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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
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
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 inverse 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:

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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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.*

This journal is © The Royal Society of Chemistry 2025
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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 