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An ELISA-based optical fiber methodology developed for the detection of anti-West Nile virus IgG antibodies in serum was com
tandard colorimetric and chemiluminescent ELISA based on microtiter plates. Colorimetric ELISA was the least sensitive, especi
iter dilutions. The fiber-optic immunosensor based on the same ELISA immunological rationale was the most sensitive technique

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

West Nile virus (WNV) is a mosquito-borne viral
athogen that belongs taxonomically to the Flaviridae fam-

ly (genusFlavivirus). The virus was first identified in 1937
rom a febrile adult female from the West Nile District in
ganda[24]. Numerous large epidemics of West Nile fever
nd meningoencephalitis were recorded in Romania, Russia,

srael and, more recently, in North America[2,4,10,15]. The
cientific community is currently invests exerting consider-
ble effort to develop new strategies to prevent, diagnose and

reat WNV infection. Recently, it was shown that full pro-
hylactic and therapeutic effects obtained in mice after their

reatment with intravenous pooled plasma or immunoglob-
lins obtained from asymptomatic Israeli blood donors that
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0–December 4, 2003.
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contained WNV-specific antibodies[1,20]. Molecularly engi
neered live-attenuated chimeric West Nile/dengue virus
cines were also used to protect rhesus monkeys from
Nile virus [17].

Laboratory diagnosis of WNV infections is based on
isolation of the virus[6], the detection of viral RNA using re
verse transcription polymerase chain reaction (RT-PCR)[21],
the detection of antibody by neutralization test (NT)[27] or
by enzyme-linked immunosorbent assay (ELISA). Detec
of WNV RNA with either RT-PCR or NT has been describ
[5,7,23], but despite the fact that they demonstrated high
sitivity and specificity, they are time-consuming techniq
that must be performed in sophisticated reference labo
ries[9].

The serodiagnosis of Flavivirus infection routine is pre
entially based on the detection of IgM antibodies by cap
or indirect IgG ELISA. Following the 1999 North Americ
WNV outbreak, many laboratories developed immunoas
for the detection of WNV antibodies[26]. Shi and Wong[22]
recently reviewed the different serological methods app
to the diagnosis of WNV infection and emphasized the la
039-9140/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
oi:10.1016/j.talanta.2004.10.013
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improvement in WNV antibodies detection with a recombi-
nant antigen microsphere immunoassay[28]. However, flow
cytometry based assays remain very expensive in low or mid-
dle throughput analysis due to the initial investment in the
reading equipment and are always labor intensive. Because
most cases of WNV infection are sub-clinical, monitoring
the spread of the disease will require the use of very sensitive
point-of-care devices like biosensors.

A biosensor couples an immobilized biospecific recogni-
tion entity to the surface of a transducer, which ‘transduces’ a
molecular recognition event into a measurable electrical sig-
nal [8]. Optical fiber sensors are ideal transducers governed
by Snell’s law. They have the following advantages[13]:
(1) geometric convenience and flexibility; (2) low cost of
production; (3) they are inert and therefore non-hazardous;
(4) they are free of electric interference; (5) being dielectric,
they are protected against atmospheric disturbances; (6) their
small volume economizes reagents and enables portability
as well as access to difficult areas; (7) they are robust
with high tensile strength; (8) their silica composition
enables macromolecular conjugation via silanization; (9)
they enable solid-phase characterization of the analyte;
(10) their potentially long interaction lengths enable remote
signal transmission; (11) light transmission is done with
minimal loss; (12) high efficiency coupling occurs in the
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argon-phase silanization. Performance of the optical fiber
immunoassay is afterwards compared to conventional
colorimetric and chemiluminescent ELISA using the same
immunological rationale.

2. Experimental

2.1. Chemicals and biochemicals

Bovine serum albumin (BSA) (A4503),�-propiolac-
tone (P5648), goat anti-mouse IgG peroxidase-labeled
antibodies (A3682), 6-maleimidohexanoic acidN-hydroxy-
succinimide ester (EMCS) (M9794), (3-mercaptopro-
pyl)trimethoxysilane (A1521) and polyoxyethylene-sorbitan
monolaurate (Tween20) (P7949) were purchased from
Sigma. Fetal calf serum (FCS) (0.4-001-1) was pur-
chased from Biological Industries Ltd. (Kibbutz Beit
Haemek, Israel). Luminescence measurements were car-
ried out using the Western Blot Chemiluminescence
Reagent Plus kit from Perkin-ElmerTM Life Science Prod-
ucts (NEL105). Colorimetric assays were performed with
3,3′,5,5′-tetramethylbenzidine (TMB) from Chemicon Inter-
national Inc. (ES001).
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lue region which is ideal for chemiluminescence; (
ptical multiplicity; (14) polyvalence, as an optrode syst

hey can be easily adapted from one antigen–anti
ystem to another; (15) they are amenable to mass pr
ion; (16) they enable multiple antigen detection via fi
undles.

Optical fiber biosensors based on biological or chem
uminescence have already shown their ability to detect
ogical entities such as whole organisms[12], nucleic acid
3], genotoxicants[18] and antibodies[11] with high speci
city and sensitivity. One previous report also demonstr
hat, optical fiber immunoassays based on chemilum
ence could have some advantages over ELISA mainly
erning the testing time[25].

Immobilization of antigen on the fiber surfaces is usu
chieved by silanization by a bi-functional silane (gen
tructure (MeO)3Si(CH2)nX) that allows for the covalent a
achment of the biomolecule with an appropriate cross-li
r by direct chemical modification of the reactive X gro

13]. However, liquid-phase silanization often provides
eproducibility of the silane layer configuration and
hase preparation, whereas producing better quality sur
sually requires vacuum conditions and high tempera

o obtain high surface coverage. A recent study showe
ossibility of performing a gas-phase silanization proce
t room temperature and atmospheric pressure on s
xide[16], which we will modify for our present system.

We report herein the first successful construction
hemiluminescent anti-WNV IgG optical fiber immunos
or based on the immobilization of inactivated virions

fiber-glass surface previously functionalized by u
,

.2. Preparation of the WNV antigen solution

WNV antigen was prepared according to the met
escribed by Ben-Nathan et al.[1]. Briefly, WNV (Is-
aeli strain, 1952) was grown on Vero cells and at
ppropriate cytopathic effect (CPE) (60–70%) the fla
ere frozen overnight at−70◦C. After low-speed centrifu
ation (1560× g for 10 min) to remove cell debris, th
irus was concentrated 20-fold by high-speed centrif
ion (140,000× g for 90 min) and resuspended in ph
hate buffer saline pH 7.2 (PBS) (0.203 g l−1 NaH2PO4,
.149 g l−1 Na2HPO4, 8.5 g l−1 NaCl, adjusted to pH 7.
ith 0.1 M HCl/NaOH). The virus was inactivated us
-propiolactone (0.001% final concentration), an alkyla
gent that permeates the protein capsid of the viruse
hemically modifies the nucleic acid. To confirm that virus
ctivation was complete, the suspension was tested by p
ssay on Vero cells and in 3-day-old suckling mice (Ha
lac). No viral infectivity could be detected by either me
ds, confirming complete virus inactivation.

.3. Preparation of mouse anti-WNV antiserum

Five-week-old BALB/c mice (Harlan Olac) were each
ected i.p. with 1× 104 plaque forming units (PFU) of WN
er mouse. Two weeks later, surviving mice were boo
ith 1× 104 PFU of virus and bled 14 days later. Blood w

hen centrifuged (1560× g for 10 min), the serum collecte
nd then inactivated for 30 min at 56◦C. Thereafter, the sam
les were stored at−20◦C or used immediately. Control mi
ere injected with PBS (pH 7.2).
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2.4. Detection of anti-WNV IgG antibodies by ELISA

ELISA was performed according to the method of Ben-
Nathan et al.[1] with slight modifications. In brief, a
volume of 75�l of the WNV antigen solution (dilution
10−2) was added into each well of a 96-well microtiter
plate (MaxiSorp, Nunc). The plate was sealed to avoid
evaporation and well-coating of inactivated virions was al-
lowed to take place overnight at 4◦C. After the incuba-
tion, the coating buffer was decanted and the plate was
washed with PBS (pH 7.2). A blocking step was used,
in which 150�l/well of blocking solution (FCS/BSA 5%
(w/v)–1% (w/v) in PBS (pH 7.2) was added to reduce the
overall background and increase the sensitivity of the as-
say. The plate was then incubated for 1 h at 37◦C and the
wells washed thrice with PBS–Tween20–BSA (PBST–BSA)
(10 g l−1 BSA, 0.203 g l−1 NaH2PO4, 1.149 g l−1 Na2HPO4,
8.5 g l−1 NaCl, 0.05% (v/v) Tween20, adjusted to pH 7.2 with
0.1 M HCl/NaOH). Then 75�l to each well of diluted serum
(dilutions ranging from 102 to 106) were added in triplicates
and the plate incubated 1 h at 37◦C. Sets of three wells were
prepared for each concentration measured, and another three
wells were used with the control serum. Additional empty
wells and non-coated wells were used to check the level of
the background signal. The wells were then washed thrice
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original numerical aperture (NA) of 0.22. Their core, which
is 400�m in diameter (refractive index of 1.457 at 633 nm),
is surrounded by a 40�m silica cladding (refractive index of
1.44 at 633 nm), followed by a 150�m-thick silicon buffer
and finally a 210�m-thick black Tefzel jacket. The length of
any single fiber used in our experiments was 25 cm in length.
The black Tefzel jacket and silicon buffer were stripped away
mechanically using a fiber-stripping tool (Micro-Strip, from
Micro-Electronics Inc., USA), leaving a 1 cm nude optical
fiber core tip. In order to prepare the fibers for the silanization
procedure, they were soaked successively in distilled water
and ethanol for 10 min each to remove major contaminants.
Then a 5 min chemical etching in 48% (v/v) hydrofluoric
acid was used in order to guarantee the complete removal of
the silica cladding. Afterwards, the fiber tips were soaked in a
1:1 methanol/97% HCl (v/v) solution for 30 min to purify the
newly exposed fiber core from micro-contaminants. Finally,
the optical fiber tips were exposed to 95% (v/v) sulfuric acid
for 30 min to enhance the exposure of hydroxyl groups on the
silica surface. A quick rinse with distilled water followed by
drying by airflow was applied between all the previously de-
scribed steps to clean the surface from the previous solutions.
The silanization procedure was then performed by disposing
the fibers in a reactor chamber. The different steps performed
to reach the covalent binding of the antigen to the optical
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ith PBST–BSA (pH 7.2), 75�l/well of a solution of goa
nti-mouse IgG peroxidase-labeled antibodies (10−3) was
dded and the plate incubated 1 h at 37◦C. After incuba

ion the wells were finally washed thrice with PBST–B
pH 7.2) before reading. For the colorimetric ELISA, a to
olume of 100�l of substrate (TMB) was added into ea
ell and the plate was incubated at room temperatur
0 min in the dark. A volume of 50�l/well of 2N H2SO4
as added to stop the chemical reaction. The absorb
t 450 nm was determined with the Labsystems Multis
C ELISA reader after 10 s of shaking. The data were

ected by using the Labsystems Transmit software, the m
nd the standard deviation of the triplicates were calcu

or each point and the signal reported in OD 450 units
ical density at 450 nm). In the chemiluminescent ELI
he microtiter plate was read with a standard luminom
Thermolabsystems-Luminoskan Ascent) where, before
ell measurement, oxidizing reagent and enhanced lum

eagent solutions (NEL105 chemiluminescence reagen
ere injected into the well in a 1:1 ratio. A total of 20 m
urements were performed with a gap of 1 s between
eading. The data were collected with the Luminoskan
ent Software, the mean and the standard deviation o
riplicates were calculated for each point and the signa
orted in RLU (relative light units).

.5. Preparation of optical fibers modified with WNV
ntigen

All fibers used were SFS400/440B Superguide G UV
ll silica fibers (Fiberguide Industries, Stirling, USA) with
ber are shown inFig. 1A. After exposure of the hydrox
roups (step 1), a total volume of 10�l of pure mercaptos

ane was manually injected in the bottom of the reactor
flow of 0.5 l/min of argon was allowed to flow into t

eactor bulk for a total duration of 30 min at room temp
ture and ambient pressure. In that way, silane mole
irectly reacted to the fiber surface by gas phase depo
step 2). After silanization the fibers were rinsed 10 mi
thanol to remove the unattached silane molecules and p

n PBS (pH 7.2). The fibers were then dipped in a 1:9 (
MSO/PBS (pH 7.2) solution containing 2 mM EMCS fo

otal duration of 60 min at room temperature. The maleim
roup of the EMCS reacted strongly with the thiol group

he silane and a covalent bond was created (step 3). The
ere rinsed in DMSO to remove the non-bound cross-li
olecules and then dipped in 75�l of WNV antigen solution

10−2) for 60 min at room temperature. The ester group o
MCS reacted with an amino group presented at the su
f the inactivated virions, creating an amide bond and
ttaching covalently the antigen to the fiber surface (ste
he modified fibers were either used immediately or st
t 4◦C.

.6. Detection of anti-WNV IgG antibodies using the
ptical fiber immunosensors

The steps carried out in the immunoassay procedur
hown inFig. 1B. The West Nile virus-conjugated fibers w
ipped for 20 min in 150�l of blocking solution (step 5
CS/BSA (5% (w/v)–1% (w/v)) in PBS (pH 7.2) then rins
nd washed thrice with PBS (pH 7.2). The fibers were
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Fig. 1. Optical fiber modification and immunoassay rationale. (A) Modification of the optical fiber core: the hydroxyl groups exposed on the fiber core by
exposure to sulfuric acid (step 1) allow the covalent attachement of bi-functional silane molecules (step 2). The thiol group of the silane is then allowed to
react with the maleimide function of the bi-functional crosslinker (step 3). Finally the ester moiety of the crosslinker allows the covalent linking of the WN
virions through an amino group (step 4). (B) Immunoassay steps: after adding the blocking reagents to the surface to minimize non-specific binding (step 5),
the serum sample is tested for anti-WNV IgG presence (step 6) followed by the chemiluminescent detection of mouse IgGs (step 7). The luminous signal is
finally captured by the fiber core itself (step 8), measured and analyzed. Picture of the WN virion is adapted from[14].

placed 20 min in 75�l diluted serum solutions at dilutions
ranging from 102 to 106 (step 6). Two sets of three replicates
were prepared for each experimental point. The first one was
used with WNV antiserum and the second one with control
serum (negative control). Additional unmodified fibers were
used to check the level of the background signal. The tips were
rinsed and washed once with PBST–BSA for 10 min, and then
thrice for 3 min each. Subsequently, the fibers were dipped
into 75�l of a solution containing the goat anti-mouse IgG
peroxidase-labeled antibodies (10−3) for 20 min, and finally,
rinsed and washed once with PBST–BSA for 10 min and then
thrice for 3 min each (step 7) before reading (step 8).

2.7. Signal measurement for the chemiluminescent
optical fiber immunoassay

The instrument set-up for the fiber chemiluminescence
measurements has been previously described[19]. A Hama-

matsu HC135-01 Photo Multiplier Tube (PMT) Sensor
Module was used for chemiluminescence measurements,
combining the sensitivity of a photomultiplier tube with the
intelligence of a micro-controller. The detector is optimized
to the blue light region and includes a 21 mm diameter ac-
tive area convenient to gather light radiation without any
optical focusing elements for luminescence measurements.
The instrument set-up was placed in a light-tight box. The
far end of the fiber was held by a fiber holder (FPH-DJ,
Newport) and placed into an adjustable single-fiber mount
(77837, Oriel). To prevent damage to the photon-counting
unit by environmental light, a manual shutter (71430, Oriel)
was placed in front of the detector. To move the slide shut-
ter, a workshop-made lever was placed outside the box. To
receive and treat data, a specific driver was developed using
LabView (Version 3.1, National Instruments Corporation),
which allowed monitoring of the chemiluminescent signal
and data handling in real time. The immunosensor optical
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fiber probes were placed in a 400�l sample tube contain-
ing the combined oxidizing reagent and enhanced luminol
reagent solutions (NEL105 chemiluminescence reagent kit)
in a 1:1 (v/v) ratio. The chemiluminescence readings were in-
tegrated for 1 s and each measurement was obtained by taking
a mean value of photon counts during 15 s. The responses
of the controls were also checked by the same procedure.
Mean of the triplicates and the standard deviation was cal-
culated for each dilution and reported as RLU (relative light
units).

3. Results

After demonstrating briefly the advantages of optical fiber
silanization in argon flow, the characterization of the different
immunoassays employed in the detection of anti-WNV IgG
– namely, colorimetric ELISA, chemiluminescent ELISA
and chemiluminescent optical fiber immunoassay – was
performed based on their respective calibration curves. The
modelization curves allowed afterwards the determination of
essential parameters like the dynamic range, the sensitivity
and the lower detection limits of the different procedures.

3.1. Advantages of fiber silanization in argon flow
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Fig. 2. Calibration curves. The curves were obtained by using serum dilu-
tions ranging from 102 to 106. The result of the linear regression in the middle
part of the curve is represented in each upper right corner: (�) positive serum
and (�) control serum. (A) Calibration curve for the colorimetric ELISA,
(B) calibration curve for the chemiluminescent ELISA and (C) calibration
curve for the optical fiber immunoassay.

the logistic sigmoid four-parameter curve regression model
described by the following equation:

y = y0 + a

1 +
(

x
x0

)b
(1)
This method of silanization was previously reported
he modification of a flat piece of silicon oxide surface[28]
nd we successfully adapted this methodology to the m
cation of optical fiber silica tips. Our small reactor allow
he parallel modification by mercaptosilane of 25 fiber
0 min at room temperature and local pressure. Contr

he surface modification was performed by X-ray microa
sis and of the fiber tip surface, which clearly showed
resence of sulfur atoms belonging to the mercaptos
data not shown). The results observed in the optical
mmunoassays following this procedure (Fig. 2C) were
tively homogeneous and suggest that the fiber silaniz
as reproducible. This methodology thus allows us to ob
reproducible and convenient procedure to achieve func
lized silane layers on optical fiber tips without any incre
f temperature or pressure commonly used in gas-phas
osition and this in a very short time (30 min against
sually recommended).

.2. Calibration curves

The calibration curve describes the general behavi
he IgG detecting system. The curves were built on a s
ilutions of the analyte solution ranging from 10−2 to 10−6.
or each experimental point in the three methodologies
ame amount of antigen (inactivated WN virions), of ana
mouse anti-WNV antiserum) and of secondary antibo
anti-mouse antibodies) were used in order to allow a
ble comparison. The regression curves were calculat
nalyzing the data in SigmaPlot 8.2 (Systat) and by app
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Table 1
Mathematical models and performance description of the methodologies

Characteristics Colorimetric ELISA Chemiluminescent ELISA Optical fiber immunoassay

Curve mathematical modeling
parameters (Eq.(1))
a 1.65 77.62 23,315.96
b 1.16 1.05 1.13
x0 1,970 4,486.01 439.97
y0 0.020 1.79 304.31
r2 0.99 0.99 0.99

Linear domains parameters (Eq.(2))
c −0.92 −40.00 −13,036.88
d 3.87 186.34 46,100.96
r2 0.99 0.99 0.99
c* n/a n/a −349.19
d* n/a n/a 2,206.57
r2* n/a n/a 0.97

Performance criteria of the methodology
Linear range (titer) 1:500–1:10,000 1:1,000–1:20,000 1:100–1:2,000

1:10,000–1:1,000,000

Sensitivity (normalized signal/titer) 0.55 0.50 0.55
0.01

Lower detection limit (titer) (Eq.(3)) 1:10,000 1:500,000 1:1,000,000
Maximum response (RLU or Abs) 1.65 79.41 23,620.27

Results are shown inFig. 2and the mathematical parame-
ters are reported inTable 1. The regression model applied
showed to be a good description of the relation between
the serum titers and the reported signal as shown by the
r2 values (near 1) and the Durbin–Watson statistic values
that show the independency of the residuals (around 2).
The maximum response for a theoretical non-diluted serum
sample can be calculated by adding the values ofa and
y0. All three methodologies also revealed a good repro-
ducibility of the measurement merely at high serum dilu-
tions. This demonstrates that the deviation observed in the
signal is not due to non-specific binding of the secondary
antibodies, but is more likely correlated to the attachment
efficiency of the anti-WNV antibodies to the antigen sur-
face. In each procedure, experimental points based on con-
trol serum showed a low, homogenous and linear-based
signal.

3.3. Dynamic ranges

The dynamic range (or working range) gives the titer range
where the detection system shows a proportional relation be-
tween the serum titer and the measured signal. Clinical diag-
nostics usually requires a serum dilution that belongs to this
range in order to guarantee the putative detection of compa-
r s can
b two-
p rves
b

y

Dynamic ranges can be visualized inFig. 2 in the top
right corner of their corresponding curve and the mathemat-
ical data are reported inTable 1. In this study, the dynamic
ranges were 1:500–1:10,000 for the colorimetric ELISA
and 1:1000–1:20,000 for the chemiluminescent ELISA and
1:100–1:2000 for the optical fiber immunoassay. However,
the latter one clearly showed another linear range from
1:10,000 to 1:1,000,000 that was not observable in the chemi-
luminescent ELISA calibration curve (r2 value equals 0.84
for the last three points before the detection limit). This par-
ticular part of the sigmoid is shown inFig. 3. All these curves
showed a very good reliability according to their highr2 val-
ues. We can conclude from these results that both the colori-

F titer:
( only
v low
w .
able amounts of target antibodies. The dynamic range
e extracted from the previous results by applying a
arameter linear regression in the medium part of the cu
y the following equation:

= c log(x) + d (2)
ig. 3. Optical fiber immunoassay working range at very low serum
�) positive serum and (�) control serum. This working range was
isible in the optical fiber immunoassay and allowed theoritically a very
orking dilution. It ranged approximately from 104 to 106 serum dilutions
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metric ELISA and the fiber immunoassay are the most reli-
able methodologies for anti-WNV IgG detection at highly
concentrated sera, while chemiluminescent ELISA is for
medium concentrated sera. The optical fiber immunoassay
remains the only reliable procedure at low serum titers and
thus theoretically offers the possibility to work with a smaller
volume of serum than any ELISA diagnosis procedure. Con-
sequently, it can help to lower the volume of initial blood
sampling and can constitute a major advantage if numerous
tests have to be run on the same serum sample. Moreover, the
fiber-based procedure was shown to be less time-consuming
than ELISA (approximately 2 h against 4 h, respectively, af-
ter antigen binding) thus, constituting a real gain in time for
high-throughput diagnosis.

3.4. Sensitivity

The parameter called sensitivity, takes into account the
power of discrimination of the system between two differ-
ent serum dilutions located within the working range. It is
calculated in terms of signal units per log of titer and is par-
ticularly relevant if a relative quantification of the analyte
needs to be performed. In order to enable a clear comparison
of the three methodologies, each value of their respective dy-
namic range was normalized by dividing it by the maximum
r imum
r sitiv-
i sion
c close
i nes-
c lori-
m ber
i on-
c , the
s as-
s ex-

F scent
E ter
l hese
c by its
m ds are
c plays
a

perimental points as previously shown inFig. 3(from 200 to
800 RLU). This may be explained by the fact that the chemi-
luminescent reaction occurs close to the fiber surface and that
small variations of the collected light can be measured with
the biosensor.

3.5. Lower detection limit

The lower detection limit is a parameter that describes the
lower analyte dilution that can be efficiently distinguished by
the detecting system. It is calculated by taking into account,
for a definite dilution, the difference of the signal level be-
tween the experimental points with positive or control sera,
and is then modulated by the standard deviation of the control.
The lower detection limit can be calculated by the following
equation:

∑ y(x0)

n1
−

∑ z(x0)

n2
> 3

√
n2

∑
z(x0)2 − (z(x0))2

n2(n2 − 1)
(3)

wherey(x) andz(x) are the functions relative to the posi-
tive serum and the control serum in the system, respectively,
x0 the serum titer andn1 andn2 the number of replicates
for the positive serum and the control serum, respectively. If
the formula is verified for the specific serum titer then the
p er
d i-
n e re-
p tively.
T y us-
i IgG
c . Re-
s c-

F SA;
( nti-
W rum)
i etric
m escent
m reater
i

esponse of the system and reported as percent of max
esponse according to the serum titer (Fig. 4). The sen
ty is then equal to the slope module of the linear regres
urve reported. Whereas, the sensitivities are relatively
n high/medium serum concentrations for the chemilumi
ent ELISA, the optical fiber immunoassay and the co
etric ELISA (0.50, 0.55 and 0.55, respectively), the fi

mmunoassay shows a relatively low sensitivity at lower c
entrations (0.01) with this calculation method. However
ignal amplitude at low titers in the optical fiber immuno
ay remains largely sufficient to discriminate between two

ig. 4. Linear range and sensitivity of the procedures: (�) chemilumine
LISA; (�) colorimetric ELISA; (©) optical fiber immunoassay low ti

inear range; (�) optical fiber immunoassay high titer linear range. T
urves are obtained by dividing the relative signal in each methodology
aximum response. It clearly shows that sensitivity of the three metho

omparable in high serum titer and that optical fiber immunoassay dis
lower sensitivity for low serum titers.
oint is validated. After application of this rule, the low
etection limit for the colorimetric ELISA, the chemilum
escent ELISA and the optical fiber immunoassay wer
orted as 1:10,000; 1:500,000 and 1:1,000,000, respec
he effect of the background signal can be observed b

ng a ratio between the signal value of the anti-WNV
ontaining serum (signal) and the control serum (noise)
ults are reported inFig. 5as signal-to-noise ratio as a fun

ig. 5. Evolution of the signal-to-noise ratio: (©) chemiluminescent ELI
�) colorimetric ELISA; (�) optical fiber immunoassay. Signal values (a

NV IgG containing serum) are divided by the noise values (control se
n order to follow the evolution of the background signal. The colorim

ethodology shows a faster decrease of the ratio than the chemilumin
ethodologies pointing the fact that the background signal has a g

nfluence at low serum titers in this procedure.
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tion of the serum dilution. We can see that the colorimetric
ELISA gives already a ratio around 2 for a titer of 1:50,000,
whereas a comparable ratio is only reached at 1:200,000 and
1:400,000, respectively for both chemiluminescent ELISA
and the fiber immunoassay. The chemiluminescent proce-
dures are thus shown to be clearly more specific and less
subject to a background noise. It is interesting to note that the
optical fiber immunoassays showed a greater lower detection
limit than ELISA despite the fact that the theoretical antigen
surface coverage was 6.5×greater in the microtiter wells than
on the exposed fiber core (approximately 79 and 12 mm2, re-
spectively) and might therefore result on less-bound antigen.
Two major hypotheses could explain the improved results
observed in the optical fiber immunoassay over the chemilu-
minescent ELISA: the fact that WN virions were covalently
attached to the fiber and not ‘simply’ adsorbed on the surface
may increase the stability of the antigen–antibody complex;
on the other hand, the peroxidase-mediated chemilumines-
cent reaction occurs very close to the fiber surface and may
enhance the light collection efficiency.

4. Conclusions

We have demonstrated that an anti-WNV IgG optical
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i opti-
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