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Abstract: An implementation of plasmon resonances in nanocomposite thin films for biosensors is discussed. The effect is 

studied in the system of modified Au inclusions inside the Teflon matrix. The optical response of the nanocomposite thin film 

with inhomogeneous distribution of embedded coated Au spherical nanoparticles across the film thickness is analyzed. The 

absorption profiles are calculated in a case of light incidence normally to the film surface. Their dependences on volume fractions 

and spatial distributions of inclusion nanoparticles across the film thickness are discussed for some values of the film thickness. 

The obtained absorption profiles depending on the characteristics of the shell of nanoinclusions allow proposing the optical 

control method for the biospecific reactions at the surface of modified nanoinclusions. 
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1. Introduction 

The development of life science leads to its becoming more 

and more interdisciplinary [1–8]. Nowadays, it is already no 

surprise that a paper devoted to physical or chemical aspects 

of diagnostics and treatment is published in a medical journal 

[9], or a paper published in a physical journal deals with the 

electron properties of DNA systems [10–13] or the physical 

aspects of virology [6, 7]. The modern medicine often applies 

physical methods to diagnostics and treatment of diseases. For 

instance, the effect of surface plasmon resonance (SPR) 

[14–16] is widely and successfully applied to diagnostics of 

some diseases and detecting some molecules or viruses 

[17–22], study of biological and biochemical processes 

[23–25], whereas weak electromagnetic radiation in the 

radio-frequency range has been used for decades as one of the 

methods to treat a considerable number of diseases. Besides, 

comparing to other methods of diagnostics, the SPR 

biosensing allows label-free, high-sensitivity, real-time 

analysis and flexible system design [19].  

The nanocomposite and nanostructured surfaces can be 

used for optical sensing of biological liquids and control in 

situ of biospecific interactions. SPR biosensor technology has 

made substantial advances in terms of both sensor hardware 

and biospecific coatings. SPR biosensors have been applied 

for the detection of a variety of chemical and biological 

analytes. The performance of SPR biosensor technology is 

continuing to evolve. The advanced SPR sensor platforms are 

combining with novel biospecific surfaces with high 

resistance to the nonspecific binding. The robust SPR 

biosensors will be enabling rapid, sensitive, and specific 

detection of chemical and biological analytes in complex 

samples. These biosensors will be useful in numerous 

important sectors such as medical diagnostics, environmental 

monitoring, and food safety. 

SPR biosensors have become a central tool for 

characterizing and quantifying biomolecular interactions. The 

papers [16, 26, 27] review advances in SPR sensor 

technology and its applications. Main application areas are 

outlined and examples of applications of SPR sensor 

technology are presented. The review [27] focuses on SPR 

sensors employing conventional (unlocalized) surface 

plasmons propagating along planar structures and their 

applications for detection of chemical and biological species. 

Note that in literature the term "Surface Plasmon 

Resonance" is widely used both for the case of excitation of 

surface plasmon waves propagating along the metal surface 

and for plasmon excitation localized at the nanoparticle. We 

assume that the usage of the term "surface plasmon 

resonance" (as "surface plasmon") for plasmon excitation 

localized at the nanoparticle is not correct. We will refer to 

these phenomena as "plasmon resonances" or "localized 

plasmon resonances". 

We use the term "plasmon resonance" in a wide sense. 

Consider the linear response ( , )ij ωΧ R  of the system to the 

external field (effective susceptibility [28]). To calculate the 
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local field ( , )iE ωR  at any point R of the system under 

consideration one should consider the integral 

2 (ext )
( / ) ( , , ) ( , ) ( , ),

p
ij jl l

V
c d G Eω ω ω ω′ ′ ′ ′− Χ∫ R R R R R   (1) 

where ( , , )ijG ω′R R  is the electrodynamic Green function 

of the medium in which the nanoparticles are embedded, 
(ext ) ( , )lE ωR  is the external long-range field, ω is the 

frequency of incident external electromagnetic field and c is 

the light velocity. The integration is over the volume of 

particle/particles of the system. Because ( , )ij ωΧ R  depends 

on frequency, shape of the particle/particles, and a 

configuration (relative position of the particles), one can 

consider three kinds of resonances when the absolute value of 

( , )ij ωΧ R  strongly increases. First, the induced polarization 

inside the system is resonantly enhanced at the frequency 

where the absolute value of the denominator of ( , )ij ωΧ R  

shows a minimum, limited by the imaginary part of ( , )ij ωΧ R  

describing damping. The resonance frequency is given by the 

condition that the real part of the denominator vanishes. 

Herewith the local field is enhanced and the plasmon 

resonance arises. Second, when at certain frequency the shape 

of particle(s) causes the occurrence of spatial regions where 

the local field is strongly enhanced, there is a local field 

enhancement effect. Third, when at certain frequency and 

given shapes of the particles, a relative disposition of the 

particles causes the occurrence of small spatial regions of 

enhanced local field, the hot spots effect arises which is 

reflection of so-called configurational resonance. All these 

effects have a resonant nature and are reflected in the 

properties of denominator of the ( , )ij ωΧ R . 

2. Application of Localized Plasmon 

Resonance in Biosensors 

Nanocomposite films can be considered as the systems 

with plasmon resonances. In such systems it can be observed 

several types of plasmon resonances. Firstly, there are 

conditions under which the surface (waveguide) modes can 

propagate along the film. Secondly, the localized at the 

inclusion particles plasmons can be excited too. Both of the 

excitation types can be used for sensing. In this chapter we 

will consider the second type of plasmon excitations – the 

localized plasmons.  

Multifunctional nanocomposites that combine therapeutic, 

diagnostic, and sensing modalities in a single nanostructure 

are widely used in theranostics. For example, functionalized 

gold nanoparticles (GNPs) with controlled geometrical and 

optical properties are the subject of intensive studies and 

biomedical applications, including genomics, biosensorics, 

immunoassays, clinical chemistry, laser phototherapy of 

cancer cells and tumors, the targeted delivery of drugs, DNA 

and antigens, optical bioimaging and the monitoring of cells 

and tissues with the use of state-of-the-art detection systems. 

The unique optical properties of GNPs are related to localized 

plasmonic excitations in metal nanostructures [29] interacting 

with light. These excitations result in resonance-enhanced 

local fields and, accordingly, in enhanced optical phenomena. 

The theoretical and experimental studies of the optical 

properties of metal particles with plasmon resonances are 

presented, for example, in [29, 30]. Metal spheres, nanorods, 

spherical and elliptic metal nanoshells are considered. The 

tuning of plasmon resonances of nanoparticles by varying 

their size, shape, structure, and dielectric environment as well 

as modern trends in biomedical applications of nanoparticles 

with plasmon resonances are discussed. 

3. Linear Response of Thin 

Nanocomposite Film 

The modern technologies allow obtaining the 

nanocomposite films with inhomogeneous distribution of 

inclusions along the film thickness. We consider 

nanocomposite film at the dielectric substrate with dielectric 

constant εs (Fig. 1). The identical inclusion particles are 

supposed to be distributed inhomogeneously along the film 

thickness and homogeneously in the film plane. 
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–d/2 

d/2 
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Figure 1. Sketch of the thin film with inhomogeneously along the thickness 

distributed inclusions. 

The effective medium theory can successfully describe the 

properties of most types of nanocomposites. However, a direct 

usage of the effective dielectric function of nanocomposite 

encounters some difficulties within the effective medium 

theory studying the optical properties of nanocomposite thin 

films. The problem is that the characteristic length of 

averaging can be comparable to the film thickness, leading to 

inability of accounting for the local field inhomogeneities in 

the film. This means that it is necessary to develop the 

effective method for calculation of the optical response of the 

entire film as a whole. The self-consistency can be a method of 

taking into account the local field inhomogeneity. Such a 

self-consistent method of effective optical response 

calculation of the film is proposed in [31]. 

The starting point is the Lippmann-Schwinger equation of 

self-consistency [28] averaged over the N inclusion particles 

positions  
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where 
(0) ( , )iE ωR  is the background (relative to inclusion 

particles) electric field, 0 / ,k cω=  
(2)

( , , )ijG ω′R R  is the 

electrodynamic Green function (the photon propagator), 

describing the electromagnetic field propagation inside the 

three layer planar structure with perfect interfaces [32], where 

both the observation point and the source point are located 

inside the three-layer system without inclusions. 
( )

( )
p

jl ωΧ  is 

the linear response of the inclusion particle to the local field. 

The field ( , )iE ωR  in the left and right hand sides of (2) is the 

local self-consistent field defined at any point inside the 

system under consideration. Note that using 
( )

( )
p

jl ωΧ in (2) 

means that the ( , )iE ωR  is supposed as local field relative to 

the nanocomposite film but external field relative to a single 

nanoparticle. Other words, it was supposed that intraparticle 

interactions ("1" in Fig.2)) are taken into account by choosing 

particle susceptibility 
( )

( )
p

jl ωΧ , but interparticle interactions 

("2" in Fig.2)) form the local field in (2). 

 

Figure 2. The sketch of contribution of self-action fields via the matrix (1) and 

via interactions with other particles (2). 

The inclusion particles are assumed to be located at the 

average distances of order or more than linear dimensions of 

the particles from each other. As it was shown in [33], in this 

case, the particles are polarized like non-point particles with a 

shape but interacting as point-like objects. In this case, the 

equation (2) for self-consistent field has a form:  

( )(0) 2

0

/ 2 ( )
(2) ( )

1/ 2

( , , ) ( , , )

( , , , ) ( ) ( , , )

i i

d N z
p

ij a jl l a

ad S

E z E z k d

dz G z z E z

ω ω

ω ω ω
′

=−

= −

′ ′ ′× − Χ∑∫

r r

r r rɶ
 (3) 

Here,
( ) ( )

( ) ( )
p p

jl a jlVω ωΧ = Χɶ  is the polarizability of inclusion 

particle, aV  is a volume of particle, and S is the area of the 

film surface. To differ the in-plane and out-of-plane 

coordinates, the following notations are used for radius vector 

( , )z=R r . Notation 

( )
( )

1

... (1/ ) (...)
N z

N z

aS
a S

S d
=

= ∏ ∫ r            (4) 

means averaging over the positions of inclusion particles, 

assuming that N(z) inclusion particles are distributed 

homogeneously over the film plane at any fixed coordinate z . 

This averaging implies that spatial distribution of a given 

particle is independent on locations of the other particles. In 

this connection, we should take into account nonpointness of 

the particles, which should be reflected in a constraint on the 

particle concentration. Namely, the volume fraction of the 

inclusion particles inside the nanocomposite should not 

exceed the volume V of the entire system, namely, Np Va < V. 

Note that the in-plane averaging is depended on the plane in 

which the averaging is performed. Then, number of the 

particles in zth layer is the function of z, and the function 

N(z)/S is in fact the distribution function of inclusions. 

The problem of finding the local field at any point inside the 

system and calculating the optical response to the external 

field is very similar to the calculation of the effective 

susceptibility for nanosystems considered in [31]. 

The averaging over the inclusion particles distribution of (3) 

gives the Fourier transform (in the plane of the film surface) of 

self-consistent local field in the system under consideration in 

the form (see details of the calculations in [31])  

(ext )

|| || ||( , , ) ( , , ) ( , , )i ij jE z z E zω ω ω= Ξk k k       (5) 

with the "effective" local field factor playing a role of 

"effective" dielectric function of nanocomposite thin film  

( ) (0)

|| || ||( , , ) ( , , ) ( , , )
f

ij il ljz z L zω ω ωΞ = Χk k k     (6) 

the effective susceptibility of the film  

1
/ 22

( ) (2) ( )0
||

/ 2

( ) ( , , , ) ( )

d

f p

il li a lq qi

d

k
n z V dz G z z

d
δ ω ω

−

−

 
′ ′Χ = + Χ 

 
∫ k  (7) 

and the local field factor  

1(0) (2,1)

|| || ||( , , ) ( , , , ) ( , , , )ij il jlL z G z z D z zω ω ω
−

′ ′ =  k k k   (8) 

where 
(ext )

||( , , )jE z ωk  is the Fourier transform of the external 

(with respect to the entire system) electric field, 
(2,1)

||( , , , )ijG z z ω′k  is the Green function [32] describing the 

field at the cross-section z (inside the film / 2 / 2d z d− ≤ ≤ ) 

induced by the source point located at cross-section z′  in the 

substrate / 2z d′ < −  (see Fig. 1), and ||( , , , )jlD z z ω′k  is the 

complete bulk response function [32]. ( ) ( ) /n z N z S= . Here 

and hereafter, the element of the inverse of a matrix ( )1

ij
A−

 is 

denoted by 
1

jiA
−

   . Note that the film is irradiated from the 

side of substrate unlike [34], where the irradiation was carried 

out from the side of the environment.  
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4. Optical Absorption by Thin 

Nanocomposite Film with Different 

Distributions of Inclusions along Film 

Thickness 

To analyze the optical absorption by nanocomposite film, 

one should write the dissipative function of a system. To 

simplify the problem, we can suppose that the probing beam is 

monochromatic, linear polarized and directed normally to the 

surface of a film (the wave vector ||k  equals to zero). The 

dissipative function having the sense of averaged energy 

absorbed by the unit volume of the system per time unit is the 

cycle-averaged Joule heating in the case under consideration 

written as 

/ 2

* *

/ 2

1
( ) ( , ) ( , ) ( , ) ( , )

4

d

i i i i

d

Q dz E z J z E z J z
d

ω ω ω ω ω
−

 = + ∫  (9) 

Here, ( , )iE z ω  and ( , )iJ z ω  are the local field and local 

current inside the film, respectively. Taking into account  

( )

0( , ) ( ) ( ) ( , )
p

i ij jJ z i f z E zω ωε ω ω= − Χ       (10) 

with the absorbing volume fraction of inclusions in the film 

per unit area of cross-section z as ( ) ( ) /af z n z V d= , and 

neglecting the absorption in matrix, one can write dissipation 

function in the form 

/ 2
22( ) (ex )0

, / 2

( ) Im ( ) ( ) ( , )
2

d

p t

il l

i l d

Q dz f z z E
d

ωεω ω ω
−

= Χ Ξ∑ ∫  (11) 

Here, ||( , ) ( 0, , )ij ijz zω ωΞ = Ξ =k  and for symmetrical 

spherical particles 
( ) ( )

( ) ( )
p p

ij ijω ω δΧ = Χ . 

Using Cartesian coordinate system where incidence plane 

coincides with the xz plane and film plane coincides with the 

xy plane of coordinate system, and taking into account an 

assumption that incident beam is directed normally to the 

surface of the film, we can see from [32] that only one 

component (the yy-component) of the Green function has to be 

taken into account. 

The absorption profile can be written as  

2

0

( )
( ) ,

( )
ext

y

Q
I

E

ωω
ε ω

= ℏ

             (12) 

/ 2
2( )

/ 2

( ) Im ( ) ( , ) .
2

d

p

yy

d

I dz f z z
d

ωω ω
−

= Χ Ξ∫
ℏ

    (13) 

For discussion of the plasmonic resonances of coated 

spheres, we consider the extension of Mie’s theory on a sphere 

(core radius 1a ) coated with one shell of different thickness in 

the Rayleigh approximation, so that only the TM dipole mode 

contributes to the absorption [29]. In this case, the effective 

susceptibility for single spherical particle with shell is found 

[35] to be as 

( ) 3 2 1 2 1 1 2 2
2

2 1 2 1 2 1 2

( )( 2 ) ( )( 2 )
4

( 2 )( 2 ) (2 2 )( )

p m m

m m

f
a

f

ε ε ε ε ε ε ε επ
ε ε ε ε ε ε ε ε

− + + − +Χ =
+ + + − − (14) 

Here, mε  is the dielectric constant of the matrix, 1ε  and 

2ε  are the dielectric constants of a spherical particle of radius 

1a  and the shell, respectively. The radius of a spherical 

particle with a shell is 2a . 

3 3

1 1 2 .f a a=                     (15) 

By use of (13) with (14), (15) and (6)–(8) we calculate the 

absorption profiles of nanocomposite films with embedded 

GNPs with shell in Teflon matrix with εm=1.27. The 

experimental values of optical constants of Au are derived 

from [36]. 

The absorption profiles have been numerically calculated 

for 300-nm-thickness nanocomposite films with three 

different distributions of identical inclusions across thickness 

inside the different film: 

Inclusion particles are distributed homogeneously across 

the film thickness and layer concentration of inclusion 

particles is constant 

0 0( ) const, 1 2 1 2.n z n z d= = − ≤ ≤      (16) 

The layer concentration of inclusion particles is linear 

dependent on coordinate z: 

( )1 0( ) 1 2 , 1 2 1 2,n z n z d z d= + − ≤ ≤    (17) 

here, the concentration of inclusion particles is minimal at the 

irradiated surface z=−d/2; and 

( )2 0( ) 1 2 , 1 2 1 2,n z n z d z d= − − ≤ ≤    (18) 

here, the concentration of inclusion particles is maximal at the 

irradiated surface z=−d/2. 

5. Nanocomposite Films in Sensorics 

The electrodynamic interaction between elementary 

excitations inside the inclusions and an electromagnetic field 

leads to hybridized states. The excitations of these states are 

called plasmon resonances. Localized plasmons play an 

essential role in the absorption profiles formation. Numerous 

important applications of localized plasmons resonance 

phenomenon were demonstrated in recent years. For example, 

the absorbance of gold colloids is sensitive to the refractive 

index of the surrounding solvent [37]. Several experimental 

works related to influence of nanoparticle (NP) systems 

parameters (e.g. shape, size and spacing) on their extinction 

properties [38-40]. It means that modified nanoparticles inside 

the matrix, through which the biomolecules are able to pass, 

can play a role of sensitive device for sensing both the 

biomolecules concentration in the bioliquid and biospecific 

interactions (interaction antigen-antibody type [41]). Indeed, 

let imagine that the nanoparticles embedded in a thin film of 
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wadding type are modified with the pairs of immunoglobuline 

IgG-protein G. Then each of the inclusion particles can be 

considered as the coated metal particle with biomolecular 

layer (Fig. 3). When this nanocomposite thin film puts into in 

specific bioliquid, due to the wadding type of its matrix the 

biospecific interaction can occur, the anti-Ig molecules can 

accede to suitable parts of molecules Ig. As a result, the 

characteristics of nanoparticle shell will be changed; at least, 

its thickness will be increased that in its turn should influence 

the optical properties of entire nanocomposite film. 

Note that molecules of IgG have rather large linear 

dimensions (its length is about 20 nm). Then, to use the local 

plasmon resonance for sensing, one needs to provide the 

molecules transportation from external solution to the 

nanoparticles inside the film-matrix. It means that the matrix 

should be fabricated from a fibrous material. Fortunately, the 

Teflon film fabricated with vacuum deposition often has a 

structure of fibrous material [42]. The average distances 

between the Teflon fibers are about 100 nm. Then, there is a 

possibility for the rather large bio-molecules to penetrate 

inside the film. 

 

Gold 

nanoparticle 

protein G 

IgG 
anti-IgG 

 

Figure 3. Sketch of modified nanoparticle (left) which is covered by 

anti-immunoglobuline (right). 

In nanocomposite film the plasmon resonant frequency 

failed to be defined by poles of effective susceptibility. To find 

this frequency, the dissipative function of entire 

nanocomposite system should be analyzed. 

A shell on metal NP should modify the optical properties of 

the nanocomposite. To find an effect of the shell we have 

calculated the dissipative function of film with modified NP. 

Pronounced peaks in obtained absorption profiles are 

obviously caused by plasmon excitations. 

 

Figure 4. The changing of absorption profile of nanocomposite thin (300 nm) 

film when layer of anti-IgG binds to the surface of inclusion. Curve 1 

corresponds to initial modified inclusions; curve 2 corresponds to the film 

treated with solution of anti-IgG (f = 0.001). (Curves 1' and 2' correspond to 

lower gold volume fraction, f = 0.0005). 

We calculated the absorption profiles for nanocomposite 

300-nm-thickness film with embedded gold spheres of 8-nm 

radius, modified by molecular layer of rather big molecules 

(e.g. IgG-proteinG complexes) having 27-nm dimension. We 

took into account the absorption only by gold fraction of 

nanoparticles neglecting absorption in shells and matrix. After 

binding of molecules anti-IgG to the NP surface the shell 

thickness becomes 54 nm. Then, the absorption profiles 

should be changed as one can see in Fig. 4. As shown, the 

biospecific interaction leads to absorption profile changing. 

The changing is increased while increasing the inclusions 

concentration. Note the increasing of shell thickness leads to 

decreasing of absorption peak in a case of thick shell relative 

to NP core and no absorbing shells. 

 

Figure 5. The changing of absorption profile of nanocomposite thin film when 

layer of "small" molecules binds to the surface of inclusion. Curve 1 

corresponds to initial modified inclusions; curve 2 corresponds to the film 

treated with solution of "small" complementary molecules (f = 0.03). (Curves 

1' and 2' correspond to lower gold volume fraction f = 0.02). 

Because the complementary interactions can be also 

observed for pairs of rather small molecules [43], the similar 

calculations were performed for the case of "small" molecular 

shells. The absorption profiles are calculated for 

nanocomposite 300-nm-thickness film with embedded gold 

spheres of 8-nm radius, modified by molecular layer of small 

molecules having 5-nm dimension. After binding of 

complementary molecules to the NP surface the shell 

thickness becomes 10 nm. Then, the absorption profiles 

should be changed as one can see in Fig. 5. Unlike the 

previous case (shown in Fig. 4), the increasing of shell 

thickness leads to increasing of absorption peak even in the 

case of no absorbing shells. By observing the corresponding 

absorption profile change one can also detect whether the 

bio-specific reaction occurred. 

The dependencies of the absorption profile for the 

nanocomposite thin film on the thickness of shell of modified 

GNPs and on distribution of inclusions across thickness of 

film are analyzed. The absorption profiles for three values of 

the film thickness are presented in Fig. 6. Note that in visible 

range the average absorption of 100-nm-thickness film is 

larger comparing to 200-nm-thickness and 300-nm-thickness 

films with the same average volume fraction of the same 

embedded modified nanospheres. 
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We have also calculated the influence of the distribution of 

gold spheres of 8-nm radius, modified by molecular layer of 

rather big molecules (e.g. IgG-proteinG complexes) having 

27-nm dimension, on the absorption profile of nanocomposite 

films. The volume fraction of gold was supposed as f = 0.001. 

The results obtained for three distributions of embedded 

particles (16), (17) and (18) showed that a replacing of the 

homogeneous distribution with the linear one leads to slight 

changing of absorption profile in visible range. Therefore one 

can assume that in visible range the absorption profiles are 

practically independent on the inclusions distribution across 

the film thickness in the case of very small value of volume 

fraction f . 

 

Figure 6. The absorption profile for nanocomposite film treated with solution 

of anti-IgG with homogeneous distribution of embedded particles (f = 0.001) 

for three different thicknesses of the film: Curve 1 (black) corresponds to 100 

nm, curve 2 (red) corresponds to 200 nm, and curve 3 (blue) corresponds to 

300 nm. 

6. Conclusions 

The self-consistent method of calculating the optical 

response is applied to the nanocomposite film with 

inhomogeneous distribution of modified inclusions across the 

film thickness. 

Obtaining of the nanocomposite films with the certain 

distribution of embedded particles across the thickness of the 

film can require additional technological efforts. However, as 

being shown, in the case of the small gold volume fraction in 

the film the changing of absorption profile with change of 

distributions of embedded particles is negligible. This allows 

applying technology of the simplest possible distribution of 

embedded nanoparticles with account for needed averaged 

gold volume fraction in the films. 

The localized plasmon resonance exposed in absorption 

spectra can be used for sensing the change in shell thickness of 

modified gold nanoparticles caused for example by 

biospecific interactions at the surface of nanoinclusions. 

Increase in the nanoparticle shell thickness results in 

absorption profile change. Change trend is obtained in a case 

for no absorbing "big" and "small" molecular shells. Taking 

this into account, one can detect whether biospecific reaction 

took place by observing the corresponding absorption profile 

change. 

Finally, we note that the case of normal incidence of 

probing light has been considered for reasons of simple 

geometry for implementation of biosensor device. Preliminary 

analysis (results are not included in this work) showed that an 

use of the probing light under certain angles to film surface 

can result in strengthened effect of the increase in the shell 

thickness of the embedded particles and thereby enhances the 

sensitivity of the device. 
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