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Selection of a DNA aptamer for aflatoxin B1 and
the development of a lateral flow assay for the
detection of aflatoxins in spiked peanut extracty
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Aflatoxins are a family of highly toxic compounds that contaminate food pre- and post-harvest, negatively
impacting the agroeconomic system. Their severe acute and chronic health effects pose a threat to human
health. Interest has been shown in developing rapid, reliable and cost-effective on-site detection tools for
aflatoxins. A capture SELEX experiment to discover aptamers for total aflatoxin (B1, B2, G1 and G2) was
conducted. The selection library was designed to be immobilized to a solid support matrix through
complementary binding of a capture probe to the central capture region of the library template. From this
selection the aptamer candidate DZA3 was selected because of its high affinity for AFB1, the most toxic of
the aflatoxins. The dissociation constant (Ky) was elucidated using microscale thermophoresis which
yielded results of K4: 42.1 £ 23.8 nM. The aptamer was integrated into a colorimetric solution assay that
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achieved a detection limit as low as 2.28 nM in water. For ease and portability, a colorimetric lateral flow
assay was developed that was tested in a non-complex sample and in spiked peanut extract. The limits of
detection achieved were 14.67 nM in water and 1.90 uM (5.93 mg kg™ in the spiked peanut extract. The
limits of quantification achieved in water and the spiked peanut extract were 44.44 nM and 5.75 uM (17.80
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Introduction

Foodborne diseases significantly threaten human health and
the agroeconomic system. Certain of these can result from
naturally occurring mycotoxins."® Mycotoxins are small
molecules produced by fungi that cause adverse or fatal effects
in humans and animals when inhaled, absorbed through the
skin, or ingested at low concentrations. Aflatoxins are a class of
mycotoxin of great public, agricultural, and economic
concern.”® There are four major naturally occurring aflatoxins
(AFs), AFB1, AFB2, AFG1 and AFG2 and of these mycotoxins,
AFBI1, is the most potent due to its carcinogenicity.” Changes in
temperature and humidity pre- and post-harvest can promote
the growth of Aspergilli, resulting in AFB1 contamination.*®°
AFB1 can be found in peanuts, maize, cottonseed, tree nuts,
rice, and oilseeds.*>'® Overexposure to this toxin can lead to
several acute and long-term adverse effects. AFM1 is a product
of AFB1 metabolism and is excreted in the milk of mammals.
This is especially problematic for children, where immune
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dysfunction due to AF exposure leads to increased infection
risk and poor nutrient absorption.""™* The extent of AFB1
toxicity varies according to dose, length of exposure, nutritional
factors, and exposure to previous viruses.'* "’

The occurrence of AFB1 at low concentrations in food and
feed requires detection methods with high sensitivity. Current
detection methods for AFB1 include thin-layer chromatography
(TLC), high-performance liquid chromatography (HPLC), gas
chromatography (GC), mass spectrometry (MS), and enzyme-
linked immunosorbent assay (ELISA).'"®'° These techniques
have disadvantages, including dependence on expensive
equipment, need for skilled technicians, lengthy analysis times,
in some cases low sensitivity, limited accessibility, and
susceptibility to false positive or negative results.>’ Researchers
have also proposed aptamer-based assays for aflatoxin
detection.’”*' Xiong et al also developed a solution-based
colorimetric assay to detect AFB1 using AuNPs and NaCl,
achieving a LOD of 7.32 ng mL™".>* Lerdsri et al. developed a
solution-based colour changing detection scheme using and
alternative to NaCl, N,N/-bis(ethylene trimethylammonium)-
3,4,9,10-perylene diimide, which achieved a LOD of 0.36 ng
mL™.> Though sensitive due to the use of spectrophotometers,
solution-based assays are not ideal for field application by non-
experts. Researchers Mousivand et al®* and Zhang et al*
developed competitive lateral flow assay (LFA) aptasensing
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platforms for the detection of AFB1 in corn and municipal
water with LODs of 0.10 ng mL ™" and 1.05 ng mL ™" respectively.
Even with these advancements, there is a need to develop
rapid, user-friendly, accurate and sensitive on-site detection
methods to mitigate the growing problem of AFB1
contamination in food.”?**” The new paper-based technology
proposed would be independent of additional instrumentation
and produce results easily visible by the naked eye, while
making use of limited yet robust components and reagents.

Aptamers, short single-stranded DNA or RNA molecules that
bind their target with high-selectivity and specificity, have
garnered increasing attention as a promising nanomaterial for
therapeutics and detection.?®3° Aptamers present several
advantages to other affinity tools such as antibodies; they are
cost-effective to produce with low batch-to-batch variability,
negate animal use, and are robust and stable over wide pH and
temperature ranges.”>*"*> Aptamers can be chemically
modified with relative ease to improve their affinity, specificity,
immobilization, ~detection, and stability.>* Additionally,
aptamers can be introduced to a wide range of targets, from
small molecules to whole cells, with the ability to distinguish
differences in functional groups and surface proteins.**°

Aptamers are selected using an in vitro process called
systematic evolution of ligands by exponential enrichment
(SELEX).*"*”*% The reader is referred to DeRosa et al., for a
comprehensive primer and review on SELEX.*'?”?° The
aptamer sequence explored in this work was selected using
capture SELEX (Fig. $17).">"" This type of SELEX yields the
selection of high-affinity switching aptamer
candidates while decreasing selection time.****

Following selection, aptamers can be integrated into a variety
of detection methods that can include noble metal nanoparticles
such as gold nanoparticles (AuNPs).”*** AuNPs have been
utilized in sensing, therapeutics, and catalysis.*>*° The ruby red
colour of spherical AuNPs results from localized surface plasmon
resonance (LSPR).**' The intensity and frequency of LSPR are
dependent on the nanoparticle's shape, size, composition, and
dielectric environment.”>>> The colours associated with the
dispersed and aggregated states of noble metal nanoparticles
(NMNPs) make them ideal for colorimetric assays.>

This research combines the sensing and detection
properties of aptamers and AuNPs to create colorimetric in-
solution and lateral flow assays. When sodium chloride
(NaCl, salt) is added to AuNPs in-solution, it can induce
aggregation of AuNPs by reducing the repulsion between
particles, shifting the colour from bright red to blue/
violet.>>>® DNA aptamers can be adsorbed onto the surface of
commonly synthesized citrate-capped AuNPs non-specifically
via coordination interaction between the DNA bases and the
nanoparticles (NP).>*°”>® The adsorption of DNA can prevent
the salt-induced aggregation of AuNPs. When the aptamer's
target is present, the conformational changes that occur
upon binding leave AuNPs open to salt-induced aggregation,
resulting in a colour change from red to blue (Fig. 1a). This
research exploits this mechanism to produce the in-solution
colour-changing method for detecting AFB1.

structure
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The colorimetric signalling and detection properties of
aptamer-AuNPs can be further exploited to develop a lateral flow
assay (LFA). In this work, a LFA was developed using AuNPs and
the adsorption-desorption approach. In this approach, the
lateral flow strip is made using a nitrocellulose membrane, an
absorption pad, a streptavidin test line, and a PDDA control
line. The aptamer is modified with biotin and adsorbed to the
surface of AuNPs. In the absence of AFB1, the aptamer-AuNP
complex will be trapped at the test line due to the biotin-
streptavidin interaction, producing a visible red colour. In the
presence of AFB1, the colour at the test line will disappear
because the aptamer desorbs from the AuNPs to bind to AFB1.
The control line will always appear as the cationic PDDA
polymer captured the negatively charged AuNPs (Fig. 1b).

In the work described here, a new aptamer for AFB1 was
discovered, characterized, and incorporated into an LFA. The
LFA was challenged with both simple (buffer) and complex
(peanut) matrices and shows promise for real-world
screening of AFB1.

Materials and methods

A detailed list of chemicals and instruments are included in
the ESL}

Capture-SELEX process

Aptamers were selected for total aflatoxin (B1, B2, G1 and G2)
via capture SELEX using a central region capture domain
(outlined in Fig. S1}). The selection template was 5-AGCAGC
ACAGAGGTCAGATG-N15-TTTTGTGGGTAGGGCGGGTTGGTTTT-
N15-CCTATGCGTGCTACCGTGAA-3' and the capture probe
sequence was 5-TTTTTTTTTTTTAACCCGCCCTAC-3'. Regions of
complementarity between the selection template and the capture
probe are underlined. Primarily, the selection library was
immobilized on agarose beads via biotin-avidin interaction
where the capture probe was biotinylated, and the agarose beads
were coated with avidin (Pierce™ Avidin Agarose. ThermoFisher
Scienctific, Ottawa, Canada). The capture probe and library were
hybridized in solution prior to immobilization by heating to 95
°C for 10 min, cooling to room temperature (RT), and then
incubating at 4 °C overnight. Details of the selection round
conditions are summarized in Table S1.f In general, negative
selection was done in selection buffer (20 mM Tris-HCl (pH =
7.4), 100 mM NacCl, 5 mM KCl, 1 mM CaCl,), and the counter
elution contained deoxynivalenol (DON), fumonisin Bl (FB1),
ochratoxin A (OTA) and zearalenone at 8 pmol total (5 nM each
or 1.48, 3.61, 2.02 and 1.59 ppb respectively) in selection buffer.
Toxins were obtained from Millipore Sigma, (Oakville, ON,
Canada). The positive elution decreased from 57.8 pmol to 1.6
pmol total aflatoxin over 5 selection rounds. Specific details of
each selection round are summarized in Table S1.f Washing of
the beads was achieved using cellulose acetate membrane, pore
size 0.22 pm, sterile spin-X columns (Millipore Sigma, Canada).
The final selection was subjected to 5% BSA and corn extract in
selection buffer. To separate sequences that were bound to
aflatoxin and either BSA or other proteins from the complex

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Illustration of a) the colorimetric in-solution assay and b) the colorimetric lateral flow assay for the detection of aflatoxin bl. a) The in-

solution assay showing that in the presence of AFB1 the aptamer is preferentially bound to the toxin, due to the aptamer's change in conformation
the AuNPs undergo NaCl-induced aggregation and the colour changes from red to blue. In the absence of AFB1 the aptamer passivates the surface
of the AuNPs, and the colour remains red. b) The LFA showing that in the presence of target, preferential binding leads to a disappearance of
colour at the test zone but in the absence of target, aptamer-AuNP stick at the test zone resulting in a red line.

matrix a nitrocellulose filtration step was added during the 5th
round of selection (see Fig. S2t). Following elution, the selection
libraries were amplified via PCR (200 mM Tris-HCl, PH = 9.0,
100 mM KCl, 2% Triton X-100) using the following cycle: 95 °C
for 5 min, 25 x 95 for 30 s, 56 °C for 30 s, 72 °C for 30 s, then
72 °C for 5 min. The sequences of the forward and reverse
primers were 5-6FAM-AGCAGCACAGAGGTCAGATG and 5-AAAA
AAAAAAAAAAAAAAAAAAAAA-HEG-TTCACGGTAGCACGCATAGG
respectively. The amplicons were purified via 8% denaturing
PAGE, where the fluorescently labeled enriched library was
isolated. Selection enrichment was monitored by measuring
fluorescence of the 6FAM modification (Ex: 495 nm and
Em: 520 nm). Aptamer sequence candidates were identified
by high-throughput sequencing, counting and clustering via
the AptaSuite tools,> secondary structure prediction,”® and
common motif analysis of the top sequence candidates
identified via AptaSuite. The workflow is summarized in
Fig. S3i Aptamer candidate sequences are included in
Table S2F Sequence identities are compared within the top
five candidates (Table S3f) and to the top 27 remaining
sequences (Fig. S47).

Aptamer characterization

Structural prediction. RNAstructure version 6.5 from the
Matthews Lab,*" was used to predict the secondary structure
and minimum free energy structure of the DZA3 aptamer

© 2025 The Author(s). Published by the Royal Society of Chemistry

sequence. The online tool was set to DNA, and all other options
were left in the default settings. To determine the likelihood of
G-quadruplex formation, QGRS (Quadruplex forming G-Rich
Sequences) Mapper software and imGQ were used.

Electrophoretic mobility gel shift assay. Aliquots of
aptamer and capture probe were mixed in a microtube, and
the volume made up to 40 pL resulting in a final
concentration of aptamer and capture probe of 4 puM in
SELEX buffer. The samples were vortexed and placed on a
heat block at 95 °C for 15 min. They were then allowed to
cool to room temperature for 30 min and stored at 4 °C until
use (24 hours).

For the gel shift assay, 20 pL of the hybridized DNA
samples was mixed with 20 puL of 0.1 uM of total aflatoxin
stock (5:1:1:1 AFB1, AFB2, AFG1, AFG2) and vortexed for
two hours. After, an equal volume of 50% glycerol was added
to each sample. Non-denaturing polyacrylamide gels were
prepared by mixing 27 mL of acrylamide solution
(bisacrylamiderylamide, 40% solution, 19:1), 18 mL of 5x
TBE buffer (45 mM Tris, 45 mM boric acid, 1 mM EDTA),
and 44 mL of deionized water. The solution was stirred at 37
°C and filtered through a Whatman No. 1 filter paper. To the
cooled solution, 900 pL of 10% ammonium persulfate and 90
pL of TEMED were added. After casting and pre-running, the
power supply was set to a constant 200 V. To cool the system,
cold water was circulated through the vertical heat exchanger.
The gels were loaded with sample and ran three hours.
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Imaging was done on a 20 x 20 cm TLC plate (F254) using a
multi-image light cabinet on the epi-UV setting (lx = 254
nm). The fluorescent DNA was visualized using a 302 nm
excitation wavelength. For specificity analysis with FB1, OTA,
DON and zearalenone (Z) were done. The results of this are
presented in Fig. S5.F

Circular dichroism. One (1) mg of AFB1 was dissolved in
70% methanol and serially diluted with SELEX buffer to
create the stocks used for the experiments. To monitor the
structural changes and binding properties of the sequences
to AFB1, the final concentration of aptamer was held
constant at 1 pM (10 pL of 20 uM stock) while 100 puL of the
various AFB1 stocks were introduced. Additional SELEX
buffer was added to achieve a final volume of 200 pL. The
mixtures were incubated for 30 minutes at room temperature
prior to being added to a 10 mm quartz cuvette. The CD
spectra of the aptamer only, aptamer and target, and target
only were acquired from 200 to 350 nm in 0.1 nm increments
with a scanning speed of 100 nm min".

Microscale thermophoresis. A stock of 10 nM FAM-
aptamer was prepared in SELEX buffer. Starting with 100 uM
stock of AFB1 in SELEX buffer, a 1:1 serial dilution was
prepared. Following this, 10 pL of each dilution was mixed
with 10 uL of FAM-aptamer resulting in a final concentration
of 5 nM FAM-aptamer. The concentrations of AFB1 ranged
from 50 uM to 1.5 nM. The capillaries were filled with final
reaction mixtures. Analysis was done using a Monolith
NT.115 Pico at 25 °C with 7% LED and 80% laser power. The
NanoTemeper MO. Affinity analysis software was used for
curve fitting and K4 determination.

Preparation colorimetric assays. The colorimetric assay was
conducted by adding 8 pL of aptamer from 10 pM stock in
water (0.4 uM) in an appropriate amount of deionized water
needed to adjust the final volume of the assay to 200 pL. To
this, 100 pL of target ranging from 0.02 nM to 10 uM was
added, followed by a brief vortex and 30-minute incubation.
Next, 50 puL of 11.6 nM AuNP (2.95 nM) was added and the
mixture was vortexed and incubated for 30 minutes. After this,
25 pL of 0.3 M NacCl (0.04 M) was added, and the solution
vortexed and incubated for five minutes before photographing
and UV-vis analysis of the 520 nm and 640 nm absorbance
peaks using the Varian Cary Bio-300 spectrometer.

Control toxins were used to assess the specificity and
selectivity of the assay. To do this, 10 uM of each toxin (AFB1,
AFB2, AFG1, AFG2, DON, OTA, and FB1) was used and the
colorimetric assay was conducted using the aforementioned
approach. The results of the in-solution selectivity and
specificity assay can be found in the supplemental in Fig. S10.}

Transmission electron microscopy. High-resolution
transmission electron microscopy (HR-TEM) was done using
a FEI Technai G2 F20 TEM at the Carleton University nano-
imaging facility, with a field emission source at a voltage of
200 kv using Gatan Microscopy Suite 2 V (Carleton
University, Ottawa, ON, CA). Mesh copper TEM grids (300 x
83 uM) were purchased from electron microscopy Sciences
(Hatfield, Pennsylvania, USA). Ten (10 puL) of the mixture was
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placed on a carbon-coated copper grid and allowed to dry
under ambient conditions. Images were recorded using a FEI
Tecnai G2 F20 TEM with a Schottky field emitter with high
maximum beam current (>100 nA) electron source and
imaged with a Gatan ORIUS TEM CCD Camera.

Construction of the lateral flow assay. A mixture of 1.5 mg
mL™* streptavidin and 0.5% pullulan was dispensed as the
test line, while the 20% PDDA in water was dispensed as the
control line using the BIODOT: ZX 1000 printer. The test and
control lines were printed 4 mm apart. After printing, the
nitrocellulose membrane was quickly affixed to the DNCdx
backing card (0.02"” thick, 80 mm x 300 mm) and dried for 1
hour at temperature of 37 °C. The adsorption pad (5 mm
wide strips) was adhered to the backing card with a 2 mm
overlap onto the nitrocellulose membrane. The overlap
allowed for the migration of the sample up the membrane
during sample analysis. Using an automated cutter, the
lateral flow assay strips were cut into 500 mm pieces. The
LFAs were stored at room temperature in a dry place and
used within three months.

Preparations of the lateral flow assays. The LFA utilized
the adsorption-desorption approach in which the biotin-
modified aptamer was first incubated with AuNP. Following
this, 100 pL of the target was added and incubated. The strip
was dipped in an aliquot of the mixture, and the signal at the
test zone was recorded after 2 minutes.

Optimization of DNA and AuNP concentration. Stock
solutions of biotin-DNA previously prepared in SELEX buffer
were diluted to 20 uM in deionized water. Stock solutions of
AFB1 were prepared in deionized water ranging from 5 fM to
1 uM. Concentrations of 1, 1.5 and 2 uM of aptamer were
tested with a small range of AFB1 (2.5, 25, 50 nM). This was
done by incubating each concentration of aptamer with 2.95
nM AuNP for 30 minutes, followed by the addition of 100 pL
of AFB1 to result in final concentrations of 2.5, 25, 50 nM.
The LFA was dipped in 30 puL of the mixture for 2 minutes,
then photographed.

AuNP concentration was further optimized by incubating
0.99, 1.05, 1.11, or 1.20 nM AuNP with 1.5 pM aptamer for 30
minutes. This was followed by the addition of 100 pL of
toxin, resulting in AFB1 at concentrations ranging from 0.025
nM to 500 nM and an additional 30-minute incubation. The
LFA was dipped in 30 pL of the mixture for 2 minutes and
then photographed.

LFA for the detection of AFB1. At this point the incubation
times were reduced from 30 minutes each to 15 minutes
each. Stock solutions of AFB1 were prepared in deionized
water ranging from 5 fM to 1 uM. In an appropriate amount
of water to bring the final assay volume to 200 uL, 1.5 uM
aptamer and 1.11 nM AuNP were incubated for 15 minutes
after a brief vortex. Following this, 100 uL of AFB1 was added
to the mixture of aptamer and AuNP, the mixture was
vortexed and incubated for another 15 minutes at room
temperature. After incubation, 30 pL of the test solutions
were aliquoted, and the LFA strip dipped in for 2 minutes to
facilitate signal development.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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The assay was repeated with AFB1 and AuNP only to
deduce the effects of the target and solvent on the test zone.
Additionally, tests were carried out exactly as before but with
a scrambled version of the aptamer (biotin-scram) to test the
validity of aptamer. The strips were photographed and
uploaded to Image] to analyze the intensity of the test zones.
Graph Pad Prism 10 using ordinary one-way ANOVA with
multiple comparison analysis was used to establish statistical
significance.

Control sample analysis. The composition of the total
aflatoxins sample and concentrations of control toxins (DON,
OTA, FB1, atrazine) is described in Table S4.f The assay was
carried out as mentioned above.

Analysis in spiked peanut extract. Roasted unsalted
peanuts were purchased from a local grocery store. The
peanuts were ground by pulsing in a blender and 6 grams
weighed out. Thirty (30) mL of 70% methanol in
deionized water was added to the ground peanuts. The
mixture was shaken for 10 minutes at room temperature.
The solids were allowed to settle, and the supernatant
was filtered using a 0.45 uM PES filter. The filtrate was
then centrifuged at 18, 800g for 5 minutes before use.
Extracts were stored at 4 °C for up to one week. The
extract was spiked with AFB1 to create stocks ranging
from 0.1 mM to 10 nM. The assay was performed as
mentioned before. The final methanol concentration
was 35%, as 100 pL of extract was added to 100 pL of
Aptamer/AuNP/water mixture for sensing. Note: the 0 nM
sample was mixed with 100 pL extract that did not
contain AFB1. The strips were photographed and uploaded
to Image] to analyze the intensity of the test zones.

Results and discussion
Selection of aptamers for aflatoxin via capture-SELEX

Multiple modifications and optimizations to the original
in vitro selection protocols have been developed to decrease
selection time and increase the probability of selecting high
affinity aptamers.®> One such adaptation was to indirectly
immobilize the nucleic acid library to a solid support matrix
via a capture probe. Inspiration for the design of the SELEX
protocol came from work done by Nutiu and Li (2005) who
described the selection of “structure-switching” aptamers.®?
Aptamers that bind to AFB1 (and AFM1) have been selected
with affinities in the nM range (summarized in Table S57).
This work was motivated by the desire to specifically select
high affinity structure switching aptamers to exploit this
property for biosensing applications. In this protocol the
nucleic acid selection pool was based on a template where a
known central region was flanked by two randomized
regions. This design, shown in Fig. S1,f allowed the pool to
be immobilized on beads wvia hybridization of the
complementary capture probe (purple) to the known region
(blue) of the selection library template. A schematic diagram
of the partitioning step of the selection procedure is shown
in Fig. S2.f The actual sequences are shown in Table S2.}

© 2025 The Author(s). Published by the Royal Society of Chemistry
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The aptamer template was 96 bases long with two 15-
nucleotide (nt) random regions flanked by a primer region.
Between the two random regions, the template also contained
a known 18-nt biased sequence domain, PS2.M (5-GTGGGT
AGGGCGGGTTGG-3'), that was previously reported to form a
parallel G-quadruplex.®* The PS2.M sequence was used to aid
in structure switching so that high-affinity aptamers could be
selected and to facilitate the immobilization of the sequence
during selection to decrease selection time.®*

Selection details and identification of aptamer candidates by
high-throughput sequencing (HTPS)

Five selection rounds were completed, and the experimental
details are summarized in Table S1.f The first four selection
rounds were performed in non-complex selection buffer (20
mM Tris-HCI (pH = 7.4), 100 mM NacCl, 5 mM KCl, 1 mM
CaCl,). To increase selective pressures the stringency was
increased each round. The final round of selection was done
in complex media (20 mM Tris-HCl (pH = 7.4), 100 mM
NacCl, 5 mM KCl, 1 mM CacCl,, 5% BSA and corn extract). This
allowed for the reduction of sequences having affinity for the
components of the complex matrix from the library. To
separate sequences that were bound to aflatoxin and either
BSA or other proteins from the complex matrix an additional
filtration step was added during the 5th round of selection.
After the positive selection the eluate was passed through a
nitrocellulose membrane (Fig. S21). BSA was filtered from the
solution by binding to the nitrocellulose membrane. DNA
and aflatoxin were able to pass through the filter membrane
and were collected and used for HTPS analysis to determine
aptamer candidates.

The sequences produced by HTPS were analyzed by
AptaCluster.®® AptaCluster is a clustering algorithm that
efficiently parses, clusters and analyzes sequencing data from
aptamer selections. The program runs based on user-defined
parameters and is fully automated, the workflow used is
summarized in Fig. S3.f Enrichment scores, the count, the
actual sequence, and the appearance of repetitive sequence
domains were considered to narrow down the number of
aptamer candidates to be experimentally characterized.
Between sequences comparisons were facilitated by multiple
alignment software. These analyses are shown in Tables S2
and S3 and Fig. S4.f

Screening of aptamer candidates using electrophoretic gel shift

The abilities of the top five aptamer candidates to undergo
structural transition in the presence of AFB1 were screened
by an electrophoretic mobility gel shift assay (EMSA) where
capture probe displacement was monitored (Fig. 2a).

Prior to the gel shift assay, aptamers were hybridized with
the capture probe. For each aptamer candidate (AC), a
control reaction (no aflatoxin) and aflatoxin reaction were
prepared. The differences in intensity of the top (CP + AC)
and bottom (CP) bands were evaluated and used to assess
both the hybridization efficiency and target binding. The
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Fig. 2 a) The ability of the aptamer to undergo capture probe
displacement in the presence of aflatoxin was screened by an
electrophoretic gel shift assay where AFB1 binding was indicated by
displacement of the fluorescent capture probe. b) Fluorescent images
of the aptamer candidate screening by gel shift assay. Abbreviations:
capture probe (CP), aptamer candidate (AC, ex: DZA_l), control
hybridization reaction (C). c) SpotDenso analysis of fluorescence band
intensity of aptamer candidates where the red X indicates no difference in
intensity of the CP + AC band in the absence and presence of the
target, and conversely the green arrows indicate a decrease in
fluorescence due to displacement of the fluorescent capture probe in
the presence of the target.

expected results are shown in Fig. 2a. Lane 1 shows the
migration of the capture probe control. Lane 2 represents the
control hybridization reaction. If the CP and AC were fully
hybridized, then fluorescence would be mainly in the top
band. In the presence of aflatoxin (lane 3) some of the CP is
removed from the AC by the binding of aflatoxin to the
aptamer (expansion at right). Therefore, upon target binding
the intensity of the CP + AC band decreased and the intensity
of the CP band increased.

The intensity of the CP + AC bands in the absence and
presence of the target were compared using the SpotDenso
analysis  feature of an  Alphalmager instrument
(AlphaInnotech) to identify the top three aptamer candidates
from this single trial for further characterization. The
fluorescent gel images and the graphical analysis of
fluorescent intensity for the aptamer candidates are shown in
Fig. 2b. Upon examination of the fluorescent gel images,
DZA_1 (lanes 2 and 3) and DZA 2 (lanes 4 and 5) did not
hybridize well, most of the fluorescence was observed in the
CP lane in both the control hybridization reaction (C1 and
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C2) and the DZA + AF reactions (lanes 3 and 5). Aptamer
candidates DZA_3 (lane 6), DZA_5 (lane 8) and DZA 7 (lane
10) all hybridized with varying efficiencies. However, visual
examination of the top (CP + AC) and bottom (CP) bands in
lanes 7, 9 and 11 suggest that these sequences have some
affinity to the target. Especially for DZA 3 and DZA_7 the
intensity of the top band visually decreased in the presence
of target.

To confirm these trends the intensity of each band was
analyzed by the SpotDenso analysis tool. The Intensity of the
top band (CP + AC), the intensity of an equivalent area of the
background in the fluorescent image were measured. A
graphical summary of the intensity difference is shown in
Fig. 2c. Based on the gel shift assay and the graphical
analysis of the fluorescent data, aptamer candidates DZA_3,
DZA_5 and DZA_7 were chosen for further analysis as the
decrease in fluorescence, corresponding to release of the
capture probe from the hybridized CP + AC complex upon
target binding, was observed. Preliminary specificity
screening was also achieved using this method (results are
shown in Fig. S5t). Of the three candidates, DZA-3 showed
the least non-specific displacement of the capture probe.

Microscale thermophoresis

Further characterization of DZA3, DZA5 and DZA7 was done
through in-solution MST experiments (Fig. S61). MST is an
advantageous characterization method because of its
sensitivity, sample and rapid
measurements.®® The aptamer candidates were challenged
with the four major aflatoxins (AFB1, AFB2, AFG1, and
AFG2). Fluorescently labelled aptamer was introduced to
concentrations of AFB1. From this experiment, DZA3 showed
high affinity to AFB1 and AFG2 with dissociation constants of
42.1 + 23.8 nM and 15.3 + 4.8 nM, respectively. DZA7
displayed affinity towards AFG2 with a K4 of 3.3 + 0.2 pM.
DZAS5 did not display measurable affinity to either of the four
aflatoxins tested. The normalized MST traces for DZA3 and
DZA7 are shown in Fig. S6.f DZA3 was selected for further
characterization due to its strong apparent affinity for AFB1
and AFG2.

It is sometimes challenging to determine the binding
affinity of an aptamer to a small molecule, as target-binding
is not accompanied by a large mass increase.®® MST data
analysis fitting thermophoresis
mathematical models to extract binding parameters. The
complexity of these models and the assumptions made
during data analysis can introduce errors, especially in cases
where binding kinetics or multiple binding sites are
involved.®”” When coupled with the low solubility of
aflatoxins, it becomes difficult to ascertain a Ky value.

low consumption

involves curves to

Structural prediction

RNAstructure was used to predict the secondary structure of
DZA3 (Fig. S7t). The most plausible secondary structure can
be forecasted by comparing the free energy prediction and
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the maximum expected structure. The folding free energy
structure prediction is achieved using the Watson-Crick
interaction of DNA bases.®® The maximum expected accuracy
structure uses the sum of pairing probabilities and has been
deemed more 6869 The MaxExpect accuracy
structures predicted are, on average, more precise than those
predicted using the minimum folding free energy.”® For
DZA3, software predicts two similar stem-loop structures with
a minimum folding free energy (AG, kcal mol™) of -11.9 (Fig.
S7at), and a MaxExpect score of 7.4 (Fig. S7b¥).

DZA3 is a guanine-rich (G-rich) sequence, with structure
switching potential. G-rich sequences can form a highly
stable G-quadruplex.”’ To help determine the likelihood of
the DZA3 sequence forming a G-quadruplex, the quadruplex
forming G-rich sequences (QGRS) Mapper software was used.
The software reports a G-score based on the prevalence of
shorter loops to longer loops, that the loops are equal in size
and that the stability of the structure increases with an
increasing number of G-quartets.” QGRS forecasts the
likelihood of a G-quadruplex forming at position 42 within
the sequence. This location corresponds to the known
G-quadruplex forming region PS2.M.

Another tool for predicting the formation of
intramolecular G-quadruplexes is the intramolecular
G-quadruplex (imGQ) finder.”> This software allows the user
to define the required number of G-quartets, loop length,
and the number of substitutions or defects allowed.”® The
analysis for imperfect G-quadruplexes was done for tetrads of
three and a smaller loop size. Similarly, a G-quadruplex was
predicted at position 42.

accurate.

Structural prediction and binding using circular dichroism

Circular dichroism was used to confirm whether DZA3 would
form a G-quadruplex. The sequence was resuspended in a
buffer containing K* to stabilize potential guanine tetrads.”*
The spectral data obtained by monitoring ellipticity at
between 240-245 nm and 260-280 nm is shown in Fig. 3.
DNA sequences known to fold into a parallel
G-quadruplex contain a maximum at 260 nm and a
minimum at 240 nm. The experimental result did not
correspond to a G-quadruplex, instead, the results more
closely match that of commonly found B-form DNA. The PS2.

“- w o N o®
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N
B
3

%, 240 260 280 300 320 340
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Fig. 3 CD spectrum of DZA3 in 20 mM Tris buffer (100 mM NaCl, 5
mM KCl, 1 mM CaCl,, 1 mM MgCly), showing the 245 nm minimum
and 280 nm maximum corresponding to B-form DNA.
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M is a G-quadruplex forming sequence, the spectrum for
which is displayed in Fig. S8.f The DZA3 sequence showed a
minimum at 245 nm and a maximum at 280 nm. In the
presence of 50 nM AFB1, the spectrum looked almost
identical. The presence of AFB1 resulted in a slight increase
at 280 nm. The peak similarities in both spectra confirm the
absence of a significant conformational change of DZA3 in
the presence of AFB1. Based on the characterization method
and the length of the aptamer conformational change may
not be observed as not all regions of the aptamer may display
affinity. CD relies on substantial structural changes upon
aptamer binding. CD spectroscopy primarily detects changes
in global conformation of biomolecules. It may not be
sufficiently sensitive to detect subtle conformational changes
or binding events involving small molecules, especially when
these changes do not significantly alter the overall secondary
structure of the aptamer.”*

Colorimetric detection of AFB1

The development of an LFA using aptamers as the molecular
recognition element and AuNPs as the signal reporter
requires preliminary screening of the aptamer in an in-
solution assay. To begin, the stability of the AuNPs in the
presence of AFB1 alone (with and without salt) was assessed.
It was found that AFB1 was able to induce the aggregation of
AuNPs at concentrations above 10 uM (Fig. S9At), and that
AFB1 did not exhibit protective effects against salt induced
aggregation (Fig. S9BT). This may be due to the ability of the
toxin to coordinate with the citrate groups on the surface of
the AuNPs. Additionally, the sensor demonstrated good
selectivity to AFB1 over other toxins (Fig. S107).

To determine the sensitivity of the assay, varying
concentrations of AFB1 (0.02 nM-10.00 uM) were introduced
to the DZA3 aptamer, and the spectral changes were analysed
using UV-vis spectroscopy. Well-dispersed 10-15 nm AuNPs
exhibit a plasmon resonance at 520 nm, while aggregated
AuNPs result in a red shift in absorbance and the appearance
of a peak at 600-700 nm that is highly dependent on the
extent of aggregation that is induced (Fig. 4).

As the concentration of AFB1 increased, there was a
decrease in the 520 nm plasmon resonance and an increase
in the new 640 nm peak. A calibration curve was created by
plotting the ratio of the absorbance at 640 nm to the
absorbance at 520 nm (Fig. 5a and b respectively). The
aptamer showed good linearity at two points between 0.2 nM

_
v

PR

In-solution colorimetric assay showing the increase in
aggregation as more AFB1 is added. Concentration increases from
right (0 nM, control) to left (10 uM). With increasing target, the assay
changes from red to blue.

-
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Fig. 5 A) Spectral changes to AuNP visible absorbance spectrum due
to the aptamer's interaction with varying concentrations of AFB1 target
([0, 0.02, 0.2, 2, 20, 200 nM], [2, 4, 6, 8, 10 uM]); B) ratio of the
absorbance at 640 nm and 520 nm; C) and D) points of linearity used
to determine the LOD, which were 2.28 nM and 1.81 uM. Error bars
represent standard error.

and 20 nM AFB1 and 200 nM to 10 uM (Fig. 5c and d),
resulting in LODs of 2.28 nM and 1.81 uM.

TEM analysis

Transmission electron microscopy (TEM) was used to support
the proposed mechanism. When 10 uM of AFB1 was added
in the presence of DZA3 and NaCl, the preferential binding
of the aptamers to the target left the AuNPs susceptible to
salt-induced aggregation. This could be seen by the clustering
of the spherical AuNPs in Fig. S11a.j Fig. S11bt shows that in
the absence of AFB1, the aptamer-coated AuNPs remained
well dispersed in the presence of salt. The high-resolution
TEM studies support the colorimetric assay that utilizes the
modified adsorption-desorption approach, confirming the
DZA3 aptamer's affinity to the AFB1 target.

AFB1 aptamer-based biosensor

As previously mentioned, current detection methods for AFB1
have several disadvantages, including dependence on
expensive equipment, need for skilled technicians, lengthy
analysis times, accessibility and susceptibility to false positive
or negative results.”>’® We have shown that utility of an
aptamer-based assay for the detection of AFB1 in solution.
Though promising, this format is not ideal for portability of
the detection tool and requires additional wait time. As a
result, there is an urgent need to develop rapid, user-friendly,
portable, accurate and sensitive detection methods to
mitigate the growing problem of AFB1 contamination.>®”””®
Here, we developed a low-cost aptamer-based lateral flow
assay (LFA) to detect aflatoxins, specifically AFB1, in spiked
peanut extract.
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Optimization of DNA concentration

The final construct of the lateral flow assay included a
streptavidin concentration of 1.5 mg mL™" mixed with 0.5%
pullulan. Streptavidin was the capture bioreceptor of choice
because of its availability, fast association kinetics and strong
affinity towards the biotin-labelled aptamer.”® The
concentration of streptavidin was increased to facilitate a
higher density of biotin-labelled aptamer at the test zone
and, thus, a higher maximum signal.”® With the increase in
streptavidin, the amount of biotin labelled aptamer needed
was estimated based on an assumed amount of available
binding pockets after adhesion to the surface of the strip.

Concentrations of 1, 1.5 and 2 uM were chosen for testing
with a small range of AFB1. It was found that 1 uM of biotin-
labelled DNA resulted in insufficient fading of the test zone
in the presence of AFB1 (Fig. 6a). This could be due to an
insufficient amount of biotin-labelled DNA, leaving binding
pockets of streptavidin open to interaction with the AuNPs.
Two (2) uM of biotin-labelled aptamer resulted in consistent
fading as the concentration of AFB1 was increased. When the
concentration of DNA seemed to be more than what was
needed at the test zone there was increased smearing at the
control zone (Fig. 6¢). Hence, 1.5 pM biotin labelled aptamer
was chosen as it had a reproducible signal change in the
presence of increasing concentrations of AFB1 with minimal
smearing of the control zone (Fig. 6b). Fig. 6¢ shows the
trend in the test zones as calculated by Image].
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Fig. 6 LFA strips tested with a small range of AFB1 using a) 1 uM DZA3
aptamer, b) 1.5 uM DZA3 aptamer and c) 2 uM DZA3 aptamer. d)
Quantification of the signal change at the test zones using Imaged.
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Optimization of AuNP to improve sensitivity

The mechanism proposed for the LFA requires the release of
DNA from the surface of AuNPs upon the addition of target.
This is made possible due to the conformational change that
occurs during high affinity binding events. Though DZA3
presents a low dissociation constant at high concentrations
of AFB1 the test zone does not completely fade. It is possible
that an aptamer-target-AuNP complex was formed.”* DZA3 is
a lengthy aptamer, that is 96 bases. After AFB1 binds to its
epitope zone, regions of the sequence where conformational
change was unlikely could adhere non-covalently to AuNPs
resulting in an DZA3-AFB1-AuNP complex. A similar scenario
was explored by Mirén-Mérida et al,”* the researchers
proposed the formation of an aptamer-target-complex
involving a 96-base FB1 aptamer.

The concentration of AuNPs was reoptimized to improve
the sensitivity of the assay (Fig. 7a-d) and mitigate the
formation of the potential DZA3-AFB1-AuNP complex. The
idea behind this was that reducing the amount of AuNP
available for non-specific interaction with the aptamer would
increase the sensitivity of the assay.”* To do this, 0.99, 1.05,
1.11 and 1.20 nM AuNP were tested with 1.5 uM DZA3 and
varying amounts of AFB1.

In Fig. 7a, the assay performed with 0.99 nM AuNP
resulted in a consistent and drastic fading as low as 0.025
nM AFB1 and produced a LOD and LOQ of 11.43 nM and
34.63 nM, respectively. At this concentration, there was
almost complete fading at the test zone as AFB1
concentration was increased proving that finetuning the
amount of AuNP added to the assay can reduce for formation
of DZA3-AFB1-AuNP complex. This concentration of AuNP
was not suitable due to how faint the test zone was in the
absence of AFB1. Concentrations of 1.05 nM and 1.11 nM
AuNP delivered comparable LODs and LOQs (Table 1).

1.20 nM AuNP was not ideal as the test zone did not
completely fade possibly explained by two theories: either
with increased particles there is decreased steric hinderance
and an aptamer-target-AuNP complex is formed that is
captured at the test line or the presence of the line is due

a) 0.99 nMAuNP b) 1.05 nM AuNP

[ |
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Fig. 7 Optimization of the concentration of AuNP to reduce the
formation of DZA3-AFB1-AuNP complex to improve sensitivity. Image
shows 1.5 uM DZA3 with varying concentration of AFB1 an a) 0.99 nM
AuNP, b) 1.05 nM AuNP, c) 1.11 nM AuNP and d) 1.20 nM AuNP.
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Table 1 Calculated limits of detection and quantification based on the
peak areas of the test zones using ImageJ analysis

AuNP, nM LOD, nM LOQ, nM

0.99 11.4 34.6

1.05 26.2 79.5

1.11 37.6 113

1.20 4250 (4.25 uM) 12880 (1.29 uM)

to the difference in actual number of particles. Where the
number of aptamer particles per reaction stays the same,
there is an increase in the number of gold nanoparticles
per reaction from 3.3 x 10" (1.11 nM) to 3.6 x 10" (1.20
nM). At 1.20 nM AuNP, the number of particles passes the
threshold where there is a favourable number of aptamers
to AuNPs to see the line disappear (enough aptamer is
being desorbed in the presence of target to lose the line).
In this case, the number of aptamers per AuNP is
decreased, but the number of particles that have aptamers
on the surface and can interact with the test line is
increased, so enough are captured on the test line to mask
the aptamer target binding. This results in a high LOD of
4.25 uM and a LOQ of 12.88 uM. At this concentration of
AuNP the assay would not be useful in detecting AFB1. As a
result of these data, 1.11 nM AuNP was chosen for further
analysis (Fig. 7c).

Implementation of optimized parameters for assessment of
the assay with control toxins and real sample

To ensure that the presence of AFB1 is not responsible
for the fading occurring at the test zone, it was tested on
the LFA strip alone. As mentioned, without DNA,
streptavidin can recruit AuNP at the test zone resulting in
a red line (Fig. 8a and b 0 nM). Optimization components
of the LFA resulted in an assay with higher sensitivity and
limits of detection. This was assessed using concentrations
of AFB1 ranging from 0.25 pM to 50 nM that were
prepared in water and tested on the strip in the presence
of 1.5 uM DZA3 and 1.11 nM AuNP (Fig. 8a). The
resulting LOD and LOQ were 14.67 nM and 44.44 nM,
respectively. The LFA performed most reliably at
concentrations above 0.25 nM. A scrambled version of
DZA3 was created and tested with AFB1. The test zone
faded slightly in comparison to the 0 nM AFB1 sample.

To compare the performance of the aptamer (Fig. 8a) with
the scrambled sequence (Fig. 8b) and assay without DNA
sequences present, ordinary one-way ANOVA was performed.
A visual summary of the ordinary one-way ANOVA is shown
in Fig. 8c. After evaluating the signal at the various AFB1
concentrations, the performance of the DZA3 aptamer in
comparison to the scrambled sequence was deemed
significant at 50 nM, p = 0.0046. In comparison to the
scenario without DNA (AFB1 only) the performance of the
DZA3 aptamer was significant at concentrations of 0.25 nM
to 50 nM (Fig. 8d).
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Fig. 8 a) Increasing concentrations of AFB1 (0-50 nM) with 1.5 uM biotin-DZA3 and 1.11 nM AuNP were introduced to the lateral flow assay to assess the
performance of the LFA, from this the resulting LOD and LOQ were 14.67 nM and 44.44 nM, respectively. b) A scrambled version of DZA3 was used
as a control to test the specificity of the sequence in comparison to the 0 nM AFB1 sample. c) Comparison of the test zone signals for LFA
conducted with biotin-DZA3, biotin-scram and no DNA (AFB1 only). d) A visual summary of the ordinary one-way ANOVA at 50 nM AFBL1. F(2, 6) =

28.93, ** = 0.0046 and *** = 0.0008.

Selectivity tests with control toxins

To test the selectivity of the assay AFB1 and a mixture of AFB1,
AFB2, AFG1 and AFG2 were tested against ochratoxin A (OTA),
deoxynivalenol (DON), fumonisins B1 (FB1) and atrazine (ATR)
(Fig. 9a). The mixture of AFB1:AFB2:AFG1:AFG2 was set at
7:1:1:1, to approximate the abundance of AFB1 compared
to other aflatoxins in peanut products.**®" Ordinary one-way
ANOVA was used to perform a S$idak's multi-comparison
analysis of the test zone signals. It was found that the
changes in the test zone intensity of the sample containing
50 nM AFB1 was comparable to the total AFs mixture (35 nM
AFB1, 5 nM AFB2, AFG1, and AFG2) with no significant
difference between the two (p > 0.999) (Fig. 9b). The
disappearance at the test zone in the total AFs sample AFs
was significant in comparison to the other toxins tested,
highlighting the selectivity of the aptamer (p < 0.05).
Analysis in spiked peanut extract as a practical application
of the AuNP-based LFA, the assay was tested spiked peanut
extract (Fig. 10a). The matrix of ground peanuts was extracted
using 70% methanol in water. It is important to mention that
aflatoxins are commonly extracted from foodstuff in organic

706 | Sens. Diagn., 2025, 4, 697-710

solvents, which can pose specific challenges for DNA-AuNP
systems, namely the presence of organic solvents can cause
non-specific desorption of DNA from AuNPs. The work of Lu
et al., resultant aggregation state was affected by both organic
solvent concentration and DNA length (shorter was less
stable).®> To mitigate these challenges, a low % methanol
was used, and the aptamer was very long. Additionally, the
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Fig. 9 a) The AuNP based LFA selectivity experiments for the DZA3
aptamer with AFB1 and total AFs in comparison to OTA, DON, FB1,
ATR. b) ImageJd analysis of the test zones and a summary of the
ordinary one-way ANOVA results establishing significance between the
signal of AFs and OTA, DON, FB1, ATR. F(6, 14) = 8.165.
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aptamers were selected in the presence of trace amounts of
methanol (<1%). Aliquots of the extract were spiked with 5,
50, 500 and 1000 nM AFB1. Image] was used to analyze the
intensity of the test zones, and the results plotted in Fig. 10b.
The LOD and LOQ were calculated to be 1.90 uM (5.93 mg
kg™ and 5.75 uM (17.80 mg kg™'), respectively. In Canada,
the regulatory limits for aflatoxin in food and animal feed are
15 ug kg and 20 pg kg™ respectively.®® These values are
consistent with those set globally either for AFB1
independently (lowest limit set by European Union at 2.0 ug
kg™"), or total aflatoxins (lowest limit set by European Union
at 4.0 ug kg').** These values are above the regulatory limits
however, inclusion of a complex matrix resulted in a decrease
in sensitivity of the assay. The construct serves as a proof of
concept that a rapid and user-friendly detection tool for
AFB1, and total aflatoxins can be developed using aptamers.
To improve the detection limits of the assay the addition of a
short and inexpensive clean-up step will be explored. With
further refinement the sensitivity of the assay can be
improved to result in lower LODs and LOQs.

Conclusions

Here, a novel aptamer for AFB1 with sensitivity towards total
aflatoxins was selected and characterized. The DZA3 aptamer
showed high affinity to AFB1. Using MST the dissociation
constant was (Kg) of 42.1 + 23.8 nM. The modified in-solution
assay adsorption-desorption approach was successful in the
detection of AFB1 and gave an LOD as low as 2.28 nM (0.71
ppb). The LFA format is more suitable for mass distribution,
and ease of use. The aptamer was incorporated into the LFA
format using the adsorption-desorption approach. The LFA
was challenged with other potent mycotoxins (OTA, DON, FB1)
and a common herbicide (atrazine). The construct responded
significantly (p < 0.05) in the presence of AFB1 and total
aflatoxins, with minimal fading in the presence of OTA, DON,
FB1 and atrazine. In an aqueous solution the construct had a
LOD and LOQ of 14.67 nM (4.60 ppb) and 44.44 nM (13.88
ppb), respectively. The LFA was tested using an extract from
peanuts. The extract was spiked with AFB1 and tested on the
strip. The resulting LOD and LOQ were 1.90 uM (0.59 ppm)
and 5.75 uM (1.80 ppm), respectively. Though the detection
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limits of the LFA were not sufficient for monitoring at or below
the regulatory limits, this is an important proof of concept
demonstration that a paper-based colorimetric approach for
the detection of AFB1 is viable. Future work will focus on
extract concentration, LFA optimization, and aptamer
truncation. Though differences in individual aptamer-AuNP
interactions can affect the crispness of the test lines in the LFA
assay, batch-to-batch variations in printing of the strips can
lead to variations in the sharpness of the lines observed on the
LFA. This parameter will need to be optimized for
reproducibility quality. Though aptamer truncation can be
challenging for small molecule targets, truncation is a practical
strategy to increase affinity of the aptamer-target interaction,
and decrease costs of final LFA test.*®
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