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Abstract 

The diffusion-limited binding kinetics of antigen-antibody, Iigand-receptor, analyte-receptorless systems for biosensor 
applications is analyzed within a fractal framework. The analysis presented applies equally well to these types of systems. 
For example, for the binding of 2-c p-toluidinyl)-naphthalene-6-sulfonic acid (2,6-TNS) to P-cyclodextrin (ligand-receptor 
system) immobilized on a fiber-optic base inclusate biosensor, an increase in temperature from 4 to 30°C leads to an increase 
in the fractal dimension, D, and to a decrease in the binding rate coefficient, k,. For the binding of TRITC-labeled 
low-density proteins (LDL) directly to an optical fiber-based sensor (analyte-receptorless system), an increase in the LDL 
concentration from 5 to 50 kg ml -’ in solution leads to a decrease in the fractal dimension, D, and to an increase in the 
binding rate coefficient, k,. Also, during the binding of human chorionic gonadotropin (hCG) to anti-hCG antibody 
immobilized on a HPLC column (antigen-antibody system), an increase in temperature from 4 to 50°C leads to an increase 
in the fractal dimension, D, and in the binding rate coefficient, k,. The different examples analyzed and presented together 
for the three different types of systems provide one means of a ‘unified analysis,’ and a method by which the forward 
binding rate coefficient, k, may be controlled, that is, by changing the fractal dimension or ‘disorder’ on the surface. The 
analysis should assist in improving the stability, sensitivity, and response time of biosensors wherein different types of 
binding systems are utilized in the analysis method. More-or-less all of the treatment presented should be applicable to the 
above types of binding systems occurring in non-biosensor applications also. However, the single-fractal analysis is unable 
to describe the data over the full time course of some of the experiments. 0 1997 Elsevier Science B.V. 

Keywords: Antibody-antigen, analyte-receptor, and analyte-receptorless (protein) systems; Binding kinetics: Diffusion; Fractal surfaces 

1. Introduction 

The diffusive motion of reactants to irregular 
surfaces exhibit dispersive behavior and can play an 
important role in determining the rate of reactions 

* Corresponding author. 

occurring at surfaces. Some of the typical reactions 
include antigen-antibody for biosensor applications, 
cell-receptor reactions occurring on membrane sur- 
faces, and protein adsorption reactions for biomedi- 
cal applications. Seri-Levy and Avnir [I] emphasize 
that a large proportion of surfaces in nature exhibit 
fractal characteristics. Furthermore, fractal ap- 
proaches are being applied more and more in inter- 
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face science [2]. Set+Levy and Avnir [1] indicate 
that a fractal analysis provides unique insights relat- 
ing the nature of the surface with the ‘activity’ of the 
reactant either adsorbed directly to the surface or 
bound to an appropriate ‘receptor’ on the surface. 
Pajkossy and Nyikos [3] indicate that the fractal 
approach provides a very efficient way of charac- 
terizing irregularity in very general terms. Goetze 
and Brickmann [4] emphasize that a large number of 
systems in nature exhibit self-similar characteristics, 
ranging from molecular protein systems all the way 
up to astrophysical systems. Glockle and Nonen- 
macher [5] have recently emphasized that scaling 
laws and self-similar behavior are fundamental fea- 
tures of complex systems. 

Antigen-antibody binding kinetics for biosensor 
applications have been analyzed using a fractal ap- 
proach [C-101. Fresh physical insights were ob- 
tained. For example, the binding rate coefficient and 
the rate of binding was linked to the fractal dimen- 
sion, or the degree of surface roughness. The above 
mentioned fractal analysis is of a general nature, and 
more-or-less all of the treatment can presumably be 
extended to apply to any receptor-ligand model or 
analyte-receptorless system. 

Low-dimension fractals have been observed for 
analyte-receptorless systems, for example, during 
the computer-simulated aggregation of ferritin [ 11 I, 
the adsorption of ferritin on a quartz surface [ 121, 
and polymer adsorption [ 131. A fractal analysis has 
been utilized to examine the binding of pyrene 
(ligand) in solution to P-cyclodextrin (receptor) im- 
mobilized on a fiber-optic biosensor [ 141. These 
authors were able to come up with a predictive 
equation for the fractal dimension with respect to the 
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pyrene concentration in solution. For receptor-ligand 
systems it is recognized that the population of recep- 
tors for a given ligand may be represented by several 
subpopulations with different affinities [ 15- 181. Jose 
[ 191 has developed a model for ligand binding sys- 
tems at equilibrium, and has analyzed the influence 
of heterogeneity, cross-reactivity, and site-site inter- 
actions on this system. Site-site interactions are 
themselves a source of affinity heterogeneity [20], 
and their binding to different types of ligands may 
effectively be described by fractal systems. Swalen 
et al. [21] have indicated that the control of the 
structural organization of molecules at an interface 
are a key to understanding the reactions at interfaces 
and for the design of advanced materials. The char- 
acterization of a solid surface for antibody-antigen, 
receptor-ligand, and analyte-receptorless binding 
systems is of immediate importance [22]. Losche et 
al. [23] have recently analyzed the influence of sur- 
face chemistry on the adsorption of protein layers on 
aqueous interfaces and structural organization. Axel- 
rod and Wang [24] have indicated the importance of 
reduction of dimensionality kinetics, wherein reac- 
tions between ligands and cell surface receptors can 
be enhanced by non-specific adsorption followed by 
two-dimensional diffusion to a cell-surface receptor. 

In this manuscript, we extend the fractal analysis 
of the binding kinetics of antibody-antigen for 
biosensor applications [8,9] to ligand-receptor and to 
analyte-receptorless systems with the intent to de- 
velop the steps towards a ‘unified approach’ to help 
characterize these types of systems. We intend to 
analyze and to search for ‘similarities’, if any, that 
may occur during the fractal analysis of these ‘simi- 
lar’ types of biochemical systems occurring at 
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Fig. 1. Some possible binding scenarios (system + surface = process). 
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solid-liquid interfaces. Fig. 1 indicates the scope of 
the work or types of systems we intend to character- 
ize using the fractal analysis. 

2. Theory 

An analysis of the binding kinetics of antigen in 
solution to an antibody immobilized on the biosensor 
surface is available [25,26]. The influence of lateral 
interactions on the surface and variable rate coeffi- 
cients is also available [6]. Fractal dimension values 
have been obtained for antibody-antigen binding 
systems for biosensor applications [8,9] and for a 
single case of a ligand-receptor system [ 141. Here, 
we attempt to extend the above mentioned ideas and 
concepts from antigen-antibody binding kinetics to 
also include analyte (ligand)-receptor binding (more 
examples are now presented), and to the binding of 
the analyte directly to the surface (‘receptorless’), for 
example protein adsorption. This will be done for 
biosensor applications. More-or-less, however, the 
treatment is also applicable to the different binding 
cases for non-biosensor applications. 

2.1. Variable binding rate coeficient 

Kopelman [27] has recently indicated that classi- 
cal reaction kinetics is sometimes unsatisfactory when 
the reactants are spatially constrained on the micro- 
scopic level by either walls, phase boundaries, or 
force fields. Such heterogeneous reactions, for exam- 
ple, bioenzymatic reactions, that occur at interfaces 
of different phases exhibit fractal orders for elemen- 
tary reactions and rate coefficients with temporal 
memories. In such reactions, the rate coefficient 
exhibits a form given by: 

k, = k’ttb 0 <b < I(t > 1) (‘a) 

In general, k, depends on time, whereas k’ a k,(t = 
1) does not. Kopelman [27] indicates that in three 
dimensions (homogeneous space), b equals zero. 
This is in agreement with the results obtained in 
classical kinetics. Also, with vigorous stirring, the 
system is made homogeneous and b again equals 
zero. However, for diffusion-limited reactions occur- 
ring in fractal spaces, b > 0; this yields a time-de- 
pendent rate coefficient. 

The random fluctuations on a two-state process in 
ligand binding kinetics has been analyzed [28]. The 
stochastic approach can be used as a means to 
explain the variable binding rate coefficient. The 
simplest way to model these fluctuations is to as- 
sume that the binding rate coefficient k,(t) is the 
sum of its deterministic value (invariant) and the 
fluctuation (z(t)> [28]. This z(t) is a random func- 
tion with a zero mean. The decreasing and increasing 
binding rate coefficients can be assumed to exhibit 
an exponential form [6,29,30]: 

k, = k,,,exp( - Pr) 

k, = k,,,exp( Pt) (lb) 

Here, p and k,,, are constants. 
Sadana and Madagula [6] have analyzed the influ- 

ence of a decreasing and an increasing binding rate 
coefficient on the antigen concentration near the 
surface when the antibody is immobilized on the 
surface. The authors noted that for an increasing 
binding rate coefficient, after a brief time interval, as 
time increases, the concentration of the antigen near 
the surface decreases, as expected for the cases when 
lateral interactions are present or absent. The diffu- 
sion-limited binding kinetics of antigen (or antibody 
or substrate) in solution to antibody (or antigen or 
enzyme) immobilized on a biosensor surface has 
been analyzed within a fractal framework [8,31]. 
Furthermore, experimental data presented for the 
binding of HIV virus (antigen) to the antibody anti- 
HIV immobilized on a surface displays a characteris- 
tic ordered ‘disorder’ [32]. This indicates the possi- 
bility of a fractal-like surface. There are sufficient 
similarities between antigen-antibody, ligand-recep- 
tor, and analyte-‘receptorless’ systems that one may 
attempt to extend the fractal analysis utilized for 
antigen-antibody systems to ligand-receptor and an- 
alyte-receptorless systems. 

The diffusion of reactants toward fractal surfaces 
has been analyzed [33-361. Havlin [37] briefly re- 
viewed and discussed the results, and Sadana and 
coworkers [7,9] have utilized fractals to analyze anti- 
gen-antibody binding systems for biosensor applica- 
tions. We will use the words ligand-receptor as the 
generic term to represent antibody-antigen, ligand- 
receptor, and analyte-receptorless (protein adsorp- 
tion) systems. 
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Havlin [37] indicates that the diffusion of a parti- 
cle (ligand) from a homogeneous solution to a solid 
surface (receptor coated biosensor surface), where it 
reacts to form a product (ligand-receptor complex, 
ligand.receptor) is given by: 

t (3-Q) p 
(ligandreceptor) u 

=t 
2 t<t, (2) 

Here, D, is the fractal dimension of the surface. Eq. 
(2) indicates that the concentration of the product, 
[ligand.receptor](t) in the reaction ligand + receptor 
+ (ligand.receptor) on a solid surface scales as 
[(ligand.receptor)]( t) N tP, with the coefficient p = 
(3 - Or)/2 at short time scales and p = l/2 at 
intermediate time scales. This equation is associated 
with the short-term diffusional properties of a ran- 
dom walk on a fractal surface. Note that, in perfectly 
stirred kinetics on a regular (non-fractal) structure 
(or surface), k, is constant, that is, it is independent 
of time. In other words, the limit of regular struc- 
tures (or surfaces) and the absence of diffusion- 
limited kinetics lead to k, being independent of 
time. In all other situations, one would expect scal- 
ing behavior given by k, -k’tf’ with -b=p<O. 
Also, the appearance of the coefficient p different 
from p = 0 is the consequence of two different 
phenomena, that is, the heterogeneity (fractality) of 
the surface and the imperfect mixing (diffusion- 
limited conditions). Havlin [37] indicates that the 
crossover value may be determined by r: N t,. Above 
the characteristic length, r,, the self-similarity of the 
surface is lost. Above rC, the surface may be consid- 
ered homogeneous, since the self-similarity property 
disappears and regular diffusion is now present. One 
may consider the analysis to be presented as an 
intermediate heuristic approach, in that in the future 
one may also be able to develop an autonomous (and 
not time-dependent) model of diffusion-controlled 
kinetics in disordered media. 

3. Results 

We now analyze the influence of different param- 
eters on the binding kinetics of ligand-receptor sys- 
tems within a fractal framework. 

3.1. Effect of temperature: increase in the fractal 
dimension with temperature 

Litwiler et al. [38] have developed a fiber-optic- 
base inclusate sensor (FOBIS) utilizing B-cyclo- 
dextrin (B-CD) immobilized on a surface which acts 
as the receptor for the analyte or ligand, 2-(p- 
toluidinyl)naphthalene-6-sulfonic acid (2,6-TNS). 
These authors indicate that fluorescence is enhanced 
by inclusion complexation of quite a few fluoro- 
phores with B-CD. Litwiler et al. [38] indicate that 
the inclusion of the analyte or ligand in the B-CD 
cavity protects it from bulk solution quenchers such 
as water. This is because the inclusate is in a more 
hydrophobic environment. Furthermore, these au- 
thors indicate that the sensitivity and selectivity are 
significantly dependent on the analyte geometry and 
functional group orientation, in other words on the 
extent of surface roughness. Thus, this is a very 
viable candidate for fractal analysis. 

Fig. 2 shows the binding (increase in fluores- 
cence) of 2,6-TNS (100 nM injections) to B-cyclo- 
dextrin at different temperatures ranging from 4 to 
30°C with the results of the model regression de- 
rived from the fractal approach [7]. In all of the 
figures, a solid line shows the fit of the model (Eq. 
(2)) to the experimental data available in the litera- 
ture. Table 1 shows the values of the parameters, k,, 
p, and the fractal dimension, D, obtained using Eq. 
(2) a biphasic function of time, to model the experi- 
mental data for the binding of 2,6-TNS to B-cyclo- 
dextrin immobilized on the surface. The binding rate 
coefficient, k,, value presented in Table 1 was ob- 
tained from a regression analysis using Sigmaplot 
[43] to model the experimental data using Eq. (2) 
wherein (ligand.receptor) = k, tp. The k,, p, and D, 
values presented in Table 1 are within 95% confi- 
dence limits. For example, the value of k, reported 
for the binding of 100 nM 2,6-TNS is 1.8051 5 
0.133. The 95% confidence limits indicates that 95% 
of the k, values will fall between 1.938 1 and 1.672 1. 
This indicates that the values are precise and signifi- 
cant. 

Table 1 shows that D, increases from 1.984 to 
2.753 as the temperature increases from 4 to 30°C. In 
this same temperature range the binding rate coeffi- 
cient, k, decreases from 7.861 to 1.805. An increase 
in temperature from 4 to 30°C leads to an increase in 



A. Sadana, Sutaria/Biophysical Chemistry 65 (1997) 29-44 33 

Fig. 2. Binding rate curves (increase in fluorescence) for 2,6-TNS 
in solution to P-cyclodextrin immobilized on a fiber-optic base 
inclusate sensor (FOBIS) at different temperatures (“0 [38]: (a) 
A 10; 0 15, (b) A 20; + 25; 0 30. 

the fractal dimension by 38.7%, and to a decrease in 
the binding rate coefficient, k, by 77%. The changes 
in the fractal dimension and in the binding rate 
coefficient are in opposite directions. 

More refined fits (that would minimize or elimi- 
nate the systematic deviation) could have been ob- 
tained if a multi-fractal analysis instead of a single- 
fractal analysis was used (as and when required) to 
model the data in Fig. 2 and for other data analysis 
to be presented in later figures. Multi-fractal dimen- 
sions have been indicated in adsorption [2], and for 
other systems [441. Such an analysis is not presented 
here since for the present, based on the current state 
of knowledge, we feel that a single fractal analysis is 
sufficient to adequately describe ligand-receptor ki- 
netics for the biosensor systems analyzed. 

In the case of Fig. 2, a dual-fractal analysis would 
help capture the maximum exhibited, which the sin- 
gle fractal analysis is unable to do. The dual-fractal 
analysis would also suggest a change in the state of 

disorder or degree of heterogeneity on the surface 
caused by a change in the mechanism such as a 
change in fluorescence response of the biosensor or a 
desorption. Fitting the data by a single fractal analy- 
sis vis-a-vis a dual-fractal analysis does bias the 
parameters to some extent. 

Note also that the model as presented passes 
through the origin, even though the data is at 1.5 at 
time, t equal to zero (for example, see Fig. 2a). This 
is intuitively correct as far as the model is concerned. 
The inability of the model to describe early time data 
may be attributed to inadequate experimental proce- 
dure leading to unreliable early time data since no 
clue for this is available in the original paper. For 
example, no information is provided about a back- 
ground signal. Nevertheless, we add that the present 
model is unable to describe the data over the full 
time course of the experiment. 

Fig. 3 indicates that there is a linear increase and 
a linear decrease in the D, and k, values, respec- 
tively, with increasing temperature from 4 to 30°C. 
More experimental data would more firmly establish 
the trends presented. The decrease in the binding rate 
coefficient with increase in temperature is due to the 
system utilized for immunochemical analysis. 

Nakamura et al. [39] have recently developed a 
liquid-phase assay for human chorionic gonadotropin 
(hCG) using high-performance liquid chromatogra- 
phy. They used this system to analyze liquid-phase 
antigen-antibody reactions. Anti-hCG monoclonal 
antibodies were selected and immobilized on a Shi- 
madzu Model LC-6A HPLC system. These antibod- 
ies recognize different hCG epitopes. The immunore- 
actions were carried on the column using 110 pM 
hCG solutions within a temperature range from 4 to 
50°C. Fig. 4 depicts the kinetic data for hCG bind- 
ing, with the results of the model regression derived 
from the fractal approach. Table 1 shows that as the 
temperature increases from 4 to 50°C the fractal 
dimension, D, increases from 1.983 to 2.526, and 
the binding rate coefficient, k, increases from 7.861 
to 15.47. In this case an increase in temperature from 
4 to 50°C leads to changes in the D, and in the k, 
values in the same direction. An increase in the 
fractal dimension by 27.3% leads to an increase in 
the binding rate coefficient by 97%. 

Clearly, a dual-fractal analysis would once again 
provide a more refined fit by minimizing or eliminat- 
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ing the systematic deviation for all of the four tem- 
peratures (4, 30, 37, and 50°C) in Fig. 4. k, and D,, 
may be utilized to model the initial region, and the 
latter part of the binding curve may be modelled 
using a different value of the binding rate coefficient, 
k,, and the fractal dimension, D,,. Note that the 
value of p obtained (slope of the binding rate curve) 
at later times ( p2) decreases when compared to the 
value of p obtained at earlier times ( p,). This 
indicates that the state of disorder or the fractal 
dimension value would increase (since p = (3 - 
D,)/2)) as the reaction progresses on the reaction 
surface. Once again, one must add that the model is 
unable to describe the data over the full time course 
of the experiment. 

Fig. 5 shows that as the temperature increases 
from 4 to 50°C the binding rate coefficient, k, 
increases linearly. More data points would more 
firmly establish this trend. The fractal dimension, D, 
exhibits a minimum value around 29°C. After about 

100 200 

llrnm (min) 

2.21 ./ , , I I 

0 10 20 30 40 

Tamp (Cl 

Temp (C) 

Fig. 3. Linear increase and decrease in D, and in k,, respectively, 
with temperature for the binding of 2,6-TNS to P-cyclodextrin 
immobilized on a FOBIS sensor [38]. 

0 

Fig. 4. Binding rate curves for human chorionic gonadotropin 
(hCG) to anti-hCG immobilized on a HPLC column using a liquid 
phase assay at different temperatures (“Cl ([39]: (a) ??37; A 50; 
??4; 0 30. 

35°C there is relatively a rapid rise in the fractal 
dimension as temperature increases to 50°C. Once 
again, the availability of more data points would 
more firmly establish the shape of the curve. At 
present, no explanation is offered for the ‘weak’ 
minimum exhibited around 29°C. 

3.2. Effect of non-specific binding 

Ahlers et al. [40] have recently analyzed the 
quenching behavior of fluorescein-conjugated lipids 
by antibodies. These authors indicate that antibody 
recognition of cell-surface antigens in a membrane 
surface are essential to understanding histocompati- 
ble and immune response behavior. Fluoresceinated 
lipids were incorporated into lipid monolayers. The 
anti-fluorescein antibody recognized and quenched 
the antigen on the surface. Fig. 6 shows the fit of the 
model for the specific binding of anti-fluorescein 
antibody to a mixed monolayer of 10 mol% l-N,N- 
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Fig. 5. Linear increase in the binding rate coefficient, k, and 
changes in the fractal dimension, D, with temperature [39]. 

dioctadecylamidocarboxy- 19-(5’-fluorescein thioure- 
oyl-4-carboxy-Soxa-2,8,11,14,17-pentaoxanonadec- 
ane (DODA-(EO),-FITC) and 90 mol% l-o-phos- 
phatidylcholine, @oleoyl-y-palmitoyl (POPC). The 

Fig. 6. Binding rate curves for anti-fluorescein antibody to 10 
mol% DODA and 90 mol% POPC (specific binding), and to pure 
POPC (non-specific binding) [40]. 0 Specific binding; A non- 
specific binding. 

0 20 40 SO 
llme (mm) 

1 : t 0” 100 . . . . 

. i . . 
8 

1 F . 
.& 

9 
* (h) 

04 1 I , 7 
0 20 40 80 (10 

llm= (min) 

Fig. 7. Binding rate curves for human chorionic gonadotropin 
(hCG) to anti-hCG immobilized on a HPLC column using a 
liquid-phase binding assay at different hCG concentrations (in 
pM) [39]: (a) A 11; + 28; 0 55, (b) A 110; ??220; 0 548. 

fit of the model for the non-specific binding of the 
antibody to the pure POPC is also shown in Fig. 6. 

Table 1 indicates that the fractal dimension, D, 
for the non-specific binding case is higher (D, = 
2.3158) as compared to the specific binding case 
(D, = 1.3391). This is to be expected since non- 
specific binding would exhibit a higher state of 
disorder compared to specific binding. The state of 
disorder increases by about 72.9% as one goes from 
the specific binding case to the non-specific binding 
case. It is of interest to note that the binding rate 
coefficient, k, for the non-specific binding (k, = 
0.00873) is higher (by about a factor of 2) than that 
of the specific binding (k, = 0.004448). However, 
the higher state of disorder of the non-specific bind- 
ing compared to the specific binding leads to a lower 
amount of antibody bound to the antigen on the 
surface, as expected. This indicates that, in this case 
at least, the amount of antibody bound is rather 
sensitive to the state of disorder on the surface. 
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Note that the model as presented passes through 
the origin, even though the data is at 0.62 at time, t 
equal to zero for the specific binding case (please see 
Fig. 6). Once again, this is intuitively correct as far 
as the model is concerned. This may once again be 
attributed to inadequate experimental procedure lead- 
ing to unreliable early time data. At least, for the 
specific binding case, the present model is unable to 
describe the full time course of the experiment. A 
dual-fractal analysis in this case may provide a closer 
fit in the initial region, but it will still not describe 
the data at time, t equal to zero. Once again, the 
present model is unable to describe the data over the 
full time course of the experiment. 

3.3. Effect of concentration 

The liquid-phase assay for human chorionic go- 
nadotropin (hCG) using HPLC by Nakamura et al. 
[39] has already been analyzed with respect to 
changes in the temperature. Nakamura et al. [39] also 
determined the formation of the immune complex 
using different concentrations of hCG. Fig. 7a, b 
shows the binding curves obtained using Eq. (2) for 
hCG concentrations ranging from 11 to 548 pM. 

Table 1 indicates that the disorder on the surface 
increases as the hCG concentration in solution in- 
creases. The binding rate coefficient, k, increases by 
a factor of 83.5 from 1.120 to 93.51 as the hCG 
concentration increases by a factor of 49.8 from 11 
to 548 pM. 

Fig. 8 shows that the binding rate coefficient, k, 
increases linearly with increase in hCG concentra- 
tion. Fig. 8 also shows that the fractal dimension, D, 
increases linearly as the hCG concentration increases 
from 11 to about 220 pM. Around 220 pM hCG 
concentration the rate of increase of D, with concen- 
tration gradually begins to decrease. This is not 
unexpected since the maximum value for D, is 3. 
The D, versus hCG concentration curve appears to 
approach this value asymptotically or exhibits the 
beginnings of a typical binding curve approaching 
equilibrium conditions. 

Starodub et al. [41] have developed an optoim- 
munosensor for the simultaneous detection of bio- 
logically active substances in solution using a com- 
petition immunochemical analysis method. Antibod- 
ies specific to lidocaine and phenatoine labeled with 
fluorescein isothiocyanate (FITC) were immobilized 
on a fiber-optic immunosensor. Fig. 9a, b show the 

Fig. 8. Linear increase in the fractal dimension, D, and in the binding rate coefficient, k, with an increase in the 
solution for binding to anti-hCG immobilized on a HPLC column using a liquid-phase binding assay [39]. 

hCG concentration in 
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(b) 

Fig. 9. Binding rate curves for phenatoine labeled with fluorescein 
isothiocyanate (FITC) to antibody specific to phenatoine immobi- 
lized on an immunosensor [41]. Phenatoine concentration in solu- 
tion in mg ml-’ : (a) + 0; 0 0.02; A 0.2, (b) 0 2; + 20. 

binding curves obtained for phenatoine using Eq. (2). 
Table 1 shows the values of k,, p. and D, obtained. 
Once again, the model presented passes through the 
origin even though the data is at 20 at time, r equal 
to zero (please see Fig. 9a or b). This is intuitively 
correct as far as the model is concerned. The lack of 
success may once again be attributed to inadequate 
experimental procedure leading to unreliable early 
time data. No clue or method is presumably presently 
available from the original data to help eliminate 
this. Thus, the present model is unable to describe 
the data over the full time course of the experiment. 
A dual-fractal analysis would only provide a closer 
fit for this data point at 20 at time, t equal to zero. 
Even then, the model would pass through the origin, 
as is intuitively required. 

Note that the D, versus phenatoine concentration 
curve goes through a rather sharp minimum at the 
lower concentration (0.02 mg ml-‘). Please see Fig. 
10. At the higher concentration, this curve exhibits 
linear characteristics. No explanation is offered, at 
present, to describe this sharp minimum exhibited. 
The binding rate coefficient, k, versus phenatoine 
concentration curve also exhibits characteristics simi- 

2.5 

2.4 

2.3 

Df 
2.2 

0 2 4 6 8 LO I2 14 Lb LB 20 

concentration, mg/ml 

Fig. 10. Changes in the fractal dimension, D, and in the binding rate coefficient, k, with changes in the phenatoine concentration in 
solution [41]. 
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Fig. 11. Binding rate curves for lidocaine labeled with fluorescein 
immobilized on an immunosensor [41]. Lidocaine concentration in 
solution in mg ml-’ : (a) + 0; ??0.02; A 0.2, (b) 0 2; + 20. 

lar to those exhibited by the D, versus phenatoine 
concentration curve. Here too, at the higher phen- 
atoine concentrations, the curve exhibits linear char- 
acteristics. It is of interest to note that the two curves 
mentioned above exhibit their minimum at phen- 
atoine concentrations very close to each other. 

Fig. 1 la,b show the binding curves obtained for 
lidocaine to antibody specific to lidocaine and immo- 
bilized on a fiber-optic immunosensor using Eq. (2). 
Table 1 shows the values of k,, p, and D, obtained. 
Except for the data at early times, a single-fractal 
analysis provides an adequate fit for the lower con- 
centrations (0 and 0.02 mg ml-‘) of lidocaine uti- 
lized. At the higher concentrations, a dual-fractal 
analysis would provide a better fit, and would help 
minimize the systematic deviation between the model 
fit and the data. Also, a dual-fractal analysis would 
provide a closer fit for the data point at time, t equal 
to zero which is located at 20. The model, even with 
the dual-fractal analysis would have to pass through 
the origin as is intuitively required. Nevertheless, as 
indicated before, the single-fractal model is presently 
unable to describe the data over the full time course 
of the experiment. This may partly be due to inade- 

1.8 

D 
f 

Concentration, mg/ml 

Fig. 12. Changes in the fractal dimension, D, and in the binding rate coefficient, k, with changes in the lidocaine concentration in solution 
[411. 
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quate experimental procedure that leads to unreliable 
early time data. 

The D, versus lidocaine concentration curve ex- 
hibits a minimum at the lower concentrations (around 
1 mg ml-’ ). Please see Fig. 12. At the higher 
concentrations this curve exhibits linear character- 
istics. No explanation is offered, at present, to de- 
scribe this minimum exhibited, except that similar 
behavior was exhibited during the detection of phen- 
atoine. The binding rate coefficient, k, versus lido- 
Caine concentration curve also exhibits character- 
istics similar to those exhibited by the k, versus 
phenatoine curve. Here too, at the higher lidocaine 
concentrations, the curve exhibits linear character- 
istics. Once again, the two curves for lidocaine men- 
tioned above exhibit their minimum at lidocaine 
concentrations close to each other. It is of interest to 
note that the shapes of the D, versus concentration 
and k, versus concentration for phenatoine and lido- 
Caine exhibit characteristics that are similar in nature. 

Wolfbeis [26] has recently analyzed the binding of 
different concentrations of thiamine to lipophilic an- 
ionic sites on a di-tert-butyl-O,O’-his-(2,2-dichloro- 
vinyl)-tartrate, DBVT (plasticized polymer mem- 
brane). Fig. 13a, b shows the binding curves ob- 
tained for thiamine concentration in solution ranging 
from 0.1 to 100 mM. Table 1 shows the values of 
k,, p, and D, obtained. Table 1 shows that as the 
thiamine concentration in solution increases by 3 
orders of magnitude from 0.1 to 100 mM, the bind- 
ing rate coefficient, k, increases by a factor of 90.3 
from 0.02942 to 2.621, and the fractal dimension, D, 
increases by a factor of 4.43 from 0.6174 to 2.7404. 
The low value of the fractal dimension (0.6174) at 
the lowest thiamine (0.1 mM) concentration utilized 
indicates that the surface exists as a Cantor like dust 
at this condition. Note that an increase in the thi- 
amine concentration in solution leads to changes in 
the fractal dimension, D, and in the binding rate 
coefficient, k, in the same direction. 

The single-fractal analysis provides an adequate 
fit for the lowest concentration (0.1 mM) of thiamine 
in solution utilized. Once again, a dual-fractal analy- 
sis would provide a more refined fit for the 1 to 100 
mM thiamine concentrations in solution utilized. This 
would help eliminate the systematic deviation for all 
of these four concentrations (1, 3, 10, and 100 ml@. 
As indicated previously, the fractal dimension ob- 
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0 i 4 i s t’o 
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Fig. 13. Binding rate curves for thiamine in solution to lipophilic 
anionic sites on a di-tert-butyl-O.O’-bis- (2,2-dichlorovinyl)-tartrate 
(DBVT) plasticized polymer membrane [26]. Concentration of 
thiamine in solution in mM: (a) A 0.1; 0 1; + 3, (b) 0 10; ??
100. 

tained at the later stages of the reaction (D,) would 
be higher in value than the fractal dimension value 
obtained during the initial stages CD,,). This would 
also indicate that there is a change in the mechanism 
of binding when one compares the binding of 0.1 
mM thiamine in solution with the higher thiamine 
concentrations (1 to 100 mM) in solution. If a dual- 
fractal analysis is utilized, to provide a better fit 
when required, then the slope of the binding curve is 
very small during the latter period. This leads to a 
relatively high value of the fractal dimension or the 
state of disorder on the surface. Nevertheless, the 
present single-fractal analysis is unable to describe 
the data over the full time course of the experiment. 
As indicated above, improvements in the fit and in 
physical understanding are possible by using a dual- 
fractal analysis. 

Fig. 14 indicates that the binding rate coefficient, 
k, increases linearly with an increase in the (thia- 
mine concentration)0.25 in solution. The fractal di- 
mension, D, also exhibits an initial increase with an 
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Fig. 14. Linear increase in the binding rate coefficient, k, and changes in the fractal dimension, D, with an increase in the (thiamine 
concentration)0-25 in solution for binding to lipophilic sites on DBVT [26]. 

increase in the (thiamine concentration)0.25. At higher 
concentrations the D, versus (thiamine concentra- 
tion)0.25 curve exhibits typical saturation curve char- 
acteristics. This is not unexpected, since the maxi- 
mum value of D, is 3. 

Poirer et al. [42] have recently analyzed the bind- 
ing of TRITC-labeled low-density lipoprotein (LDL) 
directly to an optical fiber-based biosensor. This is 
an example of ligand (protein) adsorption or binding 
directly to a ‘receptorless’ surface. Fig. 15 shows the 
fit of the model for the binding of TRITC-labeled 
low-density protein (LDL) directly to an optical 
fiber-based biosensor. Table 1 indicates that as the 
TRITC-labeled LDL concentration in solution in- 
creases by an order of magnitude from 5 to 50 pg 
ml-’ the fractal dimension, D, decreases, and the 
binding rate coefficient, k, increases. In this case the 
changes in the fractal dimension, D, and in the 
binding rate coefficient, k, are in opposite direc- 
tions. 

Fig. 16a shows that, in the range studied, the 
fractal dimension, D, increases linearly with the 
reciprocal of the LDL concentration in solution. 
More data points would more firmly establish the 

trend presented. Fig. 16b shows that, in the range 
studied, the binding rate coefficient, k, increases 
linearly with an increase in the LDL concentration in 
solution. Once again, more data points would more 
firmly establish the trend presented. It is of interest 
to note that as the LDL concentration in solution 
increases by an order of magnitude from 5 to 50 kg 
ml-’ in solution, the fractal dimension, D, de- 

2 

Fig. 15. Binding rate curves for TRITC-labeled low-density pro- 
teins (LDL) directly to an optical fiber-based biosensor [42]. LDL 
concentration in solution in p,g ml-‘: A 5; 0 10; ??50. 
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Fig. 16. (a) Linear increase in the fractal dimension, D, with the 
reciprocal of the LDL concentration in solution for binding to an 
optical fiber-based biosensor [42]. (b) Linear increase in the 
binding rate coefficient, k, with an increase in the LDL concen- 
tration in solution [42]. 

creases by 5.7% from 2.7404 to 2.5829, and the 
binding rate coefficient, k, increases by a factor of 
2.14 from 122.45 to 263.22. 

4. Conclusions 

The fractal analysis of the binding kinetics of 
antigen-antibody, ligand-receptor, analyte-recep- 
torless systems for biosensor applications provides a 
quantitative indication of the state of disorder on the 
surface. The analysis presented is of a general enough 
nature and more-or-less the treatment applies equally 
well to the three systems presented. Changes in the 
fractal dimension, D, observed are in the same and 

in the reverse directions as the forward binding rate 
coefficient, k,. For example, for the binding of 
2,6-TNS to (3-cyclodextrin (ligand-receptor system) 
immobilized on a fiber-optic base inclusate biosen- 
sor, an increase in temperature from 4 to 30°C leads 
to an increase in the fractal dimension, D, and to a 
decrease in the binding rate coefficient, k,. For the 
binding of thiamine in solution to lipophilic anionic 
sites (receptor) on DBVT membrane, an increase in 
the thiamine concentration from 0.1 to 100 mM leads 
to increases in both the binding rate coefficient, k, 
and in the fractal dimension, D,. Similar examples 
for antigen-antibody and analyte-receptorless sys- 
tems are either presented here or can be readily 
obtained by analyzing appropriate experimental data 
of these types of systems available in the literature. 

The present single-fractal analysis model is an 
initial attempt to model the binding kinetics using 
the fractal approach. Systematic deviations are ob- 
served during the modelling of some of the data in 
spite of the fact that the parameters obtained by the 
regression analysis [43] are within 95% confidence 
limits, which indicates that these values are precise 
and significant. Improvements in the fit may be 
obtained and these systematic deviations may be 
eliminated or minimized by utilizing a dual-fractal 
analysis. As presented, the single-fractal model is 
unable to describe the data at early times in some 
cases. This may be due to inadequate experimental 
procedure that leads to unreliable early time data. 
Extreme care must be exercised in analyzing this 
early time data, and in eliminating any possible 
sources that contribute to this unreliability such as a 
background signal, etc. Thus, the single-fractal model 
is unable to describe the data over the full time 
course of the experiment. Nevertheless, in spite of 
these constraints, where ever it is applicable, the 
model is of assistance. Further analysis and improve- 
ments in the model development are suggested. 

The generalized fractal analysis treatment pre- 
sented provides physical insights into the different 
types of binding analysis that may be utilized for 
biosensor applications. The present analysis repre- 
sents one possible means towards the first step for a 
‘unified analysis’ of binding reactions occurring on 
dispersive media for biosensor applications. A better 
control of the fractal dimension on the surface would 
significantly enhance the understanding of the sensi- 
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tivity, stability, selectivity, and response time of 
biosensors wherein different types of binding sys- 
tems are utilized for analysis. Modelling coupled 
with experimental studies should further enhance our 
understanding of these and other types of binding 
systems that may be utilized for biosensor applica- 
tions. In a more general sense, more-or-less the 
treatment should also be applicable to non-biosensor 
applications wherein further physical insights could 
be obtained. 
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