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Abstract

Optical biosensing has emerged as a vital tool for real-time, sensitive detection of biological analytes, with aptamers
and antibodies leading as key molecular recognition elements. This review examines and compares their distinct roles,
advantages, and limitations in optical biosensing. Antibodies, celebrated for their high specificity and mature production
protocols, are often preferred in clinical diagnostics. However, challenges like cross-reactivity, environmental sensitiv-
ity, and production costs prompt exploration of alternative biorecognition molecules. Aptamers, nucleic acid-based
recognition elements, offer several unique advantages, such as ease of synthesis, chemical stability, and amenability to
modifications for improved target binding. While their relatively recent discovery means fewer standardized protocols
and clinical applications compared to antibodies, aptamers show promise in complex sample matrices and emerging
sensor platforms. This review also explores technological advances in both aptamer and antibody integration, surface
modification strategies to enhance binding specificity and orientation, and regeneration methods to ensure biosensor
reusability. Through a comprehensive comparison, the article aims to identify scenarios where one molecular recognition
element holds distinct advantages over the other, paving the way for strategic applications in diagnostics, food safety,
and environmental monitoring. In this review, we have explored the advancements and challenges associated with
optical biosensing technologies, with a particular focus on LSPR-based sensors. Recent developments in nanoparticle
fabrication, hybrid sensor platforms, and external stimulus-responsive systems have opened new avenues for biosensing
applications in clinical diagnostics, environmental monitoring, and food safety. The review also discussed the integra-
tion of optical biosensors with Raman spectroscopy for enhanced analytical capabilities and highlighted innovations in
metamaterial-based sensors for improved sensitivity and specificity. Despite these advances, several challenges remain,
including surface stability, reproducibility, and limitations in detecting low-abundance analytes. Addressing these chal-
lenges will require further improvements in device design, bioreceptor immobilization strategies, and signal enhance-
ment techniques. Future research efforts should also focus on the development of portable and cost-effective biosensing
platforms that can be applied in resource-limited settings. Ultimately, this review provides valuable insights into future
trends in aptamer and antibody-based biosensors, encouraging cross-disciplinary collaboration and innovation.
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Abbreviations
ssDNA Single-stranded Deoxyribonucleic acid
RNA Ribonucleic acid
SELEX Systematic evolution of ligands by exponential enrichment
kDa Kilo Daltons
nm Nanometers
POC Point-of-care
SPR Surface plasmon resoance
LSPR Localised surface plasmon resonance
RT-LAMP Reverse-transcription loop-mediated isothermal amplification
COVID-19 Coronavirus Disease 2019
SARS-CoV-2  Severe Acute Respiratory Syndrome Coronavirus 2
PDMS Polydimethylsiloxane
LOD Limit of detection
SERS Surface-enhanced Raman scattering
NA Nucleic acid
DNA Deoxyribonucleic acid
NPs Nanoparticles
AuNPs Gold nanoparticles
MNPs Magnetic nanoparticles
ELISA Enzyme-Linked Immunosorbent Assay
HIV Human Immunodeficiency Virus
LFIA Lateral flow immunoassay
FRET Forster Resonance Energy Transfer
FLIM Fluorescence Lifetime Imaging Microscopy

1 Introduction

The recent global health crises, marked by the emergence and re-emergence of pandemics and epidemics, underscores
the urgent need for advanced diagnostic tools [1]. Enhanced biosensors are essential for the timely identification and
control of infectious illnesses, which can spread rapidly and have devastating impacts on public health and economies [2].
These devices enable timely identification of pathogens at very low concentrations, often before symptoms manifest,
significantly improving response times and enabling effective containment measures. Enhanced biosensor technology
can also facilitate ongoing monitoring of disease spread and mutation, providing critical data to guide public health
decisions and vaccine development. The development of highly sensitive biosensors is not just a technological advance-
ment; it is a vital component in strengthening global health security against current and future biological threats [3-7].
Biosensors are analytical devices that combine a biological component with a physicochemical detector to measure
a chemical substance, often at very low concentrations. These devices are crucial in various applications, including
medical diagnostics, environmental monitoring, food safety, and biotechnology. Biological elements, such as enzymes,
antibodies, or nucleic acids, specifically interact with the target analyte. The system of the sensor then detects and pro-
cesses a signal that is proportional to the substance’s concentration. The integration of biological sensing elements with
electronic systems has led to the development of highly sensitive and selective biosensors that provide rapid, real-time,
and often portable means of analysis. The field of biosensors continues to expand, driven by advances in biotechnol-
ogy, nanotechnology, and material science, paving the way for innovative applications that address complex analytical
challenges across various industries [8].

Biosensing technologies have become crucial in various fields, including healthcare, environmental monitoring,
and food safety. Among the available techniques, optical biosensors have emerged as a transformative tool due to
their ability to provide rapid, sensitive, and label-free detection. Unlike traditional methods such as electrochemical
sensing and chromatographic techniques, optical biosensors leverage light-matter interactions to detect molecular
changes in real-time, making them ideal for applications that require both precision and speed. The growing interest
in optical biosensing can be attributed to several distinct advantages. First, these sensors offer high specificity and
sensitivity by exploiting techniques such as Surface Plasmon Resonance (SPR), Localized Surface Plasmon Resonance
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(LSPR), and photonic crystals. These methods are capable of detecting analytes at concentrations as low as femto-
molar levels, surpassing the detection limits of many conventional techniques [9]. Second, optical biosensors can
operate in a label-free manner, reducing the need for complex sample preparation and costly reagents. This feature
makes them particularly attractive for applications in clinical diagnostics and point-of-care testing [10]. In addition
to their sensitivity, optical biosensors are compatible with a wide range of bioreceptors, including antibodies, aptam-
ers, and DNA probes. The versatility of these sensors allows for the detection of various biomolecules, ranging from
proteins and nucleic acids to small metabolites, making them highly adaptable for multiple applications. Furthermore,
the miniaturization of optical biosensing platforms, such as integrated photonic circuits, offers a pathway towards
portable and cost-effective devices suitable for field use [11]. Despite these advantages, the successful implemen-
tation of optical biosensors depends on several key factors. Sensitivity, specificity, stability, and reproducibility are
critical parameters that must be optimized for practical applications. Additionally, the development of robust device
platforms and efficient surface functionalization strategies is essential to achieve reliable biosensing performance.
These challenges have driven significant research efforts towards improving optical biosensor design and fabrication
techniques. Compared to other methods, such as electrochemical and fluorescent-based sensing, optical biosensors
stand out due to their ability to detect changes without direct electrical contact or the need for chemical labels. This
makes them particularly useful in sensitive environments where the integrity of the sample must be preserved, such
as in biological fluids or live-cell imaging [11]. Furthermore, advancements in metamaterial-based and hybrid bio-
sensing platforms have opened new avenues for multiplexed detection and enhanced signal modulation, paving the
way for innovative diagnostic tools. In this review, we explore the developments in optical biosensing technologies,
focusing on their design, applications, and future directions. We aim to highlight the key advancements in nanopar-
ticle fabrication, device integration, and signal modulation that have enabled new possibilities in biosensing. The
challenges and opportunities associated with these technologies will be discussed in detail, with an emphasis on
the emerging trends such as hybrid LSPR-fluorescence systems and external stimulus-responsive sensors.

In the evolving landscape of biomedical research and diagnostic technology, optical biosensing has emerged as a
pivotal technique, offering good precision and sensitivity in diagnostic applications. This approach capitalizes on the
unique properties of light to detect and quantify biological entities, revolutionizing the way we approach the diagnosis
and monitoring of various health conditions. Optical biosensors also have the added advantage of being label-free,
offering real-time detection, and being relatively easy to operate. These optical biosensors, however, do come with
some challenges relating to binding specificity, bioreceptor properties, biosensor array design, and low-volume high-
sensitivity challenges [12].

Specific Binding: The ability of biosensors to identify target analytes accurately is crucial, particularly when other
chemicals, molecules, or cells are present in the sample [13]. This task becomes particularly complex in samples with
diverse components. For instance, accurately detecting a specific antibody in a blood sample requires disregarding
the influence of other antibodies, cells, and electrolytes to ensure the results truly reflect only the targeted antibody’s
concentration. Similarly, identifying a specific heavy metal ion in contaminated water demands distinguishing the ion’s
specific reactions amidst various other ions. Non-specific Binding: Also known as biofouling, this phenomenon often
causes significant noise, signal drift, or delays in biosensors [14]. One common strategy to mitigate non-specific bind-
ing is thoroughly washing the sensor’s surface with a buffer solution after the binding process to minimize unwanted
interactions. Bioreceptor Properties: Research shows varying results concerning the concentration and arrangement of
bioreceptors on sensor surfaces [15]. Protocols for surface activation, modification, and functionalization are critical but
highly dependent on specific operational and environmental conditions. Variations in the immobilization of bioreceptor
layers, such as those used on stable surfaces like gold and silicon, can affect the repeatability of measurements. Rarely do
studies analyze the impact of bioreceptor alignment on biosensor performance, yet the random orientation of linking
molecules can reduce effectiveness and sensitivity. Chu suggested a method to align chemical linkers on nanowire-based
sensors by applying an external voltage, enhancing detection sensitivity significantly through prolonged molecular ori-
entation [16]. Biosensor Assay Design: Schneider’s research highlights how specific and non-specific bindings influence
sensor signals and underscores the necessity of optimized sensor assay designs, particularly in complex samples [17].
This includes integrating proper reference sites to counteract non-specific bindings. Enhancements in both the imaging
and data processing capabilities of biosensors are required due to the increased complexity of surface treatment and
the varied optical properties of bioreceptors [12]. Low-Volume High-Sensitivity Challenges: In point-of-care (POC) and
lab-on-a-chip (LOC) technologies, a small blood sample from a finger prick can contain tens of thousands of biomark-
ers at extremely low concentrations, presenting significant detection challenges due to the limited number of target
molecules available [12].
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A significant amount of research is currently underway to mitigate or eliminate some of the challenges associated
with optical biosensors [12]. One particular solution is to consider the use of aptamers as opposed to antibodies,
which are typically used for disease detection in diagnostic applications. As such, this work reviews the use of anti-
bodies and aptamers on optical biosensors and presents a comparison of technologies with the aim of eventually
developing better diagnostic technologies. In this context, better refers to improved sensitivity and, by extension, a
lower limit of detection as well as improved performance. At the heart of this work are the technological advance-
ments due to two key components: aptamers [18-24] and antibodies [25-32].

Aptamers, often described as chemical antibodies, are short, single-stranded DNA or RNA moleculess [22-24].
Their ability to fold into diverse three-dimensional structures enables them to bind specifically and tightly to a wide
range of target molecules, including proteins, small molecules, and even cells. This specific binding is critical in the
optical biosensing domain, where the detection of minute changes in biological samples can be pivotal. Antibodies,
on the other hand, are naturally occurring proteins that play a vital role in the immune system [18, 19, 23, 24]. They
can specifically recognize and bind to antigens, making them indispensable tools in biosensing applications. The use
of antibodies in optical biosensing leverages their inherent specificity and affinity for target molecules, allowing for
highly selective and sensitive detection. They are synthesized through a process known as Systematic Evolution of
Ligands by Exponential Enrichment (SELEX). These molecules are unique in their ability to fold into complex three-
dimensional structures. Aptamers bind to their targets with high specificity and affinity. This is due to their three-
dimensional structures, which allow them to fit snugly into the target molecule, much like a key fits into a lock. They
can bind to a wide range of targets, including proteins, small molecules, ions, and even whole cells [20-24]. Aptamers
offer several advantages over traditional biorecognition elements. They are easy and cost-effective to synthesize and
can be modified to enhance their stability and binding properties. Additionally, aptamers do not elicit an immune
response, making them suitable for therapeutic and diagnostic applications. In biosensing, aptamers are used for
the specific recognition of targets, enabling the detection and quantification of various biomarkers [22-24]. They
are also employed in drug delivery systems and as therapeutic agents.

Antibodies, on the other hand, are naturally occurring proteins that play a vital role in the immune system [25-28].
They can specifically recognize and bind to antigens, making them indispensable tools in biosensing applications. The
use of antibodies in optical biosensing leverages their inherent specificity and affinity for target molecules, allowing
for highly selective and sensitive detection. The integration of aptamers and antibodies in optical biosensing systems
has led to the development of a wide array of diagnostic tools. These range from simple handheld devices for point-
of-care testing to sophisticated laboratory equipment capable of detecting and quantifying biomarkers at extremely
low concentrations. The impact of these advancements is far-reaching, offering promising implications for early dis-
ease detection, real-time monitoring of disease progression, and personalized medicine. Antibodies, also known as
immunoglobulins, are large, Y-shaped proteins produced by the immune system. They consist of two heavy and two
light chains, forming a structure that allows them to bind specifically to antigens [26-28]. Antibodies recognize and
bind to specific antigens through the variable regions at the tips of their“Y” structure. This binding is highly specific,
enabling antibodies to target specific pathogens, cells, or molecules. The high specificity and affinity of antibodies
make them ideal for use in diagnostic assays, therapeutic applications, and research. They can be produced in large
quantities through biotechnological methods and can be modified for various applications. Antibodies are widely
used in diagnostic tests, including ELISA (Enzyme-Linked Immunosorbent Assay) and immunohistochemistry. They
are also fundamental in therapeutic applications, such as in the development of monoclonal antibody drugs, and
are key tools in biomedical research.

A crucial parameter for assessing biosensor performance is the limit of detection (LOD). The LOD represents the
smallest detectable change in a parameter of interest, x, which in optical experiments can be the wavelength, refrac-
tive index, phase, or incident angle. For a measured signal y, the LOD in optical biosensors is dependent on the noise
of the transduction signal, which determines the smallest resolvable signal, and the sensitivity, S [33]. Researchers
can enhance the LOD by either improving the sensitivity or reducing noise. However, inherent statistical fluctuations
in the light (shot noise) limit sensitivity improvements. This noise sets a fundamental limit known as the shot-noise
limit (SNL) [33]. The sensitivity in optical biosensors depends on changes in the refractive index due to the analyte
binding, leading to shifts in the measurable signal via precise detection. However, detection precision is ultimately
constrained by shot noise. Studies have shown that leveraging quantum states of light (such as NOON, squeezed, or
Fock states) can minimize measurement noise, improving the LOD below the classical SNL limit [33-37]. The sensi-
tivity S of the biosensor is given by:
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where p is the parameter estimated from the signal y. The sensitivity of the biosensor is also a funtion of the antigen
used, i.e, it can be improved by using aptamers over antibodies. To compare different optical sensors’ performance in
detecting the refractive index, the LOD formula. The LOD refers to the smallest concentration of an analyte that can be
reliably distinguished from the absence of the analyte, typically defined as three times the standard deviation (¢) of the
mean signal in a control sample:

Lob=3x2Z
X — (2)

where ¢ is the standard deviation of the blank or control measurement, and m is the slope of the calibration curve, often
referred to as the sensitivity [38]. Sensitivity is also defined as the slope of the calibration curve (m) that relates the ana-
lytical signal (e.g., absorbance or intensity) to the concentration of the analyte. It reflects how much the signal changes
in response to a unit change in analyte concentration. This distinction is essential, as LOD assesses the system’s detection
capability at very low concentrations, while sensitivity describes the system’s response across a range of concentrations.
Thus, while sensitivity contributes to determining the LOD, they are distinct parameters with different implications in
biosensing applications. For further information on the proper use and definition of LOD and sensitivity, refer to the
work by Acunzo et al. [38].

In this paper, we discuss the fundamentals of optical biosensing, investigating the distinct characteristics of aptamers
and antibodies that enhance the specificity and sensitivity of these methods. We will also examine the latest advances in
the field and highlight how they shape the future of diagnostics and patient care. This work, will further explore various
rapid, accurate, specific, and sensitive optical nanobiosensor-based diagnostic tools for detecting pathogens (Fig. 1).

2 Aptamers and antibodies
2.1 Comparison

Antibodies, also known as immunoglobulins, are large, Y-shaped proteins produced by the immune system (Fig. 2). Anti-
bodies are proteins that play a role in adaptive immunity (mainly in vertebrates) by targeting antigens often produced in
response to pathogenic microorganisms [40-42]. Antibodies consist of light and heavy chains (also known as moieties)
that are bound together by disulfide bonds, forming a structure that allows them to bind specifically to antigens [42-46].

Fig. 1 This figure illustrates
a range of rapid, accurate, : : - 5 Transducers
specific, and sensitive opti- Carbon nanomaterial Magnetic nanomaterial
cal nanobiosensor-based £/
diagnostic tools for pathogen
detection [39]

Nucleic acids

V2%

S SR
(4 1 z:ip)
f": 'ﬁ .

Pmlems B 5. Aptamer -

s -
) °‘m3° o ? Sartace

f
\ Colorimetric

Signal Amplification and Display

" ’ S—\RS (Do\ 2 g\
) Anubod\ Ennme P
' g ' Fluorescence
Antigen \O
'\Ielalhc
nanomaterial Quantum dots

@ Discover



Review
Discover Chemistry (2025) 2:23 | https://doi.org/10.1007/544371-025-00094-2

Fig.2 Structural diagram of
an antibody and an aptamer

Antibody Aptamer

These chains form variable regions (also known as paratopes) which are directed for attachment onto antigens, which
have a specific structure called an epitope [43, 45, 46]. The structure of the antibody allows it to bind to the epitopes (on
the antigens) to either neutralize the pathogenic microorganisms or to mark them for other immune responses [45-47].
This binding is highly specific, enabling antibodies to target specific pathogens, cells, or molecules. Antibodies produced
forimmune response (by B cells) against pathogens are often polyclonal, with the function of recognizing and binding
to different epitopes of the same antigen [43, 45, 46, 48]. Similarly, identical B cells can produce monoclonal antibodies
that target single or individual epitopes on an antigen. Their production and development as well as their high specificity
and affinity make antibodies ideal for use in diagnostic assays, therapeutic applications, and research, including ELISA
(Enzyme-Linked Immunosorbent Assay) and immunohistochemistry [42-48]. They are also fundamental in therapeutic
applications, such as in the development of monoclonal antibody drugs, and are key tools in biomedical research. In
contrast, aptamers (also known as chemical antibodies) are nucleic acids that are single-stranded with the ability to bind
to their target through specific 3-dimensional (3D) conformations [24, 49, 50]. In addition, aptamers are usually 20 to
100 bases long and can make strong interactions with specific targets thus mirroring the natural interactions that occur
between antigens and antibodies. Aptamers, unlike antibodies, interact with their target molecules through non-covalent
connections, such as hydrogen bonds and van der Waals forces [42, 51]. Furthermore, for better binding affinities, they
form 3D conformations (such as hairpins or loops) on their targets [42, 51]. Besides, the structural complementarity of
aptamers, electrostatic interactions, and aromatic rings stabilize the complex formed between aptamers and the target
molecule during binding [52, 53]. It is important to note that the binding of aptamers to their targets is highly specific
and characterized by high affinities and dissociation constants/values (kd) [54, 55]. The dissociation constants/values
indicate the strength of the interactions between the target and the aptamer. This is noted by an increase in binding affin-
ity which results in a decrease in the dissociation constant [56]. This further enables aptamers to be able to distinguish
subtle structural differences in/on the target [54, 55, 57]. In addition, one of the main characteristics of aptamers, that sets
them apart from other synthetic receptors or biorecognition elements, is that they are characterized by a phenotype-
to-genotype connection [58]. This simply means that they are sequence-specific (genotype) and their ability to fold into
different conformations (phenotype) allows specific functions that further allow for better target recognition proper-
ties [56]. Some properties of aptamers have been said to be better than those of antibodies when they are compared
and thought about for use in biosensing and/or diagnostic applications (Table 1) [50, 59, 60]. Some of these advantages
include aptamers being chemically and structurally stable when compared to antibodies that easily become denatured.
Similarly, conditions such as changing salt concentrations, temperature, and chelating agents lead to the permanent
denaturation of antibodies while aptamers retain their native conformation [24, 50, 59-61]. In addition, aptamer produc-
tion does not require animals for their production because they are synthesized in vitro. This further decreases the cost
and the time spent on the production of aptamers relative to the production of antibodies.
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Table 1 This table presents a concise comparison of the benefits and drawbacks of utilizing aptamers in biosensing applications as opposed
to antibodies [24, 50, 59-61]

Characteristic Aptamer Antibody
Nature Chemical (ssDNA/RNA, 20-100 nt/6-30 kDa) Biological (Proteins, 490-600 nt/150-180 kDa)
Size Up to 2 nm long Up to 15 nm long
Structural conformations Secondary structures (loops, hairpins, stems) Y-shaped molecules (four polypeptide chains)
Targets Proteins, ions, organs, cells, small molecules Immune system molecules (antigens)
Binding affinity High High
Specificity High High
Synthesis process Chemical in vitro (SELEX) Biological in vitro (lab animals)
Duration of synthesis Up to 8 weeks Up to 6 months or longer
Other properties Long shelf life, Short shelf life,
Heat-stable, temperature-resistant, Not heat stable, temperature-resistant,
Modifiable without decreasing Limited modifications before losing
binding affinity binding affinity

2.2 Selection and synthesis methods for aptamers

The selection of aptamers is usually through interactive methods that mimic natural evolution, referred to as Systematic
Evolution of Ligands by Exponential Enrichment, also referred to as SELEX [42, 49, 56]. The selection process takes place
over several weeks to months until a high-affinity aptamer is produced [42, 49, 56, 62, 63]. Furthermore, post-SELEX
modifications, which include chemical reactions to increase the stability of the aptamer and its application often take
place before the aptamer can be used for various applications [49, 62, 64]. The principle of the SELEX method starts with
randomized ssDNA or RNA nucleotides (from a nucleotide library) with molecular weights between 6 to 30 kDa. These
randomized nucleotides are sequence-specific at the 5'and 3’ends therefore making them important for determining the
primers required for amplification using polymerase chain reactions (PCR) [42, 49, 65]. The selection process for RNA and
DNA-based aptamers differ in terms of the chemical nature of the library used and the amplification process. For example,
RNA-based aptamers are amplified using reverse transcription (RT-PCR) instead of conventional polymerase chain reac-
tion (PCR) used for DNA-based aptamers. In addition, both DNA and RNA-based aptamers offer key advantages such as
DNA aptamers being chemically stable and cost-effective in comparison to RNA aptamers which are more specific and
have higher binding affinities for their target molecule [42, 50, 59, 66-68]. The most common SELEX method is conven-
tional/classic SELEX which is a protein-based SELEX process. There are four classes of SELEX-based methods depending
on the isolation, purification, and use of the aptamer with the target molecule [42, 65, 69]. These four classes include
capillary electrophoresis SELEX, capture SELEX, magnetic-bead SELEX, and cell-SELEX [42, 65, 69]. Capillary SELEX is used
when the interaction of the aptamer and RNA/DNA target does not require immobilization. In contrast, Capture-SELEX
is used when the interaction between the aptamer and the target (DNA/RNA) requires immobilization. Magnetic-bead-
SELEX, on the other hand is used when only the target requires immobilization. Finally, when the target molecule is not
purified, the SELEX process used is referred to as cell-SELEX [69]. The SELEX process consists of several processes/steps
required to generate an aptamer that is target-specific with a high binding affinity for the target molecule (Fig. 3) [49, 56].

2.3 Hybrid systems

Biosensing systems that capture both antibodies and aptamers on the same sensing platform are called hybrid sys-
tems [49, 70, 71]. Hybrid biosensing systems are also referred to as sandwich assays and/or dual-mode biosensing sys-
tems [70]. In recent years, hybrid systems have been made using a sandwich configuration, which relies on the target
analyte being bound to the first capture probe followed by an amplified signal produced by a secondary reporter and
capture probe [42]. Many of these hybrid systems consisted of antibody-antibody sandwich assays, however, the substitu-
tion of an aptamer as one of the capture probes has been reported as advantageous for many biosensing platforms [70,
71]. Furthermore, these aptamer-antibody sandwich assays usually require dual sites of recognition on the target [50, 72].
On several biosensing platforms, aptamer-antibody sandwich assays have been used for the detection of proteins, anti-
bodies, and other microorganisms [70-77]. Many of these hybrid systems use aptamers as their primary capture probe,
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Fig.3 Classic/Conventional
SELEX process of producing
aptamers. The production

of aptamers simplified into
4 steps. These steps include:
(1) randomized and unique
sequence selection, (2) incu-
bation, binding affinity, and
purification/partitioning, (3)
amplification and (4) sequenc-
ing of the aptamer

Incubation of the
aptamer with the
specific target molecule
(Binding affinity
reaction and
partitioning/purification)

ssDNA or RNA
from the library of
unique randomized
sequences (6-30
kDa)

Amplification of
bound sequences
(high affinity
aptamers are
obtained by running
4-10 rounds of the
selection process)

Sequencing of the
aptamer

while the antibody acts as the secondary reporter and capture probe. This is because antibodies have higher molecular
weights and are generally larger compared to aptamers, which aids in them (antibodies) producing an amplified signal
during biosensing [65]. Several studies have compared hybrid biosensing platforms with aptasensors characterized for
specific targets [78]. Common biosensing platform configurations consist of an immobilized capture antibody on the
transducing element or electrode (depending on the type of biosensor) and an aptamer bound to the capture analyte.
In addition, these hybrid biosensing configurations induce a cascade of reactions that allow for highly sensitive detec-
tion [58]. Although hybrid systems/sandwich assays are more complex and require multiple steps for detection to occur,
their use has better analytical performance than other types of biosensing platforms. A study investigating the analytical
performance between different configurations of an SPR-biosensor for protein detection (C-reactive protein) reported
that on a gold nanoparticle enhanced platform, the limits of detection obtained were 1 nM and 10 pM for a standard
format biosensor and a hybrid system biosensor, respectively [52, 53]. Similar dual-mode biosensing platforms have been
used in several studies targeting clotting factors[ [56], human epidermal growth factor receptors [58], and Alzheimer’s
disease biomarkers [79] amongst other biorecognition elements. Challenges of using aptamers with small molecular tar-
gets include lower structural complexities for molecules less than 1KDa, fewer to limited moieties viable for conjugation
due to the reduced surface area and weaker binding interactions. In addition, the limited number of functional groups
within small molecules limit the conjugation ability of the aptamer and target. Similarly, although antibodies can detect
the small molecular targets, difficulties in creating antibody pairs can lead to lower assay specificity and sensitivity, and
the requirements of complex processing of the sample for small molecular target detection.

3 Opto-aptamer biosensors

Optical biosensors have been used quite extensively in a wide range of applications [80-84]. They play a pivotal role in
biochemical and molecular diagnostics, agricultural studies, defense and security, veterinary studies, evaluating food
and monitoring the environment. In biosensing work, a range of methods have been devised to attach chemical mark-
ers to molecules, enabling the precise measurement of interactions between biomolecules. These include fluorescent
labeling [85], radioactive labelling [86], enzymatic labeling [87], biotin-streptavidin, gold nanoparticle labeling, quantum
dot labelling, chemiluminescent labelling, and mass tags. However, these markers can sometimes interfere, altering
the way molecules connect with their intended targets. Moreover, marking molecules for extensive research can be
intricate, time-consuming, and constrained by various aspects. Label-free bioanalysis methods do without the need for
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such markers, making it possible to use natural biomolecules in a wide range of biomedical applications. This is a key
motivation for moving to optical biosensors, which have the property of being label free.

Several label-free techniques have been created, such as surface plasmon resonance (SPR) [88], localized surface plas-
mon resonance (LSPR) [89], Raman spectroscopy [90], the quartz crystal microbalance [91], biolayer interferometry [92],
surface acoustic waves [93], fluorescence-based biosensors (e.g., FRET, FLIM) [94], silicon nanowires [95], and photonic
crystals (PC) [96]. They are used for studying different types of binding interactions, including protein-protein, protein-
aptamer, protein-small molecule, carbohydrate-protein, protein-nucleic acid, protein-lipid, and carbohydrate-protein,
among others. Incorporating these nucleic acid aptamers into various sensing technologies enhances their utility [97].
These aptamers allow devices to be reused without losing effectiveness, making these devices potentially recyclable.
Aptamer-based methods have been developed for a range of detection applications, including fluorescence, SPR, surface-
enhanced Raman spectroscopy (SERS), colorimetry, and electrochemistry. In this review section the authors look at the
application of optical biosensors including SPR, LSPR, PC and Raman spectroscopy in aptamer-based diagnostics.

3.1 Aptamer-based surface plasmon resonance

A surface plasmon resonance-based biosensor is an optics-based diagnostic technology [100]. In a surface plasmon
resonance setup, light is directed towards a high-density medium, which is typically a prism. Upon incidence with the
prism, the light is refracted towards the prism base, which is coated with a thin metal layer (Fig. 4). It is on this metal
layer where the binding interactions of the biosensor occur. When the light hits this metal surface from a specific angle
of incidence, the light couples to the oscillating electrons in the metal film. This coupling results in an evanescent wave
that propagates on the surface of the biosensor, which is commonly referred to as the surface plasmon wave. This phe-
nomenon can be observed as a drop in the intensity of the reflected light beam (Fig. 5). The resonance dip is observed.
This resonance dip profile gives information about the binding interaction on the biosensor surface, i.e., as binding
interactions occur, the position of the dip shifts (Fig. 5). This shift in the dip position can serve as a confirmatory test for
the binding interaction. The shift can also be plotted as a sensorgram, which monitors the shift in the resonance dip
position as a function of time. This allows for the generation of binding kinetics, which are useful for understanding
binding activity more fundamentally. There have been many attempts to optimize the performance of SPR, ranging from
improvements to the technical setup, integration of nanoparticles, and the use of quantum states of light. This study
presents a dual-transducer aptasensor that integrates plasmon-enhanced fluorescence (PEF) and electrochemical (EC)
transduction mechanisms for detecting the SARS-CoV-2 spike protein [101]. The biosensor utilizes a novel nanoimprint
lithography technique to fabricate gold nanopit arrays (AuNpA) with unique fringe structures. These structures allow
the surface plasmon polariton peak to overlap with the excitation peak of the C7 aptamer’s fluorophore, methylene blue
(MB). The sensor demonstrated enhanced fluorescence, with intensity five to seven times greater over the AuNpA and
fringe structure compared to a flat gold surface. In addition to fluorescence detection, MB also served as a redox probe
for the EC transducer, marking the first use of such a dual-transduction label. The PEF transducer achieved a detection
limit of 0.07 fg/mL within a range of 1 fg/mL to 10 ng/mL, while the EC transducer extended the dynamic range to 100
ng/mL with a detection limit of 0.15 fg/mL. This innovative dual-transducer platform highlights a scalable fabrication
method for nanostructures and offers a versatile solution for advanced biosensing applications.
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The growing success of using antibody-based SPR detection has led to increased interest in aptamers in research
circles. Aptamers, which are novel combinations of nucleic acid and peptide molecules, are gaining traction in diverse
sensing applications, from molecular diagnostics to analytical chemistry. They are considered potential alternatives to
antibodies. Specifically, nucleic acid aptamers form unique and stable 3D structures. These structures allow them to
interact effectively with a variety of molecular targets, including small ions, organic compounds, and larger proteins or
complex molecules. Producing them, usually using combinatorial nucleic acid libraries and in vitro selection methods,
is generally more cost-effective than manufacturing and purifying antibodies.

Nucleic acid aptamers offer additional benefits, particularly in terms of their chemical modifiability. Their target-
binding capabilities can be maintained as they are tagged with fluorescent molecules or gold particles and incorporated
into nucleic acid nanostructures. Furthermore, unlike protein-based antibodies and nanobodies, nucleic acid aptamers
can recover from denaturation under harsh conditions. DNA aptamers, despite RNA aptamers being discovered first, are
more commonly used in sensors due to their resistance to base-catalyzed hydrolysis.

The simplicity of aptamer-based SPR methods has led to their widespread use. This review discusses SPR sensors utiliz-
ing aptamers for detecting biological and chemical substances. Many experts in SPR have published reviews emphasiz-
ing the benefits of its working principles, setups, and various applications. Additionally, there’s significant literature on
enhancing SPR sensitivity, especially through integration with other techniques, like the use of nanomaterials. However,
there are relatively few reviews focusing specifically on aptamer-based SPR sensors. Given the extensive range and
diversity of reported aptasensors, the review concentrates on two main detection methods: direct (one-site binding)
and sandwich (two-site binding) (see Fig. 6). Lastly, it addresses future challenges and potential developments in SPR
aptasensors.

3.1.1 Direct (one-site binding) detection mode
The fundamental operation of SPR aptasensors is analogous to that of other sensor categories: aptamers are immobilized

onto the sensor substrate, where they selectively identify and attach to their particular target. Subsequently, an optical
transducer converts this interaction into measurable signals. This direct detection method is faster than other SPR sensing
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techniques because it involves fewer processes and requires less time. Small molecules are especially pertinent in this
context since they often attach to aptamers in a one-site arrangement due to the restricted space available for interaction
with a second molecule. As a result, many SPR aptasensors using this direct method have been created. A biotin-modified
aptamer probe on an avidin-coated chip was used by Wu et al. [102] and Ashley et al. [103] to find aflatoxins (which is
found in vinegar) and lysozymes (found in milk). This was done by streptavidin-biotin interactions. In another example,
RNA aptamers were tethered to the sensor surface using thiol-gold bonds to assess the binding kinetics of different
molecules. However, due to SPR’s sensitivity to changes in refractive index at the sensor surface, which depend on the
mass of the bound component, detecting small molecules is a challenge.

Duanghathaipornsuk et al. [104] explored the impact of binding affinity strength on sensor performance. DNA nanoc-
ages were created for SPR sensing of hemoglobin and glycated hemoglobin to make the bonds between aptamers and
their target proteins stronger and more stable. These nanocages had a 3D DNA structure with two custom cavities that
held aptamers that were made to bind and capture target proteins more tightly, which improved binding and selectivity.
This DNA aptamer-embedded origami cage structure showed a lot higher binding affinity and selectivity toward glycated
hemoglobin, which could be a step forward in making SPR sensors work better. Multiplex molecular sensing systems
are designed to simultaneously detect various targets from a single sample, reducing the sample volume needed and
speeding up detection times. There’s a growing interest in using SPR sensors for biomolecule detection. For instance,
Chen et al [105]. developed a microfluidic SPR system with four chambers, using RNA aptamer microarrays for detect-
ing human thrombin and vascular endothelial growth factor (VEGF) proteins. This microfluidic system makes it easy to
make RNA aptamers quickly and directly using T7 RNA polymerase surface transcription. This makes it possible to sense
multiple proteins in one step. While a single SPR aptamer array can analyze multiple targets concurrently, the reliability
of these SPR chips largely depends on the reproducibility of the sensor array. To solve this problem, Inoue et al. [106]
created an SPR aptamer array using an inkjet spotter that precisely controls where the aptamer solution goes and how
much of it there is. They used a portable, multi-analysis SPR device with a capillary-driven flow chip to find thrombin
and looked at SPR signals at different thrombin concentrations at the same time. This method makes SPR arrays more
reliable by cutting down on the number of steps that need to be done by hand and using BlockAce reagent, which is
commonly used in ELISA technology, to separate biomolecule spots. This raises the detection limit to the same level as
other SPR sensors (1 nM).

Non-specific binding in SPR arrays is a common problem that can compromise assay accuracy. A study by Duang-
hathaipornsuk et al. discovered that adding DMOL to a self-assembled monolayer-modified array surface lowers the
amount of non-specific protein binding and gives the aptamers more freedom to interact with their targets. Moreover,
SPR arrays are not just limited to sensing; they can also be used to determine the optimal surface density of aptamer
strands. Gyurcsanyi et al. [107] showed that the best measured affinity depends on the size of the target and is reached
by having the right number of aptamers on the surface. In general, the SPR signal should go up as the concentration
of target molecules goes up. This is because the SPR signal is related to the molecular weight and the rise in the refrac-
tive index. Nonetheless, atypical SPR signals were reported in Bonnet et al’s [108] study on tyrosinase detection. They
discovered that a negative SPR signal which is picked up during analyte detection could be attributed to the conforma-
tional change of the aptamers. The aptamer changed shape, which caused the combined refractive index increase of
the small molecule/aptamer complex to be different from the sum of the increases in the individual components. These
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findings offer fresh perspectives and insights into how the non-linear nature of refractive index increments can influ-
ence SPR signal variations. Typically, SPR aptasensors operating in direct mode for biomolecules function at nanomolar
levels. Therefore, there's significant effort directed towards enhancing the SPR detection response, for example through
nanomaterial or enzyme amplification. The specifics of these methods are discussed in the following section. The table 2
shows a list of all the known aptamer surface plasmon resonance (SPR) tests that use the one-site binding arrangement
to find biological compounds.

3.1.2 Sandwich (two-site binding) sensing mode

Using a sandwich format with two aptamers targeting different sites on the same molecule can enhance the sensitivity
of SPR aptasensors. In this configuration, a single aptamer functions as a capture probe and is affixed to the gold surface.
The second aptamer, which serves as a reporting probe, is frequently connected to signal-amplifying markers such as
nanoparticles. Even though these probes usually have unique oligonucleotide sequences, certain dimeric proteins, such
as platelet-derived growth factor-BB (PDGF-BB), possess two identical binding sites. Therefore, a PDGF-BB sandwich
assay can be demonstrated with just one type of aptamer. Nonetheless, if the target molecule has only a single aptamer
binding site, an aptamer-antibody sandwich assay can be employed, combining an aptamer with an antibody. Table 3
displays a compilation of documented aptamer surface plasmon resonance (SPR) tests utilizing the two-site binding
arrangement for the identification of bio/molecules.

3.2 Localized surface plasmon resonance (LSPR)

Localized surface plasmon resonance employing noble metal nanostructures for label-free biomolecular assays has
garnered notable interest in scientific research [128-130]. LSPR biosensors function through either colloidal aggrega-
tion or alterations in the local refractive index. Organic molecules, having higher refractive indices than buffer solutions,
modify the local refractive index upon binding to plasmonic nanoparticles [131]. This alteration manifests as a red-shift
in the extinction and scattering spectra, providing a basis for LSPR shift-based sensing [132]. These sensors offer multiple
advantages such as multiplexed detection and compatibility with microfluidics, among others. While LSPR shift-based
assays have numerous benefits, their sensitivity is significantly lower compared to other plasmonic biosensors. Efforts
to enhance sensitivity have been varied [133]. One approach is optimizing the refractive index sensitivity of nanopar-
ticles through size and shape adjustments. Another involves employing single nanoparticle sensors, which promise
better detection limits and potential for multiplexed assays. Moreover, increasing the refractive index change through
molecular binding has shown promise in boosting LSPR sensitivity. Techniques include augmenting the molecular mass
attached to nanoparticles, utilizing chromophore coupling, and creating nanoparticle pairs to exploit distance-dependent
plasmonic coupling. Methods to augment LSPR sensitivity have been previously suggested which include constructing
aptamer-antigen-antibody sandwich structures [134-136]. By attaching an antibody to an antigen, this significantly
increases the target molecule’s mass, thus enhancing LSPR shifts. This technique has improved the detection limit of

Table 2 List of aptamer SPR assays with the one-site binding configuration for the detection of bio/molecules (NR: not reported) [100]

Immobilized Analyte Response time Detection range Limit of detection Ref.
aptamer probe

DNA Kanamycin and Neomycin 10 min 0.002-0.48 pg/mL (Kanamycin), 0.89 ng/mL (Kana- [109]
0.003-0.72 pg/mL (Neomycin) mycin), 1.55 ng/mL
(Neomycin)
DNA Pseudomonas aeruginosa 70 min 10-10° cfu/mL 10 cfu/mL [110]
DNA Thrombin 60 min 5-20 nM 0.7 nM [111]
DNA Glycated Hemoglobin (HbA1c) 50 min 73-294 nM 2.55nM [112]
DNA Escherichia coli (E. coli) and Staph- 80 min 10°-108 cfu/mL, 108-108 cfu/mL 10° cfu/mL (E. col),  [113]
ylococcus aureus (S. aureus) 10° cfu/mL (S.
aureus)
DNA Lysozyme 20 min 0.05-1 pg/mL 0.035 pg/mL [114]
DNA L-tyrosinamide 10 min 0.010-250 uM 10 nM [108]
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thrombin substantially. Additionally, using an aptamer as a capture molecule allows for the biosensor’s reuse, enhancing
both reproducibility and sensitivity. Table 4 shows a comparison of biosensing using LSPR with antibodies and aptamers.

Noble metal nanoparticles (NPs) have become crucial elements in transducer technology for efficient sensing, because
of their unique optical features. LSPR-based sensors, particularly, have been employed for the quantitative detection of
biological or chemical substances, offering advantages such as heightened sensitivity and the ability to perform real-time
and label-free detection. LSPR sensors, unlike conventional SPR biosensors that utilize thin gold films, are not sensitive to
temperature variations and can be miniaturized, leading to increased detection efficiency and reduced operational costs.

The demand for analyzing multiple targets simultaneously, especially in diagnostic and analytical fields, has driven the
need for multiplex detection platforms as well ashigh throughput devices [137]. These devices aught to have the capacity
to analyze large numbers of samples or multiple analytes concurrently. However, current LSPR-based sensing techniques,
such as those using gold nanorod-based multiplex detection, are somewhat limited in the number of targets they can
detect [138, 139]. Some methods have involved immobilizing NPs on sensor chips with physical divisions to facilitate
parallel detection. Although these methods have somewhat achieved high throughput, they often involve complex
processes due to non-specific target binding and laborious washing steps. A significant challenge in the field remains
the development of sensitive and high-throughput LSPR-based detection methods that are compatible with standard
laboratory equipment, particularly in detecting small molecules. Using NP-antibody conjugate sandwich assays has
made LSPR sensors more sensitive, but it has also added more steps to the process [140]. In contrast, nucleic acid-based
assays, like aptamer-based competitive replacement assays, have shown significant potential in enhancing sensitivity
for electrochemical biosensors and SPR systems [141]. Aptamers, being oligonucleotides that specifically bind to targets,
offer advantages over antibodies, including their ease of synthesis and ability to interact with non-protein targets.

Researchers previously created a novel biosensor chip array for detecting biomolecules using microplate readers. The
biosensor chip array is based on aptamers and operates without walls, allowing for efficient, high throughput, and sensi-
tive detection [136]. The LSPR array chip, which lacks walls, was fabricated by attaching plasmonic nanoparticles to a glass
slide with a hydrophilic-hydrophobic pattern. The chip utilizes a double-gold nanoparticle system in an aptamer-based
competitive replacement test to enhance the sensitivity of LSPR [136]. The researchers utilized adenosine triphosphate
(ATP) and its matching aptamer as a model system to showcase efficient and compact detection on a large scale. This
study presents the development of a sensor using a wall-less array structure and a double-gold nanoparticle-enhanced
system. The sensor is designed to detect small molecules with high sensitivity, using aptamers, and can be operated with
ordinary laboratory equipment in a simple and efficient manner [136]. Table 5 shows areas of application for antibody
and aptamer based LSPR biosensors.

3.3 Fluorescence-based techniques (e.g., FRET, FLIM)

Fluorescence polarization-based bioassays present an innovative and promising approach for bioanalytical applica-
tions [151-155]. These assays operate by detecting changes in the rotational dynamics of fluorophores following their
interaction with an aptamer and its target molecule (Fig. 7). When an aptamer binds to a particular target, it can alter
the polarization of fluorescence, providing a measurable indicator of the target’s concentration. This method relies on
illuminating the reaction with plane-polarized light and assessing the resulting fluorescence [151-155]. Polarized light is
absorbed more efficiently by molecules aligned with the polarization plane. If these molecules maintain their orientation
upon excitation, their fluorescence will also exhibit polarization, as described by Henderickson et al [151]. This technique
has been extensively reviewed, highlighting advances and the application of new methodologies for detecting various
biochemical entities like metal ions, enzymatic activities, and nucleic acids.

Moreover, these bioassays are highly valued for their ability to generate specific aptamers in large quantities, giving
researchers flexibility in choosing aptamers by modifying interaction conditions [152]. For example, Liu et al [156]. devel-
oped a quick, fluorescence polarization-based assay to detect bisphenol A, a significant health hazard, using a specially
labeled DNA aptamer. This binding alters the fluorescence polarization due to changes in the interaction within the
molecule, proving effective for rapid detection with high specificity. Similarly, Pengfei Ma et al. created an aptasensor for
identifying Weissella viridescens bacteria in food products, utilizing a biotin-labeled aptamer and fluorescence-labeled
cDNA to achieve a quantifiable response correlating with bacterial presence [157]. Such innovations demonstrate the
broad utility and adaptability of fluorescence polarization assays in modern bioanalytical science.

Fluorescence-based techniques such as Forster Resonance Energy Transfer (FRET) [158] and Fluorescence Lifetime
Imaging Microscopy (FLIM) are significant tools in the field of biological research, particularly when combined with
aptamers and antibodies [153]. FRET is employed to study molecular interactions like protein-DNA and protein-protein
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interactions and can measure distances between molecules on a nanoscale. It is a process where energy is transferred
from an excited donor fluorophore to a nearby acceptor fluorophore without radiation. FRET efficiency is heavily depend-
ent on the proximity of the donor to the acceptor, typically less than 10 nanometers, and their relative orientation to
each other. FLIM, on the other hand, provides a more quantitative approach by measuring the decay time of the donor
fluorescence in the presence of an acceptor. FLIM is less affected by fluctuations in fluorophore concentration, making it
advantageous for accurately quantifying FRET events. FLIM-FRET, which combines both methods, offers enhanced data
quality and precision. This combination allows for the sensitive detection of biomolecular interactions in vitro and in vivo,
creating opportunities to explore the dynamics of cellular and molecular processes with high specificity.

Aptamers are particularly interesting in this context as they are nucleotide sequences that can be engineered to bind
with high specificity and affinity to their target molecules, which can be proteins, small molecules, or even cells. When
used in FRET-based assays, they can act as the recognition element, and their binding to the target can be detected by
FRET if they are tagged with appropriate fluorophores [153]. The combination of aptamers with FRET and FLIM allows
for the creation of highly specific and sensitive biosensors that can be used in a variety of applications, including disease
diagnostics and the monitoring of therapeutic interventions. The use of aptamers and antibodies in FRET and FLIM-based
techniques has significantly advanced the capabilities in diagnostics and molecular imaging. Aptamers offer certain
advantages over antibodies in these applications due to their chemical synthesis, ease of modification, and stability,
making them well-suited for creating complex biosensors for various analytes.
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3.4 Raman spectroscopy (e.g., SERS)

Raman spectroscopy combined with aptamers and antibodies enhances molecular detection through Surface-Enhanced
Raman Scattering (SERS). Aptamers are particularly beneficial due to their easy synthesis, modifications, and high stability,
affinity, and specificity. SERS sensors leveraging aptamers have been applied in detecting small molecules, pathogens,
mycotoxins, and tumor markers, and also in photothermal therapy of tumors. They overcome challenges of label-free
SERS sensors in complex systems or low-concentration scenarios by improving target selectivity and analysis sensitiv-
ity [159, 160]. Surface-Enhanced Raman Scattering (SERS) is often employed alongside aptamers for the detection of small
molecule analytes. The basis of the Raman signal is photon scattering, influenced by the electric cloud of a molecule,
producing a distinct signal for each analyte. Historically, the weakness of the Raman scattering signal limited its sensitiv-
ity until the introduction of colloidal nanoparticles, which significantly boosted signal strength and sensitivity. Initially,
nanoparticle-enhanced Raman scattering suffered from issues of specificity and reproducibility. However, these chal-
lenges have been addressed by integrating highly specific aptamers. Recent research demonstrated that nanoparticles
linked with aptamers retain the same target affinity as free aptamers. In a specific application, SERS combined with a
BPA-specific aptamer successfully detected bisphenol A-a common plastic byproduct-in human blood at concentrations
as low as 600 femtomolar. This method shows potential for detecting various targets within complex biological samples.

3.5 Metal-enhanced fluorescence (MEF)

Metal-enhanced fluorescence (MEF) is a technique that leverages the interaction between fluorescent molecules and
metallic nanostructures to enhance the emission intensity of fluorophores [161]. This method offers several advantages,
such as increased sensitivity, extended photostability, and reduced photobleaching. MEF is achieved by placing fluoro-
phores in proximity to metal surfaces, typically noble metals like silver or gold, which amplify the local electromagnetic
field, resulting in an enhanced fluorescence signal. The coupling between the fluorophores and the plasmonic field
generated by metallic nanostructures leads to significant improvements in detection limits for biosensing applications.
MEF has found applications in bioimaging, molecular diagnostics, and biosensor platforms where high sensitivity and
signal amplification are crucial [161]. This technique also shows promise for real-time monitoring of biological processes
due to its ability to enhance weak fluorescence signals from low-abundance biomolecules.

3.6 Surface-enhanced infrared absorption (SEIRA)

Surface-enhanced infrared absorption (SEIRA) is a powerful technique used to amplify infrared absorption signals of
molecules adsorbed on metallic nanostructures [161]. The SEIRA effect arises from the enhancement of local electromag-
netic fields near the surface of metal nanoparticles, typically gold or silver, which boosts the vibrational modes of nearby
molecules. SEIRA complements SERS by providing additional molecular fingerprinting capabilities in the infrared region.
It is particularly useful for studying biomolecular interactions, detecting low-concentration analytes, and investigating
surface phenomena. The integration of SEIRA into biosensing platforms offers high chemical specificity and sensitivity,
making it suitable for applications in environmental monitoring, healthcare diagnostics, and chemical analysis [161].

3.7 Photonic crystals

A photonic crystal aptasensor combines photonic crystal structures with aptamers to create a sensitive device for detect-
ing specific proteins. Photonic crystals manipulate light waves, while aptamers, which are nucleic acids, specifically bind
to target proteins. This results in a highly precise and efficient biosensor that can detect proteins by monitoring changes
in the crystal’s optical properties due to aptamer binding. Aptamer-based photonic crystals have shown potential in diag-
nostics and environmental monitoring. A recent review discussed integrating aptamers with two- and three-dimensional
photonic crystals, offering enhanced detection capabilities and precision [162]. Photonic crystals can also be integrated
with other biosensors for better sensitivity [163].
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3.8 Fibre-optics based aptasensors

Aptamer-based fiber-optic biosensors represent a significant advancement in biosensing technology. Fiber-optic platforms,
especially plastic optical fibers (POFs), are perfect for using aptamers in biosensing because they are flexible, have a large
numerical aperture, and can detect things well in proof of concept (POC) tests. This coupling allows the aptamer-POF sensors
to monitor various targets, from environmental pollutants to disease biomarkers. For instance, SPR or LSPR sensors lever-
age fiber-optic properties to detect targets by measuring resonance wavelength shifts, providing high sensitivity and rapid
response. Their compatibility with aptamers enhances their ability to identify targets accurately, even in complex samples.
Such systems are being developed to detect viruses like SARS-CoV-2, cancer biomarkers, and vascular endothelial growth
factors (VEGF), with applications spanning healthcare, environmental monitoring, and food safety. Researchers are also focus-
ing on improving the robustness and cost-effectiveness of fiber-optic biosensors. Smartphone-based optical interrogation
methods can provide portable and affordable solutions. Different fiber configurations, like U-bent, D-shaped, and tapered
fibers, enhance the adaptability of the sensors to various environments and targets [164-166]. Aptamer-based fiber-optic
biosensors are advancing toward more versatile, sensitive, and cost-effective solutions in biosensing, offering promising
future applications in several fields.

3.9 Photonics integrated circuits

Aptamer-based photonic integrated circuits (PICs) offer remarkable potential for biosensing due to the unique features of
aptamers and the integration capabilities of photonics. The small size of aptamers, their high stability, and their strong affinity
for targets make them ideal for use in PICs. One example involves using S-shaped double-spiral resonators (DSRs) in PICs for
biosensing. These structures are respond strongly to changes in refractive index, which makes them well-suited to detect
target molecules through evanescent field sensing. When coupled with aptamers as molecular recognition elements, DSRs
in PICs can achieve high specificity and sensitivity, allowing them to detect small volumes of target analytes like gases and
liquids efficiently [167]. Moreover, integrating aptamers with DNA nanostructures has enabled the development of highly
programmable and versatile platforms for biosensing. Such integration allows aptamers to recognize specific targets, and the
resulting structures can be adapted for various sensing applications, including bioimaging and targeted cancer therapy [168].
These nanostructures, combined with the precision of PICs, form an advanced biosensing tool with the potential for signifi-
cant advancements in healthcare diagnostics, environmental monitoring, and other fields.

3.10 Interferometers

Aptamer-based interferometers leverage the specificity of aptamers and the sensitivity of interferometric techniques for
real-time, label-free biosensing. An example includes a nanoporous anodic alumina interferometric biosensor that uses
aptamers immobilized on modified surfaces to detect thrombin in real-time. This approach offers high sensitivity due to
the reflective interferometric spectroscopy (RIfS) technique, which detects changes in the refractive index. Such devices are
promising for rapid and accurate detection of biomolecules, paving the way for advancements in diagnostics and environ-
mental monitoring [169].

4 Application areas of aptamers in optical biosensing

Aptamers, single-stranded DNA or RNA molecules that bind to specific targets with high affinity, have become an essential
component in optical biosensors. Their ability to bind a wide range of targets, including small molecules, proteins, and cells,
makes them versatile tools for biosensing applications. This section provides an in-depth discussion of the key areas where
aptamer-based optical biosensors have shown promising results, along with reported highlights from recent research stud-
ies. Table 6 shows the different application areas for aptamer and antibody detection.

4.1 Detection of small molecules
Detecting small molecules like toxins and drugs requires high sensitivity. Aptamer-based optical biosensors are effective

due to their specificity and adaptability. One notable challenge is that many small molecules lack intrinsic fluorescence
or chromogenic properties. Modern aptamer biosensors address this by employing advanced transduction schemes
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like surface plasmon resonance and surface-enhanced Raman spectroscopy to capture these elusive targets. The abil-
ity of aptamers to undergo conformational changes upon target binding significantly amplifies their signal [66, 170].
Aptamer-based biosensors have demonstrated significant success in detecting small molecules such as antibiotics,
hormones, and toxins. A study by [109] used a DNA aptamer to detect kanamycin and neomycin with detection limits
as low as 0.89 ng/mL and 1.55 ng/mL, respectively. Such biosensors are critical for monitoring food safety and environ-
mental contamination.

4.2 Protein and enzyme detection

Proteins and enzymes, crucial in diagnostics and pharmaceuticals, require precise detection. Aptamer-based biosensors,
particularly using nanowire FETs, enhance sensitivity to proteins such as dopamine. Aptamers’ small size allows them
to bring bound proteins closer to the sensor’s surface, improving the detection signal. Integrating aptamers into gold
nanoparticles or other materials also amplifies the signal for early cancer detection [66].

4.3 Detection of nucleic acids

Nucleic acid detection benefits from the aptamer’s ability to identify specific sequences with high precision. Optical bio-
sensors employing aptamers can quickly and accurately detect genetic materials. Combining aptamers with advanced
amplification and transduction methods enhances the detection speed and reliability for applications like pathogen
identification and genetic analysis (Fig 8).

4.4 Detection of pathogens and microorganisms

Aptamer-based optical biosensors excel in pathogen detection due to their rapid response and specificity. The combina-
tion of aptamer capture probes and optical transducers enables the detection of bacteria and viruses with high sensitivity.
Their ability to distinguish between pathogen strains supports improved public health monitoring and disease manage-
ment [66]. Aptamer-based optical biosensors have been applied extensively in detecting bacterial and viral pathogens.
For instance, aptamers specific to Escherichia coli and Staphylococcus aureus were used to develop a dual-analyte SPR
biosensor, achieving detection limits as low as 10° cfu/mL and 10° cfu/mL, respectively [113]. These sensors are capable
of detecting pathogens in real-time, offering a rapid, label-free method for disease diagnostics.

4.5 Disease biomarker detection

Disease biomarkers can be detected more effectively with aptamer-based biosensors, which identify and quantify markers
indicative of physiological or pathological states. Techniques like multiplexing and signal amplification make these sen-
sors suitable for early diagnosis and personalized medicine. The flexibility of aptamer sequences allows comprehensive
profiling across different diseases.

4.6 Advancements in aptamer-based sensor design and signal amplification

Recent advancements in sensor design include identifying novel aptamer sequences via SELEX, allowing more precise
target recognition. Techniques like fluorescence-based aptamers and nanoparticle amplification help develop highly
sensitive sensors. Silicon nanowire-based FETs offer hypersensitive detection of biomolecules. Nanoparticle-based sys-
tems integrated with aptamers further amplify signals [66, 170].

4.7 Protein and enzyme detection

The high binding specificity of aptamers makes them suitable for detecting proteins such as thrombin and enzymes
like lysozyme. An aptamer-based sensor for thrombin detection achieved a linear range of 5-20 nM with an LOD of
0.7 nM [111]. These sensors provide valuable tools for clinical diagnostics, particularly in detecting blood coagulation
disorders.
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Fig. 8 Nucleic acid aptamers, through specific base pairing, fold into well-defined 3D structures for effective molecular recognition. These
synthetic biopolymers offer the potential for the next generation of biosensors by overcoming the constraints of traditional sensors. This
review highlights technical advancements in aptamer-based biosensors, such as heightened sensitivity, improved selectivity, and real-time
detection applications. These biosensors also provide modular adaptability, paving the way for new applications in molecular diagnostics
and field detection. Taken from [66]

4.8 Cellular detection and analysis

Aptamer-based optical biosensors have also found applications in cellular detection. For instance, a biosensor designed to
detect MCF-7 breast cancer cells using folic acid-modified magnetic nanoparticles achieved a detection range of 500-10,000
cells/mL [122]. These sensors enable non-invasive diagnostics and facilitate the study of cell behavior, helping to advance
cancer research.

4.9 Multiplexed biosensing and point-of-care diagnostics
Recent advancements have focused on multiplexed biosensing, where multiple aptamers are integrated within a single
platform to detect several analytes simultaneously. This is particularly valuable for point-of-care diagnostics, where rapid

and accurate detection is critical. A dual-aptamer biosensor targeting thrombin demonstrated a broad detection range from
0.1-2 aM, enabling ultra-sensitive diagnostics [120].
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4.10 Aptamer integration with emerging technologies

Aptamers are increasingly being integrated with emerging technologies such as quantum dots and photonic crystals to
enhance optical biosensors. A biosensor employing near-infrared quantum dots to detect C-reactive protein achieved an
impressive LOD of 5 fg/mL [124]. These hybrid systems combine the advantages of aptamers with the unique properties
of nanomaterials, providing highly sensitive biosensing platforms.

4.11 Cancer biomarker detection

Optical biosensors using aptamers as recognition elements have been employed to detect biomarkers related to can-
cer. For example, an aptamer-based biosensor targeting the B-type natriuretic peptide (BNP) achieved a LOD of 1 aM,
making it highly effective for early detection [121]. This level of sensitivity allows the detection of cancer at early stages,
improving patient outcomes by enabling timely interventions.applications [100].

5 Applications of antibodies in optical biosensing

Optical biosensors rely on detecting alterations in optical traits due to the presence of an analyte, like changes in absorp-
tion, reflectance, emission, or interferometric patterns. These alterations are picked up by a photodetector [171]. The
surface plasmon resonance (SPR) optical biosensors are the most prevalent type, known for their specificity, sensitivity,
and cost-effectiveness. They excel at delivering detailed information about a sample, such as kinetic behavior, con-
centration, and molecular interactions, without being affected by electrical or magnetic interference [170]. Their high
sensitivity enables them to detect analytes even at incredibly low concentrations like attomolar levels. Among various
receptors, antibodies are highly effective and selective in binding to their specific antigens. These proteins are produced
by B-lymphocytes, specialized cells of the immune system. Antibody molecules consist of four polypeptides arranged
in a“Y"shape, comprising two heavy chains and two light chains. The variability in amino acid sequences at the tips of
the “Y” provides antibodies with their unique specificity for binding antigens. Antibody-based sensors are valuable for
the quick and sensitive analysis of pathogens and their associated toxins [172].

In the realm of diagnostics, biomolecular sensors are crucial, combining biological components like capture probes
or enzymes with physical elements such as optical or electrical systems. Antibodies, with their epitope-binding recogni-
tion sites, play a central role in identifying pathogens like viruses. Fluorescent probes, enzymes, and nanomaterials can
be attached to antibodies for signal enhancement in detection systems. Immunosensors, a subset of biosensors, utilize
antibody-based biorecognition elements. They work by generating a signal which has an inverse proportionality relation-
ship to the concentration of antigens and antibodies in the sample, which a transducer then translates. Antibodies can
be customized to bind to different target molecules, including ones with small molecular sizes [173]. When integrated
into optical sensors, antibodies enhance the robustness, sensitivity, and speed of analysis, making them indispensable
tools in modern diagnostics (Fig. 9).

5.1 Detection of small molecules (e.g., toxins, drugs)

Small molecules refer to organic compounds with low molecular weights, typically under 1000 Da. They encompass a
diverse range of natural or synthetic chemicals that are relevant in biology, pharmacology, and environmental studies.
Detecting and quantifying these molecules is crucial across disciplines. Antibodies are widely used in SPR sensors due
to their versatility and broad specificity. However, other options like molecularly imprinted polymers (MIPs) and aptam-
ers are being explored for small molecule detection. Recombinant antibodies have been successfully employed in SPR
biosensors for detecting small molecules like mycotoxins, achieving detection limits below regulatory thresholds [172].
In a study by Tomassetti et al., the researchers conducted a comparison between an SPR immunosensor for ampicillin
and a competitive amperometricimmunosensor. While the amperometric method showed better sensitivity and a wider
dynamic range, the SPR sensor exhibited greater selectivity, speed, and simplicity in analysis, especially within the con-
centration range of 10-6 M to 10-2 M [172]. Additionally, localized surface plasmon resonance (LSPR) sensors have been
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developed using core-shell nanosensors composed of polystyrene nanospheres as the core and a thermally deposited
gold layer as the shell [174]. Biofunctionalization of these nanosensors with atrazine-specific antibodies enabled direct
detection of atrazine at a concentration of 10 ng/mL [175, 176].

5.2 Protein and enzyme detection

Proteins are vital components of living organisms, playing roles in numerous cellular processes like metabolic reactions,
DNA replication, stimulus response, cellular structure maintenance, and molecule transport. Detecting and identifying
proteins quickly and affordably is crucial in fields like biomedicine and food industry. Over time, various protein detec-
tion methods have been developed, each with its own strengths and weaknesses. For instance, immunoblotting, while
highly sensitive and specific, is costly and technically demanding. Immunohistochemistry, on the other hand, is used for
qualitative protein analysis but may suffer from bias, low sensitivity, and specificity [177]. Optical fiber biosensors have
seen remarkable advancement in protein detection due to their high sensitivity and selectivity. Among these biosensors,
label and label-free techniques are commonly used. Proteins absorb light strongly in the wavelength range from 280
nm - 260 nm (ultraviolet). Researchers like Sai et al. utilized this absorption property to develop fiber-optic biosensors for
protein detection with high sensitivity [164]. Leung et al. utilized a 1550 nm laser and a fiber-optic biosensor customized
with antibodies to monitor the binding of proteins, achieving impressive sensitivity down to 10 fg/mL [178]. Gold nano-
particles (AuNPs) are popular for their extinction property, selectively absorbing evanescent waves near fiber surfaces.
Combining AuNPs with sensitized fiber platforms enhances absorption, as demonstrated by Li et al for alphafeto protein
detection [179]. In SPR-based protein detection, immobilizing biomolecule receptors on metal thin-films is critical. The use
of sulfhydryl (-SH) groups facilitates biomolecule immobilization on gold films due to strong Au-S bonds. Alternatively,
intermediate protein materials like protein A or protein G can bridge Au films and proteins for immobilization, improving
stability and molecular recognition [180].

5.3 Detection of nucleic acids

Nucleic Acid (NA) analysis for diagnostics has gained significant attention due to their potential as biomarkers for early
disease detection, especially in infectious diseases and cancer. Plasmonic-based biosensors, SPR-based biosensors, are
widely used for NA analysis due to their advanced technology and sensitivity. Detecting NA poses challenges as they
are usually present in low concentrations and linked with subtle gene expression changes. For instance, miRNA analysis
requires sensitivity ranging from nanomolar to attomolar concentrations. Achieving the necessary sensitivity involves
using highly sensitive biosensor transducers and amplification techniques, such as PCR-based procedures, or signal
enhancers, such as DNA/RNA binding proteins or nanomaterials. Li et al, demonstrated dual amplification in an SPR
sensor using a two-layer GO-AuNPs composite. The bottom layer immobilized SH-DNA probes on nanoparticles, mak-
ing the sensor functional [179]. In the second step, target miRNA combined with probes that were already attached and
interacted with DNA-functionalized GO-AuNPs mixtures, which improved sensor signals. This two-layer method greatly
increased the LOD (0.1 fM) for miRNA-141 detection from cancer cell lines compared to single-layer substrates, showing
that it is very good at finding things [179, 180].
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5.4 Pathogen detection (e.g., bacteria, viruses)

Pathogens are foreign antigens with harmful effects, such as producing toxins, penetrating tissues, and immuno-
suppressing hosts. Contagious pathogens like those causing bacterial urinary tract infections, malaria, influenza,
dengue, HIV, and SARS-CoV-2 can transmit from person to person before symptoms appear. Recent studies focus on
developing novel diagnostic tools with pathogen binding mechanisms, like antigen-antibody interactions, to enhance
sensitivity and selectivity. Plasmonic-based biosensors, including SPR, offer advanced detection capabilities with
reduced costs and increased throughput. These biosensors detect pathogens through various plasmonic phenomena,
such as SPR, localized SPR, and surface-enhanced techniques. SPR-based sensing is particularly promising for rapid
and sensitive pathogen detection, replacing older diagnostic methods [173, 181]. These biosensors identify specific
target biomarkers associated with particular pathogens using an immobilized sensing element called a bioreceptor.
This bioreceptor, which can be a monoclonal antibody, RNA, DNA, glycan, lectin, enzyme, tissue, or whole cell, plays
a critical role in ensuring high sensitivity and selectivity in biomarker detection. Its biochemical properties enable
precise recognition of the biomarker while preventing interference from other microorganisms or molecules in
the sample. The specific biochemical interaction between the biomarker and bioreceptor is then converted into a
measurable signal by the transducer. Bong et al. designed an Au-based plasmonic biosensor sensor for SARS-CoV-2
diagnosis. By chemically attaching antibodies to a gold chip sensor, they were able to find serum isolates at a very
low level (1.02 pM). The sensor demonstrated exceptional selectivity for coronavirus over other viruses like influenza,
providing rapid and accurate results ideal for early disease detection [182].

5.5 Advancements in antibody-based sensor design and signal amplification

Optical biosensors offer high sensitivity, selectivity, and the potential for swift disease diagnosis. Challenges such
as sample preparation, detection time, and real-time sensing can hinder early disease detection. However, optical
biosensors, with their improved selectivity, superior signal-to-noise ratios, and minimal sample requirements, have
emerged as a pivotal tool for early disease diagnosis in recent times. Constant modifications of the biorecognition
receptor using different strategies have been made to increase their sensitivity. Site-specific covalent binding of an
antibody to a transducer is essential not only for good sensitivity but also for reproducibility. Site-oriented antibody
binding strategies have been utilized to enhance the sensitivity of electrochemical immunosensors. One big ben-
efit of site-directed conjugation is that it might increase the ability of antigens to bind, which can make biomarker
detection more sensitive and stable. It is possible to immobilize antibodies in a site-directed way by targeting dif-
ferent functional groups on them, such as sulfhydryl groups, carbohydrate groups (glycan conjugation), and the
nucleotide-binding site (NBS). A lot of research has been done on the NBS, which is found in the area that stays
the same between the variable regions of the light and heavy chains of Fab domains in antibodies that bind to IBA
(indole-3-butyric acid). A special way of binding that involves using UV light (254 nm) to crosslink IBA to an NBS has
been shown to improve sensitivity without changing the structure or function of the antibody. Nanomaterials play
a crucial role in signal amplification due to their small controllable size and quantum effects. These attributes aid in
enhancing signals when in direct contact with the biorecognition element interacting with the analyte of interest.
Nanomaterials, particularly when conjugated with antibodies in the correct orientation, significantly influence sen-
sitivity and reproducibility. By increasing current yield, they make an interface that can sense changes in the physical
world caused by biochemical interactions. These changes are then turned into signals that can be picked up. Studies
by Donghai Lin and colleagues highlight that orienting antibodies improves sensitivity, with nanoparticle-based
methods showing a synergistic effect in sensitivity enhancement. Nanomaterials’ distinct chemical and electrical
properties also contribute to developing advanced sensing devices with heightened sensitivity and specificity. Vari-
ous nanomaterials, including metals, carbon materials, polymeric nanocomposites, and semiconducting materials,
have been explored as transducer materials in this context such as the system shown in Fig. 10 [98].

The differences in sensing performance between various types of nanoparticles are demonstrated in Fig. 11. The
study compares the changes in SPR response at a fixed thrombin concentration of 1 fM when using anti-thrombin
nanoparticle conjugates-nanocages, nanorods, and quasi-spherical particles [119]. Notably, the nanocage-conjugate
injection induced minimal changes in the SPR signal, whereas the quasi-spherical particles produced a response more
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than double that of the nanorod samples when compared under identical buffer-only conditions. The experimental
design ensured uniform functionalization across all nanoparticle types and optimized aptamer SPR chips to minimize
nonspecific adsorption, yielding reproducible results [119]. Antibody attachment efficiency and fractional surface
coverage were optimized to minimize performance variation among nanoparticle conjugates. A uniform spacing
between the nanoparticles and the gold film surface was maintained, given that previous research has shown the
importance of separation distance in nanoparticle-enhanced SPR responses. The observed signal enhancement
differences among nanoparticle types arise from their distinct effects on the real and imaginary components of the
refractive index at the chip-solution interface. The real component is influenced by the high material density of the
nanoparticles, while the imaginary component is affected by near-field plasmonic coupling between the gold film
and nanoparticle. The extinction spectra suggest stronger plasmonic coupling for nanorods and nanocages, but
these effects are influenced by the red-shift in the local SPR profile caused by the proximity of the nanoparticles to
the gold surface. This red-shift, which can be as large as 100 nm, emphasizes the importance of the surface-particle
separation distance. The quasi-spherical nanoparticles demonstrated superior sensing performance despite weaker
overlap with the instrument’s excitation wavelength compared to nanocages. This enhanced performance can be
attributed to their higher material density and greater volume, which induce a larger change in the real component
of the refractive index. In contrast, the lower density and smaller average volume of nanorods contribute to their
reduced sensing performance on a 1:1 comparison basis. With each nanoparticle type having at least one dimension
in the range of 40-50 nm, it is reasonable to conclude that differences in surface area coverage are negligible [119].
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6 Integration of aptamers and antibodies into diagnostic platforms

Recent reviews suggest that antibody- and aptamer-based biosensors show similar performance levels, particularly
in terms of sensitivity and selectivity. However, their effectiveness is heavily influenced by how they are immobi-
lized onto the transducer and the chosen detection mode. Various techniques, such as supramolecular interactions,
covalent chemical coupling, physicosorption or chemosorption, and copolymerization, can be employed to attach
antibodies, aptamers, proteins, and other bioreceptors onto biosensor surfaces. Depending on the detection method,
the substrate can be used to immobilize either the antibody, aptamer, or target antigen. Effective immobilization
techniques facilitate the establishment of the bioreceptor-biomarker complex on the surface of the substrate and
stimulate the creation of signals (Fig. 12). The immobilization procedures should not impede bioreceptor biological
activity towards the target. The exposure of the binding sites to the target analyte should be optimized [183].

6.1 Microfluidic and lab-on-a-chip devices

Microfluidics technology has revolutionized detection applications in recent years due to its numerous advantages,
including portability, miniaturization, automation, multichannel sample detection, minimal handling of hazard-
ous substances, and cost-effectiveness. One of the key strengths of microfluidics is its ability to create a controlled
microenvironment that efficiently drives and regulates microfluidic flow within microchannels, leading to enhanced
detection sensitivity (Fig. 13). Furthermore, microfluidic systems integrate all analytical processes, such as sample
preparation, reactions, separations, and detection, into a single microfluidic chip, making them highly suitable for
field testing applications [184-1871].

Antibodies are commonly immobilized on electrode setups and integrated with microfluidic technologies to allow
for pathogen detection. Microfluidic biosensors often incorporate immunomagnetic separation (IMS) alongside
magnetic nanoparticles (MNPs) due to their advantages such as large specific surface area and uniform distribution,
enabling specific isolation and efficient concentration of pathogens. Park et al. developed a plastic-based 3D mag-
netic microfluidic pre-concentrator that can selectively pre-concentrate E.coli O157:H7 to 100 pL at a 700-fold ratio
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within an hour, enabling detection as low as 10 CFU/mL in blood when combined with an ATP photometer [173].
Adding aptamers to sensing platforms is becoming more popular as a way to improve the precision in analyte detec-
tion, especially LOC technologies, POC diagnostic devices, and personal medicine. Aptamer-based sensors integrated
with LOC devices show promising results, addressing pressing healthcare challenges [188]. Microfluidics, sometimes
referred to as miniature total analysis system (UTAS) or lab-on-a-chip (LOC) technology, provides numerous benefits in
the field of biosensing. Microfluidic-based biosensors allow for real-time detection, automated measurements, smaller
sample sizes and faster detection times, higher throughput, portability, and disposal, and better sensitivity due to the
high surface-to-volume ratio. Aptamers outperform antibodies when integrated into microfluidic technologies due
to their enhanced suitability for fluorescent labeling and prolonged stability across diverse environments [189, 190].
Aptamers have been successfully employed as affinity probes in microfluidic chips for various applications, such as
electrophoretic separation for thrombin analysis and miniaturized affinity chromatography for detecting hepatitis C
RNA polymerase at low concentrations. Also, label-free aptamer biosensors have been created to selectively detect
vasopressin on microfluidic platforms. This shows that they could be used to make portable point-of-care (POC)
diagnostic devices. Where carbon nanotubes (CNTs) were deposited between two lithographically patterned gold
electrodes on a silicon wafer, with a 10 pm gap. These CNTs were then functionalised using amine-terminated aptam-
ers via carbodiimide and N-hydroxysuccinimide (EDC/NHS) chemistry. After that, the aptamer-changed setup was
put together with a polydimethylsiloxane (PDMS) microfluidic channel to make it easier for a vasopressin solution to
flow. The detection mechanism involved measuring the current changes before and after vasopressin binding [191,
192]. In recent years, microfluidic-integrated optical biosensors have demonstrated significant potential for improv-
ing biosensing performance. These systems enable precise fluid control, reduce sample volumes, and provide rapid
detection, making them essential in the development of compact diagnostic tools. One recent study by Granata et al.
[193] introduced a microfluidic-integrated plasmonic sensing platform designed for selective detection of anti-folic
acid (A-FA) using clusters of gold nanoparticles (NPs) [193]. This device enhances surface plasmon resonance (SPR)
sensitivity by ensuring uniform delivery of reagents and functionalization of the plasmonic surface, addressing the
challenge of low specificity in complex biological matrices. The study optimized the microfluidic chamber to eliminate
dead zones, ensuring consistent reagent exposure across the plasmonic surface. Additionally, the system leverages
both surface-enhanced Raman spectroscopy (SERS) and fluorescence capabilities, enhancing the electromagnetic
field for detailed molecular detection. The ligand-receptor interaction between the folic acid-cysteine complex and
A-FA ensures selective biomarker capture. The device demonstrated optimal performance at a flow rate of 10 ul/min,
balancing sensitivity and reagent use, making it a promising platform for cancer biomarker detection with minimal
sample volumes. Furthermore, other studies highlight the potential of microfluidics for various applications. For
instance, one work explores the integration of SPR sensors for environmental monitoring, demonstrating enhanced
detection sensitivity through nanoparticle amplification. Another recent study developed a hybrid microfluidic device
capable of integrating multiple sensing modalities for multiplexed detection, offering a significant improvement
in diagnostic performance. Such advancements exemplify the trend towards lab-on-a-chip platforms that combine
multiple sensing approaches to improve precision and throughput.These developments underscore the role of
microfluidic technology in advancing the field of optical biosensing, enabling high-performance, compact diagnostic
solutions suitable for point-of-care and environmental applications.

Early and precise detection of tumors significantly improves treatment outcomes. Microfluidic-based technologies
offer promising solutions for cancer diagnosis; however, the laminar flow characteristic of microfluidic channels often
limits mass transfer, reducing biosensing efficiency and sensitivity. To address this issue, Li et al. (2022) developed a novel
liquid biopsy chip embedded with antibody-conjugated microbeads [194]. The inclusion of microbeads enhances the
contact surface area available for immunoaffinity reactions, thereby amplifying fluorescent signals and improving both
sensitivity and efficiency.The device operates with minimal sample volume requirements (20-50 y L) and achieves a
low LOD of 0.1 ng/mL. With rapid detection times ranging from 55 to 75 min, the platform provides a fast, continuous
method for biomarker analysis. The clinical utility of the system was validated using plasma samples from 15 breast cancer
patients and 5 non-cancer controls. The chip detected two key biomarkers: carcinoembryonic antigen (CEA) and cancer
antigen 15-3 (CA15-3). Both biomarkers effectively differentiated cancer patients from non-cancer controls. Furthermore,
Receiver Operator Characteristic (ROC) curve analysis demonstrated that the combined assessment of CEA and CA15-3
yields high sensitivity and specificity, confirming the reliability of this approach for early cancer diagnosis. This microfluidic
chip offers a new strategy for rapid and precise diagnosis of cancer and potentially other diseases.

Plasmonic colorimetric biosensors have garnered increasing attention due to their cost-effectiveness, rapid respon-
siveness, and simplicity compared to conventional laboratory techniques [38]. These sensors offer potential for
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high-throughput screening and easy-to-use procedures, making them ideal candidates for point-of-care (POC) devices.
Despite these advantages, several challenges, such as complex fabrication processes, intricate biofunctionalization, and
limited sensitivity, restrict their widespread adoption in industry [38]. Recent advancements in plasmonic nanomaterials
continue to address these issues by improving the sensors’ sensitivity, dynamic range, limit of detection (LOD), reliability,
and specificity. The review by Acunzo et al. categorizes the latest developments into three main types of colorimetric
biosensors:

e Platform-based: These include localized surface plasmon resonance (LSPR), coupled plasmon resonance, and surface
lattice resonance, which rely on the interaction between light and nanostructured surfaces.

e (Colloid aggregation-based: This category comprises label-based and label-free sensors that utilize changes in nano-
particle aggregation to detect analytes.

e (Colloid non-aggregation-based: Methods such as nanozyme-catalyzed reactions, etching-based assays, and nano-
particle growth-based techniques fall into this category.

This review emphasizes how continuous improvements in plasmonic biosensors push the boundaries of sensitivity and
specificity, further supporting research in developing reliable POC devices [38].

6.2 Wearable and implantable sensors

Wearable and implantable sensors play vital roles in personalized medicine, offering continuous monitoring for more
effective disease management. Wearable sensors, such as smartwatches, are designed to be convenient, fashionable, easy
to use, and noninvasive. They provide real-time data access and enable patient self-monitoring. However, they require
compliance and maintenance to prevent loss or damage as patients can remove them at will [195]. On the other hand,
implantable sensors are suitable for long-term monitoring, providing detailed insights into the body’s internal environ-
ment. They offer real-time data collection to detect anomalies and complications early. However, implantable sensors
are invasive and require surgical insertion, making them more expensive and posing risks such as infection or rejection
by the body, unlike wearable sensors [196]. In essence, aptamers offer more stability than antibodies and can recover
their structure after exposure to denaturing agents, making them suitable for continuous wearable monitoring with vari-
ous regeneration strategies. They have shown promise in biosensors for insulin, particularly in diabetes management.
Yoshida et al. utilized SELEX to isolate DNA aptamers against insulin, identifying IGA3 as a G-rich aptamer that forms a
G-quadruplex with high affinity for insulin. They designed an enzyme system with IGA3 coupled to a thrombin-inhibiting
aptamer, where insulin binding releases thrombin for activity measurement, correlating with insulin levels [197]. Subse-
quent studies used IGA3 in insulin biosensor development, such as Wu et al’s electrochemical biosensor immobilizing
IGA3 on a gold electrode. Insulin binding induced a conformational change detectable by electron transfer changes,
achieving detection limits of 20 nmol/L. These biosensors are specific, selective, and hold potential for clinical applica-
tions [198]. Additionally, electrochemical biosensors based on the insulin-linked polymorphic region (ILPR) DNA sequence
achieved low detection limits down to 50 nmol/L, enhancing the versatility of aptamer-based insulin biosensing [199].
Aptamer sensors provide excellent versatility in screening numerous indicators and medicines, making them highly
promising for wearable drug monitoring, in comparison to enzyme-based electrochemical sensors and electrochemical
immunosensors. Nevertheless, in order to fully exploit this potential, it is necessary to overcome other problems, such as
improving the sensitivity of the signal, optimizing the methods used for screening aptamers, creating new redox probes,
and attaining downsizing. A recent study by Jun-Chau Chien et al, introduced a miniaturized wireless implantable sys-
tem powered by ultrasound. This system communicates with an electrochemical “surface” sensor to detect kanamycin
(an aminoglycoside antibiotic) and doxorubicin (a chemotherapeutic drug) aptamers for therapeutic drug monitoring.
These sensors can operate directly in the bloodstream or in the perivascular extracellular matrix near tumor sites [200].

6.3 Point-of-care diagnostics

Accurate and scalable POC diagnostics devices for pathogens could revolutionize diagnostics by enabling community-
based testing outside traditional lab settings. These tests offer the potential to shorten the time for actionable results,
aiding in early COVID-19 detection, optimizing isolation resources, implementing infection control measures effectively,
and facilitating patient recruitment into treatment trials. Lateral flow assays (LFAs), a type of POC diagnostic test, are
particularly suited for resource-limited settings, aligning with WHO’s REASSURED criteria (Real-time connectivity, Ease of
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specimen collection, Affordable, Sensitive, Specific, User-friendly, Robust and rapid, Equipment-free, Deliverable) [201].
LFAs utilize antibodies as recognition elements and have gained traction as various companies develop lateral flow
devices for rapid infectious disease diagnosis.

Chih-Hung et al did work where multiple bacteria-specific aptamers were identified using bacterial SELEX. These highly
specific aptamers were then incorporated into a microchip-based assay capable of simultaneously detecting all three
target bacterial species within 35 min. Unlike antibody-based analyses, this system operates without an external power
source and offers advantages such as faster detection times and multiplexing capability [202]. Consequently, the NC-
based microfluidic system developed in this study has the potential to serve as a valuable tool for diagnosing multiple
nosocomial bacterial types, particularly in high-risk or high-infection areas like intensive care units.

7 High-throughput screening platforms

A primary objective is to create affordable diagnostics suitable for remote areas. On-chip immunoassays share similarities
with standard LFIA, ELISA, or molecular diagnostics platforms, but microfluidic technologies simplify assays, allowing for
multiplex analysis and high-throughput screening. On-chip nucleic acid analysis is particularly promising as it integrates
various assay steps like cell lysis, nucleic acid purification, amplification, and detection. Current efforts in high-throughput
screening diagnostics involve identifying new biomarkers, optimizing microfluidic design and materials, and utilizing
biorecognition elements like antibodies or aptamers along with detector technologies and towards multiplex detection
of several biomarkers [202]. Cost per test and the need for instrumentation are critical considerations. A novel approach
involves using layered paper to create three-dimensional microfluidic devices, enabling fluid distribution and crossing
streams without mixing. An example is a mobile electrochemical detector that can transmit results via mobile phones,
crucial for diagnostics in resource-limited settings [203].

8 Role of nanomaterials in optical biosensor fabrication

Nanomaterials have emerged as essential components in the development of highly sensitive and selective optical bio-
sensors. Their unique physical, chemical, and optical properties make them ideal for enhancing biosensing parameters
such as sensitivity, specificity, detection range, and LOD. This section elaborates on the role of nanomaterials in improv-
ing biosensor performance, providing insights into the mechanisms by which they contribute to enhanced biosensing.

8.1 Sensitivity enhancement through plasmonic nanomaterials

Metallic nanostructures, such as gold and silver nanoparticles, exhibit LSPR, which significantly enhances the sensitivity
of optical biosensors. The resonance phenomenon amplifies the local electromagnetic field, increasing the interaction
between the analyte and the biorecognition element. This results in improved signal-to-noise ratios, facilitating the
detection of biomolecules even at ultra-low concentrations [116].

8.2 Specificity and selectivity improvement

Functionalized nanomaterials, such as polydopamine-coated nanoparticles and graphene oxide (GO), offer enhanced
specificity. These materials can be easily modified with biomolecules like antibodies, aptamers, and enzymes, enabling
selective binding to target analytes. This functionalization reduces cross-reactivity and increases selectivity, essential for
accurate biosensing in complex biological samples [118].

8.3 Broadening detection range and lowering LOD

Nanomaterials also play a critical role in expanding the detection range of biosensors. Dual nanomaterials, such as gold
nanorods combined with quasi-spherical nanoparticles, enable multi-modal detection, covering a wider dynamic range.
Moreover, the use of nanocages and quantum dots can lower the LOD by several orders of magnitude, making it possible
to detect analytes in the femtomolar and attomolar ranges [119, 124].
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8.4 Improved stability and reusability

Incorporating nanomaterials such as graphene oxide or magnetic nanoparticles enhances the mechanical stability and
reusability of biosensors. These materials are resistant to environmental degradation and can support repeated analyte
detection cycles without compromising performance. This not only improves cost-efficiency but also increases the sensor’s
operational lifespan [125].

8.5 Nanomaterials as signal transducers and amplifiers

Nanomaterials can act as transducers, converting biological recognition events into optical signals with high efficiency. In
addition, they amplify signals by interacting with fluorescence, Raman scattering, or photonic crystal structures, making
them useful for multiplexed and highly sensitive biosensing applications [100].

9 Challenges and limitations of antibodies and aptamers in optical biosensing

While antibodies offer high specificity and sensitivity, there are several challenges associated with their use in optical biosens-
ing. Antibodies may exhibit cross-reactivity with structurally similar molecules, leading to false-positive results [204]. Ensuring
the specificity of antibodies is crucial for accurate detection in complex biological samples. Antibodies can also be sensitive
to environmental factors such as temperature, pH, and ionic strength, which can affect their stability and performance over
time [47, 205-2071]. Proper storage conditions and handling protocols are essential to maintain antibody integrity. Efficient
immobilization of antibodies onto the sensor surface is critical for optimal performance. Inadequate immobilization can result
in low binding capacity, reduced sensitivity, and increased nonspecific binding, affecting the accuracy and reliability of the
assay [47]. The orientation of immobilized antibodies can impact their binding affinity and accessibility to target analytes.
Maintaining the active conformation of antibodies during immobilization is crucial for maximizing binding efficiency and
signal generation [47]. Regeneration of the sensor surface after analyte binding is necessary for repeated use of the biosensor.
However, harsh regeneration conditions can lead to antibody denaturation or desorption, compromising sensor performance
and reusability [208]. Production of high-quality antibodies can be expensive and time-consuming, particularly for custom
or rare targets. Additionally, batch-to-batch variability and limited availability of specific antibodies may pose challenges
for assay standardization and reproducibility [205]. Complex sample matrices, such as serum, plasma, or tissue extracts, can
contain interfering substances that affect antibody binding and signal detection. Sample pretreatment or matrix-compatible
assay formats may be required to mitigate matrix effects and improve assay performance [209]. These challenges are actively
being addressed through advancements in nanomaterials, surface modification, and improved interface design.

Aptamers also come with a range of challenges. The SELEX process involves multiple rounds to obtain high-affinity aptam-
ers, which can be laborious and time-consuming [66, 170]. Aptamers are generally more stable than antibodies but remain
susceptible to degradation by nucleases or harsh environmental conditions. Modifying their structure chemically can improve
stability [66, 170]. Efficient immobilization on sensor surfaces is essential for effective biosensing. The method varies by
platform and requires optimization to ensure aptamers maintain their specificity [170]. Aptamers often change shape upon
binding, affecting their optical properties and signal transduction. Understanding and managing these changes is crucial for
accurate detection [66]. Despite their high specificity, aptamers can sometimes cross-react with structurally similar molecules.
Rigorous validation and careful selection helps minimize false positives [66, 170]. Repeated regeneration of aptamer surfaces
can lead to denaturation, reducing their reusability. Developing gentle regeneration protocols is necessary [66]. Production
costs for custom aptamers, particularly for rare targets, can be high. Limited availability may also hinder their adoption in
large-scale applications [66]. Incorporating aptamers into signal transduction systems like fluorescence or surface plasmon
resonance while retaining high sensitivity and signal-to-noise ratio is technically challenging [66].

10 Future outlook
The future outlook on the use of antibodies and aptamers in optical biosensors is quite promising due to their increasing
applications and improvements in sensing capabilities. Aptamers are single-stranded DNA or RNA molecules that are

made chemically. They are better than antibodies in many biosensing applications because they are stable, specific, and
can be used again and again. A study that looked at how well aptamers and antibodies worked in optical porous silicon
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biosensors discovered that aptamer-based sensors were better at reusability and storage, while antibodies immobilized
with a specific orientation showed similar detection rates as aptamers. Aptamers are thus positioned as advantageous
alternatives for biosensing [126]. Meanwhile, advancements in optical biosensor technologies are allowing more sensitive,
specific, and rapid detection, particularly in environmental monitoring. Optical biosensors leverage various mechanisms
like fluorescence, luminescence, and Raman scattering to detect target analytes in real-time with minimal sample prepara-
tion. They integrate aptamers and antibodies as recognition elements, contributing to more precise pollutant detection
and environmental monitoring [84]. These developments suggest that both antibodies and aptamers will continue to
play a crucial role in biosensing. Antibodies will be improved for optimal orientation and specificity, while aptamers will
expand their range of applications due to their higher stability, adaptability, and ease of synthesis. Optical biosensors
will benefit from these advances, offering improved environmental monitoring, healthcare, and industrial diagnostics.
Machine learning algorithms also contribute strongly to technological developments in the biosensing space [210].

11 Conclusion

Enhancing the biosensor’s sensitivity is the main goal of biosensor development. Aptamers, in our opinion, are the way
of the future for optical biosensing research. The COVID-19 pandemic was a significant shock to the world, and it soon
became evident that the world was not equipped to handle such pandemics in an effective manner from a diagnostic
standpoint. Thus, in order to be ready for another pandemic, it is imperative that new diesease detecting methods be
created. The integration of antibodies and aptamers into optical biosensing platforms has significantly enhanced the
sensitivity, selectivity, and versatility of detection methods in various fields including healthcare, environmental moni-
toring, and food safety. Through meticulous design and optimization, researchers have demonstrated the capability
of these biorecognition elements to detect analytes with high specificity and sensitivity, often surpassing traditional
sensing techniques. Moreover, the compatibility of antibodies and aptamers with various optical transduction methods
such as surface plasmon resonance, fluorescence, and surface-enhanced Raman scattering underscores their potential
for widespread application in biosensing. Looking ahead, further advancements in biorecognition element engineering,
alongside innovative optical detection strategies, promise to usher in a new era of optical biosensing with unparalleled
accuracy, speed, and multiplexing capabilities. As we continue to refine and expand our understanding of these technolo-
gies, the prospect of deploying robust antibody- and aptamer-based optical biosensors in real-world settings for rapid,
reliable, and cost-effective detection of target analytes becomes increasingly tangible, offering transformative solutions
to pressing societal and environmental challenges. This paper reviewed the application of both aptamers and antibodies
in biosensing, highlighted challenges with both and highlighted a direction for future work. The hope is that it opens up
avenues for the development of more sensitive biosensors. In conclusion, optical biosensing technologies, particularly
those based on LSPR, represent a promising approach for next-generation biosensing solutions. By identifying the gaps
in current technologies and proposing future research directions, this review aims to guide the development of more
reliable, sensitive, and versatile biosensors that meet the demands of modern diagnostic and analytical applications.
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