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a b s t r a c t

A surface plasmon resonance (SPR)-based biosensor was developed for simple diagnosis of severe acute
respiratory syndrome (SARS) using a protein created by genetically fusing gold binding polypeptides
(GBPs) to a SARS coronaviral surface antigen (SCVme). The GBP domain of the fusion protein serves as an
anchoring component onto the gold surface, exploiting the gold binding affinity of the domain, whereas
the SCVme domain is a recognition element for anti-SCVme antibody, the target analyte in this study. SPR
analysis indicated the fusion protein simply and strongly self-immobilized onto the gold surface, through
GBP, without surface chemical modification, offering a stable and specific sensing platform for anti-
SCVme detection. AFM and SPR imaging analyses demonstrated that anti-SCVme specifically bound to
the fusion protein immobilized onto the gold-micropatterned chip, implying that appropriate orientation
of bound fusion protein by GBP resulted in optimal exposure of the SCVme domain to the assay solution,
old binding polypeptide resulting in efficient capture of anti-SCVme antibody. The best packing density of the fusion protein onto
the SPR chip was achieved at the concentration of 10 �g mL−1; this density showed the highest detection
response (906 RU) for anti-SCVme. The fusion protein-coated SPR chip at the best packing density had a
lower limit of detection of 200 ng mL−1 anti-SCVme within 10 min and also allowed selective detection
of anti-SCVme with significantly low responses for non-specific mouse IgG at all tested concentrations.
The fusion protein provides a simple and effective method for construction of SPR sensing platforms

select
permitting sensitive and

. Introduction

Severe acute respiratory syndrome (SARS) is a newly emerged
isease of global significance because of its highly contagious
ature. Extensive human worldwide travel, and contact with ani-
als [1,2], contribute to the SARS problem. Early detection and

dentification of SARS coronavirus (CoV)-infected patients, and
ctions to prevent transmission, are absolutely critical in pre-
ention of another SARS outbreak [1,3]. Although enzyme-linked
mmunosorbent assays (ELISAs) and real-time PCR-based diagnos-

ic tests for SARS have been valuable for early identification of
nfections, they are still laborious and expensive and require skilled
ersonnel [3–5]. Therefore, in terms of public health measures

n response to epidemics, a rapid recognition of emerging SARS

∗ Corresponding author. Tel.: +82 31 780 9320; fax: +82 31 780 9228.
E-mail address: shko7@kfri.re.kr (S. Ko).

039-9140/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.talanta.2009.03.051
ive detection of anti-SCVme antibody.
© 2009 Elsevier B.V. All rights reserved.

infections urgently requires new diagnostic tools that are portable,
sensitive, and easy to use, to assure (as much as possible) “in-field”
detection.

Recently, surface plasmon resonance (SPR)-based biosensors
have been developed for the direct monitoring of antigen–antibody
interactions. Such sensors offer several advantages: there is no
need for labeling; real-time detection is possible; curtailment of
non-specific binding is achievable; and detection of nanomolar con-
centrations of proteins of molecular weights larger than 180 Da is
possible [6,7]. In principle, a surface plasmon oscillation is a local-
ized wave that propagates along the interface between the gold
film and the ambient medium and is very sensitive to changes in
the refractive index near the gold surface when biomolecules bind

to that surface [7,8].

One of the main issues in the development of biosensors is effi-
cient immobilization of biomolecules on the sensor surface. Many
protein immobilization techniques, based on both physical adsorp-
tion and covalent linkage, have been developed in the past few

http://www.sciencedirect.com/science/journal/00399140
http://www.elsevier.com/locate/talanta
mailto:shko7@kfri.re.kr
dx.doi.org/10.1016/j.talanta.2009.03.051
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Fig. 1. Synthesis of (a) E-SCVme and (b) GBP-E-SCVme fusion genes by overlap PCR.
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ears [9]. However, the physical attachment to surface is likely to
e heterogeneous, weak, and randomly oriented, and the covalent
ttachment also can lead to random immobilization of proteins,
esulting in a reduction of biological activity. Such techniques are
umbersome and time-consuming. Therefore, a simple method to
mmobilize target proteins, with retention of biological activity, is
rgently required.

A gold binding polypeptide (GBP) containing triple repeats of a
articular 14 amino acid sequence is able to bind metallic gold [10].

nterestingly, none of these 14 amino acid residues is cysteine, gen-
rally considered to form a thiol linkage with gold [11], thus offering
new way of interaction between proteins and gold surfaces. Polar

ide-chains of peptides rich in serine and threonine seem to inter-
ct with the gold surface. The adsorption kinetics of GBP onto the
old surface were explored using SPR spectroscopy [12]. Further-
ore, proteins and peptides of interest can be fused to the GBP for

mmobilization on the gold surface [13]. These findings led us to
evelop protein immobilizations of biological sensors using GBP as
fusion partner.

In this paper, we developed a simple protein immobilization
ethod employing genetically engineered GBP-fused proteins as

oth biolinkers and ligands, to create a SARS diagnosis tech-
ique employing an SPR detection system. The GBP-fusion proteins
onsist of two domains of the GBP fused to SARS-CoV membrane-
nvelope (SCVme) protein. The fusion proteins can be directly
elf-assembled onto the SPR gold surfaces via the GBP portions
ithout complicated chemical modification of the gold surface,

nd the SCVme portion serves as a capture ligand for anti-SCVme
ntibody.

. Experimental

.1. Chemicals and reagents

Unless otherwise stated, all chemical reagents were purchased
rom Sigma–Aldrich (St. Louis, MO, USA). Rabbit anti-SCVme poly-
lonal antibody was prepared by immunization with a peptide
orresponding to residues 58–75 (COOH-CVYSRVKNLNSSEGVPDLL-
H2) of the envelope protein, according to the manufacturer’s
rocedures (Peptron, Daejeon, Korea). All restriction enzymes
ere purchased from New England Biolabs (Beverly, MA, USA).

hosphate-buffered saline (PBS, pH 7.4) from BD Biosciences (San
ose, CA, USA) was used as a flow solution and dilution buffer for
PR analysis. Distilled water (18 M� cm) was obtained using an
ltrapure water system (Milli-Q; Millipore, Billerica, MA, USA).

.2. Preparation of SARS-CoV envelope gene

Antigenic regions were predicted by analyzing the primary
tructure of the SARS-CoV envelope protein. Oligonucleotides
ncoding the SARS-CoV envelope protein were synthesized by
esign of gene sequence from the envelope amino acid sequence,
mploying the DNAWorks program [14]. The sequence encod-
ng the SARS-CoV envelope protein was obtained from GenBank
accession number AY274119.3). The relevant gene was located
rom base pairs 26,117–26,347 in the SARS genomic sequence, and
ncoded 76 amino acids [1]. The codon frequency was chosen to
epresent Escherichia coli class II, and the following parameters
ere employed: maximum oligonucleotide length, 50 nt; anneal-

ng temperature, 58 ◦C; codon frequency threshold, 50; number of

olutions, 50. Synthetic assembly of the intact envelope gene using
omponent oligonucleotides was performed with a single-step
ssembly protocol [15]. We describe the approach only in general.
olymerase chain reaction (PCR) experiments for gene assembly
ere carried out under the following cycling conditions: initial
Abbreviations are: 6His, six histidines; EGFP, enhanced green fluorescent protein;
GBP, gold binding polypeptide; SCVme, the SARS-CoV membrane-envelope chimera
protein.

denaturing step at 94 ◦C for 5 min to avoid any possible mispriming;
30 cycles of denaturing at 94 ◦C for 30 s; annealing at various tem-
peratures (depending on the melting temperatures indicated by the
DNAWorks program); extension at 72 ◦C for 1 min; and a final exten-
sion at 72 ◦C for 7 min. For gene amplification, 1 �L of the mixture
from the gene assembly reaction was used as a template, with the
outermost oligonucleotides used as primers. As in a previous report
[2], PCR experiments were performed using a Thermal Cycler (Bio-
Rad, Hercules, CA, USA) and high-fidelity Taq polymerase (Takara
Bio, Shiga, Japan) for the cloning of the SARS-CoV envelope gene in
E. coli. All DNA manipulations including restriction digestion, lig-
ation, and agarose gel electrophoresis, were standard procedures
[16]. The DNA sequence of the clone was confirmed by automatic
DNA sequencing (ABI Prism 377, PerkinElmer, Grove, IL, USA).

2.3. Preparation of GBP-EGFP-SCVme fusion proteins

Bifunctional fusion proteins were created by genetically fusing
GBP and SCVme to enhanced green fluorescent protein (EGFP),
allowing for two specific interactions between GBP and gold
substrates, and the capture of SCVme and anti-SCVme antibod-
ies by SCVme. EGFP from the jellyfish Aequorea victoria was
used as a model protein for soluble expression of the fusion
proteins and offered convenient monitoring of soluble frac-
tions, and a six-histidine (6His) was tagged to easily purify the
fusion proteins. The DNA fragment encoding 6His-EGFP was first
amplified by PCR with the primers P1 (5′-GCGAATTCCATGGT-
GCACCATCACCATCACCATAGCAAGGGCGAGGAG-3′) and P3 (5′-
ACAAAAACCTGTTCCGATTCTTGTACAGCTCGTCCATGCC-3′), using
the plasmid pEGFP (BD Biosciences) as a template. Then, the
fusion of the DNA fragment encoding incomplete SCVme to 6His-
EGFP was achieved by PCR amplification with the primers P2
(5′-GGCATGGACGAGCTGTACAAGAATCGGAACAGGTTTTTGT-3′) and
P4 (5′-CGGAATTCAAGCTTTTAGACCAGAAGATCAGGAAC-3′), using
pTrc-6HSCVme::AfBD [2] as a template. Finally, the complete 6His-
EGFP-SCVme (E-SCVme) fusion gene fragment was amplified with
the primers P1 and P4 using the PCR products encoding 6His-EGFP
and SCVme as templates (Fig. 1(a)). The PCR product was digested
with NcoI and HindIII, and ligated into the NcoI–HindIII fragment
of pTrc99A (GE Healthcare, Piscataway, NJ, USA) to construct
pTESCVme expressing E-SCVme fusion protein.

For the cloning of 6His-GBP-EGFP-SCVme (GBP-E-SCVme)
fusion gene (Fig. 1(b)), DNA fragments encoding EGFP and the
SCVme fusion gene were amplified by PCR as previously reported
[2]. The DNA fragment encoding 6His-GBP-EGFP was first ampli-
fied by PCR with the primers P3 and P5 (5′-GCGAATTCCATGGGC-
CACCATCACCATCACCATGGCAAAACCCAGGCGACCA-3′) using the

plasmid pTGE as a template. A DNA fragment encoding SCVme
was amplified using primers P2 and P4. Finally, the GBP-E-SCVme
fusion gene was amplified with primers P4 and P5 using the
above PCR products as templates. The amplified GBP-E-SCVme
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usion gene was digested with NcoI and HindIII, and ligated into
he NcoI–HindIII fragment of pTrc99A to construct pTGESCVme
xpressing GBP-E-SCVme fusion protein.

For expression of the fusion proteins, plasmids were consecu-
ively introduced into E. coli XL1-Blue strain (recA1, endA1, gyrA96,
hi, hsdR17, suppE44, relA1, l−, lac−, F′[proAB laclq lacZ�M15, Tn10
tet)r]), from Stratagene, La Jolla, CA, USA using a Gene Pulser
lectroporator (Bio-Rad) in accordance with the manufacturer’s
nstructions. The E. coli transformants harboring pTESCVme and
TGESCVme were cultivated in Luria–Bertani (LB) medium (tryp-
one 10 g L−1, yeast extract 5 g L−1, NaCl 5 g L−1) with ampicillin
100 �g mL−1) at 37 ◦C in a shaking incubator (200 rpm). Cell
rowth was monitored by measuring optical density at 600 nm
OD600) using a spectrophotometer (DU®650, Beckman, Fullerton,
A, USA). When cultures reached OD600 values of 0.6, the expression
f the trc promoter was induced by adding 1 mM (final concentra-
ion) isopropyl-�-d-thiogalactopyranoside (IPTG) to culture broth.
fter further cultivation for 6 h, cells were harvested by centrifu-
ation at 10,000 × g for 10 min at 4 ◦C and disrupted by sonication
Braun Ultrasonics, Danbury, CT, USA) for 1 min at 40% of output
ower. After centrifugation at 16,000 × g for 10 min at 4 ◦C, the
upernatant containing soluble proteins was obtained for further
nalysis. Because of the 6His tags, the E-SCVme and GBP-E-SCVme
usion proteins were simply purified using Ni-chelating resin (Qia-
en, Valencia, CA, USA).

.4. Fabrication of gold micropatterns

To prepare gold-patterned chips, glass slides were washed with
iranha solution (75% H2SO4/25% H2O2, v/v) to enhance gold adhe-
ion onto the glass substrate. An AZ9260 positive photoresist (SU-8,
icrochem, Newton, MA, USA) master was made on the slide by

ven pouring and spin-coating at 2000 rpm for 60 s. To remove
olatile organics, the slide was cured in a convection oven at 110 ◦C
or 3 min. After slow cooling, the slide was exposed to ultravio-
et (UV) light for 75 s at a temperature below 30 ◦C, which was
ery useful to prevent the photoresist cracking. UV-exposed slides
ere then treated with AZ9260 developer for about 5 min, and then
V-exposed photoresist was removed, but SU-8-negative photore-

ist was retained. A thermal evaporation unit was used to deposit
he chromium and gold onto the slide glass, in which height was
ontrolled to be 5 and 40 nm, sequentially. Following gold depo-
ition, the slides were soaked in acetone to remove the AZ9260
hotoresist over 4 h. Finally, the gold patterns of 50-�m circle in
iameter remained only on the developed region, where no pho-
oresist existed after development.

.5. Atomic force microscopy (AFM) imaging analysis

The GBP-E-SCVme fusion protein was immobilized onto the
old-micropatterned substrate by dipping the substrate into a solu-
ion of GBP-E-SCVme (100 �g mL−1) for 30 min at 25 ◦C, followed by
ashing with distilled water and drying with nitrogen gas. Anti-

CVme antibodies (100 �g mL−1) were sequentially treated onto
he substrate surface by dipping in antibody solution for 30 min
t 25 ◦C. Following washing and drying of the prepared chip, the
urface morphology and the height of each layer formed were inves-
igated by AFM. The AFM analyses were performed using an XE-100
canning Probe Microscope system (Park Systems, Suwon, Korea)
n the non-contact mode, employing a Tap300Al cantilever (Bud-
et Sensors, Sofia, Bulgaria) with an aluminum reflex coating on

he reverse side of the cantilever. The spring constant and the res-
nance frequency of the cantilever were typically 40 N m−1 and
00 kHz, respectively. The AFM images of the gold micropatterns
ere acquired in an ambient atmosphere (40–50% relative humid-

ty) at a speed of 1.0 Hz and a resolution of 512 × 512 pixel. To
9 (2009) 295–301 297

analyze surface roughness, and to verify the height of each layer
on the surface of glass slides, sample surfaces were scanned in an
AFM feedback loop in a manner permitting changes in cantilever
vibrational amplitude to be recorded. Feedback signals were used to
generate a topographic image. The phase lag was monitored while
each topographic image was being taken so that several topographic
images could be simultaneously collected.

2.6. Binding properties of GBP-E-SCVme fusion proteins onto SPR
chip surfaces

The binding of GBP-E-SCVme fusion protein onto the surface
of the SPR bare gold chip was characterized by SPR measurement
using a BIAcore3000TM instrument (Biacore AB, Uppsala, Sweden)
with an automatic flow injection system. A fresh SPR sensor chip
was attached to a separate chip carrier for easy assembly in the
SPR system. After the SPR chip was docked and primed, PBS was
used to flush the activated surface, to minimize non-specific bind-
ing and any unbound sites by removing loosely bound material and
dust. Fifty microliters of GBP-E-SCVme fusion protein (0.1 mg mL−1)
or E-SCVme fusion protein (negative control, 0.1 mg mL−1) were
injected onto the chip surface for 10 min using a liquid-handling
micropipette in the SPR system, and the surface was then washed
and equilibrated with PBS. The SPR responses are indicated in reso-
nance units (RUs). All SPR experiments in this study were conducted
in PBS at a flow rate of 5 �L min−1 at 25 ◦C, and all sensorgrams were
fitted globally using BIA evaluation software.

2.7. Sensitivity and selectivity of the GBP-E-SCVme-coated SPR
biosensor

To examine the sensitivity of the GBP-E-SCVme-coated SPR chip,
various anti-SCVme antibody concentrations (0.1, 0.2, 1, 10, 50, and
100 �g mL−1) were applied to the chip surface covered with the
GBP-E-SCVme, at optimal packing density determined above, for
10 min after blocking of non-specific binding with BSA for 10 min.
Then, the chip was rinsed with PBS. The limit of detection (LOD) was
determined by measuring the lowest anti-SCVme concentration
showing a significant change in signal over the baseline obtained
with the PBS. As tests for selective detection, solutions of 1 and
10 �g mL−1 of mouse IgG (negative controls) were allowed to flow
over fresh SPR chips coated with GBP-E-SCVme, at the optimal pack-
aging density, for 10 min,

2.8. SPR imaging (SPRi) analysis

The gold-micropatterned chip was loaded onto an SPRi appara-
tus (SPRi, K-MAC, Daejeon, Korea) using an incoherent light source
(a 150 W quartz tungsten-halogen lamp; Schott, Mainz, Germany)
for excitation. Briefly, �-polarized collimated white incident light
on a prism/gold/thin film/buffer flow cell assembly was set at a fixed
incident angle. Reflected light from this assembly was passed via a
bandpass filter centered at a wavelength of 830 nm and collected
by a CCD camera (Sony, Tokyo, Japan). Data images were collected
digitally via a B/W frame grabber. Scion Image release Beta 4.0.3
software (Scion Corp., Frederick, MD, USA) was used to analyze the
images.

3. Results and discussion
3.1. Surface morphology for binding of GBP-E-SCVme and
anti-SCVme onto the gold surface

Fabrication processes for homogeneous stable monolayer struc-
tures have been developed to control the surface orientations
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ig. 2. AFM images of the sequential binding of GBP-E-SCVme and anti-SCVme on
usion proteins onto the gold surface, and (c) subsequent binding of the anti-SCVme
f GBP-E-SCVme and anti-SCVme on the gold micropatterns; middle, three-dimens
these are average height differences of the individual scan lines from each area).

f biomolecules [17,18]. However, such fabrications require sur-
ace chemical modifications involving reactive functional groups or
harged materials. Uniformly oriented immobilization of the GBP-
-SCVme fusion protein onto the gold chip was easily achieved
ithout any surface chemical modification because of the gold

inding property of the protein. To examine whether protein
onolayers and protein molecular interactions might develop

n the gold chip surface, we analyzed, at the molecular level,
lterations in surface morphologies caused by sequential bind-
ng of GBP-E-SCVme and anti-SCVme antibodies onto a gold
urface, employing high-resolution AFM analysis. After the spe-
ific immobilization of the GBP-E-SCVme (100 �g mL−1) onto the
old-micropatterned surface, the subsequent binding of anti-
CVme antibodies (100 �g mL−1) onto the GBP-E-SCVme layer was
bserved (Fig. 2). GFP has a 4.2 nm long cylindrical structure with
MW of ∼27 kDa [19]. As GBP-E-SCVme fusion protein has a
W of ∼57 kDa, the length of GBP-E-SCVme can be estimated to

e ∼8.87 nm. The line profile of the GBP-E-SCVme bound onto
he micropatterned gold surface was measured as approximately

.2 nm as a height difference from the gold surface (Fig. 2(a) and (b)).
he height difference after binding with anti-SCVme antibodies
as about 12.8 nm, which shows specific interaction of antibod-

es with the monolayer of GBP-E-SCVme immobilized onto the
old substrate (Fig. 2(b) and (c)). Furthermore, roughness increases
ld-micropatterned surface. (a) Bare gold surface, (b) binding of the GBP-E-SCVme
dies on the GBP-E-SCVme layer. Left, schematic diagrams for the successive binding

topological images; right, the cross-sectional contours of samples a–c, sequentially

caused by sequential binding of GBP-E-SCVme and anti-SCVme
onto the gold surface were observed with different surface prop-
erties. Three-dimensional images show distinct well-shaped and
well-defined peaks on the gold surface, and the gradual rise in peak
numbers of Fig. 3(b) and (c) also indicates an increase in binding of
biomolecules, suggesting that the GBP-E-SCVme and anti-SCVme
antibodies were sequentially and specifically immobilized on the
gold surface as ordered monolayers with a uniform thickness.

3.2. SPR analysis of GBP-fusion protein binding

The binding properties of the GBP-E-SCVme onto the gold sur-
face were examined as shown in Fig. 3. The dynamic and specific
binding of GBP-E-SCVme onto the SPR gold chip was directly mon-
itored in real-time. A sharp increase in the SPR signal up to about
3060 RU was observed upon introducing GBP-E-SCVme solution
onto the chip surface, and about 98% of the GBP-E-SCVme remained
to the surface even after washing with PBS, which showed that
most of the fusion protein was strongly immobilized onto the chip

surface. The 3000 RU value obtained implies that about 3 ng of GBP-
E-SCVme was immobilized onto a 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 pg mm−2 on the sensor surface [20,21].
However, the SPR signal of 3057 RU generated from the binding of
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Fig. 3. SPR sensorgrams showing the specific immobilization of GBP-E-SCVme
fusion proteins onto the gold chip. Red line, GBP-E-SCVme of 100 �g mL−1 (3057 RU);
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Fig. 4. (a) SPR sensorgrams showing the specific immobilization of GBP-E-SCVme
fusion proteins onto the gold chip at various concentrations (1, 5, 10, 25, and
50 �g mL−1). Each SPR phase was explored: (i) before immobilization, (ii) after bind-

reduced detection signal, and Kolotilov et al. [26] also showed that
lue line, E-SCVme of 100 �g mL (1574 RU) as a negative control. (For interpreta-
ion of the references to color in this figure legend, the reader is referred to the web
ersion of the article.)

-SCVme (control) onto the chip surface immediately decreased up
o around 50% on rinsing with PBS, indicating that about 50% of
-SCVme was non-specifically bound to the gold surface. Positive
urface charges of the amine groups in E-SCVme proteins may be
rregularly coupled with negative charges of the gold surface by
lectrostatic force [22,23]. This showed that the electrostatic bind-
ng force was even weaker than the specific binding between GBP
nd the gold surface, and that GBP-E-SCVme fusion proteins could
e strongly immobilized onto the gold surface by the GBP domain.
revious work also reported that the binding of GBP onto the gold
urface is stronger than that of self-assembled monolayers of alka-
ethiol molecules due to the lower standard Gibbs free energy of
BP [12]. Therefore, it is clear that strong binding or adsorption of
BP-fusion protein onto the SPR chip can assist in studies on various
rotein–protein interactions.

.3. Optimal packing density of GBP-E-SCVme onto the gold
urface

In the study of the immunosensors, it is crucial to optimize
he packing density of a recognition element immobilized onto a
ensing surface in order to attain maximal sensitivity [24,25]. The
mount of GBP-E-SCVme fusion protein immobilized onto the gold
hip will affect the sensitivity of the SPR biosensor. To determine the
ptimal packing density, GBP-E-SCVme was immobilized onto the
old surface at various concentrations (1, 5, 10, 25, and 50 �g mL−1),
ollowed by washing out with PBS. Then, BSA (100 �g mL−1) was
njected onto the GBP-E-SCme-coated chips to block non-specific
indings. Finally, anti-SCVme antibody (100 �g mL−1) was applied
o the GBP-E-SCVme-layered surface in order to examine specific
inding between GBP-E-SCVme and anti-SCVme by SPR biosensor
esponse.

As shown in Fig. 4(a), the immobilization of GBP-E-SCVme
nto the gold surface increased progressively from 950 to 2250 RU
s GBP-E-SCVme concentration increased, indicating that GBP

ortion played an important role in surface self-immobilization
f GBP-E-SCVme. Fig. 4(b) shows the interaction between the
BP-E-SCVme layer and subsequent applied anti-SCVme. When
nti-SCVme was permitted to flow over the GBP-E-SCVme layer, SPR
ing of GBP-E-SCVme fusion proteins, and (iii) after washing with PBS. (b) Optimal
concentration of GBP-E-SCVme immobilized onto the SPR gold chip, showing the
highest signal from subsequent binding of anti-SCVme antibodies.

signals increased until the concentration of GBP-E-SCVme reached
to 10 �g mL−1, but they began to decrease as the concentration was
over 10 �g mL−1. Less than 10 �g mL−1, 1 and 5 �g mL−1 concentra-
tions of GBP-E-SCVme resulted in low levels of the fusion protein
immobilized on the gold surface, resulting in insufficient inter-
action between GBP-E-SCVme and anti-SCVme. Moreover, lower
signals of 680 and 480 RU compared to that (900 RU) observed at
the concentration of 10 �g mL−1 GBP-E-SCVme were obtained at
25 and 50 �g mL−1 concentrations, respectively, because the GBP-
E-SCVme was densely immobilized on the surface and thus steric
hindrance between closely packed GBP-E-SCVme molecules may
have occurred. These results indicate that the best packing density
of GBP-E-SCVme was obtained using a 10 �g mL−1 solution con-
centration. This particular packing density of the GBP-E-SCVme
likely reduced steric hindrance, provided sufficient binding sites
for anti-SCVme antibody, and avoided loss of biological activity.
Ko et al. [24,25] have shown similar trends that insufficiently or
densely immobilized antibodies on sensing surfaces can lead to a
a nanoparticle with immobilized protein A could not anchor suf-
ficient IgG molecules to its surface due to steric hindrances. The
best packing density of GBP-E-SCVme determined here was used
in subsequent experiments.
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proteins and anti-SCVme antibodies. The GBP-E-SCVme fusion pro-
teins (from a 100 �g mL−1 solution) were immobilized onto the
gold-micropatterned chip by dipping for 30 min at 25 ◦C. After the
GBP-E-SCVme-treated chip was washed with distilled water and
dried under nitrogen, the chip was dipped into a solution of anti-

Fig. 6. SPRi analysis of the sequential binding of GBP-E-SCVme and anti-SCVme onto
ig. 5. SPR sensorgrams for (a) sensitive and (b) selective detection of anti-SCVme u
0, and 100 �g mL−1) of anti-SCVme and (1 and 10 �g mL−1) of mouse IgG as negati

.4. Sensitivity and selectivity for SARS diagnosis

To investigate the sensitivity and selectivity of the SPR biosensor
ystem using GBP-E-SCVme for detection of anti-SCVme antibody,
he best concentration of GBP-E-SCVme (10 �g mL−1) determined
bove was applied onto the gold surface to simply construct a
ensitive SPR chip. The binding signal of anti-SCVme to the GBP-
-SCVme layer progressively increased from 11.3 to 905 RU as
he anti-SCVme concentration increased from 0.1 to 100 �g mL−1,
espectively (Fig. 5(a)).

In addition, the selectivity of the GBP-E-SCVme-coated SPR sen-
or chip for detection of anti-SCVme was examined using mouse
gG (1 and 10 �g mL−1) as negative controls (Fig. 5(b)). As expected,
ittle SPR responses of 5.8 and 6.7 RU were observed by the non-
pecific binding of mouse IgG at 1 and 10 �g mL−1, respectively.
hese SPR responses were much lower than those (43 and 142 RU)
btained when the anti-SCVme of 1 and 10 �g mL−1 concentrations,
espectively, were used. Also, the slight difference between SPR sig-
als of 5.8 and 6.7 RU means that the binding of mouse IgG was

ndependent of concentration since it was only a negative control.
t means that the GBP-E-SCVme-coated SPR chip selectively detects
nti-SCVme antibodies.

Meanwhile, the lowest SPR response value (11.3 RU) by the bind-
ng of 0.1 �g mL−1 anti-SCVme among various concentrations was
ven differentiable from the control signal (6.7 RU) for 10 �g mL−1

f mouse IgG. However, low detection limit is normally the sig-
al that is three times higher than the background signal [27,28].
he SPR signal of 25.2 RU at the anti-SCVme concentration of
.2 �g mL−1 meets this requirement. Therefore, it was determined
hat the LOD of the GBP-E-SCVme immobilized sensor chip for
etection of anti-SCVme in PBS was 0.2 �g mL−1. It is considered
hat the best packing density of GBP-E-SCVme fusion proteins used
n fabrication of the sensor chip may contribute to this low LOD.
hese results show that development of a sensitive and selective
mmunoassay system for SARS diagnosis was possible using a GBP-
-SCVme fusion protein-immobilized SPR chip.

.5. SPRi analysis for detection of anti-SCVme antibodies on the
old micropatterns

After we determined that AFM imaging and SPR spectroscopy
nalyses could successfully be used to study biomolecular inter-

ctions on the gold surface, we visually confirmed the successive
inding of GBP-E-SCVme and anti-SCVme antibodies onto the
old-micropatterned chip using an SPRi analysis system. The SPRi
ifference images produced by subtracting a reference image from
post-binding image contribute to visual confirmation of bind-
he GBP-E-SCVme immobilized gold sensor chip at various concentrations (0.1, 1, 10,
trols.

ing [29,30]. The gold-micropatterned chip was cleaned for 5 min in
piranha solution and next washed with distilled water. After drying
under nitrogen, the chip sequentially bound GBP-E-SCVme fusion
gold micropatterns composed of 50-�m diameter circles. (a) Three-dimensional and
two-dimensional (inset) images of bare gold micropatterns as controls (sample (i));
binding of GBP-E-SCVme fusion proteins onto the gold patterns (sample (ii)); and
successive binding of GBP-E-SCVme and anti-SCVme onto the gold patterns (sam-
ple (iii)). (b) Spot intensities of the three samples shown in scanned images were
measured through the gold circle micropatterns.
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CVme (100 �g mL−1) for 30 min at 25 ◦C. Following washing and
rying, the prepared chip was analyzed. The brighter spots indi-
ate binding of the target proteins onto gold substrates, because
eflectivity increases when binding occurs. As shown in Fig. 6(a),
he brighter spots shown in samples (ii) and (iii) (compared to
ample (i)) indicate the successive binding of GBP-E-SCVme and
nti-SCVme antibodies onto the gold micropatterns. The brighter
pots indicate the binding of target proteins onto gold substrates.
oreover, spot brightness is shown as spot intensity in Fig. 6(b).

he spot intensity increased to 11.2 RU when GBP-E-SCVme was
pecifically bound to a gold-patterned chip showing background
pot intensities of 4.6 RU, and subsequent binding of anti-SCVme to
he resulting GBP-E-SCVme layer yielded a stronger spot intensity of
2.8 RU. These SPRi images show that the binding of GBP-E-SCVme,
hrough the GBP domain, onto the gold substrate, was highly spe-
ific, and the fusion protein remained functional for further specific
nteraction between the SCVme domain and anti-SCVme, after
mmobilization onto the gold surface.

. Conclusion

The emergence of SARS has resulted in several outbreaks world-
ide. Therefore, in this study, a rapid diagnostic method of SARS
as developed using a new strategy for effective immobilization of
recognition element onto an SPR gold sensor chip. The recognition
lement (SCVme) for detecting anti-SCVme was genetically fused
o GBP. SPR analysis demonstrated that the fusion proteins were
irectly and simply self-immobilized onto the gold chip surface via
he GBP domain which has a strong gold binding affinity, without
urface modifications. The fusion protein-coated SPR chip offers a
table and specific sensing platform maintaining its anti-SCVme
inding activity. Moreover, AFM analyses demonstrated specific
inding of the fusion protein onto the gold surface and subsequent
inding of anti-SCVme to the SCVme domain of the fusion protein

ayer. Using the fusion protein described here as an anchoring and
ecognition element, the SPR chip for rapid diagnosis of SARS infec-
ions was easily constructed and contributed to the sensitive and
elective detection of anti-SCVme within 10 min. In future study,
he system needs to be combined with a signal-enhancing method
o obtain a more sensitive detection response. Furthermore, GBP-
usion proteins with other functional groups may open an avenue
or the development of various gold substrate-based biosensor sys-
ems.
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