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Abstract— We present the first experimental demonstration of
label-free malaria pathogen detection in whole blood lysate
using plasmon nanostructures. Previous studies on plasmonic
biosensing have measured antibody-antigen binding, protein-
protein interactions, and detection of bacteria. However, unlike
our sensor, many of these works rely on complex optical setups
to excite surface plasmon waves. The demonstrated plasmon
sensor is a compact, highly sensitive, cost effective, selective
diagnostic tool for many portable biosensing applications such
as point-of-care diagnostics. To achieve malaria pathogen
detection, we utilized a highly site-directed and stable antibody
immobilization process on the nanostructure’s surface. The
measured refractive index sensitivity of the nanostructured
sensor is 378 nm/RIU in the visible range. Introduction

A new study estimates that 1.2 million people died in 2010
from malaria [1]. Early detection and treatment reduces
disease transmission and quantitative detection of malaria
pathogens, sporozoans of the genus Plasmodium, is crucial to
avoid improper diagnoses. A number of diagnostic approaches
for the detection of Plasmodium in human blood samples have
been developed including microscopic evaluation of Giemsa-
stained blood smears [2], enzyme-linked immunosorbent
assay (ELISA) [3], immunochromatography [4], polymerase
chain reaction (PCR) assay [5], and a large variety of rapid
detection methods based on lateral flow or dipstick assays [6].
Visual inspection using an optical microscope has been a
standard method for detecting the presence of the pathogens.
This approach requires trained personnel and laboratory
equipment to prepare specimens. ELISA requires multiple
preparation steps to label antibodies with particles that can
provide detectable signals, such as fluorescence. The signal
strength of immunochromatography is typically weak. In
addition, this approach is rarely quantitative, which can lead to
an improper diagnosis. In PCR, highly trained personnel and
laboratory equipment are needed to prepare specimens, thus it
is time-consuming and expensive.

In this paper, we present an experimental demonstration of
sensitive and selective detection of Plasmodium parasites in a
whole blood lysate using diffraction-assisted extraordinary
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optical transmission (EOT) through periodically coupled
metallic nanostructures. To our knowledge, this is the first
experimental demonstration of Plasmodium detection in blood
samples by directly probing antibody-antigen interactions with
EOT. The demonstrated biosensor is a compact, highly
sensitive, selective diagnostic tool for portable biosensing
applications.

1. SENSOR DESIGN

A.  Background: Plasmonic Sensing

Surface plasmon resonance (SPR) offers extremely high
surface sensitivity and has been widely used in various
detection applications such as the interaction of nucleic acids
with small molecules [7], biomolecular interactions in blood
samples [8], and antibody-antigen interactions [9]. An SPR
sensor detects changes in the excitation condition of a surface
plasmon wave (SP) on a metal-dielectric interface. In
conventional SPR sensors, additional couplers, such as a
prism, are required to provide an extra wave-vector
component to incident light [10], making the sensor bulky and
vulnerable to mechanical vibration noises. A nanoparticle
based sensor utilizes localized surface plasmon resonance
(LSPR) to probe analytes. The nanoparticle sensor measures
changes in the extinction spectrum of LSPR. However, the
extinction spectrum of an LSPR-based nanoparticle sensor can
be affected by many factors including shape, size, and its
composition [11], resulting in reduced sensitivity. Several
lithographically patterned plasmon sensors have been reported
[12]-[14]. Unlike nanoparticle based sensors, the spectral
response of a patterned plasmon sensor can be precisely
controlled and engineered [15]-[19]. Nanostructured plasmon
sensors, such as nanohole arrays, have been widely used in a
number of sensing applications including measurement of
protein-protein interactions [20], detection of bacteria [21],
tumor markers [22], and antibody-antigen interactions [23],
[24]. Enhanced refractive index sensitivity has been
demonstrated using the resonant surface modes in a defect-
assisted plasmonic crystal [25].
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Figure 1. Detection mechanism of the plasmon biosensor. The refractive

index change induced by the antibody-antigen interaction on the surface of
the plasmon sensor is detected by monitoring the transmission spectra
through nanostructures.

The plasmon biosensor reported here uses enhanced optical
transmission through periodic nanostructures to probe
refractive index change due to antibody-antigen interactions.
The plasmon sensor consists of an array of periodic nanoholes
in a metal film, a layer of crosslinkers, and a bio-transducer.
The bio-transducer, a layer of immobilized antibody, responds
to target pathogens, creating refractive index perturbation on
the surface. The induced index perturbation alters the
dispersion relation, the @-f diagram, of the SP wave on the
sensor. Fig. 1 shows a schematic drawing of the biosensor.
The patterned nanostructures convert the incoming light into
the surface waves on the sensor. Unlike photons, the excited
surface waves can significantly enhance the transmission of
incoming wave through the subwavelength holes. This SP
wave is extremely sensitive to changes in the refractive index
of the surrounding medium. By monitoring the transmission
spectrum of the sensor, induced refractive index perturbation
can be accurately measured.

The refractive index perturbation of the biosensor can be
measured by wavelength or intensity interrogation.
Wavelength interrogation is achieved by monitoring the
transmission spectrum of the plasmon sensor using a

Figure 2. Exictation of SP waves using a periodic nanostructure.

spectrometer and a broadband optical source. Resonant peaks
due to EOT in the transmission spectrum can be used to
measure the changes in the refractive index from antibody-
antigen interactions. For intensity interrogation, the
transmitted intensity of the sensor at a fixed wavelength is
monitored using a calibrated photodetector.

B.  Plasmon Sensor Design and Fabrication

Fig. 2 depicts the excitation mechanism of the plasmon
sensor. When an incident beam interacts with a periodic
nanostructure, multiple diffracted waves are excited. The
excitation of the SP waves can be described by

B=k,sin(0)t mK, (1)
where £ is the wave vector of the excited plasmon wave, k, is
the wave vector of the incident wave, € is the angle of
incidence, m is an integer, and K; =2m/A is the reciprocal
vector of the nanostructure. £ in (1) can be obtained by
solving the characteristic equation of a three-layer guiding
structure [26],
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Where k= B ’— kjg,i=a, m, s, and k, is the wave vector in
free space. Excited SP waves play a vital role in enhanced
optical transmission [27],[28], serving as a probe for antibody-
antigen interaction. In addition to the role of SP waves, several
phenomena contribute to improved optical transmission
through the nanostructure [29]-[31]. Excitation of the SP wave
is detected as a peak in the transmission spectrum.

The enhanced optical transmission of the plasmon sensor is
analyzed by performing electromagnetic simulations of the
nanohole array using COMSOL Multiphysics™. For
simulation, periodic boundary conditions are used to address
repeated nanoholes. To avoid undesired numerical reflections,
boundaries of the computational window are terminated by
perfectly matched layers. A TM-polarized plane wave is used
as an optical excitation. The modified Lorentz-Drude model
[32] is used to include the dispersion characteristics of gold.
The dimensions of the sensor are designed to achieve EOT
around A=725 nm.

The sensors were fabricated by a focused-ion-beam
system. A 100 nm-thick Au layer was deposited on a
microscope slide. The nanoholes were 200 nm in diameter
with 300 nm separation between the adjacent holes. For
experimental characterization, the output spectrum of the
sensor was measured by using a quartz-tungsten-halogen lamp
and a fiber-coupled spectrometer. This measurement was
performed before applying the bio-transducer layer. The
calculated and measured transmission spectra of the biosensor
in water at surface normal excitation are presented in Fig. 3.
The inset of Fig. 3 shows a scanning electron microscope
(SEM) image of the fabricated sensor.
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Figure 3. Calculated (dotted curve) and measured (solid curve) transmission
spectra of the fabricated sensor in DI water. A quartz-tungsten-halogen lamp
was used for a broadband optical source.

II. EXPERIMENTAL CHARACTERIZATION

The refractive index sensitivity of the fabricated sensor
was measured using different concentrations of glucose in
deionized (DI) water. The variation of refractive index with
concentration of glucose in DI water is well known [33]. The
spectral response of the fabricated plasmon sensor was
measured by applying different glucose solutions. In each
measurement, the sensor surface was thoroughly rinsed with
DI water. The spectral response of the sensor in water serves
as the baseline for this experiment. Fig. 4 shows the measured
wavelength shifts of the peak for five different glucose
concentrations in DI water. As shown in the figure, the
spectral responses of the sensor are fully restored after rinsing
the surface of the sensor with DI water. Using simple linear
regression, the estimated index sensitivity of the peak is 378
nm per refractive index unit (RIU).

The transmission spectra of the biosensor were measured
during the antibody immobilization process. The
characterization procedure of the fabricated sensor is as
follows: the output spectrum of the sensor in DI water was
measured before applying the surface chemistry to immobilize
antibodies. Protein A was covalently attached to the gold
surface using dithiobis succinimidyl protioate (DSP) as a
linker. Monoclonal antibodies (#14¢, Flow Incorporated, OR)
against Plasmodium lactate dehydrogenase, were immobilized
through strong binding with Protein A. After immobilizing
antibodies on the surface, we measured the output
transmission spectrum which serves as the baseline of the
immunoassay. Blood samples from a malaria-infected chicken
were then lysed and introduced on the surface of the sensor.
An optical microscopic parasitemia inspection showed that
10% of the red blood cells were infected with Plasmodium
parasites. The output spectrum of the sensor was measured
again. The presence of various biomolecules in the blood
sample introduced a redshift in the output response. Finally,
the sensor surface was rinsed with DI water and the output
spectrum was measured. A blueshift is observed in the output
spectrum. The measured blueshift is caused by removing
unwanted biomolecules from the sensor surface, leaving only
the antigen-antibody pairs on the sensor. The observed
blueshift confirms that undesired artifacts in the measurement
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Figure 4. Measured wavelength shifts of the resonant peak for different
glucose concentrations. The sensor was rinsed with DI water and measured
to ensure a reset of the sensing surface. Inset: Measured tranmission spectra
of the sensor for varying glucose concentrations.

due to fouling can be significantly reduced by rinsing the
surface of the sensor with DI water.

Fig. 5 shows the transmitted intensity of the sensor
monitored at a fixed wavelength within the enhanced
transmission band at each step. The spectral band is shown in
the inset of Fig. 4. A noticeable change in transmitted intensity
between the antibody immobilization step and the final rinse
was observed. This change in intensity indicates a refractive
index change at the sensor’s surface due to antibody-antigen
interaction. To confirm our results were from antibody-antigen
interactions, both a positive and negative control test were
performed. Whole blood from an uninfected chicken was
lysed and introduced onto the sensor. The transmission
spectrum was measured, representing the negative control, and
the surface was thoroughly rinsed. Next, whole blood from a
malaria infected chicken was lysed and introduced onto the
biosensor. A noticeable red-shift of the transmission spectrum
is observed for the positive control as compared to the
negative control. The control experiments confirm the

selectivity of the sensor to the target malaria
parasites.
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Figure 5. Intensity monitoring of the transmission spectrum was performed
after each process step represented as follows: “DI”: deionized water, “DSP”:
introduction of the cross-linker DSP on the sensor, “AB”: immobilization of
monoclonal antibodies, “B-X": X number of minutes after whole blood
lysate was introduced, “Rinse”: rinsed the sensor with DI water six times. A
noticeable change in transmitted intensity is observed when comparing Ab
immobilization and final rinse indicating antibody-antigen interaction. Inset-
Results from an optical microscopic parasitemia inspection. Approximately
10% of red blood cells were infected with Plasmodium parasites.
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