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A B S T R A C T

Early diagnosis of dengue biomarkers by employing a technology that is less labor- and time-intensive and offers
higher sensitivity and lower limits of detection would find great significance in the developing world. Here, we
report the development of a biosensor that exploits the localized surface plasmon resonance (LSPR) effect of
silver nanostructures, created via thermal annealing of thin metal film, to detect dengue NS1 antigen, which
appears as early as the onset of infection. The biosensor integrates membrane-based blood-plasma separation to
develop lab-on-chip device that facilitates rapid diagnosis (within 30min) of dengue NS1 antigen from a small
volume (10 µL) of whole blood. The refractive index (RI) sensitivity of the LSPR biosensor was verified by using
aqueous glycerol (0–100wt%) which showed that it is sufficiently sensitive to detect 10−3 change in RI, which is
comparable to that observed with protein-protein interaction. The RI sensitivity was utilized to demonstrate
protein binding by using bovine serum albumin and detection of antibody-antigen immune reaction by binding
human chorionic gonadotropin antigen to immunoglobulin antibody immobilized in our LSPR biosensor. Next,
we demonstrated the detection of NS1 in plasma obtained via centrifugation and in plasma separated on-chip.
From 10 µL of whole blood spiked with NS1 antigen, our biosensor reliably detects 0.06 µg/mL of NS1, which lies
within the clinical limit observed during the first seven days of infection, with a sensitivity of 9 nm/(µg/mL).
These results confirm that the proposed LSPR biosensor can potentially be used in point-of-care dengue diag-
nostics.

1. Introduction

Dengue is endemic and affects more than 100 million people an-
nually. It is an infectious disease caused by four types of arboviruses,
namely DENV-1, 2, 3 and 4, of the genus Flavivirus, and transmitted by
adult female Aedes aegypti mosquito (Dengue, 2009). Currently, there is
no targeted therapy for dengue, and patient treatment focuses on
managing fluid losses by administering electrolytes. The common la-
boratory diagnosis methods for dengue include isolation of DENV in
mosquito cell culture, inoculation of adult Aedes aegypti mosquito,
detection of viral ribonucleic acid (vRNA) via polymerase chain reac-
tion (PCR), detection of non-structural glycoprotein NS1 antigen se-
creted by viral plasmid or immunoglobulin antibodies IgG and IgM
produced in response to dengue infection via enzyme linked im-
munosorbent assay (ELISA), or by a combination of these techniques
(Pal et al., 2014; Peeling et al., 2010).

Although dengue biomarkers are abundant, the diagnostic

techniques utilized to identify these biomarkers suffer from certain
limitations. For example, virus isolation is time-consuming (takes ~5
days), less sensitive at low viral concentrations and prone to errors from
virus-antibody complexes (Velez et al., 1984). While polymerase chain
reaction (PCR) improves sensitivity via gene amplification, it requires
sophisticated equipment and trained personnel for sample preparation
and analysis (Lanciotti et al., 1992). In comparison, conventional ELISA
is simple, and detects NS1 antigen and the immunoglobulin antibodies
IgG and IgM. However, the assay is time-consuming (takes ~6 h) and
less sensitive for NS1 detection (Pal et al., 2014). To overcome these
issues, alternate techniques were developed for dengue detection. By
translating sandwich ELISA into disk format, the kinetics of antibody-
analyte binding and sensitivity could be improved (Aeinehvand et al.,
2015; Hosseini et al., 2015). However, binding was poor at large ana-
lyte concentrations, which limits its use for detecting mixed serotypes
in endemic regions. Other approaches to improve sensitivity and spe-
cificity of conventional ELISA include embedding antibody-
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functionalized magnetic nanoparticles on a nitrocellulose strip (Ortega
et al., 2017), conjugating affibodies screened against NS1 to gold na-
noparticles (Bang et al., 2018), using microcolumns in a microfluidic
chip (Weng et al., 2011), etc.

Furthermore, externally applied fields were also used to manipulate
beads and virus for dengue immunoassays. To this end, magnetic na-
noparticles were applied to virus separation and subsequent nucleic
acid amplification (Patramool et al., 2013; Zaytseva et al., 2005). Using
just 6 µL of serum, magnetic nanoparticle clustering enabled detecting
25 ng/mL of NS1 in< 10min (Antunes et al., 2015). Besides, dielec-
trophoresis of fluorescently-labelled, virus-conjugated silica beads was
also employed to isolate and quantify dengue virus (Iswardy et al.,
2017). Despite their utility, the use of magnetic nanoparticles and
fluorescence probes increases the cost and annuls the potential benefits
of these techniques.

Alternatively, rapid diagnostic tests (RDT's) utilizing im-
munochromatographic principles were developed (Blacksell, 2012).
These devices consist of antibody-embedded nitrocellulose membrane.
Generally, change in colour of the membrane upon sample flow con-
firms the presence of analyte. Although RDT's require low sample vo-
lumes and provide results in< 90min, they are less sensitive than
conventional ELISA.

To improve diagnostic accuracy, biosensors based on electrical
(Fang et al., 2010; Hadis et al., 2017; Huang et al., 2013; Wasik et al.,
2018), electrochemical (Avelino et al., 2014; Dias et al., 2013; Dutra
et al., 2018; Navakul et al., 2017; Nguyen et al., 2012; Odeh et al.,
2017; Oliveira et al., 2011; Ortega et al., 2018; Parkash et al., 2014;
Silva et al., 2014, 2015; Souza et al., 2011) and optical (Darwish et al.,
2018; Iswardy et al., 2017; Laguna et al., 2014; Mustapha Kamil et al.,
2018a, 2018b; Sánchez-Purrà et al., 2017) sensing mechanisms were
developed for dengue detection (Parkash and Shueb, 2015). The de-
tection of analyte via electrical and electrochemical sensing mechan-
isms is characterized by change in current, potential difference, re-
sistance, impedance and/or the voltage-current (V-I) characteristics of
the antibody-immobilized electrode. Despite achieving limit of detec-
tion (LOD) in the clinical range, these techniques are too sensitive to pH
of the buffer, limiting reproducibility. Such limitations can be overcome
by using optical techniques, where ligand-receptor binding is char-
acterized solely by change in the intensity of reflected, scattered and
transmitted signal from optically active surfaces, nanoparticles, na-
nostructures, or fluorescence from microbeads. In recent years, optical
detection techniques exploiting light-matter interactions such as surface
plasmon resonance (SPR) (de Oliveira et al., 2017; Hu et al., 2013;
Jahanshahi et al., 2015; Kumbhat et al., 2010; Omar et al., 2018), long
range surface plasmon polariton (LRSPP) (Wong et al., 2016, 2014),
surface-enhanced Raman scattering (SERS) (Sánchez-Purrà et al., 2017)
and localized surface plasmon resonance (LSPR) (Adegoke and Park,
2017; Camara et al., 2013) were developed for dengue detection. SPR
permits real-time and label-free detection. However, it requires ex-
pensive equipment, which limits its use in resource-poor settings. A
functionally similar but relatively less-complicated and inexpensive
alternative is LRSPP. LRSPP's have longer sensing region than SPR.
However, the fabrication of LRSPP sensors is complex, limiting re-
producibility. SERS and LSPR are characterized by enhanced electro-
magnetic field at the surface of metal nano-architectures, due to fre-
quency-matched collective oscillation of electrons in the conduction
band of the metal, upon incidence of light. While SERS requires con-
jugating reporter molecules to improve sensitivity, LSPR is truly label-
free. Interestingly, LSPR of annealed gold nanoparticles was previously
demonstrated to be sufficiently sensitive to detect 0.074 µg/mL dengue
NS1 antigen (Camara et al., 2013).

Among dengue biomarkers, only the viral RNA and NS1 antigen
appear as early as the onset of infection. While viral RNA can be de-
tected only via time-intensive cell culture or relatively expensive nu-
cleic acid amplification techniques, the detection of NS1 is simple and is
achieved by monitoring NS1 binding to its complementary antibody.

Furthermore, NS1 antigen can be used to detect all four dengue ser-
otypes. Therefore, a highly sensitive mechanism capable of detecting
minute amounts of NS1 will aid early diagnosis. Among the detection
mechanisms previously tested for dengue, LSPR is a promising alter-
native to conventional dengue detection because it enables label-free
detection, requires relatively less expensive optical components and
low volume of reagents, and provides quantitative information about
the analyte, thereby helping in identifying the stage of infection.

In this paper, we report a localized surface plasmon resonance
(LSPR)-based biosensor for detecting NS1 antigen in whole blood. The
biosensor developed herein was fabricated by thermally annealing thin
silver film deposited onto silicon substrate. By using glycerol solutions
of 0–100% weight concentration, we first determined the refractive
index sensitivity of our biosensor to be 10−3. Next, after confirming the
ability of our biosensor to detect the adsorption of bovine serum al-
bumin (BSA) and binding of human chorionic gonadotropin antigen to
immobilized immunoglobulin (IgG) antibody, we studied the detection
of NS1 antigen spiked into plasma, varying in concentration by two
orders of magnitude. Finally, we integrated a polyethersulfone mem-
brane filter at the inlet of the biosensor, and successfully demonstrated
on-chip separation of blood cells from plasma, and subsequent detec-
tion of NS1 antigen in the filtered plasma, by using just 10 µL of NS1
spiked-whole blood. Our LSPR biosensor yields a sensitivity of ~9 nm/
(µg/mL) and limit of detection (LOD) ~0.06 µg/mL, which lies within
the clinical levels of NS1 observed during the first few days of dengue
infection.

2. Material and methods

2.1. Materials

Silicon wafer was purchased from Semiconductor Technology and
Applications, USA. Trichloroethylene, nitric acid, hydrofluoric acid
(HF), 3-aminopropyltriethoxysilane (APTES), 11-mercapto undecanoic
acid (MUA), 3-mercapto propionic acid (MPA), N-(3-dimethylamino-
propyl)-N′-ethyl carbodiimide hydrochloride (EDC) and N-hydroxy
succinimide (NHS) were purchased from Sigma Aldrich, USA. Acetone
and isopropyl alcohol were purchased from Fisher Scientific, USA.
Methanol was purchased from Finar, India. The elastomer Sylgard 184
and curing agent were purchased from Dow Corning, USA. Glycerol was
purchased from Fisher Scientific, USA. Goat anti-mouse im-
munoglobulin (IgG) antibody and colloidal gold human chorionic go-
nadotropin (AuHCG) antigen were purchased from Advanced
Microdevices, India. Bovine serum albumin (BSA packed with
ab207002), anti-dengue virus NS1 glycoprotein antibody [DN3]
(ab41616), recombinant dengue virus 2 NS1 glycoprotein antigen
(ab64456) and 10 kDa spin column (ab93349) were purchased from
Abcam, USA. The plasma separation membrane (PSM0180-A) was
supplied by Cobetter Filtration, China.

2.2. Substrate metallization and thermal annealing

One-half of a 100mm, P-type silicon substrate was used for me-
tallization. First, the substrate was immersed sequentially in tri-
chloroethylene, acetone and nitric acid, boiling at 180 °C for 4min.
Then, the substrate was immersed in hydrofluoric acid (HF) for 30 s,
diluted 1:10 with deionized (DI) water. Next, 5 nm thick silver film was
deposited via electron beam evaporation (BOC Edwards Auto 306, UK)
at 10−6 Torr. Then, the metal film was annealed inside a furnace at
200 °C for 1 h. The thickness of the silver film, and the temperature and
time of annealing were chosen based on prior observations
(Sreenivasan et al., 2013). Finally, the substrate was cooled to room
temperature, and diced manually into rectangular pieces of two dif-
ferent dimensions – 2 cm×0.5 cm for studies with plasma and
3.5 cm×1 cm for studies with whole blood.
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2.3. Surface functionalization

To bind proteins and antibody for LSPR biosensing, we adapted the
functionalization protocol followed previously with gold nanoparticle
assembly on glass surface (Rajesh et al., 2012), discussed in detail in the
Supplementary information.

2.4. Device fabrication

Two different devices were fabricated, one each for the detection of
NS1 antigen spiked into plasma and whole blood. The devices were
designed using AutoCAD software (Autodesk, USA). The device used for
protein binding and NS1 detection in plasma consists of a 3mm dia-
meter cylindrical chamber having 6mm long channels (300 µm wide,
500 µm height) on either side, whereas the device used with NS1 de-
tection in whole blood consists of a 3 cm long rectangular channel of
width 1mm and height 100 µm, having a 4mm diameter cylindrical
inlet. A poly (methyl methacrylate) (PMMA) master mold created via
micro-milling (Mini-Mill/GX, Minitech, USA) was used to create the
chamber device, whereas a SU-8 master mold created via photo-
lithography was used to create the microchannel for NS1 detection in
whole blood. The G-code required for micro-milling was generated
using Lazycam software (Newfangled Solutions, USA). The channels
were fabricated of poly dimethyl methoxy silane (PDMS) via soft li-
thography from the master mold by following standard protocols
(McDonald and Whitesides, 2002). Briefly, the elastomer and curing
agent were mixed in the ratio of 10:1, de-aerated in the desiccator, and
cured over a hot plate for 90min at 70 °C. Next, the cured PDMS slab
was treated in oxygen plasma (Harrick Plasma) maintained at 10W for
2min, together with the functionalized substrate. Finally, within a
minute of plasma treatment, the cured PDMS slab was bonded to the
substrate.

2.5. Experimental setup

The experimental setup comprises a deuterium-halogen light source
(DH-2000-BAL, Ocean Optics, Germany), a reflection probe (QR-400-7-
UV-VIS, Ocean Optics, Germany), a miniature spectrometer (Flame-T,
Ocean Optics, Germany), and translation stages (Thor Labs, USA)
(Fig. 1). The reflection probe consists of a fiber optic coupler, which
permits transmitting light from the lamp to the substrate and the re-
flected light from the substrate to the spectrometer. Absorbance spec-
trum was acquired using OceanView software (Ocean Optics, Germany)
installed in a Windows laptop. The integration time, number of scans
and boxcar width were set to 15ms, 25 and 50 respectively, and the
spectra were corrected for nonlinearity errors. For spectral acquisition,

the separation between the reflection probe and the device was ad-
justed to be 3mm by carefully adjusting the z-translation stage. Since
the beam diameter equals half the separation distance, our system in-
terrogates the LSPR substrate with a 1.5mm circular beam.

2.6. Protocol for measurement of Refractive Index (RI) Sensitivity,
Adsorption of Bovine Serum Albumin (BSA) and detection of antibody-
antigen binding

The procedure adopted for determining refractive index sensitivity
using glycerol solutions, adsorption of bovine serum albumin (BSA) and
detection of antibody-antigen binding are described in detail in the
Supplementary information.

2.7. Protocol for detection of dengue NS1 antigen in plasma

The detection of dengue in plasma was demonstrated using the
microchamber. The anti-NS1 antibody was diluted 1:10 in PBS. Dengue
NS1 antigen of concentration ranging from 1 to 50 μg/mL was prepared
in plasma, acquired via centrifugation of healthy adult blood. The re-
gion of the chamber was selectively functionalized and incubated with
anti-NS1 antibody for 3 h at 4 °C. After washing with PBS to remove
unbound antibody, the substrate was incubated with 100 µg/mL of BSA
to prevent non-specific binding. Next, after removing unbound BSA by
washing with excess PBS, the substrate was incubated with 30 µL of
plasma containing NS1 antigen for 3 h at 4 °C. Care was taken to
minimize human exposure to NS1 antigen and the experimental area
was disinfected periodically by using 10% sodium hypochlorite solution
and 70% ethanol. A control experiment was conducted using plasma
containing no spiked NS1 antigen. Absorbance spectrum was acquired
thrice for each sample, the experiment was repeated at least thrice for
each concentration of NS1 i.e. for each experiment, freshly prepared
NS1 sample was pipetted into a newly fabricated microchamber device
(immobilized with anti-NS1), and the mean and standard deviation of
peak absorbance wavelength shift before and after NS1 incubation was
computed.

2.8. Protocol for detection of dengue NS1 antigen in whole blood

The detection of NS1 antigen in plasma derived on-chip from whole
blood was demonstrated in a rectangular PDMS channel having 4 mm
diameter cylindrical inlet. For the separation of plasma from whole
blood, a 5 mm × 5 mm polyethersulfone membrane, cut from an A4
size membrane pad, was used. The membrane is 340 µm thick, and
consists of asymmetrically-distributed 1.8 µm pores, which is sufficient
to retain red-, white blood cells and platelets, and permit high recovery

Fig. 1. Schematic of the experimental setup used for localized surface plasmon resonance (LSPR) sensing.
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of plasma from at most 35 µL/cm2 of whole blood. The anti-NS1 anti-
body was diluted 1:10 in PBS, and dengue NS1 antigen was diluted in
whole blood, acquired from healthy adult, to the desired concentration
ranging from 0.25 to 2 μg/mL. A 0.75 cm × 1 cm region at one end of
the diced substrate was selectively functionalized to bind anti-NS1
antibody and was used as the sensing region. For NS1 detection, the
sensing region was first incubated with 50 µL of anti-NS1 antibody
(Abcam, USA). After PBS wash to remove unbound antibody, the free/
unbound sites were blocked by incubation with 50 µL of BSA overnight
at 4 °C. Unbound BSA was removed the following day in another PBS
wash step. Next, the PDMS slab containing the rectangular channel and
its shallow inlet was bonded to the substrate only after antibody in-
cubation and BSA blocking steps. Just prior to whole blood sample
injection, the plasma separation membrane was quickly treated with 35
µL of heparin for ~15 s and bonded to the channel inlet. Next, 10 µL of
whole blood spiked with dengue NS1 antigen was pipetted onto the
membrane, such that plasma separates and flows through the channel
into the sensing region via capillary force. The device was then allowed
to incubate with the separated plasma containing dengue NS1 antigen
for 30 min at 4 °C. After antigen incubation, the PDMS cover was peeled
carefully and the substrate was washed repeatedly with excess PBS to
remove traces of plasma and unbound antigen from the sensing region
and the channel. A control experiment was conducted using healthy
whole blood, i.e. without spiked NS1 antigen. For each device, absor-
bance spectrum was acquired from the sensing region after incubation
with anti-NS1 antibody, after BSA blocking and after incubation with
dengue NS1 antigen. Three spectral measurements were acquired for
each sample, the experiment was repeated thrice for each concentration
of NS1, and the mean and standard deviation were computed.

3. Results and discussion

3.1. Creation of metal nanostructures

The creation of silver nanostructures via thermal annealing of thin
silver film occurs due to thermodynamic instability of such films de-
posited under vacuum. The nanostructures are formed due to repeated
recrystallization that occurs by virtue of low surface energy of the thin
silver film. In this work, 5 nm silver film was deposited via E-beam
evaporation, and silver nanostructures were generated after thermally
annealing the film at 200 °C for 1 h inside a furnace. Fig. 2 shows high
resolution scanning electron microscopy (HRSEM) images of these
silver nanostructures. As observed clearly in Fig. 2c, the silver nanos-
tructures are almost spheroidal in shape, vary in dimension from ~20
to 80 nm, and have inter-structural spacing ranging from few tens to
about a hundred nanometres. These structures exhibited peak absor-
bance at ~430 nm, which conform to that of silver nanospheres of si-
milar diameter (Tani, 2015).

In comparison to the prior approach (Camara et al., 2013), our
biosensor presents certain advantages. First, silver inherently produces

large wavelength shifts than gold by virtue of (a) low electromagnetic
damping losses due to low value of the imaginary part of the dielectric
constant of silver, and (b) large variation of the real part of the di-
electric constant in the visible region of the electromagnetic spectrum
(Mayer and Hafner, 2011). Second, using silicon substrate as the base
material allows fabricating single-use biosensors on a large scale, and
also to retrieve the biosensor by suitable chemical treatment.

3.2. Measurement of Refractive Index (RI) Sensitivity, Adsorption of Bovine
Serum Albumin (BSA) and detection of antibody-antigen binding

The results for the Refractive Index Sensing using Glycerol
Solutions, Adsorption of Bovine Serum Albumin (BSA) and Detection of
antibody-antigen binding are presented and discussed in the
Supplementary information.

3.3. Detection of dengue NS1 antigen in plasma

The dengue NS1 antigen appears as early as the zeroth day of in-
fection and is therefore an effective biomarker for early diagnosis and
subsequent treatment. Usually, the concentration of NS1 antigen in
human blood varies from 0.04 to 2 µg/mL up to 7 days of infection, and
could be as high as 50 µg/mL in certain cases (Alcon et al., 2002).
Measurement of refractive index (RI) of three (3) independent samples
of plasma containing 100 µg/mL anti-NS1 with 0.5, 1 and 2 µg/mL NS1
respectively, using a hand-held refractometer, showed RI values ran-
ging from 1.348 to 1.350. This corresponds to ~10−3 variation in RI,
which is sufficient to produce discrete wavelength shifts when analyzed
via our biosensor. To demonstrate the ability of our biosensor to detect
clinical levels of NS1 antigen, we diluted NS1 in plasma with con-
centration ranging from 0.5 to 50 µg/mL and captured it over anti-NS1
antibody immobilized to silver nanostructures. Fig. 3 shows the ab-
sorbance spectra acquired after anti-NS1 immobilization and after NS1
capture for 0.5, 5 and 50 µg/mL of NS1. While an increase in absor-
bance was observed at all concentrations confirming antigen binding,
the trend in the peak wavelength shift was different. For the highest
concentration, i.e. 50 µg/mL, a large (108 nm) red-shift was observed,
whereas for the lowest concentration of 0.5 µg/mL NS1, a relatively
moderate (6 nm) blue-shift was observed. Furthermore, even for 2 µg/
mL, which is the upper limit of NS1 in the early stage of infection, a
blue-shift in the peak wavelength was observed relative to that after
anti-NS1 immobilization. Regression analysis on fitting a linear line to
the observed trend of wavelength shift with variation of dengue NS1
concentration provided an R2 = 0.87. For the data in Fig. 3b, the
wavelength shift up to 2 µg/mL NS1 represents the average of five (5)
discrete measurements from five (5) different microchamber devices,
whereas for 5 µg/mL and above, the data are from three (3) discrete
measurements acquired similarly. The large error bars observed in
Fig. 3b may be attributed to potential variation in fabrication condi-
tions, which give rise to varying nanoparticle dimensions, spacing etc.

Fig. 2. High resolution scanning electron microscopy (HRSEM) images of silver nanostructures created via thermal annealing at (a) 80,000 ×, (b) 150,000 × and (c)
250,000 ×.
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The relatively poor linearity observed herein is possibly due to the wide
range of NS1 concentrations being investigated in our study, unlike
most prior studies that were limited to 2 µg/mL at most (Bang et al.,
2018; Camara et al., 2013; Dutra et al., 2018; Parkash et al., 2014). In
comparison, for the control experiment conducted without suspending
NS1 in plasma, we observed a mean shift of ~8.37 ± 2.22 nm, ac-
companied by a small increase (0.003 AU) in absorbance (Fig. S7). Such
significant shift in the absence of NS1 antigen can possibly be attributed
to the interaction of serum albumin in plasma with unbound sites on
silver nanostructures. The limit of detection (LOD) was determined as
(Dutra et al., 2018)

= ×LOD 3  Standard deviation of control w/o antigen
Slope of the linear fit for wavelength shift vs. NS1 concentration plot (1)

The slope of the linear fit in Fig. 3b, which is ~1.87 nm/(µg/mL),
provides the sensitivity of NS1 detection in plasma obtained via cen-
trifugation. By substituting the value of standard deviation of wave-
length shift for the control experiment (i.e. 2.22 nm) into Eq. (1), we
determined the LOD for NS1 in plasma to be ~4 µg/mL. However, if we
limit our analysis to NS1 concentrations up to 5 µg/mL, the sensitivity
increases to ~6 nm/(µg/mL), and LOD to 1.1 µg/mL. Such improve-
ment in sensitivity and LOD upon reduction of concentration range
suggests potential interaction of plasma proteins with NS1. In our study,
we observed blue shifts at low antigen concentrations (up to 2 µg/mL),
similar to prior work on NS1 detection via LSPR (Camara et al., 2013).
However, above 5 µg/mL NS1, the peak absorbance shifted increasingly
towards red. Such concentration-dependent shifts may be attributed to
several reasons, which include (i) randomly distributed nanostructures
which gives rise to broad absorption spectrum having reduced intensity
due to minimized constructive interference of scattered radiation

between nanostructures (Jenkins et al., 2014), (ii) low effective re-
fractive index ( eff ) due to sensing in air, which has low value of re-
fractive index (1.003) in comparison to liquid media (1.33 or higher)
used in most prior studies (Jenkins et al., 2014; Wang and Pan, 2008),
(iii) strong adsorption of excess sulphur atoms in thiol groups of 11-
MUA and 3-MPA to silver nanostructures, resulting in increased elec-
tromagnetic coupling (Henglein and Meisel, 1998), and (iv) variation in
charge carrier accumulation within the semiconductor (i.e., silicon used
as substrate for our LSPR biosensor) depending upon bound NS1 con-
centration, i.e. lower the NS1 concentration, the greater is the charge
carrier accumulation giving rise to increased blue-shifts and vice versa
(Faucheaux et al., 2014).

3.4. On-chip blood-plasma separation and detection of dengue NS1 antigen
in the separated plasma

Most existing dengue diagnostic techniques require processing in-
fected blood samples manually to separate serum containing NS1 an-
tigen via centrifugation (Parkash and Shueb, 2015). Despite its ubi-
quity, centrifugation is prone to red blood cell (RBC) lysis, which could
interfere with signal sensitivity in medical diagnostics. Besides, cen-
trifugation could deplete NS1 in blood, i.e. NS1 could be separated out
into the cell fraction, resulting in false negative results (Cadamuro
et al., 2018). Also, diagnostic devices that are capable of processing
blood sample on-chip and yielding information regarding the possibility
and stage of infection enable point-of-care applications. Toward this
aim, we have demonstrated on-chip separation of plasma from whole
blood and subsequent detection of NS1 antigen in the separated plasma
by using polyethersulfone membrane, that permits plasma separation
via gravity filtration, at the channel inlet. The membrane consists of

Fig. 3. Detection of dengue NS1 antigen in plasma (a) Absorbance spectra showing wavelength shift of absorbance maximum after incubation of silver nanos-
tructures conjugated with anti-NS1 antibody (red dashed line) in the chamber device with (i) 0.5, (ii) 5 and (iii) 50 µg/mL of NS1 antigen (green solid line) (b) Plot of
variation of wavelength shift of absorbance maximum with NS1 antigen concentration showing linearity with an R2 value of 0.87. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article).
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asymmetrically placed pores of size 1.8 µm, which is sufficient to retain
the blood cells. Previously polyethersulfone (or polysulfone) membrane
was shown to minimize RBC lysis and retain 95% virus spiked into
whole blood for downstream analysis (Liu et al., 2013). For these rea-
sons, we used the polysulfone membrane-based blood-plasma separator
with our LPSR biosensor for the detection of NS1 antigen spiked into
whole blood. After repeated testing using membranes cut manually into
different sizes and using different sample volumes, we found that 5 mm
× 5 mm membrane dimension and 10 µL whole blood are ideal for
separating plasma in our biosensor. Furthermore, channel hydro-
philicity played an important role in plasma separation, and subse-
quently, the capillary flow of separated plasma through the channel.
For successful blood-plasma separation, the waiting time between
oxygen plasma treatment and PDMS channel bonding was found to be
critical. After prolonged waiting times (> 15 min), plasma was found to
be retained at the channel inlet and its capillary flow through the
channel was impeded due to change in channel hydrophilicity (Fig. S9).
For this reason, the PDMS slab was bonded to the annealed silver
substrate just prior to NS1 antigen detection step, which was conducted
within 3 min of bonding.

To demonstrate the separation of plasma from whole blood using
the membrane, we bonded the PDMS channel to a glass slide and ac-
quired images of the flow of extracted plasma using an inverted mi-
croscope. Fig. 4a and 4b show the schematic of the biosensor and the
separation of plasma from infected whole blood using the poly-
ethersulfone membrane. Just prior to separation, the membrane was
treated quickly with heparin to minimize coagulation of blood cells on
the filter and its influence on plasma yield. Fig. 4c clearly shows the
advancement of plasma meniscus through the channel after separation.
Using 5 mm × 5 mm membrane dimension and 10 µL whole blood, the
separated plasma was able to fill the channel including the sensing
region within 30 s. From the analysis of gray scale intensity images
acquired with and without plasma in Fig. S10, it is evident that the
plasma separated using polyethersulfone membrane has higher purity
than that separated via centrifugation.

Based on our observation of poor linearity at high NS1 concentra-
tions, we limited the concentration range for analysis using our mem-
brane-integrated biosensor to 0.25–2 µg/mL. Fig. 4d shows the absor-
bance spectra for 0.25 and 2 µg/mL of NS1 spiked into undiluted whole
blood. In general, the shift in peak absorption wavelength was found to
increase proportionally with NS1 concentration. However, such trend
was not observed for absorbance values, just as in NS1 detection in
plasma. While a red-shift of 5 nm was observed upon binding of 0.25
µg/mL NS1, a shift of 28 nm was observed with 2 µg/mL NS1. For the
control experiment using NS1-free whole blood, we observed wave-
length shift of 2.98 ± 0.17 nm (Fig. S11). Upon regression analysis for
the variation of peak absorbance wavelength shift with NS1 con-
centration, we observed a moderate linearity with R2 = 0.84 (Fig. 4e).
The sensitivity and limit of detection (LOD) determined as above
yielded values of 9.2 nm/(µg/mL) and 0.06 µg/mL respectively. The
sensitivity observed herein is comparable with that observed in prior
study using NS1 antigen (Camara et al., 2013).

In comparison to Fig. 3b, Fig. 4e shows approximately 1-fold higher
sensitivity. Such improved sensitivity may be attributed to the higher
areal density of the bound NS1 antigen in the 1 mm × 0.75 cm sensing
region of the rectangular channel, in comparison to the 3 mm micro-
chamber, where NS1 will be sparsely distributed due to flow expansion
inside the chamber. Furthermore, the smaller sensing region permits
complete illumination of the sensing region due to similarity in di-
mensions of the beam spot and channel width, unlike the chamber
where the chamber diameter is twice (2 ×) the beam diameter. Also, in
comparison to centrifugation, plasma obtained via filtration through
the plasma separation membrane is anticipated to have higher purity,
as the former is prone to contamination by platelets that interfere with
NS1 binding. In the rectangular channel biosensor, platelets that mea-
sure 2–3 µm in size will be retained within the 1.8 µm pores of the

membrane. Besides improving sensitivity, the increased areal density of
the bound NS1 antigen also contributes to the red-shift observed
throughout in the 0–2 μg/mL range of NS1, unlike the microchamber
where blue-shift was observed for the same concentration range.

While one might anticipate that the broad absorbance peaks would
reduce the resolution of wavelength shift due to variation in size of the
nanostructures in a given sensor, we observed LOD that is comparable
to a few prior studies (Antunes et al., 2015; Bang et al., 2018; Camara
et al., 2013; Dutra et al., 2018; Odeh et al., 2017; Parkash et al., 2014;
Sánchez-Purrà et al., 2017; Silva et al., 2015), and falls within the range
(0.04–2 μg/mL) for early diagnosis. Although our data demonstrates
low LOD for our LSPR biosensor, the linearity between wavelength shift
and NS1 concentration is quite poor (i.e. R2< 0.9). Since we acquired
absorbance spectrum from a newly fabricated LSPR device for each
measurement and for each NS1 concentration under investigation, such
poor fit may be attributed to batch-to-batch variation in nanostructure
size, spacing, areal density of immobilized anti-NS1 and bound NS1
antigen etc. Furthermore, it must be noted that none of the previous
studies integrated sample preparation on chip, but instead used cen-
trifuged plasma. The proposed device facilitates rapid diagnosis of
dengue NS1 antigen within 30 min in contrast to 90 min required for
the centrifuged plasma case. Moreover, while the volume of blood re-
quired for the study presented in Section 3.2 was 1 mL, only 10 µL of
blood was required in the present study. Therefore, the blood-plasma
separation-integrated LSPR biosensor presented herein is an advance-
ment in the field of dengue diagnostics with potential applications in
point-of-care analysis.

4. Conclusion

We have reported a biosensor that exploits the localized surface
plasmon resonance (LSPR) effect of silver nanostructures, created via
thermal annealing of thin metal film, to detect dengue NS1 antigen,
which appears as early as the onset of infection. Our biosensor provides
refractive index sensitivity of 10−3, and detects dengue NS1 antigen
specifically over two-fold concentration range in plasma. By integrating
the proposed biosensor with membrane-based blood-plasma separation,
we have developed a lab-on-chip device that facilitates rapid diagnosis
of NS1 (within 30 min) from just 10 µL of whole blood. Besides redu-
cing sample volume and assay time, our biosensor could potentially
lower the assay cost also, as metal deposition and annealing are per-
formed in bulk, and multiple biosensors can be fabricated from a single
substrate. Furthermore, our biosensor reliably detects 0.06 µg/mL of
NS1, which lies within the clinical limit observed during the first seven
days of infection, with a sensitivity of 9 nm/(µg/mL). However, the
limit of detection above is based solely on calculations from wavelength
shifts verified experimentally for NS1 concentrations> 0.25 µg/mL.
The variation in size of the nanostructures gives rise to broad absor-
bance spectrum, which limits the resolution of wavelength shift that is
critical to experimentally verifying low levels of NS1. Furthermore, the
change in absorbance is small for NS1 concentration intervals in our
study. For these reasons, our biosensor could only be used to qualita-
tively predict dengue infection (i.e., whether a person is infected or not)
in its current form, but not to identify the stage of infection which is
essential to initiate appropriate therapy. Nevertheless, our LSPR bio-
sensor could be used as a rapid diagnostic test to diagnose dengue soon
upon infection. Future work will focus on optimizing annealing para-
meters and utilizing substrates other than silicon to minimize charge
carrier accumulation that could interfere with sensitivity. To improve
resolution and to be able to experimentally verify the detection of NS1
antigen down to ng/mL concentration, we plan to generate more uni-
form metal nanostructures by using high annealing temperature and
shorter annealing time. Upon optimization, we will validate our bio-
sensor by testing dengue-infected patient samples.
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