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Over the last two decades, surface plasmon resonance (SPR) sensors have advanced significantly, becoming an
important tool in disciplines such as biosensing, chemical sensing, and material characterization. SPR has gained
popularity in biosensing because of its great sensitivity and specificity in detecting biomolecular interactions.
This review provides an overview of the recent developments of the SPR biosensor technology and its applica-

tions in medical diagnostics. To provide an up-to-date overview of the area, the review includes the most recent
works from the last decade. Furthermore, it explores various configurations (prism, grating, fiber optic, wave-
guide modulated) and wave properties (angle, wavelength, phase) being tracked for sensing together with
strategies for enhancing sensitivity and selectivity through mechanisms such as surface coatings, sensing me-
diums, and immobilization techniques.

1. Introduction

Early and accurate diagnosis of a disease and its causative pathogens
is an important step toward appropriate intervention measures. Early
detection of diseases, particularly chronic diseases, while they are
asymptomatic, they necessitate specialized diagnostic testing. Early
detection enables a wider range of cures and longer survival. Failure to
do so can result in long-term complications, for example cervical cancer
from high-risk strains of the human papillomavirus, and chronic hepa-
titis and liver cancer from both hepatitis B and hepatitis C [1].

Early detection via traditional diagnostic techniques requires
excessive examination schedules and medical resources and it is also
inevitably costly. Biosensors play a major role in making early detection
a reality. Nowadays a biosensor is a ubiquitous tool in biomedical
diagnosis and is also an integral part of various areas such as point-of-
care (POC) monitoring and treatment, environmental monitoring, food
control, drug discovery, and biomedical research [2]. A variety of
techniques can be utilized to develop biosensors. The coupling of
high-affinity biomolecules with these sensors allows sensitive and se-
lective detection for a variety of analytes. A generic biosensor contains
three main elements target, recognition, and transducing element. The
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target is the analyte molecule to be detected and it is captured by a
recognition element via special interactions. The recognition element
then undergoes a chemical or physical change. This change is then
converted to a readable signal with the help of a transducer.

Conventional transducing techniques that utilize electrochemical,
chromatographical, or mass-sensitive properties have undergone
extensive development. As a result, a variety of commercially available
sensors have been developed in recent years [3-6]. Plasmonic-based
sensors have been under development for over 40 years and a variety
of devices have been commercially available. Compared to conventional
sensors they have a few advantages such as real-time monitoring capa-
bilities, label-free detection, high sensitivity, short response time, and
high reusability. Surface-enhanced fluorescence (SEF) spectroscopy or
plasmon-enhanced fluorescence is a technique where a plasmonic
nanomaterial has been used to increase the fluorescence intensity of a
fluorophore material [7]. Usually, this is achieved by placing the fluo-
rophore in proximity to a metallic nanoparticle. As a result, the fluo-
rophore experiences an increased electric field hence, an enhanced
emission. SEF is widely used to sense a variety of analytes in POC devices
[8,9].

Surface-enhanced Raman spectroscopy (SERS) has been a dominant
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analytical method in the last few decades due to its high selectivity by
unique fingerprint signatures, easy sample preparation, lesser interfer-
ence from analyte medium, and capability of single molecule detection
[10]. A plasmonic nanostructure possesses an enhanced localized Elec-
tromagnetic field due to the Localized Surface plasmonic resonance
(LSPR) effect, this field affects the Raman signal by enhancing the
Raman scattering cross-section if the material is near. This enhancement
is due to a combination of two effects EM enhancement and chemical
enhancement. First, as a contribution of order 10%-108 while the second
effect is around 10-100 [10].

Surface plasmons, also often known in the literature as surface
plasmon polaritons (SPPs) or surface plasma waves (SPWs), are elec-
tromagnetic excitations in the form of charge density oscillations of the
free electron gas. Surface Plasmon Resonance (SPR) is an optical phe-
nomenon that provides a non-invasive, label-free means of observing
binding interactions between analyte and biomolecule. With the intro-
duction of SPR for gas detection and biosensing by Nylander and Lied-
berg [11], SPR-based biosensors are a field with growing interest.

SPR is an optical sensing technique where the target molecule is
detected through the refractive index (RI) change that occurs near the
sensing layer as a result of the presence of a new substance i.e., analyte
molecules. This change in RI is identified through the changes in the
electromagnetic resonance of the evanescence wave. The characteristics
of the SPP wave are highly sensitive to the dielectric layers and their
changes in the sensor. SPR sensors need a coupling mechanism to
function. Initially, this was achieved through prism coupling with the
introduction of the Kretschmann configuration [12]. Over time this has
evolved and studies with other coupling mechanisms such as optical
fiber, waveguide, and grating-based sensors can be seen.

SPR has several advantages as a biosensing technique. SPR allows
measuring the binding kinetics and affinity of biomolecules in real-time.
SPR is known as a label-free method, and it makes the technique more
appealing for virus detection as it eliminates the common problem of
weakening binding due to the label and facilitates direct measurement
of binding kinetics. Other than enhanced sensitivity with reported
detection levels of pg/uL, SPR also provides a quantitative response, the
ability to miniaturize, and integrated usage with other techniques like
surface plasmon resonance imaging (SPRi) [13].

LSPR is a recent extension of plasmonic sensing which enables higher
sensitivity levels. In LSPR, nanostructures with a much smaller size
compared to incident light wavelength are used for sensing. Light in-
teracts with the nanoparticles (NP) of different shapes such as nanorods,
nanospheres, and nanoshells enabling plasmons to oscillate locally
around the NP. The LSPR is sensitive to RI changes in the surrounding
medium other than to the parameters such as the shape and size of NPs.
Thus, a change in the medium can be tracked through the wave property
variation such as LSPR wavelength shift or angle shift. LSPR provides
additional advantages such as a higher aspect ratio increasing sensitivity
and improved flexibility as LSPR wavelength can be tuned by controlling
the NP characteristics. Furthermore, recent advancements include LSPR-
based colorimetric sensing techniques and integration with techniques
like fluorescence, Raman, and IR spectroscopy [8,14,15].

However, there are limitations to the SPR as a biosensing technique
with sensitivity, detection of small biomolecules, and cost of production.
Thus, the current trends of SPR developments mainly focus on
enhancing the sensitivity beyond current limits allowing the detection of
small biomolecules and increasing functionality through multiplexing so
the technology can be used for the detection of multiple analytes at the
same time. This review seeks to provide a thorough overview of the
present state of SPR biosensor technology and its applications in medical
diagnostics using the studies from the last ten years (from 2013 to 2022).
Furthermore, the review will go through the various configurations
available for SPR biosensing, such as prism, grating, fiber optic and
waveguide modulated and various wave properties that are being
tracked for sensing such as angle, wavelength and phase. This review
also discusses strategies for increasing sensitivity and selectivity, such as
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using different surface coatings and sensing mediums and immobiliza-
tion techniques. Moreover, we have included a detailed table (Table 1)
that summarizes various SPR sensors and their applications in medical
diagnostics to better understand the versatility of SPR technology in the
area. The table provides information on the various SPR sensor setups,
sensing layer and specific property that has been tracked to detect
changes together with the diseases they have been used to detect, the
receptor types used, and the level of detection attained.

2. Theoretical background

Surface plasmon resonance is a phenomenon arising from light and
free electron interaction in a metal — dielectric interface (Fig. 1). Under
certain conditions the surface electron oscillation resonates with the
incident electromagnetic field and as a result photon loses a significant
amount of its energy. This energy transfer takes place in a specific
resonance wavelength of light and the momentum of surface plasmon
and the photon also must match. The surface plasmons are heavily
localized to the dielectric interface and they propagate parallel to the
interface. In perpendicular direction to the interface the amplitude of
SPP evanescent wave decay exponentially. The coupling between the
incident light and plasmons is highly sensitive to the Rl immediate to the
metal surface. A change in this RI in return shifts the resonant angle of
the light or resonant wavelength or other characteristics of the incident
light. Such changes can be calibrated to the change of RI [16].

Principles and fundamental theories behind SPPs and SPR can be
explained as follows. The physical properties of SPPs are governed by
maxwell’s equations. Fundamental equations can be simplified down to
the following form.

N e OE
V°E — 2m 0 (€D)]

This is the central equation of electromagnetic wave theory. This
equation needs be solved separately in regions of uniform dielectric
constant ¢ with appropriate boundary conditions. To better cast the Eq.
(1) into a form suitable for confined propagating waves, we can assume a
time harmonic field for both electric and magnetic fields.

E(r,t) = E(r)e ™" )

By inserting this into Eq. (1) yield the Helmholtz equation where

V2E +kjeE =0 3

After settling down to a one-dimensional problem as E(x,y,z) =
E(z)e” where p is called the propagation constant, the resultant
expression is as follows:

0°E(2)
022

A comparable equation exists for the magnetic field H as well.
Solving this problem results in two sets of self-consistent solutions
namely the transverse magnetic mode (TM or p mode) and the trans-
verse electric mode (TE or s mode). Since SPPs only exist for TM po-
larization, the solutions are as follows. Fig. 1 represents the geometry of
the problem.

+ (Ke-pP)E=0 (4)
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Table 1
SPR sensors for biosensing applications.
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Ref. Configuration Receptor Analyte Level of detection/ materials Wave property
sensitivity tracked
[69]  Plastic optical Guinea pig tTG protein anti-transglutaminase LoD A thin gold layer wavelength
Fiber (Transglutaminase) antibodies) 30-3000 nM.
[81]  Prism (Kretschmann prolamin working group (PWG) gluten peptides in urine LoD of 1.72 ng/mL) glass surface coated with 1 nm wavelength
configuration) gliadin of Ti and 45 nm of Au
[82]  Fiber optic Probe DNA Sequence — 5-CTT Target DNA 1227 nm/RIU Cu foil Wavelength
CTG TCT TGA TGT TTG TCA Sequence — 5-GTT TGA CAA Graphene layer
AAC-3 ACA TCA AGA CAG AAG-3' Au film
[70]1  Fiber optic staphylococcal protein A (SPA) human immunoglobulin G Sensitivity — 0.096 Graphene oxide on gold Wavelength
modified with (I1gG) dB/(ug/mL) LoD —
Rabbit antihuman IgG antibody 0.5 pg/mL
[83]  optical fiber biotinylated anti-CLU IgG and Cancer biomarkers Sensitivity - Silver wavelength
biotinylated anti-apoE IgG Apolipoprotein E Clusterin 740 nm/RIU,
LoD - 4 x 107° RIU.
[64] Optical fiber Carboxylic (COOH) Ethanol solution 3061 nm/RIU MoS2 nanosheets wavelength
[671 Optical fiber Aptamer with NH, t- DNA, mis-DNA DL 10 pM, 4461 nm/ 3D Au/ Aly03 wavelength
RIU multilayer
composite hyperbolic
metamaterial (HMM),
a graphene film.
[68]  Optical fiber Polyclonal rabbit anti-Ara hl peanut allergen Ara h 1 0.09 ug/mL Magnetite nanoparticles wavelength
antibodies Gold
[69]  Optical fiber Guinea pig liver Anti-transglutaminase (anti- 30 nM and 3000 nM Gold wavelength
transglutaminase (tTG). tTG)
[42]  Prism coupling - biosensor for detection of 1.4°/M in non- gold angle
urea and creatinine enzymatic urea
samples.
4°/M in non-
enzymatic creatinine
samples.
16.2°/M in enzymatic
urea samples.
10°/M in enzymatic
creatinine samples.
[84]  Prism immobilized ligands and disease in the 104.744° /RIU Ag, MXene, and the MoS2 layer.  angle
(Modified human teeth
Kretschmann
configuration)
[56]  Grating coupled peptide nucleic acid (PNA) Mycobacterium tuberculosis LoD 0.26 pM A sinusoidal grating with a bi- angle
probes (MT) DNA metallic layer (chromium (5
nm)/gold (40 nm))
[571 Grating antibodies tumor cells (CTCs - Titanium (5 nm) Angle
Gold (20 nm)
[75]  Waveguide 1gG a-IgG LoD 10 pM Gold film Angle
Thiol linker
PNIPAAm hydrogel film
[44] prism anti-17p-estradiol antibody 17p-estradiol LoD - 0.0036 pM Gold Angle
[80]  Wave guide Anti-CRP C-reactive protein 0.3034 g/mL Au-Ag Bi-metallic waveguide Angle
[79]1  Wave guide Anti-Ap42 Amyloid-p42 500 pg/mL Ag layer Angle
Zns-SiO, waveguide
Au layer
[85]  prism coupler sensor rabbit anti-human Human and Mouse IgG 5-10 ng/mL Graphene layer Phase
immunoglobulin G (IgG). Cr-Au thin film
(Oxygen-containing functional Tay0s thin film
groups)
[43]  Prism Concanavalin A Xanthan gum LoD 0.045 g/L Gold Intensity
H,(z) = A efe iz (8)
o1 i -
E.(z) = —iA, kpePre iz 9
WEHE]
E.(z) = —A, kye e (10)
WEHE

Metal

In both mediums the electric and magnetic fields are subjected to
evanescent decay. Using the boundary conditions of H, continuity and

E, continuity it can be shown that A; = A, and % =

Fig. 1. Geometry of a single interface of metal and a dielectric.

& =p ke

Further they must satisfy the equations.

(1)
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K =5 ke (12)

Combining these conditions, we arrive at the dispersion relation of
SPPs.

E1&
=koy | ——— 13
Bty [ as)

Fig. 2 illustrates the dispersion relation for a metal with negligible
damping described by a real Drude metal. The black colored solid curves
to the right side of the light lines (blue solid curve) correspond to the SPP
excitation due to their bound nature. In this region for large wave vec-
tors the frequency of the SPP approaches a characteristic surface plas-
mon frequency [17].

Dp
V14 &

The discussion so far assumed an ideal conductor where Im(e;] =0
whereas real metals suffer from both free electron and inter-band
damping. As a result, the propagating SPPs get damped with an en-

W5 = 14)

ergy attenuation length L = (2Im|g] )" which is usually between 10 and
100 um for visible light. In the case of real metals, bound SPPs ap-
proaches a finite wave vector value at g,. This results in a lower bound
for the wavelength of the surface plasmon. In practical SPR sensors there
are alternative conducting and dielectric thin films. Each interface sus-
tains a bound SPP. For thin layers which are smaller or comparable to
the decay length interactions between adjacent SPPs result in coupled
modes. For an insulator-metal-insulator (IMI) heterostructure a general
description of the TM mode can be described as follows.
Forz >a
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Frequency (w/wp)

2 3 4
Wave vector (Bc/my)

Fig. 2. Dispersion relationship (DR) of a SPP in a Drude metal - air interface,
Re [DR] - black curve, Im [DR] - red curve, light curve — blue curve.
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Applying the necessary boundary conditions and solving the result-
ing system of linear equations results in a dispersion relationship as
follows.
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Excitation of SPPs using light is difficult because bound states of
SPP’s have higher wave vectors than the light line does i.e., k, > w/c. At
a given photon energy of 7w the wave vector becomes w/c and it should
be increased by a Ak, amount [18].

3. Configurations for SPR biosensing

As the refractive index of the superstrate changes in a SPR sensor, the
propagation constant of the surface plasmon varies as well. This change
triggers an alteration of the coupling between SP and incident light
wave. As a result, different characteristics of the output optical wave
change. These changes can be sensed and calibrated to the RI change in
the superstrate. To track the changes, variations in wave angle, wave-
length, phase, intensity and polarization is generally utilized.

SPR sensors with angular modulation use monochromatic light to
excite the surface plasmons and the reflectance is measured as a function
of the incident angle. The angle which has the strongest coupling shows
a dip in the reflected light intensity and since it is sensitive to the
superstrate’s RI it can be calibrated to measure the RI change [19,20].
Theoretically a three layered Kretschmann setup with a prism, a metal
layer and the sample layer is adequate for sensing purposes. But prac-
tical SPR sensors usually employ more than five layers. In most cases an
additional sensing chip layer and a chromium layer are being used.
Johansen et al. has theoretically and experimentally investigated the
effects of a multilayer systems and how it could solve practical issues
such as insufficient adhesion of gold on glass prism with first sputtering
a thin chromium layer on a special glass substrate and using refractive
index matching gel to connect the stack to the prism [21]. Zhou et al. has
investigated how thickness of different metal layers can be optimized to
obtain the most sensitivity out of an angular modulated SPR sensor [19].

Different light absorbing materials are being investigated in place of
traditional sensing layer materials, these novel materials include silicon
nanosheets, metal dichalcogenides and functionalized graphene layers
and increased angular sensitivities also have been reported [22-24].

Zeng et al. have developed a rapid wavelength scanning SPR mi-
croscopy technique which is capable of real time sensing [25]. A liquid
crystal tunable filter is utilized for fast scanning through wavelengths.
Wavelength modulation is advantageous for fast scanning applications
rather than angular modulation where mechanical scanning systems are
used. Fiber optic SPR sensors now use graphene as the sensing layer due
to its high surface-volume ratio and good biocompatibility [26]. Wei
et al. has theoretically and experimentally investigated a graphene/gold
enhanced fiber optic SPR sensor with wavelength modulation. This
method employs a probe beam as well as a reference beam.

The phase shift Ap due to the interference with SPPs can be observed
in their spatial displacement compared to one another [27]. The probe
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beam shows the maximal phase variation at the dip of the SPR curve,
whereas maximal amplitude change is on the resonance slopes. This
makes the phase modulation method more sensitive to RI change than
the amplitude change. One of the major obstacles of using phase mod-
ulators in SPR sensors is their sensitivity to temperature fluctuations and
mechanical vibrations. Ye et al. [28] has developed a SPR biosensor
array using a novel prism phase modulator to modulate the phase
change between p and s polarized light. Due to increased stability the
detection limit has improved to about 9.11 x 107 refractive index units
(RIU).

The change of the polarization state of the totally reflected light at
the interface is a result of two effects taking place 1. Change of TM
reflectivity as a function of sample refractive index. 2. The phase shift
added to the TM wave compared to the TE wave. Compared to the TM
wave, TE wave only slightly changes in phase and amplitude. As a result,
when a linearly polarized light is incident, the reflected light becomes
elliptically polarized [29].

3.1. Prism method

Nylander and Liedberg published the first use of the SPR technique as
a sensor in 1982 [11]. However, experimental studies utilizing SPR did
not begin until Otto [30], Kretschmann and Raether [12] independently
proved resonant optical excitations of surface plasmons using various
attenuated total reflection setups. The most common SPR sensor
configuration is the one that Kretschmann proposed using a prism.

Consider the interface of a metal and a dielectric. When light is re-
flected off the metal surface into the dielectric the photon momentum
becomes (hw/c)./e; instead of hw/c. Its projection of its wavevector
parallel to the interface is (hw/c) /€2 sin(6). The excitation of surface
plasmons happen in the vicinity of region of total internal reflection. An

evanescent wave with a phase velocity of v=w/ ky=c/

( €2 sin(e)) propagates as a result. since /g>sin(0))1 the propagating
speed of SPP is less than the speed of light. Thus the resonant condition
can be fulfilled. Under prism coupling two constructions are possible. 1.
Metal layer can be seperated from the medium ¢, using air or a dielectric
layer illustrated by Fig. 3(b). 2. A metal layer with a thickness of seven
hundred angstroms directly contact the ¢y medium illustrated by Fig. 3
(.

The minimum of the reflected intensity can be quantitatively figured
out using the Fresnel’s equations for a three dielectric layer system. In
this system &y, €1 and &, represents the dielectric constants of the prism,
metal and air respectively. For an incident p polarized light, the

reflectivity can be expressed as
2
E
B

1o + r,exp(2ik,d) ’
1 + rr,exp(2ik,1d)

(25)

Prism
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Under conditions of |¢;|>1 and |¢, |</e; | Eq. (25) can be simplified
in the resonance region using a Lorentzian type of relationship
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R=1-— 27
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Prism coupling technique is also used to excite coupled surface
plasmons in metal-dielectric-metal and dielectric-metal-dielectric
layered systems. Quail et al. has used index matching oils to excite
both high frequency w, mode and low frequency w.. in dielectric-metal-
dielectric structures using prism coupling [31].

Conventional SPR sensors with prism coupling that use metal layers
like Ag, Au and Al does not often provide the sensitivity required for
biosensors to detect very low levels of bio molecules. Thus, numerous
studies are being carried out to enhance sensitivity. A common method
of enhancing the sensitivity is to modify the sensing layer in terms of
structure, geometry, and materials. Multiple layers with new materials
such as graphene [32-35], Silicon [22,36,37] GSe and MXene (Ti3CyTy)
[22,38] have been utilized for this purpose.

Jia et al. has theoretically studied the effect of adding Gallium Sul-
fide layers to enhance the sensitivity of conventional SPR sensors con-
sisting of gold, aluminum and silver metallic layers [39].

A theoretical simulation of the angular interrogation approach is
used in the work of Kushwaha et al. to examine the performance of the
hybrid SPR biosensor based on Zinc oxide (ZnO), gold, and graphene. In
comparison to other traditional SPR biosensors that have been reported,
they discovered that the proposed biosensor has a better sensitivity of
187.43°/RIU for the detection of pseudomonas-like bacteria. Addition-
ally, they stated that ZnO is responsible for the greater change in reso-
nance angle that results in a notable improvement in the sensitivity [40].
Kumar et al. investigated the sensitivity of a SPR biosensor by employing
silicon and a hybrid nanostructure of MXene and black phosphorus
(TizCyTy). According to the findings, the proposed SPR structure reaches
its highest sensitivity of 264°/RIU reporting a significant sensitivity
improvement (by 127.58 %) over traditional SPR. The study claims that
increased sensitivity is made possible by a combination of each layer’s
desirable characteristics, including silicon’s high RI, black phosphorus’s
carrier confinement and high charge carrier mobility, MXene-large’s
biocompatibility and metallic conductivity [36].

Cai et al. has reported improved sensitivity by introducing a gold
grating layer to the gold-based Prism Coupled SPR (PC-SPR) sensor. The
performance of the sensor was studied both theoretically and experi-
mentally. Fig. 4 illustrates simulation results of the proposed and con-
ventional SPR sensors. It is revealed that the proposed structure
improves the RI sensitivity by a considerable amount as a result of the
co-coupling that occurs with localized surface plasmons in the Au

Metal

S AAN/

S NAN/ Air

P VVV

Dielectric

p VVV

Metal

Fig. 3. Schematic diagram of excitation of surface plasmon polaritons using prism coupling in SPR biosensors (a) the Kretschmann configuration (b) the Otto

configuration.
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Fig. 4. (i) (a) SPR curve for conventional SPR sensor with the variation of RI of sensing medium; Insert: Schematic illustrations of the conventional SPR sensor (b)
Linear regression analysis between the resonance angle and RI of sensing medium. (ii). (a) SPR curve for proposed SPR sensor with the variation of RI of sensing
medium; Insert: Schematic illustrations of the proposed SPR sensor (b) Linear regression analysis between the resonance angle and RI of sensing medium.

(Reprinted with permission from Ref. [41] © The Optical Society).

grating nanostructure apart from the SPPs propagating on the surface of
gold layer [41]. In a study by Menon et al., they have improved the
sensitivity for urea and creatinine in solutions selectively by introducing
urease and creatininase enzymes to the analyte sample. This enhance-
ment in sensitivity is believed to be due to the urea-urease and
creatinine-creatininase coupling activity improving the RI of analyte
sensing layer [42].

D. Michel et al. had suggested using a Concanavalin A coated nano-
layer of gold in an SPR experimental setup to detect polysaccharides.
The results showed that the SPR sensor was capable of accurately
detecting polysaccharide molecules up to 0.22 g/L, including Xanthan
gum. The double path architecture used by this optical SPR sensor makes
optical alignment more sophisticated. Since the light interacts with the
sensor material twice, the sensitivity can also be improved [43].
Kumbhat et al. has fabricated an SPR sensor for the detection of
17p-estradiol with the reported lowest detection of 10 pg/mL. They have
used anti-estradiol acting as the interactant in a competitive inhibition
immuno assay format which has led to the absence of interference from
strong cross-reactants like progesterone and bisphenol-A indicating the
high specificity and selectivity [44]. Karki et al. presented a modified
conventional Kretschmann configuration, consisting of a BK7 prism, a
dual silver layer, ZnO, MXene, and graphene as an SPR biosensor to
measure the hemoglobin level in blood. According to the authors, it
demonstrates that hemoglobin change may be identified with a sensi-
tivity up to 161°/RIU and a 0.001 RI increment, corresponding to a
6.1025 g/L change in blood hemoglobin concentration [45].

3.2. Grating method

Fig. 5 is a general representation of the grating coupled SPR sensor
configuration. When light hits a grating with a grating constant a at an
angle of 0 it’s wave vector component parallel to the surface can be
expressed as

. €16
ky = —sinf £vg = ko, / =k
c ! 8 0 £ +& ’

where v is an integer and g = 2z/a. When the relationship in Eq. (28) is
fulfilled, Incident light can excite a SPP.

(28)

1 in I out

Sensing
medium

Grating
Substrate

Fig. 5. Schematic diagram of excitation of surface plasmon polaritons using
grating coupling in SPR biosensors.
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Gratings have been used less than prisms in SPR sensors. But they
offer a method of low-cost fabrication of SPR sensors. Gratings can be
easily fabricated by replication into plastic substrates. Ruffato et al. has
reported a grating coupled SPR sensor that uses polarization modulation
[46]. Fig. 6 illustrates the experimental setup of the study. They have
used the shift in phase of incident light to detect the binding of a spec-
ified analyte. The refractive index resolution of the system was found to
be around 5 x 107-1 x 10°%. However, this value is directly related to
the phase shift resolution of the detector. As a result, special attention
must be given to improve the signal to noise ratio of the detector and
data transmission of the sensor.

Prism structures were previously thought to be more sensitive and
simpler to produce than grating structures [47]. Many publications have
recently been published that demonstrate the remarkable sensitivity
that grating-coupled plasmon resonance (GC-SPR) sensors can offer for
TM polarized waves. Different strategies are utilized to increase the
sensitivity in GC-SPR sensors such as employing gratings made of metals
and dielectrics [48,49], multi-layer metal gratings [50-52] and gratings
on semiconductor nanowires [53]. Additionally, by optimizing geo-
metric grating characteristics like period, depth, and height the
grating-based sensor’s sensitivity can be increased [50,52,54,55].

Teotia and Kaler have proposed a GC-SPR waveguide biosensor for
the Vroman effect-based detection of lung cancer biomarkers. A sharp
resonance is produced by the suggested periodic grating made of
multilayer metals, making it possible to identify cancerous cells early
[52]. Dai et al. has experimentally showed that silver rectangular
grating based SPR sensors can have higher sensitivity level compared to
conventional PC-SPR sensor if the backward SPP is excited. Fig. 7 shows
the experimental and theoretical reflectivity curves. In their study they
have experimented with both positive order diffraction and negative
order diffraction of gratings to excite forward SPPs and backward SPPs
[49].

A sinusoidal Au-coated GaAs grating based SPR sensor has been the
subject of theoretical and experimental study. According to Yaremchuk
et al. two-layer grating that consists of gallium arsenide (GaAs) coated
with a thin gold (Au) film is known to improve the sensitivity. Addi-
tionally, they used the rigorously coupled wave analysis simulation
method to maximize Geometrical parameters [50].

In a study to detect Mycobacterium tuberculosis (MT) DNA, a limit of
detection (LoD) down to 0.26 pM has been reported as a result of

"
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rotating
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Fig. 6. Illustration of the experimental setup: fixed-wavelength laser
(A = 635 nm), rotating half-wave plate, plasmonic grating over a sample holder
with azimuthal control, photodiode array (or CCD) for reflectivity collection
connected to an electronic chain for data transduction. During the polarization-
modulation analysis, polar and azimuthal angles (0, ¢) are kept fixed in cor-
respondence of the plasmonic resonance and a polarization scan of the angle o
is performed.

Reprinted with Permission from Ref. [46] (Elsevier).
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azimuthally controlled GC-SPR sensor and optimizing the peptide
nucleic acid probe coating on the sensing layer [56]. Mendoza et al. has
used dual-mode microarray method utilizing GC-SPR and
grating-coupled surface plasmon coupled fluorescence (GCSPCF) imag-
ing to detect circulating tumor cells [57].

A new SPR configuration has been developed by Jahanshahi and
Adikan for improving the sensitivity of biosensors with highly absorbing
molecules on the sensor surface. It comprises of a germanium nanowire
grating coated with three layers of graphene. Additionally, the titanium
layer that is added in between the gold and fused silica prevents the
oxidation of the gold. This proposed structure has 60 % greater SPR
angle resolution than the existing graphene based SPR structure ac-
cording to the numerical analysis [53].

In a study for lipid molecule detection, the SPR sensors with basic
Kretschmann configuration and a gold-based narrow groove grating
were the subject of the study’s optimization efforts. Using two different
types of proteins as ligands, they studied the sensitivity variation in
detecting two different types of lipids. It has been found that different
combinations result in different limits of detection, with the phospho-
lipid and tryptophan combination having the highest sensitivity at
900 nm/RIU in the infrared region increased [55].

3.3. Fiber optics

Use of optical fibers allows the fabrication of compact and miniature
sensors that gives the exclusive advantage of taking localized measure-
ments in hard to access locations. Fig. 8 is a schematic representation of
a fiber optic SPR sensor. Two major sensor configurations exist for op-
tical waveguide based SPR sensors namely, multimode optical fibers and
single mode optical fibers. Jorgenson et al. has demonstrated the use of
multimode optical fibers with an exposed core coated with a thin gold
film [58]. Recently Jia et al. demonstrated how multi-mode optical fi-
bers can be integrated with metallic nanohole arrays. They have
developed their template transfer procedure from previous work in
order to successfully integrate and ensure strong adhesion of nano-
structures to the optical fiber tips [59]. The sensor configuration was
then tested using water and NaCl solutions of various concentrations.
The results revealed a prominent shift of peaks and troughs in the
transmission spectra as the NaCl concentration changes. They have re-
ported a sensitivity up to 559 nm/RIU [60].

Yet the multimode optical fiber inherits some major drawbacks such
as modal and polarization conversion due to defects in the fiber. This in
return reduces the stability and repeatability of the sensor. To overcome
these challenges single mode optical fibers are being widely used that
support only one EM mode thus preventing modal conversion. Coelho
et al. has developed a single mode optical fiber SPR sensor with tapered
cladding using chemical etching of the cladding and subsequent coating
of Au and TiO». They have reported a sensitivity of 3800 nm/RIU for the
reflection mode and a 5100 nm/RIU for the transmission mode. The
transmission mode offered a higher sensitivity as it allows a single light
path in the sensing region while the reflection mode allows a double
path resulting in wider resonant dips [61].

SPR generation in gold-coated tilted fiber Bragg gratings (TFBGs)
allows sensors to investigate the surrounding medium with near-
infrared narrowband resonances, which improves both the evanescent
field’s penetration depth and the interrogation’s wavelength resolution.
TFBGs are gratings with RI modulation in short periods and are tilted
with respect to the optical fiber axis. Christophe Caucheteur et al. has
designed a near infrared grating assisted optical fiber SPR sensor that
shows a spectral shift for RI changes higher than 1 x 102 RIU. They
have analyzed the mode loss of the SPR sensor for different gold layer
thicknesses from 10 to 100 nm. The simulations revealed that when the
gold Au film is too thick, the SPP becomes uncoupled from the optical
fiber and thus is impossible to excite. They have confirmed that the
optimal performance is achieved for a thickness between 50 and 70 nm
[62].
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analyte change. (b) Theoretical reflectivity curves calculated by rigorous coupled-wave analysis method.

Reprinted with Permission from Ref. [49] (Elsevier).
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Fig. 8. Schematic diagram of fiber optic based SPR biosensors.

Recently, platinum has attracted a lot of attention as a noble metal
that can excite SPPs. Jiang et al. has reported the first attempt to
combine multilayer carbon nanotubes and platinum nanoparticle
(MWCNT/PtNP) composites with the SPR technology. The optical fiber
core with the gold coating is coated with MWCNT/PtNP using layer by
layer self-assembled method. The refractive index sensitivity has been
greatly increased up to 5923 nm/RIU compared to 1683 nm/RIU of a
conventional SPR sensors with only an Au film [63].

Efforts have been made in recent years to increase the sensitivity of
SPR sensors through two main approaches. One is to optimize the sensor
structure and geometry and the other approach is to coat the metal film
with different materials. Transition metal dichalcogenides (TMDC) such
as MoS; and WS, have become a promising candidate for the SPR
technology due to its high optical absorption efficiency, high specific
surface area and good bio compatibility. Wang et al. and the group have
fabricated and characterized a bimetallic optical fiber SPR based on Au/
Ag followed by molybdenum disulfide (MoSz) nanosheets coated on the
metallic film. They have demonstrated experimentally and theoretically
that MoS, can enhance the sensitivity of traditional bimetallic SPR
sensors from 2487 nm/RIU to 3061 nm/RIU [64]. Wang et al. has shown
both experimentally and theoretically integrating TiO; layer on top of
gold layer improves the sensitivity to RI change and sensitivity increases
with TiO layer thickness [65].

Niu et al. has exploited the electric field intensity enhancement in the
gap between gold nano particles and gold films. Finite element-based

simulations revealed this gap field intensity is 4-5 times higher than
that of near the Au film. Due to the coupling effect between SPR of the
Au film and LSPR of the Au nanoparticles, the refractive index sensitivity
of the D-type optical fiber SPR sensor has improved up to 3074 nm/RIU
[66]. Li et al. and the group have developed an optical fiber based SPR
biosensor to study DNA hybridization kinetics. The sensor is based on a
D-shaped plastic optical fiber covered with an Au/Al,O3 composite
hyperbolic metamaterial (HMM) structure and a graphene layer on the
top layer. The graphene layer was functionalized with probe aptamer for
DNA detection. The reported sensitivity is up to 4461 nm/RIU with a
LoD down to 10 pM [67].

Food allergens such as peanut allergens can be deadly even in trace
amounts inducing anaphylactic shock, therefore very sensitive bio-
sensors are required to detect even the lowest quantities in complex food
matrixes. The most widely used technique is enzyme-linked immuno-
sorbent a planar assay (ELISA). Despite its versatility it is time
consuming, not reusable, and difficult to automate. As an alternative
Pollet et al. has reported the first attempt to incorporate nanobeads to
signal enhancement in SPR sensors [68]. They have evaluated the sys-
tem using a bioassay to detect Ara hl peanut allergens in chocolate
candy bars (Fig. 9). The results revealed how functionalized nanobeads
can improve the detection limit of fiber optic SPR sensors. By utilizing
magnetite nanoparticles labeling the detection limit has improved at
least by two orders of magnitude from around 9-0.09 pg/mL. The
detection limit of this SPR fiber sensor was found to be comparable to a
commercial ELISA kit.

Cennamo et al. designed and fabricated a low-cost plastic optical
fiber surface plasmon resonance (POF-SPR) biosensor to diagnose celiac
disease. The formation of transglutaminase and anti-transglutaminase
antibodies allow the diagnosis of celiac disease. In this study the gold
film of the sensor was functionalized with guinea pig liver trans-
glutaminase (tTG) to study the binding of anti-transglutaminase anti-
bodies. They have reported the ability to sense a wide range of
concentrations from 30 nM to 3000 nM [69]. Wang et al. has experi-
mented using a fiber optic base SPR sensor modified using graphene
oxide for human immunoglobulin G (IgG)detection. Furthermore, they
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Fig. 9. SPR sensorgrams illustrating the binding of different concentrations of
Ara hl, followed by an amplification step with nanoparticles functionalized
with polyclonal antibodies. First the fiber was put for 3 min in the main buffer
to stabilize and to acquire a baseline signal. Next, the fiber was dipped for
10 min in one of the samples, rinsed and placed again for 3 min in PBS bulffer.
Finally, the fiber was transferred to the vial with nanobeads to amplify the
signal for 10 min. Desorption of the beads was monitored during 10 min of
incubation in the PBS buffer. After each measurement the sensor was regen-
erated with a 2 min acid treatment.

Reprinted with Permission from Ref. [68] (Elsevier).

have used staphylococcal protein A that further enhance the sensitivity
of the sensing layer by allowing directional immobilization of receptors
promoting antigen-antibody binding efficiency [70].

3.4. Wave guide

The use of optical wave guides in SPR biosensors has become a
popular trend due to the flexibility it provides when designing a mini-
aturized sensing element. Apart from being a rugged platform, it also
supports multiple sensors to be built on a single chip. When coupled with
optical fibers, wave guides provide means of remote sensing too. Fig. 10
shows a schematic of integrated optical waveguide (WG) SPR sensor.

The waveguide is locally covered by a planar stack sustaining the
surface plasmons. To excite a surface plasmon by light propagating
through a WG their phase velocities must match. The propagation
constant of a SP depends heavily on the wavelength of incident light.
Therefore, only a narrow band of the spectrum is capable of exciting
SPPs. When polychromic light is introduced through the WG, the
transmitted spectrum shows a narrow dip [71]. The sensitivity of con-
ventional SPR sensors is limited in the visible region due to a broad
spectrum caused by absorption losses in the metal layer.

Long Range Surface Plasmon-Polaritons (LRSPPs) are surface plas-
mon waves that travel relatively long distances along a metal layer in an
Insulator-Metal-Insulator (IMI) configuration. The propagation length of
LRSPP is around 2000 um compared to 80 um of a SPP in a single
interface. The penetration depth of a LRSPP is about 1 pm which is

Sensing layer

MetaW

Waveguide

Fig. 10. Schematic diagram of excitation of surface plasmon polaritons using
waveguide coupling in SPR biosensors.
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around five times larger than that of a SPP. This characteristic is useful
when probing relatively large biological targets such as cells. O. Krupin
et al. has demonstrated the use of LSPP to detect the blood group antigen
A on erythrocytes. The gold waveguides of the biosensor were func-
tionalized with IgG immunoglobulin G by creating a self-assembled
monolayer (SAM) of 16-mercaptohexadecanoic acid (16-MHA) and
then conjugating the anti-A IgG through carbodiimide chemistry [72].
IMI structures that are capable of propagating LRSPPs are widely used to
get a sharper resonance peak. Introduction of low index spacers between
the metal layer and the WG has led to a new class of waveguides called
hybrid plasmonic waveguides (HPWG). Nesterenko et al. has studied the
sensitivity and resonance response of HPWG structures for S and P
polarized light and has demonstrated that an optimal spacer thickness
for sensing. In the absence of losses in WG and spacer a 10°-fold increase
in the sensitivity is reported compared to conventional SPR sensors [73].

SPR sensors that employ multimode planar wave guide structures
have the advantage of being less sensitive to light coupling in and out of
the structure due to the relatively large WG core. This aspect is very
attractive for mass production of disposable lab on chip devices. How-
ever, in multimode waveguides different modes are coupled with SPP in
different wavelengths. Thus, the resulting SPR spectrum is inherently
broadened. Johanna et al. has addressed this issue by combining a
multimode WG with an aptamer assisted gold nano particle sandwich
assays. Fig. 11 shows the RI dependence of the transmission spectrum of
the said SPR sensor. The chosen analyte is C-reactive protein (CRP). The
reported sensitivity is 608.6 nm/RIU and it has a resolution of 4.3 x 103
RIU [74].

Wang et al. has developed a novel SPR biosensor with a carboxylate
poly (N-isopropylacrylamide) hydrogel film attached to the metallic
layer. The swollen hydrogel layer acts as the binding matrix as well as
the wave guide. The reported hydrogel optical waveguide spectroscopy
(HOWG) technique showed an order of magnitude improvement in the
resolution of the SPR sensor as well as enhanced binding capacity. In this
study, IgG molecules were detected with a limit of 10 pM LoD [75].
Molecules with small molecular weights are challenging to be detected
using conventional WG modulated SPR sensors. Hedhly et al. has created
a highly sensitive plasmonic biosensor for the detection of biomolecules
using the symmetric metal cladding plasmonic waveguide (SMCW)
structure. By carefully planning the arrangement and fine-tuning the
thickness of the guiding layer, ultra-high order modes can be triggered.
This results in a sharp phase change and a substantial position shift due
to the Goos-Hanchen (GH) effect. This is the first example of biosensing
based on GH shift measurement of a prism associated SMCW, attaining
ultra-high sensitivity with a detection limit of 10"'2 RIU. This SMCW
structure enables a large electric field enhancement, leading in an in-
crease in the GH shift from 18 pm to 284 pym [76].

Nano-porous metal oxide membranes have been attractive as a
promising platform for sensitivity improvement in SPR sensors. Hotta
et al. has demonstrated how sensitivity can be significantly improved
using porous anodic alumina (PAA) waveguiding films. The careful
optimization of thickness, porosity, and pore density of the PAA layer
leads to enhanced adsorption of bovine serum albumin (BSA) analyte.
This optimized sensor showed a large red shift in its SPR spectrum to-
wards adsorption of BSA. The reported sensitivity is around 20-fold
higher than that of the conventional SPR sensors [77].

Cennamo et al. has developed a low-cost WG SPR sensor using a
tapered plastic optical fiber (POF) and molecularly imprinted polymer
(MIP). This sensor has been used to detect small molecules such as L —
nicotine (MW = 162.24). The sensor could differentiate between L and
D nicotine. It is also shown that the sensitivity of this structure strongly
depends on the geometry of tapered fiber. The reported sensitivity
ranges from 1.3 x 10% nm/M, for a taper ratio 1.8-1.7 x 10% nm/M for a
taper ratio of 1 [78]. Lee et al. has used a waveguide coupled bimetallic
(WcBiM) SPR chip to detect amyloid-f42, which is considered as a
biomarker for Alzheimer disease (AD). Early detection of AD is crucial
for treating this disease. The SPR sensor offers a label free detection
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Fig. 11. Response of the planar-optical MM SPR waveguide sensor to different glycerin/water solutions. (a) The resulting transmission spectrum for different
glycerin/water solutions and (b) the corresponding SPR wavelength shift for each transmission spectrum.
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technique free of interference occurring due to labeling process. The
resolution of this WG-SPR sensor was enhanced by fixing the light source
at a constant angle which gives the sharpest reflectance curve. For the
selective detection of AP42, anti-AB42 was immobilized using a
self-assembling monolayer [79].

Lee et al. has used their previously developed bimetallic waveguide-
coupled surface plasmon resonance (Bi-WCSPR) sensor to detect CRP, a
biomarker that is affiliated with inflammation in cardiovascular dis-
eases. They have evaluated the performance of the Bi-WCSPR sensors
with Ag — Au thickness ratios and have revealed that high Ag in the
system improved the overall sensitivity. In the intensity interrogation
mode, the LoD value of the Bi-WCSPR2 configuration was estimated to
be 0.3034 g/mL, which was three times lower than the value obtained
from the Au chip and an order of magnitude lower than the CRP cut-off
level for cardiovascular events. These findings confirmed that Bi-WCSPR
topologies offer a viable sensing platform for label-free identification of
biomolecules at low concentrations [80].

4. Conclusion

In conclusion, SPR technology has improved over the past ten years,
making it an important tool in medical diagnostics. It is now the
approach of choice for many applications due to the sensitivity and
specificity of SPR sensors in detecting biomolecular interactions. Table 1
summarizes a handful of such sensors with different configurations and
analytes with the detection levels of those sensors. This review high-
lights the most recent advancements in SPR biosensor technology
including strategies for increasing sensitivity and selectivity and its
various configurations, including improvements in prism, grating, fiber
optic, and waveguide modulated systems. Despite the progress made,
there are still challenges that need to be addressed in order to further
improve the performance and reliability of SPR biosensors in medical
diagnostics. The continued advancement and optimization of SPR bio-
sensors holds great promise for even greater applications in the future.
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