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(57) ABSTRACT 

An optical interrogation System and a GCW Sensor are 
described herein that are used to determine whether a 

110 

polarized 
modulated 
light beam 

POLARIZATION 
MODULATOR 

LIGHT SOURCE 

biological Substance (e.g., cell, molecule, protein, drug) is 
located in a Sensing region of the GCW Sensor. The optical 
interrogation System includes a light Source, a polarization 
modulator and a detection System. The light Source outputs 
a polarized light beam and the polarization modulator modu 
lates the polarized light beam and outputs a polarization 
modulated light beam. The GCW sensor receives and con 
verts the polarization-modulated light beam into an 
amplitude modulated light beam that is directed towards the 
detection System. The detection System receives the ampli 
tude modulated light beam and demodulates the received 
amplitude modulated light beam by responding to Signals at 
a modulation frequency of the polarization-modulated light 
beam and ignoring noise affecting the Signals outside the 
modulation frequency to detect a resonant condition (e.g., 
resonant angle, resonant wavelength). The detected resonant 
condition that has a one-to-one relationship with the refrac 
tive index of the SuperStrate containing the biological Sub 
stance is analyzed to determine whether or not the biological 
Substance is located in the Sensing region of the GCW 
SCSO. 
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POLARIZATION MODULATION 
INTERROGATION OF GRATING-COUPLED 

WAVEGUIDE SENSORS 

BACKGROUND OF THE INVENTION 

0001) 1. Field of the Invention 
0002 The present invention relates in general to a grat 
ing-coupled waveguide (GCW) sensor and, in particular, to 
an optical interrogation System and method for using polar 
ization-modulated light beams to interrogate a GCW Sensor 
in order to determine whether or not a biological Substance 
is located within a Sensing region of the GCW Sensor. 
0003 2. Description of Related Art 
0004 Grating-coupled waveguide (GCW) sensors are 
fast becoming the technology of choice to enable accurate 
label-free detection of a biological Substance (e.g., cell, 
drug, chemical compound). This technology typically 
involves the use of a waveguide evanescent field to Sense 
changes in the refractive index of a GCW sensor caused by 
the presence of a biological Substance in a Sensing region of 
the GCW Sensor. To generate the evanescent field, an optical 
interrogation System is used which has a light Source that 
couples a light beam into a waveguide of the GCW sensor. 
The optical interrogation System also includes a detector that 
receives a light beam coupled out from the waveguide that 
is analyzed to determine the effective refractive index of the 
waveguide. In determining the effective refractive index of 
the GCW sensor it should be understood that the light beam 
received by the detector had interacted with the waveguide 
under a resonant condition, where the wavevectors of a 
diffraction grating, incoming light beam, and guided mode 
all Sum to Zero. And, that this resonant condition occurs only 
for a Specific wavelength and angle of the incoming light 
where changes in this angle or wavelength corresponds to 
changes in the effective refractive index of the waveguide 
caused by the presence of the biological Substance in the 
Sensing region of the GCW Sensor. Thus, the optical inter 
rogation System is used to Sense a change in the effective 
index of the GCW sensor which enables one to determine 
whether or not a biological Substance is located within the 
Sensing region of the GCW Sensor. 
0005 For this technology to be viable, one must have an 
optical interrogation System and in particular a detector 
capable of accurately monitoring the resonant angle, wave 
length, or both. In particular, the optical interrogation System 
must emit a light beam that interacts with the GCW sensor, 
and must in turn receive the light beam coupled-out off the 
GCW sensor and process that light beam to detect in real 
time any changes in it's resonant angle and/or wavelength. 
While there are many approaches for accomplishing these 
tasks, each has unique implementation challenges, Since the 
light beam output from the GCW sensor is relatively weak 
and there are multiple Sources of noise that degrade this light 
beam especially in high-throughput Screening applications. 

0006 GCW sensors are particularly attractive for use in 
high-throughput Screening applications, where the absence 
of fluorescent tags and the possibility of reduced false 
negatives would provide a large cost advantage. For this 
reason, the microplate has been targeted as the platform for 
such sensors, where 96 or 384 individual wells provide the 
high-throughput access demanded by the industry. In this 
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application, the waveguide and diffraction grating of the 
GCW sensor are located in the bottom of each well; e.g., the 
diffraction grating may be Stamped into the well bottom, and 
the waveguide Subsequently grown on top of the diffraction 
grating. The Wells themselves are typically composed of an 
optically transparent, low-birefringence, low-cost plastic 
that is typically several millimeters thick. To probe the GCW 
sensor in the well bottom while leaving the tops of the wells 
open for fluid handling, etc., the optical light beam is emitted 
into the bottom of the microplate and passes through the well 
plastic before striking the GCW sensor. One source of noise 
for this type of optical interrogation System is produced by 
the Fresnel reflection emanating from the bottom surface of 
each well. Due to the large number of wells, one ideally tries 
to design the GCW Sensor to operate with incoming light 
beams near normal incidence. As a result, this spurious 
Fresnel reflection which acts as noise is often ineXtricably 
mixed with the light beam output from the GCW sensor that 
contains the desired information about the resonant angle 
and/or wavelength. In addition to the Fresnel reflection 
caused by the bottom Surface of the microplate, the top 
Surface of the waveguide inserts yet another Fresnel reflec 
tion into the output light beam that mingled with the light 
beam that propagated as a waveguide mode and exited the 
GCW sensor through the diffraction grating. 
0007. In addition to these direct optical noise sources, the 
traditional optical interrogation System is Susceptible to 
other electrical and optical noises. For example, the wave 
length or angle of the output light beam is often monitored 
with detectorS Such as charge-coupled device (CCD) cam 
eras or spectrographs that observe the Signal in a DC 
fashion. All of the DC electrical and optical (stray light) 
noise can impede the detection of the resonant angle and/or 
wavelength in the output light beam. Accordingly, there is a 
need for an optical interrogation System and method that can 
avoid the aforementioned problematical noise Sources when 
interrogating one or more GCWSensors. This need and other 
needs are Satisfied by the optical interrogation System, GCW 
Sensor and method of the present invention. 

BRIEF DESCRIPTION OF THE INVENTION 

0008. The present invention includes an optical interro 
gation System capable of interrogating a GCW Sensor to 
determine whether a biological Substance (e.g., cell, mol 
ecule, protein, drug) is located in a Sensing region of the 
GCW Sensor. The optical interrogation System includes a 
light Source, a polarization modulator and a detection Sys 
tem. The light Source outputs a polarized light beam and the 
polarization modulator modulates the polarized light beam 
and outputs a polarization-modulated light beam. The GCW 
Sensor receives and converts the polarization-modulated 
light beam into an amplitude modulated light beam that is 
directed towards the detection System. The detection System 
receives the amplitude modulated light beam and demodu 
lates the received amplitude modulated light beam by 
responding to Signals at a modulation frequency of the 
polarization-modulated light beam and ignoring noise 
affecting the Signals outside the modulation frequency to 
detect a resonant condition (e.g., resonant angle, resonant 
wavelength). The detected resonant condition that has a 
one-to-one relationship with the refractive index of the 
SuperStrate containing the biological Substance is analyzed 
to determine whether or not the biological Substance is 
located in the Sensing region of the GCW Sensor. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

0009. A more complete understanding of the present 
invention may be had by reference to the following detailed 
description when taken in conjunction with the accompa 
nying drawings wherein: 
0.010 FIG. 1 is a diagram of the basic components of an 
optical interrogation System and GCW Sensor in accordance 
with the present invention; 
0.011 FIG. 2 is a graph that illustrates the relationship 
between the resonant angle and resonant wavelength of the 
GCW sensor shown in FIG. 1; 
0012 FIG. 3 is a graph used to help describe how a 
Spectral interrogation approach can be used by the optical 
interrogation System to determine the resonant wavelength 
of the GCW sensor shown in FIG. 1; 
0013 FIG. 4 is a graph used to help describe how an 
angular interrogation approach can be used by the optical 
interrogation System to determine the resonant angle of the 
GCW sensor shown in FIG. 1; 
0014 FIG. 5 is a graph generated by GSOLVER that 
illustrates the resonant wavelength (reflection anomaly) of 
an exemplary GCW Sensor having a Substrate made from 
cyclic-olefin copolymer (COC) and a waveguide film made 
from Ta-Os, 
0.015 FIG. 6 is a graph illustrating the relationship 
between the resonant angle and wavelength of an exemplary 
GCW sensor that has two different cover indices; 
0016 FIG. 7 is a diagram illustrating the basic compo 
nents of a first embodiment of the optical interrogation 
System shown in FIG. 1 that utilizes an angular Scanning 
approach to Scan a polarization-modulated light beam that is 
directed into the GCW sensor in order to detect a biological 
Substance in accordance with the present invention; 
0017 FIG. 8 is a graph that shows the amplitude reso 
nance of an exemplary GCW sensor that was observed when 
testing the optical interrogation system shown in FIG. 7; 

0.018 FIG. 9 is a graph that shows the resonance location 
observed when 5% glycerol solution is placed on top of an 
exemplary GCW Sensor to test the optical interrogation 
system shown in FIG. 7; 
0019 FIG. 10 is a diagram the shows the amplitude 
resonance of an exemplary GCW Sensor that has the char 
acteristic trough?peak shape Seen during the testing of the 
optical interrogation system shown in FIG. 7; 
0020 FIG. 11 is a graph that shows the phase of a 
resonance Superimposed on the amplitude plot shown in 
FIG.8 when testing the optical interrogation system shown 
in FIG. 7; 
0021 FIG. 12 is a diagram illustrating the basic compo 
nents of a Second embodiment of the optical interrogation 
System shown in FIG. 1 that utilizes an angular Scanning 
approach to Scan an amplitude modulated light beam emitted 
from the GCW sensor in order to detect a biological Sub 
stance in accordance with the present invention; 
0022 FIG. 13 is a diagram illustrating the basic compo 
nents of a third embodiment of the optical interrogation 
System shown in FIG. 1 that utilizes a wavelength Scanning 
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approach to Scan a polarization-modulated light beam that is 
directed into the GCW sensor in order to detect a biological 
Substance in accordance with the present invention; 
0023 FIG. 14 is a diagram illustrating the basic compo 
nents of a fourth embodiment of the optical interrogation 
System shown in FIG. 1 that utilizes a wavelength Scanning 
approach to Scan an amplitude modulated light beam emitted 
from the GCW sensor in order to detect a biological Sub 
stance in accordance with the present invention; 
0024 FIG. 15 is a diagram illustrating the basic compo 
nents of a fifth embodiment of the optical interrogation 
system shown in FIG. 1 that can utilize an angular or 
wavelength Scanning approach to Scan an array of GCW 
Sensors incorporated within a microplate in accordance with 
the present invention; and 
0025 FIG. 16 is a flowchart illustrating the basic steps of 
a preferred method for using the optical interrogation System 
and GCW sensor shown in FIG. 1 to detect a biological 
Substance in accordance with the present invention. 

DETAILED DESCRIPTION OF THE DRAWINGS 

0026 Referring to FIG. 1, there is shown a diagram of 
the basic components of a GCW sensor 100 and an optical 
interrogation System 120 in accordance with the present 
invention. Basically, the optical interrogation System 120 
interrogates the GCW sensor 100 to determine whether a 
biological Substance 102 (e.g., cell, molecule, protein, drug, 
chemical compound, nucleic acid, peptide, carbohydrate) is 
located in a sensing region 103 (superstrate 103) of the 
GCW sensor 100. The optical interrogation system 120 
includes a light Source 122, a polarization modulator 127 
(e.g., photoelastic modulator 127, photorefractive modulator 
127, liquid crystal modulator 127) and a detection system 
124. The light source 122 outputs a polarized light beam 125 
and the polarization modulator 127 modulates the polarized 
light beam 125 and outputs a polarization-modulated light 
beam 126. The GCW sensor 100 receives and converts the 
polarization-modulated light beam 126 into an amplitude 
modulated light beam 128 that is directed towards the 
detection system 124. The detection system 124 receives the 
amplitude modulated light beam 128 and demodulates the 
received amplitude modulated light beam 128 by responding 
to Signals at a modulation frequency of the polarization 
modulated light beam 125 and ignoring noise affecting the 
Signals outside the modulation frequency to detect a reso 
nant condition (e.g., resonant angle, resonant wavelength). 
The detected resonant condition has a one-to-one relation 
ship with the refractive index of the SuperStrate containing 
the biological substance 102 that indicates whether the 
biological substance 102 is located in the sensing region 103 
of the GCW sensor 100. How the GCW sensor 100 converts 
the polarization-modulated light beam 126 into the ampli 
tude modulated light beam 128 which enables the optical 
interrogation System 120 to demodulate the amplitude 
modulated light beam 128 in a manner that avoids the 
problems caused by noise Sources (e.g., Fresnel reflections, 
DC electrical and Stray light noise) is described in greater 
detail below after a brief discussion about the basic structure 
and functionality of the GCW sensor 100. 
0027. As shown in FIG. 1, the GCW sensor 100 includes 
a thin (~100 nm) layer of material 106 (e.g., waveguide film 
106) deposited on the surface of a diffraction grating 108 
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which together form a waveguide 110. The waveguide film 
106 is preferably made of a dielectric material such as 
Ta-Os, TiO, TiO-SiO, HfO, ZrO, Al-O, SiN, HfCN, 
SiON, Scandium oxides or mixtures thereof. The diffraction 
grating 108 is formed within a substrate 112 or waveguide 
film 106 by embossing, holography, or other methods. The 
diffraction grating 108 can thereby be located above, below, 
or even within the waveguide film 106. Moreover, the 
diffraction grating 108 need not be in direct physical contact 
with a waveguide film 106, Simply near enough to cause 
optical influence on the waveguide mode. Furthermore, due 
to effective-index waveguiding, the diffraction grating 108 
itself can be fabricated with appropriately high enough indeX 
to Serve as the waveguide itself without the need for an 
additional waveguide film deposition. The substrate 112 is 
preferably made of glass or plastic Such as cyclic-olefin 
copolymer (COC). For example, the GCW sensor 100 can 
have a cyclic-olefin substrate 112 which has an index 
n=1.53, a grating pitch A=538 nm, a grating thickness is 
t=10 nm, a waveguide index n=2.01, a waveguide thick 
neSS tri-110 nm, and a SuperStrate index that is nominally the 
index of water (the Solvent in which most experiments are 
performed, ne 1.33). This GCW sensor 100 is referred to 
herein as the exemplary GCW sensor 100. 

0028. The biological substance 102 which may be located 
within a bulk fluid is introduced to the Superstrate 103 
(sensing region) of the GCW sensor 100 and it is the 
presence of this biological Substance 102 that alters the 
index of refraction at the Surface 104 of the GCW sensor 
100. Thus, to detect the biological substance 102, the GCW 
sensor 100 is probed with a light beam 126 emitted from the 
light source 122 and then a reflected light beam 128 received 
at the detection System 124 is analyzed to determine if there 
are any changes (~1 part per million) in the refractive index 
caused by the presence of the biological substance 102 in the 
sensing region 103 of the GCW sensor 100. In one embodi 
ment, the top surface 104 may be coated with biochemical 
compounds (not shown) that only allow Surface attachment 
of Specific complementary biological Substances 102 which 
enables an GCW sensor 100 to be created that is both highly 
Sensitive and highly Specific. In this way, the optical inter 
rogation system 120 and GCW sensors 100 may be used to 
detect a wide variety of biological substances 102 and if the 
GCW sensors 100 are arranged in arrays they may be used 
to enable high throughput drug or chemical Screening Stud 
ies (see FIG. 15). 
0029. The sensitivity of the GCW sensor 100 may be best 
understood by analyzing the Structure of the diffraction 
grating 108 and the waveguide 110. The light beam 126 
shone on the diffraction grating 108 can only be coupled into 
the waveguide 110 if its wave vector satisfies the following 
resonant condition as shown in equation no. 1: 

0030 where k is the x-component of the incident wave 
vector, k is the guided mode wave vector, and K is the 
grating vector. The grating vector K is defined as a vector 
having a direction perpendicular to the lines of the diffrac 
tion grating 108 and a magnitude given by 2L/A where A is 
the grating period (pitch). This expression may also be 
written in terms of wavelength w and incident angle 0 as 
shown in equation no. 2: 
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27 nine . 27, neif 27. 2 sin 6 = 

0031 Where 0 is the angle of incidence of the light beam 
126, n is the index of refraction of the incident medium, 
w is the wavelength of the light 126, and n is the effective 
index of refraction of the waveguide 110. The effective 
index of the waveguide 110 is a weighted average of the 
indices of refraction that the optical waveguide mode field or 
fundamental mode "Sees' as it propagates through the 
waveguide 110. The fundamental mode preferably has a 
spatial extent that is much wider than the waveguide 110 
itself, the extent depending on the refractive index difference 
between the waveguide 110 and the substrate 112, as well as 
between the waveguide 110 and the Superstrate 103. In 
particular, the fundamental mode has an evanescent wave/ 
tail that extends into the SuperStrate 103 (sensing region) 
which "sees” any Surface changes created when the biologi 
cal Substance 102 approaches or comes in contact with the 
top surface 104 of the GCW sensor 100. 
0032. The previous expression shown in equation no. 2 
may be rewritten in the more convenient form shown in 
equation no. 3: 

3) 
sin() = n – A. 

0033 which is the equation of a line where sin 0 being the 
y axis, w being the X-axis, An the X-intercept, and -1/Athe 
Slope. To obtain equation no. 3, ni has been Set to 1 So that 
it could be removed from equation no. 2. This approximation 
is used since air (n-1.0003) is the most common incident 
medium. This relation is pictured in the graph shown in FIG. 
2. When a biological substance 102 binds to the surface 104, 
the effective index of the waveguide 110 is altered which 
leads to the shifting the resonant wavelength or resonant 
angle of the GCW sensor 100. This shifting can be seen as 
a shift of the x-intercept in the line shown in FIG. 2. 

0034) The resonant condition (e.g., resonant wavelength 
or resonant angle) of such a GCW sensor 100 may be 
interrogated to determine refractive indeX changes by 
observing the reflected light 128 from the GCW sensor 100 
(see FIG. 1). There are two different modes of operation for 
monitoring refractive indeX changes-spectral interrogation 
or angular interrogation. In spectral interrogation, a nomi 
nally collimated, Scanned-wavelength beam of modulated 
polarized light 126 is sent into the GCW sensor 100 and the 
reflected amplitude modulated light 128 is collected and 
monitored by a photodiode (for example) within a detection 
system 124. By observing the spectral location of the 
resonant wavelength (peak), one can monitor binding or 
refractive index changes on or near the surface 104 of the 
GCW sensor 100. The spectral interrogation concept is 
graphically represented in the graph shown in FIG. 3. 
Conversely, in angular interrogation, a nominally Single 
wavelength of modulated polarized light 126 is angle 
Scanned to create a range of illumination angles and directed 
into the GCW sensor 100. The reflected amplitude modu 
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lated light 128 is monitored by a photodiode (for example) 
within the detection system 124. By monitoring the position 
of the resonant angle reflected by the GCW sensor 100, one 
can monitor binding or refractive indeX changes on or near 
the surface 104 of the GCW sensor 100. The angular 
interrogation concept is graphically represented in the graph 
shown in FIG. 4. 

0035) To maintain simplicity and efficiency of operation, 
the GCW sensors 100 employed in biosensing applications 
can be designed Such that only the Zeroth diffracted orders 
of the incident light 126 propagate in free Space, while what 
would be the +1 orders couple to the fundamental mode of 
the waveguide 110. The higher diffraction orders are avoided 
by designing a Sub-wavelength diffraction grating 108 which 
has a grating pitch A Smaller than the desired operating 
wavelength of the incident light 126. In this case, the 
coupling efficiency of the waveguide 110 is large Since 
multiple orders do not remove power from the GCW sensor 
100. Moreover, since only the zeroth reflected and transmit 
ted beams exist in free space, the GCW sensor 100 can 
thereby produce nearly total reflection or transmission of the 
desired (anomalous) wavelength w of the incident light 126. 
FIG. 5 shows a GSOLVER (rigorous coupled-wave analy 
sis, or RCWA code) analysis of an exemplary GCW 100 
where the TE input light 126 angle is 3 and the reflected 
light beam 128 which is at 3 from the normal has a 
resonance 502 in the vicinity of 824 nm when the substance 
(water) in the Superstrate 103 has an index of 1.33. 
0036) As mentioned above, GCW sensors 100 are used in 
biosensing applications because they enable one to deter 
mine the location of the resonance angle/wavelength 502 
which directly corresponds to the refractive index of the 
Superstrate 103 and thereby allows the monitoring of bio 
logical substance 102 binding on the GCW sensor 100. This 
is all possible because the evanescent tail of the propagating 
fundamental mode in the waveguide 110 senses index 
changes in the SuperStrate 103 caused by the presence of the 
biological Substance 102. The indeX change in the SuperSrate 
103 changes the resonance condition of the GCW 100 
according equation no. 1 and then the resonance 502 shifts 
to a new wavelength or angle location. The location of the 
shifted resonance indicates the current index of the Super 
strate 103 which indicates whether or not the biological 
substance 102 is in the superstrate 103 of the GCW 100. It 
has been shown that the resonance 502 can shift hundreds of 
nanometers for a unit change in the refractive index of the 
Superstrate 103 (see FIG.2). The relationship between angle 
and wavelength is displayed in the graph shown in FIG. 6 
for a BIOS-1 GCW sensor 100. The different curves in the 
graph show behavior for both TE and TM polarizations with 
two different cover indices. 

0037 Referring to FIGS. 7-15, there are illustrated five 
embodiments of the optical interrogation system 120 shown 
in FIG. 1 that utilize different approaches to interact with 
one or more GCW sensors 100 in order to detect the 
presence of a biological Substance 102. Although only five 
embodiments of the optical interrogation System 120 are 
described herein, it should be understood that other configu 
rations of the optical interrogation System 120 could be used 
to interact with the GCW sensor 100 in order to detect the 
presence of the biological Substance 102. Accordingly, the 
optical interrogation System 120 should not be construed in 
a limited manner. 
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0038 Referring to FIG. 7, there is a diagram illustrating 
the basic components of a first embodiment of the optical 
interrogation System 120a in accordance with the present 
invention. The optical interrogation System 120a utilizes an 
angular Scanning approach to Scan the polarization-modu 
lated light beam 126 that is directed into the GCW sensor 
100 in order to enable the detection of the biological 
Substance 102. 

0039. As shown, the optical interrogation system 120a 
includes a light Source 122a that outputs a polarized light 
beam 125a that is received by a polarization modulator 127a 
(e.g., photoelastic modulator 127a). The polarization modu 
lator 127a modulates the polarized light beam 125a by 
causing a time-varying polarization alternation between TE 
and TM modes (see the wobbling vectors in FIG. 7). The 
polarization modulator 127a outputs the polarization-modu 
lated light beam 126a to an acousto-optic modulator 702a 
which changes the angle of the polarization-modulated light 
beam 125a by mixing it with an acoustic wave. The mag 
nitude of the angular deflection depends upon the drive 
frequency of the acousto-optic modulator 702a and therefore 
the acoustic wave. In effect, the acousto-optic modulator 
702a enables one to control the angular Scanning of the 
polarization-modulated light beam 126a. Since the polariza 
tion-modulated light beam 126 should intersect the microw 
ell plate 704a in a constant location, a lens 706a and 
beamsplitter 708a are placed between the acousto-optic 
modulator 702a and the microwell plate 704a, where the 
distance from the lens 706a to each GCW sensor 100 is a 
focal length. In this manner, the angle of the polarization 
modulated light beam 126a incident upon the microwell 
plate 704a changes with the frequency of the acousto-optic 
modulator 702a, while the location of the incidence remains 
constant. After interacting with the GCW sensor 100 in the 
microwell plate 704a, the polarization-modulated light beam 
126a which has only one of the two polarization states 
resonant within the GCW sensor 100 is converted into the 
amplitude modulated light beam 128a that is modulated at 
the same frequency as the polarization-modulated light 
beam 126a. The amplitude modulated light beam 128a is 
received by the detection System 124a and in particular by 
a detector 710a (e.g., photodiode 710a) which converts the 
amplitude modulated light beam 128a into an electrical 
signal that is then demodulated by a lock-in amplifier 712a 
or a similar instrument capable of detecting electrical signals 
at specific frequencies (e.g., an RF mixer). The lock-in 
amplifier 712a demodulates the electrical Signal by respond 
ing to Signals at the modulation frequency of the polariza 
tion-modulated light beam 126a and ignoring noise affecting 
the Signals outside the modulation frequency. A computer 
716a then analyzes the demodulated electrical Signal (e.g., a 
DC voltage proportional to the original modulated reflected 
optical signal Strength) to determine a resonant angle that 
correlates to the Superstrate 103 refractive index and there 
fore the biological Substance content 102 at the Sensing 
region 103 of the GCW sensor 100. The frequency being 
detected by the lock-in amplifier 712a can be derived from 
a function generator 714a that also drives the polarization 
modulator 127a. 

0040. The use of the acousto-optic modulator 702a is 
attractive Since it utilizes no moving parts, however other 
angular Scanning techniques can be used in the present 
invention. For example, a simple rotating plate of glass 
could be used that deflects the polarization-modulated light 
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beam 126a through refraction at the glass/air interface. The 
deflection angle depends upon the rotation angle of the glass 
plate Such that the rotating plate causes a Smoothly varying 
angle. The results of Several experiments using the optical 
interrogation system 120a and the exemplary GCW sensor 
100 are provided below with respect to FIGS. 8-11. 

0041 Referring to FIG. 8, there is a graph that shows the 
resonance observed when testing an experimental optical 
interrogation system 120a where the amplitude recorded by 
the lock-in amplifier 712a versus the frequency of the 
acousto-optic modulator 702a represents the Signal. This 
Scan took 0.5 S-2 min. to acquire, and resulted in the very 
high signal-to-noise curve shown in FIG. 8. It should be 
noted that the light source 122a (e.g., He/Ne laser 122a) had 
to be attenuated greatly to avoid saturating the detector 710a 
(e.g., Si photodiode 710a) and the lock-in amplifier 712a 
Still had many (>5) orders of magnitude of input gain 
Settings to accommodate Still lower laser levels. 
0042. It should be appreciated that the actual sensitivity 
of the optical interrogation System 120a to biological events 
depends upon the GCW sensor 100, instrument, angular 
Stability, etc. Thus, to obtain Some estimate of the perfor 
mance of the experimental optical interrogation System 
120a, index fluids were placed on the top surface 104 of the 
GCW sensor 100 to illicit a change in the resonant angle and 
thereby determine the refractive index unit sensitivity. FIG. 
9 shows the result of this study. Noise levels were deter 
mined to be as low as ~10 (single standard deviation), and 
further work indicates that the desired 10 sensitivity is 
easily achieved with more accurate Scanning electronics. 
0.043 Another important aspect of the present invention, 
is that the lock-in amplifier 712a provides an extra observ 
able beyond the Simple amplitude resonance pictured above 
in FIG.8. As a phase-locked technique, the lock-in amplifier 
712a provides not only the amplitude of the resonant signal, 
but also its phase, as referenced to a stable frequency signal 
Such as the electrical function driving the polarization modu 
lator 127a. It should be noted that this information could be 
obtained with most phase-Sensitive detectors (other than a 
lock-in amplifier 112), or even with a device that can 
separately monitor the TE and TM polarizations of the 
amplitude modulated light beam 128a output from the GCW 
Sensor 100. 

0044) To understand what information the phase signal 
might present, one can examine the amplitude Signal more 
closely. FIG. 10 shows a diagram of the amplitude reso 
nance 1002 with the characteristic trough/peak shape Seen in 
experiments and theory, where the TE mode has been 
phase-matched to the GCW sensor 100. The negatively 
valued dip (source of the arrow on the bottom left of the 
figure) represents a region where the TE power is below the 
TM ambient Signal, caused by resonantly transmitting the 
TE light through the GCW sensor 100 (see FIG. 1).) The 
peak represents the region where the TE light resonantly 
reflects from the GCW sensor 100, enhancing the power on 
the detector 710a. Since the TM mode does not interact with 
the waveguide 110, its level is constant for both the trough 
and peak. Remembering that the light is modulated between 
TE and TM modes in time, the curves drawn in FIG. 10 
therefore represent the time-varying Signal present at the 
lock-in amplifier 712a at the modulation frequency. By 
comparing the Signals from the peak and trough regions, one 
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can see that the waves are 180° phase-shifted from one 
another. Moreover, this phase shift should occur at the 
instant that the amplitude crosses from negative to positive 
in the center of the resonance. 

004.5 This simple understanding serves to accurately 
predict what was observed during the experiments with the 
experimental optical interrogation system 120a. FIG. 11 
shows the phase of the resonance 1102 Superimposed on the 
amplitude plot shown in FIG. 8. Since the lock-in amplifier 
712a outputs a -10-10 volt signal to the computer 716a to 
register 360 in phase, the change from ~8 V to ~-2 V 
represents the 180° phase change indicated in FIG. 11. The 
transition occurs very close to Zero amplitude, where the 
Small difference is actually due to filtering of the amplitude 
Signal that shifts it relative to the phase signal that is 
acquired at a different time. It should be noticed that this 
phase transition is extremely steep compared to the reso 
nance amplitude. Moreover, it is akin to a digital indication 
(on/off) of the resonance location, and therefore represents 
the Simplest signal to detect from a signal processing Stand 
point. The SteepneSS results from the fact that the transition 
occurs in a trigger fashion, depending on the relative inten 
sities of the TE/TM modes. Because this signal is so narrow, 
it could possibly relax the constraints on the resonance width 
as they relate to detection and location of the resonance. 
Because the phase signal is ineXtricably related to the 
amplitude resonance however, it is not apparent that the 
localization of the resonance peak will improve using the 
phase signature, but one may be able to take advantage of 
Signal processing techniques (e.g. a Schmidt trigger) to 
derive Some Sensitivity advantage from this phase Signal 
1102. Assuming this is the case, the width of the amplitude 
resonance may become leSS relevant, and allow a whole new 
class of Sensor designs where the width constraints are 
greatly relaxed. 
0046 Referring to FIG. 12, there is a diagram illustrating 
the basic components of a Second embodiment of the optical 
interrogation System 120b. The optical interrogation System 
120b utilizes an angular Scanning approach to Scan the 
amplitude modulated light beam 128b emitted from the 
GCW sensor 100 in order to enable the detection of the 
biological Substance 102. AS shown, the optical interroga 
tion system 120b includes a light source 122b that outputs a 
polarized light beam 125b that is received by a polarization 
modulator 127b (e.g., photoelastic modulator 127b). The 
polarization modulator 127b modulates the polarized light 
beam 125b by causing a time-varying polarization alterna 
tion between TE and TM modes (see the wobbling vectors 
in FIG. 12). The polarization modulator 127b outputs the 
polarization-modulated light beam 126b to a lens 1206b and 
beamsplitter 1208b. The lens 1206b and beamsplitter 1208b 
direct the polarization-modulated light beam 126b to the 
GCW sensor 100 within the microwell plate 1204b. After 
interacting with the GCW sensor 100 in the microwell plate 
1204b, the polarization-modulated light beam 126b which 
has only one of the two polarization States resonant within 
the GCW sensor 100 is converted into the amplitude modu 
lated light beam 128b that is modulated at the same fre 
quency as the polarization-modulated light beam 126b. The 
amplitude modulated light beam 128b is received by the 
detection System 124b and in particular by a Scanning 
pinhole plate 1202b that scans the angle of the amplitude 
modulated light beam 128b. The detector 1210b (e.g., pho 
todiode 1210b) converts the scanned amplitude modulated 
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light beam 128b into an electrical signal that is then demodu 
lated by a lock-in amplifier 1212b. The lock-in amplifier 
1212b demodulates the electrical Signal by responding to 
Signals at the modulation frequency of the polarization 
modulated light beam 126b and ignoring noise affecting the 
Signals outside the modulation frequency. A computer 1216b 
then analyzes the demodulated electrical signal (e.g., a DC 
Voltage proportional to the original modulated reflected 
optical signal strength) to determine a resonant angle that 
correlates to the Superstrate 103 refractive index and there 
fore the biological Substance content 102 at the Sensing 
region 103 of the GCW sensor 100. The frequency being 
detected by the lock-in amplifier 1212b can be derived from 
a function generator 1214b that also drives the polarization 
modulator 127b. 

0047 Referring to FIG. 13, there is a diagram illustrating 
the basic components of a third embodiment of the optical 
interrogation System 120c. The optical interrogation System 
120c utilizes a wavelength Scanning approach to Scan the 
polarization-modulated light beam 126c directed into the 
GCW sensor 100 in order to enable the detection of the 
biological Substance 102. AS shown, the optical interroga 
tion system 120c includes a broadband light source 122c that 
outputs a polarized light beam 125c that is received by a 
polarization modulator 127c (e.g., photoelastic modulator 
127c). The polarization modulator 127c modulates the polar 
ized light beam 125c by causing a time-varying polarization 
alternation between TE and TM modes (see the wobbling 
vectors in FIG. 13). The polarization modulator 127c out 
puts the polarization-modulated light beam 126c to a tunable 
filter 1306c. The tunable filter 1306c scans the wavelength 
of the polarization-modulated light beam 126c and directs 
the Scanned polarization-modulated light beam 126c to a 
beamsplitter 1308c. The beamsplitter 1308c directs the 
polarization-modulated light beam 126c to the GCW sensor 
100 within the microwell plate 1304c. After interacting with 
the GCW sensor 100 in the microwell plate 1304c, the 
polarization-modulated light beam 126C which has only one 
of the two polarization states resonant within the GCW 
sensor 100 is converted into the amplitude modulated light 
beam 128c that is modulated at the same frequency as the 
polarization-modulated light beam 126c. The amplitude 
modulated light beam 128c is received by the detection 
system 124b and in particular by a detector 1310c (e.g., 
photodiode 1310c) which converts the amplitude modulated 
light beam 128c into an electrical Signal that is then demodu 
lated by a lock-in amplifier 1312c. The lock-in amplifier 
1212c demodulates the electrical Signal by responding to 
Signals at the modulation frequency of the polarization 
modulated light beam 126C and ignoring noise affecting the 
Signals outside the modulation frequency. A computer 1316c 
then analyzes the demodulated electrical signal (e.g., a DC 
Voltage proportional to the original modulated reflected 
optical signal strength) to determine a resonant angle that 
correlates to the Superstrate 103 refractive index and there 
fore the biological Substance content 102 at the Sensing 
region 103 of the GCW sensor 100. The frequency being 
detected by the lock-in amplifier 1312c can be derived from 
a function generator 1314c that also drives the polarization 
modulator 127c. 

0.048 Referring to FIG. 14, there is a diagram illustrating 
the basic components of a fourth embodiment of the optical 
interrogation System 120d. The optical interrogation System 
120d utilizes an wavelength Scanning approach to Scan the 
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amplitude modulated light beam 128d emitted from the 
GCW sensor 100 in order to enable the detection of the 
biological Substance 102. AS shown, the optical interroga 
tion system 120d includes a broadband light source 122d 
that outputs a polarized light beam 125d that is received by 
a polarization modulator 127d (e.g., photoelastic modulator 
127d). The polarization modulator 127d modulates the 
polarized light beam 125d by causing a time-varying polar 
ization alternation between TE and TM modes (see the 
wobbling vectors in FIG. 14). The polarization modulator 
127d outputs the polarization-modulated light beam 126d to 
a beamsplitter 1408d. The beamsplitter 1408d directs the 
polarization-modulated light beam 126d to the GCW sensor 
100 within the microwell plate 1404d. After interacting with 
the GCW sensor 100 in the microwell plate 1404d, the 
polarization-modulated light beam 126d which has only one 
of the two polarization states resonant within the GCW 
sensor 100 is converted into the amplitude modulated light 
beam 128d that is modulated at the same frequency as the 
polarization-modulated light beam 126d. The amplitude 
modulated light beam 128d is received by the detection 
system 124d and in particular by a scanning filter 1406d that 
Scans the wavelength of the amplitude modulated light beam 
128d. The detector 1410d (e.g., photodiode 1210d) converts 
the scanned amplitude modulated light beam 128d into an 
electrical Signal that is then demodulated by a lock-in 
amplifier 1412d. The lock-in amplifier 1412d demodulates 
the electrical Signal by responding to Signals at the modu 
lation frequency of the polarization-modulated light beam 
126d and ignoring noise affecting the Signals outside the 
modulation frequency. A computer 1416d then analyzes the 
demodulated electrical signal (e.g., a DC voltage propor 
tional to the original modulated reflected optical Signal 
Strength) to determine a resonant angle that correlates to the 
Superstrate 103 refractive index and therefore the biological 
substance content 102 at the sensing region 103 of the GCW 
sensor 100. The frequency being detected by the lock-in 
amplifier 1412d can be derived from a function generator 
1414d that also drives the polarization modulator 127d. 
0049 Referring to FIG. 15, there is a diagram illustrating 
the basic components of a fifth embodiment of the optical 
interrogation System 120e. The optical interrogation System 
120e utilizes a parallel angle/wavelength Scanning approach 
to Scan multiple polarization-modulated light beams 126e 
directed to multiple GCW sensors 100 to enable the high 
throughput detection of biological Substances 102. AS 
shown, the optical interrogation System 120e includes a light 
Source 122e that outputs a polarized light beam 125e that is 
received by a polarization modulator 127e (e.g., photoelastic 
modulator 127e). The polarization modulator 127e modu 
lates the polarized light beam 125e by causing a time 
varying polarization alternation between TE and TM modes 
and outputs the polarization-modulated light beam 126e to a 
diffractive optic 1502e. The diffractive optic 1502e emits an 
array of polarization-modulated light beams 126e to a beam 
splitter 1508.e. The beamsplitter 1508e directs the polariza 
tion-modulated light beams 126e to the GCW sensors 110 
within the microwell plate 1504d. After interacting with the 
GCW sensors 100 in the microwell plate 1504e, the polar 
ization-modulated light beams 126d are converted into the 
amplitude modulated light beams 128e that are modulated at 
the same frequency as the polarization-modulated light 
beams 126e. The amplitude modulated light beams 128e are 
received by the detection system 124e and in particular by 
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an array of detectors 1510e (e.g., photodiodes 1510e) which 
converts the scanned amplitude modulated light beams 128e 
into electrical Signals that are then demodulated by an array 
of lock-in amplifiers 1512e. The lock-in amplifiers 1512e 
demodulate the electrical Signals by responding to Signals at 
the modulation frequency of the polarization-modulated 
light beam 126e and ignoring noise affecting the Signals 
outside the modulation frequency. A computer 1516e then 
analyzes the demodulated electrical signal (e.g., a DC volt 
age proportional to the original modulated reflected optical 
Signal strength) to determine a resonant angle that correlates 
to the Superstrate 103 refractive index and therefore the 
biological substance content 102 at the sensing region 103 of 
the GCW sensor 100. The frequency being detected by the 
lock-in amplifiers 1512e can be derived from a function 
generator 1514e that also drives the polarization modulator 
127e. It should be appreciated that the configuration of this 
optical interrogation System 120e is only one of many 
different possible configurations that can be used in high 
throughput Screening applications. Basically, this invention 
can be applied to all multiplexed, Scanning, etc. Systems that 
are compatible with polarization modulation. 
0050 Although FIG. 15 does not explicitly show the 
components required to Scan the angle or wavelength as per 
one of the many embodiments shown in FIGS. 7, 12, 13, or 
14. It is assumed that one of these Scanning techniques (or 
a suitable substitute) would be employed together with the 
components of FIG. 15 to achieve a system that scans the 
GCW 100 resonance over every well. For the embodiments 
of FIGS. 7 and 13, only one scanning element (acousto 
optic modulator or filter) need be placed before the diffrac 
tive optic, thereby copying the Scanning behavior to each 
separate beam. In the embodiments of FIGS. 12 and 14, the 
Scanning apparatus (pinhole or filter) would likely be 
required in duplicate for each beam reflected from each well 
of the plate. 
0051 Referring to FIG. 16, there is a flowchart illustrat 
ing the basic Steps of a preferred method for using the optical 
interrogation system 120 and GCW sensor 100 to detect a 
biological Substance 102 in accordance with the present 
invention. Although the GCW sensor 100 and optical inter 
rogation System 120 are described herein as being used to 
detect the presence of biological Substances 102 like cells, 
molecules, proteins, drugs, chemical compounds, nucleic 
acids, peptides or carbohydrates on the surfaces 104 of the 
GWC sensor 100, it should be understood that the GCW 
sensor 100 and optical interrogation system 120 can be used 
to perform a wide variety of studies. For example, the GCW 
sensor 100 and optical interrogation system 120 can be used 
to perform cell migration assays, drug permeability assays, 
drug Solubility Studies, Virus detection Studies and protein 
Secretion Studies. 

0.052 Beginning at step 1602, the light source 122 and 
polarization modulator 127 are used to direct a polarization 
modulated light beam 126 to the GCW sensor 100. At step 
1604, the detection system 124 receives an amplitude modu 
lated light beam 128 from the GCW sensor 100. Then at step 
1606, the detection system 124 demodulates and analyzes 
the received amplitude modulated light beam 128 to detect 
a resonant wavelength or resonant angle which corresponds 
to a Superstrate 103 refractive index that indicates whether 
a biological substance 102 is located on the surface 104 of 
the GCW sensor 100. 
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0053. Following are some advantages and uses of the 
optical interrogation system 120 and GCW sensors 100 of 
the present invention: 

0054 The use of polarization modulation in accor 
dance with the present invention enables one to use 
large-area photodiodes that provides a cost advan 
tage and robustness to the instrument design not 
currently available with traditional optical interroga 
tion Systems. Moreover, the use of large area detec 
tors greatly relaxes the performance (flatness, etc.) 
required from the Sensor wellplate. Basically, the 
reflected beam simply has to hit the photodiode 
Somewhere in its area to be correctly detected and 
decoded. The only constraint in this situation is that 
the beams from separate wells do not “cross” each 
other in the farfield. In other words, each beam 
should retain its relationship relative to its neighbors, 
although neighbor proximity may vary from well to 
well. This is a much less Stringent condition than 
would be required for coupling back into optical 
fiber, for example, or imaging the reflections onto 
CCDS used by traditional optical interrogation Sys 
temS. 

0055. The use of polarization modulation in accor 
dance with the present invention can be applied to 
nearly every instrument designed to interrogate grat 
ing-coupled biosensors. The invention involves the 
overlay of polarization modulation and coherent 
(phase-Sensitive) detection onto the structures of the 
traditional optical interrogation Systems. This is true 
regardless of whether angle, wavelength or Some 
other parameter is being Scanned, either on the input 
or output of the GCW sensor 100. 

0056. The present invention removes a large number 
of noise Sources by taking advantage of optical beam 
polarization. 

0057 The present invention drastically reduces the 
required power for detection of biological Sub 
stances. As a result, the milliwatts of power typically 
required of the output beam for Sensitive detection 
by a CCD element is reduced several orders of 
magnitude under this invention. This is very impor 
tant for the high-throughput Screening market, Since 
96, 384, or even 1536 wells may be interrogated in 
parallel with the same optical (laser) Source. 

0058. In addition to the signal-to-noise improve 
ments associated with the present invention, there 
are Several other equally important benefits of the 
technology. First, because the polarization modula 
tion technique obtains high Signal-to-noise data from 
ordinary photodiodes, the cost and complexity of the 
instrumentation can be greatly reduced compared to 
the expensive CCD or Spectrograph Solutions used 
by traditional optical interrogation Systems. More 
over, the Scale-up of the optical interrogation System 
120 to accommodate 96 or 384 wells in a plate 
becomes much easier Since one only needs to use 
more inexpensive detectors and lock-in amplifiers. 

0059. In addition to the cost and complexity advan 
tage of the present invention, the use of lock-in 
amplifiers provides phase information about the 



US 2005/OO18944 A1 

resonance previously unavailable. The presence of 
both amplitude and phase information from the 
phase-Sensitive detection provides an extra observ 
able. AS discussed above, this phase information 
actually contains a convenient and unique signal that 
indicates the resonance location. 

0060. The polarization modulation concept of the 
present invention can be implemented within most 
interrogation Schemes (e.g., angular or wavelength 
based approaches). It simply requires that the polar 
ization be modulated in order to distinguish the 
waveguide output from noise, Somewhat indepen 
dent of the other variables of the system. In one 
embodiment of this invention, one could modulate 
the input beam polarization much faster than the 
angular Scanning rate, Such that the angular position 
is essentially constant during the demodulation pro 
ceSS for each angular Step. 

0061 AS described above, the preferred modulation 
method is photoelastic, where a quartz plate is 
Vibrated to produce time-variable birefringence due 
to the photoelastic effect. This technology is pre 
ferred both for the purity of polarization modulation 
as well as high available modulation frequency, 100 
kHZ. 

0062 Although the preferred embodiments of the 
present invention described above utilized a reflected 
light beam to enable the detection of the biological 
Substance, it should be readily appreciated that a 
transmitted beam and even a beam exiting the Side of 
the Sensor could also be used to detect the biological 
Substance. Of course, minor changes to the Set-up of 
the System would be required to detect the transmit 
ted beam or the beam exiting the Side of the Sensor. 

0.063 Although several embodiments of the present 
invention has been illustrated in the accompanying Draw 
ings and described in the foregoing Detailed Description, it 
should be understood that the invention is not limited to the 
embodiments disclosed, but is capable of numerous rear 
rangements, modifications and Substitutions without depart 
ing from the spirit of the invention as set forth and defined 
by the following claims. 

What is claimed is: 
1. A grating-coupled waveguide Sensor comprising: 

a Substrate; 

a diffraction grating, and 

a waveguide film, wherein a waveguide formed by Said 
diffraction grating and Said waveguide film receives a 
polarization-modulated light beam and outputs an 
amplitude modulated light beam that is analyzed by an 
optical interrogation System which demodulates the 
amplitude modulated light beam by responding to 
Signals at a modulation frequency of the polarization 
modulated light beam and ignoring noise affecting the 
Signals outside the modulation frequency to determine 
whether a biological Substance is located in a Sensing 
region above Said waveguide film. 
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2. The grating-coupled waveguide Sensor of claim 1, 
wherein Said biological Substance is a cell, molecule, pro 
tein, drug, chemical compound, nucleic acid, peptide or 
carbohydrate. 

3. The grating-coupled waveguide Sensor of claim 1, 
wherein Said optical interrogation System utilizes an angular 
Scanning approach to Scan the polarization-modulated light 
beam to enable the detection of a resonant angle which 
indicates whether the biological Substance is located in the 
Sensing region above Said waveguide film. 

4. The grating-coupled waveguide Sensor of claim 1, 
wherein Said optical interrogation System utilizes an angular 
Scanning approach to Scan the amplitude modulated light 
beam to enable the detection of a resonant angle which 
indicates whether the biological Substance is located in the 
Sensing region above Said waveguide film. 

5. The grating-coupled waveguide Sensor of claim 1, 
wherein Said optical interrogation System utilizes a wave 
length Scanning approach to Scan the polarization-modu 
lated light beam to enable the detection of a resonant 
wavelength which indicates whether the biological Sub 
stance is located in the Sensing region above Said waveguide 
film. 

6. The grating-coupled waveguide Sensor of claim 1, 
wherein Said optical interrogation System utilizes a wave 
length Scanning approach to Scan the amplitude modulated 
light beam to enable the detection of a resonant wavelength 
which indicates whether the biological Substance is located 
in the Sensing region above said waveguide film. 

7. An optical interrogation System for interrogating a 
grating-coupled waveguide Sensor, Said optical interrogation 
System comprising: 

a light Source capable of outputting a polarized light 
beam; 

a polarization modulator capable of modulating the polar 
ized light beam and outputting a polarization-modul 
lated light beam; 

Said grating-coupled waveguide Sensor capable of receiv 
ing the polarization-modulated light beam and convert 
ing the polarization-modulated light beam into an 
amplitude modulated light beam; 

a detection System capable of receiving the amplitude 
modulated light beam and further capable of demodul 
lating the received amplitude modulated light beam by 
responding to signals at a modulation frequency of the 
polarization-modulated light beam and ignoring noise 
affecting the Signals outside the modulation frequency 
to detect a resonant condition which corresponds to a 
predetermined refractive indeX that indicates whether a 
biological Substance is located in a Sensing region of 
Said grating-based waveguide Sensor. 

8. The optical interrogation system of claim 7, wherein 
Said biological Substance is a cell, molecule, protein, drug, 
chemical compound, nucleic acid, peptide or carbohydrate. 

9. The optical interrogation system of claim 7, wherein 
Said polarization modulator is a photoelastic modulator. 

10. The optical interrogation system of claim 7, wherein 
Said polarization modulator is a photorefractive modulator. 

11. The optical interrogation System of claim 7, wherein 
Said polarization modulator is a liquid crystal modulator. 
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12. The optical interrogation System of claim 7, wherein 
Said grating-coupled waveguide Sensor is located within a 
microplate. 

13. The optical interrogation system of claim 7, wherein 
Said detection System includes a photodiode capable of 
receiving the amplitude modulated light beam and convert 
ing the amplitude modulated light beam into an electrical 
Signal that is demodulated by a lock-in amplifier. 

14. The optical interrogation System of claim 13, wherein 
phase information within Said demodulated electrical signal 
is used to identify the resonant condition which indicates 
whether the biological Substance is located in the Sensing 
region of Said grating-coupled waveguide Sensor. 

15. The optical interrogation system of claim 13, wherein 
amplitude information within Said demodulated electrical 
Signal is used to identify the resonant condition which 
indicates whether the biological Substance is located in the 
Sensing region of Said grating-coupled waveguide Sensor. 

16. The optical interrogation system of claim 7, further 
comprising: 

an acousto-optic modulator capable of receiving the 
polarization-modulated light beam from Said polariza 
tion modulator and further capable of Scanning the 
angle of the polarization-modulated light beam; 

a lens capable of receiving the polarization-modulated 
light beam from Said acousto-optic modulator and 
further capable of directing the polarization-modulated 
light beam into said grating-coupled waveguide Sensor; 
and 

Said detection System including: 
a detector capable of receiving the amplitude modul 

lated light beam from Said grating-coupled 
waveguide Sensor and further capable of converting 
the amplitude modulated light beam into an electrical 
Signal; and 

a lock-in amplifier capable of receiving the electrical 
Signal from Said detector and further capable of 
demodulating the electrical Signal to detect the reso 
nant condition which indicates whether the biologi 
cal Substance is located in the Sensing region of Said 
grating-based waveguide Sensor; and 

a function generator capable of Synchronizing Said polar 
ization modulator and Said lock-in amplifier. 

17. The optical interrogation system of claim 7, further 
comprising: 

a lens capable of receiving the polarization-modulated 
light beam from Said polarization modulator and further 
capable of directing the polarization-modulated light 
beam into Said grating-coupled waveguide Sensor; and 

Said detection System including: 
a Scanning pinhole plate capable of receiving the ampli 

tude modulated light beam from Said grating 
coupled waveguide Sensor and further capable of 
Scanning the angle of amplitude modulated light 
beam; 

a detector capable of receiving the amplitude modul 
lated light beam from Said Scanning pinhole plate 
and further capable of converting the amplitude 
modulated light beam into an electrical Signal; and 
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a lock-in amplifier capable of receiving the electrical 
Signal from Said detector and further capable of 
demodulating the electrical signal to detect the reso 
nant condition which indicates whether the biologi 
cal Substance is located in the Sensing region of Said 
grating-based waveguide Sensor; and 

a function generator capable of Synchronizing Said polar 
ization modulator and Said lock-in amplifier. 

18. The optical interrogation system of claim 7, further 
comprising: 

a tunable filter capable of receiving the broadband polar 
ization-modulated light beam from Said polarization 
modulator and further capable of Scanning the wave 
length of the polarization-modulated light beam; 

a beam splitter capable of receiving the polarization 
modulated light beam from said tunable filter and 
further capable of directing the polarization-modulated 
light beam into Said grating-coupled waveguide Sensor; 
and 

Said detection System including: 
a detector capable of receiving the amplitude modul 

lated light beam from Said grating-coupled 
waveguide Sensor and further capable of converting 
the amplitude modulated light beam into an electrical 
Signal; and 

a lock-in amplifier capable of receiving the electrical 
Signal from Said detector and further capable of 
demodulating the electrical signal to detect the reso 
nant condition which indicates whether the biologi 
cal Substance is located in the Sensing region of Said 
grating-based waveguide Sensor; and 

a function generator capable of Synchronizing Said polar 
ization modulator and Said lock-in amplifier. 

19. The optical interrogation system of claim 7, further 
comprising: 

a beam splitter capable of receiving the polarization 
modulated light beam from Said polarization modulator 
and further capable of directing the polarization-modul 
lated light beam into Said grating-coupled waveguide 
Sensor; and 

Said detection System including: 
a Scanning filter capable of receiving the amplitude 

modulated light beam from Said grating-coupled 
waveguide Sensor and further capable of Scanning 
the wavelength of the amplitude modulated light 
beam; 

a detector capable of receiving the amplitude modul 
lated light beam from Said Scanning filter and further 
capable of converting the amplitude modulated light 
beam into an electrical Signal; and 

a lock-in amplifier capable of receiving the electrical 
Signal from Said detector and further capable of 
demodulating the electrical signal to detect the reso 
nant condition which indicates whether the biologi 
cal Substance is located in the Sensing region of Said 
grating-based waveguide Sensor; and 

a function generator capable of Synchronizing Said polar 
ization modulator and Said lock-in amplifier. 



US 2005/OO18944 A1 

20. A method for interrogating one or more grating 
coupled waveguide Sensors, Said method comprising the 
Steps of: 

directing a polarization-modulated light beam into each 
grating-coupled waveguide Sensor, 

receiving an amplitude modulated light beam from each 
grating-coupled waveguide Sensor, and 

analyzing each received amplitude modulated light beam 
to detect a resonant condition which corresponds to a 
SuperStrate refractive indeX that indicates whether a 
biological Substance is located in a Sensing region of 
the respective grating-coupled waveguide Sensor. 

21. The method of claim 20, wherein said biological 
Substance is a cell, molecule, protein, drug, chemical com 
pound, nucleic acid, peptide or carbohydrate. 

22. The method of claim 20, wherein Said analyzing Step 
further includes: 

converting each received amplitude modulated light beam 
into an electrical signal; and 

demodulating each electrical Signal to identify the reso 
nant condition which indicates whether the biological 
Substance is located in the Sensing region of the respec 
tive grating-coupled waveguide Sensor. 

23. The method of claim 22, wherein phase information 
within Said demodulated electrical signal is used to identify 
the resonant condition which indicates whether the biologi 
cal Substance is located in the Sensing region of the respec 
tive grating-coupled waveguide Sensor. 

24. The method of claim 22, wherein amplitude informa 
tion within Said demodulated electrical Signal is used to 
identify the resonant condition which indicates whether the 
biological Substance is located in the Sensing region of the 
respective grating-coupled waveguide Sensor. 

25. The method of claim 20, wherein said analyzing step 
utilizes an angular Scanning approach to Scan the polariza 
tion-modulated light beam to enable the detection of a 
resonant angle which indicates whether the biological Sub 
stance is located in the Sensing region of the respective 
grating-coupled waveguide Sensor. 

26. The method of claim 20, wherein said analyzing step 
utilizes an angular Scanning approach to Scan the amplitude 
modulated light beam to enable the detection of a resonant 
angle which indicates whether the biological Substance is 
located in the Sensing region of the respective grating 
coupled waveguide Sensor. 

27. The method of claim 20, wherein said analyzing step 
utilizes a wavelength Scanning approach to Scan the polar 
ization-modulated light beam to enable the detection of a 
resonant wavelength which indicates whether the biological 
Substance is located in the Sensing region of the respective 
grating-coupled waveguide Sensor. 

28. The method of claim 20, wherein said analyzing step 
utilizes a wavelength Scanning approach to Scan the ampli 
tude modulated light beam to enable the detection of a 
resonant wavelength which indicates whether the biological 
Substance is located in the Sensing region of the respective 
grating-coupled waveguide Sensor 
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29. The method of claim 20, wherein said grating-coupled 
waveguide Sensor is located within a microplate. 

30. A microplate comprising: 
a frame including a plurality of Wells formed therein, each 

well incorporating a grating-based waveguide that 
includes: 

a Substrate; 
a diffraction grating, 
a waveguide film; 
wherein Said Substrate receives a polarization-modul 

lated light beam that is converted into an amplitude 
modulated light beam after the polarization-modul 
lated light beam interacts with Said diffraction grat 
ing, Said waveguide film and a Sensing region of Said 
waveguide film; and 

wherein Said Substrate outputs the amplitude modulated 
light beam that is received by an optical interrogation 
System that demodulates the amplitude modulated 
light beam by responding to Signals at a modulation 
frequency of the polarization-modulated light beam 
and ignoring noise affecting the Signals outside the 
modulation frequency to determine whether a bio 
logical Substance is located in the Sensing region of 
Said waveguide film. 

31. The microplate of claim 30, wherein said biological 
Substance is a cell, molecule, protein, drug, chemical com 
pound, nucleic acid, peptide or carbohydrate. 

32. The microplate of claim 30, wherein said optical 
interrogation System utilizes an angular Scanning approach 
to Scan the polarization-modulated light beam to enable the 
detection of a resonant angle which indicates whether the 
biological Substance is located in the Sensing region of Said 
waveguide film. 

33. The microplate of claim 30, wherein said optical 
interrogation System utilizes an angular Scanning approach 
to Scan the amplitude modulated light beam to enable the 
detection of a resonant angle which indicates whether the 
biological Substance is located in the Sensing region of Said 
waveguide film. 

34. The microplate of claim 30, wherein said optical 
interrogation System utilizes a wavelength Scanning 
approach to Scan the polarization-modulated light beam to 
enable the detection of a resonant wavelength which indi 
cates whether the biological Substance is located in the 
Sensing region of Said waveguide film. 

35. The microplate of claim 30, wherein said optical 
interrogation System utilizes a wavelength Scanning 
approach to Scan the amplitude modulated light beam to 
enable the detection of a resonant wavelength which indi 
cates whether the biological Substance is located in the 
Sensing region of Said waveguide film. 

36. The microplate of claim 30, wherein said optical 
interrogation System utilizes a diffractive optic to generate 
the multiple polarization-modulated light beams that are 
directed towards the wells. 

k k k k k 


