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Abstract

Bovine ephemeral fever (BEF) is a viral disease of cattle. A flow type quartz crystal microbalance (QCM) immunosensor was developed
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or the real time determination BEF virus (BEFV) that is suitable for clinical point-case diagnosis. Self-assembled monolayer (
hiols and sulphides by the cystamine–glutaraldehyde method was used for the immobilization of BEFV monoclonal antibody o
urface of a quartz crystal microbalance (QCM). A positive correlation was found between the virus concentration and frequenc
R2 = 0.9962) on this QCM system. The reproducible rates for the 50 and 10�g/mL samples were 4 and 13.9%, respectively. There
o interference from non-specifically adsorbed phage. Using this flow type QCM immunosensor, BEFV could specifically be dete
ensitivity comparable to a conventional enzyme-linked immunosorbent assay (ELISA). The measurement could be obtained dire
everal minutes, rather than hours as required visualizing the results of ELISA. In addition, the observation of reproducible and const
fter successive additions of BEFV suggests that a QCM immunosensor in a flow cell could be developed for automated or cont

ime operation.
2004 Elsevier B.V. All rights reserved.
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. Introduction

Bovine ephemeral fever is a viral disease of cattle and
ater buffaloes which also has sub clinical involvement in a
ariety of ruminant species. The disease has major economic
ignificance as it causes great economic losses due to de-
reased production in dairy herds, reduction in the condition
f prime animals, disruption of stock movement, and disrup-

ion of markets[1]. Ephemeral fever caused by BEF virus, a
ingle stranded negative sense RNA virus that is a member
f the Rhabdovirus family[2]. Ephemeral fever is usually

∗ Corresponding author. Tel.: +886 3 5381183x8361;
ax: +886 3 5385858.
E-mail address:kushang@mail.yust.edu.tw (K.-S. Chang).

diagnosed based on history and clinical signs. Diagnosi
be made based on the sudden onset of febrile reaction
ing for 2–5 days with spontaneous recovery. Seasonal o
rence and symptoms of oropharyngeal secretions, joint
and stiffness are characteristic manifestations of the dis
However, a confirmatory diagnosis can be obtained by i
tion of BEFV from blood collected in heparin or EDTA an
coagulant during fever or by demonstration of a rising tite
neutralizing and complement fixing antibodies in paired
collected during illness and 2 or 3 weeks later[3,4]. This
study used a biochemical method based on enzyme-l
immunosorbent assay (ELISA) for BEFV antibodies de
tion [5]. Generally, two blood samples were tested for e
object one collected during the initial stage of the illness,
the other collected 3 weeks later. If BEFV is responsible

039-9140/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
oi:10.1016/j.talanta.2004.09.011
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the illness, BEFV antibody levels will be much higher in the
second test than in the first. This method has several advan-
tages, including high selectivity and lower detection limit, but
the procedure is somewhat complicated and requires several
hours for a single measurement. Besides, this method cannot
distinguish between naturally inspected titre and vaccination
titre.

The BEFV is present in nasal discharge and/or respiratory
secretions in infected cattle. Possibly, a diagnosis of BEF can
be made by detecting BEFV in cattle sera or saliva. However,
to the knowledge of the authors, no previous studies have re-
ported the threshold of virus concentration required to cause
clinical symptoms. To avoid the spread of BEFV infection, a
rapid and real time screening method was required for detect-
ing BEFV in cattle. A method using a biosensor is a promising
strategy for dealing with problems such as those associated
with conventional ELISA methods. An assay system which
uses biosensor can achieve a selective and sensitive detection
because the bio-molecules used in the biosensor have a spe-
cific and strong affinity to the target molecule[6–10]. A quartz
crystal microbalance (QCM) system[10,11]has been shown
to be an effective transducer to construct an immunobiosen-
sor, and is highly sensitive and suitable use in real time and au-
tomated monitoring[12–15]. Such a piezoelectric device has
the advantages of very small size, minimal electrical and elec-
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precoated with nyebar C and BSA using the ‘dip-and dry’
method. Although the adsorption of antibodies is a widely
used method for the detection of various analytes[19–21],
including HIV antibodies[15,22], it is not particularly reli-
able due to the complexity of sample composition, handling,
and lack of automated, continuous operation.

On the other hand, a system using a QCM immunosensor
in a flow cell might be developed for automated or continuous
operation. The relationship between the oscillation frequency
change of a quartz resonator in contact with liquid and ac-
cumulated mass had first realized by Kanazawa and Gordon
(1985) who derived the following equation[23]:

�F = − F
3/2
0

(
ρ1η1

πρqµq

)1/2

whereF0 is the resonance frequency of the crystal,ρ1 andη1
the absolute viscosity and density of the solution,ρq andµq
the density and shear modulus of the quartz crystal, respec-
tively. The details of the characteristics of the quartz sensor in
the liquid phase were reviewed by Thompson et al.[24]. The
resonance frequency is influenced by viscosity, density, con-
ductivity, specific gravity, surface roughness, surface stress,
etc.[25–30]. This observation opened up possibilities for ap-
plying the QCM immunosensor for developing a new type of
signal for biosensor design[24].
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ronic circuitry requirements, adaptability to micro-flui
echniques, inexpensive fabrication, utility in a flow cell,
equential refinement of positive signals[12,13]. The sensin
art of the QCM consists of a thin quartz disk with electro
lated on it[11]. The application of an external electrical p

ential to a piezoelectric material produces internal mec
cal stress. A resonant oscillation is achieved by inclu
he crystal in an oscillation circuit which has electric and
echanical oscillations near to the fundamental frequ
f the crystal. The fundamental frequency depends on

hickness of the wafer, its chemical structure, shape and
16]. Several factors can influence the oscillation freque
ncluding the physical properties of the adjacent media[11]
density or viscosity of air or liquid). As shown by Sauerb
1959), changes in the resonant frequency are simply re
o the mass accumulated on the crystal[17]. Thus for detec
ion in air the frequency change is simply related to the ch
n mass:

F = −2.3 × 106F2
0
�M

A

here�F is the measured frequency shift (Hz),F0 the res
nance frequency of the crystal,�M the change of the ma
eposited andA the area coated.

As the analyte binds to the coated surface, there is a
rease in mass at the interface, which will decrease the
ation frequency. The observed frequency change is dir
roportional to the increase in mass and can, therefor
orrelated with the amount of analyte binding.

The first QCM immunosensor was developed by Sho
l. for the detection of BSA antibodies[18]. The crystal wa
In this study, a flow type quartz crystal microbalance
unosensor for real time determination of BEFV was de
ped. Self-assembled monolayer (SAM) of cystamine
lutaraldehyde were used for the immobilization of antib

es to the gold surface of quartz crystals[16,31–35]. The
hiol–gold interaction has a higher binding energy than
lectrostatic interaction[36–38]as measured by X-ray ph
oelectron spectroscopy (XPS). It is, therefore, a rea
bly stable surface treatment. SAMs of antibodies have
chieved using antibody–thiol complexes[39]. A frequency
ecrease was detected as the immuno-reaction betwe
EFV and its antibodies. In this paper, we show that the Q
easurement is useful for the determination of the BEF

. Experimental

.1. Reagents and materials

Bovine serum albumin (BSA), glutaraldehyde and glyc
ere purchased from Sigma Chemical Co. (St. Louis, U
he anti-BEFV monoclonal antibodies (IgG1, K), BEFV a
abies virus were provided by Mr. S.S. Liu of the Dep
ent of Veterinary Medicine, National Pingtung Univers
f Science and Technology, Pingtung, Taiwan. The BE
as isolated from the blood of a cow suffering ephem

ever. The virus has 7 passages in the brain of suckling m
4 passages in baby hamster kidney-21 (BHK21) cell an
laque was purified in Vero cells to produce a high titre s
tock. The seed stock of the virus was stored in liquid n
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Fig. 1. Schematic illustration of the QCM setup. Films are prepared on the
gold electrode (4 mm in diameter).

gen vapour. The virus suspension was purified by a number
of centrifugation steps where the virus was clarified, pelleted
and equilibrated on a 15–60% (w/w) sucrose gradient. The
procedure of BEFV monoclonal antibody preparation and
characterization was by the method described by Cybinski et
al. [40]. The bovine sera from 10 cattle were used to evalu-
ate the QCM immunosensor. Those cattle were from herds
in Pingtung, Taiwan, an area known to be free of BEF. The
running buffer for assay is 100 mM phosphate buffer saline
(PBS). 100 mM phosphate buffer were prepared by mixing
stock standard solution of K2HPO4 and KH2PO4 and adjust
the pH with NaOH. The common chemicals used for prepa-
ration of buffers, etc., were of analytical reagent grade. All
the solutions were prepared with deionized distilled (DD)
water.

2.2. Apparatus

A schematic illustration of the QCM setup is depicted in
Fig. 1. The QCM measurement system (ANT P2000, Taipei,
Taiwan) is constructed by attaching the flow cell in which
temperature is controlled by circulating water. The quartz
crystal oscillator employed in this study was 9 MHz AT-cut
quartz, with Au electrodes deposited on both sides (4 mm in
diameter). The FIA system consists of a fluid circuit with a
p for
t rier).
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2.3. ELISA

The purified anti-BEFV monoclonal antibody was diluted
to 200�g/mL in 100 mM sodium carbonate buffer pH 9.6 and
then 100�L solution were added to each well of a polystyrene
microtitration plate overnight at 4◦C [5]. After decanting an-
tibody solution, unbound sites were blocking with 1% gelatin
in PBS (pH 7.0) containing 0.05% Tween 20 at room temper-
ature for 2 h. The wells were then incubated with various con-
centrations of horseradish peroxidase label goat anti-mouse
IgG antibodies. All incubation steps were done at 37◦C for
1 h and the microtitration plates were washed with PBS con-
taining 0.05% Tween 20 three times when proceeded from
one incubation steps to another. The specific binding was
evaluated by reacting with chromogenic peroxides substrate
(Cappel ICN Pharmaceuticals, Inc., Ohio, USA) and the ab-
sorption was measured by ELISA reader (Dynateck, MR
5000) at 492 nm.

2.4. Immobilization of antibodies on the gold electrode

A peristaltic pump combined with a pulse-dampening
module developed specifically for this system guaranteed a
continuous flow of buffer liquid with small fluctuations and
a flow rate of 70�L/min through the flow system. Unless
o sur-
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eristaltic pump, an injection valve and a plug-in mount
he sensor chips (i.e. QCM mounted on the Teflon car
he electronic components comprise an oscillator circu

egrated in the lid of the plug-in mount, a frequency coun
n A/D converter, a personal computer and electronic con

or the pump and the injection valve. The output freque
as continually monitored by a HP 53181A universal cou

Boise, ID, USA) and finally transferred to a computer us
GPIB interface. Frequency output was programmed u

he LabVIEW 6.1 software package (National Instrume
ustin, TX, USA). Before measurement, the crystals w
leaned by immersion in 1.2 M NaOH for 10 min, and 1.
Cl for 5 min. After each step, the crystal was thoroug
ashed with distilled water. The freshly cleaned QCM c

als were soaked overnight in 25 mM cystamine. The de
ive QCM was washed with distilled water to remove solu
nreacted reagents.
therwise stated, the cystamine modified-coated gold
ace was upside and in contact with the flowing solution.
egent and sample were injected into the flow system. A
ection valve with a 100�L sample loop was employed f
njection of the samples. All experiments were carried
t 35◦C. Vacuum degassed PBS (pH 7.0) was pumped

he crystal surface until baseline with noise below 0.2 Hz
chieved.

For each experiment a single injection of 20 mM g
araldehyde was introduced into the flow stream and allo
o interact with the cystamine modified-coated gold surf
hen the sensor chip was incubated with anti-BEFV a
odies at 35◦C and allowed to interact with the glutarald
yde followed by blocking the crystal surface with 100 m
lycine. Unless otherwise state, 200�g/mL anti-BEFV anti-
odies were used.

.5. BEFV measurements in test samples

After the immobilization of antibodies and blocking, v
ous concentrations of BEFV solution were injected into
est flow stream using a syringe when a steady-state ba
requency of the testing system had been obtained. Th
ponse frequency was displayed and simultaneously lo
y the computer until a steady-state was achieved. The

erence between the baseline and the steady-state freq
as used to calculate the concentration of BEFV. Cal

ion curves to determine sensor sensitivity were obtaine
easuring the BEFV concentration from 1 to 300�g/mL. All

he solutions used in the BEFV measurements were pre
ith 100 mM sodium phosphate buffer (pH 7.0) solution
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3. Results and discussion

3.1. Typical binding curve registered with the flow type
QCM immumosensor

Self-assembled monolayer on gold surfaces have become
an increasingly important method for molecular immobiliza-
tion [36,37]The S Au association is quite stable, and can be
used as a first layer in the development of a self-assembled
tether for derivatization of the QCM surface. We chose to pur-
sue an SAM having a thiol-terminated linker which attaches
it to the gold surface and a derivatizable terminus for the at-
tachment of antibody. The cystamine–glutaraldehyde method
was used in the following experiment (Fig. 2). The reaction of
glutaraldehyde with a primary amino group to form a Schiff
base bond has been investigated and applied to covalently
binding compounds and antibody-containing amino groups.
As reported elsewhere, the gold electrode surface was func-
tionalized with primary amino groups by chemisorptions of
cystamine[41]. The amino tails of SAMs and the anti-BEFV
antibody reacted with the aldehyde groups of bifunctional
reagent glutaraldehyde. The electrode modification process
is illustrated inFig. 2.

After installation in the FIA system, the cystamine coated
sensor surface was then concurrently reacted with 20 mM
g M
g der.
F the

F
c

Fig. 3. Example of a binding curve: (1) coated surface in equilibrium with
phosphate buffer; (2) the frequency decrease indicates a Schiff base bind-
ing between the glutaraldehyde and cystamine; (3) the frequency decrease
indicates the binding of glutaraldehyde and the antibody; (4) no frequency
shift after the blocking process; (5) the frequency decrease indicates binding
between the BEFV and anti-BEFV immobilized on the electrode surface. At
equilibrium, the frequency reaches a stable value.

QCM. The frequency shifts were calculated as the difference
between two stable frequency values, that is to sayf2 − f1,
f3 − f2, f4 − f3 and f5 − f2. The first decrease in frequency
(f2 − f1) at 10 min is due to the SAu association of cys-
tamine and glutaraldehyde. The first large drop in frequency,
at 25 min (f3 − f2), is due to the binding of the glutaralde-
hyde and anti-BEFV antibody. The un-reactive area of the
glutaraldehyde was blocked by the addition of glycine fol-
lowed by the addition of anti-BEFV antibody, resulting in
no significant change in frequency at 45 min (f4 − f3). The
frequency decrease at 80 min (f5 − f4) was due to the bind-
ing between the BEFV and anti-BEFV antibody immobi-
lized on the electrode surface. At equilibrium the frequency
reaches a stable value. Two commonly used methods exist for
generating surface presenting ligands for use in immunosen-
sor studies[42]: (1) commercially available carboxymethyl
dextran-coated substrates (CM5 chips) with protein, and (2)
SAM techniques used on gold surfaces. The dextran-coated
substrates are convenient to use because a variety of chemical
methods for immobilizing proteins to dextran have been de-
veloped[33]. Whereas, the dextran-coated substrates are dis-
advantages, such as those associated with non-specific bind-
ing, the exclusion of large proteins from the interior of the
gel and high cost. SAMs made from thiols presenting ligands
are useful for immunosensor studies. SAMs are structurally
w red to
b ore,
t par-
t t the
s

3
r

in-
lutaraldehyde, 200�g/mL anti-BEFV antibodies, 100 m
lycine and various concentrations of BEF virus in or
ig. 3 shows a typical binding curve registered with
ig. 2. The chemical steps of BEFV antibody immobilization by the
ystamine–glutaraldehyde method.

v CM
c with
ell characterized on a molecular scale, and can be tailo
e highly resistant to non-specific adsorption. Furtherm

hey lack the ambiguities associated with the interfacial
itioning of large proteins because the binding occurs a
urface of the SAMs.

.2. Determination of BEFV concentration and the
egeneration of the coated crystal

Optimal conditions for antibody immobilization were
estigated after varying the antibody concentration. A Q
oated with cystamine and glutaraldehyde was tested



Y.-G. Lee, K.-S. Chang / Talanta 65 (2005) 1335–1342 1339

Fig. 4. Typical time course of frequency change of QCM in contact with
various concentrations of anti-BEFV antibody.

200, 400 and 500�g/mL anti-BEFV antibody resulting in
frequency differences of 60, 108 and 111 Hz, respectively
(Fig. 4). After the adding of 200�g/mL anti-BEFV antibody,
the frequency decreases with time due to the Schiff base bind-
ing of glutaraldehyde and anti-BEFV antibody. A stable value
was reach at the seventh minute. However, when 400�g/mL
of anti-BEFV antibody was added, the frequency decrease is
seen to be more rapid and trends to saturate quickly, indicating
most antibody molecules have bound to the glutaraldehyde.
The frequency increased slowly 4 min after the injection of
anti-BEFV antibody and could not reach a stable frequency.
It was possible that some non-binding antibody mass also
contributes to some frequency shift in the solution, but is re-
moved during the rinse. The slow frequency increase was due
to the dissociation of some non-binding anti-BEF antibody.
When the electrodes were treated with 400�g/mL anti-BEFV
antibody, the electrode can bind with anti-BEFV antibody to
97% of complete binding. The frequency differences were
106, 107, 108 and 110 Hz for four injections of 400�g/mL
anti-BEFV antibody to the cystamine and glutaraldehyde
modified electrode. Good reproducibility (CV = 1.6%) was
achieved. Although the electrode could couple more antibod-
ies when 400�g/mL anti-BEFV antibodies were used, such
antibodies have disadvantage associated with overloading the
crystal which decrease the detection range of the sensor (data
n
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Fig. 5. Measurement curve for the QCM immunosensor. BEFV in a con-
centration of 5 and 20�g/mL was injected four times and one time, respec-
tively, on the quartz crystal microbalance. The sensor chip was incubated
with 200�g/mL anti-BEFV antibodies at 35◦C and allowed to interact with
the glutaraldehyde followed by blocking the crystal surface with 100 mM
glycine.

Fig. 6. Binding and regeneration curve of the BEFV immunosensor: (1)
the frequency decreased but rapidly returned to the initial baseline when
60�g/mL BSA was injected; (2) 41 Hz residual frequency change observed
after the first injection of the 60�g/mL BEFV; (3) only 25 Hz of frequency
change occurred after the second injection of the same concentration of BEF
virus. The less residual frequency changes indicated that the amount of BEFV
exceeds the linear detection range of the sensor for two consecutive injections
of 60�g/mL BEFV sample; (4) the surface was treated with a solution of
80 mM glycine HCl to break the antibody–antigen bond and regenerate the
surface in order to perform a new experiment; (5) successful regeneration
by glycine HCl brings the frequency back to its original frequency. The
sensor chip was incubated with 200�g/mL anti-BEFV antibodies at 35◦C
and allowed to interact with the glutaraldehyde followed by blocking the
crystal surface with 100 mM glycine.

between the anti-BEFV antibody and the BEFV.Fig. 6shows
the measurement signal of the immunosensor after block-
ing with glycine. The sensor surface was then concurrently
reacted with 60�g/mL BSA, two consecutive injections of
BEF virus 60�g/mL, and 80 mM glycine/HCl (pH 2.8) in
order. With BSA reaction, the frequency slowly returned to
the initial baseline value compared to the frequency change
observed in the first injection of 60�g/mL BEFV leading to
the 41 Hz residual frequency changes described. The lack of
response to BSA shows that the responses observed were not
due to non-specific binding. Only a 25 Hz frequency change
was found after the second injection of the same concentra-
ot shown). Therefore, crystals coated with 200�g/mL of an-
ibody solution were used for subsequent studies.

After blocking, different dilutions of the analyte were
ected onto the sensors.Fig. 5shows the measurement sig
or four consecutive injections of BEF virus 5�g/mL and
ne injection of BEF virus 20�g/mL onto the sensor. In th
ase the mass deposition effect was slightly over-lappe
he viscosity effect of the sample. Therefore, the frequ
hange is determined after the temporary viscosity peak
ecause of this, the frequency change only correspond

he permanent frequency change due to analyte adsorpti
onfirm that the interaction between the virus and the su
as specific, a control experiment has performed by in

ng rabies virus on the sensor. No significant response
bserved (Fig. 5) after injection of 20�g/mL rabies virus
onfirming that virus binding was mediated by interacti
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tion of BEFV. The less residual frequency changes indicated
that the amount of BEFV exceeds the linear detection range
of the sensor for two consecutive injections of 60�g/mL
BEFV sample. A further study on the linear detection range
of the sensor is presented below. For repeat use of the sensor,
the bound analyte should be dissociated from the antibody-
coated sensor. We tested 8 M urea, 80, 100, 500 and 1000 mM
of glycine/HCl as dissociating agents. The concentration of
80 mM glycine/HCl (pH 2.8) was found to be the best for use
as a dissociating agent (data not shown), as it restored the fre-
quency to 80% of its original value. In literature, glycine/HCl
was demonstrated to be an effective dissociation agent for
anti-BSA and human TNF-�monoclonal antibody[33,43],
but fails in human IgG antibody[33]. In the present exper-
iments only 20% of the original response could be restored
following three assays. These results indicate the infeasibil-
ity of the system used in these experiments because of the
denaturing of BEFV antibody[44]. Consequently, the detec-
tion was started with the cystamine modified electrode rather
than with the regenerated sensing phase in the following ex-
periments. Further work is required to create a system which
can remove previously bound antibodies for continuous mon-
itoring. A system using capture agent[45] or stabilizers[44]
to immobilize antibodies on QCM immunosensors would be
useful for reducing the BEFV antibody denaturing.
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Fig. 7. (A) Specificity of the BEFV sensor. Line 1 represents the frequency
change as a function of BEFV concentrations from 1 to 300�g/mL (�).
Line II shows the dose responses of the sensor exposed to rabies virus.
(B) Calibration graph of the BEFV sensor. The sensor chip was incubated
with 200�g/mL anti-BEFV antibodies at 35◦C and allowed to interact with
the glutaraldehyde followed by blocking the crystal surface with 100 mM
glycine.

sensor with BEF virus is specific because the sensor does
not respond to the rabies virus (Fig. 7A, line 2). The calibra-
tion curves for the BEF sensor are depicted inFig. 7B. The
dose response is linear over BEF virus concentrations rang-
ing from 1 to 100�g/mL (R2 = 0.9962), but begins to plateau
at concentration greater than 100�g/mL with the increase
in concentration (Fig. 7A, line 1). We obtained a detection
limit of 5 �g/mL (frequency change = 3 Hz; S/N > 3) for the
determination of BEFV.

Table 1shows the steady-state frequency shifts measured
after repeated affinity adsorption of BEFV on to the crystal.
The coefficient of variability (CV%) values of inter-assay
with 10, 20 and 50�g/mL virus concentration (n= 5) were
13.9, 8.3 and 4.0%, respectively, whereas those of 20 and
50�g/mL were low enough to show good reproducibility.
These results indicate that the proposed BEFV immunosensor
could provide reproducible determination of BEFV.

Table 1
Frequency shift and reproducibility of the BEF virus immunosensor

Concentration (�g/mL) Frequency shift (Hz)
(meana ± S.D.)

CVb (%)

10 4.72 ± 0.66 13.9
20 9.34 ± 0.78 8.3
50 31.2 ± 1.25 4.0

T

.3. Calibration curve and the reproducibility of the
EF immunosensor

If the measurement was performed immediately foll
ng the blocking process, a frequency change of 7 Hz wa
erved for 5�g/mL of BEFV (Fig. 5). However, the frequen
hange reduced to 3 Hz when the measurement was
ormed at 1 week after the blocking process. It indicated
he electrodes presented here demonstrate a degrada
eactivity within the first week. This performance agreed w
he findings of Ben-Dov et al. and Park et al.[33,41,42,44,46
n similar experiments. The explanation is as follows:
tability of cystamine/glutaraldehyde/anti-BEFV antibod
ontrolled not only by the stability of the Schiff base bo
C N ), but also by the stability of the SAM itself. Th

oughness of the electrodes[47] and the purity of glutaralde
yde [48] may influence the SAM stability. Although t
lectrodes discussed here exhibit a rapid degradation d

he first week, they reveal slowly reducing activity in n
weeks. This result agreed with the findings of Park e

n similar experiments[44]. To improve the regression a
eproducibility results, in the following experiments, BE
etection was performed 1 week later following the block
rocess.

Response curves obtained by exposing the sensor to
olutions containing different concentrations of BEF v
ere characterized by fast reaction and very low non-spe
inding after exposure to rabies virus. InFig. 7A, line 1, the

requency changes are plotted as a function of BEF
oncentration from 1 to 300�g/mL. The interaction of th
he data represent the average valves of five measurements.
a Average valves of five measurements.
b Coefficient of variability values.
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3.4. Comparison of conventional immunoassay
(ELISA) with QCM immunosensor for BEFV
determination

Comparison of the result obtained from conventional
ELISA with that of QCM immunosensor for BEFV deter-
mination revealed that the former method obtained a lower
detection limit for BEFV (Fig. 8). This result demonstrates
that the QCM method was less sensitive than the ELISA,
which is consistent with the findings of Hengerer et al.[49]
in a similar experiment. Since the flow rate in this experiment
was 70�L/min, with 100�L of sample injected, there was in-
sufficient time to complete the immunological reaction. The
sensitivity of the immunosensor can be improved by either
reducing the flow rate, using a more specific buffer solu-
tion, using a chemically milled technique to establish a thin
quartz membrane[12], employing electrochemical pretreat-
ment or plasma modification of the gold electrode surface to
increase their surface functionalities and smoothness or re-
move surface contaminant to immobilize large amounts of
antibodies[50,51], or coupling glycosylated monoclonal an-
tibody with oxidized sugar to enhance the sensor sensitivity
[45].

Although the QCM immunosensor was less sensitive
than the conventional ELISA method, the QCM biosen-
s LISA:
( y of
r n. (2)
A plex
d real
t le in
c ent
c ithin
1 m-
m riorly
b ent
c

F tional
E (
T t
3 king
t

Fig. 9. Measurement curve for the QCM immunosensor. BEFV in various
concentrations was injected on the quartz crystal microbalance. The sen-
sor chip was incubated with 200�g/mL anti-BEFV antibodies at 35◦C and
allowed to interact with the glutaraldehyde followed by blocking the crys-
tal surface with 100 mM glycine. BEFV levels were conducted by spiking
various levels of BEFV into bovine sera with a dilution faction of 50.

3.5. Determination of the BEFV in the sera sample

The feasibility of applying the proposed immunosensor
to measure BEFV levels in a complex matrix was studied.
This experiment was performed by spiking various levels of
BEFV into bovine sera with a dilution faction of 50[4]. Un-
like BSA and rabies virus, bovine sera induced a 5 Hz back-
ground residual frequency change (Fig. 9), which was owing
to the non-specific adsorption of protein in serum. The dif-
ference between the background and steady-state frequencies
following the addition of serum was used for calculating the
response. The results show that the response was proportional
to the quantity of BEFV in the sera samples. A 113 (24.3 Hz)
and 96% (96.3 Hz) recovery was achieved for the 40 and
300�g/mL samples, respectively. A more effective immobi-
lization method (such as mixed SAMs[42] or the monolayer
were further modified a sub-layers[41] to resistant to non-
specific adsorption) is required in future studies.

4. Conclusions

The results showed that this flow type QCM immunosen-
sor can operate in liquids and shows a constant frequency de-
crease corresponding to the increase in BEFV concentration.
N
v us
b FV
a -
t nsor
i i-
n ed in
l . The
r ons of
B lop
a nsor.
T t the
or possesses several advantages over conventional E
1) QCM immunosensor requires only a small quantit
eagents and does not require any special preparatio
ntibody labeling or a second reagent for immunocom
etection is not required for QCM immunosensor. (3) A

ime and a complete automation procedure are possib
ombination with a sample collector. (4) The measurem
ycle of the QCM immunosensor can be completed w
0 min, compared to 4 h for the ELISA. (5) The QCM i
unosensor enables users to verify the results poste
y injecting a positive control following each measurem
ycle.

ig. 8. Comparison of absorbance values measured in the conven
LISA (�) and frequency shift obtained by the QCM immunosensor�).
he sensor chip was incubated with 200�g/mL anti-BEFV antibodies a
5◦C and allowed to interact with the glutaraldehyde followed by bloc

he crystal surface with 100 mM glycine.
o significant response was observed after 20�g/mL rabies
irus or 60�g/mL BSA was injected, confirming that vir
inding was mediated by interactions between anti-BE
ntibody and BEFV. A detection limit of 5�g/mL was ob

ained. The sensitivity of the proposed QCM immunose
s inferior to the conventional ELISA. While these prelim
ary results using the QCM immunosensor were obtain

ess than 10 min, compared to 4 h for the standard ELISA
eproducible and constant changes for successive additi
EFV found in this investigation make it feasible to deve
n automated or continuous real time operation biose
he lower sensitivity of the proposed sensor may reflec
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lack of optimization of the synthetic system. The sensitivity
of the QCM biosensor can be expected to be improved by op-
timizing the buffer compositions, pH, flow rate and by using a
more effective immobilization method. The optimized QCM
immunosensor can be further developed for the application of
clinical diagnosis. The BEFV can be found in nasal discharge
and/or respiratory secretions of infected cattle. Possibly, BEF
can be diagnosed based on real time detection of BEFV in
cattle saliva using the QCM immunosensor. Further work is
in progress in our laboratory to exploit these possibilities.
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