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ABSTRACT 

A fractal analysis is made for antigen-antibody binding kinetics 
for different biosensor applications available in the literature. Both 
types of examples are considered wherein: (1) the antigen is in solu- 
tion and the antibody is immobilized on the fiberoptic surface, and (2) 
the antibody is in solution and the antigen is immobilized on the fiber- 
optic surface. For example, when the antibody is immobilized on the 
surface, an increase in the antigen Clostridium botulinum toxin A con- 
centration in solution leads to (1) a decrease in the fractal dimension 
value or state of disorder, and (2) a higher rate constant for binding 
on the fiberoptic surface. An analysis of the effect of the influence of 
different parameters on the fractal dimension values for a particular 
example, such as varying treatments or incubation procedures, helps 
provide insights into the conformational states and reactions occurring 
on the fiberoptic surface. The analysis of the different examples taken 
together provides novel physical insights into the state of "disorder"  
and reactions occurring on the surface. Such types of analysis should 
help contribute toward manipulating the reactions occurring on the 
fiberoptic surfaces in desired directions. 

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

Sensitive detection systems (or sensors) are required to detect a wide 
range of substances. Sensor applications may be found in the areas of bio- 
technology, physics, chemistry, medicine, aviation, oceanography, and 
environmental control. Sensors should be specific, sensitive, stable, easy 
to use, and inexpensive. Not all of these requirements are satisfied by 
sensors, and often one compromises. There is an ever-increasing demand 
not only to utilize sensors in a wide variety of areas, but also to improve 
the above-mentioned parameters in fields of current utilization. Biosen- 
sors are finding increasing application nowadays. The main feature of 
biosensors is the spatial unity of biomolecules with a signal transducer 
(1). Wise and Wingard (2) indicate that biosensors utilize the "cutting 
edge" principles of biotechnology, electronics, and instrumentation. 
Scheller et al. (3) emphasize the importance of providing a better under- 
standing of the mode of operation of biosensors to improve their sensitiv- 
ity, stability, and specificity. 

The solid-phase immunoassay technique is a convenient means for 
the separation and/or detection of reactants (for example, antigen) in a 
solution. The binding of an antigen to an antibody-coated surface (or vice 
versa) is sensed directly and rapidly. Such a separation and/or detection 
is possible owing to the high specificity of the analyte for immobilized 
antibody or antigen, as the case may be. Eddowes (4) indicates that optical 
sensor devices (5) that are dependent on the variations in the refractive 
index are often employed. Harrick (6) has suggested utilizing the optical 
characteristics unique to a reflecting surface between two transparent 
media. The evanescent wave (that is a part of the internally reflected light 
beam) allows the optical detection of a reaction occurring at the interface 
between the two media (7). This transduction of a chemical signal to 
an electrical signal for eventual detection is bound to be complicated. A 
convenient means is required to " lump"  these complexities together 
effectively. 

Furthermore, external diffusion limitations play a role in the analysis 
of such assays (4,8-10). The influence of diffusion in such systems has 
been analyzed to some extent (11-16). Eddowes (4) emphasizes that the 
chemical binding kinetics of the antigen to the immobilized antibody or 
vice versa, the equilibrium, and the mass transport limitations of the 
analyte to the surface would constrain the performance of biosensors. It is 
worthwhile to analyze the diffusion-controlled reactions occurring at the 
surface, both by conventional as well as by novel techniques, in order 
that more physical insights may be obtained. 

The binding of the antigen to the antibody or vice versa occurs at the 
interface. Avnir et al. (17) have shown that surface irregularities (that are 
bound to occur as the antigen or the antibody is immobilized to the bio- 
sensor surface [optical fiber]) may be characterized using Mandelbrot's 
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non-Euclidean fractal geometry (18). Avnir et al. (17) emphasize that for 
particulate materials, surfaces of progressively higher irregularity are 
characterized by progressively higher fractal dimensions. Pfeifer and 
Obert (19) emphasize that fractals are disordered systems. This disorder 
can be described in terms of nonintegral dimensions. 

Kopelman (20) 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 (for example, binding) coefficients. The 
time-dependent adsorption rate coefficients observed experimentally 
(21,22) may also be owing to nonidealities or heterogeneities on the sur- 
face. Antibodies are heterogeneous, and their immobilization on a fiber- 
optic surface, for example, would exhibit some degree of heterogeneity. 
This is a good example of a "disordered system," and a fractal analysis is 
appropriate for such systems. In addition, the antigen-antibody reaction 
on the surface is a good example of a low-dimension reaction system in 
which the distribution tends to be "less random" (20). A fractal analysis 
would provide novel physical insights into the diffusion-controlled reac- 
tions occurring at the surface. Furthermore, Matushihita (23) indicates that 
the irreversible aggregation of small particles occurs in many natural pro- 
cesses, such as polymer science, material science, immunology, and so 
forth. These aggregation processes frequently result in the formation of 
complex materials, which can be described by fractals (24). Daccord (25) 
emphasizes that when too many parameters are involved in a reaction, the 
fractal dimension for reactivity may be useful as a " lumped" parameter. 

Douglas et al. (26) indicate that quite a few physical processes are 
related to the exterior Dirichlet problem for Laplace's equation (27). The 
capacity determines the steady-state flux of mass, energy, or some other 
quantity from a solution to arbitrary shaped objects. Douglas et al. (26) 
have proposed a probabilistic method involving hitting the "probed" 
objects with random walks from an enclosing surface. These authors 
developed an asympotically exact expression for the temporal reaction 
rate toward an arbitrarily distributed, arbitrarily shaped collection of 
"reactive" objects that are embedded in a nonreactive planar surface. A 
random walk algorithm for calculating the rate by computer simulation 
has been implemented. In our case, the "probed"  object is the antigen or 
antibody immobilized on the (nonreactive planar surface) biosensor sur- 
face. Douglas et al. (26) emphasize that these reactive objects are allowed 
to possess a fractal shape. The analysis of Douglas et al. (26) is of a 
general enough nature, since these authors emphasize that the engineer- 
ing literature is a rich source of capacitance solution (or steady-state flux) 
on complicated shape or fractal objects. Thus, their suggested method is 
applicable to a wide variety of engineering problems. 

Stenberg and Nygren (13) have emphasized that protein adsorption 
systems exhibit behavior similar to that of antibody-antigen systems at the 
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solid-liquid interface. For example, the influence of surface-dependent in- 
trinsic adsorption and desorption rate constants on the amount of protein 
adsorption has been analyzed (21,22). For protein adsorption, Guzman et 
al. (28) initially proposed that the activation energies for adsorption and 
desorption are dependent on surface coverage. Similarly, Hunter et al. 
(29) suggest that as the surface coverage increases, the activation energies 
for adsorption and desorption of proteins increase and decrease, respec- 
tively. Kondo and Hagashitani (30) have recently analyzed the adsorption 
isotherms of ribonuclease A (RNase A), cytochrome c, lysozyme, oMactal- 
bumin, and bovine serum albumin on colloidal particles of polystyrene, 
styrene/2-hydroxyethyl methacrylate, and silica as a function of pH and 
ionic strength. The authors propose that lateral interactions between the 
larger protein molecules are stronger because of the thicker adsorption 
layers at the solid-liquid interfaces. Cuypers et al. (21) analyzed the influ- 
ence of a variable adsorption rate coefficient on protein adsorption. During 
studies on the adsorption of ferritin from a water solution to a hydrophobic 
surface, Nygren and Stenberg (22) noted that initially the adsorption rate 
coefficient of the new ferritin molecules increased with time. Nygren and 
Stenberg (12) also noted a decrease in binding rate with time while study- 
ing the kinetics of antibody binding to surface-immobilized bovine serum 
albumin (antigen) by ellipsometry. They indicated that the decrease in bind- 
ing rate with time is probably owing to saturation through steric hindrance 
at the surface. Furthermore, Nygren and Stenberg (22) indicate that for 
surface-immobilized antigen, the binding rate is affected by steric interac- 
tion between bound antibodies for surface concentrations > 1 ~mol/cm 2. 

Havlin (31) has analyzed the diffusion of reactants on and toward 
fractal surfaces. The author indicates that from an experimental point of 
view, diffusion toward fractal surfaces has been studied more extensively 
than diffusion on fractal surfaces owing to the number of applications, 
such as catalytic reactions. However, the author does emphasize that, 
theoretically, diffusion toward fractal surfaces has been analyzed much 
less. Some studies are available. For example, Giona (32) has recently 
analyzed first-order reaction-diffusion kinetics in complex fractal media. 
This author emphasizes that the analysis of the temporal nature of the 
diffusion-limited reaction on the surface could play an important role in 
understanding both the reaction kinetics and the reactions at the interface/ 
surface. For a better physical understanding of reactions at interfaces, it is 
worthwhile using a fractal analysis to examine, as model examples, the 
behavior of diffusion-limited antigen-antibody binding on biosensor 
surfaces. 

In this article, the fractal dimension values for the kinetics of antibody- 
antigen binding in the fiberoptic biosensor systems are presented. 
Wherever sufficient data are available, the influence of a variable, for 
example, antigen or antibody concentration in solution or on the surface 
on the fractal dimension value, is presented and analyzed. 
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Fig. 1. Elementary steps involved in the binding of the antigen in solution 
to the antibody covalently attached to the surface (dual-step binding). Involve- 
ment of lateral interactions between antibody-antigen complexes on the surface 
is also shown (k3, k-3) (16). 

THEORY 

A brief analysis of the binding kinetics of antigen in solution to anti- 
body immobilized on the surface is presented (15). The influence of 
lateral interactions and variable binding coefficients on the surface is also 
briefly analyzed (16). This is followed by a method of estimating actual 
fractal dimension values for antigen-antibody binding systems utilized in 
fiberoptic biosensors. Two types of binding systems are analyzed: (1) the 
antigen is in solution and the antibody is immobilized on the surface, and (2) 
the antibody is in solution and the antigen is immobilized on the surface. 

Antigen in Solution/Antibody on the Surface 

Dual.Step Binding 
The modeling of binding of an antigen in solution to antibody immo- 

bilized on the surface is done by a two-step process. The elementary steps 
involved in the reaction scheme are shown in Fig. 1 (excluding steps in- 
volving k3 and k-3. 
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The rate of binding of a single antigen by an antibody is given by 
(Fig. 1): 

(dP1/dt) = 2klcs (Po - P1 - P2) - k2Plcs + 2k-2P2 - k-lP1 (1) 

where P0 is the total concentration of the antibody sites on the surface, P1 
is the surface concentration of antibodies that are bound to a single anti- 
gen at any time " t , "  Cs is the concentration of the antigen close to the sur- 
face, kl and k2 are the forward reaction rate constants, k_l and k-2 are the 
reverse reaction rate constants. Here, F2 is the surface concentration of 
the antibody that binds two antigens. The rate at which the antibody 
binds two antigens is given by: 

(dr'2 / dt) = k2csP1 - 2k_2F2 (2) 

For initial binding kinetics, after some simplification, Sadana and Sii 
(15) obtained: 

(dP~/dt) = kfc2po (3) 

The second-order dependence on antigen concentration is not surprising, 
since two molecules of the antigen can bind to two binding sites on the 
same antibody molecule. 

D i f f u s i o n  

The diffusion limitation of the reaction scheme can be determined for 
purely radial diffusion by considering the following equation: 

(3c / 3 t) = (D / r) (3 / Or) [r(3c / 3 r)] (4a) 

where D is the diffusion coefficient. 
For a plane surface, Eq. (4a) may be rewritten in dimensionless form as: 

(3y / 30) = (O2y / 3z 2) (4b) 

where y = C/Co, z = x/L, L is a characteristic length dimension, for example, 
the diameter of a fiberoptic biosensor, and O = t /(L2/D). The boundary 
condition for Eq. (4b) is: 

(dP1 / dt) = D(3c / 3x) ]x = 0 (5a) 

Here, x = 0 represents the origin of the Cartesian coordinate system and 
is physically the surface of, for example, the fiber to which the antibody is 
attached. From Eqs. (3) and (5a), one obtains, in dimensionless form: 

(3y / 3z) [z = o = Dau 2 (5b) 

where u = c(O, t)/Co, and Da is the Damkohler number and is equal to 
kfLPoco/D. The appropriate conditions are: 

c(x, O) = co for x > 0, t = 0 (5c) 
c(0,0) = 0 for x = 0 ,  t = 0  

Applied Biochemistry and Biotechnology Vol. 59, 1996 



A g / A b  Binding Kinetics for Biosensors  26.5 

Equation (4b) may be solved numerically using the boundary conditions 
(Eqs. [5b] and [5c]) to obtain solutions for c(0, t) and P~(t). The boundary 
condition is nonlinear, and the solution to Eq. (4b) is obtained by a 
numerical method (33). A similar kinetic analysis for the dual-step bind- 
ing of antibody in solution to antigen immobilized on the surface is avail- 
able (16). 

Influence o f  Lateral Interactions 
Repulsive interactions in the reaction layer have been related to the 

passivation of surfaces by Cuypers et al. (21). The authors state that an 
initial rapid, often diffusion-limited, rate may be followed by a continu- 
ously decreasing adsorption rate. This may arise owing to nonidealities or 
heterogeneity on the surface, which is shown by Nygren (34). Nygren 
(34) determined and analyzed a heterogeneous distribution of adsorbed 
protein molecules over the surface, indicating that cohesive forces act on 
the molecules. The attractive interactions would help stabilize the reac- 
tion complexes (antibody-antigen) on the surface. Lateral interactions 
may be treated in two ways: first, by the introduction of a new state and 
rate constants, and then by a phenomenological model (a power law) for 
kl. P3 represents the surface concentration of the antibody-antigen com- 
plexes that are involved in lateral interactions on the surface. 

The rate of binding of the single arm of the covalently bound anti- 
body to the antigen in solution is given by (Fig. 1) (16): 

(dr1/dt) = 2klcs (r0 - rl  - r2 - 2P3) 
- r l  (k_ 1 + k2c~) - k3P 2 (6a) 

+ 2 k_2r2 + k-3P3 

The rate at which the antibody binds two antigens is given by: 

(dr2 / dt) = k2rlcs - 2k-2P2 (6b) 

The rate at which the antibody-antigen complex molecules laterally inter- 
act is given by: 

(drB/dt)  = k3P12 - k - 3 r 3  (7) 

After some simplification, Sadana and Madugula (16) obtained: 

(dr1 / dt) = (k~k3 / ~)  ~ [Ab] r0 (8a) 

Variable Rate Coefficient 

Kopelman (20) has recently indicated that classical reaction kinetics is 
sometimes unsatisfactory when the reactants are spatially constrained on 
the microscopic level by either wall, phase boundaries, or force fields. 
Such heterogeneous reactions, for example, bioenzymatic reactions, that 
occur at interfaces of different phases exhibit fractal orders for elementary 
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reactions and rate coefficients with temporal memories. In such reactions, 
the rate coefficient exhibits a form given by: 

kl = k' t -b O <- b <<_ 1 (t >>_ 1) (8b) 

In general, kl depends on time, whereas k' = kl (t = 1) does not. Kopelman 
(20) indicates that in three dimensions (homogeneous space), b = 0. 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 occurring in fractal spaces, 
b > 0; this yields a time-dependent coefficient. 

Di Cera (35) has analyzed the random fluctuations on a two-state pro- 
cess in ligand binding kinetics. The stochastic approach can be used as a 
means to explain the variable adsorption rate coefficient. According to 
Di Cera (35), the simplest way to model these fluctuations is to assume 
that the adsorption rate coefficient kl(t) is the sum of its deterministic 
value (invariant) and the fluctuation (z[t]). This z(t) is a random function 
with a zero mean. The decreasing and increasing adsorption rate coeffi- 
cients can be assumed to exhibit an exponential form (14,15,21 ): 

kl = kl,0 exp ( -  fit) (8c) 
kl = kt0 exp (fit) 

Here, fl and kt0 are constants. 
Sadana and Madugula (16) have analyzed the influence of a decreas- 

ing and an increasing adsorption rate coefficient on the antigen concen- 
tration near the surface when the antibody is immobilized on the surface. 
The authors noted that for an increasing adsorption 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 inter- 
actions are present or absent. Similarly, for a decreasing adsorption rate 
coefficient, as time increases, the concentration of the antigen near the 
surface increases continuously for the cases when lateral interactions are 
present or absent. Furthermore, experimental data presented (36) for the 
binding of HIV virus (antigen) to the antibody anti-HIV immobilized on a 
surface display a characteristic "disorder." This indicates the possibility 
of a fractal-like surface. It is obvious that the above 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, time-varying adsorp- 
tion rate coefficients, and so forth, can be characterized as a fractal 
system. Examples of biosensors and immunological reactions at inter- 
faces available in the literature are characterized below as fractal systems. 
Fractal dimension values for these systems are presented and briefly 
analyzed for different cases, wherein system variables are changed. 

Nyikos and Pajkossy (37) indicate that a significant amount of work 
has been done in understanding the role of diffusion and reaction on frac- 
tal surfaces (38-41). However, the role of diffusion on reaction at fractal 
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surfaces has not received much attention. These authors did derive a con- 
dition to describe nonconventional electrode kinetics during the diffusion- 
limited transfer of charge across a fractal interface. When the self-similarity 
property (characteristic of fractal surfaces) was lost, "regular" diffusion 
was present. It would be of interest to analyze the influence of diffusion on 
the reactions occurring on fractal surfaces. Does diffusion exacerbate the 
fractal nature of surfaces, or does it "mask" the fractal nature by "decreas- 
ing" its effect on reactions occurring at interfaces? Internal and external 
diffusion effects have been shown to exacerbate the influence of hetero- 
geneity for other types of systems, for example, enzyme deactivations (42). 

Havlin (31) has briefly analyzed the role of diffusion of reactants 
toward fractal surfaces. The author indicates that the diffusion of a parti- 
cle (for example, antibody lab]) from a homogeneous solution to a solid 
surface (the biosensor surface) where it reacts to form a product (antibody- 
antigen complex) is given by (37,43-45): 

(Ab.A ) 
t [ (3  - Df) / 2] = t p [ t < tr 

% 

t '/2 J t > tc 

(9) 

Equation (9) is a biphasic function of time. Here, Df is the fractal dimen- 
sion of the surface. Havlin (31) indicates that the crossover value may be 
determined by ~ - tr Here, p is a coefficient. Above the characteristic 
length, re, the self-similarity of the surface is lost. Above ro the surface 
may be considered homogeneous. For the present analysis, tr is arbitrarily 
chosen. 

Initially, it was suggested to model the binding curves using Eq. (3) 
(when no lateral interactions are present) and Eq. (8a) (when lateral in- 
teractions are present) (16). In these cases, however, the binding rate 
coefficient is time-invariant. This approach was later modified to include 
the heterogeneities or degree of inhomogeneity that exists on the biosensor 
surface. These heterogeneities are better described by a temporal binding 
rate coefficient that arises out of a fractal analysis (20). The fractal analysis 
is a better description of the real-life situation on the biosensor surface. In 
addition to the above-mentioned analysis and the fractal analysis, no 
other explanations have been offered for the seemingly biphasic character 
exhibited by some of the binding rate curves. 

Antigen in Solution/Antibody on the Surface 

Anderson and Miller (46) have analyzed the binding of the anticon- 
vulsant drug phenytoin using a fiberoptic sensor based on a homogeneous 
fluorescence energy transfer immunoassay. The reaction chamber used 
by these authors consists of a small length of cellulose dialysis tubing 
cemented to the distal end of an optical fiber. The reaction mixture con- 
tained phenytoin-valerate-B-phycoerythrin, and Texas red-avidin. Anderson 
and Miller (46) indicate that the biotin and Texas-red avidin system was 
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Fig. 2. Theoretical curve using Eq. (9) for the binding of phenytoin in solu- 
tion to biotin-X-antiphenytoin in BSSG and Texas-avidin immobilized on a fiber- 
optic biosensor: ( I  fresh, (A) recycled (46). 

utilized to minimize the denaturation of the antibody on the biosensor 
surface produced by direct labeling with Texas red. This is of importance 
to help maintain the stability of the antibody on the fiberoptic surface. 

Figure 2 shows the fit of the curve for the binding of 100 #mol/L phe- 
nytoin solution to biotin-X-antiphenytoin in BSSG and Texas-red avidin 
immobilized on a fiberoptic biosensor. Table 1 shows the values of the 
parameters k, p, and the fractal dimension, Dr, obtained utilizing Eq. (9), a 
biphasic function of time, to model the experimental data for phenytoin 
binding. The binding rate coefficient, k, presented in Table I was obtained 
from a regression analysis using Sigmaplot (51) to model the experi- 
mental data using Eq. (9), wherein (Ab.Ag) = kt p. The k, p, and Df values 
presented in Table I are within 95% confidence limits. This indicates that 
the determined parameters are reliable and significant. A fractal dimen- 
sion value of 1.18 is obtained for this system. No other data are presently 
available for the system to analyze the influence of different parameters 
on the fractal dimension value. The few data points available are primarily 
responsible for the deviation in the value of p obtained. Nevertheless, the 
fit of the model to the data is reasonably good. 

The sensor was transferred from a 100 to 0 #mol/L phenytoin solution 
and then recycled back to a 100 #mol/1 phenytoin solution. Figure 2 shows 
the binding curve, and Table 1 shows the values of the parameters k, p, 
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and the fractal dimension, Dr, obtained by using Eq. (9). It is of interest to 
note that the Df value obtained for the recycled case (2.354) is twice the 
value of/3/obtained (1.178) when the biosensor is used the first time. An 
increase in the fractal dimension indicates an increase in the "disorder" 
of the system. Apparently, in this case, the data and the fractal analysis 
indicate that the recycle and reuse of the biosensor leads to an increasing 
disorder of the system. The k value for the recycled biosensor (reused) 
compared to a "fresh" (first-time) biosensor increases by a factor of 7.4 
from 11.69 to 86.6. This would indicate that the recycled biosensor is 
"more sensitive"; however, this is offset to some extent by the higher 
fractal dimension value for the recycled case. 

Ogert et al. (48) recently analyzed the detection of Clostridium botuli- 
num toxin A using a fiberoptic biosensor. These authors immobilized 
various affinity-purified antitoxin A antibodies on tapered optical fibers, 
and performed the assays utilizing different concentrations of the toxin 
A. Ogert et al. (48) utilized a sandwich immunoassay using rhodamine- 
labeled polyclonal antitoxin A immunoglobin G (IgG). This generated the 
evanescent fluorescence signal that was analyzed. The assay utilizes the 
fluorescent complex formed between the botulinum toxin A, an immobi- 
lized capture antibody, and a fluorescent antibody. These authors indi- 
cate that a fresh fiber was utilized for each study. Also, the following 
steps were employed: (1) The fiber was placed in the toxin A solution for 
10 rain, and (2) then, the fiber was placed in the TRITC-antitoxin A IgG 
solution (5 #L/mL). Figure 3 shows the binding curves, and Table I shows 
the values of the parameters k, p, and Df obtained by using Eq. (9). The fit 
of the curves obtained by Eq. (9) is reasonable for the different concentra- 
tions of the botulinum toxin A in solution. There seems to be a trend in 
the values of the fractal dimension obtained with the different toxin A 
concentrations in solution utilized. 

Figure 4 plots the fractal dimension values with the reciprocal of the 
toxin A concentration in solution. Though there is scatter in the data, the 
fit of the line of the fractal dimension value, Dr, vs the reciprocal of the 
toxin A concentration in solution is reasonable. The availability of data 
points is scarce. More data points would more firmly establish the fit of 
the line. Nevertheless, the straight line fit indicates that as the concentra- 
tion of the toxin A in solution increases, the "disorder" on the biosensor 
surface decreases as noted by a decrease in the fractal dimension value. 
This indicates that an increase in the toxin A concentration in solution 
leads to an increasing order of the conformational states of the reaction 
complex on the fiberoptic biosensor surface. More information for this 
system and for other systems is required to establish this conclusion more 
firmly. Nevertheless, this type of information and analysis helps in 
understanding what is actually happening on the surface. This should 
then help control the reactions occurring on the surface to advantage. 
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Fig. 3. Theoretical curves using Eq. (9) for the binding of different concen- 
trations of C. botulinum toxin A to affinity-purified and antitoxin A antibody 
immobilized on tapered optical fibers (A) (m 5 ng/mL, (*) 25 ng/mL, (A) 50 
ng/mL, (B) (m) 100 ng/mL, (*) 200 ng/mL (48). 
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using Eq. (9) with the reciprocal of the C. botulinum toxin A concentration in 
solution. 

The next example analyzes the capture of antigens on antibodies 
immobilized on chromium dioxide particles and on polystyrene beads. 
Although this is not a fiberoptic biosensor application, it is still worthwhile 
mentioning, since it involves an immunoassay and assists in decreasing 
the immunoassay time from typically 4-24 h to 30-45 min. Birkmeyer et 
al. (47) have analyzed the application of novel chromium dioxide magnetic 
particles to immunoassay development. These authors emphasize that 
the time frame to complete the assay is largely dependent on the choice of 
the solid support. These authors have utilized duPont's experience with 
the manufacture of chromium dioxide for magnetic tape and its biotech- 
nological capabilities with antibodies. 

Figure 5 shows the fit of the curve obtained for the binding of HIV 
virus to the antibody coated on high surface area chromium dioxide par- 
ticles and on 6-ram diameter polystyrene beads. The coated MAb had a 
high specificity and affinity for the prostatic acid phosphatase. Birkmeyer 
et al. (47) indicate (and as can be seen from Fig. 5) that 90% of the antigen 
is bound to the antibody, immobilized on the chromium dioxide particles 
in the first 3 min. Less than 20% of the antigen is bound to the antibody 
immobilized on the polystyrene beads in 10 min. These authors emphasize 
that the total capture by the polystyrene beads is very slow and takes 
more than 20 h. The fractal dimension values obtained for the binding of 
the antigen to the antibody on the chromium dioxide particles and on the 
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Fig. 5. Theoretical curve using Eq. (9) for the binding of HIV virus in solu- 
tion to the antibody coated on (*) high-surface area chromium dioxide particles 
and on ( . )  6-ram diameter polystyrene beads (47). 

polystyrene beads are 2.806 and 2.228, respectively. The higher fractal 
dimension value obtained for the chromium dioxide particle compared to 
the polystyrene bead indicates a higher state of "disorder" for the chrom- 
ium dioxide particles. 

It is of interest to note the k value for the chromium dioxide particles 
(0.489) is about 72 times higher than the k value for the polystyrene 
beads. This is the major reason for the reduced assay time for the chrom- 
ium dioxide particles compared to the polystyrene beads. This is in agree- 
ment with the greater surface area of the chromium dioxide particles as 
compared to the 6-mm diameter polystyrene beads. A greater surface 
area allows larger amounts of antibody to be immobilized on the particles 
to help bind and remove the antigen from the solution. The fractal analy- 
sis of particulate materials by Avnir et al. (17) indicates that higher surface 
area particles should, in general, yield higher fractal dimension values. 
This is consistent with our results. 

Furthermore, Birkmeyer et al. (47) emphasize that the special coating 
applied to the magnetic-tape chromium dioxide particles serves the follow- 
ing purposes: 

1. It prevents chromate leaching and improves hydrolytic stability; 
2. The coating produces a modified surface that reduces non- 

specific binding; and 
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3. The coating improves the surface for the covalent attachment 
of the antigens to the antibodies. 

This significantly enhances the stability and the yields of the immuno- 
assay. Items (2) and (3) are also of interest in the development of fiberoptic 
biosensors, and it would be of interest to correlate these modifications to 
fractal dimension values: 

1. To assist in making fiberoptic biosensors more stable; 
2. To exhibit higher sensitivities; and 
3. To minimize nonspecific binding. 

Antibody in Solution/Antigen on the Surface 
The theoretical analysis is similar to the one presented above and is 

available in the literature (16). It is not presented here to avoid repetition 
of what is already available in the literature. 

Tromberg et al. (49) have recently analyzed the binding of antirabbit 
IgG in solution to rabbit IgG covalently immobilized on the distal sensing 
tip of a quartz optical fiber. The authors utilized a competitive binding 
fluorescence immunoassay. Tromberg et al. (47) emphasize that the direct 
attachment of antibody or antigen via organosilanating reagents is pre- 
ferred compared to utilizing membrane or gel-entrapped reagent phases. 
This is because mass transport and immunochemical kinetics severely 
limit sensor response times. Furthermore, these authors emphasize that 
once the optical fibers (biosensors) were ready, they were rinsed in phos- 
phate-buffered saline (PBS) and stored in 1% ovalalbumin/PBS at 4~ in 
order to minimize the effect of nonspecific binding. This permitted the 
biosensors to be stable for several weeks. 

Figure 6 shows the binding of the 0.5 mg/mL stirred anti-IgG-FITC 
solution to the IgG immobilized on the biosensor (49). Table I shows the 
values of the parameters k, p, and the fractal dimension, Dr, obtained 
utilizing Eq. (9) to help model the experimental data for IgG binding. A 
fractal dimension value of 2.29 is obtained for this system. No other data 
are presently available for this system to analyze the influence of different 
parameters on the fractal dimension value. The few data points available 
are primarily responsible for the deviation in the value of p obtained. 
Nevertheless, the fit of the model to the data is reasonably good. The 
fractal dimension value of 2.29 provides a "composite" number for the 
"disorder" of this system, wherein diffusion of a reactant to a surface 
does influence the fractal nature of the surface. It would be of interest to 
estimate quantitatively the influence of diffusion on the "disordered state" 
or fractal nature of the surface. Tromberg et al. (49) emphasize that signal 
levels obtained by stirring 1-mL samples for 5 min were about the same 
as those obtained from 1-mL unstirred samples. This indicates that mass 
transport limitations are present for high-affinity antibodies, which exhibit 
rapid antigen-antibody binding kinetics (12,52). 

Applied Biochernistry and Biotechnology Vol. 59, 1996 



276 

12o 

Sadana and Beelaram 

1 O0 . ~  

< 80 
Z 
(2_ 
co 

tu 60 
< 
._1 
tlJ cc 40 

20 

0 4 s 6 7 8 6 10 
TIME (MINUTES) 

Fig. 6. Theoretical curve using Eq. (9) for the binding of antirabbit IgG in 
solution to rabbit IgG covalently immobilized on the distal sensing tip of a quartz 
optical fiber (49). 

Mason and Williams (50) indicate that antibodies are finding increasing 
utilization for the identification, assay, and purification of membrane mole- 
cules. These authors indicate that indirect binding assays with 125I-labeled 
anti-immunoglobulin can be utilized in several ways. Letarte-Muirhead et 
al. (53,54) and Morris and Williams (55) have utilized binding assays to 
purify Thy-1 antigen (a membrane antigen). Indirect binding assays may 
also be utilized to analyze other complex antisera (56-58). Mason and 
Williams (50) have recently analyzed the kinetics of association and dis- 
sociation of antibody interactions with cell-surface antigens in polymeric 
or monomeric forms. These authors utilized MAbs since conventional 
antibodies are heterogeneous and are present in low concentrations in 
serum. Useful results from experiments performed on conventional anti- 
bodies are difficult to obtain. 

Figure 7A shows the fit of the curve obtained for the binding of 0.16 nM 
of the 125I-labeled F(ab')2 bivalent MAb and the ~2SI-labeled F(ab') mono- 
valent monoclonal anti-Thy-l.1 antibody to antigen from rat thymocyte 
(Thy-l.1) on the cell surface. This is clearly not a fiberoptic biosensor appli- 
cation. Nevertheless, an immunological reaction takes place here, and the 
physical insights gained should be of assistance to understanding immu- 
nological reactions on a fiberoptic biosensor surface. Table 1 shows the 
values of the parameters for k, p, and the fractal dimension, D h obtained 
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0.25 

do 4'0 6'o 80 160 120 
TiME (MINUTES) 

(A) Theoretical curve using Eq. (9) for the binding of 12Sl-labeled 
F(ab')2 bivalent MAb (11) and 12SIqabeled F(ab') monovalent F(ab') antibody (*) 
to antigen from rat thymocyte (Thy-1.1) on the cell surface. (B) Theoretical curve 
using Eq. (9) for the binding of 12sIqabeled F(ab')z and 25 ~L of 0.5% deoxycholate 
incubated with 5 x 106 fixed rat thymocytes ( I )  without and (A) with 25 #L of 
Thy-1 antigen. 
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Fig. 7. (cont'd). (C) Theoretical curve using Eq. (9) for the binding of '2sI- 
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60 rnin of incubation, 5 x 106 fixed rat thymocytes were added to the incubated 
mixture. (D) Theoretical curve using Eq. (9) for the binding of 25 #L of ~25I-labeled 
antibody and 25 ~L of 0.5% deoxycholate with 3 x 106 fixed rat thymocytes, and 
(m) without and (*) with Thy-1 + antigen (5 ng) (50). 
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by utilizing Eq. (9) to model the experimental data for F(ab')2 and F(ab') 
binding. Fractal dimension values of 1.304 and 1.274 are obtained for the 
bivalent P(ab')2 and the monovalent F(ab') antibody, respectively. The 
fractal dimension values obtained for the two antibodies are close (within 
2.3%) to each other. Thus, apparently for these cases, the single or double 
valence of the antibody does not significantly affect the state or "disorder" 
or the fractal dimension of the surface. 

Figure 7B shows the fit of the curve obtained for the binding of 25 ~L 
of 0.5% deoxycholate incubated with 5 x 106 fixed rat thymocytes (50/~L 
in 5% BSA). Table 1 shows the values of the parameters, k, p, and the 
fractal dimension, Dr. A fractal dimension value of 2.772 was obtained. 
The addition of 25 #L of the Thy-1 antigen (12.5 ng) to the above mixture 
prior to incubation yielded a fractal dimension value of 2.905 (see Table 1). 
Apparently, the addition of the 25 #L of Thy-1 antigen to the mixture 
prior to incubation increases the fractal dimension slightly by about 5%. 
This is only a slight increase in the state of the disorder of the system 
compared to the case when the Thy-1 antigen was not included in the in- 
cubation mixture. 

It is of interest to note that if 25 #L of the F(ab')2 antibody were prein- 
cubated with 25 #L of Thy-1 antigen in 0.5% deoxycholate for 60 rain and 
then incubated with 5 x 106 rat thymocytes, the fractal dimension value, 
Df (equal to 2.054), is considerably lower (by about 22.4%) compared to 
the case when all of the above components were incubated together (Dr = 
2.9051). Fig. 5C shows the fit of the curve obtained using Eq. (9), and 
Table 1 shows the parameter values of k, p, and Df obtained for this case. 
Apparently, the order of incubation has a significant impact on the state 
of the disorder of the antibody on the surface. This would indicate that 
the incubation method leads to a changed conformational state of the 
F(ab')2 antibody on the cell membrane surface. 

CONCLUSIONS 

The fractal analysis of the different antigen-antibody reactions occurring 
on different biosensor surfaces provides a quantitative indication of the 
state of disorder of the system or the surface. The fractal analysis of both 
types of systems wherein (1) the antigen is in solution and the antibody is 
immobilized on the surface, and (2) the antibody is in solution and the 
antigen is immobilized on the surface indicates the versatility of the 
analysis, and facilitates comparisons between the two types of systems. 
Some examples analyzed include just one or two sets of data points. In 
these types of systems, the influence of different parameters or variables 
on the fractal dimension (Df) was not permissible owing to lack of suffi- 
cient data. Nevertheless, the single Df value, or perhaps the Df value for 
two unrelated cases for a particular example did provide a numeric value 
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for Df. This provides, at least, some indication of the state of disorder on 
the surface. However, those cases provide valuable physical insights where 
(1) a significant amount of analyzable data are available, and (2) where the 
influence of different parameters on the Df value would be correlated. 

For example, consider the D l value obtained for the "recycled" bio- 
sensor compared to the first-time used biosensor (46). The analysis in- 
dicates an increase in the fractal dimension value with "reuse."  This 
indicates an increasing amount of disorder or conformational states at the 
biosensor surface on recycle, at least for this system. The analysis of the 
Mason and Williams data (50), which show different fractal dimension 
values for different incubation procedures, provides valuable insights 
into beginning to help control the "disorder" or the extent of different 
conformational states on the surface. 

The analysis of the Ogert et al. (48) data on C. botulinum toxin A is of 
particular interest, since one can obtain the influence of C. botulinum toxin 
A (antigen) concentration in solution on the Df value. The fractal analysis 
of the Ogert et al. (48) data indicates that as the concentration of the C. 
botulinum toxin A in solution increases, the fractal dimension decreases. 
In fact, the data analysis indicates that the fractal dimension value varies 
inversely with the C. botulinum toxin A in solution. Apparently, in this 
case, higher concentrations of the antigen in solution minimize the 
degree of disorder on the biosensor surface (lower DI values). Thus, one 
can apparently control the extent of conformational states for botulinum 
toxin A on the surface, at least for this application. More data of this type 
for this and other antigen-antibody systems are required to help further 
validate and or modify the above for biosensor applications. 

The fractal analysis of different antigen-antibody binding kinetics for 
different biosensor applications helps provide novel physical insights in- 
to the conformational states of the antigen-antibody binding complex on 
the biosensor surface. The fractal dimension provides a qualitative descrip- 
tion of the state of disorder or heterogeneity or degree of inhomogeneity 
of the antibody-antigen complex on the surface. One may relate the fractal 
dimension to the experimental parameters. Thus, one has a means by 
which to control the inhomogeneity on the surface. This assists in the 
design of biosensors. Also, the fractal analysis helps better describe the 
kinetics. These types of analyses taken together help begin to form a 
framework, wherein the data of different researchers working on different 
biosensors may be compared. The buildup of a data base on conforma- 
tional states should also assist in improving the sensitivity, stability, and 
reaction time of biosensors. It may be recommended that further similar 
studies (theoretical as well as experimental) be carried out to delineate 
further the conformational states of the antigen-antibody complex on the 
biosensor surface. 
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