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  Summary 

 Surface plasmon resonance (SPR) biosensors are optical sensors that use special electromagnetic waves 
(surface plasmon-polaritons) to probe interactions between an analyte in solution and a biomolecular 
recognition element immobilized on the SPR sensor surface. Major application areas include the detec-
tion of biological analytes and analysis of biomolecular interactions, where SPR biosensors provide 
benefits of label-free real-time analytical technology. The information obtained is both qualitative and 
quantitative and it is possible to obtain the kinetic parameters of the interaction. This new technology 
has been used to study a diverse set of interaction partners of biological interest, such as protein–protein, 
protein–lipids, protein–nucleic acids, or protein and low molecular weight molecules such as drugs, 
substrates, and cofactors. In addition to basic biomedical research, the SPR biosensor has recently been 
used in food analysis, proteomics, immunogenicity, and drug discovery. This chapter reviews the major 
developments in SPR technology. The main application areas are outlined and examples of applications 
of SPR sensor technology are presented. Future prospects of SPR sensor technology are discussed.  
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 Surface plasmons (SPs) are of interest to a wide spectrum of 
scientists ranging from physicists, chemists, and material scien-
tists to biologists. Renewed interest in SPs comes from recent 
advances that allow metals to be structured and characterized on 
the nanometer scale. In turn, this has enabled us to control SP 
properties to reveal new aspects of their underlying science and 
tailor them for specific applications. 

 SPs were widely recognized in the field of surface science fol-
lowing the pioneering work of Ritchie in the 1950s  (  1  ) . SPs are 
waves that propagate along the surface of a conductor, usually a 
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metal. These are essentially light waves that are trapped on the 
surface because of their interaction with free electrons of the con-
ductor (strictly speaking, they should be called surface plasmon-
polaritons to reflect this hybrid nature  (  2  ) ). In this interaction, 
the free electrons respond collectively by oscillating in resonance 
with the light wave. The resonant interaction between the surface 
charge oscillation and the electromagnetic field of the light con-
stitutes the SP and gives rise to its unique properties. 

 SPs help to concentrate light in subwavelength structures 
by using the different (relative) permittivities,  e , of the metals 
and the surrounding nonconducting media ( e  is the square of 
the complex index of refraction). In this manner, concentrat-
ing light promotes an electric field enhancement that can be 
used to manipulate light-matter interactions and boost nonlin-
ear phenomena. For example, metallic structures that are much 
smaller than the wavelength of light are vital to the massive signal 
enhancement achieved in surface-enhanced Raman spectroscopy 
(SERS)—a technique that can now detect a single molecule  (  3,   4  ) . 
Furthermore, the enhanced field associated with SPs makes them 
suitable for use as sensors, and commercial systems have already 
been developed for sensing biomolecules. 

 Surface plasmon resonance (SPR) biosensors are optical 
sensors that use special electromagnetic waves—surface plasmon-
polaritons—to probe interactions between an analyte in solution 
and a biomolecular recognition element immobilized on the SPR 
sensor surface. Major application areas include the detection 
of biological analytes and analysis of biomolecular interactions, 
where SPR biosensors provide benefits for label-free real-time 
analytical technology. 

 An affinity biosensor consists of a transducer (electro-
chemical  (  5  ) , piezoelectric  (  6  ) , or optical  (  7  ) ) and a biological 
recognition element that interacts with a selected analyte. Vari-
ous optical methods have been exploited in biosensors includ-
ing fluorescence spectroscopy  (  8  ) , interferometry (reflectometric 
white light interferometry  (  9  )  and modal interferometry in opti-
cal waveguide structures  (  10  ) , spectroscopy of guided modes of 
optical waveguides (grating coupler  (  11  )  and resonant mirror 
 (  12  ) , and surface plasmon resonance (SPR)  (  13,   14  ) . Fluores-
cence-based biosensors offer high sensitivity but, because of the 
use of labels, they require either multistep detection protocols 
or delicately balanced affinities of interacting biomolecules for 
displacement assays, causing sensor cross-sensitivity to nontarget 
analytes  (  15  ) . Sensors such as optical interferometers, grating 
couplers, resonant mirrors, and SPR rely on the measurement of 
binding-induced refractive index changes, and thus, are label-free 
technologies. 

 This application arises from the unique nanoparticle opti-
cal properties of certain materials, such as silver and gold  (  16  ) . 
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It is now well established that optical excitation of the localized 
surface plasmon resonance (LSPR) of silver and gold nano-
particles results in absorption with extremely large molar 
extinction coefficients of  ~ 3 × 10 11  M −1  cm −1  (  17,   18  ) , resonant 
Rayleigh scattering  (  19,   20  )  with an efficiency equivalent to 
that of 10 6  fluorophores  (  21,   22  ) , and strong enhancement 
of the local electromagnetic fields near the nanoparticle sur-
face  (  23,   24  ) . Furthermore, the peak extinction or resonant 
Rayleigh scattering wavelength,  l  max , intensity, and line width 
of these LSPR spectra are strongly dependent on their size, 
shape, interparticle spacing, and local dielectric environment 
 (  17,   24–  28  ) . Consequently, five different nanoparticle-based 
sensing mechanisms that enable the transduction of macro-
molecular or chemical binding events into optical signals have 
been introduced. These mechanisms are:
   1.    Resonant Rayleigh scattering from nanoparticle labels in a 

manner analogous to fluorescent dye labels  (  16,   19,   21,   22  ) .  
   2.    Nanoparticle aggregation  (  29,   30  ) .  
   3.    Charge-transfer interactions at nanoparticle surfaces  (  25,   31,   32  ) .  
   4.    Local refractive index changes  (  32–  35  ) .  
   5.    Surface-enhanced Raman scattering  (  36  ) .     
 The optical-field enhancement from plasmon resonance at sphe-
roids is studied by solving Maxwell’s equations using spheroidal 
vector wave functions  (  37  ) . This treatment is an extension of the 
Mie theory for spheres. The optical-field enhancement at the end 
of a sharp tip has been used in surface-enhanced Raman spec-
troscopy (SERS). The optical-field enhancement will increase the 
Raman signals such that spectra of single molecules are possi-
ble. Single-molecule SERS experiments on Ag and Au colloids 
have indicated signal-to-noise enhancement factors of 10 to 15 
orders of magnitude. Because the spectroscopic signal-to-noise 
enhancement goes as the fourth power of the field enhancement 
(light power two ways), the field enhancement would then be 
approximately three orders of magnitude at the detection spots. 
Theoretical studies of the optical-field enhancement at prolate 
spheroids show strong enhancements in the quasistatic limit. The 
field enhancement factor at the end of a spheroid is calculated by 
the finite-element time-domain (FETD) method. The enhance-
ment factor strongly depends on the ratio of the wavelength 
to the structure size. The enhancement falls off rapidly as the 
structure size is enlarged; this is confirmed by our calculations. 
This is attributed to phase retardation or dephasing effects. The 
exactly solvable model of a spheroid shows that there are plas-
mon resonance regions with strong-field enhancements in the 
nonstatic regime and shows how their positions in parameter 
space and their magnitudes are related. In fact, there is a strong 
dependence on the parameters’ wavelength, spheroidal length, 
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axial ratio, polarization, angle of incidence, and material proper-
ties. These sometimes very sensitive spots in the space spanned 
by these parameters may be used for specific sensing of the near 
environment of the spheroids. 

 It was also suggested in  ref.  (  37   )  that the strong enhanced 
optical field caused by surface plasmon resonance could be used 
for trapping single fluorescent molecules. Because both attractive 
as well as negative forces are possible depending on the wave-
length of the optical field, a molecule could be taken into the 
trap and then, by changing the optical wavelength, taken out of 
the trap. At the same time, the molecule could be investigated 
through SERS.  

 

  The interaction between the surface charges and the electromag-
netic field that constitutes SP has two consequences ( see   Fig.   1 ). 
First, the interaction between the surface charge density and the 
electromagnetic field results in the momentum of the SP mode, 
 k  SP , which is greater than that of a free-space photon of the same 
frequency,  k  0    (k0 = w/c   is the free-space wave vector). The 
charge density wave is associated with an electromagnetic wave; 
the field vectors of which reach their maxima at the interface and 
decay evanescently into both media. This surface plasma wave 
(SPW) is a transverse-magnetic (TM) polarized wave (the magnetic 
vector is perpendicular to the direction of propagation of the 
SPW and parallel to the plane of interface) and is characterized by 
the propagation constant and electromagnetic field distribution. 
Solving Maxwell’s equations under the appropriate boundary 
conditions yields the SP dispersion relation  (  38  ) , that is, the 
frequency-dependent SP wave vector,  k  SP ,

  d m
SP 0

d m

k k
e e

e e
=

+
.  (1)    

 The frequency-dependent permittivity of the metal, e m , and the 
dielectric material, e d , must have opposite signs if SPs are possible 
at such an interface. This condition is satisfied for metals (gold 
and silver are the most commonly used) because e m  is both nega-
tive and complex (the latter corresponding to absorption in the 
metal). The real and imaginary parts of the propagation constant
describe spatial periodicity and attenuation of an SPW in the 
direction of propagation, respectively  (  39  ) . As an example, using 
 Eq.   1  , the SP wave vector for a silver-air interface in the red part 
of the visible spectrum is found to be   kSP @ 1.03k0  . This increase in 

 2. Fundamentals 
of Surface Plasmon 
Resonance  

 2.1. Coupling to 
Surface Plasmons 
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momentum is associated with SP binding to the surface and the 
resulting momentum mismatch between light and SPs of similar 
frequency must be bridged if light is used to generate SPs. 

 The second consequence of the interaction between the sur-
face charges and the electromagnetic field is that, in contrast to 
the propagating nature of SPs along the surface, the field per-
pendicular to the surface decays exponentially with distance from 
the surface. The field in this perpendicular direction is said to be 
evanescent or near field in nature and is a consequence of the 
bound, nonradiative nature of SPs, which prevents power from 
propagating away from the surface. 

 There are three main techniques by which the missing 
momentum can be provided. The first makes use of prism cou-
pling to enhance the momentum of the incident light  (  41,   42  ) . 
The second involves scattering from a topological defect on the 
surface, such as a subwavelength protrusion or hole, which pro-
vides a convenient way to generate SPs locally  (  43,   44  ) . The third 
makes use of a periodic corrugation on the metal’s surface  (  45  ) .  

  Once light has been converted into an SP mode on a flat metal 
surface, it will propagate but will gradually attenuate because 
of losses arising from absorption in the metal. This attenuation 
depends on the dielectric function of the metal at an oscillation 
frequency of SP. The propagation length, d SP , can be found by 
seeking the imaginary part,   k≤SP     ,   of the complex surface plasmon 
wave vector,   kSP = k¢SP + ik≤SP   , from the SP dispersion  Eq.   1   (  46  ) ,

 2.2. Surface Plasmon 
Propagation 

  Fig. 1 .   SPs at the interface between a metal and a dielectric material have a combined electromagnetic wave and surface 
charge character, as shown in ( a ). They are transverse magnetic in character (H is in the  y  direction), and the generation 
of surface charge requires an electric field normal to the surface. This combined character also leads to the field component 
perpendicular to the surface being enhanced near the surface and decaying exponentially with distance away from it. ( b ) 
The field in this perpendicular direction is said to be evanescent, reflecting the bound, nonradiative nature of SPs, and 
prevents power from propagating away from the surface. In the dielectric medium above the metal, typically air or glass, 
the decay length of the field,  d  d , is on the order of half the wavelength of light involved, whereas the decay length into 
the metal, δ m , is determined by the skin depth. ( c ) The dispersion curve for a SP mode shows the momentum mismatch 
problem that must be overcome to couple light and SP modes together with the SP mode lying beyond the light line, that 
is, it has greater momentum  k  SP  than a free space photon  k  SP  of similar frequency   w    (  40  ) . Reproduced from  ref.   (  40     ) 
 with permission from Nature Publishing Group       .
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 where   e¢m   and   e≤m   are the real and imaginary parts of the dielectric 
function of the metal,   em = e¢m + ie≤m  . Silver is the metal with the 
lowest losses in the visible spectrum: propagation distances are 
typically in the range of 10–100  m m, increasing toward 1 mm 
as one moves into the 1.5- m m near-infrared telecom band ( see 
  Fig.   2 ). In the past, absorption by the metal was considered a 
significant problem because SPs were not thought to be viable for 
photonic elements; the SP propagation length was smaller than 
the size of components at that time. This view is now changing 
thanks to recent demonstrations of SP-based components that 
are significantly smaller than the propagation length  (  47  ) . Such 
developments pave the way for the integration of many SP-based 
devices into circuits before propagation losses become too sig-
nificant. In addition to dealing with the problem of loss owing 
to absorption in the metal, another key loss mechanism must be 
considered, that is, unwanted coupling to radiation. To build 
SP-based circuits one will need components that convert one SP 
mode into another, for example, a switch to reroute SPs without 

  Fig. 2 .   Three characteristic length scales are important for SP-based photonics in addi-
tion to that of the associated light. The propagation length of the SP mode, d SP , is usu-
ally dictated by loss in the metal. For a relatively absorbing metal such as aluminum, 
the propagation length is 2  m m at a wavelength of 500 nm. For a low-loss metal, for 
example, silver, at the same wavelength, the propagation length is increased to 20  m m. 
By moving to a slightly longer wavelength, such as 1.55  m m, the propagation length is 
further increased toward 1 mm. The propagation length sets the upper size limit for any 
photonic circuit based on SPs. The decay length in the dielectric material,  dd , is typically 
on the order of half the wavelength of light involved and dictates the maximum height 
of any individual features and components that might be used to control SPs. The ratio 
of  dSP  thus provides a measure of the number of SP-based components that may be 
integrated together. The decay length in the metal, d m , determines the minimum feature 
size that can be used; as shown in the diagram, this is between one and two orders of 
magnitude smaller than the wavelength involved, thus highlighting the need for good 
control of fabrication on the nanometer scale. These combinations provide an indication 
of range for poor (Al at 0.5  m m) to good (Ag at 1.5  m m) SP performance  (  40  ) . Repro-
duced from  ref.  (  40  )  with permission from Nature Publishing Group       .
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scattering the SP mode in a manner that results in the lose of 
energy to freely propagating light.   

  One of the key developments in photonics in the past 15 years 
has been photonic bandgap (PBG) materials. These synthetic 
materials use wavelength-scale periodic structures to manipulate 
the interaction between light and matter to build new photonic 
structures, such as photonic crystal fiber  (  48  ) . These develop-
ments have been predominantly made in periodically structured 
insulating and semiconducting materials. By making use of SPs, 
metals can also be used as PBG materials in the form of photonic 
surfaces  (  49  ) . 

 The nature of SPs changes when they propagate on metal 
surfaces that are periodically textured on the scale of the wavelength 
of light. When the period of the nanostructure is half that of the 
effective wavelength of the SP mode, scattering may lead to the 
formation of SP standing waves and the opening of an SP stop 
band  (  49  )   see   Fig.   3 ). When the surface is modulated in both 
in-plane directions, for example by a periodic array of bumps, SP 
modes may be prevented from traveling in any in-plane direction, 
thus leading to a full PBG for SP modes  (  49,   51  )  ( see   Fig.    4   ) . 
  Figure 4   provides a nice demonstration of how the problems 
associated with absorption by the metal can be overcome. 
It demonstrates that, although finite, the SP propagation length 
is more than enough to enable the SP to experience many periods 
of the textured surface, and thus, display the PBG phenomenon. 

 2.3. Surface Plasmon 
Band Structure and 
Periodic Surfaces 

  Fig. 3 .   Periodic texturing of the metal surface can lead to the formation of an SP photonic bandgap when the period,  a , 
is equal to half the wavelength of the SP, as shown in the dispersion diagram ( a ). Similar to electron waves in crystal-
line solids, there are two SP standing wave solutions, each with the same wavelength but, owing to their different field 
and surface charge distributions, they are of different frequencies. The upper frequency solution,  v &, is of higher energy 
because of the greater distance between the surface charges and the greater distortion of the field, as shown schemati-
cally in ( b ). SP modes with frequencies between the two band edges,  v & and  v  –, cannot propagate, and, as a result, this 
frequency interval is known as a stop gap. By providing periodic texture in two dimensions, SP propagation in all in-plane 
directions can be blocked, leading to the full bandgap for SPs. At the band edges, the density of SP states is high, and 
there is a significant increase in the associated field enhancement  (  40  ) . Reproduced from  ref.  (  40  )  with permission from 
Nature Publishing Group       .
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We also note with interest that recent developments in the 
fabrication of periodic nanostructures via self-assembly offer the 
prospect of easily producing SP PBG substrates to act as photonic 
substrates on which to define SP photonic circuits.   

 At frequencies within a band gap, the density of SP modes 
is zero—no SP modes can be supported. However, at the band 
edges, the SP mode dispersion is flat and the associated density 
of SP modes is high, corresponding to a high field enhancement 
close to the metal surface. Additionally, the nature of this flat 
band signifies that such modes can be excited by incident light 
over a wide range of angles, making them good candidates for 
frequency-selective surfaces. Flat bands are also associated with 
the localized SP modes of metallic nanoparticles  (  52  ) . The fre-
quency and width of these modes are determined by the par-
ticle’s shape, material, size and environment  (  52–  54  ) , and, for 
this reason, they are being pursued as tags for biosensing  (  54, 
  55  ) , and as substrates for SERS  (  57  ) , and potentially as aerials 
for fluorophores  (  57,   58  ) . The interaction between two or more 
nanoparticles can lead to additional levels of field enhancement 
 (  60–  62  ) , with even more dramatic effects associated with hot 
spots in random structures  (  63  ) .   

 

    1.    Gold substrates for SPR experiments were prepared using 
vapor deposition to deposit 48-nm-thick Au films onto 18 × 
18-mm × 0.45-mm-thick SF-10 glass (  h   = 1.727) cover slips 
(Schott Glass Technologies, Durea, PA).  

 3. Materials  

  Fig. 4.    SP photonic bandgap. The SP dispersion curve shown in  Fig .  1  was directly imaged using a modified prism 
coupling technique. ( a)  The dispersion curve (here shown as inverse wavelength versus angle) for a flat surface is 
shown in the upper picture; here, dark regions correspond to the coupling of incident light to the SP mode, and the 
colors are produced on a photographic film by the wavelength of the light used. ( b ) If the metal surface is textured with 
a two-dimensional pattern of bumps on an appropriate length scale (roughly half the wavelength of light) as shown in 
this scanning electron microscopy (SEM) image, a bandgap is introduced into the dispersion curve of the associated SP 
modes. Bar, 0.7 mm. ( c ) The bandgap is clearly seen in the lower pictures, where there is a spectral region in which no 
SP mode (as indicated by the dark regions) exists. Also, note the distortion of the SP mode and the edges of the bandgap 
   ( 40 )   . Reproduced from  ref.  (  40  )  with permission from Nature Publishing Group       .
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    2.    Water used in making solutions and for washing the samples 
was reverse-osmosis purified (18 M W  cm).  

    3.    A standard hybridization buffer and contains 0.3 M NaCl, 
20 mM sodium phosphate, 2 mM EDTA, adjusted to pH 7.4 
with NaOH (2-SSPE), plus 0.2% (w/v) (6.9 mM) sodium 
dodecyl sulfate (SDS).  

    4.    11-Mercaptoundecanoic acid (MUA) was from Aldrich 
(Milwaukee, WI), poly( L -lysine) (PL) was from Sigma (St. Louis, 
MO), and 1,4-phenylenediisothiocyanate (PDITC) was from 
Aldrich.  

    5.    MUA monolayers were prepared on clean vapor-depos-
ited gold substrates, and a layer of PL was electrostatically 
adsorbed onto the MUA surface ( see    Note 1  ).  

    6.    Pyridine.  
    7.    Dimethylformamide (DMF).  
    8.    0.1 M sodium bicarbonate buffer, pH 9.0, containing 0.5 M 

NaCl.  
    9.    NH 4 OH.  
   10.    A Kretschmann-configuration imaging SPR instrument.  
   11.    Resistive thermofoil heating elements (Minco Products Inc., 

Minneapolis, MN) attached to the cell, with miniature plati-
num RTD sensors (Minco) embedded in the cell for feed-
back temperature control with a Love 1600 series self-tuning 
PID temperature controller (Love Controls, Wheeling, IL).  

   12.    Molecular Dynamics FluorImager 575 (Sunnyvale, CA).      

 

 Because 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 underlies the physical principle of affinity SPR 
biosensors—biomolecular recognition elements on the surface of 
metal recognize and capture analytes present in a liquid sample 
producing a local increase in the refractive index at the metal 
surface. The refractive index increase promotes an increase in the 
propagation constant of SPW propagating along the metal surface 
( see   Fig.   5 ), which can be accurately measured by optical means.  

 The magnitude of the change in the propagation constant 
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:

 4. The Principle 
Underlying 
Surface Plasmon 
Resonance 
Detection  
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   1.    Analyte capture occurs only within a short distance from the 
metal surface  (Fig.   6a  ) .  

   2.    Analyte capture occurs within the whole extent of the SPW 
field  (Fig.   6b  ) .      

 Perturbation theory  (  65  )  suggests that if the binding occurs 
within the entire depth of the SPW field ( Fig. 6b   ), the binding-
induced refractive index change,  Δn , produces a change in the 

  Fig. 5 .   Principle of SPR biosensing  (  64  ) . Reproduced from  ref.  (  64  )  with permission from Springer       .

  Fig. 6 .   Surface plasmon-polariton probing: ( a ) biomolecular interactions occurring within a short distance from the metal 
surface, and ( b ) biomolecular interactions occurring within the entire extent of the SPW field  (  64  ) . Reproduced from  
ref.   (  64  )  with permission from Springer       .
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real part of the propagation constant,  D  b , which is directly pro-
portional to the refractive index change:

  { }Re k nbΔ ≅ Δ ,  (3)   

 where  k  denotes the free-space wave number  (  66  ) . If the refrac-
tive index change is caused by a binding event occurring within 
a distance from the surface  d  that is significantly smaller than the 
penetration depth of the SPW, the corresponding change in the 
real part of the propagation constant can be expressed as follows:

  { }
{ }

2
s f

m

2
Re

Re

n n k d
n Fk n

e
Δ ≅ Δ = Δb ,  (4)   

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

 

 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 meas-
ured. From these measurements, changes in the propagation 
constant of the SPW can be determined. SPW excitation by light 
can occur only if the component of the light’s wave vector par-
allel to the metal surface matches that of the SPW. This can be 
achieved by means of prism coupling, waveguide coupling, and 
grating coupling. 

 Generally, an SPR optical sensor comprises an optical system; 
a transducing medium, which interrelates the optical and (bio) 
chemical domains; and an electronic system supporting the opto-
electronic components of the sensor and allowing data processing. 
The transducing medium transforms changes in the quantity of 
interest into changes in the refractive index, which may be deter-
mined by optically interrogating the SPR. The optical part of the 
SPR sensor contains a source of optical radiation and an optical 
structure in which SPW is excited and interrogated. In the proc-
ess of interrogating the SPR, an electronic signal is generated and 

 5. Concept 
of Surface 
Plasmon 
Resonance Optical 
Chemical Sensors 
and Biosensors 
(Excitation and 
Interrogation of 
Surface 
Plasmon-
Polaritons)  
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processed by the electronic system. Major properties of an SPR 
sensor are determined by properties of the sensor’s subsystems. 
The sensor sensitivity, stability, and resolution depend on proper-
ties of both the optical system and the transducing medium. The 
selectivity and response time of the sensor are primarily deter-
mined by the properties of the transducing medium. 

 The interaction of a light wave with an SPW can alter the 
light’s characteristics, such as amplitude, phase, polarization, and 
spectral distribution. Changes in these characteristics can be cor-
related with changes in the propagation constant of the SPW. 
Therefore, binding-induced changes on the refractive 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 the measured characteristic, SPR 
biosensors can be classified as angle, wavelength, intensity, phase, 
or polarization modulation-based sensors. In SPR sensors with 
angular modulation, the component of the light wave’s wave 
vector parallel to the metal surface matching that of the SPW is 
determined by measuring the coupling strength at a fixed wave-
length and multiple angles of light wave incidence and determin-
ing the angle of incidence yielding the strongest coupling (Fig. 
 7a , upper plot). In SPR sensors with wavelength modulation, the 
component of the light wave’s wave vector parallel to the metal 
surface matching that of SPW is determined by measuring the 
coupling strength at a fixed angle of incidence and multiple wave-
lengths and determining the wavelength yielding the strongest 
coupling  (Fig.   7b  ) . In SPR sensors with intensity modulation, 
the change in the intensity of the light wave interacting with SPW 
is measured at a fixed wavelength and angle of incidence  (Fig. 
  7b  ) . In SPR sensors with phase modulation, a shift in the phase 
of the light wave interacting with the SPW is measured at a fixed 
wavelength and angle of incidence (Fig.  7a , lower plot). In SPR 
sensors with polarization modulation, changes in the polarization 
are measured at a fixed wavelength and angle of incidence.   

 

  In configurations based on prism coupling, a light wave passes 
through a high-refractive index prism and is totally reflected at the 
interface between a prism coupler and a thin metal layer (of the 
thickness of  ~ 50 nm) and excites an SPW at the outer boundary 
of the metal by evanescently tunneling through the thin metal 
layer  (Fig.   8a  ) . This evanescent wave propagates along the inter-
face with a propagation constant, which can be adjusted to match 
that of SPW by controlling the angle of incidence. This method is 

 6. Methods  

 6.1. Surface Plasmon 
Resonance Sensors 
Using Attenuated Total 
Reflection Optical 
Prism Couplers 
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  Fig. 7 .   Reflectivity and phase for a 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 different refractive indices of the dielectric 
(wavelength 682 nm), and ( b ) wavelength for two different refractive indices of the dielectric (angle of incidence 54°) 
 (  64  ) . Reproduced from  ref.  (  64  )  with permission from Springer       .

  Fig. 8 .   Excitation of surface plasmon-polaritons: ( a ) by a light beam via prism coupling; ( b ) by light diffraction on a diffrac-
tion grating; ( c ) by optical fibers of a waveguide; and ( d ) by a guided mode of an optical waveguide  (  64,  99  ) . Reproduced 
from  ref.  (  64  )  with permission from Springer and from  ref.  (  99  )  with permission from American Chemical Society       .
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referred to as the attenuated total reflection (ATR) method  (  67  ) . 
Particularly, the Kretschmann geometry of the ATR method has 
been found to be suitable for sensing and has become the most 
widely used geometry in SPR sensors. In this configuration, a 
light wave is totally reflected at the interface between a prism 
coupler and a thin metal layer (of the thickness of  ~ 50 nm) and 
excites an SPW at the outer boundary of the metal by evanescently 
tunneling through the thin metal layer. All of the main detection 
approaches have been demonstrated in SPR prism-based sensors, 
such as measurement of the intensity of the reflected light wave 
 (  68,   69  ) , measurement of the resonant angle of incidence of the 
light wave  (  70,   71  ) , and measurement of the resonant wavelength 
of the incident light wave  (  72  ) . Prism-based SPR sensors using 
angular interrogation have been extensively studied at Linköping 
University (Sweden)  (  71  )  and by Biacore (Sweden)  (  73,   74  ) .  

 The sample ( see    Note 2  ) was illuminated with p-polarized, 
collimated light from a 632.8-nm, 1.5-mW HeNe laser (Uni-
phase Model 1101P, Manteca, CA), coupled through a MgF 2  
antireflection-coated SF-10 (  h   = 1.727) 30 × 30 × 30-mm equi-
lateral glass prism (Ealing Electro-Optics, Holliston, MA) and 
  h   = 1.725 index-matching fluid (Cargille, Cedar Grove, NJ) to 
the sample. The reflected light from the surface was imaged onto 
a CCD camera (either a Panasonic Model WV-BL200 [Panasonic 
Broadcast & Television Systems Co., Secaucus, NJ] or an iSight 
iSC2050 [iSight, Inc., Cedar Knolls, NJ] was used, depending on 
when the experiment was performed), and the image was digi-
tized by a frame grabber (Video Blaster RT300 [Creative Labs, 
Inc., Milpitas, CA] or Data Translation DT3155 [Data Transla-
tion, Marlboro, MA]) and AdobeCap Video Capture Utility v1.1 
(Adobe Systems, San Jose, CA) or Data Translation Acquire To 
Host Application v1.0 software running on a Dell computer plat-
form ( see    Note 3  ). 

 In traditional multichannel SPR sensors, SPWs were excited 
via a prism coupler in multiple areas that were arranged perpen-
dicularly to the direction of propagation of SPWs; the angular or 
spectral distribution of reflected light was analyzed to yield infor-
mation about the measurement in each channel. Although this 
spectroscopic approach led to the development of high-perform-
ance SPR sensing devices, the number of sensing channels that 
could be realized using this approach was rather limited (<10). 
To increase the number of sensing channels, various SPR sensor 
approaches have been proposed. One approach is based on SPR 
imaging 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 detected with a CCD 
camera after passing through a narrowband interference filter. 
This approach has been demonstrated for monitoring adsorption 
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of a single-stranded DNA-binding protein onto single-stranded 
DNA patterned into an array of 500 × 500- m m squares ( see    Note 4  ). 
The operating wavelengths for imaging SPR sensors have been 
selected for different applications. An alternative approach is based 
on detection of spatial changes in the phase of light exciting an 
SPW and interferometry. Two interferometric schemes have been 
proposed. 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 recombined with the reference 
beam, producing an interference pattern on a CCD camera. In 
the transverse electric (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. Another interesting 
approach is based on SPR microscopy and uses surface scanning 
and SPWs excited by means of an objective lens. Most recently, a 
new approach has been proposed that is based on spectroscopy of 
SPW on an array of diffraction gratings.  

  An SPW can be excited by diffraction on a grating, Fig.  8b . The 
component of the wave vector of the diffracted waves parallel to 
the interface is diffraction increased by an amount that is inversely 
proportional to the grating period and can be matched to that of 
an SPW  (  75  ) . If a metal–dielectric interface is periodically dis-
torted, the incident optical wave is diffracted, forming a series of 
beams directed away from the surface at a variety of angles  (  76  ) . 
The component of momentum of these diffracted beams along 
the interface differs from that of the incident wave by multiples 
of the grating wave vector. If the total component of momentum 
along the interface of a diffracted order is equal to that of the 
SPW, the optical wave may couple the SPW  (  77  ) . The mathemat-
ics involved in modeling the grating SPR-sensing structures is 
more complex than that of planar prism-based systems  (  78,   79  ) ; 
therefore, modeling the response of grating-based SPR structures 
and analysis of sensor data is more difficult. Grating-based optical 
SPR sensors that use the measurement of SPR light intensity vari-
ations  (  80,   81  )  and the wavelength interrogation  (  82,   83  )  have 
been demonstrated. Although the interrogation optical systems 
for SPR sensors using prisms and grating couplers are essentially 
the same, accurate control of the thickness of the plasmon active 
metal layer is not required in the grating-based SPR sensors. 
A drawback for certain applications is that in grating-based SPR 
systems, unlike prism-based systems, the light beam is incident 
through the sample solution, and, therefore, the analyte and 
flow-cell need to be optically transparent.  

 6.2. Surface Plasmon 
Resonance Sensors 
Using Grating 
Couplers 
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  The use of optical waveguides in SPR sensors provides numerous 
attractive features such as a simple method of controlling the 
optical path in the sensor system (efficient control of proper-
ties of the light, suppression of the effect of stray light, etc.), 
small size, and ruggedness. The process of exciting an SPW in 
optical waveguide-based SPR-sensing structures is, in principle, 
similar to that in the ATR coupler. A light wave is guided by the 
waveguide and, entering the region with a thin metal overlayer, 
it evanescently penetrates through the metal layer. If the SPW 
and the guided mode are phase matched, the light wave excites 
an SPW at the outer interface of the metal. Theoretically, the 
sensitivity of waveguide-based SPR devices is approximately the 
same as that of the corresponding ATR configurations. Despite 
increased design constraints compared with bulk prism-based 
SPR-sensing devices, all of the main SPR detection approaches 
have been implemented in waveguide SPR sensors. 

  Currently, optical fiber SPR probes present the highest level of 
miniaturization of SPR devices, allowing for chemical and bio-
logical sensing in inaccessible locations where the mechanical 
flexibility and the ability to transmit optical signals over a long 
distance make the use of optical fibers very attractive ( see  Fig.   8c  ). 
The use of optical fibers for SPR sensing was first proposed by 
Jorgenson and Yee  (  84  ) . They used the wavelength interrogation 
technique and formed an SPR-sensing structure by using a con-
ventional polymer-clad silica fiber with partly removed cladding 
and an SPR active metal layer deposited symmetrically around 
the exposed section of the fiber core. This approach allows con-
struction of miniaturized optical fiber SPR probes with a lim-
ited interaction area at a length of approximately 10 mm. It has 
been demonstrated that the operating range of the sensor may be 
customized for sensor applications in the refractive index range 
1–1.7 using a thin high-refractive index dielectric overlayer and 
high refractive index core fibers  (  85  ) . A similar structure, in which 
the SPR-sensing area is formed not at the tip but in the middle 
of an optical fiber, has been reported to be used as an intensity 
measurement-based sensor  (  86,   87  ) . In this configuration, a 
collimated monochromatic light beam is launched into a fiber in 
a fashion such that only modes with propagation constants within 
a narrow range are efficiently excited. Variations in the refractive 
index of the analyte are determined by measuring the transmitted 
optical power. The SPR sensor sensitivity is negatively influenced 
by exciting an SPW by fiber modes that are incident on the metal 
surface at slightly different angles. Generally, both types of multi-
mode fiberoptic SPR-sensing devices may suffer from rather low 
stability. The modal distribution of light in the fiber is very sensi-
tive to mechanical disturbance and disturbances occurring close 
to the sensing area of the fiber may cause intermodal coupling 

 6.3. Surface Plasmon 
Resonance 
Sensors Using Optical 
Waveguides 

 6.3.1. Surface Plasmon 
Resonance Sensors Based 
on Optical Fibers 
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and modal noise. Because of the cylindrical shape of the sensing 
area, fabrication of homogeneous SPR coatings and function-
alization of the sensor’s surface pose technological challenges. 
To overcome these drawbacks and allow for further reduction 
of the sensing area, SPR sensors based on single-mode optical 
fibers have been proposed  (  88–  90  ) . A major drawback of optical 
fiber SPR sensors of this type is that they require reliable control 
of polarization state of the optical wave propagating in the fiber 
(e.g., by using polarization-maintaining optical fibers). Recently, 
an alternative configuration of a wavelength interrogation-based 
SPR sensor using a single-mode optical fiber was described  (  91  ) . 
In this configuration, SPW is excited on a metal-coated tapered 
single-mode optical fiber. It has been demonstrated that if the sen-
sor is operated at wavelengths below 600 nm, it may be used for 
monitoring variations in the refractive index of aqueous media.  

  The process of exciting an SPW in an optical waveguide-based SPR 
structure  (Fig.   8d  )  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. Integrated 
optical waveguide SPR sensors appear promising for the develop-
ment of multichannel sensing devices on one chip with the poten-
tial for efficient referencing and multicomponent sensor analysis 
of complex samples. Various groups have developed SPR-sensing 
devices using slab  (  92,   93  )  and channel  (  94,   95  )  single-mode inte-
grated optical waveguides. Similar to single-mode optical fiber 
SPR sensors, the integrated optical SPR-sensing devices exhibit a 
rather limited operating range. Various possibilities for tuning the 
operating range of the sensor have been explored, such as using 
waveguides fabricated on low refractive index glass  (  94  ) , a buffer 
layer  (  93  ) , a high refractive index overlayer  (  96  ) , and multilayer 
structures that are more complex  (  97,   98  ) . However, all of the 
approaches that introduced additional layers were found to yield 
less-sensitive SPR-sensing devices because of a relatively lower 
concentration of electromagnetic field in the analyte.   

  For detection of hybridization with fluorescently labeled targets, 
hybridization was performed by pipetting a small volume (20  m L) 
of hybridization solution onto the gold surface and “sandwiching” 
the droplet between the gold surface and a plain glass cover slip, 
which was laid on top. The sandwich assembly was enclosed in 
a petri dish on a platform above several milliliters of water, to 
provide a humid atmosphere to prevent drying of the sample 
during the hybridization period. After hybridization, the cover 
slip was removed and the gold surface washed by immersion in 
a beaker of 2-SSPE/0.2% SDS ( see   Notes 4–6 ). Finally, after 
washing, the sample was placed face down on top of the glass 

 6.3.2. Surface Plasmon 
Resonance Sensors Based 
on Integrated Optical 
Waveguides 

 6.4. Imaging 
Fluorescence 
Detection 



218 Willander and Al-Hilli

scanner tray provided with a Molecular Dynamics FluorImager 
575 (Sunnyvale, CA) with a droplet of 2-SSPE/0.2% SDS between 
the gold surface and the glass scanner tray to provide an aqueous 
environment during the scan. The sample was scanned in the 
FluorImager using the standard Scanner Control v.1.1 software 
provided with the instrument, using a 530 (15-nm) band-pass 
interference filter to select for the fluorescein label’s fluorescence 
emission. The SPR images were imported into NIH Image v.1.61 
software where they were filtered and cropped as necessary, and 
“Plot Profile” analysis was performed on selected regions. In a 
plot profile, the average pixel value for each column of pixels 
within a rectangular region is calculated and plotted against that 
column’s position. Then, numerical values from each plot profile 
were exported as a text file, which was subsequently opened 
in Igor v.1.25 graphing software (WaveMetrics, Lake Oswego, 
OR), where plot profiles could be overlaid, offset, ratioed, etc. 
For analysis of fluorescence images, ImageQuaNT v.4.1 software 
(provided with the FluorImager) was used.   

 

 The main performance characteristics relevant for SPR biosen-
sors include sensitivity, accuracy, precision, repeatability, 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 concentra-
tion,  c ). SPR biosensor sensitivity can be broken down into two 
components—sensitivity to refractive index changes produced by 
binding of the analyte to biomolecular recognition elements on 
the sensor surface,  S  RI , and the efficiency,  E , with which the pres-
ence of analyte at a concentration  c  is converted into the change 
in the refractive index  n :

  = = RI

P n
S S E

n c
∂ ∂
∂ ∂

.  (5)   

 The efficiency  E  depends on the properties of the biomolecular 
recognition elements and the target analyte. The refractive index 
sensitivity  S  RI  can be separated into two terms:

  { }
{ }
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∂ ∂
b

b
.  (6)   

 The first term,  S  1 , depends on the modulation method and the 
method of SPW excitation  (  100–  103  ) . The  S  2  term is independent 

 7. Performance 
Characteristics  
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of the modulation method and the method of SPW excitation 
and describes the sensitivity of SPW’s propagation constant to 
refractive index changes,  Eqs. 3  and  4 . 

  Accuracy  describes the degree to which a sensor output rep-
resents the true value of the measurand (analyte concentration). 
Accuracy is often confused with  precision , which refers to the 
manner in which repeated measurements conform without a ref-
erence to any true value.  Repeatability  refers to the capacity of a 
sensor to reproduce output reading under the same measurement 
conditions over a short interval of time. The  lowest detection limit  
describes the lowest concentration of analyte that can be meas-
ured by the sensor.  

 

 An interaction between a biomolecular recognition element on an 
SPR sensor surface and an analyte in a liquid sample is governed by 
kinetic equations. To illustrate the fundamental properties of the 
interaction, we discuss the pseudo-first-order kinetic equation:

  ( )a d

d
1

d
R

k c R k R
t

= − − ,  (7)   

 where  R  is the relative amount of bound analyte,  c  is the analyte 
concentration,  t  is time, and  k  a  and  k  d  are the association and dis-
sociation kinetic rate constants, respectively  (  104  ) . This interac-
tion model assumes a 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 sim-
ple model because of more complex mechanisms of interaction 
and mass transport limitations  (  105  ) .  Equation 7  yields for  R :

  ( )( )− +⎡ ⎤
= − − +⎢ ⎥+⎣ ⎦

a da
0 0

a d

( ) 1 k c k tk c
R t R e R

k c k
,  (8)   

 where  R  0  denotes the initial amount of analyte bound at the time 
 t  = 0  (  104  ) . 

 Various measurement formats have been adopted in SPR bio-
sensing to ensure that the monitored binding event produces a 
measurable sensor response. The most frequently used measure-
ment formats are direct detection, sandwich assay, and inhibi-
tion assay. In the direct detection format, the analyte in a sample 
interacts with a biomolecular recognition element (antibody) 
immobilized on the sensor surface, Fig.   9  . The resulting refrac-
tive index change is directly proportional to the concentration of 
the analyte.  

 8. SPR Biosensing 
Formats  
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 The kinetic model of the interaction between antibody and 
analyte suggests that the binding between the target analyte and 
the antibody is fast initially. As the interaction progresses, the 
binding rate gradually decreases and eventually reaches a state in 
which the association and dissociation processes are in equilib-
rium. The time required for the interaction to reach the equilibrium 
depends on the concentration of analyte and is longer for lower 
concentrations of analyte. 

 The dependence of the relative binding at equilibrium on 
the concentrations of analyte can be explained as follows: at low 
analyte concentrations, the equilibrium binding increases linearly 
with analyte concentration, whereas, at higher analyte concentra-
tions, the binding sites provided by the biomolecular recognition 
elements are saturated and a further increase in the analyte con-
centration produces a smaller increase in the amount of bound 
analyte. The initial binding rate d R /d t  ( t  = 0) is directly propor-
tional to the association rate constant and the analyte concentra-
tion. Both the amount of analyte bound at equilibrium and the 
initial binding rate can be used to determine analyte concentra-
tion. The measurement of the binding rate is faster and offers a 
larger dynamic range than the measurement of equilibrium bind-
ing. In the  sandwich assay format , the measurement consists of 
two steps. In the first step, sample containing analyte is brought 
into contact with the sensor and the analyte molecules bind to 
the antibodies on the sensor surface. Next, the sensor surface is 
incubated with a solution containing secondary antibodies. The 
secondary antibodies bind to the previously captured analyte, 
further increasing the number of bound biomolecules  (Fig.     10  ) , 
and, thus, the sensor response.  

 The  inhibition assay  is an example of a competitive assay. In 
this detection format, a sample is initially mixed with respective 
antibodies and then the mixture is brought into contact with the 
sensor surface coated with analyte molecules so that the unoccu-
pied antibodies can bind the analyte molecules  (Fig.   11  ) .  

  Fig. 9.    Direct detection  (  64  ) . Reproduced from  ref.   (  64  )  with permission from Springer       .



 Analysis of Biomolecules Using Surface Plasmons 221

 The amount of bound analyte over time may be estimated 
by calculating the equilibrium concentration of antibody that did 
not bind the analyte in the sample and then simulating the inter-
action between the unbound antibody and the analyte-deriva-
tized surface.  

 

 SPR biosensor technology exhibits various advantageous features. 
In particular, these include:
   1.    Versatility—generic SPR sensor platforms can be tailored for 

the detection of any analyte, thereby providing a biomolecular 
recognition element that recognizes that the analyte is availa-
ble; the analyte does not have to exhibit any special properties 
such as fluorescence or characteristic absorption and scatter-
ing bands.  

 9. Features and 
Challenges  

  Fig. 10.    Sandwich assay  (  64  ) . Reproduced from  ref.   (  64  )  with permission from Springer       .

  Fig. 11.    Inhibition assay  (  64  ) . Reproduced from  ref.   (  64  )  with permission from Springer       .
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   2.    No labels required—binding between the biomolecular rec-
ognition element and analyte can be observed directly with-
out the use of radioactive or fluorescent labels.  

   3.    Speed of analysis—the binding event can be observed in real 
time, providing a potentially rapid response.  

   4.    Flexibility—SPR sensors can perform continuous monitoring 
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 recognize 
and capture analyte. Biomolecular recognition elements may 
exhibit cross-sensitivity to structurally similar but nontarget 
molecules. If the nontarget molecules are present in a sam-
ple at high concentrations, the sensor response caused by the 
nontarget analyte molecules may conceal specific responses 
produced by low levels of target analyte.  

   2.    Sensitivity to interfering effects—similar to other affinity 
biosensors relying on the measurement of refractive index 
changes, SPR biosensor measurements can be compromised 
by interfering effects, which produce refractive index varia-
tions. These include nonspecific interactions between the sen-
sor surface and sample (adsorption of nontarget molecules by 
the sensor surface) and background refractive index variations 
(caused by sample temperature and composition fluctuations).      

 

 Two major application areas for SPR biosensing are the detection 
and identification of biological analytes and the biophysical analy-
sis of biomolecular interactions. This review focuses on applica-
tions for detection and identification of biological analytes; recent 
advances in SPR-based biomolecular interaction analysis can be 
found in  ref.  (  106  ) . 

 Numerous SPR biosensors have been developed for the 
detection and identification of specific analytes. These biosen-
sors use a number of platform designs, biomolecular recognition 
elements, and detection formats. The choice of detection format 
for a particular application depends on the size of the target ana-
lyte molecules, the binding characteristics of the biomolecular 
recognition elements, and the range of measured analyte con-
centrations. Direct detection is usually preferred in applications 
where direct binding of known concentrations of analyte produce 
a sufficient response. If necessary, the lowest detection limits of 

 10. Applications of 
SPR Biosensors  
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the direct SPR biosensors can be improved by using a sandwich 
assay. The secondary antibodies may also be coupled to large par-
ticles such as latex particles  (  107  )  and gold beads  (  108  )  to further 
enhance the SPR sensor response. Smaller analytes (molecular 
weight <1,000) are usually measured using an inhibition assay.  

 

 Detection and analysis of chemical and biochemical substances 
are needed in many important areas, including medicine, envi-
ronmental monitoring, biotechnology, and drug and food 
monitoring. Surface plasmon resonance sensor technology has 
potential for applications in these areas. Currently, SPR biosensor 
devices compete with other types of biosensors  (  109  ) , however, 
the major competitors of biosensors are immunoassays, which are 
commonly and widely used for the determination of numerous 
important substances and offer low-cost tests of high specificity 
and sensitivity. Today, commercially available biosensors cover a 
very limited area of the biochemical monitoring market, aiming 
primarily at research and analytical laboratories. To expand the 
market from specialized laboratories and centralized testing sites 
and gain a fair share of the biochemical monitoring market, SPR 
sensors have to compete with existing technologies on the basis 
of factors such as low cost, ease of use, robustness, sensitivity, and 
stability. It is envisaged that this will drive research and develop-
ment of SPR-sensing devices in the following directions:
   1.    Improvement of detection limits. Current direct SPR biosen-

sors are limited to the detection of approximately 1 pg mm −2  
surface coverage of biomaterials, which is not sufficient for 
detecting low concentrations of low molecular weight ana-
lytes. Although further optimization of SPR optical instru-
ments and development of efficient referencing concepts and 
sophisticated data-processing methods may improve the reso-
lution of SPR-sensing devices and lower the detection limits, 
at present, no approach that can decrease this limit of detec-
tion by orders of magnitude is available.  

   2.    Multichannel performance. Multichannel SPR sensors are 
required for direct detection in high-throughput screening 
systems in the search for new pharmaceuticals. The first steps 
in this direction include the system introduced by Biacore and 
the approach proposed by Berger  (  109  ) , which uses a 4-chan-
nel chip that can be rotated by 90° to provide 16 channels.  

   3.    Development of advanced recognition elements. For applica-
tions of SPR sensors in complex realistic samples (e.g., blood), 

 11. Future Trends 
in Development 
of Surface Plasmon 
Resonance 
Sensors  
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advanced stable receptor matrices, which allow for resolving 
sensor responses from nonspecific background effects, will 
have to be developed.     
 Undoubtedly, in the future, SPR technology will benefit from 

the use of optical waveguide technology, which offers the poten-
tial for the development of miniaturized, compact, and rugged 
sensing elements with prospects of fabricating multiple sensors 
on one chip.  

 

    1.    PDITC was then reacted with the surface by immersion for 
2 h in a room temperature solution of 0.2% (w/v) PDITC 
in 10% pyridine/90% dimethylformamide (DMF), after which 
the sample was washed (first with DMF and then with etha-
nol) and then dried under a stream of nitrogen, leaving an 
isothiocyanate-derivatized surface.  

   2.    Test droplets in 0.1 M sodium bicarbonate buffer, pH 9.0, 
containing 0.5 M NaCl were spotted onto the hydrophobic 
surface and left to react for 2 h at 37°C in a humid environ-
ment to prevent the spots from drying out. To stop the 
coupling reaction, the samples were immersed for 2 min in 
room temperature 1% NH 4 OH, washed two times for 5 min 
each wash in room temperature H 2 O, and finally blown dry 
under a stream of nitrogen, at which point they were ready to 
use for hybridization.  

   3.    In all cases, the image data were recorded as an 8-bit gray-
scale image. The image acquisition systems were tested and 
shown to have a linear response to incident light intensity in 
the range used in the experiments.  

   4.    For the DNA hybridization experiments, a special in situ cell 
was constructed, in which a Kel-F block (PCTFE, 3 M Indus-
trial Chemical Products Division, St. Paul, MN) and a ½-in.-
inner diameter Viton fluoroelastomer  O -ring (Du Pont Dow 
Elastomers, L.L.C., Wilmington, DE) were sealed against the 
gold surface, to contain a small volume of liquid in contact 
with the central region of the gold surface. The cell was fit-
ted with an inlet and outlet for replacing the cell contents by 
means of a syringe. The total system volume (inlet to out-
let) was found to be 200  m L. The sample stage was rotatable 
through a large angular distance to find the optimal observa-
tion angle for a given sample but was locked at a fixed angle 
for the course of a hybridization experiment.  

 12. Notes  
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   5.    The cell could be flushed with 2-SSPE/0.2% SDS buffer to 
remove any unhybridized target DNA if desired.  

   6.    To begin hybridization, a total volume of at least 300  m L 
of hybridization solution was injected into the in situ SPR 
cell using a syringe. Hybridization proceeded at room tem-
perature while the SPR image was continuously monitored. 
After hybridization, in experiments where it was necessary to 
remove mismatched hybrids, the cell temperature was gradu-
ally raised using resistive thermofoil heating elements attached 
to the cell, with miniature platinum RTD sensors (Minco) 
embedded in the cell for feedback temperature control with 
a Love 1600 series self-tuning PID temperature controller. 
After heating was complete, the sample was passively cooled 
back to room temperature.          
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