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Abstract Amulti-analyte biosensor based on nucleic acid
hybridization and liposome signal amplification was
developed for the rapid serotype-specific detection of
Dengue virus. After RNA amplification, detection of
Dengue virus specific serotypes can be accomplished
using a single analysis within 25 min. The multi-analyte
biosensor is based on single-analyte assays (see Baeum-
ner et al (2002) Anal Chem 74:1442–1448) developed
earlier in which four analyses were required for specific
serotype identification of Dengue virus samples. The
multi-analyte biosensor employs generic and serotype-
specific DNA probes, which hybridize with Dengue
RNA that is amplified by the isothermal nucleic acid
sequence based amplification (NASBA) reaction. The
generic probe (reporter probe) is coupled to dye-
entrapping liposomes and can hybridize to all four
Dengue serotypes, while the serotype-specific probes
(capture probes) are immobilized through biotin–strep-
tavidin interaction on the surface of a polyethersulfone
membrane strip in separate locations. A mixture of
amplified Dengue virus RNA sequences and liposomes is
applied to the membrane and allowed to migrate up
along the test strip. After the liposome-target sequence
complexes hybridize to the specific probes immobilized
in the capture zones of the membrane strip, the Dengue
serotype present in the sample can be determined. The
amount of liposomes immobilized in the various capture
zones directly correlates to the amount of viral RNA in
the sample and can be quantified by a portable reflec-

tometer. The specific arrangement of the capture zones
and the use of unlabeled oligonucleotides (cold probes)
enabled us to dramatically reduce the cross-reactivity of
Dengue virus serotypes. Therefore, a single biosensor
can be used to detect the exact Dengue serotype present
in the sample. In addition, the biosensor can simulta-
neously detect two serotypes and so it is useful for the
identification of possible concurrent infections found in
clinical samples. The various biosensor components
have been optimized with respect to specificity and
sensitivity, and the system has been ultimately tested
using blind coded samples. The biosensor demonstrated
92% reliability in Dengue serotype determination. Fol-
lowing isothermal amplification of the target sequences,
the biosensor had a detection limit of 50 RNA mole-
cules for serotype 2, 500 RNA molecules for serotypes
3 and 4, and 50,000 molecules for serotype 1. The multi-
analyte biosensor is portable, inexpensive, and very easy
to use and represents an alternative to current detection
methods coupled with nucleic acid amplification reac-
tions such as electrochemiluminescence, or those based
on more expensive and time consuming methods such as
ELISA or tissue culture.
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Introduction

Dengue virus, a single stranded RNA virus of the family
Flaviviridae, is the most common cause of arboviral dis-
ease in the world. There are four closely related but anti-
genically distinct serotypes (Dengue 1–4). All four
serotypes produce a similar illness (Dengue fever, DF)
characterized by mild, flu-like symptoms and induce life-
long immunity that is specific to the infecting serotype.
However, more severe and potentially fatal diseases,
Dengue hemorrhagic fever (DHF) and Dengue shock
syndrome, marked by abnormal vascular permeability,
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are developed after secondary infection with a different
serotype. Based on recent studies [1], T-cells activated
during the second infection have less affinity for the
infecting serotype than the previously encountered sero-
type, causing a delay in clearing the virus and contributing
to immunopathology. Dengue virus is a major public
health concern in tropical and subtropical areas. It causes
an estimated 50 million illnesses annually, including
250,000–500,000 cases of DHF with 5–10% mortality. A
total of 2.5 billion people, representing more than two-
fifths of the world’s population, live in areas potentially at
risk from Dengue virus infection [2, 3].

No effective vaccine or specific therapeutic agents
exist to prevent or cure the disease caused by Dengue
virus, and only a few control programs have been shown
to be effective against the mosquito vectors. Over the
past 60 years, the incidence, distribution, and clinical
severity of DF/DHF has increased dramatically.
Therefore, reliable and fast diagnostic methods are
necessary for the surveillance and proper treatment of
Dengue virus infection. Serological tests (MAC-ELISA,
ELISA, and so on) are currently available to measure
IgM and IgG antibodies to the Dengue virus [4, 5].
However, they cross-react to a variable extent with other
flaviviruses and generally have to be performed at least
five days after the onset of illness since detectable levels
of specific antibodies are not present prior to that.
Presently, isolation of the virus is the most accurate
method of determining the identity of the specific Den-
gue serotype responsible for a particular infection. It is
frequently possible to isolate the virus from clinical
specimens during the early acute phase of DF [6]. Nev-
ertheless, such tissue culture-based methods for the iso-
lation and identification of Dengue virus require a week
or longer of labor-intensive work. Molecular biological
diagnosis systems, such as RT-PCR and TaqMan RT-
PCR also can be used to detect viral RNA rapidly and
specifically from the patient’s serum in the viremia phase
[7, 8]. But they often suffer from sample contamination
and require expensive and unwieldy instrumentation

unsuitable for field applications, especially when analysis
costs are a major concern. Developing a nucleic acid
sequence-based amplification reaction for the identifi-
cation of Dengue viruses [9] circumvents thermocycling
during the amplification reaction and is therefore an
ideal reaction for miniaturization and eventually inex-
pensive field application. However, this technology must
be paired with a simple detection device in order to
prove field-usable.

Biosensors based on nucleic acid hybridization and
liposome signal amplification have been shown to be very
successful for the development of inexpensive, rapid, and
easy to handle systems for the detection and quantifica-
tion of RNA molecules [10, 11, 12, 13, 14]. Our labora-
tory has previously reported the use of RNA biosensors
for the rapid, sensitive and serotype-specific detection of
Dengue virus [15]. However, in a few cases cross-reac-
tivity between serotype-specific biosensors was encoun-
tered. Moreover, the performance of four separate assays
was required to discriminate one serotype from the oth-
ers. Each individual assay employed a single membrane
that had a single-capture zone. In the present work, we
describe a novel biosensor, which permits the simulta-
neous identification of all four Dengue virus serotypes by
immobilization of all four serotype-specific DNA cap-
ture probes in discrete zones on a single-membrane strip.
The biosensor principle and format are shown in Fig. 1.

The biosensor is based on nucleic acid hybridization;
serotype-specific and generic DNA probes hybridize
with Dengue viral RNA. The specificity of the probes
was previously described [9]. The generic probe (reporter
probe), coupled to liposomes with encapsulated fluo-
rescent dye, was designed to hybridize to sequences
found in all four Dengue serotypes. The serotype-spe-
cific probes (capture probes) were immobilized on the
surface of a polyethersulfone membrane strip via biotin–
streptavidin interaction. Viral RNA was amplified using
the nucleic acid sequence based amplification (NASBA)
reaction, which exclusively amplifies single-stranded
RNA molecules under isothermal conditions and results
in more than a 1010 -fold increase in RNA concentration
within a 90-min reaction [16]. In the biosensor assay,
liposomes were mixed with the amplified Dengue virus
RNA and the mixture was applied to a polyethersulfone
membrane. By capillary action, the mixture migrated
along the membrane strip and upon passing the capture
zone a sandwich was formed by hybridization of probe-
tagged liposomes, RNA target molecules, and the
immobilized capture probe. Unbound liposomes accu-
mulated at the end of the membrane strip. Therefore, the

Nonspecific RNACapture probe

Detection zone
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Fig. 1a, b Principle of the biosensor assay. A DNA reporter probe
is coupled to a liposome while a DNA capture probe is immobilized
on a polyethersulfone membrane by means of a biotin-streptavidin
linkage. When a specific Dengue virus RNA is present (a), a
sandwich is formed between the reporter probe, the RNA molecule
and the capture probe. The amount of liposomes captured in the
detection zone is proportional to the amount of Dengue virus
RNA. No signal will be observed when nonspecific RNA is present
(b)
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amount of liposomes present in the immobilized com-
plexes correlated directly with the concentration of viral
RNA present in the sample. The new biosensor assay
format utilized only two cartridges with multi-zone
membrane strips: one for sample analysis and one for a
negative control. By judicious arrangement of the spe-
cific order of the immobilized capture probes and the use
of unlabeled oligonucleotides (cold probes) the cross-
reactivity between Dengue virus serotypes could be
dramatically reduced. The multi-analyte biosensor was
successfully applied to the determination of concurrent
infections and to the identification of coded samples.

Materials and methods

Reagents

All general chemicals and buffer reagents were obtained
from Sigma Company, St. Louis, MO, USA. Organic
solvents were purchased from Aldrich Chemical Com-
pany, Milwaukee, WI, USA. Membranes were obtained
from Pall/Gelman Company, Port Washington, NY,
USA. Lipids were purchased from Avanti Polar Lipids,
Alabaster, AL, USA. Sulforhodamine B and streptavi-
din were acquired from Molecular Probes Company,
Eugene, OR, USA. All oligonucleotides were purchased
from Qiagen, Valencia, CA, USA.

DNA probes

DNA oligonucleotides (probes) had been designed earlier
[9] and their sequences were given in [15]. A generic se-
quencewas introduced intoDengue virusRNAduring the
NASBA reaction and, regardless of the specific serotype,
was therefore present in each amplified Dengue RNA. A
generic probe [15] complementary to this region was used
as reporter probe and coupled to liposomes via an amine
group at the 3¢ end. A conserved capture probe [15] was
used that could hybridize to a region contained within the
RNA found in all four Dengue serotypes. The conserved
and four serotype-specific capture probes were modified
with a biotin at the 5¢ end and immobilized on the strep-

tavidin coated membrane surface. The sequence layout is
shown in Fig. 2.

In addition, DNA ‘‘cold probes’’ were used to pre-
vent the cross-reactivity of different serotypes (see
‘‘Results and discussion’’). They are unlabeled oligonu-
cleotides with sequences identical to serotype-specific
capture probes [15]. Additional cold probe 3 was de-
signed with 5¢-Agg gAA gCT gTA CCT CCT TgC AAA
g-3¢ sequence. All probes were obtained desalted and
lyophilized.

Liposome preparation

The liposomes were prepared using a modified version
[13] of the reversed phase evaporation method described
by Siebert et al [17].

Conjugating reporter probe to liposome surface

The reporter probe modified with an amine group at the
3¢ end was coupled to acetylthioacetate-tagged lipo-
somes following the usual protocol [13].

Multi-zone membrane preparation

The membranes were cut into 4.5·100 mm strips. Five
mixtures each containing 20 pmol streptavidin and
60 pmol capture probe (one conserved and four sero-
type-specific) in 1 ll of 0.4 M sodium carbonate buffer
with 5% methanol were incubated for at least 15 min at
room temperature. Capture zone 2 was created by pip-
etting 1 ll of the capture probe–streptavidin solution
directly onto the membrane approximately 1.5 cm from
the bottom (origin) of the membrane strip. Then in a
similar manner the other capture zones were created at
1 cm intervals along the same membrane strip in the
final order of 2, 4, 4, 3, 1, and C (conserved) (the order
will be discussed later in the ‘‘Discussion’’). Therefore,
each membrane strip had six capture zones.

The subsequent procedures of oligonucleotide
immobilization, membrane blocking and their storage
were the same as described previously [13].

Biosensor assay format

A vertical flow assay format was developed. In dispos-
able culture tubes (10·75 mm, VWR) 2 ll of liposomes,

Specific Capture Probes

Conserved capture probe

Generic reporter probe

Liposome

3' 5'

Serotype 1
Serotype 2
Serotype 3

Serotype 4

Fig. 2 The location of the reporter and capture probes in Dengue
virus RNA. The generic reporter probe coupled to dye-entrapping
liposomes hybridizes to a generic sequence present in every
amplified Dengue virus RNA. The four serotype-specific capture
probes and the conserved capture probe are immobilized onto the
surface of a membrane strip
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2 ll of a hybridization solution (master mix) (for com-
position, see below), and 2 ll of target sequence
(amplified Dengue virus RNA) or water (a negative
control) were incubated for 15 min at room tempera-
ture. A volume of 1 ll of 0.4 mM cold probe 4 was
applied directly onto the membrane strip between the
two Dengue 4 capture zones and the membrane was then
immediately inserted into the mixture solution. As soon
as the hybridization mixture completely soaked into the
strip, 40 ll of running buffer (for composition, see be-
low) were added at the bottom of the glass tube and
allowed to migrate up the strip. After the running buffer
reached the upper end of the strip (�10 min), mem-
branes were removed from tubes and dried in the air for
20–30 min (drying can be omitted to speed up the assay
time). The capture zones were analyzed with the BR-10
reflectometer (ESECO; Cushing, OK, USA) by placing
the capture zone directly under the reflectometer open-
ing. The reflectometer measures the reflectance of light
at a wavelength of 560 nm, which is close to the absor-
bance maximum of sulforhodamine B encapsulated
within the liposomes. The reflectometer was calibrated
each time before use with white and magenta strips to a
minimum value of zero and a maximum of 155 arbitrary
units (AU), respectively. Both the master mix and run-
ning buffer solutions contained formamide, SSC (1
x SSC contains 15 mM sodium citrate and 150 mM
NaCl, pH 7.0), Ficoll type 400, sucrose and Triton
X-100. The concentrations of each component were
optimized for the biosensor assay. Additionally, differ-
ent liposome and target sequence concentrations were
also investigated. The optimized hybridization mixture
had the following composition for all assays: 2 ll of
master mix (60% formamide, 6xSSC, 0.15 M sucrose,
0.8% Ficoll, 0.01% Triton X-100), 2 ll of liposomes and
2 ll of target sequence (dilution 1:5 or 1:10). The opti-
mal running buffer concentrations were 10% formam-
ide, 3xSSC, 0.2 M sucrose, 0.2% Ficoll, 0.01% Triton
X-100.

Dengue virus samples

In the assays four different sets of Dengue RNA samples
were used (Table 1).

Since we did not use live virus preparations in our
laboratories at Cornell University, amplified RNA se-
quences were shipped to us by Advanced BioScience
Laboratories, Inc. Briefly, seed stocks of all four sero-
types of Dengue virus of four sets were prepared in Vero

cells, and virus titers were determined by plaque assays
[18]. Dengue viral RNA was extracted using the method
of Boom et al [19] resulting in a final volume of 50 ll of
elution buffer. A 5 ll portion of the extract was then
amplified using NASBA [9]. For reamplification, Den-
gue amplicons of set 1 were diluted 1:10 for Dengue 1
and 1:10,000 for Dengue 2–4 and NASBA was per-
formed as usual, using 5 ll of the diluted template.
Before shipment to our laboratory, the amplification
reaction products were characterized by electrochemi-
luminescence (ECL) analysis [9] (Table 2).

Results and discussion

The hybridization buffers (master mix and running
buffer) were initially optimized with respect to signal-to-
noise ratio and cross-reactivity of the different serotype
RNA sequences to the various capture probes. This was
especially important since, unlike the previously de-
scribed single-analyte biosensors [15] or ECL methods
[9], only limited amounts, or none at all, of cold probes
could be added to the multi-analyte assay. It was ob-
served that the use of either cold probe 1 [15] or cold
probe 3 was not feasible in the multi-analyte biosensor
since their presence diminished the intensity of both
specific as well as nonspecific signals. The concentrations
of SSC (0–20x) and formamide (0–60%) were varied in
the master mix and running buffer in order to optimize
the stringency conditions. In addition, the amount of
capture probes (10–130 pmoles) in each zone and the
amount of liposomes (2–6 ll) were optimized.

Design of multi-analyte biosensor

The multi-analyte biosensor design was based on the
cross-reactivity investigation of one of the amplicon sets
that was available in the beginning of this study (set 2,

Table 1 Four sets of amplicons
used in the multi-analyte
biosensor (with strain names/
numbers for each Dengue
serotype)

aHigher virus particle content

Dengue
serotype

Set no.

1 2 3 (from Thailand) 4

1 Hawaii strain Reamplified set 2 16007 The same as set 3a

2 New Guinea C strain Reamplified set 2 16681
3 CH53489 Reamplified set 2 16562
4 341750 Reamplified set 2 1036

Table 2 The ECL results for each Dengue sample after amplifica-
tion reaction

Dengue serotype Set no.

1 2 3 4

1 271,825 559,304 299,535 369,009
2 1,306,685 2,438,734 663,390 1,458,178
3 1,550,181 2,048,995 1,365,764 2,344,966
4 824,051 1,151,203 697,905 1,532,466
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Table 1). For the cross-reactivity analysis, biosensors
with single capture zone design were used [15]. Each
Dengue virus serotype was analyzed with all four sero-
type-specific single-analyte biosensors. As an example,
the results for Dengue virus serotype 4 are shown in
Fig. 3.

Reflectometer readings for the specific and nonspe-
cific signals are given in AU in Fig. 4. As can be seen,
biosensors for Dengue serotypes 2 and 4 were highly

specific, but biosensors 1 and 3 had cross-reactivities
with Dengue serotype 4. Derived from these results, an
initial design of a multi-analyte biosensor was suggested
(Fig. 5a).

The position for capture zone 2 was selected near the
origin of the membrane test strip based on the previous
results that biosensor 2 was always highly specific [15].
Capture zone 4 was placed before 3 and 1 assuming that
if all Dengue 4 could be captured, false positive signals
would not be observed in capture zones 1 and 3. In fact,
we did successfully eliminate the cross-reactivity between
Dengue serotypes 4 and 3. However, strong nonspecific
signal was still detected on capture zone 1 when Dengue
4 was analyzed. In order to bind all Dengue 4 RNA on
one capture site we initially varied the amount of specific
capture probe 4 immobilized on the membrane strip in
the range from 10 to 130 pmoles. It was observed that
the optimum was 60 pmoles. Higher quantities of cap-
ture probes, however, resulted in decreased signal
intensity, presumably due to steric hindrance in the
limited area of the capture zone. Furthermore, nonspe-
cific interactions between oligonucleotides at very high
quantity could interfere with the specific hybridization
to the target RNA. Therefore, a second capture zone 4
was introduced immediately adjacent to the first one,
thus ultimately increasing the amount of capture probe
available for binding to the target RNA. However, the
use of two successive capture zones for Dengue 4 did not
entirely solve the cross-reactivity problem: Dengue virus
serotype cross-reactivity to capture probe zone 1 was
still observed. Finally, a solution of cold probe 4 [15]
was added between the two capture zones 4. The con-
centration of the cold probe was optimized to be

Fig. 3 Analysis of Dengue serotype 4 with the serotype-specific
single-analyte biosensors 1–4. The negative control used water
instead of Dengue amplicons. In each of the individual assays, no
cold probes were utilized
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Fig. 4 Cross-reactivity of Dengue serotype-specific biosensors.
Amplicons of all four serotypes were investigated with the
biosensor designed for the detection of serotype 1, then with the
serotype-specific biosensor 2, and so on. The individual serotype 1
and 3 biosensors also gave positive signals when Dengue 4 was
analyzed. The background signal (4–7 AU) obtained from assays
without Dengue RNA was subtracted from all raw reflectometer
values. No cold probes were used in these assays
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Fig. 5 a Initially proposed capture zone order. Biotinylated
capture probes (60 pmoles) complementary to Dengue serotypes
2, 4, 3, 1 and conserved regions were immobilized on membrane
strips in the order shown. b Final design of the multi-analyte
biosensor for the detection of four Dengue virus serotypes. Each
capture zone contained 60 pmoles of specific probes, and the
concentration of cold probe 4 was 0.4 mM
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0.4 mM. At this concentration when Dengue 4 was
analyzed, positive signals were only observed within the
two capture 4 zones and the conserved zone. Therefore,
the increased amount of immobilized capture probe and
the presence of free cold probe 4 were sufficient to bind
to all of Dengue virus serotype 4 RNA present in a
sample and prevent subsequent nonspecific binding to
capture probes 3 and 1. The final design of the multi-
analyte biosensor is shown in Fig. 5b. Subsequently, the
multi-analyte biosensor was tested with all four sero-
types (Fig. 6).

In this way a functional multi-analyte biosensor was
successfully developed in which serotype-specific signals
with no cross-reactivities were obtained, as well as a
generic signal through the generic capture site C at the
end of the strip.

Testing the multi-analyte biosensor with samples of
Dengue virus from different strains

Dengue virus amplicons from other virus strains (sets 2–
4) were tested with the optimized multi-analyte biosen-
sor.

Despite diverse cross-reactivity of different strains
(their cross-reactivity pattern was investigated as de-

scribed before using single-analyte biosensor design
(Figs. 3 and 4)), the multi-analyte biosensor worked
very well with all Dengue virus samples and all four
serotypes were identified correctly. The results were
similar to those shown in Fig. 6 and are summarized in
Table 3. No visible pink color was noticed for the
background, with reflectometer values equal to 4–7 AU.
Only a few pale pink spots were observed on the multi-
analyte test strips that corresponded to nonspecific
interactions between sample and specific probes and had
reflectometer values of 12±2. Therefore, a biosensor
signal above 14 was considered positive. The values for
the positive signals varied between 16 and 44, which
corresponded to the ECL values of the signals given in
Table 2. Due to the manner in which NASBA amplifi-
cation was performed on these samples, quantitative
results could not be obtained, so the RNA concentra-
tions in the amplicons do not correlate with the number
of virus particles in the sample. Therefore, the biosensor
could only be used for a qualitative analysis as well.
However, if a quantitative NASBA reaction was per-
formed [20], the multi-analyte biosensor could also
provide quantitative data.

Simultaneous detection of two serotypes

Outbreaks involving more than one serotype of Dengue
virus have been reported in several countries in South-
east Asia as well as in Central and South America [21].
Concurrent infections by two serotypes have been ob-
served in the same individual [22, 23]. Therefore, the
developed multi-analyte biosensor was tested with dif-
ferent mixtures of two Dengue virus samples. All pos-
sible combinations of Dengue virus serotypes (D1-D2,
D1-D3, D1-D4, D2-D3, D2-D4, D3-D4) were investi-
gated. The results are shown in Fig. 7.

The specific signals for each of two serotypes can be
observed clearly. Therefore, the multi-analyte biosensor
can be successfully applied to the identification of con-
current infections in clinical samples.

Sensitivity

A known number of RNA molecules of each Dengue
virus serotype was amplified using NASBA and

Fig. 6 Analysis of four Dengue
virus serotypes with the multi-
analyte biosensor. For a
negative control water was used
instead of Dengue amplicon.
Reflectometer readings for
serotype-specific biosensors are
shown in Table 3, set 2

Table 3 The multi-analyte biosensor results on the investigation of
different samples of Dengue virus

Biosensor 1 Biosensor 2 Biosensor 3 Biosensor 4

Set 1 Dengue 1 23
a 6 7 12

Dengue 2 6 44 5 6
Dengue 3 5 6 40 7
Dengue 4 8 5 6 35

Set 2 Dengue 1 16 6 7 6
Dengue 2 6 28 7 7
Dengue 3 7 6 23 6
Dengue 4 7 6 6 33

Set 3 Dengue 1 18 4 5 11
Dengue 2 4 23 6 6
Dengue 3 7 7 33 6
Dengue 4 10 6 6 23

Set 4 Dengue 1 21 6 7 7
Dengue 2 7 28 6 6
Dengue 3 10 6 44 10
Dengue 4 6 6 7 35

aBold numbers relate to specific detection of Dengue RNA
Reflectometer readings correspond to mean rounded values for
duplicate experiments
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subsequently analyzed using ECL (Table 4) and the
multi-analyte biosensor. Using these sets of data, it was
determined that the multi-analyte biosensor could detect
samples with ECL values of 100,000 or higher. There-
fore, the multi-analyte biosensor could detect 50,000
RNA molecules of Dengue 1, 50 RNA molecules of
Dengue 2 and 500 RNA molecules of Dengue 3 and 4.
Since naturally-occurring Dengue samples would be
expected to have ECL values above 100,000, our multi-
analyte biosensor will provide excellent analytical sen-
sitivity.

Coded sample identification

A set of 20 coded samples was provided for our labo-
ratory by our collaborators at ABL and IBI. A very low
number of RNA molecules (500 copies) was amplified
using NASBA resulting in ECL values of 14,000–31,300
for Dengue 1, 336,700–835,700 for Dengue 2, 72,300–
300,100 for Dengue 3, and 124,100–502,300 for Dengue
4 (Table 5). Since the ECL values for Dengue 1 and
partly also for Dengue virus 3 were below the detection
limit of the multi-analyte biosensor, samples containing
these serotypes were not identified correctly. However,
eliminating out of consideration the samples of serotype
1 and 3 with ECL values below the detection threshold,
it was possible to identify the correct serotype present in
92% of the samples, including samples containing only
water.

In the future, we will continue with a second coded-
sample experiment, using higher amounts of RNA
molecules (at least 50,000) than those tested here.

Conclusion

We have developed a serotype-specific multi-analyte
biosensor for the rapid detection of Dengue virus.
Dengue viruses of different strains can be detected very
specifically by carrying out a single analysis. The bio-
sensor demonstrated 92% reliability in serotype identi-
fication and is able to detect as few as 50 RNA molecules
of serotype 4, 500 molecules of serotype 2 and 3, and
50,000 molecules of serotype 1 if an amplification reac-
tion has been carried out prior to the analysis. In addi-
tion, the biosensor permits the simultaneous
determination of any two serotypes and can therefore be
applied to the analysis of concurrent infections. In the
future, as clinical samples become available, we will
analyze them using the multi-analyte biosensor we have
developed.

Fig. 7 Simultaneous detection
of two Dengue virus serotypes.
Amplicons from set 4 were used
in the experiment.
Reflectometer readings were
similar to those shown in
Table 3 (set 4)

Table 4 ECL values for quantified Dengue samples

Number
of RNA copies

Dengue 1 Dengue 2 Dengue 3 Dengue 4

5·106 183,593 1,463,149 2,633,798 447,559
5·105 127,277 1,555,302 2,456,153 236,735
5·104 113,718 1,259,460 2,082,526 319,513
5·103 43,919 817,162 1,050,018 184,780
5·102 36,586 724,923 354,517 331,311
5·101 3,415 313,773 61,702 69,802
5·100 595 3,570 5,335 15,739
Negative
control (H2O)

807 1,045 4,389 5,632

Table 5 Results on decoding blinded samples

Dengue
serotype

No. of
samples

No. properly
scored

Percent
correct

ECL values

1 1 0a 0 31,300
2 2 2 100 377,300 and 580,400
3 2 2 100 300,100 and 107,100
4 3 3 100 204,300 and 263,500

195,800
Negative 4 3 75 1,100 and 900

900 and 900
1 and 2 1 0b 0 14,100 and 683,900
1 and 3 2 0b 0 21,600 and 138,600

25,900 and 85,600
1 and 4 1 0b 0 28,500 and 502,300
2 and 3 1 0c 0 835,700 and 72,300
2 and 4 2 2 100 603,500 and 282,800

336,700 and 124,100
3 and 4 1 0c 0 76,400 and 181,200

aProperly identified as Dengue 1, but also scored as possibly co-
infected with Dengue 3 or 4
bProperly identified Dengue 2, 3, and 4, but missed Dengue 1
cProperly scored Dengue 2 and 4, but missed Dengue 3
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