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ARTICLE INFO ABSTRACT

Article history:

An active immobilization method utilizing the metal-binding property was developed and examined for
its ability to facilitate the biosensing of avian influenza virus. The special biosensing performance with
optical plasmonic analysis, including surface plasmon resonance (SPR) was evaluated on gold substrate
and also by SPR imaging (SPRi) and localized SPR (LSPR) system where antigen—antibody interaction
occurs. A complete optical analytical system was developed by integrating microarray and fabricating
nanoparticles onto a single glass chip, thus allowing specific and sensitive diagnosis with subsequent
binding. Reaction condition for the maximum reactivity was optimized by SPR analysis and more sensi-
tive interaction was performed by SPRi analysis. Furthermore, ultra-sensitive detection was successfully
developed up to the target molecules of 1 pgmL-! by LSPR analysis. The advanced phase-in of enhanced
plasmonic sensing system allows more efficient and sensitive detection by switching fabrication pro-
cesses, which were prepared on the gold surface using the nanoparticles. This inflow contains the gold
binding polypeptide (GBP)-fusion protein, which was expressed in recombinant Escherichia coli cells, was
bound onto the gold substrates by means of specific interaction. The GBP-fusion method allows immo-
bilization of proteins in bioactive forms onto the gold surface without surface modification suitable for
studying antigen-antibody interaction. It was used for the detection of influenza virus, an infectious viral
disease, as an example case.
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1. Introduction

Various valuable real-time tools, in situ analysis of dynamic
surface events, have been developed for studying biomolecu-
lar interactions on the ultra-thin films [1-3]. Aside from the
design of label and probes, active areas of research include an
advanced method such as time-resolved or spatially resolved,
evanescent wave, laser-assisted spectroscopy, surface plasmon res-
onance (SPR), and multidimensional data-acquisition [4-8]. Among
them, SPR sensor system offers the advantages of label-free, rapid
response time, highly sensitive and real-time detection of binding
events between biomolecules [1-5]. Unfortunately, conventional
SPR reflectometry sensor requires sophisticated optical instru-
mentation associated with the detection system. This limitation
is significant, because biosensors are urgently in demand for
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high-throughput and cost-effective monitoring. For the enhancing
the detection sensitivity, fiber bundle also has been employed for
purposes of imaging or for biosensor array in recent years [3-8].
Fiber optic sensors are based on either direct or indirect (indicator-
based) sensing schemes. In the first, the intrinsic optical properties
of the analysis must be measured, for example its refractive index,
absorption, or emission. In the second, the color or fluorescence of
an immobilized indicator, label, or any other optically detectable
bioprobe have to be monitored. The success of SPR in general and
in the form of fiber-optic sensors, in particular, is impressive.

To overcome the limit of detections, we evaluated a SPR, SPR
imaging (SPRi)- and localized SPR (LSPR)-based optical biosen-
sor for label-free monitoring of biorecognition events. As to gold
nanoparticles, SPR is localized at the particle surface, and there-
fore the use of these LSPR for sensing as in the case of non-planar
metal surface is possible. The Mie theory describes that there is
a restriction for the movement of electrons through the internal
metal framework, when the size of the metal particle is scaled
down to nano-level [9]. The collective charge density oscilla-
tions of nanoparticles are defined as LSPR. LSPR absorption bands
are characteristic of the type of the nanomaterial, the diameter
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Fig. 1. Schematic diagram of bio-recognition element onto the gold substrate by
GBP-fusion proteins. GBP-Ala immobilized on the bare gold surface is sequentially
bound by specific interaction between Ala and its anti-Al antibody.

of nanoparticles and their distribution [10]. LSPR-based optical
biosensor can be set up without using the specific configurations,
for example, the attenuated total reflection optical setup or waveg-
uide coupling. It is possible to fabricate very small devices based on
the LSPR technique with a simple optical setup.

With the advances in biosensor technology, many kinds of
biosensors based on LSPR have been developed. Using a gold
nanoparticle monolayer immobilized on the glass substrate,
Okamoto and Yamaguchi has observed the increase of both wave-
length and absorbance of the LSPR band as the reflective indices of
the sample solutions or the thickness of the films on the surface
increased [11]. Developing the biosensor from this technique, Nath
and Chilkoti reported an efficient assay for quantify biomolecular
interactions in real time on the functionalized surface by mea-
suring the transmission absorption spectra [12]. Moreover, they
optimized their chips by investigating the influence of nanopar-
ticle sizes on the sensitivity of the sensors [13]. Another type of
LSPR-based biosensor based on triangular silver nanoparticles was
developed [14-16]. These silver nanostructures were measured by
UV-vis extinction spectroscopy. The determination of organophos-
phorous pesticides using LSPR has recently been reported by Lin
etal.[17].Chauetal.reported the development of fiber-optic chem-
ical and biochemical probes based on LSPR [18]. Fujiwara et al.
measured the binding between the antibodies and proteins using
LSPR[19]. Liu et al. recently developed a nanoplasmonic molecular
ruler for measuring the nuclease activity and DNA foot printing [20].

However, the device fabrication has been time-consuming and
controlling the uniformity in the size of nanometals has been dif-
ficult, and resulted in poor reproducibility. For the improvement
of these issues, a simple way to excite the LSPR phenomenon
was archived by construct a gold-capped nanoparticle array chip.
Himmelhaus and Takei have first reported this type of biosensor
[21,22].1tdepends on the monolayer formation of surface-adsorbed
polystyrene spheres, following by the deposition of a thin gold layer
on their surface. This LSPR biosensor has demonstrated its linear
dependence on the refractive index of the surrounding environ-
ment. The shift to the longer wavelength as well as the change
in absorbance strength was also observed in the devices as the
biomolecules adsorb on the gold surface.

In this work, SPR-based optical biosensor using multi-spot
gold-capped nanoparticle array chip for label-free detection of
avian influenza (Al) virus as a rapid and user-friendly alterna-
tive to conventional techniques is demonstrated. The gold binding
polypeptide (GBP)-fusion protein for the Al surface antigen immo-
bilization was immobilized on the gold surface as shown in Fig. 1.
Firstly, a bare gold chip was used for immobilization of the
GBP-fusion protein, and its specific antibody can be bound subse-
quently. For enhancing the sensing signals, SPR imaging and LSPR
analysis were developed in this study. The multi-spot gold-capped
nanoparticle array chip, a LSPR exciting structure, was fabricated by
using silica nanoparticles. The optimization as well as characteris-
tics of the LSPR-based optical biosensor was then performed, which
brings several advantages such as sensitivity, low-cost and ease to

fabrication, and alternatively promises the recent complex opti-
cal system in the analysis applications for the dynamic biological
interaction.

2. Experimental
2.1. Chemicals and reagents

Restriction enzymes were purchased from New England Bio-
labs (Berverly, MA, USA). Agarose was from Cambrex BioScience
Rockland (Rockland, ME, USA). Unless otherwise stated, all chemi-
cal reagents were purchased from Sigma. Ni-NTA spin kit was from
Qiagen (Hilden, Germany). All oligonucleotides were synthesized
at Genotech (Daejeon, Korea).

2.2. Plasmid construction and protein preparation

Escherichia coli BL21(DE3) ([FF ompT hsdSg (rg~mg~) gal dcm
(DE3)], Novagen, Darmstadt, Germany) was used as host strains
for general cloning works and gene expression studies. Polymerase
chainreaction (PCR) experiments were performed with a PCR Ther-
mal Cycler Mini (Bio-Rad) using High Fidelity PCR System (Takara).
Restriction enzymes were purchased from New England Biolabs.
DNA sequences of all clones were confirmed by automatic DNA
sequencer (ABI Prism model 377, Perkin Elmer).

GBP is for the convenient monitoring of protein immobilization.
As described in the previous report, the DNA fragments encoding
GBP-fused genes were obtained by overlapping PCR amplification
using the plasmid pET-6HGBP containing the 6 histidine and
GBP coding gene [23]. The DNA fragments encoding the GBP
and the Al viral surface antigen (Ala) were amplified by PCR
amplification using the primers P1 (5'-GAAACAGCATATGCACC-
ATCACCATCACCACCACGGCAAAACCCAGGCGACCAG-3’) and P2 (5'-
GTACTCGAGGATCGGACGGTTGCTGCCTTTCCAGTTATCACGACAAG-
ACTGAATGGTACCGCT-3’) and the plasmid pET-6HGBP as a tem-
plate for the construction of 6His-GBP-Ala fusion gene. And then,
the PCR product was digested with Ndel and Xhol, and then cloned
into the pET-22b(+) to make pET-6HGBP-Ala.

Recombinant E. coli BL21(DE3) strain harboring pET-6HGBP-Ala
was cultivated in Luria-Bertani (LB) medium (10gL-! bacto-
tryptone, 5g L1 yeast extract and 5 g L~! NaCl) supplemented with
100 pg mL~1 of ampicillin at 37 °C and 250 rpm. At the ODggg (DU
600 Spectrophotometer, Beckman) of 0.4, cells were induced with
0.1 mM of isopropyl-B-p-thiogalactopyranoside (IPTG, Sigma) for
the production of the GBP-fusion protein. After induction, cells
were further cultured for 4h, and harvested by centrifugation
at 10,000 x g for 10 min at 4°C. The fusion protein was purified
by affinity chromatography using Ni column. Protein concentra-
tion was determined by Bradford’s method using bovine serum
albumin (Sigma) as a standard. The purified proteins were charac-
terized by high-performance liquid chromatography (Agilent) (see
Supplementary Information Fig. S1).

2.3. Prediction of putative antigenic regions of HSN1 and HIN2 Al
neuraminidase protein

By analyzing the primary structure of H5N1 and H9N2
Al neuraminidase protein obtained from a “chicken and
H5N1 neuraminidase structure database” (http://protein.
gsc.riken.go.jp/Research/Na/), the putative antigenic regions
of envelope protein were predicted. The hydrophilicity, flexible
region, antigenicity, and surface probability of HSN1 and HON2 Al
neuraminidase protein were calculated by Kyte-Doolittle plots,
Karplus-Schulz prediction, Jameson-Wolf prediction, and Emini
prediction, respectively (see Supplementary Information Fig. S2)
[24-27].
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2.4. Synthesis of specific polyclonal antibodies against Al surface
antigen

Rabbit anti-Al polyclonal antibody was prepared from Pep-
tron (Daejeon, Korea). Polyclonal rabbit serum was produced
by immunization with a peptide corresponding to the neu-
raminidase protein residues 291-302 (CRDNWKGSNRPI-NH,)
of H5N1 and H9N2 type Al containing cysteine for conjuga-
tion. It was synthesized and conjugated to maleimide-activated
keyhole limpet hemocyanin (KLH; Pierce Chemical) by N-
[4-maleimidobutyryloxy]succinimide ester (GMBS) conjugation
method [28], and conjugated to ovalbumin (OVA; 45,000 Myy)
which serves as a non-relevant carrier protein for enzyme-
linked immunosorbent assay (ELISA). Female rabbits (age 12-22
weeks) were injected 3 times at 21 day intervals with 500 mg
of peptide-KLH conjugate in Freund’s complete adjuvant (FCA;
Pierce Chemical) according to the manufacturer’s protocol. Serum
was screened by indirect ELISA using the peptide-KLH conjugate.
Each well of the 96-microwell ELISA plate was coated with 10%
(w/v) of peptide-OVA conjugate in 50 mM carbonate buffer (pH
9.0), and the plates were incubated overnight at 4°C. Without
blocking, 100 p.L of antiserum or hybridoma supernatant was incu-
bated for 45 min at 37 °C. Bound antibody was detected with goat
anti-rabbit immunoglobulin G (IgG)-horseradish peroxidase and
O-pheylene-diamine dihydrochloride (Sigma). The titer of the rab-
bit antiserum following immunization was about 1:100,000. This
antibody was purified through the column and concentrated up to
1.6mgmL-1.

2.5. Binding analysis

The binding of GBP-Ala fusion protein and anti-Al antibody
on the gold surface was characterized by using a BIAcore 3000™
SPR system (Biacore). The gold sensor chips, bare gold chip and
CM5 amine-coated sensor chip (Biacore), were attached to a sep-
arate chip carrier for the easy assembly after surface coating,
and was inserted into the SPR system. All experiments were con-
ducted in phosphate-buffered saline (PBS, pH 7.4) at a flow rate of
5uLmin~! at 25°C, and all sensorgrams were fitted globally using
BIA evaluation software. 50 pL of GBP-Ala fusion proteins with var-
ious concentrations (6.25, 12.5, 25, and 50 wgmL~!, respectively)
were loaded onto the chip using a liquid-handling micropipette.
After protein binding, the gold chip surface was washed and
equilibrated with PBS solution. For antigen-antibody interaction
studies, 50 WL of rabbit anti-Al polyclonal antibodies with vari-
ous concentrations (1, 2.5, 5,25, 50, and 100 g mL~!, respectively)
were added to the gold surface, subsequently. In order to deter-
mine the optimal binding affinity of GBP-Ala fusion protein and
anti-Al antibody to the gold surface, subsequently, all samples
were examined with various concentrations by the serial dilution,
respectively.

2.6. Surface plasmon resonance imaging analysis

All SPR imaging experiments were performed with an SPR imag-
ing apparatus (SPRi, K-MAC, Korea). An incoherent light source (a
150 W quartz tungsten-halogen lamp, Schott) was used for exci-
tation as previously reported [29]. Briefly, p-polarized collimated
white light incident on a prism/Au/thin film/buffer flow cell assem-
bly was set at a fixed angle. Reflected light from this assembly was
passed through a band pass filter centered at 830 nm and collected
by a CCD camera (Sony, Japan). The Scion Image Beta 4.0.2 software
(Scion Corp., USA) was used to analyze the images.

2.7. Fabrication of multi-spot gold-capped nanoparticle array
chip and optical spectroscopy system for influenza diagnosis

For deposition of chromium (Cr) and gold (Au) on the slide glass
substrate (S-1215, 76 mm x 26 mm x 1 mm, Matsunami Glass,
Japan), a sputtering equipment (MHS 1800, MooHan, Korea) was
used at a base pressure of 4 x 1076 Torr. A Cr layer of 5nm and bot-
tom Au layer of 40 nm were deposited onto the slide glass substrate.
The growth rates were manually adjusted to 0.1As~! (Cr) and
1.0As~1 (Au), respectively. The surface of silica nanoparticles was
modified using 1% (v/v) 3-aminopropyltriethoxy silan (y-APTES,
Sigma-Aldrich) solution in ethanol by continuous stirring at room
temperature for 24 h. The modified silica nanoparticles were then
prepared at 1% (v/v) by dispersing in deionized (DI) water. For
fabricating the multi-spot biochip, a 60 multi-spot (diameter:
2mm) silicon-rubber mask was carefully placed on the surface
of chromium/gold-deposited slide glass substrate. Then, 1 mM
4,4'-dithiodibutyric acid (DDA, Sigma-Aldrich) was introduced
to the gold-layered surface and left for 1h to allow formation of
a self-assembled monolayer (SAM) of the DDA. The previously
surface activated silica nanoparticles and 400 mM 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide (EDC, Sigma-Aldrich) were
mixed 1:1 and introduced to the activated SAM formation for 1h.
The EDC served to activate carboxyl group of SAM formation, which
in turn, formed esters between the amino group of nanoparticles
and the carboxyl group of SAM formation. After addition of each
solution, the nanoparticle layer modified substrates were rinsed
thoroughly with DI water to remove the excess surface-modified
nanoparticles and subsequently dried at room temperature.
Finally, a top Au layer of 30 nm in height was deposited onto the
nanoparticle layer modified substrate using the sputtering equip-
ment. The multi-spot gold-capped nanoparticle array chips were
in agreement with the well-known properties that provided a suit-
able platform for LSPR-based analysis as a previous report [30]. The
instruments for the evaluation of the optical properties of multi-
spot gold-capped nanoparticle layer chip were based on an LSPR
spectroscopy microscopy system (Ocean Optics, USA). Experimen-
tal setup for the evaluation of optical properties was reported in our
previous studies (see Supplementary Information Fig. S3) [30,31].

2.8. Label-free detection of Al using antigen—antibody interaction
on the multi-spot gold-capped nanoparticle array chip

First, an aliquot (5 wL) of 100 wgmL~! GBP-Ala solution was
introduced to multi-spot gold-capped nanoparticle array chip and
incubated for 1h. After the immobilization of Ala, the surface of
multi-spot chip was rinsed thoroughly with DI water and dried
at room temperature. We could immobilize Ala on the surface
of multi-spot chip because GBP-fusion protein with Ala could be
immobilized on the gold surface of multi-spot chip. A desired
concentration of anti-Al antibody was introduced to the GBP-
Ala-immobilized multi-spot chip surface, and the inter-reaction
was allowed, which was incubating for 1h at room tempera-
ture. After a stringent washing of the surface with DI water,
the change in the spectrum was monitored by using a label-
free optical biosensor system (see Supplementary Information Fig.
S4).

3. Results and discussion

3.1. Binding capability of GBP-fusion protein onto the gold
surface

To investigate the sensing window, the concentrations (6.25,
12.5, 25 and 50 pgmL~!) of GBP-Ala fusion protein were varied
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Fig. 2. Molecular binding optimization of GBP-Ala and its antibody with different concentrations. (a) Specific bindings of GBP-Ala antigen on the gold surface with various
concentrations (6.25, 12.5, 25, and 50 g mL~', respectively). (b) Subsequent bindings of anti-Al antibody with various concentrations (1, 2.5, 5, 25, 50, 100, and 200 g mL~',
respectively). The bindings were started at 150 s and the unbound samples were washed at 750 s. The more amount of resonance unit (RU) was shown in higher concentration.

and immobilized onto the gold chip surface by SPR microfluidics.
A greater shift in resonance unit (RU) was observed by SPR analy-
sis with increasing concentration of immobilized GBP-Ala bound
on the planar surface at various concentrations (Fig. 2a). These
results suggest that the SPR sensor with GBP-fusion protein imple-
mented on the bare gold surface can be an effective system for
biomolecular binding. Thus, the concentration of GBP-Ala was fixed
to 25 wgmL1.

For the subsequent binding of anti-Al antibody, different con-
centrations (1-200 pg mL~!) of specific antibody were bound to the
GBP-Ala fusion protein on the gold sensor chip. The saturated 4000
RU value implies that about 4 ng of anti-Al antibody was immobi-
lized onto the gold surface area of 1 mm2. One RU is determined as
0.0001° of resonance angle shift and equivalent to a mass change of
the 1 pgmm~2 on the sensor chip surface [32,33]. Specific anti-Al
antibody against Ala was applied to the GBP-Ala-layered surface to
monitor specific binding between GBP-Ala and anti-Al by using SPR
biosensor (Fig. 2b). However, its limit of detection for anti-Al anti-
body was 1 wg mL~!, which has a low sensitivity. Therefore, a more
sensitive detection tool is needed to enhance signal evaluations of
the biosensor.

3.2. Target binding efficiency of immobilized GBP-fusion protein

To verify the significant binding of GBP-Ala and anti-Al rather
than by PBS, control experiments were performed. SPR chips were
immersed in PBS for 10 min without immobilization of GBP-Ala
and anti-Al. No significant RU shift was observed (data not shown).
Similarly, the SPR chip immobilized GBP-Ala was immersed in the
PBS. Thus, it is confirmed that the cases without specific bind-
ing between GBP-Ala and anti-Al antibody do not affect RU shift.
In order to investigate the selectivity of antigen-antibody bind-
ing, a nonspecific binding experiment using anti-rabbit IgG was
carried out. Fig. 3a shows that only the specific anti-Al was selec-
tively bound to GBP-Ala immobilized on the SPR sensor chip
surface.

To compare the target protein-binding efficiency, specific anti-
bodies were immobilized on the gold substrate by two different
methods: (1) physical adsorption and (2) covalent cross-linking.
For physical adsorption, specific antibody solution (5 wM) in PBS
(without Tween 20) was loaded onto the cleaned gold sensor sub-
strate at a flow rate of 5 WL min~!. After immobilization, the sensor
substrate was washed with 0.1% PBS-T (PBS with 0.5% Tween 20)
at 20 wLmL~! until the SPR signal became stable. Covalent cross-
linking was performed by amine-coupling on a dextran-coated
sensor substrate, CM5, in accordance with the manufacturer’s
instructions (Biacore). In these two immobilization methods, the

number of immobilized specific antibody on the gold sensor sub-
strate was controlled at the same level as that of the bispecific
antibody.

To verify the non-specific binding onto the amine-coated
gold substrate, physical adsorption and chemical cross-linking of
GBP-Ala fusion protein of about 60 resonance units (RU) were
observed in SPR response on the CM5 amine-coated sensor chip
compared with those between GBP-fusion protein and gold sur-
face as shown in Fig. 3b. Furthermore, almost target molecules
could not be bound to the GBP-Ala bioreceptor molecules, because
the orientation of biomolecules on this sensor surface cannot be
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Fig. 3. SPR sensorgrams for (a) specific and selective binding affinity on the bare
gold chip and (b) non-specific binding on the amine-coated gold chip with GBP-
Ala antigen of 25 pg mL~! fixed concentration. Bold line, anti-rabbit Al antibody of
50 wgmL-1; thin line, anti-rabbit whole IgG of 50 pg mL-!.



250 TJ. Park et al. / Talanta 89 (2012) 246-252

, (b)

240 pgmL-~

120 pg mL""! g
£
S

60 pg mL" =

30 pg mL"

240 120 60 30

Fig. 4. SPR imaging analysis of GBP-fusion proteins immobilized on the gold substrate having the feature of spray microarrays. (a) Fluorescence image of the sequential
binding between GBP-Ala and anti-Al antibody with different concentrations of target molecules. (b) Plot profiles of the immobilized biomolecules scanned through the (a)

image of the gold surface.

controlled. From this result, specific immobilization and correct
orientation between GBP-fusion protein and gold surface is strong
and alternative molecular linker.

3.3. Development of the SPR imaging analysis for enhancing
target-bindings

To examine whether the GBP-fusion system can be used for
enhancing the sensitivity by using SPR-based protein-protein inter-
action studies, spray-type microarray and SPR imaging analysis
were carried out the following procedure. The GBP-Ala fusion
proteins of 25 ugmL~! were immobilized on the bare gold sur-
face by using a piezomicroarrayer. After immobilization of the
GBP-Ala fusion proteins, the substrate was incubated in a solution
of 0.02% (v/v) Tween 20, 0.1% (w/v) BSA, 50 mM sodium phosphate,
and 300 mM NaCl (pH 8.0) for 30 min. Then, the gold substrate
was rinsed 3 times with DI water and dried with air condition.
Subsequent binding of the anti-Al antibodies with different con-
centrations to GBP-Ala fusion proteins bound to the gold surface
further incubated and washed. After drying, the chip was analyzed
with the SPR imaging apparatus for investigating the sensitivity
as shown in Fig. 4. The lowest binding signal was 30 pgmL-! via
spray-type arrayer and fluorescence signal. Compared with clas-
sical SPR analysis, more sensitive detection was possible in SPR
imaging method.

3.4. Fabrication of the LSPR chip for enhancing target-bindings

In this study, we fabricated a label-free optical biosensor based
on the deposition of a thin gold film on the 60 multi-spot silica
nanoparticle array chip with the simple process. The multi-spot
gold-capped nanoparticle array chip used the silica nanoparticles
as the core and a thin gold film as a cap on the surface (Fig. 5a). The
excellent monodispersity of the resulting of commercially available
silica nanoparticles translates into the visible region. Especially,
the modified silica nanoparticles were formed as a monolayer by
covalent attachment using the monolayer of DDA following the
deposition of 40 nm gold thin film. The absorbance peak of 60 multi-
spot gold-capped nanoparticle array chip was observed at 540 nm
as shown in Fig. 5a. This structure can excite the LSPR signal easily
with the high reproducibility.

The sensing ability of the 60 multi-spot gold-capped nanopar-
ticle array chip was examined by specific interaction between Al
antigen and its antibody. The changes in the LSPR absorbance peak

(@)
(4) LA AL
e 1.2
g (3) pib L
= =
8
s
8
5 08
7]
Nel
<
03
0.0

400 450 500 550 600 650 700 750 800
Wavelength (nm)

(b) 5
e S b
~—— -

12} =
I ’ After subsequent binding
ﬂi with anti-Al antibody
o ot
o
c
s o35
= 06} After immobilization
S ISP of GBP-Ala
2 Bare substrate
-4

o3l

0.0 -

450 500 550 600 650 700 750

Wavelength (nm)

Fig. 5. (a) Optical characteristics of multi-spot gold-capped nanoparticle array chip
with LSPR absorbance peak. (1) Slide glass substrate, (2) after gold deposition on slide
glass substrate, (3) after silica nanoparticle array on the gold-deposited substrate,
and (4) gold-capped nanoparticle array chip. Absorbance peak of multi-spot gold-
capped nanoparticle array chip was observed at 540 nm. (b) Absorbance spectrum
of LSPR properties obtained after binding of 100 ug mL~' GBP-Ala with 1 ugmL~!
anti-Al antibody in wavelength region (from 450 nm to 850 nm). LSPR properties of
bare substrate (black line), GBP-Ala-immobilized on the multi-spot chip surface (red
line), binding reaction between GBP-Ala and anti-Al antibody on the multi-spot chip
surface (green line). Inset represents the 60 multi-spot gold-capped nanoparticle
array chip with one spot of 2 mm in diameter. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of the article.)
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ence of anti-Al antibody with concentrations ranging from 1fgmL~" to 1 pgmL~.
(b) Calibration curve for absorbance dependence on anti-Al antibody concentration
by using GBP-Ala-immobilized multi-spot chip.

of the multi-spot gold-capped nanoparticle array chip were greatly
influenced by the thickness of the biomolecular layers on the chip
surface. The absorbance strength increments caused by the forma-
tion of several biomolecular layers on the surface were observed
for GBP-Al antigen and anti-Al antibody. Fig. 5b shows the superim-
posed spectrum profiles obtained from 60 multi-spot gold-capped
nanoparticle array chip, and the absorbance peak was observed
at 540nm (black line). When GBP-AI antigen of 100 pgmL~! in
PBS solution was immobilized on the surface of 60 multi-spot
gold-capped nanoparticle array chip, we could observe an increase
in the absorbance intensity (red line). Under a similar condition,
the interaction condition of 1 ug mL~! anti-Al antibody against the
immobilized antigen (GBP-Ala) caused a significant enhancement
in the absorbance intensity (green line).

3.5. Sensitivity of biosensor performance

Fig. 6a shows the superimposed absorbance spectrum curves
obtained from GBP-Ala antigen immobilized on the surface of 60
multi-spot gold-capped nanoparticle array chip in the presence
of anti-Al antibody with concentrations ranging from 1fgmL™!
to 1 wgmL~!, pronounced absorbance increments were observed.
The calibration plots in Fig. 6b display the dependence of the
absorbance intensity on the concentration of anti-Al antibody. The
detection limit of the 60 multi-spot gold-capped nanoparticle array
chip was determined as 1pgmL~! anti-Al antibody with a wide
dynamiclinear range between 1 pgmL~"'and 1 pg mL~!and R? value
of 0.9835 for Aabsorbance. Error bars correspond to the standard
deviation of triplicate measurements (n=3). The standard devia-
tions of the absorbance intensity value were less than 10% in all
the measurements using all the 3 different chips, which indicated
that our chips could be fabricated uniformly and are suitable for

fabrication of devices with similar responses. Experiments with
blood samples toward this goal are currently in progress in the lab-
oratory. A possible disadvantage of our method in comparison to
the standard SPR-based analyses might be that our method would
not allow studying an unstable biomolecular interaction. However,
the sensitivity of the chip by the signal enhancement was very
low. Moreover, the GBP-fusion protein binding to the gold sub-
strates is highly specific, and the fusion proteins bound to the gold
micro-patterns remained functional as demonstrated by success-
ful antigen-antibody interactions. These results suggested that a
strong enhancement of a local signal field was generated around
the nanostructure owing to the specific interaction with refractive
index in the bio-layers, which have the potential of becoming new
widely used tools.

4. Conclusion

In conclusion, we evaluated an optical biosensor system for the
influenza detection on the gold surface as a proof-of-concept, which
is the flat bare and nano-embossed surface. Signal optimization by
the binding of receptor and target using SPR was examined via
various concentrations of biomolecules and selective binding of
target was tested with whole IgG on the bare gold substrate. For
the more sensitive detection, SPR imaging analysis was performed
on the piezoarray-type microarray chip. Furthermore, LSPR was
performed for highly efficient detection of Al on the nanoparticle-
capped array chip. For the detection of protein-protein interactions
by integrating the genetically engineered protein employing an
SPR, SPRi, and LSPR system, specific and efficient binding of the
GBP-fusion proteins on the gold substrates, and the interaction
between the GBP-fusion protein and anti-Al antibodies could be
demonstrated. Furthermore, the multi-spot gold-capped microar-
ray chip developed in this study can be used for highly sensitive
detection of protein interactions. The GBP-fusion protein could
be specifically immobilized onto the gold nanoparticles. This opti-
cal biosensor system was employed for the successful detection
of influenza virus by a spectrum and signal intensity measure-
ment using SPR, SPRi and LSPR system. The specific binding of the
GBP-fusion protein onto the gold surfaces suggests that various
nanobiosensor devices can be similarly manufactured for the detec-
tion of clinical diseases and other protein-protein interactions.
These assays will allow high-throughput bioassays of multiple
samples. Another obvious advantage of this system is that any
protein can be fused to GBP, which can be easily produced by sim-
ply cultivating the corresponding recombinant cells. This platform
technology should be useful for developing optical biosensors and
diagnostic applications for their various advantages such as high
sensitivity and specificity, which permits them to rival the most
advanced optical protocol. However, a validation of the influenza
detection in a practical point of view may need additional works
such as real sample test and mixed sample test.
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