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(57) ABSTRACT 

The present invention is directed to an optical grating sensor 
configured to detect a phase change in light passing though 
the system due to a binding event caused by an analyte. The 
grating sensor may include a light source that may be, for 
example, a coherent light Source. The invention may also 
include a first diffraction grating having a first period. A 
micro-electrical mechanical system (MEMS) may be dis 
placed from the first diffraction grating and may be config 
ured to modulate the light received form the coherent light 
Source. An analyte recognition material may be disposed on 
the Surface of the first grating. A detector may be configured 
to receive light form the coherent light source after the light 
has been diffracted from the first diffraction grating and 
modulated by the MEMS. In another embodiment of the 
present invention, the grating sensor may be configured to 
operate in two modes. The first mode may be a mode the 
detect a phase change in the light due to a binding event. The 
second mode may include the detection offluorescence due to 
a binding event and may employ tagging of the analytes. 
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SYSTEMAND METHOD FOR DETECTING 
PRESENCE OF ANALYTES USING 

GRATINGS 

CROSS REFERENCE TO RELATED 
APPLICATIONS 

0001. This application is a continuation-in-part of U.S. 
patent application Ser. No. 10/350,508, filed on Jan. 24, 2003, 
entitled “Grating Sensor', which is hereby incorporated by 
reference in its entirety. 

FIELD OF THE INVENTION 

0002 The invention relates to sensor devices for detecting 
the presence of an analyte. More particularly, the present 
invention relates to sensor devices for detecting the presence 
of a chemical or biological agent. More specifically, the 
present invention relates to chemical and biological agent 
sensor devices that detect phase changes in diffracted light 
when the light is incident on at least two diffraction grating 
sections. 

BACKGROUND OF THE INVENTION 

0003 Biological and chemical weapons, infectious dis 
eases, and environmental pathogens threaten both military 
and civilian personnel. Current technology lacks the capabil 
ity to accurately detect the presence of trace amounts of, for 
example, chemical and biological warfare agents quickly and 
reliably. The present invention seeks to improve on the sen 
sitivity, speed and/or the reliability of such prior art sensors. 
0004 Current technologies include those involving detec 
tion of analytes labeled with a fluorescent, photo-lumines 
cent, radioactive or enzymatic marker. For example, the tech 
nique of radioimmunoassay may measure the competition 
between radioactively labeled analyte and unlabeled analyte 
for binding sites on an antibody in an antiserum. Several 
deficiencies in radioimmunoassay methodology have been 
identified. First of all, it is necessary to make a physical 
separation of the antibody-bound, radiolabeled analyte from 
the free radiolabeled analyte. Furthermore, the methodology 
is very time-intensive and requires Substantial labor to 
employ. 
0005. Another broad category of currently used sensors 
includes those that employ optical waveguides. Waveguide 
sensors typically have disadvantages of high sensitivity to 
changes in the ambient conditions such as temperature, 
resulting in undesirable signal to noise ratios. 
0006. Other traditional sensors may be configured to 
monitor the changes in the irradiance of several diffraction 
orders to detect the occurrence of a biological binding event. 
However, irradiance measurements are not sensitive enough 
for many applications and are sensitive to noise, resulting in 
difficulty in relating and quantifying the changes in the 
detected diffraction irradiance signal to an input stimulus. 
0007 Some exemplary issues involved with detection 
architectures may include sensitivity issues (e.g., a low limit 
of detection) with a high probability of detection (i.e., low 
false negatives); a low probability of false positives; and a 
rapid response time or various combinations of these issues. 
0008. In summary, some exemplary problems with tradi 
tional sensors may include complexity of the system needed 
to evaluate for the presence of an analyte; the intensive train 
ing required to operate Such complex systems; relatively 
time-consuming detection processes to identify the presence 
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of an analyte; and resolution of the sensor, or the ability to 
detect very Small amounts of analyte. 

SUMMARY OF THE INVENTION 

0009. Thus, the present invention seeks to address at least 
Some of the foregoing problems identified in prior art sensors, 
particularly those that detect chemical and biological agents. 
Thus, the present invention pertains to a system and method 
for detecting, for example, trace amounts of analyte using a 
grating-based sensor. The sensor may be configured for use 
with an illumination source and a signal detector in an exem 
plary embodiment of the system. This system may include, 
for example, a first and second periodic grating that is Super 
imposed and shifted laterally relative to each other by a dis 
tance of less than one period, for example. This embodiment 
may permit the illumination from the source to be affected by 
both gratings prior to reaching the detector. An analyte rec 
ognition material may be disposed on a Surface of for 
example, the second diffraction grating. Alternative embodi 
ments of the present invention may include the use of a 
MEMS device to modulate the signal received from a grating 
having an analyte recognition material deposited upon the 
grating. 
0010. The invention according to a first aspect may 
include a first periodic diffraction grating and a second peri 
odic diffraction grating. The gratings may be Superimposed 
on one another and may also be shifted relative to one another 
by a distance of less than one grating period. An analyte 
recognition material may be disposed on the surface of one of 
the diffraction gratings, such as, for example, the second 
diffraction grating. A sensor according to this first aspect of 
the present invention may also include an analyte recognition 
material. The analyte recognition material may be disposed 
on a Surface of the second diffraction grating. The sensor 
according to the first aspect of the present invention may also 
include an illumination source directing illumination onto the 
first grating. A detector may be disposed relative to the second 
grating such that illumination passing through the second 
diffraction grating is incident upon the detector. 
0011. According to another aspect of the invention, the 
optical sensor may include a positioning system. In one 
embodiment of the invention, the positioning system may be 
configured to move one or both of the first and second grat 
ings. According toyetanother aspect of the present invention, 
the optical sensor may also include a spatial filter. The spatial 
filter may be disposed such that predetermined orders of 
diffracted light are prevented from reaching the detector. 
According to another aspect of the present invention, the 
distance of less than one period may be, for example, 4 
period. Various analyte recognition materials may also be 
used in connection with the present invention. Such analyte 
recognition materials include, for example, antibodies, 
nucleic acids, or lectins. 
0012. According to another embodiment of the present 
invention, the invention may include a method of detecting an 
analyte. The method may include the steps of providing an 
optical sensor. Once the optical sensor has been provided, the 
output of the detector within the optical sensor may be 
sampled to establish a baseline optical phase signal. After the 
baseline signal has been established, the analyte recognition 
material may be exposed to an analyte. The analyte may be a 
biological sample. By way of example, the sample may be 
obtained from a mammal. The mammal may be, for example, 
a human. Alternatively, the sample may come from, for 
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example, the environment. After the analyte recognition 
material has been exposed to the sample the output of the 
detector may be sampled to determine a second optical phase 
signal. After the second optical phase signal has been 
obtained, the baseline optical phase signal may be compared 
to the second optical phase signal to detect the presence of the 
analyte, if any, within the sample by identifying a shift in 
phase of the signal. 
0013. According to another aspect of the invention, the 
optical sensor may include a positioning system for moving 
one or both of the first and second gratings. Additionally, or in 
the alternative, the optical sensor may also include a spatial 
filter disposed relative to the second grating such that prede 
termined orders of diffracted light are prevented from reach 
ing the detector. According to another aspect of the present 
invention, the distance of less than one period may be, for 
example, 4 period. Various analyte recognition materials 
may also be used. Such analyte recognition materials include, 
for example, antibodies, nucleic acids, or lectins. According 
to another embodiment of the present invention, the step of 
comparing the first and second optical phase measurements 
may be performed to determine an amount (i.e., the concen 
tration) of the analyte in the sample. 
0014. According to a third aspect of the present invention, 
an optical sensor configured for use with an illumination 
Source and a signal detector may include a first periodic 
grating and a second periodic grating. The gratings may be 
Superimposed and shifted laterally with respect to the grating 
surface normals relative to each other by a distance of less 
than one period such that the illumination from the source is 
affected by both gratings before reaching the detector. Fur 
thermore, the second diffraction grating may include an ana 
lyte recognition material disposed thereon. The invention 
according to a third aspect may also include a positioning 
system. The positioning system may be configured to move 
one or both of the first and second gratings. Additionally, or in 
the alternative, the optical sensor may also include a spatial 
filter disposed relative to the second grating such that prede 
termined orders of diffracted light are prevented from reach 
ing the detector. According to another aspect of the present 
invention, the distance of less than one period may be, for 
example, 4 period. Various analyte recognition materials 
may also be used. Such analyte recognition materials include, 
for example, antibodies, antigen, peptides, nucleic acids, 
cells, phage displays, proteins, lectins, molecular imprinted 
polymers (MIPs), fullerenes, carbon nanotubes, or general 
carbon nano-systems. 
0015 The invention according to a fourth aspect may 
include a light Source. The light source may be, for example, 
a coherent light source. The invention may also include a first 
diffraction grating having a first period. A micro-electrical 
mechanical system (MEMS) may be displaced from the first 
diffraction grating and may be configured to modulate the 
light received from the coherent light source. An analyte 
recognition material may be disposed on the Surface of the 
first grating. A detector may be configured to receive light 
from the coherent light source after the light has been dif 
fracted from the first diffraction grating and modulated by the 
MEMS. 

0016. The invention according to a fourth aspect may also 
include a spatial filter disposed relative to the MEMS such 
that predetermined orders of diffracted light are prevented 
from reaching the detector. According to one embodiment of 
the present invention, the MEMS may be configured to modu 
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late the light at a frequency of approximately 1 kHz or more. 
Alternatively, the MEMS may be configured to modulate the 
light at a frequency of 10 kHz or more. An analyte recognition 
material configured to be used in connection with the fourth 
aspect of the present invention may be, for example, an anti 
body, a nucleic acid, or a lectin. In yet another embodiment of 
an invention according to a fourth aspect of the present inven 
tion, the detector may be one of two detectors. According to 
this embodiment of the invention, the apparatus may include 
a fluorescent light Source that is configured to excite a fluo 
rescent marker thereby causing spontaneous emission from 
the fluorescent marker. Additionally, the apparatus may also 
include a second detector configured to receive energy from 
the spontaneous emission. 
0017. A method according to a fifth aspect of the present 
invention may include a step of illuminating a first grating 
with light from a coherent light Source. This first grating may 
have an analyte recognition material disposed on the Surface 
of the grating. Additionally, the method may include receiv 
ing the light from the coherent light source at a micro-elec 
trical mechanical system (MEMS) after light passes through 
the grating including the analyte recognition material. The 
light received at the MEMS may then be modulated at a 
frequency. According to one embodiment of the invention, 
the light may be modulated at 1 kHz. Alternatively, the light 
may be modulated at 10 kHz. The phase of the light may be 
detected after it is modulated by the MEMS using a detector. 
0018. The MEMS may be configured to simulate a lateral 
displacement of a grating with respect to the first grating in a 
manner analogous to the first, second and third aspects of the 
present invention. The lateral displacement may be, for 
example, less than one period. According to one preferred 
embodiment of the present invention, the displacement may 
be, for example, 4 period. The step of detecting a phase of the 
light received from the MEMS at a detector may include 
detecting a phase change of the light due to a binding event at 
the analyte recognition material disposed on the first grating. 
0019. The invention according to a sixth aspect may 
include a grating-based optical sensor. The grating-based 
optical sensor may be configured to operate in two modes. 
The first mode may be configured to detect the presence of an 
analyte based on a binding event. The binding event may 
result in an associated phase change of the light as it passes 
through, for example, a first grating. This phase change may 
be caused by the binding of an analyte to the analyte recog 
nition material resulting in a change of the grating height. The 
second mode may be configured to detect the presence of the 
analyte using tagging of the analyte. The tagging may be, for 
example, a fluorescence tagging. In one embodiment of the 
invention, the first mode may employ the use of a micro 
electro mechanical system (MEMS) to modulate the light 
received from a first grating. The first grating may have an 
analyte recognition material disposed thereon. The grating 
based optical system may be configured to operate in the first 
mode and the second mode concurrently. Alternatively, the 
grating-based optical sensor may be configured to operate 
selectively in the first mode and the second mode. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0020 While the specification concludes with claims par 
ticularly pointing out and distinctly claiming the present 
invention, it is believed the same will be better understood 
from the following description taken in conjunction with the 
accompanying drawings, which illustrate, in a non-limiting 
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fashion, the best mode presently contemplated for carrying 
out the present invention, and in which like reference numer 
als designate like parts throughout the Figures, wherein: 
0021 FIG. 1 shows an embodiment of a grating sensor 
according to one embodiment of the present invention; 
0022 FIG. 2 shows an exemplary normalized output 
intensity profile from a grating sensor according to an 
embodiment of the present invention; 
0023 FIG.3 shows a micrograph of an analyte recognition 
material deposited on a grating Surface configured for use in 
a grating sensor according to one aspect of the present inven 
tion; 
0024 FIG. 4 shows a graph of grating shift plotted as a 
function of the ratio of depths of the two gratings; 
0025 FIG. 5A shows the plan view of a grating suitable for 
use in a grating sensor according to the present invention; 
0026 FIG. 5B shows an elevation view of a grating suit 
able for use in a grating sensor according to the present 
invention; 
0027 FIG. 6A shows an exemplary grating sensor accord 
ing to an exemplary embodiment of the present invention; 
0028 FIG. 6B shows a grating sensor module according to 
an exemplary embodiment of the present invention; 
0029 FIG. 7A shows an exemplary embodiment of a grat 
ing sensor according to one aspect of the present invention; 
0030 FIG.7B shows another exemplary embodiment of a 
grating sensor according to another embodiment of the 
present invention; 
0031 FIG. 7C shows yet another exemplary embodiment 
of a grating sensor according to another embodiment of the 
present invention; 
0032 FIG. 8 shows yet another exemplary embodiment of 
a grating sensor according to another embodiment of the 
present invention; 
0033 FIGS. 9A-C show digital images of interferograms: 
0034 FIG. 10 shows a side profile of an exemplary 
embodiment of a grating sensor using a MEMS device 
according to an embodiment of the present invention; 
0035 FIG. 11 shows a side profile of another exemplary 
embodiment of a grating sensor using a MEMS device 
according to another embodiment of the present invention; 
0036 FIG. 12 shows an embodiment of a grating sensor 
using a MEMS device according to an embodiment of the 
invention; 
0037 FIG. 13 shows a functional diagram of a grating 
sensor operating in a first mode according to an embodiment 
of the invention; 
0038 FIG. 14 shows a functional diagram of a grating 
sensor operating in a second mode according to an embodi 
ment of the invention; 
0039 FIG. 15 shows a functional diagram of a grating 
sensor operating in both a first mode and a second mode 
according to an embodiment of the present invention; 
0040 FIG. 16 shows an exemplary MEMS-based grating 
sensor according to one embodiment of the present invention; 
004.1 FIG. 17 shows another exemplary MEMS-based 
grating sensor according to a second embodiment of the 
present invention; 
0042 FIG. 18 shows yet another exemplary MEMS-based 
grating sensor according to another embodiment of the 
present invention; and 
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0043 FIG. 19 shows another exemplary MEMS-based 
grating sensor according to another embodiment of the 
present invention. 

DETAILED DESCRIPTION OF THE INVENTION 

0044) The present disclosure will now be described more 
fully with reference the to the Figures in which various 
embodiments of the present invention are shown. The subject 
matter of this disclosure may, however, be embodied in many 
different forms and should not be construed as being limited 
to the embodiments set forth herein. 
0045. A grating sensor according to the present invention 
may be, for example, a photonic device that includes an 
optical grating structure having at least two individual grat 
ings. According to one embodiment of the present invention, 
the two gratings, each having a periodic structures, may be 
positioned parallel to each other, such that the periodic struc 
ture are superimposed and shifted laterally with respect to a 
normal to the grating Surface relative to each other. According 
to this embodiment of the invention, the lateral shift may be 
less than one period. According to a preferred embodiment of 
the present invention, the lateral shift may be a shift of one 
quarter period. Furthermore, at least one of the gratings may 
include an analyte recognition material disposed on the grat 
ing Surface and operable to interact specifically with an ana 
lyte of interest. A change in the optical depth of modulation in 
one of the gratings may be caused by a specific interaction of 
an analyte with the analyte recognition material may result in 
a change in optical phase of the photonic energy (e.g., asso 
ciated with the electric field vector associated with a photonic 
wave) passing though the first grating. This phase change may 
be sensed by a detector and may be output as an electrical 
signal. The grating sensor according to this embodiment may 
include a translation device adapted to move one or more of 
the gratings in order to modulate the signal. 
0046 FIG. 1 shows an embodiment of a grating sensor 10 
according to one embodiment of the present invention. Inci 
dent light 12 may be scattered or diffracted into diffractive 
orders by, for example, the grating structure 14. In this 
embodiment of the invention shown in FIG. 1, the grating 
structure may include, for example, two periodic diffractive 
gratings 15, 16. The properties of the diffracted or scattered 
light may be based on the various features of the grating 
structure 14, including, for example, the period of the grating 
and the grating height. A physical change in the grating struc 
ture 14, caused, for example, by the interaction of an analyte 
18 with the analyte recognition material 19, which may be 
disposed on the grating structure 14, causes a change in the 
phase of the light, which is sensed by a detector 17. The 
detector 17 may be configured to quantify a change in the 
phase of the light. A positioning system 20 is also shown in 
FIG. 1. The positioning system 20 may be configured to 
modulate the output signal by moving one or more of the 
gratings relative to the other. 
0047 FIG. 2 shows an exemplary normalized output 
intensity profile from a grating sensor according to an 
embodiment of the present invention. As FIG. 2 shows, after 
a binding event occurs, the phase of the light transmitted 
through the grating structure 14 is changed. 
0048 Gratings that are suitable for use in a sensor accord 
ing to various aspects of the present invention and methods of 
making Such gratings will now be described. A grating may be 
selected for a particular sensor application according to the 
characteristics and properties required for the particular 
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application. These various requirements will be understood 
by one of ordinary skill in the art. Characteristics and modi 
fiable properties of individual gratings are set forth in refer 
ences such as Hutley M. et al., Diffraction Gratings, Aca 
demic Press (1997) and E. Popov, et al., Diffraction Gratings 
and Applications, Marcel Dekker, Inc. (1997), each of which 
are hereby incorporated by reference in their entirety. Modi 
fiable grating parameters include, for example, grating 
period, index of refraction, and modulation depth. The period 
of the grating may determine the angle of the diffractive 
orders. Additionally, the peak-to-valley excursion of the 
phase or optical path (i.e., refractive index profile) determines 
the amount of light that is diffracted into each order. The 
lateral position with respect to the normal to the grating 
Surface of the grating may determine the phase of the wave 
front in each of the diffractive orders relative to the Zero order. 
Further modifiable grating parameters include material com 
position of the grating, grating Surface chemistry and type of 
analyte recognition material used, as described in more detail 
below. An illustrative grating Suitable for use in a sensor 
according to the present invention is described in Example 1 
below. 

0049 Such agrating suitable for use in a sensor employing 
the present invention may include a substrate material. The 
Substrate material may be a solid. According to another 
embodiment of the present invention, the substrate material 
may be a firm gel. Some exemplary materials may include, for 
example, glass, silicon, metals such as aluminum, copper, 
gold, platinum, titanium or alloys thereof, graphite, mica, and 
various polymers, such as polystyrene; polycarbonate, poly 
methylmethacrylate; polyvinylethylene; polyethyleneimine; 
polyoxymethylene; polyvinylphenol; polyactides; poly 
methacrylimide; polyalkenesulfone; polyhydroxyethyl 
methacrylate; polyvinylidenedifluoride; polydimethylsilox 
ane; polytetrafluorethylene; polyacrylamide; polyimide and 
block-copolymers. Choice of grating material may depend on 
a number of factors such as, for example, the analyte sought 
to be detected, the analyte recognition material to be used and 
the surface chemistry suitable for immobilizing the analyte 
recognition material on the grating. 
0050. The substrate material of the grating used in a sensor 
according to the various embodiments of the present inven 
tion may include a modified Surface for immobilizing an 
analyte recognition material by chemical bonding or adsorp 
tion. Surface modification, by for example, chemical treat 
ment of a Surface to provide binding sites for an analyte 
recognition material may depend on the particular analyte 
recognition material to be attached to the Substrate and the 
composition of the Substrate. Modification of grating Surface 
chemistry in order to attach an analyte recognition material 
may include Such illustrative methods as modification of sili 
con or silicon oxide Surfaces with organo-functionalized 
silanes, such as alkoxy- and chloro-silanes. Further Suitable 
silanes are listed in Silicon Compounds: Register & Review, 
from United Chemical Technologies, 5th Ed., 1991. In addi 
tion, many other Surface chemistries and methods of modify 
ing a grating Substrate for binding an analyte recognition 
material are known, such as those commonly used to fabricate 
microarrays of proteins, nucleic acids, and other materials. 
See, e.g., M. Schena, et al., “Quantitative Monitoring of Gene 
Expression Patterns with a Complementary DNA Microar 
ray', Science, 270: 467-70, 1995; Hermanson et al., Immo 
bilized Affinity Ligand Techniques, Academic Press, Inc., 
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1992 and U.S. Pat. Nos. 6,479,301, 6,475,809, 6,444,318 and 
6.410.229, each of which are hereby incorporated by refer 
ence in their entirety. 
0051 Advantageously, attachment of an analyte recogni 
tion material may be reversible Such that the sensing Surface 
of the grating is reusable. 
0.052 An analyte recognition material may be included on 
at least one of the gratings used in a sensor of the invention. As 
used herein, the term “analyte recognition material” is 
intended to mean an atomic or molecular structure that spe 
cifically binds to an entity to be detected, i.e., an analyte. 
0053 Analytes detected by a grating sensor according to 
the invention may include, for example, an antibody, an anti 
gen, a hapten, a receptor, a receptor ligand Such as an agonist 
or antagonist, a lectin, a protein, a peptide, a polysaccharide, 
a toxin, a virus, a bacterium, a cell, a cell component Such as 
an organelle, a particular such as a liposome or noisome, a 
nucleic acid, a drug and a prion. An analyte material may be 
a fragment or metabolite of the substances listed above 
capable of specific interaction with an analyte recognition 
material. Nucleic acids may include, for example, DNA, 
RNA, oligomers and aptamers. An analyte may also be a gas, 
Such as, for example, NO, O, and CO. 
0054 Exemplary analyte recognition materials immobi 
lized on a grating may include, for example, an antigen, 
antibody, hapten, carbohydrate, lectin, receptor, ligand, bind 
ing protein, toxin, Substrate, enzyme, peptide, cell, phage 
display, molecular imprinted polymer (MIP), fellerene, car 
bon nanotube, and nucleic acid. 
0055 Specific interactions between an analyte and anana 
lyte recognition material are well known in the art, as are 
reaction conditions under which specific interactions occur. 
Interactions between an analyte recognition material may 
include, for example, antigen-antibody, carbohydrate-lectin, 
receptor-ligand, binding protein-toxin, Substrate-enzyme, 
effector-enzyme, inhibitor-enzyme, nucleic acid pairing, 
binding protein-vitamin, binding protein-nucleic acid, reac 
tive dye-protein, and reactive dye-nucleic acid. Reaction con 
ditions including, for example, variables Such as temperature, 
salt concentration, pH, diffusion rates, flow geometry, and 
reaction time are known to affect binding and one of skill in 
the art will recognize the appropriate binding conditions for a 
particular analyte/analyte recognition material pair. Specific 
conditions are set forth in common references Such as, for 
example, Bowtell et al., DNA Microarrays: A Molecular 
Cloning Manual, Cold Spring Harbor Laboratory, 2002: 
Sambrook et al., Molecular Cloning: A Laboratory Manual, 
Cold Spring Harbor Laboratory; 3' edition, 2001; and Har 
low et al. Using Antibodies: A Laboratory Manual: Portable 
Protocol No. I, Cold Spring Harbor Laboratory, 1998, each of 
which are hereby incorporated by reference in their entirety. 
0056 Creating structured arrays of analyte recognition 
materials may require the immobilization of those materials 
at discrete locations on the Surface of the grating. Exemplary 
techniques used include photoresist technology, self-as 
sembled monolayer deposition and photochemical tech 
niques. Deposition and patterning of an analyte recognition 
material contribute to a modification of the refractive index of 
a particular grating. Adjustment of the refractive indeX profile 
of the grating may be one method of modulating the sensitiv 
ity of the grating sensor. 
0057. An exemplary method of analyte recognition mate 
rial deposition and patterning is micro-contact printing, 
which is a type of soft lithography that transfers molecules 
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onto Substrates at specific locations with the use of a poly 
meric stamp that has been cast from a desired pattern set in a 
master die. This procedure is an established microfabrication 
technique for patterning chemicals, proteins, DNA, lipid 
membranes, and cells. A polymer stamp, typically a material 
such a poly dimethyl siloxane (PDMS), has the analyte rec 
ognition material to be patterned adsorbed to it, rinsed and 
dried, and then placed into contact with a solid Substrate. 
After Some predetermined time, which may range from sec 
onds to minutes, for example, the stamp may be removed and 
the substrate surface may be left with a coating of the trans 
ferred analyte recognition material in the described pattern. 
The predetermined time may be dependent on the materials 
used in the process as well as other conditions, as will be 
recognized by the ordinarily skilled artisan. 
0058 FIG.3 shows a micrograph of an analyte recognition 
material deposited on a grating Surface configured for use in 
a grating sensor according to one aspect of the present inven 
tion. More specifically, FIG. 3 shows IgG proteins patterned 
onto glass microscope slides using microcontact printing. A 
PDMS stamp is used to deposit Alexa 488 labeled rabbit 
anti-goat IgG on a class microscope slide. The fluorescent 
label was used in order to record an image using the fluores 
cent microscope. The data from the 4 um period lines was 
recorded using a 40x magnification. 
0059 Photolithographic techniques are also well known 
as a method to manufacture a photoresist material in a desired 
pattern. A patterned photoresist may be used to mask regions 
of the substrate that are to be functionalized with an analyte 
recognition material and allow the placement of Surface paci 
fying molecules. Once the photoresist is removed there will 
be rows of molecular functional groups, primed for further 
chemical attachment to an analyte recognition material. Such 
as an antibody, patterned between rows of nonreactive, pro 
tein resistant Surface bound species. 
0060 A further patterning method may include a photo 
chemical method. For example, a silane monolayer may be 
chemisorbed onto the surface of an etched grating wafer. The 
silane is chosen to have a reactive functional group (e.g., thiol, 
amine) available for further reaction. Specific bifunctional 
linkers may be chosen that contain a photoactive functional 
group at one end. These linkers may be covalently attached to 
the silane film such that the photoactive group is available for 
further reaction/modification. The substrates may then be 
positioned into the optical assembly, and light from a laser 
Source. Such as, for example, a ultraviolet (UV) laser source, 
used to create an interference pattern on the Substrate that 
matches the etched grating groove period. This may produce 
Surface patterned likes of active and nonactive functional 
groups. The active silane functional groups may then be 
linked to an analyte recognition material. Such as an IgG 
antibody. The linker molecules used in such a method may be 
chosen depending on the analyte recognition material to be 
attached and the light used in patterning. A variety of photo 
active bifunctional linkers is commercially available, includ 
ing bifunctional linkers that are reactive in UV light having a 
wavelength of about, for example, 230-350 nm. 
0061 Following surface deposition of a surface chemistry 
component, such as, for example, a linker or an analyte rec 
ognition material, various techniques, such as, for example, 
ellipsometry, and atomic force microscopy (AFM) may be 
used to evaluate the deposition for artifacts and/or appropriate 
quantity and pattern. 
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0062 Although the individual grating is discussed above 
as incorporating a single type of analyte recognition material 
a grating may incorporate more than one type of analyte 
recognition material in order to allow multiple analyte detec 
tion on a single grating Surface. According to an alternative 
embodiment of the invention, a grating structure may be 
configured to detect multiple analytes by overlaying multiple 
gratings in a single grating structure, much like a Volume 
hologram, with each grating tailored to a specific analyte. In 
this case, differentiating between grating signals may be 
achieved by utilizing different grating periods or by using 
several wavelengths. 
0063 Prevention of nonspecific binding of analytes and/or 
analyte recognition materials to a grating used in an inventive 
sensor may be important in achieving an optimal signal to 
noise ratio. A number of different approaches have been used 
to reduce nonspecific binding to various Surfaces. The adsorp 
tion of innocuous proteins such as bovine serum albumin 
(BSA) and casein has been used to block other proteins from 
binding during surface immobilization of antibodies. The 
attachment of poly(ethylene glycol) (PEG) groups to glass 
and metals has been an effective method for creating protein 
resistant Surfaces. An inert or innocuous peptide sequence 
may also be used. Detergents, in particular non-ionic types 
Such as Tween and triton series of Surfactants and Zwitterionic 
surfactants, have been used to create “wetter surfaces that 
inhibit protein Surface adsorption. 
0064. The grating structure included in the grating sensor 
may include two gratings as described above. The individual 
gratings may be variably configured with respect to each 
other dependent on factors such as grating geometry, diffrac 
tion order selection, wavelength of the light source used and 
the distance between the grating Surfaces. As mentioned 
above, the two grating Surfaces, each of which may have a 
periodic structure, may be positioned parallel to each other, 
according to one embodiment of the present invention. The 
periodic structures may be Superimposed and shifted laterally 
relative to one another. This lateral shift may be less than one 
period and may preferable a shift of /4 period. This arrange 
ment is shown in FIG. 1, where the individual gratings are 
labeled 15 and 16, as well as in FIG. 6B where the individual 
gratings are labeled 110 and 120. 
0065. In one embodiment of the present invention, as 
shown in FIG. 6B, a first grating 120, having a surface 140 
containing an immobilized analyte recognition material 150, 
is disposed proximate to a second grating 110 such that a 
space 130 is formed between the two gratings. Materials 
illustratively including a buffer or a sample putatively con 
taining an analyte to be detected may be introduced into the 
space 130. 
0066. In an alternative embodiment of the invention, 
shown in FIG. 1, a first grating 16 may include a first surface 
21 containing an immobilized analyte recognition material 18 
and an opposing Surface 22 is disposed proximate to a second 
grating 15 such that the surface 21 is distal to the grating 15 
and the opposite Surface 22 is proximal to the grating 15. This 
embodiment further includes a Support 23 on which grating 
16 is disposed. This may create a space 19 between the grating 
16 and support 23. Materials may include, for example, a 
buffer or a sample putatively containing an analyte to be 
detected may be introduced into the space 19. 
0067. In the transverse dimension, the gratings may be 
disposed with a minimum distance between them that allows 
fluid flow. This distance may be, for example, greater than one 
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nanometer. The maximal distance between gratings may be 
defined by the width of the incident beam, the period of the 
grating, the wavelength, and the order of diffraction detected. 
The measurements may by relatively insensitive to the sepa 
ration distance between the grating Surfaces. This may be 
understood by the Talbot effect, the repeating self-images of 
the diffraction grating. These repeating self-images occur at 
multiples of the characteristic Talbot distances. In general, if 
the two gratings lie within the Rayleigh range or depth of 
focus of the incident beam, the maximal distance requirement 
is satisfied. 
0068. As discussed above, multiple analyte recognition 
materials and multiple gratings may be utilized to detect 
multiple analytes, as illustrated in FIGS. 7A, 7B and 7C, and 
described in Examples 3, 4, and 5, below. 
0069. Any wavelength of light which is not significantly 
absorbed by either the grating or the solution may be used for 
illumination in a sensor according to the present invention. 
For example, a single wavelength may be used. The wave 
length may be 633 nm and may be, for example, produced by 
a traditional He—Nelaser. In some multiple analyte detection 
systems according to the present invention, multiple wave 
lengths may be used, each detecting a separate analyte as 
described below and is shown in FIG. 7C. 
0070 The grating structure may be illuminated by two 
collimated beams, each at a specific angle, to achieve the 
interference between the desired orders, such as, for example, 
the first orders. The diffraction angle for a given period is 
Wavelength dependent, as per the grating equation, which will 
be discussed in more detail below. Beam diameter is some 
what flexible. At the low end, the beam may have a diameter 
such that it covers at least two periods. The beam diameter 
may be balanced against dimensional requirements (i.e., area 
of the grating Surface) and Sufficient coverage in conjunction 
with the technique used to fabricate the gratings. An optimum 
beam diameter will take into account these factors. 
0071. A detector to be used in a sensor according to the 
invention is known in the art and includes such devices Such 
as, for example, oscilloscopes, digital cameras, CCD cam 
eras, and the like. The detection scheme may be, for example, 
a derivative of a lithographic overlay alignment method, cur 
rently used in lithographic projection systems, which can 
detect lateral shifts of semiconductor wafer features down to 
the 10 nm range. Such detectors are described in, for example, 
U.S. Pat. Nos. 5,559,601 and 5,477.057, which are hereby 
incorporated by reference in their entirety. A detector array 
may be used, for example, when multiple analytes are 
detected as shown in FIG. 7B. 
0072 The measurement of optical phase is a mature tech 
nology, such as is known in the field of commercial interfer 
ometry, and has inherent advantages over intensity measure 
ments with regard to noise sources. Methods and devices for 
phase measurement are well known and commercially avail 
able. 
0073. A grating sensor according to the present invention 
may include a positioning system configured to dither the 
translation motion of the grating structure so as to modulate 
the baseline signal. Such positioning systems are known in 
the art and include, for example, piezo actuators such as 
piezoelectric transducers (PZT) that are commercially avail 
able and art recognized equivalents. According to another 
embodiment, a translation device with no moving parts 
maybe used, and may employ, for example, acoustically 
induced optical gratings, such as, for example, an acousto 
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optic grating. Modulation of the light may permit the elimi 
nation of noise Sources in the detection of the optical signals 
received after passing through the grating sensor. 
0074 The theory of the operation of the grating sensor 
according to the various embodiments of the present inven 
tion will now be described. Two electromagnetic waves may 
be assumed. These two waves may have the following form: 

E(x, y, z, t)-A1(x, y, zer-ee, y, z)) 

and 

0075 where A is the amplitude and cp is the phase of the 
WaV. 

0076. The two beam interference equation for the two 
beams of the same polarization and optical frequency is: 

I(x, y, z)-I+I)+2,II, cos(Ap(x, y, z)) 
(0077 where I is the intensity of the electric field and is 
equal to the modulus squared of the electric field, and A?p is 
the phase difference (p-p) between the waves. 
0078 From this equation, it can be seen that the detected 
intensity varies cosinusoidally with the phase difference 
between the two waves. The alternating bright and dark bands 
are referred to as interference fringes. 
0079. In an exemplary grating sensor according to one 
embodiment of the present invention, a sinusoidal phase grat 
ing may be defined by the following transmission function: 

where m is the peak to peak excursion of the phase delay 
(optical depth modulation), f is the grating frequency), is 
the lateral shift of the grating, rect is the rectangular aperture 
function with a width 1. 

0080. The far-field diffraction pattern when the transmis 
sion function of this equation is illuminated by a normally 
incident monochromatic plane wave is given by: 

where x, y, are the far-field transverse coordinates, q is the 
order of diffraction, k is a constant with all the terms not 
independent of the diffractive order (q) included within the 
constant, J is a Bessel function of the first kind, order q, and 
w is the wavelength. From this equation it can be seen that the 
introduction of the phase grating has deflected energy out of 
the Zero order into a multitude of higher order components. 
The intensity of these orders is dependent on J(m/2) and 
phase of the orders is dependent on , i.e., the shift, of the 
gratings as given by e'. 
I0081. Where the system is set up such that the +1 and the 
-1 orders are made to coincide So as to generate a two beam 
interference condition as in the equation for I(X,y,z), above, 
one beam would have an electric field of E. Oce' while the 
second would have E Oce'. Thus, the intensity equation for 
the interference of the two electric fields becomes: 

I-II+I 1+2, III 1 cos(2). 
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0082. Thus, the interference pattern is shown to be depen 
dent on the shift of the grating. Measurement of the fringes 
may reflect the position of the grating. This is the basis for 
Some of the techniques used to align wafers in lithographic 
processes as described, for example, in U.S. Pat. Nos. 5,559, 
601 and 5,477.057, which are hereby incorporated by refer 
ence in their entirety. 
0083. Measurement of the phase to yield the lateral shift of 
a grating may be very precise and relates to changes in the 
depth of modulation. Depth of modulation can be converted 
to a lateral shift in the position of a grating by displacing two 
gratings adjacent to each other with one shifted by 4 period. 
Using some trigonometric relationships, it can be shown that: 

where A is the amplitude of the sinusoidal components, and 
is the shift of the composite grating. ) is given by: 

i = arctan(A). 

Equivalently, the sinusoidal phase grating in the equation for 
T(x,y) may be replaced with this two grating composite. 
Therefore, the shift of this composite grating structure is 
dependent on the relative amplitudes of the two individual 
gratings which make it up. If A is much larger than A, then 
up approaches Zero and the equation for intensity of the inter 
ference of the two electric fields is at a maximum. If A is 
much larger than A, then up approaches 90 degrees and the 
equation for the interference of the two electric fields is at a 
minimum. Moving between these two conditions results in a 
shift in the detected intensity patterns between a minimum 
and a maximum, i.e., the intensity pattern shifts /2 fringe. 
FIG. 4 shows a graph of composite grating shift plotted as a 
function of the ratio of depths of the two gratings. Specifi 
cally, FIG. 4 is a graph of the equation for plotted against the 
ratio of the depths of the two gratings. In FIG. 4, one grating 
with a 44 nm depth is held constant and is called the reference 
grating. The other grating depth may vary, causing the curve 
illustrated in FIG. 4. Therefore, at 44 nm the ratio=1 for the 
grating depths. The shift is relative to the grating period. 
Measurement of the optical phase change between two inter 
fering orders indicates a change in the ratio of the two grating 
amplitudes. 
0084 Commercial interferometry systems are available 
whose minimum detectable limits are /1000 of a phase cycle. 
From FIG. 4, it can be seen that this technique has potential 
sensitivity to detect fractions of a 1 nm grating height change. 
0085. A method for using the inventive grating sensor may 
include a preliminarily illuminating the grating structure 
before exposure to the sample or analyte in order to establish 
a baseline optical phase signal. In an optional step of the 
inventive method, the grating structure may be treated to 
inhibit non-specific binding of analyte recognition material. 
Typically, the grating may be exposed to a Surfactant, such as 
a dilute solution of TWEEN-20. Alternatively, a protein 
known not to specifically bind to the analyte recognition 
material may be used, such as, for example, bovine serum 
albumin (BSA) or the like. Alternatively, a peptide sequence 
may be used in connection with the present invention. Fol 
lowing treatment for non-specific binding, the grating may be 
rinsed to remove any excess Surfactant, for example. 
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I0086. In a further step according to an embodiment of the 
invention, a grating having an analyte recognition material 
may be exposed to a sample putatively containing an analyte 
known to bind to the analyte recognition material disposed on 
the grating. The sample may be exposed to the grating under 
conditions that will allow binding of the analyte to the analyte 
recognition material. Binding conditions for specific analyte/ 
analyte recognition materials are known in the art. Variables 
Such as temperature, salt concentrations, pH and reaction 
time are known to affect binding and one of skill in the art will 
recognize the appropriate binding conditions for a particular 
analytefanalyte recognition material pair. Specific conditions 
are set forth in common references such as, for example, 
Bowtell et al., DNA Microarrays: A molecular Cloning 
Manual, Cold Spring Harbor Laboratory, 2002; Sambrook, 
Molecular Cloning: A Laboratory Manual, 3" Edition, Cold 
Spring Harbor Laboratory, 2001; and Harlow et al. Using 
Antibodies: A Laboratory Manual: Portable Protocol No. 1, 
Cold Spring Harbor Laboratory, 1998, which are hereby 
incorporated by reference in their entirety. 
I0087. A sample may be a biological sample or a chemical 
sample, for example. The sample may be, for example, 
obtained from a human or other animal or from an environ 
mental site where the earth, water or air are to be tested. A 
sample may be, for example: cells, tissue, or physiological 
fluid, such as amniotic fluid, blood, cerebrospinal fluid, 
plasma, serum, saliva, semen, or other bodily fluids. A sample 
also may include fluid or a suspension of solids obtained from 
mucous membranes, wounds, tumors, or organs. Alterna 
tively, a sample may be obtained to test for environmental 
contamination. For example, a Surface. Such as an air filter, 
Suspected to be contaminated may be Swabbed and the mate 
rial obtained may be suspended in a solution for exposure to 
a grating. The analyte may also be contained in a gas. The 
analyte may be contained in air or an aerosol, for example. 
I0088 Advantageously, neither the analyte nor the analyte 
recognition material is required to be labeled in a method 
according to the invention. This may permit faster processing 
of samples, while affording highly sensitive detection of ana 
lyte. 
I0089. The exposure of the grating to the sample may be 
achieved in situ that is within the grating in place in the 
grating structure. For example, the sample may be introduced 
into the space between the two gratings. FIG. 6B shows such 
a space 130. The sample may be introduced through an inlet 
port 11 such as is shown in FIG. 1 and removed via the same 
port 11 following binding. Alternatively, the sample may be 
removed through an outlet port 13, such as is shown in FIG.1. 
0090 Exposure of the grating to the sample may also be 
accomplished with the grating removed from the grating 
structure. For example, the sample may be applied to the 
grating, or the grating may be immersed in the sample, for the 
time required by the binding reaction. Subsequently, the grat 
ing may be placed in the grating structure. Optionally, the 
grating may be rinsed after exposure to the sample in order to 
remove any excess sample and to stop the binding reaction. 
0091. Following exposure of the grating to the analyte, the 
grating structure may be illuminated and the optical phase 
signal detected. Any change in the optical phase signal may 
be quantitated by comparison to the optical phase signal 
detected during the preliminary illumination step. Optionally, 
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the amount of analyte present in the sample may be calculated 
using the methods described above. 

Example 1 

0092 FIG. 5A shows a plan view of a grating suitable for 
use in a grating sensor according to the present invention. 
FIG. 5B shows an elevation view of another grating suitable 
for use in a grating sensor according to the present invention. 
Molecular receptors, such as, for example, antibodies, may be 
placed in precise locations on the optical Substrate. In this 
case, the antibody receptors lie in the 2um wide lines 30 with 
2 um wide separations 32 (a 4 um period) and are placed on a 
substrate 34 made of fused silica. This 4 um period will 
produce a first order diffraction angle of approximately 9 
degrees at a wavelength of 633 nm. Blocking material 36 to 
prevent non-specific binding of receptors and analyte may be 
placed in the region between the lines. Upon introduction of 
buffer Solution putatively containing the antigen correspond 
ing to the chosen antibody, specific binding between immo 
bilized antibody 38 and analyte 40 may occur at precise 
locations, e.g., at the peaks 30 of the grating. Alternatively, the 
binding may occur in the Valleys 32 of the grating. This 
molecular binding may cause the physical and optical height 
of the grating to change. The optical height of the grating is 
equal to the index of refraction of the grating multiplied by the 
height of the grating. In this example, the heights of the 
antibody (h) added to the height of the antigen (h) layers 
are expected to be in the 10's of nm range. An average change 
in height over the illuminated region from 10 nm to 20 nm 
upon binding generates a sufficient signal for adequate detec 
tion. It is also expected that the incident beam would have to 
cover at least 2 cycles or periods in order to generate a suffi 
cient signal. 

Example 2 

0093 FIG. 6A shows an exemplary grating sensor accord 
ing to another embodiment of the present invention. The 
grating sensor may be configured to detect a single analyte. In 
FIG. 6A, the light source is a laser 50. The laser is configured 
to emit coherent light at a wavelength of for example, about 
633 nm. A helium-neon (He—Ne) laser may be used for this 
purpose. This light may be introduced into a beam splitter 52 
Such that two point sources are created. A commercially avail 
able single mode fiber optic coupler may be used to couple 
light into a single mode fiber. These two point sources may be 
collimated by a lens 54 and may be directed so as to be 
incident on the grating structure. The collimated beams may 
be incident upon the grating structure 56 at an angle corre 
sponding to the +1 and -1 diffraction orders generated by the 
4 um period grating if the grating were to be illuminated at a 
Zero degree angle of incidence with respect to the normal of 
the grating Surface. This may produce an angle of incidence of 
about 9 degrees. By using a lens with, for example, a 25 mm 
focal length a point source separation of 7.88 mm at the 
output of the fiber coupler may be realized. Two gratings, 
such as those depicted in FIG. 5 may be used in connection 
with grating structure 56. The two gratings may be translated 
by 4 period with respect to each other and the separation 
between the first grating and the second grating may be such 
that fluid may flow between the two gratings. The grating 
structure shown has a transverse dimension of /2 inch. This is 
adequate for optical coverage while allowing for fluid flow 
through the grating structure. The light passing though the 
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grating from each incident beam is diffracted. In this configu 
ration the +1 order of one beam is coincident and therefore 
interferes with the -1 diffraction order of the other beam. 
Both means in turn may then be coincident with the optical 
axis of the system. The gratings may be followed by another 
lens 58 which focuses the diffracted light into the far-field 
plane. A spatial filter 60 placed at the far-field plane elimi 
nates the light from the unwanted orders and may be config 
ured to allow the interference overlapped orders to pass. A 
collection lens 62 may be configured to direct the light onto a 
single detector 64. Because of the interference, the intensity 
of the light at the detector is indicative of the phase difference 
between the two diffracted beams. This phase difference in 
turn is indicative of the lateral translation of the grating struc 
ture which in turn is indicating of the relative heights of the 
two gratings which make up the grating structure. The piezo 
electric transducer (PZT) may be configured to provide pre 
cise lateral movement of the grating or gratings and therefore 
the PZT may be a precise mechanism for introducing a known 
phase difference in the interfering beams. Changes in the 
phase caused by the binding event may show up as an elec 
trical phase shift in the modulated signal. FIG. 6A is a ray 
trace using COTS (commercial off-the shelf) components and 
therefore, the system may be made more compact using 
appropriately designed components. For example, as shown 
in the example illustrated in FIG. 6A, the distance from the 
output of the fibers to the detector is approximately 6 inches. 

Example 3 

0094 FIG. 7A shows an exemplary embodiment of a grat 
ing sensor according to one aspect of the present invention. 
More specifically, the use of an embodiment of the present 
invention for detection of multiple analytes is shown in FIGS. 
7A-C. The layout shown in FIGS. 7A-C may be adapted to 
accommodate multiple analyte detection by modifying the 
grating assembly to include multiple gratings, each of which 
may be designed to detect a different analyte. The grating 
structure may be placed on a stage such that each grating may 
be translated to pass under the probing beam of the optical 
system, much like a stepper in photolithography. FIG. 7A 
illustrates Such a system. 

Example 4 

(0095 FIG. 7B shows another exemplary embodiment of a 
grating sensor according to another embodiment of the 
present invention. More specifically, FIG.7B shows a grating 
structure imaged onto a multi-material detector array, such as, 
for example, a CCD camera. The grating structure may be 
broadly illuminated, for example. All of the gratings are 
simultaneously illuminated according to this example. Each 
detector then may 'see' only a portion of the grating struc 
ture. Judicious location of the spatial filter plane assures that 
the light that enters the detectors is limited to the desired 
interfering diffracted orders as previously described. 

Example 5 

0096 FIG. 7C shows a grating sensor including a multi 
wavelength light source. The grating assembly containing 
multiple wavelengths may be broadly illuminated by the light 
from this source at a specific angle for all wavelengths. 
Because the diffraction angle for a given period is wavelength 
dependent, the period of the individual gratings is different 
from grating to grating. In this way, only light of a specific 
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wavelength for each grating may be diffracted at the proper 
angle to pass through the spatial filter and on to the detector. 
At the detector, each wavelength represents the signal from 
one of the gratings. At this point, a spectral filter may be used 
to switch between the wavelengths and therefore the different 
gratings. Alternatively, because each grating may have a dif 
ferent period, each grating may generate a different signal 
frequency as the PZT translates the grating. Therefore, at the 
detector, the frequency of the signal is associated with a 
specific grating and therefore a specific targeted analyte while 
the phase of the frequency component indicates a binding 
event. 

Example 6 

0097 FIG.8 shows yet another exemplary embodiment of 
a grating sensor according to another embodiment of the 
present invention. Light from a frequency-stabilized He—Ne 
laser may be incident upon two separate gratings. Illumina 
tion may only be at the Zero order or normal to the grating 
Surface. The two gratings may be separated in order to gain 
Some flexibility in alignment and in removing and inserting 
test gratings. The layout with the two gratings is optically 
equivalent to the two gratings Superimposed. The diffracted 
light into the +1 and -l orders for both gratings may be 
overlapped and made to interfere at the exit of a cube beam 
splitter. This configuration may be reversed from that shown 
in FIG. 6A. That is, in FIG. 6A, the light is incident upon the 
gratings in two beams at the angles corresponding to the +1 
and -1 diffraction orders if the grating were illuminated at 
normal incidence. The resultant diffracted beams that are at 
an angle are collinear with the normal with respect to the 
grating surface may be detected. As shown in FIG. 8, the light 
may be incident upon the gratings in the Zero order and the 
diffracted +1 and -1 orders are detected. The two configura 
tions are optically equivalent. The configuration shown in 
FIG. 8, however, has the added benefit of ease of alignment. 
FIG. 8 shows three ways to view the data. A CCD camera 
and/or a digital camera may be configured to record the two 
dimensional interference pattern while the individual detec 
tors look at a single point in the interference pattern. The 
second signal detector may be used as a reference. A signal 
detector may provide simple quantitative data with regard to 
the change in phase. The data from the CCD camera may also 
be analyzed to yield quantitative data or used to get a quick 
visual of the changes in the interference pattern. 

Example 7 

0098 FIG. 9 shows the results of the use of optical glass 
gratings without an analyte recognition material. A series of 
Such gratings, each with a different grating modulation depth, 
is created in the etching process used to make fused silica 
gratings. The gratings may be produced to have precise 
modulation depths such as 10 nm, 20 nm, 35 nm, and 50 nm. 
Tests may be performed using two such gratings at a time to 
record the differences in these grating heights. These glass 
gratings may also serve as a reference or calibration to the set 
up to be compared against the signal generated by a grating 
containing an analyte recognition material. 
0099 FIGS. 9A-C show digital images of interferograms. 
The interferograms were recorded using a digital camera, an 
illumination wavelength of 633 nm and optical glass gratings 
without an analyte recognition material disposed thereon. Tilt 
fringes have been introduced so as to indicate the effect of 
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varying the depth of one of the two gratings. Adding this tilt 
is equivalent to adding a variable translation across the grat 
ing as a function of position. In other words, the tilt fringes 
assure that at Some places the two gratings are displaced 
relative to each otherby, for example, 4 period while at other 
places the gratings may be exactly overlapped with no equiva 
lent displacement. Because the shift in the optical phase as a 
function of grating depth is apparent when the displacement 
is 4 period, the deviation of the tilt fringes is a measure of the 
depth ratio difference between the two gratings. The refer 
ence grating used has approximately 50 nm of etch depth. 
FIGS. 9A-C show the interferograms when the reference 
grating is paired with gratings or 0 nm, 20 nm, and 50 nm of 
etch depth, respectively. Note that the degree of slant 
changes with the etch depth. This is an indication of the 
change in the maximum deviation of the tilt fringes and shows 
that at these small etch depth levels that there is a substantial 
change in the interferogram patterns. 
0100 FIG. 10 shows a side profile of an exemplary 
embodiment of a grating sensor using a MEMS device 
according to an embodiment of the present invention. The 
embodiment of the grating sensor shown in FIG. 10 may 
include a light source (not shown). The light source may be 
configured to generate light 1010. Light 1010 may be, for 
example, coherent light, and may be, for example, at a wave 
length of 633 nm. Alternatively, the light 1010 may be light of 
any wavelength as long as it does not harm the analyte rec 
ognition material or otherwise detrimentally impact the sen 
sor. Light 1010 may be incident upon a first grating 1020. As 
shown in FIG. 10, first grating 1010 may be, for example, a 
bio-grating. In other words, first grating 1020 may include an 
analyte recognition material disposed thereon. The analyte 
recognition material may be disposed on, for example, the 
peaks of the grating 1020. Alternatively, the analyte recogni 
tion material may be disposed in the Valleys of the grating 
1020. According to the embodiment of the invention illus 
trated in FIG. 10, the analyte recognition material may be 
disposed on a portion of the first grating, and the light may be 
transmitted through a portion of the first grating including the 
analyte recognition material and reflected through a portion 
of the grating having no analyte recognition material dis 
posed thereon. 
0101. After light 1010 has been transmitted through the 

first grating 1020, it may be incident upon a micro-electrical 
mechanical system (MEMS) 1070 that is configured to modu 
late the light 1010 after it is transmitted through the first 
grating 1020. The MEMS may include, for example, metal or 
otherwise deflectable leaves 1030. These leaves 1030 may be 
systematically deflected using an electric or magnetic field. A 
driver circuit 1040 may be configured to control the MEMS 
1070 so that the light 1010 is modulated at the appropriate 
frequency. The MEMS 1070 may be disposed on a substrate 
1060. After the light is modulated by the MEMS 1070, it may 
be reflected back through the first grating 1020. Alternatively, 
the light may be reflected through a second grating (not 
shown). In one embodiment, the first grating and the second 
grating may be interconnected. The reflected light is referred 
to as “scattered light 1050, and may include the diffractive 
orders from the grating 1020 or gratings (not shown). These 
orders, such as, for example, the +1 or -1 orders include the 
phase information, as the Zero order does not contain any 
phase information due to the diffraction and interference of 
the light due to effective grating shifts. 
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0102 FIG. 11 shows a side profile of another exemplary 
embodiment of a grating sensor using a MEMS device 
according to another embodiment of the present invention. 
FIG. 11 is similar to FIG. 10 in that it incorporates a MEMS 
to modulate the light. This is an alternative to using a PZT to 
physically move the gratings to thereby modulate the light as 
described, for example, with respect to FIG. 1. As shown in 
FIG. 11, a grating sensor 1100 may include a light source 
1110. The light source 1110 may be, for example, a coherent 
light Source 1110. Such as, for example, a laser. According to 
one embodiment of the present invention, the coherent light 
source 1110 is a He—Ne laser that produces light at a wave 
length of approximately 633 nm. It should be understood that 
any wavelength of visible, UV or IR light may be used in 
connection with the present invention after potential delete 
rious interactions with the analyte recognition material has 
been accounted for. Appropriate wavelengths based on the 
type of analyte recognition material being used will be appar 
ent to those skilled in the art in light of the present disclosure. 
0103) As shown in FIG. 11, light from the light source 
1110 may be incident upon a first grating section 1140. The 
first grating section 1140 may include an analyte recognition 
material 1130 disposed on the grating section 1140 in a peri 
odic manner. The analyte recognition material 1130 may be 
configured to undergo binding with an analyte of interest 
1120. After the light is transmitted through the first grating 
section 1140, it may be incident upon a MEMS 1170. The 
MEMS 1170 may be configured to modulate the light at a 
predetermined frequency. The MEMS may modulate the light 
at, for example, a frequency of 1 kHz, 10 kHz, or more. For 
example, the MEMS may modulate the signal on the order of 
MHz. Other modulation frequencies will be apparent to those 
skilled in the art based on the present disclosure. One reason 
for the modulation of the light is to reduce the noise effects 
that may be caused from various noise sources, such as, for 
example, acoustical vibrations, geological vibrations or other 
types of vibration. This may be important due to the high 
sensor resolution of the various sensors that may be con 
structed in accordance with the present invention. 
0104. After the light is modulated by the MEMS 1070, it 
may be directed through a second grating section 1160. The 
terms first grating section and second grating section are 
being used to reflect that the first grating section and second 
grating section may be part of the same grating, may be two 
joined gratings, or may even be two completely independent 
grating structures. Therefore, the term “grating section' is to 
be construed to cover each of these embodiments. The second 
grating section may have a second grating period 1050. This 
period may be the same as the period of the first grating 
section 1140. After the light is reflected through the second 
grating section 1160, the light may be incident upon a detec 
tor, 1180. The detector 1180 may be configured to detect a 
change in the phase of the light in, for example, the +1 and -1 
diffractive orders. Alternatively, light in any order other than 
the Zero order may be detected to determine aphase change in 
the signal that may be caused by a binding event. 
0105 FIG. 12 shows an embodiment of a grating sensor 
using a MEMS device according to an embodiment of the 
invention. The solution containing the analyte is in a fluid 
passing over the grating 1220. This is referred to as "FLOW' 
in FIG. 12. According to the invention as depicted in FIG. 12, 
a binding event has already occurred. As shown in FIG. 12, 
three different beams may be diffracted by the elements in the 
system: a first from the grating 1220 (which is Subsequently 

Jul. 16, 2009 

reflected off of the MEMS 1240); one from the MEMS grat 
ing 1240; and one from the grating 1220 (after the light has 
been reflected from the MEMS 1240). 
0106 FIG. 13 shows an exemplary MEMS-based grating 
sensor according to one embodiment of the present invention. 
As shown in FIG. 13, light may be generated by, for example, 
a laser device 1310, and may be incident upon a grating 
section 1320. The grating section 1320 may include an ana 
lyte recognition material (not shown) disposed thereon. 
When the light passes through the grating section 1320, the 
light may be diffracted by that grating section 1320 into 
various diffractive orders. After the light is diffracted by the 
first grating 1320, it may be incident upon a MEMS 1330. The 
MEMS may be configured to modulate the diffracted light 
received from the grating 1320, and may be configured to 
reflect that light to, for example, a second grating section 
1340. The second grating section 1340 may be the same 
physical grating as the first grating, but may not have an 
analyte recognition material disposed thereon. Alternatively, 
second grating section 1340 may be a different grating than 
the first grating 1320. The second grating section 1340 may 
have the same grating period and other grating properties as 
the first grating section 1320. The light diffracted into, for 
example, the +1 and -1 combined diffractive orders of grat 
ings 1320 and 1340 may have a first phase prior to a binding 
event. However, after a binding event, the light diffracted into 
the +1 and -1 orders may have a second phase, the second 
phase being different than the first phase. 
01.07 After the light has been diffracted and the various 
diffractive orders have interfered, as discussed above, the 
phase of the light may be detected. According to one embodi 
ment of the present invention, a detector 1350 may be con 
figured to detect a phase in the +1 diffractive order as dis 
cussed above. An optional bright field detector (“BF) 1360 
may be used to detect the 0 order to ensure that the system is 
operating properly. For example, a change in the intensity in 
Zero order may be accompanied by a change in the intensity of 
the light in the first order, and therefore, these two intensities 
may be compared to ensure that the grating sensor 1300 is 
operating properly. Optionally, a second detector (not shown) 
may be configured to detect the phase of the light in the -1 
order, and this may be compared to the phase of the light in the 
+1 order. In theory, the relative phases in each diffractive 
order combination should be determinable. Therefore, the 
comparison of the two phase measurements from each of the 
+1 and -1 diffractive orders may also act as a check on the 
proper operation of the grating sensor 1300. 
0.108 FIG. 14 shows a functional diagram of a grating 
sensor operating in a second mode according to an embodi 
ment of the invention. According to this embodiment of the 
invention, the grating sensor 1400 may be configured to tag 
the analyte in accordance with known fluorescent tagging 
procedures. A light source 1410 may be used to illuminate the 
first grating 1420 to thereby excite fluorescence. A fluores 
cent tag may be a small element that is attached or bound to 
another structure, Such as a molecule, protein or other analyte. 
When illuminated by a particular wavelength, the tag may 
become excited and release light of lower energy and hence a 
longer wavelength. These Small elements are sometimes 
referred to as fluorophores or dyes. In some of the examples 
disclosed herein, the fluorphore may bind with an antibody. 
This antibody may be selected so that it may bind to a targeted 
analyte. After the analyte binds to the molecular receptor on 
the grating Surface, a buffer solution containing the fluores 
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cently tagged anybody may be added. This solution may flow 
over the bound analyte. The tagged antibody may bind to the 
immobilized analyte. This kind of binding detection process 
is referred to as a sandwich assay because you have the 
analyte sandwiched between the untagged antibody (which 
attached to the Surface) and the fluorescently tagged antibody. 
After rinsing (i.e., flow is used for flushing), light at the 
excitation wavelength of the tag may be used to detect the 
secondary binding event. When a binding event occurs for the 
targeted analyte, fluorescence results. This fluorescence may 
be imaged upon a detector array 1450 using imaging optics 
1440, Such as, for example, lenses. 
0109 FIG. 15 shows a functional diagram of a grating 
sensor operating in both a first mode and a second mode 
according to an embodiment of the present invention. Accord 
ing to the embodiment of the grating sensor 1500 (not labeled 
on the figure) illustrated in FIG. 15, the grating sensor 1300 
illustrated in FIG. 13 may be combined with the grating 
sensor 1400 shown in FIG. 14. A laser 1510 may be config 
ured to generate coherent light that is incident upon a first 
grating section 1570. First grating section 1520 may diffract 
the light received from the laser source 1510 and may be 
directed incident upon a MEMS 1580. The MEMS 1580 may 
be configured to modulate the light and may reflect the light 
so as to be incident upon a second grating section 1590. The 
phase of the light in, for example, the +1 or -l orders may be 
detected. Alternatively, the phase of the light in any of the 
other diffractive orders, such as the +2 or -2 orders may be 
detected. Detector 1550 may be used to detect the phase of the 
light. Optional bright field detector 1560 may be used as an 
insurance measure to ensure that the grating sensor 1500 is 
operating properly, as described above. Additionally, a light 
source 1575 for the purpose of exciting fluorescence may be 
provided to illuminate the first grating 1520. By the use of a 
tag or label of a recognition element for the analyte, fluores 
cence may occur in connection with a binding event. The 
fluorescence may be imaged upon a detector array 1590 using 
imaging optics 1540. 

Example 8 

0110 FIG. 16 shows an exemplary MEMS-based grating 
sensor 1600 according to one embodiment of the present 
invention. Laser source 1610 may be configured to generate 
coherent light and direct the light via imaging optics 1620 to 
be incident upon a bio grating 1640. The bio-grating 1640 
may be a grating having an analyte recognition material 
deposited thereon. The laser source 1610 may be, for 
example, a He—Nelaser Source that is configured to generate 
light at a wavelength of approximately 633 nm. The imaging 
optics 1620 may include a doublet. The doublet used in accor 
dance with this example was made by Edmund, No. 45-208 
with a focal length of 10 mm and a diameter of 6.25 mm. A 
window 1630 may be used. The window may be included to 
provide a space for the fluid. It is part of the apparatus, which 
contains the fluids and provides a transparent port for the light 
to pass through. The period of the bio-grating was 6 microns, 
and the grating had a width of 12.7 mm. A reflective MEMS 
1650 having a period of 6 microns was used to modulate the 
light and reflect it back through the optical grating sensor 
1600. The optical phase associated with the light in the +1 and 
-1 diffractive orders may be detected using optical detectors 
1660 and 1670. The length of the MEMS-based grating sen 
sor 1600 may be approximately 23 mm. The period of the 
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bio-gratings and the MEMS are, of course, exemplary and are 
not to be considered as limiting the implementation of the 
present invention. 

Example 9 

0111 FIG. 17 shows another exemplary MEMS-based 
grating sensor according to a second embodiment of the 
present invention. A laser source 1710 may be configured to 
generate light and direct the light so as to be incident upon 
imaging optics 1720, 1730, 1740. The laser 1710 may be, for 
example, a He—Ne laser source 1710, configured to generate 
light at approximately 633 nm. The imaging optics may 
include a first doublet 1720, an aperture stop 1730, and a 
second doublet 1740. The first doublet 1720 may be, for 
example, an Edmund 32-309 lens with a focal length of 20 
mm and a diameter of 12.5 mm. The second doublet 1740 
may be an Edmund 45-209 having a focal length of 14 mm 
and a diameter of 12.5 mm. These optics may be configured to 
direct the light from laser 1710 to a third doublet 1750. The 
third doublet 1750 may be an Edmund 45-175 lens, having a 
focal length of about 30 mm and a diameter of 20 mm. The 
third doublet 1750 may be configured to direct light so as to be 
incident upon a window 1760 and a grating 1770 having an 
analyte recognition material deposited thereon. The light may 
be transmitted through window 1760 and bio-grating 1770 to 
be incident upon MEMS 1780. The MEMS 1780 may be 
configured to modulate the light and reflect it back through 
the optical grating sensor 1700. A first detector 1790 and a 
second detector 1795 may be configured to detect a phase 
shift of the light caused by a binding event. In this example, 
the length of the optical system was 146 mm. Thus, the 
grating sensor 1700 of the present invention may be compact. 
The aperture stop may be added to permit control of the beam 
size and shape at the grating location. The grating location 
may be selected to be at a conjugate (i.e. pupil) location. By 
doing so, the beam can be optimally matched to the grating 
geometry thereby enhancing signals and eliminating noise. 

Example 10 

(O112 FIG. 18 shows yet another exemplary MEMS-based 
grating sensor 1800 according to another embodiment of the 
present invention. This example may be configured to use 
similar optics as the example show in FIG. 17. For example, 
the grating sensor 1800 may be configured to use a He—Ne 
laser source 1810, a first doublet 1820, an aperture stop 1830, 
a second doublet 1840, and a third doublet 1860. This exem 
plary implementation of the present invention may also use a 
field stop, which maybe located at the focal point of the 
second doublet 1840. The third doublet 1860 may direct the 
light to be incident upon a window 1865. After the light passes 
through the window, it may be directed upon a grating 1870. 
The grating 1870 may include an analyte recognition material 
and may be configured to transmit the light received from the 
window 1865 to a MEMS 1875. The MEMS 1875 may be 
configured to modulate the light received and reflect it back 
though the optical grating sensor 1800. The light may be 
incident upon a beam splitter 1850 and may be configured to 
direct the light upon a series of detectors, 1880, 1885, 1890. 
The detectors may include a detector for detecting the phase 
of the light associated with the +1 diffractive order 1880, a 
detector for detecting the bright field or the Zero order 1885, 
and a detector for detecting the phase of the light associated 
with the -1 order 1895. These detectors 1880, 1885, 1890 
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may be configured to provide signals to act as a status check 
to ensure that the grating sensor 1800 is operating properly, as 
discussed above. In this example, the beamsplitter may be 
added to gain access of the field stop location independent of 
the plane which contains the detectors. Access to this field 
stop on the illumination path towards the gratings may be 
important to thereby reduce background light (i.e., a noise 
Source). An aperture placed at the field stop filters the angular 
spread of the light incident upon the grating. This can help 
clean up the light source. 

Example 11 

0113 FIG. 19 shows another exemplary MEMS-based 
grating sensor according to another embodiment of the 
present invention. As discussed with respect to Example 9, a 
grating sensor according to an eleventh example of an imple 
mentation of the present invention may include a laser Source 
1910, such as, for example, a He—Ne laser source, a first 
doublet 1915, an aperture stop 1920, a second doublet 1925, 
a field stop 1930, a beam splitter 1935, and a third doublet 
1940. The light may be generated by the laser source 1910 and 
directed upon the first doublet 1915, which may collimate the 
light. An aperture stop 1920 may be used to clean up and 
shape the beam and the beam may be directed upon a second 
doublet 1925. The light may be directed through a field stop 
1930, which may be located at the focal point of the second 
doublet 1925. The light may be directed to a beam splitter 
1935 and to the third doublet 1940. The light may be incident 
upon a window 1945 and may be transmitted to a grating 
1950. After the light passes through the grating, it may be 
incident upon a MEMS device 1955, which may be config 
ured to modulate the light and reflect it back through the 
optical grating sensor 1900. The reflected light may be 
directed through a spatial filter 1965 and may be passed 
through a fourth doublet 1965 to be incident upon a detector 
array 1975. The fourth doublet 1965 may be an Edmund 
45-209 doublet having a diameter or 12.5 mm and a focal 
length of 14 mm. The fourth doublet 1965 may be configured 
to forman image of the MEMS plane 1970 upon the detector 
array. In this example, there is the additional access to the 
field plane on the return path of the light from the grating. At 
this plane and aperture or spatial filter can be added to select 
the light that enters the detector array. This location for the 
spatial filter is equivalent to selecting the desired angular 
spread of light from the grating. This spatial filtering could 
also be dynamic allowing the selected orders to pass through 
as a function of time. In this way, the Zero order and the +/-1 
orders may be periodically measured as desired. 
0114 While specific embodiments of the present inven 
tion have been described, numerous other embodiments and 
components may be used in connection with an optical grat 
ing sensor according to the present invention. For example, 
specific embodiments of the present invention were described 
as detecting a single analyte. Numerous other constructions 
of the present invention are possible where multiple analytes 
may be detected using multiple analyte recognition materials. 
Additionally, while the laser source described was a He—Ne 
laser, and the wavelength of the light was described as being 
about 633 nm, any type of a laser may be used as long as the 
wavelength of the light does not harm the analyte or analyte 
recognition material. For example, a frequency doubled YAG 
laser may be used in accordance with the present invention. 
0115 Additionally, polarization-maintaining components 
may be employed to ensure that the polarization of the light is 

Jul. 16, 2009 

maintained or otherwise controlled to ensure that a maximum 
amount of interference between the diffracted orders of the 
light is obtained at the image plane (i.e., the detector or 
detectors). 
0116. Numerous other configurations of an optical grating 
sensor may be implemented based on the present disclosure. 
While the invention has been described with reference to 
specific preferred embodiments, it is not limited to these 
embodiments. For example, while certain embodiments of 
the invention were described with respect to tagging and 
fluorescence, various other tagging or labeling systems may 
be used. For example, the label may be a luminescent label, a 
phosphorescent label, an up-converting label, a down-con 
verting label, a bead-based label, or a metal-colloid label. 
These other methods of labeling are known in the art. The 
invention may be modified or varied in many ways and Such 
modifications and variations as would be obvious to one of 
skill in the art are within the scope and spirit of the invention 
and are included within the scope of the following claims. 

1-15. (canceled) 
16. An apparatus, comprising: 
a grating-based optical sensor configured to operate in a 

first mode and a second mode, the first mode being 
configured to detect the presence of an analyte based on 
a binding event based on a phase change of light asso 
ciated with a binding event, and the second mode being 
configured to detect the presence of the analyte using a 
label. 

17. The apparatus of claim 16, wherein the first mode 
employs the use of a micro-electrical mechanical system 
(MEMS) to modulate light received from a first grating, the 
first grating including an analyte recognition material. 

18. The apparatus of claim 16, wherein the grating-based 
optical sensor is configured to operate in the first mode and 
the second mode concurrently. 

19. The apparatus of claim 16, wherein the grating-based 
optical sensor is configured to operate selectively in the first 
mode and the second mode. 

20. The apparatus of claim 16, wherein the phase change of 
light is associated with a change in the grating optical height 
due to the binding event. 

21. The apparatus of claim 16, wherein the label is a fluo 
rescent label and is attached to a conjugating Substance to the 
analyte. 

22. The apparatus of claim 16, wherein the label is one of a 
luminescent label, a phosphorescent label, an up-converting 
label, a down-converting label, a bead-based label, or a metal 
colloid label. 

23. A grating module, comprising: 
a first periodic diffractive grating: 
a second periodic diffractive grating: 
an analyte recognition material disposed on the first peri 

odic diffractive grating and/or the second periodic dif 
fractive grating; and 

a detector adapted and configured to detect a change in 
phase of light diffracted and/or scattered by the first 
periodic diffractive grating and/or the second periodic 
diffractive grating. 

24. The grating module of claim 23, further comprising a 
positioning system adapted and configured to modulate an 
output signal of the grating module generated in response to 
incident light diffracted and/or scattered by the first periodic 
diffractive grating and/or the second periodic diffractive grat 
1ng. 
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25. The grating module of claim 24, wherein the position 
ing system is adapted and configured to move the first peri 
odic diffractive grating relative to the second periodic diffrac 
tive grating. 

26. The grating module of claim 25, wherein the position 
ing system is adapted and configured to move only one of the 
first periodic diffractive grating and the second periodic dif 
fractive grating. 

27. The grating module of claim 23, further comprising a 
coherent light source adapted and configured to source light 
incident upon the first periodic diffractive grating and/or the 
second periodic diffractive grating. 

28. The grating module of claim 23, wherein the analyte 
recognition material is disposed on both the first periodic 
diffractive grating and the second periodic diffractive grating. 

29. The grating module of claim 23, wherein the first peri 
odic diffractive grating and/or the second periodic diffractive 
grating includes a modified Surface adapted and configured to 
immobilize the analyte recognition material by chemical 
bonding and/or absorption. 

30. The grating module of claim 23, wherein the analyte 
recognition material is removably disposed on the first peri 
odic diffractive grating and/or the second periodic diffractive 
grating. 

31. The grating module of claim 23, wherein an array of 
analyte recognition material(s) is disposed on the first peri 
odic diffractive grating and/or the second periodic diffractive 
grating. 
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32. The grating module of claim 31, wherein the first peri 
odic diffractive grating and/or the second periodic diffractive 
grating comprise a modified surface adapted and configured 
to immobilize the array of analyte recognition material(s) at 
discrete locations on the modified Surface. 

33. The grating module of claim 31, wherein the array of 
analyte recognition material(s) comprises multiple types of 
analyte recognition material. 

34. The grating module of claim 23, further comprising: 
a blocking material disposed on the first periodic diffrac 

tive grating and/or the second periodic diffractive grat 
ing, 

wherein the blocking material is adapted and configured to 
reduce nonspecific binding of analytes and/or analyte 
recognition materials. 

35. An analyte detecting system including the grating mod 
ule of claim 23. 

36. A grating module, comprising: 
means for diffracting and/or scattering light; 
means, disposed on the means for diffracting and/or scat 

tering, for bonding with an analyte; and 
means for detecting a change in phase of light diffracted 

and/or scattered by the means for diffracting and/or scat 
tering light. 


