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Abstract Evaluation of binding between analytes and its
relevant ligands on surface plasmon resonance (SPR) bio-
sensor is of considerable importance for accurate determi-
nation and screening of an interference in immunosensors.
Dengue virus serotype 2 was used as a case study in this
investigation. This research work compares and interprets
the results obtained from analytical analysis with the exper-
imental ones. Both the theoretical calculations and experi-
mental results are verified with one sample from each cat-
egory of dengue serotypes 2 (low, mid, and high positive),
which have been examined in the database of established
laboratorial diagnosis. In order to perform this investiga-
tion, the SPR angle variations are calculated, analyzed,
and then validated via experimental SPR angle variations.
Accordingly, the error ratios of 5.35, 6.54, and 3.72 %
were obtained for the low-, mid-, and high-positive-specific
immune globulins of patient serums, respectively. In addi-
tion, the magnetic fields of the biosensor are numerically
simulated to show the effect of different binding mediums.

Keywords Surface plasmon resonance - Biosensors -
Analytical analysis - Numerical model - Dengue rapid
diagnostic test

< Peyman Jahanshahi
peyman840@ gmail.com

Faisal Rafiqg Mahamd Adikan
rafig@um.edu.my

Integrated Lightwave Research Group, Department
of Electrical Engineering, Faculty of Engineering, University
of Malaya, 50603 Kuala Lumpur, Malaysia

Department of Medical Microbiology, Department
of Microbiology, Faculty of Medicine, University of Malaya,
50603 Kuala Lumpur, Malaysia

Published online: 20 March 2015

1 Introduction

The enzyme-linked immunosorbent assay (ELISA) technique
is the typical method that has been used to quantify the anti-
gen—antibody (Ag—Ab) interaction in biological samples for
laboratory diagnosis [2, 12, 22, 26, 31, 41]. In these reported
works [13, 29, 35], common ELISA method is a slow pro-
cess due to the required incubation times (for a few hours to
2 days) and does not provide sensitive detection in non-lab-
oratory settings typical of the point of care (POC) [44]. The
automated ELISA system requires high-level expertise and
expensive bulky equipment. Also, it is not available in many
hospitals and consumes considerable amounts of chemicals.
The polymerase chain reaction (PCR) technique [21, 25, 45]
is another biochemical-based diagnosis that can be useful
as long as the antigen is contained in the blood and cannot
be applied once the viral genome has degraded. The rapid
immune chromatography method [8] is another option for the
detection of dengue infection. It takes only a few minutes and
easy to use. This method needs one drop of blood for diag-
nosis. Therefore, the rapid immune chromatography method
is only suitable for screening. This method is also not able to
provide high sensitivity and specificity results.

Surface plasmon resonance (SPR) is an optical tech-
nique with applications in a variety of disciplines, espe-
cially in sensing devices. Its wide popularity can be attrib-
uted to the cross-disciplinary philosophy of present day
researches [6, 34, 37, 43]. The SPR can be applied to probe
changes in refractive index, which often occur within the
immediate vicinity of the sensor surface. Previously, SPR
was used for the investigation of inherent optical proper-
ties of thin metal films. Its usage has subsequently been
expanded to a variety of applications including absorb-
ance measurements, bio-kinetics, biosensing techniques,
bulk liquid measurements, immune sensing, blood protein
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detection, gas detection, light modulation, process analyt-
ics, spectrometers, microscopy, refractive index measure-
ments, polarization fibers, and thin film characterization [3,
5,217, 28, 30, 36, 42].

In sensors, the surface plasmon (SP) mode is stimulated
at the interface of a thin metal film and a small dielectric
layer using a light wave. A refractive index change of the
dielectric medium results in a change in propagation con-
stant of the SP mode waveguide. Therefore, this alters the
condition of coupling among the propagated light wave
with specific incident angle and the SP wave and can be
seen as changing one of the optical wave characteristics
interacting with the SP mode. Based on their optical char-
acteristics, these sensors can be categorized into polariza-
tion, phase, intensity, wavelength, and angular modulation.
In this work, angular modulation was used for detection
[15, 16, 32].

A commercial system which is based on the SPR tech-
nique has been applied to measure the wide range of real-
time biomolecular interactions. It is possible to characterize
the ligand—analyte binding reactions without the labeling
requirements. The incident laser light is reflected from the
inner face of the prism, which has its outer face coated
by a layer of thin noble metal film, i.e., gold in common
SPR setup. The intensity of reflected light will be lost to
produce a resonance in electrons at the thin metal film at
a unique angle [1]. Since the unique angle is dependent on
the refractive index of the material on the thin metal sur-
face, this phenomenon has therefore been applied to dem-
onstrate molecular interactions in solid—liquid interfaces.
One reactant (ligand) is immobilized on the gold surface,
and another reactant (analyte) is flowed on the gold surface.
When antibodies (Abs) as the analyte and antigens (Ags)
as the ligand interact to bind each other, the response is
produced and monitored in real time. The SPR biosensors
measure the refractive index changes in the vicinity of the
immobilized surface ligands [38].

Few researchers have successfully reported that the opti-
cal technique can detect the dengue virus. The SPR-based
immunosensor for serological diagnosis [23], suitability
of rapid diagnostic tests [39], increasing the sensitivity of
acute dengue diagnosis using dengue NS1 antigen detec-
tion in combination with anti-glycoprotein E IgM and IgG
serology [10], and early detection of all four dengue virus
serotypes via SPR biosensor with high sensitivity and spec-
ificity [19] are examples of reported works on dengue diag-
nostics. However, the study of dengue virus is more com-
plete if the mathematical assessments of binding between
analytes and its relevant ligands on the SPR biosensor were
done together with optical and clinical data analysis for
biomolecular diagnosis of the dengue disease.

Finite element method (FEM), or finite element analy-
sis (FEA), is a computation technique used to obtain
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approximate solutions of boundary value problems [4, 11].
Simply stated, a boundary value problem (BVP) is math-
ematical, whereby one or more dependent variables must
satisfy a differential equation everywhere within a known
domain of independent variables and satisfy specific condi-
tions on the domain’s boundary. The extensive use of FEM
in solving the BVP of different disciplines has led to the
production of lots of computational software such as COM-
SOL multiphysics. It is recognized for its flexibility and
multidisciplinary modeling capability. COMSOL includes
a powerful radio frequency module that is suitable for ana-
lyzing optical phenomena and has been accepted as one of
the more dependable tool for simulating optical interac-
tions [17, 18, 20, 46]. In this work, COMSOL is employed
to study SPR.

Sunita Kumbhat et al. [23] have reported that the SPR
technique can detect the dengue virus experimentally; how-
ever, they have not performed any analytical and numeri-
cal analysis in their study. In this manuscript, we compare
and interpret the results obtained from analytical analysis
with the experimental ones in the dengue virus diagnos-
tics through biosensor. Moreover, according to our experi-
ments, the patient specimens are classified into three types
(low, mid, and high positive) of dengue serotypes 2, and
only 1 pl volume of patient’s serum is required to deter-
mine the SPR angle variation for each assay.

2 Materials and methods
2.1 Sample collection

Blood samples which were used in this work were col-
lected from University Malaya Medical Centre, Hospital
Ampang and Hospital Tengku Ampuan Rahimah (Klang).
The approval of this study protocols was accepted by the
institutional review board of the University of Malaya
Medical Centre (Ethics no. 782.90) and from both Klang
and Ampang Hospital (Ethics no. NMRR-10-683-6420).
Written informed consent from patients was obtained prior
to blood collection, and the study was conducted in accord-
ance with the “Declaration of Helsinki.”

Sera from symptomatic cases were collected and sub-
jected to in-house IgM-Capture ELISA [24] for IgM detec-
tion, and hemagglutination inhibition (HI) test [7] for total
dengue antibody detection. The evidence of infection has
been defined through using the following criteria to trans-
form the numeric positive/negative (P/N) ratio into four
discrete categories: P/N ratio of <2 (definitive negative),
P/N ratio of = 2 and <3 (low positive), P/N ratio of = 3 and
<5 (mid positive), and P/N ratio of = 5 and >5 (high posi-
tive) [24]. These classified data were applied to the samples
in this work. All samples used in this study were secondary
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infection samples, and these criteria were done using the
HI on the paired sample [7].

2.2 Equipment and reagents

The Biacore 3000 system is used to implement the experi-
ments in this dengue research, and all protocols described
and used materials herein are based on this device. One of
the most widely used chips of the system for various detec-
tions in microbiological fields is CMS5. Its operating prin-
ciple is based on SPR technique and is a good choice for
the experiments in this study. The approach is capable of
assessing the deviation of SPR angle following detection
of anti-dengue virus immunoglobulin M antibodies (IgM)
in human serum samples. The distinction of dengue-spe-
cific IgM from cross-reactive IgM and the IgM reactions
against the infection of serotypes, which are higher than
other serotypes of the most major dengue virus infection,
are the primary causes of using dengue-specific IgM [33].
The serotype-specific [gM was provided by the University
of Malaya Medical Center (UMMC).

N-hydroxysuccinimide ~ (NHS) and  N-ethyl-N-
(dimethylaminopropyl) carbodiimide (EDC) solutions
(from amine coupling kit) are used to activate the surface
of biosensor before the injection of the ligand. Deactiva-
tion and further washing away of loosely associated ligands
are performed with ethanolamine solution with pH 8.5.
The 10 mM sodium acetate buffer with a pH 4.5 is used
to dilute the analyte to have sufficient concentration for the
assay process.

For repeated use of the same sensor chip, the surface
should be regenerated by the removal of analyte and any
other non-covalently bound material. However, the ligand
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should be kept intact and should not be inactivated or
denatured during the regeneration phase. A low pH buffer
10 mM glycine-HCI1 (pH 2.0) is used as a solution for
regeneration of the chip surface.

2.3 SPR chip construction and Biacore instrument
setup

According to CMS biosensor structure [14], the chip is a
glass surface covered with a thin layer (~50 nm) of gold,
providing the physical conditions for generating the SPR
signal. A coating on the gold layer provides a means for
attachment of the ligand. In the case of the CM5 chip, this
is a 100-nm-thick carboxymethyl-dextran matrix as a linker
layer. This matrix provides a relatively inert hydrophilic
environment suitable for most biomolecular interactions.
This allows efficient immobilization from dilute solutions
as well (Fig. 1).

Each angle of the reflected beam strikes the instrument’s
detector at a different point, and thus, the detector continu-
ously records the position of reduced light intensity and
calculates the SPR angle. The optical device has no moving
parts, and the fixed geometry enhances stability and allows
binding to be monitored in the real time.

A baseline SPR angle is first determined by wash-
ing buffer over the surface with a fixed amount of ligand
attached. To this flow of buffer, some analyte is then
added. The binding of analyte to immobilized ligand
causes an increase in the refractive index at the surface;
thereby, changing the SPR angle is directly proportional
to the amount of bound analyte. The SPR angle change is
reported as resonance units (RU) as shown in Fig. 1-curve
A, where 1000 RU correspond to an angle change of ~0.1°,
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and 1 RU corresponds to a refractive index change of
~1 x 1075, If the added molecule does not bind to a target
or receptor, the SPR angle change (Fig. 1-curve B) in the
sample and reference flow cells will be the same, and after
subtraction, will give a zero net RU response that indicates
no binding occurred. Only bound protein generates a posi-
tive SPR signal, and that signal, recorded over time, pro-
duces a sensorgram.

2.4 Analytical and numerical modeling of plasmons
on the sensor surface

FEM is a general variational method, which finds a vari-
ational function whose minimum/maximum/stationary
point corresponds to the solution of the partial differential
equations (PDE) subject to certain boundary conditions.
Its application to EM problems can be done through the
Maxwell’s equations in the frequency domain. FEM analy-
sis of a problem consists of few general steps in this study,
which are as follows: defining the required global param-
eters, modeling the proposed SPR configuration in design
environment, meshing the model domain so that the simu-
lated material is homogeneous on each element, deriving
the governing equation for an element, assembly of all ele-
ments into a system of equations, and the solution of the
system of equations based on electric/magnetic field and
power flow of the structure.

A given problem is divided into many subproblems
that are easier to solve, via a process called meshing. The
problem is said to be divided into a finite number of ele-
ments. Different shapes may be used for elements depend-
ing on the geometry to be resolved and the computational
resources available. Throughout our numerical studies in
this thesis, triangular and rectangular mesh elements (selec-
tion based on different structures) are considered.

The SPR optical unit consists of a source for a light
beam with free space wavelength 633 nm that passes
through a prism (fused silica with refractive index 1.457)
and strikes the surface of sensor at an angle such that the
beam is totally reflected. Under these conditions, an elec-
tromagnetic component of the beam, the evanescent wave,
propagates into the binding medium and can interact with
mobile electrons in the gold film at the surface of the glass.
At this particular wavelength and incident angle, a SP wave
of excited electrons (the plasmon resonance) is produced
at the gold layer (thickness ~50 nm) and is detected as a
reduced intensity of the reflected light beam. The carbox-
ymethyl-dextran matrix (thickness ~100 nm) and binding
medium layers are located on the gold layer, respectively.

Figure 2 shows the configuration of the proposed car-
boxymethyl-dextran matrix-on-gold SPR biosensor, where
the gold surface is covered with a fused silica prism. A
light wave (of vacuum wavelength X,) passes through the
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Fig. 2 The waveguide structure for mathematical and numerical
modeling of SPR biosensor

prism and is totally reflected at the prism—metal interface,
generating an evanescent wave. This evanescent wave can
penetrate the thin gold layer and propagate along the x

direction with propagation constant ky = Rprism (%) sin 0y,

where 6; is the light incident angle in the first medium
(prism) and nprsm is refractive index of the prism. The
propagation constant k, can be adjusted to match that of
the surface plasmon polariton (SPP) by controlling the
angle of incidence. The theoretical angle change can be
calculated using complex Fresnel equations [9, 40]. The
interaction of the light wave and the SPP can change the
characteristics of light wave, such as the totally reflected
intensity r,, is:

_ (My1 + Miagn) X q1 — (Ma1 + Mgn)

p = (1
(M11 + Mi2gn) X g1 + (M21 + Magn)
where
N—1
My = (Hw) ;oij=12 ?)
k=2 ij

M 1is the characteristic matrix of this structure, which is
given by

_ cos B —isin Br/qx
My = { —igsin B cos Bi 3)
and where gy, is defined as:
2 in2
& — nysin” 6y
=Y 7 “)
&k
and the phase factor is expressed by
2
Br = dk(;) &k —n% sin’ 6, 5)
0

in which case, the design is considered by defining the arbi-
trary layer as thickness (d, = x;—x,_,), dielectric constant
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Fig. 3 Patients’ serum via SPR
angle variation and their refrac-
tive index changes
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&k, and refractive index ny. Finally, the reflectance R for the
TM-polarized light of the complete multilayer structure is
described by

R=r| 6)

Besides the experimental results, this study deals with
the optical properties of biosensor structure through ana-
lytical and numerical analysis.

3 Results and discussions

The SPR measurements as applied in biosensors are used to
monitor the changes in thickness or refractive index of thin
films at metal surfaces. In this study, the change in refrac-
tive index was proposed for the rapid detection of anti-den-
gue virus in human serum samples experimentally, analyti-
cally, and numerically.

3.1 Sensor characterization

The binding interaction between target and probe mole-
cules is monitored by changing the SPR angle in real time.
In the current case study, the dengue antigens are immobi-
lized to the top surface of biosensor through carboxyme-
thyl-dextran matrix (NHS/EDC solutions for activation of
surface and ethanolamine for completion of immobilization
procedure are used). The 1 wl of patients’ samples, which
diluted in sodium acetate with pH 4.5, are injected on the
sensor surface one by one.

Since the sensitivity of Biacore system is each 1000
RU corresponds to an angle change of ~0.1°, and 1 RU

t t t t |
0.40 0.60 0.80 1.00 1.20
SPR angle variation

corresponds to a refractive index change of ~1 x 107 of
proteinous material [14], the SPR angle variations are cal-
culated for all low-, mid-, and high-positive categories of
dengue virus serotype 2. The SPR angle variations in each
category are presented in Fig. 3.

According to the SPR angle variation obtained from
each category, the refractive index change (An) of binding
medium for different serums was calculated and depicted
in Fig. 3. Based on sample table, the SPR angle varia-
tions were 0.6910°, 0.9095°, and 1.0532° for low-, mid-,
and high-positive patients’ serums with changing refractive
index 6.910 x 1072, 9.095 x 1073, and 10.532 x 1073,
respectively.

3.2 Analytical analysis for surface binding affinity

Based on analytical investigation, the plot of totally
reflected intensity versus angle of incidence termed SPR
curve was shown in the left side of Fig. 4. To gener-
ate a SPR curve, we used a generalized four-layer model.
The first layer is prism with refractive index n; = npn,.
The kth layer (k: 2, 3) has a thickness of d; and the local
dielectric function g(A,) or the refractive index n(A).
In Ay = 633 nm, there are the prism (n; = 1.457) | gold
(d, = 50 nm, n, = 0.2 + i3.32) | linker (d; = 100 nm,
ny = 1.515) | binding medium, where n, was found from
experimental results.

Figure 4 shows the SPR angle variations based on the
mathematical model of SPR structure. For this purpose,
the obtained experimental changes in refractive index for
each sample were applied in the analytical model. These
changes have been schematically illustrated with cor-
responding sensorgrams in right side of Fig. 4. The SPR
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Fig. 4 The rotated presentation
of the SPR dip (left section) that
forms directly the pointer of the
each sensorgram (right section)
from clinical analysis
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Table1 The experimental data Type of sample (HI) Patient serum  Results
of ELISA test and the SPR
biosensor using low-, mid- and ELISA method SPR method
high-positive patient serums -
P/Nratio NSI IgM  Serotype II (Afspr)
Low positive (Ab titer 10-160) LP_1 2.67 — + 0.7186
LP 2 247 + + 0.6498
LP_3 2.79 + + 0.691
Mid positive (Ab titer 160-640) MP_1 4.5 + + 0.9487
MP_2 3.75 + + 0.938
MP_3 3.93 + + 0.9095
High positive (Ab titer 1280-10240) HP_1 5.25 + + 1.0114
HP_2 6.06 + + 0.9954
HP_3 7.02 — + 1.0532

angle variations in low- (A), mid- (B), and high (C)-posi-
tive dengue patient serums were calculated 0.654°, 0.85°,
and 1.014°, respectively.

3.3 Validating simulation based on experimental results

Here, the experimental results are compared with theoreti-
cal results from mathematical analysis. According to the
Sect. 3.1, the change in SPR angle was measured for rapid
detection of anti-dengue virus in human serum samples
experimentally. Based on the relationship of SPR angle
and refractive index, the refractive index changes of bind-
ing medium for different serums can be acquired. In order
to show the accuracy of theoretical analysis, the obtained
refractive index of samples is applied to the mathematical
model of SPR biosensor, which has been presented in the
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Table 2 The SPR variations of three categorized serums analytically
and experimentally and their mathematical error

Serum no. SPR angle variation Error (%)
Mathematical Experimental

LP_3 0.654 0.6910 5.35

MP_3 0.850 0.9095 6.54

HP_3 1.014 1.0532 3.72

methodology section. Since there are about a large number
of samples, only one sample from each category of den-
gue serotypes 2 (low, mid, and high positive) is selected
and examined for verification of the analytical analysis.
With respect to the sample table (Table 1), the SPR angle
variation of sample LP_3, MP_3, and HP_3, which are as
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Fig. 5 The presence of mag- X106 Magnetic field in Z component [A/m] X
netic field in z component by 1.0
numerical modeling of biosen- 15¢ m ()
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index changes in Fig. 3. :_,C’ —— Binding medium_refractive index 1.34
Table 2 shows the mathematical error for dengue detec- 2 0.02|
tion in low-, mid-, and high-positive patients’ serums. >4
According to this table, by experimental investigation on g
analyte-ligand binding quantity and then analytical analy- ‘Iﬁ 0.0 ¢
sis of the biosensor-based practical conditions, we found -
the error ratio of each category (~5.35, 6.54, and 3.72 %) F__) -0.02}
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The SPR biosensor and its behavior are simulated by a
numerical approach using FEM. The magnetic field in the
z direction of plasmons on the gold film is simulated in
Fig. 5. An increase in the z component of magnetic field
(generated resonance on the gold surface) is observed when
the refractive index of patient sample is increased. This
increase is clearly shown in Fig. 6. This small change is
due to the delicate sensitivity of SPR biosensor, showing
the quantity of bound antibodies with the immobilized den-
gue antigens. The increasing of quantity raises the refrac-
tive index of binding medium, which are plotted in the
magnetic field at the minimum as initial buffer (1.33) and
maximum as a high-positive dengue serum (1.34). Accord-
ing to the quantity of bound Ag—Ab onto the sensor sur-
face, the magnetic field varies between the two curves.

4 Conclusion

We showed that the proposed SPR-based biosensor is sat-
isfactory for the direct determination of dengue Ag—Ab
binding interaction on the sensor surface. Experimental and
computational investigations have been carried out in order
to determine the dengue Ag—Ab interactions occurring on
the surface of the SPR biosensor. This study indicated that

z-direction (um)

Fig. 6 Numerical analysis of biosensor structure with refractive
index 1.33-1.34

the shifting of SPR angle in experimental and analytical
results almost conforms to each other. The magnetic fields
of the sensor surface were numerically simulated to show
the effect of different binding mediums. This research work
offers a promising analytical analysis of immunosensor
interference in clinical diagnostics.

Acknowledgments This work has been supported by University of
Malaya High Impact Research Grant MOHE-HIRG A000007-50001
and MOHE UM.C/625/1/HIR/H-20001-00-E000053. The authors
acknowledge and appreciate the University Malaya Medical Center
for providing samples.

References

1. Berini P (2009) Long-range surface plasmon polaritons. Adv Opt
Photonics 1:484

2. Bessoff K, Delorey M, Sun W, Hunsperger E (2008) Comparison
of two commercially available dengue virus (DENV) NS1 cap-
ture enzyme-linked immunosorbent assays using a single clini-
cal sample for diagnosis of acute DENV infection. Clin Vaccine
Immunol 15:1513-1518

@ Springer



Med Biol Eng Comput

10.

11.

12.

13.

14.
15.
16.

17.

18.

19.

20.

21.

22.

. Bhatia P, Gupta BD (2012) Sensors and actuators B: chemical

fabrication and characterization of a surface plasmon resonance
based fiber optic urea sensor for biomedical applications. Sens
Actuators B Chem 161:434-438

. Brenner SC, Scott R (2008) The mathematical theory of finite

element methods. Springer, NY

. Campbell CT, Kim G (2007) SPR microscopy and its applica-

tions to high-throughput analyses of biomolecular binding events
and their kinetics. Biomaterials 28:2380-2392

. Chhatre A, Solasa P, Sakle S et al (2012) Colloids and surfaces a:

physicochemical and engineering aspects color and surface plas-
mon effects in nanoparticle systems: case of silver nanoparticles
prepared by microemulsion route. Coll Surf Physicochem Eng
Asp 404:83-92

. Clarke DH, Casals J (1958) Techniques for hemagglutination and

hemagglutination-inhibition with arthropod-borne viruses. Am J
Trop Med Hyg 7:561-573

. Dussart P, Petit L, Labeau B et al (2008) Evaluation of two new

commercial tests for the diagnosis of acute dengue virus infec-
tion using NS1 antigen detection in human serum. PLoS Negl
Trop Dis 2:e280

. Englebienne P, Van Hoonacker A, Verhas M (2003) Surface plas-

mon resonance: principles, methods and applications in biomedi-
cal sciences. Spectroscopy 17:255-273

Fry SR, Meyer M, Semple MG et al (2011) The diagnostic sen-
sitivity of dengue rapid test assays is significantly enhanced by
using a combined antigen and antibody testing approach. PLoS
Negl Trop Dis 5:e1199

Garg R (2008) Analytical and computational methods in electro-
magnetics. Artech house

Guzman MG, Jaenisch T, Gaczkowski R et al (2010) Multi-country
evaluation of the sensitivity and specificity of two commercially-
available NS1 ELISA assays for dengue diagnosis. PLoS Negl
Trop Dis 4(8):e811

Haeberle S, Zengerle R (2007) Microfluidic platforms for lab-on-
a-chip applications. Lab Chip 7:1094-1110

GE Healthcare (2008) Biacore 3000 Instrument handbook

J i"ri Homola (2006) Surface plasmon resonance based sensors
Homola J (2008) Surface Plasmon Resonance sensors for detec-
tion of chemical and biological species. Chem Rev 108(2):
462-493

Jahanshahi P, Ghomeishi M, Adikan FRM (2014) Study on Die-
lectric Function Models for Surface Plasmon Resonance Struc-
ture. Sci World J 2014: 503749. doi:10.1155/2014/503749
Jahanshahi P, Parvizi A, Mahamd Adikana FR (2013) Three-
dimensional modeling of surface plasmon resonance based bio-
sensor. In: Vitkin A, Amelink A (eds) Novel Biophotonic Tech-
niques and Applications II, SPIE Proceedings, vol 8801. Optical
Society of America, p 880109

Jahanshahi P, Zalnezhad E, Sekaran SD et al (2014) Rapid immu-
noglobulin M-based dengue diagnostic test using surface plas-
mon. 1-7

Jahanshahi P, Dermosesian E, Mahamd Adikan FR, Yong S
(2014) Numerical and analytical investigation of a SPR structure
as Biosensor. In: Frontiers in Optics. Optical Society of Amer-
ica, p FTh1E.1. doi:10.1364/F10.2014.FTh1E.1

Jahn CE, Charkowski AO, Willis DK (2008) Evaluation of isola-
tion methods and RNA integrity for bacterial RNA quantitation.
J Microbiol Methods 75:318-324

Kumarasamy V, Chua SK, Hassan Z et al (2007) Evaluating the
sensitivity of a commercial dengue NS1 antigen-capture ELISA
for early diagnosis of acute dengue virus infection. Singap Med J
48:669-673

@ Springer

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Kumbhat S, Sharma K, Gehlot R et al (2010) Surface plasmon
resonance based immunosensor for serological diagnosis of den-
gue virus infection. J Pharm Biomed Anal 52:255-259

Lam SK, Devi S, Pang T (1987) Detection of specific IgM in
dengue infection. Southeast Asian J Trop Med Public Health
18:532-538

Lee J-G, Cheong KH, Huh N et al (2006) Microchip-based one
step DNA extraction and real-time PCR in one chamber for rapid
pathogen identification. Lab Chip 6:886-895

Li YZ, Counor D, Lu P et al (2012) A specific and sensitive
antigen capture assay for NS1 protein quantitation in Japanese
encephalitis virus infection. J Virol Methods 179:8-16

Liedberg B, Nylander C, Lunstrom I (1983) Surface plasmon
resonance for gas detection and biosensing. Sens Actuators
4:299-304

Margheri G, D’Agostino R, Becucci L et al (2012) Surface plas-
mon resonance as detection tool for lipids lateral mobility in bio-
mimetic membranes. Biomed Opt Express 3:3119-3126

Micro VII, Technology N (2006) BioMEMS and biomedical
Naimushin AN, Soelberg SD, Nguyen DK et al (2002)
Detection of Staphylococcus aureus enterotoxin B at fem-
tomolar levels with a miniature integrated two-channel sur-
face plasmon resonance (SPR) sensor. Biosens Bioelectron
17:573-584

Nunes MRT, Nunes Neto JP, Casseb SMM et al (2011) Evalu-
ation of an immunoglobulin M-specific capture enzyme-linked
immunosorbent assay for rapid diagnosis of dengue infection. J
Virol Methods 171:13-20

Oliveira LC, da Silva Moreira C, Thirstrup C, Melcher EUK,
Lima AMN, Neff H (2013) A surface plasmon resonance biochip
that operates both in the angular and wavelength interrogation
modes. IEEE Trans Instrum Meas 62(5):1223-1232

Peeling RW, Artsob H, Pelegrino JL et al (2010) Evaluation of
diagnostic tests: dengue. Nat Rev Microbiol 8:S30-S37

Piliarik M, Sipova H, Kvasnicka P et al (2012) High-resolution
biosensor based on localized surface plasmons. Opt Express
20:672-680

Pollet J, Delport F, Janssen KPF et al (2011) Fast and accurate
peanut allergen detection with nanobead enhanced optical fiber
SPR biosensor. Talanta 83:1436-1441

Schmidt AG, Lee K, Yang PL, Harrison SC (2012) Small-mole-
cule inhibitors of dengue-virus entry. PLoS Pathog 8:€1002627
Shalabney A, Abdulhalim I (2012) Figure-of-merit enhancement
of surface plasmon resonance sensors in the spectral interroga-
tion. Opt Lett 37:1175-1177

Tanious Fa, Nguyen B, Wilson WD (2008) Biosensor-surface
plasmon resonance methods for quantitative analysis of biomo-
lecular interactions. Methods Cell Biol 84:53-77

Teles FSRR (2011) Biosensors and rapid diagnostic tests on the
frontier between analytical and clinical chemistry for biomo-
lecular diagnosis of dengue disease: a review. Anal Chim Acta
687:28-42

Verma R, Gupta BD, Jha R (2011) Sensors and Actuators B:
chemical Sensitivity enhancement of a surface plasmon reso-
nance based biomolecules sensor using graphene and silicon lay-
ers. Sens Actuators B Chem 160:623-631

Wang SM, Sekaran SD (2010) Evaluation of a commercial SD
dengue virus NS1 antigen capture enzyme-linked immunosorb-
ent assay kit for early diagnosis of dengue virus infection. J Clin
Microbiol 48:2793-2797

Watanabe K (2011) Model for measurement of water layer thick-
ness under lipid bilayers by surface plasmon resonance. Biomed
Opt Express 2:1115-1120


http://dx.doi.org/10.1155/2014/503749
http://dx.doi.org/10.1364/FIO.2014.FTh1E.1

Med Biol Eng Comput

43. Xu J, Wan J, Yang S et al (2012) A surface plasmon resonance
biosensor for direct detection of the rabies virus. Acta Vet Brno
81:107-111

44. Yager P, Domingo GJ, Gerdes J (2008) Point-of-care diagnostics
for global health. Annu Rev Biomed Eng 10:107-144

45. Yong YK, Thayan R, Chong HT et al (2007) Rapid detection and

serotyping of dengue virus by multiplex RT-PCR and real-time
SYBR green RT-PCR. Singap Med J 48:662-668

46. Ziegel E, Press W, Flannery B et al (1987) Numerical recipes: the
art of scientific computing. Technometrics 29:501

@ Springer



	Optical and analytical investigations on dengue virus rapid diagnostic test for IgM antibody detection
	Abstract 
	1 Introduction
	2 Materials and methods
	2.1 Sample collection
	2.2 Equipment and reagents
	2.3 SPR chip construction and Biacore instrument setup
	2.4 Analytical and numerical modeling of plasmons on the sensor surface

	3 Results and discussions
	3.1 Sensor characterization
	3.2 Analytical analysis for surface binding affinity
	3.3 Validating simulation based on experimental results
	3.4 Numerical analysis for surface binding affinity

	4 Conclusion
	Acknowledgments 
	References


