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Molecular interactions between proteins or between proteins and small molecules are pivotal events for
selective binding of biological structures and, consequentially, for their correct function. In this scenario, the
evaluation of kinetic parameters, characterizing a molecular interactions, is considered a crucial event to reveal
the nature of binding processes.

The focus on peculiar forces involved in the molecular recognition represents an opportunity to explore
biological interactions in real time, and to develop a number of innovative biotechnological methods for
diagnosis and/or therapy.

Currently, optical biosensors, offering an increasingly effective technology to detect in real time molecular
binding, are usually composed by a detector, a sensor surface and a sample delivery system: only definite
substances, which are able to interact specifically with the biological part, lead to an optical or electrical signal
of the physical transducer.

In this review we want to highlight the exponentially-growing interest of Surface Plasmon Resonance (SPR)
based optical biosensors for molecular binding analysis in different research fields.

Biosensors in Biological Interactions

Surface Plasmon Resonance (SPR)-based optical biosensors offer an increasingly
effective technology to detect molecular interactions in real time [1,2].

In the last decade, the use of biosensors is enormously increased [3], for molecular
recognition in an increasing number of different research fields [4-9]: a fundamental
advantage is that biomolecular interactions, ranging from the millimolar to the
nanomolar range, can be detected and monitored in real time. The binding of the
analyte-free flowing in solution- to the ligand -anchored to the surface of a sensor chip-
can be followed because of producing a change in the refractive index, due to a change
in mass concentration on the thin surface: this latter is usually composed by a gold layer
and the change in the mass value is converted to resonance or response units (RU) in
real time, creating a typical plot, called sensorgram. In this way, this detection method
doesn’t require any ligand labeled with a radioactive isotope or with a fluorophore.
The method is not invasive and it can measure the amount of binding complex formed,
even in crude preparations [8,10].

From optical biosensors data, it is possible to calculate the equilibrium affinity
constant (K ) which is an important determinant of biological processes, and even more
interestingly the association (K ) and dissociation (K ) rate constants for biomolecular
interaction. Moreover, another advantage in the use of biosensors is that they can be
coupled with mass spectrometers, representing an even more powerful technology not
necessitating any pre-labeling of molecules, thus avoiding time-and moneyconsuming
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steps [7]. Furthermore, the amount of material for a binding experiment is very low:
typically few micrograms of both ligand and analyte are required [4].

The two commercial instruments that have promoted the optical biosensor
technique are the BlAcore (GE-Healthcare Life Sciences, Chicago, USA) using SPR
technology, and the IAsys (Affinity Sensors, Cambridge, UK) which is based on a
Resonant Mirror (RM) platform. They share two peculiar features: an optically coupled
sensor surface with various coatings (for ligand immobilization), and an evanescence
wave transducer, which is sensitive to changes of refractive index value of the fluidic
compartment (sensing layer), and keeps contact with the sensor layer. The [Asys
measurements include stirring of analyte solution above a sensor in the bottom of
a cuvette, whereas the BIAcore measurements are carried out under a continuous
analyte flow over the sensor surface mounted in a microfluidic flow cell, called
Integrated Microfluidic Cartridge (IFC). This peculiar feature allows the accurate
measurement of the amount of the analyte-ligand complex during the binding cycle. In
the microfluidic system, the valves switch between the running buffer and sample with
high precision, in order to deliver the sample as a defined fluidic part with minimum
dispersion between sample and buffer [11].

The flow cell configuration allows the buffer to flow continuously over the
sensor surface, reducing the need for time-consuming washing steps, when analyte
is exchanged for buffer, and minimizing the amount of analyte used for the binding
experiment. Furthermore, a continuous flow system guarantees the ligand exposition
to a constant analyte concentration during the experiment.

Binding and dissociation events, producing an increase or decrease of molecular
mass on the sensor surface, are directly correlated to the refractive index changes at the
sensor/bulk phase interface [12], providing a method to monitor kinetic parameters of
the binding reactions, with a growing interest for medical chemistry [13].

SPR Technology

SPR technology, as introduced above, is a real-time and label-free method used to
investigate binding kinetic constants and affinity data of small molecules (K, 10*-10*
M), antibodies (K, 10"?>-107 M) or protein fragments (K, 10°-10°M) [1-3,14,15].

It can be performed on a biospecific surface composed of a thin gold layer of a
sensor chip, which generates physical conditions to induce SPR and which separates
two dielectric compartment. The ligand is immobilized on a gold support (approx. 50
nm thick) deposited on a glass part, through chemical modification of the gold film,
and the solution containing the analyte is then injected over this modified surface in a
continuous flow rate.

Typical reaction times of less than 30 min are required for the immobilization
process. The sensor chip typically used in BlAcore system, that employs the
Kretschmann configuration [16,17], is a dextran matrix, composed of a thioalkane
linker layer (~100 nm thick), that creates an hydrophilic environment for different
chemical methods of ligand immobilization, which usually require an amount of ligand
immobilized (about 10,000 RU) that corresponds to approximately 70 fmol/mm2,
and for binding process [18]. The activation of the gold layer and the application of a
specific coat avoid non-specific binding of biomolecules to the activated surface [19].
Furthermore, the dextran matrix allows both ligand immobilization with minimal
conformational distortion and maximum access of the binding epitopes of ligand
and analyte. Suggested Matrix density or thickness by molecular weight of ligand
guarantees the number and the accessibility of binding sites, which are optimized on
the sensor surface during the analyte injection on the sensor chip surface [12,20]. The
selectivity is achieved by coating the sensor surface with a specific ligand, which can
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be immobilized by direct covalent coupling or noncovalent capture by a covalently
immobilized anchor. This step is crucial to ensure a stable attachment of the ligand to
the sensor surface, preserving the binding properties of the ligand.

There are many different sensor surfaces, but the most common immobilization
procedure is to coat the surface with the carboxymethyldextran (CMD) matrix [10]. This
water-based procedure produces a carboxymethyldextran-modified sensor surface,
with the formation of N-hydroxysuccinimide esters from a fraction of the carboxyl
groups of the carboxymethyldextran matrix reacting with Nhydroxysuccinimide and
N-ethyl-N’-(dimethylaminopropyl) carbodiimide hydrochloride. For binding to this
solid-phase the ligand is injected over this chemically-modified surface in a solution of
low ionic strength with a pH value 1 point below the isoelectric point of the protein. In
this way the ligand is captured in the matrix by electrostatic attraction forces allowing
a simultaneous reaction with the active residues, which are subsequently transformed
into amides - by ethanolamine addition- to complete the immobilization procedure
[21].

Analysis of optical parameter modified by analyte interaction to the immobilized
ligand is obtained by application of the Fresnel model to SPR data, typically taken by
an instrument in a prism based configuration [22]. This response can be detected and
quantified as change in the refractivity (refractivity/Response Unit) [20], producing a
sensorgram, which is a plot representing the binding between the tethered ligand and
the analyte.

K  and K . kinetic parameters are measured by subsequent injections of different
analyte concentrations on the immobilized ligand, after regeneration steps between
each injection. By non-linear regression analysis, it is possible to calculate the isotherm
of the binding step and to measure the equilibrium K of the ligand-analyte complex by
plotting binding responses at steady state against different analyte concentrations. Data
analysis provides information on the molecular interaction and on the stoichiometry
of the complex.

SPR is based on Total Internal Reflection (TIR) phenomenon. As a light beam
propagates into a medium of higher refractive index (the glass of the sensor chip in
the BIAcore platform) and keeps contact with a medium of lower refractive index (the
aqueous sample solution), it generates an evanescent wave into the lower refractive
index medium. This wave has some electric field components directed in different
orientations during the insertion into the lower refractive index medium and it
interacts with mobile electrons in the gold layer at the surface of the glass.

In this fluidic system, the analytes captured by the immobilized ligand over the
sensor chip generate a mass accumulation complex on the thin layer, which induces a
variation in the resonance angle. SPR causes a reduction in the intensity of reflected
light at a specific angle of reflection: it varies with the refractive index close to the
surface, on the opposite side from the reflected light (the sample side in BlAcore). In
BIAcore platform a wedge-shaped diode of monochromatic light is commonly used.
Each angle of the reflected beam strikes the detector at a different point, and a diode
array detector (DAD) continuously records the position of reduced light intensity and
monitors the SPR angle a [23], as shown in figure 1.

The light is not absorbed by the sample and the energy is dissipated through SPR in
the gold layer. When the analyte binds to the ligand immobilized on the sensor surface,
the refractive index changes, due to the modification in solute concentration. The angle
of incidence required to create the SPR phenomenon is so altered and this modification
is measured as a response signal: a resonance unit corresponds to a change of this
resonance angle, which arises by a change of the surface density (1 RU=0.01 mDegree
= 1 pg of protein per mm?). The change in the value of minimum reflectivity angle,
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Figure 1: SPR technology detects changes in SPR angle value, resulting in a refractive index change, due to
immobilized ligand and analyte complex formation.

called SPR angle, can be determined by varying the incidence angle and recording the
reflected light intensity during the biological binding reactions between biomolecules.
The SPRangle is directly proportional to the amount of the analyte binding to the sensor
layer, because it generates a positive SPR signal. The SPR angle change is reported as
resonance units (RU), where 1000 RU correspond to an angle change of ~ 0.1 degree.
For most proteins, binding of ~ 1 ng of protein/mm? of sensor surface is required to
generate a signal change of 1000 RU.

Discussion

Since 1990, SPR technology became a standard biophysical method to perform real-
time binding experiments and to evaluate kinetics parameter crucial to investigate
biological interaction process. So far, SPR sensors are widely used for biomolecular
studies [24,25], in biomedical, environmental and pharmaceutical applications. Data
availability on association and dissociation rate, stability of the ligand-analyte complex,
lack of labelling requirements, low material consumption, rapidity and versatility
of the procedure make SPR technology an excellent platform for high-throughput
screening methods, particularly for screening of small molecules at an early stage of
drug discovery investigation.

The wide number of applications for SPR biosensor platforms indicates the power
of this technology, both in terms of variety of ligands and analytes that can be used,
and of sample types (serum, cell lysates and a huge number of buffers). Furthermore,
appropriate data analysis of sensorgrams can also shed light onto binding biological
process which are more elaborate respect to a 1:1 binding model event or that can
happen through conformational changing [26,27]. Examples of areas exploiting SPR
technology are food analysis [28], immunogenicity [29,30], proteomics [31], drug
discovery [32], epitope mapping investigation [33], “epitope binning” studies for
vaccine investigation [34] and ligand fishing [35].
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Conclusions

The knowledge of structural biological changes associated due to biomolecular
interactions represents the milestone to assess and discover biological process.

Currently new insights are achieved by using SPR technology to measure kinetic
parameters (rates of complex association and dissociation) driving biochemical
and biological reactions, such as affinity and specificity of molecular interactions,
establishing an “affinity ranking” in which it is possible to discriminate weak binders,
stable binders or no binders [36].

A new frontier in this field is the realization of a miniaturized and multichannel,
portable SPR devices [37].
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