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Factors that affect the performance of the nucleic acid -
lateral flow assay (NALFA) have not been well studied. In this work, &
we identify two important phenomena that negatively affect signal % N4 %
C
T €

intensities during the detection of PCR products using NALFA: (i)

the presence of unreacted PCR primers, and (ii) the presence of T MEHEl
excess PCR amplicons. This is the first report that highlights the £ 0.84
negative effect of unreacted PCR primers on NALFA. The negative et £06- '9'_?0'1"0'
effect of excess amplicons, while not explicitly reported for NALFAs, 5044 Tees
emanates from an identical phenomenon in lateral flow immuno- =1 gy £0.2-
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assays known as the “hook effect”. We show that the above effects S 0+
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may be alleviated by increasing the concentration of capture 1o ciiciition factor r:llumber of SCR STEEEEE

antibodies at the test line and the concentration of reporter moieties

(gold nanoparticles). To demonstrate these, we utilized a PCR assay in which both primers were end-labeled, to generate dually end-
labeled (bi-labeled) PCR amplicons of 230 bp length. To provide mechanistic understanding of these phenomena, we present the
first transport-reaction model of NALFA, the results of which qualitatively matched all observed phenomena. Based on these results,
we provide recommendations for the optimal design of PCR for NALFA detection.

Paper-based microfluidics, point-of-care diagnostics, hook effect, NALFA, transport phenomena, global health, tuberculosis,
primer dimers

signal visible to the naked eye. So, NALFA is a powerful
method that can be employed to detect amplified products of
NAATs in low-middle-income countries. There are several
formats of NALFA to detect DNA or RNA targets; however,
the most widely used strategy is the one which involves the
detection of end-labeled amplicons. Ready-to-use nucleic acid
lateral flow strips have been commercialized by several
manufacturers.”' Bi-labeled amplicons are typically gener-
ated by using end-labeled primers or probes during the
amplification process. NALFA has been coupled with several
amplification methods such as polymerase chain reaction
(PCR),** loop-mediated isothermal amplification
(LAMP),"""* recombinase polymerase amplification
(RPA),"*'* and CRISPR."

In practice, it has been seen that amplified nucleic acid
products from PCR, LAMP, RPA ,or other isothermal
amplification methods need to be diluted for a strong signal
on NALFA. This dilution factor needs to be determined

Point-of-care (POC) testing is essential for providing
affordable healthcare worldwide as it allows rapid testing in
limited-resource settings. With the global disease burden
increasing, it is now crucial to develop POC compatible
devices to diagnose genetic diseases and infectious and warfare
agents. Lateral flow immunoassays (LFIAs) have gained
attention in the field of medical diagnosis due to their
convenient use, low cost, and rapid turnaround time."* Nucleic
acid amplification methods are often coupled with lateral flow
assays for the detection of amplification products, named as
nucleic acid lateral flow assays (NALFAs).

In recent decades, the necessity for rapid and sensitive
nucleic acid amplification tests (NAATSs) has increased to
combat pandemics like COVID-19 and to diagnose infectious
diseases such as tuberculosis, malaria, etc.’™’ Traditionally,
amplified nucleic acids generated in NAATs have been
detected using techniques like agarose gel electrophoresis,
Southern blots, or fluorescence readouts in real-time PCR
machines. All these techniques require complicated and January 30, 2022 e
expensive instruments and are time-consuming and labor- March 11, 2022 oA
intensive as they involve multiple user steps and therefore are March 14, 2022 "
not suitable for point-of-care detection. On the other hand, March 28, 2022
NALFAs enable sensitive and specific detection of nucleic
acids by simple wicking through membranes, generating a
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Figure 1. Design and mathematical modeling of NALFA. (A) Schematic of the nucleic acid lateral flow assay mechanism. (B) Modeling domain of
nucleic acid lateral flow assay and schematics of binding reactions occurring in the domain.

experimentally by the method of trial and error. Dilution
factors in the range of 10X—500X are commonly re-
ported.'>'®™*" To date, an explanation for the need to dilute
and the method to determine the optimum dilution has not
been provided. Some studies also report that the NALFA
signal is affected by the primer concentration used during
PCR,"""” but the role of primer concentration is not explicitly
reported in the literature. For lateral flow immunoassays, it is
very well reported that the test line signal reduces with
increasing analyte concentration, when the analyte concen-
tration increases beyond a threshold concentration, popularly
known as the hook effect. It could lead to reporting of false
concentrations, i.e., low concentration as high, and vice versa.
Several studies and mathematical models describe the hook
effect, and ways to mitigate it are being explored.'>'>*' >
However, the hook effect is not well studied for NALFAs.

In the current study, we present a first transport-reaction
model of NALFA to address the above-stated knowledge gaps
and to develop a better fundamental understanding of
NALFAs.*® The specific format of NALFA considered here
is the one in which amplicons are generated by PCR using end-
labeled primers, generating dually end-labeled (bi-labeled)
amplicons. One end label is used for capture on the LFA strip,
and the other end label is used to couple to a color-displaying
moiety. This format is chosen because it is one of the most
commonly used formats for NALFA. Using this model, we
show that there are two mechanisms that adversely affect test
and control line signal intensities in NALFAs: (i) the presence
of labeled unreacted primers in the amplified product, and (ii)
the presence of excess bilabeled DNA target (hook effect).
This explains the need to dilute PCR products before NALFA;
dilution alleviates both of these factors. We also show that
concentrations of the reporter molecules (streptavidin-coated
gold nanoparticles in this case) and test line capture antibodies
play important roles in designing an optimum NALFA. This
work overcomes several knowledge gaps in the design of
NALFAs and will enable informed NALFA design.

Albumin-biotin-labeled bovine (referred to as BSA-biotin henceforth)
(A8549) and bovine serum albumin (BSA, A2153) were procured
from Sigma-Aldrich. Goat polyclonal antifluorescein isothiocyanate
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(FITC) antibodies (ab 19224) and streptavidin-gold conjugate (40
nm, 100D) (ab186864) were purchased from Abcam, Inc.,
Cambridge, MA, USA. Mycobacterium tuberculosis (Mtb) gDNA was
obtained from BEI Resources (Manassas, VA, USA). Biotin and FAM
labeled primers were purchased from Macrogen Inc., Seoul, South
Korea. Takara Taq DNA Polymerase (R001A), along with buffer and
deoxynucleotide triphosphates (dNTPs), was acquired from Juniper
Life Sciences (Bangalore, India). dsDNA used in this study was
quantified using a Nanodrop 2000 instrument (ThermoFisher
Scientific). The PCR gel cleanup kit was acquired from Barcode
Biosciences (Bangalore, India).

All materials were cut using a SO W CO, laser in a VLS 3.60 laser
engraver (Universal Laser Systems, Scottsdale, AZ). All designs were
created in AutoCAD (Autodesk, San Rafal, CA).

A PCR assay to was designed to amplify a 230 bp region of the rpob
gene of Mtb. To enable lateral flow detection of the PCR-amplified
product, the 5’ ends of the forward and reverse primers were
conjugated with a biotin and a FAM molecule, respectively, producing
bi-labeled amplicons (Supporting Information S1). Primer sequences
used in this study were forward: S5’-Biotin-ATCACACCGCAG-
ACGTTGATC-3’ and reverse: 5'-FAM-GTTTCGATCGGGCACA-
TCC-3'. The 20 uL PCR reaction contained 1X PCR buffer (10 mM
Tris-HCl (pH8.3), 50 mM KCl, 1.5 mM MgCl,), dNTP mixture (2.5
mM each), 2 units of Takara Taqg DNA polymerase (rTaq r001A), 0.5
uM each of forward and reverse primers (unless otherwise stated), 1
uL of DNA template, and sterile water to occupy the remaining
volume. The PCR reaction was set up with an initial denaturation at
95 °C for 5 min followed by 35 cycles of 95 °C for 30 s, 56 °C for 30
s, and 72 °C for 25 s, followed by a final extension at 72 °C for 7 min.
The amplified product was detected using 1.5% agarose gel stained
with ethidium bromide using gel electrophoresis.

The detection mechanism of the NALFA strategy used here is shown
in Figure 1A. Anti-FITC antibody was used at the test line while BSA-
biotin at the control line. For this study, conjugate pads were not
used; instead, streptavidin-gold nanoparticles (Sv-AuNPs) were
premixed with the sample and introduced directly into the lateral
flow strip. Sv-AuNPs were diluted in conjugate buffer (2 mM borate
buffer, 10% sucrose, pH 7), while target amplicons were diluted in
running buffer (0.01 M PBS (phosphate buffered saline), 1% BSA,
0.05% Tween-20, pH 7.4). NALFA was fabricated as described in
Supporting Information S2. NALFA was conducted with two types of
samples: (i) directly on PCR products and (ii) on purified PCR
amplicons obtained using the gel cleanup kit. Purified amplicons were
free of unreacted primers and so were useful in validating certain
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Figure 2. Signal inhibition due to unreacted primers. (A) Schematic showing the effect of unreacted primers on NALFA chemistry. (B) Images of
NALFA strips conducted for purified PCR amplicons spiked with varying concentrations of unreacted primers. (C) Plots of test and control line
intensities vs concentration of unreacted primers obtained experimentally. (D) Plots of test and control line concentrations vs concentration of
unreacted primers obtained using the model. (E) NALFA images at various initial primer concentrations in polymerase chain reaction. (F) Plots of
test and control line intensities vs initial concentration of primers in PCR. All error bars represent standard deviations (N = 3).

aspects of the mathematical model. The concentration (ng/uL) of
purified amplicons was measured using the Nanodrop 2000
instrument and converted to copy number using the molecular
weight of the amplicons (Supporting Information S3). The OD 260/
280 purity ratio was maintained between 1.8 and 2 to ensure purity of
amplicons. The BSA-biotin concentration was 0.5 mg/mL in all the
experiments, unless stated otherwise. The anti-FITC antibody
concentration was 0.25 mg/mL for experiments showing inhibition
of test and control line signal using purified amplicons, 0.5 mg/mL for
experiments conducted with PCR product using different primer
concentrations and experiments with varying BSA-biotin concen-
tration, and 1 mg/mL for experiments involving the hook effect and
effect of reporter moiety concentration.

A flatbed scanner was used to quantify the signal generated in
NALFA. Images were acquired 12 min after sample introduction.
Each image was split into red, green, and blue channels using Image].
The green channel provided the highest contrast against the
background (Figure S3); hence, green channel intensities were
recorded. The intensity vs distance data from Image] was imported to
MATLAB, and a custom MATLAB script was used to identify and
measure the integrated intensities of test and control lines
(Supporting Information S4).

Transport-reaction phenomena within NALFA were modeled. There
are two important length scales at which transport phenomena occur
in NALFA: (i) the macroscopic transport of bulk liquid from the
source well to the reaction zones (test and control lines), and (ii) the
microscopic transport of species within individual pores from the bulk
to the surface for subsequent reaction. For microscopic transport, the
diffusion of molecules to the surface (transverse to the direction of
convective flow) is significantly faster than the surface reaction.
Reactions in the test and control zones may therefore be modeled as
bulk reactions rather than surface reactions. This enables reducing the
model to a 1D model that only considers macroscopic transport
phenomena. At the macroscopic length scale, both convection and
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dispersion (modified diffusion as a result of heterogeneous pores in
the porous medium) contribute to transport. However, convection
dominates at these length scales (Peclet number ~ 10%).*” While
dispersion is not ignored in this model, it is replaced by molecular
diffusion, which is an approximation of the rate of dispersion.

The nitrocellulose membrane consisting of the test and control line
was considered as the modeling domain. The length of the domain
was 2 cm and the widths of the test and control lines were 1 mm
(Figure 1B). The capture antibody (anti-FITC) at the test line (T)
and BSA-biotin at the control line (C) were assumed to be
immobilized homogeneously at their respective locations. Sample
containing bi-labeled amplicons (A), biotin-labeled primers (B), and
FAM-labeled primers (F) was diluted in running buffer and premixed
with Sv-AuNPs (reporter molecules, G). This mixture was assumed to
flow through the domain at a constant velocity,”” v. The assumption
of constant velocity is valid because after the nitrocellulose strip wets
fully and the fluid front enters the wicking pad, the flow rate remains
nearly constant for a long period of time.”” Note that the model
assumes that Sv-AuNPs, anti-FITC antibody, and BSA-biotin have
only one binding site.

The binding reactions which occur in NALFA are represented in
Figure 1B. All chemical reactions were assumed to be reversible. Bi-
labeled amplicons (A) and biotin-labeled primer present in the sample
binds with the reporter label (G) to form an amplicon-reporter
complex (AG; A + G 2 AG) and biotin primer-reporter complex
(BG; B + G 2 BG), respectively. At the test line, anti-FITC antibody
(T) captures the amplicons (A), FAM-labeled primer (F), and
amplicon—reporter complex (AG), forming the amplicon—antibody
complex (AT; A+ T 2 AT), FAM primer—antibody complex (FT; F
+ T 2 FT), and amplicon—reporter—antibody complex (AGT; AG +
T 2 AGT), respectively. Free reporter molecules (G) interact with
amplicon-antibody complex (AT) to also form an amplicon-reporter-
antibody complex (AGT; AT + G 2 AGT). The signal at the test line
is due to the formation of species AGT. Unbound reporter molecules
(G) are captured at the control line by BSA-biotin (C) to form a
complex GC; G + C 2 GC, which is responsible for the control line
signal development.
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Figure 3. Hook effect in NALFA. (A) Schematic for the mechanism of loss of test and control line intensities when bi-labeled amplicons are in
excess. (B) NALFA conducted with increasing number of purified PCR amplicons. (C) Plots of test and control line intensities vs number of
amplicons obtained experimentally using purified amplicons. (D) Plots of test and control line concentrations vs number of amplicons obtained
using the model. (E) NALFA conducted from serial dilutions of PCR products. (F) Plots of test and control line intensities vs number of amplicons
obtained experimentally from serial dilutions of PCR product. All error bars represent standard deviations (N = 3).

The mathematical model involves a diffusion—convection reaction
equation for all the species, which is given as follows:

ac, ac? aC, ,

— =D— —v|—|+E i=AB,GFAGBG

ot Ox Ox (1)
9G E; i= AT, FT, AGT, GC

— = I 1= ,

ot i ) ’ (2)

where C,; is the concentration of species i, D; is the effective diffusivity
for the i™ species in water, v is the fluid flow velocity, and F; is the rate
of formation for the i species. The effective diffusion coefficient is
lower than the diffusion coefficient of reagents in the free liquid due
to the porous nature of the nitrocellulose membranes. Because
surface-bound species cannot undergo convection or diffusion, they
are represented by eq 2 while all other free species are represented by
eq 1. The complete list of equations, the initial and boundary
conditions, and the values of parameters used in the model
(diffusivities, reaction rate constants, and fluid flow velocity) is
given in Supporting Information SS. Using finite central differences,
the set of coupled partial differential equations was discretized to
generate a set of ordinary differential equations. These were then
solved in MATLAB using the inbuilt odelSs solver for stiff ODEs to
obtain the concentration of all species over space and time. To
produce a movie of a simulated NALFA, the total concentration of
signal-forming species at the test and control lines was scaled to
between 0 and 255 and the scaled numbers were used to generate the
red color over a white background.

The designed 35 cycle PCR assay could detect as few as 10
copies/reaction on 1.5% agarose gel and generate a 230 bp
product (Figure SS). It was first observed that when PCR was
cut short, ie, stopped after 20 cycles, and NALFA was
conducted using these products, it led to a near loss of signal at
the test and control lines (Supporting Information S6). While
the loss of signal at the test line may have been due to a low
product concentration from the incomplete PCR, there was no
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obvious explanation for the loss of signal at the control line.
We hypothesized that this loss in signal was because of the
presence of unreacted PCR primers by the following
mechanism. When a significant concentration of unreacted
PCR primers is present in the sample (Figure 2A), FAM-
labeled primers would block the anti-FITC antibody reaction
sites on the test line, reducing the available number of binding
sites for the reporter-bound amplicons to bind. Similarly,
biotin-labeled primers would block streptavidin sites on Sv-
AuNPs, reducing the available number of particles for signal
generation at both test and control lines (Figure 2A).

To test the hypothesis that unreacted PCR primers inhibit
signals on test and control lines, gel-purified bi-labeled PCR
amplicons were spiked with different concentrations of primers
(in the range of 0—0.8 #M) and used for NALFA. The number
of amplicons (10'° copies) was kept unaltered. Ten uL of 1
OD gold conjugate solution was premixed with the amplicons.
Both the test and control signal intensities reduced with
increasing unreacted primer concentrations (Figure 2B,C). A
dark signal was generated in the absence of unreacted primers.
However, the test line was lost completely in the presence of
0.8 M unreacted primers (Figure 2B,C). The control line
intensity also dropped ~3.5X with increasing unreacted primer
concentration from 0 to 0.8 uM (Figure 2B,C). Modeling
results showed a similar trend of reducing test and control line
intensities when the concentration of unreacted primers was
increased from 0—0.8 uM (Figure 2D). A movie of a simulated
NALFA using the mathematical model is provided in the
Supporting Information (Movie S1).

The effect of unreacted primers was then demonstrated by
performing NALFA directly on PCR products. PCR was
performed with different initial primer concentrations varying
from 0 to 1 uM, keeping the initial target concentration
constant, i.e, 1000 copies of Mtb genomic DNA. One uL of
PCR product was then diluted to 30 yL in running buffer and
was premixed with 10 yL of 1.5 OD gold conjugate solution.
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concentrations vs gold nanoparticle concentration obtained from the model. All error bars represent standard deviations (N = 3).

This premixed sample was then used for NALFA. The control
line intensity decreased with increasing primer concentration
(Figure 2E). The test line intensity increased as the primer
concentration was increased from 0—0.4 yM (Figure 2E,F).
This is because of the obvious reason for increasing PCR
product formed with increasing primer concentration. On
further increasing the primer concentration from 0.4 to 0.6
UM, the test line intensity started dropping (Figure 2E,F). This
is because although the number of bi-labeled amplicons
increased, the number of free primers also increased, which
adversely affected test line signal. Interestingly, on further
increasing primer concentration (0—1 uM), the test line
intensity increased again. This was most likely because of the
formation of primer-dimers at very high primer concentration,
which also happen to be bi-labeled products of amplification,
and lead to false positives on NALFA. This was confirmed in a
separate experiment by performing PCR using varying primer
concentrations in the absence of a template. Ideally, the test
line should not appear on NALFA because there was no target
to be amplified. Contrarily, a test line appeared for all primer
concentrations in the range of 0.4—1 uM, as shown in Figure
S7A. To rule out the possibility of amplicon contamination, 2
UL of PCR product generated from a no-template reaction was
analyzed using agarose gel (Figure S7B), where no target-
specific band appeared. Overall, these results show that there is
an optimal range of PCR primer concentrations for best
performance of NALFA. Below a certain primer concentration,
the product concentration may be too low to produce a dark
signal. Above a threshold primer concentration, the signal
drops because of the presence of unreacted primers. At very
high primer concentrations, NALFA may begin to show
nonspecific signals (from primer dimers).

‘When bi-labeled amplicons are present in excess, it reduces the
probability of forming the full detectable stack at both the test
and control lines (Figure 3A). Some amplicons completely
cover the AuNPs, leaving no valency for AuNPs to bind to the
control line, reducing control line signals; other amplicons
occupy test line antibody sites without any gold nanoparticles
bound to them, reducing test line signals.

To demonstrate the effect of excess amplicons, different
concentrations of bi-labeled PCR amplicons (ranging from 10’
to 10" copies and a blank) were analyzed using NALFA
(Figure 3B,C). As the number of amplicons increased until
10" copies, the test line intensity increased; however, at 10"
copies, the test line intensity reduced (Figure 3B,C). This is
identical to the hook effect, an effect well-known to occur in
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lateral flow immunoassays. The control line intensity remained
largely unaltered at low amplicon concentrations, but it rapidly
declined at very high amplicon concentrations (Figure 3B,C).
The results of the mathematical model matched the
experimental observation qualitatively (Figure 3D). In this
case, there were no unreacted primers present in the sample.

The hook effect was next demonstrated by conducting
NALFA directly on PCR products obtained from amplifying
1000 copies of target. Ten uL of 1.5 OD gold conjugate
solution was used for detection. In this case, multiple serial
dilutions (1x, 2X, 10X, 20X, 2000, and 20 000X) of the PCR
product were used for NALFA. In the case of undiluted PCR
product (1X), only the test line appeared due to complete the
utilization of available reporter molecules by the amplicons
(Figure 3E,F). As the dilution factor increased until 10X, the
test line signal intensity increased because of alleviation of the
hook effect. On further dilution beyond 10X, the test line
intensity reduced because of less availability of bi-labeled target
(Figure 3E,F). The control line appeared only for dilutions of
200X and above, at which point Sv-AuNPs were not
completely consumed by bi-labeled amplicons and were
hence available for binding to the control line (Figure 3E,F).
These results corroborate the need to dilute PCR amplicons
before NALFA.

The accumulation of reporter moieties at test and control lines
is responsible for signal generation in lateral flow assays; the
signal increases with increasing concentration of reporter
moieties accumulated. In this study, 40 nm Sv-AuNPs were
used as reporter moieties. The effect of concentration of gold
nanoparticles was studied by running NALFA assays with
varying gold nanoparticle concentrations and all other
parameters unaltered. NALFAs were run with 10'° copies of
purified target dsDNA without any free primers. A 10 uL
solution of gold nanoparticles was mixed with the amplicon
solution before NALFA; the optical density (OD) of the gold
conjugate was varied from 0.5 to 4, which corresponded to
149 X 107"'=1.2 X 107" M. As the concentration of gold
nanoparticles was increased, the test line signal increased and
then plateaued at higher concentrations; the control line signal
was initially not visible, and subsequently increased monoto-
nously (Figure 4A,B). Results from the model matched these
trends qualitatively (Figure 4C). At high gold nanoparticle
concentrations, the test line signal saturates because all sites for
binding on the line are occupied. Overall, increasing the
concentration of gold nanoparticles has a positive impact on
NALFA performance. The trade-off, however, comes from the

https://doi.org/10.1021/acsmeasuresciau.2c00005
ACS Meas. Sci. Au 2022, 2, 317-324


https://pubs.acs.org/doi/suppl/10.1021/acsmeasuresciau.2c00005/suppl_file/tg2c00005_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsmeasuresciau.2c00005/suppl_file/tg2c00005_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsmeasuresciau.2c00005/suppl_file/tg2c00005_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsmeasuresciau.2c00005?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmeasuresciau.2c00005?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmeasuresciau.2c00005?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmeasuresciau.2c00005?fig=fig4&ref=pdf
pubs.acs.org/measureau?ref=pdf
https://doi.org/10.1021/acsmeasuresciau.2c00005?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

A B Experiment c Maddl
—e—Test —o—Control
1600 —e—Test —e—Control g B0
> 1200 '5 5x10-°
C ‘B T 4x107°
g 800 € 3x10
T — | e E 3 -10
400 5 2x10
o 10'10
0.25 0.5 0.75 1 1 T T T T T 0-¢ T T T T T
Anti-FITC antibody 0 OAZt. 2i:c O‘ii.b (;'8 ! ° oAzntiii:c:ﬁ?ibo%f 1
. nti- antibody b
concentration (mg/ml) concentration (mg/ml) concentration (mg/ml)
D E Experiment F Model
1150+ e—Test —o—Control —e—Test —o—Control
10504 _ 4x10°4
3. \E.r
C _— = 950 s 3x10°4
& 850 '<= o=°
g N £ B 2x10°
= 7501 <
o 109
0.25 0.5 0.75 1 8501 5
- . 550 x . . . © 0 T T T T
BSA-Biotin concentration 0.2 0.4 0.6 0.8 1 0 0227 0454 0681 0.909

(mg/ml)

BSA-Biotin concentration
(mg/ml)

BSA-Biotin concentration
(mg/ml)

Figure S. Effects of concentrations of test and control line capture molecules. (A) Images of NALFA conducted with varying concentrations of anti-
FITC antibody at the test line. (B) Plots of test and control line intensities vs anti-FITC antibody concentration obtained experimentally. (C) Plots
of test and control line concentrations vs anti-FITC antibody concentration obtained from the model. (D) Images of NALFA conducted with
varying concentrations of BSA-biotin at the control line. (E) Plots of test and control line intensities vs BSA-biotin concentration obtained
experimentally. (F) Plots of test and control line concentrations vs BSA-biotin concentration obtained from the model. All error bars represent

standard deviations (N = 3).

cost of the reporter moieties. Sv-AuNPs, for example, could
add to the cost of NALFA substantially; the Abcam particles
used here cost ~$0.90/1 uL solution of 10 OD. Further,
although not common for streptavidin-coated gold nano-
particles, in case there is any nonspecific binding of
nanoparticles to test line antibodies, high gold nanoparticle
concentrations may lead to target-independent signals on the
test line. It is therefore important to utilize the lowest number
of nanoparticles that provide the required sensitivity in
NALFA.

In order to study the effect of the concentration of anti-FITC
antibody at the test line, NALFAs were run with 10'° copies of
bi-labeled amplicons, mixed with 10 uL of 1.5 OD Sv-AuNPs.
When the concentration of anti-FITC antibody at the test line
was increased from 025 to 1 mg/mL, keeping all other
parameters constant, the test line signal improved. This can be
attributed to enhancement in binding kinetics at the test line
(Figure SA,B). In most lateral flow assays, the rate of binding
of the detectable entity is less than the rate of convection (flow
over test line). Many detectable molecules, therefore, flow past
the test line without binding. Increasing the concentration of
test line antibodies alleviates this issue. On the contrary, when
the concentration of anti-FITC antibody at the test line was
increased, the control line signal reduced because higher
amounts of reporter moieties were now consumed at the test
line and thus less were available to bind to the control line
(Figure SA,B). Results of the mathematical model matched
these trends qualitatively (Figure SC). Identical NALFAs were
conducted to study the effect of the concentration of BSA-
biotin at the control line. When the concentration of BSA-
biotin was increased from 0.25 to 1 mg/mL, keeping all other
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parameters constant, the control line intensity increased and
then plateaued (Figure SD,E). The test line intensity remained
unchanged as expected (Figure SD,E) because modifications at
the control line do not affect any phenomena at the test line,
which us upstream the control line. Results from the
mathematical model showed similar trends (Figure SF).
Overall, these results show that increasing the concentration
of the capture molecule at the test line may be used to improve
signals at the test line. Similar arguments about trade-offs
associated with costs and nonspecific signals at the test line
may be made; antibodies may contribute significantly to the
total cost of NALFA.

Overall, we have shown that the test and control line signal
intensities strongly depend on the design of the PCR assay
(primer concentration and number of cycles) and the
concentrations of the reporter moiety and capture molecules
used at the test and control lines. The dilution of products of
amplification, as reported in NALFA literature, is necessary to
alleviate the hook effect as well as loss of signal because of the
presence of unreacted primers. The results presented here will
hold true for NALFA detection of any nucleic acid
amplification method utilizing labeled primers. Because this
study analyzes the factors that affect the intensity of lateral flow
signals, it will significantly aid in the design of quantitative/
semiquantitative NALFA strategies. The modeling strategy
used in this study makes the simplifying assumption that each
Sv-AuNP has only a single valency for biotin. In reality, each
Sv-AuNP has multiple valencies for biotin. Further, because a
calibration of signal intensities at test and control lines vs the
number of gold nanoparticles accumulated to generate the
signal was not performed, an exact quantitative comparison of
experimental vs modeling results was not possible. However,
because the purpose of the model was to obtain qualitative
trends, the current model suffices for the purpose.
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To date, the design of NALFAs has largely employed a black
box approach; a few published protocols have been adopted by
most researchers without knowledge of the factors that affect
its performance. In this work, we recognize multiple factors
that affect the performance of NALFAs and provide a
mechanistic explanation for them by utilizing a mathematical
model. An important outcome of this work is the under-
standing that unreacted PCR primers inhibit the signal in
NALFA, which necessitates that PCR be run until the end
point before utilizing NALFA as a readout method. We also
highlight the hook effect that reduces the NALFA signal and
prove that this effect necessitates dilution of the amplicons
prior to NALFA, as is commonly reported in NALFA
protocols. This result has important implications in the design
of integrated devices that aim to directly couple a PCR
reaction to NALFA, where dilution of amplicons may not be
feasible. In such cases, we show that increasing the
concentration of test line antibodies and the reporter moieties
may alleviate signal inhibition. This work also brings forth the
following important factors that must be considered for the
optimal design of PCR for NALFA detection: (i) PCR must be
designed with limiting primer concentrations to ensure that
there are no unreacted primers at the end of the reaction; i.e.,
there must be an excess of dNTPs in the reaction; (ii) PCR
should not be terminated prior to the designated number of
cycles, even though a detectable concentration of product may
have been generated; and (iii) to facilitate the detection of
undiluted PCR products using NALFA, the primer concen-
trations must be chosen to be as low as possible to not run into
the high analyte concentration hook effect regime but not so
low to negatively impact PCR efficiency.
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