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Abstract 

 
The present study is on detection characteristics of surface-enhanced surface 

plasmon resonance biosensors. The random nature of near-field generated by 

nanoisland brings the need for probabilistic modeling. Detection characteristics, 

represented by overlap integral, of three detection models - non-specific, non-

colocalized, and colocalized detection models - were calculated based on the 

probability theory. The calculated overlap integral is proportional to the target 

concentration. The effect of target size on the reliability of normalized overlap 

integral is limited compared to that of target concentration. Overlap integral is the 

highest and confidence interval is the lowest in colocalized detection. Compared 

to the non-specific detection model, the colocalized detection model got the 

detection limit enhanced by four more orders.  

 

Keywords: biosensor, surface plasmon resonance (SPR), SPR 
biosensor, semicontinuous nanostructure, random nano island, 
probability theory 
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Chapter 1  

Introduction 

1. Biosensors 

A sensitive and selective recognition of materials has always been an important 

issue in scientific research. 

This is an important research topic also in the fields of biomedical 

engineering, biochemistry, and biophysics, because of the need regarding drug 

development, medical diagnostics, environmental issues, and more. Recent 

demands in many fields have required biosensing for detecting biomolecules, 

microorganisms, and macromolecular interactions. 

High sensitivity and selectivity have usually been achieved by high-liquid 

chormatography, gas chromatography, and mass spectrometry, and high cost and 

preparation of samples for these useful techniques have accelerated development 

of economical methods that are easy to use. Biosensors may be one such solution 

[1,2]. 

The term "Biosensor" was introduced by Karl Cammmann in 1977 [3]. He 

defined a biosensor as a chemical sensor where the detecting system uses a 

biochemical mechanism. Leland C. Clark is known to be the inventor of the first 

biosensor [4]. Clark published his paper on glucose biosensor in 1956. The device 

was made up of an oxygen electrode coated with  glucose oxidase. The electrode 
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measures the oxygen concentration. The reduced amount of oxygen concentration 

is converted into the amount of glucose. 

 

Table 1.1 Historical landmarks of biosensor and its development. 

Year Event References 

1962 First glucose enzyme electrode 
Clark, L. C. & 
Lyons, C. [1] 

1973 
Glucose enzyme electrode based on 

peroxide detection 
Guilbault, G. G. & 
Lubrano, G. J. [2] 

1975 
Launch of the first commercial glucose 

sensor system 

Yellow Springs 
Instruments glucose 

biosensor 

1977 
Karl Cammann introduced the term 

“ biosensor ” 
Cammann, K. [3] 

1980 
First fibre optic pH sensor for in vivo 

blood gases 
Peterson. [5] 

1982 
First fibre optic-based biosensor for 
glucose : Demonstration of in vivo 

glucose monitoring 

Shichiri, M. et al. 
[6] 

1983 
First surface plasmon resonance (SPR) 

immunosensor 
Liedberg, [7] 

1990 
SPR based biosensor by Pharmacia 

BIACore 
Jonsson 

2001 Ellipsometric Biosensors Arwin [8] 

Present 
Quantum dots, nanoparticles, 

nanowires, nanotubes, etc 
Ghoshal [9-10] 

 

A biosensor is generally defined as a device to detect chemical or biological 

molecules, or microorganisms. A biosensor consists of a biological active 

substance and a transducer. The biological active substance, called a receptor, is 

used to selectively bind the analyte or functional group of interest, which may be 

either organic or inorganic. Antibody, enzyme, and DNA are widely used as 

receptors in biosensors [11-15]. A transducer is a platform to transform chemical 
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or physical responses of a biological recognition event into measureable 

parameters. Optical biosensors are biosensors with transduction based on optical 

principles. They are classified not only by the basis but also by whether the label 

association attaches to the target or not. 

Table 1.2 Type of transducers with properties 
Type Property 

Optics 

Luminescence 
Fluorescence 
Adsorption 

Phosphorescence 
Surface enhanced Raman scattering  

Dispersion 
Refraction spectroscopy 

Electrochemistry 
Impedimetry 
Amperometry 
Voltammetry 

Thermodynamics 
Heat of reaction 

Adsorption 
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2. Surface plasmon resonance biosensors 

2.1 Theoretical background 

2.1.1 Excitation 

Free electrons excited by the electromagnetic field at a metal/dielectric interface 

collectively and coherently oscillate; such oscillations, are called SP oscillations 

[16,17]. Consider two semi-infinite nonmagnetic media with dielectric functions 

ε1 and ε2 are separated by a planar interface at z = 0. Maxwell’s equations without 

external sources can be expressed as follows [18]: 

 

 

Figure 1.2.1 Two semi-infinite dielectric media with ε1 and ε2 separated by an 

interface plane at z = 0. 

   (1.2.1) 

    (1.2.2) 

∙ ∙ 0    (1.2.3) 

and 

ε2ε1

z = 0
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∙ 0    (1.2.4) 

where i is i-th media. Media 1 is below z = 0 and media 2 is above z = 0. 

Solutions of Eqs. (1.2.1) ~ (1.2.4) can be analyzed in the s-polarized and p-

polarized electromagnetic modes. For an ideal surface, if waves  propagate along 

the interface, there must be a component of the electric field normal to the surface. 

Thus, the p-polarized wave is considered. The conditions in which a travelling 

wave with the magnetic field H parallel to the interface (p-polarized wave) may 

propagate along the surface (z = 0), with the fields declining in the positive (z > 0) 

and negative (z < 0) directions are caculated. 

, 0, | |    (1.2.5) 

and 

0, , 0 | |   (1.2.6) 

qi represents the magnitude of a wave vector parallel to the surface.  

When Eqs. (1.2.1) and (1.2.6) are substituted into Eqs. (1.2.1) ~ (1.2.4), the results 

are as follows: 

1 1 1 1 ,   (1.2.7) 

2 2 2 2 ,   (1.2.8) 

and 

2 2

2 .   (1.2.9) 

In the boundary conditions, the component of the electric and magnetic fields 

parallel to the surface must be continuous. From Eqs. (1.2.7) and (1.2.8),  
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1

1
1

2

2
2 0   (1.2.10) 

and 

1 2 0    (1.2.11) 

are derived. For Eqs. (1.2.10) and (1.2.11), a solution exists only when the 

determinant is zero, i.e. 

1

1

2

2
0    (1.2.12) 

This is the SP condition.  

The 2D wave vector q from the boundary conditions is entered into Eq. 

(1.2.9), i.e. q1=q2=q. Thus, Eq. (1.2.12) can be expressed as follows [19] 

,   (1.2.13) 

w/c represents the magnitude of the light wave vector.  
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2.1.2 Dispersion relation 

Consider a Drude semi-infinite metal in vacuum. Dielectric functions of medium 

is 

1 1
2

    (1.2.14) 

and ε2 = 1 [18], where η represents a positive infinitesimal. Thus, Eq. (1.2.13) can 

be expressed as follows: 

   (1.2.15) 

The blue line shows the light line ω = cq in free space and the red solid line 

shows the SPP in the dispersion relation of Eq. (1.2.15). There is no intersection 

between the red line and the blue line at low frequency. Thus, the incident light 

cannot directly excite the SPP in free space. The red solid line approaches the 

surface plasma frequency line. Because the dispersion curve of photons in metal 

can lie across the red line at the point where the momenta match, SPPs can be 

excited in metal. 
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Figure 1.2.2 Dispersion curve for SP. 
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2.1.3 Penetration depth 

From Eqs. (1.2.13) and (1.2.9) (with q1 = q2 = q), the SP decay constant ki normal 

to the interface is derived as follows 

2

1 2
.    (1.2.16) 

Eq (1.2.16) can define a penetration depth or attenuation length L = 1/ki where the 

electromagnetic field becomes 1/e. 
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2.2 Surface plasmon resonance  

To demonstrate SP excitation, Otto and Kretschmann independently propose 

prism configuration [21,22]. The difference between the two proposals is the 

location of low refractive index media between a metal film and the prism. In 

Otto’s configuration which is for SP of solid phase media, low refractive index 

media are inserted under the metal, whereas in Kretschmann’s configuration, the 

metal adheres to the surface of the prism without low refractive index media. The 

latter configuration is a more efficient structure for the creation of SP. There is 

also a grating configuration, but its inaccuracy places the grating-configuration-

based sensor at a disadvantage; because the incident light passes through the 

sample, it may have an accuracy issue when the sample is absorptive. 

 

Figure 1.2.3 Prism configurations with dielectric constants ε1 < ε2 (a) 

Otto configuration and (b) Kretschmann configuration. 

 

As previously stated, the momentum of incoming photons and the SP can be 

matched. Such matching is called SPR, and the incident angle of photons is called 

θε0
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   (1.2.18) 

where P is the measured output of the sensor; I is the sensor input; n is the 

refractive index of the sensor platform; SRI is the sensitivity on refractive index 

change; and ESF is the efficiency of the surface functionalization. Thus, the S is 

the ratio of the change in the sensor output (e.g., wavelength or resonance angle) 

to the change in the input (e.g., concentration of analyte). The S can be divided 

into SRI and ESF. SRI is related to a method of modulation and excitation of SP, but 

not ESF [23]. 

LOD is a metric with respect to the resolution of a biosensor and indicates 

the minimum concentration of analyte that can be detected from the absence of 

analyte [23]. LOD is calculated from the measured output of the sensor and the 

standard deviation of a blank sample. The concentration of analyte that generates 

the sensor output of three standard deviations is the LOD [24]. 
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2.4 Enhancement of detection characteristics and colocalization 

SPR biosensors are advantageous in being real-time and label-free. However, they 

are not sensitive enough to detect a single molecule because of its label-free 

nature. Several techniques have been proposed to improve the sensitivity, such as 

conjugation with gold, silver, magnetic, or carbon-based nanoparticles, surface 

modification with nanostructure and metamaterials; and colocalization of the 

biointeractions of interest [11,25-28]. 

Colocalization is a technique to make an overlap between biointeraction and 

a field localized by nanostructure. Dielectric or metal is evaporated at an angle to 

coat the nanostructure except the regions very nearby the nanostructure. It is 

similar as the situation where a shadow is formed right near the building which 

receives the sunlight. The  exposed regions of the surface are used as the binding 

regions to capture the functionalized targets, allowing colocalization. Experiments 

have discovered that the sensitivity increases by 1000 times compared to the 

traditional detection [11,29-33]. 

Despite the sensitivity enhancement by colocalization is experimentally 

proven the sensitivity characteristics is generally vague to understand [26]. Due to 

the difficulty of alignment and the limitation of the prediction on the localized 

near-field position, exact colocalization is difficult to achieve. 
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3. Overlap integral 

SPR biosensors are founded on an enhanced evanescent field in the 

metal/dielectric interface. The field distribution in the region where the enhanced 

evanescent field exists determines the sensor sensitivity for a perturbation in the 

analyte. Shalabney and Abdulhalim demonstrate that a shift in the wavevector k 

corresponds to the OI, which corresponds to the interaction volume Vin [34,35] 

δ
∙
∗
∙ ∙

∙
∗
∙ ∙

   (1.3.1) 

where Ei and ki represent the electrical field and its wave vector before the 

refractive index variation from perturbation in analyte; Ef is the changed electrical 

field after the perturbation.; and δk is the change in the wave vector because of the 

change of the dielectric constant from ε to ε + δε. Since δk represents the change 

in the incident angle or the wavelength change, δk/δε indicates the sensitivity of 

the sensor corresponding to the OI normalized by the total energy. An 

enhancement of the sensitivity can be mathematically accomplished by enlarging 

the interaction volume to increase the evanescence depth, improving the field 

intensity, and using a material with a high electric constant. 

Based on Eq. (1.3.1), the OI can be simplified as follows [34]: 

OI | |    (1.3.2) 

Et is the normalized tangential electromagnetic field amplitude and ε is the 

permittivity. Therefore, Eq. (1.3.2) has the unit of energy. The total energy on the 

surface with the localized target can be related to the radiative energy which can 
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be measured with the SPR signal. Hence, the near-field quantities in the 

interaction volume may be transduced into the far-field characteristics. For 

example, the LOD can be molecularly interpreted as the number of target 

molecules (N) generating a reference change in the reflectance (R) in the SPR 

biosensor. Based on the OI, the redefined LOD is closely related to the 

perturbation in the OI from the biointeraction of interest. In addition, the detection 

sensitivity can be redefined as the ratio of the change in the OI to the number of 

target molecules.  

Thus, OIs help understand the relation between the near-field and the far-

field. In previous research, OIs have been used to optimize the nanostructure in 

different features and structural parameters and predict the sensitivity of the 

experimental model [26,36]. 

OIs have been deterministically treated, but the far-field characteristics of a 

SPR biosensor can calculated with the simplified OI Eq. (1.3.2) in the manner of 

the probabilistic approach. If the sampling function for the numerical calculation 

is larger than one target molecule, the target permittivity may be approximately 

derived as follows: 

ε ∑   (1.3.3) 

ε  and ε  each represent the permittivity of the target and the buffer 

(ε2 2 	 and ε2 2 ).  represents the locations of Nt target 

molecules. When Eq. (1.3.3) is put into Eq. (1.3.2), the result is as follows:  

OI ∑ | | | |  (1.3.4) 
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From Eq. (1.3.4), the sensitivity is derived as follows: 

∆

∆
∑ | | ∑ | | ⁄  (1.3.5) 

This is because the right hand side of Eq. (1.3.4) is a constant. Although the OI 

becomes a simple integral form, two components, the permittivity and the field, 

remain to analytically evaluate the OI. Due to the complex action of targets such 

as contact inhibition or aggregation, it is complicated to precisely model the target 

and its distribution. Also, the field is largely unknown.  

The permittivity of the target and the buffer solution is treated as a 

permittivity of a layer derived from the EMT [26,36]. Not considering the nature 

of a random variable, however, the EMT-based evaluation is deterministic. In this 

thesis, the probabilistic aspect of OI is focused on the colocalization. The 

reliability in estimating the concentration of a target is also discussed. 
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Chapter 2  

Probabilistic estimation of detection 

characteristics 

1. Method and Model 

1.1 Electromagnetic field amplitude: nanoisland and its nearfield  

To produce highly localized SP, the nanostrucutures on the metal surface are 

fabricated by Focused-ion beam, e-beam lithography, or others. For example, e-

beam lithography is the practice of SEM by focusing a beam of electrons to draw 

customized shapes on a surface coated with an electron-sensitive resist which can 

be either positive or negative. Exposed to the e-beam, the electron resistor is 

transformed into either more or less soluble structure. Due to the difference in the 

solubility, either the exposed or non-exposed regions of the resistor are selectively 

removed, with the surface immersed in the developing solution. After the 

developer is rinsed on the surface, the vapor metal or dielectric covers the opening 

region, and the residual resistor is removed. Although this practice is powerful in 

that it can draw the patterns of nanostructure without mask, it has low throughput, 

is not cost-effective, and is time-consuming. Also, the SEM, the evaporator for 

vapor deposition, and various chemicals are required for the e-beam lithography. 
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Figure 2.1.1 Comparison of fabrication process: (a) e-beam lithography for 

customized nanostructure. (b) Thermal annealing for nanoisland. 

 

Random nanoisland, which is a semi-continuous structure, can be simply 

synthesized by annealing the surface covered with the metal. It increases the cost-

effectiveness and reduces the synthesizing time [15]. Also, the excitation of the 

highly localized SPs on the random nanoisland is experimentally observed [22]. It 

is applied in various ways such as resonance energy transfer [37,38], surface-

enhanced Raman spectroscopy [39-42], enhancement and quenching of 

fluorescence and photoluminescence [43-48], highly luminescent light emitting 

diodes [49], solar cells [50,51], spontaneous light emission [52], and far-field 

super-resolution microscopy [53].  
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1.2 Permittivity modeling: Poisson distribution 

The distribution of target molecules at a certain concentration in space can be 

analyzed with the stochastic geometry which is for random spatial patterns. In 

enhancing sensing characteristics, where the target molecules are exactly located 

is less important than whether they exist inside the highly localized near-field; one 

target molecule in the highly localized near-field increases the sensing 

characteristics more than a target molecule located outside does. In the stochastic 

geometry, the number of points at a given rate is a random variable and is known 

to follow the Poisson distribution [59]. The Poisson distribution is  a discrete 

probability distribution that demonstrates the probability of a given number of 

events occurring in a fixed interval or space when these events occur with a 

known average rate and independently of the time since the last event [60]. 

If the target molecules  show no preference for any point and the total 

volume of the target molecules is small that it is negligible compared to that of the 

highly localized near-field, the random variable of target molecules can be 

modeled according to the Poisson point distribution. In this case, the probability 

mass function is  

P
!

.   (2.1.1) 

χ is the known average number of target molecules per unit volume, which is the 
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1.3 Three detection models 

Non-specific and specific detection have been considered. Randomness in the 

non-specific detection arises from the distribution of target objects and the 

intrinsic nature of nanoislands. Randomness in the specific detection is related to 

the probability of binding target molecules to probe layer on the surface. The 

binding process in the specific detection is stochastic and is considered as a 

negligible factor in this study [61,62]. 

Figure 2.1.6 shows a simple model used to calculate the characteristics of 

SPR detection in the non-specific and the specific models on nanoislands. The 

models have a 20-nm thin underlying silver film. The dielectric permittivity and 

the size of target biomolecules have been treated the same as those of adenovirus 

particles (dielectric, nav = 1.366). The notation of target concentration has 

followed En (n: integer) represents 10n /L = 10n-9 /m3 which is normally used 

for the virus concentration.  
The non-specific detection model in Figure 2.1.6a has the probabilistically 

distributed target in 3D. In the specific detection model illustrated in Figure 2.1.6b, 

the distribution of target molecules is planar on the recognition layer with 

antibodies that selectively capture the target. The binding position on the layer 

follows the probabilistic distribution. In the colocalized detection model shown in 

Figure 2.1.6c, the target molecules are bound to the localized field inside the 

recognition layer and the binding position is probabilistically distributed. For 
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biointeraction was calculated at the fixed incident angle of 60. It is assumed that 

a 2.3-nm chromium layer adhered to an SF10 substrate (refractive index ns = 

1.723) in the ambient buffer solution (nbuffer = 1.33). Also, we assumed that 

nanoislands were made of a thermally annealing 5-nm silver film on top of the 

chromium layer. Optical constants of silver and chrome at  = 488, 633, and 760 

nm were taken [63].  
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2 Probabilistic interpretation of detection characteristics 

2.1 Non-specific detection 

To make the analysis simple, it is assumed that  is divided into four levels, 

while ε  is divided into two levels depending on the location , i.e.,  

, ∈ |0.75 max min max
, ∈ |0.50 max min 0.75 max min
, ∈ |0.25 max min 0.50 max min

, ∈ |min 0.25 max min

  

(2.2.1) 

and 

ε
									 	 ∈ 	
																														

  (2.2.2) 

Hence, Eq. (21) can be expressed as follows: 

{ } { }∑∑ ≈-
3

0= 1
2

0
23

0= 1
2

0
2 ++)(= i itiiii itiitii KAεESεEKAεEKASεEOI  (2.2.3) 

 represents the number of target molecules in the i-th region (i = 0, 1, 2, 3) 

which is an area corresponding to one of the four levels. At is the volume of one 

target, and S 	represents the total volume of the i-th region. In this case, S  and is 

disjoint and independent of each other. Therefore,  can be treated as the 

independent Poisson random variable with parameter Si. Eq. (2.2.3) is 

approximated based on the same assumption in Eq. (2.1.1) that S ≫ 	Eq. 

(2.1.1) can be converted into  

P
!

.   (2.2.4) 
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The OI is normalized by the optical signature of ambient buffer solution 

without any target molecules. Normalized optical signature OI	is interpreted as 

follows: 

OI
∑ 2

0S
2
1

3
0

OI 	
,   (2.2.5) 

where OI 	 ∑ 23
0 0Si. OI	 is a new Poisson random variable with a 

parameter ∑ S3
0 , where 2

0S OI 	  and 

2
1A OI 	 . Because each  is independent of each other, OI	can be 

modeled as a Gaussian random variable by the CLT [64]. The CLT is a theory in 

which a Gaussian random variable is approximated from the summation of 

sufficient independent random variables. As the number of independent random 

variables becomes sufficient, their sum approaches a Gaussian random variable. 

Inversely speaking, it is hard to model the sum of insufficient random variables 

into a Gaussian random variable. In this case, the number of random variables is 

close to insufficient. Nonetheless, OI	 can be converted into a Gaussian random 

variable because 0  and 1  are Poisson random variables, and a Poisson 

random variable is close to a Gaussian random variable. The mean and the 

variance of OI	 are given by 

OI
2 ∑ ∑3 0

3
0    (2.2.6) 

and 

OI
2 ∑ 23

0    (2.2.7) 

From Eqs. (2.2.6) and (2.2.7), the area concentration of target, χ, is derived as 
follows: 
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OI ∑3 0
∑ S3

0
    (2.2.8) 

Because of the Gaussian random variable, OI,  also is a Gaussian random 

variable with expectation and variance 

    (2.2.9) 

and 

σ 2 ∑
2S3

0

∑ S3
0

2    (2.2.10) 

Thus, the reliability of estimating the target concentration can be calculated in the 

given CL [64]. The 95% CI of χ is  

1.960 χ 1.960 .  (2.2.11) 

The 99% CI of χ is  

2.575 χ 2.575 .  (2.2.12) 

Corresponding to a target concentration with 95% CL, the CI of the estimated 

	 ≡  is given by 

1.960 OI 1.960 .  (2.2.13) 

The CI of the estimated 	 ≡  with 99% is given by 

2.575 OI 2.575 .   (2.2.14) 

The averages derived from the probabilistic model are consistent with those 

from the deterministic model described in Eqs. (1.3.3) - (1.3.5) with the limited 

ranges of target size up to 25 nm. If the target size exceeds 25 nm, the correlation 

between the probabilistic and the deterministic models decreases. This is because 

the assumption that the target size is small enough to be neglected compared to 
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the size of the localized field is repudiated above 25 nm. Thus, this study 

performed the estimation for the target size 1 to 25 nm. 



31 
 

2.2 Non-colocalized detection 

Non-colocalized detection is achieved by a probe layer on the metal surface 

capturing target molecules. The influence of a probe layer on the near-field 

distribution is imperceptibly small. Hence,  in non-colocalized detection is 

approximately identical to that in non-specific detection. The permittivity of the 

outside volume to capture target molecules is treated to be ε0. The OI outside the 

binding layer is constant at 2
0S . Eq. (2.2.3) in non-specific detection is given 

by  

OI ∑ S , A ∑ S ,  (2.2.15) 

Si,inside is the volume of the i-th region in the binding layer, and Si, outside is that of 

the outside. Si in non-specific detection is the sum of Si, inside and Si, outside in this 

case. Furthermore, Eqs. (2.2.4) ~ (2.2.8) can be explained as follows: 

P ,

!
,   (2.2.16) 

OI
∑ 2

0S ,
2
1

3
0 ∑ 2

0S ,
3
0

OI 	
 (2.2.17) 

OI
2 ∑ , ∑3 0

3
0 ∑ 2

0S ,
3
0 OI 	  (2.2.18) 

OI
2 ∑ 2

,
3
0   (2.2.19) 

OI ∑3 0 ∑ 2
0S , OI 	

3
0

∑ S ,
3
0

  (2.2.20) 

OI 	 ∑ S , 2
0S , OI 	 , and 2

1A OI 	 . Finally, 

the CI with CLs can be obtained through Eqs. (2.2.9) ~ (2.2.14).   
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2.3 Colocalized detection  

In colocalized detection, the effect of the probe layer on the approximation of 

 is negligible. Thus,  remains identical. S2 and S3 are the regions 

covered with the probe layer. The OI is expressed as 

OI ∑ S , A ∑ S , ∑ S , . 

(2.2.21) 

Also, Eqs. (29) ~ (32) are changed to 

OI
∑ , ∑ , ∑ ,

	
 (2.2.22) 

, S , S , OI 	  

(2.2.23) 

∑ ,    (2.2.24) 

̂
∑ ∑ , ∑ , 	

∑ ,
 (2.2.25) 

Then, the CI can be obtained through Eqs. (2.2.9) ~ (2.2.14). 
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2.4 Noise characteristics of nanoplasmonic detection  

There are two factors that can bring noise to SPR biosensors. One such factor is 

related to the technical performance, such as instrumentation from vibration or 

stray light, for example. The other noise factor is related to the intrinsic noise 

associated with the fundamental phenomena such as thermodynamic refractive 

index fluctuation. If the noise sources are assumed to be probabilistically 

independent of each other, the noise sources affect perturbations of the target 

permittivity and the field amplitude that, consequently, bring noise to the OI. 

Thus, 

OI OI O    (2.2.26) 

Due to CLT, the noise term on the right hand side which is the sum of 

various independent noise sources is treated as a Gaussian random variable with 

expectation μ 0  and variance σ2 2  [65]. Because OI  and 

O  can be considered  independent and OI  as the sum of the two 

independent Gaussian random variables, OI becomes another Gaussian 

random variable with mean μ Exp OI  and variance σ2 2
OI
2. The 

probability density function p is written as 

ε, .  (2.2.27) 

 and  represent the statistical deviation in the tangential field amplitude 

and target permittivity. The variance of OI  is larger than that of OI without 

	O . The variance is the key factor for CI; an increase in the variance 
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increases the CI. The effects of noise factors are inversely proportional to the 

LOD and, thus, the lower noise factor increases the LOD. Because the present 

study demonstrates a particular model of detector, the LOD should be considered 

as a relative scale rather than an absolute scale. Then, it is meaningful to relatively 

compare the LODs of detection scenarios because noise factors in the scenarios 

are independent of each other. Therefore, the LOD is evaluated with the relative 

magnitude of optical signature generated in each of the detection scenarios. 
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3 Results and discussion 

3.1 Detection characteristics of three detection model 

3.1.1 Non-specific detection model 

Consider a rectangular parallelepiped and assume that its base is a lateral plane of 

2  2 m2 and the height is one penetration depth from the surface. If the 

penetration depth is 100 nm, four target molecules exist inside the box at E10. 

Figure 2.3.1 (a) describes the detection sensitivity as the optical signatures that 

cause non-specific detection at a specific concentration evaluated for nanoislands. 

The optical signatures are obtained by dividing the calculated OI into that of 

ambient buffer without target molecules. 

It is found that optical signatures monotonically increase with the size and 

the target concentration. Optical signatures significantly changes with the target 

size and are almost proportional to the target concentration. Because OI and 

ΔOI/ΔN may be associated with the LOD and the detection sensitivity, the results 

in Figure 2.3.1 imply that the LOD and the sensitivity for detecting targets of 

larger size are enhanced. Such enhancement is related to the growth of effective 

volume which is exposed to the near-field and occupied by the target.  

Figure 2.3.1 shows the average characteristics using effective medium and 

probabilistic characteristic as CI in the non-specific detection. An increase of CI 

with target size shows that a larger target causes higher uncertainty at the same 

concentration. For example, the CI with 95% CL for targets of ϕ = 25 nm at a 

concentration of 2.03E11 is from 0.00075195 to 0.001248 with an average of 
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0.001, i.e., the relative confidence interval (RCI) defined by dividing the CI into 

an average to be 0.5. The target concentration producing OI = 0.001 ranges from 

1.594E11 to 2.631E11 with an average of 2.03E11, i.e., the RCI in the target 

concentration of0.49. An identical concentration (2.03E11) produces the almost 

constant RCI of 0.5 with target size of ϕ = 10, 15, and 20 nm although the CI at 

the concentration increases with target size. This is because target size increases to 

the average optical signature at the concentration. However, CI remains the same 

as the target concentration changes. Hence, the RCI is inversely proportional to 

the target concentration. 
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3.1.2 Specific detection model 

The probe layer for the target recognition is assumed to uniformly cover the 

surface in the specific detection model. The detection is limited to the target 

molecules, although they are randomly captured by the layer. In other words, the 

number of bindings can be identical to the target concentration. Computationally, 

the target molecules are laterally distributed beneath the surface on top of the 

binding layer. For simplicity, the specific detection model is estimated with 

different scenarios, the non-colocalized and the colocalized detection models. 

In the specific detection model, it is assumed that target molecules do not 

prefer the surface as described in Figure 2.3.2. Figure 2.3.2 shows the calculated 

optical signature with various target concentrations. The tendency in the results of 

the non-colocalized detection is similar to the case of non-specific detection. On 

the other hand, the magnitude of optical signature in non-colocalized detection is 

much larger than that of optical signature in non-specific detection, which is due 

to the nature of the surface. Following the evanescent nature, the near-field 

exponentially decays of the surface. Thus, the optical signature is enhanced 

compared to that of non-specific detection. Also, the number of target molecules 

captured by the probe layer is generally larger in specific detection; as the target 

concentration increases, the effective are is enlarged at a faster pace. Hence, the 

stronger near-field and the wider effective area contribute to amplify the optical 

signature in specific detection. 
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Figure 2.3.3 illustrates that CI’s end-point and start-point are hard to 

distinguish and that the CI is narrower than in non-specific and non-colocalized 

detection. For the case where the targets are ϕ = 25 nm and the concentration is 

E11, an optical signature ranges from OI = 1.5206 to 1.537 with an average of 

1.5288 and the uncertainty is 1.1% in RCI. The RCI for this case is shown in 

Table 2.1 for the detection models. It is confirmed RCI decreases with the order 

from non-specific, non-colocalized, and to colocalized detection models. The 

lowest uncertainty in the colocalized detection is achieved by limiting the freedom 

of where target molecules are located. In other words, the distributable dimension 

is relatively reduced from 3-dimension in non-specific detection and 2-dimension 

in non-colocalized detection to 1-dimension in colocalized detection. Thus, the CI 

is minimum and the value of optical signatures is maximum in colocalized 

detection. Also, RCI slightly changes with target size. 

 

Table 2.1 RCI at 95% CL for concentration and 2.03E11 selected as the 

target concentration that produces normalized OI = 0.001 in non-specific 

detection with target size of 25nm 

Target 
concentration 

Non-specific Non-colocalized Colocalized 

9E 7.5023 0.7706 0.1170 
10E 2.3723 0.2436 0.03695 
11E 0.7118 0.07259 0.01078 

2.03 x 11E 0.4963 0.05061 0.007514 
12E 0.2372 0.02443 0.003717 
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In summary, colocalized detection enhances the optical signatures,  

detection uncertainty related sensitivity, and LOD, compared to other detection 

models, based on the probabilistic interpretation which are results obtained by the 

traditional methods. 
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3.5 Discussion 

Researchers in the field of biosensors are interested in whether a single molecule 

may be detected by their systems. In this chapter, plasmonic detection has been 

discussed with the probabilistic approach. Whether a nanoisland-based SPR 

sensor is able to detect a single molecule using colocalized detection was studied; 

the results indicate that the capacity of detectable binding is lower than fg/mm2
. If 

a molecule weights 100 kDa and the size of the localized field is 1 mm2
, the LOD 

would be a few hundred molecules under the best conditions. This implies that it 

is quite challenging to detect a single molecule with nanoisland based on 

colocalized detection. Nevertheless, OI conceptually signifies that colocalization 

is able to further enhance LOD by optimizing the size of the target molecule and 

localizing the strong near-field over the total field of detection.  

Colocalized detection produces the highest optical signature and the lowest 

uncertainty compared to the other detection models. However, there is a tradeoff 

because, despite the advantages of colocalized detection, it takes an additional 

experimental process to demonstrate colocalization. For sensing that requires 

moderate detection characteristics, non-specific and non-colocalization can be an 

alternative solution. 
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Chapter 3  

Conclusions  

Surface-enhanced SPR biosensors’ detection characteristics based on a 

probabilistic model are researched. The randomness arising from near field 

distribution of being produced by nanoisland increases to the need for 

probabilistic approach. Non-specific, non-colocalized and colocalized detection 

models were considered and calculated their detection characteristics. The 

tendency of calculated OI shows proportional increase with target concentration. 

It follows the previous research based on EMT. However the effect of target 

concentration on uncertainty of SPR signal represented by normalized OI is 

limited than that of target size. In other words, the CI is less affected by target 

concentration than target size. Detection characteristics represented by the CI and 

the amplitude of normalized OI were the optimum in colocalized detection. Based 

on the probabilistic models, LOD of colocalized detection model was enhanced by 

more 4 orders than that of non-specific detection model. 
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국문요약 

표면 플라즈몬 공명 바이오 센서의 검출 특성에 관한 확률적 

추정과 플라즈몬 식각을 이용한 동시국소화 구현 

 

표면 향상 표면 플라즈몬 공명 바이오 센서의 검출 특성이 

연구되었다. 나노섬 구조에서 만들어지는 근접장 패턴은 무작위적으로 

분포하기 때문에 확률적 해석의 접근을 요한다. 검출 특성 분석을 위해 

확률적으로 해석된 비선택적, 비동시국소화 그리고 동시국소화 검출 

모형에서 중첩 적분을 계산하였다. 공통적으로 나타난 특징으로, 중첩 

적분 크기는 표적 분자 농도에 비례하며 증가하는 경향을 보였고 표적 

분자 크기의 영향도 컸다. 한편, 센싱 신호의 신뢰성은 표적 분자 

크기의 영향보다 표적 분자 농도의 영향을 받았다. 동시국소화 모형은 

가장 큰 값의 중첩 적분과 가장 신뢰할 만한 신뢰성을 보여주었다. 

비선택적 모형과 비교 시, 동시국소화 모형은 검출 한계를 10000 배 

향상 시킬 수 있는 것으로 계산되었다. 
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