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1. Introduction 
 
Optical biosensors have been widely applied among the scientific community for different 
aspects, most commonly in monitoring protein-protein or nucleic acid hybridization interactions 
and association and determining dissociation kinetics, etc. The application of Surface Plasmon is 
recognized widely in recent years as a potential tool for fast screening of bioanalytes where the 
current main challenge is the detection of nanomolar and picomolar concentration of hard-to-
identify biomolecules. Surface Plasmon Resonance (SPR) interrogation is one of the most 
advanced and unique optical transduction methods for label-free and real-time detecting 
biological species in molecular level that uses an optical approach to measure a change in the 
refractive index unit of target sensing media. The sensing medium is in close vicinity of a 
metallic surface that consisted of a large number of free electrons to interact with the incident 
light. Plasmon resonance in this phenomenon can result in extraordinary detection limit due to its 
capability to give extremely high sensitivity towards even a tiny change in refractive index at the 
sensing interface. This chapter presents a brief review on Kretschmann configuration-based 
surface plasmon resonance technique for the biosensing areas. Here, we will present the latest 
trend to design and fabricate portable setup for SPR measurement along with discussions related 
to target antibody immobilization, choice of metal for improved sensitivity and accuracy of 
measurement. The chapter also provides the insights on the future trends of SPR technology for 
superior sensing performance.  
 

2. History of SPR technology  
 
In 1902, R.W. Wood observed anomaly spectra of dark and light bands occurred in the reflected 
light when polarized light is incident on a mirror with diffraction grating at the surface [1]. This 
appeared to be a remarkable physical phenomenon that took nearly four decade to be physically 
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interpreted with the excitation of surface plasmons by attenuated total reflection (ATR) by Otto 
[2], Raether, and Kretschmann [3] independently in the year of 1968.  The fundamental principle 
of their demonstration were based on the studies made by Zenneck [4] in 1907 theoretically 
proving the existence of radio frequency surface electromagnetic (EM) waves at the boundary of 
a metal (lossy) and dielectric (loss-free) medium, Ritchie [5] in 1957 theoretically demonstrating 
the existence of surface plasma at metal surface, while Swan and Powell’s  [6] work on the 
excitation of surface plasmons at metallic interfaces with electrons, and later by Stern and Ferrell 
[7] to show surface electromagnetic waves at a metallic surface involved the coupling between 
electromagnetic radiation and surface plasmons.  
 
In its early stage, the unique property of surface plasmon resonance (SPR) being very sensitive to 
its boundary conditions was utilized in determining the optical properties of cadmium arachidate 
thin films deposited on metal surface by Pockrand [8] and Wahling [9] independently. In the year 
of 1982, Nylander [10] have demonstrated the utility of SPR in gas sensing. Later, Liedberg et. al 
[11] working at the laboratory of applied physics in Linkoping University, Sweden reported bio-
sensing with surface plasmon resonance for the first time. They reported immunosensing of anti-
IgG (anti-immunoglobulin G) down to the concentration of 0.2 µg/ml using 60 nm thick silver 
films deposited on microscopic slide. Since than, an increasing number of the SPR approaches is 
developed in health care research, fundamental biological studies, drug design/screening, clinical 
diagnosis, food and environmental monitoring, defense security, and agricultural insecticide 
research [12-14]. Over the years, several generation of instrumentation for SPR bio-sensing has 
been witnessed from prism and grating coupled [15] instrumentation to fibre coupled SPR 
sensing for point-of-care application [16-18].   
 
Current trends in SPR technology directed towards improving the sensitivity and accuracy of 
measurements with the application of multilayer graphene or Molybdenum disulfide (MoS2) 
coating, wear resistance of the sensitive element and developing methods for regeneration of 
receptors for multiple use [19-21]. SPR imaging with integrated Microfluidics lab-on-a-chip 
(LOC) for point-of-care (POC) application in medical and clinical theranostics appears to be the 
promising technology of near future [22]. 
 

3. Fundamental theory and principle of Surface Plasmon Resonance 
Surface plasmon resonance (SPR) is an optical phenomenon that induces a charge density 
oscillation wave that could propogate along the metal dielectric interface (metal and dielectric 
layer having opposite sign for their dielectric constants) when excited by p-polarized light. These 
surface plasmons also referred to as surface plasmon wave (SPW) can only be excited by a 
longitudinal (TM or p-polarized) electric field (along the direction of light propagation), which 
would exponentially decay in the hybrid layer of metal and dielectric. The propagation constant 
of a SPW is defined as [23]: 
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          ---- (1) 
Where c is the speed of light in vacuum, 𝑤	is angular frequency, and 𝜀)		and 𝜀* are respectively 
the dielectric constants of metal layer and dielectric layer. Here, the real part of 𝜀)		must be 
negative, and its absolute value smaller than 𝜀*	to promise the metals could supports SPW. The 
surface plasmon waves (SPWs) have maximum field intensities at the metal-dielectric interface 
with limited propagation length, usually 200 nm to 400 nm. The electromagnetic field decreased 
exponentially in both the media and the majority of which is concentrated in the dielectric [17] 
indicating SPW is highly sensitive to the changes in properties of the dielectric.   
 
The propagation constant of a light wave propagating with a frequency	𝑤 in free space is given 
by    

𝐾* = 	
𝑤
𝑐

𝜀* 

          ------ (2) 
Based on eq. (1) and eq. (2), the dielectric constants of metal and dielectric being negative and 
positive respectively infers that the wave propagation constant of SPW should be always higher 
than that of wave propagating in dielectric. Direct light therefore cannot excite surface plasmon 
at metal-dielectric interface, and hence to satisfy the condition of resonance the momentum of 
the incident wave propagating through the dielectric that has to be enhanced. At resonance the 
wave vector of the incident and surface plasmon wave (SPW) matches with each other leading to 
a reduced intensity of the reflected light. To date, three methods are popularly used for matching 
the momentum that uses high refractive index material for momentum matching: Attenuated total 
reflection (ATR) in prism coupler, diffraction at the surface of diffraction grating, and optical 
waveguides.  
 
Light wave coupling techniques 
 
In prism coupling configuration, surface plasmons (SPs) are usually excited with an evanescent 
wave from a high-refractive-index glass prism under Attenuated Total Reflection (ATR) 
condition [17]. When p-polarized is passed through a prism coated with metal at its base which 
remains in contact with dielectric media of low refractive index and θinc is greater than or equal 
to critical angle for total internal reflection, evanescent wave is generated at the prism metal 
interface. This facilitates the excitation of surface Plasmons (SPs) which occurs when the wave 
vector of the propagation constant of incident light through the prism matches with that of the 
Surface Plasmon with same frequency and polarization state. This occurs at a specific angle of 
incidence θres and the resonance condition is given as 
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          ------- (3) 
Where the left side of the eq. (3) is the wave propagation constant of the incident light in the 
direction parallel to the metal surface and 𝜀# is the refractive index of prism. The propagation 
constant of evanescent wave and SPW can be matched by controlling the angle of incidence and 
frequency of the incident beam. This method is schematically depicted in fig. 1(a). The ATR 
method is conventionally implemented in two different configurations proposed by Otto and 
Kretschmann. The core of an optical waveguide (for example, optical silica fiber) can be used to 
replace the bulky prism used in ATR method to get the benefit of simple and flexible design and 
miniaturized sensor system. Evanescent waves are excited at the core-cladding interface when 
light is guided through optical fiber. If a portion of the cladding is removed and deposited with 
thin metal layer, light entering the region can evanescently penetrate through the metal layer 
exciting SPW at the core-metal interface. The method is depicted in fig. 1(b). It is worth noting 
that the coupling of the evanescent field with SPs depends strongly on the wavelength of incident 
light, and the dielectric constants of the fiber/metal layer. Momentum enhancement to 
compensate the wave vector mismatch between the incident light waves and SPWs can also be 
achieved with the diffraction of the light at the surface of metallic diffraction grating as shown in 
figure 1(c). Conventionally a sinusoidal grating is used with which the wave vector enhancement 
of the diffracted wave proportional to the period of the grating can be achieved [24]. Since 
fabrication of diffraction grating of given specification is expensive, inexpensive gold-coated 
diffraction gratings using commercial CD-R type optical storage disk is reported as a low-cost 
alternative for the fabrication of integrated SPR-based optical sensors [25]. 
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Fig. 1:- Excitation of surface plasmon waves (SPWs) based on: (a) prism coupling (b) optical 
waveguide (c) diffracting grating  

 
 
4. Sensing with Surface plasmon resonance 
 
The interaction of light wave with SPW results in changes in the optical characteristics like 
intensity, phase etc., of the reflected light which is correlated with the propagation constant of 
the SPWs. Accordingly, based on the measured characteristics SPR devices are classified as 
intensity [28], angular [26], wavelength [27], phase or polarization [29] modulation-based 
device. Excitation of SPW at metal–dielectric interface results in resonant energy transfer into 
the SPR form the incident photons reducing the reflected light energy. In the Kretschmann 
configuration, which is a widely used scheme for SPR sensing, p-polarized light from a light 
source is directed through a high-refractive-index prism with a thin metal layer (~50 nm) 
deposited at the base. If the reflected light intensity is measured in terms of incident angle, a 
sharp dip in the reflected intensity could be observed at particular angle of incidence due to 
resonant transfer of energy to the SPW. The angle at which this resonance condition could be 
fulfilled is called resonance angle. Optimum coupling between the incident light and the surface 
Plasmon wave (surface plasmon resonance condition) is strongly dependent on the refractive 
index of the dielectric medium close to the surface of the metal layer. This is attributed to the 
fact that the electromagnetic field is strongly concentrated in the dielectric. Thus, the SPR 
technique is highly sensitive and surface specific experimental for small molecule interactions. If 
one increased the refractive index of the dielectric sensing media, the resonance angle would 
have a shift to a larger angle [30-32] as shown in figure 2.  

 
Fig 2: Reflectance spectra as a function of incident angle (θinc) at the prism-metal interface 

 
 
5. SPR based bio-sensing 
 
Surface plasmon resonance has currently established as a potential optical tool for ultrasensitive 
detection of bioanalytes that could provide extraordinary low limit of detection. Compared to 
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other types of electrical and optical sensors, it also showed added unique advantages of real-time 
and label-free sensing of biological samples in molecular level [33-37]. The development of SPR 
sensing devices for detection of various chemical and biological molecules has received 
significant impetus over the last couple of decades, for applications ranging from medical 
diagnostics [12], environmental monitoring [13] to food safety and defense security [14] etc. 
Many researchers are involved in exploring the possibility of the technology for fulfilling the 
recent demand of extremely high sensitivity of the order nano to pico molar concentration to 
very specific target which can open up new dimension of research in area such as drug 
discovery, food quality and safety, etc. [38-39]. The SPR biosensors are sensitive to refractive-
index changes at the metallic sensing substrate and known to be useful for the study of 
specificity, affinity, and kinetics of biomolecular interactions, and measurement of the 
concentration levels of target analytes in complex matrix samples. In the following section 
discussion are mainly focus onto Kretschmann’s configuration in the study of SPR signals where 
the primary components are a prism based optical coupling system, SPR bio-chip and analyte 
handling system.  
 
5.1 SPR Bio-Chip 

 
Efficient immobilization and capture of bioreceptor on the sensing substrate is one of the critical 
steps in the development of optical biosensor. The sensor performance depends significantly on 
the appropriate surface treatment for effective immobilization of the bio-receptors on sensor 
surface. Up to date, most of the SPR detection schemes are adopted the self-assembled 
monolayers (SAMs) to conjugate small biomolecules such as peptides, DNA sequences and 
antibodies to the sensor surface. Index matched cover slips are typically used as the substrate for 
immobilization of the antibodies. After properly cleaning the cover slips, a thin layer of gold, 
silver or other metal supporting surface plasmon resonance is sputtered over it followed by bio-
functionalization of the surface with antibody. 

 
5.1.1 Immobilization of antibody: functionalization, activation and binding of receptor 
 
Immobilization of properly-oriented antibody on the sensor surface is a measure of effectiveness 
of any immunosensors [40-43]. During immobilization, the antibody must retain their 
conformation. Moreover, the binding sites of the immobilized antibody should remain exposed to 
the antigen in order to ensure efficient antigen binding capacity. Direct immobilization on sensor 
surface results in random orientation of the immobilized antibodies, and thus make binding sites 
inaccessible for specific interaction with target antigen. This reduces their binding ability 
resulting poor sensitivity of the sensors [41, 44]. Availability of highly dense active surface 
group of immobilized protein also influences the sensitivity of SPR sensor. Immobilization 
protocol therefore must ensure placement of properly oriented antibody on sensor surface with 
active binding sites exposed to the target sample. A great variety of immobilization strategies is 
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reported that can be classifies as: physical, covalent and bio-affinity immobilization techniques. 
Physical adsorption presents the simplest method that utilizes ionic bonds or hydrophobic and 
polar interactions for immobilization. However, this binding appraoch yields poor reproducibility 
due to random orientation and denaturation of immobilized antibody [45, 46]. Contrary, covalent 
and bio-affinity based immobilization method provides higher stability and gently oriented 
antibody. 
 
Conventionally used gold-coated SPR substrates generally lack sufficient active groups that are 
needed for direct attachment of antibody [40]. The inorganic metal surfaces are therefore 
activated with certain active groups that can efficiently bind with specific moieties (-NH2, -SH, -
COOH etc.) of the protein to be immobilized. However, before such activation process, the 
inorganic surfaces are covered with protein-resistant self-assembled monolayer (SAM) in order 
to maximize the density of active surface groups [47-48].  In addition, SAM provides stable 
covalent binding, better control on orientation of immobilized proteins and helps in the 
minimization of non-specific protein adsorption on SPR chip [41, 49]. SAMs are ordered 
molecular assemblies that consist of active functional head group at either end of a hydrocarbon 
chain and a linear carbon chain that promotes self-assembly, when they are attached to a 
substrate surface. These active head groups have strong affinities for the binding surface while 
the other end remains free to bind with moieties of antibody.  
 
Monolayer of alkanethiols on gold is the most extensively studied SAM for protein 
immobilization [50, 51]. The thiol groups (-SH) are known to exhibit strong binding affinity to 
the noble metallic surfaces that could allow them to form covalent bonds between the sulphur 
group in the thiol molecules and the metal atoms as shown in Figure 3.  Alkanethiols with acid 
end group offers excellent chemical modification ability of the SAM surface making them 
promising for sensing applications [52-54]. SAM formed from 11-mercaptoundecanoic acid (11-
MUA) has been reported to form well-ordered monolayers by various research groups and is 
used for all the studies reported in this chapter [51, 55]. 
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Figure 3: Representation of SAM of alkanethiols on metal  
 
After surface functionalization for target antigen, the monolayer surface is required to be 
activated for facilitating the covalent attachment of the antibody using moieties such as amine, 
carboxylic, thiol, carbohydrate available in the protein. Among these functional groups, amine (-
NH2) groups in the lysine residue of the antibody have been widely used as anchoring points 
with their presence on the exterior of the antibody. Table I summarized the common functional 
groups in antibody used for covalent attachment and the substrate requirement. In the following 
section, amine based chemistry for antibody immobilization is presented which we have used in 
all further studied presented here.  
 
 
 
Table I: Summary of commonly available functional groups for protein immobilization 
 

Functional group in 
protein 

Amino acid Substrate requirement Reference 

Amine (NH2) Lysine Carboxylic acid active 
ester 

56-58 

Carboxylic (-COOH) Aspartate, 
Glutamate 

Amine 59 

Thiol (-SH) Cysteine Maleimide, pyridyil 
disulfide 

60-62 

Carbohydrate (–COH) Sugar residue after 
oxidation 

Silane modified surface 63 

 
Amine based coupling chemistry with carboxylated gold surface is shown in Figure 4. This 
popularly used carbodiimide chemistry has been applied to produce robust amide bonds between 
the amine groups and the carboxyl groups of the antibody. Water-soluble carbodiimide reagents 
1-ethyl-3- (3-dimethylaminopropyl)-carbodiimides (EDCs) are used to activate the carboxyl 
group present on the substrate in order to produce a reactive O-acylisourea intermediate. When 
N-hydroxy succinimide (NHS) is added, the nucleophile of NHS reacts with the intermediate O-
acylisourea and forms an NHS ester that is much more stable than the O-acylisourea intermediate 
and leads to their efficient conjugations to primary amines [64-65]. The conjugation between 
aldehyde and amine groups realized the immobilization of antibody by a labile Schiff’s base 
formation.  	
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Figure 4: Amine based coupling chemistry 

 
Immobilization Protocol: 
The following protocol is a standard process used for the preparation of SPR sensor with 
immobilized antibody [56, 66-67]. 
 

A. Substrate preparation: 
1. The microscopic cover slips (18x18 mm2) were cleaned using acetone vapor at 80 οC 

followed by treatment with methanol at room temperature for five minutes each. Finally, 
the slides were rinsed in Deionized (DI) water and then dried in a nitrogen environment.   

2. Place the samples onto a hotplate with faceing up at 180 °C for about 15 mins.  
3. Sputter deposit ~50 nm gold or silver layer. A thin layer of titanium or chromium (~5nm) 

is required to be deposited first before the deposition of Au/Ag layer in order to improve 
the adhesion capability of Au/Ag with glass. 

 
B. Functionalization followed by activation of sensor surface: 
1. Prepare separate solutions of 1mM ethanoic solution of 11-MUA, 75mM EDC, 15 mM 

NHS and 50 mM ethanolamine solution in water. 
2. Dip the metal-coated substrates in the ethanoic solution 11-MUA in a close container for 

24 hours at room temperature. 
3. Rinse the MUA coated chip in ethanol and dry under nitrogen stream. 
4. Drop 100 µL of EDC and NHS successively using a micropipette over the sample. 
5. Incubate the sample for one minute in a tightly closed petri dish. 

 
C. Antibody immobilization 
 
1. The slide was immersed into anti-mouse IgG2b solutions/IgG in 50 µL phosphate buffer 

solution (PBS) at pH of 7.4 for 2-4 hour to form stable monomolecular layer 
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2. The free amine groups of EDC-NHS from the surface functionalization process are 
blocked through immersing the SPR chip in solutions containing 50mM ethanolamine 
(100 µL) for 10 to 20 mins to avoid the unwanted binding of free amine group from 
EDC-NHS with target molecules. 

3. Finally, the chip is washed gently with 0.5 mL PBS and then kept at 4 ℃ for 12 hours. 
 

 
5.1.2 Characterization of sensor surface 
 
The immobilization protocol for SPR sensor involves a number of steps and the sensor surface 
consists of a number of layers staked together. The surface composition and structure of the 
deposited layers viz., thickness of the metal layer, morphology of SAM layer for surface 
functionalization and NHS-EDC for surface activation is essential for ensuring properly oriented 
immobilization of antibody. The immobilization of the antibody is usually characterized by 
spectroscopic measurements such as Fourier-transforms infrared spectroscopy (FTIR) and 
ultraviolet-visible spectroscopy (UV-Vis) in our studies as other research groups did. However, 
various other methods can also be used for assessing the state of immobilized antibody, doing 
elemental and chemical characterization and studying the surface morphology of the stacked 
layers. Zhao et al., reported a detailed study on surface composition and structure of self-
assembled thiol-monolayer of alkanethiol molecules using X-ray photoelectron spectroscopy 
(XPS), FTIR and energy dispersive spectroscopy (EDS),  [68]. A summary of various 
characterization techniques is presented by Welch et al.[42]. 
	
Figure 5 shows the optical absorption spectra using by a UV-Visible spectroscopy of the SPR 
sensing substrate before/after antibody (IgG) immobilized onto pure silver (Ag) thin film 
deposited sensor surface. As one can see, the absorbance peak of pure Ag film is centered at 310 
nm, and the following deposition of the additional molecular layer on the silver nanofilm results 
in a red shift in the SPR dip. The surface functionalization with an 11-MUA layer led to the 
absorption peak with a redshift by ~5nm that is attributed to the covalent binding of thiol 
molecules to the metallic surface. While when the antibody is further conjugated, a redshift of 15 
nm was induced on the absorbance peak. This is due to the increase of the local dielectric 
constant of at the metal interface by an additional molecular layer. 
 



 11 

	
Figure 5: UV-Vis spectra of the pure silver (Ag) thin film deposited sensor surface before and 
after antibody (IgG) immobilized; reprinted with permission form Choudhury et al., Creative 

Commons Attribution 4.0 International License (http://creativecommons.org/licenses/by/4.0/). 
 
The FTIR measurements are performed with Nicolet Impact 410 to characterize the chemical 
structures of the SPR surface. Figure 6 presents the infrared spectroscopy (IR) spectra of the 
sensing substrate after the monolayer binding with 11-MUA, followed by surface activation with 
NHS-EDC, and lastly target antibody conjugation. The end chemical groups of 11-MUAs are 
carboxyl groups of -COOH. The amine groups of NHS conjugated to this group through reaction 
with EDC finally formed bond of COO-NHS. After the capture process of target antibodies, the 
end group is then converted to COO-N-IgG as well. Figure 6a also showed the band region for 
carbon inside the IR spectra. This carbon region was characterized through two absorption peaks 
at wavenumbers 2932cm‒1 and 2856 cm‒1 respectively that generated by the CH2 symmetric and 
asymmetric stretches [69]. Figure 6b presents the amide and carboxyl region inside the IR 
spectra. In comparison to the 11-MUA molecules-functionalized films, NHS terminated-film 
showed three characteristic bands centered at 1820 cm‒1, 1798 cm‒1, and 1765 cm‒1 that are 
responsible for stretch modes of COO-NHS esters. After the immobilization of the target 
antibody IgG, there are two new amide bands appearing at 1570cm‒1 and 1687cm‒1 (amide I and 
amide II), which further confirmed the successful binding of IgG molecules on the substrate [70]. 
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Figure 6:  Fourier-transforms infrared spectroscopy (FTIR) spectra of the SPR sensing surface 

before/after the immobilization of target antibody IgG; reprinted with permission form 
Choudhury et al., Creative Commons Attribution 4.0 International License 

(http://creativecommons.org/licenses/by/4.0/). 
 
5.2 SPR set-up 

 
5.2.1 The optical assembly 

The conventional method of excitation of Surface Plasmon Resonance (SPR) based on 
Kretschmann’s configuration involves focusing laser beam through a prism coated with metal 
layer which in turn is placed on a rotating stage. Surface Plasmon is excited at the interface 
between a metal and dielectric layer at particular incident angle of the light beam. A complex 
rotation mechanism is needed to adjust the incident angle of the incoming beam and to receive 
the reflected light. Prof. Mukherji and his group at Indian Institute of Bombay (IITB) have given 
significant contribution for the development of portable SPR measurement device [71]. At 
Tezpur University a number of experimental set-ups were also fabricated by our group and 
Figure 7 shows a raw version of one [72]. The device comprised of a BK7 prism which was 
mounted with two supports from its two sides in such a way that it could be easily 
removed/replaced whenever required.  The laser diode (650 nm, 5mW) was mounted on an “L” 
shaped leg and its movement was controlled using a servomotor to adjust the incident angle of 
the incoming light within an angular span of 45-80ο as a reference to the base of the prism. The 
incoming light from the laser diode went through a linear polarizer to generate a p-polarized light 
beam and made to fall on the sensor surface at varied angles of incidence. Glycerine having a 
refractive index unit (RIU) of 1.42 was used as the index-matching layer for sticking the 
microscopic cover slips on the glass prism (BK7) in order to avoid the any air gaps in between. 
A detector array from photodiodes is used to collect the light signals reflected from the prism 
surface. Alternatively, the reflected light from the sensor surface might be converged using a 
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convex lens and collected with a charge-coupled device (CCD) camera based on a universal 
serial bus (USB) interface. 
 

 
 

Figure 7: Snapshot of SPR measurement set up 
 

5.2.2 Analytes handling and sensor measurement  
The fluid handling system of the device consisted of a specially designed flow cell (~280 mm3) 
regulated by peristaltic pump which was used to pass stream of test samples through the sensor 
surface. The flow cell could be readily attached to the sensor surface using O-ring to prevent 
leakage of test fluid. A schematic arrangement of fluid handling system is shown in figure. The 
operation of the pumping system was controlled using an Arduino microcontroller. Before the 
protein conjugation studies, the phosphate buffer solution (PBS) with a pH of 7.4 is flowed onto 
the self-assembled monolayer (SAM) for establishing a baseline signals for the following tests. 
For the subsequent measurement steps, the sensor head is reacted with target IgGs in different 
concentrations of (0.05 mg/ml to 0.35 mg/ml) diluted in the PBS solution for 10 mins. The 
antigen-antibody binding is depicted in Figure 8. For the final step, PBS is then injected to the	
sensing substrate to initiate the dissociation binding of protein molecules. 
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Figure 8: Schematic of fluid handling system (a) and sensor measurement procedure (b) 

 
In modern biotechnology particularly for drug discovery, clinical and proteomic research, 

multiple proteins detection is becoming increasingly important where sophisticated fluidic 
systems for precise delivery of various fluids to the sensor surface is essential. In this direction 
Piliarik et al. have reported a SPR sensor with high sensitivity that consisted of a SPR Disperser 
(SPRCD) and a coupler. The sensor head is integrated with a set of microfluidic channels 
enabling the device for multiple measurements [73]. Using this compact system designed at the 
Institute of Photonics and Electronics, Prague (Czech Republic), portable SPR immunosensors 
with six channels for simultaneous detection of antibiotics in milk sample was reported by 
Fernandez et al [74]. Recently Liu et al. also demonstrated multi-analyte detection capability of a 
compact multichannel SPR biosensor even on a cell mobile device as an effective platform for 
in-situ measurement  [75].  
   

5.3 Experimental result  
 

The value of intensities of the light reflected from the SPR sensing chip as a function of the 
incident angles are plotted in Figure 9 below. Protein IgG in a concentration of 0.05 mg/ml is 
flowed and reacted with the capture antibody (monoclonal anti-IgG) immobilized sensor surface.  
The redshift of the SPR resonance dip with successive additional deposition of layers over the 
sensor surfaces indicates binding between the stacked layers.  
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Figure 9: SPR measurements on the stacking sandwich layers. 

 
To systematically study the antigen-antibody interactions, antibody proteins with different 
concentrations were flowed and reacted with the IgG-functionalized sensing substrate. All of the 
measurements are carried out by immersing the sensor head with the protein diluted in the PBS 
buffer. The output data with dip angle in terms of the IgG concentrations are plotted in Fig 10 (a, 
b). The flow of protein of higher concentration results in higher degree of refractive index 
change in the medium close to the sensor interface. This is due to more binding events between 
antigen-antibody. The binding process made the resonance dip to shift towards right with 
increasing concentration of the target protein as can be from fig 10(a). It is worth noting that the 
SPR characteristic curve is not much affected by change in the concentration of the sample, as 
the full width half maxima (FWHM) remain nearly identical for all the different samples.  
 

 
Figure 10: Experimentally measured SPR data with varied protein concentration. 

 
The SPR sensorgrams depicting association and dissociation for the sensor is shown in 

Figure 11. The baseline was initially measured by flowing PBS through the monoclonal anti-IgG 
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functionalized sensor surfaces for a period of 5 minutes. While the continuous flow of protein, 

the sensor signal reaches a maximum and the sensor is defined in the association phase during 

this period. A relatively low concentration (0.05 mg/ml) target protein is initially exposed to the 

sensor resulting in the shift of the resonance tip towards right. After twelve minutes when the 

injection of protein is stopped, the sensor slowly goes to a steady state (saturate) level. Later, the 

sensing signal returns to a value close to the one of baseline the during the dissociation phase 

when a stream of PBS is passed through the sensor surface.  Subsequently, the cycle is repeated 

by increasing the concentration of the target protein that shows good repeatable behavior of the 

sensor.  

 

 
Figure 11: SPR sensorgrams showing binding kinetic with protein IgG of different 
concentrations. 
 

6.  Performance characteristics of SPR-based sensing 
The performance parameters of a SPR sensing device are generally investigated by: its 
sensitivity, accuracy of measurement and limit of detection. The SPR sensitivity with angular 

interrogation is defined as: 𝑆 = 𝛿𝜃01"
𝛿𝑛", where 𝛿𝜃01" is the resonance angle shift due to the 

refractive index change of the sensing medium by 𝛿𝑛".  Sensitivity enhancements with various 
methods such as the integration of plasmonic nanostructures coupled onto SPR chip [76], use of 
nanogratings [77] and graphene [78] etc., have been reported. The characteristics of the SPR 
curve including its shape, full width at half maxima (FWHM), position of the SPR resonance dip 
etc., are of significant importance for sensing applications. A smaller value of FWHM implies a 
high signal-to-noise (S/N) ratio signifying better accuracy/resolution of measurements [79]. 
Figure-of-merit (FOM) is known as the ratio between sensitivity (S) and the FWHM. Various 
research groups also use it as a key parameter to evaluate sensing performance of SPR sensor. 
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Uses of absentee layer, or high refractive-index thin dielectric layer, bimetallic layers were found 
suitable for FOM enhancement [80-82]. Limit of detection (LOD) is another key parameter and 
is usually termed as the minimum input quantity measured with higher than 99% fidelity. The 
LOD could be calculated by 3∈/S, in which ∈ is the uncertainty of output [83]. 
 
 
6.1 Choice of metal for SPR sensor 
  
The choice of the metal layer and its film thickness has significant impact on the performance 
characteristics of the SPR sensor. Silver and Gold are usually the preferred choices for the metal 
layer due to their unique properties such as: the high efficiency in the electron resonance at the 
conduction band for specific excitation wavelength, thermal/chemical stability, and ability to 
conjugate organic molecule for surface functionalization. It has been observed that silver film 
yields a more distinct SPR spectrum than gold. A thin film of silver with thickness around 50 nm 
produces a sharp SPR signal supporting precise determination of the resonance angle [84]. Gold 
on the other hand produces a larger shift of the resonance angle than that of silver for a fixed 
change of refractive index unit of the sensing layer, while it is much more stable in the ambient 
environment and more resistant to the oxidization [85]. However, a bimetallic film of silver-gold 
can combine the advantages of both materials thereby accounting for better SPR sensing. Zynio 
et al were the first research group to propose bimetallic films of gold and silver. In their designed 
structures, gold was deposited on top of silver to for the excitation of SPR. It was reported that 
the bimetallic films displayed a large shift of resonance angle due to the changes of refractive 
index similar to gold thin films as well as showed a narrow resonance curve like silver, thereby 
leading to a high detection accuracy of measurements. In addition to it, the silver was protected 
against oxidation by the outer gold layer [86]. Yuan et al also presented a bimetallic 
configuration of silver-gold. In their results, the obtained value of Full Width at Half Maximum 
(FWHM) with the bimetallic film was found to be much smaller than that of the pure gold film, 
while the stability of the bimetallic film was found to be better than that of the pure silver film 
[87]. In our recent study, we also emphasized on parameters such as full width at half maxima 
(FWHM) and sensitivity of a set of three bimetallic sensors are prepared by varying the metal 
film type and thickness [88]. The samples and their specifications are indicated the Table II. 
 
Table II: Sample ID with Specifications 
 

Sample	ID	 Name	 of	 the	
metallic	film		

Thickness	of	film	

I	 Silver	 50	nm	

II	 Gold	 50	nm	
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III	 Silver-Gold	 35	 nm	 (Silver)	 and	
15	nm	(Gold)	

 
Figure 12 shows the SPR responses of the silver, bimetallic and gold based sensor chips towards 
three test samples (Water, Acetone and Butanol). The experimental results of FWHM obtained 
from the graphs in figures are listed in Table II. From the FWHM values it was seen that pure 
silver had the least FWHM due to its narrowest width of the curve, thus providing the highest 
resolution of detection of the resonance angle. In comparison, the width of the pure gold-
based sensor chip is the largest among these three configurations. As far as the bimetallic 
sensor chip was investigated, it exhibited a small value of FWHM (approximately 6 times less 
than the pure gold based sensor chip) indicating reasonably better detection resolution of the 
resonance angle. As mentioned above, the SPR Sensitivity parameter is dependent on the 
value of the resonance dip (angular shifts) for a fixed refractive index change of the 
surrounding sensing media. If the angular shift is a larger signal change, the SPR sensitivity is 
considered to be relatively higher. Table III lists the experimental measurement results 
showing the signal change of the resonance dip angle (in degrees) due to the corresponding 
refractive-index change of the sensing layer extracted from the graphs in Figure 12. 
 

 
Figure 12: SPR responses of the silver (a), bimetallic (b) and gold (c) sensor chip towards 

Water, Acetone, hexane and Butanol. 
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Table III: Experimental results of FWHM (in degrees) for different configurations 
 

Test	

Samples	

Silver	 Silver-Gold	 Gold	

Water	 1ο	 2ο	 12ο	

Acetone	 1ο	 2.5ο	 12ο	

Hexane	 1ο	 2ο	 11ο	

Butanol	 1ο	 2ο	 11ο	

	
Table IV: Shift of the resonance angle due to change in refractive index of the sensing layer 
 

Refractive	

index	 unit	

(RIU)	

Shift	in	Resonance	Angle	(in	degree)	

For	sensor	with	

Silver		 Silver-Gold	 Gold	

0.0261	 2ο	 3.5ο	 4ο	

 
 
6.2 Sensitivity enhancement with graphene, MoS2 and 2D Perovskite nanolayers 
 
As introduced in the previous sections, plasmonic sensors are known as an efficient tool for real 
time monitoring biomolecular interactions. The detection mechanism is based on the field 
perturbation at the plasmonic sensing interface induced by the binding of molecules. This 
molecular binding process could be recorded through reflected light signal when the surface 
plasmon is excited by the incident light. In recent studies, we have presented the use of hybrid 
2D nanomaterial-based metasurface nanostructures as a plasmonic sensing substrate. The 
thickness of the sensing substrate is tuned in an atomic scale and optimized to obtain an 
enhanced sensing effect. More specifically, a sharp phase signal change and phase-related Goos-
Hänchen signal shift was achieved that results from the strong resonance. The improved 
sensitivities of 2D nanostructures were investigated. It is worth noting that the atomic layer 
design led to the sensing substrate optimized with a tuning scale less than 1 nm. By precisely 
design the metasurface substrates, more than 4 orders of magnitude improvement of the 
sensitivity (900,000 um/RIU) were obtained in comparison to the one with pure gold sensing 
substrate (400 um/RIU).  
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Figure 13: Schematic configuration of the designed graphene/MoS2 nanolayers on 45 nm gold 

sensing substrate for protein detection [89].  
 

Figure 13 illustrates the configuration of our designed 2D graphene/MoS2-enhanced plasmonic 
biosensors. A single layer of graphene is deposited on the top of the sensing substrate to capture 
the target biomolecules. The hexagonal carbon ring structure of graphene could enhance the 
adsorption rate of the analyte due to pi-stacking force. It is worth noting that monolayer 
hexagonal boron nitride (hBN, known as white graphene) could also be coated on the silver thin 
film to protect the surface from oxidization during the detection process. It is known that under 
the similar resonance condition (e.g., excitation wavelength, thickness of metallic thin film, SF11 
prism coupling), the silver thin film exhibited a better sensing performance with high sensitivity 
and high detection resolution than that of gold ones, in terms of a lower minimum reflectivity 
and narrower width of the reflectance spectra. Graphene is measure to be the thinnest two-
dimensional nanomaterial so far in the world. Since its first report in 2004 by Andre Geim and 
Kostya Novoselov, their unique optical and electronic properties have been demonstrated such as 
its zero bandgap with high electrical conductivity, and zero effective mass at the Dirac point. The 
high charge carrier mobility of graphene up to 106 cm2 V-1 s-1 makes it an attractive candidate for 
the next generation of substrate for SPR sensors. By designed the graphene layers on the gold or 
silver SPR sensor head, strong electric field enhancement at the hybrid interface would be 
generated through an effective charge transfer process. The drastic concentration of plasmon 
electric field in this 2D plane provides a novel sensing functionality and makes it fit to the 
definition of “metasurfaces”. In our recent studies, we have demonstrated an ultrasensitive 
graphene-based surface plasmon resonance sensing device with a detection limit as low as 
attomolar 1 aM (10-18 M) for target single-stranded DNA (ssDNA) analytes as shown in Figure 
14 was demonstrated by our group [90].  
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Figure 14: Designs and sensing results of graphene–gold metasurface architectures [90]. 	
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7. Summary and Outlook 

Two-dimensional (2D) transition metal dichalcogenides (TMDCs) nanolayers have become 
intriguing to the SPR community and showed their potential to improve the performances of 
different optoelectronic devices such as solar cells and photo detection arrays [91-94]. It is worth 
noting that absorption rate (~5%) is the much higher for TMDC nanomaterials than that of 
monolayer graphene (2.3%). The thickness is also with the atomic thickness range. 2D TMDCs 
showed a tunable bangdap characteristic that is different from that of graphene. Their bandgaps 
could be tuned from indirect to the direct ones when their thicknesses are down to the nanoscale. 
This feature promises them to be complementary with graphene for the design of next-generation 
integrated flexible optoelectronic devices. The physical structure of TMDCs nanomaterials are 
similar to the graphene in which the metal atom M and the chalcogen atoms X were bonded in a 
hexagonal plane. As of the TMDC in the bulk forms, the stacking of each layer was achieved by 
van der Waals forces. Thus, monolayer TMDC can be obtained by exfoliation. Up to date, the 
atomic thin TMDC with large size have been fabricated through vapor deposition growth. To 
achieve multiple layer substrates, one could transfer the single layer and repeatedly stack them 
on the target sensing substrate. Several research groups have reported that depositing a thin layer 
of dielectric materials could significantly vary the SPR resonance condition and thus may facilite 
on the integration process of the current prism-based plasmonic sensors [95-96]. The fabrication 
of atomically thin 2D nanomaterials has been reported in recent literatures [91-94]. There are 
different types of TMDC materials including MoS2, MoSe2, WS2 and WSe2, which depend on the 
combination of its metal and chalcogen elements. The presence of 2D TMDC metasurface layers 
could enhance the transmission loss, which provides stronger surface plasmon resonance.  
 

In addition to the novel 2D nanomaterials as enhanced sensing susbtrate, the SPR detection 
schemes could also be step into the next generation instead of the traditional angular and 
wavelength scanning method. Since Surface plasmon resonance (SPR) only affects p-polarized 
light, which is parallel to the propagation direction. Therefore s-polarized light can be used as a 
reference signal. Based on this mechanism, we could extract the differential signal between the 
two polarized light beams from the reflected side simultaneously. The environmental noise and 
the stability of the setup can be significantly improved during experimental measurement. The 
signals that we collect are phase-related Goos-Hänchen signals reflected from the sensing 
substrate, which is a lateral position shift of the light beams at the sensing interface. The GH 
detection is different from the angular measurement of the conventional method, which suffers 
from the loss of the metallic and graphene materials. The phase and GH jumps are only 
corresponding to the dip value of the SPR reflectance curves. With gold nanoarray in Figure 15, 
the field coupling of localized SPR and SPP waves would further improve the detection 
sensitivity. As the concentration of sensing medium increases, groove metasurface-based SPR 
sensor undergoes larger GH signal shift. Integration of fiber-device based on nanostructure-
metasurface (e.g. transverse Anderson localization and Fano resonance) for enhanced plasmonic 
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sensing and image transport is another future trend for the development of portable SPR 
biomedical devices. One of the highlights is our study [98] on the integration of functional gold 
nanoparticles with optical micro/nanofibers (OMNFs) as a versatile platform for sensing of 
streptavidin biomolecules with a low detection of 1 pg/ml in Figure 16. 
 

 
Figure 15: Phase-sensitive and Goos-Hänchen (GH)-sensitive plasmonic sensing platform based 
on the groove metasurface structures [97]. 
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Figure 16: A schematic diagram showing the principle of optical micro/nanofiber (OMNF)-
based localized surface plasmon resonance (LSPR) sensor [98]. 
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