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ABSTRACT: The rapid spread of viral infections demands early
detection strategies to minimize proliferation of the disease. Here, we
demonstrate a plasmonic biosensor to detect Dengue virus, which was
chosen as a model, via its nonstructural protein NS1 biomarker. The
sensor is functionalized with a synthetic single-stranded DNA
oligonucleotide and provides high aﬃnity toward NS1 protein
present in the virus genome. We demonstrate the detection of NS1
protein at a concentration of 0.1−10 μg/mL in bovine blood using an
on-chip microﬂuidic plasma separator integrated with the plasmonic
sensor which covers the clinical threshold of 0.6 μg/mL of high risk of
developing Dengue hemorrhagic fever. The conceptual and practical
demonstration shows the translation feasibility of these microﬂuidic
optical biosensors for early detection of a wide range of viral
infections, providing a rapid clinical diagnosis of infectious diseases
directly from minimally processed biological samples at point of care locations.
KEYWORDS: Biosensing, viral infections, plasmonics, nanoimprinting, microﬂuidic systems
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Viral infections, such as DENV, are diagnosed using
antibody, protein biomarkers, or messenger ribonucleic acid
(mRNA) from a biological sample. On one hand, the enzymelinked immunosorbent assay (ELISA) is the clinical diagnostic
gold standard for seral antibodies or proteins detection, which
is an indirect approach to identify an active or past viral
infection.10,11 On the other hand, the reverse transcriptase
polymerase chain reaction (RT-PCR) speciﬁcally targets viral
mRNA strands with high accuracy, which is ideal for the
diagnosis of active viral infections with speciﬁc genome
speciﬁcity.12,13 However, the cost of the time-consuming
process, the dedicated infrastructure, and the extensive sample
preparation in both cases restrict the proliferation beyond
commercial laboratories and academic environments. Alternative label-free aﬃnity biosensors promise to develop assays
for the rapid diagnosis of pathogenetic biomarkers, for
example, those based on localized surface plasmon
(LSP).14,15 These devices are extremely sensitive when

iral infections are one of the topmost health concerns
worldwide, especially those highly contagious that emerge
from isolated geographical clusters and evolve rapidly into
pandemics.1,2 For instance, Dengue virus (DENV), a member
of the Flaviviridae family and transmitted by female mosquitoes
(Aedes aegypti or Aedes albopictus), produces a spectrum of
clinical illnesses ranging from acute Dengue fever (DF), to
deadly hemorrhagic fever (DHF), or the Dengue shock
syndrome (DSS).2−4 The four DENV serotypes (DENV1,
DENV2, DENV3, and DENV4) are a prevailing threat to
almost half of the world’s population especially those at
tropical latitudes where viral vectors are abundant.2 In fact, it is
estimated that 50 million DENV infections occur around the
world each year and approximately 1% of these infections will
require hospitalization as they develop into DHF or DSS.2
Currently, there is no speciﬁc treatment for DENV infections,
partly because the pathogenesis is not clearly understood.5−7
Furthermore, eﬀorts to develop and deploy an eﬀective vaccine
against all DENV serotypes have remained elusive, and the
current approved vaccine (CYT-TVDV, Sanoﬁ Pasteur) still
has below 60% eﬃcacy against the four DENV serotypes in
children 2−17 years old.8,9 Thus, the early detection followed
by aggressive clinical intervention remains as one of the best
ways to manage the infection and prevent chronic pathologies
or death, and at the same time it becomes a strategic measure
to contain the spread.1,2
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Figure 1. (a) Integrated Dengue virus biosensor comprising an in-line microﬂuidic blood plasma separator and a cavity-coupled nanoimprinted
plasmonic array. Inset corresponds to the nanoimprinted plasmonic biosensor composed of a gold mirror (80 nm), a dielectric ﬁlm spacer (∼700
nm) embossed with a square array of holes, a conformal thin ﬁlm of aluminum oxide layer (20 nm) as ﬂuid barrier, and a thin gold ﬁlm (30 nm).
(b) Dengue virus genome shared among the four DENV serotypes and comprised of three structural (C, prM, and E) and seven nonstructural
(NS) proteins, including NS1. (c,d) Scanning electron microscope images, top view (c) and cross section (d), of one representative nanoimprinted
sensor. (e) Reﬂectance spectra obtained using FDTD simulations (red curve) and experimentally (blue curve). Inset represents the electric ﬁeld
enhancement obtained 5 nm above the circular hole at the LSPR. (f) Representation of the biosensing workﬂow. (i) The sensors are batch
prepared and properly cleaned prior to functionalization. (ii) Thiol-terminated ssDNA aptamer speciﬁc to nonstructural DENV2-NS1 protein
binds covalently to the gold surface. This step requires incubation for 4 h. (iii) Thiol-terminated 6-mercaptohexanol (MCH) self-assembly
monolayer binds covalently to the empty surface area to block nonspeciﬁc binding and decrease protein fouling present in biological ﬂuids. This
process requires incubation for 12 h. (iv) DENV2-NS1 protein detection via aptamer binding, which produces a readable LSPR shift.

properly functionalized reaching detection of biomolecules in
the pico- to femtomolar concentrations.
In this work, we demonstrate a cavity-coupled plasmonic
biosensor integrated with a microﬂuidic blood plasma
separator16−18 to detect the DENV biomarker directly from
blood as schematically shown in Figure 1a. The cavity coupling
improves the quality factor Q (bandwidth, Δλ) of the LSP
resonance while large area parallel nanoimprinting-based
patterning ensures deterministic resonance replication
(λR).16,19 In order to make it target speciﬁc, the plasmonic
biosensor is functionalized with a high-aﬃnity single stranded
DNA (ssDNA) aptamer against the nonstructural NS1 protein
from DENV2 serotype, Figure 1b. In addition, we
implemented a surface passivation scheme based on thiolterminated 6-mercaptohexanol (MCH) self-assembled monolayer to minimize nonselective binding from proteins present
in biological ﬂuids, such as blood plasma. With such surface
functionalization and passivation strategy in conjunction with
an antiswelling protective layer, we demonstrate the detection
of NS1 protein from DENV2 at a concentration of 0.1−10 μg/
mL in bovine blood using a plasma separating microﬂuidic chip
integrated with this plasmonic biosensor. This concentration
range covers the clinical threshold of 0.6 μg/mL for predicting
high risk of developing DHF in DENV infected patients.11,20

The plasmonic sensor used in this work is formed by
hybridizing the LSP resonance (LSPR) with an asymmetric
Fabry−Perot cavity resonator.17,19,21 The plasmonic nanostructure, unlike conventional one metallic element, is
composed of two complementary elements, hole/disk, of
period/diameter of 560/200 nm and separated by 350 nm
relief depth. The pattern is thermally embossed on UV curable
epoxy SU-8 and coated with 30 nm of gold, see Figure 1a
(inset). Further, the complementary hole/disk array is far-ﬁeld
coupled with the photonic cavity formed by an optically thick
(100 nm) gold back reﬂector separated from the plasmonic
nanostructure by a thick SU-8 spacer ﬁlm (typically 700 nm).
Applications where the plasmonic device is submerged in
solvents, including water, for prolonged periods of time leads
to SU-8 swelling,22 which could add ﬁnite cavity thickness
variations observed in spurious LSPR shift. In order to prevent
this detrimental eﬀect, a conformal antiswelling 20 nm
aluminum oxide membrane is grown on the polymeric
nanohole array prior to metal evaporation to prevent water
diﬀusion into the epoxy matrix, see Methods in the Supporting
Information for details. Figure 1a (inset) depicts the schematic
representation of this system, and the corresponding scanning
electron microscope (SEM) image of one representative device
with cavity thickness of ∼700 nm is shown in Figure 1c,d.
B
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Figure 2. (a) Biosensing representation from biological ﬂuid. The surface passivation strategy decreases protein fouling while permitting the
binding of the biomarker to the ssDNA aptamer. (b) Demonstration of thiol-terminated 6-mercaptohexanol (MCH) surface passivation against
BSA adsorption (100 μg/mL in PBS). The surface passivated sensor reduces up to 83% of the sensor residual response with respect to its
nonpassivated counterpart. (c) Biosensing demonstration with simultaneous passivation and functionalization. The sensors are functionalized with
two aptamer concentrations (1 and 10 μM) tested with same 10 μg/mL DENV2-NS1 concentration in PBS. (d) LSPR time evolution for three
DENV2-NS1 protein concentrations (0.1, 1, and 10 μg/mL) in PBS and one control (only PBS, or zero concentration). Sensorgrams are colorcoded to show the time stamps at which the ﬂow events were happening. (e) LSPR shift quantization of the four sensorgrams shown in (d) as a
function of DENV2-NS1 protein concentration. (f) LSPR shift quantization of three DENV2-NS1 protein concentration in PBS solution with
additional 100 μg/mL BSA concentration and control sample (only PBS+BSA, or zero concentration). Error bars are the standard deviation from
the mean. *Unpaired t test and one-way ANOVA with Tukey pairwise comparison (p < 0.001).

important role in the virus replication process and is secreted
into the bloodstream by the infected cells, thus it becomes a
representative biomarker for the identiﬁcation of the
infection.27,28 It was demonstrated that high levels in acutephase serum samples correlated with high risk of developing
DHF.11,20 Hence, detection directly from the blood, or plasma,
is essential in order to avoid fatalities.
The sensor is functionalized with ssDNA aptamer to detect
NS1 protein directly from blood. However, detection from
minimally processed and unﬁltered biological samples in
general is challenging due to the protein adsorption on sensor
surface. The high protein content in blood plasma tends to
electrostatically accumulate on the negatively charged gold
surface producing spurious bioﬁlm accumulation leading to
uncontrolled background masking the positive binding of the
target biomarker. In order to address such a protein fouling, we
implement surface passivation based on thiol-terminated 6mercaptohexanol (MCH) self-assembled monolayer, which is a
typical surface passivating strategy for gold-based biosensors.29−31 The functionalization and biosensing workﬂow are
graphically represented in Figure 1f. The plasmonic substrates
were batch nanoimprinted (Figure 1f-i), functionalized with
commercially available thiol-terminated ssDNA aptamer
against the NS1 protein from DENV2 (DENV2-NS1) serotype
(Base Pair Biotechnologies Inc.) (Figure 1f-ii), followed by
surface MCH passivation (Figure 1f-iii), and ﬁnally NS1

Cavity-coupled plasmonic systems support hybridized LSP
oscillation modes in the top metallic nanostructure that, when
coupled with a back metallic reﬂector, form an asymmetric
photonic cavity. Figure 1e shows the reﬂection spectra
obtained using ﬁnite diﬀerence time domain (FDTD)
simulations (Q factor of 53) compared with that obtained
experimentally (Q factor of 37) when immersed in aqueous
solution (n = 1.333), see Methods in the Supporting
Information for details. At resonance (LSPR ∼ 850 nm) the
hole/disk array supports a plasmonic resonance (inset in
Figure 1e) which is extremely sensitive to changes in the
surrounding medium, resulting in a measurable shift in the
resonance frequency.
Nonstructural NS1 glycoprotein forms part of the genetic
code of all the Flaviviridae virus family, such as the four
serotypes of the DENV, the Japanese encephalitis virus, Yellow
fever virus, West Nile virus, tick-borne Encephalitis virus, and
Zika virus.23−25 Figure 1b shows the DENV genome which is
not diﬀerent from the general Flaviviridae virus family.25
However, such a genomic similarity does not translate to a
genetic material homogeneity. For example, only 23% of the
protein genome is conserved among these virus genera. In
addition, DENV2 shares 71.44% with DENV1, 71.64% with
DENV3, 68.82% with DENV4, 55.44% with Zika virus, 51.96%
with West Nile virus, and 45.46% with Yellow fever virus.25,26
NS1 proteins, a constituent of the DENV genome, plays an
C
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function of DENV2-NS1 protein concentration. The fact that
the LSPR shift is technically zero for the control solution
validates the eﬀect of the aluminum oxide passivating layer that
prevents SU-8 swelling when exposed to aqueous solution for
the 10 min period. This small LSPR shift for 0.1 μg/mL
concentration (0.038 ± 0.035 nm) is statistically signiﬁcant
diﬀerent from the control sample (p < 0.001), which suggests
the limit of detection in this range. This demonstration shows
a promising performance and paves the path for detection of
DENV2-NS1 from real biological samples containing elevated
concentration of proteins.
In order to assess the device performance in artiﬁcial sample
conditions, that is, saline solution with high protein content
(BSA) and the target biomarker, we repeated the same
experiment but we added 100 μg/mL of BSA into the PBS
buﬀer. Figure 2f summarizes the LSPR shift with respect to
DENV2-NS1 protein. It is observed that the control solution,
PBS+BSA only, has a small background (0.090 ± 0.024 nm)
such as that seen during the surface passivation test, see Figure
2b. However, the LSPR shift as a function of DENV-NS1
protein concentration varies in as much the same way than the
case without BSA with sensor response of (0.150 ± 0.035 nm)
for the smallest DENV2-NS1 concentration, which is statistically signiﬁcant diﬀerent to the control (p < 0.001). Such a
demonstration conﬁrms that this biosensing strategy has the
potential to detect the target biomarker even in environments
where other nonspeciﬁc biomolecule binding, BSA in this case,
could mask the response. The commercial ssDNA aptamer
used in this work was designed against DENV2-NS1. Figure 3

protein binding detection using optical reﬂection spectroscopy
and subsequent quantization by LSPR shift (Figure 1f-iv), see
Methods in the Supporting Information for details.
This specialized surface functionalization and passivation
enables detection of the target antigen even in the presence of
high protein content in the biological sample, as can be seen in
Figure 2a. The sensor passivation was characterized ﬁrst using
100 μg/mL bovine serum albumin (BSA) in phosphate buﬀer
saline (PBS) as a model for nonspeciﬁc interfering protein
contained in biological samples. Two nonfunctionalized
plasmonic substrates were prepared with and without surface
passivation. This PBS+BSA solution was delivered using a
microﬂuidic chip placed on top of the plasmonic substrate and
secured with an acrylic ﬁxture, see Methods in the Supporting
Information for details. First, PBS ﬂows in the microﬂuidic
channel to bring the sensor to a stable state determining the
baseline. Then the PBS+BSA solution ﬂows for 5 min and then
is ﬂushed away with PBS to remove poorly adhered BSA on
the gold surface. Protein adsorption and selective binding in
the subsequent biosensing demonstrations is gauged using the
LSPR shift with respect to the baseline. In the plasmonic
substrate without passivation, BSA accumulates rapidly within
half a minute and remains constantly independent of the
continuous BSA ﬂow which is a sign of surface saturation. The
ﬂow of PBS solution ﬂushes any poorly adhered BSA, but the
residual LSPR shift (0.497 ± 0.028 nm) denotes a considerable
remaining protein adhesion to the substrate, see Figure 2b. In
contrast, BSA minimally aﬀects the surface passivated substrate
observed in the slower sensor response and the small residual
LSPR shift (0.083 ± 0.018 nm) after PBS ﬂush. This strategy
achieves ∼83% reduction in the residual LSPR shift. After
conﬁrming the surface passivation implementation, we tested
the plasmonic biosensor with simultaneous ssDNA aptamer
functionalization and surface passivation. Two sensors were
functionalized with 1 and 10 μM ssDNA aptamer concentration and 10 μg/mL puriﬁed DENV2-NS1 protein in PBS
buﬀer was ﬂown in the same pattern as described in the
previous surface passivation characterization. Figure 2c shows
the LSPR shift, which conﬁrms that the sensor binds the
biomarker at two strengths commensurate with the surface
coverage of the ssDNA aptamer; 10 μM ssDNA aptamer
concentration was employed in all the subsequent biosensing
demonstrations.
The ﬁrst detection demonstration is performed in PBS
solution where puriﬁed DENV2-NS1 protein was spiked at
diﬀerent known concentrations. The purpose of this characterization is to evaluate the binding capability to detect the target
biomarker within the clinically relevant concentration for high
risk DHF development (0.6 μg/mL).11,20 A batch of sensors
were fabricated, functionalized, and surface passivated, see
Methods in the Supporting Information for details. Using the
integrated microﬂuidics system, each sensor was exposed to
diﬀerent DENV2-NS1 protein concentrations, 0.1, 1, and 10
μg/mL, including a control solution (in this case just PBS).
The sensors were ﬁrst stabilized with PBS running buﬀer, then
the PBS+DENV2-NS1 solution ﬂowed for 5 min followed by
PBS ﬂush, while continuously collecting the reﬂection spectra
at each second interval using a spectrometer automated with a
customized LabVIEW (National Instruments) graphic user
interface, see Methods in the Supporting Information for
details. Typical time evolution of the LSPR shift can be
observed in Figure 2d. The results of this characterization are
summarized in Figure 2e where the LSPR shift is plotted as a

Figure 3. Detection of DENV1 and DENV2 NS1 proteins in PBS.
The close genetic match of the NS1 protein between the DENV1 and
DENV2 (71.67%) leads to ﬁnite LSPR shift when testing DENV1 and
DENV2 separate or DENV1+DENV2 combined. Error bars are the
standard deviation from the mean. *Unpaired t test and one-way
ANOVA with Tukey pairwise comparison (p < 0.001).

shows the LSPR response from four PBS+BSA (100 μg/mL)
solutions containing 10 μg/mL of DENV1-NS1, 10 μg/mL of
DENV2-NS1, a mix of 10 μg/mL of each, and control (100
μg/mL of BSA in PBS). DENV2-NS1 protein shares 71.46% of
its genomic diversity with DENV1-NS1 protein which can be
observed in the ﬁnite LSPR response in Figure 3. This
limitation prevents intragenotypic DENV identiﬁcation. In
addition, the ﬁnite 23% genome similarity with other members
of the Flaviviridae virus family adds further selectivity
constraints. It is envisioned that further aptamer optimization
guided by the unique NS1 genetic code would allow the
detection of diﬀerent DENV genera and others Flaviviridae
with higher speciﬁcity.32
D
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Figure 4. (a) Microscope photograph of blood plasma separation during operation. (b) Two representative sensorgrams during the biosensing
demonstration from blood. First a baseline is established by ﬂowing PBS ﬁrst, then plasma separation is started followed by an incubation time (typ.
3 min) and ﬁnalized with PBS ﬂush. (c) DENV2-NS1 protein detection at diﬀerent concentration (0.1, 1, and 10 μg/mL) in blood and one control
(just blood). This biosensing strategy demonstrates biomarker detection from complex biological ﬂuids such as blood plasma. Error bars are the
standard deviation from the mean. *Unpaired t test and one-way ANOVA with Tukey pairwise comparison (p < 0.001).

Ultimately, a biosensor capable of performing biomarker
detection from minimally prepared blood samples is the key
for the point-of-care clinical diagnostics and other applications
that require portability. In order to demonstrate the feasibility
of performing DENV2 detection using the circulating NS1
protein biomarker directly from bovine blood, we integrated
the plasmonic biosensor with an on-chip microﬂuidic plasma
separator,18 see Figure 1a and Methods in the Supporting
Information for details. This microﬂuidic chip uses a
combination of biophysical and hydrodynamical eﬀects to
generate a cell-free region and extract blood plasma. First, the
combination of inertial focusing and Fahraeus eﬀect,
implemented in contracting microﬂuidic bend, imposes lift
and drag forces on red/white blood cells and platelets (BCs)
directed toward the center of 300 μm or smaller microﬂuidic
channels forming cell-free regions on the walls of the channel
termination. Then, bifurcated channels with asymmetric ﬂow
rate ratios of at least 2.5:133 deviate BCs toward the low
resistance path and collects cell-free plasma on the opposite
branch.34−36 Bovine whole blood (∼35% hematocrit [hct])
was prepared by spiking a deterministic concentration of
DENV2-NS1 protein (0.1, 1, and 10 μg/mL) and control in
PBS solution which produced blood samples with ∼22.3% hct.
Blood samples with lower hct perform better than high htc
content blood samples using these type of devices, especially in
the low ﬂow regime preventing the noncovalent bonded
microﬂuidic chip from delamination.34
Detection directly from blood following this scheme requires
four steps. In the ﬁrst step, PBS and blood ﬂows
simultaneously at low speed (∼0.02 mL/min) to ﬁll the
channels with solution. Once the LSPR signal is stabilized, the
PBS channel closes; meanwhile the blood ﬂow increases to
∼0.1 mL/min until plasma separation occurs within the ﬁrst 2
min, see Figure 4a. Once cell-free plasma ﬂows on the active
sensing region, the blood ﬂow is stopped and kept oﬀ for
another 3 min to incubate the plasma sample. Then the PBS
channels are open to ﬂush the plasma and other proteins oﬀ
the active region. Figure 4b shows two LSPR chronograms in
which the blue regions are the PBS ﬂow events and the red
region correspond to the plasma separation and detection.
Spikes in the LSPR are observed mainly due to an event related
to the remnant blood cells, refractive index gradients, loss of
LSPR tracking, or the reﬂectance spectra ﬂattening but not
biomarker binding. However, ﬂushing with PBS solution allows
for the reﬂectance spectra to recover to the baseline state but

with an LSPR shift gained by the binding of the biomarker. As
expected, the control sample produces a small background in
the same range as in the previous biosensing experiment
(0.099 ± 0.024 nm). Nevertheless, DENV2-NS1 protein was
clearly diﬀerentiated at diﬀerent concentrations, see Figure 4c.
In addition, a similar limit of detection is observed (0.1 μg/
mL), where the sensor response is statistically signiﬁcant,
diﬀerent than the control (p < 0.001) and still within the
clinical threshold for high risk of DHF development (0.6 μg/
mL).
Other methods for DENV detection mostly use immunoassay approaches with the use of antibodies as the aﬃnity layer.
For example, the detection of DENV E-protein (see Figure 1b)
in the buﬀer,37 Immunoglobulin M, as the immune system
response to DENV infection, in diluted human serum,38 and
NS1 protein in diluted human blood plasma39 were performed
using the surface plasmon resonance (SPR) method with
detection limits in the femtomolar range for DENV E-protein
in buﬀer.37 Other optical methods such as the luminescence of
quantum dots conjugated with the gold nanoparticle via
ssDNA aptamers detect puriﬁed DENV DNA complementary
strands at femtomolar concentrations in the buﬀer.40 The
ﬂexibility of ssDNA aptamer synthesis combined with the facile
surface functionalization strategy enabled the detection of
other virus biomarkers using SPR41,42 or electrochemical
techniques.43−45 Unlike other demonstrations, this work shows
the use of a hybrid microﬂuidic−plasmonic device as a
promising technique for the rapid sample preparation (plasma
separation) and antigen detection with comparable detection
ranges as other SPR based sensors. This work represents an
attractive approach for the detection of viruses directly from
blood with comparable assay time (<10 min) and clinically
relevant limit of detection (0.1 μg/mL).
Success in containing the spread of viral infections relies on
the early and accurate detection of biomarkers in biological
ﬂuids, ideally in the infection stages prior to the onset of lifethreatening symptoms. In addition, as several viral infections
manifest as similar symptoms at the early stages, and most of
them can develop into chronic pathologies, any misdiagnosis
can lead to severe medical complications leading to death. In
this context, the work presented here demonstrated a
biosensing platform with potential portability for deploying
to the sites of interest, for example, in remote locations lacking
the adequate infrastructure for prompt screening. Nanoimprint
lithography oﬀers parallel, low-cost and high throughput
E
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nanopatterning capabilities that, when combined with
industrial batch processing, paves the path for commercialization. It is envisaged that with further sensor optimization,
multiplexing, and hardware/software integration this platform
can become a practical solution to detect a myriad of other
biomarkers, not only the diﬀerent genera from the Flaviviridae
virus family but to other relevant pathologies associated with
viral infections, such as the current COVID-19 pandemic
caused by the SARS-CoV-2 virus.
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