
Abstract Surface plasmon resonance (SPR) biosensors
are optical sensors exploiting special electromagnetic waves
– surface plasmon-polaritons – to probe interactions be-
tween an analyte in solution and a biomolecular recogni-
tion element immobilized on the SPR sensor surface. Ma-
jor application areas include detection of biological ana-
lytes and analysis of biomolecular interactions where SPR
biosensors provide benefits of label-free real-time analyt-
ical technology. This paper reviews fundamentals of SPR
affinity biosensors and discusses recent advances in de-
velopment and applications of SPR biosensors.
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Introduction

The last two decades have witnessed remarkable progress
in the development of affinity biosensors and their appli-
cations in areas such as environmental protection, bio-
technology, medical diagnostics, drug screening, food safety,
and security. An affinity biosensor consists of a transducer
(electrochemical [1], piezoelectric [2], or optical [3]) and a
biological recognition element which is able to interact
with a selected analyte. Various optical methods have
been exploited in biosensors including fluorescence spec-
troscopy [4], interferometry (reflectometric white light in-
terferometry [5] and modal interferometry in optical
waveguide structures [6]), spectroscopy of guided modes
of optical waveguides (grating coupler [7] and resonant
mirror [8]), and surface plasmon resonance (SPR) [9, 10].
Fluorescence-based biosensors offer high sensitivity but,
due to the use of labels, they require either multi-step de-

tection protocols or delicately balanced affinities of inter-
acting biomolecules for displacement assays, causing sen-
sor cross-sensitivity to non-target analytes [11]. Sensors
such as optical interferometers, grating coupler, resonant
mirror, and SPR rely on the measurement of binding-in-
duced refractive index changes and thus are label-free
technologies. This paper focuses on SPR biosensor tech-
nology, reviews fundamentals of SPR sensing, and dis-
cusses advances in development and applications of SPR
biosensors and emerging trends in SPR biosensing.

Fundamentals of surface plasmon resonance (SPR)
biosensors

Surface plasmon-polariton

A surface plasma wave (SPW) or a surface plasmon-po-
lariton is an electromagnetic wave which propagates along
the boundary between a dielectric and a metal, which be-
haves like quasi-free electron plasma [12, 13]. An SPW is
a transverse-magnetic (TM) wave (magnetic vector is par-
allel to the plane of interface) and is characterized by the
propagation constant and electromagnetic field distribu-
tion. The propagation constant of an SPW, β, can be ex-
pressed as:

(1)

where ω is the angular frequency, c is the speed of light in
vacuum, and εD and εM are dielectric functions of the di-
electric and metal, respectively [12, 13]. This equation de-
scribes an SPW if the real part of εM is negative and its ab-
solute value is smaller than εD. At optical wavelengths
this condition is fulfilled for several metals of which gold
is most commonly employed in SPR biosensors. The real
and imaginary parts of the propagation constant describe
spatial periodicity and attenuation of an SPW in the direc-
tion of propagation, respectively [12]. The electromag-
netic field of an SPW is confined at the metal–dielectric
boundary and decreases exponentially into both media,
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Fig. 1. For an SPW at the boundary between gold and a di-
electric with a refractive index of 1.32 the penetration depth
(the distance from the interface at which the amplitude of
the field falls to 1/e of its value at the metal surface) into
the dielectric is typically 100–500 nm in the visible and
near infrared regions [10, 13].

Concept of surface plasmon resonance biosensing

Owing to the fact that the vast majority of the field of an
SPW is concentrated in the dielectric, the propagation
constant of the SPW is extremely sensitive to changes in
the refractive index of the dielectric. This property of
SPW is the underlying physical principle of affinity SPR
biosensors – biomolecular recognition elements on the sur-
face of metal recognize and capture analyte present in a
liquid sample producing a local increase in the refractive
index at the metal surface. The refractive index increase
gives rise to an increase in the propagation constant of
SPW propagating along the metal surface (Fig. 2) which
can be accurately measured by optical means.

The magnitude of the change in the propagation con-
stant of an SPW depends on the refractive index change
and its distribution with respect to the profile of the SPW
field. There are two limiting cases:

1. analyte capture occurs only within a short distance
from the metal surface (Fig. 3a), and

2. analyte capture occurs within the whole extent of the
SPW field (Fig. 3b).

Perturbation theory [14] suggests that if the binding oc-
curs within the whole depth of the SPW field (Fig. 3b), the
binding-induced refractive index change, ∆n, produces a
change in the real part of the propagation constant, ∆β, which
is directly proportional to the refractive index change:

(2)

where k denotes the free-space wavenumber [15]. If the
refractive index change is caused by a binding event oc-
curring within a distance from the surface d, much smaller
than the penetration depth of the SPW, the corresponding
change in the real part of the propagation constant can be
expressed as follows:

(3)

where nf and ns denote the refractive index of the biolayer
and the refractive index of the background dielectric me-
dium (sample), respectively. The binding-induced change
in the propagation constant of the SPW is proportional to
the refractive index change and the depth of the area
within which the change occurs. The factor F (F<1) ac-
counts for the fact that the interaction occurring within a
thin layer is probed by only a fraction of the field of the
SPW.

Excitation and interrogation 
of surface plasmon-polaritons

In SPR sensors, an SPW is excited by a light wave and the
effect of this interaction on the characteristics of the light
wave is measured. From these measurements, changes in
the propagation constant of the SPW can be determined.
Excitation of an SPW by light can occur only if the com-
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Fig. 1 Distribution of the magnetic field intensity for an SPW at
the interface between gold and dielectric (refractive index of the
dielectric 1.32) in the direction perpendicular to the interface cal-
culated for two different wavelengths

Fig. 2 Principle of SPR biosensing

Fig. 3 Surface plasmon-polariton probing: (a) biomolecular inter-
action occurring within a short distance from metal surface, and
(b) biomolecular interaction occurring within the whole extent of
the field of a SPW
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ponent of the light’s wave vector that is parallel to the
metal surface matches that of the SPW. This can be achieved
by means of prism coupling, waveguide coupling, and grat-
ing coupling.

In configurations based on prism coupling a light wave
passes through a high refractive index prism and is totally
reflected at the prism–metal layer interface generating an
evanescent wave penetrating the metal layer (Fig. 4a). This
evanescent wave propagates along the interface with a prop-
agation constant which can be adjusted to match that of
the SPW by controlling the angle of incidence. This method
is referred to as the attenuated total reflection (ATR) method
[13]. The process of exciting an SPW in an optical wave-
guide-based SPR structure (Fig. 4b) is similar to that in
the ATR coupler. The light wave is guided by an optical
waveguide and, when entering the region with a thin
metal layer, it evanescently penetrates through the metal
layer exciting an SPW at its outer boundary. Alternatively,
an SPW can be excited by diffraction on a grating, Fig. 4c.
The component of the wave vector of the diffracted waves
parallel to the interface is diffraction-increased by an amount
which is inversely proportional to the period of the grating
and can be matched to that of an SPW [16]. The interac-
tion of a light wave with an SPW can alter light’s charac-
teristics such as amplitude, phase, polarization and spec-
tral distribution. Changes in these characteristics can be
correlated with changes in the propagation constant of the
SPW. Therefore, binding-induced changes in the refrac-
tive index at the sensor surface and, consequently, the
propagation constant of the SPW can be determined by
measuring changes in one of these characteristics. Based
on which characteristic is measured, SPR biosensors can
be classified as angle, wavelength, intensity, phase, or po-
larization modulation-based sensors. In SPR sensors with
angular modulation the component of the light wave’s
wavevector parallel to the metal surface matching that of
the SPW is determined by measuring the coupling strength
at a fixed wavelength and multiple angles of incidence of
the light wave and determining the angle of incidence

Fig. 4 Excitation of surface
plasmon-polaritons: (a) by a
light beam via prism coupling,
(b) by a guided mode of opti-
cal waveguide, and (c) by light
diffraction on a diffraction
grating

Fig. 5 Reflectivity and phase for light wave exciting an SPW in
the Kretschmann geometry (SF14 glass prism – 50 nm thick gold
layer – dielectric) versus (a) the angle of incidence for two differ-
ent refractive indices of the dielectric (wavelength 682 nm), and
(b) wavelength for two different refractive indices of the dielectric
(angle of incidence 54°)



yielding the strongest coupling (Fig. 5a, upper plot). In
SPR sensors with wavelength modulation the component
of the light wave’s wavevector parallel to the metal surface
matching that of the SPW is determined by measuring the
coupling strength at a fixed angle of incidence and multiple
wavelengths and determining the wavelength yielding the
strongest coupling (Fig. 5b). In SPR sensors with intensity
modulation, the change in the intensity of the light wave in-
teracting with the SPW is measured at a fixed wavelength
and angle of incidence (Fig. 5b). In SPR sensors with phase
modulation, shift in phase of the light wave interacting
with the SPW is measured at a fixed wavelength and angle
of incidence (Fig. 5a, lower plot). In SPR sensors with po-
larization modulation, changes in the polarization are mea-
sured at a fixed wavelength and angle of incidence.

Performance characteristics

The main performance characteristics relevant for SPR
biosensors include sensitivity, accuracy, precision, repeata-
bility, and the lowest detection limit. Sensor sensitivity S,
is the ratio of the change in sensor output, P (e.g. angle of
incidence, wavelength, intensity, phase, and polarization
of light wave interacting with an SPW) to the change in
measurand (e.g. analyte concentration, c). SPR biosensor
sensitivity can be decomposed into two components –
sensitivity to refractive index changes produced by the
binding of analyte to biomolecular recognition elements
on the sensor surface SRI, and the efficiency E, with which
the presence of analyte at a concentration c is converted
into the change in the refractive index n:

(4)

The efficiency E depends on the properties of the biomo-
lecular recognition elements and the target analyte. The
refractive index sensitivity SRI can be decomposed into
two terms:

(5)

The first term S1 depends on the modulation method and
the method of excitation of an SPW [17, 18, 19, 20]. The
S2 term is independent of the modulation method and the
method of excitation of the SPW and describes the sensi-
tivity of SPW’s propagation constant to the refractive in-
dex change, Eqs. (2) and (3).

Accuracy describes the degree to which a sensor output
represents the true value of the measurand (analyte con-
centration). Accuracy is often confused with precision which
refers to the way in which repeated measurements con-
form to themselves without a reference to any true value.
Repeatability refers to the capacity of a sensor to repro-
duce output reading under the same measurement condi-
tions over a short interval of time. The lowest detection
limit describes the lowest concentration of analyte that
can be measured by the sensor.

SPR biosensing formats

An interaction between a biomolecular recognition ele-
ment on an SPR sensor surface and analyte in a liquid
sample is governed by kinetic equations. In order to illus-
trate fundamental properties of the interaction, we shall
discuss the pseudo-first-order kinetic equation:

(6)

where R is the relative amount of bound analyte, c is ana-
lyte concentration, t is time, and ka and kd are the associa-
tion and dissociation kinetic rate constants, respectively
[21]. This interaction model assumes 1:1 binding, rapid
mixing of the analyte from the bulk phase to the sensor
surface layer, and single-step binding. Observed binding,
however, may deviate from this simple model due to more
complex mechanisms of interaction and mass transport
limitations [22]. Equation (6) yields for R:

(7)

where R0 denotes the initial amount of analyte bound at
the time t=0 [21].
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Fig. 6 Direct detection

Fig. 7 Direct detection. Binding between antibody and analyte cal-
culated for four different concentrations of analyte, ka=3×105 mol–1

L s–1; kd=5×10–4 s–1
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Various measurement formats have been adopted in
SPR biosensing to ensure that the monitored binding event
produces a measurable sensor response. The most fre-
quently used measurement formats are direct detection,
sandwich assay, and inhibition assay. In direct detection
format, analyte in a sample interacts with a biomolecular
recognition element (antibody) immobilized on the sensor
surface, Fig. 6. The resulting refractive index change is di-
rectly proportional to the concentration of analyte.

Figure 7 which shows a kinetic model of the interac-
tion between antibody and analyte suggests that the bind-
ing between the target analyte and antibody is fast ini-
tially. As the interaction progresses, the binding rate grad-
ually decreases and eventually reaches a state in which the
association and dissociation processes are in equilibrium.
The time required for the interaction to reach the equilib-
rium depends on the concentration of analyte and is longer
for lower concentrations of analyte.

Figure 8a shows dependence of the relative binding at
equilibrium on the concentrations of analyte. At low ana-

lyte concentrations the equilibrium binding increases lin-
early with analyte concentration. At higher analyte con-
centrations, the binding sites provided by the biomolecu-
lar recognition elements are saturated and a further in-
crease in the analyte concentration produces a smaller in-
crease in the amount of bound analyte. The initial binding
rate dR/dt (t=0) is directly proportional to the association
rate constant and analyte concentration (Fig. 8b). Both the
amount of analyte bound at equilibrium and initial bind-
ing rate can be used to determine analyte concentration.
The measurement of the binding rate is faster and offers a
larger dynamic range than measurement of the equilib-
rium binding. In the sandwich assay format the measure-
ment consists of two steps. In the first step, sample con-
taining analyte is brought in contact with the sensor and
the analyte molecules bind to the antibodies on the sensor
surface. Then the sensor surface is incubated with a solu-
tion containing „secondary“ antibodies. The secondary
antibodies bind to the previously captured analyte further
increasing the number of bound biomolecules (Fig. 9) and
thus also the sensor response.

The inhibition assay is an example of a competitive as-
say. In this detection format, a sample is initially mixed
with respective antibodies and then the mixture is brought
in contact with the sensor surface coated with analyte mol-
ecules, so that the unoccupied antibodies could bind to the
analyte molecules (Fig. 10).

The amount of bound analyte versus time may be esti-
mated by calculating the equilibrium concentration of an-
tibody which did not bind to the analyte in the sample and
then simulating the interaction between the unbound anti-
body and the analyte-derivatized surface. Figure 11 shows
the equilibrium binding and the initial binding rate as a
function of analyte concentration, assuming that antibody
at a concentration of 0.1 nmol L–1 was incubated with sam-
ple and the mixture was provided with enough time to
reach equilibrium. The amount of bound antibody and the

Fig. 8 Direct detection: (top) relative equilibrium binding as a
function of analyte concentration; (bottom) initial binding rate as 
a function of analyte concentration, ka=3×105 mol–1 L s–1; kd=5×
10–4 s–1

Fig. 9 Sandwich assay

Fig. 10 Inhibition assay



initial binding rate are inversely proportional to analyte
concentration, Fig. 11.

Features and challenges

SPR biosensor technology exhibits various advantageous
features. These include in particular:

1. Versatility – generic SPR sensor platforms can be tai-
lored for detection of any analyte, providing a biomo-
lecular recognition element recognizing the analyte is
available; analyte does not have to exhibit any special
properties such as fluorescence or characteristic absorp-
tion and scattering bands.

2. No labels required – binding between the biomolecular
recognition element and analyte can be observed di-
rectly without the use of radioactive or fluorescent la-
bels.

3. Speed of analysis – the binding event can be observed
in real-time providing potentially rapid response.

4. Flexibility – SPR sensors can perform continuous mon-
itoring as well as one-time analyses.

SPR biosensors exhibit two inherent limitations:

1. Specificity of detection – specificity is solely based on
the ability of biomolecular recognition elements to rec-
ognize and capture analyte. Biomolecular recognition
elements may exhibit cross-sensitivity to structurally
similar but non-target molecules. If the non-target mol-
ecules are present in a sample in a high concentration,
sensor response due to the non-target analyte molecules
may conceal specific response produced by low levels
of target analyte.

2. Sensitivity to interfering effects – similar to other affin-
ity biosensors relying on measurement of refractive in-
dex changes, SPR biosensor measurements can be
compromised by interfering effects which produce re-
fractive index variations. These include non-specific
interaction between the sensor surface and sample (ad-
sorption of non-target molecules by the sensor surface),
and background refractive index variations (due to sam-
ple temperature and composition fluctuations).

Advances in SPR biosensor technology

This paper follows up an SPR sensor technology review
paper published in Sensors and Actuators B in 1999 [9],
and therefore focuses primarily on recent advances in SPR
biosensor technology. In this section the following areas
are discussed in particular: SPR sensor platforms, data
analysis, and biomolecular recognition elements.

Instrumentation

In recent years, research into optical platforms for SPR
biosensors has been increasingly application-oriented, tar-
geting specific application areas and providing solutions
meeting unique requirements of specific applications. Two
important representatives of this trend are: development
of laboratory SPR sensor platforms with a large number
of sensing channels for high-throughput screening appli-
cations and development of mobile SPR sensor platforms
for analysis of complex samples in the field.

In traditional multichannel SPR sensors, SPWs were
excited via a prism coupler in multiple areas which were
arranged perpendicularly to the direction of propagation
of SPWs; angular [23] or spectral [24] distribution of re-
flected light was analyzed to yield information about the
measurand in each channel. While this spectroscopic ap-
proach led to development of high-performance SPR sens-
ing devices [23], the number of sensing channels which
could be realized using this approach was rather limited
(<10). In order to increase the number of sensing chan-
nels, various SPR sensor platforms have been proposed
[25, 26, 27, 28]. One approach is based on SPR imaging
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Fig. 11 Inhibition assay: (a) relative equilibrium binding of the
antibody as a function of analyte concentration; (b) initial binding
rate as a function of analyte concentration; ka=3×105 mol–1 L s–1;
kd=5×10–4 s–1; antibody concentration 0.1 nmol L–1



in which a collimated light beam from a polychromatic
light source passes through a prism and is made incident
on an SPR-active metal layer; the reflected light is de-
tected with a CCD camera after passing through a narrow-
band interference filter [25]. This approach has been
demonstrated for monitoring of adsorption of a single-
stranded DNA-binding protein on to single-stranded DNA
patterned into an array of 500×500-micron squares [29].
The choice of operating wavelength for imaging SPR sen-
sors have been discussed by Johansen et al. [30]. An alter-
native approach [26] is based on detection of spatial
changes in the phase of light exciting an SPW and inter-
ferometry. Two interferometric schemes have been pro-
posed. In the Mach–Zehnder interferometer-based scheme
monochromatic light was split into reference and signal
beams; the signal beam passed through a prism and, after
reflection from an SPR-active metal layer, was recom-
bined with the reference beam producing an interference
pattern on a CCD camera [28]. In the TE–TM polarization
interferometer TE and TM polarized beams passed through
a prism and, after reflection from an SPR-active surface,
were shifted with respect to each other and recombined by
means of a polarizer producing an interference pattern on
a CCD camera [26]. Another interesting approach is based
on SPR microscopy [31] and uses surface scanning and
SPWs excited by means of an objective lens [27]. Most re-
cently a new approach has been proposed which is based
on spectroscopy of SPW on an array of diffraction grat-
ings [32].

A great deal of research has been focused on develop-
ment of mobile SPR sensor platforms with referencing ca-
pabilities enabling applications of SPR biosensors in out-
of-laboratory environments and for analysis of complex
samples. The traditional approach consisted in simultane-
ous SPR measurements in two sensing channels containing
different biomolecular recognition element coatings, one
with (signal channel) and one without (reference channel)
affinity for the analyte, and subtraction of the reference
channel response from that of the signal channel [24]. Re-
cently, a new approach to multichannel SPR sensing has
been developed which is based on excitation of surface
plasmons in different sensing channels at different wave-
lengths and encoding information from different sensing
channels into different regions of the light spectrum. This
can be accomplished in a sensing element of special de-
sign in which light is made incident on the SPR-active
metal at different angles of incidence (Fig. 12a) [33], or by
employing a thin dielectric overlayer which shifts the res-
onant wavelength for a part of the sensing surface to
longer wavelengths (Fig. 12b) [34]. This approach has been
demonstrated to have capacity to discriminate effects oc-
curring in the proximity of the sensor surface (specific
binding, non-specific adsorption) from those occurring in
the whole medium (interfering background refractive in-
dex fluctuations) which is a prerequisite for advanced ref-
erencing [35]. Referencing approaches have been studied
[36, 37]. It was found that a residual error for compensa-
tion of interfering background refractive index variations
is typically 1–3% of the total refractive index change;

compensation for temperature variations is less accurate
with an error of 5–10% of the total response due to the
temperature change [37].

There is continuing effort to develop miniature SPR
platforms based on miniaturized prism couplers [38] and
optical fibers. The first fiber optic SPR sensors were based
on wavelength-modulation in multimode optical fibers with
partly removed cladding and a metal film deposited sym-
metrically around the exposed section of fiber core [39] or
on intensity-modulation in single-mode optical fibers which
were side-polished and coated with a thin metal film [40].
These SPR sensors suffered from modal noise (multimode
fiber-based sensors) and polarization instability (single-
mode fiber-based sensors). Two methods of overcoming
the limitation originating from the need to precisely con-
trol polarization of light in the single-mode optical fiber-
based SPR sensors have been developed. In the first method,
light from a polychromatic light source passes through a
Lyott fiber optic depolarizer which produces unpolarized
light which is then coupled into a fiber optic SPR sensing
element. The transmitted light is analyzed with a spectro-
graph [41]. The second method uses a polarization-main-
taining fiber to control polarization of light in the fiber-
optic SPR sensing element, Fig. 13. This approach pro-
vides best suppression of polarization effects due to fiber
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Fig. 12 Dual-surface-plasmon spectroscopy. (a) Geometry with
two different angles of incidence [33]. (b) Geometry with a high
refractive index overlayer [34]



deformations resulting in enhanced-stability fiber optic SPR
sensors with performance comparable to bulk-optic SPR
sensors [42].

Research is also carried out to improve detection capa-
bilities of SPR biosensors by exploiting a special type of
an SPW, the so-called long-range surface plasmon. The
use of long-range surface plasmons provides two benefits
– increased sensitivity and very narrow angular or spectral
dips, which makes it possible to determine the spectral po-
sition of the SPR dip with a high accuracy [43]. As long-
range surface plasma waves penetrate deeper into the
probed medium, their use benefits especially biosensors
with extended matrices of biomolecular recognition ele-
ments [44].

Sensor data analysis

Detection limits of SPR biosensors are ultimately con-
strained by the noise-based precision of the SPR instru-
ment itself. The precision depends on noise contributions
made by individual components of an SPR sensor and
data processing method. Therefore, study of noise in SPR
sensors and development of optimized algorithms for pro-
cessing data from SPR sensors have received much atten-
tion lately. Earlier approaches to understanding the per-
formance of SPR sensor data analysis have included stud-
ies of the effects of noise and comparisons between algo-
rithms. Locally-weighted parametric regression and other
methods were compared for low- and high-noise detec-
tors, demonstrating that a small number of low-noise de-
tector pixels may outperform a larger but noisier detector
array [45]. Linearization of data processing algorithms
and an optimal linear data analysis method were proposed
as a means of optimizing algorithm parameters [46]. Con-
tribution of analog-to-digital converter resolution and num-
ber of pixels in the detector array to the performance of a
number of SPR data-analysis algorithms was studied [47].
Also, effects of sensitivity deviations on concentration
analyses and kinetic studies have been investigated [48].
Most recently, sources of noise were investigated for a
wavelength-modulated SPR sensor. Shot noise of the de-
tector was found to be the dominant source of noise and
an analytical formula was derived which allows predic-
tion of the noise of the sensor output based on the detec-
tor noise [49].

Biomolecular recognition elements 
and their immobilization

The main types of biomolecular recognition elements used
in SPR biosensors include antibodies, nucleic acids and
biomimetic materials. Antibodies are used most frequently
because of their high affinity, versatility, and commercial
availability. Various immobilization chemistries have been
developed to attach antibodies to SPR-active gold films.
Traditional approaches include formation of streptavidin
layer on the gold surface followed by attachment of bi-
otinylated antibodies [50], use of self-assembled alka-
nethiol films with suitable reactive groups [51], use of a
hydrogel matrix composed of carboxyl-methylated dex-
tran chains which can be modified allowing antibodies to
be attached via surface-exposed amine, carboxyl, sulfhydryl,
and aldehyde groups [52]. Alternatively, SPR sensing sur-
faces may be functionalized by thin polymer films to
which antibodies are coupled via amino groups [53]. Pro-
tein contact printing has been examined for spatially-con-
trolled attachment of bovine serum albumin (BSA) and
dinitrophenylated BSA onto adjacent reference and signal
channels of a dual-channel SPR sensor [54]. DNA can be
immobilized on gold SPR sensor surfaces by formation of
a streptavidin layer on a gold surface followed by attach-
ment of biotinylated DNA [55]. A multistep surface mod-
ification based on alkanethiol self-assembled monolayers
has also been used to attach DNA to gold surfaces [56].
Recently, biomimetic materials consisting in molecularly
imprinted polymers (MIPs) have been exploited in SPR
biosensors [57].

Applications of SPR biosensors

Two major application areas for SPR biosensing are in de-
tection and identification of biological analytes and bio-
physical analysis of biomolecular interactions. This re-
view focuses on applications for detection and identifica-
tion of biological analytes; recent advances in SPR-based
biomolecular interaction analysis can be found in Ref.
[58].

Numerous SPR biosensors have been developed for
detection and identification of specific analytes. These
biosensors use a number of platform designs, biomolecu-
lar recognition elements and detection formats. The choice
of detection format for a particular application depends on
size of target analyte molecules, binding characteristics of
biomolecular recognition element, and the range of ana-
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Fig. 13 SPR sensor based on a
polarization-maintaining sin-
gle-mode optical fiber



lyte concentrations to be measured. Direct detection is
usually preferred in applications where direct binding of
analyte of concentrations of interest produces a sufficient
response. If necessary, the lowest detection limits of the
direct SPR biosensors can be improved by using sandwich
assay. The secondary antibodies may also be coupled to
large particles such as latex particles [59] and gold beads
[60] to further enhance the SPR sensor response. Smaller
analytes (molecular weight <1000) are usually measured
using inhibition assay.

Detection of small analytes

SPR biosensors have been demonstrated for small ana-
lytes relevant to environmental protection (simazine and
atrazine), medicine (morphine, methamphetamine, and
theophyline), and food safety (fumonisin B1, sulfameth-
azine, and sulfadiazine). Minunni and Mascini used an

SPR sensor and binding inhibition assay to detect atrazine
[61]. Monoclonal antibodies against atrazine were mixed
with a sample containing atrazine and free antibody con-
centration was determined by exposing the sample to an
atrazine derivative-coated SPR biosensor. A detection limit
of 0.05 ng mL–1 was achieved [61]. Figures 14 and 15 show
typical sensorgrams for binding inhibition assay detection
of atrazine using a wavelength-modulated SPR sensor; the
antibody concentration was 4 µg mL–1.

Detection of the triazine herbicide simazine in water
samples was demonstrated using an integrated optical SPR
sensor and binding inhibition assay involving anti-simazine
IgG antibodies or anti-simazine Fab fragments [62, 63].
The lowest detection limit for simazine was determined 
to be 0.16 ng mL–1 for anti-simazine IgG antibodies and
0.11 ng mL–1 for anti-simazine Fab fragments [63]. Mor-
phine detection based on an SPR sensor and binding inhi-
bition assay was reported by Miura et al. [64], who de-
tected morphine at concentrations down to 0.1 ng mL–1.
Sakai et al. developed an SPR biosensor for detection of
methamphetamine using binding inhibition assay; the low-
est detection limit was determined to be 0.1 ng mL–1 [65].
Direct detection of fumonisin B1 in aqueous samples was
demonstrated by Mullet et al. using a laboratory SPR sys-
tem with angular modulation and polyclonal antibodies
[66]. The detection limit was determined to be 50 ng mL–1.
Sulfamethazine in milk was detected using a commercial
SPR system based on angular modulation (Biacore) and
binding inhibition assay involving anti-sulfamethazine
polyconal antibodies. The lowest detection limit for sul-
famethazine was determined to be 1 ng mL–1 [67] and 2 ng
mL–1 [68]. Baxter et al. demonstrated SPR biosensor-
based detection of streptomycin in milk using a commer-
cial SPR biosensor (Biacore 2000) and inhibition assay
involving polyclonal anti-streptomycin antibodies. The
lowest detection limit of the SPR biosensor for strepto-
mycin was determined to be 4 ng mL–1 [69]. Elliott et al.
demonstrated detection of sulfadiazine in pig bile using a
commercial SPR biosensor (Biacore) and inhibition assay
with a detection limit of 20 ng mL–1 [70]. A laboratory
SPR biosensor with angular modulation was combined
with a molecularly imprinted polymer for detection of
theophylline by Lai et al. For aqueous samples the lowest
detection limit was estimated at 0.4 mg mL–1 [57].

Detection of medium-size analytes

Examples of medium-size analytes detected by SPR
biosensor technology include food safety-related analytes
such as staphylococcal enterotoxin B, botulinum toxin,
and E. coli enterotoxin. Choi et al. demonstrated a direct
SPR biosensor for botulinum toxin using a commercial
SPR biosensor (Biacore X) and monoclonal antibodies;
this biosensor was able to detect botulinum toxin in buffer
at a concentration of 2.5 µg mL–1 [71]. Spangler et al.
demonstrated direct detection of E. coli enterotoxin in
aqueous solutions; the lowest detection limit was estab-
lished to be 6 µg mL–1 [72]. Detection of staphylococcal
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Fig. 14 Detection of atrazine using inhibition assay. Kinetic re-
sponse

Fig. 15 Detection of atrazine using inhibition assay. Equilibrium
response and initial binding rate as a function of atrazine concen-
tration



enterotoxin B was performed using a commercial angular
sensor (Biacore 3000) [73] and laboratory wavelength
modulation-based SPR sensors [74]. The lowest detection
limits were 1–10 ng mL–1 (in milk and meat) [73], 5 ng mL–1

(direct detection in buffer), and 0.5 ng mL–1 (sandwich as-
say in buffer and milk) [74]. A typical sensorgram for de-
tection of Staphylococcal enterotoxins B (SEB) is shown
in Fig. 16 [74]. Figure 17a shows the equilibrium sensor
response for both the direct capture of SEB and amplifi-

cation by secondary antibodies as a function of SEB con-
centration. The use of secondary antibodies provides 10-fold
increase in the sensor response. In Fig. 17b, initial binding
rates for SEB and secondary antibody concentration are
shown for several SEB concentrations [74].

Detection of large analytes

Representatives of large analytes targeted by SPR biosen-
sor technology include bacterial pathogens such as Esche-
richia coli, Salmonella enteritidis, and Listeria monocyto-
genes. Detection of Escherichia coli O157:H7 was per-
formed by Fratamico et al. who used an angular-modula-
tion commercial SPR sensor and sandwich assay [75].
They used monoclonal antibodies immobilized on the 
sensor surface for capturing E. coli and polyclonal second-
ary antibodies for enhancing the specific sensor response.
The lowest detection limit for E. coli was established at
5×107 cfu mL–1. Direct detection of Salmonella enteritidis
and Listeria monocytogenes at concentrations down to 
106 cfu mL–1 was demonstrated by Koubová et al. using a
laboratory wavelength-modulated SPR sensor and mono-
clonal antibodies [76]. A sensorgram illustrating direct de-
tection of Salmonella enteritidis is shown in Fig. 18.

The main challenges in detecting bacterial analytes at
lower levels include the low concentration of a particular
antigen relative to total cellular material and slow diffu-
sion of bacterial cells to sensor surface [77].

Commercialization of SPR biosensors

The first commercial SPR biosensor was launched by Bia-
core International AB in 1990. In the following decade,
Biacore has developed a range of laboratory SPR instru-
ments (Biacore 1000, Biacore 2000, Biacore 3000, Bia-
core C, Biacore X, Biacore J, Biacore Q) [78]. Most re-
cently the Biacore S51 has been developed which offers
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Fig. 16 Detection of Staphylococcal enterotoxin B using sand-
wich assay. Kinetic response [74]

Fig. 17 Detection of Staphylococcal enterotoxin B. (a) Equilib-
rium response for different concentrations of SEB. (b) Initial bind-
ing rate for different concentrations of SEB [74]

Fig. 18 Direct detection of Salmonella enteritidis. Kinetic re-
sponse to Salmonella at a concentration of 106 cfu mL–1



538

higher sensitivity and throughput. Other SPR sensors have
been developed by British Windsor Scientific (IBIS) [79],
Nippon Laser and Electronics Laboratory (SPR-670 and
SPR-CELLIA) [80], Texas Instruments (Spreeta) [81], and
Analytical µ-Systems (BIO-SUPLAR 2) [82].

Outlook

Over the past ten years, surface plasmon resonance (SPR)
biosensor technology has made great strides, and a large
number of SPR sensor platforms, biomolecular recogni-
tion elements, and measurement formats have been devel-
oped. There has been growing interest in commercializa-
tion of SPR biosensor technology leading to a number of
systems available on today’s market. SPR biosensors have
played a significant role in research into biomolecules and
their interactions and have been increasingly used for de-
tection and identification of chemical and biological sub-
stances. SPR biosensors have been particularly successful
for detection of small and medium size analytes, a number
of which have been detected at practically relevant levels.
Detection limits for large analytes such as bacteria and
viruses still need to be improved to meet today’s needs.

Undoubtedly, future development of SPR biosensors will
be driven by the needs of the consumer. SPR biosensor
technology has the potential to benefit numerous impor-
tant fields including pharmaceutical research, medical di-
agnostics, environmental monitoring, food safety, and se-
curity. Applications in these areas present unique chal-
lenges and impose special requirement on analytical tech-
nologies. Pharmaceutical research, which was fast to adopt
optical biosensors, needs laboratory-based high-through-
put systems with high sensitivity to facilitate parallel
screening. Medicine would benefit from high-throughput
diagnostic tools for centralized laboratories and from com-
pact diagnostic systems dedicated to selected diagnostic
applications which could be used at clinics. In addition,
there is a growing interest in tools for home medical (self-)
diagnostics. Mobile analytical systems enabling rapid de-
tection of food-borne pathogens in food would be impor-
tant for food producers, processors, distributors and regu-
latory agencies and thus benefit the food safety. Environ-
mental monitoring would benefit from detection systems
which could be deployed in the field for continuous mon-
itoring and from mobile systems enabling fast identifica-
tion of environmental threat. SPR biosensors could also
play an important role in defense, where fast, portable and
rugged units are needed for early detection and identifica-
tion of biological warfare agents in the field. Develop-
ment of these systems will require significant advances in
miniaturization of SPR biosensing platforms, develop-
ment of robust biomolecular recognition elements with
high specificity and long storage life, integration of SPR
sensor platforms with microfluidic devices, and applica-
tion-specific sampling systems.
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