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Abstract: Single-walled carbon nanotube (SWCNT)-based nanobiosensors have received increasing
attention from food researchers as a future instrument of food safety due to their high sensitivity.
However, the pretreatment process of the sample applying to SWCNT-based nanobiosensor is required
to be more delicate compared to other analyses. In this study, the pretreatment process of Ara h1
protein from its retained complex food matrix was optimized using various buffer compounds and
the pretreated allergenic Ara h1 obtained for the optimized process was detected by SWCNT-based
nanobiosensor. In the pretreatment process, the buffer extraction method with tris buffer (Tris-HNO3,
pH 8.4) was developed and used to extract native peanut allergens from foods. The extraction
procedure for Ara h1 from peanut butter foods was performed by varying the temperature, extraction
time, and additives (NaCl and skim milk powder). The results of these tests using our SWCNT-based
biosensor were analyzed to evaluate the allergenic nature of the extracts. The peak level of Ara h1
extraction was achieved as 84.60 ± 7.50 ng/mL at 21 ◦C/60 min with the mixture of Tris-HNO3 and 1
M NaCl. In addition, other significant Ara h1 extractions were found to be 29.59 ± 2.57 at 21 ◦C/15
min and 27.74 ± 1.33 ng/mL at 60 ◦C/15 min. This study emphasizes the importance of adjusting the
extraction time and temperature with respect to the target allergen and food matrix components.
After the optimization of the sample pretreatment, the precision of SWCNT-based nanobiosensor
by the resistance difference (∆R) of the SWCNT-based biosensor via linear sweep voltammetry in a
potentiostat was identified using the pretreated Ara h1 sample from the processed food compared
with the indirect enzyme-linked immunosorbent assay (ELISA) results.

Keywords: pretreatment; extraction; single-walled carbon nanotube; peanut allergen; nanobiosensor

1. Introduction

Food allergy is one of the major trending issues all over the world. Accidental ingestion of
peanut-containing foods that can trigger allergic reactions towards sensitized individuals cannot be
ignored [1,2], so monitoring sensitive consumers with food allergies is crucial. Although many steps
have already been taken by food regulatory agencies and manufacturers to mitigate the risks of allergic
diseases through the use of good manufacturing practices, hazard analysis and implementing critical
control points [3], minimizing the prevalence of allergic disease still remains a challenge. Among
the allergic foods, peanut is considered among the major sources for most food allergenic reactions.
The common peanut (Arachis hypogaea) allergens are referred to Ara h1 to Ara h13. Ara h1 is a heat
stable 7S globulin protein belonging to the vicilin family and accounts for approximately 12–16% of the
total protein in peanuts [4,5]. Ara h1 causes allergenic disease in 35–95% of patients [6]. It is protected
from ingestion in the human gastrointestinal track and identified by serum IgE in more than 90% of
peanut-allergic patients [7].
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Many immunological methods, including direct or indirect, competitive, and sandwich
enzyme-linked immunosorbent assays (ELISAs), have been described and considered as a useful
method for the sensitive and selective detection of the peanut allergen because of their affordability and
simplicity [8,9]. However, the main drawbacks of ELISA are that they are time consuming, not reusable,
expensive, and must be conducted by trained personnel. Polymerase chain reaction (PCR) procedures
and nucleic acid-based detection methods have been promoted as rapid detection tools [10–12], but they
are expensive, not applicable for on-site detection, and require skilled personnel in the laboratory.
As current detection methods have some limitations, such as limited on-site detection, time-consuming
steps, expensive equipment, costly reagents, and the need for skilled personnel [9,13], there is a need to
develop a sensitive, rapid, and selective detection system that can provide reliable and specific results
with minimal cost and labor.

Biosensors have become a promising concept because of their reliable, rapid and precise
information on food safety. The assimilation of nanomaterials, especially single-walled carbon
nanotubes (SWCNTs), onto biosensor platforms offers numerous benefits for the detection of biological
molecules like microorganisms, virus and pollutants [10,14,15]. SWCNTs are considered as one of the
key nanomaterials for biosensor development due to their nanometer diameter (~1 nm) [16]. In addition
to their exceptional electrical properties, SWCNTs have high strength, flexibility, and biomolecular
compatibility [17,18]. Due to the smallest diameter of 1 nm, SWCNTs can obtain size compatible
character to detect single biomolecules [4,19,20]. Thus, they offer the greatest interactions at the interface
of adjacent biomolecules because all of nano-scaled carbon atoms are in direct contact with their
environment and have large surface area [15,21,22]. In addition, the charge carrier density of SWCNTs
is comparable to the surface charge density of biomolecules, which enhances the electrochemical
sensitivity of SWCNTs to target biomolecules [21].

Besides using a biosensor for detection, a crucial step in food analysis is the extraction of the peanut
allergen using the buffer extraction method and its constituents because the biosensor method does
not have the scope for direct practical use in real food samples. Several conditions in the pretreatment
process need to be considered to save the integrity of the target peanut proteins, i.e., the pH of the
extraction buffer solution, the extraction temperature, and the extraction time. Besides, it is crucial
to assure that the target peanut proteins are not be destroyed or modified during the entire sample
pretreatment procedure. The food matrix has had a large inhibiting effect on the extraction results
because of nonspecific binding, which can cause false-negative results [23]. If samples are not treated
correctly for extraction, the biosensor device cannot detect Ara h1 in foods. Although the types of
antibodies and assays used are varied for different samples, different Ara h1 extraction methods have
been used in different studies, which is why a different biosensor method has been considered [24].
Therefore, we developed the SWCNT-based biosensor for standard Ara h1 detection in our previous
works [4,25]. The use of a biosensor for detecting Ara h1 in real foods is important because the
clinical relevance of the peanut allergen is increasing. Because of the inherent difficulty of analyzing
allergen proteins in food samples [26,27], the goal of this research was to explore the best conditions for
extracting Ara h1 from the complex food matrix of peanut butter by using different temperature, time
and buffer recipes (NaCl and skim milk powder). To our knowledge, there is no prior report on the
use of SWCNT-based biosensor assay for Ara h1 detection in food extracts after pretreatment process.
Therefore, objectives of this study are to (1) characterize the SWCNT-based biosensor for Ara h1; and
(2) optimize the pretreatment conditions (i.e., time and temperature) of Ara h1 extraction from the
processed foods.

2. Materials and Methods

2.1. Materials

SWCNTs, purity with >95% (w/w), were purchased from Sigma-Aldrich, Co. Ltd. (St. Louis, MO,
USA). The pure standard peanut allergen Ara h1 and the polyclonal antibodies of Ara h1 (anti-Ara
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h1 pAbs) for the inhibition test (20,000 ng/mL) was obtained by Indoor Biotechnologies Inc. (Cardiff,
UK) from the United Kingdom. Buffer compounds containing phosphate buffered saline (PBS, 0.1 M,
pH 7.4), Tris-HNO3 (65%, w/w), skim milk powder, and NaCl as buffer were purchased from Life
Technology, Co. Ltd. (Seoul, Korea) and prepared by mixing with purified water. Bovine serum
albumin (BSA, 96–99%) was obtained from Baoman Bio-tech Co., Ltd. (Seoul, Korea).

2.2. SWCNT-Based Nanobiosensor for the Detection of Ara h1 Protein

First, 0.1 mg of SWCNTs was dispersed in 1 mL of N,N-dimethylformamide (DMF) and sonicated
for 2 h using an ultrasonic sonicator. The sonicated SWCNT suspension was aligned between electrodes
on the biosensor template. Then, the biosensor template was annealed at 80 ◦C into the dry oven
for 15 min. Afterward, the annealed biosensor plate was fabricated with 1-pyrenebutanoic acid,
succinimidyl ester (PBASE) for 2 h at room temperature (PBASE concentration was 9.8 mg of PBASE
diluted into 5 mL of DMF). Subsequently, the fabricated biosensor was functionalized with anti-Ara h1
pAbs overnight at 4 ◦C. The functionalized biosensor bound with pAbs was used to detect Ara h1 in
foods [25].

2.3. Analysis of Inhibitory Effects of Antibodies

The efficacy of the inhibition of anti-Ara h1 antibodies caused by the peanut allergens and their
mixtures (Ara h1, Ara h1 with Ara h2, Ara h1 with Ara h6, Ara h1 with Ara h2, and Ara h6) was
investigated using indirect ELISA and compared with inhibitory effects determined by the developed
SWCNT-based biosensor. The concentrations of combined-allergen samples were maintained at
100 ng/mL for inhibition analysis. The preparation steps for ELISA to verify the inhibitory effects of the
antibodies were performed by following the procedure described previously [1]. First, each combined
allergen suspension (100 µL) was added in a 96-well ELISA kit and incubated at 37 ◦C for 1 h. After
incubation, the ELISA plate wells were blocked by 0.2% BSA for 1 h. Then, 100 µL of anti-Ara h1
pAb was added to each blocked ELISA well and incubated for 2 h. Then, anti-rabbit IgG-alkaline
phosphatase secondary antibody, which was diluted at 1:1500, was added to each ELISA well for
1 h. Then, a 100 µL aliquot of p-nitrophenyl phosphate (p-npp), prepared by 5 mg of p-npp mixed in
5 mL of 1 M ethanolamine buffer was added to each desired well for 20 min. Afterwards, the color
development of ELISA wells was measured using a Synergy H1 hybrid multimode microplate reader
(BioTek Instruments, Sangmyung University, Jongno-gu, Korea) at 405 nm. To analyze the inhibitory
effects determined by the biosensor, 100 µL of each allergen combination suspension was applied to the
functionalized biosensor surface separately for 30 min at room temperature. Afterwards, the biosensor
was washed each time with purified water to eliminate the unbound peanut allergens. Following
this step, the resistance of the biosensor was measured by a linear sweep voltammetry program to
determine the inhibitory effects caused by the nontarget peanut allergens and compared it with the
results from the ELISA.

2.4. Pretreatment of Ara h1 Protein from the Processed Food

A complex peanut butter containing peanuts (89.9%), manufactured by Qingdao Jixing Foods Co.
Ltd. (Beijing, China), was bought at nearby supermarket and used in this study for peanut allergen
extraction. The major constituents of the obtained sample were vegetable fat, phenolic compounds,
starch, soya lecithin, and flavor additives. As a negative control, we used PBS buffer without peanut
foods as an ingredient (and without a label alleging its potential presence). The sample preparation
and pretreatment steps of real peanut butter was followed by the procedure described previously
with a slight modification [7]. The pretreatment steps for allergen extraction are shown in Figure 1A.
Briefly, the peanut butter food was first preserved at −20 ◦C to prevent melting during grinding. Then,
the frozen peanut butter sample was ground using a grinder machine. Different extracts of the ground
sample were made, in triplicate, using 2 g of the powdered peanut butter foods and 20 mL of Tris-HNO3

buffer (B) and different concentrations of NaCl (S), skim milk powder (M), or both (Sigma-Aldrich).
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In summary, the buffer extraction recipes for pretreating the samples were as follows: (B) Tris-HNO3

buffer, (S) Tris-HNO3 buffer and 0.1 or 1 M sodium chloride (NaCl) and (M) Tris-HNO3 buffer and 1 or
2 g of skim milk powder. The food extracts of peanut butter were acquired at a controlled time with
15 or 60 min and temperatures of 21 ◦C and 60 ◦C. Afterward, the extract samples were centrifuged
at 5000 rpm for 5 min. An aliquot of 1 mL of centrifuged supernatant was further centrifuged at
10,000 rpm for 3 min and the resulting supernatant was used for biosensor analysis.
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Figure 1. Schematic diagram (A) of pretreatment process of peanut butter foods using the buffer
extraction method and the display (B) of the manufacture of the single-walled biosensor device for Ara
h1 detection and set up for biosensor measurement using a potentiostat. SWCNT: Single-walled carbon
nanotube; PBASE: 1-pyrenebutanoic acid, succinimidyl ester.
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Linear sweep voltammetry (LSV) is one of the voltammetric electrochemical analysis methods,
wherein the current of the working electrode was measured with respect to the applied voltage which
linearly swept between the working electrode and reference electrode. In this study, the LSV program
was used to measure the biosensor current using a potentiostat at each step of allergen extraction from
foods. The current of the biosensor was considered between 0.0 and 0.1 V for each test. The resistance
(R) of the biosensor was calculated by following the inverse of the I/V value and ∆R, which is the main
electrical response for detection using the SWCNT-based biosensor, calculated as

∆R = (R1 − R0)/R0

where R0 is the initial resistance of the biosensor measured with only PBASE as linker and R1 is the
resistance of biosensor measured with Ara h1 or food extracts. The stepwise development process of a
biosensor and its measurement by LSV have been shown in Figure 1B.

2.5. Statistical Analysis

The LSV and ELISA measurements were repeated in triplicate and the data were reported as
average ± standard deviation. All analyses of the data were performed by the one-way analysis of
variance (ANOVA), and the differences between the means were analyzed using the Duncan multiple
range test with a defined significance level of p < 0.05.

3. Results and Discussion

Inhibition Analysis of Antibodies

The cross reactivity of antibody (i.e., inhibition of antibody) is known as among the major concerns
in immunological assays [28]. During the course of experiments, the inhibitory efficacy produced by
the affinity of nontarget peanut allergen molecules toward the allergen antibodies (pAbs) needs to be
verified by the SWCNT-based biosensor and compared to that of the obtained inhibition response using
indirect ELISA with the same allergens. For the biosensor, Ara h1 alone and Ara h1 with the addition
of nontarget allergens Ara h2 and Ara h6 were examined against anti-Ara h1 pAbs to verify antibody
cross-reactivity, while the concentrations of the allergen suspensions were kept constant at 100 ng/mL.
For each step of biosensor analysis, the biosensor was characterized electrically by measuring the
resistance. As can be seen in Figure 2A, the maximum resistance signal was observed for Ara h1 alone,
which was the target biomaterial, demonstrating that there was no significant inhibitory side effect
between Ara h1 antigens and anti-Ara h1 pAbs.

Meanwhile, the minimum resistance signal was obtained with the Ara h1 by the addition of
nontarget allergens Ara h2 and Ara h6. PBS was used as a control. Basically, the difference among the
Ara h1, Ara h2, and Ara h6 antigen molecules was their epitopes, which comprise a large polymer of
repeating oligosaccharides in cells and is the specific part of the antigen that the antibody targets [29].
Ara h1 consists of a specific anti-Ara h1 epitope on its outer membrane that is specific enough to react
with anti-Ara h1 antibodies, whereas all the other allergens consist of nonspecific epitopes that are
not specific enough to react with anti-Ara h1 antibodies. The differences in epitopes were not the
only cause of the reduced biosensor response. The other reason might be responsible for causing the
inhibition of the antibodies in this case. For example, the presence of the nonspecific antigens Ara h2
and Ara h6, in addition to Ara h1, might have inhibited the binding reactivity of anti-Ara h1 pAbs
with Ara h1 molecules. This is called the inhibitory effect of antibodies.

Indirect ELISA is a widely used technique to confirm the specific binding reaction of an antibody
with the selected antigen [29]. As can be seen in Figure 2B, only Ara h1 reacted (or responded, or was
specific) sufficiently with the anti-Ara h1 pAbs, confirming that the pAbs were not inhibited enough
from binding with Ara h1. However, the combined suspensions, Ara h1 with the addition of nontarget
allergens Ara h2 and Ara h6, scientifically confirmed the inhibition of the anti-Ara h1 pAbs. The ELISA
inhibition result was in good agreement with the inhibition result obtained by the SWCNT-based
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biosensor, as seen in Figure 2. The ELISA test is popular for determining the specificity of pAbs;
however, it still has some limitations, i.e., it is a lengthy process (6~7 h), requires trained personnel
to perform it, and is not portable. In this study, we used an indirect ELISA as a reference method by
which we validated the biosensor assay as a sensitive, rapid, and label-free assay. As the antibodies of
Ara h1 were inhibited by the presence of nontarget particles (i.e., Ara h2 and Ara h6), the food samples
must undergo pretreatment analysis before allergen extraction to reduce the inhibition of antibodies
from the foods. This is because peanut butter samples have a variety of allergenic nature with its food
particles, so inhibitory components can be possibly reduced after the pretreatment analysis.
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Figure 2. (A) Inhibition of Ara h1-binding with anti-Ara h1 pAbs determined by the SWCNT-based
biosensor. (B) Inhibition of Ara h1-binding with anti-Ara h1 pAbs determined by indirect ELISA. Results
are presented as the average ± standard deviation (n = 3); PBS indicates phosphate buffered saline.
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Different biosensing methods have been used by several authors to detect peanut allergens in
peanut-containing food supernatants by following sample pretreatment protocols [25,30]. One leading
food pretreatment method is the buffer extraction protocol that uses Tris-buffer and additives (skim milk
powder and salt), where the pH of the buffer solution is maintained at 7~9 to extract the peanut allergen
from foods [30–32]. In general, some food products consist of phenolic compounds, which make it
difficult to extract the peanut allergen from the food matrix components because nontarget materials
reduce antibody binding specificity during allergen extraction. The additives used in buffer extraction
recipes were skim milk powder and NaCl of different ionic concentrations [33]. The interference
caused by phenolic compounds was effectively reduced by skim milk powder, while the NaCl ionic
concentration was used to improve allergen extraction from food samples [34]. Although ELISA is a
popular method for detecting a peanut allergen in peanut-containing food supernatants, it does not
provide consistent extraction results [1,4]. The quantification range, detection limits, and results of
these assays are not consistent and fluctuated in different tests [24]. In addition, buffer extraction can
be influenced by the parameters of temperature, time, and the nature of additives used in analysis.

The direct quantification of peanut allergen extracted in food sample supernatants is known to be
difficult [4], so measuring the ∆R of the biosensor electrode, with pure Ara h1 as the standard curve,
was considered as the best option for peanut protein quantification in this study. As shown in set of
Figure 2A, a standard linear curve relationship between ∆R and Ara h1 concentrations ranging between
1 and 100 ng/mL was obtained. In this regard, ∆R from the SWCNT-based biosensor was determined
for food extracts containing Ara h1. The value of ∆R obtained was interpolated in the calibration
curve, and the concentrations of the extracted Ara h1 were calculated using the linear part of the
calibration curve [4]. A linear regression relationship between ∆R and Ara h1 concentration between 1
and 100 ng/mL was obtained: ∆R = 0.0004 × Ara h1 concentration (ng/mL) + 0.1629; r = 0.9828.

To verify the effect of extraction time and temperature, the extraction of Ara h1 from peanut butter
was done at 21 ◦C for 60 min, 21 ◦C for 15 min, 60 ◦C for 60 min and 60 ◦C for 15 min. For each time
and temperature set, different extraction recipes using Tris-HNO3 buffer mixed with NaCl, skim milk
powder, or both were used. Table 1 presents the results of the extractions at 60 ◦C for 60 min and 60 ◦C
for 15 min. As can be observed in Table 1, the extracted Ara h1 amounts ranged from 2.35 ± 1.81 to
27.74 ± 1.33 ng/mL and from 2.45 ± 0.23 to 19.15 ± 3.61 ng/mL.

Table 1. Effect of temperature (60 ◦C) and time (15 min, 60 min) on Ara h 1 extraction from commercial
peanut butter food sample according to the extraction condition used.

Extract
No.

Extraction
Condition (60
◦C, 15 min)

Ara h1
Concentration

(ng/mL Sample)
CV (%)

Extraction
Condition

(60 ◦C, 60 min)

Ara h1
Concentration

(ng/mL Sample)
CV (%)

1 PBS NA NA PBS NA NA
2 B 14.62 ± 1.30 8.81 B 7.30 ± 1.46 20.08
3 B/0.1S 21.95 ± 3.35 15.28 B/0.1S 12.35 ± 0.98 7.94
4 B/1S 27.74 ± 1.33 4.81 B/1S 19.15 ± 3.61 18.88
5 B/1M 9.03 ± 1.80 19.97 B/1S 5.68 ± 1.65 29.21
6 B/2M 3.22 ± 0.40 19.97 B/2M 3.17 ± 2.10 66.23
7 B/0.1S/1M 2.61 ± 0.11 12.47 B/0.1S/1M 15.67 ± 2.23 14.26
8 B/0.1S/2M 2.35 ± 1.81 4.37 B/0.1S/2M 15.53 ± 0.79 5.08
9 B/1S/1M 21.67 ± 1.23 76.85 B/1S/1M 11.56 ± 1.18 10.25
10 B/1S/2M 5.06 ± 1.16 22.92 B/1S/2M 2.45 ± 0.23 9.38

B: denotes only Tris-HNO3 buffer (pH 8.4); 0.1S: denotes 0.1 M NaCl; 1S: denotes 1 M NaCl; 1M: denotes 1 g of skim
milk powder; 2M: denotes 2 g of skim milk powder; NA: denotes not applicable and CV: denotes coefficient of
variation (%).

Among them, the maximum amount of Ara h1 extracted was 27.74 ± 1.33 ng/mL at 60 ◦C for
15 min using a buffer extraction recipe of B/1S (Tris-HNO3 with 1 M NaCl). Skim milk powder and NaCl
were thought to improve allergen extraction. However, the minimum amount of Ara h1 extraction was
obtained as 2.35 ± 1.81 ng/mL using the buffer recipes of B/0.1S/2M (Tris-HNO3 diluted with 0.1 M NaCl
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and 2 g of skim milk powder) at 60 ◦C for 15 min, which means the combination of skim milk powder
and NaCl was not enough to extract the Ara h1 from the foods at 60 ◦C for 15 min. In contrast, the
extractions using the same recipes at 60 ◦C for 60 min were comparatively higher at 15.67 ± 2.23 ng/mL
of Ara h1. The reduction in Ara h1 extracted using 0.1 M NaCl and 2 g of skim milk powder at 60 ◦C
for 60 min compared with that at 60 ◦C for 15 min shows the effect of time for extraction.

The extraction of Ara h1 from peanut butter was also analyzed at 21 ◦C for 15 min and 21 ◦C for
60 min using the buffer recipes prepared from Tris-HNO3 buffer with NaCl, skim milk powder, or
both. Table 2 shows that the maximum amount of Ara h1 extracted was 84.60 ± 7.50 ng/mL (p < 0.05)
when the buffer recipe of B/1M (Tris-HNO3 mixed with 1 g of skim milk powder) was used at 21 ◦C for
60 min.

Table 2. Effect of temperature (21 ◦C) and time (15 min, 60 min) on Ara h 1 extraction from commercial
peanut butter food sample according to the extraction condition used.

Extract
No.

Extraction
Condition (21
◦C, 15 min)

Ara h1
Concentration

(ng/mL Sample)
CV (%)

Extraction
Condition (21
◦C, 60 min)

Ara h1
Concentration

(ng/mL Sample)
CV (%)

1 PBS NA NA PBS NA NA
2 B 16.28 ± 0.42 9.05 B 62.74 ± 5.63 8.98
3 B/0.1S 29.29 ± 2.65 2.58 B/0.1S 49.81 ± 5.63 11.29
4 B/1S 29.59 ± 2.57 8.69 B/1S 58.18 ± 7.05 12.11
5 B/1M 7.23 ± 4.93 68.19 B/1M 84.60 ± 7.50 8.86
6 B/2M 2.37 ± 0.11 29.73 B/2M 76.12 ± 1.85 2.43
7 B/0.1S/1M 3.19 ± 3.05 95.61 B/0.1S/1M 77.50 ± 10.81 13.95
8 B/0.1S/2M 3.18 ± 0.03 2.54 B/0.1S/2M 73.77 ± 7.98 10.83
9 B/1S/1M 19.45 ± 0.21 1.07 B/1S/1M 25.94 ± 1.38 5.32
10 B/1S/2M 2.31 ± 0.12 5.19 B/1S/2M 22.85 ± 3.09 13.50

B: denotes only Tris-HNO3 buffer (pH 8.4); 0.1S: denotes 0.1 M NaCl; 1S: denotes 1 M NaCl; 1M: denotes 1 g of skim
milk powder; 2M: denotes 2 g of skim milk powder; NA: denotes not applicable and CV: denotes coefficient of
variation (%).

However, 29.59 ± 2.57 ng/mL was the highest amount of Ara h1 extracted at 21 ◦C for 15 min
using the recipe of B/1S (Tris-HNO3 mixed with 1 M NaCl). The minimum amounts of extracted Ara
h1 were 2.31 ± 0.12 and 2.37 ± 0.11 ng/mL at 21 ◦C for 15 min when using buffer recipes of B/1S/2M
(Tris-HNO3 mixed with 1 M NaCl and 2 g skim milk powder) and B/2M (Tris-HNO3 diluted with 2 g
of skim milk powder), respectively.

For a better contrast and understanding the extraction results, the extracted Ara h1 amounts were
grouped according to the time and temperature sets. It has been reported that sample solution contact
time has an effect on the peanut allergen extracted from a food sample [7]. The amounts of Ara h1
extracted at 60 ◦C for 60 min were less than those extracted for 15 min (Figure 3A).

As can be shown in Figure 3A, the maximum Ara h1 was extracted for 15 min, which occurred
when using the buffer recipe of B/1S (Tris-HNO3 with 1 M NaCl). The minimum amount extracted
occurred when the sample was pretreated with buffer recipes of B/1S/2M (Tris-HNO3 with 1 M NaCl
and 2 g of skim milk powder) at 60 ◦C/60 min. Therefore, the former condition (B/1S for 60 ◦C/15
min) could be recommended for the extraction process. It was seen that the allergen extraction levels
were higher for 60 ◦C/15 min than for 60 ◦C/60 min. This may be due to protein denaturation. Some
active peanut proteins may be damaged or denatured during longer sample solution contact times
at the same temperature (60 ◦C) and using the same extraction recipes. This is not acceptable for the
protocol for allergen recovery from foods. The analysis of Ara h1 recovery suggests that the buffer
recipe of B/1S could be used for extracting Ara h1 (p < 0.05) from peanut butter food samples using the
SWCNT-based biosensor for 60 ◦C/15 min.
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As can be seen in Figure 3B, the greatest amount (ng/mL) of Ara h1 extracted from peanut butter
was 84.60 ng/mL at 21 ◦C for 60 min and 29.59 ng/mL at 21 ◦C for 15 min. It is seen that the extraction
amounts were higher at 21 ◦C for 60 min than at 21 ◦C for 15 min. The highest amount of Ara h1 was
extracted (p < 0.05) with the extraction recipe B/1M (Tris-HNO3 buffer with 1 g of skim milk powder).
In general, the composition of the extraction recipes was significant for Ara h1 extraction in this study.
We found that approximately three times more Ara h1 was extracted at 21 ◦C for 60 min with the
another three kinds of recipes except B/1M: (1) B/2M (Tris-HNO3 buffer addition of 2 g of skim milk
powder); (2) B/0.1S/1M (Tris-HNO3 buffer addition of 0.1 M NaCl and 1 g of skim milk powder); and
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(3) B/0.1S/2M (Tris-HNO3 buffer addition of 0.1 M NaCl and 2 g of skim milk powder). In contrast,
the other highest amounts of Ara h1 were extracted at 21 ◦C for 15 min only using B/0.1S and B/1S
(addition of 0.1 and 1 M NaCl, respectively). Negligible concentrations of Ara h1 were extracted when
using B/2M (Tris-HNO3 buffer with 2 g of skim milk powder) and B/1S/2M (Tris-HNO3 buffer with 1M
NaCl and 2 g of skim milk powder) at 21 ◦C for 15 min, as seen in Figure 3B.

For the 60 min extraction period, lower amounts of Ara h1 were extracted at 60 ◦C than at 21 ◦C
(Figure 4A). Compared with the extractions of 21 ◦C/60 min with 60 ◦C/60 min, the extraction levels at
21 ◦C for 60 min were statistically more significant (p < 0.05). Comparing the 15 min extractions at
21 ◦C and 60 ◦C, Figure 4B clearly shows that the results were not significantly different (p > 0.05) when
using the extraction mixtures of B/2M (inclusion of 2 g of skim milk powder), B/0.1S/1M (addition
of 0.1 M NaCl and 1 g of skim milk powder), and B/0.1S/2M (addition of 0.1 M NaCl and 2 g of
skim milk powder). Overall, the extraction amounts were higher at 21 ◦C/60 min, suggesting that
the SWCNT-based biosensor be used with that buffer extraction condition. According to a study
conducted by Pollet et al. (2011), chocolate significantly impaired the detection of Ara h1 when foods
were pretreated and extracted using B/1S/1M (addition of 1 M NaCl and 1 g of skim milk powder)
at 21 ◦C for 60 min [33]. It was also reported that Ara h1 can be extracted through the pretreatment
process from chocolate products using dry milk powder (5% nonfat dry milk) [26].
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Figure 4. Effect of extraction time and temperature: (A) 21 ◦C for 60 min, 60 ◦C for 60 min; (B) 21 ◦C for
15 min, 60 ◦C/15 min for Ara h1 recovery from peanut butter food extract. B denotes only Tris-HNO3

buffer (pH 8.4); 0.1 S denotes 0.1 M NaCl; 1 S denotes 1 M NaCl; 1 M denotes 1 g of skim milk powder;
2 M denotes 2 g of skim milk powder.

The capacity of the biosensor to quantify the amount of Ara h1 extracted from a complex food
sample has been reported previously [4,30,33]. It is crucial to know if the buffer recipes selected as the
best for extraction could interfere with protein detection. PBS and Tris-HNO3 buffer were prepared as
blank extracts (without sample) and used as controls with the biosensor to compare their extraction
performance to that of the other peanut extracts. The estimated results for PBS and Tris-HNO3 buffer
showed that the biosensor did not detect extracted Ara h1 from the peanut butter sample, which
confirmed that the extraction recipes used in this study did not have the potential to inhibit the ability
of the biosensor to detect Ara h1 in a peanut butter sample. Thus, any possibility of the extraction
mixtures used interfering with SWCNT-based biosensor detection can be excluded.

4. Conclusions

A SWCNT-based biosensor is a rapid and sensitive detection tool, developed and used to detect
Ara h1 in peanut butter foods. The biosensor showed a high-performance level, sensitive response and
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miniaturized structure compared to other conventional assays. Biosensor immobilized with anti-Ara
h1 pAb decreased the inhibition effects with respect to only Ara h1 (p < 0.05), whereas there was a
significant inhibition effect for solutions of Ara h1 combined with Ara h2 and with Ara h6. The results
of this work show that the buffer recipes used significantly increase the amount of extracted Ara h1
and that a long extraction time (60 min) at 21 ◦C was mostly more efficient than a short period (15 min),
except for the use of 60 ◦C for 60 min, which led to a decline in the amount of extracted protein. Using
this analysis, 21 ◦C for 60 min and 60 ◦C for 15 min were selected as the optimum extraction conditions
because the highest amounts of Ara h1 were extracted with their use. This study highlighted that
the sample preparation steps and extraction conditions (time and temperature) influenced peanut
allergen extraction.
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