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Abstract

One-step homogeneous immunoassay was developed for detecting influenza viruses A and B (Inf-A and Inf-B) using the
switching peptide H2. As the fluorescence-labeled switching peptide dissociated from the binding pocket of detection anti-
bodies, the fluorescence signal could be directly generated by the binding of Inf-A and Inf-B without washing (i.e., one-step
immunoassay). For the one-step homogeneous immunoassay with detection antibodies in solution, graphene was labeled
with the antibodies as a fluorescence quencher. To test the feasibility of the homogeneous one-step immunoassay, the stabil-
ity of the antibody complex with the switching peptide was evaluated under different pH and salt conditions. The one-step
homogeneous immunoassay with switching peptide was conducted using influenza virus antigens in phosphate-buffered
saline and real samples with inactivated Inf-A and Inf-B spiked in serum. Finally, the one-step homogeneous immunoassay

results were compared with those of commercially available lateral flow immunoassays.

Keywords One-step homogeneous immunoassay - Switching peptide - Influenza-A and influenza-B virus - Lateral flow

immunoassay

1 Introduction

The switching peptides were derived from the self-assembly
regions of immunoglobulin G (IgG), which are the frame
regions (FRs) at the antigen-binding pockets, as shown
in Fig. la [1]. As the FRs have a conserved amino acid
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sequence in IgG for different antigens and different source
animals, the switching peptides could be generally used
for nearly all kinds of IgGs [2-5]. As shown in Fig. 1b,
such switching peptides can be effectively used for one-
step immunoassays without the need for washing [1, 6-9].
When the antigen binds to the corresponding region of the
antigen-binding site of IgG, the switching peptides labeled
with fluorescence get dissociated from IgG. In other words,
the binding affinity of switching peptides is weaker than
that of target antigens against the corresponding antibodies.
Usually, the binding constants (Kp) of switching peptides
to antibodies range within a few micromoles. Thus, sample
mixing with a switching peptide could generate a fluores-
cence signal in solution when the detection antibodies are
bound at a solid phase, such as microplates and micropar-
ticles [10, 11].

Homogeneous immunoassays have indicated that the
antigen—antibody interaction occurs in solution without
immobilization of antibodies. In particular, one-step homo-
geneous immunoassays can be easily performed in solution
by simply mixing the sample and reagent solutions. Such a
homogeneous immunoassay has the advantage of detecting
antigens far larger than antibodies (on the scale of several


http://orcid.org/0000-0001-9954-6860
http://crossmark.crossref.org/dialog/?doi=10.1007/s13206-022-00076-x&domain=pdf

BioChip Journal (2022) 16:334-341

335

(a) VH H2 peptide O
7 z ‘VL
Fab /4 )’ VYYCA REPTG TGIYF DVWGK - FAM
7
I TYLEW YPQKP GQSPK LLIYK
Fv region (V) SO -
Fc e -~
N -
=
Positive
e - I

Fluorescence

Q7
S .
@ No emission

Fig. 1 One-step immunoassay based on switching peptide. a Switching
peptide. b Configuration of one-step immunoassay based on switching
peptide

Antigen

— i -
Negative Without
antigen

v
: i%

Graphene + antibody
+ switching peptide

nanometers), such as viruses (on the scale of several hundred
micrometers) and bacteria (on the scale of micrometers).
As the antibodies show fluorescence after binding to fluo-
rescence-labeled switching peptides, a quencher molecule
should be bound to the detection antibodies to absorb the
fluorescence from the switching peptides before the binding
of antigens (target analytes). Fluorescence quenching effect
by graphene is well-known to be occurred by energy transfer
from the excited molecule to graphene [12—14]. Then, the
excited electron in the valence band of graphene relaxes to
the Fermi level non-radiatively. This process is similar to the
Foster resonance energy transfer (FRET) occurring between
two molecules. The fluorescence quenching of fluorophores
can be occurred using graphene as well as metal nanoparti-
cles, and it has been used for the biosensor applications [15,
16]. In this study, a one-step homogeneous immunoassay
was presented using switching peptides and graphene as a
quencher and one-step detection of influenza A (Inf-A) and
influenza B (Inf-B) viruses [17-19].

2 Results and Discussion

2.1 One-Step Homogeneous Immunoassay Using
Switching Peptides

Homogeneous immunoassay indicated that antigen—antibody
interactions occurred in solution without immobilization of
antibodies. One-step homogeneous immunoassays can be
conducted in solution by simply mixing the sample and
reagent solutions [1]. As the antibodies show fluorescence
after binding to fluorescence-labeled switching peptides, a
quencher molecule was bound to the detection antibodies to

absorb the fluorescence from the switching peptides before
the binding of the antigens (target analytes). In this study, the
switching peptide H2 (labeled with FAM) was complexed
with antibodies against Inf-A and Inf-B, and graphene was
labeled as a quencher to absorb the fluorescence from the
switching peptide H2 [20, 21]. As graphene could absorb
the fluorescence signal in the visible range of 400—700 nm,
the fluorescence from the labeled fluorescence dye, FAM
(excitation and emission wavelengths of 488 and 514 nm,
respectively), could be effectively quenched.

To estimate the quenching efficiency of graphene for
FAM, the fluorescence signal was compared for the antibod-
ies with and without graphene after complex formation with
the switching peptide H2 [22-24]. As shown in Fig. 2a, the
fluorescence signal was measured for the antibody complex
with the switching peptide H2 in the emission wavelength
range of 500-560 nm. When graphene was labeled to the
antibodies, the quenching efficiency was estimated accord-
ing to the following equation:

E=1-(F/F) M

where E represents the quenching efficiency, F represents
the donor emission when the quencher is bound, and F;
represents the donor emission when no quencher is bound
[25-27]. The quenching efficiency was thus estimated to be
0.71 at the maximum emission wavelength of 514 nm. These
results show that the graphene could effectively absorb
fluorescence signal from the switching peptide H2 (with a
quenching efficiency of 71%).

For the one-step immunoassay, the switching peptide
H2 needs to be complexed with the detection antibodies
to the greatest extent. The optimal treatment concentration
of switching peptide H2 was estimated after incubation of
the antibodies with different concentrations of the switch-
ing peptide H2. As shown in Fig. 2b, the switching peptide
H2 at a concentration range of 1-100 pM was incubated
with anti-Inf-A at a fixed concentration of 2 pM, and the
fluorescence signal was measured after treatment with the
same concentration of antigens. From the comparison of
the fluorescence signals, the optimum concentration for the
highest fluorescence signal was estimated to be 30 pM for
an incubation time of 1 h.

The antibody complex with switching peptide H2 needs
to be maintained without dissociation before binding to the
target analytes. The stability of the antibody complex was
estimated under various pH and salt conditions. As shown in
Fig. 2c, the antibody complex was incubated at a pH range of
6.0-8.0, which corresponded to one-step immunoassays. For
the anti-Inf-A complex labeled with graphene, the fluores-
cence signal from the dissociation of switching peptide H2
(labeled with FAM) was estimated to be 0.5x 10* A.U with
a standard deviation of 9% (n=3). The same experiment
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Fig.2 Optimization of assay
conditions. a Fluorescence
quenching with graphene.

b Loading concentration of
switching peptide. ¢ pH stabil-
ity. d Stability in salt. Selectiv-
ity of antibodies against e Inf-A
and Inf-B.
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was conducted for the anti-Inf-B complex labeled with  influenza virus frequently tested CRP levels as an inflamma-
graphene, and the fluorescence signal was estimated to be  tion biomarker, and BSA was chosen as it is a major com-
0.2% 10% A.U with a standard deviation of 3% (n=3). These ponent of human serum. As shown in Fig. 2e, anti-Inf-A
results showed that the antibody complex with switching  (or Inf-B) were estimated to have a high selectivity against
peptide H2 could maintain a stability of more than 91% in Inf-A (or Inf-B) with a factor of 100% (or 100%) in com-
pH range of 6.0-8.0. The stability of the antibody complex  parison with the response to Inf-B (or Inf-A). These results
was estimated under different salt conditions. As shown in ~ showed that the antibodies against Inf-A and Inf-B could
Fig. 2d, the antibody complex was incubated at a salt (NaCl)  be effectively used (1) for the discrimination of other types
concentration of 0—137 mM, which corresponded to one-  of influenza viruses and (2) for the one-step immunoassay
step immunoassays with human serum. For the anti-Inf-A  using human serum without cross-reactivity to other serum
complex labeled with graphene, the fluorescence signal from  proteins.

the dissociation of switching peptide H2 (labeled with FAM)

was estimated to be 1.8 x 10° A.U with a standard deviation ~ 2.2 One-Step Homogeneous Immunoassay of Inf-A

of 5% (n=3). The same experiment was conducted for the and Inf-B
anti-Inf-B complex labeled with graphene, and the fluores-
cence signal was estimated to be 2.1x 10°> A.U with astand- A one-step homogeneous immunoassay was conducted for

ard deviation of 10% (n=3). These results showed that the  Inf-A and Inf-B in PBS and human serum as real samples.
antibody complex with the switching peptide H2 could be ~ The antibody complex with switching peptide H2 was pre-
maintained at more than 90% stability at salt concentrations  pared using anti-Inf-A and anti-Inf-B. Standard samples
between 0 and 137 mM. were prepared using influenza virus antigens (Inf-A and

The selectivity of the antibodies against Inf-A and Inf-B Inf-B) in PBS, and real samples were prepared by spiking
was estimated using different antigens. For the estimation  the influenza viruses (Inf-A and Inf-B) in human serum.
of selectivity, anti-Inf-A (or Inf-B) was complexed with For real samples, NATtrol™ Influenza Stock (Inf-A and
switching peptide H2 (labeled with FAM), and antigens such ~ Inf-B) from ZeptoMetrix (Buffalo, NY, USA) was used by
as Inf-B (or Inf-A), CRP, and BSA were separately incu-  serial dilution to obtain a Ct value in the range of 36.5-30.1
bated for 1 h. CRP was selected as the infected patients with [28, 29]. As shown in Fig. 3a, a homogeneous one-step
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immunoassay was conducted using the antibody complex
with anti-Inf-A and switching peptide H2. When the assay
was conducted using Inf-A antigens at a concentration range
of 0—1000 ng/mL in PBS, the fluorescence signal increased.
The limit of detection (LOD) was calculated to be 0.5 ng/mL
from thrice the standard deviation of the blank sample. The
same one-step immunoassay configuration with the antibody
complex was applied to real samples spiked with Inf-A in
human serum, and a coronavirus (NATtrol™ Stock of 229E
strain) from ZeptoMetrix (Buffalo, NY, USA) was used as a
negative control. The LOD was calculated as a Ct value of
36.3 from thrice the standard deviation of the blank sample
(n=3).

The same experiment was conducted for the antibody
complex with anti-Inf-B and switching peptide H2. As
shown in Fig. 3b, the LOD for Inf-B was calculated to be
2.6 ng/mL from thrice the standard deviation of the blank
sample. The same one-step immunoassay configuration with
the antibody complex was applied to real samples spiked
with Inf-B in human serum, and another coronavirus (strain
229E) was used as a negative control. The LOD was calcu-
lated as a Ct value of 35.8 from thrice the standard deviation
of the blank sample (n=3). These results showed that the
homogeneous one-step immunoassay was feasible for medi-
cal diagnosis of Inf-A with a Ct value of 36.3 and Inf-B with
a Ct value of 35.8 in human serum.

The homogeneous one-step immunoassay based on
switching peptide H2 was compared with commercially
available lateral flow immunoassay kits (SD Biosensor)
for Inf-A and Inf-B. Real samples were prepared with the
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Conc. (hg/mL) 10° 10" 102 103 104 05

Control line —
Test line (Inf-A) —
Test line (Inf-B) —

270 600

© One-step immunoassay(graphene, H2)
o Lateral flow assay | 500
260
E] 5
S 400 g’
2 2501 é
2 LOD: 0.5 ng/mL L300 =
) | o
o b
£ 2404 | 5
= ! 200 %
P ! | =3
230 4 !
| 100
!

102 10" 10° 10" 10° 10° 10* 10°
[Inf-A] (ng/mL)

(b)

dilution buffer included in the kit using the influenza virus
antigen. As shown in Fig. 4a, the one-step immunoassay was
conducted in the Inf-A antigen concentration range of 10 pg/
mL—-1000 ng/mL, and the lateral flow immunoassay was
conducted in the concentration range of 1 ng/mL-100 pg/
mL. From the standard curves obtained using both methods,
the LOD was estimated to be 0.5 ng/mL for the one-step
immunoassay and 230 ng/mL for the lateral flow immu-
noassay using densitometry of the apparent test line. The
detection range was estimated to be 0.1-1000 ng/mL for the
one-step immunoassay and 1-100 pg/mL for the lateral flow
immunoassay (n=3). These results showed that a one-step
immunoassay based on switching peptides was feasible for
a significantly sensitive detection of Inf-A in a far wider
detection range than that of the lateral flow immunoassay.
The same experiment was conducted using Inf-B. As
shown in Fig. 4b, the one-step immunoassay was con-
ducted in the Inf-B antigen concentration range of 10 pg/
mL—-1000 ng/mL, and the lateral flow immunoassay was
conducted in the concentration range of 1 ng/mL-100 pg/
mL. From the standard curves obtained using both methods,
the LOD was estimated to be 2.6 ng/mL for the one-step
immunoassay and 371 ng/mL for the lateral flow immu-
noassay using densitometry of the apparent test line. The
detection range was estimated to be 1-1000 ng/mL for the
one-step immunoassay and 1-100 pg/mL for the lateral-
flow immunoassay (n=3). Usually, the cutoff value for the
medical diagnosis of Inf-A and Inf-B nucleoprotein has been
reported to be 7.5 ng/ml-4 pg/ml [30-33]. In comparison
with the reported cutoff value, these results showed that the
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homogeneous one-step immunoassay based on switching
peptides was feasible for the significantly sensitive detection
of both influenza viruses (Inf-A and Inf-B). Additionally,
the homogenous one-step immunoassay was determined to
have a far wider detection range than that of the lateral flow
immunoassay.

3 Conclusions

A one-step homogeneous immunoassay was developed
for detecting Inf-A and Inf-B using the switching peptide
H2. For the homogeneous one-step immunoassay with the
detection antibodies in solution, graphene was labeled to
the antibodies as a fluorescence quencher that could absorb
the fluorescence from the labeled fluorescent dye FAM
(excitation and emission wavelengths of 488 and 514 nm,
respectively). The quenching efficiency of graphene for the
antibody-bound switching peptide H2 was estimated to be
71%. For the one-step immunoassay, the optimal treatment
concentration of the switching peptide H2 was 30 pM for an
incubation time of 1 h. Additionally, the antibody complex
with switching peptide H2 could be maintained at more than
91% stability between the pH range of 6.0-8.0 and at more
than 90% between salt concentrations of 0—137 mM. In this
study, the antibodies against Inf-A and Inf-B could be effec-
tively used (1) for the discrimination of other types of influ-
enza viruses and (2) for the one-step immunoassay using
human serum without cross-reactivity to other serum pro-
teins. The one-step homogeneous immunoassay with switch-
ing peptide was conducted using Inf-A and Inf-B antigens
in PBS and real samples with inactivated Inf-A and Inf-B
spiked in serum. The one-step homogeneous immunoassay
was feasible for the medical diagnosis of Inf-A with a Ct
value of 36.3 and Inf-B with a Ct value of 35.8 in human
serum. Finally, the one-step homogeneous immunoassay
results were compared with those of commercially avail-
able lateral flow immunoassays. The one-step homogeneous
immunoassay based on switching peptides was feasible for
a significantly sensitive detection of both Inf-A and Inf-B
in a far wider detection range than that of the lateral flow
immunoassay.

4 Experimental
4.1 Materials

Fluorescence-labeled switching peptides were synthesized
by Peptron (Daejeon, Korea). Bovine serum albumin (BSA),
C-reactive protein (CRP), 1-ethyl-3-(3-dimethylaminopro-
pyDcarbodiimide (EDC), N-hydroxysuccinimide (NHS),
and Tween®-20 were purchased from Sigma-Aldrich (Seoul,

Korea). The anti-Inf-A and anti-Inf-B monoclonal antibodies
were supplied by Prof. Won-bo Shim (Gyeongsang National
University, Jinju, Korea). Inf-A and Inf-B viruses (A/New
caledonia/20/99 and B/Tokio/53/99, respectively) were pur-
chased from Meridian Bioscience (Cincinnati, OH, USA).
NATtrol™ Inf-A and Inf-B virus stocks (A/Singapore/63/04
and B/Florida/02/06, respectively) were purchased from
ZeptoMetrix (Buffalo, NY, USA). Graphene nanoplatelets
(functionalized with primary amine with an average diam-
eter of approximately 1 pm) were purchased from ENanoTec
(Seongnam, Korea).

4.2 Preparation of Switching Peptide and Labeling
of Graphene

Anti-influenza antibodies at a concentration of 1 mg/mL
(150 pL) were incubated with EDC (400 mM, 200 pL) and
NHS (100 mM, 200 pL) in 1450 pL of carbonate buffer for
1 h. The graphene solution at a concentration of 10 mg/mL
(500 pL) was mixed with EDC/NHS-activated anti-influenza
antibodies for 2 h. The solution was purified by centrifuga-
tion at 3000 X g for 3 min. The precipitate was dissolved in
500 pL phosphate-buffered saline (PBS). Peptide H2 was
switched at a concentration of 30 pM (100 pL) and incu-
bated with the antibody-conjugated graphene solution for
2 h. The solution was purified by centrifugation at 3000 X g
for 3 min in PBSB (PBS with 1% BSA). The precipitate was
resuspended in 500 pL of PBS for a homogeneous one-step
immunoassay.

4.3 One-Step Immunoassay for Inf-A and Inf-B

The homogeneous one-step immunoassay for influenza
was conducted using inactivated Inf-A and Inf-B (A/New
caledonia/20/99 and B/Tokio/53/99, respectively) from
Meridian Bioscience and NATtrol™ Influenza stock (A/
Singapore/63/04 and B/Florida/02/06) from Zeptometrix.
The solutions were prepared for immunoassay (switching
peptide-antibody-graphene complex) at a concentration of
100 pg/mL (100 pL) and directly mixed with 100 pL of inac-
tivated viral influenza viruses at concentrations ranging from
0.1 to 1000 ng/mL. After incubation for 1 h, the fluorescence
intensity of the mixture was measured using a fluorometer
(QFX fluorometer, Denovix, Wilmington, DE, USA).

For the real sample, chemically modified influenza
viruses (NATtrol™ Influenza AH1 virus stock and NAT-
trol™ Influenza B virus stock) from Zeptometrix were used
[28, 29]. These reagents were developed as standards for
molecular diagnostic testing and can be used as independ-
ent quality control materials. The stock contained inacti-
vated microorganisms and materials of human and animal
origin. The matrix of these samples was manufactured from
human serum albumin, which has been tested and found
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to be non-reactive at the donor level for antibodies against
HIV-1/HIV-2, HBsAg, and HCV using FDA-licensed donor
screening test methods. NATtrol™ Influenza stocks at a con-
centration of 36-28 ct were mixed with antibodies bound to
the quencher and switching peptides. After incubation for
1 h, the fluorescence intensity of the mixture was measured
using a fluorometer (QFX fluorometer).

The results of the homogeneous one-step immunoassay
were compared with those of a commercially available Inf-
A/B test kit from SD Biosensor (Suwon, Korea). According
to the manufacturer’s instructions, the test kit was certified
to have 97% sensitivity and 100% specificity for the patient’s
samples. For Inf-A/B detection, 200 pL of inactivated viral
influenza virus (A/New caledonia/20/99 and B/Tokio/53/99)
was added onto the Inf-A/B detection strip at concentra-
tions ranging from 1 ng/mL to 100 pg/mL. After 12 min,
the detection results displayed on the test line were analyzed.
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