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(57) ABSTRACT 

A method for using a double resonance effect Within a 
grating-coupled Waveguide (GCW) sensor, as generated 
from a light beam With a given span of Wavelengths or 
angles, is provided. The method can be used for label 
independent detection of biological and chemical agents, to 
interrogate biological-binding events or chemical reactions 
Within a sensing region at increased sensitivity, and With 
decreased sensitivity to environmental perturbations. Also 
described is an optical interrogation system incorporating 
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DOUBLE RESONANCE INTERROGATION OF 
GRATING-COUPLED WAVEGUIDES 

FIELD OF INVENTION 

[0001] The present invention pertains in general to a 
sensor used for label-independent detection of biological 
and chemical agents. More particularly, the invention relates 
to 1) a method for using a double resonance effect Within a 
grating-coupled Waveguide (GCW) sensor, as generated 
from a light beam With a given span of Wavelengths or 
angles, to interrogate biological-binding events or chemical 
reactions Within a sensing region at increased sensitivity, and 
With decreased sensitivity to environmental perturbations, 
and 2) an optical interrogation system incorporating the 
method. 

BACKGROUND 

[0002] Evanescent ?eld-based sensors are fast becoming a 
technology of choice for accurate label-free detection of a 
biological, biochemical, or chemical substance (e.g., cells, 
spores, biological or drug molecules, or chemical com 
pounds). This technology typically involves using a grating 
coupled Waveguide (GCW) to sense a concentration change, 
surface adsorption, reaction, or the mere presence of a 
biological or chemical substance at the Waveguide surface. 
These detectable events are manifested as a change in the 
effective refractive indeX of a Waveguide mode that partially 
or completely overlaps the sensing region (Waveguide sub 
strate). To generate the evanescent or optical ?eld, an optical 
interrogation system uses optical elements, such as a grating 
or prism, to couple a light beam from a light source in and 
out of an optical mode in the Waveguide of the GCW sensor. 
The optical interrogation system also includes a detector that 
receives the light beam coupled out from the Waveguide. 
The angle or Wavelength of the emitted light beam is 
analyZed to determine the effective refractive indeX of the 
Waveguide. Changes in the angle or Wavelength of the probe 
light, for eXample, indicate changes of the Waveguide effec 
tive indeX that result from activity at the sensor surface. 

[0003] In determining the effective refractive indeX of the 
GCW sensor, the principles of optical-physics dictate 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, thereby alloWing one to 
probe the effective indeX of the mode, Which changes 
together With the surface indeX. This resonant condition 
occurs only for a speci?c Wavelength and angle of the 
incoming light, and changes in this angle or Wavelength 
correspond to changes in the effective refractive indeX of the 
Waveguide caused by the concentration changes, surface 
adsorption, or reactions of biological or chemical substances 
in the sensing region of the GCW sensor. Thus, the optical 
interrogation system is used to sense a change in the 
effective indeX of the GCW sensor Which enables one to 
determine Whether or not a substance of interest is located 
Within the sensing region of the GCW sensor. 

[0004] 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, the 
Wavelength, or both. In particular, the optical interrogation 
system must emit a light beam that interacts With the GCW 
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sensor, and must in turn receive the light beam coupled-out 
of the GCW sensor and process that light beam to detect in 
real time any changes in the resonant angle and/or Wave 
length of the light beam. While there are many approaches 
for accomplishing these tasks, each has unique challenges 
associated With implementation, since the light beam output 
from the GCW sensor may be relatively Weak and the 
presence of multiple sources of noise can degrade the light 
beam, especially in high-throughput screening applications. 

[0005] Evanescent- or optical-?eld sensors have demon 
strated both high sensitivity and an ability to detect binding 
reactions of as little as about 250 Da molecular Weight (e.g., 
biotin binding to streptavidin). In recent years, the biologi 
cal, pharmaceutical, and other research communities have 
begun to recogniZe that optical ?eld-based sensors can be 
useful, high-throughput research tools to measure a variety 
of biological or biochemical functions. GCW sensors are 
particularly attractive for use in high-throughput screening 
applications, Where the absence of ?uorescent tags and the 
possibility of reduced false-negatives Would provide a large 
cost advantage. For this reason, microtiter Well plates, also 
knoWn as microplates, have caught the attention of research 
ers as a promising platform for such sensors, Where 96 or 
384 individual Wells provide the high-throughput access 
demanded by the industry. When applied in the conteXt of a 
microplate, the Waveguide and diffraction grating of the 
GCW sensor are preferably located in the bottom of each 
Well (e.g., the diffraction grating may be stamped or other 
Wise molded into the Well bottom, and the Waveguide is 
subsequently applied on top of the diffraction grating). The 
Wells themselves are typically composed of an optically 
transparent, loW-birefringence, preferably loW-cost plastic 
that is typically about several hundreds of microns to about 
a feW millimeters thick. Plates fabricated on glass substrates 
also are suitable for these applications. 

[0006] In the conteXt of a high-throughput screening appli 
cation, microtiter Well plates Will be handled by various 
types of robotic instruments. During the course of robotic 
manipulations ?uids Will be added and removed from indi 
vidual Wells, assay protocols may require incubation peri 
ods; hence, the microplate Will likely as a consequence be 
inserted and reinserted into the sensor or detection device 
more than once during a single assay measurement cycle. 
Since the resonance condition of the GCW sensor is criti 
cally dependent on the angle of the light striking the micro 
plate, repositioning of the plate in the detection device Will 
manifest itself (at least in part) in the form of angular noise 
in the sensor instrument. This environmental perturbation 
can in fact be much larger than and overWhelm the sought 
after response of the GCW sensor to true biological or 
chemical changes in the sensing region. Thus, this problem 
can Work at cross-purposes With a sensor that is designed 
purposefully to enhance or maXimiZe sensitivity to its bio 
chemical environment. In other Words, the sensor’s extra 
sensitivity can exacerbate environmental background noise. 
The simultaneous desire for an extremely responsive sensor 
With high biochemical sensitivity and need for loW suscep 
tibility to environmental responses place unique constraints 
on the system designer. The present invention can balance 
these tWo competing requirements, and the optical interro 
gation system, GCW sensor, and method of the present 
invention successfully address and satisfy this difficult prob 
lem. 
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SUMMARY OF THE INVENTION 

[0007] The present invention relates in part to a method 
for increasing the biochemical sensitivity of an evanescent 
or optical-?eld sensor having a grating-coupled Waveguide 
(GCW) structure, as Well as decreasing its sensitivity to 
environmental perturbations. The method, in part, involves 
generating a double resonance effect by using more than one 
propagation direction in the Waveguide of the sensor from 
Which is derived an output signal from the sensor. One can 
produce a sensitivity or improved signal-to-noise ratio 
(SNR) of greater than that obtained from using only a single 
propagation direction for biological or chemical sensors of 
grating-coupled Waveguide (GCW) systems. Moreover, 
appropriate use of the resonances from the separate propa 
gation directions can also aid in mitigating angular misalign 
ments of the GCW sensor. 

[0008] Due to symmetry in the propagation direction of 
the Waveguide, a typical sensor device can provide tWo 
re?ected angles or Wavelengths for a given input optical 
beam near normal incidence. That is, for a given angle or 
Wavelength, tWo resonances can exist simultaneously in the 
Waveguide as a result of light propagation in tWo different, 
symmetrical directions. These different signal propagation 
directions in the Waveguide may be excited simultaneously 
or in sequence by the detection instrument. 

[0009] With a Wider ?eld of interrogation, the tWo 
re?ected resonances Will display opposite directional 
responses to index changes in angle-space, While in Wave 
length-space the resonances Will display similar directional 
responses. By detecting both resonances from an optical 
beam at either a given incident angle or Wavelength, one can 
calculate or derive indirectly the signal sensitivity. The 
present technique takes advantage of either the arithmetic 
mean or the difference of the resonance modes in a detection 
system. The method can produce greater sensitivity than that 
Which is obtainable using only one propagation direction. 
When much of the system noise on each resonance is 
common-mode, one can approximately double (2x) the 
sensitivity of the sensor to refractive index changes of a 
superstrate by employing the tWo resonances together. In the 
case of uncorrelated noise on each resonance, the sensitivity 
can be increase by a factor of about \/2. In addition, because 
the tWo propagating modes are symmetric about an inci 
dence angle of Zero degrees (normal to the Waveguide), one 
can ascertain information about the absolute angle of the 
GCW sensor by considering both resonances together. In a 
situation Where the instrument monitors the resonance Wave 
length, the average of the tWo resonance signals is insensi 
tive to angle shifts. In a situation Where the detection 
instrument monitors the angle of the resonances, the average 
signal Will indicate the Zero angle position. Hence, the 
difference betWeen the peaks also Would be insensitive to 
angle changes. Using the correct parameter in each situation, 
the absolute angle of the GCW substrate (i.e., microplate) 
can be factored out or ignored. 

[0010] Further, according to another aspect, the invention 
pertains to a label-independent detection system that can 
exploit the double resonance phenomenon. Such a system 
may use an evanescent- or optical-?eld for detecting bio 
logical or chemical agents. An evanescent- or optical-?eld 
sensor may comprises a substrate, a diffraction grating, and 
a Waveguide ?lm, Wherein the grating and/or Waveguide 
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?lm form a Waveguide, and an optical signal propagated in 
more than one direction is used to derive an output signal 
from the sensor. The detection system may comprise: a 
substrate surface having a sensing region With a bio- or 
chemo-responsive layer, and an optical interrogation appa 
ratus for monitoring the bio- or chemo-responsive layer. The 
optical interrogation apparatus further includes a grating 
coupled Waveguide structure, a light source, an optical 
delivery system, and a detection instrument, Wherein a light 
beam having more than one direction of propagation is used 
in the Waveguide to generate a sensor response for either a 
given angle or Wavelength. The detection system may fur 
ther include an air-?uid delivery system, comprising either 
macro or micro-?uidic passages designed to deliver biologi 
cal or chemical analytes to the sensing region. 

[0011] Alternatively, a method for using an evanescent 
?eld or optical-?eld sensor like that described for detecting 
biological or chemical agents comprises: providing a sensor 
system having a optical-?eld sensing region comprising a 
substrate surface having at least a bio- or chemo-responsive 
layer; generating a double resonance Within a grating 
coupled Waveguide of said system for either a given angle or 
Wavelength; exposing an individual sensing region to an 
environment With analytes; and monitoring a response from 
the sensor system. The substrate can be modi?ed With one or 
more coatings or layers of materials With desired surface 
chemistry, Which enhance stable immobiliZation of said bio 
or chemo-responsive layer. 

[0012] Additional features and advantageous of the 
present invention Will be revealed in the folloWing detailed 
description. Both the foregoing summary and the folloWing 
detailed description and examples are merely representative 
of the invention, and are intended to provide an overvieW for 
understanding the invention as claimed. Reference to the 
accompanying ?gures and the folloWing detailed description 
may convey a better understanding of the present invention. 

BRIEF DESCRIPTION OF THE FIGURES 

[0013] FIG. 1 is a diagram of the basic components of an 
optical interrogation system and GCW sensor in accordance 
With the present invention. 

[0014] FIG. 2 is a graph that illustrates the relationship 
betWeen the resonant angle and resonant Wavelength of the 
GCW sensor shoWn in FIG. 1; 

[0015] 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. 

[0016] 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. 

[0017] FIG. 5 is a graph that illustrates the resonant 
Wavelength (re?ection anomaly) of an exemplary GCW 
sensor having a substrate made from cyclo-ole?n and a 
Waveguide ?lm made from Ta2O5. 

[0018] 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. 
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[0019] FIG. 7 illustrates the concept of forward and 
backward propagation in the GCW waveguide. FIG. 7A 
shows the convention for forward (+) and reverse (—) 
propagation given certain input and output directions. FIG. 
7B shows the result of a mirror re?ection of FIG. 7A about 
a vertical axis (normal incidence axis), showing the sym 
metry possible when considering input from both sides of 
the sensor. FIG. 7C shows the doubly degenerate case when 
the input/output beams strike the GCW sensor at normal 
incidence, simultaneously exciting oppositely directed 
propagating modes. 

[0020] FIG. 8 shows the mirror symmetry produced by 
re?ecting the theoretical curves of FIG. 6 about the Zero 
degree (normal incidence) axis, again explicitly showing the 
resonance conditions possible when striking the GCW sen 
sor from both positive and negative angles. Superimposed 
on this ?gure is a vertical line segment representing the 
single-wavelength, multi-angular content of a typical angu 
lar interrogation system (such as in FIG. 9A). The circles 
show intersections of this optical beam with the resonance 
curves, indicating the resonance locations for the system. As 
the GCW superstrate index changes (due to a biological 
reaction, for example), the resonances move from the dashed 
curves to the solid curves, or vice versa. This demonstrates 
how the apparent sensor response doubles compared to a 
single resonance system when the difference between reso 
nance locations is considered under this scheme. 

[0021] FIG. 9 shows two implementations of the optical 
detection system for GCW sensors. FIG. 9A is a schematic 
of an angular interrogation optical system, where a single 
wavelength laser beam is focused to generate a collection of 
angles on the GCW sample, and the re?ected beam is 
analyZed by a CCD camera. FIG. 9B is a schematic of a 
spectral interrogation system, where a multi-wavelength 
beam impinges on the GCW sample from a single angle, and 
the re?ected beam is analyZed by a spectrograph. 

[0022] FIG. 10 shows the mirror symmetry produced by 
re?ecting the theoretical curves of FIG. 6 about the Zero 
degree (normal incidence) axis, again explicitly showing the 
resonance conditions possible when striking the GCW sen 
sor from both positive and negative angles. Superimposed 
on this ?gure is a horiZontal line segment representing the 
multi-wavelength, single-angle content of a typical spectral 
interrogation system (such as in FIG. 7B). The circles show 
intersections of this optical beam with the resonance curves, 
indicating the resonance locations for the system. As the 
GCW superstrate index changes (due to a biological reac 
tion, for example), the resonances move from the solid 
curves to the dashed curves, or vice versa. This demonstrates 
how averaging could be used to reduce the noise typically 
encountered in a single resonance system, since two reso 
nances move together under this scheme. 

[0023] FIG. 11 is a schematic representation of the angu 
lar misalignment of the GCW sensor under the angular 
interrogation instrument scheme. FIG. 11A shows an 
aligned sensor illuminated with a cone of light (gray region), 
where the double resonances appear on each side of the 
normal to the surface. FIG. 11B shows the effect of mis 
alignment, where the grayed lines indicate the unaligned 
state; the resonances continue to appear on each side of the 
normal, while the normal has simply shifted relative to the 
input beam. The average position of the resonances has 
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therefore shifted, but their difference is unaffected. This 
insensitivity scheme only applies when the angular mis 
alignment is small compared to the total angular extent of 
the input beam. As this ?gure shows, when the tilt causes 
one of the resonances to move beyond the boundary of the 
input light cone, this resonance will no longer be excited by 
the optical system. 

[0024] FIG. 12 depicts sample modes of a GCW structure 
used in the example calculation of the dispersion correction 
factor necessary to correctly insulate the GCW sensor from 
angular misalignments. 

[0025] FIG. 13 shows the nSEE vs. 7» curve for the experi 
mental GCW structure used in the example calculation of the 
dispersion correction factor necessary to correctly insulate 
the FIG. 12 GCW sensor from angular misalignments. 

[0026] FIG. 14 shows effective index dispersion (dneE/dk) 
vs. wavelength used in the example calculation of the 
dispersion correction factor necessary to correctly insulate 
the FIG. 12 GCW sensor from angular misalignments. 

[0027] FIG. 15 is a graph of a second order effective index 
dispersion (dzneg/dkz) vs. wavelength used in the example 
calculation of the dispersion correction factor necessary to 
correctly insulate the FIG. 12 GCW sensor from angular 
misalignments. 

[0028] FIG. 16 shows the calculated residual wavelength 
error in the average resonance under the double resonance 
scheme using wavelength interrogation and the example 
sensor from FIG. 12. 

[0029] FIG. 17 represents a typical single-resonance 
image. This resonance was found using a He—Ne laser at a 
wavelength of }\,=633 nm, and required use of an incidence 
angle of ~5‘, and the incoming cone of angles was 107°. 

[0030] FIG. 18 represents a double-resonance image gen 
erated experimentally. Using a diode laser of }\,=660 run, one 
is able to view the double resonance at near normal inci 
dence excitation of the waveguide. 

[0031] FIG. 19 represents the sucrose data collected using 
a double resonance, angular detection system. The image 
shows the result of exposing the GCW superstrate to a 
sucrose series at 0-10-20% concentration, where the gaps 
between each segment represents the time required to pipette 
the solutions onto the sensor. The location for the two 
separate peaks is shown, along with the peak difference. 

[0032] FIG. 20 represents the calculated baseline sensi 
tivity over time, showing a detailed close-up of the sample 
with 0% concentration of sucrose (pure water) from FIG. 
19, where the peak difference pixel units have been con 
verted to index of refraction using the index data versus 
sucrose concentration of FIG. 19. 

[0033] FIG. 21 represents an observed spectral double 
resonance. The two peaks at about 883 and 893 nm, sepa 
rated by about 10 nm, are riding upon a large specular 
re?ection background from a superluminescent diode source 

(~50 nm bandwidth). 

[0034] FIG. 22 shows the output of a GCW sensor inter 
rogated with a broadband, white-light optical spectrum, used 
to investigate this GCW sensor’s environmental stability 
against angular misalignment. The four peaks represent two 
























