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Surface Plasmon
Resonance Imaging as
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Biomolecular
Interactions in an
Array Based Format
INT RODUCTIO N

N

early all processes within a
living organism are driven
by biomolecular interactions.
In order to fully understand the role
of a newly discovered gene or protein within a biological system it is
necessary to know what m olecules it
interacts with and what the possible
outcomes of these interactions are.
One consequence of biological diversity is that there are many potential interacting partners in living systems (e.g., DNA, RNA peptides,
proteins, lipids, and carbohydrates)
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with a broad range of chemical properties. T he m echanism s th roug h
which these partners interact are as
diverse as the interacting partners
themselves: they may interact very
w eakly, fo rm a stron g ch em ical
bond, have cooperative or multiple
binding interactions, create an entity
with enzymatic activity, etc.
Methods that are capable of rapidly
screening diverse sets of biomolecular interactions are necessary in order
to decipher the wealth of information
that exists for the genomes and proteomes of many organisms. One way
to accomplish this screening is to attach a set of biomolecules (arbitrarily
de ned as probes) to a surface in an
array format and then expose the array to another set of biomolecules

(arbitrarily de ned as targets) that are
in solution. The use of an array format to study biomolecular interactions has several bene ts over solution-based methods: the use of small
analyte volumes, the ability to perform parallel screening of multiple
interactions, and the ability to provide
straightforward and rapid response
read-outs. Numerous detection methods have been used to study biomolecular interactions on surfaces, including total internal re ection  uorescence,1 wave guides, 2,3 ellipsometry,4,5 atomic force microscopy,6,7 and
surface plasmon resonance (SPR).8–10
In this article we will describe the use
of SPR imaging as a method for
screening biomolecular interactions.
Surface plasmon resonance is a

sensitive, label-free technique that
can provide real-time data on adso rp tio n and/or desorption ev en ts
that occur at a metal/dielectric interface. There are several instrumental
formats that can be used in SPR experim ents; these can be rou ghly
categorized into three types of measurements: scanning angle SPR, 11–14
scann ing w avelen gth S P R , 1 5 and
SPR imaging.9,16–22 For all SPR formats, the re ectivity of light incident
on a m etal/d ielectric in terface is
monitored and correlated to changes
in the local index of refraction of the
dielectric layer adjacent to the metal
 lm. The m ost widely used format
for an SPR experiment is the scanning angle technique, in which the
re ectivity of monochromatic incident light upon a metal  lm is m onitored as a function of the incident
angle. The popularity of the scanning angle technique can be partially
attributed to the existence of commercially available instrumentation
from Biacore, 23 which has made it
possible to use SPR as a detection
method for many applications, including basic life science research,
drug discovery, environmental m onitoring, and process analysis. Both
the scanning angle and scanning
wavelength measurem ents typically
provide only one or a few data points
at a time. In contrast, SPR imaging
m easurem ents, so m etim es called
SPR m icroscopy, use the changes in
re ectivity from a gold thin  lm that
occur upon adsorption to generate
difference images to simultaneously
monitor tens, hundreds, or m ore interactions in a parallel m anner.
The high-throughput capabilities
of SPR imaging have made it an attractive tool for screening biomolecular interactions. For example, SPR
imaging has been used in an array
format to study the hybridization of
DNA and RNA to nucleic acid arrays fabricated on gold  lms. 9,20,24,25
Shown in Fig. 1A is an example of
an SPR difference image of a twocomponent DNA array. The difference image was obtained by subtracting the images taken before and
after exposing the array to a 16-mer
that was complementary to the im-

mobilized sequence 1, which was
patterned on the surface as shown in
Fig. 1B. A change in the re ected
light intensity was observed only
where sequence 1 was immobilized
on the array, demonstrating the speci c hybridization of the target to the
com p lem entar y im m o bilized sequence. Shown in Fig. 1C is a plot
of a line pro le that was acquired
from the SPR image (indicated by
the black line in Fig. 1A). The plot
shows that the hybridization of the
16 -m er com plem en tar y sequ ence
corresponds to less than a one percent change in the re ected light intensity and that there is no change in
the re ected light intensity for the
non-complementary sequence. DNA
arrays have also been used in conjunction with SPR imaging to m onitor RNA hybridization,9 for DNA
word design in com putational algorithms, 26 for single base m ismatch
detection (discussed below), and to
monitor hairpin formation in DNA
monolayers. 27
The next section of this article will
provide a brief background to the
SPR imaging technique, including an
in trodu ctio n to surface plasm ons.
Following this background section,
the remainder of the article will
highlight SPR imaging instrumentation, array fabrication techniques,
and the ability to obtain quantitative
data with SPR imaging. A few examples of the use of SPR imaging
for the study of biomolecular interactions will also be presented.
SURFACE PLASM ON
RESO NANCE THEO RY
Surface plasmons (SPs) are oscillations of free electrons that propagate along the surface of a metal
when it is in contact with a dielectric
interface. Surface plasmons can have
a range of energies that depend on
the complex dielectric function of
the metal («m ) and the dielectric
function of the adjacent medium
(«d ), as shown by the following
equation:
k sp 5

v
c

!

«m «d
«m 1 «d

(1)

where k sp is the wave vector of the
SP, v/c is the wave vector in a vacuum, and the dielectric constant is
the square of the index of refraction. 28 One condition for the generation of SPs is that «m and «d are of
opposite sign, and thus SPs will not
be generated for all systems. In addition, «m and «d are wavelength dependent, and certain regions of the
electromagnetic spectrum may be required to generate SPs. One common
system used in SPR experiments is a
gold  lm in contact with a water interface. Gold has a negative dielectric function in the IR and visible regions of the electromagnetic spectrum, whereas water has a positive
dielectric function. 29
Surface plasmons can be directly
excited by electrons; however, they
can not be excited directly by light
because they have a longer wave
vector than light waves of the same
energy (k light 5 v/c). The wave vector
of a photon m ust be increased to
convert the photon into SPs. This
can be accomplished with the use of
either a prism or a grating coupler. 28
For example, SPs can be excited under conditions of attenuated total re ection (ATR) using a prism/metal
 lm/dielectric layer (designated the
Kretschmann con guration) 30 and ppolarized incident light that has its
electric component in the plane of
incidence. Shown in Fig. 2 is a schematic diagram of a Kretschmann
con guration sample setup that has
been used for the study of biomolecular interactions with SPR imaging.
The setup consists of a high-indexof-refra ction glass prism, a 45 nm
Au  lm (with a 1 nm Cr underlayer),
a 2 nm self-assembled monolayer, a
5 nm sensing layer where adsorption
of the target molecule occurs, and a
bulk water layer.
The equation for the surface component of a photon’s wave vector under conditions of ATR becom es:
k ATR 5

v
sin uÏ« p
c

(2)

where «p is the dielectric constant of
the prism, and u is the angle of incidence of the light on the metal
 lm. 28 SPs will be generated in the
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Fig. 1. (A) SPR difference image of a two-component DNA array showing the hybridization of a sequence complementary to immobilized sequence 1; (B) schematic diagram showing the pattern of the immobilized DNA sequences for the SPR image shown in
A; and (C) line prole plotted as the change in percent reectivity obtained from the area indicated by the black line in the SPR
image.

metal  lm at angles where the photon’s wave vector equals the SP’s
wave vector. The excitation of SPs
corresponds to an attenuation of the
re ected light intensity as the incoming light generates SPs. The angle
where there is a complete attenuation
of the re ected light corresponds to
the complete conversion of the incoming light and is referred to as the
surface plasmon angle.
Fresnel equations can be used to
predict the re ectivity and phase
shift when incident light impinges on
an interface containing two or more
phases.31 These calculations assume
that each phase is homogenous and
parallel, and they require knowledge
of the com plex index of refraction of
each of the phases, which are dependent on the wavelength of the incident light. The re ection coef cient
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for p-polarized incident light is given
by the formula:
rp 5

Er
Et

(3)

where E r is the electric  eld component in the plane of incidence of
the light re ected from the interface,
and E t is the electric  eld component
in the plane of incidence of the light
transm itted thro ugh th e inter face.
The light re ected from the interface
can be calculated using the formula:
R p 5 zr pz 2

(4)

For multiphase systems, these calculations require matrix operations.
Computer programs have been developed to calculate the re ected
light intensity for multiphase systems where one or m ore of the phases are a m aterial with a complex in-

dex of refractio n (i.e., a m etal
 lm). 23 Shown in Fig. 3 are the results of 5-phase Fresnel calculations
used to simulate scanning angle SPR
re ectivity curves from the sample
setup depicted in Fig. 2. The re ectivity of light is plotted versus the
angle of incidence for two  lms with
sensing layers that have an index of
refraction (n f ) of 1.40 or 1.46. An increase in the index of refraction of
the sensing layer simulates adsorption onto the metal  lm. Conditions
of ATR are m et at angles greater
than the critical angle, which occurs
near 50.6 degrees. As mentioned
previously, the surface plasmon angle corresponds to the angle where
there is a near complete attenuation
of the re ected light. The position of
the surface plasmon angle is dependent on the index of refraction of the

Fig. 2. Diagram showing a sample setup used to monitor biomolecular interactions with SPR imaging. The 5 phases are a highindex-of-refraction glass prism (n1 5 1.712), a 45-nm-thick gold lm (n2 5 0.1451 1 4.8725), a 2 nm self-assembled monolayer
(n3 5 1.45), a 5 nm sensing layer where adsorption occurs (nf ), and a bulk water layer (n5 ). Adsorption of biomolecules to the
sensing layer increases the value of nf.

sensing layer. An expanded view of
the region encompassing the surface
plasmon angles for both  lms is
shown in Fig. 3 (right inset).
Surface plasmons have a maximum intensity in the metal  lm, and
they decay exponentially in a perpendicular direction from the surface
in both the metal and the dielectric
layer. 28 The decay length of the SPs
is dependent on the wavelength of
the incident light and on the dielectric constants of both layers. For a
gold  lm, a typical decay length is
on the order of a few hundred nanometers into the dielectric layer for

excitation with visible light. This
means that SPR is a surface sensitive
technique and that m easurements can
be made even when a large excess of
analyte is present in solution. Any
species that is farther from the metal
 lm than the SP decay length will
not effect the generation of SPs.
The propagation length of SPs is
the distance where its electric  eld
intensity in the metal  lm drops to a
value of 1/e and is determined by «m ,
«d, and the wavelength of the inciden t light. 2 8 Th e S P prop agatio n
length determines the lateral resolution in SPR imaging. In order to re-

solve two features, they must be separated by a minimum distance corresponding to the propagation length
of the SP. Longer SP propagation
lengths correlate to a lower lateral
resolution, and higher lateral resolution can be achieved using shorter
wavelength light.
The sensitivity in SPR imaging,
the ability to detect small changes in
n f, is also affected by the wavelength
of the incident light. Incident light of
longer wavelengths produces sharper
SPR curves (with narrow widths at
50% re ectivity), and incident light
of shorter wavelengths produces
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Fig. 3. Graph showing the scanning angle SPR reectivity curves that were obtained from 5-phase Fresnel calculations for the
system shown in Fig. 2. The index of refraction of the sensing layer (nf ) was 1.40 (solid line) or 1.46 (dotted line). The gure inset
at right shows an expanded view of the region near the plasmon angles. The location of the plasmon angle shifts to higher angles
for the nf 5 1.46 lm relative to the nf 5 1.40 lm. The gure inset at left shows an expanded view around the optimal angle for
performing SPR imaging experiments with this system. At the optimal angle the largest shift in %R is observed for these two lms.

broad SPR curves (with large widths
at 50% re ectivity). 32 Sharper SPR
curves produced by longer waveleng th incid ent light yield larg er
chang es in re ectivity fo r giv en
changes in n f than do broad curves
pro duced b y inciden t lig ht w ith
shorter wavelengths. This m eans that
there is a trade-off between lateral
resolution and sensitivity. The use of
lo nger w avelen gth light prov ides
higher sensitivity, but lower lateral
resolution. The use of shorter wavelength light provides a higher lateral
resolution, but lower sensitivity.33,34
SURFACE PLASM ON
RESO NANCE IM AGING
Surface Plasmon Resonance Imaging Instrumentation. Surface
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plasm on re sonance im aging is a
 xed angle experiment where the
spatial changes in re ected light are
measured across a substrate. The theoretical curves generated for a scanning angle SPR experiment can be
used to understand the basis of the
contrast observed in an imaging experiment. The left inset in Fig. 3
shows an expanded region around an
incident angle of 53.5 degrees. A
slice through the X-axis simulates a
constant angle experiment. At 53.5
degrees, less light is re ected from
the n f 5 1.40  lm than the n f 5 1.46
 lm. If a surface were patterned to
con tain reg ion s w ith bo th  lm s,
more light would be re ected from
the regions with n f 5 1.46 than re-

gions containing the n f 5 1.40  lm
at an angle of 53.5 degrees, and it
would be possible to distinguish between the two  lms in an SPR image.
The basic components in a typical
SPR imaging instrument are shown
in Fig. 4. These are a collimated
white light source, a polarizer, the
sample stage, collection optics, and
a charge-coupled device (CCD) connected to a CPU for image collection
and processing. The use of a collimated white light source is preferred
over the use of laser excitation due
to interference fringes that result in
the SPR image when laser excitation
is utilized. The polarizer is used to
select p-polarized light, and the col-

lection optics consist of a narrow
band pass  lter, typically centered in
the near-infrared region, that is used
to select the excitation wavelength
for the experiment. The sample is located on a rotation stage in order to
control the incident angle of light
and consists of a prism, a substrate
onto which a Au  lm is deposited,
and a  ow cell.
Attachment Chemistry and Array Fabrication. Surface plasmon
resonance imaging is perform ed on
a noble m etal  lm; therefore, strategies for attaching probe molecules to
these  lms are critical to the success
of an SPR imaging experiment. Numerous immobilization strategies exist. These can generally be categorized into three routes: (1) a thiolmodi ed probe m olecule can be reacted directly with a gold  lm to
form a gold–thiolate bond; 35 (2) a
polymer layer, such as dextran or
polylysine, can be  rst formed on the
gold surface, and the probe m olecule
can be imm obilized onto the polymer layer; 36 and (3) a self-assem bled
alkanethiol monolayer (SAM) contain ing a v-term inated fu nctional
group can be formed on the gold
 lm, which is used to immobilize a
molecule (a ‘‘linker’’) that is capable
of reacting with the probe molecule.37– 41
There are drawbacks to the  rst
and second imm obilization schemes.
Many biomolecules will non-specifically adsorb to a gold  lm, and a
large portion of the probes may not
be biologically active if they are directly attached to the gold  lm. Surfaces fabricated using the second immobilization strategy may not be robust and polymer layers can be a
problem when studying kinetics of
adsorption.
Several characteristics of the third
immobilization scheme make it suitable for use with SPR imaging. Generally, the surfaces that result from
this immobilization strategy are stable and can be used for several assay
cycles. Using this immobilization
strategy provides a way to control
the surface density of the probe molecule. This is important for two reasons: (1) the surface density of the

probe can affect the amount of target
that binds to the surface, and therefore, the amount of signal that is detected; and (2) varying the probe
density can be used as a tool to study
the interactions of targets that bind
to the probes through multivalent interactions (an example of this is the
use of SPR imaging to study carbohydrate–protein interactions). Finally, this strategy provides a way to
control the resulting surface properties (i.e., hydrophilic, hydrophobic,
charged).42– 47 This is important since
everything that adsorbs to the gold
surface will produce an SPR signal;
it is necessary to control the surface
properties so that only the desired
target molecules interact with the
surface.
In addition to imm obilizing probe
molecules to a gold  lm, the  lm
must be patterned so that several
probes are immobilized at discrete
locations on the substrate. There are
several methods that have been used
to pattern gold  lms. UV photopatterning , 1 7 ,4 1 p oly dim eth ylsilo xane
(PDM S) microchannels, 48 microcontact printing,49 and robotic spotting 50
have been used in conjunction with
SPR imaging. The array shown in
Fig. 1 was fabricated using the UV
photopatterning m ethod, in which a
quartz mask is used to selectively expose an alkanethiol-modi ed gold
surface to UV light. At locations
where the UV light shines on the
surface, the alkanethiol is removed,
generating bare gold patches that
serve as a platform for generating
the array elements. Both the UV
photopatterning and PDM S microchannel array fabrication strategies
will be discussed later in this article
in conjunction with speci c examples of the use of SPR imaging to
study biomolecular interactions.
Q uantitation of Results Generated with Surface Plasmon Resonance Imaging. In addition to the
ability to detect interacting partners
with SPR imaging, it is desirable to
obtain quantitative inform ation about
these interactions. Quantitative data
can be obtained from SPR measurements by assuming that molecules
adsorbing to or desorbing from the

metal  lm correlate to changes in the
index of refraction of the dielectric
layer and that changes in the index
of refraction correlate to changes in
the re ectivity of the incident light.
In order to obtain quantitative data
with SPR imaging, it is necessary to
know over what regions there is a
linear relatio nsh ip betw een the
change in the re ected light intensity
(D%R) and the change in the index
of refraction of the sensing layer
(Dn f ). A series of 5-phase Fresnel
calculations of the system shown in
Fig. 2 can be used to determine this.9
The  rst calculation is performed
with an n f value of 1.4. Each successive calculation increments the n f
value by 0.002 index of refraction
units. Figure 5 shows the results
from these calculations plotted as the
absolute value of D%R for the indicated Dn f. These calculations were
performed for an excitation wavelength of 794 nm, and the results at
three angles along the SPR curve are
shown (the location of the angles
along the SPR curve are shown in
the  gure inset). The dotted lines in
Fig. 5 show a linear relationship between D%R and Dn f. At an angle of
53.52 degrees, the greatest contrast
is predicted, as determined by the
magnitude of D%R. The sm allest deviation from linearity is also observed at 53.52 degrees. A small
change in the incident angle of 0.04
degrees does not signi cantly affect
the overall signal or the amount of
deviation that occurs. This is not the
case for angles greater than 0.1 degrees from the optimal angle of
53.52 degrees (not shown in Fig. 5).
At angles further than 0.1 degrees
from the optimal angle there is a
smaller change in the percent of re ected light, and these signals deviate from a linear relationship at large
n f values. W hile the data is fairly linear for an angle higher than the surface plasm on angle (54.1 2), the
overall contrast that would be observed is much smaller than for angles to the left of the surface plasmon angle. This is a result of the
S P R cu r v e no t being sy m m etric
about the surface plasmon angle (see
Fig. 3).
APPLIED SPECTROSCOPY

325A

focal point

Fig. 4. (A) A schematic diagram of an SPR imager: Collimated white light is passed through a polarizer and is incident on the
sample assembly. Reected light passes through focusing optics, a narrow band pass lter, typically centered at a wavelength in the
near-infrared, and is captured by a CCD camera. (B) A schematic diagram of the sample assembly consisting of a glass prism that
is optically coupled to a glass substrate containing a thin layer (45 nm) of gold. The sample is contained within a ow cell for in situ
measurements.

The deviations from linear behavior for D%R and Dn f are small provided that the experiment is performed at the optimal angle. If deviations are present they can be predicted and acco unted fo r in the
experimental results. As mentioned
previously, the percent change in re ected light intensity due to the hybridization of a monolayer of 16-mer
oligonucleotides is less than 1 percent, which falls within the region
where linear data is obtained with
SPR imaging.9 An example of the
use of SPR imaging to quantitate the
amount of material adsorbing to a
gold  lm is described in the Examples section. In this example the
amount of protein adsorbing to a
metal  lm is m easured with SPR imaging and is used to construct adsorption isotherm s for the interaction
of proteins with immobilized carbohydrates.
EXAM PLES
Detection of DNA Hybridization: Single-Base Mismatch Detec326A
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tion in the Presence of Small M olecules. A recent example of the use
of SPR imaging demonstrated that
this technique can be used to monitor the hybridization of short oligonucleotides in the presence of small
molecules that alter the oligonucleotide’s binding properties. 27 A schematic diagram of a sm all m olecule
naphthyridine dimer that has been
shown to stabilize the binding of G–
G mismatches in double stranded
DNA is shown in Fig. 6.51–53 To demonstrate the G–G m ismatch stabilizing properties of this m olecule, a
DNA array was fabricated using UV
ph oto pattern ing . Th is invo lves a
combination of self-assembly and
UV photopatterning steps: A bare
gold  lm is m odi ed with a self-assembled m onolayer of an amine-terminated alkanethiol. The amine-terminated surface is then reacted with
a hydrophobic protecting group that
can be reversibly rem oved from the
surface. A quartz mask containing
patterned features is placed over the

modi ed gold  lm and the surface is
exposed to UV light, resulting in the
photooxidation of the gold–thiolate
bond and generation of bare gold regions where the UV light is exposed
to the surface. The substrate is then
replaced in the amine-terminated alkanethiol solution, and a m onolayer
is formed at areas where there is bare
gold. The resulting surface contains
hydrophilic amine-terminated monolayer regions surrounded by a hydrophobic m onolayer. The probe molecules can be immobilized through a
series of reactions that are carried
out within the hydrophilic wells by
delivering small solution volumes to
the surface (i.e., spotting solutions
onto the surface with a pulled capillary). The hydrophobic background
preven ts cross-contam ination between the array elements during the
immobilization reaction. Once the
probe compounds are immobilized
on the surface, the hydrophobic protecting group is removed from the
background. This generates an

Fig. 5. Graph showing the absolute value of the change in percent reectivity (%R) for the indicated change in the index of refraction (nf ) of the sensing layer. The data is plotted for three angles. The gure inset indicates the location of these points along the SPR
curve. The data was obtained from 5-phase Fresnel calculations of the system shown in Fig. 2. The dotted lines correspond to linear
relationships between D%R and Dnf . Greater contrast is observed for larger values of D%R (i.e., at angles to the left of the plasmon
angle).

amine-term inated background that is
subsequently reacted with a molecule known to inhibit the adsorption
of target compounds to the surface,
such as the succinimide ester of
polyethylene glycol.
To test the G–G mismatch stabilizing properties of the naphthyridine
dimer shown in Fig. 6, a four-component DNA array was fabricated.
Each of the four immobilized sequences in the array differed by one
base. The position of this base is indicated by an X in sequence 1 (Fig.
7). The SPR difference image corresponding to the introduction of sequence 2 to the array shows that an
SPR signal is only observed for the
sequence containing the base cytosine (C) at the X position in sequence 1, the complementary sequence to sequence 2 (Fig. 7A).
However, the SPR difference image

corresponding to the addition of sequence 2 in the presence of the naphthyridine dimer shows that, in addition to its complement, sequence 2
also hybridizes to the sequence that
forms a G–G mismatch. These results demonstrate that SPR imaging
is a promising tool for monitoring
single base mismatches in short oligonucleotides, and also demonstrates
the possibility of using SPR imaging
to screen molecules that alter the oligonucleotide’s hybridization properties.
Pro te in B in d in g to C arb oh ydrate Arrays. Surface plasm on resonance imaging is an attractive tool
for the study of proteins because
there is no need to  uorescently, radioactively, or enzymatically label
the analyte in order for it to be detected with SPR. This opens the possibility of directly studying an iso-

lated protein with less sample processing and with less expense (i.e.,
the expense of the labeling reagents).
It has been demonstrated that SPR
imaging can be used to monitor protein adsorption onto DNA, 22 peptide,54 and carbohydrate arrays.55
A recent example of the use of
SPR imaging to study proteins is the
study of protein–carbohydrate interactions.55 It was shown that carbohydrate arrays could be fabricated
using PDM S m icrochannels. A schematic diagram of this procedure is
shown in Fig. 8. In this technique,48
a th re e-dim en sio nal silico n m ask
was used as a template to fabricate
channels in the PDM S. These microchannels were composed of a series
of parallel lines that had entrance
and exit reser voirs at their ends for
sam p le intro du ction . W h en the
PDMS was placed over a modi ed
APPLIED SPECTROSCOPY
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Fig. 6. Structure of the G–G mismatch stabilizing naphthyridine dimer that was used to generate the data shown in Fig. 7B. The
naphthyridine dimer (blue) is shown hydrogen bonding to two guanine bases (black).

gold  lm, a different probe could be
introduced and immobilized within
each channel (Fig. 8, step A). Subsequent removal of the PDM S from
the gold  lm yielded an array of
probe m olecules imm obilized in a
set of discrete lines (Fig. 8, step B).
A tw o-com ponent carbohydrate
array was used to monitor the adsorption of two carbohydrate binding
proteins (lectins). A schematic diagram of the carbohydrate ligands is
shown in Fig. 8. Compound 1 is a
m od i ed a–m ann ose ligand , an d
compound 2 is a m odi ed a–galactose ligand. The two lectins studied
were concanavalin A and jacalin.
Concanavalin A has a known af nity
for a–m annose and jacalin has a
high af nity for a–galactose. Adsorption isotherms were constructed
for the interactions of these lectins
with the surface imm obilized carbohydrates by monitoring the SPR imaging signal while increasing the
concentration of the protein in solution. Shown in Fig. 9 are the adsorption isotherm for (squares) jacalin interacting with compound 2, and (circles) concanavalin A interacting with
compound 1. Each data point was
obtained by m easuring the SPR imaging signal for the indicated protein
concentration. Two examples of the
SPR images used to construct the
isotherms are shown in Fig. 9. The
image on the left corresponds to the
introduction of the lectin jacalin to
328A
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the array, and the image on the right
corresponds to the introduction of
the lectin concanavalin A to the array.
The adsorption isotherms provide
in fo rm atio n abo ut th e interaction
strength of the proteins with the carbohydrate surfaces. For example, the
isotherms shown in Fig. 9 indicate
that jacalin has a higher af nity for
the immobilized a–galactose ligand
than concanavalin A does for the a–
mannose ligand. A number of possible applications for the use of SPR
imaging to quantitate the interaction
strength of proteins with imm obilized arrays could be envisioned.
These include the screening of compounds that might be of therapeutic
signi cance, such as m olecules that
disrupt or enhance the interactions of
proteins with DNA, proteins, or carbohydrates.
Antibody Binding to Protein Arrays. A recent example from the labs
of Professors M cDerm ott and Harrison at the University of Alberta
demonstrates the use of SPR imaging to study the binding of antibodies to protein arrays.56 The fabrication of the protein array utilized
PDMS microchannels, as in the previous example, to pattern the surface
of a gold  lm that had been modi ed
with a carboxylic acid monolayer.
Imm obilization of the protein on the
surface was carried out by  owing
protein solutions through the PDMS

microchannels. To image the arrays,
the PDMS was removed from the
surface and solutions of antibody
were  owed over the array. Shown
in Fig. 10 are the SPR images obtained by Kariuki and co-workers of
a three-component protein array containing the proteins human  brinogen (line 1), ovalbumin (line 2), and
bovine IgG (line 3). Figure 10A
shows the SPR difference image that
was obtained after the array was exposed to the antibody for human  brinogen, and Figs. 10B and 10C
show the SPR difference images obtained after exposing the array to antibodies for anti-ovalbumin and antibovine IgG, respectively. These images show that there is a high degree
of antibody binding speci city and a
small degree of non-speci c adsorption of the antibody to the array
background, which the authors state
could be improved upon further efforts to m o dify the array background. These results successfully
demonstrate the suitability of using
SPR imaging to study antibody binding to protein arrays and opens the
possibility of using SPR imaging as
a diagnostic tool for the study of antibodies.
CONCLUSION AND FUTURE
DIRECTIO NS
Th e label-free d etection , highthroughput capabilities, and simple

Fig. 7. SPR difference images of a four-component DNA array. Each immobilized oligonucleotide differs by one base, indicated by
an X in sequence 1. The images were taken in the presence of (A) 1 mM sequence 2, or (B) 250 mM naphthyridine dimer with 1
mM sequence 1. The image shown in A indicates that sequence 2 only hybridizes to the perfect match. The image shown in B
indicates that sequence 2 hybridizes to both the perfect match and the G–G mismatch oligonucleotide when naphthyridine dimer is
present.

instrum ental form at make SPR imaging a useful tool for the study of
a variety of biom olecular interactions. Examples of the use of SPR
imaging to study biomolecular interactions have, thus far, been limited
to arrays composed of 2–10 components; however, SPR imaging has
the potential to screen arrays composed of at least 30 000 species on a
1.8 cm 3 1.8 cm substrate.

It is ex pected that th e highthroughput capabilities of SPR imaging will aid in the study of protein
in teraction s, including protein–
DNA, protein–peptide, protein–protein, and protein–cell surface interactions, in addition to those examples discussed in this article. There
is, however, work that remains to be
accom plished to make SPR imaging
a routine detection method for the

study of proteins. This includes the
development of new array attachment methods, new array fabrication
techniques, and improved analyte
processing capabilities that more ef ciently deliver solutions of target
proteins to the array surface. Preliminary work has been done on the development of oriented arrays of fusion proteins for the study of protein–protein interactions with SPR
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Fig. 8. Simplied schematic of the array fabrication process using polydimethylsiloxane microchannels. The microfabricated PDMS
channels are placed on top of a modied gold lm. Immobilization of the probe molecules occurs within the channels; upon removal
of the PDMS from the surface, the probe ligands are immobilized in discrete lines on the gold lm. A two-component array was
fabricated to generate the data shown in Fig. 9. The two components are 1 (a modied a–mannose ligand) and 2 (a modied a–
galactose ligand).

Fig. 9. Isotherms for (squares) the binding of jacalin to a surface containing compound 2 and (circles) the binding of concanavalin
A to a surface containing compound 1. The relative protein surface coverage (fraction of occupied surface sites, u) was determined
using SPR imaging as the concentration of protein in solution was increased. The data have been t to Frumkin isotherms (solid
lines), which provide information on the strength of the interaction between the surface immobilized species and the adsorbing species. The two SPR difference images are two-component carbohydrate arrays that were fabricated using the method shown in Fig.
8. The SPR image on the right shows the binding of the lectin concanavalin A to the mannose array elements, and the SPR image
on the left shows the binding of the lectin jacalin to the galactose array elements. The images were used to generate two of the
data points on the isotherms and to demonstrate the specicity of lectin binding to the immobilized carbohydrate ligands.
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imaging. This strategy uses a surface-based array of a capture agent
to immobilize a set of fusion proteins
that contain two domains: one invariant domain that binds to the capture agent and a second variable domain containing the probe protein,
which is in direct contact with the
target solution.
Finally, detection m ethods that increase the sensitivity of the SPR imaging technique will be extremely
useful in a number of applications
that require very low analyte concentrations, including environmental
monitoring and DNA diagnostics.
Increased sensitivity can currently be
achieved through the use of labeled
target m olecules (i.e., latex, polystyrene, or gold nanoparticles conjugated to the target molecule) or through
the use of a sandwich assay, in
which the secondary binding event
of a large molecule provides the detection signal. 20,25,57,58 These methods
increase the complexity of the SPR
imaging m easurem ent. An alternate,
promising m ethod for achieving increased sensitivity in SPR imaging
experiments is through improved instrumental design. One recent report
dem onstrated improved sensitivity
with the technique of SPR interferometry, in which both the amplitude
and phase of the re ected light are
measured.59 –61 Near the surface plasmon angle there is a large shift in the
phase of the re ected light. Measuring both the re ectivity and the
phase of the light in an SPR imaging
experiment may provide both an enhanced sensitivity and an increased
dynamic range.
Other improvements in SPR imaging instrumentation are also in
progress. For example, a portable,
 eld-ready SPR imager is being developed for environmental monitoring, and the demonstration of Fourier transform SPR (FT-SPR) spectroscopy has expanded the use of
SPR to near-infrared wavelengths
(1000 –2500 nm). 15 As a  nal note, it
should be mentioned that SPR index
of refraction measurements are just
the simplest of many possible surface plasmon spectroscopies: SPR
has also been used for SPR  uores-

4.
5.
6.
7.
8.
9.
10.
11.
12.
13.

14.
15.

Fig. 10. SPR difference images of a
three-component protein array containing the proteins human brinogen (line
1), ovalbumin (line 2), and bovine IgG
(line 3). SPR difference images obtained
after exposing the protein array to (A)
the antibody to human brinogen; (B)
the antibody to ovalbumin; and (C) the
antibody to bovine IgG. Reproduced
from Ref. 56 with kind permission from
Kluwer Academic Publishing.

cence, 62,63 SPR Raman scattering,64
SPR CARS,65 SPR electro-optical
measurem ents,66– 68 and SPR secondharm onic generation at surfaces. 69
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