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Abstract: Ellipsometric Surface Plasmon Resonance (SPR) sensors are known for their relatively
simple optical configuration compared to interferometric and optical heterodyne phase interrogation
techniques. However, most of the previously explored ellipsometric SPR sensors based on intensity
measurements are limited by their real-time applications because phase or polarization shifts are con-
ducted serially. Here we present an ellipsometric SPR sensor based on a Kretschmann—Raether (KR)
diverging beam configuration and a pixelated microgrid polarization camera. The proposed method-
ology has the advantage of real-time and higher precision sensing applications. The short-term
stability of the measurement using the ellipsometric parameters tan ¢ and cos(A) is found to be
superior over direct SPR or intensity measurements, particularly with fluctuating sources such as
laser diodes. Refractive index and dynamic change measurements in real-time are presented together
with Bovine Serum Albumin (BSA)-anti-BSA antibody binding to demonstrate the potential of the
developed sensor for biological sensing applications with a resolution of sub-nM and down to pM
with additional optimization. The analysis shows that this approach may provide the ultimate
detection limit for SPR sensors.

Keywords: surface plasmons; ellipsometry; polarization camera; phase measurement

1. Introduction

Surface Plasmon Resonance (SPR) is a phenomenon of surface charge density oscil-
lations at the metal-dielectric interface originating from the interaction of light photons
with electron plasma at the metal surface. Under certain conditions of wavelength, polar-
ization, and incidence angle, the momentum carried by the photons along the interface is
transferred to the collective oscillation of free electrons as a surface electromagnetic wave,
called surface plasmons [1]. In localized SPR, the excitation is on the surface of metal
nanoparticles due to scattering without dependence on the polarization if the particle is
spherical [2]. In the extended or propagating SPR, the polarization must be transverse
magnetic (TM) because it contains an electric field component normal to the metal surface
required to generate the surface charge. In this way, at resonance, the incident light energy
is coupled into the surface plasmon mode field, which results in a dip in the reflectivity of
light. The SPR is highly sensitive to the refractive index of the material in the vicinity of
the metal surface within the range of the penetration depth of the surface plasmon field.
An extremely small variation in the refractive index results in a change in information
parameters in resonance wavelength, resonance angle, phase, or intensity [3].

Over the past few decades, SPR has been widely used as an optical sensing tech-
nique that can perform real-time, label-free, and high-sensitivity monitoring of molec-
ular interactions [4-8]. The most widely used configuration in SPR sensing is the one
based on prism coupling, called the Kretschmann—Raether (KR) configuration [1,2]. SPR
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biosensors can be divided according to their operating principles into angle, wavelength,
intensity, or phase-interrogated devices [9-12]. The intensity and the phase of the reflected
TM-polarized light both change when there is a change in the refractive index of the analyte
in the vicinity of the metal film. Intensity monitoring offers the advantage of simple optical
configuration requirements and has been utilized in many commercial devices [13,14]. With
their complex optical configurations, phase-interrogated SPR sensors generally provide
higher sensitivity and throughput and have thus emerged as prominent biosensing de-
vices [15,16]. The sensitivity and limit of detection (LOD) of the phase SPR and intensity
SPR were extensively investigated and compared in the past. The phase SPR is found to
give a much stronger response to the changes in the refractive index because of the maximal
change in the phase occurring at the edge of the dip of the SPR curve [17-19]. While light
intensity measurement is a straightforward process, high-frequency light oscillation cannot
be observed directly. Phase measurement is more complicated than intensity and requires
more know-how in optical configuration, modulation instrument, and processing [20-22].

Over the past few decades, a variety of SPR-phase interrogation techniques have been
developed. The major ones include interferometry, optical heterodyne, and ellipsometry-based
techniques. Light modulators such as electro-optic modulators, acousto-optic modulators,
photo-elastic modulators, piezo-electric transducers, and liquid crystal modulators were
used in a variety of phase interrogation systems. The piezo-electric transducers were used
in various interferometric phase SPR systems based on Mach-Zehnder and Michelson inter-
ferometers [23,24]. An interferometric imaging system based on spatial phase modulation
was developed.

In this approach, sensing is performed by measuring the interference fringe phase
shift [25]. A different approach based on optical heterodyne used acousto-optic and
electro-optic modulators to produce two beams with slightly different frequencies, which
interfere and result in beat frequency which is used to measure the phase difference using
a phase meter [26-28]. The complex optical configurations of interferometric and optical
heterodyne were further simplified in the single-beam interferometric techniques using
a photo-elastic modulator. In these systems, the reflected beam was passed through a
photo-elastic modulator which sinusoidally modulates the p component of light. The
modulated signal is then used to extract the phase information [29,30]. Liquid crystal
modulator-based phase SPR systems have also been developed. The phase shift between
the orthogonal components of light can be accurately measured by using a phase extraction
algorithm. A three-point polarimetric approach for monitoring phase information SPR
using a variable liquid crystal modulator was also developed both in the angular and the
spectroscopic modes [31,32].

A more simplified approach to measuring the phase shift in phase SPR sensors in-
volves a rotating analyzer. In this approach, ellipsometry is used to extract the phase
information of light. However, these approaches are limited by their mechanical rotation
speed, which can also add noise to the system and is not suitable for real-time sensing ap-
plications [33-35]. In addition to these sensors, SPR systems combining two interrogations,
spectral and phase, were also developed [36,37]. With the proposition to perform the phase
change measurements in real-time, phase SPR systems with three separate cameras or a
single camera with a polarization mask were mentioned originally in some patents [38,39].
In our group, a mechanically stable spectroscopic polarimetric SPR setup with no moving
parts was developed using a liquid crystal tunable Achromatic wave plate (LC AchWP) of
Abuleil-Abdulhalim to extract spectral ellipsometric signatures of light [40]. Our group has
been developing parallel interference microscopy, vibrometry, and ellipsometry systems
for the last decade using either three different cameras or spectrometers [41-44]; however,
this approach makes the system bulky and expensive. In a recent work [45] on ellipso-
metric phase SPR systems, an ellipsometric phase SPR system was developed using a
phase camera; however, in this work, they used an extra component, a quarter waveplate,
to utilize the four signals from the four polarized pixels. In addition, in [45], they did
not use a spectrum of spatial frequencies, meaning they needed to carefully adjust the
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incident beam for each analyte medium with different refractive indices. In this paper,
we propose a polarimetric SPR sensor using the diverging beam approach, three points
measurement using a pixelated micro-grid polarization camera, and no additional wave-
plates involved. The proposed method is suitable for real-time sensing applications and is
only limited by the frame rate of the polarization camera. Furthermore, we investigated
the stability of information parameters SPR dip, tan 1, and cos A in different light source
environments. The stability of the aforementioned information parameters is essential for
accurate dynamic measurements.

2. Materials and Methods
2.1. Phase Extraction Algorithm

The diverging beam approach in Kretschmann—-Raether (KR) configuration polarimet-
ric was described in several publications [17,32]. The approach is characterized by the
cylindrical divergence of the light beam so that a range of spatial frequencies are projected
towards the sample and analyzed simultaneously. We extract the ellipso-polarimetric
parameters tan and cos(A) of the reflected light using a three-point polarimetric ap-
proach [33,46]. By fixing the orientation of the input polarizer, the light reflected from the
sample is analyzed using three out of the four different orientations of analyzers, 0°, 45°,
90°, and 135°, forming one pixel of the microgrid polarization camera. The orientation of
the input polarizer is fixed at a 45° angle with respect to the TM polarization direction so
that the incident linearly polarized light contains equal amounts of TE and TM intensities
which are equal to Linput- For different analytes, four intensity images Iy, Is5, log, and I35,
are obtained simultaneously corresponding to the four different orientations 0°, 45°, 90°,
and 135° of pixelated microgrid polarization camera. The ellipso-polarimetric parameters
tan ¢ (defined as the absolute value of the ratio between the TM to TE amplitudes, also
related to the azimuth of the polarization ellipse) and cos(A) (A is the phase difference
between the TM and TE components of reflected light) which are related to each other
by a single complex number x. The parameter yx is defined as the ratio of the reflected
amplitudes of TM and TE polarization components,

'T™

g exp!(PrM—9TE) 1)
TE

X:

here, tan(y) =
reflected components and cos(A) = cos(¢rtm — ¢1E)-

Assuming the intensity of incident light to be I;;;c = 21j;p,;, we obtained an expression
for the output light I,,¢put using Jones calculus given by

%’ is defined as the absolute amplitude ratio between the TM and TE

Toutput = Tinput (0.5 +0.5tan? P+ 0.5 (tan2 P — 1) cos2A + tan i cos A sin ZA) 2)

here, A is the orientation of the analyzer with respect to the TM polarization. In the
proposed method, the polarization camera acts as an analyzer. Therefore, we have four
different orientations of the analyzer (A), 0°,45°, 90°, and 135° respectively.

In Equation (2), we have three unknown variables, I;;,,, which is half the incident
intensity, tan, and cos A. Therefore, to extract the values of unknown variables, we
need at least three equations. We obtain three equations by using three different analyzer
orientations (A = 0°,45°,135°) of the polarization camera pixels given by

Iy = Iinput tan’ Y 3)
Is = Linput (0.5 +0.5 tan? P 4 tan ¥ cos A) (4)

has = Linput (0.5 +0.5 tan? 1 — tanp cos A) (5)
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Solving the equations, the following ellipso-polarimetric parameters are obtained,

1 Iys — Itzs ©)

t =
ny 2tany Iinput

, CosA =

Iinput
where, liypyt = s + hizs — lo.

2.2. Experimental Setup

The experimental setup of the proposed method is depicted in Figure 1. A 660 nm
red LED (M660F1, Thorlabs Inc., Newton, NJ, USA) is used as an input light source that
is operated using a constant current LED driver (DC2100, Thorlabs Inc., Newton, NJ,
USA). The output light from the LED is coupled to an optical fiber (M53L02, Thorlabs Inc.,
Newton, NJ, USA) of 0.5 NA and 600 um diameter. The light from the fiber is collimated
using a collimation package and then passes through a linear crystal polarizer (extinction
ratio of 10,000:1) oriented at a 45° angle with respect to the TM polarization direction.
Therefore, light falling on the sample chip is linearly polarized with equal components
of TM and TE polarization. The linearly polarized light passes through a cylindrical lens
which introduces cylindrical divergence perpendicular to the propagation direction of the
light (in the incidence plane). The cylindrical divergence of the light beam ensures a wide
range of spatial frequencies or incident angles. The diverging beam of light hits the SPR
chip, passing through a prism made of SF11 glass with a refractive index of 1.7783 [47]. The
chip is made of SF11 glass coated with a thin metal film of 2 nm of titanium and 50 nm
of gold, respectively. The thin metal films were deposited using the E-beam deposition
technique. The chip is placed on top of the prism using a refractive index matching oil
(Cargille Labs, Cedar Grove, NJ, USA) to close the gap between the chip and the prism. For
calibration and finding the pixel size in refractive index units (RIU), de-ionized (DI) water
and multiple concentrations of DI water with glycerol were used. The mass concentration
of DI water and glycerol were 2.5%, 5%, 10%, 15%, 20%, and 25%, with corresponding
refractive indices 1.3367, 1.3410, 1.3455, 1.3526, 1.3593, and 1.3685. The refractive indices of
the prepared analytes were also measured using a handheld refractometer (OPTi Digital
Handheld Refractometer, Bellingham & Stanley Ltd, Royal Tunbridge Wells, UK) and the
two channels Photonicsys H5 SPR system. The light reflected from the chip passes through
the prism and is collimated using another cylindrical lens. The collimated light is analyzed
using the pixelated microgrid polarization camera (Phoenix 5MP, Lucid Vision Labs Inc.,
Richmond, Canada). A cooling fan was found to stabilize the signal better, so for future
applications, a thermo-electric cooling (TEC) element may be attached to the polarization
camera to minimize the effects of temperature-related noises.

Analyte ln—»-,;,\__(,\—H Analyte Out

Flow channel— 7" R
- 5 Gold coated SF-11 substrate

Pixelated Micro-grid
Polarization Camera

SF11-Prism
Q Diverging Lens CoI]imatin.g lens
A (Cylindrical) (Cylindrical)

- Polari
Optical Collimating olarizer

LED  gipre Lens // 7 7

Thermoelectric
Cooling Device

Heat Rejection /
Micro-Fan
Figure 1. Experimental setup of the proposed method (red arrows represent heat dissipation direction
using micro-fan).
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The pixelated micro-grid polarization camera is sensitive to the polarization property
of light. The camera sensor is based on Sony Polarlens IMX250MZR (mono) camera sensor.
This polarization camera sensor consists of a polarization filter array (PFA) of microgrid
wire polarizers which is placed in front of a CMOS image sensor. The PFA has on-chip micro-
lenses. The PFA is placed on-chip with an air-gap nano wire-grid structure, coated with
an anti-reflection material that suppresses flaring and ghosting. This on-chip placement
reduces polarization crosstalk and improves the extinction ratios of the polarizers. Each
super-pixel of the PFA consists of full pixels where each pixel corresponds to different
micro-polarizers oriented at four different angles, 0°, 45°, 90°, and 135° respectively, which
act as analyzers for the incoming linearly polarized light. The PFA and extended view of
one super-pixel of the array are shown in Figure 2.

7

N

\\\ 90° Orientation 45° Orientation
Analyzer Analyzer

%

% 135° Orientation & 0° Orientation

A Analyzer Analyzer

N

N
\\ Extended view of One Super-pixel of

the PFA array

Polarizer Filter Array (PFA) of
the Polarization Camera

Figure 2. Polarization Filter Array of the Polarization camera.

The extinction ratio of the micro-polarizers is defined as the ratio of the maximum
to the minimum signal detected by a particular polarization pixel channel for a linearly
polarized input. The extinction ratio is a function of the wavelength of light. The micro-grid
polarizers of the sensor have an extinction ratio of ~150:1-135:1 at 633-660 nm wavelength,
respectively [48,49]. Although this extinction of the analyzers is not as high as that of
the crystal polarizer (10,000:1), it will have little effect on the sensor performance because
it affects the absolute value of the refractive index but not its precision. The refractive
index absolute value is determined by the calibration process anyway, while for the sensor,
what is important is the precision. In a single shot acquisition of the polarization camera,
four images are obtained, which correspond to the intensity distribution of light analyzed
from four different analyzers of each super-pixel. The ellipsometric parameters of light
are extracted from three of these acquired images. Therefore, the camera allows real-time
monitoring of reflected SPR signal phase and intensity in a single acquisition.

2.3. BSA Binding Assay-Immunosensing

The SPR chips made of 50 nm gold on SF11 glass were fabricated in the nanofabrication
facility of the Ben Gurion University of the Negev. From Sigma Israel, 11-mercapto-undecanoic
acid (11-MUDA), Phosphate buffered saline (PBS), N-hydroxysuccinimide (NHS), 1-ethyl-3-
(3-dimethylaminopropyl) carbodiimide (EDC), sodium acetate (SA), acetic acid, ethanolamine
(EA), and Bovine Serum Albumin (BSA) were purchased. Absolute ethanol was procured from
Romical Israel. Double-distilled water produced by a Millipore Direct-Q 3 UV (Millipore Sigma,
Rehovot, Israel) was used to prepare all the buffers. Anti-BSA antibody produced in rabbits
was procured from Sigma Israel. In this study, a binding assay of BSA—anti-BSA-antibody was
performed to demonstrate the sensor’s performance. Briefly, medium-chain alkane thiol was
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used to prepare a self-assembled monolayer (SAM) on the gold substrate. For this, a cleaned
gold substrate was incubated in 1% w/w 11-MUDA in absolute ethanol at 4 °C overnight.
The substrate was rinsed with excess ethanol, followed by Milli-Q water, and dried with
Nitrogen. After mounting the substrate on the prism, the flow channels were assembled
to handle fluids. The system was equilibrated with PBS for nearly 10 min under a steady
flow condition. To immobilize anti-BSA-antibody, the 11-MUDA-coated gold substrate
was activated with a 10 min injection of a freshly prepared EDC/NHS solution (0.8 M
EDC, 0.2 M NHS) in a 1 : 1 ratio for amine coupling with antibody. Before the injection
of the antibody, NHS-ester was stabilized using sodium acetate buffer (10 mM, pH 4.5)
for 2 min. After the immobilization of the antibody (20 pg/mL in PBS), the remaining
binding sites were blocked with a 10 min injection of 1 M ethanolamine. The baseline with
PBS was achieved before starting the BSA-binding assay. An association and dissociation
time of 12 min and 4 min, respectively, were kept constant for the cumulative binding
assay in the concentration range of 6-22 ug/mL. Further, binding kinetics studies were
conducted using an excel solver (1) and Origin Pro 8.5. The details of which can be found
elsewhere [50].

3. Results and Discussion
3.1. Refractive Index Measurements and Calibration

Refractive index measurements for the different concentrations of de-ionized water,
ethanol and glycerol solutions as analytes were performed on the proposed experimental
setup for calibration and verification purposes. Six different concentrations of de-ionized
water and glycerol were used for the experiment. During the measurements, the input
polarizer remained fixed at an angle of 45° with respect to the TM polarization of the
light. The LED current was set to 100 mA. The exposure time of the polarization cam-
era was set to 4000 pus with 24-bit intensity resolution, 5.278 Hz acquisition frame rate,
and 2448 x 2048 pixels image size. All these parameters remained constant throughout
the measurements.

For each analyte, four intensity images were grabbed corresponding to four different
orientations of the polarization camera 0°,45°, 90° and 135°. Measurement results for the de-
ionized water as analyte are shown in Figure 3 below. Figure 3a represents the SPR intensity
distribution and corresponds to the image (Iy) for 0° orientation of the polarization camera
analyzer. In this case, the analyzer only allows passing the TM polarization component of
light. Figure 3b corresponds to the image (I5) for 45° orientation of the analyzer. In this
case, the transmission axes of the input polarizer and the analyzer remain perpendicular to
each other. Figure 3¢ corresponds to the image (Ioy) for 90° orientation of the analyzer. In
this case, the analyzer only allows the TE component of light to pass; therefore, we do not
observe any SPR signature in this image. Figure 3d corresponds to the image (I135) for 135°
orientation of the analyzer. In this case, the transmission axes of the input polarizer and
the analyzer remain parallel to each other. Each pixel in the obtained images corresponds
to the intensity measurements for one combination of polarizer and analyzer orientations.
The obtained images are used to compute the polarimetric parameters tany and cos A
using Equation (6). For each pixel in the images Iy, I45, and I35 the corresponding tan i
and cos A images were found. The calculated images of tan ¢ and cos A are shown in
Figure 3f and Figure 3e, respectively.

Furthermore, for analysis, the image profiles of the obtained tan ¢ and cos A images
are plotted for all the analytes as a camera signal versus the pixel number. The variation
in the pixel number is translated into angular shift or refractive index variation using a
calibration curve. For each analyte, the change in pixel position is translated into the change
in the outer angle of incidence in the air-prism interface. For this calibration, a theoretical
simulation of angular SPR in KR configuration was performed using the 2 x 2 Abele’s
matrix approach and the Drude-Lorentz dispersion model for the metals. Image profiles
averaged along the columns of the obtained images are shown in Figure 4 below, along
with the pixel-angle calibration curve. Note that as the pixel number increases, the angle



Biosensors 2023, 13,173

7 of 16

decreases because the image is inverted. As a sensor, this inverted presentation does not
matter much as one is interested in the shift of the pixel/angle and not the absolute value
or whether it decreases or increases with the refractive index.

0° (SPR)

(© " (d) 5

Figure 3. Intensity distribution of the reflected beam from the SPR chip corresponding to di-ionized
water for different orientations of the polarization camera micro-grid polarizer. (a) 0° orientation,
(b) 45° orientation, (c) 90° orientation, and (d) 135° orientation. (e,f) corresponds to the intensity
distribution of cos A and tan ¢, respectively.

All the required image-processing tasks were performed using the image-processing
toolbox of MATLAB. Figure 4a corresponds to the image profile of the Iy image, which
represents the SPR intensity distribution. The intensity profiles of the SPR image for each
analyte were calculated and plotted as a function of pixels. The intensity profile was
calculated by summing over the columns of the image, therefore taking the mean value
of pixels in each row in the image. The corresponding change in the outer incidence
angle on the air-prism interface with pixels is shown in the figure. The position of the
SPR dips represents normalized reflectance dip changes with respect to changes in the
refractive index of the analyte. Figure 4b corresponds to the image profiles of tan¢ as
a function of pixels and the corresponding change in the outer angle (upper axis) at the
air—prism interface for different analytes. Figure 4c corresponds to the image profiles of
cos A for different analytes. In the figure, the horizontal axis represents the number of
pixels representing the location of cos A phase jump in the intensity image, and the vertical
axis represents the cos A which corresponds to the phase difference between the TM and
TE components of light. It can be observed that there is a phase jump at SPR, which shifts
to a new location upon a change in the analyte refractive index.

The calibration data are presented in Figure 4d, where the shift in SPR dip position
in pixels is plotted versus the RI of the analyte showing linear relation. From the slope,
we can easily find the pixel size to be PS = 1/19,307 = 5.18 x 10~ RIU. The error is the
slope is estimated to be A(PS) = 1.7 x 10~® RIU, which is found from linear regression
with the experimental errors in the pixel position and the RI. The error in the pixel position
is 0.2 pixels, while the RI measurement error based on the Abbe refractometer is 0.000319
based on the company manual. After the calibration, we checked again the values obtained
for DI water and ethanol, and other concentrations of glycerol, which were found to be
agreed with the known values to within the pixel size.
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Figure 4. Experimental curves for (a) SPR, (b) tan ¢, (c) cos A, and the variation of SPR dips with
different refractive index analytes. The curves were obtained using different concentrations of
water—glycerol solution and de-ionized water. For each analyte, the curves shown above are cal-
culated from four intensity images acquired from polarization camera, which corresponds to four
different orientations of the analyzer, and (d) Change in the position of SPR with a change in the
RI of the analyte in pixels (blue) and outer angle (red) in degrees. Ethanol RI point is also added to
the figure.

3.2. Advantage of Real-Time Ellipsometric SPR Measurement with Fluctuating Light
Source Environment

Ellipsometry has the advantage of being a self-referenced measurement, and therefore
it compensates for fluctuations in the light source intensity. This is important when lasers
and thermal light sources are used. In this sense, it is superior to interferometry, and it can
be considered a common path orthogonal polarization interferometry. The interference of
the two orthogonal components occurs at the analyzer plane for the components of the
two beam parallel to the polarizer axis. In this subsection, we demonstrate this fact using a
laser diode that has high fluctuations with time and with LED, which is about an order of
magnitude less noisy.

Experimental results for time-series measurements are shown in Figure 5. In the first
part of the experiment, we demonstrated the stability of polarimetric parameters cos A
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and tan i over the conventional SPR in a fluctuating light source environment. The tan i
fluctuations are obtained by tracking the position of the dip of tan i with time. The cos A
fluctuations are obtained by detecting the position of the maximum slope of cos A profile
with time. In Figure 5a, intensity fluctuations of a laser diode (CPS650F 633 nm, Thorlabs
Inc., Newton, NJ, USA) measured over time are shown. The intensity fluctuations were
measured using a spectrometer (AvaSpec-2048, Avantes, Apeldoorn, The Netherlands).
The maximum intensity variation of the laser light is calculated to be 4.23% from the
average intensity value throughout the period. We performed a time-series measurement
using de-ionized water as an analyte and fluctuating laser diode as an input light source.
The polarization camera frame rate was chosen to be 1 F/s, the exposure time was set to
3000 ps, and a 5 min video was captured during the measurement. The video was captured
in the combined acquisition of four different orientation images in a single frame. Each
frame in the video is a grid consisting of four images Iy, Is5, Igg, and I135 respectively, and
tan ¢ and cos A were calculated using Equation (6). We extracted the frames of video and
acquired the four images separately for further computation using the MATLAB image
processing toolbox. Figure 5b represents the SPR dip position as a function of pixels with
time. The standard deviation and peak-to-peak change of the fluctuations in the position
of SPR in the form of pixels are calculated to be 2.64 pixels and 11.4 pixels, respectively.
Figure 5c represents the variation in the maximum change position of cos A with time.
The horizontal axis represents time, and the vertical axis represents the position of the
maximum slope of cos A in pixels. The standard deviation and peak-to-peak change of the
fluctuations in the position of cos A in units of pixels are calculated to be 0.93 pixels and
5 pixels, respectively. Figure 5d represents the tan ¢ dip position variation with time. The
horizontal axis represents time, and the vertical axis represents the position of tan ¢ dip in
pixels. The standard deviation and peak-to-peak variation of the fluctuations in the position
of tan ¢ in the form of pixels are calculated to be 0.74 pixels and 4.9 pixels, respectively. It
can be observed that because ellipsometry is a self-referenced measurement as compared
to conventional SPR, the precision is better. It has been found that ellipsometric parameters
tan ¢ and cos A have fewer fluctuations as compared to SPR; therefore, it provides better
stability as compared to SPR in fluctuating intensity light source environments. The cooling
of the camera was found to help significantly, and we believe that further improvements
are possible with better-controlled cooling to lower temperatures.

In the second part of the experiment, we performed time-series measurements of
tan1p, cos A and SPR using a more stable LED light source, as shown in Figure 5. The LED
current was set to 100 mA, and the camera exposure time was set to 3000 ps with a frame
rate of 1 F/s. For the experiment, de-ionized water was taken as an analyte, and a 5 min
video was captured using the polarization camera. Using the process discussed before, we
extracted the images Iy, Is5, log, and I35 and tan ¢ and cos A calculated using Equation (6).
According to these results, when the input light source has very little intensity fluctuations,
such as the LED, less than the precision of the ellipsometric measurement, then there is
no apparent advantage of monitoring tan ¢ over the conventional SPR for the time-series
sensing experiments. Figure 5e represents the intensity fluctuations of a LED (Thorlabs
DC2100) as an input light source. The horizontal axis represents time, and the vertical axis
represents intensity counts. The maximum intensity fluctuations of the LED are calculated
to be 1.35% from the average intensity value throughout the measurement time. It can be
observed that the LED is a more stable light source as compared to the laser diode shown
in Figure 5a by nearly an order of magnitude in intensity fluctuations. In Figure 5f-h, the
fluctuations in the position SPR dip, position of maximum slope in cos A, and the position
of tan ¢ dip in pixels with time are shown, respectively. The horizontal axis represents time,
and the vertical axis represents the position of the dip in pixels. The standard deviation
and peak-to-peak variation in the fluctuations of maximum slope in cos A in pixels are
calculated to be 0.47 and 3 pixels. The standard deviation and peak-to-peak variation of
the fluctuations in the position of tan i in the form of pixels are calculated to be 0.37 pixels
and 2 pixels. The standard deviation and peak-to-peak variation of the fluctuations in the
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position of SPR in the form of pixels are calculated to be 0.20 pixels and 1 pixel. It is found
that there is no advantage to monitoring polarimetric parameters cos A and tan ¢ over the
SPR dip when using such as stable light source environment. It is possible that because
the SPR measurement precision in the LED case is already in the sub-pixels regime, any
further improvement in the measurement will not make it better. Reducing the pixel size
further, in this case, might help and show the further advantage of real-time ellipsometry
even with quiet light sources such as LEDs.

Ha) LASI:IR llitens{ty Variation = 4.ﬁ3% o 34,920

Intensity, Variation = 1.80%

34,740

34,560

Intensity

34,380

1

L 1 I 1 n 1 L 1
1(b) SPR PP =11.4 pixels STD = 2.64

1257.0

L 1 1 1 ' 1 " |
L (f) SPR PP =1 pixel STD =0.20

1256.5

1256.0

in pixels

1255.5

SPR dip position

P 1255.0

F(c) cos A

L L 1 " L 1 L 1 " 1 . | .
PP =5 pixels STD =0.93 = " (g) cos A PP =3 pixels STD =0.47

1625.28 |- -
1624.32 |-
1623.36 t

1622.40 | , .

position in pixels

- n 1
| (d) tan ¥

1 I 1 n 1
=4.9 pixels STD =0.74

" 1 1 1 " 1 "
| (h) tan ¥ PP = 2 pixels STD =0.37
1237.68 - -

rl g o

in pixels

tan ¥ dip position cos A max slope

100 ’ 150 . 200 I 250 0 50 100 150 200 250
Time (s) Time (s)

Figure 5. Temporal fluctuations of different optical signals when LASER is used: (a) Intensity
fluctuations of LASER diode, (b) SPR dip position, (c) cos A maximum slope position, (d) tan ¢ dip
position. Similarly, for LED: (e) Intensity fluctuations of LED, (f) SPR dip position, (g) cos A maximum
slope position, and (h) tan ¢ dip position.

For the stable light source (LED), the stability of polarimetric parameters cos A and
tan ¢ improved compared to fluctuating light source (LASER diode); however, it offers no
advantage over SPR. In the case of LASER, the intensity fluctuations were large, and the
polarimetric parameters were more stable than SPR because of self-referenced measure-
ment. In the case of LED, the intensity fluctuations were small; therefore, the self-referenced
advantage could no longer provide a more stable polarimetric information parameter
than SPR. We should point here to the conclusion of reference [51] that states the phase
measurement is not necessarily better than intensity measurement because to measure the
phase, one, in fact, measures intensity. While this can be true if the phase measurement
is performed with interferometry, our experiments show that this is not true if the mea-
surement is self-referenced such as when performed with ellipsometry. Hence, we propose
that real-time ellipsometry can provide the ultimate limit for SPR detection in avoiding
the effect of light source fluctuation; however, other sources of noise need to be reduced
independently, such as thermal noise, mechanical drifts, as well as the reduction of the
pixel size of the camera.
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Frame 1

3.3. Dynamical Measurements

Dynamic changes in the analyte refractive index are essential for monitoring variations
in the concentration of molecules bounded to the surface with time or for analyzing the
binding kinetics between molecules. Dynamical change measurements are essential, hav-
ing various applications in the pharma industry. The rotating polarizer-based three-point
ellipsometric SPR sensor requires the sequential acquisition of images at different angles
of the polarizer. This method is limited by its real-time measurement applications as
the images for different orientations of the polarizer are captured at different time in-
stances. Our method involves the simultaneous acquisition of images corresponding to
four different orientations of the polarizer using a pixelated microgrid polarization cam-
era. The simultaneous acquisition enables the monitoring of ellipsometric parameters for
real-time applications.

The effect of time delay between the sequential acquisition of images at different
polarizer angles is demonstrated here, which is similar to the rotating polarizer method,
and we show the advantage of the proposed method for real-time dynamical change
measurements. The dynamical change of ellipsometric parameter tan i obtained from the
sequential image acquisition (similar to a rotating polarizer) is compared to the proposed
method. Based on the proposed setup, we took a 5 min video using a polarization camera
at 4500 ps of exposure time and a frame rate of 5 F/s. In the experiment, de-ionized water
was used as the first analyte; then, we started flowing 20% water—glycerol solution as a
second analyte on the SPR sensor chip.

For the proposed method, tan { was extracted using images Iy, I45, Iop, and 135, ac-
quired from a single shot of the polarization camera using Equation (6). For the sequential
acquisition method, we used the same 5 min captured video but considered only one po-
larizer position from each frame (Ip, lss, Iog or I135) and neglected the other three polarizer
angles, which is equivalent to the rotating polarizer method, where only one polarizer
orientation image is captured in a single shot. Each frame acquired from the polarization
camera comprises super-pixels, which are collections of four pixels, each representing dif-
ferent polarizer orientations. We extracted Iy image from the first frame, I45 from the second
frame, Iog from the third frame, and I;35 from the fourth frame, as shown in Figure 6. Then
we calculated tan ¢ for the sequential acquisition method, using Equation (6) as before.

Frame 2 ) Frame 5

Figure 6. Acquiring four different polarization orientation images from a sequence of frames to
demonstrate the sequential acquisition (rotating polarizer method) from a pixelated micro-grid

polarization camera.

The dynamic change in the refractive index is represented by the change in the ellip-
sometric parameter tan ¢, as shown in Figure 7. The horizontal axis represents time, the
left vertical axis represents the refractive index, and the right vertical axis represents the
change in the refractive index. The blue and red curves represent the dynamical change
measured from the proposed method and the sequential acquisition method, respectively.
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Figure 7. Dynamic change measurement of refractive index.

The dashed curves represent the slope of the dynamical change curves for the proposed
method (blue curves) and the sequential acquisition method (red curves). It is observed
from the dynamical change curves that the measurement of tan extracted from the
proposed method presents different behavior compared to a sequential acquisition (rotating
polarizer) method. Although the kinetics of the measurement obtained from the two
methods look similar, the one obtained in real-time looks more regular curve, as can be
more clearly seen from the slope curves (dashed).

3.4. BSA-Binding Assay and Kinetics

The BSA—anti-BSA-antibody binding assay demonstrated the sensor’s potential for
biosensing. Anti-BSA antibody was allowed to immobilize for 40 min (min) to obtain
a better coverage on the sensor surface. Figure 8a revealed that a change of 0.0018 RIU
was observed after the immobilization steps were completed, confirming the coupling
of the antibody with carboxylated SAM. A sensogram of the cumulative binding assay
with association and dissociation times of 12 min and 4 min, respectively, are shown in
Figure 8b. The sensogram was smoothened to witness association and dissociation events
upon injection of increasing BSA concentrations and PBS buffer. This further confirms the
binding of BSA with immobilized antibodies.

A calibration curve was constructed from the subsequent baselines (PBS) obtained
after the dissociation curves and fitted to linear regression in Figure 8c. The limit of
detection (LoD) was calculated using the expression: LoD = k x STD/S where k is the
confidence limit (k = 3), S is the sensitivity RIU/nM defined the slope of the linear
regression curve of Figure 8c, and STD in RIU is the standard deviation measured from the
sensor response. The STD in pixels is estimated as 0.2-0.4 pixels based on Figure 5 without
any averaging for the LED case. The pixel size is estimated as 5.18 x 10~ RIU so the LoD in
RIU is (3-6) x 10~ RIU. Therefore, the LoD in the concentration of BSA is thus 0.3-0.6 nM
valid for the linear range of concentrations of 6-22 pug/mL (or 9.03-33.12 nM) of BSA. This
suggests that one can obtain an even lower detection limit with the current set of parameters.
It should also be mentioned that with averaging and smoothing, one should be able to
reduce the LoD both in the RIU and the concentration by another order of magnitude. We
checked that the STD reduces to 0.02 by averaging 50 times which did not affect the speed
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using the moving average approach. The investigation of the dissociation constant (Kp)
was also performed. For this, adsorption isotherms (Langmuir, Freundlich, and Langmuir—
Freundlich) were used and fitted to the relative response of experimental data, as shown in
Figure 8d. Langmuir and Langmuir-Freundlich isotherms were fitted using an excel solver
from Umpleby et al. [52], whereas the Freundlich isotherm was fitted using the alometricl
(classical Freundlich) function from Origin pro 8.5 [50]. All the fitting parameters were
calculated from the method mentioned in the above reference to compare and find out the
best-fitted model (Table 1). As expected, the Langmuir-Freundlich model fitted the best
since an antibody (with two binding sites)-antigen pair usually shows a homogenous but
cooperative binding. The dissociation constant was obtained to be 0.012 nM, which lies
within the acceptable range of a typical antibody-antigen pair measured using SPR in other
studies [53].
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Figure 8. (a) Monitoring functionalization steps of anti-BSA antibody, (b) BSA-binding assay senso-
gram, (c) calibration curve of SPR response of BSA-anti-BSA antibody binding, and (d) adsorption

isotherm fitting to relative and normalized response of experimental data.

Table 1. Fitting parameters for binding isotherms.

Fitting Parameter Langmuir Freundlich Langmuir-Freundlich
N 100 - 100
a 40 99.31 50
m 1 0.002 0.9
R? 0.9423 0.9313 0.9483
Kp 0.025 nM - 0.012 nM
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4. Summary

In this work, a real-time parallel ellipsometric SPR setup is proposed operating in
the angular KR configuration using a diverging beam and polarization camera. The
ellipsometric parameters tan ¢ and cos A were extracted using images of the three different
polarizations of the pixelated microgrid polarization camera. BSA-anti-BSA-antibody
binding assay and kinetics experiment demonstrated the potential of the approach for
biosensing, showing a detection limit in the 0.1 nM range or 10~° in RIU, while using
averaging and smoothing of the data, improved it by an order of magnitude. Therefore,
one can conclude that the achievable LOD is 10 pM of BSA or 1RU (107°). Of course, better
thermal stabilization and a camera with a larger number of pixels can bring the LOD down
by another order of magnitude (1 pM). It should be noted that in many estimates of the
LOD, the different works [1,2] ignore drifts that occur at the time scale of minutes, which
causes the LOD to be reported as less than the reported values usually. In our setup, as
can be seen, the measurements are performed for a period of 5-20 min. The setup can be
used for real-time phase SPR sensing applications exhibiting an advantage as compared
to previous works on polarimetric SPR sensors. The stability of ellipsometric parameters
cos A and tan ¢ were compared to SPR in different light source environments showing that
the ellipsometric parameters are superior to standard SPR dip position measurement with a
fluctuating light source such as a laser diode. Using a quieter LED source, the improvement
of ellipsometric parameters was not noticeable, possibly because the system had already
approached its detection limit of sub-pixel resolution. If the pixel size is reduced further, as
well as other noise sources such as thermal and mechanical, we expect the ellipsometric
measurement to show improvement even with LED as a light source. Hence, following this
work, we propose that real-time ellipsometry, as a self-referenced approach, can provide
the ultimate resolution limit for SPR systems.

Author Contributions: Conceptualization, I.A.; methodology, N.V,, AM.S., M.J.A.,, AB. and L.A,;
software, M.].A. and N.V,; validation, N.V,, M.].A., A.B. and A.M.S,; formal analysis, N.V., AM.S,,
M.J.A., AB. and L.A,; investigation, N.V.,, AM.S., M.J.A., A.B. and L. A ; resources, I.A.; data curation,
N.V,, AMS., M.J.A. and A.B.; writing-original draft preparation, N.V.,; writing-review and editing,
N.V, AMS., MJ.A, AB. and L.A,; visualization, N.V,, AM.S., M.].A., A.B. and L.A,; supervision,
I.A.; project administration, I.A.; funding acquisition, I.A.; All authors have read and agreed to the
published version of the manuscript.

Funding: EU MSCA-RISE H2020 project IPANEMA grant agreement N° 872662.
Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data is unavailable due to privacy or ethical restrictions.

Acknowledgments: This work was supported partially by the EU MSCA-RISE H2020 project
IPANEMA grant agreement N° 872662.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Shrivastav, A.M.; Cvelbar, U.; Abdulhalim, I. A comprehensive review on plasmonic-based biosensors used in viral diagnostics.
Nat. Commun. Biol. 2021, 4, 70.

2. Balbinot, S.; Srivastav, A.M.; Vidic, J.; Abdulhalim, I.; Manzano, M. Plasmonic Sensors for Food Control. Trends Food Sci. Technol.
2021, 11, 128-140.

3. Duan, Q.; Liu, Y.; Chang, S.; Chen, H.; Chen, J.-H. Surface Plasmonic Sensors: Sensing Mechanism and Recent Applications.
Sensors 2021, 21, 5262. [CrossRef] [PubMed]

4. Cunha, N.H.O.; Da Silva, J.P. High Sensitivity Surface Plasmon Resonance Sensor Based on a Ge-Doped Defect and D-Shaped
Microstructured Optical Fiber. Sensors 2022, 22, 3220. [CrossRef]

5. Shrivastav, A.M.; Satish, L.; Kushmaro, A.; Shvalya, V.; Cvelbar, U.; Abdulhalim, I. Engineering the penetration depth of

nearly guided wave surface plasmon resonance towards application in bacterial cells monitoring. Sens. Actuators B Chem. 2021,
345, 130338. [CrossRef]


http://doi.org/10.3390/s21165262
http://www.ncbi.nlm.nih.gov/pubmed/34450704
http://doi.org/10.3390/s22093220
http://doi.org/10.1016/j.snb.2021.130338

Biosensors 2023, 13,173 15 of 16

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Azzouz, A.; Hejji, L.; Kim, K.H.; Kukkar, D.; Souhail, B.; Bhardwaj, N.; Brown, R.J.C.; Zhang, W. Advances in surface plasmon
resonance-based biosensor technologies for cancer biomarker detection. Biosens. Bioelectron. 2022, 197, 113767. [CrossRef]

Yano, T.A.; Kajisa, T.; Ono, M.; Miyasaka, Y.; Hasegawa, Y.; Saito, A.; Otsuka, K.; Sakane, A.; Sasaki, T.; Yasutomo, K.; et al.
Ultrasensitive detection of SARS-CoV-2 nucleocapsid protein using large gold nanoparticle-enhanced surface plasmon resonance.
Sci. Rep. 2022, 12, 1060. [CrossRef]

Abutoama, M.; Bajaj, A.; Li, D.; Wang, Y,; Jiang, L.; Abdulhalim, I. Resonant modes of reflecting gratings engineered for
multimodal sensing. APL Photonics 2020, 5, 076108. [CrossRef]

Zhang, P; Liu, L.; He, Y.; Xu, Z,; Ji, Y.; Ma, H. One-dimensional angular surface plasmon resonance imaging based thermometer.
Sens. Actuators B Chem. 2015, 207, 254-261.

Priya, S.; Laha, R.; Datham, V.R. Wavelength-dependent angular shift and figure of merit of silver-based surface plasmon
resonance biosensor. Sens. Actuators A Phys. 2020, 315, 112289. [CrossRef]

Hasan, M.R.; Akter, S.; Rifat, A.A.; Rana, S.; Ali, S. A Highly Sensitive Gold-Coated Photonic Crystal Fiber Biosensor Based on
Surface Plasmon Resonance. Photonics 2017, 4, 18. [CrossRef]

Yang, F.; Song, W.; Zhang, C.; Fang, H.; Min, C.; Yuan, X. A Phase-Shifted Surface Plasmon Resonance Sensor for Simultaneous
photoacoustic Volumetric Imaging and Spectroscopic Analysis. ACS Sens. 2021, 6, 1840-1848. [CrossRef] [PubMed]

Aoki, H.; Corn, RM.; Matthews, B. MicroRNA detection on microsensor arrays by SPR imaging measurements with enzymatic
signal enhancement. Biosens. Bioelectron. 2019, 142, 111565. [CrossRef] [PubMed]

Chang, Y.-F; Wang, W.-H.; Hong, Y.-W.; Yuan, R.-Y.; Chen, K.-H.; Huang, Y.-W.; Lu, P.-L.; Chen, Y.-H.; Chen, Y.-M.A_; Su,
L.-C.; et al. Simple strategy for rapid and sensitive detection of avian influenza A H7N9 virus based on intensity-modulated SPR
biosensor and new generated antibody. Anal. Chem. 2018, 90, 1861-1869. [CrossRef]

Mohammadzadeh-As], S.; Keshtkar, A.; Dolatabadi, J.E.N.; de la Guardia, M. Nanomaterials and phase sensitive based signal
enhancement in surface plasmon resonance. Biosens. Bioelectron. 2018, 110, 118-131. [CrossRef] [PubMed]

Zeng, Y.; Wang, X.; Zhou, ]J.; Miyan, R.; Qu, J.; Ho, H.P; Zhou, K,; Gao, B.Z.; Shao, Y. Phase interrogation SPR sensing based on
white light polarized interference for wide dynamic detection range. Opt. Express 2020, 28, 3442-3450. [CrossRef] [PubMed]
Shalabney, A.; Abdulhalim, I. Sensitivity-enhancement methods for surface plasmon sensors. Laser Photon. Rev. 2011, 5, 571-606.
[CrossRef]

Prabowo, B.A.; Purwidyantri, A.; Liu, K.C. Surface Plasmon Resonance Optical Sensor: A Review on Light Source Technology.
Biosensors 2018, 8, 80. [CrossRef]

Wang, Q.; Ren, Z.H.; Zhao, WM.; Wang, L.; Yan, X.; Zhu, A.S.; Qiu, EM.; Zhang, K.K. Research advances on surface plasmon
resonance biosensors. Nanoscale 2022, 14, 564-591.

Deng, S.; Wang, P.; Yu, X. Phase-Sensitive Surface Plasmon Resonance Sensors: Recent Progress and Future Prospects. Sensors
2017, 17, 2819. [CrossRef]

Miyan, R.; Wang, X.; Zhou, |.; Zeng, Y.; Qu, J.; Ho, H.P; Zhou, K.; Gao, B.Z.; Chen, ].; Shao, Y. Phase interrogation surface plasmon
resonance hyperspectral imaging sensor for multi-channel high-throughput detection. Opt. Express 2021, 29, 31418-31425.
[CrossRef] [PubMed]

Banerjee, J.; Mandal, S.; Pradhan, M. Polarization-Multiplexed Incoherent Broadband Surface Plasmon Resonance: A New
Analytical Strategy for Plasmonic Sensing. Anal. Chem. 2022, 94, 6689-6694. [CrossRef]

Wu, S.Y.;; Ho, HP; Law, W.C,; Lin, C.; Kong, S.K. Highly sensitive differential phase-sensitive surface plasmon resonance
biosensor based on the Mach-Zehnder configuration. Opt. Lett. 2004, 29, 2378-2380. [CrossRef]

Yuan, W.; Ho, H.P; Wong, C.; Kong, S.K,; Lin, C. Surface Plasmon Resonance Biosensor Incorporated in a Michelson Interferometer
With Enhanced Sensitivity. IEEE Sens. |. 2007, 7, 70-73. [CrossRef]

Karok, R.; Ciprian, D.; Hlubina, P. Surface Plasmon Resonance-Based Sensing Utilizing Spatial Phase Modulation in an Imaging
Interferometer. Sensors 2020, 20, 1616. [CrossRef] [PubMed]

Huang, Y.; Ho, H.; Wu, S.; Kong, S. Detecting phase shifts in surface plasmon resonance: A review. Adv. Opt. Technol. 2012,
2012, 471957. [CrossRef]

Sun, R.-J.; Huang, H.]J.; Hsiao, C.-N.; Lin, Y.-W.; Liao, B.-H.; Chou Chau, Y.-F,; Chiang, H.-P. Reusable TiN substrate for surface
plasmon resonance heterodyne phase interrogation sensor. Nanomaterials 2020, 10, 1325. [CrossRef] [PubMed]

Giordini, A.; Avino, S.; Malara, P.; Zullo, R.; Natale, P.D.; Mrkova, K.; Homola, J.; Garliardi, G. Surface -plasmon optical
-heterodyne clock biosensor. Sens. Actuators B Chem. 2018, 273, 336-341. [CrossRef]

Ho, H.P; Law, W.C.; Wu, S.Y,; Liu, X.H.; Wong, S.P.; Lin, C.; Kong, S.K. Phase-sensitive surface plasmon resonance biosensor
using the photoelastic modulation technique. Sens. Actuators B Chem. 2006, 114, 80-84. [CrossRef]

Kabashin, A.V,; Patskovsky, S.; Grigorenko, A.N. Phase and amplitude sensitivities in surface plasmon resonance bio and chemical
sensing. Opt. Express 2009, 17, 21191-21204. [CrossRef]

Huang, Y.H.; Ho, H.P; Wu, S.Y.; Kong, S.K.; Wong, W.W.; Shum, P. Phase sensitive SPR sensor for wide dynamic range detection.
Opt. Lett. 2011, 36, 4092-4094. [CrossRef] [PubMed]

Watad, I.; Abdulhalim, I. Phase-shifted polarimetric surface plasmon resonance sensor using a liquid crystal retarder and a
diverging beam. Opt. Lett. 2019, 44, 1607-1610. [CrossRef] [PubMed]

Watad, I.; Abdulhalim, I. Spectropolarimetric Surface Plasmon Resonance Sensor and the Selection of the Best Polarimetric
Function. IEEE ]. Sel. Top. Quantum Electron. 2017, 23, 89-97. [CrossRef]


http://doi.org/10.1016/j.bios.2021.113767
http://doi.org/10.1038/s41598-022-05036-x
http://doi.org/10.1063/5.0011306
http://doi.org/10.1016/j.sna.2020.112289
http://doi.org/10.3390/photonics4010018
http://doi.org/10.1021/acssensors.1c00029
http://www.ncbi.nlm.nih.gov/pubmed/33861572
http://doi.org/10.1016/j.bios.2019.111565
http://www.ncbi.nlm.nih.gov/pubmed/31404878
http://doi.org/10.1021/acs.analchem.7b03934
http://doi.org/10.1016/j.bios.2018.03.051
http://www.ncbi.nlm.nih.gov/pubmed/29604520
http://doi.org/10.1364/OE.382242
http://www.ncbi.nlm.nih.gov/pubmed/32122012
http://doi.org/10.1002/lpor.201000009
http://doi.org/10.3390/bios8030080
http://doi.org/10.3390/s17122819
http://doi.org/10.1364/OE.433052
http://www.ncbi.nlm.nih.gov/pubmed/34615234
http://doi.org/10.1021/acs.analchem.1c05252
http://doi.org/10.1364/OL.29.002378
http://doi.org/10.1109/JSEN.2006.884982
http://doi.org/10.3390/s20061616
http://www.ncbi.nlm.nih.gov/pubmed/32183244
http://doi.org/10.1155/2012/471957
http://doi.org/10.3390/nano10071325
http://www.ncbi.nlm.nih.gov/pubmed/32640696
http://doi.org/10.1016/j.snb.2018.06.028
http://doi.org/10.1016/j.snb.2005.04.007
http://doi.org/10.1364/OE.17.021191
http://doi.org/10.1364/OL.36.004092
http://www.ncbi.nlm.nih.gov/pubmed/22002396
http://doi.org/10.1364/OL.44.001607
http://www.ncbi.nlm.nih.gov/pubmed/30933102
http://doi.org/10.1109/JSTQE.2016.2575543

Biosensors 2023, 13,173 16 of 16

34.

35.

36.

37.

38.

39.

40.

41.
42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

Sinha, R.K. A simple and inexpensive surface plasmon resonance setup for phase detection using rotating analyser ellipsometric
method. Laser Phys. 2020, 30, 026202. [CrossRef]

Naraoka, R.; Kajikaw, K. Phase detection of surface plasmon resonance using rotating analyzer method. Sens. Actuators B Chem.
2005, 107, 952-956. [CrossRef]

Hlubina, P; Duliakova, M.; Kadulova, M.; Ciprian, D. Spectral interferometry-based surface plasmon resonance sensor.
Opt. Commun. 2015, 354, 240-245. [CrossRef]

Ng, S.P; Loo, EC.; Wu, S.Y,; Kong, S.K.; Wu, CM.L.; Ho, H.P. Common-path spectral interferometry with temporal carrier for
highly sensitive surface plasmon resonance sensing. Opt. Express 2013, 21, 20268-20273. [CrossRef]

Abdulhalim, I. Optical Sensor Based on Multilayered Plasmonic Structure Comprising a Nanoporos Metallic Layer.
PCT/IL2014/050522; WO2015/019341 A1. U.S. Patent # US10048200B2, 8 July 2016.

Abdulhalim, I. Resonant Periodic Structures and Methods of Using Them as Filters and Sensors. U.S. Patents US10801956 B2,
13 October 2020.

Watad, I.; Abuleil, M.J.; Abdulhalim, I. Spectro-Ellipsometric Surface Plasmon Resonance Sensor Using a Liquid Crystal
Achromatic Waveplate. IEEE Photonics Technol. Lett. 2020, 32, 550-553. [CrossRef]

Safrani, A.; Abdulhalim, I. Real-time phase shift interference microscopy. Opt. Lett. 2014, 39, 5220-5223. [CrossRef]

Aizen, A.; Ney, M,; Safrani, A.; Abdulhalim, I. A compact real-time high-speed high-resolution vibrometer, surface profiler and
dynamic focus tracker using three wavelengths parallel phase-shift interferometry. Opt. Lasers Eng. 2018, 107, 304-314. [CrossRef]
Ney, M.; Safrani, A.; Abdulhalim, I. Three wavelengths parallel phase-shift interferometry for real-time focus tracking and
vibration measurement. Opt. Lett. 2017, 42, 719-722. [CrossRef] [PubMed]

Nazarov, A.; Ney, M.; Abdulhalim, I. Parallel spectroscopic ellipsometry for ultra-fast thin film characterization. Opt. Express
2020, 28, 9288-9309. [CrossRef] [PubMed]

Li, M.C.; Chen, KR;; Kuo, C.C; Lin, Y.X,; Su, L.C. A Simple Phase-Sensitive Surface Plasmon Resonance Sensor Based on
Simultaneous Polarization Measurement Strategy. Sensors 2021, 21, 7615. [CrossRef] [PubMed]

Azzam, RM.A; Bashara, N.M. Elliposmetry and Polarized Light; Paperback, Ed.; North Holland: Amsterdam, The Netherlands,
1987; pp. 66-148.

RefractiveIndex.INFO. Available online: https:/ /refractiveindex.info/?shelf=glass&book=SF11&page=SCHOTT (accessed on
1 November 2022).

Sony Semiconductor Solutions Group. Available online: https://www.sony-semicon.com/en/products/is/industry/
polarization.html (accessed on 14 November 2022).

Lucid Vision Labs. Available online: https://thinklucid.com/tech-briefs/polarization-explained-sony-polarized-sensor/
(accessed on 14 November 2022).

Bajaj, A.; Trimpert, J.; Abdulhalim, I.; Altintas, Z. Synthesis of Molecularly Imprinted Polymer Nanoparticles for SARS-CoV-2
Virus Detection Using Surface Plasmon Resonance. Chemosensors 2022, 10, 459. [CrossRef]

Ran, B.; Lipson, S.G. Comparison between sensitivities of phase and intensity detection in surface plasmon resonance. Opt. Express
2006, 14, 5641-5650. [CrossRef]

Umpleby, R.J.; Baxter, S.C.; Chen, Y.; Shah, R.N.; Shimizu, K.D. Characterization of Molecularly Imprinted Polymers with the
Langmuir—Freundlich Isotherm. Anal. Chem. 2001, 73, 4584-4591. [CrossRef]

Chiu, N.F; Fan, S.Y,; Yang, C.D.; Huang, T.Y. Carboxyl-Functionalized Graphene Oxide Composites as SPR Biosensors with
Enhanced Sensitivity for Imnmunoaffinity Detection. Biosens. Bioelectron. 2017, 89, 370-376. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1088/1555-6611/ab5945
http://doi.org/10.1016/j.snb.2004.12.044
http://doi.org/10.1016/j.optcom.2015.06.011
http://doi.org/10.1364/OE.21.020268
http://doi.org/10.1109/LPT.2020.2984015
http://doi.org/10.1364/OL.39.005220
http://doi.org/10.1016/j.optlaseng.2018.04.007
http://doi.org/10.1364/OL.42.000719
http://www.ncbi.nlm.nih.gov/pubmed/28198848
http://doi.org/10.1364/OE.28.009288
http://www.ncbi.nlm.nih.gov/pubmed/32225539
http://doi.org/10.3390/s21227615
http://www.ncbi.nlm.nih.gov/pubmed/34833688
https://refractiveindex.info/?shelf=glass&book=SF11&page=SCHOTT
https://www.sony-semicon.com/en/products/is/industry/polarization.html
https://www.sony-semicon.com/en/products/is/industry/polarization.html
https://thinklucid.com/tech-briefs/polarization-explained-sony-polarized-sensor/
http://doi.org/10.3390/chemosensors10110459
http://doi.org/10.1364/OE.14.005641
http://doi.org/10.1021/ac0105686
http://doi.org/10.1016/j.bios.2016.06.073

	Introduction 
	Materials and Methods 
	Phase Extraction Algorithm 
	Experimental Setup 
	BSA Binding Assay-Immunosensing 

	Results and Discussion 
	Refractive Index Measurements and Calibration 
	Advantage of Real-Time Ellipsometric SPR Measurement with Fluctuating Light Source Environment 
	Dynamical Measurements 
	BSA-Binding Assay and Kinetics 

	Summary 
	References

