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Biosensors have been widely applied in tests for allergens, but on-site detection remains a challenge. Herein, we
proposed a detection procedure for peanut Ara h 1 as a representative allergen, which was extracted from a
cookie, thereby minimising the need for any complex pretreatment that was difficult to perform, and enabling
the visual detection of the target without the use of analytical equipment. The extraction procedure was per-
formed in less than 30 min using a syringe and filter (0.45 pm). The detection method for Ara h 1 was based on

the aggregation of switchable linkers (SL) and gold nanoparticles (AuNP), and the presence of 0.19 mg peanut
protein per 30 g of cookie could be confirmed within 30 min based on the AuNP/SL concentration ratio by the
precipitation. This proposed procedure could be successfully applied to the detection of a wide range of food

allergens.

1. Introduction

Food allergies are a significant issue worldwide for both food in-
dustries and public health. Because no effective cure has been developed
for food allergies, avoidance of foods containing allergen(s) is the most
appropriate way to prevent reactions or problems (Du Toit, Sampson,
Plaut, Burks, Akdis, & Lack, 2018). For this reason, many countries have
established regulations for labelling allergenic ingredients in pre-
packaged foods (Rizzi, Zoccatelli, Simonato, Fratea, & Mainente,
2017; Shoji, Adachi, & Akiyama, 2018), and many food manufacturers
voluntarily perform precautionary allergen labelling (PAL) (Allen et al.,
2014; Crotty & Taylor, 2010; Remington, Baumert, Blom, Houben,
Taylor, & Kruizinga, 2015). However, these warnings are often ignored
by consumers due to mislabelled PAL that are not based on a quantita-
tive allergen risk assessment (Zhang, Hong, Cai, Huang, Wang, & Ren,

2019). Therefore, it is essential to engage the public in the analysis of
food allergens by developing consumer-friendly detection methods.
Seventy-five percent of peanut-allergic individuals are reported to have
serum-specific IgE against the peanut protein 7S globulin (Ara h 1),
which accounts for 12-16% of peanut protein (Golias, Humlova, Halada,
Habova, Janatkova, & Tuckova, 2013). Ara h 1 is composed of a stable
homo-trimer that is bound by hydrophobic interactions between resi-
dues in the a-helical bundles of 63.5 kDa monomers (Burks, Cockrell,
Stanley, Helm, & Bannon, 1995; van Boxtel, van Beers, Koppelman, van
den Broek, & Gruppen, 2006). Therefore, Ara h 1, which has a stable
structure, is widely used as a representative allergen marker (Palladino
& Breiteneder, 2018).

In recent decades, many effective techniques have been extensively
applied to ensure the proper labelling and management of food aller-
gens, including Ara h 1. These techniques include the enzyme-linked
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immunosorbent assay (ELISA) (Jayasena, Koppelman, Nayak, Taylor, &
Baumert, 2019; Montserrat et al., 2015), reverse-phase high-perfor-
mance chromatography (RP-HPLC) (Singh, Cantoria, Malave, Saputra,
& Maleki, 2016), surface enhanced Raman spectroscopy (Gezer, Liu, &
Kokini, 2016), magneto-resistive (Ng, Nadeau, & Wang, 2016), elec-
trochemical sensors (Sobhan, Oh, Park, Kim, Park, & Lee, 2018), DNA-
based sensors (Zhang, Wu, Wu, Ping, & Wu, 2019)), real-time poly-
merase chain reaction (PCR) (Miyazaki et al., 2019; Puente-Lelievre &
Eischeid, 2018) and the loop-mediated isothermal amplification (LAMP)
(Sheu, Tsou, Lien, & Lee, 2018). Despite these many methods, a need
remains for the development of on-site detection methods that can be
used without time-consuming preparation, trained experts and/or so-
phisticated instruments.

In this paper, our aim was to provide a simple and fast method for the
on-site detection of Ara h 1 as a model allergen target based on our
developed gold nanoparticle (AuNP)-precipitation-based detection sys-
tem (Hahn, Kim, Han, & Choi, 2020; Hahn, Kim, You, Gunasekaran, Lim,
& Choi, 2017; Lim et al., 2012; You, Lim, Hahn, Choi, & Gunasekaran,
2018). This technique generates a visible signal with the precipitation of
aggregates of AUNP and the target protein. A key element in determining
the aggregate size is the switchable linker (SL), with the precipitation of
aggregates generated by changing the ratio of AuNP to SL, thereby
enabling quantitative detection of the target. This detection method
includes a simple extraction process using an easy-to-use syringe filter
and a AuNP precipitation analysis method suitable for field use. To
evaluate the practical detection limit and quantification of Ara h 1, the
proposed analytical method is performed with reference to the analyt-
ical sensitivity threshold recommended by the Voluntary Incidental
Trace Allergen Labelling (VITAL 3.0) system (Bureau, 2019; Holzhauser
et al., 2020). In addition, the developed method can evaluate selectivity
based on excellent visible signals. Taken together, the results obtained
by this proposed method demonstrate its practicality and simplicity in
the detection of Ara h 1 in foods.

2. Experimental section
2.1. Materials

Chloroauric acid and bovine serum albumin (BSA) were purchased
from Sigma Aldrich (St. Louis, MO, USA). Tri-sodium citrate was pur-
chased from Yakuri Pure Chemicals Co., Ltd (Kyoto, Japan). Tetraborate
pH standard solution was purchased from Wako Pure Chemicals In-
dustries, Ltd (Osaka, Japan). Phosphate-buffered saline (PBS) was pur-
chased from Thermo Fisher Scientific (Waltham, MA, USA). Thiolated
streptavidin was purchased from Protein Mods (Madison, WI, USA).
Purified natural Ara h 1, biotinylated monoclonal anti-Ara h 1 IgG1
(clone 2F7 C12 D10) antibody, and Ara h 1 ELISA kit EL-AH1, which
contains mouse monoclonal IgGl (2C12) and biotinylated mouse
monoclonal IgGl (2F7), were purchased from Indoor Biotechnologies
(Cardiff, UK). The method used by the ELISA kit to detect Ara h 1 is
included in the supplementary information. The filter (0.45-ym pore
size) was purchased from Milipore (Billerica, MA, USA). Roasted pea-
nuts, tree nuts (almonds, cashew nuts, hazelnuts, pecans, and walnuts),
and legumes (black-eyed peas and soybeans) were purchased from Lotte,
Ltd (Seoul, Korea). Skippy creamy peanut butter were purchased from
Hormel Foods, LLC (Austin, MN, USA).

2.2. Instrumentation

Absorbance measurements were performed on a UV-1700 spectro-
photometer (Shimadzu, Kyoto, Japan). The pH values of all buffer so-
lutions were determined using the Professional Meter PP-15 (Satorious,
Gottingen, Germany). Particle sizes and distributions were determined
by dynamic light scattering (DLS) with a Zetasizer Nano-ZS 90 (Malvern,
Worcestershire, UK). Transmission electron microscopic (TEM) images
were obtained using a LIBRA 120 transmission electron microscope
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(Karl Zeiss, Oberkochen, Germany).
2.3. Preparation of gold nanoparticles (AuNP)

Gold nanoparticles (AuNP) 30.0 + 0.5 nm in diameter were syn-
thesised according to the method established by Bastus et al. (Bastts,
Comenge, & Puntes, 2011). Briefly, 150 mL of sodium citrate solution
(2.2 mM) was brought to boiling. Once boiling had begun, 1 mL of
chloroauric acid (HAuCly) solution (25 mM) was added to the boiling
solution. When the colour of the solution had changed to soft pink, the
solution was cooled to 90 °C in a water bath, and the cooled solution was
used as a seed solution for the growth process. To grow the AuNP, 1 mL
of HAuCly solution (25 mM) was added to the seed solution twice at 30-
min intervals. After the reaction was finished, 55 mL of the sample was
extracted. The remaining sample was then diluted by adding 55 mL of a
sodium citrate solution (2.2 mM). After the temperature of the diluted
solution had returned to 90 °C, the growth process was repeated using
the diluted solution as the seed solution. This process was repeated three
times. Ultimately, AuNP 30 nm in diameter were obtained and stored at
4 °C until further use. The particle sizes of the AuNP were determined
using an ultraviolet/visible (UV/Vis) spectrophotometer and DLS.

2.4. Preparation of streptavidin-coated gold nanoparticles (stAuNP)

Six hundred microliters of AuNP (absorbance of 4.0 at 526.0 + 0.5
nm, diameter of 30 nm) were incubated with 100 pL of BSA (100 pg/mL)
in borate buffer (pH 7.4) for 30 min. After incubation, the mixture was
reacted with 100 pL of thiolated streptavidin (50 pg/mL) in borate buffer
(pH 7.4) for 30 min. Unbound streptavidin was removed by repeated
centrifugation (relative centrifugal force, 5000, 30 min), and pellets of
streptavidin-coated AuNP (stAuNP) were resuspended in PBS 1x (pH
7.4) containing 0.05% (w/v) BSA. The concentration was then adjusted
to an absorbance of 6.0 at 536.0 + 0.5 nm (Fig. S1B). This concentration
of AuNP in solution was estimated based on the absorbance value as
~1.19 x 10'2 particles per mL. The additional physicochemical analysis
of the surface modification of the AuNP used in this study is shown in
Fig. S1 and detailed in Table S1.

We controlled the degree of coating of streptavidin by first coating
BSA on the AuNP and then coating streptavidin on the empty spaces
remaining on the surfaces of the AuNP. The tetrameric structure of
streptavidin can induce aggregation of AuNP, whereas the stable
monomeric structure of BSA does not.

2.5. Detection of Ara h 1 in standard solution

The detection system comprised two steps. In the first step, 100 uL of
standard Ara h 1 solution (0, 25 ng/mL, 250 ng/mL, 2.5 pg/mL, 5.0 pg/
mL and 10.0 pg/mL), which was a part of the purchased ELISA kit, was
mixed with biotinylated anti-Ara h1 antibody (b-Ab) in concentrations
ranging from 0.5 pg/mL to 0.9 pg/mL. The mixture was then mildly
agitated for 15 min. In the second step, 200 uL of stAuNP (absorbance of
6.0 at 536.0 + 0.5 nm) was added and then agitated for an additional 15
min. The shift in the range exhibiting a visible colour change, which is
referred to as the REVC, was identified visually and/or by UV/Vis
spectroscopy in the 400-700 nm range. A standard Ara h 1 solution was
prepared by diluting purchased Ara h 1 in PBS 1x (pH 7.4).

2.6. Preparation of model cookies for a detection experiment on a real
matrix

For use in a real-sample detection experiment, sample cookies were
prepared using the following procedure. The cookie ingredients were
purchased at a local market. Eighty grams of brown sugar (CJ CheilJe-
dang, Incheon, South Korea) and 0.5 g of salt (Taepyung Salt Co.,
Shinan, South Korea) were mixed into and dissolved in 80 g of melted
butter (Lotte Food, Cheonan, South Korea). One egg (Tetgol Farm Co.,
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Youngin, South Korea) and 1 g of pure vanilla extract (Lorannoils INC.,
MI, USA) were added and uniformly mixed into the blended butter so-
lution to obtain a premix. Dry ingredients, including 150 g of wheat
flour (CJ CheilJedang, Yangsan, South Korea) and 1 g of baking soda
(Bread Garden, Seongnam, South Korea), were then combined with the
premix. To produce a model cookie, roasted peanuts (Qingdao Jiaoping
Foods Co., Qingdao, China) were ground into powder in a blade-mixer
(SFM-500SP, Shin-Il, South Korea) and 0.0025 wt%, 0.025 wt%, 0.5
wt%, 1 wt%, and 5 wt% of powdered peanut were mixed into each
premix. The fully homogenised dough was divided into 30-g portions for
each sample to ensure that the cookies were of the same size. The
cookies were baked in a light-wave oven (KAO-HO013, KitchenArt, South
Korea) for 20 min at 180 °C.

2.7. Detection of Ara h 1 in cookie extract solution

Sample extracts were prepared according to previously described
procedures (Walczyk, Smith, Tovey, & Roberts, 2017) with minor
modifications. Briefly, 30 g of the sample was ground and dissolved into
300 mL of 20 mM Tris-HCI buffer (pH 8.5), which was then agitated for
15 min at room temperature. The extracts were filtered through a 0.45-
pm syringe filter to remove solid debris. The filtered cookie extract so-
lutions were diluted 10-fold with PBS 1x (pH 7.4) and then mixed with
b-Ab ranging in concentrations from 0.5 pg/mL to 0.9 pg/mL. The
remaining steps were performed in the manner described above. The Ara
h 1 concentration in the cookie extract solution was measured using the
commercial ELISA kit.

2.8. Verification of the selectivity of the detection method

Cookie samples containing 5.0 wt% tree nuts (almond, cashew nut,
hazelnut, pecan, and walnut) and legumes (soybean, and black-eyed
pea) were used in the selectivity tests. Each sample extract solution
was diluted 10-fold with PBS 1x (pH 7.4) and then mixed with b-Ab
ranging in concentrations from 0.5 pg/mL, 0.7 pg/mL and 0.9 pg/mL.
The remaining steps were performed in the manner described above.

2.9. Statistical analysis

The data represent an average of at least three independent experi-
ments or measurements, and the results are expressed as mean =+ stan-
dard deviation (SD).

3. Result and discussion
3.1. Overall detection procedures

In this study, we focused on a detection process that could be used
when on-site detection was required. We propose an easy and quick
detection procedure that involves simple extraction and minimal pre-
treatment. Fig. 2 shows a schematic of the on-site detection procedure
for Ara h 1 as a representative food allergen. This procedure enables Ara
h 1 to be quickly, accurately, and sensitively detected in a real cookie
using a simple device. First, the prepared model cookie can be easily
crushed by hand and powdered for extraction. To realize short and
simple extraction, the procedure is designed to perform extractions
within 15 min at room temperature using Tris-HCI buffer (pH 8.5). The
procedure consists of dissolution and purification steps. First, the
crushed cookie is dissolved in Tris-HCI buffer for approximately 15 min,
and then the extract is filtered through a readily available commercial
50-mL syringe and syringe filter (pore size 0.45 pm) to remove solid
debris. Using this procedure, Ara h 1 can be extracted quickly and simply
from cookies in the field. After simple extraction, the solution containing
the target Ara h 1 is easily tested by the proposed detection system based
on SL-induced AuNP precipitation. This method is also designed spe-
cifically for field applications and requires no washing or complicated
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probe immobilisation procedures. In addition, the detection results can
be visually read by the naked eye. To apply this procedure in the field
problems such as automation, simplification, and miniaturisation of
sample preparation and detection must be addressed, but the proposed
detection procedure is considered to be a significant step toward on-site
applications.

3.2. Hypothesised mechanism for Ara h 1 detection

As shown in Fig. 1, the proposed method consists of a control line
without a target and a test line with a target, and is designed to involve
two sequential steps: (1) reaction of the SL (b-Ab) and the target (Ara h
1), i.e., the target recognition step, and (2) after the reaction time has
elapsed, the addition of functionalised AuNP (stAuNP), i.e., the signal
indication step. Two regions can be distinguished in the AuNP/SL ag-
gregates: the REVC with colour change and the region with no colour
change (in which the number of linkers that could react with the par-
ticles was insufficient or the binding site of the particles were already
filled by the linker). The REVC of the control line was determined by the
quantitative relationship between the AuNP and SL. In the test line with
the target, the SL can be switched off as the SL binds to Ara h 1, which
shifts the REVC to a higher linker concentration range than that of the
control line. This colour difference can be used to quantitatively detect
the target.

The hypothesised detection mechanism is shown in Fig. 1, which is
based on the change in the aggregation pattern according to the quan-
titative correlations among the SL, targets, and AuNP. The SL is an ag-
gregation mediator that can form aggregates with both the targets and
AuNP. When the AuNP and SL react at a specific ratio, they form large
aggregates, which causes fast precipitation. However, if the target in the
sample is preferentially recognised, an SL/target aggregate can form.
The resulting aggregate interferes with the formation of AuNP and SL
aggregates, which leads to a change in the optimum AuNP/SL ratio for
rapid precipitation. Alteration in the precipitation rate of the AuNP/SL
aggregates provokes a shift in the visible colour change (REVC) and
absorbance in the solution containing them.

The SL used in this study was a crosslinking agent that recognises
targets in addition to inducing the large-scale aggregation (aggregates
can be precipitated) of AuNP. The SL can induce large-scale aggrega-
tions when a specific concentration ratio with AuNP is realized. In
addition, when the SL is switched off by a specific target such as Arah 1,
this specific concentration ratio is readjusted to change the extent of the
large-scale aggregation. Unlike colour changes, such as the red and/or
blue shift in other colorimetric assays, the colorimetric signal generated
by the precipitation of aggregates is more intuitive because the large-
scale aggregation reduces the dispersion of AuNP in the system, such
that the colour disappears.

The two-step reaction of this system clearly shows the difference in
susceptibility between the Ara h 1-antibody interaction in the signal
indication step and the streptavidin-biotin binding in the target recog-
nition step. In the Ara h 1-antibody and streptavidin-biotin cases, the
equilibrium dissociation constants (Kp) are known to be roughly 1072
M land101® M’l, respectively (Chivers, Crozat, Chu, Moy, Sherratt, &
Howarth, 2010; Huang, Bell, & Suni, 2008). However, the difference in
the dynamics of these two reactions do not affect the operation of the
system, which can be readily explained. First, the system consists of two
independent sequential steps (the Ara h 1-antibody interaction in the
target recognition step and the streptavidin-biotin binding in the signal
indication steps). Second, each reaction occurs at a different binding site
and has a minimal effect on the other reaction. The reactions are not
competitive. Third, the streptavidin/biotin reaction occurs much more
rapidly than the Ara h 1/antibody reaction, which results in the rapid
formation of large-scale aggregates of AuNP with the SL. These large-
scale aggregates then precipitate by gravity depending on their size,
which results in a visual signal. In this situation, even if the SL is
switched on by the reverse reaction of Ara h 1/Ab (such as the SL being
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Fig. 1. Schematic of the colorimetric and visual detection of Ara h 1 based on the shift in the range of the exhibiting visible colour change (REVC). First, biotinylated
Ara h 1 antibody (the SL) was added to solutions with or without the target (Ara h 1). Then, streptavidin-coated gold nanoparticles (stAuNP) were added to the
solutions. The target decreased the aggregation capacity of the SL, which caused the AuNP to form an optimal aggregation with a higher SL concentration than that

without the target.
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— (Target)

Biotinylated antibody
(Switchable linker)

*
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Fig. 2. Schematic of overall detection procedures, including peanut extraction and Ara h 1 detection.

detached from the Ara h 1), it has little chance of reacting with the
aggregates. This process occurs because the larger are the aggregates,
the relatively slower is the reaction rate. Gold nanoparticles that do not
participate in the formation of aggregates can bind with the switched-on

SL, but this process would generate only relatively small-scale aggre-
gates that cannot be precipitated and would be very unlikely to affect the
REVC. For these reasons, we believe that the reversibility issue has
minimal impact on the sensitivity. In addition, there are some samples
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for which precipitation occurs slowly depending on the size of the ag-
gregates after the detection time we set (30 min), but this is unrelated to
the reversibility.

3.3. Detection of Ara h 1 in PBS using the proposed method

Before on-site application, this detection strategy must be optimised
in terms of the Ara h 1-induced REVC shift that is influenced by the
concentrations/ratios of b-Ab and stAuNP. To do so, first, we determined
the REVC signal of the control (no target), as shown in Fig. S2. This
REVC signal was observed at b-Ab concentrations ranging from 0.5 pg/
mL to 5.0 pg/mL. A clear precipitate among the stAuNP and b-Ab was
observed at b-Ab concentrations ranging from 1.0 pg/mL to 2.0 pg/mL,
whereas only a slight colour difference (purplish red) was observed at
concentrations of 0.5 pg/mL (low end) and 3.0 pg/mL (high end). This
colour difference can be mainly attributed to the surface plasmon
resonance (SPR) difference due to the presence of small stAuNP-b-Ab
aggregates that had not yet precipitated. In the treatment of Ara h 1
(10.0 pg/mL and 20.0 pg/mL in Fig. S2), a right-side REVC shift, as
compared with the control REVC, was observed in the b-Ab concentra-
tion ranges of 1.0-4.0 pg/mL and 1.0-5.0 pg/mL, respectively. Then, we
further subdivided the b-Ab concentration ranges used for the Ara h 1
detection to obtain a finer and more sensitive quantitative signal change
(for example, the REVC shift), from which we determined the b-Ab
concentration range to be 0.5-0.9 pg/mL (Ara h 1, 2.5-10.0 pg/mL). As
shown in Fig. 3A, the REVC shift at the low end was clearly observed as
the concentration of Ara h 1 was increased from 0 (control samples) to
10.0 pg/mL. When only b-Ab and stAuNP formed aggregates without
Ara h 1 in the control samples, precipitation occurred at all concentra-
tions, excepting the lowest b-Ab concentration of 0.5 pg/mL (the lowest
in this experiment). However, the reaction of b-Ab with 2.5 pg of Arah 1
showed no precipitation even at a concentration of 0.6 pg/mL (REVC
shift occurred). As the amount of reacted Ara h 1 increased, the pre-
cipitation area (REVC) gradually shifted to higher SL concentrations. As

Biotinylated antibody (pg/mL)
0.5 0.6 0.7 0.8 0.9

-

>

Ara h 1 (pg/mL)

#— : REVC
Biotinylated antibody (pg/mL)

0.625 0.650 0.675 0.700

o

0.600

Ara h 1 (ng/mL)
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shown in Fig. 3B and 3C, we identified the pattern of aggregate for-
mation based on the presence or absence of Ara h 1 observed by TEM at
0.9 pg/mL of b-Ab. In the absence of Ara h 1, a large cluster several
micrometers in size formed. In the presence of Ara h 1, however, ag-
gregates among b-Ab, Ara h 1, and stAuNP were observed because they
were not large enough to precipitate. It was easy to distinguish the
precipitation area using the naked eye alone without the aid of an
instrument.

To evaluate this strategy at the above SL concentrations, we used the
ELISA method to detect and compare various concentrations of Ara h 1
(0, 2.5 pg/mL, 5.0 pg/mL, and 10.0 pg/mL) (Fig. 3A). With respect to the
detection limit, using the proposed strategy and ELISA, we were able to
detect Ara h 1 at the concentration of 250 ng/mL and 25.0 ng/mL,
respectively (provided from Indoor Biotechnologies Inc.). In practice,
the detection limit of the proposed method was more sensitive than that
of the ELISA method, and the visual signal based on the REVC shift was
easier to quantitatively confirm by the proposed method, as the ELISA
method shows a colour change based on the colour density. In addition,
the detection limit (25.0 ng) with enhanced visibility is considered to be
meaningful because, to date, 0.19 mg of peanut protein has been
generally required to induce an allergic reaction even in allergen-
sensitised patients (Bureau, 2019). For these reasons, the proposed
method is considered to be effective and practical for field applications.

According to the research of Remington et al. (2020), the eliciting
doses (ED) for an allergic reaction in 1% and 5% of the population,
known as EDO1 and EDO5, are estimated to be 0.2 mg and 2.0 mg of
protein for peanuts, respectively. In addition, to confirm the sensitivity
of the SL-based assay in a purified buffer at the EDO1 and EDOS5 levels
(0.19 mg of peanut protein or 25.0 ng of Ara h 1 and 1.9 mg of peanut
protein or 250 ng of Ara h 1), biotinylated antibody concentrations were
further subdivided into 0.600 pg/mL, 0.625 pg/mL, 0.650 pg/mL, 0.675
pg/mL, and 0.700 pg/mL. As shown in Fig. 3D, as the concentration of
Ara h 1 increased, the REVC shifted to a higher linker concentration.

REVC C - 1_@
0.650< e 1
£y
L A
0.675< = ‘J;.
.t %
0.700< -

Fig. 3. (A) Detection of Ara h 1 (0.0, 2.5 pg/mL, 5.0 pg/mL, and 10.0 pg/mL) using the proposed switchable linker (SL)-based assay and the enzyme-linked
immunosorbent assay (ELISA). Transmission electron micrographs of the Ara h 1-induced stAuNP aggregates (B, 0 pg/mL; C, 10.0 pg/mL) at 0.9 pg/mL of b-Ab
(inset, photograph of their suspensions). (D) Detection of Ara h 1 (25.0 ng/mL and 250 ng/mL) using the proposed SL-based assay.
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3.4. UV-vis spectroscopic approach to Ara h 1 detection

To quantify the visual signal and improve the detection limit of the
proposed method, we used a spectrophotometer to analyse the change in
absorbance of AuNP aggregates based on the previously mentioned
mechanism. The ratio between the AuNP and SL was optimised by
testing various concentrations, and finally we identified 0.7 pg/mL of
SL, which is a low-end concentration of the control line in Fig. 3A, for
use in the experiment. As shown in Fig. 3A, as the concentration of Ara h
1 was increased at a linker concentration of 0.7 pg/mL, the colour
change was confirmed as being due to the precipitation of gold aggre-
gates. To confirm the correlation between the colour change and the
concentration of Ara h 1, the change in absorbance was measured.
Several Ara h 1 solutions with concentrations between 0.125 pg/mL and
20.0 pg/mL (Fig. S3A) were tested. The changes in absorbance at a peak
were found to be significant even with these small amounts of Ara h 1.
We plotted the absorbance at 550 nm with the concentration of Ara h 1
to quantify the change in absorbance (Fig. S3B). The absorbances at 550
nm were found to be proportional to the concentrations of Ara h 1 in the
range from 0.125 pg/mL to 4.00 pg/mL, which can be expressed as a
linear equation:

Asso nm = 0.0826Can 11 + 0.1296 (ug/mL) @

with a correlation coefficient of 0.9982 at Assg nm for absorbance at 550
nm and Cars 1, 1 for the concentration of Ara h 1. The linear section
(detection range) occurred from 0.125 pg/mL to 4.00 pg/mL, and the
slope of the absorbance change decreased at higher concentrations
(from 4.00 pg/mL to 20.0 pg/mL). Unlike the change in absorbance,
almost no shift was observed in the SPR peak (about 2 nm shift) of the
small molecule-target AuNP aggregation. Thus, little change in colour
was observed. This finding is thought to be the result of interference by
proteins of the plasmon interactions with AuNP, because proteins are
relatively larger than AuNP (Sendroiu, Mertens, & Schiffrin, 2006). On
the other hand, the speed and size of the AuNP/SL cluster formation
were faster and larger than in the conventional AuNP aggregation-based
detection method because of the number of biotin and streptavidin
moieties, which can induce their aggregation on SL and stAuNP surfaces.
Therefore, precipitation of the aggregates occurred within a short time
(30 min), and the change in absorbance caused by this precipitation
could be measured by a spectrophotometer.

Because AuNP induce colorimetric effects according to the localised
surface plasmon resonance (LSPR) principle, nanoparticles in many
studies have undergone changes in their size, shape, composition, and
interparticle distance (C.-C. Huang, Huang, Cao, Tan, & Chang, 2005;
Pavlov, Xiao, Shlyahovsky, & Willner, 2004). The interparticle distance
of AuNP in this system was especially important for inducing the LSPR of
AuNP. The AuNP (30 + 0.5 nm) used in this system were coated with
BSA (66.5 kDa, 5.45-nm hydrodynamics radius) and streptavidin (52.8
kDa, 4.9-nm hydrodynamic radius), and these coated AuNP (stAuNP)
were designed to crosslink with each other via the SL (IgG1, 11.5-nm
hydrodynamic radius) (Blanco, Via, Garcés, Madurga, & Mas, 2017,
Mir, Maurya, Ali, Ubaid-Ullah, Khan, & Patel, 2014). Therefore, even if
stAuNP-b-Ab aggregates had caused LSPR, the distance between the
particles was relatively large, so no dramatic colour changes (red to
blue) occurred. In conclusion, when small stAuNP/b-Ab aggregates were
formed, their weak colour changes via SPR could have occurred with a
small peak shift (2 nm), as shown in Fig. S3A.

3.5. Selectivity of the detection method

To determine the selectivity of the SL-based colorimetric detection
system with respect to Ara h 1, we used the proposed method to test
control samples (only PBS), peanut extracts, and seven other samples,
including five tree nuts (almond, cashew nut, hazelnut, pecan, and
walnut) and two legumes (black-eyed pea and soybean). To make the SL-
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based detection system more field-applicable and to identify the po-
tential risk of this system of being inhibited by the potential factors of
real foods, we conducted a selectivity experiment using real foods con-
taining different allergen proteins. As shown in Fig. 4, the REVC of the
peanut extract shifted and no precipitation occurred in the selected
linker concentrations (from 0.5 pg/mL to 0.9 pg/mL). However, all the
other extracts exhibited an REVC similar to that of the control sample. In
addition, as shown in Fig. 4B, if we compare the absorbance of each
sample at a 0.7-ug/mL linker concentration, the significant difference in
the visual effect of the peanut test group compared to the other test
groups is confirmed. The real food groups used in this experiment con-
sisted of various components, including fat, protein, and minerals in
addition to a pigment that could inhibit the colorimetric reaction of the
AuNP. Therefore, good selectivity in the detection of targets in real foods
is critical for detection strategies. Based on the results of this experi-
ment, we confirm that the REVC of a system can be disturbed by the
colour of the food itself in various food groups, including an almond, a
cashew nut, or a black-eyed pea. However, having good selectivity with
Ara h 1, this strategy clearly exhibits a colorimetric effect as an REVC if
the appropriate linker concentrations (for example, 0.5 pg/mL and 0.9
pg/mL) are selected. Therefore, these results demonstrate that the pro-
posed method has good selectivity and can be used for selective detec-
tion in mixed food samples.

It is very important to have good selectivity in the detection of a
protein target in the extract of allergen-induced seed foods, because the
extract contains a large number of soluble proteins, including 2S albu-
mins (Costa et al., 2020), 7S globulins (vicilins) (Keum, Lee, & Oh,
2006), and 118 globulins (legumins) (Boualeg & Boutebba, 2017; Liu
et al., 2007). In addition, as no series of pretreatment steps is performed,
such as a washing process, this detection process by extraction requires
good selectivity from a large number of proteins that may be similar to
the target. Based on this experiment, the proposed method not only
demonstrated that it can operate selectively for a variety of similar
proteins but also confirmed that Ara h 1 can be detected via a simple
extraction method. As such, this strategy is considered to be very
effective for field applications.

3.6. Detection of Ara h 1 in model cookies

In this study, model cookies were prepared based on a one-piece
serving (30 g), as established by the Food and Drug Administration
(FDA) for the serving size of cookies. According to the VITAL® 3.0
reference dose, doses of 0.2 mg and 2.0 mg of peanut protein can trigger
allergic reactions in 1% and 5% of the peanut-allergic population (ED01
and EDO5), respectively. As peanuts have a conversion factor of four to
allergenic food, less than 0.8 mg of peanuts can safely be included in
food (Holzhauser et al., 2020). To determine the amounts of allowable
peanut protein that satisfy the EDO1 and EDO5 safety criteria, cookies
were made by mixing 0.75 mg and 7.5 mg of powdered peanut into each
30 g premix. These cookies had peanut protein contents equivalent to
0.19 mg and 1.9 mg, respectively, and 25.0 ng and 250 ng of Ara h 1
were detected in these same cookies. This amount of Ara h 1 corresponds
to approximately 13.3% of total peanut protein, which is consistent with
the previous study in which Ara h 1 accounts for 12-16% of the total
peanut protein (Golias, Humlova, Halada, Habova, Janatkova, &
Tuckova, 2013). To evaluate the applicability of the proposed detection
method to real samples, we detected estimated peanut-protein levels of
0.19 mg and 1.9 mg per 30 g of cookie (Fig. 5B) and 38 mg, 75 mg, and
750 mg per 30 g of cookie (Fig. 5A). As shown in Fig. 5A, the detection
results exhibit a concentration-dependent shift in REVC. In the samples
containing no peanut protein (control lines), precipitation as a visible
signal occurred in the SL at concentrations above 0.5 pg/mL. As the
concentration of peanut protein increased, the REVC shifted to higher SL
concentration regions. As shown in Fig. 5B, we further subdivided the
low-end region of the REVC, to determine the detection limit. The results
showed a shift in the REVC down to a sample concentration of 0.19 mg
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Fig. 4. Selectivity of the proposed SL-based colorimetric detection system. (A) The low-end REVC for detection with the solutions extracted from peanuts and several
tree nuts (cashew nut, almond, hazelnut, pecan, and walnut) and legumes (soybean and black-eyed pea) (all extract solutions were diluted 10-fold with Tris-HCI
buffer). (B) Comparison of absorbance at 550 nm of each sample with a biotinylated antibody concentration of 0.7 pg/mL. Control was a non-extract solution

with Tris-HCl buffer.
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Fig. 5. Shift in the low-end REVC in response to the presence of Ara h 1 in cookie extract with 38 mg,75 mg, and 750 mg peanut protein (A) and 0.19 mg and 1.9 mg

peanut protein (B) per 30 g of cookie.

of peanut protein per 30 g of cookie. These results indicate that the SL-
based colorimetric detection method can detect peanut protein within
45 min to a concentration as low as 0.19 mg of peanut protein per 30 g of
cookie, which satisfies EDO1, and it exhibits the colorimetric effect
(REVC shift) well without any inhibition even in real food. In addition,
this result is significant in that the proposed detection process enables
simple and fast field extraction of peanut protein and provides sensitive
and convenient detection.

To validate the performance of our detection method, we compared
our results with those obtained using a commercial ELISA method.
Table 1 summarises the experimental results we obtained for an Arah 1
standard solution spiked with 10 mg/mL of Ara h 1 and food samples

Table 1
Comparison of Ara h 1 detection in food samples using the enzyme-linked
immunosorbent assay (ELISA) and the proposed method.

Samples Concentration of Ara h 1(mg/mL)" Recovery (%)
ELISA method Developed method

Roasted peanut extract 3.43 £0.18 3.29 £0.28 95.9

Peanut butter extract 4.63 = 0.31 4.59 +0.43 99.1

Ara h 1 standard solution 10.00 + 0.32 10.66 + 0.36 106.6

2 Data are mean values of triplicate measurements. Values are shown as
means + standard deviation.
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including roasted peanut extract and peanut butter extract. The recovery
rates were 95.9%, 99.1%, and 106.6% of roasted peanut extract, peanut
butter extract, and Ara h 1 standard solution, respectively. A t-test was
also performed and the calculated concentrations obtained using the SL-
based colorimetric detection method were not statistically different
from those obtained using the ELISA method, with a 95% of confidence
interval. These results strongly indicate that the proposed method can be
applied to determine the presence of peanut protein in real samples.
Furthermore, to evaluate the performance of the proposed detection
method, Table S2 presents a comparison of our proposed method with
other published methods for Ara h 1 detection. The SL-based assay was
confirmed to show good sensitivity in the detection of peanut protein in
real food samples without the use of any special device.

4. Conclusion

Anaphylaxis induced by food allergens is a major issue in many
countries, including the US, as no clear method has been developed for
treating food allergies. As such, there are active and ongoing studies to
monitor the food allergens present in various foods in the field. In this
study, we proposed a simple method for extracting Ara h 1 from food
through a syringe and a simple and rapid method for detecting Ara h 1
based on SL-induced AuNP precipitation. The detection results indicate
that aggregates composed of AuNP and SL at specific concentration ra-
tios undergo rapid precipitation, and Ara h 1 can interfere with this
aggregation, thus causing a change in the concentration ratio at which
precipitation occurs. Within 45 min, we were able to determine Ara h 1
concentrations as low as 25.0 ng/mL with the naked eye. In addition,
when measured by a UV/Vis spectrophotometer, we observed a linear
absorbance change in the concentration range of 125-4,000 ng/mL. This
detection method also worked well using a cookie extract of a real food
matrix, showing a good detection limit (0.19 mg of peanut protein per
30 g of cookie) and good selectivity. Although problems such as the
simplification and automation of detection must be solved for field ap-
plications, SL-based assays provide visibility of results, time efficiency,
and ease-of-use that are suitable in the field while also representing a
promising alternative for the detection of other allergens.
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