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a  b  s  t  r  a  c  t

The  rates  at  which  biological  interactions  occur  can  provide  important  information  concerning  the  mech-
anism  and  behavior  of  these  processes  in living  systems.  This  review  discusses  several  analytical  methods
that  can  be  used  to  examine  the kinetics  of biological  interactions.  These  techniques  include  common
or  traditional  methods  such  as  stopped-flow  analysis  and  surface  plasmon  resonance  spectroscopy,  as
well  as  alternative  methods  based  on  affinity  chromatography  and capillary  electrophoresis.  The  general
principles  and  theory  behind  these  approaches  are  examined,  and  it is  shown  how  each  technique  can
be  utilized  to provide  information  on the  kinetics  of  biological  interactions.  Examples  of  applications  are
also given  for  each  method.  In addition,  a discussion  is  provided  on  the  relative  advantages  or  potential
limitations  of  each  technique  regarding  its use in kinetic  studies.
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1. Introduction

Biological interactions are important in determining many of
the processes that occur in living systems. For example, enzymes
catalyze reactions by binding and modifying their substrates, trans-
port proteins bind to and carry lipids, hormones or nutrients within
the circulatory system, and antibodies are utilized by the immune
system to bind and remove foreign substances from the body.
Many of these events make use of non-covalent binding and may
involve proteins, peptides, lipids, nucleic acids, lipids, metal ions,
hormones or drugs [1–8]. Because of the widespread occurrence
and importance of these interactions, various techniques have been
developed to investigate and characterize such reactions [4–19].
The overall strength, or thermodynamics, of these processes is
one item of interest in these studies; however, the rate of these
interactions, or their kinetics, is also important to consider [1–8].
Obtaining such information can provide a better understanding
of the function of individual interactions in a biological system,
the mechanisms through which these interactions occur, and the
effects that a change in conditions may  have on these processes
[1–8].

This review examines several analytical techniques that have
been used in kinetic studies of biological interactions. The methods
that will be discussed include common or traditional techniques
such as stopped-flow analysis and surface plasmon resonance (SPR)
spectroscopy, as well as separation-based approaches that make
use of affinity chromatography or capillary electrophoresis (CE)
[1,3,7,20]. The general principles and theory behind each of these
techniques will be described, with particular attention being given
to the use of each method for investigating the rates of biological
interactions. An overview of the conditions and models that are
used in each technique for kinetic studies will be provided, and
examples of applications will be given to illustrate each approach.
Finally, the advantages and possible limitations of each method will
be discussed with regards to use of the technique in studying the
rate of a biological interaction.

2. Stopped-flow analysis

2.1. General principles

Many methods for kinetic studies are based on the measurement
of a change in the concentration of a reagent or product as a function
of time after the reagents have been mixed [21–27]. This approach
requires that the process of interest be slow enough to give a reac-
tion time that is longer than the time needed for reagent mixing
and instrument activation. However, many biological interactions
can occur within seconds (s) or milliseconds (ms), a fact which has
limited the application of many traditional kinetic methods to such
systems [21].

Stopped-flow analysis is one technique that can be employed
to study the kinetics of biological interactions. The mixing time
for samples and reagents in stopped-flow analysis can be as short
as 1-2 ms,  making this approach useful for examining interactions
that occur even on the millisecond-to-second timescale. Examples
of biological interactions that have been investigated with this
method in kinetic studies are protein folding [28–30], enzyme

inhibition [31,32], and the binding of proteins or DNA to hormones,
drugs, or small molecules [33–40]. The reactants that can be used
in stopped-flow analysis include proteins, DNA, drugs, hormones,
and metal ions, among others [28–80].

In this technique, a small volume of each desired reagent is
rapidly applied by a device such as a syringe and passed through
a mixer to initiate the reaction (see Fig. 1). This mixture is then
moved into an observation chamber, and the flow is stopped. Data
acquisition of a signal that is produced by one of the components
in the observation chamber is begun at this time. The time inter-
val between the mixing of the reagents and the beginning of signal
observation is usually only 1-2 ms  and is referred to as the “dead
time” [21,24].

Detection in stopped-flow analysis can be accomplished by
using various methods that are able to selectively monitor a reagent
or product in the reaction. Absorbance and fluorescence are two
common detection methods that are employed for this type of
experiment [21,25,28]. For instance, reactants or products with a
specific chromophore or fluorophore (e.g., NADH, pyridoxal phos-
phate, or tryptophan residues on a protein) can be used to follow the
rate of a biological reaction [21]. Alternatively, a tag such as fluores-
cein can be added to one of the reagents to monitor the progress of
the reaction [21]. Circular dichroism has also been used in stopped-
flow analysis for studies involving protein folding and unfolding
[28–30]. In addition, fluorescence lifetime measurements [47,48],
nuclear magnetic resonance spectroscopy [41,42,49,50], and small-
angle X-ray scattering [51] have been coupled with stopped-flow
analysis to study the kinetics of protein folding or drug metabolite
degradation.

Fig. 1. General design of an instrument for carrying out stopped-flow analysis, as
illustrated here for a device that can be used with either fluorescence or absorbance
detection. This figure is based on information that was obtained from Refs. [22–24].
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