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a b s t r a c t
A novel method is reported for the detection of avian inﬂuenza virus subtype H5 using a biosensor based
on high spatial resolution imaging ellipsometry (IE). Monoclonal antibodies speciﬁc to H5 hemagglutinin
protein were immobilized on silicon wafers and used to capture virus particles. Resultant changes on
the surface of the wafers were visualized directly in gray-scale on an imaging ellipsometry image. This
preliminary study has shown that the assay is rapid and speciﬁc for the identiﬁcation of avian inﬂuenza
virus subtype H5. Compared with lateral-ﬂow immunoassays, this biosensor not only has better sensitivity, but can also simultaneously perform multiplexed tests. These results suggest that this biosensor
might be a valuable diagnostic tool for avian inﬂuenza virus detection.
© 2009 Elsevier B.V. All rights reserved.

1. Introduction
According to September 2009 World Health Organization statistics, the number of cases of the avian inﬂuenza virus (AIV) H5N1
directly crossing barriers and infecting humans was 442, giving
rise to 262 deaths (World Health Organization, 2009). In addition to H5N1, H9N2 and H7 subtypes have also been directly
transmitted to humans (Malik Peiris, 2009). The current inﬂuenza
pandemic has caused serious concern all over the world, and
highlights the need for a highly sensitive, accurate and rapid diagnostic tool for routine laboratory tests and systematic surveillance
programs.
Traditional methods for AIV detection and subtype identiﬁcation are based on virus isolation (VI) in tissue culture or
embryonating chicken eggs. Although VI is highly speciﬁc and sensitive, it is labor-intensive and takes 1–2 weeks to get results. While
alternative methods such as nucleic acid sequence-based ampliﬁcation (Lau et al., 2004), polymerase chain reaction (Payungporn et
al., 2006), poly-crystalline silicon nanowire ﬁeld-effect transistor
(Lin et al., 2009), etc., testing of viral nucleic acids are highly sensitive and allow rapid diagnosis of inﬂuenza infection, they often

require a relatively high level of sample manipulation that is inconvenient for infectious materials.
Compared with the above methods, the advantages of a biosensor based on imaging ellipsometry (BIE), such as high-throughput
allowing for multiplexed analysis, and quantitative, label-free and
rapid testing, are evident. While applications of BIE have mainly
been focused on the biomedical ﬁelds (Qi et al., 2009a; Jin, 2008;
Qi et al., 2006; Bae et al., 2004; Wang and Jin, 2003a,b) it is only
recently that a basic model for virus detection using BIE has been
established (Qi et al., 2009b). However, this method has not yet
been applied for detection of infective viruses, particularly for
the detection of whole virus particles causing human infectious
diseases.
The purpose of this study was to speciﬁcally identify different
AIV subtypes using a micro-array with multi-ligands. The key characteristic of our micro-array is that AIV antibody immobilization is
oriented by means of an interaction between protein A and the Fc
fragment of the antibody. Each kind of antibody in the micro-array
captures its corresponding whole avian inﬂuenza cystovirus, which
is then quantiﬁed by the BIE.
2. Experiment
2.1. BIE principle
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BIE has been developed in our laboratory for the purpose of performing parallel immunoassays and is based on a combination of an
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Fig. 1. Detection of AIV samples using BIE. (A) Schematic illustration. AIV antibody is immobilized on the substrate. When it interacts with the AIV particles, the gray-scale
value acquired by the ellipsometer will vary with respect to the antibody layer in the absence of AIV. (B) Experimental image in gray-scale and 3-D gray-scale distribution
map. ScFv ligands were immobilized in columns “a” and “b”; 4A4 in columns “c” and “d”; H5N1, H9N2 and the antibody control are shown in rows “1”, “2” and “3”, respectively.

integrated microﬂuidic reactor array system and imaging ellipsometry (IE). The microﬂuidic system is used for surface patterning and
array production, and for solution delivery, ligand immobilization
and target capture. IE is used for reading the protein arrays.
The microﬂuidic system has four main parts: sample plate,
multi-cell array, micro-channels and pumps. A multi-cell array
is formed when a polydimethyl-siloxane (PDMS) pattern mould
is in contact with the surface of a silicon substrate, each cell
having an inlet and an outlet for solution passage (Wang et
al., 2006). The inlet micro-channels are put into sample plate
and outlet micro-channels are connected with pumps (ISM939,
ISMATEC, Switzerland. www.ismatec.com) offering negative pressure. Different antibody ligands are delivered to different cells for
immobilization using the microﬂuidic system so that the surface is
patterned homogeneously and simultaneously in an array format.
The system’s simple channel junctions can be used in serial or parallel formats to analyze single or multiple samples simultaneously.
IE is a display technique for ultra-thin ﬁlm and surface characterization (Jin et al., 1996). The incident wave of polarized light
irradiates the sample as a probe beam and is thereby modiﬁed
resulting in the reﬂective or transmission beam having the ability to carry sample information, such as protein layer thickness.
When IE is used to detect layer thickness, the reﬂection intensity
is represented in gray-scale, and the variation in layer thickness
leads to changes in the gray-scale value. If the refractive index is
invariant, the gray-scale value will be directly proportional to the
thickness of the protein layer within the range of 0–30 nm layer
thickness, i.e. I = kd, where I is the light intensity and d is the layer
thickness (Chen et al., 2007). Under these conditions k is a constant
and can be determined from a protein layer with known grayscale values and known thickness (Arwin et al., 1993). At the same
time there is a relationship between surface concentration and ﬁlm
thickness: surface concentration (g/cm2 ) ≈K × d, where K = 0.12
(Stenberg and Nygren, 1983). Thus the gray-scale value directly
reﬂects layer thickness and surface concentration. The higher the
gray-scale value, the thicker the layer and the higher the surface
concentration.
2.2. Detection procedure
The general AIV detection procedure: silicon wafers, used as the
substrate, are modiﬁed with chemical reagents, resulting in the
formation of chemical groups on the surface which can covalently
immobilize antibodies against AIV as ligands. The modiﬁed wafers
are then put in contact with the microﬂuidic mould so that surfaces

of the wafers are patterned to form regular small cells in an array
format, the physical size of each cell being about 1.5 mm × 1 mm.
To immobilize ligands to form a sensing surface, a solution of antibodies against AIV is pumped into each cell. AIV samples are then
added to the sensing surface. After AIV capture, the micro-array
is removed from the microﬂuidic system and examined by IE to
determine the results.
2.2.1. Surface modiﬁcation
Silicon wafers were cut into 20 mm × 10 mm rectangles and
rinsed with deionized water. After soaking in piranha solution (30% H2 O2 :98% H2 SO4 = 1:3, v/v.) for 30 min to increase
the number of silanol groups on the wafer surface, and rinsing with deionized water and ethanol, the wafers were soaked
in a mixture of 3-aminopropyltriethoxy-silane (APTES) and absolute ethanol (APTES:absolute ethanol = 1:10, v/v) and incubated
for 2 h with gentle agitation. The reaction of APTES with the
surface silanol groups resulted in covalent immobilization of
–O–Si(OH)2 –(CH2 )3 –NH2 , forming a layer of densely packed amino
groups on the surface. After rinsing three times with absolute
ethanol, the wafers were incubated in a saturated solution of succinic anhydride in ethanol for at least 3 h with gentle agitation.
The CH2 CH2 COOCO– group of succinic anhydride reacted with
the –NH2 of –O–Si(OH)2 –(CH2 )3 –NH2 group immobilized on the
surface, generating –(CH2 )3 NH–CO(CH2 )2 –COOH. Once prepared,
wafers were stored in ethanol.
2.2.2. Ligand immobilization and AIV detection
When a modiﬁed silicon wafer was inserted into a microﬂuidic system, the carboxyl (–(CH2 )3 NH–CO–(CH2 )2 –COOH) group
on its surface was activated by solution NE. The NE was
prepared with N-hydroxysuccinimide (NHS, 0.05 M) and 1-(3dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDC,
0.2 M) in deionized water, and 10 l of NE solution per unit was then
added to the system at a ﬂow rate of 5 l/min and passed through
the surface of the wafer. In the presence of NHS, EDC could transfer
carboxyl groups to the Sulfo-NHS ester which could then react with
the amino groups of the protein. Subsequently, single chain variable
fragment (scFv) molecules and the monoclonal antibody (mAb) 4A4
were immobilized separately as ligands in the micro-array using
the microﬂuidic system. 4A4 reacts speciﬁcally with AIV subtype
H5N1 in hemagglutination inhibition (HI) assays, as described previously (Wang et al., 2004), while scFv molecules were selected
from a synthetic phage display library and were able to recognize a
conserved epitope in the inﬂuenza A virus hemagglutinin (B. Gao,
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unpublished results). Antibody were diluted in PBST (140 mM NaCl,
2.7 mM KCl, 10 mM Na2 HPO4 , 1.8 mM KH2 PO4 , 1% Tween 20, pH
7.3) to a concentration of 1 mg/ml, and 10 l per unit scFv was
then added at a ﬂow rate of 2 l/min and immobilized directly
on the wafer surface. For oriented immobilization of the 4A4, protein A (0.25 mg/ml) was added to the corresponding unit (5 l
per unit at 2 l/min) and covalently immobilized on the surface.
4A4 was then added (10 l per unit at 2 l/min) and immobilized
through an afﬁnity reaction between the Fc fragment of the 4A4
and protein A (Fig. 1A). Lastly, the surface was blocked by 5% (v/v)
gelatin (50 l per unit at 2 l/min). The units were rinsed with
PBST (20 l per unit at 20 l/min) between every two consecutive operation steps. Thus, a multiplex micro-array containing a
sensing surface array was formed. The AIV samples were added
to the inlet of the microﬂuidic system. The reference AIV antigens
[A/Goose/Guangdong/1/96(H5N1) and A/Chicken/Shanghai/10/01
(H9N2)] were kept separately in our laboratory at a titre of 256 as
determined by the hemagglutinin test. Virus particles in solution
were captured by the speciﬁc ligands when passing over the sensing
surface. Subsequently, the wafer was rinsed with deionized water
and taken out of the system. After rinsing with plenty of deionized water and drying under nitrogen, the micro-array pattern was
detected and recorded as images in gray-scale using IE. Binding of
AIV results in a signiﬁcant increase in the gray-scale value for the
appropriate unit of the sensing micro-array.
3. Results and discussion
3.1. Qualitative detection of AIV
A sensing surface consisting of six units with 4A4 ligands and
six units with scFv ligands was prepared (Fig. 1B). Inactivated virus
stocks of H5N1 and H9N2 were diluted separately (1:10) with PBST
and added to the corresponding sensing unit (50 l per unit at

2 l/min). The results are shown in Fig. 1B. Compared with controls (a3, b3, c3, d3), samples a1/b1, a2/b2 and c1/d1 had markedly
thicker ﬁlms, with the average gray-scale value showing signiﬁcant increases, e.g. for row 1, the mean positive sample (a1/b1)
score minus the mean control (a3/b3) score was 31.9 (P2 = 0.05,
the subscript of P indicates the quantity of units calculated Pvalue. P-value is calculated with Single-factor analysis of variance
and F test.), while for row 2 the mean positive sample (a2/b2)
score minus the mean control (a3/b3) score was 33.2 (P2 = 0.038)
and the mean positive sample (c1/d1) score minus the mean control (c3/d3) score for row 3 was 60.2 (P2 = 0.002; P10 = 0.000003).
Sample (c2/d2) did not show signiﬁcant increases and increases
score were 5.7 (P2 = 0.184; P10 = 0.42). CV (coefﬁcient of variation)% = SD (standard deviation)/mean × 100%. The intraassay CV%
in unit “d1” of detection H5N1 is 4.3% and the interassay CV% among
10 units of detection H5N1 on 5 chips is 12.2%. For the positive
response to H5N1, the percentage of signal increase in 60.2/the
mean control (c3/d3) × 100% = 45.6% which is much exceed the
CV%, while the negative response of H9N2 is 5.7/the mean control (c3/d3) × 100% = 4% which is less than the CV%. Thus we can
conclude that while the two subtypes (H5 and H9) could be captured by the scFv, they were easily distinguished by the 4A4 ligand.
Moreover, in the detection of H5N1, the gray-scale value when 4A4
was used as ligand (c1, d1) was markedly higher than that obtained
when scFv was used as ligand (a1, b1), also demonstrating that 4A4
was more efﬁcient for H5N1 capture.
Immobilization of ligand can impact its bioactivity and affect
the efﬁciency of AIV detection. Since direct ligand immobilization
is simple, we decided to immobilize the scFv and 4A4 directly to the
surface. We found that scFv could detect the two subtypes (H5 and
H9) effectively, but 4A4 did not detect either subtype. We hypothesize that the functional domain of scFv may be exposed, while that
of 4A4 is blocked due to steric hindrance and random orientation of
the antibody molecules adsorbed on the solid-phase surface (Kanno

Fig. 2. SNOM images of H5N1. (A) and (B) shear force mode images for H9N2 and H5N1, respectively. (C) Reﬂection mode image of H5N1. (D) 3-D reﬂection mode image of
H5N1.
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Fig. 3. Sensitivity of BIE for detecting H5N1. (A) Detection of a serial 10-fold dilution of H5N1, with 4A4 as the ligand. (B) Average gray-scale value (for two duplicate units).
(C) Lateral-ﬂow immunoassay for the detection of H5N1 virus. Inﬂuenza virus A was detectable at a dilution of 1:105 . When sample is added into the circle wells, the test
band on “T” position indicates that sample is detectable. The control or reference band on “C” position shows the validity or usability of the technology. A: inﬂuenza A virus;
B: inﬂuenza B virus.

et al., 2000). Oriented immobilization of antibodies by means of
capturing the Fc fragment via an interaction with an adsorbed layer
of protein A is an effective way for assaying anti-IgG (Wang and Jin,
2003b). However, scFv does not include an Fc fragment and therefore cannot be immobilized with protein A. 4A4 immobilized via the
interaction of protein A and its Fab fragment points away from the
substrate, so that its binding with AIV is facilitated, thus allowing
successful detection of H5N1. Thus, the oriented immobilization
of mAb 4A4 with protein A used here is an effective method for
assaying H5N1.
3.2. Conﬁrmation of AIV detection by SNOM
In order to conﬁrm the presence of virus particles on the surface, an H5N1 positive unit (c1, Fig. 1B) was scanned by scanning
near-ﬁeld optical microscopy (SNOM) (Toshiharu and Yoshihito,
2002) using shear force and reﬂection modes at the same time.
Both images are shown in Fig. 2. Large numbers of virus particles of
200–400 nm in diameter could be seen on the unit in the shear force
mode (Fig. 2B), whereas none were present on the negative control
unit (Fig. 2A, c2 in Fig. 1B) and no H9N2 particles were captured
by the 4A4 layer. A high resolution image was obtained in reﬂection mode (Fig. 2C and D) which uses direct light beams to “watch”
rather than “touch” (shear force mode) the virus and is less disruptive to the bioactivity of biological molecules. The results from
both modes were in good agreement, and the size and outline of
the virus shown in the micrographs were also consistent with those
deduced from electron micrographs of AIV (Nancy, 2007).

instructions. Our tests showed that the limit of H5N1 detection in
the lateral-ﬂow immunoassay was at a dilution of 1:105 (Fig. 3C).
Repeating more than 10 times, our results thus show that the BIE
assay was more sensitive in detecting highly pathogenic AIV. On
the other hand, Zhang et al. (2005) proposed that if different serial
dilutions of samples can be distinguished by BIE, then BIE has the
potential to detect unknown concentration of samples, quantitatively.
The micro-arrays developed here have multi-cells immobilized
with different ligands for different AIV subtypes. IE can be used
to visualize the variation in signal from all units of the microarray with high spatial resolution so that speciﬁc binding can be
identiﬁed. Therefore, different AIV subtypes can simultaneously
be identiﬁed in one micro-array in less than 10 min from virus
hybridization to image capture. So far, our work is just a demonstration for AIV detection with BIE. Unknown or simulated (artiﬁcial)
samples need to be done in the future for further practical applications.
4. Conclusion
We have developed a label-free and multiplex BIE method, using
a micro-array and oriented immobilization of mAb 4A4 via protein
A, which provides rapid identiﬁcation of H5N1 and H9N2 viruses
simultaneously. Our results demonstrate that BIE can be used for
quantitative detection of more types of virus or virus subtypes using
a simple and fast procedure.
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