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Abstract 

A one‑step immunoassay is presented for the detection of ochratoxin A (OTA) using an antibody complex with 
switching peptides. Because the switching peptides (fluorescence‑labeled) were able to bind the frame region of 
antibodies (IgGs), they were dissociated from antibodies immediately when target analytes were bound to the bind‑
ing pockets of antibodies. From the fluorescence signal measurements of switching peptides, a quantitative analysis 
of target analytes, via a one‑step immunoassay without any washing steps, could be performed. As the first step, 
the binding constant (KD) of OTA to the antibodies was estimated under the continuous flow conditions of a surface 
plasmon resonance biosensor. Then, the optimal switching peptide, among four types of switching peptides, and the 
reaction condition for complex formation with the switching peptide were determined for the one‑step immunoas‑
say for OTA analysis. Additionally, the selectivity test of one‑step immunoassay for OTA was carried out in comparison 
with phenylalanine and zearalenone. For the application to the one‑step immunoassay to detect OTA in wines, two 
types of sample pre‑treatment methods were compared: (1) a liquid extraction was carried out using chloroform as a 
solvent with subsequent resuspension in phosphate‑buffered saline (total analysis time < 1 h); (2) direct dilution of the 
wine sample (total analysis time < 0.5 h). Finally, the direct dilution method was found to be effective for the one‑step 
immunoassay based on the switching peptide assay for OTA in wines with a markedly improved total analysis time 
(< 0.5 h). Additionally, the assay results were compared with commercial lateral flow immunoassay.
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Introduction
Ochratoxin A (OTA) is a well-known foodborne myco-
toxin found in various types of agricultural products, 
from cereal grains to wine and coffee. OTA is produced 
by several types of fungi that have different optimal 
growing temperatures and water activities, such as Asper-
gillus niger, A. ochraceus, A. carbonarius, and Penicillium 
verrucosum (Bui-Klimke and Wu 2015). OTA contami-
nation of agricultural products occurs owing to poor 
storage conditions and the drying process. As this com-
pound has been reported to be toxic and carcinogenic to 
animals, maximum limits on foods and drinks have been 

proposed by the food safety authorities of many countries 
(Mateo et al. 2007; Bellver Soto et al. 2014; Ortiz-Villeda 
et  al. 2021). As shown in Fig.  1a, the analysis of OTA 
has been most frequently carried out using high-perfor-
mance liquid chromatography (HPLC) equipped with a 
mass spectrometer and fluorescence detectors (Kholová 
et al. 2020). Various types of solid-phase extraction and 
liquid–liquid extraction methods have been used for 
sample preparation in food control laboratories and rou-
tine practice (Visconti et al. 2001; Pena et al. 2005; Aresta 
et al. 2006). The analytical parameters of other methods 
for OTA analysis are summarized in Table 1 (Tessini et al. 
2010; Liu et al. 2021; Gupta et al. 2017; Lv et al. 2017; Lv 
et al. 2014; Karczmarczyk et al. 2016; Anfossi et al. 2013; 
Khan and Dhayal 2008; Dai et al. 2016; Taradolsirithitikul 
et al. 2017; Zou et al. 2016).
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Fig. 1 One‑step immunoassay based on switching peptides. a Comparison of OTA detection configurations using one‑step immunoassay and 
conventional method. b Switching peptides that specifically bind to an antigen‑binding pocket of IgG. Binding pocket of IgG composed of heavy 
and light chains with complementarity‑determining regions (CDRs) and frame regions (FRs)
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In the present study, a one-step immunoassay based 
on switching peptides was applied for effective OTA 
analysis in wines with a far shorter analysis time than 
the HPLC method. One-step immunoassay meth-
ods can produce the assay result only by mixing ana-
lyte solutions, without any washing steps (Rong et  al. 
2019; Kaarj et al. 2020). Because the switching peptides 
(fluorescence-labeled) can bind to the frame regions of 
antibodies (immunoglobulin G [IgG]), these switch-
ing peptides are dissociated from antibodies immedi-
ately after target analytes (specific antigens) become 
bound to the binding pockets of antibodies. As shown 
in Fig. 1a, the one-step immunoassay uses an antibody 
complex with switching peptides before the analysis. 
When target analytes are incubated with the antibody 
complex, the bound switching peptides, with fluores-
cence capability, are dissociated in the solution, and a 
fluorescence signal is produced and can be quantita-
tively analyzed according to the amount of bound ana-
lytes. Therefore, the assay results could be reported just 
by mixing the analytes without any washing steps. The 
switching peptides are designed from the structure of 
IgG. The binding pocket region of IgG is generated via 
the self-assembly of frame regions (FRs) of the heavy 
chain (VH) and light chain (VL) (Bong et al. 2021; Park 
et al. 2022; Sung et al. 2022; Kim 2022a). As shown in 
Fig. 1b, the L1 (or L2) region at VL interacts with the H2 
(or H1) region of VH. These regions can be chemically 
synthesized into switching peptides and can spontane-
ously bind to the corresponding regions. As IgGs have 
conserved amino acid sequences in these regions, the 
switching peptides made of the amino acid sequences 
of FRs can be used for any type of IgG. When the bind-
ing constant (KD) of these switching peptides is lower 
than that of target analytes in the immunoaffinity 

interactions, the switching peptides bound to IgG 
are released immediately upon the binding of target 
analytes.

In this work, the one-step immunoassay based on 
switching peptide was presented. As the first step, the 
KD of OTA to the antibodies and switching peptides was 
estimated using a surface plasmon resonance (SPR) bio-
sensor. Then, the optimal switching peptide, among four 
types of switching peptides, and the reaction condition 
for complex formation with the switching peptide were 
determined for the one-step immunoassay for OTA anal-
ysis. Finally, the one-step immunoassay to detect OTA 
in wines was carried out using two types of sample pre-
treatment methods: (1) a liquid extraction was carried 
out using chloroform as a solvent and subsequent resus-
pension in PBS (total analysis time < 1  h) and (2) direct 
dilution of the wine sample (total analysis time < 0.5  h). 
Additionally, the assay results were compared with com-
mercial lateral flow immunoassay.

Materials and methods
Materials
Bovine serum albumin (BSA), OTA, mercaptound-
ecanoic acid (MUA), N-ethylcarbodiimide (EDC), 
N-hydroxysuccinimide (NHS), ethanolamine, and chemi-
cal solvents of analytical grade were purchased from 
Sigma–Aldrich Korea (Seoul, Korea). MaxiSorp 96-well 
plates were purchased from SPL Life Sciences (Pocheon, 
Korea). The anti-OTA antibody was supplied by Gyeo-
ngsang National University (Jinju, Korea). Wine samples 
were prepared using commercially available products. 
Labeled peptides were synthesized by Peptron (Daejeon, 
Korea). A lateral flow immunoassay kit was purchased 
from Elabscience (Texas, USA).

Table 1 Comparison of analytical methods for the detection of OTA

Quantification method Type of food Limit of density Author References

HPLC‑FLD Red wine 0.01 ng/mL Tessini and others Tessini et al. (2010)

MIP‑based SPME by HPLC‑FLD Beer 0.07 ng/mL Liu and others Liu et al. (2021)

Differential pulse voltammetry based on 
amino‑acid‑functionalized  ZrO2

Coffee 0.3 ng/mL Gupta and others Gupta et al. (2017)

Aptamer based on AuNPs Coffee 9.2 ng/mL Xin and others Lv et al. (2017)

Nanoparticle‑enhanced SPR Red wine 0.19 ng/mL Karczmarczyk and others Karczmarczyk et al. (2016)

Silver‑enhanced lateral flow assay Red wine, white wine 1.2 ng/mL Anfossi and others Anfossi et al. (2013)

Impedimetric based on  TiO2NPs – 1 ng/mL Khan and Dhayal Khan and Dhayal (2008)

Luminescence resonance energy transfer‑
based aptasensor

Beer 27.0 pg/mL Dai and others Dai et al. (2016)

Label‑free fluorescence aptamer Beer Below 1 ng/mL Zhenzhen and others Lv et al. (2014)

Fourier transform near‑infrared spectroscopy Green coffee beans – Taradolsirithitikul and others Taradolsirithitikul et al. (2017)

ELISA based on biotinylated mimotope Corn Below 2.5 ng/mL Zou and others Zou et al. (2016)
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Purification of Z‑domain
Escherichia coli strain BL21(DE3) was used to purify 
the Z-domain. BL21(DE3) is a modified strain from 
BL21 that has the coding sequence of T7 RNA polymer-
ase, which is required for the protein expression system 
based on the T7 promoter (Studier and Moffatt 1986). 
To obtain Z-domain-expressing cells, plasmid pJ349G 
was transformed into the E. coli via electroporation, and 
the strain was grown in high-salt Luria–Bertani (LB) 
medium (10  mL) containing kanamycin (50  mg/L, 10 
μL) by shaking (200 rpm) for 16 h at 37 °C. For the main 
culture, E. coli (500 μL) was cultured again in high-salt 
LB medium (50  mL) with kanamycin (50  mg/L, 50 μL), 
10  mM ethylenediaminetetraacetic acid (25 μL), and 
99% β-mercaptoethanol (40 μL) at 37  °C with shaking 
(200  rpm) until an OD600 nm of 0.6 was reached (Yoo 
et al. 2011; Ueda et al. 2016). To induce Z-domain expres-
sion, cultured E. coli cells (50 mL, OD600 nm = 0.6) were 
incubated with 1  M isopropyl β-d-1 thiogalactopyrano-
side (50 μL) at 30 °C with agitation (125 rpm) for 2 h. The 
cultured E. coli BL21(DE3) cells (50 mL) were harvested 
by centrifugation at 7000 × g for 3 min and washed three 
times with PBS (10 mL). The cells were re-suspended in a 
binding buffer (5 mM Tris–HCl, 0.5 mM EDTA, and 1 M 
NaCl, 40  mL), and the ultrasonication was performed 
with an aliquot of E. coli culture solution (20  mL) with 
120 repeated cycles, which consisted of 5 s of ultrasoni-
cation at a power of 20% and 5  s of incubation in ice, 
using a sonic reactor (Vibra cell VCX-130, Sonics, USA). 
After ultrasonication, the E. coli cells were centrifuged 
at 7000 × g for 5 min at 4  °C, and then, the supernatant 
was transferred to a 50-mL Eppendorf tube. Then, the 
Z-domain in the supernatant was purified using a His-tag 
purification column (Roche, Basel, Switzerland) and an 
elution buffer (binding buffer with 500  mM imidazole). 
Purified proteins were dialyzed to remove imidazole for 
16 h at 100 rpm and 4 °C.

Sample pre‑treatment
The actual sample test was performed using spiked sam-
ples of commercially available wine. The extraction of 
OTA from real samples was carried out using chloro-
form. For the extraction of OTA, the OTA-spiked wine 
samples, based on different concentrations (500 μL), were 
first vortex-mixed with chloroform (1  mL) for 30  s and 

then incubated for 10 min at room temperature. There-
after, the chloroform layer was acquired and dried by 
centrifugation (1500 rpm for 1 h at 60 °C) using a rotary 
evaporator. Finally, the dried extracted sample was re-
suspended in PBS (200 μL) for fluorescence analysis 
(Jesus et  al. 2017). For the direct dilution method, the 
OTA from real samples was carried out using a binding 
buffer (5%  NaHCO3, 1% polyethylene glycol solvent). 
For the extraction of OTA, the OTA-spiked wine sample 
based on different concentrations (10 g) was first mixed 
with binding buffer to a 20  mL final volume and then 
homogenized for 5  min. Thereafter, the homogenized 
sample was filtered with Whatman No. 4 (12.0 cm) paper, 
and the wine samples were prepared through dilution 
with PBS.

HPLC assay
The quantitative analysis of OTA was carried out as a 
reference method using HPLC from Young-In Science 
Co (Seoul, Korea). For the HPLC analysis, a Kinetex C18 
reversed-phase column from Phenomenex (Torrance, 
CA, USA) was used alongside acetonitrile with 0.1% tri-
fluoroacetic acid (TFA) and distilled water (DW) with 
0.1% TFA as the mobile phase. The flow rate was set to 
0.5  mL/min. The standard OTA samples were prepared 
by spiking OTA in a concentration range of 1 to 1000 nM, 
and each sample was injected based on a volume of 100 
µL. The mobile phase composition was programmed to 
be 100% DW for the first 5 min (0–5 min), and the ace-
tonitrile percentage was increased up to 80% (5–21 min) 
via linear gradation. The OTA was detected using a UV 
detector at a wavelength of 333 nm.

SPR biosensor
BK-7 glass was coated with a Ti film (2  nm), followed 
by an Au layer (48  nm). The specific binding proper-
ties of the isolated antibodies with OTA were used for 
the quantitative analysis of OTA using an SPR biosen-
sor. The isolated antibodies against OTA were immobi-
lized on the SPR biosensor through covalent binding. 
The gold surface of the SPR biosensor was modified 
to incorporate carboxylic acid using MUA (1  mM). 
The anti-OTA antibodies (10  μg/mL) were covalently 
bound for 2  h using the EDC/NHS reagent, and then, 
the antibody-modified gold chip was blocked with 

(See figure on next page.)
Fig. 2 Determination of affinity constants (KD) of immobilized anti‑OTA antibodies against OTA and switching peptides using SPR biosensor. a 
Covalent immobilization of anti‑OTA antibody to the modified surface of SPR chip. b SPR sensorgram for the treatments of OTA and dose–response 
curve from SPR measurements at different concentrations of OTA against anti‑OTA antibody. c SPR sensorgrams at different concentrations of 
switching peptides using immobilized anti‑OTA antibodies and calculation of affinity constants (KD) for each switching peptide against the same 
anti‑OTA antibody
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Fig. 2 (See legend on previous page.)
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ethanolamine (1  M), as shown in Fig.  2a (Bong et  al. 
2020). The SPR signal for each sample was calculated as 
the change in the signal baseline prior to and after sam-
ple incubation using an SPR biosensor from i-ClueBio 
(Sungnam, Korea) (Bong et al. 2020; Jung et al. 2021a, 
b; Kim 2022b). The signal baseline was established from 
the averaged SPR signals following washing with PBS 
for 20 min at a flow rate of 20 μL/min. The SPR biosen-
sors were prepared to separately inject samples of OTA 
and the four types of switching peptides. As shown in 
Fig. 2b, c, the SPR signal was measured for OTA sam-
ples at four different concentrations and samples of 
switching peptides labeled with FAM and TAMRA 
at four different concentrations. The dose–response 
curve for the samples was carried out by the isotherm 
model (shown below), where R (RMAX) represents the 
SPR signal (maximum SPR signal), [Ag] represents the 
concentrations of OTA and switching peptides labeled 
with FAM and TAMRA, and KD represents the affin-
ity constant of the OTA and switching peptides labeled 
with FAM and TAMRA for the purified anti-OTA 
antibodies.

One‑step immunoassay based on switching peptides
To evaluate specific binding to antibodies, a microplate-
based assay was performed. The Z-domain (1 μM) was 
incubated in the microplate for 2  h at room tempera-
ture for antibody orientation. Then, the anti-OTA anti-
body (10  μg/mL) was incubated in the microplate for 
2 h at room temperature. After blocking with 0.5% BSA 
prepared in PBS, the switching peptides (2  μM) were 
added to each well and incubated for 1  h. And then, 
OTA samples were added at four different concentra-
tions and incubated for 1 h. Subsequently, the solutions 
were transferred directly into a new microplate, and the 
fluorescence intensity was measured using the Victor 
X5 fluorescence spectrometer from PerkinElmer Inc. 
(Waltham, Massachusetts, USA).

One‑step immunoassay based on lateral flow assay
The lateral flow assay was carried out using a com-
mercial lateral flow immunoassay kit from Elabscience 
(Texas, USA). The OTA samples were prepared by spik-
ing OTA in a concentration range of 1 to 250 nM. For 
the lateral flow assay analysis, sample pre-treatment 
was performed as followed procedure: (1) Preparation 
of wine sample by mixing a white wine (2 g) and metha-
nol (15 mL). (2) After centrifugation at 4000  rpm/min 
for 3 min, the supernatant (1 mL) was dried in a water 

R = RMAX × [Ag]/[Ag]+ KD

bath at the temperature of 60  °C, and then resolved in 
reconstitution buffer (0.3 mL) in the kit. The lateral flow 
immunoassay was performed using a prepared wine 
sample according to the manufacturer’s instructions.

Results and discussion
One‑step immunoassay with switching peptides
One-step immunoassay methods can produce the assay 
result only by mixing analyte solutions, without any wash-
ing steps (Rong et al. 2019; Kaarj et al. 2020). Because the 
switching peptides (fluorescence-labeled) can bind to the 
frame regions of antibodies (immunoglobulin G [IgG]), 
these switching peptides are dissociated from antibod-
ies immediately after target analytes (specific antigens) 
become bound to the binding pockets of antibodies. As 
shown in Fig. 1a, the one-step immunoassay uses an anti-
body complex with switching peptides before the analy-
sis. When target analytes are incubated with the antibody 
complex, the bound switching peptides, with fluorescence 
capability, are dissociated in the solution, and a fluores-
cence signal is produced and can be quantitatively analyzed 
according to the amount of bound analytes. The bound 
analyte concentration was estimated based on the measure-
ment of fluorescence from the released switching peptides 
(Rong et al. 2019; Kaarj et al. 2020). In this work, two kinds 
of fluorescence labels were used for four kinds of switching 
peptides: TAMRA for L1, H1 switching peptides and FAM 
for L2, H2 switching peptides. The fluorescence spectra for 
switching peptide L1 with a fluorescence label of TAMRA 
(λex = 552 nm, λex = 578 nm) and switching peptide L2 with 
a fluorescence label of FAM (λex = 488  nm, λex = 512  nm) 
presented in Additional file  1: Fig. S1. The preliminary 
conditions for this one-step immunoassay comprised the 
difference between the KD of antibodies against switching 
peptides and that against target analytes (OTA). In other 
words, the binding of target analytes (OTA) should be 
stronger than that of the switching peptides. These bind-
ing properties of switching peptides and the target analyte 
(OTA) were estimated using an SPR biosensor. As shown 
in Fig. 2a, antibodies against OTA were covalently immo-
bilized on the Au surface of the SPR biosensor using MUA 
(11 carbons). As the first step, the KD of OTA to the anti-
bodies was estimated by injecting analytes at different con-
centrations under continuous flow conditions. As shown 
in Fig. 2b, the KD of OTA to the antibodies was estimated 
to be 8.1 ×  10−7 M. As the next step, the binding constants 
of four types of switching peptides to the antibodies were 
estimated using the same conditions for SPR measure-
ments. As shown in Fig. 2c, switching peptides L1, L2, H1, 
and H2 at four different concentrations were reacted with 
the immobilized antibodies on the SPR biosensor. As pre-
viously explained, the amino acid sequences of switching 
peptides were derived from the FRs of IgG, as shown in 
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Fig. 1b. As the FRs located at heavy and light chains of IgG 
are symmetrically bound, the switching peptides derived 
from these regions were expected to have similar binding 
constants, and the binding constant of switching peptides, 
from SPR measurements, was similar for different types 
of switching peptides. The KD of OTA to the antibodies 
was estimated to be 2.5 ×  10−5  M for switching peptide 
L1, 1.2 ×  10−5  M for switching peptide L2, 3.9 ×  10−5  M 
for switching peptide H1, and 7.1 ×  10−5 M for switching 
peptide H2 as summarized in Table 2. These results showed 
that the binding constant of OTA was 100-fold lower than 
that with the four types of switching peptides, which indi-
cated stronger binding of the target analyte (OTA) to the 
antibodies compared with that with the switching peptides. 
From these results, the binding properties of the target 
analyte (OTA) were determined to be suitable for the one-
step immunoassay based on switching peptides.

Target analytes bind to antibodies through specific inter-
actions within binding pockets. Three complementarity-
determining regions (CDRs; CDR1, CDR2, and CDR3) are 
located at light and heavy chains, and the interaction with 
target analytes occurs with specific parts of these areas. 
The switching peptides bind frame regions between CDR 
regions, and the switching peptides dissociate through 
binding to target analytes. As the binding sites within the 
binding pocket of IgG may differ according to the target 
analytes, the dissociation of switching peptides could dif-
fer. To determine the optimal switching peptide for the 
detection of OTA, the dissociation rate of each peptide was 
determined with the same antibodies used against OTA. 
For measurements of the dissociation rate, the antibod-
ies against OTA were bound to the switching peptide. As 
shown in Fig. 3a, the antibody and switching peptide com-
plex was prepared by incubating four types of switching 
peptides, based on a concentration range of 1–5 μM, with 
the immobilized antibodies against OTA. Then, the dis-
sociation of these four switching peptides was estimated 
after treatment with PBS (negative control) and OTA solu-
tion (1 μM). The optimal switching peptide should have a 
high dissociation ratio compared with that of PBS (negative 
control), and switching peptide L2 had the maximum dis-
sociation ratio among all switching peptides. Additionally, 
switching peptide L2 (2  μM) showed a maximum disso-
ciation ratio of 250% compared with that of PBS (negative 
control). In addition, switching peptide H2 (1  μM) had 
a dissociation ratio of 59% compared with that of PBS 

(negative control). These results showed that the FRs for 
the binding of switching peptides L2 and H2 are located 
close to the binding site of the target analyte, OTA. The 
optimal switching peptides L2 and H2 were then used for 
the quantitative analysis of OTA under each optimal dis-
sociation condition. As shown in Fig.  3b, the one-step 
immunoassay based on 2 μM switching peptide L2 showed 
a linear correlation (R2 = 0.976, n = 3) for OTA in a con-
centration range of 1 to 1000 nM, and the limit of detec-
tion (LOD) was estimated to be 0.60  nM (n = 3). When 
the antibody complex for the one-step immunoassay was 
generated by administering the switching peptide L2 at dif-
ferent concentrations, specifically 1 μM, there was no cor-
relation between the signal and the concentration of OTA. 
For switching peptide H2, in the same OTA concentration 
range, there was no correlation between the signal and the 
concentration, with respect to the formation of the anti-
body complex, in this immunoassay. These results showed 
that the one-step OTA immunoassay is feasible when using 
2 μM switching peptide L2, and the binding site of OTA for 
the antibody was found to be the binding site of switching 
peptide L2.

The selectivity test of a one-step immunoassay with 
switching peptides was carried out using phenylalanine 
and zearalenone. Phenylalanine was reported to be used 
for the selectivity test of OTA detection because of the 
similar chemical structure to OTA (Baudrimont et  al. 
1997) and zearalenone was also used for the selectivity 
test of OTA because this chemical was a kind of myco-
toxin (Lv et al. 2014). As the first step, the selectivity of 
anti-OTA antibody was estimated using SPR biosen-
sor. As shown in Fig. 3c, the SPR measurement showed 
that the anti-OTA antibody could discriminate OTA 
from these two chemicals in the detection range of 500–
2500  nM. And then, the selectivity test of a one-step 
immunoassay based on switching peptide L2 was car-
ried out for OTA detection using these two chemicals. 
As shown in Fig. 3d, the test results showed that the one-
step immunoassay with switching peptide was estimated 
to have a far higher sensitivity for OTA in comparison 
to these two chemicals. These results showed that the 
one-step immunoassay with switching peptides could be 
applied to the detection of OTA for mixtures with similar 
structures to OTA.

Application to OTA analysis in wines
The one-step immunoassay based on switching peptide 
L2 was applied to analyze OTA content in wines. Usu-
ally, the analysis of ingredients in foods is carried out 
according to the directives of related authorities (Schrenk 
et  al. 2020), and an official protocol for OTA analysis 
within wines has been announced as a directive of the 
NIH (directive number: 89-2813) (Filali et al. 2001). The 

Table 2 Affinity constant (KD) of OTA and switching peptides (L1, 
L2, H1, H2) against anti‑OTA antibody

OTA L1 L2 H1 H2

Binding constant (KD) 810 nM 25 μM 12 μM 39 μM 71 μM
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Fig. 3 Releasing test of switching peptides to the Fab region of IgG. a Fluorescence responses of four kinds of switching peptides for the detection 
of OTA. b Quantitative one‑step immunoassay by the measurement of fluorescence intensity in solution after OTA treatment. c SPR sensorgrams 
of OTA and two comparing chemicals of phenylalanine and zearalenone using immobilized anti‑OTA antibodies. d Selectivity test of the one‑step 
immunoassay based on switching peptide for OTA using two comparing chemicals of phenylalanine and zearalenone
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concentration of OTA in wines is permitted to be less 
than 2.0  µg/kg, which corresponds to 5  nM. The quan-
titative analysis of OTA was carried out using HPLC as a 
reference method. As shown in Fig. 4a, OTA samples in a 
concentration range of 1 to 30 nM were analyzed, and the 
peak height was taken as the signal; here, the LOD was 
estimated to be 2.5 nM.

As the next step, the one-step immunoassay based on 
the switching peptide was applied for detecting OTA 
in wines after liquid extraction using chloroform as a 
solvent. The switching peptide L2 was used, and the 
antibody complex was generated at the optimal con-
centration of 2.0  μM. The wine samples were prepared 
by spiking known concentrations of OTA in the range 
of 1.0 to 1000  nM. As a positive control, OTA samples 
were prepared in PBS based on the same concentration 
range. As shown in Fig. 4b fluorescence signal could be 
measured for the spiked wine samples in the concentra-
tion range of 8 to 1000 nM, exhibiting a linear correlation 
(R2) of 0.87 (n = 3). Moreover, the LOD was estimated as 
8.5 nM (n = 3). For the positive control (OTA samples in 
PBS), a fluorescence signal was detected in the concen-
tration range of 1.0 to 1000  nM (n = 3), with an LOD 
of 1.3  nM (n = 3). These results showed that the liquid 
extraction using chloroform as a solvent could be effec-
tively used for OTA analysis in wines with a relatively 
short analysis time (< 1 h) compared to the conventional 
method.

Wine samples were also directly tested using the one-
step immunoassay based on switching peptide. The same 
assay condition was applied as in the aforementioned 
experiment, and the wine samples were prepared through 
dilution with PBS. As shown in Fig. 4c, the fluorescence 
signal was measured for the spiked wine samples in the 
concentration range of 1.4 to 3000 nM, with a linear cor-
relation (R2) of 0.91 (n = 3). Moreover, the LOD was esti-
mated to be 5.3 nM (n = 3). For the positive OTA samples 

in PBS, a fluorescence signal in the concentration range 
of 1.0 to 1000 nM (n = 3) was observed, with an LOD of 
0.7  nM (n = 3). These results showed that the sensitiv-
ity of OTA analysis increased and that the measurement 
baseline was increased compared with those of the liq-
uid extraction method. Considering the LOD, the direct 
dilution method could be effectively used for the one-
step immunoassay based on the switching peptide assay 
to detect OTA in wines with a markedly improved total 
analysis time (< 0.5 h). The recovery of a one-step immu-
noassay with switching peptide was carried out using 
OTA samples spiked in wine. As summarized in Table 3, 
the OTA concentration was controlled to be 1, 10, 100, 
1000 nM (n = 3), and the recovery was determined from 
the standard curve. The recovery for real sample meas-
urement was determined to be in the range of 98–109% 
as summarized in Table 3. These results showed that the 
one-step immunoassay with switching peptides could be 
performed with a high recovery rate. Additionally, the 
assay results of one-step immunoassay based on switch-
ing peptides were compared with the lateral flow immu-
noassay. As shown in Fig. 4d, the detection range of the 
lateral flow immunoassay was estimated to be 0–50 nM 
and the LOD was estimated to be 7.8 nM. These results 
showed that the one-step immunoassay based on switch-
ing peptide could have a lower LOD (5.3 nM) as well as a 
wider detection range (1–3000 nM) in comparison with 
the lateral flow immunoassay.

Conclusion
A one-step immunoassay based on switching peptides 
was carried out using an antibody complex with switch-
ing peptides. As the first step, the KD of OTA to the 
antibodies was estimated by injecting analytes at differ-
ent concentrations with continuous flow conditions for 
the SPR biosensor. The KD of OTA to the antibodies was 
estimated to be 8.1 ×  10−7 M and those of the switching 

Fig. 3 continued
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peptides were estimated to be in the range of  10−5 to 
 10−6  M. From these results, the binding properties of 
the target analyte (OTA) were determined to be suitable 
for the one-step immunoassay based on switching pep-
tides. The optimal switching peptide should have a high 
dissociation ratio compared with that of PBS (negative 
control). Among four types of switching peptides, L2 had 
the maximum dissociation ratio, and the one-step immu-
noassay based on switching peptide L2 showed a linear 
correlation (R2 = 0.976, n = 3) for OTA in the concentra-
tion range of 1 to 1000  nM, with an LOD estimated at 

Fig. 4 Quantitative analysis of OTA‑spiked wine samples using a HPLC, b one‑step immunoassay based on liquid extraction, c one‑step 
immunoassay based on direct dilution, and d lateral flow immunoassay

Table 3 Stability of fluorescence signal output to different ratios 
of wine samples

*Δ Signal represents the difference of measured signal at the corresponding OTA 
concentration from the standard curve

Spiked OTA (nM) Detected 
OTA (nM)

Recovery (%) RSD (%) (n = 3)

10 10.9 108.5 15.4

100 107.2 107.2 17.5

1000 982.2 98.2 9.2
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0.60  nM (n = 3). From the selectivity test using pheny-
lalanine and zearalenone as two comparing chemicals, 
the one-step immunoassay with switching peptide was 
estimated to have a far higher sensitivity for OTA in 
comparison to these two chemicals. For application to 
the one-step immunoassay for OTA based on switching 
peptides, two types of sample pre-treatment methods 
were used. When a liquid extraction was applied using 
chloroform as a solvent, the fluorescence signal could 
be measured for the spiked wine samples in the concen-
tration range of 8 to 1000 nM, with a linear correlation 
(R2) of 0.869 (n = 3). Moreover, the LOD was estimated 
to be 8.5 nM (n = 3). With the direct dilution of the wine 
sample, the fluorescence signal could be measured for the 
spiked wine samples in the concentration range of 1.4 to 
3000  nM, with a linear correlation (R2) of 0.910 (n = 3). 
Here, the LOD was estimated to be 5.3 nM (n = 3). These 
results showed that the direct wine dilution method can 
be effectively used for the one-step immunoassay based 
on a switching peptide assay, to detect OTA in wines with 
a markedly improved total analysis time (< 0.5 h). In com-
parison with the lateral flow immunoassay, the one-step 
immunoassay based on switching peptide could have a 
lower LOD (5.3  nM) as well as a wider detection range 
(1–3000 nM).
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