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ABSTRACT

Surface plasmon resonance biosensors have become increasingly popular for
the qualitative and quantitative characterization of the specific binding of a mo-
bile reactant to a binding partner immobilized on the sensor surface. This article
reviews the use of this new technique to measure the binding affinities and the
kinetic constants of reversible interactions between biological macromolecules.
Immobilization techniques, the most commonly employed experimental strate-
gies, and various analytical approaches are summarized. In recent years, several
sources of potential artifacts have been identified: immobilization of the binding
partner, steric hindrance of binding to adjacent binding sites at the sensor surface,
and finite rate of mass transport of the mobile reactant to the sensor surface. De-
scribed here is the influence of these artifacts on the measured binding kinetics
and equilibria, together with suggested control experiments.
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INTRODUCTION

With the introduction of a commercial surface plasmon resonance (SPR) biosen-
sor in 1990, optical evanescent wave biosensors have become readily available
and increasingly popular as a tool for the quantitative and qualitative charac-
terization of reversible interactions between biological macromolecules. In
contrast to solution methods, these biosensors can detect specific reversible
binding of a reactant in a mobile phase to a binding partner immobilized on the
surface of the sensor. SPR biosensors are attractive in part because the measured
physical quantity is a refractive index change and, therefore, no chromophoric
group or labeling of the macromolecules is required. In addition, the SPR
biosensor provides real-time information on the course of the binding, it can be
applied to interactions within a broad range of affinities (uM to sub-nM), and
it uses small sample volumes with, in general, comparatively low requirements
on the purity of one of the reactants.

Currently, several hundred studies on macromolecular interactions using SPR
(and related) biosensors have been published in a broad variety of fields. These
include cell adhesion molecules (109, 110), T-cell antigen-receptor and MHC-
encoded molecules (1, 6, 12, 53, 61, 63, 65), receptor-ligand interactions (13,
41), signal transduction (20, 56, 67, 82), antibody-antigen interactions and
antibody engineering (38, 52, 64, 73, 81), virus research (28, 83, 90, 112),
protein-carbohydrate interactions (62), protein-DNA and DNA-DNA interac-
tions (2, 5, 7,22, 30, 115), interactions involving lipid vesicles or planar bilayers
(55, 66, 87, 89, 94), and the assembly of a membrane-bound quaternary signal
transduction complex (100). Apart from the commercial SPR biosensors [those
made by Biacore, Uppsala, Sweden (BIAcore); and Intersens Instruments BV,
Amersfoort, Netherlands (IBIS) (18, 59, 108)] and several laboratory-built SPR
instruments (16, 39, 93, 95), two other types of commercial evanescent wave
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biosensors are currently in use. These are based on resonant mirror princi-
ples [Affinity Sensors, Cambridge, UK (IAsys) (14)] or grating coupler prin-
ciples [Artificial Sensing Instruments ASI AG, Ziirich, Switzerland (BIOS-1)
(4, 107)], and are similar to SPR biosensors in their functionality for the char-
acterization of reversible interactions (4, 37, 75, 116).

The strategy used in a typical SPR biosensor experiment follows these steps:
First, one reactant is covalently attached to the sensor surface. Then, in the
association phase of the experiment, a mobile second reactant at constant con-
centration is introduced into the buffer flow above the sensor surface, and
the progress of complex formation at the sensor surface is monitored. This
procedure is followed by the dissociation phase, in which the free mobile re-
actant is absent from the buffer and the time-course of complex dissociation
is recorded. Finally, the sensor surface is regenerated [for example by a short
exposure to a buffer at low pH (49)] to remove the remaining complex. The
cycle of association experiment, dissociation experiment, and regeneration is
repeated using different concentrations of the mobile reactant. The obtained
sequence of binding-progress curves (Figure 1) contains information on the
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Figure 1 Schematic graph showing surface plasmon resonance biosensor signal expected for a
simple 1:1 interaction with binding kinetics of pseudo-first-order. Superposition of the expected
signal for different concentrations of mobile reactant. Association phase from 0-500 s, followed
by a dissociation phase from 500-1000 s.
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chemical rate constants and on the thermodynamic equilibrium constant of the
interaction.

The use of evanescent wave biosensors for the reliable quantitative charac-
terization of chemical binding kinetics and equilibria, in contrast to the usually
straightforward qualitative analyses of binding, is a very demanding task, even
for reactions that obey simple pseudo-first-order kinetics. The following diffi-
culties have to be overcome: 1. the immobilization technique must attach the
immobile reactant in a native conformation and, in a uniformly reactive and
accessible orientation, to a surface that does not allow for a significant amount
of nonspecific binding; 2. the relatively small refractive index increments of
most biological macromolecules make it necessary to have a high local concen-
tration of binding sites at the sensor surface (typically on the order of 10-100
uM within an immobilization matrix); and (3) the mobile reactant has to be
efficiently transported to and from the reactive sensor surface, which is much
more difficult than the mixing of reactants in solution is. As a consequence,
the measured binding-progress curves potentially are governed by limitations
in the mass transport of the mobile reactant to and from the sensor surface and
by problems of steric hindrance of the neighboring binding sites at the sensor
surface. These binding-progress curves also may suffer from the superposi-
tion of binding processes to different subpopulations of immobilized reactants
and from nonspecific binding. In recent years, significant progress has been
made in the development of experimental techniques for the solution or the
minimization of these problems, in the design of control experiments, and in
the development of analytical procedures to diagnose and account for these
effects.

Since this technique has proven extremely versatile, the present review fo-
cuses on the main strategies for the use of SPR biosensors as a new tool for the
analysis of equilibrium and kinetic rate constants of reversible interactions of
biological macromolecules. Specific applications to different fields have been
reviewed recently (64, 65, 109). See (25) for a review of the physical principles
and the optical design of optical evanescent wave methods.

OPTICAL CONFIGURATION AND
DETECTION PRINCIPLES

The basic optical configuration of an SPR biosensor consists of a prism coated
with a thin metal film (usually silver or gold) (Figure 2). In this configura-
tion, which was originally proposed by Kretschmann & Raether (54), the total
internal reflection of light is used to excite nonradiative surface plasmons in
the metal film. Surface plasmons are waves of oscillating surface charge den-
sity traveling along the metal surface. The electromagnetic field amplitudes
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of nonradiative surface plasmons decay exponentially with increasing distance
perpendicular to the sensor surface, with a decay length in the biosensor of a
few hundred nanometers. These plasmons can be resonantly excited by light
only at a well-defined angle of incidence, which occurs when the wave vec-
tor of the light in the plane of the sensor surface matches that of the surface
plasmon. The resonance causes an energy loss in the reflected light, which
is visible as a sharp minimum in the angle-dependent reflectance, which is,
experimentally, the primary recorded quantity. The resonance angle strongly
depends on the refractive index (or dielectric constant) profile of the sample
within the evanescent field above the sensor surface. Adsorption or desorption
of macromolecules at the sensor surface change the local refractive index and
produce a shift in the resonance angle, which, to a good approximation, has
been shown to be proportional to the surface concentration of macromolecules
up to a concentration of 50 ng mm~2 (25, 105). For a given refractive index
increment of the macromolecules, the signal is approximately proportional to
the mass that is bound to the sensor surface. This imposes a lower limit on the
molar mass of the mobile reactant to be detected in SPR biosensor experiments.
Details of the physics and optical design involved in SPR instruments can be
found elsewhere (25, 85). Other optical evanescent wave biosensors, such as
resonant mirror sensors or grating couplers, do not exploit surface plasmons.
They are based on waveguide principles and have a different optical configura-
tion. However, they also detect changes in the refractive index of the solution
above the sensor surface, within the evanescent field of light in total internal
reflection (4, 14, 25, 89, 107).
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Figure 2 Schematic diagram of the setup of a surface plasmon resonance biosensor (TIR: total
internal reflection; ng,: refractive index of the bulk solution in the vicinity of the sensor surface).
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The time-dependent change of the refractive index in the vicinity of the
surface upon binding is commonly measured in RU (resonance units), with 1
RU corresponding to ~1pg protein mm~2 (50, 105). It is recorded at a time
resolution up to ~0.1 s. In the terminology of the SPR biosensor literature, a
binding-progress curve is called a sensorgram.

The most frequently used commercial SPR instruments (BIAcore) place the
sensor surface on a removable microchip that is optically coupled to the in-
strument; the sample is supplied via an integrated computer-controlled mi-
crofluidic system (103) [flow-cell dimensions 2.1 mm x 0.55 mm x 0.05 mm
(I x w x h) with a detection area of 0.2 mm? (44)]. The commercial resonant
mirror device is based on a cuvette system that is equipped with a vibro-stirrer
(116).

SENSOR SURFACES AND IMMOBILIZATION

Although SPR biosensors do not require the labeling of reactants, one of the
binding partners has to be immobilized on the sensor surface (which may
be regarded as an equivalent to a label of macroscopic size). For the anal-
ysis of binding affinities and kinetics it is crucial that the measured binding
reflects exclusively the native interaction of both reactants, i.e. that nonspe-
cific surface-binding is negligible and that the immobilization does not affect
the conformation of the binding site. Preferably, the macromolecule should
be attached with uniform orientation and unrestrained accessibility for the mo-
bile reactant. The sensor surface and the immobilization technique employed
are therefore very important, and a number of different techniques have been
described. Obviously, the best choice of which binding partner to immobilize
and which immobilization technique to employ depends on the particular set
of interacting macromolecules; if possible, the comparative use of different
techniques seems to be advantageous (17, 68, 83, 110).

The gold surface on the SPR sensor chip is usually covered with a self-
assembled monolayer of alkyl thiols. This suppresses nonspecific binding and
creates a hydrophilic surface (58). In most of the biosensor applications, sen-
sor chips are used in which a matrix of carboxymethylated dextran is cova-
lently attached (1-3 ng/mm?) (58) to form a flexible hydrogel of estimated
thickness 100-200 nm (105) or 200—400 nm (116). As is the case with chro-
matographic matrices, this dextran matrix can be derivatized to give a number
of different functional groups and to allow for a variety of immobilization
chemistries (see below) (13, 26, 43, 76, 104). A regeneration procedure for
this sensor chip has been described (10). The particular advantage of using
this flexible, hydrophilic dextran matrix is that it provides better accessibility
of the immobilized macromolecules to their binding partners, and a potentially
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increased signal from the SPR sensor, by virtue of a relatively large number
of immobilized binding sites and more efficient use of the evanescent field
(58, 59).

A widely applied immobilization procedure utilizes activation of the carboxy
groups of the dextran gel with a mixture of N-hydroxysuccinimide (NHS) and
N-ethyl-N' (dimethylaminopropyl) carbodiimide to form NHS esters, which
enables coupling to the amino groups on proteins (42). The effectiveness of the
coupling relies on a preconcentration of the protein by electrostatic attraction
to the negatively charged matrix at pH values below the pl of the protein (42,
58). However, it has been noted that this may lead to protein denaturation
(68, 104). Another disadvantage of the NHS-ester immobilization procedure
is the potential occurrence of random coupling to different lysines on the pro-
tein (76), which may introduce subpopulations of binding sites with different
accessibilities and reactivities.

For these reasons, a variety of more specific immobilization methods have
been described (43, 76), such as coupling by thiol/disulfide exchange (13,
43), aldehyde coupling (43), hydrazide group coupling (76), sulfhydryl group
coupling (53, 76), and chelate linkage of oligohistidine tags (26, 78, 101). In
several studies, for example, a specific orientation of the immobilized receptor
domain was achieved by creating a thiol coupling/disulfide bond to cysteine
residues that were introduced into one reactant via site-directed mutagenesis
(13, 86, 100). For the immobilization of proteins with hydrophobic anchors,
modification of the dextran matrix by heptyl residues has been described (104).
Covalent linkage could be achieved through a perfluorophenylazide-derived
hydrophobic crosslinker (104).

Indirect coupling, exploiting the high affinity of the avidin-biotin interaction,
can be achieved by immobilizing avidin/streptavidin to the dextran matrix and
binding biotinylated macromolecules (4, 43, 45, 76). This method has the ad-
ditional advantage of not requiring preconcentration in the matrix. It has been
preferred for the immobilization of DNA and RNA (5, 7, 45) but has also been
generally used, for example, to immobilize lipid vesicles (66). A related tech-
nique is the use of a sandwich assay, in which an antibody that can specifically
capture one of the reactants is immobilized (49, 83).

Since the presence of the flexible, negatively charged dextran gel [allow-
ing for nonspecific electrostatic adsorption (35, 58, 117)] combined with high
immobilization densities may interfere with the requirements for a kinetic anal-
ysis (see below), the use of a planar sensor surface can be advantageous (17,
84, 97). Novel methods of immobilization have been and are being developed.
The immobilization on aminosilane-derivatized surfaces (employing a resonant
mirror biosensor) has been described (8, 17). Alternatively, the use of mixed
self-assembled monolayers of functionalized alkyl thiols on the gold surface of
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the SPR biosensor has been demonstrated (16, 70, 101, 108) and reviewed (71).
Different methods to construct supported bilayers can be employed (36, 84, 88,
92, 93). Ramsden et al used the Langmuir-Blodgett and Langmuir-Schaefer
method to deposit lipid bilayers onto the surface of the grating coupler in-
strument (88), while Plant et al employed phospholipid vesicle fusion on a
self-assembled alkanethiol monolayer to construct a supported hybrid bilayer
on the sensor chip of the SPR instrument (84).

After successful immobilization of one of the reactants to the sensor surface,
the real-time detection of local changes in the refractive index at the sensor
surface upon introduction of reactants into the mobile phase is a versatile tool
for the study of reversible interactions. The following discussion is confined to
the quantitative analysis of binding equilibria and kinetics.

DATA ANALYSIS

A Simple Model for a Biomolecular Interaction

In the simplest model for the interaction of an immobilized species X (for
example a receptor) and a mobile macromolecule L (a ligand), both reactants
reversibly form a 1:1 complex XL, at a chemical on—rate constant for complex
formation &, and a chemical off-rate constant for complex dissociation k_.
The thermodynamic equilibrium dissociation constant is then equal to

Kp=k_/k,. (1)

Under ideal conditions, neglecting all potential complications due to the finite
volume in which the reaction takes place, and assuming that the concentration
of the mobile reactant is held constant by an infinitely fast exchange with the
bulk solution, the pseudo-first-order rate equation

d[XL]/dt = ky [L]([X]ier — [XL]) — k- [XL] 2

is valid, where [L] is constant and [X]; denotes the total binding capacity of
the surface on a molar basis. Usually, in an SPR biosensor experiment, rela-
tively high concentrations of immobilized binding sites are required to produce
a significant refractive index change upon binding. Therefore, the signal contri-
bution of the free mobile reactant can usually be neglected. With the biosensor
response R proportional to [XL], Equation 2 gives

dR/dt = k+fORsat - (k+f0 + k_)R, (3)

where f; = [L], and Ry, denotes the response at complete saturation of the
immobilized binding sites.
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If no mobile reactant has been initially bound, the time-course of binding is
described by an exponential

R(t) = Req(fo)[1 — exp(—kops D], “4)
with the observed rate constant

kops = ko fo + k_, (5
approaching the equilibrium plateau signal

Req(F0) = R [1 + £/ (k4 50)] " = R [1 + K /fo] ! (6)

(Figure 1). Equation 6 is equivalent to a Langmuir isotherm (57). [An expres-
sion for the binding isotherm for multivalent binding-species L has been given
(46)]. If the free mobile reactant is removed from the buffer (fy = 0 for t > t;),
the complex dissociates exponentially with time:

R(®) = R(to) exp[—k_(t —to)]. (M

It should be noted that in this model the observed binding rate constant &, in
the association phase is always higher than the chemical off-rate constant k_.

Determination of Equilibrium Constants

The thermodynamic equilibrium constant can be determined by the analysis of
the dependence of the equilibrium plateau signals on the concentration of free
mobile reactant using Equation 6 (for example in a Scatchard analysis), or via
measurement of the kinetic rate constants (see below) and using Equation 1 (49).

A very important advantage of the thermodynamic approach is that it does
not require modeling of the binding progress (113) and therefore is independent
of mass transport influences. In the cuvette-based biosensor systems, equilib-
rium experiments may be performed employing a stepwise equilibrium titration
procedure (34). The thermodynamic approach can also be applied for reactions
that are too fast for a kinetic analysis (56). On the other hand, especially for slow
reactions and small concentrations of mobile reactant, it may not be possible
to reach equilibrium within the frequently limited time frame of an association
experiment (6, 33, 75, 113). In this case, the equilibrium analysis cannot be
applied; however, the equilibrium response may be extrapolated on the basis of
assumptions about the binding kinetics (79). Also, accurate determination of
the equilibrium response can suffer from a signal offset due to a refractive index
mismatch as a result of the buffer change and a corresponding baseline offset
(“bulk effect”) or a baseline drift that might be caused by, for example, small
temperature variations (25, 51) or nonspecific binding. However, this problem
can be addressed using multiple flow cells and comparing the signal to that
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obtained in the absence of immobilized reactant (51). This can be particularly
useful in the study of weak interactions (6, 61, 109), such as the binding of
cell-adhesion molecules (109).

In another experimental variant, free species X over a range of concentrations
is pre-equilibrated with reactant L in the mobile phase, and the effects on the
equilibrium response (67, 113), or on the binding rate constant k,,, of L to
the sensor surface (48, 73, 79), are monitored. Although the SPR biosensor
measures surface binding, these competition experiments indirectly allow for
the determination of the affinity of X and L in solution. This enables diagnosis
of the effects of immobilization (73, 113). Also, such competitive experiments
facilitate the detection of interactions with small reactants that would give an
inadequate response in a direct SPR experiment (47, 48). The kinetic variant
of the competition analysis similarly can avoid problems resulting from mass
transport and other factors confounding the interpretation of binding kinetics, if
the binding rate constants k5, are purely operationally defined. This approach
can rely solely on their linear dependency on the concentration of free reactant
L (47, 73, 79) or, alternatively, a plot of the empirical dependence of ks ([L])
may serve as a calibration for the determination of the concentration of free
reactant L (34). This variant of the competition experiment does not require
the attainment of binding equilibrium.

Analysis of Binding Kinetics

The analysis of the kinetics of the interaction requires mathematical modeling
of the binding-progress curves. For the simple 1:1 interaction, the pseudo-first-
order kinetics exhibits a single exponential approach to the equilibrium signal
(Equations 4 and 7).

Two different data analysis strategies have been proposed to extract the rate
constants k5 and k_: linear regression of plots of dR /dt vs R for the association
phase and In[R(ty)/R(t)] vs time for the dissociation phase (49); alternatively,
a nonlinear fit with the integrated rate equations (Equations 4—7) may be used
(77). Although equivalent in principle, except for the more advantageous er-
ror distributions in the nonlinear regression (77), these strategies differ in their
potential for ease of extension to account for the influence of mass transport
(49, 98), or for the presence of different subpopulations of binding sites (77),
respectively. A fit of Equation 5 to k,ps(fy) obtained in a series of experiments
at different concentrations of mobile reactant reveals both chemical rate con-
stants &k and k_ (49). In practice, however, k_ may be poorly defined by this
method, and therefore the analysis of the dissociation phase is advantageous
(49, 77). To account for artifacts of refractive index mismatch during the buffer
change, the initial parts of the association and dissociation phases are usually
excluded from the analysis (77). In combination with this adjustment, when



SPR METHODS FOR REVERSIBLE INTERACTIONS 551

nonlinear regression is used, a parameter for an unknown baseline, which in
some studies may include baseline drift (4, 7, 47), is added to Equations 4 and 7.

Since the experimental binding-progress curves often do not follow a single
exponential (see below) and can be best fit with double exponential expressions,
the use of a model with two independent classes of immobilized binding sites
has been proposed (77). This model allows for fitting the data with equations
similar to Equations 4 and 7 but extended to a superposition of independent
terms for each binding site (17, 77). Similarly, a model for the interaction of
two different mobile reactants competing for one class of immobilized binding
sites leads to double exponential expressions, and has been proposed for use in
kinetic competition experiments (47).

Many bimolecular interactions might not follow simple pseudo-first-order
binding kinetics. For example, isomerism of antibodies and equilibria between
different conformations having different kinetic properties has been suggested
to be a widespread phenomenon (23). In this case, the binding-progress curves
have to be modeled with more complex rate equations (50, 69). These analyses
could, in principle, be performed by global analysis of data from a series of ex-
periments obtained under a variety of different concentrations of mobile and im-
mobilereactants (21, 28, 69). However, the practical limitations of the biosensor
experiments appear to severely constrain this approach (28, 97). It has been
pointed out that mass transport limitation and related inhomogeneities within
the sensor can appear as artifacts in the measured binding-progress curves, and
that these can be similar to the results expected from more complicated binding
schemes, such as apparently cooperative binding and multi-exponential binding
(seebelow) (97). Nevertheless, at least some qualitative information about more
complex binding schemes may be obtained. For example in a study by Glaser
& Hausdorf (28), a number of different experiments qualitatively suggested the
presence of a slow conformational change of one reactant.

EXPERIMENTAL RESULTS

Comparison with the Theory and with Results
Obtained by Other Techniques

Equilibrium measurements have generally yielded data that conform with Equa-
tion 6. In some studies, the extracted equilibrium constant was shown to be
independent of both the coupling chemistry and the choice of the binding part-
ner that was immobilized (110). Similarly, binding-progress curves obeying
Equations 4 and 7 have been found frequently. However, in most studies, the
kinetics of binding deviated from the expected single-exponential association
and dissociation process (21, 50, 69, 79). Instead, apparently multi-exponential
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or sigmoid binding progress of the association phase was observed; in the
dissociation phase, double exponential curves are very common. Although
this can be an indication of multi-step binding mechanisms or an effect of
multi-valency, these shapes were also observed for systems that were expected
to follow simple pseudo-first-order kinetics. Therefore, these deviations were
frequently attributed to the presence of subpopulations of immobilized binding
sites (either intrinsically present or produced by nonuniform immobilization),
to the effects of steric hindrance at the sensor surface, or to artifacts result-
ing from mass transport limitation, which for the dissociation phase are also
referred to as rebinding.

Nevertheless, in most published studies it has been argued that Equations 4
and 7, for pure pseudo-first-order binding, would be valid for an appropriately
selected data subset. It has been noted that this approach can lead to arbitrary
and internally inconsistent results (75, 99), such as, for example, ratios of k_ / k.,
that are different by orders of magnitude from the equilibrium constant K, as
derived from the equilibrium plateau signals, thus violating Equation 1; negative
extrapolated values of %, at fy = 0; or observed binding rate constants in the
association phase k,p, smaller than k_, thus violating Equation 5 (99). It has
been advocated that the derived kinetic rate constants should be interpreted as
“apparent” rate constants (50). However, it has been pointed out that for data
that clearly do not conform to the model on which the derivation of the rate
constants is based, the use of such rate constants can be questioned (4, 75, 99).

Many studies have compared the results of biosensor experiments with equi-
librium constants and kinetic rate constants obtained for the same interacting
macromolecule system by biosensor experiments in other laboratories (38, 56,
116), as well as with different methods, such as calorimetry (4, 17, 41, 56, 62),
sedimentation equilibrium (31, 63), fluorescence quenching (9, 40), ELISA
(32, 73), and filter binding assays (106). In some cases, good agreement was
found within the limits of experimental uncertainty (41, 62, 114, 116). In other
studies, however, significant differences were apparent (4, 9, 31, 38, 40, 106,
116), including differences of up to several orders of magnitude (5, 32). Nieba
and associates found that even the relative affinities of antibodies for different
haptens can be significantly different in kinetic biosensor experiments when
compared to ELISA competition experiments (73).

While it is obviously impossible to find general explanations, these ob-
served inconsistencies and discrepancies underline the importance of rigorous
data analyses and control experiments. Supporting this view is the finding
of Ladbury et al (56) that differences between the results obtained with SPR
and those obtained with calorimetry were resolved if appropriate controls were
adopted. Similarly, by changing the approach from an analysis of the binding
kinetics to a competition experiment for the determination of the equilibrium
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constants, Nieba et al (73) were able to resolve the inconsistencies with the result
from ELISA experiments. In the following discussion, some possible sources
of artifacts in SPR biosensor experiments together with proposed diagnostic
and data analysis techniques are described.

Possible Effects of the Immobilization

Obviously, the immobilization of reactants to the sensor surface can in some
cases interfere with their binding properties by, for example, inducing con-
formational changes in the binding sites or sterically restricting the access of
the binding partner. If a nonspecific immobilization chemistry such as amine
coupling is employed, multiple subpopulations of different orientations and dif-
ferent affinities could be produced (75). This should result in a broadening of
the binding isotherm in the equilibrium data, while the binding kinetics could be
characterized by multi-exponential binding-progress curves, each exponential
term reflecting binding to a subpopulation of independent binding sites (79).

Based on the empirical observation that single-exponential binding progress
is often preserved at low concentrations of the mobile reactant, O’Shannessy
& Winzor (79) proposed restriction of the data analysis to those data that are in
conformity with the description of simple 1:1 pseudo-first-order kinetics. These
data contain the most information on the best accessible binding sites, which
can be assumed to best mimic the affinity in solution. Significant binding to
more restricted orientations of binding sites with correspondingly lower affini-
ties takes place only at higher concentrations of mobile reactant. On the other
hand, apparently multi-exponential binding can also be aresult of mass transport
limitations and nonuniform distribution of the binding sites within the immo-
bilization matrix (97). In this case, the experiments with low concentrations of
mobile reactant would give kinetic curves that appear to be single-exponential,
apparently in conformity with pure pseudo-first-order binding (27, 97). How-
ever, the rate constants derived from these data could be orders of magnitude
below the true intrinsic chemical rate constants (97, 98). Therefore, this am-
biguity of the interpretation should be resolved experimentally, by means of
control experiments for mass transport limitations (see below) and for artifacts
ofimmobilization. A different choice inthe employed coupling chemistry, solu-
tion competition experiments, and the complete characterization of the binding
isotherm by equilibrium experiments could be potentially useful tools.

Another possible effect of the immobilization that is related to the high sur-
face density of binding sites in biosensor experiments is that some immobilized
macromolecules may have the potential for oligomerization (86). If binding
properties change with the oligomeric state, or if the mobile reactant is multiva-
lent (56, 86), the results of a biosensor experiment may depend on the surface
density of the immobilized species.
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Steric Hindrance

It has been noted that high local concentrations of immobilized reactant at the
sensor surface can lead to steric hindrance in binding to neighboring binding
sites (4, 17, 79, 97). In several studies, high macromolecular concentrations
of up to 100 mg/ml and more within the immobilization matrix (97) would
make steric hindrance and excluded-volume effects more than likely (118). In
some respects, this would affect the binding process in a way similar to that
of subclasses of differently accessible binding sites. Both lead to a broadening
of the binding isotherm and have the smallest impact on the binding kinetics
at low saturation of the binding sites. However, the measured dissociation rate
can be expected to be less affected for the excluded-volume effect.

Edwards et al (17) compared the binding kinetics of human serum albumin to
an antibody immobilized either in a dextran matrix or on an aminosilane surface.
In the presence of the immobilization matrix, the data were well described
by a double exponential, while the binding to the aminosilane-bound binding
sites was described by a single exponential. Concluding that steric hindrance
affected binding within the dextran matrix, the investigators interpreted the
fast component of the binding progress as representative of binding events
similar to those in solution; they interpreted the slow component as produced
by artifacts of steric hindrance or restricted access to the binding sites. With the
fast component identified as k,5s in Equation 5, a conventional analysis could
be performed (17). However, high macromolecule concentrations also reduce
the transport of the mobile reactant, and under transport limited conditions, it is
the earlier part, and consequently the fast component, of the binding progress
that is most influenced by a number of parameters not related to chemical
reaction rates (98).

Therefore, again, experimental approaches seem to be superior to the an-
alytical approach. A change in the density of immobilized binding sites can
diagnose and eliminate the effects of steric hindrance. It should be noted that
the direct attachment to a planar surface in the absence of an immobilization
matrix alone does not necessarily eliminate these problems, since the effects of
excluded area might persist at high surface densities.

Mass Transport Limitations

For kinetic biosensor experiments, the potential limitation of the binding kinet-
ics by the rate of transport of the mobile reactant to the sensor surface represents
an intrinsic problem, since an insufficient transport rate will make it impossi-
ble to obtain meaningful information on the chemical kinetics. Interactions of
biological macromolecules can be very fast: The on—rate constant for average
proteins without long-range attractive or repulsive forces has been predicted to
be on the order of 10° M~ !sec™! (74), and for some interactions, rate constants



SPR METHODS FOR REVERSIBLE INTERACTIONS 555

several orders of magnitude higher have been measured (24, 91). On the other
hand, the upper limit of detectable rate constants for the SPR biosensor may be
in the order of 10° M~'sec™! (assuming a saturation response of approximately
1000 RU) (33, 44, 50, 79, 97, 116). It has been pointed out that this limit de-
pends on the particular mobile reactant (50, 97) and is very difficult to predict,
and that mass transport may start to influence the binding-progress curves at
chemical rate constants that are a factor of 10—100 below the transport limit
(97). This illustrates the importance of appropriate diagnostic tools and control
experiments, and therefore mass transport effects are discussed in some detail
here.

In comparison with binding to uniformly distributed reactants in solution, the
following additional steps of transport have to be accomplished in the biosen-
sor experiment (Figure 3): (@) macroscopic transport through the microfluidic
system and across the sensor surface, a process that has been examined at dif-
ferent levels of detail (27, 33, 110); () diffusion through the nonstirred layer
over the surface (27, 50, 97); (c) diffusion through the array of binding sites
within the immobilization matrix (if such a matrix is used) (97). (A related

velocity profile in laminar flow

B: diffusion through
stagnant boundary laver

— sensor surface

partitioning
- I .
E
dextran matrix § C: diffusion
§ ithi .
sensor surface

Figure3 Schematic view of different factors determining transport of the mobile reactant (O) to the
sensor surface with immobilized reactant (Y): (a) macroscopic transport through the microfluidic
system (dependent on bulk flow rate); (b) diffusion through the nonstirred boundary layer (depen-
dent on bulk flow rate, flow cell geometry, and diffusion coefficient of reactant in bulk solution).
Partitioning reduces the concentration of mobile reactant within the dextran matrix; (c) diffusion
through the immobilization matrix (dependent on size and charge of the reactant, thickness and
density of the dextran matrix, and the diffusion coefficient of the reactant in polymer solution).
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factor that additionally reduces the collision frequency of the reactants may be
the constraints in the translational and rotational diffusion of the immobilized
reaction partner (96). All these steps can affect the binding kinetics and lead
to transport-controlled binding for reactions that may be far from diffusion
control in solution. If not accounted for, this can lead to qualitatively wrong
conclusions.

In general, the effects of mass transport-limited binding kinetics to the sensor
surface are similar to the transport effects on binding kinetics to cell membranes,
which have drawn much theoretical attention (15, 29). Conceptually, in both
the association and the dissociation phase, mass transport limitation can be re-
garded as the failure to maintain the bulk concentration f of the free mobile
reactant at the sensor surface in the vicinity of the binding sites (33). To de-
scribe it qualitatively, the association phase of a fast surface-binding reaction
is characterized by competition of the immobilized binding sites for a limited
supply of binding partner and by a local depletion of mobile reactant near the
surface. In this case, the replenishment is limited by the transport rate, and
the measured binding-progress curve can deviate from an exponential shape
(Equation 4) (49, 97). In the dissociation phase, if the rate of dissociation is
higher than the transport rate, a nonvanishing concentration of mobile reactant
in the vicinity of the sensor surface allows rebinding to empty binding sites
(20, 111). This retention effect results in a slower overall dissociation from the
surface (102) and can lead to a departure from a single exponential dissociation
process.

To approximate these effects quantitatively, a compartment model has been
used in a number of studies (22, 27, 72, 97, 98). It assumes a homoge-
neous distribution of mobile reactant within a bulk compartment and within
a compartment at the sensor surface and describes the transport by a single
phenomenological transport rate constant k,,.. Under steady-state conditions,
transport influence on the binding kinetics can be approximated by introducing
apparent-reaction rate constants k" and k", obeying

KPP/l = k2 k- = [1+ ky R = R) /K] ®

(3, 15,27,29,97,98). Although this model is a highly simplified description of
the coupled binding and transport processes, it provides the important insight
that mass transport affects the measured binding progress roughly to the same
extent in both the association and the dissociation phases (27, 33, 97), and that
it scales directly with the binding capacity of the sensor surface (27, 33, 50, 97).

More information has been obtained by detailed computer simulations of the
reaction-diffusion process in the SPR biosensor, which take into account the spa-
tial distribution of the reactants. By this method, the convection/diffusion/sur-
face-binding process in the bulk flow across the sensor surface has been modeled
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(27). In another study, the effects of the finite thickness of the immobilization
matrix combined with the exponentially decaying sensitivity with increasing
distance from the sensor surface, caused by the evanescent wave, were inves-
tigated (97). Although this immobilization matrix is only 100-400 nm thick
(59, 116), for large reactants the transport within the dextran matrix can be
the rate-limiting step in the overall binding. This is mainly caused by the high
concentration of the binding sites, partitioning of the mobile reactant from the
bulk phase into the matrix, and hindered diffusion through the matrix polymer
chains.

Under mass transport—limited conditions, binding in the association phase
may be characterized by high spatial inhomogeneities and moving-front phe-
nomena within the sensor. Because of the inhomogeneous detection, which
exponentially amplifies the contribution of bound material nearer to the sensor
surface, the signal can be affected by these inhomogeneities. In this case, the
measured binding-progress curve is governed by factors unrelated to the chem-
ical reaction rates, e.g. diffusion coefficients, partition coefficients, size and
charge of the mobile species, distribution of immobilized binding sites, thick-
ness of the dextran matrix, decay length of the evanescent wave, and buffer
flow rate. In the dissociation phase, lower spatial inhomogeneities were found
(97). If the dissociation phase is started before binding equilibrium has been
established, as is often imposed by constraints in the observation time of the as-
sociation phase, additional artifacts may be introduced, such as a still-increasing
signal during the dissociation process (97).

The calculated binding-progress curves in both computer models could nev-
ertheless be empirically fitted by a single exponential similar to Equations 4
and 7 if the concentration of the mobile reactant was lower than the dissociation
equilibrium constant. However, the derived rate constants were smaller than
the intrinsic chemical rate constants, following Equation 8 (27, 97). At higher
concentrations, deviations from exponential binding progress were found. In
the association phase, mass transport limitations can result in an initial lin-
ear phase, in sigmoidal shapes, and in biphasic, apparently double exponential
sensorgrams (27, 49, 97). The dissociation phase can always be empirically
well described by a double exponential (97). However, the apparent rate con-
stants derived by an empirical exponential analysis are lower than the intrinsic
chemical rate constants.

The data analysis strategy initially proposed to eliminate mass transport in-
fluence consisted of the restriction to the analysis of quasi-linear data subsets
near the binding equilibrium, for which the validity of Equations 4, 5, and 7
was assumed. Limiting slopes were taken in plots of dR/dt vs R for the associ-
ation phase, and in plots of In[R(ty)/R(t)] vs time for the dissociation phase to
extract k,ps and k_ (49, 90, 111). In addition to this, the linearity of these data
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transforms was used as a diagnostic tool for the presence of transport limitation.
As can be seen from Equation 8, mass transport influences are smaller at low
concentrations of empty binding sites (at small differences Rgy,-R). However,
Glaser (27) showed by computer simulations of the mass transport processes
above the sensor surface that this method is not successful in extracting reliable
chemical rate constants. Unfortunately, this finding has not been appreciated
in most of the biosensor literature. However, the invalidity of this approach has
been confirmed recently both by computer simulations of the transport within
the dextran matrix of the sensor surface, and on theoretical grounds (98). It
leads to apparent chemical on—rate constants lying between a totally transport-
limited rate constant and the true chemical on—rate constant, depending on the
concentrations of mobile reactant used in the experiments.

Global fitting with models including compartment mass transport description
terms was proposed by some authors as a tool to analyze transport-influenced
data (22, 72). However, it has been pointed out that this does not account for the
spatial inhomogeneities caused by the coupled reaction-diffusion process that
may govern the binding progress in the association phases at high mass transport
influence, simulating apparently complex binding schemes (97). To resolve this
difficulty, it has been advocated that the compartment model be restricted to
the approach to equilibrium in the association phase and to the dissociation
phase, where the spatial inhomogeneities are small (98). Based on this, the
approximate expressions were proposed for mass transport-influenced binding

K (F) = Gy - fo + ko) /[1+ (kg Reae/ ko) (1 + ks fo/ k=)™ )

in the association phase, and

dR/dt = —k_R/[1 + ki (Reat — R)/ ki ]. (10)
in the dissociation phase. Here kloi},’; is evaluated only in the limit of the ap-

proach to equilibrium, and k;, denotes a phenomenological transport rate con-
stant (98), replacing Equations 5 and 7 as fitting equations. These expressions
realistically have the property to yield only lower limits for chemical reaction
rate constants for mass transport-controlled binding. Equation 10 describes
the dissociation/rebinding process and may be used to distinguish multiphasic
binding caused by reaction schemes more complicated than the 1:1 interaction
from apparent double exponential dissociation caused by rebinding (98).

By far the best approach to mass transport problems, however, involves a
change of the experimental setup, especially in the presence of more complex
binding schemes. The use of the lowest possible binding capacity has been rec-
ommended to minimize transport effects, which represents a trade-off against a
high signal/noise ratio (27, 33, 50, 97). Furthermore, a variation of the binding
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capacity in experiments with different surfaces can be used as a tool to show
the absence of mass transport influence on the derived kinetic parameters (27,
28, 50). Also, experiments done at concentrations of the mobile reactant in a
range from approximately tenfold smaller to tenfold higher than the equilibrium
dissociation constant are desirable to diagnose the extent of mass transport lim-
itation. Provided that the required amount of material is available, these control
experiments are relatively easy to perform, considering the high degree of au-
tomation available and the possible use of several flow channels in parallel (51).

Another test for mass transport influence that has often been applied is the
variation of the buffer flow rate (9, 19, 27, 49), which modulates the rate of
replenishment or wash-out of mobile reactant above the sensor surface. While
a change in the buffer flow directly changes the macroscopic transport linearly
(110), this method has two major disadvantages concerning the microscopic
steps of the transport. First, the diffusion through the nonstirred layer is de-
termined only by the cube root of the flow speed (27, 60). Second, if an
immobilization matrix is used, diffusion through this matrix will not be af-
fected by the buffer flow rate, although it may represent the rate limiting step
of the transport (97). It appears that it might be more advantageous to test for
mass transport influence by changing the buffer viscosity, for example by the
addition of sucrose or glycerol (3, 98).

Finally, an elegant way to reduce mass transport influence is the addition of a
binding competitor to the dissociation buffer (for example a soluble derivative of
the immobilized reactant) (15, 20, 27, 80, 90, 97, 106). If the competitor can be
transported fast enough to the sensor surface and penetrates the immobilization
matrix (97), it can block the empty binding sites, preventing rebinding and
therefore accelerating the transport of the mobile reactant. Unfortunately, this
technique can only eliminate mass transport influences in the dissociation phase,
while they persist in the association phase. However, this technique can be
combined with an equilibrium analysis to derive the on—rate constants via the
identity k. = k_/Kp (20).

CONCLUSIONS AND FUTURE PERSPECTIVES

The use of SPR and related biosensors to characterize reversible macromolec-
ular interactions is a young technique that has been successfully employed in
many studies. On the other hand, with an increasing number of applications
available for the quantitative determination of equilibrium and kinetic rate con-
stants, several critical potential artifacts have been identified.

In addition to the problems of mass transport, immobilization in multiple con-
formations, steric hindrance, the use of data subset analysis, and the lack of self-
consistency, as described above, caution was also advocated for the influence of
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multimeric aggregates of mobile reactants (56, 62, 109), the inappropriate use
of'a simple 1:1 pseudo-first-order description for binding of multivalent mobile
reactants (46, 62, 73), and for the lack of replicates and statistical analysis (75).
In retrospect, in the absence of appropriate control experiments or analytical
approaches, the validity of some or even most of the published kinetic rate and
equilibrium constants has been questioned (21, 56, 62, 73, 75, 79, 97-99, 109).

At the same time, a number of different immobilization chemistries, exper-
imental controls for potential artifacts, and analytical techniques have been
developed. Combined, they should allow for a rigorous measurement of ki-
netic rate and equilibrium constants, or they should at least unambiguously
identify sources of deviations from the expected binding-progress curves and
binding isotherms. Unfortunately, the analyses of the effects of heterogeneity
of binding sites or excluded volume and the effects of mass transport limita-
tion lead to contradictory results in that they conclude that different parts of
the binding-progress curves contain critical information on the chemical bind-
ing reaction. In addition, because of their complexity these effects cannot be
modeled by global analysis approaches (79, 98). Consequently, experimental
controls seem indispensable, even regardless of the possible apparent confor-
mity of the measured binding-progress curves with a simple 1:1 model. For
example, the use of several different densities of immobilized reactant can
diagnose and simultaneously minimize influences of mass transport and steric
hindrance/excluded volume. However, the relative difference of the binding ca-
pacities should be much higher than the relative statistical error in the derived
rate constants. Likewise, apparent heterogeneity of the binding sites should, if
possible, be experimentally verified, for example, by a change of the coupling
chemistry or by solution competition experiments. Ifthese and other confound-
ing factors can be excluded on the basis of control experiments, global analysis
approaches can be helpful to ensure internally consistent data analyses, and
can eventually indicate more complex reaction schemes. But, even if it is not
possible to resolve kinetic rate constants, in the biological context, information
on the lower limits of the rate constants might itself be valuable.

A particularly interesting area of development is the use of planar sensor
surfaces with proteins, such as membrane-bound receptors, incorporated into
supported bilayers (36, 84, 88, 94). This configuration provides lateral mobility
of the receptor in the bilayer and could serve as a model for the interaction of
macromolecules in the mobile phase with biomembranes (92).

In summary, it appears that the necessary tools for the reliable determination
of reaction rate and equilibrium constants with optical evanescent wave biosen-
sors are available. However, the need for critical awareness of the potential
pitfalls of the method has been emphasized by several authors (33, 73, 75, 79,
97,99, 109).
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