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Competitive lateral flow assays (LFAs) provide a versatile and cost-effective platform for detecting a wide
range of molecular targets across fields such as healthcare, food safety, and environmental monitoring,
particularly for small analytes or single epitopes that lack suitable bioreceptor pairs. However, the
interpretation of competitive LFAs can be challenging due to their counterintuitive output, where the
absence of a test line signifies the presence of the target. In this review, we present a comprehensive
overview of the fundamental strategies underlying competitive LFAs, explore the mathematical models that
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quantify assay performance, and outline the critical parameters involved in their design and optimization.
We further highlight notable applications and discuss methods to enhance the user experience through
improved result interpretation and user-centric design. By consolidating current knowledge and best
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practices, this work will serve as a valuable reference for researchers and developers seeking to refine the
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1. Introduction

During the early 1960s and in the subsequent years, rapid
tests based on paper chromatography experienced a dramatic
increase in examples and applications in research
laboratories." This phenomenon was translated decades later
in the development of lateral flow assays (LFAs), which
changed the original paraffin® and paper substrate to
nitrocellulose. Since then, LFAs have progressively become
more integrated into our daily lives.> Currently, we use them
in a myriad of applications ranging from healthcare (e.g.,
pregnancy and Covid-19 tests) to food and environmental
(e.g., pesticide and heavy metal detections) analysis.**
Clearly, their popularity resides in their ability to provide
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usability, reliability, and effectiveness of competitive LFAs.

meaningful results within minutes at a low cost.>® Their
user-friendliness is achieved through a thoughtful, and
sometimes complex, optimization of all LFA components
(such as membranes, bioreceptors, labels, buffers), resulting
in the appearance of a test line (TL) that can be readily
assessed with the naked eye, rendering them as ideal
diagnostic devices to be used at the point of care.”™®

1.1. Principles and types of lateral flow assays

An LFA takes advantage of the capillary-driven flow of the
sample through a set of sequential pads for delivering a
visible signal on the strip, indicating the presence or absence
of a certain target. In order to achieve this the LFA generally
comprises four overlapping membranes: (i) a sample pad, (ii)
conjugate pad, (iii) detection membrane and (iv) absorbent
pad. The fluid sample is dispensed onto the sample pad and
then flows via capillary action until reaching the conjugate
pad. The conjugate pad contains the pre-adsorbed conjugates
(e.g., nanoparticles conjugated to a specific recognition
element for the target), which are resuspended within the
sample as it keeps migrating. Following the conjugate pad,
the fluid reaches the detection membrane, where the
presence or absence of the target induces the specific
immobilization of the conjugates on the TL and control line
(CL), obtained by printing specific bioreceptors on the
membrane itself. Finally, the excess of fluid is wicked to the
absorbent pad. For more in-depth exploration of LFA

This journal is © The Royal Society of Chemistry 2025
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principles and fabrication methods, the literature offers
excellent references for further reading.>>***

From a sensor design perspective, LFAs can be divided
into two main categories: sandwich (non-competitive) and
competitive assays.'” In the former, the intensity of the TL
increases proportionally with the target concentration
(Fig. 1A), whilst in the latter the intensity of the TL decreases
as the amount of target in the sample increases (Fig. 1B). In
particular, immune-sandwich LFAs are mostly employed for
the detection of targets that present at least two different
epitopes. This allows the formation of the so-called immuno-
sandwich complex between at least two different antibodies
and the antigen. Immune-sandwich based assays tend to offer
an easier user-experience given their more intuitive read-out (z.e.,
signal intensity directly proportional to target
concentration).>>" In contrast, competitive assays have
generally been exploited for the detection of small molecules or
single epitope targets, when it is not possible to form an
immune-sandwich  complex.>>'*  They offer important
advantages over the non-competitive assays such as: the
requirement of just one single bioreceptor and the fact that they
are insensitive to the hook effect (ie., when extremely high
concentrations of the analyte saturate the antigen binding sites
in an immunoassay, leading to a decrease in the signal), a
leading cause of false negative results.>”'* However, competitive
LFAs often present significant challenges, including the need for
more intricate optimization to balance the amounts of
bioreceptors in order to achieve a sufficiently strong signal
without compromising sensitivity. They also feature an inverse
signal-to-analyte relationship, which can result in a less intuitive
readout for individuals lacking specialized training and may rely
more on advanced detection strategies due to the inherently
lower absolute signal, substantially increasing complexity and
overall costs. Finally, multiplexing is typically less

Top row, left to right: Julia Pedreira-Rincon, Lourdes
Rivas, Joan Comenge, Vasso Skouridou, and Daniel
Camprubi-Ferrer. Bottom row, left to right: Jose Muioz,
Ciara K. O'Sullivan, Alejandro Chamorro-Garcia, and
Claudio Parolo
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straightforward in the competitive format because each target
requires its own competition reaction, and the multiple inverse
signals can complicate data interpretation.

In this manuscript, we provide a comprehensive review of
competitive LFAs, discussing their design, theoretical models
that aid in their development, the use/optimizations of their
different components, their applications and the end-user
perspective. In order to do this, we searched in PubMed for
all manuscripts published between 2013 and 2023 that
contained the words “competitive” and “lateral flow” in the
Title or the Abstract. From that search, excluding the
manuscripts that did not discuss competitive LFAs and their
fabrication, we identified 131 manuscripts. From these
references, some of them included different competitive
assays in the same study, thus in this manuscript, we will
refer to 161 assays in total. Since not all the articles refer to
each aspect discussed, each section will reference only the
assays that contain the relevant information. Finally, for the
convenience of the reader, in the SI we provide a complete
table (Table S1f) of all the manuscripts analysed and
categorized taking into account 19 different parameters.

1.2. Competitive lateral flow assay formats: working
principles and considerations

As a general rule, competitive assays universally involve a
synthetic target molecule or target analog (herein referred to
as a ‘“competitor”) that competes with the target for the
binding sites of the bioreceptor. This principle can be
adapted into countless biosensor architectures for
competitive detection, in the literature we identify two main
format types of competitive LFA, direct and indirect
(collectively referred to as “Standard”) and four less common
variants (here collectively referred to as “Non-standard”).

The authors of this review form an interdisciplinary team whose
expertise spans chemistry, biotechnology, materials science, and
clinical research. By integrating biosensor design, biomolecular
engineering, advanced nanomaterials, and  point-of-care
technologies, they offer a holistic perspective on the challenges and
opportunities of competitive LFAs across diverse applications, from
clinical settings to environmental and food safety monitoring. Julia
Pedreira-Rincon: PhD student specializing in malaria diagnostics.
Lourdes Rivas: senior researcher focusing on LFA development. Joan
Comenge: senior researcher working on nanoparticle synthesis and
Sfunctionalization. Vasso Skouridou: senior researcher working on
aptamer and LFA development, DNA detection and recombinant
protein production. Daniel Camprubi-Ferrer: medical doctor and
researcher specialized in malaria, dengue and travel-related
diseases. Jose Mufioz: head of the Travel Medicine Unit and professor
working on travel medicine and neglected tropical diseases. Ciara K.
O'Sullivan: ICREA Professor working on aptamer selection and the
development of optical and electrochemical biosensors. Alejandro
Chamorro-Garcia: senior researcher developing optical and
electrochemical biosensors. Claudio Parolo: Ramodn y Cajal
researcher developing optical and electrochemical biosensors.
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Signal representation
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Fig. 1 Schematic representation of LFA signal outputs. (A) Sandwich format: an increase in target analyte concentration leads to a higher intensity
of the test line (TL), resulting in a positive correlation between analyte concentration and signal intensity. (B) Competitive format: an increase in
target analyte concentration results in a reduction of signal intensity on the TL, demonstrating an inverse correlation between analyte

concentration and signal intensity.

Direct competitive format. The direct competitive format
uses a competitor that is modified with a signaling reporter
(e.g., colorimetric or fluorescent NP) and a capture
bioreceptor that 1is printed on the detection pad
(nitrocellulose membrane) to form the TL (Fig. 2A).>° In the
absence or low concentrations of the target, the competitor
binds to the detection bioreceptor, generating the classical
colored TL. However, in the presence of high target
concentrations, the target itself predominantly binds the
detection bioreceptor, impeding the competitor to
accumulate on the TL and therefore not producing the
colored signal.® This specific format presents the advantages
related to the strong control of the competitor's attachment
to the reporter leveraging various binding chemistries (e.g.,
covalent or non-covalent bonds), and therefore the proper
orientation to maximize recognition by the bioreceptor.

Indirect competitive format. This format uses a detection
bioreceptor labelled with a reporter while the competitor is
immobilized on the nitrocellulose membrane (Fig. 2B).” In
this case, in the absence or low target concentrations, the
bioreceptor binds the competitor on the TL generating the
colored signal. Conversely, in the presence of significant
target  concentrations, the detection bioreceptor
predominantly binds the target in solution and therefore will
not bind the competitor on the detection pad as the antigen
binding sites are already occupied by the target.* Unlike in
direct LFAs, where the competitor is conjugated to a reporter,
immobilization onto the TL primarily relies on non-covalent
interactions with nitrocellulose, making orientation and
stability more difficult to control. That becomes particularly
challenging for typical targets in competitive assays, which
tend to be small molecules that are substantially more
difficult to immobilize onto the nitrocellulose than average
proteins. To mitigate this, buffer composition can be fine-
tuned to optimize interactions, or carriers (e.g,, nano/
microparticles) can be employed to facilitate competitor
immobilization and orientation in the detection line. The
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Standard formats
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Fig. 2 Standard competitive assay formats. Panel (A) illustrates a
direct assay using an antibody as a capture bioreceptor and the
competitor conjugated to the nanoparticle. Panel (B) displays the
indirect competitive format using an antibody as a detection
bioreceptor (i.e., conjugated to the nanoparticle) while the competitor
is printed on the TL.
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Non-standard formats
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Fig. 3 Non-standard competitive assay formats. (A) In a double competitive assay the use of a conjugate carrier multiple competitor allows the
formation of an immune-sandwich in the absence of the target molecule.** (B) In the so-called aptamer-based competitive assay® the competitor
molecule is a nucleic acid strand complementary to the aptamer. (C) Restrictive competitive assays'®Y detect full cells, which retain the
nanoparticle in the conjugate pad due to their large size, therefore preventing the formation of the TL. (D) It is also possible to perform the

competition before the test by mixing the sample and the nanoparticle conjugate before adding them into the strip.

detection bioreceptor must also be efficiently conjugated to a
reporter without affecting its affinity for neither the target
nor the competitor.

Non-standard competitive formats. These formats also
exhibit an correlation between the target
concentration and signal output. In such setups, neither
the detection nor capture bioreceptors are the competitors
(target analogs). Instead, the competition arises from the
dynamic interactions between different bioreceptors
binding the target. Below are some types of these
competitive formats:

inverse

This journal is © The Royal Society of Chemistry 2025

18,19

e Dual competitive: this format (Fig. 3A) relies on the use
of a specially designed competitor that consists of a multiple
hapten-competitor carrier that is pre-absorbed in the sample
pad. This is crucial as the presence of multiple effective
competitors in the same molecule allows for the formation of
a sandwich. Specifically, the presence of the target in the
sample inhibits the formation of the immune-sandwich
complex between the competitor and the capture/detection
bioreceptors, while in target absence the competitor enables
polyvalent interactions forming the mentioned immune-
sandwich.'® This approach combines typical advantages of a

Lab Chip, 2025, 25, 2578-2608 | 2581
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sandwich assay (sample preconcentration in the detection
bioreceptor) with the advantages of competitive assays
(capable of detecting single epitope targets). Besides, the
competitor is modified onto the carrier protein, simplifying
the handling and stability, and the bioreceptors, typically
antibodies, are the ones labelled with the reporter and
immobilized on the lines.

e Aptamer-based competitive format exploiting their
nucleic acid nature: this competitive assay involves aptamers
or nucleic acid sequences that bind to specific targets with high
affinity and specificity. However, instead of using a target analog
as the competitor, DNA molecules complementary to different
regions of the aptamer are employed for this purpose. These
complementary DNA sequences are designed in such a way that
the aptamer acts as a bridge between them. Typically, one of
these sequences is immobilized on the detection line (capture
DNA) and the other labelled free in solution (detection DNA)
along with the aptamer and target. In this approach, target
molecules bind the aptamers, sequestering them and therefore
preventing them from forming a complex with the detection
and capture sequences, resulting in a non-visible signal at the
TL (Fig. 3B). Consequently, the signal intensity inversely
correlates with the concentration of the target analyte.">?°® In
aptamer-based LFAs, ensuring sufficient exposure of the
aptamer's binding pocket is critical for maintaining high
affinity and specificity. The hybridization and folding properties
of aptamers must be carefully optimized to prevent non-specific
interactions and ensure efficient target capture.

e Restrictive competitive: this format restricts the
competition of target molecules by limiting the access of
larger molecules or by creating steric hindrance and
entrapping them in specific compartments.'® This approach
requires targets of considerable size such as lymphocyte cells
that are too bulky to pass from the conjugate to the detection
pad. The assay utilizes a labelled antibody against the target
(detection bioreceptor), and a secondary antibody (capture
bioreceptor) against the detection antibody (Fig. 3C). The
detection antibodies bind the target in the conjugate pad but
remain stuck due to the size of the target itself, never
reaching the detection line. In the absence of the target the
detection antibodies flow easily along the membrane and are
captured in the detection line generating a signal.'®'” To
ensure optimal performance, the membrane pore size and
capillary flow rate must prevent unintended target migration
while allowing free detection antibodies to move. The
detection bioreceptor must bind strongly to the target for
effective retention in the conjugate pad.

e Competition previous to the test: in this setup, the
target and a labelled competitor are mixed with the detection
bioreceptor during a pre-incubation step, before they flow
through the test strip (Fig. 3D). This allows the binding
competition to happen in an optimized environment,
enhancing the sensitivity and precision of the test. This
approach is generally used in two applications: i) the
detection of amplified nucleic acid targets and ii) when the
target analyte and a BSA-modified competitor compete for
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antibodies in solution."®'® For optimal performance, the pre-
incubation buffer must maintain the pH and ionic strength
needed for effective target-competitor interactions.

1.3. Considerations of assay mechanisms and implications in
the design

According to our analysis, a significant 81% of competitive
LFAs developed use the indirect format. Conversely, the
direct format is less common, representing only 9% of
developed LFAs. The remaining 10% of competitive assays
are represented by the non-standard types. The decision of
which strategy to employ depends on a combination of
practical, experimental and economic considerations. A
plausible explanation of indirect assays' domination in the
literature might be related to the assay's working principle
and superior performance, specifically the fact that the
labelled detection bioreceptor can interact with the target
before reaching the TL, where the competitor has been
previously printed. This short “incubation” gives priority to
the analyte to bind to the capture bioreceptor in solution
rather than the printed competitor, limiting the latter to
the remaining bioreceptor's free binding sites and therefore
resulting in more sensitive response. On the contrary, in the
direct method, the target and the labelled competitor reach
the TL almost simultaneously, not giving any preference nor
advantage to the target for interaction with the available
capture bioreceptor's binding sites. Moreover, as each label is
generally functionalized with multiple competitors, the
overall complex would exhibit greater avidity compared to
individual targets. In these cases, if one competitor molecule
is displaced from the binding site, all other competitors on
the label are in close enough proximity to readily bind to the
bioreceptor. Overall, this would lead to a less sensitive device.
Regarding non-standard competitive formats, the mechanism
varies. In the dual competitive format, similar to the indirect
approach, the competition occurs on the conjugation pad.
This arrangement allows a short incubation period where
both the competitor and the target compete for the binding
sites on the detection bioreceptor. In contrast, in aptamer-
based competitive LFAs, the target molecule modifies either
the detection or capture bioreceptors, impairing their ability
to bind to each other and thus generate a signal.

Beyond the technical and biochemical aspects of competitive
LFAs, economic considerations play a crucial role in assay
development. The choice of bioreceptors, labeling strategies,
and detection methods can significantly impact overall
expenses, influencing not only material costs but also
production scalability and accessibility. For instance,
bioreceptor selection involves a trade-off between performance
and cost. Monoclonal antibodies provide high specificity and
reproducibility but come at higher costs compared to polyclonal
antibodies, which, although less expensive, are less consistent
and specific. As an alternative, aptamers can be considerably
cheaper than antibodies once selected, particularly when
utilizing unmodified DNA aptamers, allowing for cost-effective

This journal is © The Royal Society of Chemistry 2025
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mass production. However, the initial aptamer selection process
may be as expensive as or even costlier than antibody
production, especially when chemical modifications are
required to enhance performance. Nevertheless, aptamers offer
greater temperature stability, potentially reducing storage and
transportation costs by eliminating or decreasing the need for
stringent temperature controls. Competitor costs represent
another significant economic factor. Many molecules employed
as competitors, especially certain proteins, are expensive,
making efficient, high-yield labeling strategies critical to ensure
economic viability. Labeling methods also significantly
influence final test production costs. Gold nanoparticles
(AuNPs) represent the most cost-effective option due to their
inexpensive and straightforward fabrication processes, well-
established commercial availability, and minimal requirements
for signal detection, such as naked-eye observation or simple
colorimetric measurements. In contrast, labels such as

quantum  dots,  europium  nanoparticles, = magnetic
nanoparticles, and fluorescent dyes, although offering
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enhanced sensitivity, generally involve higher material costs,
complex production methods, and a less mature supply
industry. These factors increase the per-strip cost and often
necessitate specialized reading platforms, further contributing
to overall expenses. Ultimately, developers must balance
affordability with performance demands, as increased
sensitivity typically requires more expensive bioreceptors,
advanced labeling strategies, and specialized detection systems.

2. Theoretical modelling

Traditionally, biosensing assay design and development have
predominantly been approached from an experimental
standpoint.”*** Despite the publication of remarkable
research studies and reviews addressing theoretical
modelling and their experimental validation, a significant
gap still exists between both fields. We particularly recognize
the importance of understanding and approaching
competitive assays from a modelling perspective due to their

B)
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1.10°] [C]0=1 x10®
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Fig. 4 Modelling of a direct competitive assay using an analytical expression. (A) Schematic representation of the selected system, the main
components contained and relevant parameters. In this study, the concentration of the labelled target (competitor, C) and bioreceptor complex
(C-R) determines the amount of signal in the assay, therefore the complex's concentration can be understood as an indicator of the assay's output
signal. Panels B to D demonstrate how the system behaves in different scenarios: (B) study of the Ky ratio: changing C's dissociation constant (Kyc)
while keeping constant the T's dissociation constant (K7), bioreceptor's concentration [R]p and initial competitor's concentration [Clg; (C) [Rlo, Kot
and Kyc were kept constant at increasing values of [Clo; (D) [Clo, Kqr and K4c kept constant at increasing values of [R]o.
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less intuitive outcomes and the consequent optimization
challenges. In this section, aim is to provide
comprehensive insights to assist other researchers in the
field in applying basic modelling to assist the development
and optimization of their assays, bridging the gap between
theoretical and experimental approaches.

our

2.1. Introduction to competitive assay models

Taking a standard direct competitive assay between a target, a
labelled competitor and a bioreceptor in solution, we will
explore this system from an analytical modelling point of view
that will allow us to relate the general parameters involved in
the competitive assay and their corresponding outcomes, such
as the critical optimization of the amounts of labelled
bioreceptor and its effect on the limit of detection (LoD).

The detection or recognition event in a sensing system
can be understood as the reaction between a recognition
element, or bioreceptor, and its target, or ligand, and may be
simplistically described by the law of mass action:'?

71+ ) 2 [T

(R1)
where T is the free target, R the free bioreceptor, T-R the
target-receptor complex, k,r the kinetic association constant
rate, and kqr the dissociation constant rate (also referred to
as kon and kg, respectively).

The equilibrium constants, (Keq)
dissociation (Ky), represent the ratio of bound to unbound
analyte and antibody at the equilibrium, and can be
described as the ratio of kinetic constants k., and kg

association and

kar  [T-R]
=2 = 1
kg IR W
kar _ [T][R]
Kg=-—= 2
"k  [T-R] @)
And therefore, K.y and Ky are inversely proportional:
1
Keg = — 3
“= T ®)

In the specific case of competitive assays, which rely on the
estimation of empty binding sites not occupied by the target,
the reaction scheme presents an extra layer of complexity to
account for the element that competes with the target. For
the standard case of a direct competitive assay, we can
describe the reactions taking place as follows:

kar

(Signalling) [C-R] = [R]
Kac kar

[T-R] (Not signalling) (R2)
where R is the free bioreceptor, T-R the target-receptor
complex, K,r the target's association constant, Ky; the
target's dissociation constant, C-R the bioreceptor and
labelled synthetic target complex (competitor), K,c the
competitor's association constant, and Kyc the competitor's
dissociation constant (this formula describes the

equilibrium depicted in Fig. 4A). The target present in the
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sample, 7, does not have a measurable signal associated,
therefore, the formation of 7-R complexes induces a
signal reduction, while the competitor C, labelled to a
reporter, forms the C-R complex which is responsible for
generation of the signal (Fig. 4A). Therefore, the T-R can
be understood as an indicator of the assay's output signal.
Considering that the law of mass action and assumptions
(see Section S1t) are applicable it is possible to model a
competitive assay in the equilibrium state as initially
reported by Berson S. A. and co-workers® and subsequently
re-evaluated by other researchers.">*® Furthermore, an
analytical solution to quantify the concentration of the C-R
complex in the equilibrium was proposed and elegantly
developed by Sotnikov and co-workers.>® (see the ESIt for
more details and final expression sections S1 and S2,
formulas S1-171). With a simple direct competitive assay
in mind, the same as depicted in Fig. 4A, we can adjust
the above-mentioned model to estimate C-R and model
different case scenarios (Fig. 4B-D). To that end, the set
of parameters involved was maintained constant, while
one single parameter was varied over the titration of T.
The characteristic signal decrease of a competitive assay
acquires different shapes by either shifting the midpoints
(IC50, that is the analyte concentration at which the
signal intensity is reduced by 50%) towards higher/lower
concentrations or increasing/reducing the transition
steepness in the binding curves.

The competition between C and T for the R is governed by
the specific K47 and K4c constants. Their effect is evidenced
when maintaining all other parameters constant and
increasing R's affinity for C and thus decreasing the Kyc
(Fig. 4B). Low affinities for C result in small signal changes,
as scarce amounts of C manage to remain attached to the R.
However, small concentrations of T will easily displace the C
and induce the signal loss, rendering the assay very sensitive
to very low amounts of 7. When increasing the affinity, C-R
complex formation is favored, hindering the T binding to R,
rendering the system less sensitive to low levels of T and big
signal changes. Ideally, a slightly reduced affinity for C would
enhance the assay's sensitivity while allowing a good signal
change. However, tuning the Kgr vs. Kgqc ratio becomes a
complex challenge far from trivial to engineer. Generally, the
label modification on C does not have a serious impact on
the Ky meaning that, essentially, both constants can very
often be considered equal.

Generally, typical parameters, with significant impact
on the assay's performance that are more feasible to
engineer/tune are the competitor's initial concentration
([Clo) and bioreceptor's initial concentration ([R],). To
illustrate their impact on the assay we set Kqr vs. Kqc to
be equal to 1 x 107" M and explored the response
dependence of [C], and [R], in the model
(Fig. 4C and D). Low amounts of C, result in small
signal changes, since few C molecules will occupy R,
binding sites (Fig. 4C). Optimal scenarios are at C, above
the R, to ensure the full occupancy of the binding sites,
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a situation very susceptible to the presence of T,
resulting in very sensitive detection. In contrast, an
excess of Cp, higher than the R,, will have a detrimental
effect on the assay sensitivity, as is evidenced by the
binding curve shifting towards higher T values (Fig. 4C),
where the high C, forces the C-R formation, requiring
more [T] to be detected.

In the last scenario, keeping a constant [C], and
varying [R], (Fig. 4D) demonstrate that increasing [R],
concentrations allow more C-R formation and therefore
higher initial signal while retaining good sensitivities
(Fig. 4D). A further increase of [R], results in further
shifting of the binding curve towards higher T values, and
the subsequent loss in sensitivity. This phenomenon is
easily explained by the excess of available binding sites in
the R, with regard to total C,. That means that 7 will
find plenty of binding sites available in R, before
competing with C, allowing 7T-R formation without
affecting C-R. Another observed phenomenon is the
steeper transitions in the binding curves at high [R],
concentrations, not typical Langmuir isotherms as in other
panels. This is caused by the depletion regime, in which
the bioreceptor's concentration is higher than its
dissociation constant.*® Here, the model demonstrates the
importance of the [R], and how a simple excess of it can
negatively affect the resulting assay, inducing a significant
loss in sensitivity.

Overall, this general model demonstrates the delicate
balance among the different components involved in
competitive assays, meaning that an excess of one
component can be detrimental to the sensitivity of the assay,
and therefore increase the LoD of the test. The tight balance
of components' concentrations also gives the opportunity to
tune and shift the linearity of the system to better fit the
specific needs of a specific sensing scenario. For instance,
when maximized sensitivity is not the ultimate end, but the
detection in a high [7] range, then simply by increasing
either [R], or [C], the binding curves will shift to higher [7]
allowing the system response to better align with the desired
detection window.

2.2. Models for lateral flow competitive assays

In the specific case of LFA strips, the assay takes place
on a porous matrix under a main capillary flow initiated
by the addition of a liquid sample onto the sample pad.
Therefore, the biochemical reactions related to the target's
recognition and the signal generation occur while reagents
migrate towards the TL and CL, and not in a
homogeneous static mix at equilibrium.>”*® Furthermore,
other aspects need to be taken into account, such as the
multivalency of conjugates, as when using NPs more than
one recognition element can be loaded, increasing
significantly the number of binding sites. These factors
introduce other layers of complexity in the system that
the theoretical models must account for.*
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Approaches to address mathematical description/
simulation of lateral flow immunoassays can be divided into
two main categories: analytical modelling (mathematical
modelling) in which the systems are described using sets of
exact equations or numerical modelling (computational
modelling) in which solutions are approximated through
step-by-step  numerical  calculations  accounting for
parameters in specific scenarios.’”

The analytical approach offers a better understanding of the
detection systems and the functioning, but this approach
requires several approximations and is more complex to
develop. Therefore, few mathematical models have been
described in the literature for competitive LFAs. One of the first
models detailed is that reported by Qian and Bau in the early
2000s*® where they built a model approximating for
equilibrium conditions, which are only fulfilled at high target
and high affinity bioreceptors. Years later, Sotnikov and co-
workers*! proposed an improved version of the mathematical
model that accounted for the non-equilibrium nature of LFA
interactions. Other studies in the field developed mathematical
models with a special focus on implications of the flow, and
how they affect the final result of the assay"” or other models
in which special weight was given to the reporter label.**

The numerical or computational modelling, in contrast to
the analytical model, allows for the consideration of more
parameters in the system while requiring
approximations. This comes at the cost of requiring the input
of various empirical parameters or their potential ranges.
However, due to its versatility and superior applicability to
routine experimental work, numerical modelling clearly
dominates the literature.*® In particular, numerical modelling
outperforms analytical models in capturing the complexities
of flow-related parameters within assays. In addition,
numerical modelling leverages advanced computational
techniques to incorporate a broader range of variables and
interactions.”* This allows numerical modelling to simulate
complex flow dynamics more accurately, leading to better and
more precise predictions.*>*®

fewer

2.3. How to exploit the theoretical models when developing a
competitive lateral flow assay

Significant efforts to adapt theoretical models to improve
design, optimization, development and performance
prediction of LFAs*>*” can be found in the literature. Some
modelling approaches have even been developed to address
very specific questions such as determining the optimal TL
location and sample volume.*®> However, current assay
development and optimization still rely heavily on
experimental and empirical trial and error approaches,
failing to fully leverage the advances in competitive LFA
modelling. This gap needs to be addressed by systematically

making these theoretical models more accessible to
researchers developing the LFAs and progressively
integrating them as a valuable tool throughout the

development process.
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Fig. 5 Modelling of an indirect competitive assay using an analytical
expression reported by Sotnikov and co-workers.** (A) Scheme of
reactions involved the indirect competitive LFA using a labelled
antibody R in solution as a conjugate and the competitor immobilized
on the detection line C. k,r and k,c are the kinetic association
constants for T and C respectively, and k47 and kqc are the kinetic
dissociation constants for T and C. (B) Implication of the capillary flow
(CF) from detection pads of different porosity: higher porosity
substrates (CF75, faster assay) and lower porosity (CF240, slower
assay). Panel (C) displays the effects of different [C] in the detection
line. B stands for the migration time from sample addition until the
detection line, b is the total duration of the assay starting.

To evidence the utility of mathematical models in
competitive LFAs we selected an indirect competitive lateral
flow immunoassay as a testbed scenario. To study the
implications of diverse parameters we utilized the model
developed by Sotnikov and co-workers.”’ In this indirect
competitive format (Fig. 5A), the antibody R labelled with
the gold NP responsible for the assay's signal is free in
solution to flow along the strip. The target in the sample T
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competes with the competitor immobilized on the detection
line C for the binding sites of R. Binding sites in R
unoccupied by T will bind C generating a signal at the
detection line. In this context we consider the formation of
C-R as the signal obtained in the assay. Utilizing the
analytical model above mentioned (see Section S37) it is
possible to explore the effects of tuning different parameters
in a competitive LFA.

The capillary flow (CF) that depends on the detection
pad's porosity was explored (Fig. 5B) by translating CF into
assay time, as higher porosity (lower CF number) results in
faster assays (shorter assay time), leaving lower times for
reagents to diffuse and interact. Conversely, lower porosity
detection pads (higher CF number) present slower assays
allowing more time for reagents to diffuse and interact. The
model demonstrates the compromise of the total signal
achieved and flow speed; this means that a fast flow (CF75)
results in a low signal, due to the limited C-R formation
achievable in the reaction time given. Contrarily, the extra
time allowed by the CF240 detection pad favors C and R
interaction, allowing more efficient C-R formation, with the
extra time also increasing the efficiency of T-R, requiring less
T to result in complete signal depletion as compared to lower
CF. Subsequently, we evaluated the effects of different C on
the detection line (Fig. 5C). In this scenario, too low amounts
of C result in highly sensitive assays with low signals,
hindering the reading of results. Higher amounts of C allow
stronger signals, however above certain thresholds it has a
negative impact on the sensitivity, as the equilibrium is
shifted by the excess of C, requiring even more 7T to compete
for the binding sites on R. As specific examples, Nalumachu
and co-workers reported a thorough analysis of a numerical
model of a competitive LFA for detection of cortisol,"" in
which the authors incorporated the transport and reaction
phenomena occurring in the assay strips. With this approach,
they estimated the optimal competitor concentration and
flowing regimes that maximize the signal on the test line. In
another example, Gasperino and colleagues developed a
numerical model to assist the tuning of the assay's response
to the desired detection range, ensuring the alignment with
the detection requirements of the target,>” such as modelling
how to tune the visual detection threshold, the dynamic
range, etc. In complementary work, Xia G. and co-workers
have developed a numerical model to assess the effect of
sample volume on the sensitivity of a sandwich test to detect
pepsinogen.*® In this work, the authors used fluorescent
microspheres at a constant target concentration, a situation
that can be extrapolated easily into a competitive assay, to
demonstrate that a sample volume lower than 43.9 pL
induced a flow that allows sensitive detection.

In summary, incorporating a theoretical model at an
initial stage in LFA development can substantially improve
and simplify the general process reducing the experimental
steps and trial-and-error optimizations. Although theoretical
models cannot entirely substitute for the assay development,
since final experimental validation and ultimate parameter
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Fig. 6 Targets and limits of detection: (A) molecular weight

distribution of different types of targets, organized by the type of
competitive format. This figure presents the MW (kDa) distribution of
various targets, categorized along the x-axis. The scatter plot
differentiates target types based on the assay format: direct (red circle),
indirect (green triangle), and non-standard (blue square) (n = 154). (B)
Comparative analysis of competitive LFAs focusing on the limits of
detection across different targets and competitive formats. (B1) The
boxplot shows the LoD values for indirect competitive LFAs grouped
by target type. For each target, the boxes represent the range of LoD
values observed (n = 115), being 1 x 10* ng mL™ the highest LoD,
which corresponds to the detection of a protein, specifically hLF,>°
and 0.1 ng ml™ the lowest LoD, which corresponds to the detection of
a hormone, specifically cortisol.’! (B2) The boxplot shows the LoD
values for direct competitive LFAs, sorted by type of target (n = 8),
where the highest reported value is 1.25 x 10° ng mL™, in allergen
detection assay, per a 2 and 9,°2 and the minimum value is 1.6 x 10~
ng mL™%, a detection assay for the hormone ft4.>® (B3) The plot displays
the LoD values for LFAs using non-standard competitive formats, also
sorted by type of target (n = 14), being 100 ng mL™? the highest LoD
for the antibiotic ampicillin,?® and 2.25 x 10™* ng mL™ the highest LoD
in a test for the detection of tumor maker PCA3.5*

tuning experimentally are always required, they can definitely
reduce the experimental working times, cut the reagent
expense and help to guide and develop complex and more
sophisticated assays.
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3. Classification of competitive lateral
flow assays according to the target
properties

Given their ability to generate a measurable signal employing
a single type of bioreceptor, competitive LFAs are known for
the detection of “small” molecules and individual epitopes.
However, they can also be developed for the detection of full-
size antigens when the use of an immune-sandwich is not
feasible. This trend is further driven by the high and rising
costs of antibodies, encouraging the use of single-antibody
systems to reduce overall assay expenses. In Fig. 6A we show
the distribution of the different target types and their
molecular weight (MW) depending on the type of competitive
format. In Fig. S1,} we present detailed percentages of studies
that have targeted different categories, including small
molecules (<1 KDa), proteins (1-200 KDa) and cells/spores
(>200 KDa), providing further insight into the typical size
preferences in competitive LFAs.

Looking in particular at the detected target's size (Fig. 6A)
we found that: direct competitive LFAs have been employed
to detect targets with sizes between 0.112 kDa and 80
kDa,””® with a median MW of 0.883 kbDa; indirect
competitive LFAs have been employed for the detection of
targets with sizes between 0.126 kDa and 300 kDa,**"® with a
median MW of 0.330 kDa; and non-standard competitive LFA
formats have been employed to detect targets between 0.200
kDa and 32 kDa,"””*® with a median MW of 0.324 kDa. Our
analysis suggests that any of the three formats have been
successfully employed in the detection of a wide range of
target sizes. Of note, all three formats have been
predominantly employed for the detection of targets below 1
kDa (Fig. S47).

When examining the type of target (Fig. 6A), we observed
that direct competitive LFAs have been mostly employed for
hormone (4 assays) and protein (6 assays) detection; indirect
competitive LFAs have been mostly employed for drug (43
assays, 17 of them are antibiotic) and toxin (33 assays)
detection; non-standard competitive LFA formats have been
mostly employed for drug (6 assays) and toxin (4 assays)
detection. While apparently any of the three formats can be
used to detect any type of target, we found that for
microorganism (Salmonella sp., B. anthracis spores and A.
brassicae spores)®””® and antibody’® detection the indirect
format has mainly been used. In contrast, targets like CD8
glycoprotein'” and HIV RNA'® have been detected exclusively
using the non-standard formats. Pesticides have been detected
either with the indirect and the non-standard format.

4. Classification on the basis of the
assay's limit of detection

Besides the size and type of analyte, the LoD represents
another relevant criterion often used to compare sensing
strategies. In this manuscript, we have reported the LoDs as
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they were reported in the original studies (Fig. 6B),
regardless of the method used to calculate them, with the
use of the value of the blank plus three times its standard
deviation being the most extensively used and accepted
method for the calculation of the LoD. Analyzing 137 assays,
we found that: direct competitive LFAs' lowest LoD reported
was 0.23 pg mL™" or 1.02 x 107* M for tumor biomarker
PCA3 detection,” and the highest LoD was 10 ug mL™" or
1.25 x 10°® M for human lactoferrin;®® the indirect
competitive LFAs' lowest LoD was 0.016 pg mL™" or 2.06 x
107 M for free thyroxine detection,” and the highest LoD
was 1.25 mg mL™" or 5.44 x 10> M for American cockroach
allergens.”® Finally, using the non-standard competitive
format, the lowest LoD was 0.6 pg ml™" or 1.83 x 107> M
for the toxin AFM1," while the highest LoD was 100 ng
mL™ or 2.7 x 10 M for ampicillin.*

Although we are aware that the comparison of the LoD of
devices specific for different targets is a mere reviewing
exercise, we believe that it still provides relevant information.
For example, the LoD's median values for indirect, direct and
non-standard formats are 1.76 ng mL™" (3.18 nM), 0.55 ng
mL™"' (1.69 nM) and 0.5 ng mL™" (1.49 nM) respectively,
demonstrating a tendency of direct and non-standard type
assays to achieve lower LoDs. Moreover, when considering
analyte sizes, we observed that the smallest median LoD
values correspond to the larger analytes. Specifically, analytes
larger than 200 kDa exhibited a median LoD of 53.3 fM,
analytes between 1-200 kDa showed a median of 2.42 nM,
and analytes smaller than 1 kDa had a median LoD of 2.96
nM LoD. In another note, when considering the analyte's
properties (Fig. 6B), we found the following: for drugs (total
median: 1 ng mL™, 1.55 nM); direct: 0.2 ng mL™ (0.7 nM),
indirect: 1.2 ng mI™ (3.2 nM), non-standard: 1.6 ng ml™* (4.2
nM) being the smallest median LoD for the direct format.
For hormone targets (total median: 0.8 ng mL™" (2.54 nM);
direct: 0.3 ng mL™ (0.8 nM), indirect: 1 ng mL™" (3.18 nM),
non-standard: 1.57 ng mL™" (5 nM) with the direct format
showing again the lowest LoD median. For metal ion targets
(total median: 2 ng mL™ (4.19 nM); direct: 3 ng mL™" (3.4
nM), indirect: 8.65 ng mL ™" (36.4), non-standard: 0.56 ng
mL™ (2.8 nM) and the lowest median LoD corresponds to the
non-standard competitive formats.

4.1. Technical innovations enabling lower LoD values

Recent advancements have significantly improved LoDs in
competitive LFAs. Particularly 31 of the studies reviewed use
specific signal amplification strategies to improve the
sensitivity and the LoD. Some of these methods include
surface-enhanced Raman scattering (SERS),>*%°"** gold
nanobeads,”®® quantum dots,*”®®* and fluorescence
quenching,****’® which enhance signal intensity and reduce
background noise. Enzymatic amplification, such as
horseradish peroxidase (HRP)-mediated TMB and luminol
reactions,”"7® increases the assay's detectability by catalyzing
colorimetric or chemiluminescent signals. Additionally, silver
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enhancement techniques improve the visibility of
nanoparticle-based detection by depositing metallic silver
around labels.””””® Other innovative approaches, such as
isothermal  amplification,"®  recombinase  polymerase
amplification (RPA),*° and carbon nanotube electrodes,®"
further enhance sensitivity by increasing reaction efficiency
or improving electrochemical readouts.

Specifically, the lowest LoD for the indirect competitive
LFA>® was 0.016 pg ml™" (2.06 x 10"* M) for thyroxine (T4), and
a dynamic range spanning three orders of magnitude. This
remarkable sensitivity was attained employing a bifunctional
ligand (T4-biotin) in combination with magnetic labels and
magnetic reading of the test. This bifunctional ligand is a
molecular entity that can simultaneously bind to two different
sites. Thanks to the biotin the bifunctional ligand can be
captured with high affinity and efficiency by streptavidin
present on the TL, while the T4 side will bind the anti-T4 Ab
(Ab-MB) that are labelled with magnetic NPs. The T4 target in
the sample competes with the T4-biotin for the Ab-MB
complex.”® The magnetic NP reading enabled robust and
specific detection, leveraging volumetric quantification via
magnetic particle quantification (MPQ) readers.

The lowest direct competitive reported LoD was 0.23 pg
mL™ or 1.02 x 107** M is for the genomic tumor biomarker
PCA3.%* This low detection limit is primarily attributed to the
use of a SERS detection. This increased sensitivity is achieved
through the competitive hybridization interaction between
the target DNA and DNA-labelled SERS reporter nanotags,
which allows for the precise quantification of the target DNA
based on Raman peak intensity changes on the TL.>*

The lowest LoD reported in non-standard competitive
formats was 0.6 pg mL ™" or 1.83 x 107> M for aflatoxin M1
(AFM1) and chloramphenicol (CAP)."® The assay benefits
from a pre-incubation step that enhances sensitivity,
combined with anti-BSA antibodies to allow universal
detection of multiple analytes on the same test strip."’

As an illustrative example, for the analyte aflatoxin B1
(AFB1), detected using three distinct detection formats -
direct, indirect and non-standard (aptamer-based) - the
corresponding LoD values were 5 ng ml™" (16.01 uM),** 3.87
ng ml™ (12.39 uM) (mean value)’®”>*% and 1 ng ml™
(3.20 uM),*® respectively. This comparison underscores the
importance of assay design in optimizing sensitivity for
specific applications, paving the way for more effective and
tailored diagnostic solutions.

While these technical innovations have significantly
improved the limit of detection (LoD) in competitive LFAs,
their real-world application presents several challenges that
must be considered when developing cost-effective and
scalable assays. Many high-sensitivity techniques, such as
SERS, MPQ, and enzymatic amplification, require specialized
reagents and complex protocols, increasing costs and
reducing the simplicity that makes LFAs ideal for point-of-
care diagnostics. Additionally, these methods often demand
fluorescence, Raman, or magnetic readers, limiting their
feasibility in low-resource settings despite the development
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of portable detection devices. Lastly, scalability remains a
concern, as nano-based and enzymatic amplification
approaches require precise reaction conditions and batch-to-
batch consistency, posing challenges for large-scale cost-
effective commercial production. Therefore, future efforts
should focus on integrating high-sensitivity methods into
practical, scalable, and affordable LFA designs.

5. Classification according to samples
used

Having analysed the competitive LFAs employed for a wide
range of different targets, we analyzed the types of samples
and pretreatments. Here, we consider a pretreatment any
preparatory step executed prior to testing a sample, including
purification, concentration, dilution, or extraction of a
specific component with the aim to minimize any matrix
effect and maximize the signal-to-noise ratio.** In the
following section we discuss the types of samples (Fig. S2+)
we identified upon reviewing 159 assays and when
appropriate what type of pretreatment they required.

5.1. Food and water samples

Solid food (or feed) represents the most commonly examined
sample type in competitive LFAs, as shown in 59 studies.
Given their solid state, these foods invariably require some
form of pretreatment as the targets need to be extracted to a
liquid phase, which is a basic operating need of LFAs assays.
Corn is the most frequently analyzed food,>*°¢7>86788:90
primarily targeting the toxins Fumonisin type B and Aflatoxin
type B1. To a lesser extent a diverse array of other matrices
including eggs, fruits, meats, sea food, and peanuts are
analyzed in competitive LFAs. Given the considerable
differences in the type of solid food analyzed, the ideal
pretreatment must be thoroughly optimized after carefully
considering physicochemical properties of both the sample
and the analyte.®® Basic pretreatment methods for solid food
samples include grinding, cutting, or pureeing, followed by
dilution and/or centrifugation,*16>67.75:86:9193  More
complex procedures may involve additional steps such as
sonication and extraction using various solvents,>*8*8%947101
Liquid foods, including milk, are the second most
frequent type of sample employed in competitive LFAs (26
studies). This type of sample often requires simpler or no

pretreatment.”*'*7*°* Typically, the preparation of these
samples generally involves only a dilution and/or
55,105-109

centrifugation step. Dilution helps to minimize the
matrix effect to acceptable levels for LFA detection and to
adjust the analyte concentration to levels suitable for LFA
detection. Centrifugation helps in removing contaminants
such as solid particles and, specifically in milk samples,
separating from the lipid layer'’*™"'* to ensure clearer and
more homogeneous samples.

Water samples (11 studies) do not generally require
pretreatment given the lack of major contaminants,
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making water a simple and homogeneous matrix as
compared to other types of samples. Consequently, water
samples can often be tested directly in competitive LFAs.
However, when required, pretreatment of water samples
may involve simple steps such as filtration, to remove
suspended particles and impurities that could interfere
with the analytical process. For example, in the case of
hospital wastewaters,”” which contain various impurities
such as particles, proteins, metal ions, or nucleases,
pretreatment is essential to prevent the blockage of
micropores in the assay. In one of these specific
examples,”” the sample was first centrifuged, and the
supernatant was then diluted in trichloroacetic acid, to
precipitate proteins and other macromolecules. Following
another round of centrifugation, the final supernatant was
collected and filtered.>® Alternatively, using an appropriate
sample pad for filtration could help avoid the need for
extensive pretreatment by effectively removing impurities
and preventing micropore blockage during the assay.

5.2. Bodily fluids

Beyond food, milk and water samples, the articles reviewed
predominantly focused on bodily fluids, with substantial
attention to urine (19 assays), serum (13 assays), blood (9
assays), saliva (8 assays) and plasma (6 assays).

For point-of-care clinical applications a small volume of
whole blood is the sample of choice since it can be obtained
directly with a fingerpick. We identified 9 studies that analyzed
whole blood through competitive LFAs, using two main
approaches. One approach consists in the integration of a
blood filter pad in the strip itself, which facilitates the
separation of plasma from the blood cells without the need for
any specific pretreatment,”® decreasing the viscosity of the
samples and minimizing the non-specific background caused
by the red color of red blood cells. It is important to note that
this limits the assay to the measurement of extracellular
biomarkers. The other approach consists in pretreating the
blood sample before applying it to the strip. While this can be
applied to any type of biomarker, this is essential for
intracellular biomarkers that need to be extracted from blood
cells by lysis. In order to achieve this, processes including
extraction, dilution, centrifugation, and the use of specialized
reagents such as radioimmunoprecipitation assay (RIPA)
buffer, along with protease and phosphatase inhibitors are
often employed.'** "

Serum and plasma present an initial processing that is
intrinsic to their preparation, involving the separation of these
components from whole blood. This includes centrifugation,
which is crucial for removing cellular components and yielding
clear serum or plasma. The pretreatment methods we discuss
apply after serum or plasma has been obtained. Subsequent
processes may include additional centrifugation to concentrate
the samples, dilution for further analysis, filtration to remove
remaining particulates, or chemical treatment to stabilize the
Samples.53,59,1167120
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Urine and saliva present a particularly attractive choice
compared to the other body fluids previously mentioned as
they can be obtained non-invasively, quickly, and easily. This
significantly reduces patient discomfort and anxiety, which
increases patient adherence to testing protocols (a crucial
aspect for applications requiring a recurrent testing regime
such as managing chronic conditions or ongoing health
assessments).'?’ Looking at their pretreatments, in most
cases, urine samples can be used directly as collected'**™**°
or diluted.”" However, there are instances where urine
samples may require a degree of pretreatment, most
commonly centrifugation (to remove sediments) or pH
adjustment (to ensure correct biorecognition).****! Saliva is
often employed to detect salivary cortisol.>"7>7%77:132
Generally, saliva samples do not need pretreatment as it is
directly obtained in an extraction buffer, and the sample pad
of the LFA removes the matrix effect of the oral
fluids.”>7¢777912L133  However, patients are sometimes
required to refrain from eating or drinking for a defined
period of time before sample collection.”” In exceptional
cases saliva needs pretreatment such as centrifugation to
remove cell debris and other proteins.”*”732

In the context of bodily fluids, the bioanalytical field has
recently focused on developing novel minimally or non-invasive
sampling strategies. Besides the commonly utilized urine and
saliva samples, sweat and interstitial fluid (ISF) are emerging as
promising sample types. To successfully integrate these samples
into LFAs, researchers are employing automated microfluidic
devices for sweat collection'* ™" and microneedle-based
systems™**? for interstitial fluid extraction. We anticipate that
ongoing advances in automated sampling strategies to reliably
collect sufficient sample volumes, coupled with parallel
biomarker discovery studies utilizing these fluids, will
increasingly facilitate the incorporation of sweat and interstitial
fluid into various LFAs, including competitive formats,
particularly due to the abundance of small-molecule analytes
present in these samples.

5.3. Other types of samples

In the case of plant samples (2 assays), pretreatment is
necessary as they are in a solid state. This process typically
involves drying the plant material, followed by grinding it
into a finer form. After grinding, an extraction is carried out
using a suitable solvent. This step is crucial for isolating the
desired compounds from the plant cells. The process is often
followed by sonication, which helps in breaking down cell
walls and facilitating the extraction of target compounds.
Finally, the sample undergoes centrifugation to separate the
extract from the solid plant material, resulting in a sample
that is ready for analysis."*"'*>

In the analysis of pharmaceutical drugs (7 assays), various
pretreatment methods have been described, mostly tailored
to the specific needs of the analysis and the characteristics of
the sample matrix. These methods can range from simple
procedures such as grinding, diluting, centrifuging, and
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filtering the sample, to more elaborate steps like sonication
or extraction using various solvents.'**'** Each of these
techniques is designed to effectively prepare the sample for
accurate testing, ensuring the isolation and purity of the drug
compounds for precise analysis.

Finally, the use of buffer spiked samples (4 assays), in
early assay development, serves as a preliminary step to study
reactions and interferences in a controlled environment. This
approach is crucial for validating analytical procedures and
understanding target analyte interactions before analyzing
complex biological samples.

6. Classification according to the
bioreceptors (recognition elements)

The LFA component that predominantly defines the
sensitivity and specificity of the test is the bioreceptor. While
the general definition of a bioreceptor includes any molecule
or biological entity (including whole cells) capable of
specifically binding to a given analyte, in LFAs the most
common ones are antibodies and to some extent aptamers.’
To be employed in LFAs, bioreceptors, besides providing
excellent specificity and sensitivity, must also guarantee
adequate stability, rapid binding kinetics and low cost. The
stability is crucial because bioreceptors in LFAs are
completely dried either on nitrocellulose or as conjugates
with the labels and as soon as the sample reaches them, they
must quickly regain their original structure and functionality.
The rapid-binding kinetics are equally important since the
vast majority of LFAs do not include any incubation step and
the binding must be almost immediate. Finally, the
bioreceptors and the labels employed are generally the most
expensive components of the LFAs and therefore play a
crucial role in the overall affordability of the final product.
All these considerations are true for any type of LFA.”

6.1. Types of bioreceptors

Antibodies. Antibodies are highly specific and versatile,
capable of binding strongly to their target antigens, which
makes them effective even at low concentrations. Produced
by the immune system, typically in animal hosts, these
Y-shaped proteins can be engineered to recognize virtually
any antigen.>*

However, despite their benefits, antibodies can have
stability issues and may exhibit batch-to-batch variability,
making their production expensive and time-consuming, with
potential for cross-reactivity and ethical concerns due to the
use of animals in their production.**

There are different types of antibodies used in LFAs:
monoclonal, polyclonal, and fragments. Monoclonal antibodies
have a unique binding site, providing targeted and consistent
interactions. They are derived from a single B-cell lineage and
are designed to recognize and bind to a single, specific
epitope.” This high degree of specificity enhances assay
sensitivity, particularly for small targets, and reduces the risk
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of off-target interactions.”® Moreover, monoclonal antibodies
provide consistent and reproducible results with no batch-to-
batch variability. However, they tend to be more expensive
compared to other bioreceptors, and their development process
is time-intensive.” In competitive assays monoclonal antibodies
are preferred, as the detection principle relies on the occupancy
of binding sites, monoclonal antibodies ensure identical
binding sites and recognition of the exact same epitope over all
the bioreceptor population, being ideal to build precise and
specific competitive assays.**

Polyclonal antibodies, in contrast to monoclonal antibodies,
originate from different B-cell lineages. Consequently, they
constitute a mixture of antibodies capable of recognizing
various epitopes on the same antigen.” Their advantage lies in
their ease and speed of production, making them a cost-
effective choice.” Despite that, due to their broader specificity,
polyclonal antibodies may cross-react with other analytes or
molecules present in the sample and they exhibit higher
variability between different batches.” Besides, the fact that
different polyclonal antibodies can bind an antigen through
more than one epitope, competitive assays based in polyclonal
antibodies might suffer from the variability of epitope
recognition of the polyclonal population of bioreceptors.

Antigen-binding fragments (F(ab)s) are the part of the
antibody molecule responsible for specific antigen binding.
Fabs can be produced either through recombinant DNA
technologies or by enzymatic cleavage of full-length
antibodies.  Generally, F(ab)s demonstrate reduced
nonspecific binding compared to full-sized antibodies and,
are generally more cost-effective and easier to produce.’?'
Recombinant Fabs, in particular, offer high batch-to-batch
consistency due to the controlled production process. In
contrast, Fabs obtained through enzymatic cleavage might
have variability influenced by the cleavage conditions. Similar
to monoclonal antibodies, they offer low batch-to-batch
variability and, owing to their smaller size, permit the
incorporation of a higher number of bioreceptors per probe.’
In contrast, they are less stable than full-length antibodies
due to the absence of an Fc region.’

Aptamers. Aptamers are synthetic nucleic acids, typically
short, single-stranded DNA or RNA molecules, that possess
high association constants, allowing them to selectively
recognize various targets.>®

Aptamers are selected through a process called SELEX
(systematic evolution of ligands by exponential enrichment),
where they are iteratively screened from a large pool of
random sequences to identify those that bind best to the
target."”® Aptamers excel in targeting organic molecules
within the MW range of 100-10 000 Da.?

Their advantages over other bioreceptors, such as
antibodies, include in vitro production processes, cost-
effectiveness, straightforward labelling methods, and
enhanced stability.>® Unlike antibodies, aptamers do not
require animal hosts for their selection and exhibit higher
stability and batch-to-batch reproducibility.**>*4¢
Additionally, aptamers can be amplified post-selection and
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exhibit higher batch-to-batch reproducibility as compared to
polyclonal antibodies.®"*>

6.2. Bioreceptor affinity for the target

A common parameter used to assess the affinity between the
bioreceptor and the target of interest is its dissociation
constant (Ky). It represents the concentration of target that
binds half of the binding sites of the bioreceptor.*® Lower K4
values typically indicate higher affinity, which is often
desirable for achieving low LoDs.>>® Of the 131 reviewed
studies, only 14 studies mentioned the Ky values of their
bioreceptors. These studies revealed a broad spectrum of
affinities, ranging from 600 nM (ref. 25) to 91.74 pM."**
Notably, bioreceptors with lower Ky values, such as 131.58
pPM,**” 165.29 pM,'*® 2702.70 pM,"*® and 91.74 pM,**® reflect
high affinity, indicating their potential efficiency even at
minimal analyte concentrations. These bioreceptors achieved
LoDs of 0.229 nM, 232 nM, 3.21 uM, and 1.36 nM,
respectively. Conversely, the highest K4 values, such as 600
nM,* 580 nM,"” 172 nM,'** 17 nM,*® and 10.41 nM,'**
indicate lower affinity and correspond to LoDs of 269 nM,
1.36 nM, 143 nM, and 5 nM, respectively, suggesting that
bioreceptors with lower affinity require higher analyte
concentrations for effective detection.

While selecting bioreceptors with very low K4 values can
enhance assay sensitivity, other factors must be considered
to ensure optimal performance. The production of high-
affinity mAbs can be costly and time-consuming, whereas
aptamer engineering often requires extensive screening to
optimize binding properties.>® Additionally, extremely low Ky
values may result in slow dissociation kinetics, potentially
reducing assay responsiveness.'> Another critical aspect is
cross-reactivity, as some high-affinity bioreceptors may bind
structurally similar molecules, impacting assay specificity.®
To address these considerations, recent studies have explored
computational modeling to predict and refine antigen-
antibody interactions before synthesis, significantly
improving selection efficiency."’ Additionally, engineered
antibody fragments (e.g., F(ab) or scFv) and bifunctional
ligands have been employed to enhance specificity while
maintaining optimal binding kinetics.’® Some researchers
have also adjusted the bioreceptor-to-competitor ratio to
ensure that competitive displacement is not hindered by
excessively strong binding.

The ability to fine-tune affinity is particularly evident in
aptamer-based LFAs.> As observed in Alnajrani et al,*® two
aptamers with different K4 were employed to investigate their
impact on the sensitivity and performance of the lateral flow
aptasensor. The full-length 60-mer aptamer exhibited a Ky of
47 nM, while its truncated 38-mer variant demonstrated a
significantly lower Ky of 1 nM. This substantial difference in
Ky values highlights the improved affinity of the truncated
aptamer for the target molecule, dabigatran etexilate (DBG).
The truncated 38-mer aptamer, with its higher affinity (lower
K4), was expected to provide better sensitivity and selectivity
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in detecting DBG. However, the study found that the full-
length 60-mer aptamer offered a robust and reliable
detection performance, achieving a detection limit of 20 nM
in both buffer and blood samples as opposed to 100 nM
when using the truncated version.*®

6.3. Detection bioreceptor

The detection bioreceptor, typically a molecule like an
antibody, aptamer or protein, is either labeled with a reporter
molecule such as NPs or enzymes or immobilized in the
detection line. When labelled forming the bioreceptor-
reporter conjugate generates the signal at the TL indicating
the presence or absence of the captured analyte.

In the direct competitive format, the competitor serves as the
detection bioreceptor. In contrast, in the indirect competitive
format and in the non-standard types of competitive formats,
the detection bioreceptor is a molecule capable of recognizing
the target molecule. Fig. 7B illustrates that those competitors
such as toxins, proteins, metal ions, hormones, and antigens,
typically detect targets with MW similar to themselves. Among
the 161 assays reviewed, 130 assays utilize the indirect
competitive format, 128 assays employ antibodies and 2 an
aptamer, as depicted in Fig. 7A. Within the 128 assays employing
antibodies, 11 did not mention the type of antibody, 103 use
monoclonal antibodies, 12 polyclonal antibodies and 2 antigen-
binding fragments. In the 16 assays employing the non-standard
competitive format, 11 employ aptamers as detection
bioreceptors, 1 uses DNA, and 4 exploit monoclonal antibodies,
as shown in Fig. 7A. Antibodies and aptamers as detection
bioreceptors exhibit comparable MW ranges (mean MW: 329.9
and 323.8 g mol ™", respectively) (Fig. 7B).

6.4. Capture bioreceptor

The capture bioreceptor refers to the bioreceptor
immobilized on the TL within the LFA. Its primary function
is to capture or bind the target analyte present in the sample
being tested. Typically, the capture bioreceptor is an antibody
or aptamer that specifically recognizes and binds to the
target analyte with high affinity and specificity but it can also
be the competitor in the case of competitive LFAs. Once the
analyte binds to the capture bioreceptor, it forms a complex
that is detected by the detection bioreceptor. In competitive
LFAs, the concentration of the capture bioreceptor, typically
antibodies, at the TL ideally ranges from 0.1 mg mL™" to 1
mg mL ™" This concentration will determine the assay's peak
signal and consequently, its sensitivity. Intuitively, a higher
concentration of the bioreceptor on the TL leads to a higher
density of labelled NPs that can be captured.

In the review of 161 assays, for the 130 assays employing
the indirect competitive format the capture bioreceptor is the
competitor, and the median concentration at the TL was
observed to be 0.65 mg mL™", equivalent to 11.34 uM. In the
direct format, which comprised 15 assays, antibodies were
used as a capture bioreceptor in 12 of them, with the median
concentration at the TL, similar to the indirect format, of
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Fig. 7 Comparative analysis of the detection bioreceptor

depending on the type of competitive assay and the target
molecular weight. (A) Percentage distribution of the different
detection bioreceptors across the three types of competitive
formats. (n = 160) (B) Boxplot representation of the MW
distribution of targets (g mol™) for the different bioreceptors.
Each bioreceptor type is represented in the x-axis, with the
corresponding boxplot revealing the median, interquartile range,
and outliers. The numeric labels above each boxplot specify the
median MW for easy reference (n = 160).

0.65 mg mL™" or 8.13 uM. For the non-standard competitive
format, 16 assays, 5 assays used DNA which was the most
frequently used capture bioreceptor, with a median TL
concentration of 0.25 mg mL™" or 4.7 uM, a notably lower
concentration than standard formats. Approximately 2% of
the test analyzed used aptamers in the TL with a median
concentration of 0.05 mg ml™" or 5 uM.

To enhance cost-efficiency without sacrificing sensitivity,
we need to use lower-end bioreceptor concentrations,
particularly with high-affinity bioreceptors.

Antibodies are the preferred choice for the direct
competitive format due to their high specificity, strong affinity,
and demonstrated assay performance. In contrast, the
utilization of lower concentrations of DNA bioreceptors for the
non-standard competitive format suggests that DNA-antigen
interaction might be more efficient or may not necessitate as
high a bioreceptor density for effective detection.
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6.5. Supplementary proteins for enhancing bioreceptor
performance

In situations where the capture bioreceptor is expensive, when
highly concentrations are not feasible or when we need to
maintain the bioreceptor's structure and functionality over
time, as low concentrations may induce protein denaturing
and loss of binding activity, it is sometimes necessary to
introduce additional proteins. In this case, bovine serum
albumin (BSA) or egg ovalbumin (OVA) is often used.

BSA, with a MW of 66 kDa, is a primary component of
bovine blood plasma, while OVA, lighter at 45 kDa, is the
main protein in egg whites. Among the 161 assays analyzed,
103 incorporate one of these proteins on the TL. However,
their inclusion in the direct and non-standard competitive
formats is rare, with only three assays reported, two direct
and 1 of the non-standard category. BSA and OVA mainly
serve as blocking agents in indirect LFAs, mitigating non-
specific binding and helping to maintain the integrity of
protein structures.

BSA is preferred and utilized in 82 assays, in contrast to
OVA's 21 and the choice between BSA and OVA is often
guided by the specific application and potential for
interference or cross-reactivity with the target analyte.
Furthermore, BSA is generally more accessible and cost-
effective than OVA, which can significantly impact the
decision between the two in research and commercial
settings. Importantly, for applications involving fragments of
antibodies, which have lower MW (below 50 kDa for
fragments and 15 kDa for nanobodies), BSA, with its higher
MW of 66 kDa, is typically avoided as a blocking agent due to
potential interference.

The analysis also showed a variation in reporting practices
regarding the use of BSA or OVA; some studies did not mention
their addition at all, as indicated in Fig. S3 in the ESI{ as ‘NA’.
Among the minority of studies that did report concentrations,
the median used was 1.5% w/v, ranging from a minimum of
0.5% w/v to a maximum of 6.7% w/v. These details underscore
the nuanced decisions made in assay design to ensure both
functionality and economic responsibility.

7. Impact of the competitor's
properties in competitive lateral flow
assays

As previously mentioned, a competitor is a molecule that
closely resembles or mimics the target analyte. The
competitor competes with the target molecule for the binding
sites of the bioreceptor.

In the case of the direct format, the competitor is used
as a detection bioreceptor, with a wide range of types of
molecules used including hormones, ions, proteins and
toxins, among others (Fig. 7A). The concentration of this
competitor in the reporter varies widely, from 5 pug mL™
(602 uM) to 3000 ug mL™' (120 mM). This variation is
due to the differing affinities and detection requirements
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of each assay type. Higher concentrations are often
needed for molecules with lower affinities or for assays
requiring higher sensitivity. The optimization of these
concentrations is crucial to ensure accurate detection and
minimize cross-reactivity.

Alternatively, in the case of the indirect format, the
competitor is used as a capture bioreceptor. Those
competitors have a wide range of MW ranging from 288 Da
(dehydroepiandrosterone, DHEA) to 67 kDa (human serum
albumin, HSA). Moreover, most of them need a carrier
protein, the most commonly used being BSA, to enhance
their stability.

In contrast, non-standard competitive LFAs employ
different strategies. The competitor can either be a
complementary DNA chain or can be added to the sample
pad along with the sample. This versatility in the use of
competitors allows for the development of highly specific
and sensitive assays tailored to the needs of different
applications.

8. Implications of detection
membranes

The membrane or detection pad in an LFA strip, typically
made of nitrocellulose, is where the TL and CL are printed.>®
An ideal membrane not only offers robust support and
effective binding for capture probes like antibodies or
aptamers, but also promotes homogeneous flow while
minimizing nonspecific binding.>® The capillary flow rate,
measured in mm min~', gauges the time needed for the
sample to traverse the membrane, which is crucial for
determining the assay's overall duration and affects the LFA's
sensitivity and specificity. Higher capillary flow times, though
increasing sensitivity by providing more time for interaction
between the target molecule and bioreceptor, also increase
the risk of nonspecific binding. Thus, carefully assessing the
membrane's capillary flow rates is vital to ensure the assay's
optimal performance and accuracy.®

Of the 161 studies examined, 79 assays discuss the
type of nitrocellulose used and the corresponding capillary
flow rates. The median flow rate observed across these
studies is 135 mm min ', with the highest reported rate
being 250 mm min™" and the lowest at 70 mm min™"
(Fig. 8).

This optimized capillary flow rate of 135 could likely
be due to the small size of the targets (around 300 g
mol™). Small analytes typically require a precise balance
between the flow rate and interaction time to ensure that
the target molecules sufficiently collide with and bind to
the capture agents. If the flow rate is too fast, the target
molecules may not have enough contact time with the
capture bioreceptor, potentially reducing the assay's
sensitivity. Conversely, if the flow rate is too slow, it could
result in unnecessary delay in readout without significantly
improving binding efficiency.
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Fig. 8 Relationship between the LoD and the capillary flow time for
the different competitive assay formats. The y-axis is scaled
logarithmically to represent the LoD values (ng mL™), while the x-axis
represents the capillary flow time. Data points are distinguished by
competitive assay type: direct competitive (A, in red), indirect
competitive (B, in green), and non-standard competitive (C, in blue).
The size of each point corresponds to the MW of the target (g mol™),
with larger points representing higher MW (n = 67).

8.1. Control line

Typically, the CL captures the excess or unbound signalling
reporters to confirm proper flow of reagents and ensure test
validity. In the case of the indirect competitive assay the CL
can be obtained by printing secondary antibodies specific for
those conjugated on the nanoparticle. In the case of the
direct competitive assay either the CL is obtained by printing
the same bioreceptor of the TL or it is obtained by printing a
bioreceptor specific for a different element present on the
nanoparticle itself (e.g., an anti-BSA antibody in the case that
the nanoparticle is blocked with BSA). For non-standard
competitive assays, every format has different requirements.
In all cases however the LFA must contain enough
nanoparticle conjugates to generate a reliable signal at the
CL independently from the target concentration.
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9. Multiplexed competitive lateral
flow assays

Multiplexing in LFAs allows for the detection of multiple
targets simultaneously within a single test. Our review
identified 17 research papers that have developed a multiplex
competitive LFA.lS,56,62,63,75,86,88,102,111,113,114,119,129,143,149,150
These papers reveal various multiplexing approaches that
demonstrate the versatility of LFAs' adaptability to meet
different detection needs. The indirect competitive format is the
most frequently used strategy, particularly in assays detecting
two analytes with separate TLs,>®6%78%102113,119,143,149,150 giye
studies explored multiplexing for more than two analytes. Of
these, three detection models employ a direct competitive
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Fig. 9 Schematic representation of different multiplexed assay
formats. (A) Multiplexed direct competitive assays. Each target
competes with a labelled analogue for binding to specific antibodies
immobilized on magnetic beads, which are subsequently captured at
distinct TLs (TL1, TL2, TL3) for detection.’®® (B) Multiplexed integrated
assay combining indirect competitive and sandwich assay. Free targets
are captured by the labelled antibodies, one of these complexes
compete with the immobilized target analog and the other one forms
a sandwich in two different TLs.®* (C) Multiplexed indirect competitive
assay. Free targets are captured by the labelled antibodies and
compete with the immobilized target analog in the TL.%®
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format''*'*® (Fig. 9A), while two adopted an indirect
competitive approach®®*'"* (Fig. 9C). Additionally, one work
combined two different approaches employing both a sandwich
format and an indirect competitive format within the same test
strip®* (Fig. 9B).

These multiplexing approaches have predominantly been
applied in the field of food safety, especially for detecting
and antibiotics in food

56,62,75,88,102,119,143,149,150 They have also proven
129

toxins
samples.
useful in other domains, such as detecting drugs of abuse,
monitoring health biomarkers,"™* and diagnosing diseases
like sickle cell anemia, as well as evaluating treatments for
HIV."®'" Specific applications included determining the
concentration of immunoglobulin free light chains'*® and
assessing the content of antimalarial drugs.'**'*° This variety
in applications underlines the broad utility of multiplex LFAs,
particularly in settings where rapid, cost-effective, and
simultaneous detection of multiple analytes is required.

Nanoparticles
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Fig. 10 Characterization of nanoparticles. (A) Type of NP and size.
The graph presents NP size distribution across three detection
methods: optical, luminescent, and magnetic. NP sizes (in nm) are
displayed on a logarithmic y-axis. Size categories are depicted using
different marker sizes (100 nm, 250 nm, 500 nm, and 750 nm) for
precise identification (n = 107). (B) Examples of NPs. Representative
images for each NP are shown: (1) optic: gold NPs and carbon NPs,
(2) luminescent: quantum dots, and (3) magnetic: magnetic NPs.
Adapted from ref. 5, 70, 129, 153.
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Multiplexing in competitive LFAs presents significant
challenges, primarily due to the delicate equilibrium required
for precise assay optimization. Adjustments in assay
conditions to optimize detection for one analyte may
inadvertently impact the performance and sensitivity toward
other targets, making simultaneous optimization particularly
difficult or even impossible in competitive formats.
Additionally, cross-reactivity between bioreceptors and
analytes poses a critical issue, as unintended interactions can
compromise assay specificity and reliability. Worth
highlighting in the context of multiplexing, the work by Xu
et al. has successfully demonstrated multiplex detection
within a single test line through innovative approaches, such
as self-assembling antibody networks (NAN). Specifically, the
NAN method employs dynamic, non-covalent interactions
between antibodies, effectively allowing multiple analytes to
be detected simultaneously without interference.'”
Additionally, improving antibody specificity is another
effective strategy; for instance, in a SERS-based pesticide
detection assay, antibodies against chlorothalonil (CHL),
imidacloprid (IMI), and oxyfluorfen (OXY) exhibited minimal
cross-reactivity despite structural similarities.*® Similarly, in
the CNAN-mLFIA system, custom-engineered monoclonal
antibodies (mAbs) allowed the simultaneous detection of
chloramphenicol (CAP) and streptomycin (STR) without
interference.””® Some studies have further optimized
antigen-antibody interactions using computational modeling
to predict cross-reactivity before laboratory validation, as
demonstrated in a chemiluminescent biosensor for
fumonisins and aflatoxin B1, where pre-modeled mAb
interactions ensured high specificity across multiple
mycotoxins.”> These approaches, whether through antibody
engineering, self-assembling bioreceptors, or computational
optimization, contribute to reducing cross-reactivity while
maintaining the accuracy and practicality of multiplex
competitive LFAs.

10. Classification according to labels
and readout systems

Labels used in LFAs play an important role in determining
sensitivity of the analysis and a wide variety of labels are
employed in LFAs, including nanomaterials (between 1 and
100 nm), which represent the majority of the labels used. In
this context, nanotechnology has contributed enormously to
the synthesis of new nanomaterials with outstanding optical
properties that are promising for biosensing purposes.'®!
Additionally, for lateral flow applications, optimal labels
should exhibit colloidal stability, possess a homogeneous size
and shape distribution, demonstrate effective conjugation to
biomolecules, generate a robust analytical signal, and
maintain resistance to aggregation during the test
preparation and assay process.>">?

In Fig. 10A, we summarized the different sizes of the most
used NPs in the reviewed articles, optical, luminescent, and
magnetic NPs.
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10.1. Colorimetric labels

The use of colored NPs, utilized in 122 of 161 assays, offers
specific advantages in LFAs, making them particularly well-
suited for qualitative applications or scenarios where cost-
effectiveness is a primary consideration. One key benefit of
colored NPs is their inherent visual detectability, eliminating
the need for an external reader. This simplicity is particularly
advantageous for rapid, in situ assessments.” Nevertheless, in
more intricate or demanding contexts that require semi-
quantification or quantification, the integration of an
external reader becomes indispensable. These devices
enhance the reproducibility of results and enable precise
quantitative analysis.’

Gold nanoparticles. Widely adopted since the 1980s, gold
NPs (AuNPs) are the most used detection labels in
LFAs.>"?1 %135 Colloidal gold is the most popular label for
rapid tests, evidenced by its extensive use in 112 of the assays
reviewed.'®* Out of 161 assays reviewed, AuNPs are the most
common label in competitive LFAs (Fig. 10B1), appearing in

more than 106
instances,14:15:20-26,28,50,52,54-56,59-64,71,72,77-83,86,88,90,91,94-98,105,

110-112,114-117,119,122,124,125,127,128,132,133,141-144,147-149,156-178 In

addition to spherical colloidal gold, other forms of AuNPs,
such as gold nanoflowers,®”'*® have been used. The
functionalization of AuNPs is well-studied due to gold's
versatile surface chemistry, which allows binding with a
variety of molecules, crucial for both functionality and
stabilization.”” AuNPs can bind with bi-functional groups
including amphiphilic polymers, silanols, sugars, nucleic
acids, and proteins due to gold's high affinity for thiol
groups.’® Various synthetic methods produce AuNPs in
different sizes and shapes, affecting their optical properties,
particularly surface plasmon resonance (SPR).>'*® SPR,
occurring in the visible to near-infrared region, results in
color changes observable by the naked eye. The plasmon
frequency is highly sensitive to the dielectric properties of
the surrounding medium, causing colorimetric shifts with
environmental changes such as surface modifications or
aggregation,'>>'%®

From the 106 studies employing AuNPs, 78 of them
mention their size. The sizes of the NPs used range from 7.5
nm to 40
15,20-23,25,26,28,54-56,59-64,71,72,78-82,86,88,90,91,94,96,97,105,110-112,
The
variability in NP size is critical, as it influences the surface
area-to-volume ratio, which in turn affects the sensitivity and
detection capabilities of the assays. Larger NPs provide a
greater surface area for functionalization but may exhibit
slower diffusion rates, whereas smaller NPs can diffuse more
quickly but offer less surface for binding."”*

The data reveals a wide range of detection bioreceptor
concentrations conjugated to the NPs, from 0.25 ug mL™" to
150 000 ug mL ™. Either smaller or larger NPs show variability
in detection bioreceptor concentrations, indicating versatility
for different assay sensitivities and specificities. The highest

nm.
115,117,124,125,133,141-144,147-149,159,161-163,165,167-174,176,178
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bioreceptor concentration (8345 pug mL™') is linked to 39 nm
NPs.®* Conversely, the lowest concentration (0.25 pug mL™") is
associated with 13 nm NPs,*® as smaller NPs might need less
bioreceptor per mass unit due to their high surface area-to-
volume ratio. NP sizes around 15 nm to 20 nm are frequently
used across various concentrations, suggesting that they
provide a good balance between surface area and effective
binding. Overall, the significant variability in NP sizes and
bioreceptor concentrations underscores the importance of
optimizing these parameters based on specific assay
requirements.

To increase the size and visibility of AuNPs, a silver
enhancer solution that contains silver ions and a reducing
agent (hydroquinone) is frequently dropped onto the strip
following the binding reaction. In the presence of this
solution, AuNPs act as a catalyst and they turn darker because
of the deposition of metallic silver onto their surface.'”®

For competitive LFA, 5 studies employed this
strategy,®***7"777% this approach has been used for boosting
the sensitivity of the assay up to 10-fold when compared with
its AuNP-based counterpart, thus broadening the range of
target concentrations, diminishing the matrix effects by
increasing the signal-to-noise ratio, and also reducing the
amount of competitor and bioreceptor required to construct
the competitive LFA.””7915°

Among these five studies using silver enhancement, the
median concentration of the detection bioreceptor is 2.5 mg
mL™, which is comparable to that of AuNPs without silver
enhancement of similar sizes (17-39 nm). However, the
capture bioreceptor concentration is slightly lower than the
ones without silver enhancement, averaging 0.7 mg mL .
This could be attributed to the enhanced sensitivity provided
by the silver NPs, allowing for effective detection with lower
bioreceptor concentrations.

Despite its advantages, it is important to note that this
method has some limitations, including the additional steps
during the assay and may require rigorous washing steps to
eliminate interfering ions, such as chlorine, which can be a
stringent requirement.">*

Carbon nanoparticles. Carbon NPs (CNPs) in LFAs include
various forms like CNPs, carbon nanotubes (CNTs), graphene
oxide (GO), and carbon nanodots (CDs). Functionalization of
CNPs is typically achieved through physical adsorption and
chemical reactions, allowing attachment of specific
biomolecules or ligands.""'”® The black colour of CNPs
provides strong contrast against the white nitrocellulose
membrane, enabling  high  sensitivity in
interpretation.’®>'”® Despite their benefits, such as low-cost
production, the variability in particle shapes within and
between batches can lead to inconsistencies in
quantification, potentially compromising assay sensitivity
and reliability.">

Among the competitive assays reviewed, two of them
reported the use of CNPs for the detection of cow milk
adulteration'®® and detection of a synthetic phytoregulator
(Fig. 10)."°° These NPs range between 160-180 nm which is

visual
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approximately 8-fold the size of classical AuNPs (20 nm) and
their bioconjugation is a lengthy process that lasts at least 12
hours to complete, when compared with the 1 hour AuNP-
based conjugation.

10.2. Luminescent labels

A luminescent material is that one that absorbs energy, its
electrons are excited into higher energy levels, and when they
return to their normal state, this material is able to emit
energy in the form of light. Depending on the type of

excitation, luminescence can be divided into several
categories; the main ones wused in LFA are:
photoluminescence (fluorescence and phosphorescence),
chemiluminescence, bioluminescence and

electrochemiluminescence.'®

In particular, we found that in 33 of 161 competitive
aSSays’17,19,23,27,61,67—69,73—76,84,85,99,102,107,118,120,122,150,181—186
luminescent molecules and NPs were employed, offering a
distinct advantage in LFAs where highly sensitive detection is
required. In scenarios where quantitative analysis is needed,
these entities provide an inherent glow that can be measured
with precision, making them highly valued in assays where
visual confirmation alone is insufficient.

10.3. Fluorescent labels

Organic fluorophores. In this section, the use of
fluorescent materials in competitive LFAs, including
fluorophores or fluorescent dyes, as well as fluorescent NPs
will be briefly described.

Fluorophores are organic molecules that absorb and
emit energy, which can be used as labels if they are bound
to a biomolecule. Among their advantages include the ease
of use and the ability to provide increased sensitivity,
particularly beneficial in situations requiring the detection
of low concentrations and in applications that take
advantage of multiplexing capabilities.>'** For instance, 3
of 33 assays were found to employ fluorophores such as
fluorescein isothiocyanate (FITC), R-phycoerythrin (RPE)
and cyanine-based molecules for the detection of folate,'®
progesterone,'® and aflatoxin,® respectively. Three out of
the 33 assays incorporate europium-based NPs. These NPs,
coated with organic chelates, have gained widespread
adoption due to their highly sensitive
detection capabilities, enabling enhanced performance in
diagnostic  applications.’”"*>*8*  Another example of
fluorophores, but used in multiplexed assays, is Coomassie
bright blue R-250, a protein stain, which has been used in
a multiplexed competitive assay for the detection of
antibiotic's residues, taking advantage of a system formed
by linking two monoclonal antibodies to specific locations
along the ADb2 scaffold that avoids multiple probe
fabrication steps. Moreover, this antibody system also
reduces interferences during the multiplexed LFA, which
resulted in lower LoD as compared to their AuNP-based
counterpart.™®

luminescence
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However, these dyes come with disadvantages such as
limited photostability, vulnerability to environmental
quenching, and concentration-dependent quenching.
Additionally, when applied in membrane-based assays, they
face challenges due to light scattering from the support and
interference from internal fluorescence sources such as
proteins, probe components, and certain analytes (e.g,
polycyclic aromatic hydrocarbons and certain mycotoxins),
which can introduce interference.’®? In this context, to avoid
some of those problems, organic dyes such as rhodamine
can be encapsulated in polymersomes for colorimetric and
fluorescent detection in competitive LFAs offering two modes
for sensitive detection.'®

Finally, 2 of 33 assays used commercial carboxylated
polymeric microparticles, which are loaded with proprietary
fluorescent dyes and have been applied in competitive assays
for detection of drug residues.'*>

Fluorescent nanomaterials.
exhibit  unique optical properties, provide high
photostability, ultra-long emission lifetime, and the
possibility of surface modification, making them a highly
sensitive label. For instance, fluorescent nanodiamonds
have been reported in 1 of 33 fluorescent-based competitive
LFAs® for applications in human health, environmental
and food industry. Among the fluorescent labels used in
competitive LFAs, the use of metal-based quantum dots
(QDs) stands out as the most prevalent being reported in 8
assays.” These QDs (Fig. 10B2) are inorganic semiconductor
nanocrystals ~ that  exhibit size-dependent, tunable
luminescence emission spectra, making them particularly
appealing for immunoassay labelling.>*>"">>

Fluorescent nanomaterials

When excited with UV light, QDs emit robust
photoluminescence, and by altering their elemental
composition and size, their emission peak can be

adjusted.'®® This unique characteristic not only allows for a
blue shift in smaller QDs but also renders them exceptionally
well-suited for multiplexed detection.” According to the
articles found, four of them wuse core-shell metal
chalcogenide QDs such as CdSe/ZnS,'>®""?%"%¢ while just one
reported core-shell binary metal chalcogenide QDs such as
AgInS/zZnS,'”” which was used as an alternative QD label.
Despite the fact that Cd-based QDs have been successfully
applied as labels in LFAs, they are potentially toxic and their
synthesis is a time-consuming and laborious process.
Alternatively, AgInS/ZnS QDs appear as a safe and easy
replacement when it comes to QD-based labelling.
Nonetheless, their cost is generally higher than AuNPs and
they require a UV lamp for excitation.”

10.4. Magnetic nanoparticles as labels

Magnetic NPs (MNPs) (Fig. 10), used in 4 reported assays, are
versatile labels for LFAs, offering the dual functionality of
both optical and magnetic signals.” The signal intensity in
MNPs is directly correlated with the magnetite content,
provided that the particles are of the same size, with higher
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Competitive LFA applications
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Fig. 11 Competitive LFA applications. The chart categorizes the
number of LFAs developed for environmental monitoring, food and
water safety, healthcare, and veterinary purposes. Each bar is
subdivided to show specific applications within these sectors, such as
body molecule monitoring, drug abuse, food security, and others. This
chart highlights the distribution and prevalence of competitive LFA
applications, with food and water safety and healthcare being the most
prominent sectors (n = 161).

levels of magnetite resulting in more robust signals, although
other factors can influence the signal, such as the detection
system and the applied magnetic field. Moreover, their
natural dark color renders them ideal for conventional
optical labelling."*>'8”

In optical membrane-based assays, which are hindered
by the opacity of the membrane (e.g., nitrocellulose), only
the NPs (labels) accumulated on the surface (i.e., 10 pm)
will be detected by an optical reader, leading to less
sensitive devices. MNPs overcome this limitation by
enabling the detection of magnetic signals throughout the
full thickness of the membrane using highly sensitive
magnetic-particle detectors, ensuring the capture of all
magnetic signals within the membrane, significantly
enhancing the sensitivity of the assay.>'*>'®” This unique
advantage ensures that none of the generated signals are
lost, significantly enhancing test sensitivity.

Coating and size considerations of MNPs are crucial,
influencing flow rates and thereby affecting the LFA
performance.

Their inherent magnetic properties facilitate efficient
separation of the MNP-bioreceptor captured target molecule
from the sample matrix, effectively eliminating any
interference prior to application to the LFA, using a
magnet.>'>> However, one drawback of MNPs is their
tendency to aggregate in solutions due to their magnetic
properties. To address this, MNP conjugation with proteins is
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commonly achieved through a series of steps, including silica
coating, surface modification with amino or -carboxylic
groups, and eventual conjugation with biomolecules.'**

In 4 competitive LFAs studies that employed MNPs, three
of them took advantage of their properties and used

inductive readers (one of them a commercial one'®®) that are
based on Faraday electromagnetic induction,"®” for
53,103,129

quantification purposes. Only one study reported that
they did not carry out magnetic but optical measurements for
detection of bacteria. Interestingly, this study used MSPs to
indirectly contribute to sample concentration by enhancing
the interaction between antibodies and target bacteria during
pre-enrichment.””

11. Application of the tests

The analysis of the types of targets section provides an
overview of the main applications of competitive LFAs.
Specifically, we found that the two main areas employing
these tests are: food/water safety (103/161 assays) and
healthcare (54/161 assays), as depicted in Fig. 11. With
additional applications in veterinary monitoring (14/161
assays) and environmental surveillance. Fig. 11 summarizes
these applications.

11.1. Use cases for competitive LFAs

In food and water safety, competitive LFAs are widely used
for detecting toxins in food products, such as mycotoxins
(e.g., aflatoxins, fumonisins) in grains, dairy, and processed
foods, ensuring compliance with food safety regulations.
They are also employed for screening antibiotic residues (e.g:,
chloramphenicol, streptomycin) in meat, milk, and seafood,
helping to prevent antimicrobial resistance. Additionally, they
play a key role in monitoring pesticide contamination,
enhancing agricultural safety. In healthcare, competitive LFAs
are utilized for hormone level monitoring, including cortisol,
thyroxine (T4), and progesterone. They are also essential for
drug abuse screening, detecting substances such as opioids,
fentanyl, and cocaine, as well as for therapeutic drug
monitoring, ensuring accurate medication dosages for
effective  disease = management. For  environmental
applications, competitive LFAs are primarily used for
detecting insecticides and heavy metals, such as lead,
mercury, and pyrethroids, in water and soil samples,
providing a portable and efficient solution for environmental
monitoring. In veterinary applications, these assays support
disease surveillance, the detection of contaminants in animal
feed, and the monitoring of hormonal levels in livestock,
contributing to improved animal health and reinforcing food
chain safety.

Although we have categorized LFA applications into distinct
fields, there is often significant overlap. This is particularly
evident in veterinary care and food safety, where the distinction
between animal health monitoring and ensuring the safety of
meat products is closely interconnected.

This journal is © The Royal Society of Chemistry 2025
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11.2. User perspective on competitive LFAs

From the user perspective, the use of competitive LFAs
entails certain challenges. For example, competitive LFAs
have particular significance in specific medical fields, such
as drug abuse detection,'?*"?712914%182 ywhere they provide
rapid feedback, enabling an optimized (and sometimes
autonomous) decision-making process in such an ethical and
legal field. However, as we saw a negative result is indicated
by the appearance of two lines (TL and CL), signifying that
the drug concentration is below detectable levels. In contrast,
a positive result occurs when only one line is visible in the
control zone, indicating that the drug concentration exceeds
the detectable threshold."® This can generate unpleasant
situations, especially when these tests are used by non-
specialized personnel, leading to the wrong assumption that
two lines mean the presence of the drug. Another important
challenge arises from the accurate interpretation of weak or
borderline lines.’® In sandwich formats, the presence of
even a faint test line is clearly interpreted as a positive result.
Because the line is either visibly present or absent, it is
relatively straightforward to distinguish a positive signal from
a negative one. In contrast, competitive LFAs rely on
detecting a reduction in test line intensity to indicate a
positive result. Here, the interpretation depends not on the
mere presence or absence of a line, but on differentiating a
strongly visible line from a slightly fainter one, an inherently
more challenging assessment.

The need to correctly interpret the presence of two lines
as a negative result and the absence of a signal at the TL as
positive along with the potential for human error at
interpreting weak lines and the lack of standardized result
reporting highlights the importance of developing more user-
friendly designs. Integrating digital readers or technologies
that quantify color intensity would significantly enhance the
accuracy and reliability of competitive LFA tests. A more
intuitive branding of the test could also help the user in the
interpretation. For example, in the case of a competitive LFA
for cocaine abuse naming it as “cocaine-free test” could
facilitate the user in associating the appearance of the line
with the absence of cocaine from the sample. Preparation of
appropriate instructions (maybe including a clear color
palette) and training and monitoring the user's behaviour are
essential for rapid test implementation.'”" Regarding the
second challenge, implementing analytical strategies that
achieve high sensitivity in competitive LFAs making the test
as close to a binary, yes/no outcome as possible would ensure
a more reliable and easily interpretable result albeit
decreasing the dynamic range of the test.

12. Challenges and opportunities in
real-world deployment

While competitive LFAs provide rapid, cost-effective, and
portable diagnostic solutions, their practical deployment faces
several challenges that must be addressed to maximize their

This journal is © The Royal Society of Chemistry 2025
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impact across various applications. A primary challenge is
sensitivity and detection limits, as competitive LFAs typically
exhibit lower sensitivity compared to laboratory-based
techniques like ELISA or PCR.”® To overcome this limitation,
signal amplification strategies are under
investigation, including surface-enhanced Raman spectroscopy
(SERS),' enzymatic amplification methods,”> and silver-
enhanced nanoparticle approaches.® Although these advanced
strategies significantly enhance assay sensitivity, they
simultaneously introduce increased complexity and production
costs, potentially limiting their practical accessibility, especially
in resource-constrained settings.” Moreover, as discussed in
the theoretical section, the analytical performance of
competitive LFAs can be extensively tuned beyond
nanotechnology-based strategies.'® Advances in biotechnology,
such as the identification and engineering of bioreceptors with
optimal binding constants,'® can substantially improve
sensitivity, limit of detection, and dynamic range, further
enhancing assay performance.

Another substantial challenge obtaining
regulatory approval and ensuring assay standardization.®
Achieving reproducible and reliable performance across
diverse sample matrices remains challenging.” Variations in
sample composition, viscosity, pH, and interfering
substances can significantly affect assay performance.®
Consequently, developing robust standardized protocols and
rigorous validation methods is essential to facilitate broader
regulatory acceptance and integration into critical sectors like
healthcare diagnostics, food safety inspections, and
environmental monitoring.® Scalability and overall cost
considerations also significantly influence competitive LFA
deployment. LFAs are generally intended to be low-cost
solutions; however, the incorporation of advanced detection
methods, including chemiluminescence,®>'® electrochemical
sensing,”'® and fluorescent labeling,>>'® may significantly
elevate production and instrumentation costs.

Despite these challenges, numerous opportunities exist to
enhance and expand competitive LFAs. Integration with
digital and smart technologies represents a promising
direction, with smartphone-based readers, cloud connectivity,

numerous

involves

and artificial intelligence (AI)-driven image analysis
increasingly being explored.>'® These technological
integrations can substantially enhance LFA accuracy,

sensitivity, and user accessibility, enabling real-time remote
diagnostics, automated result interpretation, and reduced
human error.’® Advancements in multiplexing technologies
also present significant opportunities.>® The development of
multi-analyte detection systems employing innovative
approaches such as self-assembling antibody networks® or
microfluidic-based multiplex strips® can extend diagnostic
capabilities within a single assay. Multiplexed competitive
LFAs are particularly beneficial in applications requiring
simultaneous detection of multiple targets, including point-
of-care  diagnostics,” food safety assessments,” and
environmental monitoring.® Continued assay optimization
and innovation could significantly enhance their suitability
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for global health surveillance,® rapid response to infectious
disease outbreaks,’ and environmental hazard detection.®
Furthermore, exploring new bioreceptor technologies, such

as engineered proteins, nanobodies,"” or molecularly
imprinted polymers (MIPs),"*® could increase assay
versatility, stability, and economic viability, thereby

broadening their global impact.

13. Conclusions

In this review, we explored different aspects of the
competitive lateral flow assays, including the mathematical
modelling of competitive assays, different key parameters for
test development, the types of labels and readouts employed,
the different applications and the user perspectives.
Specifically, we showed how the implementation of the
mathematical modelling of competitive LFAs is a critical tool
for a quick and less expensive optimization of the test,
reducing the need for extensive experimental trial-and-error.
By analyzing the different competitive formats, we have
underscored their ability to detect a wide range of targets
where conventional sandwich assays fall short. These formats
- direct, indirect and non-standard formats - offer flexibility
depending on the specific needs of the assay. The use of
diverse labelling techniques, from traditional AuNPs to more
sophisticated fluorescent or magnetic nanoparticles, has
allowed those competitive LFAs to enhance the sensitivity
and detection capabilities of the competitive LFAs. Overall,
we hope that this manuscript will provide junior and
experienced LFA developers with useful insights and a
convenient resource (in the ESIf the reader can find a
comprehensive table reporting all most important parameters
of all the articles reviewed) to find critical information for
speeding up the development of novel competitive LFAs.
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