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Surface-Independent and Oriented Immobilization of
Antibody via One-Step Polydopamine/Protein G Coating:
Application to Influenza Virus Immunoassay

Jeong Moon, Jihyun Byun, Hongki Kim, Jinyoung Jeong, Eun-Kyung Lim, Juyeon Jung,

Soojeong Cho, Woo Kyung Cho, and Taejoon Kang*

For the construction of high-performance biosensor, it is important to
interface bioreceptors with the sensor surface densely and in the optimal
orientation. Herein, a simple surface modification method that can optimally
immobilize antibodies onto various kinds of surfaces is reported. For the
surface modification, a mixture of polydopamine (PDA) and protein G was
employed. PDA is a representative mussel-inspired polymer, and protein G

is an immunoglobulin-binding protein that enables an antibody to have an
optimal orientation. The surface characteristics of PDA/Protein G mixture-
coated substrates are analyzed and the PDA/protein G ratio is optimized

to maximize the antibody binding efficiency. Moreover, the antibody-immo-
bilized substrates are applied to the detection of influenza viruses with the
naked eye, providing a detection limit of 2.9 x 10* pfu mL™". Importantly, the
several substrates (glass, SiO,, Si, Al,O;3, polyethylene terephthalate, polyeth-
ylene, polypropylene, and paper) can be modified by simple incubation with
the mixture of PDA/protein G, and then the anti-influenza A HIN1 antibodies
can be immobilized on the substrates successfully. Regardless of the sub-
strate, the influenza viruses are detectable after the sandwich immunoreac-
tion and silver enhancement procedure. It is anticipated that the developed
PDA/protein G coating method will extend the range of applicable materials
for biosensing.

1. Introduction

Recently, immunoassays have evolved into
sophisticated  analyte-sensing methods
by employing autonomous platforms,
emerging nanomaterials, and various
kinds of readout signals (e.g., colorim-
etry, electrochemistry, surface plasmon
resonance, fluorescence, and surface-
enhanced Raman scattering).>

Since immunoassays are based on the
antibody-antigen interaction, antibody
immobilization on the sensor surface is
an essential process for the development
of most immunoassays.P! In recent years,
numerous strategies have been reported to
control antibody immobilization, mainly
by directing the orientation, stability, and
density of bound antibodies on different
sensor platforms.[! Based on advances
in material science and nanotechnology,
recent immunosensors have been con-
structed with various kinds of new mate-
rials and nanostructures.”l The method
of antibody coupling, therefore, should
vary and be optimized for each sensor.
Because the choice of antibody immobi-
lization method greatly affects antibody—
antigen interactions on the sensor surface,

the adoption of an improper surface modification procedure

can affect the performance of the immunosensors.®! If simple,
Immunoassays are one of the most widely used detection  substrate-independent, and properly oriented immobilization
methods for biochemical analytes.l!l The fine accuracy and  of bioreceptors is possible, it can be applied universally to var-
simple operation of immunoassays support their use in  ious sensing platforms and further leads to the development of

disease diagnosis, food safety, environmental protection, etc.!

high-performance immunosensors. This possibility prompted
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us to develop a simple surface modification method that can
optimally immobilize antibodies onto several kinds of sensor
surfaces.

For the oriented antibody immobilization, the antibody-
binding proteins such as protein G, A, and L have been
widely used.’] Since the antibody-binding proteins can target
the Fc region of an antibody, they allow the antibody-binding
sites to be exposed to antigen effectively.'”) A previous study
showed that well-oriented antibodies could improve the
antigen-binding capacity by up to eightfold compared to that
of randomly oriented antibodies.”! Meanwhile, dopamine is
a well-known mussel-inspired adhesion molecule.'!l It was
previously reported that a polydopamine (PDA) film could
be formed on organic/inorganic surfaces simply by the self-
polymerization of dopamine under alkaline conditions.'
In addition, it was reported that molecules co-dissolved with
dopamine could be immobilized onto surfaces during PDA
formation.[¥] This strategy enabled the effective modifica-
tion of various kinds of surfaces and has thus been used
for a variety of applications, such as tissue regeneration,!**
cell adhesion,™ antibacterial surface development,['® bio-
sensing,'” and so on.

Herein, we hypothesized that simple, substrate-independent,
and oriented immobilization of antibody is feasible by com-
bining the surface-coating property of PDA and the antibody
binding ability of protein G. As a proof-of-concept, we coated
the glass substrates with the mixture of PDA and protein G,
and then immobilized antibodies on the PDA/protein G mix-
ture—coated substrates through the binding with the protein G.
The surface characteristics of PDA/protein G mixture—coated
substrates were analyzed by X-ray photoelectron spectroscopy
(XPS), atomic force microscope (AFM), and ellipsometry. The
PDA/protein G ratio was optimized through the fluorescence
monitoring. Moreover, the optimally antibody-immobilized
substrates were applied to the influenza virus immunoassays.
After the sandwich immunoreaction and silver enhancement
step, influenza virus could be detected on the antibody-immo-
bilized surfaces with the naked eye with the detection limit of
2.9 x 10 pfu mL™. More importantly, the surfaces of several
substrates (glass, SiO,, Si, Al,0s;, polyethylene terephthalate
[PET], polyethylene [PE], polypropylene [PP], and paper) were
successfully coated by the PDA/protein G mixture and the
anti-influenza A HIN1 antibody sequentially. These substrates
also could be employed for the detection of influenza viruses,
suggesting the wide applicability of the present antibody
immobilization method. We anticipate that the present PDA/
protein G coating method will be useful not only in reducing
inconvenient surface modification procedures for antibody
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immobilization but also in expanding the types of materials
used for immunosensors.

2. Result and Discussion

2.1. Surface Modification by Using a Mixture of PDA
and Protein G

PDA coating methods were inspired by the amino acid com-
position of mussel adhesive proteins, and these methods
have been widely demonstrated on numerous surfaces.['?
In addition, it was proven that one-step surface functionali-
zation is possible by using a mixture of dopamine and other
molecules.¥! Protein G can bind specifically to the Fc region
of an antibody, allowing the binding site of the antibody to be
exposed to antigen effectively.”] Therefore, we hypothesized
that protein G could be immobilized on the surface by treating
a mixed solution of dopamine and protein G. Scheme 1 shows
the procedure for well-oriented antibody immobilization on a
solid substrate by using the PDA/protein G mixture. First, we
prepared the surface-coating solution by mixing protein G in
pure water (30 mg mL™) and dopamine hydrochloride in a
weak alkaline solution (2 mg mL™) at a 1:1 volume ratio. Using
2 mg mL™! of dopamine solution is the most common method
to form a thin PDA film.'>'8] Next, the solid substrate was
immersed in the prepared solution for 2 h and washed. Then,
the antibody was applied to the PDA/protein G-coated substrate
for 1 h. Finally, bovine serum albumin (BSA) was treated on the
substrate for the prevention of non-specific binding. Though
the PDA film is known to have an antifouling effect,* the
protein G exposed on the surface can cause nonspecific adsorp-
tion. This simple procedure enables the immobilization of all
immunoglobulin antibodies optimally on various surfaces
because of the synergistic contributions of PDA and protein
G. We expect that the proposed method may be applied to a
variety of immunoassays by choosing the appropriate antibody
and sensor surface.

To verify the coating of PDA and protein G on the substrate,
we analyzed the bare glass surface, PDA-coated surface, and
PDA/protein G—coated surface by XPS. As shown in Figure 1a,
N1s spectra were observed on the PDA- and PDA/protein G
mixture—coated surfaces, but no N1s peak was observed on
bare glass. In addition, relatively stronger Cls spectra were
observed on PDA- and PDA/protein G mixture—coated surfaces
than on the unmodified surface. The Si2p peak was measured
most strongly on the bare glass surface. Since PDA and pro-
tein G are composed of chemical elements C, N, and O, the

Solid Substrate

Scheme 1. Schematic illustration of the surface modification step for the immunoassay using a mixture of PDA and protein G.
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Figure 1. A) XPS spectra and B) surface chemical composition of bare glass, PDA-coated, and PDA/protein G-coated surfaces. C) High-resolution XPS
Cls spectra of bare glass, PDA coated-, and PDA/ protein G-coated surfaces.

XPS result indicates that the glass surfaces were coated with
PDA or the PDA/protein G mixture successfully. The elemental
percentages of the glass, PDA-coated, and PDA/protein G-
coated surfaces also confirm the surface modification of glass
by PDA or the PDA/protein G mixture (Figure 1b). Figure 1c
shows the high-resolution XPS C1s spectra of the glass, PDA-
coated, and PDA/protein G—coated surfaces. Interestingly, the
carbonyl carbon peak (C=O) at 287.8 eV was increased only
when the substrate was coated with the PDA/protein G mix-
ture. On the glass surface and the PDA-coated surface, the car-
bonyl peak was negligible. The C=0 peak intensity has been
used to measure the extent of polypeptide coating on the sur-
face because XPS Cls spectra of polypeptides typically show
a strong C=0 peak.?% This result suggests that the protein G
was successfully immobilized on the surface during the dopa-
mine polymerization process.

Moreover, the topographies of the modified glass surfaces
were analyzed by an AFM (Figure S1, Supporting Information).
The Ra value which is used to evaluate the surface roughness
on the basis of scan area was slightly increased after the PDA
(Ra = 1.347) and PDA/protein G (Ra = 1.300) coatings. The
thickness of the PDA and PDA/protein G layer on the modified
surfaces was further investigated by ellipsometry. For the meas-
urement of thickness, a Si wafer was employed after cleaning
with methanol, acetone, and deionized water. The thickness
of PDA film was measured as 22.45 + 1.20 nm, and the thick-
ness of PDA/protein G film was measured as 3.89 £ 0.08,
2.72+0.12,2.34 £ 0.11, 2.34 £ 0.06, and 1.68 £ 0.11 depending
on the protein G concentration of 10 to 50 mg mL~! (Figure S2,
Supporting Information). The thickness of PDA film is higher
than that of PDA/protein G film because the diluted amount
of dopamine is included in the PDA/protein G mixture, which
affects the rate of polymerization. These results showed that
PDA and PDA/protein G film can be covered on the substrate
during 2 h reaction time.

2.2. Optimized Antibody Immobilization on the Surface

As it was confirmed that protein G could be coated on the sub-
strate by simply mixing it with a dopamine solution, we then
investigated whether the antibody could be bound to the pro-
tein G on the substrate. To investigate the antibody-binding
efficiency on the PDA/protein G-coated surface, we employed
an antibody conjugated to the Alexa Fluor 647 dye. When the
antibody bound to the PDA/protein G mixture—coated sur-
face successfully, the fluorescence of the dye-conjugated anti-
body might be observed. Moreover, the fluorescence intensity
could be related to the antibody-binding efficiency. To examine
antibody immobilization on the substrates, we compared the
fluorescence signals of the bare glass, PDA-coated, and PDA/
protein G—coated surfaces after dye-conjugated antibody immo-
bilization. In this experiment, the concentration of dopamine
was fixed at 2 mg mL™!, and the concentration of protein G was
varied from 10 to 50 mg mL1. The fluorescent antibody was pre-
pared after dilution to 1:10 (8.0 ug mL™) and 1:50 (1.6 ug mL™)
by using a dilution buffer containing 0.05% Tween 20 and 1%
nonfat milk. The fluorescent antibodies were incubated on
each substrate for 1 h at room temperature. After washing and
drying with nitrogen gas, fluorescence images were obtained
with a scanner. Figure 2a shows fluorescence images of the bare
glass, PDA-coated, and PDA/protein G—coated surfaces after
antibody immobilization. Green fluorescence was observed
on the PDA/protein G mixture—coated surfaces, whereas no
fluorescence was observed on the bare glass and PDA-coated
surfaces. Only after PDA/protein G coating could the antibody
be immobilized on the surface. This finding indicates that the
coated protein G retains the ability to bind to the antibody and
acts as a critical factor for antibody immobilization. Because the
PDA film is coated on the surface in a thin layer, the protein G
can be exposed to the antibody, inducing the efficient interac-
tion between protein G and the antibody. The previous study
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Figure 2. A) Fluorescence images of bare glass, PDA-coated, and PDA/protein G-coated surfaces after dye-conjugated antibody immobilization.
B,C) Plots of fluorescence intensity depending on protein G concentration (from 10 to 50 mg mL™") with 1.6 and 8 ug mL™' concentrations of dye-
conjugated antibody. The data represent the mean plus standard deviation from three measurements.

suggested that PDA can be coated with a thickness of a few
nanometers at this concentration!!?l and it was consistent with
the results from the ellipsometry. Furthermore, we obtained
the fluorescence images of the bare glass and PDA-coated sur-
faces after the coating of protein G and dye-conjugated anti-
body sequentially (Figure S3, Supporting Information). The
faint fluorescence signals were observed on the bare glass, sug-
gesting that the small amounts of protein G and antibody were
attached on the glass substrates by physical adsorption. The
PDA-coated surface showed neglectable fluorescence due to the
antifouling effect. These results proved that the protein G and
corresponding antibody can be efficiently immobilized on the
glass substrates by the surface-modification method employing
the PDA/protein G mixture.

To optimize the antibody immobilization conditions, we
measured the fluorescence intensity after changing the con-
centration of protein G (Figure 2b,c). The fluorescence inten-
sity increased as the protein G concentration increased from 10
to 30 mg mL~! and decreased at protein G concentrations over
30 mg mLL. Excessive amounts of protein G over 30 mg mL™
might interfere with efficient binding to the antibody because
of steric hindrance effects. The previous report also supports
that the increase of the Fc region-binding protein density on
the substrates can lead to the decrease of antibody-binding
capacity due to the steric hindrance.l!l It is noteworthy that the
fluorescence intensity was most strongly measured at a protein
G concentration of 30 mg mL™, even after reacting with both
low (1.6 ug mL™) and high (8.0 ug mL™) antibody concentra-
tions. Based on this result, we estimated the optimal mixture
of PDA and protein G to be a 1:1 volume mixture of 2 mg mL™!
dopamine and 30 mg mL™! protein G. This optimized surface-
coating mixture was used for the following experiments.
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2.3. Naked-Eye Detection of Influenza Virus Using the PDA/Pro-
tein G Mixture—Coated Substrate

After optimal antibody immobilization on the PDA/protein
G mixture—coated substrate, we applied this substrate to an
immunoassay for pH1IN1 influenza virus. Influenza viruses
cause acute respiratory diseases, and influenza epidemics gen-
erate enormous costs to society each year.??l Hence, a number
of virus detection techniques have been developed to prevent
the spread of diseases and to support the initiation of rapid
antiviral therapy.?l In general, immune reaction-based diag-
nosis methods, such as enzyme-linked immunosorbent assay
and the rapid influenza diagnostic test, have been commercially
used for the detection of viruses.?l These methods typically
show a sensitivity around 103-10* TCIDs, mL™! of virus con-
centration.”! Recently, innovative sensing strategies have been
developed by using nano- and microstructures, contributing
to the sensitive and accurate diagnosis of influenza viruses.2%!
However, many immunosensing approaches still require spe-
cific antibody immobilization steps, depending on the types of
materials and structures. If an antibody immobilization method
can be established with a single optimal protocol, it may reduce
the inconvenient steps needed to find the antibody immobiliza-
tion method for each substrate and improve the reproducibility
of immunosensors.

Figure 3a is a schematic illustration of the pHIN1 detec-
tion procedure with naked eye. To investigate the applicability
of the PDA/protein G—coated substrate, we adopted the simple
naked-eye immunoreaction protocol.’”! For the detection of
pHIN1 influenza virus, the glass substrate was coated by using
the optimized PDA/protein G mixture (1:1 volume mixture of
2 mg mL~! dopamine and 30 mg mL~! protein G). Subsequently,

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. A) Schematic illustration of pHINT1 detection by the naked eye by using PDA/protein G mixture-coated substrates. B) Grayscale image of
the Ag-enhanced substrate after pH1N1 virus detection (from 0 to 107 pfu mL™") on PDA/protein G mixture-coated surfaces. C) Plot of 8-bit grayscale
values depending on the pH1N1 concentration. Blue line is the linearly fitted line. The data represent the mean plus standard deviation from three

measurements.

a polyclonal antibody against pH1N1 was treated on the PDA/
protein G—coated substrate, and BSA was added to prevent
non-specific binding. Next, a solution containing pH1IN1 was
dropped onto the immune substrate, and the immunoprobes
were applied. The immunoprobes were prepared by mixing
Au nanoparticles (NPs), gold-binding peptide (GBP)-protein
G, and an anti-pH1N1 monoclonal antibody. After the binding
of the immunoprobes to the immune substrate, the immu-
noprobes were enhanced using an Ag enhancer solution, and
the enlarged immunoprobes were observed by the naked eye.
When the PDA is coated on the surface, the color of the sur-
face can change to dark gray.'” This dark surfaces could have
a negative effect in distinguishing between the control and
pHIN1 samples with naked eye. Thus, we tried to minimize
the color changes during the PDA/protein G coating step. By
using 2 mg mL™! of dopamine solution, we were able to modify
the surface with protein G in a very thin film state, providing
less color change of the substrate.

Figure 3b shows a grayscale image of the naked-eye detec-
tion of the pH1NT1 influenza virus (0, 10, 10%, 10°, 10°, and 10’
pfu mL™). In the blank sample, the spots are very faint. In the
10° pfu mL™' pHIN1 sample, the spots appear slightly dark.
At pHIN1 concentrations above 10* pfu mL™!, dark spots are
clearly observable. This result verifies that the PDA/protein G

Macromol. Biosci. 2019, 19, 1800486
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mixture-based antibody immobilization method can be applied
to the detection of pHINT1. Figure 3c shows a plot of the 8-bit
grayscale values as a function of the pH1N1 concentration. The
intensity of the grayscale level is proportional to the pHIN1
concentration within the range of 103 to 107 pfu mL™!, demon-
strating the feasibility of quantitative influenza virus detection.
We estimated the limit of detection (3.30 per slope) to be 2.9 x
10° pfu mL™. o is the standard deviation of the blank sample
measured thrice. This detection limit is comparable to those of
the previously reported influenza virus immunoassays which
provided the detection limit of 10°~10* pfu mL™ level.l?8-3% The
sensitivity test was also performed using sandwich ELISA, and
the result of the pH1N1 virus concentration-dependent absorb-
ance value showed low detection efficiency compared to this
study (Figure S4, Supporting Information).

To further examine the selectivity of this immunoassay, four
types of viruses (pH1N1, H3N2, H5N2, and influenza B virus)
were tested. The concentration of each virus was 10° pfu mL™..
Figure 4a shows a grayscale image of naked-eye detection in the
presence of four kinds of viruses. Strong dark spots are clearly
observed only in the presence of the pH1IN1 influenza virus,
whereas weak spots are noted in the presence of the H3N2,
H5N2, and influenza B viruses. A plot of grayscale values
versus the type of influenza virus also confirmed the specificity

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

Macromolecular
Bioscience

www.advancedsciencenews.com

(B)

www.mbs-journal.de

(A)
10000 4
Control =
$ ® & |pHINT g
H3N2 2
» + @ [H5N2 :
- |
IFVB
0.
Control pHIN1 H3N2 H5N2 |IFVB

Type of influenza virus

Figure 4. A) Grayscale image and B) plot of 8-bit grayscale values depending on the type of influenza virus (pH1N1, H3N2, H5N2, and influenza B
virus). The concentration of each virus was 10° pfu mL™". The data represent the mean plus standard deviation from three measurements.

of this immunoassay for pH1N1 (Figure 4b). The specificity of
used antibodies (anti-pH1N1 polyclonal and monoclonal anti-
body) was further confirmed using a conventional sandwich
ELISA method, and the result provided a reliable result of the
specificity test (Figure S5, Supporting Information). Taken
together, these results suggest that the present antibody immo-
bilization method could be employed for the development of
immunosensors.

2.4. Surface-Independent Immobilization of Antibody and Detec-
tion of Influenza Virus

Dopamine has the property that it can be polymerized on any
kind of material surface;l'?l therefore, we expected that protein
G mixed with dopamine solution could be coated on the sur-
faces regardless of the type of material. When the PDA/protein
G mixture was successfully coated on the surfaces, the anti-
body could also be immobilized on the surfaces, as depicted in
Scheme 1. We tried to modify several kinds of substrates, such

as glass, SiO,, Si, Al,0s, PET, PE, PP, and paper, by using the
PDA/protein G mixture. Each substrate was incubated with the
PDA/protein G mixture for 2 h at room temperature. Next, a
polyclonal anti-pH1N1 antibody was treated on the PDA/protein
G—coated surfaces for 1 h at room temperature, followed by
BSA treatment. The resultant substrates were employed for the
naked-eye sensing of pH1N1. Figure 5 shows grayscale images
of the naked-eye detection of pHIN1 influenza virus on the
various kinds of substrates. Only in the presence of the pH1N1
influenza virus were dark spots observed on the substrates. In
the blank sample, the spots were very weak. The images show
that pH1N1 was successfully detected by the naked eye regard-
less of the surface. Even on the dark-colored Si and SiO, sub-
strates, the influenza viruses could be detected by the naked
eye. This result demonstrated that the proposed PDA/protein
G mixture is able to modify a variety of substrates and further
enables optimal antibody immobilization. This finding suggests
that this simple and easy surface modification method can be
adopted to develop various types of immunosensors. Although
the previous surface modification methods for antibody

Glass Sio, Si Al,O;
Control
PHIN @ @ @ o ¢ 9
Control
PHN @ & @ | 9 & o @ @ 2| |©@ 0 @

PET PE

PP Paper

Figure 5. pHTN1 detection on various types of substrates (glass, SiO,, Si, Al,O3, PET, PE, PP, and paper). All substrates were prepared in the same
manner, with PDA/protein G mixture coating and immobilization of an antibody against pHTN1.
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immobilization are complicated and depend on the type of sub-
strate, the present PDA/protein G-based coating technique is
expected to overcome these obstacles.

3. Conclusion

We developed a simple and useful surface modification method
based on a PDA/protein G mixture, which allows optimal anti-
body immobilization on a variety of substrates. PDA/protein G
coating and antibody immobilization on the substrate were suc-
cessfully demonstrated by XPS and fluorescence. Moreover, the
proposed surface modification method was applied to the detec-
tion of the influenza pH1N1 virus with naked eye. The influenza
virus was detected with proper sensitivity and selectivity on the
PDA/protein G/antibody-modified surface. Furthermore, the
surface-coating method enabled the detection of influenza virus
regardless of the type of substrate. We anticipate that the present
approach will be applicable to a wide range of substrates and pro-
vide a convenient procedure for the development of biosensors.

4. Experimental Section

Materials: Dopamine hydrochloride (H8502), Tween 20 (P9416),
Au NPs in phosphate-buffered saline (PBS) (753610), BSA (A7906),
and Ag enhancer solution A and B (55020, S5145) were purchased
from Sigma-Aldrich (St. Louis, USA). 1 m Tris-HCl, pH 8.5 (T2016-8.5)
was purchased from Biosesang (Daejeon, Korea). GBP-protein G was
purchased from Bioprogen (Daejeon, Korea). Protein G (77676) was
purchased from Thermo Fisher Scientific. Influenza A/CA/07/2009
(pH1N1) and influenza B/Victoria/Brisbane/60/2008 (IBV) suspended
in cell culture medium (MEM medium, MDCK cells) were provided by
the Korea Centers for Disease Control and Prevention, Korea. Influenza
A/Brisbane/10/2007 (H3N2) and influenza A/aquatic bird/Korea/
w351/2008 (H5N2) suspended in cell culture medium (MEM, MDCK
cells) were obtained from Korea Research Institute of Bioscience and
Biotechnology, Korea. Each virus titer of the stock solutions ranged
between 5 x 10% and 5 x 107 pfu mL™" and was determined by real-
time reverse transcription polymerase chain reaction, according to a
previous report.2!l The monoclonal anti-influenza A HIN1 antibody
(ab128412) and goat anti-rabbit IgG H&L (HRP) (ab6721) were
purchased from Abcam. The polyclonal anti-influenza A HIN1 (Swine
Flu 2009) antibody (11055-RP02) was purchased from Sino Biological.
Alexa Fluor 647-FluoroNanogold rabbit anti-goat 1gG (H+L) (7505) was
purchased from Nanoprobes (New York, USA). TMB substrate reagent
set was purchased from BD Biosciences. Microscopy slides (1000412)
were purchased from Marienfeld (Germany). The Si, SiO,, and Al,0;
substrates were purchased from Hi-Solar Co., Ltd. PE, PET, PP, and
paper were purchased from a local market.

Instrumentation: XPS spectra were obtained by using a Thermo
K-Alpha XPS (Thermo Fisher Scientific, USA). The XPS peak was
analyzed by using a Thermo Scientific Advantage Data system. The
AFM images were obtained in a non-contact mode by using a Scanning
Probe Microscope (Nanoman, VEECO, New York, USA). The scan range
was 5.0 X 5.0 um, and the scan rate was 0.9 Hz. The film thickness of
surfaces was measured by an ellipsometer (Elli-SE, Ellipso Technology
Co., Suwon, South Korea). The incident angle was 70" and the refractive
index was 1.46. More than five different points on each sample were
measured and the average values were obtained. Absorbance was
measured by using a BioTek Cytation 5 (Thermo Fisher Scientific, USA).
Fluorescence images were obtained with a scanner (GenePix 4200A,
USA), and the data were analyzed with Image] software (NIH; Bethesda,
Maryland, USA). Grayscale images were obtained by using an optical
flatbed scanner (SCX-4210) with a resolution of 600 dpi, and the data

Macromol. Biosci. 2019, 19, 1800486

1800486 (7 of 8)

www.mbs-journal.de

were analyzed with an 8-bit grayscale histogram using Image) software
(NIH; Bethesda, Maryland, USA).

Surface Modification: For PDA coating, a dopamine solution
(2 mg mL™") in Tris-HCI buffer (10 mwm, pH 8.5) was applied to the
surface for 2 h at room temperature. For coating with PDA/protein
G, 2 mg mL™! dopamine hydrochloride in Tris buffer solution (10 mwm,
pH 8.5) and various concentrations of protein G (10-50 mg mL™") in
pure water were mixed at a 1:1 volume ratio. Each type of substrate was
immersed in this solution for 2 h at room temperature.

Immobilization of a Fluorescent Antibody: A fluorescent antibody was
prepared at concentrations of 8.0 g mL™" and 1.6 ug mL™' by using
dilution buffer containing 0.05% Tween 20 and 1% nonfat milk. The
fluorescent antibodies were incubated with the PDA/protein G—coated
surface for 1 h at room temperature. The surface was washed with
100 mm PBS buffer containing 0.1% Tween 20.

Sandwich-ELISA: Anti-pHIN1 monoclonal antibody, 1 pg mL™,
diluted in 5% skim milk, was coated on a 96-well plate overnight at 4 °C.
The plate was washed thrice with PBS buffer containing 0.05% Tween
20 (washing buffer). Skim milk, 5%, was incubated for 1 h at 37 °C,
and the plate was washed thrice using washing buffer. Virus samples
diluted with PBS buffer were incubated for 2 h at 37 °C and then the
plate was washed thrice using washing buffer. Anti-pHTN1 polyclonal
antibody, 1 pg mL™, diluted in 5% skim milk, was added on the plate
for 2 h at 37 °C. After washing the plate thrice with washing buffer,
2 pg mL™" of goat anti-rabbit IgG conjugated to HRP antibody, diluted
in 5% skim milk, was treated on the wells for 1 h at 37 °C. The plate was
washed thrice with washing buffer. TMB substrate reagent, prepared by
mixing reagent A and B, was incubated for 20 min at room temperature.
Absorbance was measured after addition of 2 m of sulfuric acid.

Preparation of the Immune Substrate: The bare substrate was modified
with a dopamine (2 mg mL™") and protein G (30 mg mL™") mixture
solution for 2 h at room temperature. The modified surface was washed
with 700 mm PBS buffer containing 0.1% Tween 20. A polyclonal antibody
(0.1 mg mL™"y specific for the pHT1N1 influenza virus was applied to the
substrate for 1 h at room temperature and washed with 100 mm PBS
buffer containing 0.1% Tween 20. BSA (0.1 mg mL™") was treated to the
antibody-attached surface for 30 min to prevent non-specific binding.

Preparation of the Immunoprobe: GBP-protein G (0.1 mg mL™") was
applied to 20 nm Au NPs in PBS (0.1 mm, pH 7.0) for 16 h at 4 °C.
Unbound GBP protein G was removed by centrifugation at 12000 rpm
for 10 min. Au NP-GBP-protein G probes were resuspended in 10 mm
PBS containing 0.05% Tween 20. A monoclonal antibody (10 ug mL™)
against pH1N1 was added to the Au NP-GBP-protein G probes in 10 mm
PBS containing 0.05% Tween 20 for 2 h at room temperature. After
separation of the unbound antibody by centrifugation at 12000 rpm for
10 min, Au NP-GBP-protein G-antibody probes were obtained.

Detection of Influenza Virus: A pHIN1 solution (3.5 uL) was dropped
onto the capture substrate for 1 h at room temperature. The substrate
was washed with 100 mm PBS containing 0.1% Tween 20. The pH1N1-
captured substrate was exposed to the antibody-Au NP probes for 1 h
at room temperature and washed with 100 mm PBS containing 0.1%
Tween 20. Ag enhancer solutions A (Ag salt) and B (Initiator) were then
mixed at a 1:1 volume ratio and applied to the substrate for 10 min. The
resultant Ag-enhanced substrate was washed with ultrapure water and
dried under nitrogen gas.
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