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a b s t r a c t

Wavelength interrogation surface plasmon resonance (SPR) spectroscopy using a dove prism combines a
simple and inexpensive optical design with high-resolution refractive index monitoring and biosensing. A
BK7 dove prism inverts an optical image with a total internal reflection angle of 72.8◦, an angle active in SPR.
Hence, a unique system can accomplish SPR biosensing using wavelength interrogation and also perform
SPR imaging. This optical configuration advantageously uses a single axis optical path between each opti-
cal component, simplifying the optical design of SPR instruments without compromise of the analytical
performance. Fluidics were also incorporated to the instrument design for efficient sample delivery. The
SPR instrument is characterized in terms of refractive index (RI) sensitivity, RI resolution, reproducibility,
and application for monitoring low concentration biological events. Data analysis methodologies are com-
pared for improved resolution of the measured response. Raw data analyzed using a minimum hunting
procedure results in RI resolution in the 10−6 range, while pre-treating data with singular value decompo-
sition improves the resolution by one order of magnitude. Depending on the spectrophotometer employed,

the RI range accessible can be easily tuned; examples with a 550–850 nm and a 550–1100 nm spectropho-
tometers are shown and results respectively in RI ranges of 1.32–1.39 RIU and 1.32–1.42 RIU. Monitoring
of �M concentration of �-lactamase is performed using the wavelength interrogation configuration of the
biosensor. Finally, a SPR image of a surface with a water droplet (volume = 500 nL) was obtained using the
dove prism SPR with a band pass filter and a CCD camera. SPR using a dove prism configuration combines
advantages of portable SPR instruments, SPR imagers and research-grade SPR instruments in a unique
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. Introduction

Surface plasmon resonance (SPR) sensing has become a widely
tilized technique for the measurement of biomolecular interac-
ions [1,2], quantification of proteins [3,4], and measurements of
NA [5]. Excellent reviews of the instrumentation [6], the technique

7] and recent advances in SPR spectroscopy [8] provide a general
verview of SPR-based sensors. Briefly, the SPR phenomenon relies
n the optical excitation of a charge-density oscillation existing at
he interface of a thin metallic film and a dielectric. To achieve res-
nance conditions, the light must be in total internal reflection at
wavelength – angle couple matching the wavevector of the sur-

ace plasmon (SP). Therefore, multiple optical configurations can
ossibly excite the SP. The Kretschmann configuration of a SPR
nstrument couples light using attenuated total reflection (ATR) at a
lass|Au interface. The most popular configuration uses monochro-
atic light to interrogate the angle in resonance with the SP [7].
any commercially successful instruments are based on this opti-

∗ Corresponding author. Tel.: +1 514 343 7342; fax: +1 514 343 7586.
E-mail address: jf.masson@umontreal.ca (J.-F. Masson).
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al configuration. Thus, in spite of the popularity of these types of
PR instruments, there is still a necessity to develop a SPR instru-
ent combining high resolution of the SPR response, such as in

he angular interrogation configuration, with the advantages of an
nexpensive [9,10] and portable instrument [11,12]. Hence, a versa-
ile and cost-effective technology could be implemented in many
aboratories and yet, achieve low detection limits SPR sensing.

SPR instruments based on different configurations have been
nvestigated as alternatives for the angle interrogation configu-
ation. Among them, a SPR instrument using fiber optics as the
ensing element is a cost-effective alternative to research-grade
nstrument, they are portable [13] and can be adapted to vari-
us applications such as salinity sensor [14], biosensor for wound
ealing [15], biosensor for cardiac markers [16,17] and biosensor

or staphylococcal enterotoxin B [18]. Sensitivity of fiber optic SPR
an be improved using near infrared excitation of a micro-prism
ocated at the tip of the fiber optic [19]. However, the resolution

chieved with this technique is limited by the numerical aperture
NA) of the optical fiber required to perform SPR on a fiber optic.

large numerical aperture (NA = 0.39) fiber is necessary to prop-
gate the SPR-active angle – wavelength couples. However, due to
large number of angle – wavelength couples propagating in the

http://www.sciencedirect.com/science/journal/00399140
http://www.elsevier.com/locate/talanta
mailto:jf.masson@umontreal.ca
dx.doi.org/10.1016/j.talanta.2008.10.006
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ber optics and entering in resonance with the SPR surface, the
PR spectrum broadens resulting in a limited resolution with this
onfiguration. To minimize this effect, low numerical aperture fiber
ptic (NA = 0.12) can be modified with a micro-prism at the distal
nd to improve the SPR spectrum [20] and increase the accessible
ange of refractive index of the sensor [21]. Using this configuration,
he resolution is limited to approx. 1.4 × 10−6 RIU. Further decrease
f the numerical aperture of the fiber optic is necessary to achieve a
esolution similar to the angle interrogation configuration (approx.
× 10−7 RIU). However, current manufacturing techniques do not
llow such low numerical aperture.

An alternative to the angle interrogation SPR or using opti-
al fiber uses a multi-wavelength excitation. This configuration
ombines elements of the angle interrogation SPR and fiber optic
PR instrument. In a multi-wavelength excitation scheme, colli-
ated white light from an excitation optical fiber is reflected at
single angle and is analyzed with a spectrophotometer using
collection optical fiber [22,23]. Among other factors, the SPR

esolution with multi-wavelength SPR is mainly limited, by the
idth of the SPR band. In addition, the spectral range of the spec-

rophotometer, which is a function of the grating density, will
elimit the working range in refractive index of the SPR sensor.
he recent advent of miniature spectrophotometer with a narrow
pectral range and high-density diode arrays potentially enables
he measurement of the refractive index with high resolution with
small footprint SPR instrument. These spectrophotometers allow

he acquisition of a large number of data points around the SPR
and, contributing to reduce the noise of the measurement and
hereby improving the resolution of the SPR measurement. In
he case of the angle interrogation configuration, the resolution
epends on scanning the incident angle (slow measurement and
omplex mechanical setup) or by focusing the incident light beam
t the glass|Au interface onto a linear array photodiode (precise
lignment and lengthy optical path for high resolution). Hence,
he angle interrogation configuration is not suitable for portabil-
ty and for an inexpensive design of the SPR instrument. A current
rawback limiting the use of multi-wavelength SPR instrument

s the precise alignment of the optics at the angle of excitation
23] or the manufacture of a small sensing element [22]. The
se of a dove prism is advantageous to circumvent these draw-
acks. The dove prism inverts the image of a collimated light
eam impinging parallel to the long edge of the dove prism.
he total internal reflection angle of propagation in a BK7 dove
rism is 72.8◦, which is active in SPR with an excitation wave-

ength between 600 nm and 1000 nm depending on the refractive
ndex of the solution. Hence, a single axis optical path is required
o construct the SPR imaging instrument, greatly simplifying the
ptical setup without loss of spatial or optical resolution. The sens-
ng element is simply composed of a glass slide coated with Au,
nto which fluidics can be mounted for efficient sample deliv-
ry. This configuration combines the advantages of a portable,
nexpensive SPR instrument with the high-resolution advantage of
iosensing with the angle interrogation configuration SPR instru-
ent.
Increasingly, the need of multiplex arrays is arising for

imultaneous multi-analyte detection. Spatially resolved SPR mea-
urements provide a technology for monitoring local changes
f refractive index on a surface [24,25]. Thus, the detection of
iomolecular interactions for multiple systems/replicates is pos-
ible on a spatially resolved sensing array [26]. SPR imaging,

lso called SPR microscopy, has been applied for high-throughput
nalyses of biomolecular binding event [1]. The SPR imaging
ethodology has been recently optimized with the improvement

f the resolution [27], optical coupling [28] and protein array for-
ation [29]. However, no SPR measurement possesses the dual
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apability of measuring the conventional SPR response and the
PR image of a surface. The use of a dove prism SPR configuration
an perform both conventional and SPR imaging techniques with a
nique instrumental template.

Here, a SPR instrument is demonstrated based on the optical
etup using a dove prism coupled with fiber optics and a miniature
pectrophotometer. Although the dove prism SPR configuration is
uitable for the development of a portable SPR instrument, this
rticle presents the characterization in a laboratory of a SPR instru-
ents based on this configuration. Characterization of the dynamic

ange, the sensitivity, refractive index resolution, the reproducibil-
ty and biosensing for �-lactamase are reported in this article.
mong the multiple data analysis strategies previously developed

o improve resolution of the SPR signal [30–33], the minimum hunt-
ng (polynomial fit) and the algorithm (a − b)/(a + b) are investigated
o maximize resolution of the SPR response. Spectral denoising
s also performed using singular value decomposition (SVD) of
he spectra to improve the signal to noise ratio and increase the
esolution of the measured SPR response. Two configurations are
resented: (1) using a collection fiber optic with a miniature spec-
rophotometer for multi-wavelength SPR and (2) using a bandpass
lter and an imaging camera to perform SPR imaging. An image of
ater droplets on a Au surface of the SPR sensor demonstrates the

PR imaging configuration.

. Experimental

.1. SPR sensor

Glass slides of 3′′ × 1′′ were cleaned using piranha solution (70%
2SO4:30% H2O2) at 80 ◦C for 90 min. Caution, piranha solution is
ighly corrosive! The glass slides were then thoroughly rinsed with
8 M� water. Thereafter, the glass slides were further cleaned in
n ultrasound bath with a 5:1:1 solution of H2O:H2O2:NH4OH for
0 min. The glass slides were thoroughly rinsed with 18 M� water
nd stored in 18 M� water until use. The slides were air-dried
ndisturbed prior to metallization. Then, a 5-nm-thick adhesion

ayer of Cr followed with a 48 nm Au film were deposited to man-
facture the SPR sensor.

.2. SPR instrument

The SPR instrument was constructed based on a combination of
avelength interrogation fiber optic SPR and total internal reflec-

ion in a dove prism (Fig. 1). The broadband light from a halogen
amp was focused in a 200-�m-diameter fiber optic (excitation
ber optic). Light exiting the excitation fiber optic is collimated
o a diameter of about 3 mm using a SMA collimating lens, passed
hrough a sheet polarizer, the dove prism (BK7) with the SPR sen-
or contacted using refractive index matching oil (RI = 1.5150), and
ollected with another fiber optic (200-�m diameter) using an
nverted SMA collimating lens. All these optical components were
ligned in a single optical axis. The light exiting the collection
ber entered a miniature spectrophotometer. Depending on the RI
ange desired, a short-range spectrophotometer (550–850 nm) cov-
rs from 1.33 RIU to 1.39 RIU or a longer spectral range was obtained
rom a 550 nm to 1100 nm spectrophotometer which covers from
.33 RIU to 1.42 RIU. If the imaging configuration was used, the col-
ection fiber optic was removed and replaced with a band pass filter

620 ± 10 nm). The collimated light exiting the band pass filter was
nalyzed using a CCD camera (Andor technology). A 50:50 beam
plitter can be mounted between the dove prism and the band
ass filter for wavelength interrogation and imaging on a single
latform.



1682 O.R. Bolduc et al. / Talanta 77 (2009) 1680–1687

F axis o
f

fl
d
s
p
1

2

5
1
S
w
a
t
o
t
a
t

2

m
t
N
d
w
a
r
4

t
a
o
l

4
4
t
p
l
a
i
l
m
r
t
5
�

3

3

s
l
o

F
o

ig. 1. Schematic representation of a SPR instrument using a dove prism. A single
ootprint instrument.

A fluidic cell and syringe pump were constructed in-house. The
uidic cell made of Teflon has a spade-shaped channel of 0.5-mm
eep. The housing was designed to hold the dove prism, the SPR
ensor and the fluidic cell in close contact. The dual channel syringe
ump was designed for sample flow rates between 8.3 �L s−1 and
08 �L s−1. A flow rate of 16 �L s−1 was typically used.

.3. Calibration of the SPR sensor

Sucrose solutions with concentrations ranging from 0% w/w to
0% w/w were prepared in water to cover between 1.33 RIU and
.42 RIU. Thereafter, the solutions were successively exposed to the
PR sensors using the syringe pump and the flow cell. Data analysis
as performed using two methodologies: minimum hunting [31]

nd a (a − b)/(a + b) algorithm around the minimum reflectance of
he SPR spectrum [33]. SVD of the SPR spectra and reconstruction
f the SPR spectra using the first three components was performed
o optimize signal to noise. With both data analysis methodologies,
n ordinary linear least squares (OLLSs) regression model was used
o calibrate the SPR sensor.

.4. Detection of ˇ-lactamase

A monolayer of the N-hydroxysuccinimide ester of the 16-
ercaptohexadecanoic acid (NHS-MHA) was formed by contact of

he bare Au surface with a 5 mM solution of NHS-MHA overnight.
HS-MHA was prepared according a previously published proce-

ure [16]. Following a thorough rinse of the NHS-MHA monolayer
ith ethanol and thereafter with PBS, the sensor was reacted with

nti-�-lactamase (QED Bioscience Inc.) prepared at 37 �g/mL in
efrigerated PBS pH 7.4. The reaction was carried overnight in a
◦C environment to minimize antibody degradation. Thereafter,

r
m
6
t
e

ig. 2. SPR spectra are shown for the sucrose solutions with refractive index varying betwe
n the left and between 1.33 RIU and 1.42 RIU in the long spectral range configuration of
ptical path between the excitation fiber and the collection fiber results in a small-

he samples were rinsed with PBS and reacted for 10 min in a 1 M
queous solution of ethanolamine hydrochloride adjusted at a pH
f 8.5 with 10 M NaOH. The slides were stored in PBS at 4 ◦C for at
east 60 min prior to use.

A solution at 700 nM of �-lactamase was prepared in PBS at
◦C by the dilution of a stock solution. This solution was kept at
◦C until 20 min prior to use, which was then equilibrated at room

emperature for the analyses. These following measurements were
erformed without the use of a flow cell. A sensor with the �-

actamase specific monolayer was mounted on the SPR instrument
nd room temperature PBS was placed on the sensor for 10 min,
n order to stabilize the sensor. A spectral reference (s-polarized
ight) was acquired immediately before the real-time measure-

ent started. PBS was measured for 5 min to acquire the baseline
esponse and was thereafter replaced with the �-lactamase solu-
ion for 20 min. Finally, the sensor was placed again in PBS for
min verifying the reversibility of the binding between the anti-
-lactamase and �-lactamase.

. Results and discussion

.1. SPR based on a dove prism

A SPR instrument using a dove prism allows a compact and a
ingle axis optical path between an excitation fiber optic and a col-
ection fiber optic (Fig. 1). With collimated incident light impinging
n the prism, a single angle of 72.8◦ propagates in total internal

eflection through a BK7 prism. At this angle, the surface plas-
on on a 48-nm Au film is excited at a wavelength of approx.

10 nm with aqueous solutions (Fig. 2). With this experimen-
al configuration, the instrument must combine multi-wavelength
xcitation with a spectrophotometer to observe the SPR spectrum.

en 1.33 RIU and 1.36 RIU (short spectral range configuration of spectrophotometer)
spectrophotometer.
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of the position of the SPR response. The dynamic range of the algo-
rithm is limited to a SPR shift of less than the width of the peak at
half height. Otherwise, the algorithm becomes insensitive to fur-
ther displacement of the SPR peak. This algorithm is applied to
O.R. Bolduc et al. / Tal

o accomplish this, fiber optic for light delivery and a miniature
pectrophotometer result in a small footprint instrument, of 17 cm
ength × 6.5 cm width × 17 cm height for the optical components.
he SPR instrument consists of a broadband halogen light source,
n excitation fiber (vis-NIR fiber optic of 200 �m diameter) with a
ollimating lens terminating the fiber, a polarizer, a dove prism, and
collection fiber identical to the excitation fiber. The active SPR area
n the sensor is <1 cm2, which can be tunable with the presence of
n iris between the excitation fiber and the prism. The collected
ight is analyzed with a miniature spectrophotometer, the wave-
ength ranges from 550 nm to 850 nm for a short range of accessible
efractive index (1.32–1.39 RIU) or with a wavelength range from
50 nm to 1100 nm, for a broader range of refractive index acces-
ible to the SPR sensor (1.32–1.42 RIU). The multi-wavelength SPR
nstruments have the advantage of simultaneous acquisition of a
omplete wavelength scan of the SPR spectrum, allowing for fast
cquisition of the SPR spectra. The data reported here are acquired
t a rate of 50 Hz, the accumulation of 50 spectra composed one data
oint (1 s time resolution). In comparison, an instrument interro-
ating the SPR angle by moving the excitation beam cannot achieve
uch temporal resolution. Otherwise, focusing a beam on the SPR
rism requires a lengthy optical path to achieve optimal spectral
esolution. Hence, using the dove prism configuration, it is possible
o achieve a compact design without compromising the spectral
nd temporal resolution. The alignment of the optical components
s also much simpler compared to a SPR instrument interrogating

ultiple angles simultaneously. The dove prism simply requires the
lignment of the optical components in a single axis, while light
ust be focused with a precise set of angles with a SPR instrument

sing the angle interrogation configuration.
A tunable spectral range is beneficial for different applications.

ome applications require high-spectral resolution for monitor-
ng the SPR response of low concentration of an analyte with
igh resolution (i.e. biosensor for a low protein concentration),
hile other application require a large spectral range to monitor

hanges in refractive index from bulk composition of the solution.
ith a multi-wavelength SPR configuration, the spectral range of

he SPR instrument depends on the grating utilized in the spec-
rophotometer. Hence, a grating with a higher groove density will
esult in a larger spectral resolution, but a smaller refractive index
ange accessible to the instrument. In a first configuration pre-
ented here, a spectrophotometer with a spectral range between
50 nm and 850 nm analyzes the light exiting the SPR instrument.
his spectrophotometer results in a refractive index range of the
PR instrument between 1.33 RIU and 1.39 RIU (Fig. 2), which
s adequate for most applications with aqueous solutions, such
s biosensing. The noise observed on the spectra at wavelengths
750 nm is due to the use of a narrow spectral range LED, emitting
etween 550 nm and 700 nm. A high power LED (Philips lumiled)

s advantageous, resulting in short integration time (20 ms) for a
ingle acquisition, such that multiple acquisitions are accumulated
o compose a single spectrum with a reduced noise on the signal.
ence, kinetic data can be obtained at a fast acquisition rate, with
low noise on the measured spectra. In another configuration pre-

ented here, the SPR spectra are shown using a spectrophotometer
ensitive between 550 nm and 1100 nm (Fig. 2). This longer spectral
ange is accessible using a halogen lamp and it results in mea-
urable SPR response for solutions comprised between 1.33 RIU
nd 1.42 RIU. Thus, the range of refractive index accessible to the
PR instrument is tunable with different spectrophotometers. This

nstrumental configuration results in a single template applicable
o different experiments.

The SPR sensor is calibrated to determine the sensitivity for
efractive index within the biological realm of refractive indices.
he measurement of the SPR response from solutions of varying
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efractive index calibrates the SPR sensor for bulk refractive index
hanges. Fig. 2 shows the SPR spectra for both spectrophotometer
onfigurations with sucrose solutions of increasing concentration,
hus of increasing refractive index. A refractometer with an accu-
acy of 1 × 10−5 RIU accurately measures the refractive index of
he sucrose solutions. Sucrose solutions are an appropriate model
or refractive index calibration, as sucrose does not interact with
he Au surface of SPR sensors [31]. Hence, the response measured
ith the SPR sensor results uniquely from the refractive index of

ulk solution and no contribution is observed from the accumula-
ion of molecules at the surface. Thereby, the sensitivity with the
PR using the dove prism was measured at 1765 ± 100 nm/RIU. A
alibration curve for SPR sensors is non-linear for large refractive
ndex changes, as the refractive index sensitivity increases for solu-
ions of higher refractive index. Therefore, the sensitivity reported
ere, is only valid for the biologically relevant range of refractive

ndices between 1.33 RIU and 1.35 RIU. The error reported here is for
wo standard deviations on the regression, calculated using OLLSs
egression.

.2. Data analysis methodologies

SPR sensors respond to refractive index with a shift of the wave-
ength at which the SPR phenomena occur. Therefore, the data
rocessing methodology used for the determination of the refrac-
ive index change must be accurate and sensitive to small changes
f spectral position, rather than the intensity as in most spectro-
copic applications. Moreover, the noise of the measured response
ust also be minimized. It is common to use a minimum finding

lgorithm by mathematically fitting a second-order polynomial to
he SPR spectra and determining the minimum from the zero of
he derivative of the second-order polynomial (Fig. 3). Otherwise,
n algorithm calculating the difference between the intensity of
he branches around a set wavelength (�o), divided by the sum
f the intensity for both branches results in a measurement of
he position of the SPR response (Fig. 3). Hence, the algorithm
a − b)/(a + b), where a is the sum of the branch for � < �o, while
is the sum of the branch for � > �o, is sensitive to minute changes
ig. 3. Data analysis of SPR spectra using minimum hunting (�SPR) and with the
a − b)/(a + b) algorithm. Singular value decomposition (SVD) and reconstitution
ith the first few components containing the chemical information is used to reduce

he noise on the spectra.
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Table 1
Comparison of data analysis methodologies for flow cell stability and �-lactamase
biosensing.

Minimum hunting (a − b)/(a + b)

Refractive index resolution
Raw data 3 × 10−6 RIU 9 × 10−7 RIU
SVD 1 × 10−6 RIU 1.5 × 10−7 RIU
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ccurately measure the topography with an atomic force micro-
cope. In order to decrease the noise on the SPR spectra, a singular
alue decomposition of the SPR spectra into its principal compo-
ents, followed by the reconstitution of the spectrum with the first
hree components containing the chemical information reduces
he noise. In this case, the reconstitution of the SPR spectra with
he first three principal components results in no loss of chemical
nformation.

A flow cell was designed to deliver the samples to the SPR sen-
or using a syringe pump. The syringe pump has variable flow
ate between 0.5 mL/min (8.3 �L/s) to 6.5 mL/min (108 �L/s). The
esults presented thereafter were obtained at 16 �L/s. To measure
he reproducibility of the SPR measurement, the SPR sensor is con-
ecutively exposed for 5 min to 18 M� water and then for another
min to PBS, for a total of four cycles (Fig. 4). The SPR response

s reproducible at a wavelength shift of 2.470 ± 0.011 nm between
BS (RI = 1.33498 at 20.00 ◦C) and water (RI = 1.33316 at 20.00 ◦C)
sing the minimum hunting data analysis. Singular value decompo-
ition of the raw SPR spectra and reconstituting of the SPR spectra
ith the first three components results in a wavelength shift of

.482 ± 0.021 nm. The errors reported are for two standard devia-
ions on the mean SPR response. Thus, it is observed that denoising
PR spectra with singular value decomposition and reconstituting
ith the first three components do not alter the SPR response.
sing the algorithm (a − b)/(a + b) and singular value decomposi-
ion denoising yields a response of 0.0257 ± 0.0002 (unitless). The
eproducibility of the flow cell is better than 1% variation (n = 4)
ith each data analysis methodologies.

A significant decrease of the noise on the SPR response is
bserved from denoising the raw SPR spectra with singular value

w
s
h
r
o

ig. 4. Repeated measurement of phosphate saline buffer (PBS, 1.33498 RIU) and water (1.
alue decomposition of the SPR spectra followed by the minimum hunting procedure, (
alibration curve for sucrose solutions (RI ranges between 1.333 RIU and 1.334 RIU), data pro
-Lactamase response (700 nM)
aw data 0.17 ± 0.03 nm 6.4 ± 0.8 × 10−4

VD 0.127 ± 0.005 nm 4.05 ± 0.15 × 10−4

ecomposition. A further decrease of the noise observed on the SPR
pectra is observed for data processing using the (a − b)/(a + b) algo-
ithm. The continuous measurement of the SPR response for a water
ample with the flow cell is used to calculate the resolution for each
ata analysis methodologies (Table 1). Two standard deviations on
he mean measurement of the SPR response during a 2-min expo-
ure to water at a flow rate of 16 �L/s and dividing this value by
he sensitivity calculates the resolution. Using minimum hunting
ithout singular value decomposition, the resolution on the refrac-

ive index measured is 3 × 10−6 RIU. Singular value decomposition
enoising the raw spectrum improves the resolution to 1 × 10−6

IU. Therefore, an improvement by a factor of 3 of the resolution is
bserved for denoising the data using singular value decomposition
ith minimum hunting. In comparison, the algorithm (a − b)/(a + b)
ignificantly improves the resolution compared to the minimum
unting algorithm. A resolution of 9 × 10−7 RIU and 1.5 × 10−7 RIU is
espectively observed for data processing using (a − b)/(a + b) with-
ut denoising and with singular value decomposition denoising.

33287 RIU): (A) raw data processed with minimum hunting procedure, (B) singular
C) singular value decomposition followed by the (a − b)/(a + b) algorithm, and (D)
cessed using singular value decomposition followed by the (a − b)/(a + b) algorithm.



anta 7

T
p
t
t
t
r
t
S
T
i
a
o
r
o
n
m
w
S
l
o
S
i
t
i
o
w
s
i
m

r
s
(
s
r
t
r
t
r
T
t
p

3

m
w
o
a
m
i
r

F
s
(

O.R. Bolduc et al. / Tal

herefore, a greater improvement is observed by denoising the data
rior to processing with (a − b)/(a + b) than with denoising prior
o the minimum hunting algorithm. This greater improvement on
he resolution observed for denoising (a − b)/(a + b) may be due to
he methodology of data processing. The main factor limiting the
esolution for the minimum hunting procedure is the accuracy of
he polynomial fit of the SPR minimum. The random noise on the
PR spectra does not alter significantly the shape of the spectra.
hus, the fit of the second-order polynomial for minimum hunt-
ng is only slightly improved by denoising. For the (a − b)/(a + b)
lgorithm, the resolution is mainly limited by the random noise
n the measurement. In this case, the reduction of the noise from
andom fluctuations on the spectrum significantly impacts the res-
lution of the SPR response. This results in a greater reduction of the
oise and it improves significantly the resolution of the SPR instru-
ent. The resolution in the 10−7 RIU range reported here rivals
ith the best SPR instruments and is adequate for high-resolution

PR biosensing. The resolution were respectively reported for angu-
ar interrogation SPR at 5 × 10−7 RIU [7], at 1.4 × 10−6 RIU for fiber
ptic SPR [13], at approx. 10−5 RIU for wavelength interrogation
PR [7,22], and at 5 × 10−5 RIU for intensity measurement SPR (SPR
maging) [7]. The significantly improved resolution obtained with
he dove prism SPR instrument compared to other wavelength
nterrogation instrument is due to the data processing methodol-

gy and to a single angle excitation of the SPR phenomena. Some
avelength interrogation techniques do not impinge the SPR sen-

or at a unique angle. This results in a broader SPR spectrum and
t decreases the resolution of other multi-wavelength SPR instru-

ents.

i
m
t
o
t

ig. 5. Measurement of �-lactamase in PBS at �M levels using the dove prism SPR: (A) mini
ingular value decomposition (relative error = 3.9%) and (C) (a − b)/(a + b) algorithm (relat
relative error = 3.7%).
7 (2009) 1680–1687 1685

To exhibit the potential to measure solutions with a small
efractive index difference, a calibration curve was constructed for
ucrose solutions with a refractive index between 1.333 and 1.334
Fig. 4). Therefore, the difference in refractive index between each
ucrose solutions is <2 × 10−4 RIU. As observed, the signal to noise
atio on the SPR response does not approach the limit of detec-
ion. The SPR signal measured with (a − b)/(a + b) shows a linear
esponse to refractive index, due to the short range of the calibra-
ion curve. The non-linearity of the SPR calibration is significant for
efractive index calibration spanning over differences of >0.02 RIU.
he sensitivity to refractive index was measured at 12.5 RIU−1 with
he (a − b)/(a + b) algorithm. The response measured with this data
rocessing algorithm is unitless.

.3. ˇ-Lactamase biosensing

The SPR instrument was characterized for biosensing with a
odel biological system. A bioassay for �-lactamase was performed
ith the immobilization of anti-�-lactamase on a monolayer

f N-hydroxysuccinimide ester of NHS-MHA. Immobilization of
ntibodies to a NHS-MHA monolayer has been demonstrated to
aximize sensitivity in a direct bioassay format [34]. �-Lactamase

s an appropriate biological model system due to its role in the
esistance to traditional antibiotics, a commonly occurring problem

n patients. The presence of �-lactamase is one of the most com-

on factors in antibiotic resistance [35]. However, the detection
echnique for antibiotics resistance still relies on standard microbi-
logical methodologies, increasing the time required to perform
he assay and the throughput of the assay for antibiotics resis-

mum hunting algorithm (relative error = 21%), (B) minimum hunting algorithm with
ive error = 13%) and (D) (a − b)/(a + b) algorithm with singular value decomposition
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Fig. 6. (A) SPR image of a water droplet on a Au film and (B)

ance. Hence, detection of �-lactamase using SPR biosensors would
ffer improved methodology to quantify �-lactamase compared to
ctual detection techniques [36].

The detection of �-lactamase was performed in a PBS solution at
M concentration (Fig. 5). �-Lactamase was measured without the
ow cell, in a diffusion limited regime. Each methodology investi-
ated was used to process data in a comparative study. A significant
mprovement of the noise level is observed in the response of the
-lactamase biosensor depending of the data analysis methodol-
gy. The binding event of �-lactamase is visually indistinguishable
rom background noise using the minimum hunting procedure.
he change of the SPR response between the PBS measured after
-lactamase binding and from the baseline prior to binding of
-lactamase is 0.17 ± 0.03 nm. The error represents two standard
eviations on the mean and a relative error of 21%. Denoising data
ith singular value decomposition significantly improves the sig-
al to noise ratio. The �-lactamase binding curve is clearly observed

ollowing denoising of the SPR spectra analyzed with minimum
unting. The change of the SPR response is then 0.127 ± 0.005 nm,
esulting in a significantly reduced relative error at 3.9%. The algo-
ithm (a − b)/(a + b) reduces the noise level on the binding curve
f �-lactamase compared to the minimum hunting procedure. The
esponse measured is 6.4 ± 0.8 × 10−4 (unitless) with (a − b)/(a + b).
ence, the relative error is 13%, significantly reduced compared to

he minimum hunting procedure. However, this is still too large
o observe the binding curve for �-lactamase. Denoising the data
ith singular value decomposition and analysis with (a − b)/(a + b)

educes the noise to a level equivalent to minimum hunting. The
esponse measured for �-lactamase binding is 4.05 ± 0.15 × 10−4

unitless). Hence, denoising the SPR spectra also improves the sig-
al to noise of the binding curve with (a − b)/(a + b) and result in a
elative error of 3.7%. Measurement of a dynamic process results
n a similar relative error between minimum hunting and the
a − b)/(a + b) algorithms. Therefore, it is noted that SVD accounts
or the majority of the %R.S.D. improvement for the binding curve
f �-lactamase.

.4. SPR imaging

SPR imaging increases in popularity due to the multiplex array
ormat allowing for the analysis of multiple molecules simultane-
usly in a single sample. The SPR instrument based on the dove
rism can be readily modified to an imaging configuration with
he replacement of the collection fiber – spectrophotometer with
bandpass filter and an imaging camera. Thus, a 620 ± 10 nm
andpass filter was mounted between the dove prism and an imag-

ng CCD camera. The collimated light entering the dove prism is
nverted through the prism with retention of spatial information.
ence, an image of the SPR surface can be obtained with this con-

b
g
i
p
r

internal reflection image of a water droplet on a glass slide.

guration of the instrument. As an example, the SPR image of an
ndividual water droplet on the Au surface of the SPR sensor was
cquired with this configuration of the SPR instrument (Fig. 6). The
mage represents an area of approx. 1 cm2. The spatial resolution
f the image could be improved using telescopic lenses on the col-
ection side to magnify the image on the surface. The absorbance

easured for the droplet is 0.12 with SPR imaging. Absorption by
ater would not account for the feature observed on the SPR image,

s confirmed by the absence of an image of a water droplet acquired
n identical conditions on a glass slide. Denoising the raw data with
ingular value decomposition can significantly reduce the noise on
he SPR image. In this case, the reconstitution of the SPR image
equired the use of the first five components to avoid loss of chem-
cal information. With typical SPR spectra (Figs. 2 and 3), the first
hree components adequately reconstitute the spectra without loss
f chemical information. However, a SPR image requires a larger
umber of components to adequately reconstitute the image.

. Conclusions

A versatile SPR instrument was designed to perform biosensing
ith the wavelength interrogation and imaging configurations. The

PR instrument combines low cost and off-the-shelf optical compo-
ents with high resolution of the measured response. Depending on
he data analysis methodology employed to process raw SPR spec-
ra, the resolution varies between 3 × 10−6 RIU and 1.5 × 10−7 RIU.
itting a second-order polynomial to the SPR spectra results in a
esolution lower than using the (a − b)/(a + b) algorithm. Denoising
he data with singular value decomposition and reconstitution with
he components containing the chemical information improves
he resolution by approx. one order of magnitude. Therefore, the
ombination of (a − b)/(a + b) and denoising with singular value
ecomposition increases the resolution. Depending on the spec-
rophotometer employed, the refractive index accessible ranges
rom 1.33 RIU to 1.39 RIU with a 550–850 nm spectrophotometer
nd from 1.33 RIU to 1.42 RIU with a 550–1100 nm spectrophotome-
er. The measurement of repeated injection of PBS is demonstrated
ith a custom-built flow cell resulting in a reproducibility of

he measurement of <1% with the dove prism SPR instrument. A
-lactamase sensor was constructed with anti-�-lactamase immo-
ilized on a NHS-MHA monolayer. Detection of a �M concentration
f �-lactamase was performed in saline solution. Finally, the SPR
nstrument was modified to measure the SPR image of water
roplets. It could be ultimately envisioned to locate a beam splitter

etween the dove prism and collection optics to select on a sin-
le platform either the conventional SPR spectroscopy or the SPR
mager. Hence, the SPR instrument has the versatility of accom-
lishing traditional and imaging SPR measurements with high
esolution using a single instrumental template.



anta 7

A

T
t
v
N
f

R

[
[

[

[
[

[

[

[
[
[

[
[
[
[

[

[
[

[

[
[

[
[

[

O.R. Bolduc et al. / Tal

cknowledgements

The authors thank Martin Lambert, Louis Beaumont and Yves
easdale for technical support with construction of elements from
he SPR instrument. Financial support was provided by the Uni-
ersité de Montréal, the Fonds Québécois de la Recherche sur la
ature et les Technologies (FQRNT) and the Canadian Foundation

or Innovation (CFI).

eferences

[1] C.T. Campbell, G. Kim, Biomaterials 28 (2007) 2380.
[2] R.J. Green, R.A. Frazier, K.M. Shakesheff, M.C. Davies, C.J. Roberts, S.J.B. Tendler,

Biomaterials 21 (2000) 1823.
[3] W.M. Mullett, E.P.C. Lai, J.M. Yeung, Methods 22 (2000) 77.
[4] J.S. Yuk, K.S. Ha, Exp. Mol. Med. 37 (2005) 1.
[5] J.M. Brockman, B.P. Nelson, R.M. Corn, Annu. Rev. Phys. Chem. 51 (2000)

41.
[6] J. Homola, Anal. Bioanal. Chem. 377 (2003) 528.
[7] J. Homola, S.S. Yee, G. Gauglitz, Sensor Actuat. B-Chem. 54 (1999) 3.
[8] K.S. Phillips, Q. Cheng, Anal. Bioanal. Chem. 387 (2007) 1831.
[9] B.K. Lavine, D.J. Westover, L. Oxenford, N. Midankar, N. Kaval, Microchem. J. 86

(2007) 147.
10] G. Neuert, S. Kufer, M. Benoit, H.E. Gaub, Rev. Sci. Instrum. 76 (2005).
11] A. Hemmi, T. Imato, Y. Aoki, M. Sato, N. Soh, Y. Asano, C. Akasaka, S. Okutani, S.
Ohkubo, N. Kaneki, K. Shimada, T. Eguchi, T. Oinuma, Sensor Actuat. B-Chem.
108 (2005) 893.

12] A.N. Naimushin, S.D. Soelberg, D.U. Bartholomew, J.L. Elkind, C.E. Furlong, Sen-
sor Actuat. B-Chem. 96 (2003) 253.

13] T. Akimoto, S. Wada, I. Karube, Anal. Chim. Acta 610 (2008) 119.
14] D.J. Gentleman, K.S. Booksh, Talanta 68 (2006) 504.

[

[

[
[

7 (2009) 1680–1687 1687

15] T.M. Battaglia, J.F. Masson, M.R. Sierks, S.P. Beaudoin, J. Rogers, K.N. Foster, G.A.
Holloway, K.S. Booksh, Anal. Chem. 77 (2005) 7016.

16] J.F. Masson, T.M. Battaglia, P. Khairallah, S. Beaudoin, K.S. Booksh, Anal. Chem.
79 (2007) 612.

17] J.F. Masson, L. Obando, S. Beaudoin, K. Booksh, Talanta 62 (2004) 865.
18] R. Slavik, J. Homola, E. Brynda, Biosens. Bioelectron. 17 (2002) 591.
19] J.F. Masson, Y.C. Kim, L.A. Obando, W. Peng, K.S. Booksh, Appl. Spectrosc. 60

(2006) 1241.
20] Y.C. Kim, J.F. Masson, K.S. Booksh, Talanta 67 (2005) 908.
21] Y.C. Kim, S. Banerji, J.F. Masson, W. Peng, K.S. Booksh, Analyst 130 (2005) 838.
22] I. Stemmler, A. Brecht, G. Gauglitz, Sensor Actuat. B-Chem. 54 (1999) 98.
23] X.J. Zhao, Z. Wang, Y. Mu, H.Q. Zhang, Q.H. Jin, Lab. Robot. Automat. 12 (2000)

104.
24] S.D. Evans, H. Allinson, N. Boden, T.M. Flynn, J.R. Henderson, J. Phys. Chem. B

101 (1997) 2143.
25] C.E. Jordan, R.M. Corn, Anal. Chem. 69 (1997) 1449.
26] C.E.H. Berger, T.A.M. Beumer, R.P.H. Kooyman, J. Greve, Anal. Chem. 70 (1998)

703.
27] J.B. Beusink, A.M.C. Lokate, G.A.J. Besselink, G.J.M. Pruijn, R.B.M. Schasfoort,

Biosens. Bioelectron. 23 (2008) 839.
28] B.K. Singh, A.C. Hillier, Anal. Chem. 78 (2006) 2009.
29] G. Klenkar, R. Valiokas, I. Lundstrom, A. Tinazli, R. Tampe, J. Piehler, B. Liedberg,

Anal. Chem. 78 (2006) 3643.
30] T.M. Chinowsky, L.S. Jung, S.S. Yee, Sensor Actuat. B-Chem. 54 (1999) 89.
31] D.J. Gentleman, L.A. Obando, J.F. Masson, J.R. Holloway, K.S. Booksh, Anal. Chim.

Acta 515 (2004) 291.
32] K. Johansen, R. Stalberg, I. Lundstrom, B. Liedberg, Meas. Sci. Technol. 11 (2000)

1630.

33] N.J. Tao, S. Boussaad, W.L. Huang, R.A. Arechabaleta, J. D’Agnese, Rev. Sci.

Instrum. 70 (1999) 4656.
34] J.F. Masson, T.M. Battaglia, J. Cramer, S. Beaudoin, M. Sierks, K.S. Booksh, Anal.

Bioanal. Chem. 386 (2006) 1951.
35] D.M. Livermore, Clin. Microbiol. Rev. 8 (1995) 557.
36] R.H. Yolken, W.T. Hughes, P.J. Stoppa, J. Pediatr. 97 (1980) 715.


	High-resolution surface plasmon resonance sensors based on a dove prism
	Introduction
	Experimental
	SPR sensor
	SPR instrument
	Calibration of the SPR sensor
	Detection of beta-lactamase

	Results and discussion
	SPR based on a dove prism
	Data analysis methodologies
	beta-Lactamase biosensing
	SPR imaging

	Conclusions
	Acknowledgements
	References


