Journal of Medical and Biological Engineering (2023) 43:258-265
https://doi.org/10.1007/540846-023-00788-x

ORIGINAL ARTICLE q

Check for
updates

An Optical Universal Plasmon-Based Biosensor for Virus Detection
Adel Shaaban'2 - Yi-Chun Du'?

Received: 29 December 2022 / Accepted: 6 April 2023 / Published online: 28 April 2023
© Taiwanese Society of Biomedical Engineering 2023

Abstract

Purpose Kretschmann-configuration has been used as a subwavelength framework to detect tiny falterations of the refractive
index of biomaterials. However, most of the theoretical assessment of such configuration fis usually based on the plane wave
excitation transfer matrix method (TMM) of prism-coupled to thin metal film supporting plasmonic modes. Accordingly, a
better theoretical framework than the plane wave approximation is indispensable for reliable and accurate assessments and
kimulations. A reformulated form of the traditional FFT-BPM has been adapted to evaluate the performance and character-
istics of surface plasmonic waveguide biosensor.

Method Surface plasmon mode is excited by a sub-wavelength narrow light beam. The highly confined optical energy of
that plasmonic mode enables an ffficient means to detect tiny variations in the composition of the analyte in contact with
the metallic layer of the surface plasmon [guide. The plasmonic guided power is detected thereafter electronically via an
optical MOS capacitor.

Results the guided plasmonic power has been used to assess the fundamental characteristics and performance of the sensor,
namely the linearity, sensitivity, and figure of merit as well as the full width at half maximum (FWHM).

Conclusion The proposed sensor could be integrated to a wide class of angular measurement system (for instance goniom-
eter) or via electronic detection of the optical plasmonic guided power. we claim that this work is worthy of being shared
with researchers and [developers interested in the experimentation and assessment of sensitive biosensors; especially in case
when complicated and sophisticated analysis tools represent an unpleasant burden.

Keywords Transfer matrix method (TMM) - Plasmonic waveguide - Biosensor - Waveguides - Full width at half maximum
(FWHM)

1 Introduction in the reflection spectrum of metallic gratings when trans-
verse magnetic (TM) light beam hit the metallic gratings.
This irregular distribution of the dark and light bands was

not predicted and explained by theory of diffraction grat-

Surface plasmon resonance is the collective oscillations of
surface electrons at the interface of a dielectric and a metal

medium caused by incident electromagnetic radiation. His-
torically, the first experimental observation of surface plas-
mon polariton (SPPs) on metals were reported by Wood [1]
in early 20th century. He observed the dark and light bands
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ings and was known as Wood’s anomalies. The presence
of viruses (Dengue, Covid-19, etc...) in bio-substances (for
instance blood) alter their physical and chemical charac-
teristics [2, 3]. The refractive index is one of the crucial
characteristics of the bio-substances [4] which are affected
by virus infection. The fast, accurate and reliable detec-
tion of the viruses is important for biosensors [5]. Unfortu-
nately, the alteration of the physical characteristics, such as
refractive index is usually so minute [6, 7], hence a sensi-
tive and accurate bio-sensor is importance. Optical means
of detecting minute changes in the refractive index of flu-
ids is well-known [8-10]. It is well-known for SPP modes,
and highly confine the optical energy at the boundary of
thin metal film in contact with dielectric materials [11-13].
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This unique peculiarity motivated us to claim that SPP
modes excited at the boundary metal/bio-substance could
be efficient, accurate and reliable in the detection of min-
ute alterations of refractive index of blood samples due to
the infection with viruses (for instance, dengue). Our claim
is based on the physical phenomenon of evanescent wave
[14], created at boundaries where total reflection occurs.
This special type of inhomogeneous waves constitute the
core of guided SPP modes at metal/dielectric interface [12].
For instance, Kretschmann-type configuration is one of the
most efficient techniques that exploits the evanescent wave
resonant excitation of such SPP modes [14]. However, the
design and assessment of the bio-sensor performance need
an appropriate numerical tool for such evaluations. Unfor-
tunately, the guiding structures of the SPP modes pertain
to the sub-wavelength class of optical waveguides [15].
This limits the theoretical frameworks that could be used
for such evaluations and assessment [16]. The traditional
FFT-BPM [17] is not valid, of course, as the SPP mode is
transverse magnetic (TM) in nature. Accordingly, the FFT-
BPM has been ignored, in spite of its powerfulness, simplic-
ity and accuracy [18]. Fortunately, [19-21] the traditional

Fig. 1 Schematic of the
Kretschmann-configuration
plasmon type, a) 3D plot, b)
details of the proposed sensor

(b)

(a) "[‘\z‘ *

FFT-BPM has been revisited and reformulated to handle TM
fields recently. Moreover, this renewed version of the FFT-
BPM has been applied to some delicate problem, such as
butt-coupling between plasmonic and dielectric waveguide
[19, 21], and taking into account back-reflected field. This
motivated us to tackle the problem under the consideration
in this research by the novel framework of FFT-BPM as will
be shown.

The integration of plasmon-based device with active
and passive plasmonic components has led to fundamental
new concepts in the design and implementation of innova-
tive applications in our daily life [19, 22-28]. However, the
measurements of guided optical power in plasmonic wave-
guides were achievable only via optical means [29] until
recently Peal et. al. [27] reported an electronic detection
method of plasmonic guided power. The concept relies on
the optical excitation of free carriers in a semiconductor slab
encapsulated between the parallel plates of a MOS capaci-
tor [27, 28]. The evanescent tail of the guided plasmonic
mode, (c. f. Figure 1b), penetrates the transparent conductor
(TC) (one plate of the parallel plate capacitor) and reaches
the semiconductor layer [27]. Consequently, free carriers
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are optically excited and subsequently collected through the
application of a proper bias voltage V; as depicted in Fig. 1b.
Peal et al. [7], estimated that the best response achieved is
10 mA/W.

Biosensors based on SPP are one of the most promis-
ing ones [26]. The surface plasmon resonance (SPR) sensor
offers a real time and label free technique for virus detec-
tion. It has been used in many virus [detection applications,
such as: Ebola [28-30], COVID-19 [31-33], Epstein-Barr
virus [34, 35], thikungunya virus [36-38], Influenza virus
[39-41], and Dengue fever [18, 42, 43]. Here, we present
a novel diagnosis scheme based on a hybrid Kretschmann-
type configuration integrated as depicted in Fig. 1. [[n this
paper, we consider a detection scheme of dengue virus in
human blood samples. Such virus presents a serious risk in
more than a hundred of tropical countries [7, 30, 31], which
means that almost more than half of earth’s population is at
direct risk to such disease [30, 32]. Dengue virus infection
has many symptoms ranging from acute fever to serious life-
threatening effects [13]. Accordingly, fast and accurate diag-
nosis of dengue virus in its early stages is of prime impor-
tance [31, 33]. Unfortunately, traditional diagnosis methods
[6] take few days and require expensive equipment [33, 34]
which are not appropriate in developing countries suffering
from widespread of that disease.

The sensor mechanism is as follows: the power in the
metal film is altered because the presence of the dengue
antigen in the analyte contiguous to the metal film. Because
the specific interaction between the dengue virus and mono-
clonal antibodies [6, 33, 35], which will effected only by the
dengue virus [6, 36], causing a change in the refractive index
of the analyte. Higher concentrations of dengue virus results
in a corresponding change in the guided power density of
the plasmonic mode as depicted in Fig. 2. This indicates that
the biorecognition molecules move further apart from the
previous binding, and leading to a decrease in the previous
binding. The clinical diagnostic of dengue fever virus using
SPP has been considered previously [2, 33, 35].

Here, we present a novel diagnosis approach based on
a hybrid Kretschmann-type configuration integrated with
MOS optical capacitor as depicted in Fig. 1b. The presence
of dengue virus in the analyte (blood sample infected by den-
gue virus). [c.f. Figure 1] alters its refractive index [35, 37,
38] and hence the opto-geometric parameters of the guided
mode (for instance: mode profile, propagation constant and
optical power density) will be affected subsequently.

The adhesive layer (Ti) has no significant effect on the
opto-geometric parameters of the guided plasmonic mode
[39]. As the penetration depth of the evanescent tail of
the plasmonic mode in the analyte depends strongly on its
refractive index [40], such unique property enables a sen-
sitive detection approach for accurate measurement of the
concentration of dengue virus in human blood [6, 33].
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Fig.2 The refractive index profile using the arctangent smoothing
function with different ‘a’ value

2 Theoretical Considerations

Basically, the biosensor under investigation is a tri-layer
(IMI) waveguide as depicted in Fig. 1a. Such waveguide sup-
ports a plasmonic mode that is TM in nature [41, 42]. Thus,
starting with the TM wave equation for the y-component of
the magnetic field:

Lo _,, (1)
n? dx ox
Obviously the FFT with respect to x of the term nlz % ai“'
represents a major problem when applying the classical FFT-
BPM algorithm to TM wave propagation [18].

However, it is possible to transform the TM problem to
an equivalent TE one via a transformation of the refractive
index profile n(x) of the tri-layer plasmonic waveguide of

Fig. 1a to an equivalent one n,, [24]:

VZH, (x,2) + kon®()H,(x,2) —

@ o

W 97 1 @)

ng, (0 = n*(x)
This transforms the TM wave equation for the H, compo-
nent into the following equivalent TE one [43]:

[V + k(z)niq]U(x, 2)=0 (3)

where U(x, z) = H,(x,2)/n(x). (gbviously, the last term
in Eq. (1) involving the product ‘2’—; % is not present in the
equivalent TE problem Eq. 3. Hence, the main obstacle pre-
venting the use of FFT-BPM is surmounted via the equiva-
lent refractive index n,, in Eq. 2. 1

2
Unfortunately, the second derivative :7 o in Eq. 2 rep-

resents a major problem especially for a step-like refractive
index distribution as in the case of our proposed biosensor
(IMI waveguide).
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To circumvent the singularity in the second derivative of

ﬁ, some smoothing functions are used to approximate the

step-like refractive index n(x) [20, 22, 43, 45].

For instance, the arctangent approximation n,,.(x) of the
original step-index n(x) allows us to write:
tan~! < - )
Nge(X) =ny +406n05 + ——— 4)

T

where n, is the ambient (low index) medium, ‘a’ is the
steepness parameter which describes the steepness of the
transition of n(x) from n, inx<0to (n,+ dn)=n; inx > 0;
it takes on small value compared to the transverse sampling
step size Ax, for example 0.1Ax. This is obvious, since as
a—0, the n . (x) tends to an abrupt change from n; for x > 0
to n, for x<0. Inserting (Eq. 4) in (Eq. 3) we get the equiva-
lent index profile 7, as:

2o Mg 2(5n)°
n, () =n, — “kcz [ 3
o n (x)-7%a®-(1+ =) s
2xén )
+ 1

2
n2 (x)-ma’-(1+ 2—2)

arc

Figure 2 illustrates the effect of the steepness parameter
‘a’ on the refractive index profile using the arctangent func-
tion as an approximation to the step-index waveguide for an
IMI waveguide with air core (n,, = 1), silver cladding (n
=0.3970—j11.4 at A4=0.633 pm) and width W, = 50 nm.
Using this approximation some authors [45] studied the sur-
face plasmon modes within the framework of FFT-BPM.
Accordingly, surface plasmon modes in a nanostructured
Kretschmann arrangement could be assessed easier and
simpler than many other methods [14, 47, 48]. In the next
section, we compare the results based on FFT-BPM with
those based on plane wave resonant reflection coefficient
and TMM [6, 7].

3 Numerical Simulation and Assessment
of the Performance Parameters

Figure 1b depicts an arrangement of Kretschmann-based bio-
sensor where a thin gold (Au) film is deposited on the base of a
glass prism with high refractive index n,, = 1.969. The complex
refractive index of gold at A=633 nm is n,,, = 0.18344 +j3.4332
[48]. The thickness of the gold film d=50 nm. The virus-free
analyte normal blood sample has a refractive index n, = 1.33.
Based on minimum reflectance [7], a plane wave at =633 nm
will excite the plasmonic mode (cf. Figure 1b) when it is

incident on the prism base at the resonance angle 8;;=47.1272°
[angle of minimum reflectance]. The superiority of the FFT-
BPM stems from the fact that, by a simple adjustment of the
width W of the “narrow” incident light beam, for instance near-
wavelength or sub-wavelength rectangular pulse, the excita-
tion of the plasmonic mode becomes quite easy [49, 51], and
does not need a sharp adjustment of the incidence angle 6, as it
should be in the traditional plane wave excitation [51, 53]. Such
spatially limited light beam having sufficient spectral extent of
plane waves is capable to fulfil the resonance condition, without
the need to readjust the angle of incidence for each value of the
analyte refractive index n,.

An example of the capability of the FFT-BPM is shown
in Fig. 3a, it illustrates the evolution of the magnitude of the
total propagated magnetic field Hy(x) of a unity amplitude
rectangular pulse as it propagates in the z-direction. The
pulse width W=0.54 is incident from the prism on the metal
film with the analyte overlay such that total reflection on
the prism-metal interface is satisfied [29]. The pulse is cen-
tered at x, = W from the prism-metal interface. The pulse is
launched at the plane z =0 with a tilt angle ¢p=42.377° with
respect to the z-axis. The inset shows a close-up of the modal
plasmonic field as it evolves inside the metal film. Figure 3b
shows the profile of the plasmonic mode in the z=0.35 pm,
half-way the total propagation distance Z, = 0.7 pm. The
parameters of the FFT-BPM take on the following values:
transverse sampling interval Ax=0.1 nm, free space wave-
length 1=633 nm, total number of sampling points N, = 2!°,
and propagation step size Az=0.5 nm.

We considered three practical values for the analyte [6,
7, 33]: a lower positive blood sample (dengue-sero2) cor-
responding to n,, = 1.33691 [7, 33], where the plasmonic
mode occurs at an excitation angle 8,,=47.5066°. A mid-
positive sample (dengue-sero3) has a refractive index n; =
1.33909 with an excitation angle 6;3=47.627°, and a high-
positive sample (dengue-sero4) corresponding to n,, =
1.3405 will be excited at an angle 8,,=47.7051°. Obviously,
the plane wave excitation of the plasmonic mode over the
whole range of the analyte index n,, requires an accurate
readjustment (fraction of a degree) of 6, for each value of
n,. This is impractical, as the dip in the reflectance curve
(resonance of the plasmonic mode) is quite sharp [4, 42,
54]; consequently, this requires a highly skilled person or a
sophisticated automatic opto-mechanical control system to
search accurately for the angle of minimum reflectance [9].

kg = k,n, sin ¢; = k,n, cos 6, ©6)

nky =kt — k2. = k,nyy = k,n, cos ¢, = k,n,sin8; (7)
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Fig.3 a 3D plot for the propagated field and the inset shows the modal field in the metal film. b The magnitude of the magnetic field inside and
around the metal film at the plane z=0.35 micron, where the magnitude of the plasmonic mode reaches its maximum value
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Hence, it is of prime importance to avoid such

critical readjustment of the angle of incidence. Fortu-
nately, this is possible within the framework of the FFT-
BPM, since by properly choosing the width W of the
“spatially limited” incident light beam (cf. Figure 1b), the
excitation of the plasmonic mode becomes quite easy, over
the whole range of n,,. This is easily satisfied when the spa-
tial spectrum w(k,) (plane wave expansion) of that narrow
beam has a spectral component k,; that satisfies the reso-
nance condition of the plasmonic mode [8, 54]:

Where n,is the effective index of the guided plasmonic
mode in the tri-layer (IMI) waveguide [41, 42, 54]. ¢,, and
€, being the relative dielectric constant of the analyte and
metal film, respectively. For instance, a rectangular pulse
with unity amplitude and width W, has a spatial spectrum
w(k,) (plane wave expansion) given by the spatial Fourier
transform [55]:

sin(k, W/2)

wk) = W= ©)

where the variable of the Fourier transform k,, is the
transverse component of the wave vector of a representative
plane wave in the spatial spectrum of the incident beam.
With such narrow light beam, the fundamental parameters
of the proposed detection scheme could be investigated and
assessed accurately and easily such as the linearity, sensitiv-
ity (Si) and figure of merit (FOM).

@ Springer

A criterion for the linearity of the suggested sensor is
the variation of the guided plasmonic modal power density
P, as function of the analyte refractive index n, [56]. Such
power is measurable directly via the optical MOS capacitor
described in [27].

Figure 4 illustrates the spatial spectrum of the magnetic
field of the exciting narrow beam Hy(kx) (proportional to a
Sinc function (Eq. 9) that is incident on the prism base at an
angle 8=47.622° corresponding to k,/k, = 1.327 where the
normalized spectrum attains its peak value (cf. the excita-
tion line in the inset in Fig. 4). This value does not corre-
spond to any resonant angle 6, of the plasmonic modes for
the three dengue-sero samples. The idea is to check that the
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Fig.4 Spectrum of the narrow incident beam on the base of the prism
at 0=n/2—p =47.6°
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excitation efficiency of the plasmonic modes corresponding
to the whole range of n,, is independent of the incidence
angle ; of the narrow light beam, thus all the modes are
excited almost equally likely as seen in the inset of Fig. 4;
which reveals the magnitude of the Fourier transform [H, (k)
(spatial spectrum) of the rectangular pulse. Evidently, the
values of [Hy(k,)I corresponding to dengue-sero 2, 3 and 4
are almost equal as the vary negligibly around 1 (the peak
of the Sinc-function). The spectrum Hy(kx) is quite wide
such that the variation of IHy(kx)I around the spectral com-
ponent k,/k, = 1.327 (corresponding to §=42.38°) is so tiny
(over the whole range of n, corresponding to a variation in
the resonance angle from 42.2° to 42.5°) as revealed in the
inset. This confirms that it is unnecessary to readjust 8, for
each value of the analyte n,. This is one of the fundamen-
tal advantages of the FFT-BPM from the practical point of
view, especially during the design and assessment phases
of the proposed sensor and many other types of biosensors
as well [57, 59].

The main performance characteristics of an SPR-based
sensor is the linearity, sensitivity, and figure of merit. The
linearity of the proposed sensor could be defined as the
change of the guided power inside the metal film as function
of the analyte refractive index. Figure 5 shows the change of
the normalized guided power density (P,) with the analyte
refractive index. The figure reveals a fair linearity of P, with
the analyte refractive index n,. The upper axis depicts the
resonance angle 6; corresponding to n,. The dashed lines
depicts the resonance angles corresponding to the practical
values of n, for each value of the dengue-sero samples.

The sensitivity S;, defined as the change in the modal plas-
monic guided power density AP, per unit change in the analyte
refractive index unit (RIU) [8] S; =AP/Ana is almost 167 per
RIU. On the other hand, the angular sensitivity Sy=AP /A0, ~
3.5 per degree, which is comparable to the value 3.427 of an

enhanced measurement scheme [59]. An appropriate Figure
of merit FOM of the proposed sensor can be defined as the
ratio between the sensitivity and the width W of the exciting
incident pulse (W=0.5}) that is: FOM, = S/W = 528 per RIU/
um [8].

4 Conclusion

The modified FFT-BPM has been applied successfully to
investigate and assess the performance of a plasmonic-based
biosensor as a diagnosis tool for blood infected by dengue
virus. The proposed sensor could be integrated with an opti-
cal MOS capacitor to enable fast and direct electronic detec-
tion of dengue fever virus. The measurable parameter is taken
to be the plasmonic guided power to get benefit from the
optical MOS capacitor which enables direct conversion of
guided optical power to electrical current. The integration of
the Kretschmann-based configuration with the optical MOS
capacitor allows the realization of a feasible device. Com-
pared with other measurement schemes, the proposed sensing
method reveals fair linearity, as well as a competitive sensitiv-
ity and figure of merit.
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