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ABSTRACT: For the development of immunoassays into sophisti-
cated analyte-sensing methods, it is a priority to suppress nonspecific
binding in immunoassays. Herein, we report a one-step surface
coating method that can not only optimally immobilize antibodies but
also suppress nonspecific binding. Zwitterionic dopamine (ZW-
DOPA) exhibits distinct antifouling performance, and protein G
enables an antibody to have an optimal orientation. A mixture of ZW-
DOPA and protein G can be simply coated onto various kinds of
surfaces, and the antibody can be immobilized onto the ZW-DOPA/
protein G-coated surfaces. The antifouling property of the zwitterionic
group, surface-independent coating property of the catechol and
amine groups, and antibody-retaining property of protein G synergistically contribute to surface-independent and oriented
immobilization of antibodies without nonspecific binding. The surface characteristics of ZW-DOPA/protein G-coated substrates
were analyzed by X-ray photoelectron spectroscopy, contact angle goniometry, atomic force microscopy, and ellipsometry.
Importantly, the ZW-DOPA/protein G-coated substrates showed high resistance to nonspecific protein adhesion. We also verified
that antibodies could be immobilized onto ZW-DOPA/protein G-coated substrates using fluorescence and biolayer interferometry
systems. Finally, ZW-DOPA/protein G-coated substrates were employed as immune substrates for influenza virus detection via the
naked eye and surface-enhanced Raman scattering, allowing us to efficiently identify the virus. It is anticipated that the developed
ZW-DOPA/protein G coating method will be useful for the advancement of immunoassays.

KEYWORDS: zwitterionic dopamine, protein G, antibody immobilization, nonspecific binding, immunoassay, influenza virus,
surface-enhanced Raman scattering

■ INTRODUCTION

Immunoassays are one of the most commonly used methods
for the analysis of various kinds of biological and chemical
species.1 The simple operation and fine accuracy of immuno-
assays make them useful in various fields, such as disease
diagnosis and prognosis, environmental monitoring, and food
safety.2−4 Recently, immunoassays have been combined with
newly developed materials and nanostructures to develop
sophisticated analyte detection methods.5,6 Immunoassays are
fundamentally based on the interaction of antibody and
antigen; therefore, it is critical to immobilize antibodies onto a
surface uniformly with proper orientation.7 In this regard,
numerous strategies have been developed to immobilize
antibodies onto several sensor platforms.8 However, most of
the strategies are optimized for individual sensing platforms,
lacking wide applicability.9 This limitation motivated us to
develop a surface-independent coating method that can
immobilize antibodies onto various sensing platforms. Another
critical issue in immunoassays is the prevention of nonspecific

binding for accurate assays.10 Nonspecific binding is occasion-
ally observed in immunoassays, particularly when the sample is
included in a complex solution, including serum, extraction
buffer, raw environmental solution, etc.11 To reduce non-
specific binding, blocking reagents, including detergents,
proteins, and polymers, have generally been employed.12

These reagents block the unoccupied areas of sensor surfaces,
suppressing nonspecific binding.11,12 If a one-step coating
procedure enables us to optimally immobilize antibodies onto
any surface and to suppress nonspecific binding, the method
can be applied to various immunosensing platforms, leading to
future advances in immunoassays.

Received: March 7, 2020
Accepted: April 20, 2020
Published: April 20, 2020

Articlewww.acsabm.org

© 2020 American Chemical Society
3631

https://dx.doi.org/10.1021/acsabm.0c00264
ACS Appl. Bio Mater. 2020, 3, 3631−3639

D
ow

nl
oa

de
d 

vi
a 

K
O

R
E

A
 U

N
IV

 o
n 

Ju
ne

 1
6,

 2
02

0 
at

 1
2:

29
:0

9 
(U

T
C

).
Se

e 
ht

tp
s:

//p
ub

s.
ac

s.
or

g/
sh

ar
in

gg
ui

de
lin

es
 f

or
 o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jihyun+Byun"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Soojeong+Cho"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jeong+Moon"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hongki+Kim"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hyunju+Kang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Juyeon+Jung"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Eun-Kyung+Lim"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jinyoung+Jeong"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jinyoung+Jeong"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hyun+Gyu+Park"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Woo+Kyung+Cho"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Taejoon+Kang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsabm.0c00264&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.0c00264?ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.0c00264?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.0c00264?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.0c00264?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.0c00264?fig=abs1&ref=pdf
https://pubs.acs.org/toc/aabmcb/3/6?ref=pdf
https://pubs.acs.org/toc/aabmcb/3/6?ref=pdf
https://pubs.acs.org/toc/aabmcb/3/6?ref=pdf
https://pubs.acs.org/toc/aabmcb/3/6?ref=pdf
www.acsabm.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://dx.doi.org/10.1021/acsabm.0c00264?ref=pdf
https://www.acsabm.org?ref=pdf
https://www.acsabm.org?ref=pdf


Polydopamine (PDA) coating is regarded as a simple
functionalization method for virtually any material surface.13,14

Previous literature demonstrated that the use of PDA coating
was effective for metal−organic frameworks, synthetic
polyolefin membranes, composite materials, nanostructured
surfaces showing superhydrophobicity or superoleophobicity,
etc.15,16 Consequently, the applications of PDA coatings are
growing exponentially and include antimicrobial surfaces, cell
culture/patterning, tissue engineering, microfluidics, biosens-
ing, photothermal therapy, drug delivery systems, immobiliza-
tion of photocatalysts, and others.17,18 Previously, our group
developed a simple surface modification method that can
optimally immobilize antibodies onto various surfaces using
PDA and protein G. This method not only reduced the need
for inconvenient surface modification procedures for antibod-
ies but also expanded the types of materials used for
immunosensors.19 However, the PDA coating itself could not
suppress nonspecific binding;20 thus, bovine serum albumin
(BSA) was used as a blocking reagent.19 Herein, we further
advanced the antibody immobilization method by employing
zwitterionic dopamine (ZW-DOPA). Since zwitterionic (ZW)
polymers have unique anti-polyelectrolyte behavior, they
exhibit distinct antifouling performance.21 In addition, ZW-
DOPA has surface-independent coating capability and one-
step coating ability with other molecules.23 On the basis of
these properties, we speculated that simple, surface-independ-
ent, and oriented immobilization of antibodies with the
suppression of nonspecific binding is possible by combining
ZW-DOPA and protein G. The antifouling property of the ZW
group, the surface-independent coating property of catechol
and amine groups, and the antibody-retaining property of
protein G can synergistically contribute to the surface-
independent and oriented immobilization of antibodies
without nonspecific binding.21,24,25

In this report, we show that one-step ZW-DOPA/protein G
coating enables substrate-independent immobilization of
antibodies and nonspecific binding suppression. The surface
of ZW-DOPA/protein G-coated substrates was characterized
by X-ray photoelectron spectroscopy (XPS), contact angle
goniometry, atomic force microscopy (AFM), and ellipsom-
etry. Moreover, we verified that the ZW-DOPA/protein G
coating could markedly reduce nonspecific protein adsorption.
The fluorescence and biolayer interferometry analyses clearly
proved antibody immobilization onto the ZW-DOPA/protein
G-coated substrates. Furthermore, we applied ZW-DOPA/
protein G-coated substrates for immunoassays of influenza A/
CA/07/2009 (pH1N1). After the immunoreactions, the
pH1N1 influenza virus could be identified by the naked eye
and by surface-enhanced Raman scattering (SERS) observa-
tion. Importantly, nonspecific binding was suppressed on the
ZW-DOPA/protein G-coated substrates, allowing us to
efficiently detect the influenza virus. The novelty of the
current work is summarized as follows: (1) It is proved that
antibodies can be routinely immobilized onto the ZW-DOPA/
protein G-coated substrate. (2) The ZW-DOPA/protein G
coating effectively prevents nonspecific binding without further
blocking steps. (3) The ZW-DOPA/protein G-coated
substrates can be excellent immune substrates for the detection
of the influenza virus. On the basis of these results, we expect
that the ZW-DOPA/protein G coating will be used for several
kinds of immunosensing approaches and will contribute to
advances in immunoassays.

■ RESULTS AND DISCUSSION
Figure 1 shows a schematic procedure for ZW-DOPA/protein
G coating and antibody immobilization onto a substrate. ZW-

DOPA was synthesized through coupling of (3,4-dihydrox-
yphenyl)-L-alanine (DOPA) with 3-(dimethylamino)-1-prop-
anol followed by zwitterionization with 1,3-propane-sultone,
producing a sulfobetaine compound.26 The synthesized ZW-
DOPA was mixed with ammonium persulfate, and then the
mixture was added to a protein G solution. For ZW-DOPA/
protein G coating, a bare substrate was incubated in the ZW-
DOPA/protein G solution and washed. Next, the ZW-DOPA/
protein G-coated substrate was incubated with an antibody and
washed. Using these simple procedures, we could obtain a well-
oriented antibody on a substrate that can act as an immune
substrate.
It is well known that dopamine and DOPA derivatives,

including ZW-DOPA, can coat various substrates under
oxidation conditions.18,21,22 Moreover, the molecules codis-
solved with ZW-DOPA can also be coated onto the substrates
during incubation.14,22,27,28 Therefore, ZW-DOPA/protein G-
coated substrates can be obtained after the simple incubation
of bare substrates in the ZW-DOPA/protein G solution, as
shown in Figure 1. Protein G is an antibody-binding protein
that can target the Fc region of an antibody.25,29 Hence, the
antibody can be routinely immobilized onto the ZW-DOPA/
protein G-coated substrate. In the previous literature, it has
been verified that the protein G-bound antibody is well
exposed to antigen, thus improving the sensitivity in
immunoassays.25,29 More importantly, ZW-DOPA can exhibit
a distinct antifouling performance.21 Considering that the
prevention of nonspecific binding is a critical issue in
immunoassays,10 the antifouling property of ZW-DOPA can
be beneficial for accurate immunoassays. Taken together, the
results show that the ZW-DOPA/protein G-coated substrates
enable us to immobilize antibodies with proper orientation and
reduce nonspecific binding without additional blocking steps.
Figure 2 shows the XPS analysis results of bare glass, ZW-

DOPA-coated glass, and ZW-DOPA/protein G-coated glass
substrates. Compared with the results for bare glass, after the
ZW-DOPA coating, N 1s and S 2p peaks newly appeared and
the atomic composition of C 1s increased, with decrease in
those of Si 2p and O 1s. This result indicates the successful
coating of ZW-DOPA on a glass substrate. After the ZW-
DOPA/protein G coating, the atomic compositions of C 1s
and N 1s greatly increased and those of O 1s, Si 2p, and S 2p
decreased. Considering that the main chemical elements of
protein G are C and N, this XPS result supports the
simultaneous coating of ZW-DOPA and protein G on the
glass substrate. The formation of ZW-DOPA layers on glass
substrates was further investigated with contact angle
goniometry (Figure 3a). The static water contact angle on
the bare glass substrate was 55.0 ± 1.7°, and the angle

Figure 1. Schematic procedure of ZW-DOPA/protein G coating and
antibody immobilization onto a bare substrate.
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decreased to 13.2 ± 0.3° after ZW-DOPA coating. This
hydrophilicity of the ZW-DOPA coating is consistent with the
literature.26 Zwitterions have ultralow fouling properties
because of the strong hydration layer formed, which makes
the replacement of surface-bound water molecules with
foulants enthalpically unfavorable.30,31 After the ZW-DOPA/
protein G coating, the static water contact angle was 50.3 ±
0.3°, showing that the combined coating was more hydro-
phobic than only the ZW-DOPA coating. Since protein G has
the residues that form the hydrophobic surface cluster,32 this
wettability indicates that ZW-DOPA and protein G were
coated together on the substrate. The AFM analysis also
indicated the successful coating of ZW-DOPA and ZW-
DOPA/protein G on the substrates. The root-mean-square
roughness (Rq) slightly increased after the ZW-DOPA and
ZW-DOPA/protein G coatings compared to that of the bare
glass substrate (Figure 3b). The thickness of the ZW-DOPA/
protein G film was measured as 4.11 ± 0.16 nm by
ellipsometry.

To evaluate the antifouling property of ZW-DOPA, we
examined the protein adhesions on various substrates (bare,
PDA-coated, PDA/protein G-coated, ZW-DOPA-coated, and
ZW-DOPA/protein G-coated glass substrates). Each substrate
was soaked in a green fluorescent protein (GFP) solution,
gently washed, and monitored under a fluorescence micro-
scope. As shown in Figure 4a, a large amount of GFP was
observed on the bare glass substrate. After applying the PDA
and PDA/protein G coatings, GFP was still observable on the
substrates (Figure 4b,c). Notably, the ZW-DOPA-coated
substrate showed remarkably reduced adhesion of GFP (Figure
4d). A sparse distribution of GFP was observed after ZW-
DOPA coating. The adhesion of GFP was also suppressed after
coating with the ZW-DOPA/protein G mixture (Figure 4e).
This observation suggests that the ZW-DOPA/protein G-
coated substrate may prevent the nonspecific binding of
proteins in immunoassays. Figure 4f presents the plot of green
fluorescence intensity on a variety of substrates, clearly
showing that the fluorescence intensity was reduced after
coating with ZW-DOPA or ZW-DOPA/protein G. The
antifouling property of ZW-DOPA was further proved by the
fluorescence images of Escherichia coli attached to the bare,
ZW-DOPA-coated, and ZW-DOPA/protein G-coated glass
substrates (Figure S1). The substrates were treated with 104

CFU/mL E. coli cultured in Luria-Bertani (LB) broth at 37 °C.
After incubation at 37 °C for 18 h, the substrates were washed
three times, immersed in a dye solution (3 μM SYTO9 and 3
μM propidium iodide) at room temperature for 20 min, and
observed by fluorescence microscopy. The ZW-DOPA-coated
and ZW-DOPA/protein G-coated glass substrates showed no
fluorescence signals.
Next, we investigated the immobilization of an antibody

onto the ZW-DOPA/protein G-coated substrate. For the
investigation, an Alexa647-conjugated antibody was employed.
Figure 5a displays fluorescence images of various substrates
(bare, PDA-coated, PDA/protein G-coated, ZW-DOPA-
coated, and ZW-DOPA/protein G-coated glass substrates)
after fluorescent antibody immobilization. When protein G was

Figure 2. (a) XPS analysis results of bare (black), ZW-DOPA-coated (blue), and ZW-DOPA/protein G-coated (magenta) glass substrates. (b)
Surface atomic composition of bare, ZW-DOPA-coated, and ZW-DOPA/protein G-coated glass substrates. (c, d) High-resolution XPS spectra of
bare (black), ZW-DOPA-coated (blue), and ZW-DOPA/protein G-coated (magenta) glass substrates.

Figure 3. (a) Static water contact angle on bare, ZW-DOPA-coated,
and ZW-DOPA/protein G-coated glass substrates. (b) AFM images
of bare, ZW-DOPA-coated, and ZW-DOPA/protein G-coated glass
substrates.
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present on the substrate, bright fluorescent spots were
obtained. This result indicated that the antibody was efficiently
immobilized in the presence of protein G. The plot of
fluorescence intensity on the substrates further proved that the
antibody was immobilized on the ZW-DOPA/protein G- and
PDA/protein G-coated substrates (Figure 5b). When 8 μg of
Alex647-Ab was used, strong fluorescence signals were
observed from both ZW-DOPA/protein G- and PDA/protein
G-coated substrates. When 1.6 μg of Alex647-Ab was
employed, stronger signals were obtained from the ZW-
DOPA/protein G-coated substrate than from the PDA/protein
G-coated substrate. This result may be attributed to the
antifouling property of ZW-DOPA. For the optimization of the
ZW-DOPA/protein G coating and antibody immobilization,
we varied the concentration of protein G (0.5, 2.5, 5, 10, 15,
20, and 25 mg/mL) in the ZW-DOPA/protein G mixture. As
the concentration of protein G increased from 0.5 to 10 mg/
mL, more fluorescent antibodies could be immobilized on the

ZW-DOPA/protein G-coated substrate (Figure S2). At more
than 10 mg/mL protein G, the fluorescence intensity was
saturated. Therefore, the optimal ZW-DOPA and protein G
mixture was estimated as a 1:1 volume mixture of ZW-DOPA
(2 mg/mL) and protein G (20 mg/mL).
The antibody immobilization on the ZW-DOPA/protein G-

coated substrate was further verified by the biolayer
interferometry system. The tip surfaces of the sensor systems
were coated separately with PDA, PDA/protein G, ZW-DOPA,
and ZW-DOPA/protein G. After coating, the antibody was
loaded on the tip surface and washed with buffer. Figure 6
shows the sensorgram measured by the biolayer interferometry
system during the antibody loading and washing steps. The
binding curves increased significantly on the PDA/protein G-
and ZW-DOPA/protein G-coated substrates and remained
high even after washing (orange and magenta curves). This
observation clearly indicates that the antibodies were well
immobilized on the protein G-coated substrates. Meanwhile,

Figure 4. Fluorescence images of GFPs attached to (a) bare, (b) PDA-coated, (c) PDA/protein G-coated, (d) ZW-DOPA-coated, and (e) ZW-
DOPA/protein G-coated glass substrates. (f) Corresponding plot of fluorescence intensity on bare (black), PDA-coated (green), PDA/protein G-
coated (orange), ZW-DOPA-coated (blue), and ZW-DOPA/protein G-coated (magenta) glass substrates.

Figure 5. (a) Fluorescence images of bare, ZW-DOPA-coated, ZW-DOPA/protein G-coated, PDA-coated, and PDA/protein G-coated glass
substrates after Alexa647-conjugated antibody immobilization. (b) Corresponding plots of fluorescence intensity on bare (black), ZW-DOPA-
coated (blue), ZW-DOPA/protein G-coated (magenta), PDA-coated (green), and PDA/protein G-coated (orange) glass substrates after Alexa647-
conjugated antibody immobilization.
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the binding curves slightly increased on the PDA- and ZW-
DOPA-coated substrates during the antibody loading step but
decreased after washing (green and blue curves). This result
suggests that the antibodies were not immobilized on
substrates without protein G coating. Additionally, we found
that a small amount of antibody remained on the PDA-coated
substrate after washing (green curve). This residual may
contribute to the nonspecific adsorption of the antibody. On
the ZW-DOPA-coated substrate, the binding curve decreased
to the baseline after washing (blue curve). This result shows
that the antifouling property of ZW-DOPA completely
prevents the nonspecific adsorption of the antibody. We
concluded that the ZW-DOPA/protein G-coated substrate
could be used for well-oriented antibody immobilization and
nonspecific binding suppression.
For detection of the influenza A/CA/07/2009 (pH1N1)

virus, the ZW-DOPA/protein G-coated substrate was
employed. Since influenza viruses cause acute respiratory
diseases and thus induce massive economic losses to the
society each year,33 many influenza virus sensing methods have
been developed.34 For instance, immune reaction-based
diagnosis methods, such as rapid influenza diagnostic tests
and enzyme-linked immunosorbent assays, have been widely
used.35,36 Moreover, advanced sensing approaches have been
developed using nanobiotechnology, improving the sensitivity
and accuracy of influenza virus diagnosis.37,38 Accordingly, it is
important to apply this novel surface modification technology,
which can immobilize an antibody optimally onto any surface
and suppress nonspecific binding, to immunoassays of the
influenza virus. To investigate whether the ZW-DOPA/protein
G-coated substrate can act as an immune substrate for pH1N1
detection, we first tried to identify pH1N1 with the naked eye,
as displayed in Figure 7a. The bare glass substrate was coated
with the ZW-DOPA/protein G mixture, and the polyclonal
anti-influenza A H1N1 antibody was immobilized on the ZW-
DOPA/protein G-coated substrate. This antibody-immobilized
substrate was reacted with the pH1N1 virus and washed. Next,
the pH1N1-captured substrate was immersed in the probe Au
nanoparticle (NP) solution, which was prepared by mixing
monoclonal anti-influenza A H1N1 antibody, gold-binding
peptide (GBP)-protein G, and Au NPs. Finally, the probe Au
NPs were enhanced for naked-eye detection of the pH1N1

virus. The upper panel of Figure 7b depicts the grayscale image
after the naked-eye detection of the pH1N1 influenza virus
using the ZW-DOPA/protein G-coated substrate. When the
control sample was tested, very faint spots were shown. When
the pH1N1 sample was tested, dark spots were clearly
observed. This result confirms that the ZW-DOPA/protein
G-coated substrate can be used for the detection of the
influenza virus. For comparison, we also tried to detect pH1N1
using the PDA/protein G-coated substrate. As shown in the
lower panel of Figure 7b, it was difficult to identify the pH1N1
virus on the PDA/protein G-coated substrate because dark
spots were observed in both the control and pH1N1 samples.
Previously, we reported that the PDA/protein G-coated
substrate could be applied to the detection of influenza virus.
In our previous experiments, the PDA/protein G-coated
substrate was blocked with BSA to suppress nonspecific
binding.19 In this experiment, the BSA blocking step was
intentionally omitted and thus the control signals were highly
enhanced. The spots in the control sample were attributed to
the nonspecific adsorption of probe NPs and consequent
enhancements. It is noteworthy that the ZW-DOPA/protein
G-coated substrate can identify pH1N1 without the BSA
blocking process. Since the ZW-DOPA/protein G-coated
substrate has antifouling properties, the substrate can reduce
the nonspecific binding of NPs and allow us to detect pH1N1
successfully. The right plot in Figure 7b presents the plot of 8-
bit grayscale values as a function of the substrate, further
supporting that the ZW-DOPA/protein G-coated substrate
exhibits better sensing performance in the pH1N1 immuno-
assay than the PDA/protein G-coated substrate.
ZW-DOPA has a universal coating property similar to that of

PDA.39 Therefore, we coated a ZW-DOPA/protein G mixture
onto various substrates (poly(ethylene terephthalate) (PET),
polystyrene (PS), and poly(tetrafluoroethylene) (PTFE)).
Figures 7c and S3 show the naked-eye sensing results of the

Figure 6. Sensorgrams measured by biolayer interferometry systems
during antibody loading and washing. On the tip surfaces of bare
sensor systems, PDA (green), PDA/protein G (orange), ZW-DOPA
(blue), and ZW-DOPA/protein G (magenta) were coated. After
coating, the antibody was loaded on the tip surfaces and washed.

Figure 7. (a) Schematic procedures for pH1N1 detection with the
naked eye using the ZW-DOPA/protein G-coated substrate. (b)
Grayscale images of ZW-DOPA/protein G-coated (upper) and PDA/
protein G-coated (lower) substrates after pH1N1 detection with the
naked eye; the corresponding plot of 8-bit grayscale values on ZW-
DOPA/protein G-coated and PDA/protein G-coated substrates after
pH1N1 detection (right). (c) Grayscale images of ZW-DOPA/
protein G-coated poly(ethylene terephthalate) (PET) (left), poly-
styrene (PS) (middle), and poly(tetrafluoroethylene) (PTFE) (right)
substrates after pH1N1 detection with the naked eye.
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influenza virus on the ZW-DOPA/protein G-coated PET, PS,
and PTFE substrates. Dark spots were distinctly observable
only in the presence of pH1N1. After ZW-DOPA/protein G
coating, pH1N1 could be identified regardless of the substrate.
This result suggests that the ZW-DOPA/protein G mixture can
be coated onto various kinds of surfaces and that the antibody
can be immobilized uniformly on the surfaces. The universal
coating property of ZW-DOPA can broaden the application of
the current method to numerous immunoreaction-based
approaches.
For precise detection of pH1N1, the ZW-DOPA/protein G-

coated substrate was adopted as an immune substrate in a
SERS-based immunoassay. SERS is a fascinating phenomenon
in which Raman signals of molecules are significantly enhanced
at hot spots.40 Because of the single-molecule-level sensitivity,
fingerprint spectrum, and insensitivity to quenching, SERS has
been attractive for disease diagnosis and prognosis, food and
environmental monitoring, etc.40,41Figure 8a shows a sche-

matic illustration of pH1N1 detection through a SERS-based
immunoassay. The ZW-DOPA/protein G-coated substrate was
prepared and the polyclonal pH1N1 antibody was immobilized
as described above. This immune substrate was incubated with
pH1N1 and washed. Next, the urchin-like Au NP reporter was
reacted with the pH1N1-captured substrate and washed.
Finally, SERS signals were obtained. Before pH1N1 detection,
the surface of the urchin Au NPs was simultaneously modified
by monoclonal pH1N1 antibody and malachite green
isothiocyanate (MGITC), a Raman reporter that has a strong

absorbance peak near 630 nm.42,43Figure S4 shows the
absorbance spectrum of the urchin Au NPs, and the inset
presents a transmission electron microscopy (TEM) image of
the urchin Au NPs. These urchin Au NPs can provide high
SERS enhancement because strong electromagnetic fields are
generated in the NPs.44Figure 8b shows the SERS spectra of
MGITC obtained after the SERS-based immunoassays for
various concentrations of the pH1N1 virus. From the control
sample, only background signals were obtained. As the
concentration of the influenza virus increased from 10 to 107

PFU/mL, the SERS signals of MGITC gradually increased.
This result shows that precise detection of the pH1N1 virus is
feasible through the SERS-based immunoassay on the ZW-
DOPA/protein G-coated substrate. Figure S5 presents the plot
of the 1615 cm−1 band intensity as a function of the virus
concentration, suggesting the quantitative sensing of pH1N1,
with a detection limit of 102 PFU/mL. To examine the
selectivity of the SERS-based immunoassay, we tested four
types of viruses (pH1N1, H3N2, H5N2, and influenza B
virus). The concentration of each virus was 106 PFU/mL. As
shown in Figure 8c, the 1615 cm−1 band intensity was strongly
enhanced only in the presence of pH1N1, whereas weak
intensities were observed in the presence of H3N2, H5N2, and
influenza B virus. This outcome verified the specificity of the
current SERS-based immunoassay for pH1N1. The ZW-
DOPA/protein G coating method offers the properties of
universal coating, well-oriented antibody immobilization, and
antifouling. Therefore, we expect that the ZW-DOPA/protein
G coating method can serve as an excellent antibody
interfacing technique for immunoassays.

■ CONCLUSIONS
We report a one-step ZW-DOPA/protein G coating method
on a variety of surfaces, enabling oriented immobilization of
antibodies and suppression of nonspecific binding. The surface
characteristics of the ZW-DOPA/protein G-coated substrates
were examined by XPS, contact angle goniometry, AFM, and
ellipsometry. The ZW-DOPA/protein G-coated substrate
showed excellent antifouling properties, preventing the non-
specific adsorption of protein. Antibody immobilization on the
ZW-DOPA/protein G-coated substrate was confirmed by a
fluorescence and biolayer interferometry system. Furthermore,
the ZW-DOPA/protein G-coated substrates were employed as
immune substrates for influenza virus detection, allowing us to
identify pH1N1 by the naked eye and with SERS measure-
ments. Considering the ease of use and universal coating
capability, the current surface modification method will be
applicable to various kinds of substrates and provide an
efficient and convenient way to develop immune sensors.

■ EXPERIMENTAL SECTION
Materials. Dopamine hydrochloride, ammonium persulfate

(98%), Au NPs, Ag enhancer solutions A and B, and Au(III) chloride
trihydrate, Tris−HCl, phosphate-buffered saline (PBS), Tween 20,
nonfat milk, and 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
(HEPES) were purchased from Sigma-Aldrich. Protein G, GFP,
SYTO9, and propidium iodide were purchased from Thermo Fisher
Scientific. GBP-protein G was purchased from Bioprogen (Korea).
Alexa Fluor 647-Fluor Nanogold rabbit anti-goat lgG (H + L) was
purchased from Nanoprobes. Pandemic H1N1 virus (A/California/
07/2009) (pH1N1), influenza A/Brisbane/10/2007 (H3N2),
influenza A/aquatic bird/Korea/2351/2008 (H5N2), influenza B/
Victoria/Brisbane/60/208 (IFV B), and E. coli were provided as
described previously.19,45,46 The monoclonal anti-influenza A H1N1

Figure 8. (a) Schematic procedures for SERS-based pH1N1 detection
using the ZW-DOPA/protein G-coated substrate. (b) SERS spectra of
MGITC measured from ZW-DOPA/protein G-coated substrates after
the detection of various concentrations of pH1N1 (0−107 PFU/mL).
(c) Plot of the 1615 cm−1 band intensity as a function of the influenza
virus type. The concentration of each virus was 106 PFU/mL.
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antibody was purchased from Abcam. The polyclonal anti-influenza A
H1N1 antibody was purchased from Sino Biological. MGITC was
purchased from Setareh Biotech. Microscopy slides were purchased
from Marienfeld (Germany). PS, PTFE, and PET substrates were
purchased from a local market in Korea.
Surface Modification. For ZW-DOPA coating on the substrates,

as-synthesized ZW-DOPA was dissolved in Tris−HCl buffer (10 mM,
pH 8.5) at a concentration of 2 mg/mL. The ZW-DOPA solution was
then mixed with ammonium persulfate at a molar ratio of 2:1 in pure
water. Next, a substrate was incubated in the mixture of ZW-DOPA
and ammonium persulfate at room temperature for 2 h. Finally, the
substrate was sequentially washed with PBS buffer, including 0.1%
Tween 20 and pure water. For the ZW-DOPA/protein G coating, a
mixture of ZW-DOPA and ammonium persulfate was added to the
protein G solution (20 mg/mL) at a 1:1 volume ratio. Then, a
substrate was incubated in the ZW-DOPA/protein G solution for 2 h
at room temperature and washed with PBS buffer containing 0.1%
Tween 20 and pure water. Coating of PDA and PDA/protein G was
performed through the same procedures using dopamine hydro-
chloride instead of ZW-DOPA.
Fluorescent Antibody Immobilization. Each of the surface-

modified substrates (bare, PDA, PDA/protein G, ZW-DOPA, and
ZW-DOPA/protein G) was incubated with fluorescent antibody in
0.05% Tween 20 and 1% nonfat milk for 1 h at room temperature.
The antibody-immobilized substrates were washed with PBS buffer
containing 0.1% Tween 20 and then with pure water three times.
Protein and E. coli Adhesion Test. GFP solution was prepared

at a concentration of 0.5 mg/mL in PBS buffer. Each of the surface-
modified substrates was incubated with the GFP solution for 1 h at
room temperature. The substrates were gently washed with PBS
buffer containing 0.1% Tween 20 and then with pure water. Bare
glass, ZW-DOPA-coated glass, and ZW-DOPA/protein G-coated
glass were treated with 104 CFU/mL E. coli cultured in LB broth at 37
°C. After incubation at 37 °C for 18 h, the substrates were washed
three times and immersed in a dye solution (3 μM SYTO9 and 3 μM
propidium iodide) at room temperature for 20 min.
Detection of Influenza Virus with the Naked Eye. The ZW-

DOPA/protein G-coated substrates were incubated with the
polyclonal anti-influenza A H1N1 antibody (0.1 mg/mL) at room
temperature for 1 h and then washed with PBS buffer containing 0.1%
Tween 20 and pure water. For the preparation of the immunoprobe,
20 nm Au NPs in PBS (0.1 mM, pH 7.0) were added to GBP-protein
G (0.1 mg/mL) and reacted for 16 h at 4 °C. Then, the Au NP-GBP-
protein G probe was centrifuged (12 000 rpm, 20 min) at 4 °C and
resuspended in 10 mM PBS containing 0.05% Tween 20. The
resuspended probe was added to the monoclonal anti-influenza A
H1N1 antibody (10 μg/mL) and reacted at room temperature for 2 h.
The Au NP-GBP-protein G-antibody probe was obtained after
separation of the unbound antibody by centrifugation (12 000 rpm,
20 min) at 4 °C. For detection of the influenza virus, the prepared
pH1N1 solution (107 PFU/mL) was drop-incubated onto the
immune substrates for 1 h at room temperature. Next, the substrates
were washed with PBS buffer containing 0.1% Tween 20 and with
pure water. The pH1N1-captured substrates were then immersed in
the Au NP-GBP-protein G-antibody probe solution at room
temperature for 1 h and washed with PBS buffer containing 0.1%
Tween 20 and pure water. Finally, Ag enhancer solutions A (silver
salt) and B (initiator) were mixed (1:1 v/v) and applied to the
substrates. After 5 min, the substrates were washed with pure water
and dried with N2 gas.
Detection of Influenza Virus by SERS. The ZW-DOPA/protein

G-coated substrates were incubated with the polyclonal anti-influenza
A H1N1 antibody (0.1 mg/mL) at room temperature for 1 h and then
washed with PBS buffer containing 0.1% Tween 20 and pure water.
For the preparation of the SERS-active immunoprobe, 0.25 mL of
HAuCl4 solution (20 mM) was added to 10 mL of HEPES buffer (20
mM, pH 7.4). Next, a solution of MGITC in pure water was added to
the urchin Au NP solution with a final MGITC concentration of 20
μM. This solution was then incubated for 1 h at room temperature.
The MGITC-attached urchin Au NPs were added to GBP-protein G

(0.1 mg/mL) and reacted for 16 h at 4 °C. Then, the MGITC-urchin
Au NP-GBP-protein G probe was centrifuged (12 000 rpm, 20 min)
at 4 °C and resuspended in 10 mM PBS containing 0.05% Tween 20.
The resuspended urchin Au NPs were added to monoclonal anti-
influenza A H1N1 antibody (10 μg/mL) and reacted at room
temperature for 2 h. The MGITC-urchin Au NP-GBP-protein G-
antibody probe was obtained after separation of the unbound
antibody by centrifugation (12 000 rpm, 20 min) at 4 °C. For the
detection of influenza virus, pH1N1 solutions of various concen-
trations (0, 10, 102, 103, 104, 105, 106, and 107 PFU/mL) were
prepared. The prepared pH1N1 solutions were drop-incubated onto
the immune substrates at room temperature for 1 h, and the
substrates were washed with PBS buffer containing 0.1% Tween 20
and pure water. The pH1N1-captured substrates were then immersed
in the SERS-active probe solution for 1 h at room temperature. After
washing with PBS buffer containing 0.1% Tween 20 and pure water,
the substrates were dried with N2 gas and then SERS spectra were
measured. The selectivity test was accomplished through the same
procedures using H3N2, H5N2, and IFV B instead of pH1N1.

Instrumentation. XPS analyses were performed using a
previously reported instrument.47 Contact angle and thickness
measurements were carried out as described previously.26 AFM
images were obtained as described previously.19 Fluorescence images
were measured as described previously.19 Fluorescence microscope
images were obtained using an EVOSFL system (Thermo Fisher
Scientific). The binding kinetics of the antibodies on the surface-
modified substrates were measured by biolayer interferometry analysis
using a BLItz System (ForteBio). Grayscale images and histograms
were obtained as described previously.19 SERS spectra were obtained
as described previously.47
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