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ABSTRACT 
The diffusion-limited binding kinetics of antigen (or antibody) in solu- 

tion to antibody (or antigen) immobilized on a biosensor surface is ana- 
lyzed within a fractal framework. The fit obtained by a dual-fractal 
analysis is compared with that obtained from a single-fractal analysis. In 
some cases, the dual-fractal analysis provides an improved fit when com- 
pared with a single-fractal analysis. This was indicated by the regression 
analysis provided by Sigmaplot (San Rafael, CA). These examples are pre- 
sented. It is of interest to note that the state of disorder (or the fractal 
dimension) and the binding rate coefficient both increase (or decrease, a 
single example is presented for this case) as the reaction progresses on the 
biosensor surface. For example, for the binding of monoclonal antibody 
MAb 49 in solution to surface-immobilized antigen, a 90.4% increase in the 
fractal dimension (Djl to Df2) from 1.327 to 2.527 leads to an increase in the 
binding rate coefficient (kl to k2) by a factor of 9.4 from 11.74 to 110.3. The 
different examples analyzed and presented together provide a means by 
which the antigen-antibody reactions may be better controlled by noting 
the magnitude of the changes in the fractal dimension and in the binding 
rate coefficient as the reaction progresses on the biosensor surface. 

Index Entries: Antigen-antibody binding kinetics; fractals; biosensors. 

INTRODUCTION 
Sensitive detection systems (or sensors) are required to distinguish a 

wide  range of substances. Sensors find application in the areas of biotech- 
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nology, physics, chemistry, medicine, aviation, and environmental control. 
Biosensors have different operating parameters such as stability, specificity, 
response time, selectivity, regenerability, etc. A better understanding of the 
mode of operation of these parameters would lead to increasing biosensor 
performance efficiency. The solid-phase immunoassay technique repre- 
sents a convenient method for the separation and/or  detection of reactants 
(for example, antigen) in a solution. The binding of the antigen to an anti- 
body-coated surface (or vice-versa) is sensed directly and rapidly. There is 
a need to characterize the reactions occurring at the biosensor surface. 

Pisarchick et al. (1) have indicated that the details of the association of 
antibodies (or antigens) with the antigen-coated (or antibody-coated) sur- 
faces are of tremendous significance for the development and characteriza- 
tion of immunodiagnostic devices, as well as for biosensors. McLean et al. 
(2) indicate the importance of selectively controlling molecular recognition 
events at a protein-substrate (or in our case antibody-antigen) interface. 
McLean et al. (2) emphasize that controlling the orientation of immobilized 
proteins (or in the general case, "receptors") is a straightforward method 
for controlling the reactions at the interface. 

Maxia et al. (3) have recently characterized Langmuir-Blodgett films 
of rhodopsin. These authors indicate that the Langmuir-Blodgett (L-B) 
technique has expanding applications in molecular electronic devices and 
in biosensors. This technique permits the production of thin films or dense 
monolayers of ordered structures such as the antigens or antibodies on a 
biosensor surface. This ordered structure on the biosensor surface mini- 
mizes (or makes negligible) the binding irregularities of antigen to anti- 
body. Dubrovsky et al. (4) have recently analyzed the immunological 
activity of IgG L-B monolayers organized with the assistance of a protein A 
sublayer. These authors compared their results using a protein A sublayer 
with direct deposition of the IgG monolayer on the surface. Using the pro- 
tein A sublayer to orient the IgG molecules, Dubrovsky et al. (4) not only 
obtained a higher specific sensitivity for the IgG film, but also the nonspe- 
cific binding was lower. Ordered structures on the surface and decreases in 
the nonspecific binding would help control the reactions at the surface, 
besides minimizing the heterogeneity at the biosensor surface. 

External diffusional limitations play a role in immunoassays (5-7). 
The influence of diffusion in such systems has been analyzed to some 
extent (8-14). There are limitations to classical modeling techniques that do 
not account for heterogeneity at the reaction surface. Douglas (15) empha- 
sizes that naturally occurring surfaces (cell membranes and organelles, 
soils, colloidal aggregates, and so on) tend to be highly irregular and need 
to be characterized appropriately. It is to be reasonably anticipated that the 
immobilization procedure utilized to attach the antigen or antibody to the 
biosensor surface would yield an "irregular surface." 

Ortega-Vinuesa et al. (16) have recently compared the immunological 
efficiencies of a physically adsorbed and chemically bound IgG to carboxy- 
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lated latexes (CLs). These authors emphasize that CLs are excellent carriers 
of antibodies or antigens since they possess a chemical group to which the 
antibody or the antigen may be attached. These authors noted that the 
chemically bound IgG to CLs have several distinct advantages in that there 
is no decrease in the immunological activity (since denaturation is pre- 
vented), no desorption of antibodies, minimal non-specific adsorption or 
binding, and uniform coupling is obtained. All of these factors in the chem- 
ical binding procedure lead to a decrease in the heterogeneity on the surface. 

Kopelman (17) indicates that surface diffusion-controlled reactions 
that occur on clusters or islands are expected to exhibit anomalous and 
fractal-like kinetics. These fractal kinetics exhibit anomalous reaction 
orders and time-dependent rate (i.e., binding) coefficients. Fractal kinetics 
have been observed in diffusion-controlled reactions in disordered materi- 
als (18,19). Werthen and Nygren (20) have emphasized the difference in the 
reaction mechanism for the antibody binding to surface-immobilized anti- 
gen (or vice-versa), and for antibody-hapten reactions in solution. Often, 
the association (binding) rate coefficient decreases continuously with time. 
Fractals are disordered systems, and the disorder is described by noninte- 
gral dimensions (21). These authors further indicate that as long as surface 
irregularities show scale invariance that is dilatational symmetry, they can 
be characterized by a single number, the fractal dimension. 

Antibodies are heterogeneous and their immobilization on a fiberop- 
tic surface, for example, would result in some degree of heterogeneity. This 
is a good example of a "disordered system" for which a fractal analysis is 
appropriate. In this type of diffusion-reaction system, the diffusion is con- 
ventional in the sense that it follows the classical diffusion equation: It is 
the boundary condition on the fractal surface (biosensor surface, in our 
case) that is more complex. Moreover, the antigen-antibody reaction on the 
surface is a typical low-dimension reaction system, in which the distribu- 
tion tends to be "less random" (17). Fractal analyses using a single fractal 
dimension have provided physical clarification of the diffusion-controlled 
reactions at the surface (14,22-27). It was noted in the aforementioned 
analyses that for some biosensor applications there was room for improve- 
ment in the "single-fractal" dimension analysis as far as fitting the data 
was concerned. More refined fits may be obtained if a multi-fractal analy- 
sis instead of a single-fractal analysis is used to model some selected data. 

Skinner (28) emphasizes that for chaos in biological systems only a few 
variables govern the spatial and temporal geometries of the system. An 
understanding of these fractal attractors or dimensions will significantly assist 
in the control of these complex systems. Cross and Hohenberg (29) have 
recently indicated that some systems that display spatiotemporal chaos are 
said to be large since their description requires (more than one) a number of 
chaotic elements or attractors distributed in space. Multifractal analysis has 
also been indicated in adsorption (30). Friesen and Laidlaw (31) when analyz- 
ing coal samples indicate the possibility of the existence of two fractal dimen- 
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sions that characterize a system or surface, and caution against "well fitting" 
the data (albeit incorrectly) by a single line or fractal dimension. Extreme care 
must be utilized to fit data, especially at the lower fractal dimensions. Glockle 
and Nonnenmacher (32) recently indicate that scaling laws and self-similar 
behavior are a characteristic of complex systems. Shlesinger et al. (33) empha- 
size that in anomalous transport systems kinetic averaging leads to scaling 
laws and multifractal properties. Scaling behavior has also been observed for 
a theoretical analysis of two-dimensional diffusive dynamics (34). 

A dual-fractal analysis is presented for the kinetics of the binding of 
the antigen (or antibody) in solution to antibody (or antigen) immobilized 
on the biosensor surface. The experimental data is carefully screened; only 
that data is used wherein a dual-fractal analysis provides a significant 
improvement in the fit compared to a single-fractal analysis. Often, a single 
fractal dimension analysis provides a reasonable fit. This data was not used 
in the present analysis. Furthermore, for the examples analyzed, both the 
single- and the dual-fractal analysis is presented. This clearly delineates the 
necessity of the dual-fractal analysis vis-a-vis the single-fractal analysis. 

THEORY 

An analysis of the binding kinetics of antigen in solution to antibody 
immobilized on the biosensor surface is available (11,12). The influence of lat- 
eral interactions on the surface and variable rate coefficients is also available 
(13). Here we present a method of estimating actual fractal dimension values 
for antibody-antigen binding systems utilized in fiberoptic biosensors. 

VARIABLE BINDING RATE COEFFICIENT 

Kopelman (17) has recently indicated that classical reaction kinetics is 
sometimes unsatisfactory when the reactants are spatially constrained on 
the microscopic level by either walls, phase boundaries, or force fields. 
Such heterogeneous reactions, for example, bioenzymatic reactions, that 
occur at interfaces of different phases exhibit fractal orders for elementary 
reactions and rate coefficients with temporal memories. In such reactions, 
the rate coefficient exhibits a form given by: 

k~=k't  -b O < b < l  ( t = l )  (1) 

In general, kl depends on time, whereas k' = kl (t = 1) does not. Kopelman 
(17) indicates that in three dimensions (homogeneous space), b = 0. This is 
in agreement with the results obtained in classical kinetics. Also, with vig- 
orous stirring, the system is made homogeneous and b = 0. However, for 
diffusion-limited reactions occurring in fractal spaces, b > 0 ; this yields a 
time-dependent binding rate coefficient. 

The random fluctuations on a two-state process in ligand binding 
kinetics has been analyzed (35). The stochastic approach can be used as a 
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means to explain the variable binding rate coefficient. The simplest way 
to model  these fluctuations is to assume that the binding rate coefficient 
kl (t) is the sum of its deterministic value (invariant) and the fluctuation 
[z(t)] (35). This z(t) is a random function with a zero mean. The decreasing 
and increasing b inding  rate coefficients can be assumed to exhibit an 
exponential form (11,13,36): 

kl = kl.0 exp(-~t) 

kl = kL0 exp([~t) (2) 

Here, ~ and kl,0 are constants. 
Sadana and Madagula (13) have analyzed the influence of a decreas- 

ing and an increasing binding rate coefficient on the antigen concentration 
near the surface when  the antibody is immobilized on the surface. These 
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 diffusion-limited binding kinetics of antigen (or 
ant ibody or substrate) in solution to ant ibody (or antigen or enzyme) 
immobil ized on a biosensor surface has been analyzed within a fractal 
f ramework (22,27). Furthermore,  experimental  data presented  for the 
binding of HIV virus (antigen) to the antibody anti-HW immobilized on a 
surface displays a characteristic ordered "disorder" (37). This indicates 
the possibility of a fractal-like surface. It is obvious that the aforemen- 
tioned biosensor system (wherein either the antigen or the antibody is 
attached to the surface) along with its different complexities that include 
heterogeneities on the surface and in solution, diffusion-coupled reaction, 
t ime-varying adsorption or binding rate coefficients, and so on, can be 
characterized as a fractal system. 

The diffusion of reactants toward fractal surfaces has been analyzed 
(38-41). Havlin (42) has briefly reviewed and discussed the results. Sadana 
and Madagula (26) have recently presented a theoretical analysis using 
fractals for the t ime-dependent  binding of antigen in solution to antibody 
immobilized on a fiberoptic biosensor surface. The authors noted that an 
increase in the fractal dimension utilized in their studies decreased both 
the rate of antigen binding and the amount  of antigen bound. 

Single-Fractal Analysis 
Havlin (42) indicates that the diffusion of a particle [antibody (Ab)] 

from a homogeneous  solution to a solid surface [antigen (Ag)-coated 
biosensor surface] where  it reacts to form a product  (antibody-antigen 
complex; Ab.Ag) is given by: 

t s - D r ) / 2  = t p t < t c 

(Ab.Ag) - [tl/2 t > t c (3) 
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Here, D f  is the fractal dimension of the surface. Equation (3) indicates that 
the concentration of the product Ab.Ag (t) in a reaction Ab + Ag ~ Ab.Ag 
on a solid fractal surface scales at short and intermediate scales as Ab.Ag 
( t )  ~ tP with the coefficient p = (3 - D f ) / 2  at short time scales, and p = 1/2 at 
intermediate time scales. This equation is associated to the short-term dif- 
fusional properties of a random walk on a fractal surface. Note that in a 
perfectly stirred kinetics on a regular (nonfractal) structure (or surface), k 1 

is a constant, that is, it is independent of time. In other words, the limit of 
regular structures (or surfaces) and the absence of diffusion-limited kinet- 
ics leads to kl being independent of time. In all other situations one would 
expect a scaling behavior given by k l  ~ k ' t  -b with -b = p < 0. Also, the 
appearance of the coefficient, p different from p = 0 is the consequence of 
two different phenomena, that is heterogeneity (fractality) of the surface, 
and the imperfect mixing (diffusion-limited condition). 

Havlin (42)  indicates that the crossover value may be determined by 
rac - tc. Above the characteristic length, re, the self-similarity of the surface 
is lost. Above tc, the surface may be considered homogeneous, since the 
self-similarity property disappears and "regular" diffusion is now present. 
For the present analysis, tc is arbitrarily chosen. 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. 

DuaI-Fractal Analysis 
The single-fractal analysis presented above is extended to include two 

fractal dimensions. At present, the time (t = tl) at which the first fractal 
dimension changes to the second fractal dimension is arbitrary and empir- 
ical. For the most part it is dictated by the data analyzed and experience 
gained by handling a single-fractal analysis. In this case, the product (anti- 
body-antigen complex, Ab.Ag) concentration on the biosensor surface is 
given by: 

It  3-Dfl) /2 -~ t < t 1 t n 

(Ab.Ag) - ~t (3-Df2)/2 t p2 t 1 < t < t 2 ~- t c (4) 

t /2 t > t o 

RESULTS 

A Comparisian of a DuaI-Fractal Analysis 
with a Single-Fractal Analysis 
Initially, the fit obtained by a dual-fractal analysis is compared to that 

obtained from a single-fractal analysis for selected cases of antigen-anti- 
body binding for biosensor applications. 
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Fig. 1. Theoretical curves using Eq. (3) ( ) and Eq. (4) ( _ _ )  for the binding of 
FITC-avidin in solution to sensor tips doped with 0.28 mole% B-DPPE (original data 
from Zhao and Reichert, 1992). 

Zhao and Reichert (42) analyzed the time-dependent fluorescence 
intensity of the binding of FITC-avidin in solution to sensor tips doped 
with 0.28 mol% B-DPPE. Fig. 1 shows the curves obtained using Eq. 2 
and 4 for the binding of FITC-avidin. Table 1 shows the values of the 
binding rate coefficient, k and the fractal dimension, Df using a single- 
fractal analysis (Eq. 3), a biphasic function of time, and the values of the 
binding rate coefficients, kl and k2, and the fractal dimension values, Dr1 
and Dr2 using a dual-fractal analysis (Eq. 4), a triphasic function of time, 
to model the experimental data. The parameter values presented in 
Table 1 were obtained from a regresssion analysis using Sigmaplot (San 
Raphael, CA) to model the experimental data using eqs. 3 and 4, wherein 
(Ab.Ag) = kt p (single-fractal analysis), and (Ab.Ag) = kt(Pl or P2) (dual- 
fractal analysis). The k, Dr, kl, k2, Dfl, and D/2 values presented in Table 1 
are within 95% confidence limits. For example, the value of k reported 
for B-DPPE in Table i is 0.13 + 0.003. The 95% confidence limits indicates 
that 95% of the k values will fall between 0.133 and 0.127. This indicates 
that the values are precise and significant. The Sigmaplot program pro- 
vided the values of k and p (single-fractal analysis), and kl, k2, Pl, and P2 
(dual-fractal analysis). The values of p, Pl, and P2 are not given. To con- 
serve space, only the values of Dr, D4, and Dt: are given. The curves pre- 
sented in Fig. 1 are theoretical curves. Figure 1 clearly shows that the 
dual-fractal analysis provides a better fit than that provided by a single- 
fractal analysis, and thus the necessity of the dual-fractal analysis visd-vis 
the single-fractal analysis. 
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Table 1 
Fractal Dimensions and Binding Rate 

Coefficients for Different Antigen-Antibody Binding Reactions 

Antibody 
Concentration k Df kl k2 Dn Dr2 Ref. 

B-DPPE 0.13 1.81 0.01 0.05 1.37 2.57 42 
+0.003 0.11 +0.002 +0.001 +0.19 0.05 

Mab 49 23.1 1.79 11.7 110 1.33 2.53 43 
+3.41 +0.07 +0.28 +1.67 +0.02 +0.02 

Mab 53 4.46 1.05 2.38 17.8 0.52 1.74 43 
+0.93 +0.06 +0.21 +0.99 +0.06 +0.05 

Mab 57 24.7 1.61 15.9 76.7 1.24 2.17 43 
+3.47 +0.05 +0.66 +1.06 +0.05 +0.02 

30 Bg/mL 6.57 1.73 4.94 41.4 1.06 2.11 43 
Mab 53 +0.76 +0.51 +0.40 +0.32 +0.06 +0.03 

100 Bg/mL 27.3 1.22 9.09 97.3 0.863 2.40 43 
Mab 53 +6.3 +0.47 +0.65 +3.5 +0.079 +0.03 

25 BL of antibody 26.9 2.77 14.3 40.8 1.98 2.99 44 

(12 ng; 5 x 104 cpm) +4.03 +0.07 +0.50 +0.15 +0.09 +0.001 
and 25 gL of 0.5% 
deoxycholate 

25 BL of antibody 
was preincubated 
for 60 min with 
25 B1 of brain 
Thy-1 antigen 
(12.5 ng) in 0.5% 
deoxycholate 

25 BL of 
125I-labeled rabbit 
F(ab')2 anti-Thy-1 
antibody in 0.5% 
deoxycholate 

anti-BPT 
(regenerable 
biosensor) 

3.72 2.05 2.66 6.67 1.83 2.33 44 
+0.29 +0.07 +0.12 +0.07 +0.08 +0.04 

3.77 2.54 2.84 5.25 2.34 2.70 44 

+0.19 +0.06 +0.08 +0.05 +0.05 +0.05 

38.7 1.96 52.2 6.75 2.02 1.21 50 
+5.49 +0.09 0.80 +0.10 +0.02 +0.08 
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Fig. 2. Theoretical curves using Eqs. (3 and 4) for the binding of different mono- 
clonal antibodies in solution to surface immobilized antigen (original data from 
Nygren, 1994): (A) MAb 49; (B) MAb 53; (C) MAb 57. 
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It is of interest to note the relative values of the binding rate coeffi- 
cients (k, kl, and k2) and the fractal dimension (Dr, Dfl, and D~) as one com- 
pares the single-fractal analysis with a dual-fractal analysis. Note that kl < k 
and Dr1 < Dr. However, k 2 > k and D;2 > Dr. The utilization of a dual-fractal 
analysis as compared to a single-fractal analysis leads initially to a decrease 
in both the binding rate coefficent, kl (compared to k) and in the fractal 
dimension, Dfl (compared to Dr). After time, t = t~ the binding coefficient, k2 
and the fractal dimension, Dr2 are both higher in value than k and Df, respec- 
tively. It would be of interest to note if a similar decrease followed by an 
increase is obtained for antigen-antibody binding in other biosensor appli- 
cations. Also, note that Dr2 > D4. This indicates that as time increases, the 
fractal dimension or the state of disorder on the surface increases. This is to 
be intuitively expected. There is an 88.1% increase in the fractal dimension. 
Furthermore, k2 > kl. Thus, as time increases the binding rate coefficient also 
increases. An 88.1% increase in the fractal dimension leads to an increase in 
the binding rate coefficient by a factor of 4.48. This increase in the binding 
rate coefficient with an increase in the fractal dimension has been observed 
before for antigen-antibody binding in other biosensor applications 
(22,23). These results were obtained on comparing the results of separate 
experiments. In the present case this holds for the same experiment. 

Nygren (43) recently analyzed the binding of three different mono- 
clonal antibodies, MAb 49, MAb 53, and MAb 57 to surface-immobilized 
antigen. Figs 2A-C show the curves obtained using Eq. (3 and 4) for the 
binding of MAb 49, MAb 53, and MAb 57, respectively to surface immobi- 
lized antigen. Table 1 shows the values of the binding rate coefficents and 
the fractal dimension values. Once again, clearly, the fit obtained by a dual- 
fractal analysis is better than that obtained by a single-fractal analysis. 
Also, as noted above in Fig. 1, for the binding of FITC-avidin in solution to 
sensor tips doped with 0.28 mol% DPPE (42) kl < k and Dr1 < Dr, and k 2 > k 
and Dr > Df for the binding of the different MAbs 49, 53, and 57 to surface 
immobilized antigen. Once again, the fractal dimension and the binding 
rate coefficient increase as the reaction (or the binding) progresses on the 
biosensor surface for all of the three monoclonal antibodies utilized. For 
example, for MAb 49, a 90.4% increase in the fractal dimension leads to an 
increase in the binding rate coefficient by a factor of 9.4. 

In the examples to be presented henceforth, the dual-fractal analysis 
also clearly provides a better fit than a single fractal analysis. The values of 
the binding rate coefficients and the fractal dimension values obtained by 
both the single- and the dual-fractal analysis are given in Table 1. This per- 
mits a further comparision of the binding rate coefficient(s) and fractal 
dimension values for the two different analysis. 

DuaI-Fractal Analysis 
Nygren (43) has recently analyzed the influence of monoclonal anti- 

body MAb 53 concentration in solution on its binding to surface-immobi- 
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lized antigen. Figures 3A and B show the curves obtained using Eq. (3 and 
4) for the binding of 30 and 100 ~tg/mL of MAb 53 to surface immobilized 
antigen. Table 1 shows the values of the binding rate coefficients and the 
fractal dimension values using a single- and dual-fractal analysis. Once 
again, as observed above, one notes that on comparing the single-fractal 
analysis with a dual-fractal analysis that k I < k and Ddt < Dr, and k 2 > k and 
Dy2 > Df for the binding of the 30 and 100 ~tg/mL MAb 53 concentrations in 
solution to surface-immobilized antigen. It is of interest to note that an 
increase of MAb 53 concentration from 30 to 100 ~tg/mL leads to increases 
in the binding rate coefficient values for either the single-fractal (k) or the 
dual-fractal (kl, k2) analysis. Just for this case, as one increases the MAb 53 
concentration in solution, one notes that the changes in the binding rate 
coefficient for the single-fractal analysis is more sensitive than that observed 
for the dual-fractal analysis. As one increases the MAb 53 concentration by 
a factor of 3.3 from 30 to 100 ~tg/mL, the k value changes by a factor of 4.15 
from 6.57 to 27.3, the k I value changes by a factor of 1.84 from 4.94 to 9.09, 
and the k2 value changes by a factor of 2.35 from 41.4 to 97.3. As indicated in 
the previous two examples, the fractal dimension and the binding rate 
coefficient both increase as the reaction progresses on the biosensor surface. 

Mason and Williams (44) indicate that antibodies are finding increas- 
ing utilization for the identification, assay, and purification of membrane 
molecules. These authors indicate that indirect binding assays with 125I- 
labeled anti-immunoglobulin can be utilized in several ways. Letarte- 
Muirhead et al. (45,46) have utilized binding assays to purify Thy-1 antigen 
(a membrane antigen). Indirect binding assays may also be utilized to ana- 
lyze other complex antisera (47-49). Mason and Williams (44) have 
recently analyzed the kinetics of association and dissociation of antibody 
interactions with cell-surface antigens in polymeric or monomeric forms. 
These authors utilized monoclonal antibodies since conventional antibod- 
ies are heterogeneous and are present in low concentrations in serum. 
Useful results from experiments performed on conventional antibodies are 
difficult to obtain. 

Figure 4A shows the fit of the curve obtained using Eq. 3 and 4 for the 
binding of 25 ~tL of antibody and 25 ~tL of 0.5% deoxycholate incubated 
with 5 x 10 6 fixed rat thymocytes (50 ~tL in 5% BSA) in solution to cell-sur- 
face antigens. Table 1 shows the values of k, kl, k2, Dr, D~, and Di2. This is 
clearly not a fiberoptic biosensor application. Nevertheless, an immuno- 
logical reaction (antigen-antibody) takes place here, and the physical 
insights gained should be of assistance to understand immunological reac- 
tions on a fiberoptic biosensor surface. As indicated in the examples above, 
once again, k, < k and Dr1 < D d, and k2 > k and Dj2 > Dr. Similar results are 
obtained for the binding of 25 ~tL of antibody that was preincubated for 60 
rain with 25 ~tL of brain Thy-1 antigen (12.5 ng) in 0.5% deoxycholate (see 
Fig. 4B and Table 1). Also, the binding of 25 ~tL of 12SI-labeled rabbit F(ab')2 
anti-Thy-1 antibody in 0.5% deoxycholate in solution to cell-surface anti- 
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Fig. 3. Theoretical curves using Eqs. (3 and 4) for the binding of two different con- 
centrations (gg/mL) of monoclonal antibody MAb 53 in solution to surface-immobi- 
lized antigen (original data from Nygren, 1994): {A) 30; (B) 100. 

gens yields results similar to the ones exhibited above (see Fig. 4C and 
Table 1). Once again, one notes that both the fractal d imens ion  (Dr1 to Dyz) 
and the binding rate coefficient (kl to k2) increase as the reaction or time 
progresses. 

Fiberoptic chemical sensors were developed to detect a tetrol metabo- 
lite of BaP, r-7,t-8,9,c-10-tetrahydroxy-7,8,9,10-tetrahydrobenzo[a]pyrene 
(BPT)(50). This was done in order to analyze the influence of regeneration 
on the biosensor performance.  Figure 5 shows  the binding rate curves 
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Fig. 4. Theoretical curves using eqs. (3 and 4) for the binding of antibody in solution 
to antigen from rat thymocyte (Thy-l.1) on the cell surface (original data from Mason 
and Williams, 1980): (A) 25 ~tL of antibody (12 ng; 5 x 10 4 cpm) and 25 ~tL of 0.5% 
deoxycholate; (B) 25 ~tL of antibody was preincubated for 60 min with 25 ~tL of brain 
Thy-1 antigen (12.5 ng) in 0.5% deoxycholate; (C) 25 ~L of 125I-labeled rabbit F(ab')2 
anti-Thy-1 antibody in 0.5% deoxycholate. 
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Fig. 5. Theoretical curves using Eqs. (3 and 4) for the binding of anti-rabbit IgG 
(BPT) in solution to rabbit IgG immobilized on an optical fiber (original data from 
Sepaniak et al., 1989). 

obtained using Eqs. (3 and 4) for a fresh immunosensor.  Table I shows the 
values of the fractal dimension(s) and the binding rate coefficient(s) using 
a single- as well as a dual-fractal analysis. In this case, one notes that there 
is a reversal in the trend in comparing the results with the previous exam- 
ples. On comparing the single-fractal analysis with the dual-fractal analy- 
sis one notes that kl > k and Djq > Df, and k 2 < k and Dd2 < Df. Note that in 
this case as time increases both the fractal dimension and the binding rate 
coefficent decrease as the reaction progresses. No explanation is offered for 
this decrease in the fractal dimension as well as in the binding rate coeffi- 
cient with time. Note that in this case a decrease in the fractal dimenson by 
40.4% (Dr to Dd2 ) decreases the binding rate coefficient by a factor of 7.74 
(kl to k2). 

It is of interest to note that changes in the binding rate coefficient are 
in the same direction as that of the changes in the fractal dimension. This is 
an initial study. The analysis of data for the antigen-antibody binding for 
other biosensor applications is required to more firmly establish this 
change in the fractal dimension as well as the binding rate coefficient in the 
same direction during the same experiment. 

CONCLUSIONS 

The dual-fractal analysis of the binding of the antigen (or antibody) 
in solution to the antibody (or antigen) immobilized on the biosensor sur- 
face provides a quantitative indication of not only the state of disorder 
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and the binding rate coefficient on the surface, but also of the change in the 
state of disorder and the accompanying change in the binding rate coeffi- 
cient. In some cases, the dual-fractal analysis provides an improved fit 
when compared to a single-fractal analysis. This was indicated by the 
regression analysis [sum of the (error) 2] provided by Sigmaplot. The error 
being the difference between the theoretical predicted value and the 
experimental value. This was further corroborated by visual inspection of 
the figures presented for fitting the data by a single- and a dual-fractal 
analysis. During the same experiment, changes in the fractal dimension 
(Dyl to Dj2) are in the same direction as that of the binding rate coefficient 
(k 1 to k2). In general, the increase in the fractal dimension leads to an 
increase in the binding rate coefficient as the reaction progresses on the 
biosensor surface. Also, for the single example presented, the decrease in 
the fractal dimension leads to a decrease in the binding rate coefficient on 
the biosensor surface. There is direct (27) and indirect evidence (15) to sug- 
gest that an increasing "roughness" on the surface would tend to increase 
the adsorption or binding rate coefficient. 

Further analysis is required of other antigen-antibody binding reac- 
tions on biosensor surfaces to further delineate the changes in the fractal 
dimension and in the binding rate coefficients in the same direction. This 
type of analysis provides physical insights into the antigen-antibody reac- 
tions occurring on the biosensor surface, and would lead to a better con- 
trol of the biosensor performance parameters such as stability, selectivity, 
sensitivity, and response time. 
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