX [4]. Magnetic bead SELEX methods
are simple workflows in which magnetic beads are coated and functionalized with target
analytes using different covalent and non-covalent surface preparation techniques. The
analyte-coated magnetic beads are incubated with the starting aptamer library and can
be easily magnetically eluted to obtain bound aptamer subpopulation in each iteration of
the process. In capillary electrophoresis SELEX, the analytes are incubated with aptamer
library in a label-free liquid medium, after which analyte-bound aptamers are separated by
capillary electrophoresis, purified, and amplified. Whole-cell SELEX generates aptamers for
whole cells, as opposed to the well-defined and purified target analytes in other techniques.
Whole-cell SELEX fully epitomizes the experimental approach of SELEX technology, in-
cubating whole cells about whose surface proteins very little is known, with the aptamer
library in a free medium, and separating cell-bound aptamers by centrifugation. Whole-cell
SELEX has been applied principally in producing aptamers against microorganisms. In an
advancement of the whole-cell SELEX approach, cells can be engineered to overexpress
pre-determined surface proteins for incubation close to their natural conformations, using
knockdown cells as negative control to improve the specificity of the generated aptamers [4].
Flow cell SELEX involves the incubation and elution of non-binding aptamers on an SPR
chip with a microfluidic flow block where blank buffer injections can be utilized to elimi-
nate non-bound and loosely bound aptamers to the target-functionalized chip at precisely
controlled flow rates, while monitoring the binding events in real time [49].

Recent advancements in SELEX technologies are geared towards the automation of
repetitive processes for quick process turnaround and high reproducibility, miniaturization
of instrumentation to improve efficiency and scalability, and incorporation of emerging tech-
nologies in functionalization, sequencing, chemical synthesis, and characterization. Some of
these innovative SELEX technologies involve robotic SELEX, microfluidic SELEX, and next-
generation sequencing-coupled SELEX [4,50,51]. Additionally, Wu et al. recently reported
an advanced SELEX workflow, incorporating multiparametric fluorescence-activated cell
sorting to rapidly, quantitatively identify individual aptamers with high affinity and selec-
tivity for targets following a liquid-phase incubation period. The authors also described a
click-chemistry approach to aptamer base modifications, generating non-natural aptamers
and opening new aptamer possibilities beyond sequences obtainable from natural oligonu-
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cleotide libraries [52]. In another recent development, capillary electrophoresis SELEX was
implemented by simultaneously incubating two proteins, generating competing migra-
tion pressures and high-resolution elution, significantly reducing the number of cycles
required to obtain high-affinity aptamers [53]. Many such instances have been reported in
the literature where technological advancements in organic chemistry, materials science,
bioinformatics, and other domains are incorporated to improve the speed, efficiency, and
range of SELEX techniques. These have resulted in optimized cell SELEX, in silico or
computer-assisted SELEX, electrochemical SELEX, hydrodynamic SELEX, and many other
such innovative techniques for aptamer production [50,54-56].

The rapid growth of the aptamer industry is attributable to aptamers’ functional
features that give them immense advantages over alternatives, like antibodies, which are
largely mainstay affinity probes in biosensor design [57]. Generally, aptamers are much
smaller molecules than antibodies and their derivatives. They are therefore less prone to
immunogenicity and hepatotoxicity and have good circulation profiles, driving extensive
research on their potential therapeutic and in vivo exploratory applications [6]. Their
small size also makes them able to access epitopes on biomolecules that are inaccessible
to antibodies due to steric hindrance, providing more efficacious binding events [4]. Ap-
tamers are relatively stable in various non-physiological chemical and thermal conditions
that would render antibodies unusable. Structural deformations of aptamers are also
generally reversible, and they can be easily reused in multiple biosensing cycles [58]. The
production of aptamers is typically by chemical synthesis in scalable and economically
efficient workflows that circumvent the laboriousness, risk of contamination, time and
resource intensiveness, animal sacrifice, and batch-to-batch variability in antibody produc-
tion. The tunability of aptamer production and stability of the entities make the processes
exciting playgrounds for organic chemists who can easily modify the aptamers with tags
and labels, without compromising their binding properties, as is often encountered with
antibodies [8]. Perhaps most importantly, antibody probes are designed based on highly
understood physiological or immunological events that involve the biomarkers of interest,
while the demonstrated versatility of aptamers and heavily experimental approach to their
production make it possible to produce aptamer probes for less-understood biomarkers, to
which the aptamers bind through highly flexible 3D conformations, earning them the name
molecular origami. Due to these advantageous features, aptamers are projected to usurp
antibody affinity probes, especially in biosensor design, despite the latter’s long-reigning
ubiquity in biomedicine [58].

3.2. Aptamer Surface Immobilization Strategies

Aptamers have been incorporated in SPR biosensor setups, yielding SPR aptasen-
sors that have been used both for the detection of target analytes and to characterize
aptameric binding to target molecules. Various covalent and non-covalent methods have
been explored to functionalize SPR sensor chip surfaces with aptamers in rational aptamer
design-led approaches. Some of the surface preparation methods reported in the literature
include amine coupling, m-stacking, and affinity capture, while some studies combine
multiple techniques to achieve stable aptasensor surfaces [59]. In an SPR aptasensor de-
signed for the detection of kanamycin residues in food for instance, Ecija-Arenas et al.
functionalized a gold surface with graphene by chemical vapor deposition, after which
pyrene butyric acid was attached to the surface by m-stacking, and the carboxylic acid
group-rich residue was activated by a carbodiimide—succinimide reaction that generated
covalent bonds with amine groups terminally attached to the aptamers [60]. Conversely,
Song et al. functionalized a streptavidin-coated gold chip through the affinity capture of
biotinylated DNA aptamers [61]. The high tunability of aptamer synthesis and ease of
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chemical modifications renders them capable of functionalization with groups and moieties
that make precisely designed and site-oriented immobilization easy. Aforementioned are
only two of several other examples of SPR aptasensor surface preparation strategies, some
of which are presented in Table 1. General workflows of various immobilization techniques
used in aptasensor surface preparation are also illustrated in Figure 3.

The immobilization strategy employed in aptasensor surface preparation must be
optimized, due to its important ramifications for aptamer binding properties and the
performance of biosensors. Non-specific interactions between an aptamer and sensor
surface, for example, the excessive proximity of the aptamer binding region to the sensor
surface, or steric hindrance arising from high aptasensor surface density may impair
access to the binding site, reducing binding affinity [62]. Peculiarly in SPR systems, recent
studies have demonstrated that conformational changes in aptamer molecules following
target binding further enhance the plasmonic response, leading to the phenomenon of
the non-additivity of refractive index increment [63]. Importantly, the overcrowding of
the aptasensor surface may prevent these conformational changes, negatively affecting
the signal strength and complex stability, with consequences for sensor sensitivity and
performance [62]. To better control aptasensor surface density and aptamer orientation
and reduce the effects of artifacts arising from the sensor surface, linker molecules are
used, including nucleotide sequences [64] and avidin-biotin tags. While these strategies are
routinely employed in the literature, there are unfortunately only few studies that properly
characterize and report optimization strategies for the surface density of their aptasensors.
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Figure 3. Illustrations of various SPR aptasensor surface preparation strategies. (A) The immobiliza-
tion of a Norovirus capsid aptamer molecule on an SPR chip by amine coupling. The sensor chip is
modified with mercaptoundecanoic acid (MUA) which is anchored to the gold film by thiol-gold
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(5—Au) covalent bonding. The carboxylic acid group of the MUA molecule is activated by EDC/NHS,
after which the 5’amine aptamer is reacted with the activated carboxylate. Reproduced with per-
mission from ref. [65]. Copyright 2018, Elsevier B.V. (B) A whole-cell Staphylococcus aureus aptamer
immobilized on an SPR chip by thiol coupling. Adapted with permission from ref. [23]. Copyright
2020 American Chemical Society. (C) A lysozyme aptamer immobilized by high-affinity capture.
Thiolated PEG-COOH is self-assembled on the chip surface, after which neutravidin is coated on
the PEGylated surface by amine coupling. The biotinylated aptamers are then captured through
high-affinity neutravidin-biotin capture. Reused with permission from ref. [66]. Copyright 2014
Elsevier B.V. (D) A multi-step procedure for the preparation of an SPR aptasensor surface. Graphene
is deposited on the gold surface by chemical vapor deposition, after which PBA is m-stacked and
its carboxylic groups are activated for the amine coupling of the NHj-functionalized aptamers.
Reproduced with permission from ref. [60]. Copyright 2021 Elsevier B.V.

Table 1. Examples of SPR aptasensor surface preparation strategies.

Aptamer
Analyte of Interest 5'-Aptamer Variable Sequence-3' Preparation Sensor Surface Preparation Ref.
Method
-CCC AGG TCG TGG TGG GTA CTG
CGT ATG TGC- Streptavidin captures
-TAG CCC CAG GCG GTG CGA GCT biotinylated aptamers.
ACT GCC ATT GCAC- Graphene Di-thiopropoinic acid (DTP)
Whole Avian -TAA CGG TGT GGC CCG GGG GTA oxide-assisted  self-assembled monolayers are
Influenza CAG CGC ACT- SELEX formed on gold film surface [67]
Virus—H5Nx -TAC AAG TTG GAG GGG TTA AAT (GO-SELEX) and carboxylic acid groups are
GTC TGC CGC- and negative activated via EDC/NHS
-GGC ATC GTT GGT TAA CCT CAT CAC SELEX reaction to covalently bind
GCG GGC- streptavidin which is used to
-TAA ATG GGC GTG GGA ATG ACT capture biotinylated aptamers.
CTA CGG GGC-
Visceral Adipose DTP self-assembly,
Tissue-Derived -TGA TGG TGT GGC GGG GGG GGC GO-SELEX streptavidin amine coupling, [68]
Serpin CTG GGG GGG GCC GCC GAT G- and capture of
(vaspin) 5'Tjp-biotinylated aptamer.
--GCT AGC GAA TTC CGT ACG AAG
GGC GAA TTC CAC ATT GGG CTG
CAG CCC GGG GGA TCC-
-GTC TGT AGT AGG GAG GAT GGT
CCG GGG CCC CGA GACGACGIT Ordinar
ATC AGG C- SELEXy Mercaptoundecanoic acid
Norovirus Capsid -CGT ACG GAA TTC GCT AGC ACG with (MUA) self-assembly and [65]
Protein GGG CTT AAG GAA TAC AGA TGT . onward amine coupling of
ACT ACC GAG CTC ATG AGG ATC next-generation 5, 1 ine-modified aptamers.
CGA GCT CCA CGT G- sequencing
-CGT ACG GAA TTC GCT AGC CGA
CGG TCA ATG CTC GTG AGC CAG
TAC ACA CAA TAT ATG TGG ATC CGA
GCT CCA CGT G-
Salmonella -TAT GGC GGC GTC ACC CGA CGG Cysteamine self-assembly,
typhimurium Outer GGA CTT GAC ATT ATG ACA G- Magnetic bead carboxymethylated dextran [69]
Membrane Proteins -GAG GAA AGT CTA TAG CAG AGG SELEX coating, and amine-coupling of
AGA TGT GTG AAC CGA GTA A- amine-modified aptamers.
Salmonella “TAT GGC GGC GTC ACC CGA CGG Self-assembly of thiolated
- aptamer molecules on [24]

typhimurium

GGA CTT GAC ATT ATG ACA G-

gold nanoparticles.
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Table 1. Cont.
Aptamer
Analyte of Interest 5'-Aptamer Variable Sequence-3' Preparation Sensor Surface Preparation Ref.
Method
-TTT TTG TGG GTA GGG GGG GTIT
GGA CCA CAC CAA CC-
Ochratoxin, -TTT TTA ACC TGG GGG AGT ATT GCG
Aflatoxin, GAG GAA GGT- .
Adenosine TTT TTG TTG GGC ACG TGT TGT CTC ; Self-assembly ?j th“’latej [25]
Triphosphate,and ~ TCT GTG TCT CGT GCC CTT CGC TAG aptamers on gold nanorods.
Potassium Ions. GCC CAC A-
-TTT TTG ATC GGG TGT GGG TGG CGT
AAA GGG AGC ATC GGA CA-
25- -AGC AGC ACA GAG GTC ATG GGG Self-assembly of thiolated
Hydroxyvitamin =~ GGT GTG ACT TTG GTG TGC CTA TGC GO-SELEX e );1 d nanorods [26]
D3 GTG CTA CGG AA- P & '
Whole Self-assembly of thiolated
Staphylococcus -TCC CAC GAT CTC ATT AGT CTG TGG Whole-cell aptamers, following reduction 23]
ATA AGC GTG GGA CGT CTA TGA- SELEX of disulfide bonds in
aureus Cells : :
oligonucleotide molecules.
Ochratoxin -TTT TTG ATC GGG TGT GGG TGG CGT ) Self-assembly of thiolated [70]
AAA GGG AGC ATC GGA CA- aptamers on gold nanorods.
-TTT TTT TTT TTT AGT CTT TCG CTG
Whole Shigella TTG CTG CTG ATG CC- Whole-cell Streptavidin capture of [71]
Cells -Cy5.5-GGC ATC AGC AGC AAC AGC SELEX biotinylated aptamer fragment.
GAA AGA CT-
-GGG AAT GGA TCC ACA TCT ACG . Neutravidin capture of
Lysozyme Allergen AT TCA TCA GGG CTA AAG AG-  RoPotic SELEX biotinylated a}l)ptamer. [60]
Adherent
e ICIAMAGATICITCeag gl Siteselyortnodtd
GGG ATC CAA TTC AAA CAG- . L
next-generation optical fiber surface.
sequencing
MCEF-7 Breast -GCA GTT GAT CCT TTG GAT ACC . Thiol coupling of aptamer (73]
Cancer Cells CTG G- cysteine group to gold surface.
-ATCTAA CTG CTG CGC CGC CGG Thiol coupling of aptamers to
Tyrosine Kinase-7 ~ GAA AAT ACT GTA CGG TTA GAT TTT - [74]

TTT TTT-

gold nanostar surface.

4. Translational Perspective of SPR Aptasensors

4.1. Drug Discovery Applications

SPR biosensors have generally been integrated into the drug discovery and devel-
opment process in the pharmaceutical industry. Broadly, SPR biosensors offer avenues
to profile the kinetics of biomolecular interactions towards lead generation, optimization,
high-throughput screening, and comparative studies in biosimilarity evaluation. One of the
crucial steps in SPR-led drug development is the reproducible site-oriented immobilization
or capture of biologic agents for the onward characterization of their interactions with
targets. To illustrate, proteins A and G, as well as modified Fc-receptors, are examples of
capture molecules that have been applied for the Fe-capture of immunoglobulins, for exam-
ple [36,75]. While these methods have achieved widespread use in this regard, significant
variations exist in their affinity for different classes of investigational biologics, essentially
narrowing the range of drug candidates for which stable immobilization can be achieved
and negatively impacting drug development.

In contrast, the exponentially growing war-chest of aptamers make it possible for
SPR aptasensors to be applied to a wider range of drugs in development, leveling the
drug candidates playing field and eliminating artifacts arising from capture instability that
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interfere with the binding signals obtained. Additionally, the high affinity of aptamers
for small molecules opens up the possibility of applying SPR aptasensors in screening
not just biologics but small molecules as well, based on highly reproducible drug—target
characterization. At the moment, there have been some safe instances in the literature where
SPR aptasensors have been applied for drug development like in an anti-cancer bio-barcode
drug screening assays [76], SPR aptasensors have yet to be significantly utilized in drug
development as capture molecules. However, their functional peculiarities, reproducibility,
and ease of production make it reasonable to expect aptamers to be repurposed for highly
stable and reversible drug capture for kinetic screening in the near future.

4.2. Diagnostics and Disease Monitoring

In contrast to drug development applications, SPR aptasensors have found more
extensive use in diagnostic and disease monitoring applications, leveraging highly specific
interactions of sensor surface-immobilized aptamers with target biomarker molecules. The
relatively small sizes of aptamers ensures that they can be immobilized on the sensor surface
at well-controlled surface densities; this is especially important for high-molecular-weight
analytes to minimize steric hindrance and electrostatic artifacts and maximize predictability
of the aptasensor’s maximum binding capacity [60]. The higher analyte-probe mass ratio
that develops as a consequence of the small sizes of aptamers also offers a competitive edge,
especially as SPR biosensors rely on mass-induced signal transduction mechanisms [77].
SPR aptasensors have been designed for biosensing purposes in two major modes; direct
binding and sandwich detection modes [78]. Direct binding detection aptasensor designs
characterize binding events between unit immobilized aptamer molecules to single target
molecules, applying simple one-to-one binding models for signal transduction and pro-
cessing. Direct binding is frequently sufficient for SPR aptasensor-based detection and
is especially appropriate for small molecules with only one accessible binding epitope.
Additionally, direct-binding biosensing is quick, requires only a few experimental steps,
and can be analyzed with simple binding models [78]. The direct-binding or one-site SPR
aptasensor biosensing approach is widely reported in the literature for the detection of
various biomarkers and whole-cell-pathogenic organisms [79-82]. Conversely, sandwich
detection modes of SPR aptasensors are designed to amplify the SPR signal in the detection
of target molecules with multiple accessible binding epitopes. In a workflow similar to
other sandwich immunoassays, sandwich SPR aptasensor configurations primarily in-
volve target molecule binding by the immobilized aptamers and the subsequent binding
of the captured target molecules by a detection aptamer, conjugated with a signal am-
plification tag like a plasmonic nanomaterial, a mass tag, or an enzyme molecule [83,84].
Some other innovative signal amplification sandwich assays have been developed that
leverage the binding-induced refolding of aptamers and assembly with signal amplifying
tags [25]. Creative assay designs like this underscore an additional advantage of SPR
aptasensors compared to antibody-based SPR biosensors, due to aptamer flexibility and
structural features.

The applications of SPR aptasensors traverse various biomedical fields and have been
developed to detect disease biomarkers, pathogens, and small molecules for diagnosis,
disease monitoring, and food/agricultural quality control purposes. A recent review of
SPR aptasensors in viral disease diagnoses, for example, highlights whole viruses, viral
proteins, pseudo-viral materials, and viral biomolecules like enzymes as target molecules
of SPR aptasensors reported in the literature for the diagnosis of viral diseases like SARS-
CoV2, HIV, the Crimean Congo Hemorrhagic Fever virus, norovirus, dengue virus, and
Mpox virus [85]. Similarly, SPR aptasensors have been extensively adopted in food quality
monitoring, for detecting small molecules like penicillin and aminoglycoside antibiotics;
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pathogenic microorganisms like salmonella and streptococci; and toxins like aflatoxins and
mycotoxins [60,86]. In disease biomarker detection, SPR aptasensors have been reported to
detect and quantify cancer biomarkers like receptor tyrosine protein kinase (HER2), circulat-
ing tumor cells (CTC), and circulating tumor DNA (ctDNA), which have been established
as reliable markers of progression in different cancer types [87]. The translational potential
of SPR aptasensors in point-of-care testing, though not fully explored yet, is apparent in
compact innovative SPR aptasensor designs demonstrably functionalized for the rapid
detection and high-throughput screening of key biomarkers like toxins, pathogens, and
disease biomarkers [88,89].

Comparatively, SPR aptasensors are better suited for translational applications that
require in-depth studies of binding dynamics between chemical and biochemical species.
In clinical applications especially, SPR biosensors generally report lower sensitivities com-
pared to gold standards like ELISA, limiting their applications in these contexts. However,
they are advantageous in the rich information they can provide on biochemical complex
formation and stability [90]. This could explain why SPR biosensors are more widely
used in industrial applications and for drug development where detailed binding kinetic
information enables better drug candidate optimization, while relatively fewer applications
have been reported in clinical diagnostics.

Some examples of SPR aptasensor setups are illustrated in Figure 4, while a list of SPR
aptasensors including their affinity, configuration, and sensitivities is provided in Table 2.

Table 2. Examples of SPR aptasensors in the literature.

Analyte of , , Affinit SPR Signal Limit of
Inte};est 5-Aptamer Sequence-3 Valuesy Configuration Ampl?ﬁcation Detection Ref.
Visceral Sandwich SPR
Adipose “TGA TGG TGT GGC GGG GGG - Prismcoupled with g‘t’.ldl C asan

tissue-Derived ~ GGC CTG GGG GGG GCC GCC D: ple fanoparhcie o [68]
Serpin GAT G- 0.17-0.24 uM SPR conjugated ng/mL
(vaspin) secondary
aptamer
-GCT AGC GAA TTC CGT ACG
AAG GGC GAATTC CAC ATT
GGG CTG CAG CCC GGG GGA
TCC-
-GTC TGT AGT AGG GAG GAT
GGT CCG GGG CCC CGA GAC .
GAC GTT ATC AGG C- Saﬁ:ﬁﬂ(‘ﬂzm
Norovirus “CCTACG GAA TIC GCT AGC Kp: Prism-coupled nano%od—
Capsid Protein oG GGG CTTAAG GAA TAC ) 73 514 nm SPR conjugated 70aM - [63]
AGA TGT ACT ACC GAG CTC detection
ATG AGG ATC CGA GCT CCA
CGT G- aptamers
-CGT ACG GAA TTC GCT AGC
CGA CGG TCA ATG CTC GTG
AGC CAG TAC ACA CAATAT
ATG TGG ATC CGA GCT CCA
CGT G-
Salmonella -TAT GGC GGC GTC ACC CGA
o CGG GGA CTT GAC ATT ATG Kot —

s Out ACA G- 52 x 1073~ Prism-coupled CFU 9

Mer;‘bf;ne -GAG GAA AGTCTATAGCAG 7.4 x 1073 SPR i vt (691
Proteins AGG AGA TGT GTG AAC CGA s '

GTA A-
-TAT GGC GGC GTC ACC CGA
Salmonella Glass-coupled 10*
yphimurium (GG GGA CTT GAC ATT ATG TSPR - CRU/mi 124

ACA G-
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Table 2. Cont.
Analyte of , , Affinit SPR Signal Limit of
Intg;est 5-Aptamer Sequence-3 Valuesy Configuration Ampl;gﬁcation Detection Ref.
-TTT TTG TGG GTA GGG GGG
GTT GGA CCA CAC CAA CC- .
Ochratoxin, ~ -TTT TTA ACC TGG GGG AGT LSPR peak shift
Aflatoxin, ATT GCG GAG GAA GGT- msug“’.“ by
Adenosine -TTT TTG TTG GGC ACG TGT Glass-coupled bi‘;r dien““; 056-105 1))
Triphosphate, TGT CTC TCT GTG TCT CGT LSPR a tamer—%ar ot pM
and Potassium  GCC CTT CGC TAG GCC CAC A- p &
Tons. “TTT TTG ATC GGG TGT GGG Coptamer
TGG CGT AAA GGG AGC ATC “quadrupiex
GGA CA-
25. -AGC AGC ACA GAG GTC ATG
Hydroxyvitamin GGG GGT GTG ACT TTG GTG Kp: 11 nM Glass-coupled . 0.1 [26]
D3 TGC CTA TGi AGTG CTA CGG LSPR ng/mL
Whole -TCC CAC GAT CTC ATT AGT Glass-coupled 10°
Staphylococcus CTG TGG ATA AGC GTG GGA Kp: 82.8 nM LSPRp - CFU/mL [23]
aureus Cells CGT CTA TGA-
-TTT TTG ATC GGG TGT GGG Optical
Ochratoxin TGG CGT AAA GGG AGC ATC Fiber-based - 12 pM [70]
GGA CA- LSPR
-TTT TTT TTT TTT AGT CTT TCG Multicore
Whole Shigella CTG TTG CTG CTG ATG CC- Optical ) 1.56 [71]
Cells -Cy5.5—GGC ATC AGC AGC Fiber-based CFU/mL
AAC AGC GAA AGA CT- LSPR
Lysozyme -GGG AAT GGA TCC ACA TCT Prism-coupled
Allergen ACG AATTCATCAGGGCTA Kp: 31-65nM SPR - 24 nM [66]
AAG AG-
Sandwich SPR
-TCT AAA AGG ATT CTT CCC Optical with anti-HER2
HER2 AAG GGG ATC CAATTC AAA Kp: 6.2nM Fiber-based antibodies as 77.4 pM [72]
CAG- SPR detection
probes
Dual
recognition
together with
folic acid-
MCF-7 Breast -GCA GTT GAT CCT TTG GAT Prism-coupled functionalized 500 (73]
Cancer Cells ACC CTG G- SPR magnetic cells/mL
nanoparticles
for binding
overexpressed
FA receptor.
LSPR-
Tyrosine Kinase generated hot
7 Expressed on -ATC TAA CTG CTG CGC CGC Electrochemical electrons 5
Circulating CGG GAA AAT ACT GTA CGG LSPR enhance cells/mL [74]
TTA GAT TTT TTT TTT- electrochemical
Tumor Cells
current
response
-ATC GAT AAG CTT CCA GAG Cf;g’:d ﬁiﬁgﬁf
CCGTGT CTG GGG CCG ACC Prism-coupled enhincement
Cytochrome C GGC GCA TTG GGT ACG TTG SPR P and RNAse H 80 pM [76]
TTG CCG TAG AAT TCC TGC .
AGC C- enzymatic

recycling
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Figure 4. Some examples of SPR aptasensor applications in drug screening and infectious pathogen,
disease biomarker, and small-molecule detection. (A) An SPR aptasensor for anti-cancer drug screen-
ing. Reproduced with permission from ref. [91]. Copyright 2014, Elsevier B.V. (B) A dual-aptamer SPR
biosensor of whole avian flu virus with gold nanoparticle conjugation for signal amplification. Repro-
duced with permission from ref. [67]. Copyright 2016 Elsevier B.V. (C) A sandwich detection-based
SPR aptasensor designed for sandwich immunoassay for Hepatocellular Carcinoma diagnosis [92].
(D) An SPR aptasensor for thrombin detection in human blood. Reproduced with permission from
ref. [80]. Copyright 2020, Elsevier B.V. (E) Kanamycin residues detection in food by an SPR aptasensor.
Reproduced with permission from ref. [60]. Copyright 2021 Elsevier B.V.

4.3. Regulatory Considerations and Broader Impact

Regulatory frameworks for biosensors’ clinical approvals and manufacturing are
decentralized across global regions, with major regulatory bodies and frameworks like the
US Food and Drug Agency (FDA), Chinese State Administration for Market Regulation
(SAMR), and EU In Vitro Diagnostic Medical Device Directive (IVDMDD) providing
regional oversight and direction [93]. These frameworks align in their general handling
of biosensors as medical devices, which the 21st Title of the Code of Federal Regulations
regards as “reagents, instruments, and systems intended for use in the diagnosis of disease
or in the determination of the state of health to cure, mitigate, treat, or prevent disease” as
upheld by the US FDA [94]. Accordingly, developing biosensors for clinical purposes must
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generally satisfy strict stipulations of their documented intended use, analytical validation,
and clinical performance quality attributes. This is common to the frameworks developed
by major regional regulatory bodies globally. In essence, a biosensor typically progresses
through a comprehensive documentation of the target analyte it is touted to detect and/or
quantify, as well as its intended usage circumstances, and through lab-scale analytical tests
that ascertain the sensitivity, specificity, accuracy, precision, robustness, and reproducibility
of biosensing, after which clinical validation is conducted to demonstrate the clinical value
of the biosensor [94,95].

Different biosensors have been put through this rigorous procedure to ensure that
their translational deployment does not constitute clinical and/or public health detriments.
Aptamers are a recent addition to the biomedical science toolbox, discovered less than
40 years ago, particularly SPR aptasensors, which are largely in proof-of-concept and
analytical validation development steps. Some of the challenges with aptamer specificity,
the reproducibility of findings, and the rigorousness of testing required to transition ap-
tasensors through technology readiness levels, coupled with the nascence of the field, may
explain the dearth of SPR aptasensors in widespread clinical diagnostics and industrial
adoption [58].

Regulatory bureaucracies notwithstanding, the translational potential of SPR aptasen-
sors is undeniable, as is their imminent broader impact at the socioeconomic and healthcare
accessibility levels. As has been repeatedly demonstrated in regional and global public
health incidents like the Ebola virus and COVID-19, there remains inequity in access to
diagnostic services, both on the international level and within regions with marked socioe-
conomic stratifications and inadequate health systems [96]. These inequalities result from
an interplay of geopolitical circumstances and, crucially, the realities of costs associated
with developing diagnostic technology that scales through the hurdles to translational
deployment; training personnel to use, maintain, and advance the technology; the avail-
ability of data for post-marketing surveillance; and the adjacent demands of state-of-the-art
diagnostic technology. Much remains to be performed to mitigate these challenges and
ensure healthcare accessibility across the socioeconomic spectrum. However, the low costs,
scalability, and reproducibility of SELEX for aptamer production, their integration with
widely existing technologies, and the development of a relatively low-cost, miniaturized
SPR setup promise to democratize access to SPR aptasensors for accessible biosensing [97].

Sustainability is one of the most important considerations in the discourse over the
translation of SPR aptasensors to clinical and industrial scale use. As SPR aptasensors
ascend technology readiness levels, they must demonstrate an alignment with the overarch-
ing goals of sustainability through environmentally safe materials and processes. Generally,
SPR aptasensors already provide opportunities for advanced biosensing in the agricultural,
food, and environmental monitoring industries [98]. Beyond using them as innovative tools
to address environmental concerns, there is also a need to pursue mainstream decarboniza-
tion and the general eco-friendliness of SPR aptasensor manufacturing processes. On the
one hand, using materials from renewable sources to design and fabricate SPR aptasensors
provides a promising avenue. An example is the use of graphene and graphitic materials in
sensor surface preparation, which can be reproducibly synthesized from recycled or upcy-
cled waste resources [99,100]. While this is a relatively under-explored discourse as far as
SPR aptasensors are concerned, fully realizing their translational potential may require that
the sustainability of their development and deployment is thoroughly established through
extensive life cycle analyses, the prioritization of renewable sources of component materials,
green chemistry in sensor preparation and/or functionalization, sustainable manufacturing
processes, and strategies for environmentally friendly end-of-life handling [101].
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Several aptasensors have been commercialized, including AptameX, a significantly
successful colorimetric aptasensor developed for the diagnosis of COVID-19 [102]. Addi-
tionally, there are various ongoing clinical trials of aptasensors developed for medication
therapy monitoring, oncologic conditions, and reproductive health, as well as approved
patents for techniques in producing various aptasensors. These, alongside the commercial
success of aptamer-based therapeutics, underscore their translational potential, which
may soon result in an uptrend in plasmonic aptasensor commercialization [8]. Some
commercialized, patented, and clinically tested aptasensors are presented in Table 3.

Table 3. Some commercialized, patented, and clinically tested aptamer-based biosensor products

and concepts.

tRADE Name/Identifier Biomarker/Target Biosensor Setup Developmental Stage Ref.
EGFR1, MMP7, CAS6,
AptoDetect™-Lung KIT, CRP, C9, and Proteomic profiling Commercialized [103]
SERPINA3
Apta-Beacon™ Multiple biomarkers Colorlmgtrlc anq Commercialized [104]
fluorometric endpoints
OLIGOBIND Thrombin Fluorometric ELISA Commercialized [105]
APTSENS COVID-19 Electrochemical Commercialized [106]
biosensor
SOMAscan Multiple biomarkers Proteomic profiling Commercialized [107]
AflaSense Aflatoxin Fluorometry Commercialized [108]
OTA-Sense Ochratoxin A Sandwich fluorometry Commercialized [109]
Apollomer™ Multiple pathogens Portable ¢ lectrochemical Commercialized [110]
biosensor
Patent: CN104634754B Terramycin ELISA Patent active (expected [111]
expiration: 2035)
Fee-related expired
Patent: US10036073B2 Foodborne pathogens Fluorometry patent (adjusted [112]
expiration: 2032)
Patent: CN113881790A Foodborne pathogens PCR and fluorometry Patent a Ctl.v ¢ (expected [113]
expiration: 2041)
Fee-related expired
Patent: CN103439296B Adenosine SPR patent (expected [114]
expiration: 2033)
Patent: CN108845009B Environmental Photoelectrochemical Patent .act1.\/e (expected [115]
pollutants sensor expiration: 2038)
I?rgect ADHERE . Electrochemical Early Phase 1 clinical
(clinicaltrials.gov ID: Tenofovir aptasensor trials completed [116]
NCT04870671) P pleted.
AptameX COVID-19 Colorimetric sensor Commercialized [102]
Identify Proteomic
Biomarkers for Qutcome Observational clinical Clinicaltrials.gov
Prediction of Lipiodol Multiple biomarkers Proteomic profiling . . 8
trials ongoing ID: NCT04459468
TACE Treatment
(Lipiodol TACE)
Electro-Phage and
Colorimetric A}.)trflmer Multiple urinary . . Observational clinical Clinicaltrials.gov
Sensors for Clinical . Colorimetric sensor . .
. L biomarkers trials ongoing ID: NCT02957370
Staging and Monitoring
of Bladder Cancer

Non-Invasive, Highly
Specific Detection of
Oxytocin in
Biological Fluids

Salivary oxytocin

Aptamer-based
electrochemical assay

Observational clinical
trials completed

Clinicaltrials.gov
ID: NCT03140709
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5. Challenges and Limitations of SPR Aptasensors

Despite the multi-dimensional potential of SPR aptasensors, there are limitations still
to be addressed in their design and deployment landscape, emanating from biophysical and
analytical challenges associated with aptamers; the availability of established workflows
for the at-scale production of SPR aptasensors; and the long-term stability and reusability
of SPR aptasensors. The selection of aptamers is a largely combinatorial experimental
workflow; relatively little theoretical understanding precedes the process, introducing
significant blind spots. The specificity of aptamers, for example, is often improved through
counter-selection SELEX steps, the efficacy of which is debated, as aptamers are still widely
reported to demonstrate non-specific and promiscuous binding, significantly hampering
their commercialization in diagnostics and therapeutics [109]. About a thousand unique
aptamers have been selected to date; some inexplicably demonstrate higher specificity and
affinity and form more stable complexes with their targets than others [58]. Important
variables that significantly affect aptamer-target binding events have yet to be understood.

Some of the most widely cited aptamers have been subjected to extensive experimental
analyses and post-selection modification that provides additional control over their binding
properties. In contrast, there are still debates over whether certain other aptamers bind
the targets they have been reported to bind [58,117]. This heterogeneity in the aptamer
landscape is a consequence of the relative novelty of the field. It necessitates rigorous char-
acterization of existing and emerging aptamers and theoretical explorations of the factors
governing their activities before they can reliably be integrated into SPR biosensor setups
at scale. There is also a drawback in aptamer stability due to matrix effects in complex
samples, significantly affecting aptamer stability and performance. A large knowledge gap
exists in aptamer characterization and theoretical understanding, even as new aptamers
are churned out at high rates; this needs to be addressed for better aptasensor quality
assurance [97]. Some recent studies have attempted to improve aptamer sensitivity, speci-
ficity, and performance through serum-assisted SELEX and multivalent aptamers [118,119].
Some innovative techniques have also emerged to achieve higher functional aptamer per-
formance, including computational aptamer design, the introduction of physical forces
such as magnetic field or electro-hydrodynamics during SELEX, and non-SELEX methods
which circumvent PCR amplifications of aptamer motifs [120]. Additionally, innovative
aptasensor designs combine multiple biorecognition elements and/or signal transduction
modalities to achieve better specificity, sensitivity, and clinical performance in plasmonic
aptasensors in complex biological samples [73].

Another limitation of SPR aptasensors that must be surmounted for the technology to
proceed towards translational use is the establishment of simple, reproducible, and scalable
manufacturing processes. Notably, SPR aptasensors require the meticulous optimization of
experimental conditions during fabrication and utilization to achieve acceptable sensitivity
and selectivity. This has largely stifled SPR aptasensor development, with other simpler and
more predictable signal transduction modalities pursued in aptasensor research instead [77].
This challenge is expected to persist as SPR aptasensors transition to large-scale manu-
facturing, where batch variability, process parameterization, and conformance to critical
quality attributes are key for success. Recent attempts to address the scalable fabrication of
aptasensors include a recent comprehensive process parameterization of an electrochemical
aptasensor fabrication, using waste rice husk-derived silica nanoparticles [121]. This and
similar studies that combine computational analyses with considerations of raw material
source and process optimization promise to advance the translational impact of aptasensors
generally and SPR aptasensors in particular. Using bio-derived nanomaterials for sensor
chips could reduce the environmental footprint of mass-produced SPR aptasensors.
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There is also a paucity of information on the long-term stability and reusability of SPR
aptasensors in the literature. Expectedly, aptasensors are widely believed to be superior
to antibody-based biosensors in terms of longevity and reusability. This is based on the
relative stability of aptamers and reversibility of their structural deformations. In essence,
while antibodies suffer irreversible and progressive structural damage even during normal
use for biosensing purposes, aptasensors are expected to be reusable and durable since the
biorecognition elements—aptamers—can withstand non-physiological storage conditions,
and because in the right conditions, they can revert to their initial tertiary conformations
after a binding and dissociation event [122]. However, translational applications of aptasen-
sors would require them to be subjected to long-term stability studies, as well as accelerated
studies to properly obtain an understanding of their long-term potency as biorecognition
elements and the effects of several storage, handling, and logistical conditions on their
activities beyond the laboratory setting.

6. Conclusions and Future Directions

SPR aptasensors combine the mechanistic versatility of SPR biosensors with the func-
tional advantages of aptamers as biorecognition elements. From a translational perspective,
this is a new, emerging biosensor field with immense potential in healthcare, environmental,
agricultural, and industrial applications. The major advantage of SPR aptasensors derives
from the relatively small size of aptamers and their implications for SPR biosensing, being
a mass-dependent signal transduction system, as well as the low production costs, simple
workflow, process tunability, and ease of functionalization for optimal immobilization
and signal amplification. This review has examined the theoretical principles underlying
the SPR phenomenon as a biosensing tool and how aptamers are key in this mechanism
as a biorecognition element. We have also discussed the SELEX workflow for aptamer
production and the applications of aptamer-functionalized SPR biosensors in drug develop-
ment and diagnostics. Notably, the discourse on SPR aptasensors in the literature is sparse
regarding the translational perspective, necessitating our discussion of the major considera-
tions, such as the regulatory framework, broader impact, and sustainability concerns of
SPR aptasensors.

The SPR aptasensor field is growing, and several challenges must be surmounted
to achieve translational impact. Some of these key challenges involve limited theoretical
understanding of aptamer binding behaviors and their implications for characterization,
which could limit their adoption rate in biosensing setups. Additionally, simple, repro-
ducible, and scalable fabrication processes and the long-term quality profiling of SPR
aptasensors are a definite requirement in the transition to large-scale deployment. There are
already attempts to address these limitations in the current literature, and it is expected that
the field of SPR aptasensors will experience new research approaches in the coming years
that center on the most crucial limitations to translational adoption in their experimental
design. Additionally, theoretical and computational models of aptamer—target complexes,
which are already in development, will expectedly continue to emerge towards enrich-
ing the scientific understanding of principles that govern these interactions, especially as
aptamers have recently been found within in vivo systems, suggesting a physiological
role [123].

Emerging aptamer engineering approaches suggest further diversification of the
aptamer pool and rational design of aptamers with exciting prospects in biosensing applica-
tions. For example, the introduction of non-natural analogs and the chemical modification
of nucleotide bases have been touted as strategies to chemically diversify aptamers and
introduce control over binding activity, while fortifying them with nuclease resistance for in
situ applications [2]. Additionally, signal amplification strategies that do not compromise
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analyte samples are being pursued through dual-aptamer recognition strategies in various
symmetric or asymmetric configurations, including in conjunction with antibodies whose
larger molecular weights provide advantages as detection probes [2].

Some advanced technologies that introduce multimodality in SPR aptasensor design
and artificial intelligence- or machine learning-led data processing are exciting develop-
ments to watch soon; they could significantly shape the future outlook of SPR aptasensors,
especially as it pertains to their translational deployment in complex, unpredictable sys-
tems. Artificial intelligence and machine learning have been applied to improve aptasensor
surface preparation for optimal performance and in signal processing for high-throughput
screening and streamlined decision making in complex, multivariate circumstances. This
has produced innovative plasmonic and optical aptasensors for SARS-CoV2 detection [124],
neurodegenerative and infectious diseases diagnoses [125,126], and in environmental mon-
itoring [127].

Combining the tunability, stability, versatility, and ease of fabrication of aptamers with
the real-time, label-free modality of SPR biosensors, the potential of SPR aptasensors and
other plasmonic aptasensors is immense. Recent advancements in next-generation, high-
performance materials, sustainable approaches, and exponentially growing computational
capacity are set to pave the way for the mainstream adoption of SPR aptasensors.
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The following abbreviations are used in this manuscript:

CTC Circulating tumor cell

ctDNA Circulating tumor DNA

DNA Deoxyribonucleic acid

DTP Di-thiopropionate

EDC Ethyl di-methyl aminopropyl carbodiimide
FDA Food and Drug Agency

GO-SELEX  Graphene oxide-based SELEX

HER2 Receptor tyrosine protein kinase

HIV Human Immunodeficiency Virus

IVDMDD In Vitro Diagnostic Medical Device Directive
LSPR Localized surface plasmon resonance

MUA Mercapto-undecanoic acid

NHS N-hydroxy succinimide

RNA Ribonucleic acid

SAMR Chinese State Administration for Market Regulation

SARS-CoV2  Severe acute respiratory syndrome coronavirus 2
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SELEX Systematic Evolution of Ligands by Exponential Enrichment
SPR Surface plasmon resonance
SPRi Surface plasmon resonance imaging

References

1.  Stuart, D.D.; Van Zant, W.; Valiulis, S.; Malinick, A.S.; Hanson, V.; Cheng, Q. Trends in Surface Plasmon Resonance Biosensing;:
Materials, Methods, and Machine Learning. Anal. Bioanal. Chem. 2024, 416, 5221-5232. [CrossRef] [PubMed]

2. Wang, Y, Liu, X,; Wu, L,; Ding, L.; Effah, C.Y.; Wu, Y,; Xiong, Y; He, L. Construction and Bioapplications of Aptamer-Based Dual
Recognition Strategy. Biosens. Bioelectron. 2022, 195, 113661. [CrossRef] [PubMed]

3. Ellington, A.D.; Szostak, J.W. In Vitro Selection of RNA Molecules That Bind Specific Ligands. Nature 1990, 346, 818-822.
[CrossRef] [PubMed]

4. Yiice, M.,; Ullah, N.; Budak, H. Trends in Aptamer Selection Methods and Applications. Analyst 2015, 140, 5379-5399. [CrossRef]

5. Kulabhusan, PK.; Hussain, B.; Yiice, M. Current Perspectives on Aptamers as Diagnostic Tools and Therapeutic Agents.
Pharmaceutics 2020, 12, 646. [CrossRef]

6. Cai, S.; Yan, J.; Xiong, H.; Liu, Y.; Peng, D.; Liu, Z. Investigations on the Interface of Nucleic Acid Aptamers and Binding Targets.
Analyst 2018, 143, 5317-5338. [CrossRef]

7. Yiice, M,; Kurt, H.; Hussain, B.; Ow-Yang, C.W.; Budak, H. Exploiting Stokes and Anti-Stokes Type Emission Profiles of
Aptamer-Functionalized Luminescent Nanoprobes for Multiplex Sensing Applications. ChemistrySelect 2018, 3, 5814-5823.
[CrossRef]

8. Yiice, M.; Kurt, H.; Hussain, B.; Budak, H. Systematic Evolution of Ligands by Exponential Enrichment for Aptamer Selection.
In Biomedical Applications of Functionalized Nanomaterials: Concepts, Development and Clinical Translation; Elsevier: Amsterdam, The
Netherlands, 2018; pp. 211-243. [CrossRef]

9.  Fano, U. The Theory of Anomalous Diffraction Gratings and of Quasi-Stationary Waves on Metallic Surfaces (Sommerfeld’s
Waves). JOSA 1941, 31, 213-222. [CrossRef]

10. Burstein, E.; Chen, W.P; Chen, Y.J.; Hartstein, A. Surface Polaritons—Propagating Electromagnetic Modes at Interfaces. . Vac. Sci.
Technol. 1974, 11, 1004-1019. [CrossRef]

11. Liedberg, B.; Nylander, C.; Lunstrom, I. Surface Plasmon Resonance for Gas Detection and Biosensing. Sens. Actuators 1983, 4,
299-304. [CrossRef]

12.  Kurihara, K.; Nakamura, K.; Suzuki, K. Asymmetric SPR Sensor Response Curve-Fitting Equation for the Accurate Determination
of SPR Resonance Angle. Sens. Actuators B Chem. 2002, 86, 49-57. [CrossRef]

13.  Butt, M.A. Surface Plasmon Resonance-Based Biodetection Systems: Principles, Progress and Applications—A Comprehensive
Review. Biosensors 2025, 15, 35. [CrossRef] [PubMed]

14. Giinaydin, B.N.; Cetinkaya, A.O.; Torabfam, M.; Tiitlinctioglu, A.; Kayalan, C.I.; Bayazit, M.K,; Yiice, M.; Kurt, H. Plasmonic
Group IVB Transition Metal Nitrides: Fabrication Methods and Applications in Biosensing, Photovoltaics and Photocatalysis.
Adv. Colloid. Interface Sci. 2024, 333, 103298. [CrossRef] [PubMed]

15.  Andalibi Miandoab, S.; Talebzadeh, R. Ultra-Sensitive and Selective 2D Hybrid Highly Doped Semiconductor-Graphene Biosensor
Based on SPR and SEIRA Effects in the Wide Range of Infrared Spectral. Opt. Mater. 2022, 129, 112572. [CrossRef]

16. Khan, Q.; Sohrab, A.; Khan, M.A.; Khesro, A. Surface Plasmon Polariton Resonance Sensing at Metal-Dielectric Interface Based on
Wavelength Interrogation. Plasmonics 2024, 20, 943-950. [CrossRef]

17.  Halpern, A.R.; Chen, Y.; Corn, RM.; Kim, D. Surface Plasmon Resonance Phase Imaging Measurements of Patterned Monolayers
and DNA Adsorption onto Microarrays. Anal. Chem. 2011, 83, 2801-2806. [CrossRef]

18. Bonyaér, A. Label-Free Nucleic Acid Biosensing Using Nanomaterial-Based Localized Surface Plasmon Resonance Imaging:
A Review. ACS Appl. Nano Mater. 2020, 3, 8506-8521. [CrossRef]

19. Saxena, S.; Rastogi, Y.; Sharma, N.K. Theoretical Analysis of Diffraction Grating-Based SPR Sensor Using the Rigorous Coupled
Wave Analysis Method. Plasmonics 2025. [CrossRef]

20. Zhang, S.; Han, B.; Zhang, Y.-N.; Liu, Y,; Zheng, W.; Zhao, Y.; Zhang, S.; Han, B.; Zhang, Y.-N.; Liu, Y.; et al. Multichannel
Fiber Optic SPR Sensors: Realization Methods, Application Status, and Future Prospects. Laser Photon. Rev. 2022, 16, 2200009.
[CrossRef]

21. Feiler, M.; Ziman, M.; Kovag, J.; Kuzma, A.; Uherek, F. Design of Optimal SPR-Based Multimode Waveguide Sensor for a Wide
Range of Liquid Analytes. Photonics 2023, 10, 618. [CrossRef]

22. Petryayeva, E.; Krull, U.J. Localized Surface Plasmon Resonance: Nanostructures, Bioassays and Biosensing—A Review. Anal
Chim Acta 2011, 706, 8-24. [CrossRef] [PubMed]

23.  Khateb, H.; Klos, G.; Meyer, R.L.; Sutherland, D.S. Development of a Label-Free LSPR-Apta Sensor for Staphylococcus Aureus

Detection. ACS Appl. Bio Mater. 2020, 3, 3066-3077. [CrossRef]


https://doi.org/10.1007/s00216-024-05367-w
https://www.ncbi.nlm.nih.gov/pubmed/38839686
https://doi.org/10.1016/j.bios.2021.113661
https://www.ncbi.nlm.nih.gov/pubmed/34592501
https://doi.org/10.1038/346818a0
https://www.ncbi.nlm.nih.gov/pubmed/1697402
https://doi.org/10.1039/C5AN00954E
https://doi.org/10.3390/pharmaceutics12070646
https://doi.org/10.1039/C8AN01467A
https://doi.org/10.1002/slct.201801008
https://doi.org/10.1016/B978-0-323-50878-0.00008-2
https://doi.org/10.1364/JOSA.31.000213
https://doi.org/10.1116/1.1318673
https://doi.org/10.1016/0250-6874(83)85036-7
https://doi.org/10.1016/S0925-4005(02)00146-6
https://doi.org/10.3390/bios15010035
https://www.ncbi.nlm.nih.gov/pubmed/39852086
https://doi.org/10.1016/j.cis.2024.103298
https://www.ncbi.nlm.nih.gov/pubmed/39243484
https://doi.org/10.1016/j.optmat.2022.112572
https://doi.org/10.1007/s11468-024-02280-x
https://doi.org/10.1021/ac200157p
https://doi.org/10.1021/acsanm.0c01457
https://doi.org/10.1007/s11468-025-02799-7
https://doi.org/10.1002/lpor.202200009
https://doi.org/10.3390/photonics10060618
https://doi.org/10.1016/j.aca.2011.08.020
https://www.ncbi.nlm.nih.gov/pubmed/21995909
https://doi.org/10.1021/acsabm.0c00110

Biosensors 2025, 15, 359 25 of 29

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.
46.

47.

Oh, S.Y.; Heo, N.S,; Shukla, S.; Cho, H.J.; Vilian, A.T.E.; Kim, J.; Lee, S.Y.; Han, Y.K.; Yoo, S.M.; Huh, Y.S. Development of Gold
Nanoparticle-Aptamer-Based LSPR Sensing Chips for the Rapid Detection of Salmonella typhimurium in Pork Meat. Sci. Rep. 2017,
7,10130. [CrossRef] [PubMed]

Park, J.H.; Byun, J.Y,; Jang, H.; Hong, D.; Kim, M.G. A Highly Sensitive and Widely Adaptable Plasmonic Aptasensor Using
Berberine for Small-Molecule Detection. Biosens. Bioelectron. 2017, 97, 292-298. [CrossRef] [PubMed]

Jo, S.; Lee, W,; Park, J.; Park, H.; Kim, M.; Kim, W.; Hong, J.; Park, ]. Wide-Range Direct Detection of 25-Hydroxyvitamin D3
Using Polyethylene-Glycol-Free Gold Nanorod Based on LSPR Aptasensor. Biosens. Bioelectron. 2021, 181, 113118. [CrossRef]
Wang, L.; Wang, Q.; Wang, T.Q.; Zhao, WM,; Yin, X.Y,; Jiang, ].X.; Zhang, S.S. Plasmonic Crescent Nanoarray-Based Surface
Lattice Resonance Sensor with a High Figure of Merit. Nanoscale 2022, 14, 6144-6151. [CrossRef]

Jiang, J.; Wang, X; Li, S.; Ding, F; Li, N.; Meng, S.; Li, R.; Qj, J.; Liu, Q.; Liu, G.L. Plasmonic Nano-Arrays for Ultrasensitive
Bio-Sensing. Nanophotonics 2018, 7, 1517-1531. [CrossRef]

Yang, Y.; Murray, J.; Haverstick, J.; Tripp, R.A.; Zhao, Y. Silver Nanotriangle Array Based LSPR Sensor for Rapid Coronavirus
Detection. Sens. Actuators B Chem. 2022, 359, 131604. [CrossRef]

Wang, Q.; Ren, Z.H.; Zhao, WM.; Wang, L.; Yan, X.; Zhu, A.S.; Qiu, EM.; Zhang, K.K. Research Advances on Surface Plasmon
Resonance Biosensors. Nanoscale 2022, 14, 564-591. [CrossRef]

Huo, Z.; Li, Y.; Chen, B.; Zhang, W.; Yang, X.; Yang, X. Recent Advances in Surface Plasmon Resonance Imaging and Biological
Applications. Talanta 2023, 255, 124213. [CrossRef]

Xiao, C.; Eriksson, J.; Suska, A.; Filippini, D.; Mak, W.C. Print-and-Stick Unibody Microfluidics Coupled Surface Plasmon
Resonance (SPR) Chip for Smartphone Imaging SPR (Smart-ISRP). Anal. Chim. Acta 2022, 1201, 339606. [CrossRef] [PubMed]
Zhang, Y.; Liu, Y. Advances in Integrated Digital Microfluidic Platforms for Point-of-Care Diagnosis: A Review. Sens. Diagn. 2022,
1, 648-672. [CrossRef]

Phiri, I.K.; Zekriti, M. Theoretical Investigation of Plasmonic Properties of Gold-Silver Alloys for SPR Biosensing Applications.
Results Phys. 2025, 73, 108252. [CrossRef]

Zeng, Y.; Zhou, J.; Sang, W.; Kong, W.; Qu, J.; Ho, H.P.; Zhou, K.; Gao, B.Z.; Chen, J.; Shao, Y. High-Sensitive Surface Plasmon
Resonance Imaging Biosensor Based on Dual-Wavelength Differential Method. Front. Chem. 2021, 9, 801355. [CrossRef]

Giirel, B.; Capkin, E.; Parlar, A.; Ozkan, A; Corbacioglu, M.; Daglikoca, D.E.; Yiice, M. Optimized Methods for Analytical
and Functional Comparison of Biosimilar Mab Drugs: A Case Study for Avastin, Mvasi, and Zirabev. Sci. Pharm. 2022, 90, 36.
[CrossRef]

Luz, J.G.G.; Souto, D.E.P.; Machado-Assis, G.F.; De Lana, M.; Kubota, L.T.; Luz, R.C.S.; Damos, E.S.; Martins, H.R. Development
and Evaluation of a SPR-Based Immunosensor for Detection of Anti-Trypanosoma Cruzi Antibodies in Human Serum. Sens.
Actuators B Chem. 2015, 212, 287-296. [CrossRef]

Yamamichi, J.; Ojima, T.; Yurugi, K,; Ilida, M.; Imamura, T.; Ashihara, E.; Kimura, S.; Maekawa, T. Single-Step, Label-Free Quantifi-
cation of Antibody in Human Serum for Clinical Applications Based on Localized Surface Plasmon Resonance. Nanomedicine
2011, 7, 889-895. [CrossRef]

Fischer, M.B.; Wolfram, W.; Binder, C.J.; Bohmig, G.A.; Wahrmann, M.; Eibl, M.M.; Wolf, HM. Surface Plasmon Resonance
Analysis Shows an IgG-Isotype-Specific Defect in ABO Blood Group Antibody Formation in Patients with Common Variable
Immunodeficiency. Front. Immunol. 2015, 6, 136175. [CrossRef]

Kim, J.Y.; Lee, M.H.; Jung, K.I.; Na, H.Y.; Cha, H.S.; Ko, E.M.; Kim, T.J. Detection of Antibodies against Glucose 6-Phosphate
Isomerase in Synovial Fluid of Rheumatoid Arthritis Using Surface Plasmon Resonance (BIAcore). Exp. Mol. Med. 2003, 35,
310-316. [CrossRef]

Huang, Y.C.; Chiang, C.Y,; Li, C.H.; Chang, T.C.; Chiang, C.S.; Chau, L.K.; Huang, KW.; Wu, C.W.; Wang, S.C.; Lyu, S.R.
Quantification of Tumor Necrosis Factor-a and Matrix Metalloproteinases-3 in Synovial Fluid by a Fiber-Optic Particle Plasmon
Resonance Sensor. Analyst 2013, 138, 4599—-4606. [CrossRef]

Gorodkiewicz, E.; Sieficzyk, M.; Regulska, E.; Grzywa, R.; Pietrusewicz, E.; Lesner, A.; Lukaszewski, Z. Surface Plasmon
Resonance Imaging Biosensor for Cathepsin G Based on a Potent Inhibitor: Development and Applications. Anal. Biochem. 2012,
423, 218-223. [CrossRef] [PubMed]

Kumari, A.; Yadav, A.; Singh, O.P.; Sharan, P. A Review of Surface Plasmon Resonance (SPR) Technology in Biosensing:
Innovations, Applications and Future Trends. J. Opt. 2024. [CrossRef]

Andam, N.; Refki, S.; Ishitobi, H.; Inouye, Y.; Sekkat, Z. Optical Characterization of Ultra-Thin Films of Azo-Dye-Doped Polymers
Using Ellipsometry and Surface Plasmon Resonance Spectroscopy. Photonics 2021, 8, 41. [CrossRef]

Joyce, G.F. Amplification, Mutation and Selection of Catalytic RNA. Gene 1989, 82, 83-87. [CrossRef]

Kinzler, K.W.; Vogelstein, B. Whole Genome PCR: Application to the Identification of Sequences Bound by Gene Regulatory
Protein. Nucleic Acids Res. 1989, 17, 3645-3653. [CrossRef]

Bock, L.C.; Griffin, L.C.; Latham, J.A.; Vermaas, E.H.; Toole, ].J. Selection of Single-Stranded DNA Molecules that Bind and Inhibit
Human Thrombin. Nature 1992, 355, 564-566. [CrossRef]


https://doi.org/10.1038/s41598-017-10188-2
https://www.ncbi.nlm.nih.gov/pubmed/28860462
https://doi.org/10.1016/j.bios.2017.06.019
https://www.ncbi.nlm.nih.gov/pubmed/28618365
https://doi.org/10.1016/j.bios.2021.113118
https://doi.org/10.1039/D1NR08341D
https://doi.org/10.1515/nanoph-2018-0023
https://doi.org/10.1016/j.snb.2022.131604
https://doi.org/10.1039/D1NR05400G
https://doi.org/10.1016/j.talanta.2022.124213
https://doi.org/10.1016/j.aca.2022.339606
https://www.ncbi.nlm.nih.gov/pubmed/35300788
https://doi.org/10.1039/D2SD00031H
https://doi.org/10.1016/j.rinp.2025.108252
https://doi.org/10.3389/fchem.2021.801355
https://doi.org/10.3390/scipharm90020036
https://doi.org/10.1016/j.snb.2015.01.135
https://doi.org/10.1016/j.nano.2011.02.002
https://doi.org/10.3389/fimmu.2015.00211
https://doi.org/10.1038/emm.2003.42
https://doi.org/10.1039/c3an00276d
https://doi.org/10.1016/j.ab.2012.01.033
https://www.ncbi.nlm.nih.gov/pubmed/22369897
https://doi.org/10.1007/s12596-024-02265-3
https://doi.org/10.3390/photonics8020041
https://doi.org/10.1016/0378-1119(89)90033-4
https://doi.org/10.1093/nar/17.10.3645
https://doi.org/10.1038/355564a0

Biosensors 2025, 15, 359 26 of 29

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Tuerk, C.; Gold, L. Systematic Evolution of Ligands by Exponential Enrichment: RNA Ligands to Bacteriophage T4 DNA
Polymerase. Science 1990, 249, 505-510. [CrossRef]

Kurt, H.; Eytipoglu, A.E.; Stitld, T.; Budak, H.; Yiice, M. Plasmonic Selection of SSDNA Aptamers against Fibroblast Growth
Factor Receptor. ACS Comb. Sci. 2019, 21, 578-587. [CrossRef]

Zhu, C; Feng, Z.; Qin, H.; Chen, L.; Yan, M.; Li, L.; Qu, E. Recent Progress of SELEX Methods for Screening Nucleic Acid
Aptamers. Talanta 2024, 266, 124998. [CrossRef]

Yilmaz, D.; Muslu, T.; Parlar, A.; Kurt, H.; Yiice, M. SELEX against Whole-Cell Bacteria Resulted in Lipopolysaccharide Binding
Aptamers. . Biotechnol. 2022, 354, 10-20. [CrossRef]

Wu, D.; Gordon, C.K.L.; Shin, J.H.; Eisenstein, M.; Soh, H.T. Directed Evolution of Aptamer Discovery Technologies. Acc. Chem.
Res. 2022, 55, 685-695. [CrossRef] [PubMed]

Yang, G.; Zhu, C.; Zhao, L.; Li, L.; Huang, Y.; Zhang, Y.; Qu, E. Pressure Controllable Aptamers Picking Strategy by Targets
Competition. Chin. Chem. Lett. 2021, 32, 218-220. [CrossRef]

Douaki, A.; Garoli, D.; Inam, A.K.M.S.; Angeli, M.A.C,; Cantarella, G.; Rocchia, W.; Wang, J.; Petti, L.; Lugli, P. Smart Approach
for the Design of Highly Selective Aptamer-Based Biosensors. Biosensors 2022, 12, 574. [CrossRef] [PubMed]

Ventouri, LK.; Loeber, S.; Somsen, G.W.; Schoenmakers, P.J.; Astefanei, A. Field-Flow Fractionation for Molecular-Interaction
Studies of Labile and Complex Systems: A Critical Review. Anal. Chim. Acta 2022, 1193, 339396. [CrossRef]

Eissa, S.; Siddiqua, A.; Chinnappan, R.; Zourob, M. Electrochemical SELEX Technique for the Selection of DNA Aptamers against
the Small Molecule 11-Deoxycortisol. ACS Appl. Bio Mater. 2019, 2, 2624-2632. [CrossRef]

Kulabhusan, PK.; Pishva, P.; Capkin, E.; Tambe, P; Yiice, M. Aptamer-Based Emerging Tools for Viral Biomarker Detection:
A Focus on SARS-CoV-2. Curr. Med. Chem. 2022, 30, 910-934. [CrossRef]

Wu, Y,; Belmonte, I; Sykes, K.S.; Xiao, Y.; White, R.J. Perspective on the Future Role of Aptamers in Analytical Chemistry. Anal.
Chem. 2019, 91, 15335-15344. [CrossRef]

Yiice, M.; Kurt, H. How to Make Nanobiosensors: Surface Modification and Characterisation of Nanomaterials for Biosensing
Applications. RSC Adv. 2017, 7, 49386-49403. [CrossRef]

Ecija-Arenas, A_; Kirchner, E.M.; Hirsch, T.; Fernandez-Romero, J.M. Development of an Aptamer-Based SPR-Biosensor for the
Determination of Kanamycin Residues in Foods. Anal. Chim. Acta 2021, 1169, 338631. [CrossRef]

Song, M.S.; Sekhon, S.S.; Shin, W.R.; Kim, H.C.; Min, J.; Ahn, ].Y.; Kim, Y.H. Detecting and Discriminating Shigella Sonnei Using
an Aptamer-Based Fluorescent Biosensor Platform. Molecules 2017, 22, 825. [CrossRef]

Macdonald, H.; Bonnet, H.; Van Der Heyden, A.; Defrancq, E.; Spinelli, N.; Coche-Guérente, L.; Dejeu, J. Influence of Aptamer
Surface Coverage on Small Target Recognition: A SPR and QCM-D Comparative Study. J. Phys. Chem. C 2019, 123, 13561-13568.
[CrossRef]

Dejeu, J.; Bonnet, H.; Spinelli, N.; Defrancq, E.; Coche-Guérente, L.; Van Der Heyden, A.; Labbé, P. Impact of Conformational
Transitions on SPR Signals—Theoretical Treatment and Application in Small Analytes/Aptamer Recognition. . Phys. Chem. C
2018, 122, 21521-21530. [CrossRef]

Martin, J.A.; Chushak, Y.; Chédvez, J.L.; Hagen, J.A.; Kelley-Loughnane, N. Microarrays as Model Biosensor Platforms to
Investigate the Structure and Affinity of Aptamers. J. Nucleic Acids 2016, 2016, 9718612. [CrossRef] [PubMed]

Kim, S.; Lee, S.; Lee, H.J. An Aptamer-Aptamer Sandwich Assay with Nanorod-Enhanced Surface Plasmon Resonance for
Attomolar Concentration of Norovirus Capsid Protein. Sens. Actuators B Chem. 2018, 273, 1029-1036. [CrossRef]

Mihai, I.; Vezeanu, A.; Polonschii, C.; Albu, C.; Radu, G.L.; Vasilescu, A. Label-Free Detection of Lysozyme in Wines Using an
Aptamer Based Biosensor and SPR Detection. Sens. Actuators B Chem. 2015, 206, 198-204. [CrossRef]

Nguyen, V.T.; Seo, H.B.; Kim, B.C.; Kim, S.K.; Song, C.S.; Gu, M.B. Highly Sensitive Sandwich-Type SPR Based Detection of
Whole H5NXx Viruses Using a Pair of Aptamers. Biosens. Bioelectron. 2016, 86, 293-300. [CrossRef]

Ahmad Raston, N.H.; Gu, M.B. Highly Amplified Detection of Visceral Adipose Tissue-Derived Serpin (Vaspin) Using a Cognate
Aptamer Duo. Biosens. Bioelectron. 2015, 70, 261-267. [CrossRef]

Wang, B.; Park, B.; Xu, B.; Kwon, Y. Label-Free Biosensing of Salmonella enterica Serovars at Single-Cell Level. ]. Nanobiotechnol.
2017, 15, 40. [CrossRef]

Lee, B.; Park, J.H.; Byun, J.Y,; Kim, ]J.H.; Kim, M.G. An Optical Fiber-Based LSPR Aptasensor for Simple and Rapid in-Situ
Detection of Ochratoxin A. Biosens. Bioelectron. 2018, 102, 504-509. [CrossRef]

Kumar, S.; Guo, Z,; Singh, R.; Wang, Q.; Zhang, B.; Cheng, S.; Liu, EZ.; Marques, C.; Kaushik, B.K; Jha, R. MoS, Functionalized
Multicore Fiber Probes for Selective Detection of Shigella Bacteria Based on Localized Plasmon. ]. Light. Technol. 2021, 39,
4069-4081. [CrossRef]

Loyez, M.; Lobry, M.; Hassan, E.M.; DeRosa, M.C.; Caucheteur, C.; Wattiez, R. HER2 Breast Cancer Biomarker Detection Using a
Sandwich Optical Fiber Assay. Talanta 2021, 221, 121452. [CrossRef] [PubMed]


https://doi.org/10.1126/science.2200121
https://doi.org/10.1021/acscombsci.9b00059
https://doi.org/10.1016/j.talanta.2023.124998
https://doi.org/10.1016/j.jbiotec.2022.06.001
https://doi.org/10.1021/acs.accounts.1c00724
https://www.ncbi.nlm.nih.gov/pubmed/35130439
https://doi.org/10.1016/j.cclet.2020.10.018
https://doi.org/10.3390/bios12080574
https://www.ncbi.nlm.nih.gov/pubmed/36004970
https://doi.org/10.1016/j.aca.2021.339396
https://doi.org/10.1021/acsabm.9b00294
https://doi.org/10.2174/1568009622666220214101059
https://doi.org/10.1021/acs.analchem.9b03853
https://doi.org/10.1039/C7RA10479K
https://doi.org/10.1016/j.aca.2021.338631
https://doi.org/10.3390/molecules22050825
https://doi.org/10.1021/acs.jpcc.9b00845
https://doi.org/10.1021/acs.jpcc.8b07298
https://doi.org/10.1155/2016/9718612
https://www.ncbi.nlm.nih.gov/pubmed/27042344
https://doi.org/10.1016/j.snb.2018.06.108
https://doi.org/10.1016/j.snb.2014.09.050
https://doi.org/10.1016/j.bios.2016.06.064
https://doi.org/10.1016/j.bios.2015.03.042
https://doi.org/10.1186/s12951-017-0273-6
https://doi.org/10.1016/j.bios.2017.11.062
https://doi.org/10.1109/JLT.2020.3036610
https://doi.org/10.1016/j.talanta.2020.121452
https://www.ncbi.nlm.nih.gov/pubmed/33076075

Biosensors 2025, 15, 359 27 of 29

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

Chen, H.; Hou, Y.; Ye, Z.; Wang, H.; Koh, K.; Shen, Z.; Shu, Y. Label-Free Surface Plasmon Resonance Cytosensor for Breast Cancer
Cell Detection Based on Nano-Conjugation of Monodisperse Magnetic Nanoparticle and Folic Acid. Sens. Actuators B Chem. 2014,
201, 433-438. [CrossRef]

Wang, S.S.; Zhao, X.P; Liu, EE; Younis, M.R.; Xia, X.H.; Wang, C. Direct Plasmon-Enhanced Electrochemistry for Enabling
Ultrasensitive and Label-Free Detection of Circulating Tumor Cells in Blood. Anal. Chem. 2019, 91, 4413-4420. [CrossRef]
[PubMed]

Capkin, E.; Kurt, H.; Gurel, B.; Bicak, D.; Akgun Bas, S.; Daglikoca, D.E.; Yuce, M. Characterization of FcyRIa (CD64) as a Ligand
Molecule for Site-Specific IgG1 Capture: A Side-by-Side Comparison with Protein A. Langmuir 2022, 38, 14623-14634. [CrossRef]
[PubMed]

Loo, J.EC,; Yang, C.; Tsang, H.L.; Lau, PM.; Yong, K.T.; Ho, H.P; Kong, S.K. An Aptamer Bio-BarCode (ABC) Assay Using SPR,
RNase H, and Probes with RNA and Gold-Nanorods for Anti-Cancer Drug Screening. Analyst 2017, 142, 3579-3587. [CrossRef]
Borg, K.N.; Ho, Y.P; Zeng, S. Recent Developments on Optical Aptasensors for the Detection of Pro-Inflammatory Cytokines with
Advanced Nanostructures. Adv. Opt. Mater. 2024, 12, 2400608. [CrossRef]

Chang, C.C. Recent Advancements in Aptamer-Based Surface Plasmon Resonance Biosensing Strategies. Biosensors 2021, 11, 233.
[CrossRef]

Hu, J.; Fu, K.; Bohn, PW. Whole-Cell Pseudomonas Aeruginosa Localized Surface Plasmon Resonance Aptasensor. Anal. Chem.
2018, 90, 2326-2332. [CrossRef]

Kotlarek, D.; Curti, F; Vorobii, M.; Corradini, R.; Careri, M.; Knoll, W.; Rodriguez-Emmenegger, C.; Dostilek, ]J. Surface Plasmon
Resonance-Based Aptasensor for Direct Monitoring of Thrombin in a Minimally Processed Human Blood. Sens. Actuators B Chem.
2020, 320, 128380. [CrossRef]

Sun, D.; Wu, Y,; Chang, S.J.; Chen, C.J.; Liu, ].T. Investigation of the Recognition Interaction between Glycated Hemoglobin and
Its Aptamer by Using Surface Plasmon Resonance. Talanta 2021, 222, 121466. [CrossRef]

Wang, WW.; Han, X.; Chu, L.Q. Polyadenine-Mediated Immobilization of Aptamers on a Gold Substrate for the Direct Detection
of Bacterial Pathogens. Anal. Sci. 2019, 35, 967-972. [CrossRef] [PubMed]

Lou, Z.; Han, H.; Zhou, M.; Wan, J.; Sun, Q.; Zhou, X.; Gu, N. Fabrication of Magnetic Conjugation Clusters via Intermolecular
Assembling for Ultrasensitive Surface Plasmon Resonance (SPR) Detection in a Wide Range of Concentrations. Anal. Chem. 2017,
89, 13472-13479. [CrossRef] [PubMed]

Lou, Z.; Wan, J.; Zhang, X.; Zhang, H.; Zhou, X.; Cheng, S.; Gu, N. Quick and Sensitive SPR Detection of Prion Disease-Associated
Isoform (PrPSc) Based on Its Self-Assembling Behavior on Bare Gold Film and Specific Interactions with Aptamer-Graphene
Oxide (AGO). Colloids Surf. B Biointerfaces 2017, 157, 31-39. [CrossRef] [PubMed]

Mauriz, E. Trends and Challenges of SPR Aptasensors in Viral Diagnostics: A Systematic Review and Meta-Analysis. Biosensors
2025, 15, 245. [CrossRef]

Ravindran, N.; Kumar, S.; Yashini, M.; Rajeshwari, S.; Mamathi, C.A.; Nirmal Thirunavookarasu, S.; Sunil, C.K. Recent Advances
in Surface Plasmon Resonance (SPR) Biosensors for Food Analysis: A Review. Crit. Rev. Food Sci. Nutr. 2023, 63, 1055-1077.
[CrossRef]

Das, S.; Devireddy, R.; Gartia, M.R. Surface Plasmon Resonance (SPR) Sensor for Cancer Biomarker Detection. Biosensors 2023, 13,
396. [CrossRef]

Zhao, L.; Li, L.; Zhao, Y.; Zhu, C; Yang, R.; Fang, M.; Luan, Y. Aptamer-Based Point-of-Care-Testing for Small Molecule Targets:
From Aptamers to Aptasensors, Devices and Applications. TrAC Trends Anal. Chem. 2023, 169, 117408. [CrossRef]

Chen, X.F; Zhao, X,; Yang, Z. Aptasensors for the Detection of Infectious Pathogens: Design Strategies and Point-of-Care Testing.
Microchim. Acta 2022, 189, 443. [CrossRef]

Lofgren, J.A.; Dhandapani, S.; Pennucci, J.J.; Abbott, C.M.; Mytych, D.T.; Kaliyaperumal, A.; Swanson, S.J.; Mullenix, M.C.
Comparing ELISA and Surface Plasmon Resonance for Assessing Clinical Inmunogenicity of Panitumumab. J. Immunol. 2007,
178, 7467-7472. [CrossRef]

Loo, J.; Ng, S.P; Wu, CM.L.; Kong, S.K. An Aptasensor Using DNA Aptamer and White Light Common-Path SPR Spectral
Interferometry to Detect Cytochrome-c for Anti-Cancer Drug Screening. Sens. Actuators B Chem. 2014, 198, 416—423. [CrossRef]

Lee, K.A.; Ahn, ].Y,; Lee, S.H.; Singh Sekhon, S.; Kim, D.G.; Min, J.; Kim, Y.H. Aptamer-Based Sandwich Assay and Its Clinical
Outlooks for Detecting Lipocalin-2 in Hepatocellular Carcinoma (HCC). Sci. Rep. 2015, 5, 10897. [CrossRef] [PubMed]

Liu, S.; Xu, Y,; Jiang, X.; Tan, H.; Ying, B. Translation of Aptamers toward Clinical Diagnosis and Commercialization. Biosens.
Bioelectron. 2022, 208, 114168. [CrossRef] [PubMed]

Sergeev, N.V.; Herold, K.E.; Rasooly, A. Regulatory and Validation Issues for Biosensors and Related Bioanalytical Technologies.
In Handbook of Biosensors and Biochips; Wiley: Hoboken, NJ, USA, 2007.

Pawnikar, V.; Patel, M. Biosensors in Wearable Medical Devices: Regulatory Framework and Compliance across US, EU, and
Indian Markets. Ann. Pharm. Fr. 2025. [CrossRef] [PubMed]


https://doi.org/10.1016/j.snb.2014.04.040
https://doi.org/10.1021/acs.analchem.8b04908
https://www.ncbi.nlm.nih.gov/pubmed/30816698
https://doi.org/10.1021/acs.langmuir.2c02022
https://www.ncbi.nlm.nih.gov/pubmed/36416530
https://doi.org/10.1039/C7AN01026E
https://doi.org/10.1002/adom.202400608
https://doi.org/10.3390/bios11070233
https://doi.org/10.1021/acs.analchem.7b04800
https://doi.org/10.1016/j.snb.2020.128380
https://doi.org/10.1016/j.talanta.2020.121466
https://doi.org/10.2116/analsci.19P110
https://www.ncbi.nlm.nih.gov/pubmed/31080198
https://doi.org/10.1021/acs.analchem.7b03768
https://www.ncbi.nlm.nih.gov/pubmed/29164862
https://doi.org/10.1016/j.colsurfb.2017.05.058
https://www.ncbi.nlm.nih.gov/pubmed/28570989
https://doi.org/10.3390/bios15040245
https://doi.org/10.1080/10408398.2021.1958745
https://doi.org/10.3390/bios13030396
https://doi.org/10.1016/j.trac.2023.117408
https://doi.org/10.1007/s00604-022-05533-w
https://doi.org/10.4049/jimmunol.178.11.7467
https://doi.org/10.1016/j.snb.2014.03.077
https://doi.org/10.1038/srep10897
https://www.ncbi.nlm.nih.gov/pubmed/26039737
https://doi.org/10.1016/j.bios.2022.114168
https://www.ncbi.nlm.nih.gov/pubmed/35364525
https://doi.org/10.1016/j.pharma.2025.02.007
https://www.ncbi.nlm.nih.gov/pubmed/40020872

Biosensors 2025, 15, 359 28 of 29

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.
107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

Fischer, W.A.; Wohl, D.A. Inequities in Access to Diagnostics Threatens Global Public Health Security. Lancet Infect. Dis. 2022, 22,
754-756. [CrossRef]

Zhao, Y.; Yavari, K.; Liu, ]. Critical Evaluation of Aptamer Binding for Biosensor Designs. TrAC Trends Anal. Chem. 2022, 146,
116480. [CrossRef]

Thakur, M.; Wang, B.; Verma, M.L. Development and Applications of Nanobiosensors for Sustainable Agricultural and Food
Industries: Recent Developments, Challenges and Perspectives. Environ. Technol. Innov. 2022, 26, 102371. [CrossRef]

Berktas, I.; Hezarkhani, M.; Haghighi Poudeh, L.; Saner Okan, B. Recent Developments in the Synthesis of Graphene and
Graphene-like Structures from Waste Sources by Recycling and Upcycling Technologies: A Review. Graphene Technol. 2020, 5,
59-73. [CrossRef]

Zahra, Q.U.A,; Fang, X; Luo, Z.; Ullah, S.; Fatima, S.; Batool, S.; Qiu, B.; Shahzad, F. Graphene Based Nanohybrid Aptasensors in
Environmental Monitoring: Concepts, Design and Future Outlook. Crit. Rev. Anal. Chem. 2023, 53, 1433-1454. [CrossRef]

Saeb, M.R. Biosensors from Renewable Resources: Decarbonization and Sustainability. Polym. Renew. Resour. 2024, 15, 155-159.
[CrossRef]

Chotimah, S.N.; Putra, Y.E.; Ng, ].H.; Tijptaningrum, A.; Sahara, N.S.; Arfianti, E.; Amaliah, R.; Edel, M.].; Ortiz Rodriguez, M.;
Llerga, T.M.; et al. DNA Aptamer Gold Nanoparticle Colorimetric Diagnostic Test Kit of Saliva Samples for SARS_Cov2 Virus
Linked to Mobile Phone Application (Aptamex™). medRxiv 2022. [CrossRef]

Jung, Y.J.; Katilius, E.; Ostroff, R.M.; Kim, Y.; Seok, M.; Lee, S.; Jang, S.; Kim, W.S.; Choi, C.M. Development of a Protein Biomarker
Panel to Detect Non-Small-Cell Lung Cancer in Korea. Clin. Lung Cancer 2017, 18, €99-e107. [CrossRef] [PubMed]
Apta-Beacons & Apta-Sensors. Available online: https://www.aptagen.com/aptamer-technologies/apta-beacons-and-apta-
sensors/ (accessed on 30 April 2025).

Cryopep-OLIGOBIND® Thrombin Activity Assay. Available online: https://www.cryopep.com/hemostasis-coagulation/
catalogue/research/assays-Kkits/assays-kits-elisa/oligobind-thrombin-activity-assay/ (accessed on 30 April 2025).

Biogenes Technologies | Home. Available online: https://www.biogenestech.com/index (accessed on 30 April 2025).

Candia, J.; Cheung, F; Kotliarov, Y.; Fantoni, G.; Sellers, B.; Griesman, T.; Huang, J.; Stuccio, S.; Zingone, A.; Ryan, B.M.; et al.
Assessment of Variability in the SOMAscan Assay. Sci. Rep. 2017, 7, 14248. [CrossRef] [PubMed]

Kaur, H.; Bruno, J.G.; Kumar, A.; Sharma, TK. Aptamers in the Therapeutics and Diagnostics Pipelines. Theranostics 2018, §,
4016-4032. [CrossRef] [PubMed]

Meehan, C.; Hamilton, E.L.; Mansour, C.G.; Lecocq, S.; Drake, C.J.; An, Y.; Rodrigues, E.; Penner, G. A New Method for the
Reproducible Development of Aptamers (Neomers). PLoS ONE 2025, 20, €0311497. [CrossRef]

Kalra, P; Dhiman, A.; Cho, W.C.; Bruno, J.G.; Sharma, T.K. Simple Methods and Rational Design for Enhancing Aptamer
Sensitivity and Specificity. Front. Mol. Biosci. 2018, 5, 347832. [CrossRef]

A Kind of Method of Terramycin in Enzyme-Linked Aptamers Detection Food of Functionalization Beads Enrichment. Available
online: https://patents.google.com/patent/CN104634754B /en (accessed on 30 April 2025).

Cho, YJ.; Kim, CJ.; Kim, N.S.; Kim, C.T.; Maeng, ].S.; Kim, T.E.; Lee, M.H. Slide Chip for Detection Sensor of Food-Borne
Pathogens and Preparation Method Thereof. U.S. Patent No. 10,036,073, 31 July 2018.

Magnetic Ferric Oxide@aptamer and Its Application in Combination with Fluorescent Test Strips in the Detection of Foodborne
Pathogens. Available online: https:/ /patents.google.com/patent/CN113881790A /en (accessed on 30 April 2025).

Based on the Aptamer Sensor Construction Method of the Two Amplifying Technique of Au NPs and DNA Circulation and the
Application in Adenosine Detects Thereof. Available online: https://patents.google.com/patent/CN103439296B/en (accessed
on 30 April 2025).

A Kind of Optical Electro-Chemistry Aptamer Sensor and Its Preparation Method and Application. Available online:
https:/ /patents.google.com/patent/CN108845009B /en (accessed on 30 April 2025).

Thurman, A. Project ADHERE: Clinical Proof-of-Concept of a Tenofovir (TFV) Aptamer-Based Biosensor for Determing Adherence
Using Different Dosing Regimens of Disoproxil Fumarate/Emtricitabine. Available online: https:/ /clinicaltrials.gov/study/
NCT04870671 (accessed on 28 May 2025).

Zong, C.; Liu, J. The Arsenic-Binding Aptamer Cannot Bind Arsenic: Critical Evaluation of Aptamer Selection and Binding. Anal.
Chem. 2019, 91, 10887-10893. [CrossRef]

Zeng, H.; Zeng, W.; Liang, Y. Application of Multivalent Aptamers in Tumor Diagnosis, Analysis and Therapy (Review). Oncol.
Lett. 2025, 30, 325. [CrossRef]

Zhou, Y.; Zhang, H.; Ding, Y; Yu, C.; Li, H. Serum Assisted PD-L1 Aptamer Screening for Improving Its Stability. Sci. Rep. 2025,
15,1848. [CrossRef]

Chung, Y.D.; Tsai, Y.C.; Wang, C.H.; Lee, G.B. Aptamer Selection via Versatile Microfluidic Platforms and Their Diverse
Applications. Lab. Chip 2025, 25, 1047-1080. [CrossRef]


https://doi.org/10.1016/S1473-3099(21)00806-9
https://doi.org/10.1016/j.trac.2021.116480
https://doi.org/10.1016/j.eti.2022.102371
https://doi.org/10.1007/s41127-020-00033-1
https://doi.org/10.1080/10408347.2022.2025758
https://doi.org/10.1177/20412479241233849
https://doi.org/10.1101/2022.02.09.22269224
https://doi.org/10.1016/j.cllc.2016.09.012
https://www.ncbi.nlm.nih.gov/pubmed/27836219
https://www.aptagen.com/aptamer-technologies/apta-beacons-and-apta-sensors/
https://www.aptagen.com/aptamer-technologies/apta-beacons-and-apta-sensors/
https://www.cryopep.com/hemostasis-coagulation/catalogue/research/assays-kits/assays-kits-elisa/oligobind-thrombin-activity-assay/
https://www.cryopep.com/hemostasis-coagulation/catalogue/research/assays-kits/assays-kits-elisa/oligobind-thrombin-activity-assay/
https://www.biogenestech.com/index
https://doi.org/10.1038/s41598-017-14755-5
https://www.ncbi.nlm.nih.gov/pubmed/29079756
https://doi.org/10.7150/thno.25958
https://www.ncbi.nlm.nih.gov/pubmed/30128033
https://doi.org/10.1371/journal.pone.0311497
https://doi.org/10.3389/fmolb.2018.00041
https://patents.google.com/patent/CN104634754B/en
https://patents.google.com/patent/CN113881790A/en
https://patents.google.com/patent/CN103439296B/en
https://patents.google.com/patent/CN108845009B/en
https://clinicaltrials.gov/study/NCT04870671
https://clinicaltrials.gov/study/NCT04870671
https://doi.org/10.1021/acs.analchem.9b02789
https://doi.org/10.3892/ol.2025.15071
https://doi.org/10.1038/s41598-025-85813-6
https://doi.org/10.1039/D4LC00859F

Biosensors 2025, 15, 359 29 of 29

121.

122.

123.

124.

125.

126.

127.

Shamshiri, S.; Asghari, A.; Shahdost-Fard, F.; Rajabi, M. Molecular Dynamic Simulation-Empowered Detection of Digoxin by
a Green Aptasensing Interface Based on Pseudo-Gold Nanobones@rice Husk-Derived Nanosilica. Talanta 2025, 291, 127885.
[CrossRef]

Arshavsky-Graham, S.; Heuer, C.; Jiang, X.; Segal, E. Aptasensors versus Immunosensors—Which Will Prevail? Eng. Life Sci.
2022, 22, 319-333. [CrossRef] [PubMed]

Pasquardini, L.; Cennamo, N.; Arcadio, F.; Zeni, L. A Review of Apta-POF-Sensors: The Successful Coupling between Aptamers
and Plastic Optical Fibers for Biosensing Applications. Appl. Sci. 2022, 12, 4584. [CrossRef]

Torun, H.; Bilgin, B.; llgu, M.; Batur, N.; Ozturk, M.; Barlas, T.; Guney-Esken, G.; Yanik, C.; Celik, S.; Dogan, O.; et al. Rapid
Nanoplasmonic-Enhanced Detection of SARS-CoV-2 and Variants on DNA Aptamer Metasurfaces. Adv. Devices Instrum. 2023, 4,
0008. [CrossRef]

Kavungal, D.; Magalhaes, P.; Kumar, S.T.; Kolla, R.; Lashuel, H.A.; Altug, H. Artificial Intelligence-Coupled Plasmonic Infrared
Sensor for Detection of Structural Protein Biomarkers in Neurodegenerative Diseases. Sci. Adv. 2023, 9, eadg9644. [CrossRef]
Teixeira, EMLE,; Portes, A.V.R,; Marques, T.E.M.; Isayama, Y.H.; de Freitas, FA.N.; Santana, F.C.; da Rocha, A.M.; Moraes,
TES.; Andrade, L.M.; Versiani, A.F,; et al. Advanced Computational Techniques for Plasmonic Metasurfaces in the Detection of
Neglected Infectious Diseases. Anal. Chem. 2025, 97, 6813-6825. [CrossRef]

Hua, M.Z,; Liu, J.; Roopesh, M.S.; Lu, X. Microfluidic Optical Aptasensor for Small Molecules Based on Analyte-Tuned Growth
of Gold Nanoseeds and Machine Learning-Enhanced Spectrum Analysis: Rapid Detection of Mycotoxins. ACS Sens. 2024, 9,
6299-6308. [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/10.1016/j.talanta.2025.127885
https://doi.org/10.1002/elsc.202100148
https://www.ncbi.nlm.nih.gov/pubmed/35382545
https://doi.org/10.3390/app12094584
https://doi.org/10.34133/adi.0008
https://doi.org/10.1126/sciadv.adg9644
https://doi.org/10.1021/acs.analchem.4c04934
https://doi.org/10.1021/acssensors.4c02739

	Introduction 
	SPR Biosensors: Theoretical Basis and Applications 
	The Principle of Surface Plasmon Resonance 
	SPR Configurations 
	SPR Applications 

	Design Considerations in SPR Aptasensors 
	Aptamer Selection and Properties 
	Aptamer Surface Immobilization Strategies 

	Translational Perspective of SPR Aptasensors 
	Drug Discovery Applications 
	Diagnostics and Disease Monitoring 
	Regulatory Considerations and Broader Impact 

	Challenges and Limitations of SPR Aptasensors 
	Conclusions and Future Directions 
	References

