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1. Introduction 
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1.1 Surface plasm on resonance sensors 

1.1.1 Surface plasm ons 
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Figure 1 D istribution of electrom agnetic field of a SP at the gold-w ater interface for 

three different w avelengths. 
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1.1.2 Principles of SPR sensing 
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Figure 2 SPR sensors based on a) prism  couplers, b) grating couplers, and  

c) w aveguide couplers. 
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Figure 3 Principle of SPR affinity biosensing. 
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Figure 4 Schem atic principle of m ultianalyte sensing using an array of sensing 

channels. 
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2. G oals 
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Figure 5 The surface of an SPR chip w ith an array of sensing channels and 

m icrospotted droplets of im m obilization solution (low er part) and corresponding SPR 

im age (upper part). 
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3. Theory 
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Figure 6 Conventional SPR im aging sensor. 
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Figure 7 D ependence of transm itted intensity on the refractive index of sam ple in the 

SPR im aging sensor w ith polarization interrogation (a) and the norm alization of this 

transm itted signal to the non-resonant reference signal (b). 
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Figure 8 (a) Schem e of the SPR im aging setup w ith polarization contrast and  

(b) schem e of the sensor surface w ith tw o types of m etal-dielectric m ultilayers. 
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Table 1 Param eters of SPR m ultilayers.  

 Spot type I Spot type II 
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First layer: 

Second layer: 

Third layer (SPR active): 

SF2 glass 

3 nm  titanium  film   
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200 nm  alum inum  oxide  

40 nm  gold 
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Figure 9 D ependence of light intensity on the refractive index of sam ple for tw o 

different types of sensing spots (a) and their ratio in logarithm ic scale (b). 
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3.2.1 Sensitivity of SPR im aging platform s 
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Figure 10 Com parison of sensitivity of norm alized signal to refractive index in four 

configurations: (A) SPR im aging w ith advanced polarization control, (B) SPR im aging of 

special m ultilayers in polarization contrast, and (C) conventional SPR im aging 

operated at 635 nm  and 750 nm . 
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3.3 Resolution 
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b)            c) 

Figure 11 The sensitivities and noise of norm alized signals (σSO ) plotted w ithin the 

operating range for a) conventional SPR im aging (w avelength 635nm ); b) SPR im aging 

of special m ultilayers in polarization contrast and c) SPR im aging w ith advanced 

polarization control. 
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Table 2 Com parison of the theoretical perform ance of SPR im aging configurations in 

different operating ranges.  

 

SPR im aging w ith advanced polarization control 

(Appendices IX, X, and XI) 

O perating range [RIU] 0.005 0.015 

Resolution [RIU] 0.4×10-6 0.8×10-6 

 

SPR im aging of special m ultilayers in polarization contrast 

(Appendices V, VI, and VII) 

O perating range [RIU] 0.005 0.025 

Resolution [RIU] 0.8×10-6 1.4×10-6 

 Conventional SPR im aging lim ited by the detector noise 

O perating range [RIU] 0.005 0.01 

Resolution [RIU] 1.3×10-6 2×10-6 

 Conventional SPR im aging lim ited by the light source noise 

O perating range [RIU] 0.005 0.01 

Resolution [RIU] 6×10 -6 11×10-6 
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4. Experim ental 
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4.1 Instrum entation 

4.1.1 SPR im aging w ith advanced polarization control 
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Figure 12 SPR im aging w ith advanced polarization control and self referencing m irrors. 
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Figure 13 Prototype of the SPR im aging system  w ith advance polarization control (a) 

and an im age of an array of 250 µm  ×  500 µm  large protein spots. 

4.1.2 SPR im aging of special m ultilayers in polarization contrast 
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Figure 14 Laboratory prototype of the SPR im aging system  (a) and a detail of the SPR 

chip w ith 120 pairs of SPR m ultilayers (b). 

 
Figure 15 Typical im age from  the SPR im aging sensor. 

4.2 D ata processing 
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�

Figure 16 D ata acquisition and processing softw are operating SPR im aging 

configuration w ith enhanced polarization control. Softw are displays the raw  im age 

(top left) the cross section of the im age (top right) tim e series of the dark signal and 

reference (top m iddle) and several graphs w ith norm alized signal tim e series (bottom  

graphs).  
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�

Figure 17 The correlation im age of one sensing spot w ith the SPR im age (correspond 

to Figure 15) 

4.3 Perform ance characteristics 
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Figure 18 Calibration of the sensor response to refractive index com pared to the 

theoretical m odel of the transm itted signal. a) SPR im aging of special m ultilayers and 

b) SPR im aging w ith advance polarization control. Error bars indicate three standard 

deviations. 

4.4 Sensing applications 
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4.4.1 M aterials 
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4.4.2 Spatially-resolved functionalization 

a) Thiolated surface

Probe 1 Probe 2

P
robe  3

Streptavidin drops

Sen
so

r c
hip

Probe 3

 b)  
Figure 19 Concept of m icrospotting functionalization of the m ultichannel SPR sensor 

(a) and the detail of m icrospotter printing head (O m niG rid Accent, G enom ic Solution,   

U SA) (b). 
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Figure 20 SPR sensor surface w ith im m obilized oligonucleotides. 
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4.4.3 D etection of oligonucleotides 
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Figure 21 D etection of oligonucleotides using SPR biosensor functionalized using the 

m icrospotting technique. Tem poral sensor response m easured for three different 

concentrations of CdO 23 oligonucluotide. M easured w ith (a) SPR im aging of special 

m ultilayers in polarization contrast and (b) SPR im aging w ith advanced polarization 

control configuration. Error bars denote peak to peak variations of SPR responses. 

BdT23 probes in reference channels. 

4.3.4 Limit of detection  

.
������
�������
�������
��!������
�
���
����
������
�������
������
"�����7��4��

"������������������
���������
��T�<��������
�������
�
�����!����������������������

���
������
����:�����
����������������������
��
������	�������
�����*&���)�&�����T�<�

�
��������
����
���
����
������!�����"���	��
"��''��7&�5�����9�-44��%)��� �����������
�

������ ��� 	������ 	!� ���
��� �"
� 
������ 
�� ��������� ���� ���� 	���� �������
� �������

���
��������������������������������
�
�!��%'������
�����	����
�	�����������
�

�������
	��������������������
�������������
���	�����
� ������
��
�!�
����������

�����
��������������	���
����������������W(����/&���$���

�



High-Throughput Biosensor Based on Surface Plasm on Resonance Im aging 33 

 

5. Conclusions 
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1
Introduction

In Chap. 1 by J. Homola of this volume [1] surface plasmons were intro-
duced as modes of dielectric/metal planar waveguides and their properties
were established. It was demonstrated that the propagation constant of a sur-
face plasmon is sensitive to variations in the refractive index at the surface
of a metal film supporting the surface plasmon. In this chapter, it is shown
how this phenomenon can be used to create a sensing device. The concept of
optical sensors based on surface plasmons, commonly referred as to surface
plasmon resonance (SPR) sensors, is described and the main approaches to
SPR sensing are presented. In addition, the concept of affinity biosensors is
introduced and the main performance characteristics of SPR biosensors are
defined.
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2
Surface Plasmon Resonance (SPR) Sensors

An optical sensor is a sensing device which, by optical means, converts the
quantity being measured (measurand) to another quantity (output) which is
typically encoded into one of the characteristics of a light wave. In SPR sen-
sors, a surface plasmon is excited at the interface between a metal film and
a dielectric medium (superstrate), changes in the refractive index of which
are to be measured. A change in the refractive index of the superstrate pro-
duces a change in the propagation constant of the surface plasmon. This
change alters the coupling condition between a light wave and the surface
plasmon, which can be observed as a change in one of the characteristics of
the optical wave interacting with the surface plasmon [2]. Based on which
characteristic of the light wave interacting with the surface plasmon is meas-
ured, SPR sensors can be classified as SPR sensors with angular, wavelength,
intensity, phase, or polarization modulation (Fig. 1).

In SPR sensors with angular modulation a monochromatic light wave ex-
cites a surface plasmon. The strength of coupling between the incident wave
and the surface plasmon is observed at multiple angles of incidence of the
light wave and the angle of incidence yielding the strongest coupling is meas-
ured and used as a sensor output (Fig. 2, upper plot) [3]. The sensor output
can be calibrated to refractive index. In SPR sensors with wavelength mod-
ulation, a surface plasmon is excited by a collimated light wave containing
multiple wavelengths. The angle at which the light wave is incident onto the
metal film is kept constant. The strength of coupling between the incident
wave and the surface plasmon is observed at multiple wavelengths and the
wavelength yielding the strongest coupling is measured and used as a sen-
sor output (Fig. 2, lower plot) [4]. SPR sensors with intensity modulation are

Fig. 1 Concept of surface plasmon resonance sensors
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Fig. 2 Intensity of light wave interacting with a surface plasmon as a function of angle of
incidence (upper plot) and wavelength (lower plot) for two different refractive indices of
superstrate

based on measuring the strength of the coupling between the incident light
wave and a surface plasmon at a single angle of incidence and wavelength and
the intensity of light wave serves as a sensor output [5]. In SPR sensors with
phase modulation the shift in phase of the light wave interacting with the SP
is measured at a single angle of incidence and wavelength of the light wave
and used as a sensor output [6]. In SPR sensors with polarization modula-
tion, changes in the polarization of the light wave interacting with a surface
plasmon are measured [7].

SPR sensors are either direct or indirect. In direct SPR sensors, the measur-
and (typically refractive index) modulates characteristics of the light directly.
In indirect SPR sensors, the measurand modulates an intermediate quantity
which then modulates the light characteristics. SPR affinity biosensors are
a typical example of indirect SPR sensors.
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3
Surface Plasmon Resonance Affinity Biosensors

SPR affinity biosensors are SPR sensing devices incorporating biorecognition
elements (e.g., antibodies) that recognize and are able to interact with a se-
lected analyte. The biorecognition elements are immobilized on the surface of
a metal film supporting a surface plasmon. When a solution containing ana-
lyte molecules is brought into contact with the SPR sensor, analyte molecules
in solution bind to the molecular recognition elements, producing an increase
in the refractive index at the sensor surface. This change gives rise to a change
in the propagation constant of the surface plasmon (Fig. 3). The change in the
propagation constant is determined by measuring a change in one of the char-
acteristics of the light wave interacting with the surface plasmon (Fig. 1) [2].

The amount of the refractive index change ∆nb induced by the analyte
molecules binding to the biorecognition elements depends on the volume re-
fractive index increment (dn/dc)vol and can be expressed as:

∆nb =
(

dn
dc

)

vol
∆cb , (1)

where ∆cb is the concentration of bound analyte expressed in mass/volume.
The value of the refractive index increment depends on the structure of the
analyte molecules and varies from 0.1 to 0.3 mL g–1 [8, 9]. If the binding oc-
curs within a thin layer at the sensor surface of thickness h the refractive
index change can be rewritten as:

∆nb =
(

dn
dc

)

vol

∆Γ

h
, (2)

where Γ denotes the surface concentration in mass/area [10].

Fig. 3 Principle of surface plasmon resonance affinity biosensor
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4
Main Performance Characteristics of SPR Sensors

In direct (refractometric) SPR sensors, refractive index (measurand) directly
modulates characteristics of the light wave such as the coupling angle or
wavelength, intensity, phase, and polarization (sensor output) (Fig. 4, upper
diagram). In SPR affinity biosensors, the measurand is usually a concentra-
tion of a chemical or biological analyte, which through the binding of analyte
to a biorecognition element is converted into a refractive index change at the
sensor surface, which then modulates characteristics of the light wave (sensor
output) (Fig. 4, lower diagram).

The sensor response to a given value of the measurand can be predicted
by the sensor transfer function F, Y = F(X) determined from a theoretical
sensor model or a sensor calibration. However, the value of the measurand
determined by the sensor Xmeasured differs from the true value of the measur-
and Xtrue:

Xmeasured = Xtrue + e , (3)

by the measurement error e. There are various sources of error. Random
errors are statistical fluctuations (in either direction) in the measured data
due to the precision limitations of the sensor system. Random errors are not
eliminated by calibration. Systematic errors, by contrast, are reproducible in-
accuracies that are consistently in the same direction. Systematic errors are
reduced by calibration to the uncertainty level of the calibration system. The
uncertainty of a calibration depends primarily on the accuracy of the refer-
ence(s) and stability of the test environment.

The main characteristics describing the performance of SPR (bio)sensors
include sensitivity, linearity, resolution, accuracy, reproducibility, dynamic
range, limit of detection, and limit of quantification.

Fig. 4 Direct and indirect SPR sensors: measurand and sensor output
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Sensor sensitivity is the ratio of the change in sensor output to the change
in the measurand (slope of the calibration curve):

S =
∂Y
∂X

. (4)

Refractometric sensitivity describes the sensitivity of the SPR sensor to re-
fractive index n and can be written as:

SRI =
∂Y
∂n

. (5)

Sensitivity of an SPR biosensor to a concentration of analyte c can be written
as:

Sc =
∂Y
∂c

. (6)

Sensitivity of SPR sensors will be discussed in detail in Sect. 4.1.
Sensor linearity may concern primary measurand (concentration of an-

alyte) or refractive index and defines the extent to which the relationship
between the measurand and sensor output is linear over the working range.
Linearity is usually specified in terms of the maximum deviation from a lin-
ear transfer function over the specified dynamic range. In general, sensors
with linear transfer functions are desirable as they require fewer calibration
points to produce an accurate sensor calibration. However, response of SPR
biosensors is usually a non-linear function of the analyte concentration and
therefore calibration needs to be carefully considered.

The resolution of a sensor is the smallest change in measurand which pro-
duces a detectable change in the sensor output. In SPR sensors, the term
resolution usually refers to a bulk refractive index resolution. In SPR biosen-
sors, an equivalent of this term is the limit of detection described below.
Resolution of SPR sensors will be discussed in detail in Sect. 4.2.

Sensor accuracy describes the closeness of agreement between a meas-
ured value and a true value of the measurand (concentration of analyte or
refractive index). Sensor accuracy is usually expressed in absolute terms or as
a percentage of the error/output ratio.

Reproducibility is the ability of the sensor to provide the same output when
measuring the same value of the measurand (concentration of analyte or re-
fractive index) under the same operating conditions over a period of time.
The reproducibility is typically expressed as the percentage of full range.

The (dynamic) range describes the span of the values of the measurand
that can be measured by the sensor. In refractometric SPR sensors the dy-
namic range usually describes a range of values of the refractive index of the
sample that can be measured with a specified accuracy. Dynamic range of
SPR biosensors defines the range of concentrations of an analyte which can
be measured with specified accuracy and extends from the lowest concen-
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tration at which a quantitative measurement can be done, i.e., the limit of
quantification.

An important characteristic describing the ability of a biosensor to detect
an analyte is the limit of detection (LOD). LOD, as defined by the Interna-
tional Union of Pure and Applied Chemistry, is the concentration of analyte
cL derived from the smallest measure YL that can be detected with reasonable
certainty. The value of YLOD is given by the equation:

YLOD = Yblank + mσblank , (7)

where Yblank is the mean of the blank (sample with no analyte) measures,
σblank is the standard deviation of the blank measures, and m is a numerical
factor chosen according to the confidence level desired (typically 2 or 3) [11].
As cblank = 0, the LOD concentration cLOD can be expressed as:

cLOD =
1

Sc(c = 0)
mσblank , (8)

where Sc denotes the sensor sensitivity to analyte concentration. It should
be noted that this definition of LOD inherently recognizes only the false
positives, which in effect makes the probability of a false negative equal
to 50% [11]. Therefore, another approach to the definition of LOD can be
found in the literature, employing two independent values (each equal to 0.05
or 0.01) for the probability of the false positives and negatives [12].

As the LOD defined by Eq. 8 defines the concentration at which one can
decide whether the analyte is present, rather than quantifying the analyte
concentration, another performance characteristic – the limit of quantifi-
cation (LOQ) – is sometimes used [11]. Analyte quantification is generally
accepted to begin at a concentration equal to 10 standard deviations of the
blank. Thus, the LOQ concentration cLOQ, can be expressed as:

cLOQ =
10

Sc(c = 0)
σblank . (9)

4.1
Sensitivity

The sensitivity of an SPR biosensor can be decomposed into two contribu-
tions:

Sc =
∂Y
∂c

=
∂Y
∂nb

dnb(c)
dc

= SRISnc , (10)

where SRI denotes the sensitivity of the output to a refractive index profile
change and Snc is derived from the refractive index change (nb) caused by the
binding of analyte (concentration c) to biorecognition elements. The sensitiv-
ity of an SPR sensor to a refractive index SRI can be also broken down into two
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contributions:

SRI =
δY
δnef

δnef

δnb
= SRI1SRI2 . (11)

The first term SRI1 depends on the method of excitation of surface plasmons
and the modulation approach used in the SPR sensor and is hereafter referred
as to the instrumental contribution. SRI2 describes the sensitivity of the effect-
ive index of a surface plasmon to refractive index and is independent of the
modulation method and the method of excitation of surface plasmons. The
sensitivity of surface plasmon to refractive index SRI2 depends on the profile
of the refractive index nb and has been analyzed in Chap. 1 of this volume [1]
for the two main types of refractive index changes – surface refractive index
change and bulk refractive index change.

In the following section, sensitivity of the sensor output to effective index
of a surface plasmon is analyzed for selected sensor configurations, and the
merit of different SPR sensor configurations in terms of bulk refractive index
sensitivity is evaluated.

4.1.1
Sensitivity of SPR Sensors with Angular Modulation

In SPR sensors with angular modulation, the sensor output is the coupling
angle θr and therefore the instrumental contribution to sensor sensitivity SRI1
is equal to δθr/δnef. After a straightforward manipulation, differentiation of
the coupling conditions for the prism coupler (see Chap. 1 of this volume [1])
in nef and θ (θi for the grating coupler, the angle of incidence is given in
a medium with a refractive index ni = 1), yields:
(

δθr

δnef

)

prism
=

1
np cos θr

=
1√

n2
p – n2

ef

, (12)

where np is the refractive index of the prism. Similarly, by differentiating the
coupling condition for the grating coupler (see Chap. 1 in this volume [1]),
one can obtain:
(

δθr

δnef

)

grating
=

sgn(m)
cos θr

=
sgn(m)√

1 –
(

nef – |m|λ
Λ

)2
, (13)

where m denotes the order of diffraction. Equation 13 suggests that(
δθr/δnef

)
grating is positive for positive diffraction orders and negative for

negative diffraction orders (resonant angle decreases with nef increase). An
increase in the diffraction order can be compensated for by a decrease in the
grating period Λ. Figure 5 depicts the wavelength dependence of δθr/δnef for
model prism- and grating-based SPR sensors.
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Fig. 5 Instrumental contribution to sensitivity δθr/δnef as a function of wavelength for
SPR sensors with angular modulation and prism coupler or grating coupler and three
different grating periods. Prism-based sensor configuration: BK7 glass prism, gold film,
and a non-dispersive dielectric (refractive index 1.32). Grating-based sensor configura-
tion: a non-dispersive dielectric (refractive index 1.32) and gold grating

As follows from Fig. 5, the sensitivity
(
δθr/δnef

)
prism increases with a de-

creasing wavelength following the wavelength dependence of the effective
index of the surface plasmon and the coupling angle (see Chap. 1 of this
volume [1]). The rapid increase of

(
δθr/δnef

)
prism at short wavelengths is as-

sociated with the effective index of a surface plasmon nef approaching the
refractive index of the prism np (and angle of incidence approaching 90 deg).
The instrumental contribution to sensitivity

(
δθr/δnef

)
grating exhibits a mini-

mum that corresponds to the normal incidence (λ = Λnef) and increases both
towards long and short wavelengths.

For SPR sensors with angular modulation using coupled surface plasmons
on a thin metal film (instead of conventional surface plasmons on a metal–
dielectric interface), the instrumental contribution to sensitivity δθr/δnef can
also be calculated from Eqs. 12 and 13.

As follows from Eq. 12, the instrumental contribution
(
δθr/δnef

)
prism is de-

termined by the difference between the refractive index of the prism and
effective index of the surface plasmon. Therefore, the highest sensitivity
can be obtained using an antisymmetric surface plasmon (which, however,
exists only within a range of wavelengths at which its effective index is
smaller than the refractive index of prism) (Fig. 6). SPR sensors employ-
ing a symmetric surface plasmon are less sensitive than those using con-
ventional plasmon at a metal–dielectric interface (Fig. 6). The sensitivity
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Fig. 6 Instrumental contribution to sensitivity δθr/δnef as a function of wavelength for an
SPR sensor with angular modulation which employs symmetric (SSP) and antisymmetric
(ASP) surface plasmons excited on a thin gold film using prism or grating coupler. Prism-
based sensor configuration: BK7 glass prism, buffer layer (refractive index 1.32), gold film
(thickness 20 nm), and a non-dispersive dielectric (refractive index 1.32).Grating-based
sensor configuration: a non-dispersive dielectric (refractive index 1.32) and grating (grat-
ing period 600 nm) supporting a gold film (thickness 20 nm) and a buffer layer (refractive
index 1.32)

(
δθr/δnef

)
grating of grating-based SPR sensors using symmetric and anti-

symmetric surface plasmons follows basically the same trend, however, the
cut-off for the antisymmetric mode

(
nef = (λm/Λ + 1)

)
is shifted to shorter

wavelengths.
Once the instrumental contribution to sensitivity δθr/δnef of an SPR sensor

has been determined, the sensitivity to refractive index can be calculated as
follows:

SRI =

∣∣∣∣
δθr

δnef

∣∣∣∣
δnef

δn
, (14)

where the term δnef/δn describes the sensitivity of the effective index of
a surface plasmon to refractive index and depends on the details of the dis-
tribution of the refractive index change. In the following section we calculate
the sensor sensitivity to bulk refractive index change to illustrate this process
and to provide a practical means for evaluation of the sensitivity of various
configurations of SPR sensors.

The sensitivity of angular modulation-based SPR sensors to bulk refrac-
tive index (herein denoted as

(
Sθ

)
prism and

(
Sθ

)
grating for SPR sensors using

prism and grating couplers, respectively) can be derived from Eqs. 12 and 13,
and the equation for δnef/δn obtained using the perturbation theory (Eq. 58
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in Chap. 1 of this volume [1]) [13]:

(
Sθ

)
prism =

ε′
m

√
– ε′

m

(
ε′

m + n2
)√

ε′
m

(
n2 – n2

p

)
– n2n2

p

, (15)

(
Sθ

)
grating

=
ε′

m
√

– ε′
m

(
ε′

m + n2
)√(

1 – m2λ2

Λ2

) (
n2 + ε′

m
)

– n2ε′
m + 2n |m|λ

Λ

√
ε′

m
(
n2 + ε′

m
) , (16)

where ε′
m is the real part of the permittivity of metal. Bulk refractive index

sensitivities of model SPR sensors with angular modulation and prism and
grating coupler were calculated using (Eq. 15) and (Eq. 16) and are shown in
Fig. 7. As the sensitivity of the effective index of the surface plasmon to bulk
refractive index decreases slowly with an increasing wavelength, the behav-
ior of the bulk refractive index sensitivity basically follows the instrumental
contribution δθr/δnef. The bulk refractive index sensitivity of SPR sensors
using symmetric or antisymmetric surface plasmons is also dominated by the
instrumental contribution δθr/δnef (Fig. 8).

Fig. 7 Bulk refractive index sensitivity as a function of wavelength for SPR sensors with
angular modulation and prism coupler or grating coupler and three different grating
periods. Prism-based sensor configuration: BK7 glass prism, gold film, and a non-
dispersive dielectric (refractive index1.32). Grating-based sensor configuration: a non-
dispersive dielectric (refractive index 1.32) and gold grating
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Fig. 8 Bulk refractive index sensitivity as a function of wavelength for an SPR sensor with
angular modulation which employs symmetric (SSP) and antisymmetric (ASP) surface
plasmons excited on a thin gold film using prism or grating coupler. Prism-based sensor
configuration: BK7 glass prism, buffer layer (refractive index 1.32), gold film (thickness
20 nm), and a non-dispersive dielectric (refractive index 1.32). Grating-based sensor con-
figuration: a non-dispersive dielectric (refractive index 1.32) and grating (grating period
600 nm) supporting a gold film (thickness 20 nm) and a buffer layer (refractive index
1.32)

4.1.2
Sensitivity of SPR Sensors with Wavelength Modulation

In SPR sensors with angular modulation, the sensor output is the coupling
wavelength λr and therefore the instrumental contribution to sensor sensitiv-
ity SRI1 is equal to δλr/δnef. By differentiating the coupling conditions for the
prism, grating, and waveguide coupler (see Chap. 1 of this volume [1]) in nef
and λ, we obtain:
(

δλr

δnef

)

prism
=

1
dnp
dλ

nef
np

– dnef
dλ

, (17)

(
δλr

δnef

)

grating
=

1
|m|
Λ

– dnef
dλ

, (18)

(
δλr

δnef

)

waveguide
=

1
dnwg

dλ
– dnef

dλ

, (19)

where the derivatives dnef/dλ, dnp/dλ and dnwg/dλ describe the dispersion
of the effective index of a surface plasmon, dispersion of the coupling prism,
and chromatic dispersion of the waveguide, respectively. The dispersion of
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glasses constituting prism couplers is usually much smaller than the disper-
sion of surface plasmons on a metal–dielectric interface. For the wavelengths
and typical materials used in waveguide-based SPR sensors, the chromatic
dispersion dnwg/dλ is to a large extent determined by the material dispersion
of the waveguide. The wavelength dependence of the instrumental contribu-
tion to sensitivity δλr/δnef for model prism and grating-based SPR sensors,
calculated using Eqs. 17 and 18, is shown in Fig. 9.

The instrumental contribution to sensitivity of SPR sensors using prism
couplers

(
δλr/δnef

)
prism is primarily determined by the second term in

the denominator of Eq. 17 dnef/dλ and therefore
(
δλr/δnef

)
prism increases

with increasing wavelength. The instrumental contribution to sensitivity(
δλr/δnef

)
grating increases with an increasing wavelength and levels off as the

term m/Λ dominates over dnef/dλ. The instrumental contribution to sensi-
tivity of SPR sensors with prism coupler

(
δλr/δnef

)
prism is typically larger by

an order of magnitude than that for a grating coupler
(
δλr/δnef

)
grating.

For SPR sensors with wavelength modulation using coupled surface plas-
mons on a thin metal film (instead of conventional surface plasmons on
a metal–dielectric interface), the instrumental contribution to sensitivity
δλr/δnef can be also calculated from Eqs. 17 and 18 (Fig. 10). The wavelength
dependence of the instrumental contribution to sensitivity δλr/δnef for model
prism and grating-based SPR sensors employing symmetric and antisymmet-

Fig. 9 Instrumental contribution to sensitivity δλr/δnef as a function of wavelength for
SPR sensors with wavelength modulation and prism coupler or grating coupler and three
different grating periods. Prism-based sensor configuration: BK7 glass prism, gold film,
and a non-dispersive dielectric (refractive index 1.32). Grating-based sensor configura-
tion: a non-dispersive dielectric (refractive index 1.32) and gold grating
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Fig. 10 Instrumental contribution to sensitivity δλr/δnef as a function of wavelength for
an SPR sensor with wavelength modulation which employs symmetric (SSP) and anti-
symmetric (ASP) surface plasmons excited on a thin gold film using prism or grating
coupler. Prism-based sensor configuration: BK7 glass prism, buffer layer (refractive in-
dex 1.32), gold film (thickness 20 nm), and a non-dispersive dielectric (refractive index
1.32). Grating-based sensor configuration: a non-dispersive dielectric (refractive index
1.32) and grating (grating period 600 nm) supporting a gold film (thickness 20 nm) and
a buffer layer (refractive index 1.32)

ric surface plasmons, calculated using Eqs. 17 and 18, is shown in Fig. 10. The
instrumental contribution to sensitivity

(
δλr/δnef

)
prism for the symmetric

surface plasmon increases until the denominator in Eq. 17 reaches zero [14]
and is larger by an order of magnitude than that for the conventional sur-
face plasmon on a metal–dielectric interface, or for the antisymmetric surface
plasmon. The instrumental contribution to sensitivity of SPR sensors using
grating couplers

(
δλr/δnef

)
grating and symmetric or antisymmetric surface

plasmon increases with increasing wavelength and is significantly smaller
than

(
δλr/δnef

)
prism and comparable with

(
δλr/δnef

)
grating values obtained

using conventional surface plasmons on gold–dielectric interface.
Once the instrumental contribution to sensitivity δλr/δnef of an SPR sen-

sor has been determined, the sensitivity to refractive index can be calculated
as follows:

SRI =
δλr

δnef

δnef

δn
, (20)

where the term δnef/δn describes the sensitivity of the effective index of
a surface plasmon to refractive index and depends on the details of the distri-
bution of the refractive index change. The spectral sensitivity of SPR sensors
based on prism and grating couplers and wavelength modulation for conven-
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Fig. 11 Bulk refractive index sensitivity as a function of wavelength for SPR sensors
with wavelength modulation and prism coupler or grating coupler and three differ-
ent grating periods. Prism-based sensor configuration: BK7 glass prism, gold film, and
a non-dispersive dielectric (refractive index 1.32). Grating-based sensor configuration:
a non-dispersive dielectric (refractive index 1.32) and gold grating

Fig. 12 Bulk refractive index sensitivity as a function of wavelength for SPR sensors with
wavelength modulation employing symmetric (SSP) and antisymmetric (ASP) surface
plasmons excited on a thin gold film using prism or grating coupler. Prism-based sensor
configuration: BK7 glass prism, buffer layer (refractive index 1.32), gold film (thickness
20 nm), and a non-dispersive dielectric (refractive index 1.32). Grating-based sensor con-
figuration: a non-dispersive dielectric (refractive index 1.32) and grating (grating period
600 nm) supporting a gold film (thickness 20 nm) and a buffer layer (refractive index
1.32)
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tional surface plasmons on a gold–dielectric interface and coupled surface
plasmons on a thin gold film is shown in Figs. 11 and 12.

Analytical expressions for sensitivity of SPR sensors with wavelength mod-
ulation can be derived from Eq. 20 using Eqs. 17 and 18 (δnef/δn is taken from
Eq. 58 in Chap. 1 of this volume [1]) or directly from the coupling condi-
tions [13]:

(
Sλ

)
prism =

ε′2
m

– n3

2
dε′

m
dλ

+ ε′
m
(
n2 + ε′

m
) n

np

dnp
dλ

, (21)

(
Sλ

)
grating =

ε′2
m

– n3

2
dε′

m
dλ

+ |m|
Λ

(
n2 + ε′

m
)√

ε′
m
(
n2 + ε′

m
) , (22)

where dε′
m/dλ and dnp/dλ represent the material dispersion of the metal

and prism respectively.

4.1.3
Sensitivity of SPR Sensors with Intensity Modulation

In SPR sensors with intensity modulation, the sensor output is the intensity
(which is proportional to reflectivity in prism or grating-based SPR sensor)
and therefore the instrumental contribution to sensor sensitivity SRI1 can be
written as δR/δnef, where R denotes reflectivity. In order to derive analytical
expressions for the instrumental contributions to sensor sensitivity, the re-
flectivity is assumes to follow the Lorentzian shape (Eq. 78 in Chap. 1 of this
volume [1]):

R
.
= 1 –

4γiγrad

∆2
ef + (γi + γrad)2

, (23)

where γi and γrad denote the attenuation coefficients of surface plasmons due
to the absorption and radiation, respectively [15] and:

∆ef = np sin θ – nef , (24)

for prism coupler. Using Eq. 23, the sensitivity of reflectivity to effective re-
fractive index can be expressed as follows:

∂R
∂nef

=
– 8∆efγiγrad[

∆2
ef + (γi + γrad)2

]2 . (25)

Yeatman et al. showed that the maximum slope of the reflectivity occurs
when:

∆ef = ± (γi + γrad)√
3

(26)

and that the maximum slope can be obtained when γrad = γi/2 [16]. This con-
dition reduces the depth of the resonant dip, but the decrease of its width
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results in the increase of the reflectivity dependence slope. Under these condi-
tions, the maximum instrumental contribution to sensitivity can be expressed
as:

δR
δnef

=
(

∂R
∂nef

)

max
=

2
√

3
9γi

. (27)

The wavelength dependence of the instrumental contribution to sensitivity
δR/δnef for model prism-based SPR sensors calculated using Eq. 27 is shown
in Fig. 13.

The bulk refractive index sensitivity can be calculated from the instru-
mental sensitivity in a similar fashion as in previous sections for the angular
and wavelength modulation. The sensitivity to bulk refractive index can be
expressed as:

SRI =
δR
δnef

δnef

δn
. (28)

The maximum sensitivity of intensity modulation-based SPR sensors to bulk
refractive index

(
SI
)

max can be derived from Eq. 28 (where δnef/δn is from

Fig. 13 Instrumental contribution to sensitivity δR/δnef as a function of wavelength for
SPR sensors with intensity modulation and a prism coupler exciting a conventional sur-
face plasmon (SP) at the interface of gold and a non-dispersive dielectric (refractive
index 1.32) and coupled symmetric (SSP) and antisymmetric (ASP) surface plasmons on
a thin gold film (thickness 20 nm) surrounded by two identical non-dispersive dielectrics
(refractive index 1.32)
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Fig. 14 The maximum bulk refractive index sensitivity as a function of wavelength for
SPR sensors with intensity modulation and a prism coupler exciting a conventional sur-
face plasmon (SP) at the interface of gold and a non-dispersive dielectric (refractive
index 1.32) and coupled symmetric (SSP) and antisymmetric (ASP) surface plasmons on
a thin gold film (thickness 20 nm) surrounded by two identical non-dispersive dielectrics
(refractive index 1.32)

Eq. 58 in Chap. 1 of this volume [1]) as follows:

(
SI
)

max =
4
√

3
9

ε′2
m

ε′′
mn3 , (29)

where ε′
m and ε′′

m are the real and imaginary part of the metal permittivity, re-
spectively. Figure 14 shows the maximum sensitivity calculated using Eq. 28
for selected model SPR sensor configurations. As follows from Fig. 14, the
bulk refractive index sensitivity of intensity-based sensors increases with in-
creasing wavelength. This behavior is caused by the attenuation coefficient of
surface plasmons, which decreases with increasing wavelength.

4.2
Resolution

Resolution of SPR sensors defines the smallest change in the bulk refractive
index that produces a detectable change in the sensor output. The magni-
tude of sensor output change that can be detected depends on the level of
uncertainty of the output, the output noise.

The noise of sensor output originates in the optical system and readout
electronics of an SPR sensor instrument. Dominant sources of noise are fluc-
tuations in the light intensity emitted by the light source, statistical properties



Surface Plasmon Resonance (SPR) Sensors 63

of light (shot noise), and noise in conversion of light intensity into photoelec-
trons by the detector and supporting circuitry.

The noise in the intensity of light emitted by the light source is propor-
tional to the intensity and therefore its standard deviation σ can be given as
σL = σ rel

L I, where σ rel
L is relative (intensity-independent) standard deviation

and I denotes the measured light intensity.
The shot noise is associated with random arrival of photons on a detector

and corresponding random production of photoelectrons. Conventional light
sources produce photon flux that obeys Poisson statistics, which produces
a shot noise σS directly proportional to the square root of the detected light
intensity: σS = σ rel

S
√

I, where σ rel
S is relative (intensity-independent) stan-

dard deviation [17]. The detector noise consists of several contributions that
originate mostly in temperature generated photoelectrons and the detector
electronic circuitry, and its standard deviation σD is independent of the de-
tected light intensity. The resulting noise of the measured light intensity σI is
a statistical superimposition of all the noise components and can therefore be
expressed as:

σI(I) =

√
I2
(
σ rel

L

)2
+ I
(
σ rel

S

)2
+ σ2

D . (30)

In SPR sensors based on wavelength or angular modulations, multiple in-
tensities corresponding to different wavelengths or angles of incidence are
acquired. This results in series of wavelength or angular spectra in time (I1, I2,
I3, ..., IN). These spectra are mathematically processed to generate the sensor
output. In the first phase of data processing, the spectra are usually averaged
(to reduce noise) and normalized (to eliminate effects of unequal angular
or wavelength light distribution). The averaging either involves averaging of
time series of intensity from the same detector (time averaging) or averaging
of intensities from multiple detectors (e.g., of a 2D array) measured at a sin-
gle time (spatial averaging). As in the time domain, all the noise contributions
behave independently, the time averaging of N spectra reduces the noise of
each intensity in the spectrum as follows:

σ tN
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√√√√
I2

(
σ rel

L

)2

N
+

I
(
σ rel

S

)2

N
+

σ2
D

N
=

σI√
N

. (31)

Spatial domain averaging can be applied when the sensor signal from N dif-
ferent detectors is averaged. In wavelength or angular modulation it is usually
applied to spectra that are measured in several rows of a 2D detector [18, 19].
In sensors based on intensity modulation such as SPR imaging, the averaged
area corresponds to one measuring channel [20–22]. In spatial averaging, the
light fluctuations affect all the intensities measured by different detectors in
the same way and therefore the light source noise is not reduced by the spatial
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averaging:
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+

σ2
D

N
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σI√
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. (32)

Therefore, especially in SPR sensors with intensity modulation, the light
source noise can dominate over the shot noise and detector noise and needs
to be reduced by other means.

The averaged and normalized spectra are translated into the sensor output
by an appropriate data processing algorithm. Numerous methods for calcu-
lation of sensor output have been used in SPR sensors such as the centroid
method [23, 24], polynomial fitting followed with the analytical calculation of
the polynomial minimum [25, 26], and optimal linear data analysis [27]. As
can be shown by a more general analysis, the noise in angular or wavelength
spectra transforms to the noise in the sensor output in a similar fashion
for the most common algorithms [28]. Therefore, we shall use the centroid
method as a model data processing algorithm to illustrate the propagation of
noise into the sensor output.

The centroid method uses a simple algorithm which finds the geometric
center of the portion of the SPR dip under a certain threshold. Although the
geometric center does not necessarily coincide with the minimum of the spec-
trum, as SPR sensing usually relies on relative measurements, the offset of
the geometric center does not affect the final measurements. The centroid is
calculated as follows:

YC =

∑
j

xj
(
Ithresh – Ij

)

∑
j

(
Ithresh – Ij

) , (33)

where xj represent the spectral positions of the contributing intensities Ij
and Ithresh denotes the threshold value. If the noise of intensities detected by
individual detectors can be treated as independent, the resulting standard de-
viation of calculated dip position (sensors output noise) σso can be derived
from the noise of individual intensities σ(Ij) as:

σ2
so =

N∑

j=1

(
∂YC

∂Ij

)2

σ2 (Ij
)

, (34)

where N is the number of involved intensities, and ∂YC/∂Ij denotes the incre-
mental contribution factors to the noise of dip position YC (sensor output)
from each detector [29]. If we assume that the portion of the SPR dip used
by the centroid algorithm follows the Lorentzian profile (see Chap. 1 in this
volume [1]), that the optimum threshold level is at the half of the SPR dip
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depth [29], and substitute YC from Eq. 33 in Eq. 34, we obtain:

σso
.
=

1.75
Nd

√√√√√
N∑

j=1

(YC – xj)2σ2
(
Ij
)

, (35)

where YC is the centroid position, N is the number of intensities below the
threshold, and d is the depth of the dip (difference of intensities between the
dip minimum and threshold). For the three types of noise discussed above:
(a) the additive noise independent of the intensity, (b) the noise proportional
to the square root of intensity (shot noise) and (c) the noise proportional to
the intensity, Eq. 35 yields:

σso = K
σth

d
· w√

N
, (36)

where σth is the intensity noise at threshold, d is the depth of the dip (differ-
ence of intensities between the dip minimum and threshold), w is the width of
the dip (at the threshold) and K = K1 = 0.50 for additive noise, K = K2 = 0.43
for the shot noise, and K = K3 = 0.38 for the noise proportional to the inten-
sity. If the intensity noise is superimposition of the three types of noise with
weights g1, g2, and g3 (g1 + g2 + g3 = 1), the coefficient K can be calculated as

K =
√

g1K2
1 + g2K2

2 + g3K2
3 . This yields a refractive index uncertainty σRI:

σRI =
σso

SRI
= K

σth

d
√

N
· w

SRI
, (37)

where SRI denotes the bulk refractive index sensitivity of the sensor. The
width of the SPR dip is directly correlated with its sensitivity and it can be
shown that the ratio w/SRI depends only weakly on the choice of coupler and
modulation.

Equation 36 indicates that the sensor output noise is linearly dependent on
the noise of measured signal and inverse linearly dependent on the depth of
the SPR dip. If the number of measured intensities N is proportional to the
investigated spectrum width, the sensor output noise depends on the square
root of the width.

Using Eq. 37, the ultimate resolution of an SPR sensor can be predicted.
Figure 15 shows theoretical resolutions calculated using Eq. 37 for SPR sen-
sors employing three different types of detectors (a linear CCD detector,
2D CCD, and PDA detector). The following parameters were used for the
simulations of the SPR sensor using a linear CCD detector: shot noise of
0.6% at the saturation level of the detector [29], and time averaging over
500 spectra (limited by typical readout and exposure times), which yields(
σth/d

)
= 4×10–4 (threshold is set to half of the detector dynamical range).

The following parameters were used for the SPR sensor using a 2D detec-
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Fig. 15 Modeled resolution of SPR configuration with linear CCD, 2D CCD, and large area
photodiode array (PDA) as a function of wavelength

tor: shot noise of 0.6%, spatial averaging over 100 detector lines [30], and
time averaging over 50 spectra, which yields

(
σth/d

)
= 1×10–4 (threshold

at half of the detector dynamical range). The following parameters were
used for the simulations of the SPR sensor using a linear photodiode array
(PDA) detector: the noise is dominantly additive (g1 = 0.8, g2 = 0.2, K = 0.49)
and its SD relative to the threshold set to half of the detector dynamical
range is 0.1% [29]. The time averaging over 50 spectra is supposed, yield-
ing

(
σth/d

)
= 1×10–4. Furthermore, it is assumed that the width of the SPR

dip covers 300 pixels (N = 300), which is close to the configuration analyzed
in [29–31].

Figure 15 suggests that SPR sensors with large area detectors such as PDA
or 2D array CCD can potentially achieve a better resolution compared to sys-
tems using linear CCD detectors. This comparison is related to the fact that
more light is measured with large area detectors in the same period of time,
which results in the reduction of the shot noise.

5
Summary

Surface plasmon resonance (SPR) sensors are optical sensing devices that take
advantage of the sensitivity of a special type of electromagnetic field, a sur-
face plasmon, to changes in refractive index. SPR sensors can be classified
based on the method for optical excitation of surface plasmons and the meas-
ured characteristic of the light wave interacting with the surface plasmon.
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SPR sensors directly measure refractive index. In conjunction with appropri-
ate biorecognition elements, they can be used as affinity biosensors allowing
detection of the capture of analyte molecules by biorecognition elements
immobilized on the sensor surface. The ability of SPR sensors to perform
measurements is described by the performance characteristics, of which the
most important are the sensitivity, resolution, accuracy, reproducibility, and
limit of detection. The sensitivity and resolution are primarily determined by
the properties of the optical system of the SPR sensor and can be linked to
specific design parameters.
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14. Nenninger GG, Tobǐska P, Homola J, Yee SS (2001) Sensor Actuator B Chem 74:145
15. Johansen K, Arwin H, Lundstrom I, Liedberg B (2000) Rev Sci Inst 71:3530
16. Yeatman EM (1996) Biosens Bioelectron 11:635
17. Drake AW (1967) Fundamentals of applied probability theory. McGraw-Hill, New York
18. O’Brien MJ, Perez-Luna VH, Brueck SRJ, Lopez GP (2001) Biosens Bioelectron 16:97
19. Kawazumi H, Gobi KV, Ogino K, Maeda H, Miura N (2005) Sensor Actuator B Chem

108:791
20. Piliarik M, Vaisocherová H, Homola J (2005) Biosens Bioelectron 20:2104
21. Berger CEH, Beumer TAM, Kooyman RPH, Greve J (1998) Anal Chem 70:703
22. Fu E, Chinowsky T, Foley J, Weinstein J, Yager P (2004) Rev Sci Inst 75:2300
23. Kukanskis K, Elkind J, Melendez J, Murphy T, Miller G, Garner H (1999) Anal

Biochem 274:7
24. Goddard NJ, Pollardknight D, Maule CH (1994) Analyst 119:583
25. Sjölander S, Urbanitzky C (1991) Anal Chem 63:2338
26. Stenberg E, Persson B, Roos H, Urbaniczky C (1991) J Colloid Interface Sci 143:513
27. Chinowsky TM, Jung LS, Yee SS (1999) Sensor Actuator B Chem 54:89
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1
Introduction

The potential of surface plasmons for optical sensing was recognized in the
early 1980s when surface plasmons, excited in the Kretschmann geometry of
the attenuated total reflection method, were used to probe processes at the
surfaces of metals [1] and to detect gases [2]. Since then, numerous surface
plasmon resonance (SPR) sensors have been reported.

An SPR sensor instrument consists of an optical system, supporting elec-
tronics, and a sensor data acquisition and processing system. In the optical
system, surface plasmons are optically excited and the output light wave with
an encoded SPR signal is detected. The signal from the detector is processed
to yield a sensor output. SPR biosensors also incorporate a biorecognition
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Fig. 1 Scheme of an SPR (bio)sensor

Fig. 2 SPR sensors based on modulation of a coupling angle, b coupling wavelength, and
c light intensity

coating that interacts with target molecules in a liquid sample, and a sample
preparation and handling system (Fig. 1).

In the optical system of an SPR sensor, surface plasmons are excited by
a light wave. The excitation of surface plasmons in the SPR sensor results
in a change in one of the characteristics of the light wave. Based on which
characteristic of the light wave is modulated and used as a sensor output,
SPR sensors can be classified as SPR with (i) angular, (ii) wavelength, (iii) in-
tensity, (iv) phase, or (v) polarization modulation. The first three types of
modulation (Fig. 2) are used most frequently in today’s SPR sensors.

2
Data Processing for SPR Sensors

In wavelength (or angular) modulation-based SPR sensors, light emerging
from the SPR coupler is dispersed over a detector array, illuminating each
pixel with light of a slightly different wavelength (or associated with a slightly
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different angle of incidence in the SPR coupler). The detector is digitized pe-
riodically, producing a series of spectra in time. The sets of intensity values
are mathematically processed to determine the sensor output. In the first
phase of data processing, the spectra are usually averaged and normalized.
The averaging either involves averaging of time series of intensity from the
same detector (time averaging) or averaging of intensities from multiple de-
tectors (e.g., of a 2D array) measured at a single time (spatial averaging). In
wavelength or angular modulation-based SPR sensors, it is usually applied to
spectra that are measured in several rows of a 2D array detector [3, 4]. The
spectra contain SPR information in a rather raw form, as the shape of the
spectra are influenced by a variety of other effects (e.g., properties of emis-
sion spectrum of the light source and SPR optics). In order to reconstruct
the SPR spectrum, the spectra are normalized. First, the light intensity is cor-
rected by subtracting the dark signal (intensity measured in the absence of
light) caused by leakage current in the detector. Then, the resulting signal is
divided by a reference signal to compensate for uneven (angular or spectral)
distribution of illumination and absorption in the optical system [5–7]. As
surface plasmons are TM-polarized waves, it is common to use a TE-polarized
light for the reference, although other non-resonant signals may be also used.
An example of raw spectra acquired from an SPR sensor with wavelength
modulation and the resulting normalized spectrum are given in Fig. 3.

Subsequently, a metric which can be associated with the angular or wave-
length position of an SPR dip is calculated from angular or wavelength nor-
malized spectrum. Numerous algorithms have been developed to calculate
the sensor output. One of the most commonly utilized algorithms is the cen-
troid method, which calculates the centre-of-mass of a portion of SPR dip that

Fig. 3 Raw measured and reference spectra and a normalized spectrum with an SPR dip
for a wavelength modulation-based sensor using a linear detector array [6]
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falls below a certain threshold (set typically around half of the depth) [8, 9].
The issue of proper accounting of intensity values from pixels that enter or
leave the range below threshold was addressed by the weighted centroid [7] or
partial pixel accounting [6] approaches. Modifications of the centroid method
improving resistance of the algorithm to overall light level fluctuations were
also proposed [6, 10]. Another approach to calculating the SPR dip position
consists of fitting a polynomial to a certain portion of the SPR dip and sub-
sequently calculating the minimum of the polynomial [11, 12]. In terms of
sensor output noise, this algorithm performs comparably to the centroid
method if the same region of the SPR dip is considered. Chinowsky et al. pro-
posed the optimal linear data analysis method which determines the sensor
output by an optimized linear transformation of the difference of the refer-
ence and measured spectrum [13]. This method provided a sensor output
with noise which was smaller than that generated using the centroid method
by a factor of 1.3. Recently, the model parametrization and linear projection
(MPLP) method was introduced [14]. In this method, the spectrum shape
is described by a set of parameters that are then algebraically manipulated
directly into the measurand. Experimental investigation of MPLP method
performance yielded a decrease of the sensor output noise by a factor of 1.7
when compared to the centroid method, and 1.3 compared to the polynomial
fitting method [14].

In SPR sensors with intensity modulation, the intensity value or its dis-
tribution is detected by an individual detector or a matrix of detectors. The
resulting set of intensities is usually averaged in time and space [15–17], lead-
ing directly to the sensor output.

3
Optical Systems for SPR Sensors

In the optical system of an SPR sensor, surface plasmons are optically excited
and the SPR signal is encoded into a light wave interacting with the surface
plasmons. Based on the method of excitation of surface plasmons, SPR sen-
sors can be classified as SPR sensors based on (i) prism couplers, (ii) grating
couplers, and (iii) waveguide couplers (Fig. 4).

3.1
SPR Sensors Based on Prism Couplers

Most of the SPR sensors reported to date are based on prism couplers. Prism
coupling of light into surface plasmons is convenient and can be realized with
simple and conventional optical elements. It can be readily combined with
any type of modulation. Specific examples of prism-based SPR sensors are
discussed below.
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Fig. 4 SPR sensors based on a prism couplers, b grating couplers, and c waveguide cou-
plers

3.1.1
SPR Sensors Based on Prism Couplers and Angular Modulation

In 1988 Matsubara et al. reported an SPR sensor based on prism coupler and
angular modulation [18]. The optical system of their sensor is shown in Fig. 5.

Matsubara et al. demonstrated that the use of a lens and photodiode ar-
ray placed in the back-focal plane of the lens makes it possible to reconstruct

Fig. 5 Schematic diagram of SPR sensor with angular modulation. Lenses L1 and L2
provide an angular span of incident light and lens L3 projects the angular spectrum in
the back focal plane on the detector array. Reprinted from [18], copyright 1988, with
permission from Optical Society of America
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the angular spectrum of the reflected divergent beam. This design allows the
use of a cheap surface emitting LED as a light source without the degrada-
tion of the angular resolution. In this work, an angular resolution of 0.01 deg
was achieved. This corresponds to a bulk refractive index resolution of about
5×10–5 RIU (refractive index unit) assuming a refractive index sensitivity
of about 200 deg RIU–1 (this value is based on the theoretical analysis of the
investigated sensor design).

In the early 1990s, an angular modulation-based SPR sensor with a re-
fractive index resolution of about 2×10–6 RIU was reported [5, 11, 19]. The
sensor consisted of a light-emitting diode (LED, wavelength – 760 nm), a glass
prism and a detector array with imaging optics (Fig. 6). A divergent beam
produced by the LED was collimated and focused by means of a cylindrical
lens to produce a wedge-shaped beam of light that was used to illuminate
a thin gold film on the back of a glass prism containing several sensing areas
(channels). The imaging optics consisted of one imaging and one cylindrical
lens ordered in such a way that the angular spectrum of each sensor channel
was projected on a separate row (or rows) of the array detector.

This optical design has been further advanced by Biacore (Pharmacia
Biosensors AB; since 1996, Biacore AB) and resulted in a family of com-
mercial SPR sensors [20–22] offering high performance (resolution down to
1×10–7 RIU) and multiple sensing channels (up to four) for simultaneous
measurements.

Fig. 6 SPR sensor in angular configuration with three parallel channels (A side view, B top
view). a High output light emitting diode, b lenses, c sensor chip, d microfluidic cartridge,
e coupling prism, f polarizer, g photodiode array detector. Reprinted from [11], copyright
1991, with permission from American Chemical Society
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In 2002, Zhang et al. reported a simple, effective and self-referenced config-
uration of an SPR with angular modulation that utilized a quadrant cell pho-
todetector instead of a photodiode array [23, 24]. A linearly polarized laser
beam (wavelength 635 nm) was focused in one direction and directed onto
a thin gold film containing sensing and reference measuring areas (Fig. 7).
The reflected divergent beam contained the whole range of angles of inci-
dence. A four-cell photodetector was placed into the reflected light in such
a way that the sensing channel illuminated one pair of cells and the refer-
ence channel another pair of cells. The pair of cells divided the resonant
dip approximately in the minimum of reflectivity and only four intensities
were measured and processed at a time. When the angular position of the
dip changed, the ratio of the intensities changed. The use of a detector with
large area photodiode cells made it possible to achieve extremely low noise
levels. In addition, as the two cells were nearly identical, certain common
noises (e.g., noise caused by laser intensity fluctuations) were compensated
for by this approach leading to a demonstrated angular resolution as low
as 10–5 deg. Considering the sensor sensitivity of about 130 deg RIU–1, this
translates to a refractive index resolution of about 10–7 RIU [23]. This high
resolution can, however, be delivered within a rather limited operating range,
typically about 10% of the width of an SPR dip, which corresponds to a refrac-
tive index range of about 4×10–3 RIU.

Thirstrup et al. demonstrated an integration of several optical elements
into a single sensor chip [25]. In this approach, the cylindrical focusing optics
utilized to create a beam of a desired angular span is replaced by a diffraction
grating of a special design incorporated into the sensing element Fig. 8 [26].
A wide parallel light beam (wavelength 670 nm) was diffracted by the fo-
cusing (chirped) grating and focused into small spot on the SPR measuring
surface. The reflected light followed a similar path, producing a parallel beam
with an angular spectrum superimposed across the beam. A 2D CMOS detec-

Fig. 7 Differential SPR sensor. A quadrant cell photodetector simultaneously measures the
SPR dips from the reference and sample areas, and the difference signal provides an accu-
rate sensor output. Reprinted from [23], copyright 2003, with permission from American
Institute of Physics
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Fig. 8 An SPR coupling chip with integrated diffractive elements replacing the focusing
and imaging optics. Reprinted from [25], copyright 2004, with permission from Elsevier

tor measured the angular spectrum as a distribution of light intensity along
a row of detector pixels for several parallel channels (using different columns
of pixels of the detector). This design offered a compact SPR platform with
a refractive index sensitivity of 130 deg RIU–1 and a refractive index reso-
lution of about 5×10–7 RIU.

A miniature version of the angular modulation-based SPR sensor was re-
ported by Melendez et al. who integrated all electro-optical components of
the SPR sensor into a small monolithic platform [27]. Figure 9 depicts an
advanced version of this SPR sensor design (Spreeta 2000 by Texas Instru-
ments). The sensor consisted of a plastic prism molded onto a microelec-
tronic platform containing an infrared LED (830 nm peak wavelength) and
a 128-pixel linear diode array detector. The LED emitted a diverging beam
that passed through a polarizer and struck the sensor surface at a range of
angles. The angle at which light reflected from this surface varied with the
location on the surface. The light reflected from the sensor’s top mirror and
back down onto the diode array. The diode array measured the angular spec-
trum of reflected light.

Baseline noise and smoothness of response of this sensor were investigated
by Chinowsky et al. [28]. They concluded that the baseline noise established
under constant conditions was less than 2×10–7 RIU; however, the sensor re-
sponse to a gradual change in the refractive index revealed departures from
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Fig. 9 Cross section of the Spreeta 2000, showing components of the sensor and the path
followed by light inside the sensor. The dimensions of the sensor are 1.5 cm × 0.7 cm ×
3 cm. Reprinted from [28], copyright 2003, with permission from Elsevier

the expected sensor output of about 0.2% for a refractive index interval of
0.04 RIU (which corresponds to 8×10–5 RIU).

Angular spectroscopy of surface plasmons was introduced into a spa-
tially resolved measurements by Kano et al., who demonstrated SPR scanning
microscopy in 1998 [29, 30]. Surface plasmons were excited with a high nu-
merical aperture microscope objective that focused the illuminating light via
immersion oil and substrate on a silver film (Fig. 10). Part of the light hit-
ting the metal film at a coupling angle coupled to a surface plasmon on the
thin film, while the rest of the light was reflected back. The reflected light
was collected with the same objective. The angular dip in the reflectivity
was observed as a dark ring in the back focal plane that was projected on
a CCD camera. This approach provides a highly localized measurement and,

Fig. 10 Optical arrangement of SP excitation in scanning SPR microscope (a) and the
intensity distribution at the exit pupil (frequency domain) (b). Reprinted from [32], copy-
right 2004, with permission from Elsevier
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when combined with a scanning mechanism, SPR sensing with a high spa-
tial resolution [31]. Using this approach, Kano and Knoll were able to observe
particles as small as 1.5 µm in diameter [32].

3.1.2
SPR Sensors Based on Prism Couplers and Wavelength Modulation

A convenient modular SPR sensor based on wavelength modulation was de-
veloped by Homola et al. [33–35]. The sensor consisted of a halogen lamp,
SPR sensor platform, and spectrometer (Fig. 11). White light from the halo-
gen lamp was brought to the SPR sensor platform via a multimode optical
fiber. The sensor platform comprised an input collimator producing a large
diameter parallel beam, a glass prism with an attached SPR chip (coated with
a 50 nm thick gold layer), polarizer, and multichannel output collimator. The
output collimators coupled the light into optical fibers, which were connected
to inputs of the spectrograph (Fig. 11).

Further optimization of this approach allowed the sensor to resolve
changes in the coupling wavelength as low as 1.5×10–3 nm, which for the
sensor sensitivity of 7500 nm RIU–1, translates to a refractive index resolution
of 2×10–7 RIU [6].

An alternative geometry of this design, employing a planar optical light-
pipe instead of the prism coupler, has been proposed by Nenninger et al. with
the goal of eliminating the need for refractive index matching between the
prism coupler and a chip [36]. The optical layout of this sensor is shown in
Fig. 12. White light from a polychromatic light source was coupled in and
out of the lightpipe by means of optical prisms. When propagating in the

Fig. 11 SPR sensor with wavelength modulation in four-channel configuration [75]
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Fig. 12 A dual-channel lightpipe SPR sensor with wavelength modulation. Reprinted
from [36], copyright 1998, with permission from Elsevier

lightpipe, the light excited surface plasmons in a central portion of the light-
pipe coated with a thin gold film. The light transmitted through the lightpipe
was detected and analyzed by a spectrograph. At the operating wavelength of
630 nm, a refractive index resolution of 6×10–6 RIU was achieved [36].

In order to increase the amount of information in SPR sensors with wave-
length modulation, the wavelength division multiplexing (WDM) approach
was proposed by Homola et al. [37]. In this approach, signals from mul-
tiple surface plasmons excited in different areas of a sensing surface are
encoded into different regions of the spectrum of the light wave. Two con-
figurations of WDMSPR sensors have been reported [38, 39]. In the first
approach, a wide parallel beam of polychromatic light is made incident onto
a sensing surface consisting of a thin gold film, a part of which is coated
with a thin dielectric film (tantalum pentoxide) (Fig. 13a). As the presence
of the thin dielectric film shifts the coupling wavelength to a longer wave-
length (compared to the bare gold) the reflected light exhibits two dips
(Fig. 13c) associated with the excitation of surface plasmons in the area with
and without the overlayer [38]. The second approach to WDMSPR sensing
uses a special kind of prism in which a polychromatic light is sequentially
incident on different areas of the sensing surface at different angles of in-
cidence (Fig. 13b) [39]. Due to the different angles of incidence, the surface
plasmons in each region are excited with a different wavelength of the in-
cident light. Therefore, the spectrum of transmitted light contains multiple
dips associated with surface plasmons in different areas of the sensing surface
(Fig. 13c). A combination of the WDMSPR approach with the conventional
parallel architecture, leading to an eight-channel SPR sensor was also demon-
strated [39]. The bulk refractive index sensitivities of the two WDM channels
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Fig. 13 SPR sensors with wavelength division multiplexing. a Spectral encoding by means
of a high refractive index overlayer [38]. b Spectral encoding by means of altered angles
of incidence [39]. c Spectral reflectivity with two SPR dips

was SB(640 nm) = 2710 nm RIU–1, SB(790 nm) = 8500 nm RIU–1, and refrac-
tive index resolutions of 1.3×10–6 RIU and 7×10–7 RIU, respectively, were
achieved [39].

A miniaturized SPR sensor with wavelength modulation and a retro-
reflecting prism was proposed by Cahill et al. [40]. Polychromatic light was
coupled into a prism of a special shape using an optical fiber and collimating
lens (Fig. 14). Reflected light was collected with the same optics to the illumi-
nating fiber and separated from the incident light by means of a fiber coupler.
A refractive index sensitivity of about 6000 nm RIU–1 and a refractive index
resolution of 3×10–5 RIU were demonstrated with this type of SPR sensor.
An advanced design of this sensor employing the WDM overlayer approach
was demonstrated to provide a better sensor stability [41].

In order to improve the performance of SPR sensors, research into long-
range surface plasmons (symmetrical SP) have been pursued. An SPR sen-
sor exploiting long-range surface plasmons was demonstrated by Nenninger
et al. [42]. In this work, a long-range surface plasmon was excited on
a special multilayer structure consisting of a glass substrate, 700 nm thick
Teflon AF layer, and 24 nm thick gold layer. A refractive index sensitivity of
30 000 nm RIU–1 was reported at a wavelength of 690 nm, resulting in a re-
fractive index resolution of about 2×10–7 RIU [42]. Most recently, Slavík and
Homola demonstrated a sensor based on an asymmetric multilayer structure
employing both the symmetric and antisymmetric surface plasmons sup-
ported by a thin gold film [43].
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Fig. 14 SPR sensor based on a retro-reflecting probe. Reprinted from [40], copyright 1997,
with permission from Elsevier

3.1.3
SPR Sensors Based on Prism Couplers and Intensity Modulation

While the first SPR sensors with prism coupling used intensity modula-
tion [2], since the late 1980s, this modulation approach has become par-
ticularly attractive for the development of SPR sensing devices for spatially
resolved measurements. The first type of SPR sensor with spatial resolution
is an SPR imaging sensor [44, 45]. In SPR imaging, a parallel TM-polarized
beam of monochromatic light is launched into a prism coupler and made
incident on a thin metal film at an angle of incidence close to the coupling
angle for the excitation of surface plasmons. The intensity of reflected light
depends on the strength of the coupling between the incident light and the
surface plasmon and therefore can be correlated with the distribution of the
refractive index along the metal film surface. This approach allows creation
of sensing devices with a large number of sensing areas – sensing channels
(> 100) [15, 17, 46]. In order to increase the sensor stability and optimize the
contrast of SPR images, Fu et al. introduced an SPR imaging setup employing
a white light source and a bandpass interference filter [47]. Their SPR sensor
instrument, operating at a wavelength of 853 nm, was demonstrated to pro-
vide a refractive index resolution of 3×10–5 RIU [17]. The spatial resolution
of this system was better than 50 µm.

Recently, Piliarik et al. proposed an SPR imaging configuration based on
the combination of SPR imaging with polarization contrast and a spatially
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patterned multilayer SPR structure [15]. In this configuration, a prism cou-
pler with a special patterned multilayer structure was placed between two
crossed polarizers (Fig. 15). The output polarizer blocked all the light re-
flected from the (inactive) areas outside the sensing pads, generating high-
contrast images. Two types of SPR pads with opposite sensitivities to re-
fractive index were employed. The reflected light was imaged on a 2D CCD
detector and the ratio of the intensities generated from neighboring pads was
used to provide a sensor output immune to changes in the intensity of the
emitted light. This sensor was demonstrated to provide refractive index reso-
lution better than 5×10–6 RIU in more than 100 sensing channels (size of
each sensing spot was 400×800 µm).

A dual-wavelength SPR imaging was proposed by Zybin et al. [48], who
used two laser diodes which were switched on sequentially, and the intensities
of the reflected light at the two different wavelengths were measured (Fig. 16).
The sensor output was defined as a difference of these two signals. A refrac-
tive index resolution as low as 2×10–6 RIU was achieved when averaging over
a large beam diameter (6 mm2) was used.

Fig. 15 SPR imaging using polarization contrast and special SPR multilayer structures
with crossed sensitivities. The setup layout (a) and the sensor chip with measuring
pads (b) [15]

Fig. 16 Dual-wavelength SPR imaging (a) and spectrum of the reflected light (b).
Reprinted from [48], copyright 2005, with permission from American Chemical Society
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Fig. 17 SPR interferometric sensor: 1 light beam, (2, 4) polarizer, (3, 10) beam-splitting
cubes, (5) phase-retarding glass plate, (6) mirror, (7) SPR prism, (8) gold film, (9) pat-
terned coating, (11) analyzer, (12, 13) imaging lenses, (14) CCD camera. Reprinted
from [49], copyright 2000, with permission from Elsevier

Nikitin et al. developed two interferometric approaches to SPR imag-
ing [49]. The first approach was based on a Mach–Zehnder interferometer
combining TM-polarized signal and reference beams (Fig. 17). The second
method was based on the interference of the TM-polarized signal beam with
the TE-polarized reference beam [50]. This configuration was demonstrated
in two modes: (a) phase contrast (Zernike phase contrast) increasing the sen-
sor sensitivity and (b) “fringe mode”, in which there was a definite angle
between the interfering beams and a pattern of interference fringes was su-
perimposed to the image of the surface. Local variations in the phase of the
signal beam reflected from the surface resulted in bending and moving the in-
terference fringes. This approach allowed resolving a refractive index change
in the order of 10–7 RIU. A similar configuration was used for gas flow imag-
ing by Notcovich et al., who achieved a refractive index resolution of about
10–6 RIU [51].

3.2
SPR Sensors Based on Grating Couplers

Although to date grating couplers have been used in SPR to a lesser extent
than have prism couplers, they offer some very attractive features. Most im-
portantly, as gratings can be fabricated by techniques such as replication into
plastic substrates, grating-based SPR chips provide an avenue to low-cost SPR
sensors.

3.2.1
SPR Sensors Based on Grating Couplers and Angular Modulation

Dostalek et al. reported a grating-based SPR sensor with angular modula-
tion and a high number of sensing channels suitable for high-throughput
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Fig. 18 Grating-based SPR sensor with angular modulation for high throughput screening
applications (a) and a typical image with two SPR minima (b) [52]

screening applications [52]. In this configuration, a collimated beam of
monochromatic light was focused with a cylindrical lens on a row of gold-
coated diffraction gratings and reflected under nearly normal incidence
(Fig. 18). The angular spectra were transformed back to a collimated beam
by means of a focusing lens and projected onto a 2D CCD detector. Dif-
ferent rows of gratings were read sequentially by moving the beam splitter
and cylindrical lens with respect to the sensor chip. Due to the normal inci-
dence and symmetry of the structure, two SPR dips were observed for each
diffraction grating. The sensor was operated at wavelength 635 nm and pro-
vided an angular sensitivity of 80 deg RIU–1. A refractive index resolution of
5×10–6 RIU was achieved for simultaneous measurements in over 200 sens-
ing channels [52].

3.2.2
SPR Sensors Based on Grating Couplers and Wavelength Modulation

Jory et al. demonstrated an SPR sensor based on a grating coupler and
wavelength modulation [53]. A collimated beam of polychromatic light
was made incident on a metal-coated grating. The reflected beam was
collected and directed to a spectrum analyzer. In order to improve the
accuracy of the measurement of the coupling wavelength, an approach
combining the wavelength modulation with an acousto-optic tunable filter
(AOTF) was introduced (Fig. 19) [54]. The AOFT was utilized to modulate
the wavelength of narrow-band incident light around the resonant wave-
length (∼ 636 nm). A differential reflectivity profile, correlated with the
incident wavelength, was registered by a detector. By locking to the zero
differential corresponding to the SPR reflectivity minimum and monitor-
ing the AOTF drive frequency, the SPR minimum position was measured
with an accuracy better than 0.0005 nm. This accuracy in determining the
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Fig. 19 Grating coupler SPR sensor with wavelength modulation (a) and its improve-
ment using AOTF (b). Reprinted from [53], copyright 1994, with permission from Elsevier
and [54], copyright 1995, with permission from Institute of Physics Publishing

coupling wavelength translates to a refractive index resolution better that
1×10–6 RIU.

Recently, an SPR sensor using a wavelength division multiplexing (WDM)
on a multidiffractive grating was reported [55]. A polychromatic light beam
was made incident onto a special metallic grating with a grating profile com-
posed of multiple harmonics. The reflected light contained multiple SPR dips,
one for each grating period. By probing refractive index changes at the sensor
surface using multiple surface plasmons of different field profiles, it is pos-
sible to distinguish surface refractive index changes (e.g., due to the binding
of analyte to the biorecognition elements immobilized on the sensor surface)
from background refractive index variations (e.g., due to the sample com-
position variations). A refractive index resolution of about 5×10–6 RIU was
achieved with this type of sensor [56].

3.2.3
SPR Sensors Based on Grating Couplers and Intensity Modulation

Brockman et al. presented an SPR imaging device with grating coupled SPR
in a microarray of measuring channels. This microarray imaging approach
was capable of parallel analysis of spatially distributed information along
the sensor surface [57]. A collimated monochromatic light beam (wavelength
860 nm) was made incident onto a plastic chip with a gold-coated diffrac-
tion grating. An array of 400 sensing channels was prepared on the chip
by means of spatially resolved functionalization (spots 250 µm in diameter).
Upon reflection from the chip, the light was projected onto a 2D CCD ar-
ray (Fig. 20). This approach was commercialized by HTS Biosystems in the
flex-chip system [57].



112 M. Piliarik · J. Homola

Fig. 20 Concept of an SPR sensor based on a grating coupling and intensity modulation
(FLEX CHIP) [57]

3.3
SPR Sensors Based on Optical Waveguides

Over the last 15 years, numerous SPR sensors based on optical fibers or inte-
grated optical waveguides have been proposed. Waveguide-based SPR sensors
use either wavelength or intensity modulation and offer compact and minia-
ture sensing elements with the ability to perform localized measurements in
hard-to-access locations.

3.3.1
Fiber Optic SPR Sensors

A fiber optic SPR probe with wavelength interrogation was proposed by Jor-
genson and Yee [58]. The sensor consisted of a multimode optical fiber with
locally exposed core and a thin gold film evaporated around it. A mirror at
the end of the sensing area reflected the light back to the fiber and a fiber
optic coupler was used to separate the reflected light from incoming illumina-
tion [59]. The refractive index resolution reported with this sensor was about
5×10–5 RIU. Truilett et al. reported a fiber optic SPR sensor using a similar
structure (a multimode optical fiber with locally removed cladding and gold
layer deposited around the fiber core). However, the fiber was illuminated
by a monochromatic light through special optics to selectively excite fiber
modes within a narrow angular span of incident light, and detected changes
in the intensity of transmitted light [60]. A refractive index resolution better
than 8×10–5 RIU was reported with this type of sensor. The major drawback
of SPR sensors based on multimode optical fibers is the modal and polar-
ization conversion due to perturbations of the fiber (e.g., bends or defects)
which limit the stability of the sensor output. In order to overcome this prob-
lem, SPR sensors based on single-mode optical fibers were developed [61, 62].
Single-mode optical fibers support only one mode of the electromagnetic
field and therefore no modal conversion can occur. A fiber optic SPR sensor
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Fig. 21 SPR fiber optic probe using a side-polished single-mode optical fiber [63]

using a side-polished single-mode optical fiber with a thin metal overlayer
was developed by Homola [62]. Later, this geometry was reduced to a minia-
ture SPR fiber optic probe (Fig. 21) [63].

An intensity-modulated version of such a sensor was shown to pro-
vide a refractive index resolution better than 2×10–5 RIU. A wavelength-
modulated version of this sensor exhibited even better resolution –
5×10–7 RIU [64]. However, these SPR sensors suffered from polarization in-
stability, even when light depolarization was introduced. To eliminate this
source of instability, SPR sensors using polarization-maintaining fibers were
introduced [65]. These sensors were demonstrated to provide a refractive
index resolution of about 2×10–6 RIU.

3.3.2
Integrated Optical SPR Sensor

Since the demonstration of the first integrated optical SPR sensor by re-
searchers at the University of Twente in the late 1980s [66], integrated optical
SPR sensors using slab waveguides [67] and channel waveguides [68] have
been developed.

An integrated optical SPR sensor with intensity modulation and one sens-
ing and one reference channel was reported by Mouvet et al. [68]. The signal
from the sensing channel was normalized to the signal from the reference
channel, resulting in increased stability and refractive index resolution of
5×10–5 RIU [69]. An integrated optical SPR sensor with wavelength modu-
lation (Fig. 22) was demonstrated to provide a refractive index resolution as
low as 1×10–6 RIU [70].

Fig. 22 Integrated optical SPR sensor with wavelength modulation [70]
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The operating range of an integrated SPR sensor is determined by the
refractive indices of the materials involved and the operating wavelength,
which sets the operation range above 1.4 for conventional waveguides and
wavelengths in the visible and near infrared. In order to shift the operating
range of integrated optical sensors so that it includes aqueous environments,
various approaches have been explored. These include an integrated optical
waveguide fabricated in low refractive index glass [71], a buffer layer [67],
a high refractive index overlayer [72], and more complex multilayer struc-
tures [73, 74]. However, all 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 sample.

4
Summary and Outlook

Over the last two decades, SPR instrumentation has made great strides in
terms of optical systems, data processing, and (micro)fluidics. Bench-top
high performance systems as well as small, compact SPR sensing devices have
been realized. SPR sensors based on grating couplers have shown promise for
mass production of low-cost SPR sensing devices. Highly miniaturized SPR
sensors based on optical waveguides have also been demonstrated, although
their fabrication is still rather complex and costly.

As SPR biosensor technology advances toward parallelized high-through-
put screening systems, there is a growing need for optical systems compatible
with massively parallel operations. SPR imaging presents a promising ap-
proach especially for applications where resolution is not a key issue. In the
future, this approach is likely to be complemented by platforms based on
spectroscopy of surface plasmon sensor arrays. Other directions for future re-
search in the field of SPR sensors include improvement of the sensitivity of
SPR sensor technology and development of robust referencing approaches,
maintaining performance of SPR sensors even in non-laboratory environ-
ments.
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E-mail: homola@ee.washington.edu

Received 2 August 2002, accepted for publication 25 September 2002
Published 1 November 2002
Online at stacks.iop.org/MST/13/2038

Abstract
We have examined the noise sources for a surface plasmon resonance (SPR)
sensor system to facilitate optimization of SPR sensor instrumentation and
data-processing methods for high-resolution SPR sensing. We found
detector shot noise to be the dominant source of noise in the SPR sensor, and
investigated the propagation of noise through a commonly used SPR sensor
data-processing algorithm. Deriving an expression relating the detector
noise level to the noise of the output data, we used measurements of the
magnitude and distribution of both charge-coupled device and photodiode
array detector noise to predict the noise levels observed in the sensor output.
We used this method to optimize the parameters of the algorithm and
introduced a modified algorithm with enhanced resistance to correlated light
level noise. In addition, we evaluated the noise performance of alternative
SPR sensor designs, including a sensor with no polarization optics and
another with optics producing an inverted SPR absorption feature.
Experimental SPR sensor data demonstrated good agreement with predicted
noise levels.

Keywords: surface plasmon resonance, biosensors, optical sensors,
data processing

1. Introduction

Over the past decade surface plasmon resonance (SPR) sensors
have become the primary means for studying biomolecules
and for biomolecular interaction analysis (BIA) [1]. SPR
sensors are increasingly finding application in biological
analyte detection, including detection of proteins, toxins,
drugs, allergens, viruses, DNA and bacteria [2]. The detection
limit of SPR biosensors is constrained in part by the affinity of
the recognition elements (e.g. antibodies), and ultimately by
the noise-based resolution of the instrument itself. Therefore,
improving the resolution of SPR sensors is important for
expanding the applicability of SPR biosensors.

When the noise levels of the detector, light source and as-
sociated electronics are reduced to improve the resolution of
the SPR sensor, algorithm effects which were not previously

3 Author to whom any correspondence should be addressed.

visible may appear. When evaluating competing methods of
data analysis it is therefore useful to understand the major
sources of SPR sensor noise and to predict the best resolution
of the method for a given input noise level and set of algorithm
parameters. Sources of additional noise or incorrect applica-
tion of the algorithm may then be identified and eliminated.

Earlier approaches to understanding the performance of
SPR sensor data analysis have included studies of the effects
of noise and comparisons between algorithms. Johnston et al
[3] compared locally weighted parametric regression and other
methods for low- and high-noise detectors, demonstrating that
a small number of low-noise detector pixels may outperform a
larger but noisier detector array. Chinowsky et al [4] linearized
several algorithms to evaluate the performance of an optimal
linear data analysis method, providing a means for optimizing
algorithm parameters. Johansen et al [5] considered the
contribution of analogue-to-digital (A/D) converter resolution
and number of pixels in the detector array to the performance of
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Figure 1. SPR sensor based on intensity modulation and the Kretschmann geometry of the ATR method. (a) Structure: SF14 glass prism,
50 nm thick gold layer, n = 1.35 RIU sample. (b) Reflected intensity of a TM light wave exciting a surface plasma wave as a function of the
wavelength, for a 54◦ angle of incidence.

a number of SPR data analysis algorithms, albeit in the absence
of noise.

In this paper we consider the sources and characteristics
of noise in an SPR sensor system and evaluate the effect
of noise on methods of data analysis. We discuss methods
for predicting the effect of noise on the output of the
data-processing algorithm and provide experimental results
showing the effect of algorithm parameters on the noise of
the sensor output.

2. Principles of SPR biosensing

In SPR sensors, a special mode of an electromagnetic field at
a metal–dielectric interface—a surface plasmon—is used to
probe the refractive index of the dielectric medium (sample).
The electromagnetic field of the surface plasmon is localized
at the metal–dielectric interface and decays evanescently into
both media. This field concentration makes the surface
plasmon very sensitive to effects occurring in the vicinity
of the surface of the metal (<100 nm). In SPR biosensors,
biomolecular recognition elements (e.g. antibodies) are
immobilized on the metal layer. If the sample contains target
molecules, they bind to the biomolecular recognition elements,
altering the refractive index near the surface of the sensor.
This change produces a change in the propagation constant
of the surface plasmon that can be determined by optical
spectroscopy.

Most frequently, spectroscopy of surface plasmons
is performed in the attenuated total reflection (ATR)
geometry [6]. In the Kretschmann geometry of the ATR
method, light passes through a high-refractive-index prism,
tunnels through a thin metal layer (∼50 nm thick) and excites
a surface plasmon at the outer boundary of the metal layer
interfacing the sample. The intensity of the reflected light
is diminished as part of the energy of the incident wave is
transferred to that of the surface plasmon. The resonant
excitation of the surface plasmon occurs at a specific angle of
incidence and wavelength of light. Therefore, if the incident
light contains multiple wavelengths (or angles), only light
within a narrow band of wavelengths (or angles) will be
attenuated due to the surface plasmon excitation, producing
a characteristic dip in the wavelength (or angular) spectrum of
the reflected light. The spectral position of the resonant dip,

in angle or wavelength, varies with the refractive index at the
sensor surface. An illustration of prism coupling of incident
light into a surface plasmon and the resulting reflectivity curve
is provided in figure 1.

3. Processing data from an SPR sensor

A detector array is used to measure the spectrum of reflected
light in the SPR sensor. The detector array may be part of a
spectrometer, measuring the wavelength spectrum of the light,
or may detect the angular-based output of an SPR sensor using
a monochromatic light source. While we shall focus on SPR
sensors with spectral modulation (the position of the SPR dip
is observed in the wavelength spectrum) in this analysis, the
conclusions of this study can also be applied to SPR sensors
with angular modulation (in which the position of the SPR dip
is observed in the angular spectrum).

In spectral modulation-based SPR sensors, polychromatic
light reflected from the metal layer is dispersed over the
detector array, illuminating each pixel with light of a
slightly different wavelength. The detector array is digitized
periodically, producing a series of spectra in time. These
spectra contain SPR information in a rather raw form, as the
shape of the spectra is influenced by a variety of other effects
such as the emission spectrum of the light source and the
spectral diffraction efficiency of the grating used to disperse the
light. In order to reconstruct the SPR spectrum the spectra are
normalized. First, each spectrum is corrected by subtracting
the dark current caused by leakage current in the detector
(the detector response in the absence of illumination). Then,
the resulting spectrum is divided by a reference spectrum
to compensate for the spectrally dependent intensity of the
source, absorption or losses in the optical system and spectral
variation in the detector efficiency. Because a surface plasmon
is transverse magnetic (TM)-polarized, it is common to use a
transverse electric (TE)-polarized spectrum for the reference,
although other non-resonant spectra may be used. Figure 2
shows the relationship between these spectra.

Often the spectra are averaged to reduce the effects of noise
on the output spectra. If we suppose ideally independent noise
with normal statistical distribution, time-based averaging of n
spectra results in a decrease in the noise standard deviation of
the averaged spectra by a factor of

√
n [7]. The dark current
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Figure 2. Example of the use of dark and reference spectra to
produce a normalized spectrum.

and reference spectra are generally acquired only once, at the
beginning of SPR measurement, and therefore can be averaged
almost without limits. Averaging of spectra dynamically
generated by the SPR sensor is, however, more limited and
depends primarily on the readout time of the detector array
and the desired sensor output rate.

3.1. Centroid method

A variety of data-processing algorithms have been used to
determine the position of the SPR minimum. These methods
include quadratic or other regression curve fits [8, 9], a
centre-of-mass or centroid method [10], locally weighted
parametric regression [3] and optimal linear data analysis [4].
The centroid method for determining the resonance position
of an SPR-modulated spectrum is a simple method which
finds the geometric centre of the resonance minimum.
Although the geometric centre is not necessarily located
at the spectral position of the minimum reflectivity (the
resonant dip is typically asymmetrical), most SPR applications
involve relative measurements, so the offset of the geometric
centre does not affect the final measurements. The centroid
algorithm, which is applied to pixels with values falling below
the threshold value xthresh , yields the centroid value C:

C =
∑

i i(xthresh − xi )∑
i(xthresh − xi )

(1)

where xi is the value of spectrum pixel i . The threshold is
an important parameter which affects the noise level of the
centroid output. A higher threshold value will generally reduce
the centroid noise by including more pixels in the calculation
of the resonance position.

3.2. Tracking centroid method

The threshold-based simple centroid algorithm makes the
assumption that the resonant depth does not change during
the experiment. Therefore, one disadvantage of this algorithm
is that it is susceptible to correlated light-source noise, such
as an overall change in the intensity of the light source.
Such changes cause the spectrum to be raised or lowered

Tracking Span

Full
Pixel

Partial
Pixel

Partial
Pixel

Pixel
Value

Figure 3. Interpolated centroid method used in the interpolated
tracking centroid algorithm. The contributions of the end pixels are
reduced according to their fraction contained within the tracking
span.

relative to the threshold, including more or fewer pixels in
the centroid calculation. Asymmetry of the resonant dip
causes an apparent, erroneous shift in the resonant position.
To reduce the susceptibility of the threshold-based centroid
algorithm to correlated light-source noise, we have developed
a modified centroid algorithm we refer to as the interpolated
tracking centroid algorithm. This modified algorithm makes
the assumption that the width of the resonant dip does not
change over the course of the experiment. The modified
algorithm consists of two interrelated portions: a tracking
algorithm and an interpolation routine.

First, the discrete normalized spectrum is used to create a
piecewise-linear spectrum, using linear interpolation between
pixels. The tracking algorithm then uses an operator-selected
tracking span to follow an SPR dip as it moves in the spectrum.
The tracking span is the distance between two pixels on
opposite sides of the resonance dip, generally selected to be
roughly equal to the full width at half minimum (FWHM).
The algorithm looks in the vicinity of the last known resonance
position and positions the tracking span such that the endpoints
have equal values. Due to the spectral interpolation, the
tracking span position is continuous and does not have to fall
on a discrete pixel position. The tracking algorithm provides a
general method for tracking arbitrary resonance features. For
instance, it has been used to track multiple resonances within
the same spectrum simultaneously [11–13].

The interpolation portion of the interpolated tracking
centroid algorithm takes advantage of the continuous
positioning of the tracking span within the discrete spectrum.
The linearity of the centroid calculation is improved by
weighting the end pixels less than a full pixel. The weighting
corresponds to the fraction of the pixel included within
the tracking span. Figure 3 illustrates this interpolation
process, which eliminates an algorithm discontinuity that
would otherwise occur when the tracking span moves to the
next discrete pixel. Since we use a simple linear interpolation
between pixels at the ends of the tracking span, we apply a
spatial smoothing algorithm to each spectrum to improve noise
performance. This smoothing reduces the overall noise of the
output data for the interpolated tracking centroid algorithm
since only four pixels are otherwise used to determine the
position of the tracking span. An alternative would be to use a
curve fit considering more pixels when making the continuous
model of the spectrum. To reduce distortion of the spectrum,
we have used a triangle weighting algorithm which weights
the pixels near the pixel being smoothed more heavily than
those further away. For a given smoothing value, s, a triangle
aperture 2s − 1 pixels wide is convolved with the spectrum.
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4. Sources of noise in SPR sensors with wavelength
modulation

There are many sources of variation in the measured output of
an SPR sensor, including actual changes in the refractive index
caused by the target capture, temperature changes, drift caused
by mechanical or thermal instabilities and noise caused by the
light source, detector and electronics. Noise, usually defined
as short-term random variations in the measured spectra,
originates mainly from fluctuations in the intensity of the light
source and noise from the detector and supporting electronics.

The largest source of noise for the SPR sensor system
is typically detector noise. In general, the noise of a
detector consists of several contributions: shot noise associated
with random arrival of photons and corresponding random
production of conductive electrons, thermal noise due to the
thermal generation of conductive electrons, dark current noise
and readout noise of the supporting electronics. In principle,
the noise may be broken down into two components: light
intensity-dependent noise (shot noise) and light intensity-
independent noise (thermal noise, readout noise and dark
current noise) [14]. Detector performance is usually described
in terms of signal-to-noise ratio, or SNR, which can be
expressed as follows:

SNR = 〈e〉√
var(e)

= 〈e〉
σe

, (2)

where 〈e〉 is the mean number of electrons generated by
photons, var(e) is the variance of the number of electrons, and
σe is the standard deviation of the number of electrons. The
shot noise, thermal noise, readout noise and dark current noise
are statistically independent and therefore they contribute to
the total noise in the following fashion:

σ 2
e = σ 2

s + σ 2
t + σ 2

r + σ 2
d (3)

where σs , σt , σr , and σd denote the standard deviation of
the shot noise, and light intensity-independent noise (thermal
noise, readout noise and dark current noise respectively). The
shot noise obeys Poisson statistics, which makes the variance
of the noise equal to the signal, yielding for the total noise:

σ 2
e = 〈e〉 + σ 2

a (4)

where σa consists of all noise contributions independent of
light levels.

5. Theoretical analysis of the effect of noise on SPR
sensor output

In order to realistically predict the noise of the SPR sensor
output, noise characteristics of the sensor system need to be
determined and properly incorporated in a noise model. We
shall derive an expression for calculating the noise of the
centroid algorithm based on the noise levels of the SPR spectra.

The noise level of the centroid can be represented by the
standard deviation of the centroid, which is simply the square
root of the variance. Using an expression for the change in the
centroid position, C, which sums the effect of each discrete
pixel i , and assuming that the noise of each pixel, dxi , is

Gaussian and zero-centred, we can write the variance of the
centroid as:

σ 2
c = E

{(∑

i

∂Ci

∂xi
dxi

)2}
=

∫ ∞

−∞

(∑

i

∂Ci

∂xi
dxi

)2

f (x) dx

(5)
where E is the expected value and f is the statistical
distribution of the noise. Since the partial derivative of the
centroid is independent of the incremental pixel noise, dxi ,
and since we can assume that the magnitudes of the cross
products in the square of the summation in equation (5) are
much less than the squared terms by assuming that the noise is
independent, then the square of the summation is approximated
by the sum of the squares, giving:

σ 2
c =

∑

i

(
∂Ci

∂xi

)2 ∫ ∞

−∞
x2

i f (xi ) dxi =
∑

i

(
∂Ci

∂xi

)2

σ 2
xi

(6)

where σ 2
xi

is the variance of the noise of pixel xi . Since the
variance of the pixel noise is measurable or can be estimated
based on the measured detector noise and estimated light levels
for a given resonance spectrum, equation (6) provides a method
for estimating the noise of the centroid algorithm. This method
may be applied to other SPR data-processing algorithms by
evaluating the partial derivative of the resonant position for
the contribution of each pixel.

An accurate model of the SPR sensor noise is important for
producing useful estimates of the output noise level. Figure 4
demonstrates the difference between an accurate shot noise
model (noise increasing with light intensity) and a simple
homogeneous noise estimate, in which a single, average noise
level is used to simulate noise across the entire SPR dip. In this
case, the homogeneous noise model overestimates the noise
level for small spans because the actual noise in the pixels
considered is less due to a lower light intensity. For large spans,
in which noisier, higher-intensity detector pixels are included
in the calculation of the centroid, the homogeneous model
predicts lower than actual noise levels. Of greater concern
is the fact that the homogeneous model does not accurately
predict the optimum number of pixels to be included in the
centroid calculation for the lowest output noise.

In addition to predicting the noise performance of data-
processing algorithms and choosing the optimum values for
parameters used by the algorithm (such as the threshold value
for the centroid method), equation (6) may be used for a number
of additional comparisons and applications. Some examples
are provided here.

5.1. Determining optimum gold layer thickness

The noise level of an SPR data-processing algorithm is affected
by the shape of the resonance dip. While a number of factors
may affect the shape of the absorption, one basic parameter
with a direct impact on the shape and width of the dip is the
thickness of the gold layer. Using a Fresnel thin-film model
to predict the spectrum from an SPR sensor and adding noise
levels for the spectrometer detector array, equation (6) may
be used to predict the minimum noise level for an SPR sensor
with a given gold layer thickness. The optimum gold thickness
from the standpoint of noise may then be determined.
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Figure 4. Theoretically predicted SPR sensor centroid noise levels
for various centroid spans (see inset), comparing a realistic
shot-noise model (noise increasing with intensity) with a fixed-value
homogeneous noise model (light-independent noise). The
homogeneous noise level was set to the mean noise level of the
resonant dip.

A number of assumptions were made for this comparison.
For simplicity, the intensity of the light source was assumed to
be constant over wavelength, with a level at the spectrometer
of 4000 counts. This constant source light level was multiplied
by the normalized TM-polarized reflectivity of the SPR sensor,
simulating the response of the spectrometer to an actual SPR
sensor. In a real sensor system, the source light level would be
non-uniform over wavelength, and portions of the spectrum
corresponding to lower light levels would therefore have a
reduced detector noise level, but also a reduced SNR. The
spectrometer was assumed to have pixels at a spacing of
1 nm. Detector noise levels were based on measured data
from a charge-coupled device (CCD) and a photodiode array
(PDA) detector, as described in the experimental section of
this paper. The sensor configuration was SF14 glass, 2 nm
chromium layer, 50 nm gold layer, water, with an operating
angle of 49.62◦.

Noise levels were calculated for a centroid algorithm for
a range of centroid spans, and the lowest noise levels for each
gold thickness were compared, as shown in figure 5. Based
solely on algorithm noise, a gold layer thickness of 55–65 nm
would provide the lowest noise level for the configuration
studied here.

5.2. Effect of reducing non-modulated light

The SPR dip in the output spectrum of an SPR sensor occurs
only in TM-polarized light, so a polarizer is generally used to
reduce the level of the non-modulated TE-polarized light. The
use of a polarizer to select the TM-polarized signal provides a
benefit by improving the SNR of the sensor, thereby reducing
the overall noise level of the sensor. Using equation (6), we
can predict the increase in the sensor noise caused by the
elimination of the polarizer. For this comparison, we use the
same assumptions and sensor configuration as the previous
comparison. The elimination of the polarizer in the SPR sensor
increases noise by 3 times for a CCD detector and 2.4 times
for a PDA detector.
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Figure 5. Effect of gold layer thickness on centroid algorithm noise,
due to changes in the SPR spectral shape. Predicted noise levels are
provided for both a CCD and photodiode detector with each pixel
corresponding to 1 nm spectral width. Sensor configuration: SF14
glass, 2 nm chromium, gold, water analyte; angle of
incidence 49.62◦.
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Figure 6. Typical experimental spectrum for an inverted SPR
signal, achieved through the use of crossed polarizers and a phase
retarder. The spectrum for the same sensor in a conventional SPR
sensor arrangement is shown for comparison.

Continuing with the strategy of reducing non-modulated
light levels, SPR sensors have the unfortunate characteristic
of a lower-intensity spectral feature in an otherwise bright
background. However, it is possible to use a phase retarder and
crossed polarizers to produce an inverted SPR sensor response,
where the resonance appears as a peak rather than an absorption
dip [15], as in figure 6. Using these experimentally measured
spectra and measured detector noise levels and applying
equation (6), the inverted SPR arrangement is expected to show
an improvement over a conventional SPR sensor of 9% lower
noise for a CCD detector and 12% lower noise for a PDA
detector.

6. Experimental details

6.1. Experimental setup

To perform noise analyses of real SPR sensors, we used a light
and temperature stabilized SPR instrument. Polychromatic
light from a stabilized tungsten–halogen light source was
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converter, integration time 6 ms. PDA-based S1024DW spectrometer and ADC-1000USB A/D converter, integration time 30 ms.)

coupled into a multimode optical fibre and collimated using an
aspheric lens (Zeiss, Inc.), polarized with a dichroic polarizer
(Polarcor by Corning, Inc.) and coupled into a 60◦ SF14 glass
prism to which the sensor chips were index-matched by means
of refractive index matching fluid (Cargille). The reflected
light was focused into the output optical fibre and brought to
the input of either a CCD-detector spectrograph (Ocean Optics
S2000 with 2048 pixels and a spectral range of 530–1200 nm),
or a PDA spectrograph (Ocean Optics S1024DW with a 1024
pixel deep-well detector and a spectral range of 500–1125 nm).
The signal from the spectrograph was converted to a digital
signal using a 12-bit A/D converter, using either an Ocean
optics model ADC500 or ADC1000USB converter. The linear
A/D converter quantifies the number of measured electrons to
corresponding digital levels of detected signal (counts). This
process is characterized by A/D converter gain—the number
of electrons corresponding to one signal count. To bring liquid
samples in contact with the sensor surface, a Teflon flow cell
was pressed against the sensor chip, and a 12-roller peristaltic
cartridge pump (Ismatec SA) was used to flow samples across
the sensor surface. A thermal control unit was used to control
the temperature of the sample and the sensor. Sensor chips
were manufactured on rectangular SF14 glass substrates by
depositing a 2 nm chromium adhesion layer followed by 50 nm
of gold using vacuum thermal deposition.

6.2. Quantification of noise in the SPR sensor

We measured the magnitude and standard deviation of the
spectral noise by recording spectra over time (total of 800
spectra) with no averaging and calculating the distribution of
the noise versus the mean detector level. Figure 7 compares
detector noise and its intensity light dependence for a CCD
and a PDA detector. As expected, the standard deviation of the
noise increased with the square root of the intensity and was
offset by additive noise. For most detector levels, the standard
deviation of the shot noise was substantially higher than that
of the additive noise. The PDA detector was found to exhibit
much lower noise than the CCD detector. The contribution of
the additive noise is relatively larger for the PDA detector than
for the CCD.
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Figure 8. Measured statistical distribution of noise from a CCD
detector at two different light levels, fit with Gaussian curves.

Figure 8 shows the frequency of appearance of observed
intensities for two different mean intensities. To create this
figure, the digitized outputs of two selected spectrometer pixels
were recorded over time from a CCD detector. A series of
1000 measurements for each pixel were collected and the
values displayed as a histogram. Apparently, the distribution
of measured signal noise at its mean value obeys Gaussian
statistics. As illustrated in the figure, increasing the light
level by a factor of 5.7 causes broadening of the width of the
Gaussian noise distribution (and standard deviation) by a factor
of

√
5.7 = 2.4.
Detector output is expressed in count levels in figure 7.

The conversion between the number of generated electrons
and count level is given by the gain, G , of the detector:

〈c〉 = 1

G
〈e〉 (7)

where 〈e〉 and 〈c〉denote detector output signal in electrons and
counts respectively. For noise, by manipulating equation (4)
and using equation (7), one can obtain:

G2σ 2
C = G 〈c〉 + G2σ 2

aC (8)
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which can be regrouped to yield:

σ 2
C = 〈c〉

G
+ σ 2

aC . (9)

This indicates, that the slope of signal variance versus signal
mean equals 1/G . Using the experimental signal variance
versus signal intensity data (figure 7), we calculated detector
gain for the CCD detector (6.53 electrons/count) and the PDA
detector (2562 electrons/count). The standard deviation of
the additive noise was determined to be 37.4 electrons for the
CCD detector and 3104 electrons for the PDA detector. The
SNR as a function of the mean number of electrons is shown
in figure 9. This figure compares the real detection ranges
for these detectors and also depicts the detection limit that
corresponds to SNR = 1 and detector saturation level, which is
determined by the depth of the electron well. The experimental
data show good agreement with the model for both the CCD
and PDA detectors.

Note that the maximum PDA detector SNR is about 14
times higher then that of the CCD. This is caused by the roughly
200 times higher saturation level of the PDA, largely due to the
deeper wells of the PDA detector compared with those of the
CCD. However, at low light levels, the operating range of the
PDA detector is limited by dark noise that is about 95 times
higher than that for the CCD.

We also measured correlation between noise at different
detector pixels. No significant correlation of intensities
at different pixels could be observed with the CCD-based
spectrometer, due to the relatively high noise levels of the CCD
detector array. However, a slight correlation in the noise of the
individual detector pixels was measured using a lower-noise
PDA detector (figure 10). The correlation for noise at different
pixels is not constant across the detector but depends on the
spacing of the pixels involved. A higher correlation (up to
0.4) is observed for neighbouring pixels, while distant pixels
exhibit low correlation, typically less than 0.1. This correlation
is probably associated with fluctuations in the intensity of the
light source, which are not homogeneous across the emitted
spectrum.

6.3. Effect of noise on SPR sensor output

To study the effects of noise on the performance of the simple
centroid and tracking centroid algorithms, a series of spectra
was collected using the SPR system described above. The
SPR sensor was temperature stabilized and used a feedback-
controlled light source to reduce sources of drift. A sequence of
1000 spectra, collected at a rate of one sample every 0.8 s with
each spectrum consisting of the average of 16 raw spectra, was
saved to a data file for use in the analyses. The series of spectra
was used as the input for data analysis software supporting
tracking and simple centroid algorithms. The data set was
analysed multiple times, with each case using a different
number of pixels within the span of the centroid. The simple
centroid threshold value was set to select the same number of
pixels as the tracking span of the tracking centroid algorithm.

The results of the noise performance of the simple centroid
and tracking centroid algorithms are summarized in figure 11.
As the number of pixels included in the centroid calculation is
increased by raising the threshold value, the standard deviation
of the noise decreases, since a larger number of pixels provides
a better estimate of the SPR dip position. As the span of the
centroid continues to increase, the statistical advantage of an
increased number of samples is offset by the increasing noise
levels of the higher-intensity pixels away from the centre of
the resonance, causing the noise of the centroid to increase
slightly. The predicted noise levels are slightly lower than
experimental values due to the fact that independent noise was
assumed in the predictions. Instrument readout noise in the
spectrometer system, light-source noise and changes in the
position of the SPR minimum over time will cause a slight
amount of correlation between pixels. With the exception
of the unsmoothed tracking centroid, the lowest noise levels
occur when the centroid span is approximately 300 pixels,
roughly the FWHM for the SPR minimum. The increased
noise of the tracking centroid when smoothing is not used is
indicative of the way in which the values of the end pixels of the
tracking span are used, as they set the position of the tracking
span as well as the threshold used in the centroid calculations.
Smoothing the spectrum improves the noise response of the
tracking centroid by reducing the noise of these end pixels.

The data analysis algorithm may be designed to reduce
the effect of correlated noise. For instance, the geometric
centroid of the spectrum does not change with scaling of the
light level (such as a uniform increase in intensity), but the
threshold method used by the simple centroid algorithm for
selecting pixels to be included in the calculation will include
fewer pixels as the light level increases, as described above.

In contrast, the insensitivity of the tracking centroid to
variations in the overall light level is illustrated in figure 12,
which shows the effect of a virtual change in the light power
level by changing the integration time of the CCD detector
array from 3 to 5 ms. The change in integration time
is equivalent to a uniform increase in the intensity of the
light source, and therefore should have little or no effect on
the tracking centroid, while causing the calculated resonant
wavelength of the simple centroid algorithm to shift due to the
asymmetry of the SPR dip.
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7. Discussion

In practice, there are many tradeoffs in the design of an SPR
sensor system for optimum noise performance. For instance,
the lower noise possible with a PDA detector may be offset by
the need for increased integration time due to the lower optical
sensitivity of a photodiode compared with a CCD detector.
Therefore, improvements in resolution will be limited by the
light budget, processing time and required output data rate.
For typical SPR biosensing applications, sensor output should
be generated every 1–5 s.

Using the CCD detector, integration times as low as 3 ms,
and averaging of 500 spectra, we generally achieve resolution
of the resonant wavelength of less than (1.5–2) × 10−3 nm,
yielding an instrument resolution of about 2 × 10−7 RIU
(refractive index units). Substituting a PDA detector into the
same system reduces the standard deviation of the detector
noise level by a factor of 14, potentially yielding an instrument
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Figure 12. Effect of a change in the integration time (from 3 to
4 ms), simulating the effect of a uniform change in light level, on the
response of the simple centroid and tracking centroid algorithms.

refractive index resolution as low as 1 × 10−8 RIU. In practice,
we were not able to demonstrate this resolution, as the light
levels must be increased by a factor of 200 to keep the
integration time and number of averaged spectra the same as
in the case of CCD detector. In addition, our PDA detector has
half as many pixels as our CCD detector for the same spectral
range, causing an additional increase in noise by a factor of

√
2.

Increasing the intensity of the light source and the throughput
of the optical system are the main challenges for improving
the resolution of wavelength-modulated SPR sensors to 10−8

RIU.

8. Conclusions

We have examined the noise sources for an SPR sensor system
and found the detector to be the dominant source of noise for
systems using either CCD or PDA detectors. We determined
the main component of the detector noise to be shot noise.
We have investigated propagation of noise through one of the
most frequently used SPR sensor data-processing methods,
the centroid algorithm. We derived an analytical formula
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interrelating SPR sensor output noise with the noise of SPR
spectra. Using an expression relating the level of detector noise
to the noise of the output data, we used measurements of the
magnitude and distribution of the detector noise to predict the
noise levels observed in the sensor output data. This method
for predicting the level of output noise may be used with
either an analytical expression or a linear approximation of the
data analysis algorithm, providing a generalized method for
analysing the effect of noise on methods of SPR data analysis.

We used this method to optimize parameters of the
centroid to obtain the lowest output noise and introduced
a modification of the centroid method, a tracking centroid
algorithm showing enhanced resistance to correlated noise
(e.g. noise due to the fluctuations in light intensity over the
whole spectrum). We also evaluated alternative SPR sensor
designs with wavelength modulation, including configurations
with an inverted SPR dip and with no polarization optics, and
determined that an inverted SPR configuration provides only
marginal improvement in sensor resolution.

Experimental SPR sensor data were analysed using the
simple centroid and tracking centroid algorithms. These
experiments demonstrated good agreement with predicted
noise levels. The predicted noise levels were slightly less than
experimental noise levels, indicating a slight correlation of the
detector noise.
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Surface plasmon resonance sensor based on a single-mode
polarization-maintaining optical fiber
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Abstract

A novel wavelength modulation-based fiber-optic surface plasmon resonance (SPR) sensor is reported which utilizes both polarization

separation and broad band radiation depolarization in polarization-maintaining fibers to enhance sensor stability. Theoretical analysis of the

sensing structure with ideally separated polarizations based on the mode of expansion and propagation method is presented. The effect of

polarization cross-coupling was also analyzed in the approximation of an equivalent bulk optic structure. A laboratory prototype of the fiber-

optic SPR sensor was characterized in terms of sensitivity and resolution. Experimental results indicate that this fiber-optic SPR sensor is able

to resolve refractive index changes as low as 4 � 10�6 under moderate fiber deformations.

# 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

Optical sensors based on the excitation of surface plas-

mons (SP) have proven to hold great potential for biomo-

lecular interaction analysis and detection of biological

analytes [1]. In order to reach out from centralized labora-

tories, the surface plasmon resonance (SPR) sensors have to

be developed into robust portable sensing devices capable of

operating in the field. Therefore, the development of por-

table SPR sensors has been pursued in research laboratories

worldwide. SPR sensors based on optical fibers currently

represent the highest degree of miniaturization. Such system

would allow for chemical and biological sensing in inac-

cessible locations where the mechanical flexibility and the

ability of optical fibers to transmit optical signals over a long

distance make the use of optical fibers very attractive. In

SPR sensors based on multimode optical fibers the sensing

element encompasses a multimode optical fiber with an

exposed core coated around with a thin metal layer support-

ing surface plasmons [2–4]. These sensors exhibit a limited

resolution mainly due to the inherent modal noise in multi-

mode fibers, causing the strength of the interaction between

the fiber-guided light wave and the surface plasma wave

to fluctuate. In order to overcome this limitation, we have

developed an intensity-modulated SPR sensor based on a

single-mode optical fiber [5,6]. A major drawback of this

SPR sensor design is that fluctuations in the polarization of

light interacting with surface plasmons (e.g. due to optical

fiber deformations) produce fluctuations in the sensor output

and, therefore, polarization of light in the optical fiber needs

to be precisely controlled to ensure stable output. This

undesired sensor output sensitivity to light polarization

can be reduced by using depolarized light and wave-

length-modulation [7,8], or by employing polarization-

maintaining fibers which allow controlling polarization of

transmitted light.

In this paper, an optical fiber SPR sensor based on

polarization-maintaining fibers and wavelength modulation

is presented. It is demonstrated that this design provides

superior immunity to deformation of optical fibers of the

sensor and, thus allows for more accurate SPR measure-

ments under realistic operation conditions.

2. Sensor structure and principle of operation

The SPR sensing device uses a single-mode polarization-

maintaining optical fiber with locally removed cladding

and a thin metal (gold) film that supports a surface plasmon

(SP) (Fig. 1). The transverse magnetic (TM) polarized SP

is excited at the outer boundary of the gold film by a guided

mode propagating in the optical fiber when propagation

constants and polarizations of the two waves match [1].
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The excitation of SP manifests itself as a resonant dip in the

transmitted spectrum. As the propagation constant of the SP

depends dramatically on the refractive index of the sample,

the wavelength at which the resonant attenuation of the fiber

mode occurs depends on the refractive index of the sample.

Therefore, variations in the refractive index of the sample

can be determined by measuring changes in the resonant

wavelength. A high birefringence (HiBi) polarization-main-

taining optical fiber supports two orthogonal nearly linearly

polarized modes (‘‘slow’’ and ‘‘fast’’ polarizations) [9]. If

one of the birefringence axes of the fiber is precisely aligned

with the gold film, one polarization (e.g. slow polarization)

excites SP. If the birefringence axis is not perfectly perpen-

dicular to the metal layer surface and light of both the

orthogonal polarizations propagates in the input fiber, only

the TM-polarized light can excite SP in the interaction

region. As the polarization of light in the interaction region

depends on the amplitudes of two principal polarizations and

their mutual phase shift, variations in the phase difference

between the two fiber modes induced by optical fiber defor-

mations influence the strength of interaction between the

guide light and the surface plasmon. The magnitude of this

effect depends on the precision of alignment of birefringent

axes (typically, alignment errors within 18 may be achieved)

and the coherence length of transmitted light with respect

to absolute optical path difference between the principal

polarizations (if the light components carried by the two

polarizations are mutually delayed so that they become

mutually incoherent, the resulting light is unpolarized).

3. Theory

3.1. Propagation of light in an SPR fiber-optic

structure without birefringence

A rigorous analysis of propagation of light in the SPR

fiber-optic sensor (Fig. 1 is rather complicated due to the

complex geometry of the waveguiding structure and wave-

guide birefringence. Therefore, in the first stage of the

theoretical analysis, we neglected birefringence and

replaced the fiber-optic SPR structure with an equivalent

planar waveguide [10]. The effect of fiber curvature in the

interaction region of the structure was accounted for by

splitting the equivalent planar waveguide into 21 straight

sections as shown in Fig. 2. This waveguide structure was

analyzed using the mode expansion and propagation method

(MEP) [11]. In order to facilitate the MEP simulations, the

waveguide structure was surrounded by conducting walls to

discretize the spectrum of radiation modes and by perfectly

matched layers [12] to suppress parasitic reflection at these

walls. The waveguide structure consisted of an equivalent

dielectric planar waveguide (guiding layer nG ¼ 1:4573,

substrate and superstrate nS ¼ 1:4533), a chromium inter-

mediate layer (thickness, 2 nm, optical constants taken from

[13]), and a gold SP supporting layer (optical constants taken

from [13]). To tune the system such that it is sensitive in

aqueous environments (RI of water is about 1.33 RIU), a

high refractive index tantalum pentoxide overlayer was used

[14]. For the operating wavelength range of 770–880 nm,

theoretical analysis yielded the following optimal design

parameters: gold layer thickness: 55 nm, tantalum pentoxide

overlayer thickness: 15–20 nm. Fig. 3 shows the theoretical

dependence of transmitted light as a function of wavelength

for three different refractive indices of the dielectric adjacent

to the sensor surface (sample). Based on this analysis, the

sensor sensitivity to refractive index of the sample was

determined to be 3150 nm/RIU.

3.2. Effect of birefringence

If the waveguide exhibits birefringence, the axes of

which are parallel and perpendicular to the metal layer,

the propagation of light in the structure follows the trends

Fig. 1. The SPR sensing device built on HiBi optical fiber.

Fig. 2. Equivalent planar waveguide structure for SPR fiber sensor modeling.
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illustrated in Fig. 3. However, in reality, the fiber axes are not

perfectly aligned with respect to the surface. In order to

analyze the effect of the misalignment of the birefringence

axes with the SPR surface on the spectrum of transmitted

light, the excitation of surface plasmons by light waves

incident from an anisotropic medium was analyzed. Fig. 4

shows a semi-infinite uniaxial crystal and a layered structure

consisting of a thin isotropic dielectric layer (residual super-

strate in the previous model in Fig. 2, thickness d0), a thin

chromium intermediate layer, and SPR-active gold layer.

Deviation of the crystal birefringence axis from the surface

normal is denoted as W. The incident light wave propagates

through the crystal and is totally internally reflected at the

crystal–isotropic layer boundary such that the plane of

incidence is perpendicular to the plane given by crystal axis

and surface normal vector and its angle of incidence is j.

The wave propagates in two polarizations: ordinary wave in

fast polarization propagates with the effective refractive

index nf, and extraordinary wave in slow polarization pro-

pagates with the effective refractive index ns (ns > nf ).

Polarization vector~f describes the direction of polarization

of the ordinary wave and is perpendicular to the crystal axis.

Polarization vector ~s describes the polarization of extraor-

dinary wave. Upon reflection at the isotropic layer, the slow

polarization generates an evanescent wave which penetrates

through the isotropic layers and couples into a SP at the outer

boundary of the metal layer.

The optimized configuration consisted of a 17 nm thick

tantalum pentoxide overlayer; a 55 nm thick gold layer; a

2 nm thick chromium layer; a 500 nm thick isotropic dielec-

tric layer (refractive index: n ¼ 1:4533) and a birefringent

crystal (refractive indices: nf ¼ 1:4573; ns ¼ 1:4578); angle

of incidence j ¼ 82:8�. Propagation of light in this structure

was calculated using 4 � 4 field transformation matrix

method [15]. The situation in which the light initially

couples into the fast and slow polarizations with equal

amplitudes was considered also that the polarizer, located

at the output of the structure acts to reduce the intensity of

light in the fast polarization. Fig. 5 shows the spectral

transmission of this structure (normalized to incident light)

for sample refractive index 1.33 and different lengths of the

input fiber and crystal birefringence axes misalignment

W ¼ 1�. This figure shows typical resonant dip in the wave-

length spectrum with a periodical pattern superimposed on

the SPR curve. This pattern corresponds to the interference

of the light in two different polarizations that are mutually

delayed and then cross-coupled upon reflection. Curve (3) in

this figure corresponds to the situation when the output

polarizer was assumed not to be perfectly aligned with fiber

birefringent axes and shows a combined interference pattern

originating from polarizations coupled: (i) upon the reflec-

tion, and (ii) by the misaligned output polarizer. Clearly the

intensity of the superimposed pattern depends on the crystal

Fig. 3. Simulated dependence of spectral SPR dip position on the

refractive index of sample.

Fig. 4. Model structure used for simulation of excitation of SP with a wave

that propagates in a birefringent medium.

Fig. 5. Simulated spectral response of simulated equivalent bulk structure

with misalignment y ¼ 1� for incident light equal in both polarizations

with a polarizer at the output that eliminates 99% of intensity in the fast

polarization. Length of propagation prior reflection: (1) 0.2 m, (2) 0.5 m,

and (3) 0.5 m; length of propagation after reflection: 0.2 m; polarization

alignment error: 18. Note that the plots are mutually offset.
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misalignment (W) and the light intensity in the fast polariza-

tion. The period of the pattern L, decreases with increasing

optical path difference (l and L denote the wavelength and

length of propagation through the birefringent medium,

respectively), Eq. (1).

L ¼ l2

Lðns � nfÞ
(1)

Fig. 6 shows relative amplitude of the periodic pattern as a

function of crystal misalignment for three different output

polarizer orientations and two different extinction ratios.

The intensity of the periodic pattern increases linearly with

crystal and the polarizer alignment errors. For realistic

values of the polarizer extinction ratio and alignment error,

the effect of polarizer misalignment appears to be more

severe than that of the extinction ratio.

Real-world light sources are never perfectly monochro-

matic as supposed in the previous section. The coherence

length is always limited by the spectral width of the detected

light. In a spectrum analyzer, the spectral width of the

detected light depends on the spectrograph’s aperture func-

tion. If Gaussian spectral light distribution is assumed with

the central wavelength l, the coherence length lc, may be

expressed by Eq. (2), where Dl denotes the spectrum full-

width at half-maximum (FWHM).

lc ¼
l2

Dl
ffiffiffiffiffiffiffiffiffiffiffi

p ln 2
p (2)

The length of propagation L in a birefringent medium

determines the optical path difference between slow and fast

polarized waves Dd ¼ Lðns � nfÞ. Fig. 7 shows the same

dependence of spectral modulation as shown in Fig. 6 but

now for partially coherent light characterized by Gaussian

spectral distribution with a FWHM of 1 nm (coherence

length: 0.4 mm); the incident and after-reflection optical

paths are assumed to be 1.5 and 0.5 m, which generate path

retardation between two fundamental polarization of 0.75

and 0.25 mm, respectively. Comparison of these two figures

indicates that a decrease in light coherence results in the

10-fold reduction in the spectral modulation amplitude for

the interference of reflected light, but almost negligible

interference at the output polarizer (due to an effectively

longer optical path retardation). In order to quantify the

effect of deformations of the light spectrum on the position

of the SPR dip (as determined by common SPR dip tracking

methods), the spectrum was ‘‘measured’’ with a virtual

spectrograph. The generated SPR spectrum was discretized

with pixel period of 1 nm. A Gaussian aperture function with

a FWHM of 1 nm was projected onto each pixel. The

resulting spectrum (resonance dip) was processed with

the most common data analysis technique—the centroid

method. The simulation was repeated for several different

phase shifts between the polarizations before and after

reflection and the difference between the maximum and

minimum values of the centroid determined. The depen-

dence of this centroid fluctuation on the length of propaga-

tion prior reflection is shown in Fig. 8 suggests that the

Fig. 6. Simulated amplitude of spectral modulation in the imperfect

system as a function of misalignment W calculated for different output

polarize extinction ratios and alignment errors.

Fig. 7. Simulated amplitude of spectral modulation for partially coherent

light as a function of crystal alignment error W calculated for different

polarizer extinction ratios and alignment errors.

Fig. 8. Stability of spectral SPR sensor response calculate using the

centroid data analysis method as a function of input length of propagation

for crystal alignment error W ¼ 1� and two different polarizers and after-

reflection path 0.5 m.
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centroid instability decreases with increasing length of

propagation in the birefringent media. For the considered

equivalent sensor structure we can conclude that by increas-

ing the length of propagation in birefringent medium to

about 2 m, the sensor response instability could be reduced

to below the typical noise-limited resolution of the best

wavelength-modulated SPR sensors (	0.002 nm).

4. Experimental

The SPR fiber-optic sensing element was prepared

using a polarization-maintaining optical fiber HB800 from

Fibercore Ltd., England (numerical aperture: 0.13; cut-off

wavelength: 749 nm; beat-length: 1.9 mm at the wavelength

of 800 nm, birefringence 5 � 10�4, cladding diameter:

125 mm, mode field diameter: 4.2 mm). The fiber jacket

was stripped off from a 20 mm length of the fiber and the

bare fiber glued into a curved slot in the silica block such that

the polarization axis of the fiber was normal to the silica

block surface. The fiber alignment was carried out using the

elasto-optic method [16], the error of alignment of fiber

birefringent axes with respect to the surface of the silica

block was estimated to be within 18. The fiber was then

polished to within the proximity of the core; the polishing

depth was monitored using the drop liquid method [17].

Finally, the polished fiber was coated with a 2 nm thick

chromium layer, a 55 nm gold layer and a 17 nm tantalum

pentoxide tuning layer using electron beam evaporation in a

vacuum. The SPR fiber-optic sensor system is depicted in

Fig. 9. The source module consisted of a superluminescent

diode (wavelength range: 770–880 nm, Superlum, Moscow,

Russia) pigtailed to a single-mode optical fiber. Light from

the single-mode optical fiber was coupled into the HiBi

fiber-based sensing element such that the radiation predo-

minantly propagated in the ‘‘slow’’ polarization mode of the

HiBi fiber. The principal polarizations were mutually

delayed beyond the coherence length by adding 10 and

5 m long pieces of HiBi optical fiber at the input and output

of the sensing element, respectively. The detection module

consisted of a fiber-optic polarizer (extinction coefficient

	99%) oriented in such a way as to suppress light in the

‘‘slow’’ polarization, and an optical spectrometer MSC501

(Zeiss, Jena, FRG) with a typical pixel spectral width of

0.8 nm. The sensor was then tested in a refractometric

experiment to determine the sensor sensitivity. Fig. 10 shows

typical SPR spectra for different refractive indices of a liquid

sample. The temporal sensor response to changes in the

refractive index is shown in Fig. 11. These refractometric

measurements suggest that the developed prototype of the

fiber-optic SPR sensor exhibits a refractive index sensitivity

of 3200 nm/RIU with a reproducibility of 1%. Sensor

response immunity to deformations of optical fibers was

analyzed by applying deformations to optical fibers of the

sensor while measuring the sensor response (Fig. 12). The

fiber deformation-induced changes in the sensor response

was found to be smaller than 1:5 � 10�2 nm limiting the

sensor refractive index resolution to about 4 � 10�6 RIU.

This resolution is better by a factor of 8 than the fiber-

deformation limited resolution demonstrated in [7].

Fig. 9. Fiber-optic SPR sensor set-up.

Fig. 10. Experimentally observed SPR dips for different refractive indices

of measured sample normalized to the transmitted spectrum in the absence

of sample.

Fig. 11. Temporal sensor responses for samples of different refractive

indices (corresponding refractive indices of the sample shown in the graph).
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In order to illustrate the potential of the sensor for

bioanalyte detection, the sensor prototype was functiona-

lized with antibodies against Staphylococcal enterotoxin B

(SEB) and the sensor applied to SEB detection. The anti-

bodies were immobilized in the form of assemblies consist-

ing of alternating molecular layers of an antibody (a-SEB)

and dextran sulfate (DS). These assemblies were produced

by alternating adsorption from the antibody and DS in citrate

buffer (CB) solutions. After the assembly was formed, it was

incubated with 0.5 wt.% glutaraldehyde in CB for 30 min to

crosslink the antibodies. DS was washed out of the cross-

linked antibody network with PBS [18]. Samples consisting

of different concentrations of SEB in buffer were flowed

across the sensor surface for 15 min and the sensor response

was monitored. Equilibrium sensor responses corresponding

to SEB concentrations ranging from 50 to 500 ng/ml are

shown in Fig. 13. These results suggest that the sensor is able

to detect SEB at concentrations lower than 50 ng/ml. This

threshold is five-fold larger than the detection limit estab-

lished for SEB using the SPR fiber-optic sensor with depo-

larized light and spectral modulation [8]. This difference

is mainly due to the used antibodies (the previously used

antibodies produced almost two-fold sensor response) and

different modes of operation (the previously reported work

was performed under non-fiber deformation conditions).

5. Conclusions

We report a novel fiber-optic surface plasmon resonance

(SPR) sensor which uses spectral modulation and a polar-

ization-maintaining optical fiber for delivering stable polar-

ization to the SPR fiber sensing element. We have simulated

propagation of light in the fiber-optic sensing structure using

the equivalent planar waveguide approach with the mode

expansion and propagation method. The effect of birefrin-

gence of the optical fiber was investigated in an equivalent

bulk optic structure. We have demonstrated that sensor

immunity to fiber deformations can be substantially

improved when a partially incoherent light is used. Experi-

mental results indicate that refractive index resolutions

better than 4 � 10�6 RIU can be achieved with the sensor

under moderate fiber deformations. The sensor functiona-

lized with antibodies was applied to detection of Staphylo-

coccal enterotoxin B in nanogram per milliliter levels. This

sensor shows potential for a variety of biosensing applica-

tions in out-of-laboratory environments.
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[18] E. Brynda, M. Houska, J. Škvor, J.J. Ramsden, Immobilization of

multilayer bioreceptor assemblies on solid substrates, Biosens.

Bioelectron. 13 (1998) 165–172.

242 M. Piliarik et al. / Sensors and Actuators B 90 (2003) 236–242





Biosensors and Bioelectronics 20 (2005) 2104–2110

A new surface plasmon resonance sensor for
high-throughput screening applications

Marek Piliarik, Hana Vaisocherová, Jǐrı́ Homola∗
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Abstract

We report a new high-throughput surface plasmon resonance (SPR) sensor based on combination of SPR imaging with polarization contrast
and a spatially patterned multilayer SPR structure. We demonstrate that this approach offers numerous advantageous features including
high-contrast SPR images suitable for automated computer analysis, minimum crosstalk between neighboring sensing channels and inherent
compensation for light level fluctuations. Applications of a laboratory prototype of the high-throughput SPR sensor with 108 sensing channels
for refractometry and biosensing are described. In refractometric experiments, the noise-limited refractive index resolution of the system has
been established to be 3× 10−6 refractive index unit (RIU). Experimental data on detection of human choriogonadotropin (hCG) suggest that

in conjunction with monoclonal antibodies against hCG, the reported SPR imaging sensor is capable of detecting hCG at concentrations lower
than 500 ng/ml.
© 2004 Elsevier B.V. All rights reserved.

Keywords:Surface plasmon resonance; SPR imaging; Biosensor; High-throughput screening

1. Introduction

High-throughput chemical sensor and biosensor technolo-
gies are needed in many important areas such as life sci-
ences, drug development, medical diagnostics, food safety
and security. Optical sensors based on surface plasmon reso-
nance (SPR) have been demonstrated to be useful for affinity
biosensing and biomolecular interaction analysis (Rich and
Myszka, 2002; Homola, 2003) and to hold major potential for
applications in these areas. However, the majority of existing
SPR sensing devices offer only a small number of sensing
channels (<10) and thus their throughput is rather limited.
Therefore, in recent years we have witnessed growing ef-
fort towards development of high-throughput SPR sensing
devices.

In traditional multichannel SPR sensors, surface plasmons
are excited in multiple areas and spectral (Nenninger et al.,
1998) or angular (Löfås et al., 1991) distribution of reflected

∗ Corresponding author. Tel.: +420 266 773 448; fax: +420 284 680 222.
E-mail address:homola@ure.cas.cz (J. Homola).

light is analyzed using separate detectors (Nenninger et al.,
1998) or different areas of single detector (Löfås et al., 1991).
The number of sensing channels in spectral SPR sensors can
be further increased by using the wavelength division multi-
plexing (WDM) technique in which surface plasmons in dif-
ferent sensing channels are excited at different wavelengths
(Homola et al., 1999, 2001). A larger number of sensing chan-
nels can be achieved using SPR imaging which is based on
analysis of distribution of intensity of light reflected from
an SPR surface containing multiple sensing areas. Spatially
resolved SPR sensing was introduced byRothenḧausler and
Knoll (1988)who demonstrated SPR microscopy with high
contrast for measurements of ultrathin films. Although mul-
tichannel sensors based on SPR imaging provide lower res-
olutions than the systems based on spectroscopy of surface
plasmons, the SPR imaging systems have been successfully
applied for analysis of polymer networks and monitoring of
thin films formation and electropolymerization (Baba and
Knoll, 2003). SPR imaging has been also applied to studies
of oligonucleotide (Piscevic et al., 1995) and RNA hybridiza-
tion (Nelson et al., 2001), and DNA interaction with polymer

0956-5663/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
doi:10.1016/j.bios.2004.09.025
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functionalized surfaces (Bassil et al., 2003). DNA hybridiza-
tion signal was amplified by the use of biotinylated oligonu-
cleotides and subsequent binding of streptavidin to biotin to
enhance the detection limits with SPR imaging (Jordan et al.,
1997). SPR imaging has been also exploited to study protein
binding to a DNA array (Shumaker-Parry et al., 2004) and
antigen–antibody interactions (Wegner et al., 2003). Detec-
tion of small molecules and observation of their interactions
still remain beyond capabilities of the SPR imaging systems.

In this paper, we report a new high-throughput SPR sensor
based on the combination of SPR imaging with polarization
contrast and a spatially patterned multilayer SPR structure.
This approach offers several significant advantages over
conventional SPR imaging. These include generation of
high-contrast SPR images suitable for automated computer
analysis, minimization of crosstalk between neighboring
sensing channels and compensation for light level fluctu-
ations. Applications of the sensor for refractometry and
biosensing are also described.

2. Sensor concept

2.1. SPR imaging

Surface plasmon resonance imaging is an experimen-
tal method for spatially resolved measurement of refrac-
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Fig. 1. (a) SPR imaging with polarization contrast and (b) detail of the SPR
chip with series of pairs of sensing spots.

contrast (Homola and Yee, 1998; Nikitin et al., 2000). In this
geometry, a prism coupler and a chip is placed between two
crossed polarizers and a quarter waveplate. In the imaging
approach proposed herein, the surface of the sensing chip is
not uniformly covered with an SPR-active layer, but with a
pattern of distinct SPR sensing spots separated by uncoated
areas (bare glass), where the light reflects totally without be-
ing influenced by SPR. The first polarizer allocates the same
amount of light intensity to both TE and TM polarizations.
After the reflection on the sensor chip, the light passes through
the quarter waveplate. The polarization of the light reflected
from the uncoated surface areas is converted to linear and ex-
tinguished by the linear polarizer placed between the wave-
plate and the CCD camera (Fig. 1). The TM-polarized light
component interacting with a surface plasmon on the coated
sensor spot undergoes both amplitude and phase change,
while the phase and amplitude of the TE-polarization varies
only slightly. This effect gives rise to bright sensing spots
on a weak background, which are easier to read than images
produced by conventional SPR imaging systems. Moreover,
it reduces crosstalk between neighboring sensing spots and
interference of light not associated with the measured quan-
tity.

In this work, we introduce two different SPR multilayers
designed to support surface plasmons and exhibit opposite
sensitivities to changes in refractive index at the surface. Both
tive index changes at an SPR-active metal surface. Co
tional SPR imaging instruments (Steinerg et al., 1999) utilize
the Kretschmann geometry of the attenuated total refle
(ATR) method (Raether, 1988), in which a collimated beam
of monochromatic light passes through a prism coupler
a thin SPR-active metal layer on its base. The light eva
cently penetrates through the metal film and excites su
plasmons at its outer boundary. Intensity of the reflected
depends on the strength of the coupling of light to a sur
plasmon, which depends on the refractive index at the m
surface. Therefore, spatial distribution of the refractive in
at the SPR-active surface can be determined by meas
the distribution of light intensity across the reflected beam
means of a two-dimensional detector array. An SPR ima
device can be used as a multichannel SPR sensor if th
face is divided into multiple sensing spots. The smallest
from which the SPR signal can be read is in principle g
by the surface area imaged on an individual pixel of the
tector array. However, the spatial resolution is limited by
propagation length of surface plasmons, which is typic
of the order of tens of microns (Somekh, 2002) and the reso
lution of the imaging optics (interferences from neighbor
sensing spots).

2.2. SPR imaging using polarization contrast and
special SPR multilayer structures

As demonstrated earlier, the surface plasmon reson
phenomenon can be efficiently observed in the polariza
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Fig. 2. Dependence of light intensity on the refractive index of sample for
the two different sensing spots and their ratio. Intensity at bare surface (dark
signal) shown for comparison.

the SPR multilayers are formed on SF2 glass substrate and
consist of a chromium layer, an aluminum oxide buffer layer,
and an SPR-active gold layer (Fig. 1). Theoretical analysis
of light propagation in the multilayer structures in the polar-
ization contrast geometry was performed using the Fresnel
equations and Jones matrix calculus (Saleh and Teich, 1991)
and parameters of the multilayer structures for the SPR imag-
ing system were selected so that the two multilayers exhibited
refractive index sensitivities of opposite signs. The first mul-
tilayer (Spot type I) consists of 4 nm chromium layer, 100 nm
aluminum oxide buffer layer and 40 nm SPR active gold layer
and as follows fromFig. 2, it exhibits dependence of transmit-
ted light on the refractive index typical for conventional SPR
structures in polarization contrast (Homola and Yee, 1998);
the polarization change is small for refractive indices below
the resonance and increases with the refractive index of sam-
ple. The second multilayer (Spot type II) consisting of 14 nm
chromium layer, 100 nm aluminum oxide buffer layer, and
40 nm SPR-active gold layer employs a thicker chromium
layer that acts as a TE–TM phase retarder altering the light
polarization and thus increasing intensity of transmitted light
in the lower refractive index region. An additional phase shift
induced by the SPR decreases the total polarization change
and the intensity measured in the polarization contrast system
drops. An aluminum oxide buffer layer is used to separate the
highly absorbing chromium film from the SPR-active gold
layer to reduce the surface plasmon attenuation.

Fig. 2shows the theoretical dependence of the output light
intensity in the polarization contrast mode for the two sens-
ing Spot types I and II as a function of refractive index at
the surface. The output light intensity for chip area without

the
the
in-

with

the refractive index. The ratio of these intensities increases
with the refractive index and is more sensitive to refractive
index than the intensities themselves. In addition, the ratio of
light intensities is independent of the intensity of illumina-
tion and thus can be used to suppress adverse effects of light
source fluctuations on the SPR imaging measurements.

3. Experimental

3.1. Sensor system

A laboratory prototype of the SPR imaging sensor was
constructed using a diode laser (SDL-7501-G1, SDL, Inc.,
USA) emitting at the wavelength of 633 nm, a 1024× 1024
pixel CCD detector (DV–434, Andor Technology, Ireland),
an SF2 glass optical prism and a sensor chip matched to the
prism via a refractive index matching fluid. SPR active spots
were formed on the SF2 glass chips using vacuum evapo-
ration through a micro-fabricated mask. The mask was cut
by a high-power laser into a 200�m thick stainless steel foil
with precision of 20�m (Micronics Inc., USA). The chips
support 216 sensing spots (dimensions: 400�m× 800�m)
providing a total of 108 sensing channels. The chip was in-
terfaced with a flow-cell consisting of an acrylic manifold
and a thin Mylar gasket with holes forming chambers con-
fining liquid samples in 10 columns of sensing channels (the
fir
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any layers is shown for comparison. As follows fromFig. 2,
within the expected operating refractive index range of
sensor (1.33–1.37), the intensity of light associated with
Spot type I increases with the refractive index, while the
tensity of light associated with the Spot type II decreases
st and last columns contained six pairs of sensing spots
ch, the eight central columns contained 12 pairs of sensing
ots each). The flow-cell can be used repeatedly—used My-

r gaskets are removed, the acrylic manifold is cleaned with
dium hydroxide solution and new Mylar gaskets are at-
ched to the manifold. Each flow-cell chamber was 2.2 mm
ide and 12 mm long. The depth of the flow-cell chamber
as 70�m (50�m thick Mylar sheet plus 20�m thick ad-
sive layer). The flow-cell geometry and flow rate were se-

cted based on the theoretical analysis of diffusion limits of
olecular binding based on a two-compartment mass trans-
rt model (Myszka et al., 1998). For a flow rate of 50�l/min,

e time necessary for the liquid sample to pass one measur-
g spot is about 0.25 s which together with the diffusion
efficient for the investigated biomolecule (human chori-
onadotropin, hCG) translated to the transfer coefficient of
out 10−5 ms−1. Under these conditions, the binding ki-
tics is reaction-limited unless the association rate constant
ceeds 2× 10−5 M−1 s−1 which is not the case for the hCG
tigen/antibody pair used in this work as a model system. A
ristaltic pump Reglo (Ismatec SA., Switzerland) was used

r sample injection.
Fig. 3a shows a typical image of the array of sensing spots
tained in the polarization contrast mode. As expected, sens-

g spots produce a high intensity signal while the uncoated
eas produce very weak background signal. Although the
served sensing spots are of approximately the same di-

ensions and regularly distributed, a permanent mapping of
nsing spots on the CCD detector pixels makes the system
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Fig. 3. Dependence of light intensity on the sample refractive index. (a)
Image of the SPR sensing chip for rows of sensing spots exposed to different
refractive indices; (b) resulting calibration curves for two different types of
sensing spots.

rather susceptible to small errors in system alignment and
chip to chip variability. Therefore, we developed a computer
routine for automatic mapping of the sensing spots. This rou-
tine uses one spot with operator-defined borders as a mask
and calculates the correlation of this spot with the whole
image. The correlation image shows sharp peaks reaching
maxima in locations where the mask overlaps precisely with
another sensing spot. The coordinates of the CCD pixels of
maximum correlation are recorded and the areas of the CCD
used for intensity averaging for each sensing spot are defined
around these locations. This method allows selecting zones
of signal readout identically for all measuring spots, and for
measurements on different SPR chips. In the performed ex-
periments, detected light intensity was averaged across the
central part of each measuring spot (typically 250 CCD pix-
els per channel). Transmitted light intensity was normalized
in pairs of measuring channels and calibrated using experi-
mental refractometric calibration data. The automated chan-
nel mapping based on the auto-correlated image analysis was
found to be a fast, reproducible and robust technique inde-
pendent of illumination fluctuations across different sensing
spots. Unlike other object recognition approaches, this ap-
proach is also insensitive to parasitic bright features in the im-
age originating from imaging imperfections and chip surface
defects.

Control experiments were performed using a dual-channel
sensor based on spectroscopy of surface plasmons (Plasmon
II) (Homola et al., 2002). In the Plasmon II system, a colli-
mated beam of polychromatic light is used to excite surface

plasmons via the attenuated total reflection in a prism coupler.
The light reflected from two separate areas of the SPR-active
surface is coupled into a dual-channel spectrograph and spec-
tral position of SPR dip in each channel is measured. The
Plasmon II instrument provides a refractive index change as
low as 10−7 RIU. The flow-cell concept used in Plasmon II
is the same as that used in the imaging system described in
earlier in this Section. It consists of an acrylic manifold and
a Mylar gasket forming two flow chambers, each 3 mm wide
and 10 mm long. The depth of the flow-cell determined by the
thickness of the Mylar gasket was also 70�m, thereby pro-
viding similar hydrodynamic conditions for the interaction
between free biomolecules in solution and their biospecific
partner immobilized on sensor surface as the flow-cell used
in the SPR imaging system.

3.2. Reagents

Solutions were prepared in phosphate-buffered physi-
ological saline (PBS, 10 mM phosphate buffer, 137 mM
NaCl, 2.9 mM KCl, pH 7.4 at 20◦C). Bovine serum albu-
min (BSA) was purchased from Sigma-Aldrich, USA. The
C11-mercapto-1-undecanol (C11OH) and C16-mercaptohexa-
decanoic acid (C16COOH) and theN,N,N′,N′-tetramethyl-
O-(N-succinimidyl)uronium tetrafluoroborate (TSTU) used
for activation of the COOH groups were purchased from
Sigma-Aldrich, USA. Monoclonal affinity-purified antibody
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gainst human choriogonadotropin (a-hCG) was purchased
om Seva Immuno Ltd., Czech Republic. Human choriogo-
adotropin was obtained from Calbiochem, USA. Prior SPR
iosensing experiments, antibody activity was confirmed by
LISA.

.3. Preparation of biomolecular coatings

To prepare SPR chips for attachment of antibodies, the
ips were soaked in Piranha solution (1:3 mixture of 30%

ydrogen peroxide and sulfuric acid) for 3 min, then washed
ith deionized water and dried with nitrogen stream. A 7:3
ixture of C11OH and C16COOH alkanethiols was dissolved
absolute ethanol with a total thiol concentration of 1 mM.

he C16COOH was used to anchor an antibody; C11OH alka-
ethiol was used to form a stable non-fouling background.
ensor chips were immersed in thiol solution and stored in
dark place at room temperature for 12 h. Then, the chips
ere rinsed with ethanol, dried with nitrogen, rinsed with
ater and dried with nitrogen again. The carboxylic terminal
roups on the sensor surface were activated by TSTU dis-
lved in dimethylformamide with concentration of 1 mg/ml
r 4 h (Wilchek et al., 1994). After activation, the chips
ere rinsed with water, dried with nitrogen and mounted
to SPR instrument. Immobilization of a-hCG on activated
iols was performed in situ by flowing PBS solution with

00�g/ml of a-hCG along the sensor surface for 15 min (flow
te—50�l/min). One of the sensing channels was covered

y a BSA layer using similar procedure to form a refer-
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ence surface for monitoring non-specific adsorption (BSA
concentration—1 mg/ml).

3.4. SPR imaging sensor-based refractometry and
biosensing

To quantify the sensor response to bulk refractive index
variations, a series of liquid samples with known refractive
indices (Cargille Labs, USA) were sequentially injected in the
flow-cell and flowed along the sensor surface while the sensor
response was recorded. Each solution was flowed through the
flow-cell for 5 min at a flow rate of 50�l/min. SPR-based
detection of human choriogonadotropin consisted of three
steps. In the first step, the baseline response was established
while solution of BSA in PBS was flowed through the flow-
cell. Then, known amounts of hCG were added to the BSA-
PBS solution to produce solutions with hCG concentrations
0.5, 1.0, 5.0, and 10�g/ml and these solutions were injected
and flowed through different sensing channels for 15 min.
Finally, the sample was replaced with buffer. Measurements
were performed at a flow rate of 50�l/min.

The hCG detection was performed using the SPR imaging
system and the reference experiment was carried out using
the Plasmon II SPR sensor instrument. As the sensitivity
of SPR sensors to surface refractive index changes depends
on the operating wavelength, which is different for the
two SPR sensor systems, the sensor response needs to be
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Fig. 4. (a) Calibration curve of SPR imaging refractometric sensor and (b)
sensor response to changes in the refractive index observed simultaneously
in five sensing channels.

sponse. Analysis of the baseline noise was also performed
and it was determined that a typical standard deviation of
noise in the intensity ratio is between 2× 10−4 and 3× 10−4

which in terms of refractive index resolution translates to
about 3–5× 10−6 RIU. The individual noise of SPR signal
for sensing Spot types I and II was divided by the respective
experimental sensitivity to refractive index changes yielding
the refractive index resolutions 1.2× 10−5 and 3× 10−5 RIU
for Spot types I and II, respectively. Clearly, the noise of the
ratio of the intensities in Spot types I and II is smaller by a
factor of 5 than the noise of individual intensities which justi-
fies the proposed pairing of the sensing spots. This observed
improvement is mainly due to the fact that besides the photo-
electron statistics (shot noise) (Nenninger et al., 2002), major
sources of noise in this SPR imaging system are laser emis-
sion fluctuations and mechanical vibrations which are highly
correlated across the whole image and therefore their con-
tribution can be minimized by the sensing spot pairing. To
confirm this assumption, we investigated noise correlation
coefficient between sensing Spot types I and II and found
about 90% correlation.

Further noise reduction and resolution improvement could
be achieved through reduction of detector noise. This can be
achieved by increasing averaging either from a larger surface
area (requires lowering the number of sensing channels or
using CCD detectors with a larger number of pixels) or by
sequential acquisition of several CCD images.
calibrated. To account for difference in surface refrac
index sensitivity and potentially unequal binding capaci
of the bimolecular coatings used in the two sensing syst
the sensor calibration was established by normali
the sensor response to its response to the attachme
antibodies.

4. Results and discussion

4.1. Refractometry

The sensor response to refractive index changes is
trated inFig. 3. Fig. 3a shows the image of SPR active surfa
where each row of sensing channels is brought into con
with different liquid sample. The image of the reflected lig
intensity shows that with increasing refractive index, on
the spots becomes darker while the other becomes brig
The resulting refractive index calibration curves—shown
Fig. 3b exhibit a good agreement with the simulations p
sented inFig. 2. Fig. 4a presents calibration curve determin
as a ratio of intensities associated with the two different ty
of sensing spots. Using this calibration curve, the average
sitivity of the ratio of intensities to refractive index was det
mined to be 65 RIU−1.Fig. 4b shows results of refractometr
experiments performed simultaneously in five sensing c
nels. These data show close agreement between the resp
of different channels and suggest that the channel-to-cha
response variability is less than 4% of the average sens
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Fig. 5. Detection of different concentrations of hCG using (a) SPR imag-
ing system and (b) dual-channel sensor based on spectroscopy of surface
plasmon (Plasmon II).

4.2. Biosensing

The response of the developed SPR imaging sensor to
different concentrations of hCG is shown inFig. 5a. When
the hCG solution is injected into the sensor flow-cell, fast
increase in the normalized signal occurs. This increase is as-
sociated with the specific binding of hCG to a-hCG molecules
at the sensor surface. After switching back to the BSA solu-
tion, the signal drops slightly and levels off at a lower level.
The difference between this new level and initial baseline is
associated with the amount of bound hCG. For high hCG con-
centrations, the initial fast binding is followed with a slower
binding. This behavior has been observed with this particu-
lar biomolecular pair and may be associated with behavior
beyond the pseudo-first order reaction model (e.g. rebind-
ing) or with the non-specific binding of the hCG to an almost
saturated surface. However, as the hCG–ahCG pair is only
used as a model system illustrating ability of the imaging
system to observe biomolecular interactions, a detailed anal-
ysis of the observed interaction is beyond the scope of this
work. Specific sensor responses observed 15 min after the
injection of hCG, were determined to be 3.2, 5.5, 9.1, and
11.2 relative units (RU) for hCG concentrations 500, 1, 5 and
10�g/ml, respectively. Basically no response was observed
in the reference channel, where hCG was flowed at a concen-
tration of 1�g/ml. The response of the Plasmon II and the
SPR imaging sensor were recalibrated to identical relative
units by normalizing the hCG antigen response to the sensor
response to a-hCG attachment.

The SPR imaging sensor response agrees well with the
response of the dual-channel Plasmon II sensor system in
which sensor hCG concentrations of 1 and 10�g/ml were
detected; the discrepancy in sensor responses is less than 15%
and can be attributed to variations in the surface concentration
of antibodies in different sensing channels and differences in
flow conditions.

These experimental results indicate that the SPR imaging
sensing device is capable of detecting hCG in concentrations
lower than 500 ng/ml. In order to assess sensor response
channel-to-channel variability for affinity biosensing ap-
plications, we applied the same concentration of hCG
(10�g/ml) to 12 sensing channels and compared their
responses. All the responses fell within 8% from the average
sensor response. This observed reproducibility is worse
by a factor of 2 than that observed for the refractometric
measurements. It is likely to be due to variations in the
surface concentration of antibodies in different sensing
channels and differences in flow conditions in different areas
across the chip. The ultimate performance is limited by noise
in the sensor response. As follows from comparison of data
in Fig. 5a and b, the SPR imaging system exhibits noise,
which is larger by a factor of 10 than that of its spectroscopic
counterpart. This is mainly due to the fact that the Plasmon
II system is based on spectroscopy of surface plasmons and
therefore exploits 2 orders of magnitude more measurements
to calculate sensor response. The wavelength-modulated
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lasmon II system typically employs 200 intensity values
etermined for different wavelengths) while the SPR
aging system utilizes two light intensities (corresponding
the two spots with different SPR multilayers).

. Conclusions

We report a novel surface plasmon resonance sensor with
ver a hundred sensing channels based on the combination
f SPR imaging with polarization contrast and a spatially
atterned multilayer SPR structure. This approach provides
igh-contrast SPR images suitable for automated computer
nalysis, minimum crosstalk between neighboring sensing
annels and inherent compensation for light level fluctua-
ns. We evaluated the SPR imaging sensor for refractome-

y and determined that the sensor provides a refractive index
solution better than 5× 10−6 RIU, which presents an im-

rovement by a factor of 5 over conventional intensity mea-
rements. Channel-to-channel variability was determined to

e less than 4% of sensor response. In conjunction with mon-
clonal antibodies against human choriogonadotropin, the
nsor was applied to detection of hCG and demonstrated to

etect hCG levels below 500 ng/ml.
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Abstract

Surface plasmon resonance (SPR) biosensors are aYnity sensing devices exploiting a special mode of electromagnetic Weld—sur-
face plasmon-polariton—to detect the binding of analyte molecules from a liquid sample to biomolecular recognition elements
immobilized on the surface of the sensor. In this paper, we review advances of SPR biosensor technology towards detection systems
for the simultaneous detection of multiple analytes (multi-analyte detection). In addition, we report application of a recently devel-
oped multichannel SPR sensor based on spectroscopy of surface plasmons and wavelength division multiplexing of sensing channels
to multi-analyte detection.
  2005 Elsevier Inc. All rights reserved.

Keywords: Surface plasmon resonance; Biosensor; Multi-analyte detection, AYnity biosensing

1. Introduction

In the last two decades, we have witnessed remarkable

[8], resonant mirror [9]), and metallic waveguides (sur-
face plasmon resonance [10,11]).

This paper focuses on surface plasmon resonance (SPR)
1046-2023/$ - see front matter   2005 Elsevier Inc. All rights reserved. 
doi:10.1016/j.ymeth.2005.05.003

progress in the development of biosensors and their
applications in the areas such as environmental monitor-
ing, biotechnology, medical diagnostics, drug screening,
food safety, and security. Various sensor technologies
have been developed (e.g., electrochemical sensors [1],
piezoelectric sensors [2], electrical impedance sensors [3],
and optical sensors [4]) and applied to detection of
chemical and biological analytes [5]. Optical sensors
oVer several important features—they exhibit high sensi-
tivity, their performance is insensitive to electromagnetic
interference, and they do not require electrical signal in a
sensing area. Optical methods exploited in aYnity bio-
sensors include Xuorescence spectroscopy [6], label-free
methods such as interferometry [7], spectroscopy of
guide modes of dielectric waveguides (grating coupler

* Corresponding author.
E-mail address: homola@ure.cas.cz (J. Homola).
biosensors technology, reviews fundamentals of SPR sens-
ing, and discusses advances of this technology towards
multi-analyte detection. A special attention is given to a
recently developed multichannel SPR sensor combining the
wavelength division multiplexing of serially ordered sensing
channels with the conventional parallel channel architec-
ture. Application of this multichannel SPR sensor for simul-
taneous detection of multiple analytes is described.

2. Principle of operation of SPR biosensors

An aYnity optical biosensor consists of an optical
transducer and a biological recognition element (BRE)
which interacts with an analyte. The SPR transducer
incorporates a thin metal Wlm which supports a special
mode of electromagnetic Weld—a surface plasmon-
polariton (SPP)—sometimes referred as to a surface
plasma wave. The SPP propagates along the surface of
the metal Wlm and the intensity of its electromagnetic

mailto: homola@ure.cas.cz
mailto: homola@ure.cas.cz
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Weld exponentially decays from the metal surface into
the adjacent medium. The most commonly used metal is
gold due to its chemical stability. A change in the refrac-
tive index due to the binding of analyte molecules to bio-
molecular recognition elements immobilized on the
metal surface results in a change in the propagation con-
stant of the SPP [11]. Surface plasmon resonance biosen-
sors take advantage of this phenomenon and measure
changes in the propagation constant of the SPP to deter-
mine changes in the amount of bound analyte and subse-
quently the concentration of analyte in a sample.
Changes in the propagation constant of the SPP are
determined by measuring one of the characteristics of
the light wave that excites the SPP. On the basis of the
characteristic of the light wave which is measured, SPR

Fig. 1. (A) Excitation of surface plasmons via prism coupler. (B) Inten-
sity of reXected light as a function of angle of incidence for a Wxed
wavelength and two refractive indices of sample. (C) Intensity of
reXected light as a function of wavelength for a Wxed angle of incidence
and two refractive indices of sample.
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sensors are classiWed as sensors with angular, wave-
length, intensity, phase, and polarization modulations
[11].

The operating principle of the three modulation
approaches (angular, wavelength, and intensity) used
most frequently in SPR sensors is illustrated in Fig. 1, in
which the excitation of surface plasmons is performed by
the attenuated total reXection (ATR) in a prism coupler,
Fig. 1A [11]. In SPR sensors with angular modulation, a
beam of monochromatic light is used to excite an SPP
(Fig. 1B). The propagation constant of the SPP and its
changes are determined by measuring the intensity of
reXected light at multiple angles of incidence and deter-
mining the angle of incidence yielding the strongest cou-
pling with an SPP [12,13]. In SPR sensors with
wavelength modulation, a beam of polychromatic light
incident on the metal Wlm under a Wxed angle of inci-
dence is used to excite an SPP (Fig. 1C). The propaga-
tion constant of the SPP and its changes are determined
by measuring the intensity of reXected light at multiple
wavelengths and determining the wavelength at which
the strongest coupling with an SPP occurs [14]. In SPR
sensors with intensity modulation, a beam of monochro-
matic light is made incident on the metal Wlm under a
Wxed angle of incidence near the resonant angle of inci-
dence (Fig. 1C) and changes in the intensity of reXected
light are measured [15,16].

3. Advances in development of multi-analyte SPR sensors

3.1. Multichannel SPR sensor platforms

The most straightforward approach to multichannel
SPR sensing is SPR imaging. SPR imaging is intensity
modulation-based technique in which a collimated beam
of monochromatic light passes through a prism coupler
and excites SPPs on a thin metal layer. Intensity of the
reXected light depends on the strength of the coupling
between the light and SPPs which depends on the
refractive index at the metal surface. Therefore, spatial
distribution of the refractive index at the metal surface
can be determined by measuring the distribution of light
intensity across the reXected beam by means of a two-
dimensional detector array (Fig. 2). This approach to
spatially resolved SPR sensing has been applied to char-
acterization of ultrathin Wlms [17] and lipid layers
[18,19].

When the metal surface is divided into multiple
sensing spots, the SPR imaging device can be used as a
multichannel SPR sensor. A multi-analyte biosensor
based on SPR imaging was reported by Berger et al.,
[20], who demonstrated detection of four diVerent ana-
lytes in a 16-channel matrix imaging format. SPR
imaging was also applied to the observation of DNA
hybridization [21], antibody–antigen binding, and
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DNA–protein interaction [22], and detection of the
sequence-speciWc binding of transcription regulatory
proteins [23]. SPR imaging has also been exploited to
study DNA-binding proteins to double-stranded DNA
(dsDNA) array immobilized in a 10 £ 12 array proving
applicability of this method for monitoring the kinetics
of binding of proteins to 120 diVerent dsDNA
sequences [24]. The major challenge for application of
SPR imaging approach for biosensing is its rather lim-
ited resolution. Existing SPR imaging systems are
capable of resolving bulk refractive index changes of
about »10¡5 RIU (refractive index units) [25]. To
improve resolution of SPR imaging, this method was
combined with polarization contrast and a spatially
patterned multilayer SPR structure [26]. This approach
generates high-contrast SPR images suitable for auto-
mated computer analysis, minimizes crosstalk between
neighboring sensing channels, and provides compensa-
tion for light Xuctuations improving the refractive
index resolution to 3 £ 10¡6 RIU. This system was
demonstrated to allow simultaneous monitoring of
over 100 immunoreactions [26].

In contrast with SPR imaging systems, SPR sensors
based on spectroscopy of surface plasmons take advan-
tage of information contained in the whole wavelength
or angular spectrum of light and therefore oVer a con-
siderably better resolution (up to 3 £ 10¡7 RIU) [27].
For multiplexing of sensing channels, most SPP spec-
troscopy-based sensors rely on parallel arrangement of
sensing channels in which multiple light beams excite
SPPs in diVerent sensing channels and their reXectivity
spectra are interrogated independently to determine
SPR changes in each channel. Recently, SPR sensors
based on serial channel architecture have also been
reported. In these sensors, SPR spectra from multiple
channels are encoded into a single optical wave [28,29].
Multichannel SPR sensors based on spectroscopy of
SPP rely on ATR prism couplers [28–35] and diVrac-

Fig. 2. SPR imaging sensor.
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tion gratings [36–38]. In ATR-based SPR biosensors
with angular modulation and parallel architecture,
series of convergent monochromatic beams are focused
on a row of sensing channels where they excite SPPs.
Light beams reXected from a row of sensing channels
are projected on a two-dimensional detector array,
Fig. 3. The Wrst multi-channel SPR biosensors with
angular modulation of SPR allowed simultaneous
measurements in up to four sensing channels [30];
recently, the number of channels was extended to 6
[31], and 10 [32].

Lately, an interesting multichannel SPR sensor with
angular interrogation and parallel sensing channels
using a special planar sensor chip with diVractive optic
coupling elements has been proposed. These elements
project monochromatic light on an array of sensing
channels and image the angular reXectivity spectra
from each sensing channel on a CCD detector array
[33]. In ATR-based SPR sensors with wavelength mod-
ulation and parallel architecture, series of collimated
polychromatic beams are made incident on a row of
sensing channels. SPR spectra encoded into the
reXected light beams are analyzed by a spectrograph.
The spectral analysis of multiple light beams is per-
formed by multiple spectrographs [34] or by using an
optical switch routing light from multiple channels to a
spectrograph [35]. An alternative approach to multi-
channel SPR sensing with wavelength modulation is
the wavelength division multiplexing (WDM). In the
WDMSPR sensors, SPR spectra from multiple chan-
nels are encoded in diVerent wavelength regions of a
single polychromatic light beam. This is accomplished
by changing the angle of incidence of the incident light
beam (Fig. 4A) or by a dielectric overlayer deposited
over a part of the SPR-active surface (Fig. 4B).

Multichannel sensors based on SPP spectroscopy
have been also realized using diVraction grating cou-
plers. These include an SPR compact disk platform
employing a rotating sensor chip [36] and an HTS Bio-
systems SPR sensor in which SPR signal for each chan-
nel is determined from an angular reXectivity spectrum
acquired by sequential angular scanning of SPR images

Fig. 3. SPR sensor with four parallel sensing channels (provided by
S. Löfås, Biacore AB).



th
J. Homola et al. / Me

[37]. Another approach to multichannel SPR sensing is
based on SPP spectroscopy on a two-dimensional array
of diVraction gratings, where SPR angular spectra are
sequentially scanned from rows of diVraction grating
[38]. Mass production of diVraction grating-based SPR
chips from plastics by technologies such as hot emboss-
ing or injection molding [39] oVers potentially low-cost
sensing elements [40] Fig. 5.

Fig. 4. SPR dual-channel sensors based on wavelength division multi-
plexing (WDM) of sensing channels. (A) WDM of sensing channels by
means of altered angles of incidence [28]. (B) WDM of sensing chan-
nels by means of a high refractive index overlayer [29].
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ings [38].
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3.2. Spatially controlled immobilization for multichannel 
SPR sensors

Various types of biomolecular recognition elements
(antibodies [41], aptamers [42], peptides [43], and molec-
ularly imprinted polymers [44], etc.) have been used in
aYnity biosensors. To enable multi-analyte detection,
multiple biomolecular elements targeted to diVerent ana-
lytes need to be immobilized in diVerent sensing chan-
nels. This task requires the development of spatially
controlled procedures for reproducible attachment of
deWned concentrations of biomolecular recognition ele-
ments on the surface of a sensor chip, Fig. 6. Other
important requirements that these immobilization pro-
cedures have to fulWll are the conservation of biological
activity of immobilized biomolecular recognition ele-
ments, non-fouling background of the sensor chip sur-
face and the possibility to regenerate the biomolecular
recognition elements (i.e., break their complex with the
analyte molecules and make them available for another
use).

In general, methods for immobilization of biomolecu-
lar recognition elements on gold Wlms exploit physico-
chemical interactions such as chemisorptions [45],
covalent binding [46,47], electrostatic coupling [48], and
high-aYnity molecular linkers in multilayer systems (e.g.,
streptavidin–biotin [49,50], proteins A or G [51], and
complementary oligonucleotides [52]) and photo-immo-
bilization (e.g., albumin derivatized with aryldiaziridines
as a photo-linker [53]). One of the most remarkable
techniques in surface chemistry is the spontaneous self-
organization of n-alkylthiols or disulWdes on gold into
well-ordered arrays. Self-assembled monolayers (SAMs)
have been employed in many immobilization methods
for spatially controlled attachment of biomolecular rec-
ognition elements to surfaces of sensors [54]. To provide
a desired surface concentration of biomolecular recogni-
tion elements on gold, mixed SAMs of long-chained
(n D 12 and higher) n-alkylthiols terminated with func-
tional group for further attachment of biomolecular rec-
ognition elements and short-chained alkylthiols for a
non-fouling background have been developed [55,56].

To deliver molecular recognition elements to diVerent
areas of the SPR sensor surface, the immobilization
chemistry needs to be spatially controlled. Most of the

Fig. 6. Concept of multi-channel SPR biosensor.
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current technologies of proteins arrays are based on the
surfaces and formats that were earlier developed for
DNA arrays. However, the chemical aspects of DNA
array surfaces could not be easily adopted since proteins
are chemically and structurally considerably more com-
plex than nucleic acids and in contrast to DNA, they
easily lose their biological activity due to denaturation,
dehydration, or oxidation [57]. Most DNA array pro-
duction techniques were developed for glass supports,
but they can be tailored to noble metal surfaces with
appropriate immobilization chemistries. Combination of
SAMs with covalent coupling of biomolecular recogni-
tion elements or non-covalent streptavidin–biotin sys-
tem as a linker for attachment of biotinylated
biomolecular recognition elements are most frequently
used approaches to development of protein arrays on
gold.

Shumaker-Parry et al. [58] demonstrated microspot-
ting double-stranded DNA on gold for SPR micros-
copy using two approaches. Both methods use
streptavidin and biotinylated oligonucleotides. In the
Wrst method, the robotic microspotter was used to
deliver nanoliter droplets of dsDNAs onto a uniform
layer of streptavidin. In the second method, a streptavi-
din layer was also microspotted on a mixed-alkylthiol
SAM and, subsequently, microspots of dsDNA were
added using microspotting. Self-assembly surface
chemistry and photopatterning have been combined to
develop robust DNA and peptide arrays [59]. In the
Wrst step, a monolayer of 11-mercaptoundecylamine
(MUAM) was assembled on gold surface. This amine-
terminated surface was reacted with 9-Xuorenylmeth-
oxycarbonyl (Fmoc). Then, UV light was used to break
the gold-thiol bonds and create bare gold pads, which
were subsequently Wlled with MUAM. DNA or pep-
tides were then attached to the MUAM using a cova-
lent multi-step chemistry [59]. Finally, the Fmoc was
removed and replaced with a polyethylene derivative to
prevent non-speciWc binding. Another approach to the
patterning of DNA or proteins on gold is based on
microXuidic networks [60]. First, a set of parallel
microchannels from poly(dimethylsiloxane) (PDMS)
was created by replication of a silicon master prepared
photolithographically. PDMS microchannels were
used either to fabricate 1-D arrays consisting of lines

of immobilized ligands or to create 2-D arrays in which
a second set of PDMS microchannels was placed per-
pendicular to a 1-D line array. To create 1-D line
arrays, the microchannels were attached to a gold sur-
face modiWed with MUAM and activating reagents
were introduced into the microchannels. Then, the
DNA or peptides were reacted to the activated func-
tional groups on MUAM. Subsequently, the micro-
channels were removed and the non-speciWc
background was formed using polyethyleneglycol
derivatives. Another approach is based on microcon-
ods 37 (2005) 26–36

tact printing (�CP) which uses the relief pattern on the
surface of an elastomeric PDMS stamp to form pat-
terns on the sensor surface [61]. Various structures
have been created on gold using �CP including pat-
terned SAMs [62], proteins [63] or cells [64]. Peptide
arrays have been formed using �CP onto reactive
SAMs [65].

4. Multichannel SPR sensor with spectral modulation and 
wavelength division multiplexing

4.1. WDMSPR sensor

In this paper, we demonstrate multi-analyte detection
using a recently developed eight-channel WDMSPR sen-
sor [66]. This sensor is based on a special multireXection
element in which a collimated beam of polychromatic
light is made incident on the SPR sensor surface under
two slightly diVerent angles of incidence (Fig. 4A). Upon
the Wrst incidence on the surface of the sensor (channel
A), light excites an SPP at the outer metal surface at the
wavelength �A. The excitation of the SPPs produces a
sharp absorption dip in the spectrum of optical wave cen-
tered at the wavelength �A. The reXected light is redi-
rected inside the element and made incident on the metal
Wlm in the second region (channel B) under a diVerent
angle of incidence � (�<�). At this angle of incidence, the
optical wave couples to an SPP at a longer wavelength �B
(�B >�A) generating a dip in the spectrum of the optical
wave centered at the wavelength �B. Consequently, the
wavelength spectrum of the transmitted light exhibits two
SPR dips corresponding to SPRs in two distinct areas of
the metal Wlm, Fig. 7. These areas form two independent
sensing channels. Response of each channel is encoded
into a shift in the position of respective SPR dip.

The WDMSPR system reported herein combines the
wavelength division multiplexing of pairs of sensing

Fig. 7. ReXectivity in the WDMSPR sensing element as a function of
wavelength. Sensing element—SF14 glass, metal layer–gold, thickness
–55 nm, dielectric–aqueous medium, angles of incidence � D 54.6° and
� D 52.5°.
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channel with four parallel light beams to provide the
total of eight sensing channels, Fig. 8. In the developed
prototype of the sensor, polychromatic light from a
halogen lamp (Avalight-Hal from Avantes, Nether-
lands) was coupled into an optical Wber (FT-400-EMT
from Thorlabs, USA) and collimated using two
cylindrical lenses. The collimated light beam was polar-
ized by a dichroic polarizer (Polarcor, USA) and cou-
pled in the WDMSPR sensing element to which a
sensor chip (SF14 glass slide) coated by an adhesion
promoting chromium layer (thickness less than 2 nm)
and SPR-active gold layer (thickness 55 nm) was
attached. The light was made incident on the SPR-
active surface in eight areas denoted as A1–A4 and B1–
B4, Fig. 8. Light beams reXected at the sensing areas
A1–A4 and B1–B4 were collected by four miniature
GRIN lenses (NSG America, USA) and coupled to
four optical Wbers FT-400-EMT (Thorlabs, USA)
connected to a four-channel spectrograph S2000
(Ocean Optics, USA). The SPR spectra were measured
in TM polarization and normalized with spectra
obtained in TE polarization. Measured SPR spectra
were averaged in time and the SPR dip position was
determined by the 5th-order polynomial Wtting and
tracked over time for each sensing channel. An eight-
channel Xow-cell was clamped against the SPR chip to
contain liquid samples during experiments. The Xow-
cell was made of an acrylic substrate with input and
output ports interfacing Xow-cell chambers for each
sensing channel. The Xow-cell chambers were cut into a
gasket made of a 50-micrometer thick polyurethane
sheet using a CO2 laser beam (custom made by Micron-
ics, USA). The volume of each Xow-cell chamber was
2 �l. Input Xow-cell ports were connected via tubings
(Upchurch ScientiWc, USA) with two four-channel
peristaltic pumps Reglo Digital (Ismatec, Switzerland)
which controlled the Xow of liquid samples through the
Xow-cell. In the reported experiments, the Xow rate of
50 �l/min was used.

Fig. 8. An eight-channel SPR sensor combining parallel architecture
with the wavelength division multiplexing of serially ordered channels.
ods 37 (2005) 26–36 31

4.2. Materials

Antibody solutions were prepared in 10 mM phos-
phate buVer (PB), pH 7.6, at 20 °C. Analyte solutions
were prepared in PBS (10 mM phosphate buVer, 137 mM
NaCl, and 2.7 mM KCl, pH 7.4, at 20°C) containing
bovine serum albumin at a concentration of 100�g/ml.
Bovine serum albumin (BSA) was purchased from
Sigma–Aldrich, USA. The C11-chained and C16-chained
alkanethiols (C11-mercapto-1-undecanol and C16-merca-
ptohexadecanoic acid) and the N,N,N�,N�-tetramethyl-
O-(N-succinimidyl)uronium tetraXuoroborate (TSTU)
used for activation of carboxylic terminal groups on C16
alkanethiol were purchased from Sigma–Aldrich, USA.
Monoclonal aYnity-puriWed antibodies against human
immunoglobulin E (aIgE), human immunoglobulin G
(aIgG), human choriogonadotropin (ahCG), and horse-
radish peroxidase (aPx) were purchased from Seva
Immuno, Czech Republic. Human immunoglobulin E
(IgE) was purchased from Biodesign, USA, human
immunoglobulin G (IgG) was obtained from the Faculty
of Sciences of the Charles University (Laboratory of
Anthropology and Human Genetics), Czech Republic,
human choriogonadotropin (hCG) was purchased from
Calbiochem, USA, and horseradish peroxidase (Px)
from Kem-En-Tec, Denmark. Immune reaction activi-
ties of all immune partners were conWrmed by ELISA
method.

4.3. Chip functionalization

The functionalized method used in this work is based
on thiol-attachment chemistry and spatially controlled
delivery of antibodies using microXuidics. Prior to func-
tionalization, sensor chips were rinsed with Piranha
solution (a 1:3 mixture of 30% hydrogen peroxide and
96% sulfuric acid) for 3 min, then washed with deionized
water and dried with nitrogen stream. A 7:3 mixture of

Fig. 9. SPR wavelength change due to the immobilization of aPx, aIgE,
ahCG, and aIgG antibodies, antibody concentration—50 �g/ml.
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C11-chained and C16-chained alkanethiols was dissolved
in degassed absolute ethanol with a total thiol concen-
tration of 1 mM. The C16 alkanethiols terminated with a
carboxylic head group were used to anchor an antibody;
C11 alkanethiol chains terminated with a hydroxyl head
group were used to form a non-fouling background.
Sensor chips were immersed in a thiol solution and
stored in a dark place at room temperature for two days.

Fig. 10. IgE sensorgrams for solutions containing only IgE (channel
B2) and the mixture of analytes (channel A2).
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After the formation of a thiol self-assembled monolayer
(SAM), the sensor chips were rinsed with ethanol, dried
with nitrogen, rinsed with water, and dried with nitrogen
again. The carboxylic terminal groups on the sensor sur-
face were activated by TSTU dissolved in dimethylform-
amide at a concentration of 1 mg/ml for 4 h. After the
activation, the sensor chip was rinsed with water, dried
with nitrogen, and loaded into the SPR instrument.
Antibody attachment was performed in situ by Xowing
phosphate buVer solution with 50 �g/ml of antibody
along a sensing channel surface for 15 min (Xow rate
50 �l/min). SpeciWcally, identical solutions containing
aPx, aIgE, ahCG, and aIgG were Xowed through pairs
of sensing channels A1 and B1, A2 and B2, A3 and B3,
and A4 and B4, respectively. Then, the antibody solu-
tions were replaced with a phosphate buVer solution
containing natrium chloride at a concentration of 1 M,
which was Xowed through all channels to remove weakly
bound antibodies. The immobilization of the aPx, aIgE,
ahCG, and aIgG antibodies on the thiol-coated SPR
sensing surface was observed using the SPR sensor sys-
tem described in Section 4.1. Fig. 9 shows the sensor
response to the immobilization of antibodies in the sens-
ing channels B1–B4. The sensor response to antibodies
ranges from 9 to 23 nm. This diVerence is believed to be
mainly due to diVerent accessibilities of amino groups
Fig. 11. Sensor response as a function of analyte concentration for Px, IgE, hCG, and IgG measured in pure buVer and mixture of all analytes.
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for each type of antibody and electrostatic interaction
between the antibody and the surface. Finally, the sensor
surface was Xushed with BSA dissolved in PBS to inter-
act with the unreacted carboxylic groups.

4.4. Multi-analyte detection

The SPR chip coated with aPx, aIgE, ahCG, and
aIgG antibodies was used for simultaneous detection of
model analytes—Px, IgE, hCG, and IgG. Detection of
these analytes was performed in solutions containing
only a single analyte and in mixtures containing Px, IgE,
hCG, and IgG. First, buVer (BSA-PBS) was Xowed
through all eight sensing channels until a stable sensor
response was reached. Then, the mixture of Px, IgE,
hCG, and IgG was Xowed through the sensing channels
A1–A4 for 15 min. Simultaneously, four solutions con-
taining only the analyte corresponding to the immobi-
lized antibody at the concentration identical to the one
in the mixtures were injected into the sensing channels
B1–B4. After the incubation for 15 min, these samples
were replaced with buVer. This procedure was performed
sequentially with solutions containing Px, hCG, IgG,
and IgE at concentrations of 0.2, 0.5, 0.2, and 0.05 �g/ml
(MIX 1); 0.5, 1, 0.5, and 0.1 �g/ml (MIX 2); 1, 2, 1, and

0.6 aPx surface
ods 37 (2005) 26–36 33

0.5�g/ml (MIX 3); 2, 3, 2, and 1 �g/ml (MIX 4); and 5, 5,
5, and 2 �g/ml (MIX 5), respectively. Typical sensor-
grams for samples containing only a single analyte and
in mixtures of analytes are shown in Fig. 10.

The sensor response to an increasing concentration of
pure analytes and analytes in mixtures was simulta-
neously measured. The sensor response was determined
as a diVerence in the resonant wavelength in buVer
before and after the incubation of the sensor surface
with samples. The resulting sensor responses as a func-
tion of concentration of analyte are shown in Fig. 11.
The reproducibility of the measurements was evaluated
in repeated experiments and found to be within § 10% of
the sensor response for Px, hCG, and IgG and § 5% of
the sensor response for IgE. The diVerence in the sensor
response to the same concentration of target analyte in
the absence and in the presence of other analytes was
found to fall within 18%. Moreover, it was observed that
the sensor response to analyte in a mixture was usually
higher than that corresponding to a pure sample con-
taining only analyte.

To investigate the speciWcity of studied biomolecular
interactions, the sensor responses to non-target and tar-
get analytes were compared. The non-target analytes fol-
lowed with the target analyte were sequentially Xowed

0.6A1 B1
Fig. 12. Sensor response to target analytes injected after a sequence of non-target analytes (A1–A4) and sensor response to speciWc analytes without
the exposure to non-target analytes (channels B1–B4), concentrations of Px, IgE, hCG, and IgG are 0.5, 0.1, 0.5, and 0.5 �g/ml, respectively.
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through the sensing channels B1–B4. The same experi-
ment was performed for lower and higher concentra-
tions of analyte molecules. Corresponding sensorgrams
for low and high concentrations are shown in Figs. 12
and 13, respectively. Concentrations of Px, IgE, hCG
and IgG were 0.5, 0.1, 0.5, and 0.5 �g/ml, and 5, 2, 2, and
5  �g/ml for low and high concentrations, respectively.

As follows from Fig. 12, the low concentrations of
non-target analytes generated basically no response (less
than 0.07 nm) and the subsequent response to the target
analytes produced sensor response of 0.25, 0.30, 0.10, and
0.54 nm for Px, IgE, hCG, and IgG, respectively. These
values agree well with the sensor responses to samples
containing only a target analyte observed in the sensing
channels not in contact with the non-target analytes,
which were found to be 0.30, 0.30, 0.10, and 0.56 nm for
Px, IgE, hCG, and IgG, respectively. High analyte con-
centrations produced non-speciWc sensor responses of
about 0.1, 0.17, 0.03, and 0.22 nm, on aPx, aIgE, ahCG,
and aIgG-coated surfaces, respectively. The subsequent
binding of the target analyte produced sensor responses
of about 0.62, 4.10, 0.24, and 1.00 nm for Px, IgE, hCG,
and IgG, respectively. As follows from the experimental
about 16, 3, 13, and 22% of the speciWc response to Px,
IgE, hCG, and IgG, respectively. Responses to the same
concentrations of pure analytes incubated with sensing
surfaces unexposed to other analytes were found to be
0.65, 4.3, 0.27, and 1.01 nm for Px, IgE, hCG, and IgG,
respectively; Fig. 13.

The ultimate lowest detection limits of the sensor for
the model analytes were estimated based on the accuracy
of measuring the SPR wavelength that is deWned as three
standard deviations of sensor response noise and was
equal to 0.03 nm for the used WDMSPR sensor system.
In pure samples, the ultimate detection limits were 60,
10, 150, and 30 ng/ml for Px, IgE, hCG, and IgG, respec-
tively. Detection of low concentrations of analytes in
mixtures was limited by the non-speciWc binding and
determined to be 200, 600, 300, and 200 ng/ml, Px, IgE,
hCG, and IgG, respectively.

5. Outlook

A number of surface plasmon resonance (SPR) sensor
platforms and attachment/patterning methods suitable
34 J. Homola et al. / Methods 37 (2005) 26–36

through the sensing channels A1–A4. Simultaneously,
solutions with only a speciWc analyte were Xowed

data, majority of the non-speciWc binding was reversible
(Fig. 13) and the observed non-speciWc response was

Fig. 13. Sensor response to a target analyte injected after a sequence of non-target analytes (A1–A4) and directly (channels B1–B4), concentrations of
Px, IgE, hCG, and IgG are 5, 2, 2, and 5 �g/ml, respectively.
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for multi-analyte detection have been proposed over the
last decade. So far, the majority of demonstrated SPR
multi-sensors have been able to detect simultaneously
only a limited number of analytes. However, further
advances in development of biomolecular recognition
element arrays and microXuidics for both patterning and
sample distribution are expected to lead to SPR systems
capable of observing and quantifying tens and hundreds
of biomolecular interactions in near future. Implementa-
tions of such multi-analyte sensors will be driven by the
needs of speciWc applications. The main application
areas include pharmaceutical research (high-throughput
systems for drug screening), medical diagnostics (high-
throughput diagnostic tools), food safety (systems for
rapid detection of foodborne pathogens and agents), and
security (devices for early detection and identiWcation of
biological and chemical warfare agents).
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Abstract

We report a new multichannel biosensor combining an optical platform based on surface plasmon resonance (SPR) imaging on special multilayers

and polarization contrast with a spatially-resolved functionalization. We demonstrate that the optical platform offers a considerably higher sensitivity
and resolution than the conventional SPR imaging. The spatially-resolved functionalization based on microspotting applied to immobilization of
short oligonucleotides is shown to provide a surface concentration of oligonucleotide probes higher by 80% than the flow-through functionalization
method. The sensor can perform 64 independent measurements simultaneously and its limit of detection (LOD) for 23-mer oligonucleotides was
demonstrated to be as low as 100 pM.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Monitoring of biomolecular interaction in microarray for-
mats has been increasingly applied in molecular biology, medi-
cal research and diagnostics, drug development and food safety.
A wide range of molecular interactions were utilized in microar-
rays, including DNA–DNA, protein–protein, protein–DNA,
protein–peptide or antigen–antibody interactions. Conventional
methods for readout of microarrays typically require fluores-
cent or other labeling which increases the assay time and costs,
and can disturb the binding leading to false negatives [1]. More-
over, fluorescent compounds are invariably hydrophobic, which
can produce a background signal leading to false positives [2].
In order to overcome these limitations, label-free measurement
technologies have been researched worldwide. Optical biosen-
sors based on surface plasmon resonance (SPR) present an
emerging platform for label-free monitoring of biomolecular
interactions [3]. In the last decade, several approaches to the
development of high-throughput SPR sensors have been pro-
posed. They are based either on SPR imaging [4,5], SPR imaging
in the polarization contrast [6] or spectroscopy of surface plas-
mons on an array of diffraction gratings [7]. The SPR imaging
∗ Corresponding author. Tel.: +420 2 66773448; fax: +420 2 84680222.
E-mail address: homola@ure.cas.cz (J. Homola).
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ensors were demonstrated to detect short oligonucleotides in
oncentrations as low as 10 nM [8].

In this paper, we combine a novel SPR biosensor platform
ased on highly sensitive SPR imaging on special spatially
atterned multilayers and polarization contrast with a spatially-
esolved functionalization based on microspotting technique to
rovide a platform for parallelized detection of oligonucleotides.

. SPR platform for parallelized measurements

The optical platform used herein is based on the SPR imag-
g of special multilayers in polarization contrast [6]. In this

pproach, a light wave is made incident on a dielectric sub-
trate supporting two types of special metal-dielectric multi-
yers (Spots type I and II) (Fig. 1). A monochromatic light

wavelength, 635 nm) polarized with a plane of polarization ori-
nted at 45◦ with respect to the plane of incidence, is made
cident through a dielectric substrate on the boundary support-
g metal-dielectric multilayers (Fig. 1). The light incident on the

are dielectric-sample interface undergoes total reflection and is
eflected as an elliptically polarized wave. The light incident on
e multilayers couples with the surface plasmons at the inter-

ace between the gold layer and dielectric sample, which alters
oth the intensity and polarization of the reflected light wave.
olarization of light reflected from the bare surface is turned
to linear by means of a quarter-wave plate with the polariza-

mailto:homola@ure.cas.cz
dx.doi.org/10.1016/j.snb.2006.09.009
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Fig. 1. Scheme of the SPR imaging sensor surface with surface plasmon on two
types of metal-dielectric multilayers.

tion axis oriented at 45◦ with respect to the plane of incidence
and the resulting light wave is extinguished by an output polar-
izer (polarizer at the angle of 168◦ with respect to the plane
of incidence). The light reflected from the multilayers earns a
phase shift from the quarter-wave plate and passes through the
output polarizer. The multilayer structures are designed in such
a way that the intensity of light associated with the Spot type I
increases with the refractive index of sample, while the intensity
of light associated with the Spot type II decreases. Therefore, if
the sensor response is defined as a ratio of the intensities of light
reflected from the Spots type I and II, the sensitivity is higher
than the sensitivity for each individual spot. In addition, the ratio
of the intensities is insensitive to fluctuations in the intensity of
light occurring equally in both the areas. The multilayers need
to be optimized in terms of sensitivity to refractive index and
complexity/feasibility of fabrication. Based on the results of our
recent optimization study, we designed a new system of multi-
layers consisting of 3 nm titanium film, 200 nm aluminum oxide
layer and 40 nm gold layer (Spot type I) and 12 nm titanium film,
200 nm aluminum oxide layer and 40 nm gold layer (Spot type
II). Simulated intensity of transmitted light for both the types of

multilayers and the ratio of the two intensities is shown in Fig. 2.
The simulations suggest that the dependences of the intensity on
the refractive index for the two respective spot types intersect

Fig. 2. Dependence of light intensity on the refractive index of sample for two
different types of sensing spots (lower plot) and their ratio (upper plot).
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ig. 3. Sensor sensitivity as a function of refractive index for three SPR sensing
latforms: (1) conventional SPR imaging; (2) SPR imaging sensor with polariza-
ion contrast and chromium-based multilayers; and (3) optimized SPR imaging
ensor with polarization contrast and titanium-based multilayers.

lose to their maximum slopes (the maximum slopes occur at
.338 RIU for Spot type I and at 1.332 RIU for Spot type II).
herefore, the interval of maximum slopes of individual inten-
ities is associated with the optimum sensor performance and
orresponds to the normalized signal close to 1.

The sensor sensitivity to bulk refractive index across the oper-
ting range of 1.328–1.34 is depicted in Fig. 3. The sensitivity
s compared to the sensitivity of the previously reported design
6] and to the sensitivity of TM reflectivity used in the con-
entional SPR imaging. Sensitivities of sensors based on the
olarization contrast and metal-dielectric multilayers were cal-
ulated with the angle of incidence of 61◦ so that the normalized
ignal of one (optimum sensor operation) is associated with
he refractive index of 1.332 RIU. The sensitivity of the con-
entional SPR imaging was calculated assuming the angle of
ncidence of 60.2◦, at which the reflectivity equal to 1/3 cor-
esponds to the refractive index of 1.332 RIU. As shown in [9],
eflectivity equal to 1/3 yields the maximum slope of reflectivity
nd subsequently the highest sensitivity (gold layer thickness,
3 nm). As follows from Fig. 3, the sensitivity of the new sen-
or design increases with the refractive index. This increase in
he sensitivity is approximately proportional to the increase in
he normalized signal. For the normalized signal equal to 1,
he sensor exhibits sensitivity of 210 RIU−1 which exceeds the
ensitivity of the previous SPR sensor with polarization con-
rast [6] by a factor of 2.5 (at 1.332 RIU) and the sensitivity of
he conventional SPR imaging by a factor of 6. There are two
ontributions to the six-fold increase in sensitivity: (i) the use
f opposite slopes intensity of incident improve sensitivity of
he ratio by a factor of 2 and (ii) the sensitivity scales with the
ncrease of normalized signal by a factor of 3.

In SPR biosensors, the refractive index changes are induced
n a very close proximity of the sensor surface. Therefore, the
urface sensitivity is typically used to characterize the sensor
esponse to the refractive index or thickness changes within a
hin dielectric layer at the sensor surface. The surface sensitiv-
ty SS is defined as a change in the sensor response due to a
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unit change of refractive index within a dielectric layer of a unit
thickness. It can be shown that at a fixed wavelength, the surface
sensitivity of an SPR sensor is proportional to the bulk refractive
index sensitivity [10]. The sensor response to the change of sur-
face refractive index was calculated using the Fresnel equations
yielding SS = 2.2 nm−1 RIU−1 at the normalized signal equal to
1. The change of the sensor response can be translated to the
surface coverage of immobilized molecules using the Feijter’s
formula [11]. For the reported SPR sensor, this formula can be
written as

�Γ = �R

Ss(∂n/∂c)MW
, (1)

where Γ is the surface coverage expressed in molecules per unit
area, �R is the change of normalized sensor signal due to the
binding, MW is the molecular weight of adsorbed molecules and
the term ∂n/∂c is the bulk refractive index increment of analyte.
In this work, the refractive index increment for streptavidin and
oligonucleotides was assumed to be 0.18 cm3/g [12].

The sensor consisted of a light source, SPR coupling optics
and two-dimensional detector array. A collimated laser light
(wavelength, 635 nm, SDL Inc., USA) passed through a polar-
izer and was totally reflected from the SPR coupling prism
made from SF2 glass. The reflected light traveled through a
quarter-wave plate and a polarizer and was projected onto a
CCD camera (Andor Technology, Ireland) by means of tele-
centric imaging optics (Fig. 4). A pattern of alternating sensing
Spots type I and II was prepared on a glass sensor chip that was
optically matched to the base of the coupling prism. Prior to the
deposition of thin films using the electron beam evaporation in
vacuum, the chips were cleaned in a UV ozone cleaner (Jelight
Company Inc., USA). Sensing spots (800 �m × 400 �m) were
defined during the evaporation using a mask from a 200 �m
thick stainless steel foil (Micronics Inc., USA). Spot type I struc-

ture consisted of 3 nm titanium layer, 200 nm aluminum oxide
layer and 40 nm gold layer; Spot type II structure consisted of
12 nm titanium layer, 200 nm aluminum oxide layer and 40 nm

Fig. 4. Scheme of the SPR imaging setup with polarization contrast and special
multilayers.
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ig. 5. Sensor refractive index calibration. Relative intensities reflected from
pots type I and II measured for 10 different refractive indices (lower plot)
nd the normalized signal as their ratio (upper plot). Simulated data shown for
omparison.

old layer. The digital image acquired from the CCD camera
very 3–6 s displayed a regular pattern of bright sensing spots
n a dark background. Experimental results reported below were
easured simultaneously in 64 sensing channels (normalized

ignals were calculated from 128 sensing spots). The flow-cell
as attached to the sensor surface to contain a liquid sample dur-
g the experiments. The sensor surface contained eight separate
ow-chambers, each with a volume of 2 �l.

In order to demonstrate the increased sensitivity of the opti-
ized sensing structure, a model refractometric experiment was

erformed using liquid samples with different refractive indices
Cargille Labs, USA). Measured intensities from the two types
f sensing spots and their ratio are depicted in Fig. 5. The
xperimentally determined sensitivity of the normalized sensor
esponse to refractive index was found to differ from the theoret-
al estimate by less than 10%. In order to maximize the signal
noise ratio of measured intensities, the utilized CCD detector

as operated close to the saturation (the maximum resolvable
tensity). Under these conditions, noise of the measured inten-

ity is directly proportional to the square root of the intensity.
his assumption allows calculating the standard deviation of
e normalized signal (the ratio of intensities of Spots type I

nd II) that together with the sensor sensitivity determine the
ensor resolution. It can be shown that changes in the normal-
ed signal from 0.5 to 1 and from 1 to 4.5 (within the operating

ange of the sensor) are accompanied with an increase of noise
y a factor of 1.6 and 7.4, respectively. The same changes of
ormalized signal correspond to an increase in sensitivity by
factor of 2 and 5.5, respectively. Detailed analysis then indi-

ate that the sensor resolution varies across the whole operating
ange (refractive indices between 1.328 RIU and 1.34 RIU) by
ss than 25%. This conclusion was confirmed experimentally

nd an average noise of the sensor response was determined to
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Fig. 6. Concept of functionalization of the multichannel SPR sensor.

be (4.5 ± 1) × 10−4. This value translates to a refractive index
resolution of (2 ± 0.5) × 10−6 RIU.

3. Spatially-resolved functionalization

The spatially-resolved functionalization of SPR chips was
performed using the method combining the microspotting tech-
nique and the biotin–streptavidin coupling chemistry. In this
method, streptavidin was covalently attached to an alkanethi-
olate self-assembled monolayer and then biotinylated oligonu-
cleotides were coupled to streptavidin [13,14]. A 3:1 mixture
of C11(EG)2 and C16COOH alkanethiols was dissolved in abso-
lute ethanol with a total thiol concentration of 1 mM (C11(EG)2
and C16COOH alkanethiols were from Prochimia, Poland and
Sigma–Aldrich, USA, respectively). The C16COOH was used
for the attachment of streptavidin, while C11(EG)2 alkanethi-
ols were used to form a stable non-fouling background. Sen-
sor chips were immersed in thiol solution, heated to 40 ◦C
for 15 min and then stored in a dark place at a room tem-
perature for 12 h. Then, the chips were rinsed with ethanol,
dried with nitrogen, rinsed with deionized water and dried with
nitrogen again. The carboxylic terminal groups on the sensor
surface were activated for 2 h in N,N,N′,N′-tetramethyl-O-(N-
succinimidyl)uronium tetrafluoroborate (TSTU, purchased from
Sigma–Aldrich, USA) dissolved in dimethylformamide with a
concentration of 2 mg/ml [15].

The sensing areas of the chips were coated with streptavidin
(purchased from Sigma–Aldrich, USA) which was dissolved
in 10 mM sodium acetate (SA) buffer (pH 5.0 at 20 ◦C) and
microspotted onto individual sensing channels. Microspotting
volume of 300 nl was found to form a droplet with diame-
ter of 1.3 ± 0.2 mm on the SPR chip surface and thus cover
a pair of neighboring sensing spots. Reproducibility of the vol-
ume of the droplets formed using this method was estimated
using analytical balance (Mettler-Toledo, USA) to be about
92%. The streptavidin was allowed to bind to the alkanethiol
monolayer for 60 min and then the SPR chips were functional-
ized with different oligonucleotide probes in such a way that
each pair of measuring spots was coated with one type of
probe (Fig. 6). The model deoxyribooligonucleotide probes used
in this work included (i) biotin-(TEG)2-5′-d(CAG TGT GGA
AAA TCT CTA GCA GT)-3′ (=BdO23); (ii) biotin-(TEG)2-5′-
ators B 121 (2007) 187–193

23-3′ (=BdT23); (iii) biotin-(TEG)2-5′-A23-3′ (=BdA23) and
heir complementary targets with the following sequences (i) 5′-
(ACT GCT AGA GAT TTT CCA CAC TG)-3′ (=CdO23); (ii)
′-d(A23)-3′ (=dA23); and (iii) 5′-d(T23)-3′ (=dT23), (deoxyri-
ooligonucleotides were purchased from Masaryk University,
zech Republic). The biotinylated oligonucleotide probes in
0 mM phosphate buffer containing 15 mM MgCl2 (PBM, pH
.4 at 20 ◦C) were microspotted on the top of the streptavidin
pots and incubated for 120 min. The concentrations of strepta-
idin and oligonucleotide solutions used in microspotting were
alculated in such a way that each droplet of streptavidin solution
ontained enough streptavidin to form two complete mono-
ayers (0.3 �M) and each droplet of oligonucleotide solution
ontained 1.5 oligonucleotides per each binding pocket of strep-
avidin (2 �M) [16]. The surface drying during the microspotting
rocess was carefully avoided as drying of the functionalized
urface can result in a loss of streptavidin reactivity. There-
ore, the incubation of the microspotted surface took place in

humidity chamber with saturated vapor pressure. After the
icrospotting, the sensor chips were rinsed with PBM in order

o wash off the unreacted probes and streptavidin and then stored
n PBM at 4 ◦C.

In order to allow for comparison of binding properties of
he oligonucleotide chips prepared by microspotting with those
repared by conventional flow-through method [15], a series
f reference chips were functionalized using the conventional
ow-through procedure. In this procedure, the sensor chips
ere functionalized directly in the SPR sensor system while the

esponse to binding was monitored in situ. First, SA buffer was
owed across the sensor chip with a self-assembled monolayer
f mixed alkanethiols prepared using the procedure described
arlier in this section. SA buffer containing 50 �g/ml of strepta-
idin was flowed across the sensor surface for 12 min and then
he solution was replaced with an SA buffer. After a short incu-
ation with 10 mM phosphate buffer containing 0.75 M NaCl
pH 7.4 at 20 ◦C) to remove non-covalently bound streptavidin
nd deactivate residual carboxylic groups, the sensor surface
as flushed with PBM. Then, a 50 nM solution of biotiny-

ated oligonucleotides was flowed across the sensor surface for
2 min. The sensor surface was divided into measuring and ref-
rence groups of channels using separate flow-chambers of the
ow-cell. Measuring channels were modified with BdO23 probes
nd reference channels were modified with BdT23 or BdA23
robes. Finally PBM buffer was flowed along the surface to
ash off any unbound probes (Fig. 7).
The surface density of streptavidin layer produced using the

ow-through method was calculated using Eq. (1) from the sen-
or response to the streptavidin monolayer saturation as well as
rom the sensor response after removal of the unbound strep-
avidin (see Fig. 7a). The corresponding surface concentrations
f streptavidin were determined to be 1.9 × 1012 SA/cm2 and
.14 × 1012 SA/cm2, respectively. While the higher concentra-
ion is relevant for the optimization of the microspotting of strep-
avidin, where the saturation has to be reached from a limited
olume of the droplet, the lower number provides an estimate
f binding pockets available for biotinylated oligonucleotides at
he sensor surface. The surface density of immobilized biotiny-
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Fig. 7. Typical sensor response to immobilization of (a) streptavidin (measured
in 32 channels) and (b) biotinylated oligonucleotides (measured in 8 channels).

lated oligonucleotides BdO23 (Fig. 7b) was estimated to be
about 2.2 × 1012 oligonucleotides per cm2, which corresponds
to about two biotinylated oligonucleotides per a molecule of
streptavidin.

4. Detection of oligonucleotides

In order to determine the cross-talk among the sensing chan-
nels and to evaluate potential of the presented approach for
parallelized screening of molecular interactions, we performed
an experiment in which a solution containing a specific oligonu-
cleotide (concentration, 50 nM) was flowed along the sensor
chip with neighboring sensing channels functionalized with
complementary oligonucleotides (all present within a single
flow-chamber, see Fig. 6). This experiment was carried out
using three different solutions; each solution containing only
one of oligonucleotides with a sequence complementary to the
sequence of one of the immobilized probes. These measure-
ments were performed simultaneously, using different areas of
the SPR sensor chip confined in different flow-chambers. Fig. 8
presents response of the sensing channels to different oligonu-
cleotides. Clearly, the sensing channels with probes complemen-
tary to the oligonucleotide in solution produced a strong sensor
ig. 8. Detection of three oligonucleotides using an array of complementary
robes microspotted on the sensor surface. Probe sequences are given at the ver-
cal axis. Error bars indicate the peak-to-peak variations in the sensor response.

esponse, while the sensing channels with different oligonu-
leotides generated no response at all. Each of the hybridization
vents was measured simultaneously in three or four sensing
hannels (depending on the layout of sensing spots within each
ow-chamber) and the sensor responses were found to fall
ithin ±7% from the average sensor response. This experiment

uggests that the presented multichannel SPR platform can be
ombined with the microspotting functionalization technique to
llow for parallelized measurements with no cross-talk among
e neighboring sensing channels.
In order to assess detection capabilities of the developed sen-

or platform, detection experiments were performed in which the
ensor response to different concentrations of oligonucleotides
as measured. In these experiments, sensor chips functional-
ed with BdO23 probes (sensing channels) and BdT23 probes

reference channels) were used and samples containing different
oncentrations of CdO23 in PBM buffer were flowed across dif-
erent flow-chambers of the flow-cell. Typical sensor response

different concentrations of CdO23 is shown in Fig. 9. For com-
arison, the detection experiment was repeated using the SPR
ensor chips and functionalized using the flow-through tech-
ique (Fig. 10).
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Fig. 9. Detection of oligonucleotides using the multichannel SPR sensor func-
tionalized using the microspotting technique. Temporal sensor response mea-
sured for three different concentrations of CdO23 oligonucluotide. Response of
a reference channel for CdO23 concentration of 50 nM shown for comparison.

As follows from comparison of the sensor responses
for the microspotting and flow-through functionalization
(Figs. 9 and 10), the equilibrium sensor response at 50 nM con-
centration obtained using the microspotting functionalization is
higher by a factor of about 1.8 than the response obtained on
the sensor chip functionalized using the flow-through technique.
This result indicates, that the microspotting procedure yields a
surface density of probes higher by 80%, which translates to
4 × 1012 oligonucleotides per cm2 (this result was calculated
using Eq. (1)). The higher surface concentration of probes can be
associated with a slower immobilization of probes driven only
by the diffusion in the droplet volume and longer incubation
times. This result is comparable with the results obtained using

SPR chips functionalized under no flow conditions in a cuvette
by Su et al. who obtained surface coverage as high as 4.3 × 1012

Fig. 10. Detection of oligonucleotides using the multichannel SPR sensor func-
tionalized using the flow-through technique. Temporal sensor response measured
for three different concentrations of CdO23 oligonucluotide. Response of a ref-
erence channel for CdO23 concentration of 50 nM shown for comparison.
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ig. 11. Calibration curves for the SPR sensor-based detection of CdO23

ligonucleotides determined for two method of functionalization (microspot-
ing and flow-through functionalization). Error bars indicate the peak-to-peak
nterval of measured binding rates.

ligonucleotides per cm2 [14]. This indicates that when the
arameters of the microspotting process are controlled properly,
obust functionalization with a high density of probes accessible
o target analytes can be achieved. For direct biosensor-based
etection of oligonucleotides, it is useful to define the sensor
esponse to analyte as the binding rate of the analyte to the
eceptors in an initial phase of the binding experiment (see
ig. 9). In this experiment, the binding rates were calculated
sing a linear regression applied to a portion of the kinetic
ensor response fulfilling the criterion that the standard devi-
tion of the fit was smaller than two standard deviations of the
aseline noise (for instance, binding rates for 1 nM and 50 nM
oncentrations were calculated using first 13 min and 1 min of
he binding, respectively). The determined binding rates were
lotted against the concentration of oligonucleotide (Fig. 11).
learly, the higher surface concentration of probes achieved
sing the microspotting technique results in higher binding rates
or all the concentrations of the target oligonucleotides.

As follows from Figs. 9 and 11, the sensor shows a strong
esponse even to oligonucleotide concentrations as low as 1 nM.
f we define the limit of detection (LOD) as a concentration of
nalyte that results in the sensor response equal to three standard
eviations of the baseline noise [17], the LOD for this model
ligonucleotide system is approximately 100 pM. This detec-
ion limit is better by two orders of magnitude than the best
etection limits demonstrated using the SPR imaging technol-
gy [8] and comparable to best detection limits obtained using
igh-performance SPR sensors based on spectroscopy of surface
lasmons in a small number of sensing channels (<5) [15,18].

. Conclusions

We demonstrate a new multichannel SPR biosensor based on
he SPR imaging platform with an array of special multilayers
nd polarization contrast and the spatially-resolved function-
lization based on the microspotting technique. We show that
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the optical approach presented herein offers considerably higher
sensitivity than the competing multichannel SPR sensing plat-
forms such as SPR imaging and allows measuring changes in
the refractive index as small as 2 × 10−6 RIU. The optimized
microspotting technique employed for the functionalization of
the sensor with oligonucleotide probes was found to provide at
least 80% more binding sites than the conventional flow-through
functionalization. The limit of detection for model oligonu-
cleotides was demonstrated to be about 100 pM which makes
this sensor by far the most sensitive high-throughput SPR plat-
form used for detection of oligonucleotides.
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R. Liboška, D. Rejman, I. Rosenberg, J. Homola, Investigating oligonu-
cleotide hybridization at subnanomolar level by surface plasmon resonance
biosensor method, Biopolymers 82 (2006) 394–398.

6] J.S. Shumaker-Parry, C.T. Campbell, Quantitative methods for spatially
resolved adsorption/desorption measurements in real time by surface plas-
mon resonance microscopy, Anal. Chem. 76 (2004) 907–917.

7] V. Thomsen, D. Schatzlein, D. Mercuro, Limits of detection in spec-
troscopy, Spectroscopy 18 (2003) 112–114.

8] B. Persson, K. Stenhag, P. Nilsson, A. Larsson, M. Uhlen, P.A. Nygren,
Analysis of oligonucleotide probe affinities using surface plasmon reso-
nance: a means for mutational scanning, Anal. Biochem. 246 (1997) 34–
44.

iographies

arek Piliarik (MS 2000) is a doctoral student of the Faculty of Mathematics
nd Physics in Charles University in Prague (Czech Republic) and carries out
is PhD research at the Institute of Radio Engineering and Electronics, Prague

zech Republic). His research interests are in development of optical platforms
r biosensors and data processing.
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b Charles University, Faculty of Mathematics and Physics, Ke Karlovu 3, 121 16 Prague, Czech Republic

c VIDIA Ltd., Nad Safinou II/365, 252 42 Jesenice u Prahy, Czech Republic

Received 17 August 2005; received in revised form 17 April 2006; accepted 25 April 2006
Available online 21 June 2006

Abstract

This paper describes the direct label-free detection of antibodies against the Epstein-Barr virus (anti-EBNA) using a surface plasmon resonance
(SPR) biosensor. The antibody detection was performed using the immunoreaction between anti-EBNA and a respective synthetic peptide (EBNA-
1), which was conjugated with bovine serum albumin (BSA–EBNA) and immobilized on the sensor surface. Three immobilization chemistries

for the attachment of BSA–EBNA were investigated to optimize ligand density and minimize loss of EBNA-1 immunoreactivity. The developed
SPR biosensor functionalized with the optimal immobilization method was calibrated and characterized in terms of detection limit, reproducibility,
regenerability and storability. It was demonstrated that the sensor is capable of detecting concentrations of anti-EBNA as low as 0.2 ng/ml (∼1 pM)
both in buffer and 1% human serum and can be stored and regenerated for repeated use.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

The Epstein-Barr virus is one of the most common viruses,
which attack the immune system of humans. The infection
course varies from asymptomatic infection to various diseases
such as infectious mononucleosis in countries with the temper-
ate climate, Burkitt’s lymphoma in Africa and nasopharyngeal
carcinoma in China. The focus of laboratory testing is to dis-
tinguish active illness from past infections and negativity. Cur-
rently blood of patients is tested for the presence of non-specific
hemaglutinins and hemolysins produced by a human body as
a response to the virus as well as for the presence of specific
immunoglobulins against the Epstein-Barr virus proteins, i.e.
early antigen, viral capsid antigen and nuclear antigen (EBNA),
especially EBNA-1. Diagnostic tests for the presence of anti-

EBNA in human blood serum are performed using indirect

∗ Corresponding author. Tel.: +420 266773448; fax: +420 284680222.
E-mail address: homola@ure.cas.cz (J. Homola).
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wo-step immunoassays with enzymatic, radio or fluorescent
abeling (Gomara et al., 2000). The use of labeled secondary
igands contributes to assay time and costs. Antigens required to
ind host antibodies are prepared either from infected cells or as
ecombinant proteins. An attractive alternative are synthetic pep-
ides that mimic specific immunoreactive epitopes and reduce
on-specific reactions and cross-reactivity of the assays. More-
ver, routine and inexpensive peptide synthesis makes them
ore affordable than the recombinant proteins (Gonzalez et al.,

997).
Direct, label-free biosensors, such as surface plasmon res-

nance (SPR) biosensors, present an interesting alternative to
onventional methods. SPR biosensors measure refractive index
hanges produced by the binding of analyte to its biospecific
artner immobilized on the sensor surface. In the last decades,
everal SPR sensor platforms have been developed (Shumaker-
arry and Campbell, 2004; Stabler et al., 2004; Piliarik et
l., 2005) and applied to detection of biological and chemi-
al substances and study of molecular interactions (Karlsson

nd Falt, 1997; Goodrich et al., 2004). Various approaches to
he immobilization of molecules on the surface of SPR sensor

mailto:homola@ure.cas.cz
dx.doi.org/10.1016/j.bios.2006.04.021
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(usually gold) have been also developed. These include proce-
dures based on physicochemical interactions such as chemisorp-
tions (Nuzzo and Allara, 1983), covalent binding (Lofas et al.,
1995), hydrophobic and electrostatic coupling (Koubova et al.,
2001) and non-covalent high-affinity biomolecular linkers such
as streptavidin-biotin (Busse et al., 2002) or complementary
oligonucleotides (Ladd et al., 2004).

In this work, we report a novel method of detection of anti-
EBNA which utilizes a biosensor platform based on surface
plasmon resonance and a special synthetic peptide (EBNA-1)
as a receptor. Three different immobilization methods based on
covalent coupling (Lahiri et al., 1999), electrostatic (Koubova
et al., 2001) and hydrophobic interactions are examined for
the immobilization of the peptide on the SPR sensor surface.
The resulting anti-EBNA biosensor is characterized in terms
of detection limit, reproducibility, regenerability and stora-
bility. The performance of the biosensor is compared with
that of a conventional peptide-based immuno-analytical assay
(ELISA).

2. Experimental

2.1. Reagents

Bovine serum albumin (BSA) was purchased from
Sigma–Aldrich, USA. The C16-chained alkanethiol (C16-
mercaptohexadecanoic acid) and the N,N,N′,N′-tetramethyl-
O-(N-succinimidyl)uronium tetrafluoroborate (TSTU) used
for the activation of carboxylic terminal groups on C16-
alkanethiol were purchased from Sigma–Aldrich, USA. The
C11-chained di(ethylene glycol)-terminated alkanethiol was
purchased from Prochimia, Poland. Dextran sulfate (DS),
N,N-dimethylformamid (DMF) and glutaraldehyde 50% were
obtained from Sigma–Aldrich, USA. Absolute ethanol was
purchased from Merck, Czech Republic. Mouse monoclonal
affinity-purified antibodies against human Epstein-Barr virus
(anti-EBNA) and against human Herpes virus (anti-HSV), both
IgG2b isotype, were obtained from ExBio, Czech Republic.

Synthetic peptides were synthesized using the Merrifield’s
method of solid phase peptide synthesis (Fields and Noble, 1990)
in VIDIA, Czech Republic. The amino acid sequences of EBNA-
1 and reference peptide of human cytomegalovirus (CMV) were:
(H)-Ala-Gly-Ala-Gly-Gly-Gly-Ala-Gly-Ala-Gly-Ala-Gly-Gly-
Gly-Ala-Gly-Gly-Ala-Gly-(NH2) for EBNA-1 and (H)-Lys-
Pro-Thr-Leu-Gly-Gly-Lys-Ala-Val-Val-Gly-Arg-Pro-Pro-Ser-
Val-Pro-Val-Ser-Gly-(OH) for CMV. BSA–peptide conjugates
were prepared in VIDIA, Czech Republic using the protocol
described by Coligan et al. (1995) and glutaraldehyde as
a cross-linking agent. Solutions of the conjugates for SPR
measurements were prepared (I) in phosphate buffer saline
(PBS) consisting of 10 mM phosphate buffer, 137 mM NaCl,
2.9 mM KCl, pH 7.4 at 20 ◦C or (II) in 0.1 M citrate buffer
(GA), pH 4.0 at 20 ◦C or (III) in 10 mM sodium acetate buffer
(SA), pH 5.0 at 20 ◦C, depending on the immobilization
chemistry. Solutions of antibodies were prepared in PBS
containing bovine serum albumin at a concentration of 5 mg/ml.

For experiments involving human blood serum samples, the p
ig. 1. Scheme of an eight-channel SPR sensor with four parallel light beams
nd the wavelength division multiplexing of sensing channels (lower picture).
pectrum of transmitted light with two SPR dips before (– – –) and after the
inding (—) (upper picture).

olutions were mixed with human blood serum to a resulting
erum concentration of 1% (v/v).

Goat-anti-mouse IgG antibodies labeled with horseradish
eroxidase were obtained from Southern Biotechnology Asso-
iates, USA. A sample of human blood serum was obtained
rom the University Hospital Motol, Prague; the serum was
ested to be negative for anti-EBNA. Polystyrene Nunc-Immuno
ockWellTM modules for ELISA tests were purchased from
choeler-Pharma, Czech Republic.

.2. SPR sensor

In this research, we used a recently developed SPR sen-
or platform based on the spectroscopy of surface plasmons
Homola et al., 2001) and wavelength division multiplexing
WDM) (Homola et al., 2002; Dostalek et al., 2005). This sensor
ombines the wavelength division multiplexing of two serially
rdered sensing channels in a special sensing element with four
arallel light beams (see Fig. 1) to yield the total of eight sensing
hannels. Broadband light from a halogen lamp is collimated and
olarized, and then introduced into the WDM–SPR sensing ele-
ent interfaced with a sensor chip made of SF-14 glass coated

y an adhesion-promoting titanium film (thickness, 2 nm) and a
old film (thickness, 55 nm). Upon the first incidence on the gold
lm, each light beam excites a surface plasmon at a certain wave-

ength (∼650 nm). The reflected light is redirected towards the
old film at a different angle of incidence and excites a surface

lasmon at a different wavelength (∼800 nm). The sequential
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excitation of the surface plasmons gives rise to two narrow dips
in the spectrum of transmitted light (Fig. 1). The transmitted light
is collected into four optical fibers and coupled to a four-channel
spectrograph. Acquired spectra are analyzed in real time by a
special software that allows tracking the resonant wavelength
in each sensing channel (Nenninger et al., 2002). A flow cell
with eight separate flow chambers is interfaced with the chip to
contain a liquid sample during the experiments. Each flow cham-
ber covers the area, where the surface plasmon is excited—the
sensing channel. The flow chambers are designed to provide a
laminar flow along the sensor surface. The height of the flow
chambers is rather small (50 �m) to facilitate diffusion of the
analyte to the surface of the sensor. The volume of each flow
chamber is about 1 �l. A peristaltic pump is used to flow liquid
samples over each sensing channel at a flow rate of 30 �l/min.

In order to compensate for the non-specific sensor response
and thus provide more accurate results, in each binding experi-
ment, two sensing channels (one short-wavelength and one long-
wavelength) are coated with a reference peptide (BSA–peptide
conjugate). This peptide was derived from CMV and was of the
same length and of a similar molecular weight as EBNA-1 and
exhibited no immunoreactivity to anti-EBNA. When the analyte
(anti-EBNA) is flowed over the sensor surface, the SPR wave-
length shift measured in the measuring and reference channels
are subtracted to account for temperature fluctuations (causing a
drift in the sensor response) and non-specific adsorption of non-
target molecules in the sample to sensor surface (see Fig. 1).The
shift in the resonant wavelength shown in Fig. 1 is proportional
to the refractive index change at the sensor surface and can be
calibrated to the surface concentration of bound molecules. The
calibration coefficient interrelating the sensor response and the
concentration of analyte is proportional to the molecular weight
of the molecules (Liedberg et al., 1993) and depends on the
resonant wavelength (Dostalek et al., 2005). It was estimated
from a theoretical model (Homola, 2006) that a shift in the
resonant wavelength of 1 nm corresponds to a change in the sur-
face concentration of BSA of about 1.5 × 1011 molecules/cm2

when measured at the wavelength of 800 nm and 2.6 × 1011

molecules/cm2 at the wavelength of 650 nm. All sensorgrams
obtained from short-wavelength sensing channels are therefore
recalibrated to the operating wavelength of the long-wavelength
sensing channels (800 nm).

2.3. Measurement protocols

2.3.1. SPR sensor functionalization
Prior to the functionalization, the sensor chips were cleaned

in an UV–ozone cleaner for 15 min, then washed with deionized
water and dried with a stream of nitrogen.

2.3.1.1. Peptide immobilization via covalent coupling (CHEM
I). A 7:3 mixture of C11-chained and C16-chained alkanethiols
was dissolved in degassed absolute ethanol with a total thiol
concentration of 1 mM. The C16-alkanethiols terminated with
carboxylic head groups were used to anchor BSA–peptide conju-
gates to the sensor surface via amino coupling; C -alkanethiols
11
terminated with di(ethylene glycol) groups were used to form a 0
ioelectronics 22 (2007) 1020–1026

table non-fouling background. Sensor chips were immersed in
thiol solution at a temperature of 40 ◦C for 10 min and stored

n dark at room temperature for up to 2 days to allow the alka-
ethiols to form a self-assembled monolayer (SAM). Then, the
hips were rinsed with ethanol, dried with nitrogen, rinsed with
ater and dried with nitrogen again. The carboxylic terminal
roups on the sensor surface were transformed into reactive
-hydroxysuccinimidyl esters with N,N,N′,N′-tetramethyl-O-

N-succinimidyl)uronium tetrafluoroborate (Knorr et al., 1989;
ester et al., 1996). Sensor chips were immersed in a solution

f TSTU in degassed DMF (2 mg/ml), then sonicated for 1 min
nd shaken for 2 h. The chips were rinsed with water, dried with
itrogen and immediately mounted into the SPR instrument.
he attachment of peptide was performed in situ. SA buffer was
owed through the flow cell until a stable baseline was estab-

ished; then SA solution with 25 �g/ml of each BSA–peptide
onjugate was brought in contact with the sensor surface for
5 min. Then, the SA buffer was injected again. Finally, the sen-
or surface was flushed with PBS and BSA to deactivate the
esidual carboxylic groups.

.3.1.2. Peptide immobilization via electrostatic coupling
CHEM II). BSA–peptide conjugate or pure BSA assemblies
ere formed on the gold surface from CB buffer, pH 4.0
ia adsorption on a slightly negatively charged gold surface
Koubova et al., 2001). Concentrations of BSA–EBNA and
SA–CMV in the measuring and reference channels were
0 �g/ml; the incubation time was 20 min. After switching to
ure CB, dextran sulphate was flowed along the sensor sur-
aces for 10 min at a concentration of 1 mg/ml. DS is negatively
harged in the CB solution of pH 4.0. After repeating injection
f CB, BSA–EBNA and BSA–CMV were injected and flowed
ver the measuring and reference channels for 20 min. Then, CB
uffer was injected to remove the loosely bound peptide. Finally,
he assemblies were incubated with 0.5 % glutaraldehyde in
B(GA) for 20 min to cross-link the BSA–peptide layers. DS
nd loosely bound ligands were washed out from the cross-
inked peptide network with PBS. The uncoated areas of the
urface were covered with BSA by incubating the sensor surface
ith PBS buffer containing 0.5 wt.% BSA. In order to compare

he surface density of the immobilized BSA–peptide conjugates
ith the surface density of a BSA layer and quantify the effect
eptide conjugation, a BSA double-layer was formed using the
ame protocol.

.3.1.3. Peptide immobilization via hydrophobic interactions
CHEM III). The BSA–peptide conjugate was adsorbed on the
old surface by means of hydrophobic interaction. PBS solution
pH 7.4) containing BSA–peptide conjugates at a concentration
f 50 �g/ml was flowed along the sensor surface for 20 min.
hen, PBS was injected and flowed along the sensor surface
ntil the stable baseline was reached. The 0.5 % glutaralde-
yde was flowed for 20 min to cross-link the assemblies. PBS
as injected again to wash off the loosely bound ligands and
nally the uncoated areas of the surface were covered with BSA
y incubating the sensor surface with PBS buffer containing

.5 wt.% BSA.
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and ligand-coated surface (after washing off the loosely bound
ligand) in the same buffer. The bar graph in Fig. 2 shows the lig-
and (BSA–EBNA and BSA–CMV) surface coverage obtained
for each immobilization method.

Fig. 2. Surface coverage of BSA–EBNA and BSA–CMV conjugates produced
using different immobilization methods. Immobilization of BSA–EBNA (mea-
suring channel; black line) and BSA–CMV (reference channel; gray line) via
H. Vaisocherová et al. / Biosensors

2.3.2. Characterization of anti-EBNA SPR biosensor
To evaluate the used immobilization methods in terms of anti-

EBNA binding capacity, measurements of anti-EBNA binding
to EBNA-1 in measuring channels and CMV in reference chan-
nels was performed. Buffer (0.5 wt.% BSA in PBS) was flowed
in the measuring and reference channels until stable baselines
were achieved. Then, a solution containing anti-EBNA at a con-
centration of 0.2 ng/ml was injected and flowed for a period
of 15 min. The solution was replaced with buffer which was
flowed for 10 min. Then another solution with a higher concen-
tration of anti-EBNA was injected and the whole procedure was
repeated. Concentrations of anti-EBNA were 0.2, 2, 20, 200 and
2000 ng/ml. Sensor regenerability was determined using the fol-
lowing procedure. PBS buffer was injected until a stable baseline
was established. Then, a solution of anti-EBNA at a concen-
tration of 200 ng/ml was flowed along the sensor surface for
10 min. After a short incubation in PBS, regeneration reagent
was injected and flowed for 5 min. Then PBS buffer was flowed
over the sensor surface until a stable baseline was reached and
then the anti-EBNA solution was injected. Several regeneration
reagents, such as hydrochloric acid, glycine, formic acid, etc.,
with different concentrations or pH values were tested in terms
of their ability to disrupt the anti-EBNA/EBNA-1 bond. Sodium
hydroxide at a concentration of 30 mM was found to be the most
efficient regeneration agent both in terms of reproducibility and
maintaining immunoreactivity of the peptide.

To determine reproducibility of the SPR sensor-based detec-
tion of anti-EBNA, a series of 6 sensor chips with the total
number of 14 measuring channels functionalized with EBNA-1
was used. A series of solutions of anti-EBNA containing an
increasing concentration of anti-EBNA (0.2, 2, 20, 200 and
2000 ng/ml) was flowed across the sensor surface for 15 min.
The measurement was repeated after the sensor surface regen-
eration.

Sensor chip storability was investigated by repeating the
detection of anti-EBNA at a concentration of 200 ng/ml imme-
diately after the functionalization and after the chip was stored
in a container with PBS for 2, 7 and 30 days.

To test ability of the sensor to detect anti-EBNA in complex
matrices, the detection of anti-EBNA dissolved in BSA contain-
ing 1% (v/v) human serum was performed. These experiments
were performed using the same procedure as that used for the
determination of sensor reproducibility.

2.3.3. ELISA method
ELISA microwells were coated overnight with BSA–peptide

conjugates (measuring surfaces with BSA–EBNA and ref-
erence surfaces with BSA–CMV) at a concentration of
10 �g/ml in 0.05 M carbonate–bicarbonate buffer, pH 9.6. The
uncoated areas in the wells were blocked with 1% BSA in
carbonate–bicarbonate buffer, washed and stored at a tem-
perature of 4 ◦C. Antibodies were diluted in a special buffer
developed by VIDIA, Czech Republic and used in commercial
immunoassays to detect anti-EBNA antibodies in patients’ sera.
This PBS-based buffer containing bovine serum, bovine serum
albumin, detergents, preservatives and stabilizers contained anti-

EBNA at concentrations ranging from 0.1 to 4000 ng/ml. Exper-

c
(

oelectronics 22 (2007) 1020–1026 1023

ments with human blood serum samples were performed using
olutions of anti-EBNA in the VIDIA dilution buffer containing
% (v/v) human blood serum. Anti-EBNA solutions were incu-
ated with antigen-coated wells for 1 h at a room temperature.
he wells were washed five times with VIDIA wash buffer and

he bound anti-EBNA was detected using the Goat-anti-mouse
ntibody labeled with horseradish peroxidase. The enzymatic
eaction was stopped after 10 min. The optical density was mea-
ured with an ELISA reader (SLT Spectra) at a wavelength of
50 nm. The specificity of the studied peptide/antibody system
as confirmed by measuring the sandwich assay immunoreac-

ion between BSA–CMV and anti-EBNA at a high anti-EBNA
oncentration (160 ng/ml). No significant signal was observed
data not shown here).

. Results and discussion

.1. Comparison of functionalization methods

The functionalization methods employed in this research
ere based on three different physicochemical principles and a

patially controlled delivery of the peptide to the sensor surface
sing microfluidics. The sensorgrams illustrating the binding of
eceptors (BSA–EBNA) and reference ligands (BSA–CMV) are
hown in Fig. 2. For CHEM II, the sensor response only to the
econd layer of BSA–peptide conjugates is shown. The result-
ng surface coverage of immobilized ligands (BSA–EBNA and
SA–CMV) were calculated from the difference of the sensor

esponse to surface without any ligands (prior to the binding)
ovalent attachment to the thiol-coated surface (CHEM I), electrostatic coupling
CHEM II) and hydrophobic interactions (CHEM III).
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As follows from Fig. 2, the three immobilization meth-
ods yield considerably different amounts of immobilized
BSA–peptide conjugates, ranging from 6 × 1010 to 2.8 × 1012

and 6 × 1011 to 3.5 × 1012 molecules/cm2 for BSA–EBNA and
BSA–CMV, respectively.

The highest surface density of EBNA-1 was achieved using
the electrostatic coupling-based immobilization method. It sug-
gests that pH 4.0 was sufficient for making BSA–peptide con-
jugates positively charged and physicochemical properties of
the peptide did not significantly influence the isoelectric point
of BSA. The obtained level of BSA–EBNA agreed well with
the coverage observed with bare (non-modified) BSA, when a
BSA double-layer was prepared using the same method (data
not shown here).

The lowest surface density of EBNA-1 was obtained with the
covalent attachment of BSA–EBNA to the SAM (CHEM I), even
though the composition of the SAM was optimized to ensure the
maximum BSA coverage (Ladd et al., 2004). This result suggests
that the non-polarity of the EBNA-1 peptide resulting from its
amino acid sequence (alanine and glycine alternation) negatively
influences the EBNA-1 binding to the hydrophilic layer of NHS-
ester-terminated and di(ethyleneglycol)-terminated groups of
alkylthiolates on the sensor surface. The highest coverage of
BSA–CMV was achieved using CHEM III. We believe that this
is due to the high ratio of polar amino acids in the peptide and
due to the presence of lysins in the CMV amino acid sequence,
which increases the probability of the amide bond formation
with esterificated carboxylic groups. The effect of hydropho-
bicity of BSA–EBNA is also apparent from the comparison
of the amount of BSA–EBNA and BSA–CMV immobilized
using CHEM III—a higher surface density was achieved for
BSA–EBNA than for BSA–CMV conjugates.

In order to evaluate the immunoreactivity of the immobilized
EBNA-1, the detection of anti-EBNA binding to EBNA-1 (and
to CMV as reference surface) was carried out for each immo-

bilization method. A typical sensorgram corresponding to the
binding of anti-EBNA to EBNA-1 and reference CMV surface
prepared using CHEM III is shown in Fig. 3. The interaction

Fig. 3. Sensor response to different concentrations of anti-EBNA for the mea-
suring and reference sensing channels. Sensor surface was functionalized using
CHEM III.

a
i
i

3

u
5
1
s

e
s
t
a
i
g
f
r
o

ig. 4. Sensor response to the binding of anti-EBNA to the EBNA–BSA coatings
roduced using CHEM I, II and III for different anti-EBNA concentrations.

etween the immobilized EBNA-1 and anti-EBNA was highly
pecific for all the used immobilization methods (only very low
on-specific binding to the BSA–CMV-coated reference surface
as observed). This observation was further confirmed by the

njection of anti-HSV (antibody of the same isotype IgG2b as the
nti-EBNA, but with no immunoreactivity to EBNA-1) at con-
entrations of 2 �g/ml and 20 �g/ml which generated no sensor
esponse (data not shown here). A reference-compensated sen-
or response to anti-EBNA calculated as a difference between
he sensor response prior to the binding of anti-EBNA and after
ashing the sensor surface with buffer for 10 min for a series of
ifferent antibody concentrations is shown in Fig. 4. The sen-
or response is proportional to the concentration of anti-EBNA,
owever, differs for the used immobilization methods. Although
he BSA–EBNA coverage was highest for CHEM II, the largest
mount of bound antibody was observed, when the peptide was
mmobilized using CHEM III (Fig. 4). These results suggest that
low pH of the buffer used in CHEM II decreases the peptide

mmunoreactivity to anti-EBNA. Therefore, CHEM III was used
n all the SPR biosensing experiments presented below.

.2. Sensor regeneration and reusability

Sensor surface with captured anti-EBNA was regenerated
sing sodium hydroxide at a concentration of 30 mM for
min. Repeated detection-regeneration cycles were performed
0 times directly after the functionalization and after storing the
ensor chip for 30 days in a controlled environment.

Fig. 5 shows a typical sensor response to anti-EBNA regen-
ration/measurement cycles before and after the sensor chip
torage. The sensor response to the analyte binding was found
o reach the same amplitudes on the regenerated surface and
fter the binding of a lower concentration of anti-EBNA (as
n Fig. 3). This is in agreement with simulations which sug-
est that the binding rate increases linearly with the amount of
ree receptors. In experiments presented in Fig. 3, about 90% of
eceptors remain unoccupied (until an anti-EBNA concentration

f 2000 ng/ml) and therefore the change in sensor sensitivity is
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reference (BSA–CMV) channels is displayed in Fig. 6B. This
Fig. 5. Detection/regeneration cycles for anti-EBNA obtained immediately after
the functionalization and after 30 days of storage. Each cycle consisted of buffer
(incubation time∼5–10 min), anti-EBNA binding at a concentration of 0.2 ng/ml
(10 min), buffer (5 min), removal of anti-EBNA by 30 mM NaOH (5 min) and
buffer (∼5–10 min).

insignificant (less than 10%). Clearly, the regeneration resulted
in a total removal of the antibody from the sensor surface. No
significant loss in the sensor sensitivity was observed for up to
10 regeneration/measurement cycles and the sensor chip did not
exhibit any significant decrease in sensitivity after storing the
chip up to 30 days.

3.3. Sensor reproducibility

The sensor response to an increasing concentration of anti-
EBNA was measured. The sensor response was calibrated to the
amount of receptors immobilized on the gold surface. The stan-
dard deviation of the sensor response obtained using different
sensor chips was found to be in the range of 8–18% (depend-
ing on the anti-EBNA concentration), yielding the measure-
ment reproducibility of 82–92%. Reproducibility of the binding
experiments on a single chip was better than 90% for concen-
trations of anti-EBNA from 0.2 to 2000 ng/ml. The calibration

curve depicted in Fig. 6A (as squares) shows the dependence
of the absolute sensor response to a 15 min incubation of the
sensor with anti-EBNA solutions. The error bars indicate the

d
t
s

Fig. 6. (A) Sensor response to different concentrations of anti-EBNA in buffer (the err
concentrations of anti-EBNA in 1% human serum shown for comparison. (B) Tempo
in human blood serum: specific binding to BSA–EBNA surface (black line) and non-
oelectronics 22 (2007) 1020–1026 1025

tandard deviation for the set of measurements on different
hips.

The results of the SPR measurements were compared with
he results obtained with ELISA. ELISA measurements of the
ptical density (OD) (indirect detection) were performed 32
imes (eight times using one titration plate, totally repeated four
imes) for each concentration of anti-EBNA. OD obtained from
lank sample produced by BSA–CMV peptide was subtracted.
xperimental error was calculated as a standard deviation of OD
ariability obtained from 32 experiments. To determine standard
eviation of OD variability (instrumental error), each OD was
easured 10 times. The standard deviation of the OD was found

o fall between 5% (at high concentrations) and 20% (at low con-
entrations).

.4. Detection limit

The limit of detection (LOD) is defined as the concentration
f analyte that induces the smallest resolvable change in the
ensor response, usually assumed as three standard deviations of
he baseline noise (Thomsen et al., 2003). For the reported SPR
iosensor, the LOD was estimated to be 0.1 ng/ml. Detection of
nti-EBNA at this level was not performed in our experiments,
owever, the concentration of 0.2 ng/ml (∼1 pM) was clearly
etectable both in the buffer and 1% human blood serum. The
imit of detection for ELISA was determined to be 1 ng/ml.

.5. Detection of anti-EBNA in human serum

All antibody concentrations in the range 0.2–2000 ng/ml
ere detected also in 1% human blood serum. Sensor responses

o analyte in serum and in buffer are compared in Fig. 6A. Only
ery low non-specific binding was observed for measurements
n serum. A typical sensorgram obtained during the anti-EBNA
inding from human serum in measuring (BSA–EBNA) and
emonstrates the potential of the developed sensor for the detec-
ion of anti-EBNA in even more concentrated human blood
erum samples.

or bars indicate the chip to chip reproducibility). Sensor responses to the same
ral sensor response to the binding of anti-EBNA at a concentration of 2 �g/ml
specific binding to BSA–CMV surface (gray line).
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4. Conclusions

An SPR sensor for detection of anti-EBNA utilizing synthetic
peptide EBNA-1 as a recognition element was developed. Three
different methods were investigated for the immobilization of
EBNA-1 conjugated with BSA on the sensor surface to obtain
the highest sensitivity of the sensor to anti-EBNA. Non-polar
amino acid composition of the EBNA-1 peptide was found to
significantly influence the amount of immobilized BSA–EBNA
conjugate. Although the highest amount of immobilized recep-
tors was obtained using the electrostatic coupling-based immo-
bilization method, the highest immunoreactivity of EBNA-1 was
achieved with the immobilization method based on the physi-
cal adsorption of BSA–EBNA conjugates to the gold surface in
physiological conditions. Thus, the hydrophobic interactions as
the principle of ligand immobilization for CHEM III was best
compatible with the non-polar structure of EBNA.

Sensor response to anti-EBNA exhibited a high degree of
reproducibility (standard deviation < 18%). The limit of detec-
tion for the direct detection of anti-EBNA was estimated to
be 0.1 ng/ml, which is lower by an order of magnitude than
the limit of detection of ELISA. The minimum experimentally
observed concentration of anti-EBNA was 0.2 ng/ml. The pro-
cedure for the regeneration of SPR sensor chips was developed
and only a minor loss in sensor sensitivity was observed after 10
regeneration/measurement cycles. It was demonstrated that the
developed peptide-coated sensor chips can be stored for at least
30 days with no loss in the sensor sensitivity. The demonstrated
detection limit was reproduced in a diluted human blood serum.
The ability of the developed SPR biosensor to directly detect
anti-EBNA at clinically relevant levels illustrates the potential
of this technology for medical diagnostics.
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Surface plasmon resonance (SPR) imaging emerges as a promising method for label-free real-time obser-

urface plasmon resonance
PR imaging
abel-free biosensing
igh-throughput screening

vation of biomolecular interactions in highly parallelized format. However, performance of current SPR
imaging sensors is rather limited. In this paper, a novel approach to SPR imaging combining measurement
in polarization contrast and self-referencing is reported, which delivers an order of magnitude improve-
ment in sensor resolution. This novel SPR imaging sensor is capable of measuring changes in the refractive
index of 2 × 10−7 RIU (refractive index unit) or changes in the protein surface coverage below 0.2 pg/mm2

simultaneously in more than a hundred sensing channels.
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elf-referencing SPR imaging for most demanding high-
hroughput screening applications

Sensors based on surface plasmon resonance (SPR) represent
ne of the most important label-free biosensor technologies. Since
heir conception in early nineties, SPR biosensors have made great
trides both in terms of technology and applications [1]. Spec-
roscopic SPR sensors allow measuring refractive index changes
nduced by the binding of interacting molecules with a refrac-
ive index resolution of 10−7 RIU (refractive index unit) in several
ensing channels (<10). One of the main challenges for SPR sen-
or research is to expand this capability to array format in which
any (>100) molecular interactions could be studied in parallel.

he most common approach to parallelized SPR sensing is SPR
maging [2]. In SPR imaging, the intensity of light reflected from
he SPR sensing surface is measured by a two-dimensional detec-
or. The distribution of intensity of light is used to determine
hanges in the concentration of molecules captured in different
reas of the sensing surface [3,4]. The main limitation of SPR
maging is its rather poor refractive index resolution. Conventional
PR imaging systems provide refractive index resolution between
× 10−6 and 2 × 10−5 RIU [5,6]. Furthermore, the operating range
f conventional SPR imaging systems is typically restricted to
.002–0.005 RIU [5,6], which is a limiting factor particularly for
rrays combining different types of biorecognition elements and
pplications where different types of analytes are to be detected.
ecently, an enhanced SPR imaging based on polarization con-
rast and a spatially patterned multilayer SPR structure has been
eveloped [7]. This approach improves sensitivity as well as the
perating range of the SPR imaging method [7]. In this Letter, a novel
onfiguration of SPR imaging combining the polarization contrast
easurement and self-referencing is reported, which provides a

uperior resolution and extended operating range.
The principle of operation of the SPR imaging sensor with polar-

zation contrast and self-referencing is illustrated in Fig. 1. Light

rom a narrow-band light source is linearly polarized by a polarizer
nd launched into a special prism coupler interfaced with an SPR
hip. The incident light contains both p (vector of electric inten-
ity parallel to the plane of incidence) and s (perpendicular to

2
a
l
C
G

925-4005/$ – see front matter © 2008 Elsevier B.V. All rights reserved.
oi:10.1016/j.snb.2008.06.011
© 2008 Elsevier B.V. All rights reserved.

he plane of incidence) polarizations. Upon the incidence on the
old film on the SPR chip, p-polarized component of the incident
ight excites a surface plasmon which alters both the amplitude
nd phase of p-polarized component of the reflected light [8]. As
he amplitude and phase of s-polarized component of the inci-
ent light are at the same time altered only slightly, polarization
f the reflected light is no longer linear but elliptical. In the polar-
zation contrast method, elliptical polarization corresponding to a
ertain refractive index at the sensing surface is extinguished using
�/4 waveplate and a polarizer [8]. When the refractive index is

ncreased (e.g. due to the biomolecular interaction at the sensor
urface), the polarization of the reflected light is altered and the
ntensity of light transmitted through the �/4 waveplate and the
olarizer increases. A detailed theory of polarization effects in SPR
ensors is given in Ref. [9]. On the base of the prism two refer-
ncing areas (Mirror 1 and Mirror 2) are formed. Mirror 1 blocks
portion of the incident light (vertical band on the left in Fig. 2)

nd produces a dynamic reference for dark current of the detec-
or. The light reflected from Mirror 2 is projected onto a part of
he CCD detector (a light vertical band on the right in Fig. 2) and
rovides dynamic referencing for fluctuations in the intensity of

ncident light. Then, the output signal can be calculated as a ratio
f intensities from sensing surface and reference mirror (Mirror 2)
orrected for the dark signal (Mirror 1): (I − D)/(R − D), where I is
he distribution of light intensity across the sensing surface, D is
n average signal from Mirror 1, and R is an average signal from
irror 2. As about 90% of the noise measured in SPR imaging orig-

nates from light intensity fluctuations, this real-time referencing
pproach makes it possible to reduce noise of SPR images by an
rder of magnitude.

A laboratory prototype of the SPR imaging sensor with polar-
zation contrast and self-referencing has been developed. A
arrow-band superluminescent diode with a central emission
avelength of 750 nm and the full width at half maximum of

0 nm (Exalos AG, Switzerland) coupled with a single-mode fiber
nd a collimator provided a parallel beam of quasi-monochromatic
ight with a diameter of 20 mm. Thin-film IR polarizers were from
odixx, Germany; the �/4 waveplate was from Edmund Optics,
ermany. Reflected light was imaged on the 1/2 in. CCD camera

http://www.sciencedirect.com/science/journal/09254005
dx.doi.org/10.1016/j.snb.2008.06.011
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ig. 1. Concept of SPR imaging with advanced polarization contrast and self-
eferencing. Part of the incident beams is blocked by Mirror 1 (band A), part is
eflected at the SPR gold layer (band B), and part is reflected from Mirror 2 (band C).

sca780-54fm, Basler AG, Germany) by means of telecentric imag-
ng optics (Edmund Optics Inc., Germany). The prism coupler was

ade of BK7 glass and the two referencing mirrors were pre-
ared on the base of the prism by evaporation in vacuum; each
irror consisted of 1 nm thick Ti adhesion layer, 150 nm thick Au

ayer, and 250 nm Al2O3 protective layer). The SPR chip was pre-
ared on a BK7 substrate on top of which ∼1 nm adhesion layer
f titanium and a 49.5 nm gold layer were deposited by vacuum
vaporation.

The ability of the sensor to measure small changes in the
efractive index has been demonstrated by sequentially exposing
he sensing surface to liquids of various refractive indices, Fig. 3.
n the image of the sensing surface 200 sensing channels were
efined, each corresponding to the area of the sensing surface of

50 �m × 600 �m. Subsequently, the noise of the raw images and
elf-referenced sensor output were analyzed. The relative noise of
he raw image was determined to be about 0.15% which limits the
efractive index resolution of the SPR imaging without referenc-

ig. 2. Raw image generated in the SPR sensor with polarization contrast and self-
eferencing. Bright spots correspond to areas with the immobilized protein (BSA).
ertical bands correspond to referencing areas.
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ig. 3. Typical temporal response of the sensor to a set of refractive index solutions.
rror bars indicate peak-to-peak variations among 200 hundred sensing channels.
nset graph shows detail of the baseline noise over the period of 5 min.

ng to 3 × 10−6 RIU. This refractive index resolution is comparable
ith the results obtained using the best SPR imaging platforms of

onventional design [10]. When the self-referencing was employed,
he relative noise dropped below 0.01% (see inset in Fig. 3) which
mproved the refractive index resolution by an order of magnitude.
esolutions in 200 sensing channels were determined to be in the
ange of (2–3.5) × 10−7 RIU. These resolution figures were achieved
n the operating range of 0.006 RIU that is considerably larger than
he operating range of conventional SPR imaging sensors [6,7]. In
ddition, a resolution better than 10−6 RIU can be obtained over an
perating range as wide as 0.011 RIU.

In order to demonstrate the potential of this approach for detec-
ion of thin biomolecular films, the developed SPR imaging sensor
as combined with the microspotting. Bovine serum albumin (BSA)
as deposited on 100 sensing spots on the SPR sensing surface
sing a microspotting device OmniGrid Accent (Genomics Solu-
ions, USA). As follows from Fig. 2, molecular layers of BSA adsorbed
n the sensor surface provided a strong response. Considering
he typical surface coverage for hydrophobic adsorption of BSA

olecules on gold (∼1 ng/mm2), it was estimated that the reported
ensor is able to detect changes in the protein surface coverage less
han 0.2 pg/mm2. This figure is better by a factor of 10 than the

inimum surface coverage detectable by conventional SPR imaging
evices [6].
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Hybrid Surface Platform for the Simultaneous
Detection of Proteins and DNAs Using a Surface
Plasmon Resonance Imaging Sensor

Jon Ladd,† Allen D. Taylor,† Marek Piliarik,‡ Jiri Homola,‡ and Shaoyi Jiang*,†

Department of Chemical Engineering, University of Washington, Seattle, Washington 98195, and Institute of Photonics
and Electronics, Academy of Sciences of the Czech Republic, Chaberska 57, 18251 Prague, Czech Republic

In this work, we present a novel surface and assay for the
simultaneous detection of DNA and protein analytes on a
surface plasmon resonance (SPR) imaging sensor. A
mixed DNA/oligo (ethylene glycol) (OEG) self-assembled
monolayer (SAM) is created using a microarrayer. Thiol-
modified single-stranded DNA sequences are spotted onto
a gold-coated glass substrate. Backfilling with an OEG-
modified alkanethiol creates a protein-resistant surface
background. Antibodies conjugated to complementary
single-stranded DNA sequences are immobilized on the
surface through DNA hybridization. By converting only
part of the DNA array into a protein array, simultaneous
detections of DNA and protein analytes are possible. A
model system of two cDNA sequences and two human
pregnancy hormones are used to demonstrate the assay.
No cross-reactivity was observed between DNA or protein
analytes and nontargeted immobilized cDNA sequence or
antibodies. A response from a detection of a single analyte
in a mixture of protein and DNA analytes corresponds well
with that of a single-analyte solution.

Research in affinity biosensors is increasingly focused on
developing reliable chemistries to detect multiple analytes simul-
taneously. Detection of analytes of varied size and composition
with one assay is becoming increasingly important in applications
in the biomedical and food safety fields. In both of these fields,
false detections and high sensitivity are important considerations
in sensor design and development. A sensor surface with high
sensitivity and specificity capable of hundreds to thousands of
simultaneous interactions is highly desirable.

Immunological detection is an attractive method for detecting
a vast array of analytes ranging from small molecular weight
molecules to proteins to bacteria. The lack of stability of current
protein arrays has prevented them from reaching their full
potential in the sensor industry.1–3 DNA arrays, on the other hand,
are extremely robust and stable systems that have been used
extensively in the sensor industry for gene mapping, molecular

diagnostics, and DNA sequencing.4–6 The use of a DNA surface
as the basis for protein immobilization has previously been
described in the literature.7–9 DNA surfaces are easily regenerated
through dehybridization, allowing a single surface to be used for
multiple applications. The surfaces resulting from DNA-directed
immobilization showed an improvement in the detection limits
compared to those with more conventional protein immobilization
techniques.8,10

In affinity-based sensors, it is becoming increasingly important
to be able to detect analytes of variable size and structure.
Therefore, it is desirable to develop an array capable of detecting
both protein and DNA analytes simultaneously with high sensitiv-
ity in complex media. This array format is perfectly suited for an
application such as typing bacteria or for use in the biomedical
field. Detection of genetic markers or proteomic markers alone
may not give sufficient information about the system of interest.
In the case of bacteria screening, genetic markers provide
information about the identity of the bacteria but often do not
indicate the pathogenicity of bacteria present in a sample of
interest. Detection of proteomic markers in the sample could
elucidate this information. Disease analysis in biomedical samples
often interrogates both genetic and proteomic markers. These
markers could present themselves at different stages of a disease,
necessitating an array capable of detecting different types of
markers from a given sample. Partial conversion of a DNA array
into a protein array would provide areas for detection of genetic
markers and areas for detection of proteomic markers on the same
chip.

Surface plasmon resonance (SPR) imaging is a relatively new
technique that combines the SPR method with spatially resolved
measurement.11–13 Typical SPR imaging sensors spatially resolve
refractive index changes near the surface as intensity changes

* To whom correspondence should be addressed. E-mail: sjiang@
u.washington.edu.

† University of Washington.
‡ Academy of Sciences of the Czech Republic.
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on a two-dimensional detector array. Conventional SPR sensors
based on angular or wavelength modulation would allow for monitor-
ing of only a limited number of interactions simultaneously. In the
biomedical or food safety fields, detection of only a couple proteomic
or genetic markers is often not sufficient to characterize analytes in
a sample. Therefore, an SPR imaging sensor that simultaneously
monitors tens to hundreds of interactions would more accurately
characterize analytes in sample media.

In this work, a novel hybrid sensing platform based on our
previously developed DNA-directed immobilization technique7,10

is demonstrated on an SPR imaging instrument with polarization
contrast. A DNA array is created through microspotting of
thiolated DNA, followed by backfilling with OEG-terminated thiols.
Part of the DNA array is converted into a protein array using
antibodies conjugated to complementary target DNA sequences,
thus creating a hybrid protein/DNA detection array. Two human
hormones, human chorionic gonadotropin (hCG) and follicle
stimulating hormone (FSH), and two DNA sequences are used
to demonstrate the hybrid assay.

MATERIALS AND METHODS
Materials. Reagents. Oligo(ethylene glycol) (OEG) alkanethiol

(HS-(CH2)10-(OCH2)4-OH) was purchased from Asemblon
(Redmond, WA). Ethylenediaminetetraacetic acid (EDTA) was
purchased from Fisher Scientific (Pittsburgh, PA). Bovine serum
albumin (BSA), trizma hydrochloride (Tris), phosphate-buffered
saline (PBS) (0.01 M phosphate, 0.138 M sodium chloride, 0.0027
M potassium chloride, pH 7.4), and sodium chloride (NaCl) were
purchased from Sigma-Aldrich (St. Louis, MO). Sulfosuccinimidyl-
4-(p-maleimidophenyl) butyrate (sulfo-SMPB) and tris(2-carboxy-
ethyl)phosphine hydrochloride (TCEP) were purchased from
Pierce Biotechnology, Inc. (Rockford, IL). Microcon YM-30 and
YM-100 centrifugal filter units were purchased from Millipore
(Billerica, MA).

Antibodies and DNA Sequences. hCG, FSH, monoclonal antibody
for �-hCG, and monoclonal antibody for �-FSH were purchased from
Scripps Laboratories (San Diego, CA). DNA sequences for self-
assembled monolayer (SAM) formation, described in Supporting
Information Table S-1, were purchased from Integrated DNA
Technologies (Coralville, IA). Complementary DNA sequences for
conjugate synthesis and detection, described in Table S-1, were
purchased from Alpha DNA (Montreal, Canada).

(13) Steinerg, G.; Sablinskas, V.; Hubner, A.; Kuhne, C.; Salzer, R. J. Mol. Struct.
1999, 509, 265–273.

(14) Nikitin, P. I.; Beloglazov, A. A.; Kochergin, V. E.; Valeiko, M. V.; Ksenevich,
T. I. Sens. Actuators, B 1999, 54, 43–50.

Figure 1. (a) Illustration of the SPR imaging sensor. A light beam from a light-emitting diode is collimated and passed through a polarizer and
quarter-wavelength plate. The light is coupled to a thin gold film using a prism. Two gold mirrors on the prism create a thin dark band and a thin
bright band in the reflected light. The reflected light passes through a second polarizer, and its intensity is measured on a two-dimensional CCD
detector array. (b) Schematic of the DNA sequences spotted onto the SPR substrate. Eighteen spots made with a SMP15 stealth pin (∼500 µm
in diameter) are detectable in each of two flow channels. A bright reference is seen on the left side of the cartoon, and a thin, dark reference
is seen on the right side. (c) A normalized CCD image showing all 36 spots separated into two vertical flow channels. Normalizing the intensity
data makes the dark and bright references appear uniform.

4232 Analytical Chemistry, Vol. 80, No. 11, June 1, 2008



Surface Plasmon Resonance Imaging Sensor. Conventional
SPR imaging sensors13,14 utilize the Kretschmann geometry of
the attenuated total reflection method.15 In this configuration, the
intensity and polarization of the reflected light are dependent on
the coupling strength of the incident light beam to the surface
plasmon. In this study, we use a self-referencing SPR imaging
sensor with polarization control12,16,17 developed at the Institute
of Photonics and Electronics (Prague, Czech Republic) and

depicted in Figure 1a. A narrow-band light from a superlumines-
cent diode (centered at 750 nm) is collimated and passed through
a polarizer and a quarter-waveplate and reflects at a coupling prism
(BK7 glass). Reflected light is passed through another polarizer
and is imaged on the CCD camera. The two polarizers and the
waveplate are set to extinguish the reflected light corresponding
to a refractive index which is lower than that of the used running
buffer.18 Consequently, the intensity of detected light increases
with the refractive index of the sample within a broad interval of
refractive indexes. SPR imaging with polarization contrast was
previously demonstrated to deliver considerably increased sen-
sitivity (∼3 times) compared to that of conventional TM attenu-
ation measurements.18,19 A new method of intensity self-referenc-
ing within the SPR image was utilized.20 Two gold mirrors (1 nm
Ti, 150 nm Au, 250 nm Al2O3) are prepared on the prism surface,
and the SPR chip is attached directly to this surface via a refractive
matching fluid, Figure 1a. Mirror no. 1 blocks a portion of the
incident light and results in a dark band in the reflected light
providing a real-time dark reference signal. Mirror no. 2 reflects
the incident light from a bare gold surface onto a portion of the
CCD detector, thus creating a real-time reference of the illuminat-
ing intensity. CCD images are averaged (50 frames per record),
and areas of interest on the CCD image are binned. The intensity
signal is compensated for the dark signal and normalized to the
reference signal in real-time using custom software. With this
instrumental approach, a resolution better than 10-6 refractive
index units (RIU) was achieved within an operating range of 0.011
RIU.20 This is more than a 2-fold improvement in resolution21,22

and a 2-fold improvement in operating range23 compared to that
of other SPR imaging platforms.

DNA Surface Patterning. SPR sensor chips, BK7 glass chips
32 mm × 18 mm × 2 mm, were coated with 2 nm of Ti and 50 nm
of Au by electron beam evaporation. Chips were rinsed with
absolute ethanol and blown dry with compressed, filtered air. The
chips were then cleaned by UV-ozone for 20 min, followed by
rinsing with 18.2 MΩ · cm water and absolute ethanol and blown
dry with compressed, filtered air. Chips were then placed into a
SpotBot2 microarrayer (TeleChem International, Inc.). DNA thiols
were spotted in ∼50% humidity at a concentration of 10 µM in
PBS with 10 mM TCEP in solution using a SMP15 stealth pin,
creating the pattern of spots depicted in Figure 1b and seen on
the CCD image from the SPR imaging sensor in Figure 1c. The
SMP15 stealth pins have a nominal spot diameter of 500 µm. DNA
spots are allowed to sit for 15 min in the humid chamber, then
rinsed with 18.2 MΩ · cm water, blown dry with compressed,
filtered air, and immersed overnight in a solution of 100 µM OEG
thiol in PBS. Following overnight immersion, chips are rinsed with
18.2 MΩ · cm water and blown dry with compressed, filtered air.

(15) Raether, H. Springer Tracts Mod. Phys. 1988, 111, 1–133.
(16) Homola, J.; Yee, S. S. Sens. Actuators, B 1998, 51, 331–339.

(17) Nikitin, P. I.; Grigorenko, A. N.; Beloglazov, A. A.; Valeiko, M. V.; Savchuk,
A. I.; Savchuk, O. A.; Steiner, G.; Kuhne, C.; Huebner, A.; Salzer, R. Sens.
Actuators, A 2000, 85, 189–193.

(18) Piliarik, M.; Katainen, J.; Homola, J. Proc. SPIEsInt. Soc. Opt. Eng. 2007,
6585, 658515.

(19) Piliarik, M.; Vaisocherova, H.; Homola, J. Sens. Actuators, B 2007, 121,
187–193.

(20) Piliarik, M.; Homola, J. Sens. Actuators, B, submitted for publication, 2008.
(21) Campbell, C. T.; Kim, G. Biomaterials 2007, 28, 2380–2392.
(22) Chinowsky, T. M.; Grow, M. S.; Johnston, K. S.; Nelson, K.; Edwards, T.;

Fu, E.; Yager, P. Biosens. Bioelectron. 2007, 22, 2208–2215.
(23) Fu, E.; Chinowsky, T.; Foley, J.; Weinstein, J.; Yager, P. Rev. Sci. Instrum.

2004, 75, 2300–2304.

Figure 2. (a) Average detection curves from three surface interac-
tions occurring in one flow channel of the sensor. Two sets of specific
binding can be seen from conjugate A and conjugate B. The response
from the reference spots shows a small bulk refractive index change
but no adsorption. Error bars represent the standard deviation of
interaction end-point values. (b) Subtracting the reference curve from
the binding curve gives reference-compensated data. (c) Two normal-
ized CCD images showing all 36 spots before and after conjugate
binding in both flow channels.
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DNA-Antibody Conjugate Synthesis. DNA-antibody con-
jugates were synthesized as previously described.7,8 Briefly,
antibody at a concentration of 5 mg/mL was reacted with a 10-
fold molar excess of the heterobifunctional cross-linker sulfo-
SMPB in PBS for 30 min at room temperature. Unreacted cross-
linker was removed from the reaction solution using a 30 kDa
molecular weight cutoff microconcentrator. The sample was rinsed
twice with PBS and reconstituted in PBS with 5 mM EDTA (PBE).
Thiolated single-stranded DNA was added to the antibody solution
in a 1:1 ratio and reacted for 30 min at room temperature.
Unreacted DNA was removed from the reaction solution using a
100 kDa molecular weight cutoff microconcentrator. The sample
was rinsed twice with PBS and reconstituted in PBS. Product
concentrations were quantified using a UV spectrophotometer at
wavelengths of 260 and 280 nm.24 Anti-hCG was conjugated to
DNA sequence c-A, and anti-FSH was conjugated to sequence
c-B.

Detections of DNA Sequences and Protein Analytes. SAM-
functionalized chips were placed in the SPR imaging sensor. Chips
were optically matched to a BK7 prism using immersion oil. A 50
µm thick Mylar gasket was mechanically pressed onto the chip

to define two sensing areas that are ∼4 mm wide and ∼10 mm
long. Tris with 1 mM EDTA (TE) is flowed at 50 µL/min for ∼5
min. Conjugates were diluted to 40 µg/mL in TE and flowed for
10 min at 10 µL/min, followed by a 10 min TE wash at 10 µL/
min and 10 min at 50 µL/min. Solutions of DNA and/or protein
analytes were flowed for 10 min at 50 µL/min followed by a 10
min TE wash at 50 µL/min. DNA sequences were flowed at a
concentration of 100 nM and protein analytes are flowed at a
concentration of 1 µg/mL.

RESULTS AND DISCUSSION
Data Handling. Each of the spots produces a real-time binding

curve, Supporting Information Figure S-1, based on the light
intensity changes occurring in the individual sensing areas. Figure
2a shows an average binding curve for three different binding
events occurring on spots in one flow cell. Error bars represent
the standard deviation of the end points of the binding events.
Because the spots with sequences C and D did not have a specific
interaction occurring, the average curve generated from these
spots is used as a reference curve. When subtracted from the
specific interactions, reference-compensated curves, seen in
Figure 2b, are produced. Reference-compensated curves are

(24) Bollag, D.; Rozycki, M.; Edelstein, S. In Protein Methods, 2nd ed.; Wiley-
Liss Inc.: New York, 1996; pp 57-82.

Figure 3. After conjugate binding on the surface, individual analytes were detected. Sensor responses to the four tested analytes are shown.
(a) A 100 nM solution of complement C shows significant binding with little disassociation. (b) A 100 nM solution of complement D shows lower
binding than complement C due to a lower hybridization efficiency. (c) A 1 µg/mL solution of hCG shows significant binding and a higher noise
than other curves due to a higher starting refractive index. (d) A 1 µg/mL solution of FSH shows lower binding than hCG due to a less antibody
immobilized on the surface and a difference in antibody-analyte affinity.
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shown for all subsequent data presented in this work. Figure 2c
shows a CCD image of a chip before and after the specific
interactions depicted in Figure 2c. As can be seen from the images,
spots in rows with either sequence A or B increase in intensity
after conjugate binding compared to the reference spots in rows
with either sequence C or D. Spots in rows with sequence A are
brighter than those in rows with sequence B, indicating a larger
amount of binding occurred on these spots.

SAM Formation. A mixed DNA/OEG SAM was formed using
a two-step protocol. First, thiolated DNA sequences were spotted
directly onto gold-coated SPR substrates. Six spots in each flow
cell were functionalized with DNA sequence A, six spots with
sequence B, three spots with sequence C, and three spots with
sequence D, as seen in Figure 1b. Following spotting, the
substrates were immersed in an OEG-terminated thiol solution.
The OEG-terminated thiol performs two functions: it creates a
background capable of resisting nonspecific protein adsorption,25–27

Supporting Information Figure S-2, and it improves the orientation
of the DNA molecules on the surface.28

Conjugate Immobilization. Figure 2a shows the average
binding curves for conjugate immobilization on the sensor surface.
The highest response shows immobilization of the anti-hCG
conjugate. The variation in sensor response of each of the three
interactions is likely due to variations in the DNA spotting. The
higher binding from the anti-hCG conjugate is likely due to the
higher hybridization efficiency of sequence A over sequence B.9,10

The reference curve shows no conjugate immobilization on the
spots with sequences C and D, as the complementary sequences
c-C and c-D are not present in the conjugate solution. The other
curve shows binding from the immobilization of the anti-FSH
conjugate. The immobilization of the conjugates on the surface
shows that proteins can be immobilized on SAM-coated substrates
that have been patterned through the microarraying of thiolated
molecules. Furthermore, the lack of a response from the reference
spots suggests that the immobilization is specific and occurs
through DNA hybridization and not through nonspecific adsorp-
tion of the conjugate.

Detection of Analytes. After conjugates have been im-
mobilized to the sequence A and B spots, the mixed DNA/protein
array is ready for detecting analytes. The four analytes being
detected are cDNA sequences c-C and c-D and proteins hCG
and FSH. Each of these analytes is flowed individually across the

(25) Mrksich, M.; Whitesides, G. M. In Poly(Ethylene Glycol); 1997; Vol. 680,
pp 361-373.

(26) Ostuni, E.; Yan, L.; Whitesides, G. M. Colloids Surf., B 1999, 15, 3–30.
(27) Prime, K. L.; Whitesides, G. M. J. Am. Chem. Soc. 1993, 115, 10714–10721.
(28) Boozer, C.; Chen, S. F.; Jiang, S. Y. Langmuir 2006, 22, 4694–4698.

Figure 4. After conjugate binding on the surface, mixtures of three of the four target analytes were detected simultaneously. DNA and protein
analytes were flowed at concentrations of 100 nM and 1 µg/mL, respectively. Detection curves for mixtures of the four analytes minus (a)
complement C, (b) complement D, (c) hCG, and (d) FSH were generated. Responses from the mixtures of three analytes showed good correlation
to responses from individual analytes.
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sensor surface. Detection curves can be seen in Figure 3a-d.
Because of differences in hybridization efficiency, the association
kinetics for c-C and c-D are markedly different, as was
previously observed.10 The response from FSH is lower than that
of hCG due to differences in conjugate binding, resulting in a
difference in the quantity of available binding sites. Detections of
hCG and FSH on a different SPR system showed a similar trend.10

In addition to a difference in response from the protein analytes,
the kinetics data are also different due to antibody-analyte
affinities. Little to no disassociation is seen from the hCG binding
event, indicating the affinity to antibody of the bound analyte is
high. A higher level of noise in the hCG response may be due to
a higher baseline refractive index before the binding occurred.
At higher refractive indexes, the noise of an SPR instrument is
potentially increased.

To demonstrate that multiple analytes can be detected simul-
taneously, mixtures of three of the four analytes were flowed
across the sensor surface. Response curves from the mixtures
can be seen in Figure 4a-d. Sensor responses for each analyte
in mixture showed good agreement with individual detection
responses. Slight disparities in these responses could be attributed
to surface variations as well as steric hindrances from other
components in solution. These results demonstrate that it is
possible to create a hybrid DNA/protein array to detect both DNA
sequences and protein analytes simultaneously from a single
sample on a single chip.

CONCLUSIONS
By using DNA-directed protein immobilization on only some

of the spots of a DNA array, a mixed DNA/protein array was

constructed. This mixed array was then used to demonstrate
detections of four analytes, two proteins and two DNA sequences,
as single analytes and in mixtures with little variation in the sensor
response. The work also describes a method of creating a DNA
array on a gold-coated substrate for use in an SPR imaging sensor.
Thiolated DNA sequences were spotted directly onto a gold-coated
substrate, and OEG-terminated thiols were used to create a
nonfouling background that resisted nonspecific adsorption of
analytes in the areas of interest.

This mixed array and assay could be readily extended to tens
or hundreds of individual binding events. With the use of the
procedure described in this work, 36 different DNA spots could
be created and used to immobilize proteins and/or detect analytes.
The size of the DNA spots created through the microarraying
procedure could also be decreased and spaced more tightly
together, further increasing the number of simultaneously mea-
sured interactions.
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ABSTRACT 

We study changes in the polarization of a light induced by the interaction of light with a surface plasmon. Based on the 
results of the study, a novel polarization control scheme for surface plasmon resonance (SPR) sensors is proposed. 
Theoretical model of an SPR sensor employing the new polarization control scheme is presented. The theoretical 
analysis suggests that the proposed polarization control scheme can significantly improve sensitivity and operating range 
of SPR sensors. Results of the theoretical analysis are validated experimentally using a laboratory SPR imaging sensor 
system with the proposed polarization control. 
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1. INTRODUCTION 
Sensors based on Surface Plasmon Resonance (SPR) offer a reliable platform for study of molecular interactions and fast 
and sensitive detection and identification of biomolecular analytes. In recent years, the need for simultaneous monitoring 
of hundreds or even thousands of biomolecular interactions has raised in the areas of medical diagnostic, drug 
development, and genomics and proteomics. Several high-throughput SPR sensor platforms have been developed [1],  
[2]. Although an SPR imaging presents the most widely used platform for highly parallelized study of biomolecular 
interactions, it is rather limited in terms of the operating range, and resolution.. Recently, an alternative approach to SPR 
imaging based on polarization contrast and special multilayer sensing structures has been proposed [3]. It was 
demonstrated that increased sensitivity and lower intensity noise can be achieved with this type of SPR sensor. However, 
this approach requires more complex fabrication process and accurate functionalization of the sensor with biorecognition 
elements. 

In this paper, we report a new approach to high-throughput SPR biosensors based on measuring changes in the  
polarization of light due to SPR. Special attention is give to evaluation of this approach for development of high-
performance high-throughput SPR sensors. 

 

 

2. THEORY 
2.1 SPR imaging sensor 

Sensors based on SPR imaging utilize a collimated beam of monochromatic, linearly polarized light which passes 
through a prism coupler and excites surface plasmons on a thin metal layer. The spatial distribution of light intensity 
across the reflected beam is then measured by means of a two-dimensional detector array such as CCD camera, Figure 1. 
Resonant excitation of surface plasmons is associated with changes in the reflectivity of transverse magnetic (TM) wave 
while the transverse electric (TE) polarization is reflected unaffected. The dependence of SPR reflectivity as a function 
of refractive index for conventional SPR imaging is depicted in Figure 2. The sensor is operated in the interval of the 
maximum slope in the reflectivity dependence on refractive index (see operating range in the Figure 2). For the purpose 
of quantitative measurement the intensity signal is usually normalized to a non-resonant reflectivity (divided with the 

Optical Sensing Technology and Applications, edited by 
Francesco Baldini, Jiri Homola, Robert A. Lieberman, Miroslav Miler, 

Proc. of SPIE Vol. 6585, 658515, (2007) · 0277-786X/07/$18 · doi: 10.1117/12.724462

Proc. of SPIE Vol. 6585  658515-1



 

 

intensity measured at different refractive index or in TE polarization) [4]. The maximum slope of the normalized signal 
can be achieved with about 55 nm thick gold layer (bold line in Figure 2) around 30% of reflectivity [5]. 
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Figure 1 Scheme of a conventional SPR imaging sensor. 
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Figure 2. Effect of gold thickness on the SPR modulated reflectivity as a function of sample refractive index (operating 

wavelength - 750 nm, angle of incidence in BK7 coupling prism - 57.9 deg, gold permittivity ε = -21.74 + 1.32i). 

Sensing channels are defined on the sensor surface as an array of measuring spots and corresponding changes in the 
intensity of reflected light are monitored. As follows from Figure 2, an operating range of SPR imaging system is rather 
narrow, typically to around 0.005 RIU. Therefore, the operating range of the sensor needs to be tuned to overlap with the 
reflectivity of sensing channels by means of the change of the angle of incidence or wavelength. The intensity signal 
corresponding to the background refractive index (surrounding sensing channels) cannot be adjusted individually and, 
depending on its position on the calibration curve, it can be darker or brighter than the signal corresponding to sensing 
channels, Figure 2.. All objects within the imaged area with a refractive index outside the resonance (such as flow-cell 
boundaries, dry surface or any imperfections) are about three times brighter than the sensing channels. 
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2.2 Surface plasmon resonance: polarization properties 

In this section, we describe polarization properties of a light wave that interacts with surface plasmons. The change of 
polarization of a light wave that totally reflects at the coupling prism is a result of two effects associated with SPR: (i) a 
change in the TM reflectivity as plotted in Figure 2 and (ii) a change in the phase-shift added to the TM polarized wave 
(Figure 3). When the incident light comprises both TE and TM polarizations, only the TM component is altered in phase 
and amplitude while the characteristics of the TE component are changes only slightly and in a non-resonant fashion. 
This results in a change in the polarization state of the reflected light wave. The reflected light is therefore in general 
elliptically polarized and the polarization state depends strongly on the refractive index of the sample. Figure 4 depicts a 
polarization state of the incident light (linear polarization) and elliptically polarized state of the reflected light. This 
ellipse can be described using two parameters – the orientation of its major semi-axis (ψ - the angle of rotation with 
respect to the TE polarization) and the eccentricity of the ellipse, e defined as 

 
2

21 be
a

= − , (1) 

where a and b are the major and minor axes of the polarization ellipse, respectively. The eccentricity of 
0e = corresponds to a circular polarization, while the eccentricity of 1e = corresponds to a linear polarization.  
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Figure 3 Phase-shift between TM and TE polarized light induced by SPR-modulated reflection at the coupling prism for 

three different gold layer thicknesses (wavelength – 750 nm, angle of incidence - 57.9 deg). 
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Figure 4 Polarization ellipse of the electric vector of the incident and reflected wave.  

The total internal reflection in the prism coupler with a thin SPR active layer was modeled using amplitude Fresnel 
reflection coefficients yielding the amplitude and phase for both the TE and TM polarizations. A linearly polarized 
incident light with electric field intensity vector oriented at 45 degrees with respect to the plane of incidence was 
assumed. The rotation angle ψ of the major axis and the lengths of the major and minor axes (a and b respectively) were 
calculated as described in previous theoretical study by Homola and Yee [6]: 
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2 cos( )tan(2 ) AB
A B

δψ =
−

, (2) 

 2 2 2[ cos( ) cos( )sin( )] [ sin( )sin( )]a A B Bψ δ ψ δ ψ= + + , (3) 

 2 2 2[ sin( ) cos( ) cos( )] [ sin( ) cos( )]b A B Bψ δ ψ δ ψ= − + , (4) 

where A and B are the amplitudes of reflected TE and TM polarized wave and δ is their mutual phase difference.  Figure 
5 depicts the dependence of polarization ellipse orientation and eccentricity on the refractive index of sample calculated 
for three different thicknesses of the gold layer. These figures indicate a strong dependence of the reflected polarization 
on the refractive index around the refractive index corresponding to the maximum surface plasmon coupling (1.34 RIU). 
The orientation of the ellipse varies in the range of about 60 degrees and the ellipse eccentricity changes between a linear 
polarization ( 1e = ) and 0.5e ≈ .   
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Figure 5 Angular position of the major axis of the polarization ellipse (left) and the eccentricity of the polarization ellipse 

(right) of a reflected ligth as a function of refractive index (operating wavelength - 750 nm, angle of incidence in BK7 
coupling prism - 57.9 degrees). 

2.3 SPR sensing with polarization contrast 

SPR sensor with polarization modulation is based on monitoring of changes in the polarization properties of reflected 
light wave due to the change of refractive index. In SPR sensors with polarization interrogation the change of light 
polarization must be converted to the change of light intensity that is measured directly. This can be achieved using the 
polarization contrast method, in which a selected elliptical polarization state of reflected light is extinguished using a set 
of λ/4 waveplate and polarizer. Light of any polarization can be blocked and therefore a subsequent change of the 
polarization results in a large increase in the transmitted light. In SPR imaging sensor, the extinguished polarization state 
can be selected based on the reflected polarization for a particular refractive index (Figure 5), e.g. the background 
refractive index. In order to block selected elliptical polarization, the λ/4 waveplate needs to be oriented parallel to either 
axis of the polarization ellipse. This turns the elliptical polarization into a linear polarization which can be blocked by 
means of a crossed linear polarizer. In SPR imaging with polarization contrast, the waveplate is oriented with its major 
axis at the angle of the major axis of the polarization ellipse ψ, Figure 5a, and the polarizer is set at the angle φ 
determined by the eccentricity e, Figure 5b, as (relative to the plane of incidence) 

 2arctan 1
2

eπϕ ψ= + + − . (5) 

Theoretical analysis of light propagation in a system consisting of an input polarizer oriented at 45 degrees with respect 
to the plane of incidence, an SPR coupling element, a waveplate and an output polarizer was carried out using the Jones 
matrix method. Permittivity of gold was obtained from ellipsometric measurements of thin gold film fabricated by 
vacuum evaporation ( 21.74 1.32iε = − + ,at the wavelength of 750 nm).  Figure 6 depicts the transmitted signal for five 
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settings of the waveplate and the output polarizer oriented in a way to extinguish the reflected elliptical polarization at 
refractive indices 1.32, 1.33, 1.34, 1.35 and 1.36 (positions of the waveplate and output polarizer were calculated from 
equations (2) and (5) using data in Figure 5).  
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Figure 6 Transmission through an optical system consisting of input polarizer, the ATR coupling element, waveplate and 
output polarized. The input polarizer was set to 45 deg and the major axis of the waveplate was oriented at -2.1°, 
-10.1°, 7.6°, 37.1°, and 40.4°, the output polarizer was oriented at 37.9°, 21.8°, 13.6°, 58.2°, and 68.4° for maximum 
extinction of reflected polarization at 1.32, 1.33, 1.34, 1.35, and 1.36 RIU respectively.  

The amount of transmitted signal can be adjusted by changing the balance between the TE and TM polarized 
components in the incident light by changing the orientation of the input polarizer. Figure 7 depicts the change of the 
transmitted signal for different settings of the input polarizer. For each curve plotted in Figure 7 the position of the 
waveplate and output polarizer was adjusted to block the reflected light at the refractive index of 1.33. This figure 
indicates that the refractive index dependence of the transmitted signal does not change significantly while the total 
transmitted energy can be increased by about 40%. For the considered configuration, the optimum orientation of the 
input polarizer was found to be at 53 deg. 
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Figure 7 Transmission through an optical system consisting of input polarizer, the ATR coupling element, waveplate and 

output polarized calculated for four settings of the input polarizer. The waveplate position and output polarizer are set 
to block the light reflected from the ATR coupling element at the refractive index of 1.33. 

 

Proc. of SPIE Vol. 6585  658515-5



 

 

 

2.4 Sensitivity of polarization interrogation 

Refractive index sensitivity of a sensor is defined as a change in the output signal divided by corresponding change in the 
refractive index of a sample. In theoretical simulations the sensitivity can be calculated as a derivative of the sensor 
response with respect to the refractive index. For the purpose of comparison of simulated sensor responses, intensity of 
transmitted light (output signal) was normalized to a reference level (light intensity for a non-resonant refractive index 
nref = 1.54). This method of normalization is often used in experiments, to eliminate the effects of illumination 
fluctuation and detector sensitivity. Calculated sensitivities of normalized signal are compared in Figure 8 for three 
different configurations: (i) conventional measurement of TM reflectivity (ii) measurement in polarization contrast 
adjusted to extinguish the transmitted signal at the refractive index of 1.32 RIU and (iii) measurement in polarization 
contrast adjusted to extinguish the transmitted signal at the refractive index of 1.33 RIU.  
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Figure 8 Sensitivity of transmitted intensity to refractive index for conventional intensity measurements in TM polarization  

and measurements in the polarization contrast (waveplate and polarizer set at -2.1°, -10.1° and 37.9°, 21.8° adjusted to 
extinguish the light at refractive index of 1.32 and 1.33, respectively). 

  

3. EXPERIMENTAL 
In order to validate the concept of the proposed polarization control scheme, the polarization control system was 
combined with a laboratory SPR imaging setup. SPR imaging setup consisted of a narrowband superluminescent diode 
centered at 750 nm with the full width at half maximum of 20 nm (Exalos AG, Switzerland), a sensing head and a fast 
digital CCD camera (Basler AG, Germany) connected to a PC via FireWire link. Incident light was delivered to the 
sensing head via a single-mode optical fiber and collimated with a collimating optics (OZoptics Ltd, Canada). The 
incident light beam passed through a linear polarizer (Codixx, AG, Germany), an SPR coupling prism, a λ/4 waveplate 
(Edmund Optics, Inc.Germany) and an output linear polarizer and was imaged on the CCD camera by means of a 
telecentric imaging optics (Edmund Optics, Inc., Germany). SPR chips were fabricated on BK7 glass slides by 
evaporating a thin adhesion titanium layer (thickness 1 nm) followed by a gold layer (thickness, 49.5±0.5 nm). The glass 
slide was attached to the prism and optical contact was achieved with a refractive index matching fluid. An acrylic flow 
cell with two flow chambers made of 50 µm thick adhesive Mylar sheet was attached to the glass slide to contain a liquid 
sample during the experiment.  Images from the CCD camera were acquired and averaged. Series of refractive index 
liquids (different concentrations of NaCl in deionized water) were flowed through the flow-cell and the intensity of light 
was monitored. Refractive index liquids were characterized using a commercial refractometer (DSR-L, 
Schmidt+Haensch, Germany). Figure 9 depicts the measured intensity signal as a response to the change of sample 
refractive index measured on a 300 µm × 300 µm spot. In order to quantify the intensity changes and compare the 

Proc. of SPIE Vol. 6585  658515-6



 

 

measured intensity to the theoretical model, the measured signal was in real time normalized to the non-resonant sensor 
response measured using an area covered with a high refractive index dielectric (1.54 – glass).  The calibration curve 
obtained from data presented in Figure 9 is shown in Figure 10, results of theoretical simulations are shown for 
comparison. 
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Figure 9 Response of an SPR imaging sensor with polarization contrast set at 1.33 RIU to changes in the refractive index of 

a liquid sample. Error-bars denote the SD of sensor response calculated from 64 independent sensing spots across the 
sensor surface.  
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Figure 10 Experimental calibration curve of the SPR imaging sensor with polarization contrast compared to the theoretically 

model of the transmitted signal. 
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4. DISCUSSION 
As follows from Figure 8, SPR sensors taking advantage of the proposed polarization control can achieve a considerably 
higher sensitivity than conventional SPR sensors with intensity modulation. Moreover, the improved performance can be 
obtained in a broad range of refractive indices (up to 0.015 RIU) which is about three times wider, that the operating 
range of a typical SPR imaging sensor. Experimental results (Figure 9) confirm that the sensor can be operated in the 
interval of refractive indices from 1.332 to 1.346, which corresponds to the operating range of 0.014 RIU. The sensitivity 
of 380 RIU-1 was calculated from experimental calibration in the range of optimum performance that can be found 
around the normalized signal equal to 1 [3] which differs from the estimate sensitivity based on theoretical analysis of 
423 RIU-1 in the same range by about 10 per cent. This sensitivity is about three times higher than the sensitivity of 
conventional SPR imaging (measuring the TM reflectivity) with peak sensitivity at the same wavelength around 120 
RIU-1.  

5. CONCLUSIONS 
Novel polarization control scheme for intensity modulated SPR measurements is presented. Benefits of the polarization 
control are demonstrated in an SPR imaging sensor. These include in particular: 

(1) An improvement in the sensitivity by a factor of three. 

(2) Extended operating range by a factor of three  

In addition, the proposed polarization control scheme allows increasing the contrast of acquired image by suppressing 
the light reflected from the areas outside the sensing channels. 

These factors make the proposed polarization control scheme a promising tool for improving performance of SPR 
imaging sensor platforms for high-throughput screening applications. 
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