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& One key advantage of label-free biosensors involves the monitoring of binding between
biomolecules. However, a number of experimental artifacts may lead to complicated real-time curves
that do not fit well to a simple Langmuir model. As a result, the quality of the kinetic data must be
improved to obtain accurate reaction rates. By carefully designing experiments, collecting the data,
and processing the data, issues arising from signal drift, nonspecific binding, mass-transport effect
in solution, mass-transport effect on surface, and curve fitting may be avoided or resolved. Using a
label-free oblique-incidence reflectivity difference biosensor, key processes required to obtain reliable
kinetic data and accurate reaction rates are described.
Keywords biosensor, kinetics, label-free, Langmuir model, reaction rates

INTRODUCTION
Label-free biosensors provide an important platform for characterizing
biomolecular interactions. Various techniques including surface plasmon
resonance (SPR), interference, and ellipsometry have been applied in
designing and constructing such devices.[1–7] These biosensors measure
the changes in refractive index and=or thickness due to captured biomolecules near the sensing surface. They are capable of in-situ and real-time
monitoring interactions between binding partners. Most importantly, by
following the kinetic curves, the reaction rates and thermodynamic constants can be derived.[8–10] These values are crucial in understanding the
underlying mechanisms of certain reactions. For example, in screening for
potential drugs against diseases, knowing the association and dissociation
rates helps pharmaceutical companies to better test the efficiency, stability,
and durability of these candidates.
In a typical SPR- or ellipsometry-based biosensor, one biomolecule is
immobilized on a solid substrate (e.g., glass) as the target, and the other
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one, the probe, is in a solution. The association phase begins as the probe is
injected into the fluidic chamber and flows across the target-covered surface. In the dissociation phase, the probe solution is replaced with running
buffer. With more and more biosensors commercially available (most of
them are SPR-based),[11,12] such processes are automatically controlled to
monitor the association and dissociation between probe and target molecules. While these instruments are easy to operate, the derived kinetic data
sometime does not fit well to a simple Langmuir model. For example, fitting with the simple one-to-one model may lead to inaccurate rate constants
that are significantly different from those derived from solution-based
methods such as isothermal titration calorimetry (ITC).[13–17] There are
a number of experimental processes that can possibly complicate the kinetic analysis, including signal drift from instrument and=or ambient, nonspecific binding, mass transport from probes and=or targets, and fitting
model. These artifacts can be avoided by carefully designing the experiment, collecting the data, and processing the data. After such improvements, the kinetic data can be fitted well with the simple or sophisticated
Langmuir models to obtain the reactions rate close to those from
solution-based methods.[10,12,18–20]
There were only few references reporting how to improve real-time
biosensor analysis with a focus on SPR-based instruments. Myszka et al. provided technical notes on how to improve the quality of optical biosensor
data in order to characterize the mechanism and rate constants associated
with molecular interactions.[21] They suggested that many of the artifacts
associated with binding data can be minimized or eliminated by designing
the experiment properly, collecting data under optimum conditions, and
processing the data with reference surfaces. The same group also reviewed
the current state of biosensor technology and highlighted recent advances
in data acquisition and analysis.[12] Special attention was paid to improving
biosensor data, mass transport effects, detecting small-molecule binding,
and membrane surfaces.
In this article, using another label-free biosensor, ellipsometry-based
oblique-incidence reflectivity difference (OI-RD) microscopy, key processes
required to obtain kinetic data and accurate reaction rates are addressed.
Particular attention was paid to signal drift, nonspecific binding, masstransport effect in solution, mass-transport effect on surface, and curve fitting. Different from SPR-based biosensors,[12,21] this OI-RD microscopy
incorporates a microarray platform to provide more flexible experimental
design and more information. For example, by printing target molecules
with different concentrations, the mass-transport effect on surface may
be systematically studied.
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OI-RD MICROSCOPY
The working principles of OI-RD microscopy were detailed in
references.[22–26] Basically, this method measures the changes in reflectivity
difference between p- and s-polarized components of a laser beam in
response to surface-captured biomolecules. Combining with microarrays,
this biosensor provides a platform for label-free, in-situ, real-time, and
high-throughput detections of various biomolecular interactions.[27–37]

SIGNAL DRIFT
In monitoring real-time curves, signal drift can occur as a result of
subtle changes in the ambient conditions and=or the instrument. Optical
components, such as mirrors and lenses, are sensitive to ambient temperature. Therefore, in a long-term run (>4 hr), temperature variation may
cause drift. Moreover, when injecting probe solutions, changes in ambient
refractive index also lead to drift. To avoid such artifacts, referencing
against neighboring blank substrates is required. In a typical OI-RD
experiment, signals from targets and their neighboring references are
monitored, and the binding curves are derived by subtracting the average
reference signal from the target signal. Considering the binding of

FIGURE 1 Binding curves of surface-immobilized bovine serum albumin-conjugated phenobarbital
reacting with its solution-phased antibody after subtraction of the average reference signal. Printing
concentrations from 1 mM to 6 mM, and probe concentrations of 0.001 mg=mL, 0.002 mg=mL, and
0.005 mg=mL were used sequentially.
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surface-immobilized bovine serum albumin-conjugated phenobarbital to its
solution-phased antibody as an example,[38] the raw binding curves containing signal drift and variation were very rough (data not shown). This
phenomenon would affect data fitting. Figure 1 shows the binding curves
after subtracting out the average reference signal from two blank substrates. Printing concentrations from 1 mM to 6 mM and probe concentrations of 0.001 mg=mL, 0.002 mg=mL, and 0.005 mg=mL were used
sequentially.[38] The sensing surface was regenerated between two bindings
to strip off captured probes. These curves seem smoother and are therefore
more suitable for subsequent analysis.
NONSPECIFIC BINDING
Microarrays provide a platform for high-throughput and parallel detection of biomolecular interactions. After target molecules are immobilized
on functionalized solid substrates (e.g., epoxy- or amine-coated glass
slides), surface blocking is required to reduce nonspecific binding between
probes and unprinted areas. The nonspecific binding contributes to reference signals, which in turn lead to artifact probe-target bindings after referencing. These curves do not fit well to the simple one-to-one or other
sophisticated models. In microarray applications, bovine serum albumin
is commonly and widely used to block amine- or epoxy-coated slides
because it is inexpensive and easy to use.[39,40] Using a fluorescent scanner
and an OI-RD microscope, the blocking efficiency of bovine serum albumin
on epoxy-functionalized substrates was characterized, and it was found that
a bovine serum albumin concentration of 0.05% (0.5 mg=mL or 10 mM)
could give a blocking efficiency of 98% and the bovine serum albuminblocking step took only 5 min to be complete (data to be published
elsewhere). Blocking reagents such as succinic anhydride (SA), highly
fluorinated organosilane, and others commercially available are also
applicable to reduce nonspecific binding in microarrays.[40–42]
MASS-TRANSPORT EFFECT IN SOLUTION
Due to the nature of surface-based biosensors, probe molecules diffuse
and propagate through the bulk solution to reach and bind to surfaceimmobilized targets. This mass-transport effect was reported to affect the
kinetic analysis.[43–45] Using an iterative computer model, Glaser et al.
numerically studied the kinetics of association and dissociation between
soluble probes and immobilized targets on or near the SPR sensing
surface.[43] The transition between mass transport-controlled processes
and reaction-controlled processes was described, and it was concluded that,

Downloaded by [University of California Davis], [Xiangdong Zhu] at 10:39 22 January 2015

Kinetic Analysis in Label-Free Biosensors

259

to measure high rate constants, the bound probes should be eluted with
second probes of low molecular weight. Schuck et al. presented a new
method, based on a phenomenological two-compartment approximate
description of transport, to analyze biosensor data.[44] The results indicated
the extent to which the experimental binding progress was mass-transport
controlled and whether or not the rate constants might be validly extracted
from the data. Kusnezow et al. reported using a mathematical model, derived
within the framework of two-compartment model, to quantitatively analyze
the experimental data from typical antibody microspot assays.[45] They
found that the assay-based reactions were slowed down by several orders of
magnitude as compared with the corresponding well-stirred bulk reactions.
This mass-transport effect can, to some extent, be overcome by continuously flowing fresh solution across the sensing surface. Flow rates are
important for supplying enough fresh probes to surface targets but not
causing too high shear stress. This parameter depends on both the volume
of fluidic chamber and the concentration of probes. Higher flow rates are
required in a bigger reaction chamber and a lower probe concentration.
Experiments were performed to study the binding between surfaceimmobilized polyvinyl alcohol-conjugated 2,4-dinitrophenol and its solutionphased antibody at different concentrations (data not shown).[46] Different
flow rates of 0 mL=min, 0.01 mL=min, 0.03 mL=min, 0.1 mL=min, and
0.3 mL=min were used, which, in a 0.4 mL fluidic chamber, means that
the probe solutions were refreshed in infinite time, 40 min, 13 min,
4 min, and 1.3 min, respectively. At probe concentrations of 113 nM and
28 nM, the flow rate did not affect the binding kinetics. The real-time curve
of a 0.3 ml=min flow rate was similar to that without flowing. However, as
the probe concentration was lowered to 7 nM, the reaction rate depended
significantly on the flow rate. This mass-transport limitation could yield a
two-fold difference in the association rates between a 0.3 mL=min flow rate
and no flow. Therefore, to eliminate the mass-transport effect in solution,
an adequate flow rate (at least one refreshing of probes in 10 min) is
required. On the other hand, the shear stress near the sensing surface is
proportional to the flow rate, so a too high rate may strip off bound probes
due to an elevated stress.
MASS-TRANSPORT ON THE SURFACE
On the sensing surface, the mass-transport effect of probes through the
target layers also affects the kinetic analysis.[47,48] Probes diffuse across
surface-deposited targets to find their binding epitopes or ligands. The
extent to which this mass-transport limitation affects reaction rates depends
on the density of surface targets. Peterson et al. studied how target density
affected the hybridization to unlabeled probe oligonucleotides containing
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mismatched sequences. Using a SPR biosensor, their results of kinetic, equilibrium, and temperature-dependent studies were significantly different
from those obtained in solution-based reactions. Using a total internal
reflection fluorescence microscope, Michel et al. investigated the kinetics
of DNA hybridization on glass substrates. They concluded that the surface
density of immobilized DNA was crucial in designing microarrays. It should
be low enough so that hybridization was not hindered by tightly packed surface targets, but sufficiently high to provide enough surface molecules for
probe-bindings. Figure 2 shows the association curves of 100 nM streptavidin reacting with surface-immobilized biotin-bovine serum albumin conjugates at different printing concentrations.[35] The reaction rates (in kon[c],
where kon is the association rate and [c] is the probe concentration) and the
changes in OI-RD signal were plotted against the printing concentration, as
shown in Figure 3. A dashed line indicated the printing concentration
where a ‘‘side-one’’ monolayer of bovine serum albumin molecules was
formed on the surface. Clearly, the OI-RD signal increased with printing
concentration because more target molecules became available to probes.
The reaction rate, in contrast, decreased with increasing printing concentration, and a sudden drop occurred near the dashed line (printing concentration ¼ 3 mM). This suggested that the association rate decreased

FIGURE 2 Association curves of streptavidin at 100 nM reacting with surface-immobilized biotin-bovine
serum albumin conjugates at different printing concentrations. To acquire the reaction rate, each curve
was fitted to the simple one-to-one Langmuir model.[35]
# Taylor & Francis, Ltd. Reproduced by permission of Taylor & Francis, Ltd. Permission to reuse must
be obtained from the rightsholder.
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FIGURE 3 Reaction rate (kon[c]) and change in OI-RD signal versus printing concentration due to
streptavidin binding to biotin-bovine serum albumin targets at different printing concentrations.[35]
# Taylor & Francis, Ltd. Reproduced by permission of Taylor & Francis, Ltd. Permission to reuse must
be obtained from the rightsholder.

because antibody probes had to diffuse and penetrate the bovine serum
albumin molecules to bind to biotin targets. The reaction rate would be
most accurate at printing concentrations less than but close to a critical
value where a monolayer of targets was formed (i.e., 3 mM in this study).
There is an optimal range of surface target density that should be experimentally derived and controlled: too high values may cause mass-transport
effects, while too low values may decrease the detection limit.
CURVE FITTING
Even with attention paid to the above mentioned issues, the kinetic data
may not fit well to the simple one-to-one Langmuir model. Possible reasons
include steric hindrance caused by immobilization heterogeneity, and the
bivalency of antibody probes when reacting with surface antigens. Under
these circumstances, more sophisticated fitting models, such as one-totwo and two-to-one Langmuir models, are required to obtain accurate
reaction rates.[9,49–51] For example, Morton et al. reported using three
methods for deriving kinetic constants from biosensor data: linearization,
curve fitting using the integrated rate equation, and curve fitting using
the numerical integration.[49] Two complex systems, one including a
two-state conformational change and a second involving surface heterogeneity, were generated for analysis. The results concluded that the lineariza-
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tion method was inadequate for these systems, the integrated rate equation
simulated surface heterogeneity very well, and the numerical integration
was the only method providing accurate rate constants for both systems.
Edwards et al. showed that the association data, especially at high probe
concentrations, was better fitted with a double-exponential function.[51]
Possible models to this two-rate process included the presence of two
distinct surface populations, a conformational change, and surface heterogeneity. In this study, to fit OI-RD signals, the Langmuir one-to-one and
one-to-two models are used:[34,46]
One-to-one, association

 
 
ðtÞ ¼ heq 1  exp  kon ½A0 þ koff t ;

t  t0 ;

One-to-one, dissociation
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In these equations, h is the coverage, heq is the equilibrium coverage, kon
is the association rate, koff is the dissociation rate, [A]0 is the probe concentration, c is the occupation ratio, and the probe solution is replaced with
buffer at t ¼ t0. Figures 4 and 5 show the real-time binding curves of
surface-immobilized bovine serum albumin-conjugated 2,4-dinitrophenol
reacting with its solution-phased antibody at different concentrations.
The Langmuir one-to-one and one-to-two fittings were used in Figure 4
and 5, respectively. Clearly, as shown in Figure 4, the one-to-one model
did not fit well to the kinetic data, especially for higher probe concentrations (226 nM and 452 nM). The fittings was much better in Figure 5, where
the one-to-two model was used. Table 1 lists the fitting parameters. The
one-to-one model provided an equilibrium dissociation constant (KD) of
0.287 nM, which might not be accurate due to a poor fit. In the one-to-
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FIGURE 4 Real-time binding curves of surface-immobilized dinitrophenol-bovine serum albumin
reacting with its solution-phased antibody. Dotted lines indicate Langmuir one-to-one fitting.

two model, site-one had a slightly higher occupation ratio of 0.58. The KD
values of bindings at site-one and site-two were 6.48 nM and less than
0.057 nM, respectively. For bindings at site-two, the dynamic off-rate was
very small (less than 1.4  106 s1), which indicated that reactions at this
site had a stronger binding affinity than those at site-one. One possible
explanation was that site-two targets (42% of all targets) provided direct
bindings for probes, but site-one targets (58% of all targets) reacting with

FIGURE 5 Real-time binding curves of surface-immobilized dinitrophenol-bovine serum albumin
reacting with its solution-phased antibody. Dotted lines indicate Langmuir one-to-two fitting.
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TABLE 1 One-to-one and one-to-two Langmuir fitting parameters to Dinitrophenol-bovine serum
albumin reacting with its antibody
One-to-one

kon (nMs)1
9.98  106

koff (s)1
2.86  106

One-to-two
c(1) ¼ 0.58

ð1Þ
(nMs)1
kon
1.76  106

koff (s)1
1.14  105

ð1Þ

KD (nM)
0.287
ð1Þ

KD (nM)
6.48

ð2Þ
kon
(nMs)1
2.46  105

ð2Þ

koff (s)1
<1.40  106

ð2Þ

KD (nM)
<0.057

kon: association rate
koff: dissociation rate
KD: equilibrium dissociation constant
c: occupation ratio
1
site-one
2
site-two

probes was somehow affected by mass-transport effects within target
molecules.
CONCLUSIONS
Label-free biosensors are important tools in characterizing biomolecular interactions as well as understanding the binding mechanisms. As more
and more biosensors become commercially available, they may be used
without careful attention to experimental design and how reaction rates
are derived. Under such circumstances, due to a number of experimental
artifacts, the kinetic data is sometimes questionable. To avoid such drawbacks, experimental design, data collection, and data processing should
be particularly addressed. This article reports solutions to signal drift, nonspecific binding, mass-transport effect in solution, mass-transport effect on
surface, and curve fitting on data analysis. These issues were addressed
experimentally to provide better understanding. For example, signal drift
can be corrected with substrate referencing, nonspecific binding can be
avoided with blocking, mass-transport effect was minimized with suitable
flow rate and controlled target concentration, and different curve-fitting
models were applied to obtain accurate reaction rates. With careful design
and procedures, high-quality biosensor date may be obtained to provide
accurate kinetic and thermodynamic constants.
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