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Abstract 

A theoretical model LS presented for a surface-plasmon-resonance (SPR) bmsensor, used to sense particle-enhanced 
antigen-antibody bmdmg The particles used m this technique, such as colloidal gold, are generally of high optical refractwe 
index We propose a two-dunenslonal fractal-cluster model to study the effect of coalescence of these particles and compare 
our results Hnth those obtamed from the Maxwell-Gamett model This latter model Ignores coalescence and assumes that the 
particles disperse randomly throughout the hndmg layer Our results show that the comparison depends crItically on the 
fractal dunengon, which IS a measure of the clustenng among the particles The conclusion IS that for collcudal gold, clustenng 

among particles wrll likely lead to greater srgnal enhancement, while for other particles, such as polystyrene and titamum 
chomde, the enhancement IS less certam due to then smaller refractive m&es as well as the uncertainty m then fractal 
dimensions In addttlon, our results mdcate that analysis of the SPR signal using the Maxwell-Garnett model could lead to 
an overeshmate of the bmdmg m tins techmque 

K+vo& Blosensors, Particle. enhancement, Surface plasmon resonance 

1. Introduction 

Surface plasmon resonance (SPR) refers to the col- 
lectlve resonant oscdlatlon of the free electrons at a 
metal-dlelectnc mterface While this phenomenon was 
first predicted 111 1957 [l], optical excitation (for flat 
surfaces) of SPR was not possible until the attenuation 
total reflectlon (ATR) techruque was mtroduced by 
Otto [2] and Kretschmann [3] in the late 1960s In the 
ATR approach, the SPR excitation IS manifested as a 
decrease m the reflectance curve for the mtenslty of 
mcldent hght (at the ‘dip angle’) Thrs effect IS usually 
strongest with noble metals such as silver because of 
their relatively small dlsslpatron coefficient (the rma- 
gmary part of the dlelectnc functron) at vlslblekar- 
IR wavelengths Smce then, optical excitation of SPR 
has been apphed to many dtierent areas of surface 
scrence, and m 1983 rt was first apphed to blosensmg 
at the mterface of a noble metal film [4] In most of 
the SPR-based blosensors, the Kretschmann geometry 
1s usually adopted, with a layer of protems (e g , an- 

* Correspondmg author 

tlbodles) lmmobrllzed on the metal film When bmdmg 
occurs between the spectic agents (e g , certam antrgens) 
m the sample and therr lmmobrllzed partners, a change 
m optical propertres 1s mduced m the vlcmlty of the 
metal, and hence a change m the SPR slgnal, which 
1s usually accompamed by an Increase m reflectance 
(A%) of the incident light at an mcrdent angle Just a 
httle less than the ‘dip angle’ The process does not 
require any labelhng and the bmdmg can be momtored 
in real time Furthermore, by calibrating A%, one could 
quantify the concentratron of the bmdmg agent m the 
sample wlthm several mmutes of hme It was known 
from the outset that the sensrtn@ of thus blosensor 
could be very high [4], easdy achlevmg a detectron level 
of nanomolar concentrations for samples of medium 
molecular weight, such as proteins larger than about 
10000 Da 

Since 1983, many groups have started the research 
and development of this SPR blosensor (see, e g , Refs 
[5-lo]), now, detection down to plcomolar concentra- 
trons can be achieved for proteins or nuclerc acrds with 
high molecular weight Both the noble metals gold 
[5,6,10] and sliver [7-91 have been successfully used as 
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the ‘generator’ for the surface plasmon and the problem 
of stabilixation of silver in the presence of the biosamples 
has been overcome [7,8]. Rxperiments covering a large 
range of biological binding pairs have successfully been 
performed; these include, for example, a~di~iotin 
and a-feto prote~~anti~ [S], le~tin/glycoprotein, 
DNA/DNA, DNA/RNA, haptenlantibody, hormone/ 
hormone receptor [7,8], dinitrophenyl/bovine serum al- 
bumin [9] and monoclonal antibody binding to car- 
boxymethylated dextran hydrogel [lo]. 

2. Enhancement of sensttivity 

Aswith any sensor, the optimixation and enhancement 
of the sensitivity are crucial for the SPR biosensor, 
and they have been studied intensively since it was 
first introduced in 1983. Factors affecting the sensitivity 
of the biosensor can conveniently be classified into two 
groups: physical (optical) and biochemical factors. While 
optimization of the properties of the metal film (e.g., 
tilm thickness and smoothness, film material, etc.} and 
those of the prism (e.g., refractive index) certainly 
belongs to the first group, labelling with au enzyme 
serves as an example of the second [7J. Furthermore, 
it has also been reported that increasing, the probe 
light frequency [ll], as well as using impure gold and 
a kind of ‘flow-cell design’ that optimizes mass transport 
[lo], will enhance the sensitivity of such a sensor. In 
addition to the opt~~ation of the different components 
of the biosensor, a powerful technique based on the 
linkage with optically active particles has also been 
proposed [12,13]. In this particle-linkage technique, the 
specific binding agents are bound to certain mesoscopic 
particles before they are introduced into the sensor. 
Thus, when boding occurs between these agents and 
their immobilized partners on the metal film, a larger 
signal will be induced by the presence of these particles 
in the sensing layer (within the evanescent field) near 
the surface of the metal (see Fig. 1). In particular, 
picomolar concentrations of sheep antibodies linked to 
polystyrene beads have been detected [12] and recently, 
enhancement of sensitivity in the detection of antibody 
to porcine growth hormone linked to colloidal gold 
particles has been reported [13]. 

The optimization of this particle-linkage technique 
depends on certain factors, the effects of which are 
determined by the system used (e.g., size and refractive 
index oE the particles, number of binding agents attached 
to each particle, etc.). However, the effect of the 
distribution of the particles is more subtle and highly 
significant. For example, for a fixed concentration of 
particles bound through the attached agent to the 
~obil~ed layer, there are two extremes for the 
particle ~stn~ution over the layer. In one case the 
particles may disperse more or less randomly throughout 

the layer, and in the other case they may coalesce to 
form local clusters. This coalescence may exist already 
in the colloidal solution into which the binding agent 
is introduced to link to the particles, or it may also 
take place at the sensor interface where binding occurs. 
In the first instance, although it is possible for the 
affinity of these ‘agent clusters’ to be reduced, the fact 
that enhanced detection is still observed in experiments 
indicates that this reduction in afhnity is not a problem 
[12,13]. It is the purpose of the present communication 
to present a modefling study of the effect of this 
clustering on the sensit~~ of the biosensor. 

3. Theoretical modelling 

The optical sensor system can be modelled as dis- 
played in Fig. 1. The Kretschmann geometry consists 
of a hemicylindrical prism with a silver film (56 nm) 
deposited on it. The layer of binding pairs is represented 
by a dielectric fihn of refractive index 1.4 and a thickness 
of approbates 10 nm (i.e., approximate values that 
might represent an antibody molecule), The mesoscopic 
particles are assumed to be spherical with radius 4 and 
refractive index n. The buffer layer, which is maiuly 
water (refractive index 1.33), is assumed to have infinite 
extent in the modelling. The light source is taken to 
be a diode laser of 780 nm wavelength and the complex 
refractive index for silver at this wavelength can easily 
be obtained as 0.143+5.12 i from a source book 1141. 

To describe the, optical properties of the particle 
layer (layer 3), we have considered the following two 
models. Our interest here is only in the low-concen- 
tration limit of the binding agent (hence also of the 
particles), with a ~bmonolayer coverage and volume 
fraction for the attached particles much smaller than 
unity. 

4 

3 

Fig. 1. Schematic set-up of the p~ticle-i~n~ge technique for the 
SPR biosensor. Refer to the text for details of the individual layers 
0, 1, 2, 3, 4. 
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3.1. Model A: the Maxwell-Gamett model 

To model the case when the particles are dispersed 
throughout the layer, we use the Maxwell-Garnett (MG) 
model to determine the average dielectric function (~~3) 
of the particle layer. The MG model is an effective 
medium theory that is accurate for small particle con- 
centration. For spherical particles of dielectric function 
~=t?, l 3 can be given in the following form [15]: 

~3’Gl 
3fP ( ) 1+ z-fp (1) 

where E,,, is the dielectric function of the host medium 
for the particles. In our case 

E, = Eq = 1.33= (2) 

In Eq. (1) f is the submonolayer volume fraction and 
can be given by f = c?r/6 for spherical inclusions, where 
c is the percentage coverage; p in Eq. (1) is sometimes 
called the depolarizing field factor. We thus have, for 
spherical particles [15], 

E-E, p= - 
E+2E, 

3.2. Model B: the two-dimensional fiactal cluster model 

For the other extreme when the particles coalesce 
to form local clusters, we have adopted the differential 
effective medium formalism of Hui and Stroud for the 
optical properties of fractal clusters [16]. Despite the 
simplicity of this model, it has been found that the 
results obtained from this model agree quite well with 
those from a more accurate computer-simulation ap- 
proach [17]. To be applicable to our present situation 
of a particle layer in a biosensor, the original version 
of the fractal-cluster (FC) model must be varied a little. 
Instead of forming three-dimensional (3D) fractal clus- 
ters as in Ref. [16], mainly two-dimensional (2D) clusters 
are formed here when the particles coalesce on top 
of the immobilized protein layer. Following Ref. [16] 
closely, we assume at a certain instant during the 
formation of the 2D (cylindrical) chister that the size 
has grown to a radius R (thickness 2a), the dielectric 
function of which is E(R). Then, for an infinitesimal 
increment in the size of the cluster, one can apply the 
effective medium theory to obtain [16] 

fc’@) G,, - @I 
E(R + dR) = dR) - 2 fG(R) dRE(R) E, + l ) (4) 

where f,‘(R) = dfJdR with fc being the volume fraction 
of the particle in the cluster. For a 2D FC, we have 

/ *\+-2 
f,(R)= ; 

0 
(5) 

with df ( < 2) being the fractal dimension of the cluster. 
Hence one can obtain a differential equation involving 
E(R) from Eq_ (4) which, on integration, yields the 
following algebraic equation for E(R): 

e(R) E,,,- e(u) * -- 
c(a) [ 1 E,,, - @) 

= K(R)1 -= (6) 

This result closely resembles that for the 3D cluster 
given in Ref. 16. Note that e(u)=~ and is simply the 
dielectric function of the particles. Solving Eq. (6) as 
a quadratic equation for E(R) and ignoring the solution 
that is less than unity, one can obtain a unique result 
for the dielectric function of olte cluster of the spherical 
particles when they coalesce. In the case when both 
roots turn out to be greater than one, the one lying 
between E and E,,, should be chosen. We have to remark 
that the particles we study here are to a large extent 
non-dissipative, so that they all have a real dielectric 
function or the real part is far greater than the imaginary 
part in their dielectric functions. Even for the case of 
colloidal gold (see below), we expect the optical prop- 
erties to be quite different from those of bulk metallic 
gold due to the presence of the dispersing medium 
[12]. In the case of particles with complex dielectric 
functions, the criteria of choosing the unique solution 
from Eq. (6) will be different and will depend on the 
sign of the imaginary part of the roots [16]. The ultimate 
dielectric function for the whole layer of particles when 
they coalesce to form local fractal clusters is obtained 
by another application of the effective medium (MG) 
theory to a collection of these W clusters, as indicated 
briefly below. 

Let fv be the volume fraction of these 2D clusters 
in the layer. Then, obviously, we have f =fvfc. With this, 
the average dielectric function for layer 3 (the particle 
layer) in the particle clustering case can then be given 

by 

.=,( 1+ $1 (7) 

where l ,,, is as in Eq. (2) and #$ is the depolarizing 
field factor of the 2D cluster: 

Note that the factor two appears in Eq. (7) as compared 
to the factor three in Eq. (1). This occurs because the 
clusters are now cylindrical in shape in the 2D case. 

With the dielectric function ~~ described by either 
of these two models and those functions for the other 
four layers (0 = glass, 1 = silver, 2 = protein and 4 = buffer 
(water)) being known, one can calculate the SPR re- 
sponse (i.e., the reflectance (St) curve) using the usual 
formulation from Fresnel optics [18]. 
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4. Results and discussion 

We have used both Eq. (1) and Eq. (7) to study the 
effect on the SPR signal when the linked particles 
disperse uniformly throughout the binding layer and 
when they coalesce to form clusters, respectively. We 
have taken colloidal gold as an example for the linked 
particles [13]. It has been established that colloidal 
gold in solution does coalesce to show fractal-clustering 
behaviour [19], and for a 2D cluster the dimension df 
is approximately given by 1.45 [17]. The refractive index 
for colloidal gold is taken to be 4.86 [12] and is different 
from that for bulk metallic gold [14]. Fig. 2 shows the 
calculation of !X versus incident angle for this case. 
Tbe cluster size is taken as R= 1Oa and the size of 
the particle is taken as a= 10 mn [19]. The broken 
curve shows the signal without linking the binding agent 
to any of the particles. The dash-double dotted curves 
show the shifted reflectance curves for different mono- 
layer coverage (c) of particles in the case with no 
clustering (i.e., Eq. (1) for es). The solid curves, on 
the other hand, are results for the corresponding values 
of c when the particles form local fractal clusters (i.e., 
Eq. (7) for +)_ It is obvious from the results that 
coalescence among the particles will definitely lead to 
a larger enhancement in the SPR signal for the biosensor. 
Furthermore, it can be seen that the enhancement 
becomes more signitlcant (relative to the particle dis- 
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Fig. 2. Curves for SPR reflectance vs. incident angle of the probe 
tight for colloidal gold as the particles linked to the specific binding 
agents. The broken curve is for binding without any labelling of 
particles. The dash-double dotted and solid cmves are results with 
particle linkage when the particles disperse and when they coalesce 
to form fractal clusters, respectively. Curves shift to larger resonant 
angles in order of higher monolayer coverage: c=O.O5, 0.10, 0.15, 
0.20, 0.25. 

persing case) when the coverage increases in value. 
This result implies that if one applies the MG model 
to calibrate the SPR signal obtained in this particle- 
linkage technique, an overestimate of the concentration 
of the particles (hence the biosamples) can result, owing 
to the clustering of these particles. Fig. 3 shows a plot 
of this possible overestimate versus the true concen- 
tration (c) of the particles obtained from analysing the 
results in Fig. 2. Tbe y-axis represents the quantity 
(c’-c)/c where c’ is the value needed for particle coverage 
in the MG model that will produce the same ‘shift’ in 
the SPR curve as in the FC model with a concentration 
c for the particles. It is seen that the ‘relative over- 
estimate’ can be as high as 50% in this case and the 
variation with c is almost linear. Although the result 
in Fig. 3 is specific to the many parameters fixed in 
the modelling that leads to the results obtained in Fig. 
2, we expect the qualitative feature of Fig. 3 to have 
some general validity. 

We have also studied the effect of different cluster 
sixes ranging from R/u = 5 to ZUu = 50. Here we compare 
the SPR signals for different cluster radii (R) with all 
other parameters fixed. We found that the computed 
reflectance curves, apart from some very minor shifts 
in dip position and magnitude, are to a large extent 
very insensitive to R in our model. On the other hand, 
this signal enhancement due to the clustering of gold 
particles is very sensitive to the fractal dimension (dd, 
i.e., to a certain extent the ‘degree of clustering’ in 
our modelling. Fig. 4 illustrates this point by comparing 
the MG modelling result with the FC results (for 
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Fig. 3. Illustration of possible relativeoverestimate in theconcentration 
of the colloidal gold particles as a function of particle coverage. The 
overestimates arise from ignoring the clustering behaviour and ap- 
plying the MG model to analyse the SPR signal. AU parameters in 
the models are as fixed in Fig. 2. 
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Fig. 4. Same as in Fig. 2, except that e is fzxed at O,lO and dt is 
varied for the range of values 1.2, 1.4, 1.6, 1.8, 20 for the FC 
modelhg. Note that the SPR curyes &ii to lower dip angles as do 
increases. The corresponding MO result is slmwn in dash-double 
dotted lines and the result with no particles is not shown. 

colloidal gold particles) for different vafues of dr at a 
fixed coverage c=O.l. It is seen that the FC curves 
start to have their minima shifted back towards smaller 
incident angles as dr increases from 1.2 to 2.0. Above 
a certain critical value for di (in this case about 1.8), 
the FC result will lead to a smaller shift in the SPR 
cmve compared to the MG case when binding occurs 
(note that the curve without any particle linkage is not 
shown here and is the same broken curve in Pig. 2). 
Nevertheless, the clustering enhancement for the case 
of colloidal gold is very likely, since df in this case is 
known to be close to 1.45. We have also modelled the 
case when polystyrene beads and titanium dioxide are 
used as the mesoscopic particles. For the latter case, 
Fig. 5 shows that the FC enhancement will exist if dt 
for these particles is not greater than about 1.7 {ass~ng 
the particles do form local clusters). For the case with 
polystyrene beads, FC enhancement is not found for 
any value of d,> 1. Hence we conclude that this particie- 
linkage technique will definitely lead to enhanced sen- 
sitivity in the SPR biosensor. To optimize this en- 
hancement, one should try to use particles with large 
refractive indices and preferably, at least in the case 
of colloidal gold, the particles should tend to coalesce 
on top of the binding layer rather than aspersing 
themselves through the layer. In general, the technique 
must be carefully optimized and controlled in order to 
achieve greater se~it~ties. In pa~icular, without know- 
ing the details of the d~tribution of the particles on 
the binding layer, one must calibrate the results for 
the sample concentration carefully by being aware of 
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Fig. 5. Same as in Fig. 4, except the results are for TiO, particles 
with refractive index equal to 2.9 [X2], diameter equal to 50 ~1 and 
c fixed at 0.25. 

the possiile effects due to clustering of the particles. 
~thou~ previous extents [12,13] have indeed 
eonfirmed the capability of enhancing the SPR biosensor 
sensitivity using this particle-linkage technique, as far 
as we are aware, a detailed quantitative experiment 
studying the various effects (essay that from the 
~s~bution of the particles) has yet to be carried out. 
We hope that our present modelling work will stimulate 
experimentalists to engage in more detailed study of 
this technique in the future. 
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Chiuese University of Hong Kong and the support of 
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