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Introduction

Surface plasmon resonance (SPR) refers to excited charge density oscillations that
exist along the boundary between a metal and a dielectric with permittivities of
opposite signs. When the orientation of the electric field vector of an incident light
matches the movement of free electrons in the metal as restricted by the boundary
conditions associated with some material and structural parameters, surface plasma
waves (SPW) can be excited, and consequently efficient coupling with large energy
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as guided electromagnetic wave along the interface may occur. This phenomenon of
unexpected attenuation was first discovered by Wood [1] in 1902 when they
measured the reflection of metallic gratings and found that some optical power
was absorbed by the metal because of the excitation of SPW. The focus on devel-
oping SPR sensing was inspired after the introduction of attenuated total internal
reflection (ATR) by Otto [2] and Kretschmann [3] in 1968. It was not until 1983 that
Liedberg and Nylander [4] reported the first practical sensing application of SPR for
biomolecular detection. Since then, SPR biosensors have experienced rapid devel-
opment in the last two decades and become a valuable platform for qualitative and
quantitative measurements of biomolecular interactions with the advantages of high
sensitivity, versatile target molecule selection, and real-time detection. For this
reason, SPR sensors are now widely adopted for meeting the needs of biology,
food quality and safety analysis, and medical diagnostics.

Currently, a number of commercial SPR sensor instruments are available from
companies including Biacore, IBIS Technologies B.V., AutoLab, GWC Technolo-
gies, Genoptics Bio Interactions, Biosensing Instrument, and SPR Navi. Table 1
provides a summary of instrument specifications of several commercial SPR sensing
systems for readers’ reference. The major detection method has always been the
angular interrogation scheme which measures reflectivity variations with respect to
incident angle. A less common approach is the wavelength scheme in which one
monitors the wavelength dependence of the sensor reflectivity. Typical sensitivity
resolution of the angular approach is in the higher end of 10~ RIU (refractive index
unit), while for the wavelength interrogation approach, this is somewhere in the
order of 10~® RIU because of the relatively less sharp SPR absorption dip. Further
improvement may be achievable through the use of phase interrogation because of

Table 1 Examples of commercial SPR sensors

Number of

detection Operation
Manufacturer Instrument Sensitivity (RIU) | points temperature (°C)
Biacore BIAcore 4000 1x1077 16 (with 4 4-40

independent

flow cells)
Biacore BIAcore T200 1 x 1077 4 4-45
IBIS Technologies | IBIS-MX96 3% 10°° 96 spots
Bio-Rad ProteOn XPR36 |1 x 107° 36 spots 15-40
Horiba SPRi-plex II 5x107° Up to

400 spots
BiOptix BiOptix 404pi 2% 107° 4 detection 15-37
Diagnostics channels
SensiQ SensiQ pioneer 1x1077 3 channels 4-40
Technologies
SPR NAVI SPR NAVI™ 1 x10°° 2 channels 4-40

220A
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the sharp phase change across the SPR resonance dip. Since SPR only affects the
p-polarization because the metal sensor film only supports field-induced charge
oscillation in a direction perpendicular to the sensor surface, polarization—retardation
variations of optical beam, i.e., phase difference between the s- and p-polarizations,
are considered as an effective approach for detecting the desired SPR signal.
Considerable sensitivity improvement is expected from detecting the SPR phase/
retardation change. Figure 1 shows typical phase response of the Kretschmann
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Table 2 Sensitivity comparison of various SPR signal detection schemes

SPR detection Response versus refractive index | Typical refractive index detection
scheme change resolution

Angular interrogation | ~2 x 10 Deg/RIU ~5 x 1077 RIU

Spectral interrogation | ~10* nm/RIU ~107° RIU

Phase interrogation ~10° Deg/RIU ~1078 RIU

(inverted prism) configuration. Comparison of theoretical sensitivity resolution
between different detection schemes is shown in Table 2. Moreover, readers should
note that while signal-to-noise ratio is the primary factor that ultimately dictates the
instrument’s sensitivity resolution, actual performance of practical SPR sensor
systems is essentially limited by additional measurement uncertainties arising from
temperature drifts and mechanical microphonics.

This chapter focuses on reporting the development of phase-detecting SPR
sensors because of its potential to offer very high measurement performance.
Biosensing applications are briefly summarized as similar reviews are readily avail-
able from the literature. The provision provided by this review also aims to stimulate
new ideas that may lead to further advancement of SPR instrumentation.

Basic Principle of SPR Phenomenon

Evanescent wave is typically generated at the boundary between two media when the
propagation of a wave is being perturbed under total internal reflection (TIR). In this
physical phenomenon, for example, when TIR occurs at a glass—water interface, the
energy of the wave is conserved and the process often has zero energy loss.
However, in the case of a glass—metal film—dielectric (e.g., water) system, TIR
may still take place when the metal film is of appropriate thickness. In this case,
SPWs, which are associated with oscillations of charge density in the metal layer, are
being excited. SPW in turn will enhance the intensity of the evanescent wave in the
lower-index medium. In addition, the fact that oscillatory motion of electrons also
means resistive losses, thus leading to strong optical absorption. The SPR absorption
phenomenon is therefore also called attenuated total reflection (ATR).

At resonance, SPWs are efficiently generated under the condition that the
momenta of the incident wave and the excited SPW should be the same. Thus an
approximation of the SPW wave vector (k) is given by

Emés
&m + &

k.va = kf

where kyis the free space wave vector of the optical wave, while ¢, and &, are the
dielectric constants of the metal and the sample medium, respectively.



5 SPR Biosensors 127

If excitation happens, £,,, can be rewritten as follows:
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where n,, = (¢,,)""? is the refractive index of the metal and n, = (&,)"/* is the refractive
index of the sample.

This equation indeed suggests that SPR is a power tool for monitoring refractive
index changes caused by chemical or biochemical interactions.

While the SPR phenomenon is fully described by Fresnel’s theory, one can
accurately model how the resonance shifts according to the changes of refractive
index in the dielectric (i.e., sample) layer. The signal comes from a shift either in
reflectivity or optical phase.

From Fresnel’s equations, the reflection coefficient, 7., of a three-layer
prism—metal—dielectric (water) structure in the Xxyz coordinate system, with the
z-direction representing the one normal to the plane of the sensing surface, is given by

. Fxy + T'y: €Xp (2lk}}tm)
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Fyyz =

and

Tayz = |"Xy2|ei{//

where ¢,, = thickness of metal film, ¢ = phase, and r,, and r,. are Fresnel’s
coefficients in the xy- and yz-planes, respectively, in the prism—metal-dielectric
configuration.

SPR Phase Detection Schemes

Since it is not practical to detect the phase of an optical wave directly because of its high
frequency, one typically first shifts it to a lower frequency through a mixing step, then
followed by a final interference process to convert the phase into amplitude oscillations.
Generally, practical phase detection techniques are based on optical heterodyning,
polarimetry, and interferometry. These schemes will be discussed in this section.

Optical Heterodyne

Optical heterodyne refers to the frequency mixing technique through which inter-
ference between two input waves can produce new waves with frequencies equal to
the sum or difference of the input waves. The difference frequency, also called the
beat frequency, bears the same phase information as the input waves and is typically
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in the range between KHz and GHz. This means that the optical phase difference
between two coherent laser beams can be readily detected with common electronic
phase meters. Common heterodyne optical interferometer involves the use of fre-
quency shifters, also called the acousto-optical modulator (AOM) or the Bragg cell,
in which radio-frequency acoustic waves at 10-500 MHz propagating in a transpar-
ent solid such as quartz, lead molybdate (PbMo0Qy,), or tellurium dioxide (TeO,) may
introduce Doppler shift to the input laser beam. The resultant frequency-shifted and
unshifted optical beams will generate the required oscillating intensity variation for
the final measurement of the phase.

A practical phase-detecting SPR sensor with easy beam alignment and
heterodyne-shifted p- and s-components was first proposed in 2003 by Wu et al.
[5]. With two AOMs operating in the two separate arms of a Mach—Zehnder
interferometer at driving frequencies of 40 and 40.06 MHz, respectively, the authors
were able to obtain a low frequency beat signal at 60 kHz. It was then possible to
monitor the SPR phase change with a simple commercial phase meter. The authors
reported a refractive index resolution as high as 2 x 10~ RIU by measuring the
phase response at different incident angles for methanol, water, and ethanol. Starting
from 2005, Chiu and coworkers produced a series of research papers on the
development of heterodyne sensors based on the use of single-mode optical fiber
[6-9]. In their work, a D-type fiber was fabricated by removing the cladding and
polishing off half of the fiber core, then followed by depositing a layer of gold on the
exposed core for generating the required SPR effect. The authors also reported that
multiple reflections inside an optical fiber would enhance the sensing dynamic range
significantly. On the other hand, a heterodyned light source enabled phase instead of
amplitude-only detection with improved sensing resolution. Simulated sensing
response was confirmed with experimental results obtained from alcohol samples
at different concentrations [6]. The authors also numerically investigated three-layer
(glass core-gold layer sample) [7] and four-layer (glass core-silicon dioxide-gold
layer sample) [8] configurations based on this D-type optical fiber configuration, and
optimal parameters were suggested. Wang et al. later reported a U-type multimode
optical fiber configuration in which multiple reflection increased the net phase
change as the probing beam hit the fiber-sample boundary multiple number of
times [9]. In this design, the fiber core was immersed in the sample medium in the
absence of any metal coating. The optical beam was able to go through 70 cycles of
TIR with the U-type region. Despite the multiplied signal outcome, this sensing
however only gave a moderate resolution of 1.6 x 10~° RIU.

In 2008, Li and coworkers [10] demonstrated a system capable of reaching a high
refractive index resolution of 2.8 x 10~? RIU through active amplitude equalization
of the reference and signal beams. From this active adjustment, noise due to laser
intensity fluctuations was suppressed, thus resulting in ultrahigh resolution. It was
found that the phase change caused by adding 0.00001 % sucrose to pure water was
still observable with this sensor. The corresponding refractive index change resolu-
tion was 1.4 x 10~® RIU. The projected measurement resolution was around
2.8 x 1072 RIU. A similar resolution of 7 x 10~° RIU was achievable from
glycerin—water solution. For real biosensing of mouse-IgG/antimouse-IgG
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interactions, the scheme offered a sensitivity of 10 fg/mL (67 aM), which is among
the best ever achieved with the SPR technique.

Other reported optical heterodyne sensing schemes were based on monitoring the
amplitude instead of any involvement of phase detection [11, 12]. The input beam
came from a Zeeman laser that contains a built-in heterodyning frequency difference
between the s- and p-polarizations. With the use of a quarter-wave plate (QWP), two
SPWs separated by the Zeeman-split frequency (2.5 MHz in this case) were
launched at the sensor surface. Cross-polarization interference conveniently gener-
ated a reference modulation signal at the beam splitter placed just before the sensor
head, while the optical beam reflected from the SPR sensor surface provided the
signal. The final modulation signal was in fact coming from the interference between
the two SPWs launched by two laser components which were separated by the
Zeeman-split frequency. Since ATR had almost identical effects on both SPWs
because of their near-identical frequencies, and the output was an interference
product between the two SPWs, it became clear that the amplitude variations caused
by ATR (i.e., the sensor’s response signal) had been amplified twice, thus increasing
the detection resolution considerably. The scheme achieved a refractive index
resolution of 3.5 x 10~ RIU based on an experiment using 0.001 % sucrose—water
solution. Compared to the amplitude-based scheme, phase detection with heterodyn-
ing [10] was shown to offer an improvement of 2 orders (2.8 x 10~° RIU versus
3.5 x 1077 RIU) in detection sensitivity. However, the dynamic range was 3 orders
narrower (10% versus 10° RIU).

In 2013, Ju-Yi and coworkers [13] demonstrated an improved wavelength-
modulated heterodyne interferometer for sensitivity enhancement. The system uti-
lized the wavelength dependence of drive current in common laser diodes. The laser
beam was first analyzed by a Michelson interferometer so that sweeping of the laser
drive current would lead to a series of amplitude peaks in the output intensity
because of continuous phase variations. By incorporating a QWP at an appropriate
azimuthal angle in front of the sensor, it was possible to measure the SPR phase shift
with a lock-in amplifier. The system demonstrated a resolution limit of 3 x 10~
RIU. Since there was no need of any electro-optical modulator, this approach has the
benefit of relatively simple instrument design.

Polarimetry

Polarimetry refers to interference from two orthogonally polarized p- and
s-components of a light wave with the incorporation of a polarizer, and the mea-
surement of phase difference relies on the analysis of a series of interference patterns.
Apart from fundament noise intrinsic to the system, noise reduction can be enhanced
through collection of a large amount of data and the use of appropriate signal
processing.

Phase-sensitive polarimetry-based SPR sensors incorporating the use of photo-
elastic modulation in various configurations have been reported by Ho and
coworkers since 2003 [14—16]. The photoelastic modulator was included to provide
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a high-frequency sinusoidal modulation in the phase retardation between the p- and
s-components. The phase modulation itself generated a series of harmonics which all
carried the SPR phase information. Under certain modulation depth condition, the
SPR phase term could be extracted directly from the amplitude ratio of the first and
second harmonics. Indeed this approach was previously proposed for the measure-
ment of low-level birefringence [15]. Through detecting the phase change induced
by changing the concentration of glycerin in water, a sensitivity level of
1.19 x 107° RIU was obtained. Real-time characterization of the binding reaction
between bovine serum albumin (BSA) and anti-BSA biomolecules was demon-
strated with this technique, and the detection limit was found to be 11.1
ng/mL. Soon afterward, a modified setup that made use of the full polarization
parameters including the azimuth angle, the intensity ratio of p- and s-components,
and the phase retardation induced by the SPR sensor cell was also demonstrated by
the same group [16]. In particular, the tangent of the double azimuth angle, i.e., ratio
between the first and second harmonics, was shown as a sensitive indicator of
refractive index variations without any compromising in dynamic range perfor-
mance. Moreover, better signal-to-noise ratio should be possible due to reduced
susceptibility to stray light and laser intensity fluctuations. As a result, a detection
limit of 6 x 107 RIU or 15 ng/mL with a dynamic range in the order of 102 RIU
was obtained. In 2008, Stewart et al. reported an analytical investigation on optimi-
zation of the photoelastic SPR polarimetry system and its subsequent application for
biochemical sensing [17]. A refractive index resolution better than 5 x 10~ RIU
was demonstrated. Later, the group further developed multiplexing capability for
their SPR polarimetry system and better signal-to-noise ratio; hence detection limit
was further improved as compared to the commercially available SensiQ Discovery
system [18].

Kabashin and coworkers investigated the polarimetric SPR sensing extensively
[19-22]. In 2007, they introduced a photoelastic modulator for temporal modulation
of the phase retardation, and this time they monitored the second and third harmonic
components, and a detection limit of 2.89 x 10~ RIU together with a dynamic
range larger than 1072 RIU was obtained [19]. This photoelastic modulator sensor
system was then applied to the detection of streptavidin—BSA complex, and a
sensitivity limit of 1.3 nM was achieved [20], which was comparable to the best
sensitivities reported in literature.

Shortly afterward, they reported a polarimetric SPR scheme in which a wedge-
shaped birefringent quartz provided the required linear phase retardation change
over a rectangular region [21]. In their experiment, a CCD camera captured a series
of two-dimensional fringe patterns from the linear retardation region, and the phase
distribution was then analyzed by Fourier transform. This way the SPR phase
response was detected. The authors showed a detection limit better than 10~° RIU.
Interestingly they showed that the phase-detecting approach was one order of
magnitude improvement as compared to the amplitude-detecting approach from
the same setup. In 2008, SPR polarimetry with the use of mechanical phase dithering
was also employed [22]. In the experiment, a Wollaston prism was used to separate
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the s- and p-components of the light beam, and polarization modulation was
performed with an optical chopper. A refractive index detection limit of
3.2 x 1077 RIU was demonstrated through real-time monitoring of bio-reactions
inside the sample flow cell.

Chiang and coworkers studied the dependence of detection sensitivity on the
wavelength of the incident optical wave in SPR polarimetry. The authors showed
that it was possible to optimize sensing performance by matching the thickness of the
sensor film to specific optical wavelengths. Resolution levels at 3.7 x 10~* RIU for
refractive index sensing [23] and 1.9 x 107° degrees for angle measurement [24]
were possible.

Spectral phase detection with a polarimetry setup was reported by Zheng et al. in
2009 [25]. A super luminescent LED (1,525-1,565 nm) was used, with the spectral
interference signal produced by inserting a birefringent wave plate in the exit path of
the SPR sensor. The output spectrum contained a series of peaks because of cross-
interference between the p- and s-polarizations. Any retardation change due to the
sensor’s SPR phase was monitored by analyzing the shift of the spectral peaks. A
detection limit better than 10~® RIU was achieved in this system. In 2013, Ho and
coworkers proposed a novel technique to improve this system performance by
incorporating a temporal carrier so that the phase computation and unwrapping
can be performed in the time domain. Inserted in front of the birefringent crystal, a
liquid crystal device was employed to modulate the optical phase retardation
between p- and s-polarizations. This enabled the extraction of the desired differential
spectral SPR phase. The integration time would be longer limited by the temporal
carrier frequency, thus making it possible to enhance the signal-to-noise ratio. The
experimental detection limit was between 2 x 107 and 8 x 10~® RIU, with a
measurement range of 3 x 1072 RIU [26].

SPR imaging based on polarimetry is a powerful tool for high-throughput
sensing. Two schemes have been proposed [27, 28], and they are found to offer
better performance than the amplitude-only SPR imaging approach [29]. The first
one reported by Nikitin et al. [27] extracted the SPR phase signal simply by
performing direct interference on the p-polarization component using a
Mach—Zehnder interferometer, with the SPR sensor element placed in one of the
optical arms. The second scheme, reported by Homola and Yee [28], took advan-
tage of the fact that appropriate adjustment of the retardation using additional
polarizers and wave plates would lead to reversing the contrast of the SPR spectral
absorption dip because of the contribution of interference from the SPR phase
change. The SPR image consequently had bright spots for region with strong SPR
absorption. Homola and coworkers further combined the polarization contrast
scheme and specially designed multilayer sensing arrays for even better sensitivity
with parallel sensing capability [30], and a resolution limit as low as 2 x 10~® RIU
has been achieved [31].

Since wave plates are generally designed to have fixed phase shift, the polariza-
tion contrast scheme described above only offers limited operational spectral win-
dow. To resolve this issue, one can incorporate a variable phase-shifting device to
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achieve more versatile phase control. In 2005, Su et al. incorporated phase-shift
interferometry to SPR polarimetry and further improved the sensitivity of SPR
imaging system [32]. In their design, a two-dimensional CCD camera was used for
recording the interference intensities of the p- and s-components. The SPR-induced
phase difference was subsequently processed by a simple five-step phase-shifting
algorithm. A resolution of 2 x 10~ RIU was achieved. Lateral resolution of better
than 100 pm has been demonstrated in their experiment based on DNA microarray.
In 2008, Yu et al. reported a similar setup together with the Stoilov algorithm for
phase retrieval. They achieved a resolution of 10~° RIU based on SPR imaging
experiments conducted with NaCl-water mixtures of different concentration levels
and biomolecular samples [33].

Interferometry

Interferometry generally refers to the optical instrumentation technique that makes
use of the interference between two light beams which typically come from a light-
emitting diode or a laser. An interferometer is the optical system necessary for
converting fast oscillating waves into those with much lower frequencies for signal
detection by electronic devices. An interferometer’s output signal has direct relation
with the amplitudes of the interfering waves and their phase difference, as depicted
by the famous two-beam interference equation:

I =A% = AT + A] + 241A; cos [t + (¢ — ¢,)]

where / is intensity of the final wave, 4, and A, are amplitudes of the interfering
waves, ¢; and ¢, are their phases, and w represents their frequency difference.

As compared to polarimetry and optical heterodyning, SPR interferometry offers
the advantage of direct visualization of activities taking place in the sensor surface
without any compromise in measurement accuracy and lateral resolution. This is an
important feature relevant to the sensor’s capability to perform real-time monitoring
of multiple binding reactions on a single sensing surface. There is one drawback,
however, due to the fact that the phase extraction process requires intensive com-
putation involving fast Fourier transform algorithms. This has resulted in a rather
slow data production rate, in the order of one sample point every several seconds.

The interferometry approach for SPR phase measurement was first demonstrated
by Kabashin and Nikitin in 1997. Their phase-sensitive SPR sensor was
implemented with a Mach—Zehnder interferometer [34, 35]. A laser beam was
divided into a signal arm and a reference arm by a beam splitter. With the SPR
sensing cell included in the signal arm, interference between the signal and reference
arms converted the phase shift in the p-component due to refractive index variations
in the analyte into an optical intensity signal at the output beam splitter. Experiments
performed on Ar-N, gas mixtures achieved a very respectable detection limit of
4 x 10 RIUifa phase resolution of 0.01° was assumed [34].
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In 2000, Notcovich et al. [36] reported a similar SPR phase imaging system in
which a Mach—Zehnder interferometer was employed to analyze the p-component.
Fourier transform was employed for fringe analysis and a refractive index resolution
of 107® RIU was obtained.

In 2002, Ho and coworkers proposed a differential phase measurement scheme [37,
38]. In previous interferometry designs, the system only used the signal arm to detect
refractive index change or biomolecular interactions, and the reference arm was not
involved in the sensing action at all. In the differential scheme, a half wave plate was
included to rotate the p-polarization by 90° in order to have interference with the
s-polarization. Phase retrieval was achieved by phase stepping with a piezoelectric
transducer, typically made from lead zirconate titanate (PZT), while monitoring the
shift in the interference fringes. The setup was found to have better noise immunity as
compared to the Mach—Zehnder setup reported by Kabashin and Nikitin [35]. In 2004,
Ho et al. reported another differential interferometer design for SPR phase measure-
ment [39]. As shown in Fig. 2, the input polarization is oriented at 45° from the s- and
p-polarizations. This resulted in having two interferometers, one from the
s-polarization and the other from the p-polarization operating in parallel. At the output
beam splitter of this differential phase Mach—Zehnder interferometer, a Wollaston
prism separated the two polarization signals. Any environmental disturbances in the
system should have identical effects on both interferometers, while on the other hand,
the SPR phase change from the sensor surface affects the p-component only. Differ-
ential phase measurement, i.e., phase difference between the s- and p-polarizations,
should only contain the SPR phase and all other spurious noises would be canceled
out. The authors reported ultra-sensitive performance with a resolution of 5.5 x 107°
RIU based on an assumed phase measurement resolution of 0.01°.

In 2007, the team reported other variants of the differential design: Michelson
interferometer-based double-pass [40] and Fabry—Perot interferometer-based multi-
ple-pass configurations [41] exhibiting further enhancement in sensitivity. In the
Michelson interferometer double-pass system (as shown in Fig. 3), additional beam
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Fig. 3 Surface plasmon resonance biosensor with Michelson interferometer [40]

splitters were used to separate 50 % of the light passing through to another
Mach—Zehnder interferometer, while the remaining 50 % was reflected back for
use by the Michelson interferometer, in which the signal beam was allowed to pass
through the SPR cell twice. This way the signal beam experienced an additional
phase change and the expected phase response should be doubled. Calibration
experiments with salt-water mixtures and biomolecular samples involving BSA
and anti-BSA binding were carried out to demonstrate a resolution limit of
7.7 x 1077 RIU, which was almost two times as sensitive as the single-pass version.
In the Fabry—Perot cavity multiple-pass configuration, SPR phase change was
accumulated as the laser light was reflected back and forth inside the Fabry—Perot
cavity. The improvement, however, was only 12 % in addition to the doubled
resolution achieved by the Michelson interferometer due to gradual reduction in
light intensity as the beam went through multiple reflections at the SPR active
sensing surface.

In 2008, the team proposed to use a Michelson interferometer-based double-pass
design for the white-light SPR scheme, thus offering the possibility to resolve the
issues of high sensitivity and wide dynamic range simultaneously [42]. However,
strong spectral dispersion in the sensor prism due to the broadband nature of the beam
had made interference between the signal and reference arms very difficult. To solve
this problem, the authors employed a dispersion compensation prism in the reference
arm of the optical system. The exit angles of all spectral components in both the signal
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and reference arms were corrected, thus enabling strong interference signal to be
obtained across the entire spectral range. Differential phase detection was applied in
order to improve system stability. The experimental detection limit was reported to be
2.6 x 1077 RIU, while the measurable refractive index range was 10~2 RIU [43].

Surface Plasmon Resonance Imaging (Amplitude and Phase)

SPR imaging offers important attributes for practical SPR sensing applications.
Through imaging one can visualize the entire biosensing surface. It then becomes
possible to monitor many sensing sites simultaneously. One then contemplates the
realization of a SPR-based biochip platform with which the user may be able to study
a range of molecular interactions in parallel.

Corn et al. [44] developed an oligonucleotide arrays on gold surfaces for hybrid-
ization detection by SPR imaging technique. In their experiment, four oligonucleo-
tide probe spots were printed on the gold substrate through selected area exposure to
unlabeled DNA. By monitoring the intensity change of the spotted areas within the
SPR images captured throughout the hybridization process, the researchers were
able to distinguish the difference between areas responsive to single-stranded DNA
and double-stranded DNA. The same team further applied SPR imaging to the
analysis of protein—peptide interactions [45]. With white-light SPR imaging, the
researchers were able to perform label-free study on the kinetics of protein adsorp-
tion and desorption on peptide arrays. In this case, narrowband filtered p-polarized
light was used as the light source, and the reflectivity change was measured as a
function of time by a CCD camera. The system offered the possibility of varying the
SPR excitation wavelength, which was needed for achieving wide measurement
range. In 2005, long-range surface plasmon resonance (LRSPR), often associated
with symmetric dielectric—gold—dielectric structures, was further implemented in the
SPR imaging scheme for biomolecular detection by Corn et al. [46]. In this scheme,
the multilayered sensing surface took the structure of SF10 prism/Cytop/gold/water,
where Cytop is an inert and optically transparent material. Data analysis was
performed by subtraction of images taken before and after exposure of DNA samples
in the SPR system. The authors reported a 20 % improvement as compared to
conventional SPR imaging.

Research efforts in phase interrogation further improved the sensitivity limit of
SPR imaging. Wong et al. [47] in 2008 demonstrated protein array sensing with
phase-stepping differential SPR imaging (Fig. 4). In the experiment, 25 different
protein samples were prepared with a 5 x 5 polydimethylsiloxane (PDMS) micro-
well array. The microwells were then used for pretreating a gold surface to form an
array of antigen spots. Experiments performed with BSA antibody samples at
various concentrations demonstrate the scheme’s capability to perform real-time
monitoring of binding reactions. The reported detection limit was 0.77 pg/mL.

Another example of phase SPR imaging was reported by Corn and Kim [48] in
2011. The authors produced a one-dimensional phase-sensitive SPR biosensor array.
With the use of a linear variable retardation wedge, phase information was converted
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Fig. 4 Protein array sensing with phase-stepping differential SPR imaging [47]

into a linear interference fringe pattern. The SPR imaging system captured and
analyzed the pattern to provide information on the binding reaction that took place
in the one-dimensional sensor array. The setup was used to monitor the bioaffinities
of biomolecules and a detection limit of 50 pM was achieved, which is almost
100 times better than that from traditional intensity-based SPR imaging.

Developments of Gold Nanoparticles (Au NPs) for Sensitivity
Enhancement

In view of the rising need to develop high-throughput biosensing techniques for
detecting small molecules and meeting the requirements of nanoscale biotechnology,
sensitivity improvement is an important direction in SPR technology. While a
number of approaches including reengineering of the light source and the detection
scheme, the incorporation of nanoparticles (NPs) offers real promises. Selected
examples of Au NP-based SPR sensing are presented in Table 3. Here, we briefly
discuss some basic features of Au NPs and representative examples of using Au NPs
to improve the SPR sensing signals, thereby allowing one to achieve detection range
that is not possible by using commercially available SPR sensors.

Au NPs are intensively investigated for the past decade due to their unique
tunable optical properties that can be applied for various applications ranging from
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Table 3 Au NP-enhanced SPR sensing applications
Nanostructure Parameters Analyte Detection limit | References
Au nanorod array 380 nm length, Glycerin Below 300 nM | [49]
25 nm diameter,
and 60 nm
separation
Au nanorod ~47 nm long and TNF-a antigen 0.03 pM [50]
~22 nm wide
Single dots Diameter 118 nm, | Propanol with air | 520° per 107> [51]
lattice constant RIU
316 nm
Double dots Diameter 100 nm, | Propanol with air | 465° per 10> [51]
separation RIU
140 nm, lattice
constant 317 nm
Square array of Au | Diameter 132 nm, | Water with 93° per 1073 [51]
double dots separation glycerol RIU
140 nm, lattice
constant 318 nm
Spherical Au NP 40 nm (best signal | — 54 x 1077 [52]
amplification) /60/ RIU
70/80 nm diameter
Au NPs 15 nm DNA 10 fg/mm? [53]
hybridization
Aptamer/thrombin 10 nm Thrombin 0.1 nM [54]
Au NPs 6-8 nm E. coli 10% cfu/mL [55]

sensing to imaging. The preparation protocols for Au NPs have been continuously
expanding and thereby providing new means for controlling the particle size and
shape. The special optical property of Au NPs originates from their particle size
confinement effect. The size confinement effect on the nanoscale particle generates
new electronic and optical characteristics. For example, Au NPs display strong
vibrant color in the colloidal solution and this is generated from the SPR absorption.
This SPR absorption by Au NPs is associated with the coherent oscillation of the
conduction band electrons induced by the interaction with the electromagnetic field.
In general, the SPR absorption peak blue shifts to shorter wavelength with decreas-
ing nanoparticle size as predicted by the theory. To date, the SPR frequency of Au
NPs has been shown to depend on particle size, shape, dielectric properties, aggre-
gate morphology, surface modification, and refractive index of the surrounding
medium. For instance, the SPR peak of 13 nm Au NPs is around 520 nm and that
of 50 nm NPs is around 570 nm. The SPR peak of the Au NPs can be manipulated by
tailoring the size and shape of the particles. Due to the rich surface chemistry of Au
NPs, many research groups have started to incorporate Au NPs into the SPR system
for selective enhanced sensing of desired biomolecules.

In general, Au NPs are used to enhance SPR sensing response. Some groups have
demonstrated the use of functionalized Au NPs in an immunoassay to amplify the
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sensing signals. For instance, Au NP-enhanced SPR sensing system was used to
generate assays for detecting cholera cells [56]. Other groups have shown that the Au
NP-amplified SPR sandwich immunoassay has the capability to detect picomolar of
human immunoglobulin [57]. These studies suggest that the detection limit for Au
NP-amplified SPR sensing system can be further improved by optimizing the shape,
size, and architecture of the Au NPs used for the sensing study. We envision that the
use of functionalized Au NPs for enhancing biosensor response will create new
opportunities for single-molecule detection biosensor and cancer cell diagnostics.

For example, Kabashin et al. [49] in 2009 investigated a plasmonic metamaterial
for SPR sensitivity enhancement. They fabricated Au nanorod (Au NR) arrays on a
thin-film porous aluminum oxide template with 380 nm in length, 25 nm in diameter,
and 60 nm in spacing between the rods, and the areal density was approximately
10'°-10"" ¢cm 2. These nanorods provided a substantial overlap between probing
field and active biological target molecules with strong plasmon-mediated energy
confinement. The change of refractive index of glycerin with different concentra-
tions was examined by Au NR arrays in SPR phase detection, and an impressive
sensitivity limit of more than 30,000 nm per refractive index unit was achieved.

Diffraction-coupled collective resonant LSPR biosensor was proposed by
Kabashin et al. [51] in 2010. Regular arrays of Au nanodots were used for possessing
of collective plasmon resonances caused by diffractive coupling of localized
plasmons. The response was studied on controlled gaseous mixtures of propanol
with air and controlled mixtures of water with glycerol, and the phase sensitivity is
better in one order of magnitude, as compared to SPR-based sensors.

Different shapes and sizes of Au NPs can be fabricated by tailoring the reaction
parameters of the growth solution [58]. In 2013, spherical Au NP-enhanced SPR
sensor based on an interferometric interrogation scheme was reported by Shuwen
et al. [52]. In their system, the authors made use of the SPR phase-shift enhancement
due to plasmonic coupling between Au NPs and the sensing film. Experimental
results suggested that the optimal Au NPs diameter for best signal amplification was
40 nm. Their Au NP-enhanced scheme achieved a detection limit 5.4 x 10~’ RIU.

For further sensitivity enhancement of SPR biosensing, Kim et al. [53] proposed
colocalization of Au NP-conjugated nanoantennas. In this study, the nanograting
antenna structure had a periodicity of 400 nm and depth of 20 nm. Experiments on
the detection of DNA hybridization confirmed that the colocalized nanograting
antennas produced 60-80 % enhancement of sensitivity in terms of angular shift.

Au NPs combined with sandwich assays had also been developed for SPR
sensing in recent years. One example is the aptamer/thrombin/aptamer-AuNPs
sandwich scheme reported by Bai et al. [54]. In the proposed assay, the thiol-
modified thrombin aptamer (TBA29) was immobilized on Au NPs, while another
biotinylated thrombin aptamer (TBA15) was bound to the SPR sensor surface
through biotin—streptavidin recognition. A detection limit as low as 0.1 nM was
reported.

Another application of Au NR in SPR sensing was proposed by Law et al.
[50]. Au NRs were used for signal enhancement in their sandwich immunoassay,
and the authors adopted a phase interrogation scheme. For the detection of tumor
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necrosis factor alpha (TNF-a), the detection limit was found to be 0.5 ng/mL, which
was 40-fold better than traditional SPR biosensing techniques.

Au NP enhancement for bacteria detection was reported by Baccar et al. [55]. In
this sensor Au NPs were first immobilized on the sensor surface before the final step
of capturing the target E. coli cells. A detection limit of 10° cfu/mL E. coli was
found, while the control experiment with no Au NP enhancement only achieved 10*
cfu/mL, i.e., ten times higher concentration.

All these findings indicate that Au NPs are important for enhancing the sensitivity
of the SPR sensor. It is obvious that there are rooms for improvement in terms of
designing new architecture of bioconjugated Au NPs to further increase the sensi-
tivity of the biosensor. In the next few years, it is certain that many more researchers
will devote their effort in investigating the use of various sizes and shapes of Au NPs
for SPR biosensing applications such as single cancer marker detection.

SPR Biosensor Applications

Apart from the implementation of phase detection, sensitivity optimization and
enhancement, together with immobilization techniques of target biomolecules, also
require improvements. Typically biomolecules or ligands are directly coupled to the
SPR sensing surface by covalent immobilization. However, unwanted orientations
of the ligands may have degrading effects on the subsequent binding reactions.
Capture coupling schemes were developed to ensure homogenous orientation of the
captured molecules on surface. Recent developments are presented in the following
paragraphs and some examples are summarized in Table 4.

In 2009, Kyprianou et al. [59] proposed a SPR sensor surface based on the
reaction between primary amines and thioacetal groups and thiol compounds.
Thioacetal self-assembled monolayers (SAMs) were fabricated from several thiol-
containing molecules and tested by using Biacore 3000. Experimentally, SAMs of
pentaerythritol tetrakis (3-mercaptopropionate) (PETMP) offer the highest stability
and surface capacity for protein immobilization, while Salmonella typhimurium cells
were detected down to 5 x 10° cells/mL.

Another experiment performed on SPR sensor surface involved the modification
by mercaptoundecanoic acid (MUDA) coatings [60]. Biacore 3000 sensor chips
were modified with 1 %, 10 %, 100 % MUDA and cysteamine surface. Experimental
results suggested that protein assays were sensitive to the dendrimer-modified 1 %
MUDA surface, while 1 % MUDA coating with standard EDC/NHS offers the best
signal output for DNA assays. In 2013, Yatabe et al. [61] reported a polymer-
modified SPR immunosensor chip fabricated with surface-initiated atom transfer
polymerization (SI-ATRP). The process involved the mixing of a monomer, mono-2-
(methacryloyloxy)ethylsuccinate (MES), with diethylaminoethylmethacrylate
(DEAEM). Experimental detection of 2,4,6-trinitrotoluene (TNT) concluded that
the monolayer polymer-covered surface offered a limit of detection at 5.7 pg/mL
(~ppt level).
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Detection of microribonucleic acids (miRNAs) using SPR biosensing was
reported by Homola et al. [62]. The biosensing chip was modified with thiolated
DNA oligonucleotides which were effective agents for capturing miRNAs. Also, the
sensor surface was treated with a special antibody which further enhanced the signal.
Samples extracted from liver tissue of acetaminophen-treated mice were examined
with a special diffraction grating called a surface plasmon coupler and disperser
(SPRCD). A concentration limit of 1,124.4 ng/pL in the total concentration of RNA
was obtained.

SPR offers a favorable platform for quantitative analysis of therapeutic antibody
concentrations or antigen—antibody binding. For example, in an investigation of
zoonotic disease leishmaniasis, Damos et al. [63] explored a SPR immunosensor in
which the sensor surface was modified with 11-mercaptoundecanoic acid (11-MUA)
for the detection of anti-Leishmania infantum antibodies. A SAM was fabricated by
immersing the chip in an ethanol solution containing 11-MUA. After drying, the
surface was activated through exposure to a NHS—-EDC reagent just prior to use. The
efficiency of this SPR-based immunosensor was evaluated by positive and negative
canine sera with specificity against anti-Leishmania infantum antibodies up to
1:6,400. Infectious bursal disease virus (IBDV) detection based on the same SPR
immunosensor was also reported by Hu et al. [64]. In their work, IBDV concentra-
tion was determined by self-assembly of the anti-IBDV monoclonal antibody
(IBDmADb). The recorded detection limit was as low as 2.5 ng/mL.

Ferguson et al. [65] reported a chloramphenicol derivative-antibody-coated SPR
sensor chip for the screening of antimicrobial agent chloramphenicol and chloram-
phenicol glucuronide residues in poultry muscle, honey, prawn, and milk. A drug-
specific antibody with known concentration was first mixed with sample before
being injected into the SPR sensing cell. The corresponding detection limits of
poultry, honey, prawn, and milk are respectively 0.005, 0.02, 0.04, and 0.04 pg/kg.

Another SPR immunosensor was developed by Dudak and Boyac [66] for the
detection of generic E. coli in water samples. By immobilization of biotin-
conjugated polyclonal antibodies against E. coli, the sensing surface modification
scheme was evaluated for specific detection of E. coli in water samples. The
detection limit was (1.9 + 0.9) x 10* cfu/mL, which was comparable with the
results obtained from plate counting method.

Modification by oligonucleotide immobilization on photolithographic patterned
gold substrates was reported by Spadavecchia et al. [67]. The SPR chip contained a
two-dimensional array of 50 pm wide gold dots. Probe oligonucleotides were
immobilized on the sensing dots. The authors used a homemade intensity-based
SPR imaging system for monitoring the hybridization process.

Conclusion

In this chapter, we have summarized various SPR phase detection schemes in three
categories (optical heterodyne, polarimetry, and interferometry). It is clear that the
global healthcare market will continue to expand. This will create a strong market
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potential for biodetection technologies. SPR biosensing offers the unique advantage
of real-time label-free detection. This means high degree of flexibility in terms of
sample preparation and possibly of much reduced reagent costs. Since phase-
detecting SPR biosensors have the merits of enhanced sensitivity and ease of
achieving high-throughput multi-analyte detection with simple two-dimensional
imaging techniques, there exist promising prospects for such sensors to gain market
share from conventional angle-detecting SPR instruments, and even the possibility
to capture a wider scope of applications from the healthcare industry.

On the other hand, we also foresee that in the near future there will be an urgent
need to develop ultrasensitive compact SPR sensor devices for rapid real-time on-site
sensing applications. For instance, SPR sensors can play an important role in envi-
ronmental pollution monitoring. Despite the contamination of pollutants (e.g., smog
microparticles, lead, sulfur dioxide, etc.) in the environment that cause harmful effects
to human, current available sensors may not be useful in detecting low concentration
of the life-threatening substances as indicated earlier. Therefore, the development of
enhanced SPR sensor integrated with molecular markers that will selectively capture
desired molecules would be ideal for novel early detection of harmful substances in the
environment, allowing the community to have enough time for strategically preparing
plans to help and support the general public healthcare.
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