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A B S T R A C T   

Herein, we present switching-peptides for a one-step immunoassay, without the need for additional antibody 
treatment or washing steps to detect antigen–antibody interactions. Fluorescently labeled switching-peptides 
were dissociated from the immobilized antibody soon after the antigens were bound to the binding pockets. 
In this study, four different parts of the antibody (IgG) frame regions were chemically synthesized, and these 
peptides were bound to immobilized antibodies as switching-peptides. We presented the design principle of 
switching-peptides and used Pymol software, based on the changes in thermodynamic parameters, to study the 
interaction between antibodies and switching-peptides. The binding properties of switching-peptides were 
analyzed based on Förster resonance energy transfer between switching-peptides as well as between switching- 
peptides and antibodies (IgGs) isolated from different animals. The binding constants of the four switching- 
peptides to antibodies were estimated to be in the range of 1.48–3.29 μM. Finally, the feasibility of using 
switching-peptides for the quantitative one-step immunoassay was demonstrated by human hepatitis B surface 
antigen (hHBsAg) detection and statistical comparison of the assay results with those of conventional ELISA. The 
limit of detection for HBsAg was determined to be 56 ng/mL, and the dynamic range was estimated to be 136 ng/ 
mL–33 μg/mL. These results demonstrate the feasibility of the one-step immunoassay for HBsAg.   

1. Introduction 

Immunoassays that employ specific interactions between antigens 
and antibodies for the detection of specific target analytes are being 
widely used. From the conventional immunoassays, the amount of target 
analyte is quantified by additional treatment with secondary antibodies 
labeled with reporting enzymes or fluorescence dyes, as depicted in 
Fig. 1(a). Non-labeled immunosensors can quantify bound analytes even 
in the absence of secondary antibodies because the detection of 
reporting reactions is dependent on the use of various types of trans-
ducers (Bulemo and Kim, 2020; Kim, H. et al., 2020; Masdor et al., 2016; 
Zeng et al., 2019) based on mass-sensitive optical (Kim, D.H. et al., 2020; 
Kim, H.R. et al., 2020) or electrochemical (Hasani et al., 2020; Park 
et al., 2019) devices [Fig. 1(b)]. Although non-labeled immunosensors 
can detect bound analytes in the absence of labeled antibodies, washing 

steps are required for the removal of unbound antigens to ensure that 
only the specific antigens bound to the immobilized antibodies are 
quantified. The one-step immunoassay that allows the entire immuno-
assay process to be completed without the need for washing steps or 
additional treatment with labeled antibodies is depicted in Fig. 1(c). 
Lateral flow immunoassay is an example of a one-step immunoassay 
performed by adding the sample to the test strip (Kaarj et al., 2020; Rong 
et al., 2019). However, such strip-based immunoassays include a 
washing step because samples are exposed to a continuous capillary 
flow. Recently, a one-step immunoassay based on a two-bead reaction 
on a field-effect transistor (FET) using a filter apparatus was reported 
(Bong et al., 2020). In the current study, a new type of one-step 
immunoassay was developed for quantification of analytes by treating 
the sample with switching-peptides. 

Antibodies (IgGs) comprise four peptides composed of two antigen- 
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binding pockets at both ends of the N-terminal regions. As shown in 
Fig. 2(a), each binding pocket comprises twisted heavy and light chains, 
which have three complementarity-determining regions (CDRs), also 
known as hyper-variable regions, with different amino acid sequences. 
These regions directly interact with antigens and determine the speci-
ficity of antibodies. Frame regions (FRs) are located between CDRs [as 
shown in Fig. 2(b)] and have amino acid sequences that are conserved 
according to the subfamilies of antibodies, such as VL kappa and VL 
lambda (Knappik et al., 2000). Interactions between these FRs maintain 
the spatial structure of the binding pockets. Although CDR and FRs are 
located at the N-terminal regions of heavy and light chains, the spatial 
structure with interaction between FRs is cross-arranged. In the current 
study, four different parts of FRs were chemically synthesized, and these 
peptides were bound to immobilized antibodies as switching-peptides, 
which detected antigen binding. These fluorescently labeled 
switching-peptides could be quantitatively dissociated from the anti-
bodies soon after the antigens were bound to the antibody-binding 
pockets. Therefore, detection of antigen–antibody interactions was 
possible without the need for additional antibody treatment or any 
washing step—a one-step immunoassay based on switching-peptides. 

Several types of proteins are known to specifically bind to IgG, such 
as protein-A, protein-G, protein-L, and Q-probe. Protein-A is a surface 
protein of Staphylococcus aureus that binds to the Fc region of IgG; it has 
a weak binding affinity for the Fab region of the human IgG3 subclass 
(Choe et al., 2016; Graille et al., 2000; Jansson et al., 1998). Protein-G 
from streptococcal bacteria also binds to the Fc region and has a weak 
binding affinity for mouse and human IgG subclasses (Choe et al., 2016; 
Unverdorben et al., 2015). Protein-L from Peptostreptococcus magnus 
binds to the constant region of the light chain of IgG (Graille et al., 2002; 
Nilson et al., 1993). Usually, only a small portion (less than 20%) of Fab 
region is known to be available for the binding of antigens when anti-
bodies are randomly immobilized on the solid support. These Fc-binding 
proteins have been used to improve the sensitivity of immunoassays by 
exposing the antigen-binding region of IgG (Park et al., 2010; Pyun 
et al., 2017). The Q-probe, based on labeling with fluorescent dye, was 
designed using protein-M, which binds the light chain of IgG (Dong 
et al., 2020). In the case of Q-probe, IgG is known to be quantitatively 
released upon the binding of antigens to the binding pocket of IgG 
(Grover et al., 2014); this strategy has been used for homogeneous 

immunoassay. 
In the current study, the binding properties of switching-peptides 

were analyzed based on Förster resonance energy transfer (FRET) be-
tween switching-peptides as well as between switching-peptides and 
antibodies (IgGs) isolated from different animals. Finally, the feasibility 
of using switching-peptides for quantitative one-step immunoassay was 
demonstrated based on the detection of human hepatitis B surface an-
tigen (hHBsAg) and statistical comparison of data to those obtained 
using a conventional ELISA. 

2. Material and methods 

2.1. Materials 

Papain, human serum, bovine serum albumin (BSA), horseradish 
peroxidase (HRP), human IgG, rabbit IgG, goat IgG, mouse IgG, protein- 
A, C-reactive protein (CRP), human chorionic gonadotropin (hCG), and 
all other chemicals were purchased from Sigma–Aldrich Korea (Seoul, 
Korea). Microplates (96-well, Maxisorp) and a 3,3ʹ,5,5ʹ-tetrame-
thylbenzidine (TMB) substrate kit were procured from Thermo Fisher 
Scientific Inc. (Waltham, MA, USA). hHBsAg, anti-CRP, anti-hCG, anti- 
HRP, and anti-HBsAg were purchased from Abcam (Cambridge, UK). 
All peptides and labeled peptides were synthesized by Peptron (Daejeon, 
Korea). 

2.2. Analysis of switching-peptide binding structure 

The 3D-structure of proteins and peptides was visualized using 
Pymol software version 0.99rc6 (DeLano Scientific LLC). Interactions of 
switching-peptides were analyzed based on the known structure of 
mouse single-chain fragment variables (scFv, PDB id: 1KTR (Kaufmann 
et al., 2002)). Computational docking analysis was performed using 
pepATTRACT (Schindler et al., 2015). The protein model of the mouse 
Fab fragment was obtained from PDB (PDB ID: 3NZ8 (Uchtenhagen 
et al., 2011)). 

2.3. FRET analysis of switching-peptides 

Four peptides labeled with fluorophores were prepared for FRET 

Fig. 1. Comparison of immunoassay configurations. (a) Conventional ELISA, (b) Non-labeled immunoassay, and (c) One-step immunoassay.  
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analysis. To confirm the interaction between the two pairs of peptides, a 
switching-peptide solution was immobilized onto a microplate as shown 
in Fig. 3(a). First, the parylene-H precursor (50 mg) was coated onto the 
microplate using a parylene coater from FemtoScience Co. (Seoul, 
Korea). In our previous study, the thickness of the film was found to be 
20 nm (Bong et al., 2018). Then, the switching-peptide (10 μM, 100 μL 
per well) was added to each well and incubated for 2 h. For blocking, 
0.5% BSA prepared in phosphate-buffered saline (PBS) was added after 
three washes with PBS. Finally, another switching-peptide solution was 
incubated in the washed microplate for 1 h. After another round of 

washing, the fluorescence intensity was measured using a Victor X5 
microplate reader (PerkinElmer Inc., Waltham, MA, USA). 

2.4. Analysis of host species-dependent antibody binding properties 

To evaluate specific binding to antibodies regardless of their host 
species, a microplate-based assay was performed. Eight types of proteins 
(human IgG, rabbit IgG, goat IgG, mouse IgG, HBsAg, CRP, protein-A, 
and BSA) at a concentration of 100 μg/mL were incubated in the 
microplate overnight at 4 ◦C. After blocking with 0.5% BSA prepared in 
PBS, the switching-peptides (1 μM) were added to each well and incu-
bated for 1 h. The fluorescence intensity was then measured using a 
Victor X5 microplate reader. Between each step, the microplates were 
washed three times with PBS. 

For homology analysis of FRs from different source animals, the 
consensus sequences were calculated from 400 antibodies in the Kabat 
and Chothia databases in AbYsis (www.abysis.org) and IMGT (www. 
imgt.org). 

2.5. Analysis of binding constants using surface plasmon resonance 

The binding constants (KD) of the switching-peptides to antibodies 
were determined using a one-to-one Langmuir model with surface 
plasmon resonance (SPR) biosensors (Sun et al., 2017). First, BK-7 glass 
was coated with a Ti film (2 nm), followed by an Au layer (48 nm). The 
antibodies (100 μg/mL) were incubated on the gold chip for 2 h under 
humid conditions to avoid evaporation. The chip was blocked with BSA 
(0.5% BSA), after which the modified gold chip was loaded onto the SPR 
biosensor from i-ClueBio (Sungman, Korea) and washed with PBS at a 
flow rate of 40 μL/min until the baseline stabilized. Switching-peptides 
were injected at three different concentrations (flow rate of 20 μL/min). 
The SPR sensorgrams obtained with 1 μM of switching-peptide injection 
are shown in Fig. 4(b). The obtained SPR curve was fitted to the Lang-
muir model. 

Association  phase:  Rt =
Rmax[A]

KD + [A]

[

1 − e− (ka [A]+kd)t
]

Dissociation  phase:  Rt =R0e− kdt  

KD = kd/ka  

where Rt represents the SPR signal (RU), Rmax represents the maximum 
SPR signal (RU), [A] represents the switching-peptide concentration 
(M), ka is the association constant (M− 1s− 1), kd represents the dissoci-
ation constant (s− 1), and KD represents the equilibrium dissociation 
constant (binding constant, M). 

2.6. One-step immunoassay based on switching-peptides 

Microplates with immobilized anti-HRP antibodies were prepared as 
described above. The switching-peptides were used at a concentration of 
100 nM and incubated for 1 h. Antigens (HRP) were added at various 
concentrations (0.14–100 μM) and incubated for 1 h. Subsequently, the 
solutions were transferred directly into a new microplate, and the 
fluorescence intensity was measured using a fluorescence spectrometer 
(Victor X5) from PerkinElmer Inc. (Waltham, MA, USA). 

The HBsAg test was performed using spiked samples in the serum. 
The microplate for one-step immunoassay was prepared by incubation 
of L1 peptides at a concentration of 100 nM (100 μL/well) for 1 h. The 
validation of the test was performed according to the manufacturer’s 
protocol using the standard calibrator in the commercial kit from 
Innovation Biotech (Beijing, China). Another commercial immunoassay 
kit for carcinoembryonic antigen (CEA) test from Diagnostic Automa-
tion/Cortez Diagnostics Inc. (Woodland Hills, CA, USA) was used for the 
one-step immunoassay with standard samples at different 

Fig. 2. Design of switching-peptides. (a) Structure of immunoglobulin G (IgG) 
and the binding pocket of IgG. (b) Binding pocket of IgG composed of heavy and 
light chains with complementarity-determining regions (CDRs) and frame re-
gions (FRs). (c) Docking of switching-peptides to the binding pocket of a model 
IgG (PDB ID: 3NZ8, mouse Fab fragments). 
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concentrations included in the kit. The microplate for one-step immu-
noassay was prepared by incubation of L1 peptides at a concentration of 
100 nM (100 μL/well) for 1 h. 

For both tests, the fluorescence signal was measured from the solu-
tion using a fluorescence spectrometer (Victor X5) from PerkinElmer 
Inc. The limits of detection (LOD) were determined as the average value 
plus three standard deviations (3σ) from the blank sample (PBS). The 
dynamic range was determined to be linearly correlated with the 

logarithmic concentration of HBsAg from the LOD (Ezan and Jacques, 
2000). 

MedCalc software version 18.6 for Windows (MedCalc Software 
bvba, Ostend, Belgium) was used for all statistical analyses. 

Fig. 3. Interaction of switching-peptides. (a) Configuration of the FRET experiment. (b) FRET results for two pairs of switching-peptides, H1–L2 and H2–L1 peptides. 
(c) Analysis of the specific interactions within the two peptide pairs, H1–L2 and H2–L1. 
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3. Results and discussion 

3.1. Principle of switching-peptides 

Antibodies (IgGs) are composed of four peptides, each with two 
antigen-binding pockets at both ends of the N-terminal regions, as 
shown in Fig. 2(a). Each antigen-binding pocket has three CDR regions, 
also called hyper-variable regions, with different amino acid sequences. 
FRs are located between CDR regions and have conserved amino acid 
sequences specific to host animal species. As shown in Fig. 2(b), the FR2 
region of the light chain (denoted as the L1 sequence) is located close 
to—and interacts with—the FR3–4 region of the heavy chain (denoted 
as the H2 sequence). The FR3–4 region of the light chain (denoted as L2 
sequence) is located close to the FR2 region of the heavy chain (denoted 
as H1 sequence). 

In the current study, four types of switching-peptides were designed 
according to the amino acid sequence of the corresponding FR. As 
summarized in Table 1, the four switching-peptides—H1, H2, L1, and 
L2—were composed of 14–20 amino acids, with molecular weights 
ranging from 1675.9 to 2469.7 Da. Using the docking program, 
pepATTRACT (https://bioserv.rpbs.univ-paris-diderot.fr/services/pep 

ATTRACT/), the binding affinity between each switching-peptide and 
IgG was estimated before and after the binding of each peptide (docking) 
by taking into consideration thermodynamic parameters, such as 
changes in Gibbs free energy (ΔG) and entropy (ΔS). As shown in Fig. 2 
(c), each switching-peptide specifically binds to the antigen-binding 
pocket of IgG. For the docking experiment, a model IgG was selected 
from the crystal structure of the HIV-2-neutralizing Fab fragment 7C8 
(PDB ID: 3NZ8, mouse Fab fragments) from the PDB (www.rcsb.org). 
The change in ΔG was estimated to be − 17.91 kcal/mol for the H1 
peptide, − 17.19 kcal/mol for the H2 peptide, − 15.37 kcal/mol for the 
L1 peptides, and − 13.05 kcal/mol for L2 peptides. Therefore, changes in 
ΔG were estimated to be negative, which suggests the following: (1) the 
binding between each switching-peptide and IgG was spontaneous and 
(2) enthalpy (ΔG) was the driving force for the binding of switching- 
peptides. Additionally, the similar values of ΔG suggest that the four 
switching-peptides have similar binding affinities for IgG. 

To confirm the specific interaction between FRs, four types of pep-
tides, corresponding to H1, H2, L1, and L2 sequences, were chemically 
synthesized. Interaction studies between switching-peptides were aimed 
to determine whether each switching-peptide bound to the target posi-
tion of antibodies, as shown in Fig. 2(b). For example, the L1 (or L2) 
peptides was tested for binding affinity to the target position of the 
heavy chain of IgG, which corresponds to the amino acid sequence of the 
H2 (or H1) peptide. The interaction between the two peptides was 
confirmed by FRET using two adjacent fluorescence dyes. For the FRET 
experiment, the fluorescence dyes FAM (λex = 488 nm, λem = 532 nm) 
and TAMRA (λex = 532 nm, λem = 570 nm) were attached to the N- and 
C-terminus, respectively, of L1 and L2 peptides. As shown in Fig. 3(a), 
one peptide (L1 or L2) was immobilized on a parylene-H-coated 
microplate through covalent bonding between the formyl group of 
parylene-H and primary amine at the lysine residue of the peptides. 
Then, the second peptide (H2 or H1) was incubated with the immobi-
lized peptides (L1 or L2) to allow for specific interactions. When a 
specific interaction between two peptides occurred, the FRET effect with 

Fig. 4. Selective binding of switching-peptides. Fluorescently labeled switching-peptides (H1, H2, L1, L2) were reacted with immobilized antibodies and proteins (X- 
axis), and then the fluorescence intensity was measured. 

Table 1 
Four types of switching peptides for binding to immunoglobulin G (IgG).  

Switching- 
peptides 

Sequence Molecular 
weight 

Docking energy 
score (kcal/mol) 

H1 SYWIH5 WVKQR10 

PGQGL15 EWIGE20 
2469.7 ΔG = − 17.91 

H2 VYYCA5 REPTG10 

TGIYF15 DVWGK20 
2325.6 ΔG = − 17.19 

L1 TYLEW5 YPQKP10 

GQSPK15 LLIYK20 
2452.8 ΔG = − 15.37 

L2 VYYCF5 QGSHV10 

PFTK14 
1675.9 ΔG = − 13.05  
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green fluorescence emission from TAMRA (λem = 570 nm) could be 
observed at the bottom of the microplate. As shown in Fig. 3(b), the 
interaction between L1 and H2 peptides was observed using different 
concentrations of L1 peptides, and the FRET intensity increased with an 
increase in L1 peptides concentration. These results indicate that the 
distance between the two fluorescence dyes was less than 5.5 nm, which 
represents the specific interaction between L1 and H2 peptides [FRET 
distance of the FAM/TAMRA pair is 4.9–5.5 nm (Jarvis, 2010)]. The 
interaction between H1 and L2 peptides was also observed using 
different concentrations of H1 peptides, and the observed increase in 
FRET intensity correlated with the increase in H1 peptide concentration. 
Thus, H1 and L2 peptides also exhibited a specific interaction, as in the 
case of L1 and H2 peptides. These results indicate that a specific inter-
action was possible between the two peptide pairs, H1–L2 and H2–L1, 
from the FRs of antibodies (IgG). 

The specific interactions within the two peptide pairs, H1–L2 and 
H2–L1, were analyzed using Pymol software version 0.99rc6 (DeLano 
Scientific LLC) [Fig. 3(c)]. In addition, hydrogen bonding between the 
two switching-peptides was analyzed for the two peptide pairs. In the 
case of the FR pair H1–L2, two hydrogen bonds were formed between 
(1) glutamine (residue number 9 of H1 peptide) and tyrosine (residue 
number 3 of L2 peptides) with a distance of 3.34 Å and (2) the carbonyl 
group of peptide bonds from L2 peptides (residues 11–12) and electron 
deficient hydrogen of peptide bonds from H1 (residues 16–17) with a 
distance of 3.39 Å. In the case of the FR pair of H2 and L1, four hydrogen 
bonds were formed: between amino acids (Interaction I), between 
peptide bonds (Interaction II and III), and between amino acids and 
peptide bond (Interaction IV), with a distance ranging from 2.49 to 3.93 
Å. The number of hydrogen bonds indicates that the interaction between 
the H1–L2 pair appears to be stronger than that between the H2–L1 pair. 
However, the similar values of changes in ΔG suggest a similar binding 
affinity of each switching-peptide for IgG. 

3.2. Antibody (IgG) binding properties of switching-peptides 

The selective binding of switching-peptides to antibodies (IgG) was 
confirmed by comparison with other antigenic proteins. As shown in 
Fig. 4, IgGs from human, rabbit, goat, and mouse sources were sepa-
rately immobilized onto a microplate, and other proteins (HRP, CRP, 

HBsAg, and hCG) were separately immobilized on a microplate. Then, 
all four fluorescently-labeled synthetic switching-peptides were inde-
pendently reacted with the immobilized protein. After washing the un-
bound switching-peptides, fluorescence intensity was measured at the 
bottom of the microplate to estimate the bound switching-peptides. As 
shown in Fig. 4, only IgG from human, rabbit, goat, and mouse sources 
showed significantly high fluorescence intensity. The other antigenic 
proteins showed baseline level fluorescence (p < 0.001). These results 
show that the switching-peptides selectively bound to the antibodies 
(IgG). 

The binding constants (KD) of switching-peptides were estimated 
from the binding of each switching-peptide to immobilized anti-HRP 
antibodies from rabbit using the SPR biosensor. As shown in Fig. 5, 
the rate constant for the association of each switching-peptide to the 
immobilized antibodies (ka) and the rate constant for the dissociation of 
each switching-peptide to the immobilized antibodies (kd) were esti-
mated to calculate the binding constants (KD) under continuous flow 
conditions of the SPR biosensor by fitting based on the Langmuir model. 
Finally, the binding constants (KD) were calculated using the formula KD 
= ka/kd: 1.65 μM for H1 peptides; 3.11 μM for H2 peptides; 3.29 μM for 
L1 peptides; and 1.48 μM for L2 peptides. These results showed that the 
switching-peptides had binding constants (KD) in the micromolar range. 
Such a difference in the dissociation properties of switching peptides 
was caused from the fact that the specific binding of antigens to the 
corresponding antibodies was made at different interactions for each 
antigen-antibody pair within the binding pocket of antibodies. For 
example, anti-neuraminidase antibody (NC10, PDB code: 1NMB) was 
known to utilize Gln (residue number: 27), Asp (28), Ser (30), Tyr (32), 
Tyr (50), Asp (91), Phe (92), Thr (93), Leu (94) for its hydrogen bonding 
and hydrophobic as well as van der Waals interactions. These residues 
are nearly located in CDR1 (31–35) and CDR2 (50–63) regions of the 
light chain. In case of murine IgG called 125-2H against human IL-18 
(PDB code: 2VXT), major binding interactions was analyzed to be 
made through Tyr residues using water molecules (Nguyen et al., 2017). 
The Tyr residues were known to be located in CDR3 (91–102) region of 
the light chain. Additionally, the antibody called SPE7 (PDB ID: 1OAQ) 
was known to have multi-specificity to 2,4-dinitrophenyl (DNP) hapten 
(Kd = 20 nM), alizarin-red (Kd = 40 nM), and furazolidone (Kd = 1.2 
μM). Alizarin-red was analyzed to make a specific binding through 

Fig. 5. Estimation of the binding constants (KD) of the H1, H2, L1, and L2 peptides under continuous flow condition of SPR biosensor by fitting based on the 
Langmuir model. 
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hydrogen bonding with the amino acid residues of His (35), Arg (50), 
Lys (59) which were located in CDR1 (31–35) and CDR2 (50–63) of 
heavy chain. However, DNP hapten was analyzed to interact with His 
(35), Arg (50), Lys (59) in the heavy chain and Asn (36) located in CDR1 

(26–37) of the light chain. Furazolidone was analyzed to bind only to His 
(35) in CDR1 (James et al., 2003) of the heavy chain. Therefore, the 
specific interaction between an antigen-antibody pair occurred at a 
localized region of the binding pocket, and the switching peptides 

Fig. 6. Binding test of switching-peptides to the Fab region of IgG. (a) Configuration of protease-assisted binding test. (b) Fluorescence intensity at the bottom of the 
microplate (noted as “B”), and in the solution (noted as “S”) before and after protease treatment. 
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Table 2 
Binding properties of switching-peptides toward antibodies (IgGs) from different animal sources. Fluorescence intensity of solutions (S) increased because the 
switching-peptides were displaced from the antibodies, whereas that of bottom (B) decreased. 
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located near the interaction sites could be effectively dissociated when 
the antigens bound to the corresponding antibodies. From such reasons 
the selection of switching peptides for each antigen-antibody pair was 
required of the optimization of immunoassays. 

The specificity tests of the one-step immunoassay for HBsAg detec-
tion were performed against four antigens (HRP, CRP, HBsAg, and hCG). 
As shown in Supplementary Fig. S1, the three switching-peptides (L1, 
L2, and H1) were released from antibodies only when HBsAg was treated 
with the antibodies. For treatment of the other antigens (HRP, CRP, and 
hCG), no significant fluorescence signal change (less than 20%) was 
observed. However, the H2 peptide showed low selectivity for the tested 
antigens. These results showed that the four switching-peptides could 
have different binding affinities to antibodies (IgGs). As shown in Fig. 5, 
the binding constants of the four peptides to the same mouse antibody 
were estimated to be in the range of 1.65–3.29 μM. In addition, the 
binding affinity of the four peptides needs to be tested against the target 
antigens for highly specific one-step immunoassays. As shown in Fig. 4, 
the affinity of H2 peptide was not markedly different from that of the 
four types of antibodies (IgGs) from human, rabbit, goat, and mouse 
sources and the four kinds of antigens. These results showed that an 
optimal switching-peptide should be selected by considering the binding 
affinity to the applied antibodies as well as the target antigens. 

The binding of the four switching-peptides to antibodies (IgGs) was 

further confirmed using protease-assisted tests with immobilized anti-
bodies. As shown in Fig. 6(a), antibodies (rabbit anti-HRP antibodies) 
were immobilized onto the microplate, which was then treated with the 
switching-peptide to allow switching-peptide-antibody binding. After 
washing to remove unbound switching-peptides, the protease papain 
was added to hydrolyze the Fab region from the immobilized antibodies. 
Because the fluorescence-labeled switching-peptides were bound to the 
Fab region of antibodies, the fluorescence at the bottom of the micro-
plate (noted as “B”) decreased after papain reaction. In the case of the 
solution (noted as “S”), the fluorescence intensity increased when the 
Fab region with switching-peptides was hydrolyzed and dissolved into 
the solution. As shown in Fig. 6(b), the change in fluorescence intensity 
at the bottom of the microplate (black graph, B) and solution (red graph, 
S) was observed before and after papain treatment. The four switching- 
peptides showed decreased fluorescence intensity at the bottom of the 
microplate and increased fluorescence intensity in the solution simul-
taneously. The decrease in fluorescence intensity at the bottom of the 
microplate was estimated to be 84.3% for H1 peptides, 58.7% for H2 
peptides, 84.8% for L1 peptides, and 72.5% for L2 peptides. The increase 
in fluorescence intensity in the solution was estimated to be 2184% for 
H1 peptides, 2365% for H2 peptides, 1032% for L1 peptides, and 2452% 
for L2 peptides. This difference in fluorescence intensity resulted from 
the difference in the absolute amount of switching-peptides bound to the 

Table 3 
Homology analysis of frame regions of IgG from different source animals. 
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Fig. 7. One-step immunoassay for the quantitative analysis of HRP. (a) Configuration of the one-step immunoassay. (b) Quantitative one-step immunoassay by the 
measurement of fluorescence intensity in solution after antigen (HRP) treatment. (c) Quantitative one-step immunoassay based on the measurement of fluorescence 
intensity from the bottom of microplate after antigen (HRP) treatment. 
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rabbit anti-HRP antibodies. These results indicate that the switching- 
peptides were bound to the Fab region of the antibodies. 

The binding properties of the switching-peptides were determined 
for antibodies (IgGs) from different animal sources (rabbit, mouse, and 
goat). The antibodies were immobilized onto a microplate and reacted 
with fluorescence-labeled switching-peptides. After washing the un-
bound switching-peptides, the immobilized antibodies were reacted 
with the corresponding antigens, such as CRP for rabbit IgG, hCG for 
mouse IgG, HRP for rabbit IgG, and HBsAg for goat IgG. As summarized 
in Table 2, the initial fluorescence was measured at the bottom of the 
plate before antigen treatment. After antigen treatment, the fluores-
cence at the bottom of the plate and in solution was separately measured 
for all four switching-peptides. Each immobilized antibody (IgG) 
showed a decrease in fluorescence intensity at the bottom of the plate 
after treatment with the corresponding antigen. In addition, the fluo-
rescence intensity increased in the solution after treatment with the 
corresponding antigens. When the four peptides were used for the one- 
step immunoassay with switching-peptides, the increase in fluorescence 
intensity at the bottom of the plate and decrease in fluorescence in-
tensity in the solution were compared according to the different types of 
antibodies. For the immobilized anti-HRP antibodies (from rabbit), the 
fluorescence at the bottom of the plate decreased for H1, L1, H2, and L2 
peptides to 12.3, 12.7, 14.8, and 25.5%, respectively. The fluorescence 
of the solution in the microplate well increased for H1, L1, H2, and L2 
peptides by 746, 357, 698, and 597%, respectively. In the case of 
immobilized anti-hCG antibodies (from mouse), the fluorescence at the 
bottom of the plate decreased for H1, L1, H2, and L2 peptides by 34.4, 
38.4, 11.5, and 9.3%, respectively. The fluorescence intensity of the 
solution increased for H1, L1, H2, and L2 peptides by 206, 187, 416, and 
456%, respectively. For the immobilized anti-HBsAg antibodies (from 
goat), the fluorescence at the bottom of the plate decreased for H1, L1, 
H2, and L2 peptides by 41.1, 48.7, 63.9, and 35.2%, respectively. The 
fluorescence of the solution increased for H1, L1, H2, and L2 peptides by 
410, 638, 412, and 574%, respectively. These results indicate that the 
four synthetic peptides could satisfy the following preconditions for 
switching-peptides in one-step immunoassays: (1) the switching- 
peptides could bind to the immobilized antibodies (IgGs) regardless of 
the source animal, because FRs are common to IgGs and (2) the 
switching-peptides bound to the antibodies could be dissociated from 
antibodies when the antigens bound to the binding pocket of antibodies 
because the binding of switching-peptides was reversible. 

The interaction between switching-peptides and antibodies could be 
influenced by pH conditions and ionic strength because the interaction is 
based on weak forces such as hydrogen bonding and hydrophilic and 
hydrophobic interactions. The stability of complexes between the four 
switching-peptides and antibodies (IgGs) was dependent on the range of 
pH and ionic strength of body fluids. As shown in Supplementary Fig. S2 
(a), the fluorescence change in the solution was measured in the pH 
range 6.0–8.0 to estimate the stability of complexes between antibodies 
(IgG) and the four switching-peptides. In the case of L1, H1, and H2 
peptides, the fluorescence intensity in the solution did not change 
significantly according to pH, indicating the maintenance of complexes 
between switching-peptides and antibodies. In the case of L2 peptides, 
the fluorescence intensity in the solution changed significantly accord-
ing to pH, indicating the dissociation of switching-peptide from anti-
bodies even without antigen treatment. Such a fluorescence signal 
resulted from the amino acid composition, which changed the net 
charge of peptides. For the H1 and L2 peptides, the net charge decreased 
to 0.5 in the pH range 6.0–7.0 because of the histidine residue with a pKa 
value of 6.02. In the case of H2 and L2 peptides, the net charge decreased 
to 0.5 in the pH range 7.0–8.0 because of the cysteine residue with a pKa 
value of 8.18. These results showed that the binding of switching- 
peptides to antibodies (IgGs) could be influenced by pH conditions. 
The stability of complexes between the four switching-peptides and 
antibodies (IgGs) differed at different ionic strengths. As shown in 
Supplementary Fig. S2(b), fluorescence change in the solution was 

measured in the NaCl concentration range of 0–137 mM to estimate the 
stability of complexes between antibodies (IgG) and the four switching- 
peptides. The four switching-peptides showed insignificant changes in 
fluorescence intensity in solution, indicating the maintenance of com-
plexes between switching-peptides and antibodies. These results showed 
that the binding of switching-peptides to antibodies (IgGs) could be 
maintained under physiological ionic strength. 

3.3. One-step immunoassay with switching-peptides 

A one-step immunoassay was developed using switching-peptides 
that bound to the FRs of antibodies (IgGs). The preconditions for the 
switching-peptides of one-step immunoassays were as follows: (1) the 
switching-peptides could bind to the immobilized antibodies and (2) the 
switching-peptides bound to the antibodies should dissociate from the 
antibodies when antigens bind to the binding pocket of antibodies. 

As previously mentioned, FRs are located between CDR regions, and 
they have genus-specific conserved amino acid sequences. As summa-
rized in Table 3, the FRs of switching-peptides (H1, H2, L1, and L2) 
exhibited high amino acid sequence homology with those of humans 
(Homo sapiens), goats (Capra hircus), mice (Mus musculus), and rabbits 
(Oryctolagus cuniculus), which are the most frequently used source ani-
mals for antibodies (IgGs) for in vitro diagnostic purposes. These results 
showed that the FRs of the switching-peptides could be used for anti-
bodies (IgGs) from different kinds of source animals. As shown in 
Table 2, the observed binding affinities of the four switching-peptides 
were different even for the same antibody. Each switching-peptide 
showed different binding affinities for different antibodies. Therefore, 
the absolute amount of the increase and decrease in fluorescence in-
tensity for each switching-peptide was observed to be different for each 
antigen–antibody pair, even for the same source animal, as in the case of 
anti-CRP antibodies and anti-HRP antibodies from rabbit. These results 
show that the binding of switching-peptides is reversible, and the 
binding of antigens could enable the dissociation of the bound 
switching-peptides from antibodies (IgGs) from various source animals. 
In addition, the fluctuation in binding of switching-peptides to anti-
bodies was estimated for IgGs from different source animals (human, 
rabbit, goat, and mouse) and is summarized in Table S1. 

The feasibility of this novel one-step immunoassay for the quanti-
tative analysis of antigens was tested using anti-HRP antibodies from 
rabbits together with HRP as a model analyte. As shown in Fig. 7(a), 
anti-HRP antibodies were immobilized on a microplate, which was then 
treated with one of the four synthetic switching-peptides. Then, the HRP 
solution (concentration range 0.3–100 μM) was added to the immobi-
lized antibodies. The change in fluorescence intensity in the solution and 
at the bottom of the microplate was measured simultaneously. As shown 
in Fig. 7(b), an increase in solution fluorescence was observed for all 
four switching-peptides (H1, H2, L1, and L2), which correlated with the 
antigen (HRP) concentration. As described in section 3.2, the binding 
constant was estimated to be 1.65 μM for H1 peptides, 3.11 μM for H2 
peptides, 3.29 μM for L1 peptides, and 1.48 μM for L2 peptides (Fig. 5). 
This difference in binding constant for each switching-peptide indicated 
that each switching-peptide had a different detection range for each 
antigen. With HRP as the antigen, the H1 peptides responded mostly 
linearly in this HRP concentration range. These results indicate that the 
switching-peptides dissociated from the immobilized antibodies ac-
cording to the amount of bound antigen, and the quantitative analysis of 
antigen was possible based on the fluorescence intensity in solution in 
this one-step immunoassay with switching-peptides. As shown in Fig. 7 
(c), the fluorescence intensity at the bottom of the microplate decreased 
for all four switching-peptides (H1, H2, L1, and L2), and the decrease 
correlated with antigen (HRP) concentration. Similar to the fluorescence 
intensity in solution, the binding constant (KD) was estimated to be 1.65 
μM for H1 peptides, 3.11 μM for H2 peptides, 3.29 μM for L1 peptides, 
and 1.48 μM for L2 peptides. These results indicate that the switching- 
peptides quantitatively dissociated from the immobilized antibodies 
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according to the amount of bound antigen, and the quantitative analysis 
of antigen was possible through the change in fluorescence intensity at 
the bottom of the plate and in the solution through one-step immuno-
assay with switching-peptides. 

One-step immunoassays with switching-peptides were employed to 
detect hHBsAg. Anti-HBsAg antibodies were immobilized on the 
microplate after which the L1 peptides were added, followed by treat-
ment with HBsAg (concentration range of 0.04–30 μg/mL). The L1 
peptides was selected for the one-step immunoassay. As previously 
mentioned, the specificity tests of the one-step immunoassay for HBsAg 
detection were performed against four antigens (HRP, CRP, HBsAg, and 
hCG). As shown in Supplementary Fig. S1, the L1 peptides showed high 
selectivity. Regarding the antibody-binding property of switching- 
peptides in the pH range 6.0–8.0, the L1 peptides showed nearly the 
same fluorescence signal in the pH range required for the one-step 
immunoassay of HBsAg in human serum [Supplementary Fig. S2(a)]. 
For the H1 and L2 peptides, the net charge decreased to 0.5 in the pH 
range 6.0–7.0 because of the histidine residue with a pKa value of 6.02. 
In the case of H2 and L2 peptides, the net charge decreased to 0.5 in the 
pH range 7.0–8.0 because of the cysteine residue with a pKa value of 
8.18. Owing to its specific dissociation from HBsAg binding and stability 
in the pH range of immunoassays with human serum, the L1 peptides 
were selected for the one-step immunoassay of HBsAg. As shown in 
Fig. 8(a), the fluorescence intensity in the solution increased according 
to the concentration of antigen (HBsAg), with a LOD of 56 ng/mL and a 

dynamic range of 136 ng/mL–33 μg/mL. As shown in Fig. 8(b), the 
fluorescence intensity at the bottom of the microplate decreased ac-
cording to the concentration of antigen (HBsAg). In this case, the LOD 
was determined to be 587 ng/mL. From repeated measurements at a 
concentration of 3.4 μg/mL HBsAg, the reproducibility of measurement 
was estimated to be 3.1 ± 9.3% (n = 8). As the physiological and 
pathological cut-off value of HBsAg was known to be 400 ng/mL (Liaw, 
2019; Liu et al., 2019) and the LOD of the one-step immunoassay was 
estimated to be 92 ng/mL in serum, the immunoassay based on 
switching peptides was determined to be used for the medical diagnosis 
of human hepatitis B. 

For the statistical comparison of ELISA and the one-step immuno-
assay, a Bland–Altman test and Passing–Bablok regression were per-
formed using a commercial software (MedCalc). As shown in Fig. 8(c), 
the Bland–Altman test showed that the one-step immunoassay and 
ELISA results were identical and distributed within a confidence range of 
95% (±1.96σ). As shown in Fig. 8(d), the Passing–Bablok regression 
showed that the results of both methods were distributed within a 
confidence level of 95%, and the Spearman correlation coefficient (ρ) 
was calculated to be 0.947 (P < 0.0001). Because a Spearman correla-
tion coefficient (ρ) of more than 0.5 indicates that both methods were 
highly associated, the results from both statistical analyses showed that 
the results of ELISA and one-step immunoassay based on switching- 
peptides were comparable. These results confirm that diagnosis of 
hepatitis B in humans based on surface antigen (HBsAg) detection was 

Fig. 8. One-step immunoassay for the detection of human hepatitis B surface antigen (HBsAg). (a) Assay results of the measurement of fluorescence intensity in the 
solution after treatment of antigen (HBsAg) in PBS (black line) and serum (red line). (b) Assay results of the measurement of fluorescence intensity from the bottom of 
the microplate after antigen (HBsAg) treatment. (c) Bland–Altman test. (d) Passing–Bablok regression for the statistical comparison of assay results from the one-step 
immunoassay and a commercial ELISA for the detection of human hepatitis B surface antigen (HBsAg). (For interpretation of the references to colour in this figure 
legend, the reader is referred to the Web version of this article.) 
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possible through this novel one-step immunoassay involving switching- 
peptides. 

Usually, a one-step immunoassay is performed by measuring the 
fluorescence signal from the isolated solution after switching the plate 
and at the bottom of the empty plate after treatment with the target 
antigens. As shown in Fig. 7, the fluorescence signal increased in the 
solution and decreased at the bottom of the empty plate because of the 
dissociation of fluorescence-labeled switching-peptides. The in situ one- 
step immunoassay was tested without transferring the solution. In this in 
situ one-step immunoassay, anti-CEA antibodies were immobilized on 
the microplate, and the L1 peptides were treated with the immobilized 
antibodies. As shown in Fig. 9(a), the fluorescence signal was measured 
in situ in the microplate well for the one-step immunoassay containing 
the solution after treatment with the target antigen (CEA); the LOD was 
estimated to be 33.6 ng/mL. When the fluorescence signal was measured 
from the transferred solution [Fig. 9(b)], the LOD was estimated to be 
34.7 ng/mL. Both methods showed the feasibility of the quantitative 
analysis of CEA using one-step immunoassay with switching-peptides. 
As shown in Fig. 9(c), the baseline of immunoassay was estimated to 
be 2.1 × 104 A.U. from the in situ measurement [Fig. 9(a)] and 1.4 × 104 

A.U. from the transferred solution [Fig. 9(b)], which were insignificantly 
different. The small difference between the two methods was attributed 
to the fact that the fluorescence signal is known to decrease propor-
tionally with distance: fluorescence signal ∝(distance)− 3 (Schwartz 
et al., 2002). These results showed that the in situ measurement of assay 
results was also feasible for the one-step immunoassay without transfer 
of solution. 

4. Conclusion 

A one-step immunoassay based on switching-peptides was developed 
for the detection of antigen–antibody interactions without the need for 
additional antibody treatment or washing steps. In this study, four 
different regions of antibody (IgG) FRs were chemically synthesized, 
corresponding to H1, H2, L1, and L2 sequences. The FRET experiment 
revealed that a specific interaction was possible between two peptide 
pairs (H1–L2 and H2–L1) from the FRs of antibodies (IgGs). The binding 
of the four switching-peptides to antibodies (IgGs) was further 
confirmed using a protease-assisted test with immobilized antibodies, 
and the binding properties of switching-peptides were determined for 
antibodies (IgGs) from different source animals (rabbit, mouse, and 
goat). The feasibility of this novel one-step immunoassay for the quan-
titative analysis of antigens was tested using anti-HRP antibodies from 
rabbit and HRP as model analytes. Finally, the feasibility of switching- 
peptides for the quantitative one-step immunoassay was demonstrated 
by performing hHBsAg detection and CEA test and statistically 

comparing the assay results with those of conventional ELISA. 
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