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Counsel for Plaintiff
UNITED STATES DISTRICT COURT
NORTHERN DISTRICT OF CALIFORNIA
SAN JOSE DIVISION
SARTORIUS BIOANALYTICAL Case No.
INSTRUMENTS, INC.,
o COMPLAINT

Plaintiff, JURY DEMAND

V.

GATOR BIO, INC. and HONG TAN,

Defendants.
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I. Sartorius Bioanalytical Instruments, Inc. (“Sartorius” or “Plaintiff”), by and
through its attorneys, submits this Complaint against Gator Bio, Inc. (“Gator Bio””) and Hong Tan
(collectively with Gator Bio, “Defendants”) and alleges as follows:

NATURE OF SUIT

2. This is a civil action arising out of Gator Bio and Hong Tan’s patent infringement
in violation of the Patent Laws of the United States, 35 U.S.C. § 1 et seq.

3. Defendants’ accused products infringe one or more claims of U.S. Patent No.
7,394,547 (the “’547 Patent”), U.S. Patent No. 7,445,887 (the “’887 Patent), U.S. Patent No.
7,728,982 (the “’982 Patent”), and U.S. Patent No. 8,305,585 (the “’585 Patent”) (collectively,
the “Asserted Patents”).

PARTIES
I Sartorius

4, Sartorius Bioanalytical Instruments, Inc. is a Delaware corporation, and its
principal place of business is located at 565 Johnson Avenue, Bohemia, NY 11716.

5. Sartorius is an international pharmaceutical and laboratory equipment supply
company with offices around the world. Sartorius’s industry segments cover bioprocess solutions
and lab products and services.

6. Sartorius produces and sells, among many other products, the Octet® Bio-Layer
Interferometry Label-Free Detection Systems (“Octet®”) for biomolecular interactions analysis,
which allow for real-time, label-free analysis for the determination of kinetics, affinity and
antibody and protein quantitation by measuring optical interference.

7. Sartorius owns the Asserted Patents.

II. Gator Bio and Hong Tan

8. Upon information and belief, Gator Bio is a California corporation, and its
principal place of business is located at 2454 Embarcadero Way, Palo Alto, CA 94303.
9. Upon information and belief, Hong Tan is an individual who resides at 1031

Prouty Way, San Jose, CA 95129, and serves as President and CEO of Gator Bio.
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10.  Upon information and belief, Gator Bio and Hong Tan sell the Gator Bioanalysis
System line of devices that uses bio-layer interferometry technology for label-free, “real-time
analysis of biomolecular interactions providing information on affinity, kinetics, concentration,
9]

and epitope binning, etc.

JURISDICTION AND VENUE

11. This action arises under the Patent Laws of the United States of America, 35
U.S.C. § 1 et seq., including 35 U.S.C. § 271. This Court has federal-question subject-matter
jurisdiction under 28 U.S.C. §§ 1331 and 1338(a) because this is a civil action arising under the
Patent Act.

12. This Court has personal jurisdiction over Defendant Gator Bio via general and
specific jurisdiction. This Court has general personal jurisdiction over Defendant Gator Bio
because it is organized under the laws of California and has its principal place of business in Palo
Alto, California. This Court has specific personal jurisdiction over Defendant Gator Bio because
it has systematic and continuous contacts with the State of California, including because it
continues to infringe the Asserted Patents by making, using, selling, offering to sell and/or
importing infringing products in the Northern District of California.

13. This Court has personal jurisdiction over Defendant Hong Tan via general and
specific jurisdiction. This Court has general personal jurisdiction over Defendant Hong Tan
because he resides in California. This Court has specific personal jurisdiction over Defendant
Hong Tan because he has systematic and continuous contacts with the State of California,
including because he serves as the President/CEO of Gator Bio, a company organized under the
laws of the State of California, and he continues to infringe the Asserted Patents by making,
using, selling, offering to sell and/or importing infringing products in the Northern District of

California.

I Cision PR Newswire, Gator Bio, Inventors of biolayer interferometry technology launch a next
gen platform and novel biosensors https://www.prnewswire.com/news-releases/inventors-of-
biolayer-interferometry-technology-launch-a-next-gen-platform-and-novel-biosensors-
301376466.html (last visited Mar. 4, 2022).
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14. Venue is proper in this District under 28 U.S.C. § 1400(b). Defendant Gator Bio
“resides” in this District as it is organized under the laws of California and has its principal place
of business in Palo Alto, California. Defendant Gator Bio also has “committed acts of
infringement and has a regular and established place of business” in this District by making,
using, selling, offering to sell and/or importing products that infringe the Asserted Patents in this
District, and having a physical place in the District, which is a regular and established place of
business, and is the place of the Defendant. Defendant Hong Tan “resides” and/or has
“committed acts of infringement and has a regular and established place of business” in this
District by making, using, selling, offering to sell and/or importing products that infringe the
Asserted Patents in this District, and having a physical place in the District, which is a regular and
established place of business, and is the place of the Defendant.

INTRADISTRICT ASSIGNMENT

15. This action substantially arises in the County of Santa Clara, as that is the location
of Gator Bio’s principal place of business of and Hon Tan’s place of residence. Thus, under Civil

L.R. 3-2(d), this action is be assigned to the San Jose Division.

FACTUAL BACKGROUND
I Bio-layer Interferometry
16.  Bio-layer Interferometry (“BLI”) is a technique for analyzing the interaction

between two different types of biological molecules. It is an optical analytical technique that
analyzes the interference pattern of white light reflected from two surfaces on the tip of a
biosensor: an external biolayer coated with an immobilized ligand, and an internal reference
optical layer. A white light is streamed constantly along the biosensor fiber to reflect from either
the internal reference optical layer or the biolayer. The resulting interference pattern of the
reflected light is measured by a photodetector. Once the baseline measurements are determined,
the coated biolayer is submerged in a buffer containing the second biological molecule, an
analyte. The binding of the ligand to the analyte changes its optical thickness and thus alternates
the phase of the reflected light. This effect causes a wavelength shift in the interference pattern,

which correlates directly to the distance between the two surfaces. After binding, or association,
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the biosensors are submerged in buffer without analyte and dissociation occurs. The interference
pattern is measured constantly, allowing one to collect particular data, including monitor binding
specificity, rates of association and dissociation, or concentration regarding the molecules of
interest in real time.
II. FortéBio, Inc.

17. Upon information and belief, Hong Tan founded FortéBio, Inc. (“FortéBio”) in
2001, where he served as Chief Executive Officer (“CEO”) and Chief Technology Officer
(“CTO”) and helped develop BLI technology. FortéBio developed and sold the Octet® line of
BLI technology. Hong Tan left FortéBio in 2008.

18.  Pall Corporation acquired FortéBio in 2012. Danaher Corporation then acquired
Pall Corporation in 2015. Finally, Sartorius acquired selected life sciences businesses of Danaher
Corporation in 2020, including the portion of Danaher Corporation that was once FortéBio.

Sartorius continues to sell the Octet® line of BLI technology.

I11. Gator Bio and Hong Tan

19.  Upon information and belief, shortly after leaving FortéBio in 2008, Hong Tan
began working at Access Medical Systems, Ltd., where he currently serves as the CEO.

20.  Upon information and belief, on July 14, 2017, the company Probe Life, Inc.
incorporated in the State of California.

21.  Upon information and belief, on August 15, 2017, Hong Tan filed a Statement of
Information for Probe Life, Inc. with the Secretary of State of the State of California listing
himself as President/CEO, Secretary, Chief Financial Officer (“CFQO”), and Director of Probe
Life, Inc.

22.  Upon information and belief, on April 1, 2020, by and through its President/CEO
and Secretary, Hong Tan, Probe Life, Inc. changed its name to “Gator Bio, Inc.” Hong Tan
currently remains President/CEO of Gator Bio.

23. Upon information and belief, Robert Zuk is the CTO of Gator Bio.

24.  Upon information and belief, Access Medical Systems, Ltd. is the parent company

to ET Healthcare and Gator Bio.
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IV.  U.S. Patent No. 7,394.547
25. On July 1, 2008, the United States Patent and Trademark Office (“USPTO”) duly

and legally issued the ’547 Patent, entitled “Fiber-optic assay apparatus based on phase-shift
interferometry.” A copy of the 547 Patent is attached as Exhibit A.

26. The named inventors on the ’547 Patent are: Hong Tan, Duan Jun Chen, Yushan
Tan, and Krista Leah Witte.

27. Plaintiff owns all right, title, and interest in the *547 Patent.

28. The *547 Patent claims an assembly for use in detecting an analyte in a sample
based on interference and a method for detecting analyte in a sample.

29.  Upon information and belief, Defendant Gator Bio, through its President/CEO
Hong Tan, had knowledge of the *547 Patent on July 14, 2017.

30.  Upon information and belief, Defendant Hong Tan had knowledge of the *547
Patent as of the date of its issuance, July 1, 2008.

V. U.S. Patent No. 7,445,887
31.  On November 4, 2008, the USPTO duly and legally issued the *887 Patent,

entitled “Enzyme activity measurements using bio-layer interferometry.” A copy of the *887
Patent is attached as Exhibit B.

32. The named inventors on the 887 Patent are: Robert Zuk, Saec Choo, Weilei Ma,
and Krista Witte.

33, Plaintiff owns all right, title, and interest in the *887 Patent.

34. The *887 Patent claims a method for assaying enzyme activity.

35. Upon information and belief, Defendant Gator Bio, through its President/CEO
Hong Tan and its CTO Robert Zuk, had knowledge of the *887 Patent on July 14, 2017.

36.  Upon information and belief, Defendant Hong Tan had knowledge of the *887

Patent as of the date of its issuance, November 4, 2008.
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VI.  U.S. Patent No. 7,728,982
37.  OnJune 1, 2010, the USPTO duly and legally issued the *982 Patent, entitled

“Fiber-optic assay apparatus based on phase-shift interferometry.” A copy of the *982 Patent is
attached as Exhibit C.

38. The named inventors on the 982 Patent are: Hong Tan, Yushan Tan, Duan Jun
Chen, and Krista Leah Witte.

39, Plaintiff owns all right, title, and interest in the *982 Patent.

40. The *982 Patent claims an optical assembly for use in detecting an analyte in a
sample based on interference and a method for detecting analyte in a sample.

41.  Upon information and belief, Defendant Gator Bio through its President/CEO
Hong Tan, had knowledge of the 982 Patent on July 14, 2017.

42.  Upon information and belief, Defendant Hong Tan had knowledge of the 982
Patent as of the date of its issuance, June 1, 2010.

VII. U.S. Patent No. 8,305,585
43.  On November 6, 2012, the USPTO duly and legally issued the *585 Patent,

entitled “Fiber-optic assay apparatus based on phase-shift interferometry.” A copy of the *585
Patent is attached as Exhibit D.

44, The named inventors on the 547 Patent are: Hong Tan, Yushan Tan, Duan Jun
Chen, and Krista Leah Witte.

45. Plaintiff owns all right, title, and interest in the *585 Patent.

46. The *585 Patent claims an optical assembly for use in detecting an analyte in a
sample based on interference.

47. Upon information and belief, Defendant Gator Bio, through its President/CEO
Hong Tan, had knowledge of the *585 Patent on July 14, 2017.

48.  Upon information and belief, Defendant Hong Tan had knowledge of the *585

Patent as of the date of its issuance, November 6, 2012.
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VIII. The Gator Bio Accused Products

49.  Upon information and belief, Defendants Gator Bio and Hong Tan sell the Gator
Bioanalysis System line of devices that “use[] biolayer interferometry for label-free, real-time
measurement of biomolecules.” The GatorPrime and GatorPlus are sold under the Gator
Bioanalysis System line of devices.

50.  Upon information and belief, Defendants Gator Bio and Hong Tan launched the
GatorPrime around March 2019.°

51.  Upon information and belief, the GatorPrime allows for applications relating to
quantitation, kinetics, and epitope binning and is based on BLI technology. The GatorPrime
allows from 1-168 samples per run and 10 x 10 epitope binning. The GatorPrime is shown

below.

52.  Upon information and belief, the GatorPlus also allows for applications in
quantitation, kinetics, and epitope binning and is based on BLI technology. The GatorPlus allows

from 1456 samples per run and 16 x 16 epitope binning. The GatorPlus is shown below:

2 Products, Gator Bio, https://www.gatorbio.com/products (last visited Mar. 4, 2022).

3 Cision PR Newswire, Gator Bio, Inventors of biolayer interferometry technology launch a next
gen platform and novel biosensors https://www.prnewswire.com/news-releases/inventors-of-
biolayer-interferometry-technology-launch-a-next-gen-platform-and-novel-biosensors-
301376466.html (last visited Mar. 4, 2022).
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53.  Upon information and belief, the Gator Bioanalysis System line of devices
infringes the Asserted Patents.

54.  Upon information and belief, Gator Bio sells a line of Gator Biosensor Probes
designed for use with the Gator Bioanalysis System line of devices.* This line of Gator Biosensor
Probes includes the: Gator™ AAVX, Gator™ Flex SA, Gator™ Protein A, Gator™ Protein G,
Gator™ Protein L, Gator™ Anti-Mouse Fc, Gator™ Anti-Human Fc, Gator™ Anti-His, Gator™
Amine-Reactive, Gator™ Streptavidin, Gator™ Aminopropylsilane (APS), Gator™ Small
Molecule, Antibody, and Protein (SMAP), and Gator™ Ni-NTA.

55.  Upon information and belief, Defendants Gator Bio and Hong Tan design,
engineer, and manufacture the Gator Bioanalysis System line of devices and Gator Biosensor
Probes either directly or through intermediaries (including distributors, retailers, and others), ship,
distribute, offer for sale, sell, and advertise the infringing devices in the United States (including
in this District) and abroad.

FIRST CAUSE OF ACTION

INFRINGEMENT OF U.S. PATENT NO. 7.394.547

56.  Plaintiff restates and realleges the foregoing allegations as if fully stated herein.

4 Gator Bio, Biosensors and Reagents, https://www.gatorbio.com/products/biosensors-and-
reagents (last visited Mar. 4, 2022).

COMPLAINT




GROSS & KLEIN LLP
THE EMBARCADERO
PIER 9, SUITE 100

SAN FRANCISCO, CA 94111

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28

Case 5:22-cv-01417-EJD Document 1 Filed 03/04/22 Page 10 of 107

57.  Defendants’ Gator Bioanalysis System line of devices, including, but not limited
to, the representative GatorPrime device, infringes at least independent claim 1 of the *547 Patent,

which recites:

1. An assembly for use in detecting an analyte in a sample
based on interference, comprising:

an optical fiber having a tip:

afirst optical element adapted for coupling to a light source
through a mechanical coupling that engages the first
optical element with the fiber and provides an air gap
between the first optical element and the fiber; and 15

second optical element attached to the first optical element,
the second optical element commensurate in size with
the fiber tip and adapted for coupling to the first optical
element,

said second oprical element comprising a transparent mate- 20
rial, a first reflecting surface, and a second reflecting
surface separated from the first reflecting surface by the
transparent material, said first and second reflecting sur-
faces separated by at least 50 nm, wherein said first
reflecting surface comprises a laver of analyte binding 25
molecules, and an interference between light reflected
into the fiber from said first and second reflecting sur-
faces varies as analyte in the sample binds 1o the analyte
hinding molecules.

58. Upon information and belief, the GatorPrime is an assembly for use in detecting an
analyte in a sample based solution.’
59. Upon information and belief, the GatorPrime has an optical fiber that has a tip® as

shown in Figure 1 below:

> Technology, Gator Bio, https://www.gatorbio.com/technology (“Biolayer interferometry (BLI)
is a label free biomolecular detection method created by Gator Bio co-founder, Hong Tan. In
biolayer interferometry, biomolecular interactions are detected by measuring the interference
pattern of white light reflected from the surface of a biosensor.”) (last visited Mar. 4, 2022); Gator
Bio, Strategies for Accurate, Easy and Fast Quantitation of AAV Serotypes, YouTube (Oct. 25,
2021), https://www.youtube.com/watch?v=y-MbZPotvyo (at 8:28 “Bio layer interferometry or
BLI is part of the label free systems that has many other biophysical techniques where label free
meaning you do not have any dye or fluorophore or any kind of special tags that you need to
conjugate to your molecule of interest in order to see binding by using a fluorescence or
chemiluminescence or anything all you do in this um technique is we are using uh white light and
that’s all.”).

¢ UF ICBR, Seminar and Demonstration with Gator Bio BLI, YouTube (Oct. 21, 2021),
https://www.youtube.com/watch?v=Myc2YUHkIMQ (at 26:29 “The optical fibers are shining
through the probes.”).
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(Figure 1).
60.  Upon information and belief, the GatorPrime has a first optical element adapted
for coupling to a light source. Upon further information and belief, the first optical element is

located beneath the incident light source,’ as shown in Figure 2 below:

’ The optical elements are referred to as layers. Gator Bio, Strategies for Accurate, Easy and Fast
Quantitation of AAV Serotypes, YouTube (Oct. 25, 2021), https://www.youtube.com/watch?v=y-
MbZPotvyo (at 9:55 “This um biosensor has two layers one is the optical layer and this is the
surface layer.”).
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Incident light

Light source

First optical clement

Reflection
beams

Second optical element

and this um biosensor has two layers one
is the optical layer

o) 95875473 < indrani Chakraborty Introduction >

(Figure 2).

61.  Upon information and belief, in the GatorPrime, there is a mechanical coupling
that engages the first optical element with the fiber and provides an air gap between the first
optical element and the fiber.

62.  Upon information and belief, the GatorPrime has a second optical element
attached to the first optical element, the second optical element commensurate in size with the
fiber tip and adapted for coupling to the first optical element. Upon further information and
belief, the second optical element is located beneath the first optical element,® as shown in Figure
2.

63.  Upon information and belief, in the GatorPrime the second optical element

comprises a transparent material.

8 The optical elements are referred to as layers. Gator Bio, Strategies for Accurate, Easy and Fast
Quantitation of AAV Serotypes, YouTube (Oct. 25, 2021), https://www.youtube.com/watch?v=y-
MbZPotvyo (at 9:55 “This um biosensor has two layers one is the optical layer and this is the
surface layer.”).
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64.  Upon information and belief, the GatorPrime second optical element has a first
reflecting surface and a second reflecting surface,” separated from the first reflecting surface by

the transparent material, as shown in Figure 3 below:

Incident light

.

Refiection Sccond reflecting surlace
beams -

Transparent material “irst reflecting surface

(Figure 3).

65.  Upon information and belief, GatorPrime’s first and second reflecting surfaces are
separated by at least 50 nm.

66.  Upon information and belief, the GatorPrime’s first reflecting surface comprises a
layer of analyte binding molecules. Upon further information and belief, the analyte binding

molecules are located on the distal end of the first reflecting surface,!® as shown in Figure 4:

? Gator Bio, Strategies for Accurate, Easy and Fast Quantitation of AAV Serotypes, YouTube
(Oct. 25, 2021), https://www.youtube.com/watch?v=y-MbZPotvyo (at 10:27 “When the light is
incidented, it will be reflected back from these two surfaces.”).

19 The analyte binding molecules are referred to as ligands. Gator Bio, Strategies for Accurate,
Easy and Fast Quantitation of AAV Serotypes, YouTube (Oct. 25, 2021),
https://www.youtube.com/watch?v=y-MbZPotvyo (at 10:53 “Then when you have your ligand
bound then you can dip it in another solution where you have analyte of your interest.”).
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Incident light

Second reflecting surface
Reflection ©

beams

First reflecting surface

Layer of analyte binding molecules

solution where you have analyte of your
interest

(Figure 4).

67.  Upon information and belief, in the GatorPrime, an interference between light
reflected into the fiber from said first and second reflecting surfaces varies as analyte in the
sample binds to the analyte binding molecules.!!

68.  Defendants have been and are directly infringing, literally and/or under the
doctrine of equivalents, one or more claims of the ’547 Patent in violation of 35 U.S.C. § 271(a),
by making, using, importing, selling, and/or offering for sale in or into the United States Gator
Bioanalysis System line of devices.

69.  Additionally, Defendants have induced and continue to induce others to directly
infringe one or more claims of the 547 Patent under 35 U.S.C. § 271(b) by, among other things,
and with specific intent or willful blindness, actively aiding and abetting others to directly
infringe, including but not limited to Defendants’ partners, clients, customers, and end users,
whose use of the Gator Bioanalysis System line of devices constitutes direct infringement of at

least one claim of the ’547 Patent.

! Technology, Gator Bio, https://www.gatorbio.com/technology (“Biolayer interferometry

compares the interference pattern of white light reflected from an internal reference layer within a

layer of immobilized biomolecules on the surface chemistry of the biosensor. Shifts in
interference due to the accumulation of biomolecules are monitored in real-time to sensitively
analyze and calculate rates of association and dissociation among target proteins with high
precision.”) (last visited Mar. 4, 2022).
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70.  Defendants have contributed and continue to contribute to the direct infringement
of one or more claims of the 547 Patent under 35 U.S.C. § 271(c) by selling the Gator Biosensor
Probes, non-staple articles whose only substantial use infringes the 547 Patent, and thus
contributing to the direct infringement of the 547 Patent of others, including but not limited to
Defendants’ partners, clients, customers, and end users, whose use of the Gator Bioanalysis
System line of devices constitutes direct infringement of at least one claim of the *547 Patent.

71.  Defendants have infringed one or more claims of the 547 Patent under 35 U.S.C.
§ 271(f) by supplying in or from the United States the Gator Biosensor Probes which are
especially made for use in the Gator Bioanalysis System line of devices and are non-staple
articles whose only substantial use infringes the *547 Patent.

72.  Defendants have never been licensed, either expressly or impliedly, under the *547
Patent.

73.  Plaintiff has complied with the requirements of 35 U.S.C. § 287 by providing
actual or constructive notice to Defendants of their infringement.

74.  Plaintiff has been, and continues to be, damaged and irreparably harmed by

Defendants’ infringement, which will continue unless this Court enjoins these infringements.

75.  Plaintiff, under 35 U.S.C. § 284, is entitled to damages adequate to compensate for

Defendants’ infringement, including lost profits and/or a reasonable royalty.
76. Defendants’ infringement of the *547 Patent has been, and continues to be,
deliberate, willful, and knowing, thus entitling Plaintiff to treble damages under 35 U.S.C. § 284.
77. This is an exceptional case under 35 U.S.C. § 285, thus entitling Plaintiff to

recover its reasonable attorney fees from Defendants.
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SECOND CAUSE OF ACTION

INFRINGEMENT OF U.S. PATENT NO. 7.445.887

78.  Plaintiff restates and realleges the foregoing allegations as if fully stated herein.

79.  Defendants’ Gator Bioanalysis System line of devices, including, but not limited
to, the representative GatorPrime device, infringes at least independent claim 1 of the 887 Patent,
which recites:

1. A method for assaying enzyme activity, comprising:

providing an optical element coupled to a light source via
a mechanical coupling that engages the optical element 65
with an optical fiber and provides an air gap between the
optical element and the fiber, the optical element includ-
ing (a) a proximal reflecting surface and a distal reflect-
ing surface separated by at least 50 nm, and (b) a layer of
enzyme substrate molecules positioned so that interfer-
ence between a reflected beam from the proximal
reflecting surface and a reflected beam from the distal
reflecting surface varies as an enzyme reacts with the
substrate, and wherein the reflected beams are coupled
into the optical fiber;

exposing the optical element to an enzyme; and

L

10 detecting a change in the interference between the reflected
beams, wherein the change is indicative of enzyme
activity.
80.  Upon information and belief, the GatorPrime practices a method for assaying

enzyme activity.'?
81.  Upon information and belief, the GatorPrime practices an optical element coupled
to a light source via a mechanical coupling that engages the optical element with an optical fiber

and provides an air gap between the optical element and the fiber.

12 The Gator Bio website provides for small molecules, antibody, and protein (SMAP) Probes.
Gator Bio, Gator Bio Small Molecule Sensitivity: The Power of Next Generation BLI,
https://www.gatorbio.com/application/files/7716/3337/0223/SMAP.pdf (“This biosensor is
sensitive enough to capture small molecules (down to 150 Da), but can also be used for
biomolecules and antibodies when sensitivity is a must.”) (last visited Mar. 4, 2022).
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82.  Upon information and belief, the GatorPrime practices an optical element that
includes a proximal reflecting surface and a distal reflecting surface separated by at least 50 nm,

as shown in Figure 5:

Incident light

-

Intensity

Optical element

Reflection Proximal reflecting surface
beams

I'ransparent material

back

(Figure 5).

83.  Upon information and belief, the GatorPrime has a layer of enzyme substrate
molecules positioned so that interference between a reflected beam from the proximal reflecting
surface and a reflected beam from the distal reflecting surface varies as an enzyme reacts with the

substrate.!?

13 The Gator Bio website provides for small molecules, antibody, and protein (SMAP) Probes.
Gator Bio, Gator Bio Small Molecule Sensitivity: The Power of Next Generation BLI,
https://www.gatorbio.com/application/files/7716/3337/0223/SMAP.pdf (“This biosensor is
sensitive enough to capture small molecules (down to 150 Da), but can also be used for
biomolecules and antibodies when sensitivity is a must.”) (last visited Mar. 4, 2022); Gator Bio,
Technology, https://www.gatorbio.com/technology (“Biolayer interferometry compares the
interference pattern of white light reflected from an internal reference layer within a layer of
immobilized biomolecules on the surface chemistry of the biosensor. Shifts in interference due to
the accumulation of biomolecules are monitored in real-time to sensitively analyze and calculate
rates of association and dissociation among target proteins with high precision.”) (last visited
Mar. 4, 2022).
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84.  Upon information and belief, the GatorPrime reflected beams are coupled into the
optical fiber, as shown in Figure 5 above.
85.  Upon information and belief, the GatorPrime method includes exposing the optical

element to an enzyme, as shown in Figure 6 below:

Incident light

Proximal reflecting surface
Refiection =

beams

Distal reflecting surface

Layer of enzyme substrate molecules

Enzyme

solution where you have analyte of your
interest

10°59 7 5413 + Indrani Chakraborty Introduction >

(Figure 6).

86.  Upon information and belief, the GatorPrime method includes detecting a change
in the interference between the reflected beams, wherein the change is indicative of enzyme
activity.

87.  Defendants have been and are directly infringing, literally and/or under the
doctrine of equivalents, one or more claims of the *887 Patent in violation of 35 U.S.C. § 271(a),
by making, using, importing, selling, and/or offering for sale in or into the United States the Gator
Bioanalysis System line of devices.

88.  Additionally, Defendants have induced and continue to induce others to directly
infringe one or more claims of the 887 Patent under 35 U.S.C. § 271(b) by, among other things,
and with specific intent or willful blindness, actively aiding and abetting others to directly

infringe, including but not limited to Defendants’ partners, clients, customers, and end users,
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whose use of the Gator Bioanalysis System line of devices constitutes direct infringement of at
least one claim of the *887 Patent.

89.  Defendants have contributed and continue to contribute to the direct infringement
of one or more claims of the 887 Patent under 35 U.S.C. § 271(c) by providing the Gator
Biosensor Probes, non-staple articles whose only substantial use infringes the *887 Patent, and
thus contributing to the direct infringement of the *887 Patent of others, including but not limited
to Defendants’ partners, clients, customers, and end users, whose use of the Gator Bioanalysis
System line of devices constitutes direct infringement of at least one claim of the 887 Patent.

90.  Defendants have infringed one or more claims of the *887 Patent under 35 U.S.C.
§ 271(f) by supplying in or from the United States the Gator Biosensor Probes which are
especially made for use in the Gator Bioanalysis System line of devices and are non-staple
articles whose only substantial use infringes the *887 Patent.

91.  Defendants have never been licensed, either expressly or impliedly, under the *887
Patent.

92.  Plaintiff has been, and continues to be, damaged and irreparably harmed by

Defendants’ infringement, which will continue unless this Court enjoins these infringements.

93.  Plaintiff, under 35 U.S.C. § 284, is entitled to damages adequate to compensate for

Defendants’ infringements, including lost profits and/or a reasonable royalty.
94, Defendants’ infringement of the *887 Patent has been, and continues to be,
deliberate, willful, and knowing, thus entitling Plaintiff to treble damages under 35 U.S.C. § 284.
95. This is an exceptional case under 35 U.S.C. § 285, thus entitling Plaintiff to

recover its reasonable attorney fees from Defendants.
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THIRD CAUSE OF ACTION

INFRINGEMENT OF U.S. PATENT NO. 7,728,982

96.  Plaintiff restates and realleges the foregoing allegations as if fully stated herein.
97.  Defendants’ Gator Bioanalysis System line of devices, including, but not limited
to, the representative GatorPrime device, infringe at least independent claim 1 of the *982 Patent,

which recites:

1. An optical assembly for use in detecting an analyie in a
sample based on interference, comprising;

an optical fiber having a tip; and 2

an optical element removably attached to the tip of the
optical fiber and configured for receiving a beam of light
from the optical fiber, the optical element comprising
flexible gripping arms that slide over and grip the optical
fiber to removably attach to optical element to the optical 30
fiber,

said optical element comprising a transparent maierial, a
first reflecting surface, and a second reflecting surface
separated from the first reflecting surface by the trans-
parent material, said first and second reflecting surfaces 33
separated by at least 50 nm,

wherein said first reflecting surface binds a layer of analyte
binding molecules positioned so that interference
between a beam of light reflected from the first rellecting
surface into the optical fiber and a beam of light reflected 40
from the second reflecting surface into the optical fiber
varies as analyte hinds to the layer of analyte binding
molecules.

L

98.  Upon information and belief, the GatorPrime has an optical assembly for use in
detecting an analyte in a sample based on interference.'*
99.  Upon information and belief, the GatorPrime has an optical fiber that has a tip,'> as

shown in Figure 1 above.

14 Gator Bio, Technology, https://www.gatorbio.com/technology (“Biolayer interferometry
compares the interference pattern of white light reflected from an internal reference layer within a
layer of immobilized biomolecules on the surface chemistry of the biosensor. Shifts in
interference due to the accumulation of biomolecules are monitored in real-time to sensitively
analyze and calculate rates of association and dissociation among target proteins with high
Precision.”) (last visited Mar. 4, 2022).

5> UF ICBR, Seminar and Demonstration with Gator Bio BLIL, YouTube (Oct. 21, 2021),
https://www.youtube.com/watch?v=Myc2YUHkIMQ (at 26:29 “The optical fibers are shining
through the probes.”).
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100.  Upon information and belief, the GatorPrime has an optical element removably
attached to the tip of the optical fiber. Upon further information and belief, the optical element is
configured for receiving a beam of light from the optical fiber, as shown in Figure 7 below:

Incident light |
Beam of light from
L1
-
Robﬂﬁc(l?n Sccond reflecting surface
First reflecting surface
animation that how it works is when the
light
(Figure 7).

101.  Upon information and belief, the GatorPrime has a clamp that holds the optical
element in place near the tip of the optical fiber.

102.  Upon information and belief, the GatorPrime optical element comprises a
transparent material, located at the distal end of the optical element, as shown in Figure 7 above.

103.  Upon information and belief, the GatorPrime optical element has a first reflecting
surface and second reflecting surface,'® separated from the first reflecting surface by the
transparent material, as shown in Figure 7 above.

104.  Upon information and belief, the GatorPrime has first and second reflecting
surfaces that are separated by at least 50 nm.

16 Gator Bio, Strategies for Accurate, Easy and Fast Quantitation of AAV Serotypes, YouTube
(Oct. 25, 2021), https://www.youtube.com/watch?v=y-MbZPotvyo (at 10:27 “When the light is
incidented, it will be reflected back from these two surfaces.”).
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105.  Upon information and belief, the GatorPrime has a first reflecting surface that
binds a layer of analyte binding molecules positioned so that interference between a beam of light
reflected from the first reflecting surface into the optical fiber and a beam of light reflected from
the second reflecting surface into the optical fiber varies as analyte binds to the layer of analyte
binding molecules.!”

106. Defendants have been and are directly infringing, literally and/or under the
doctrine of equivalents, one or more claims of the *982 Patent in violation of 35 U.S.C. § 271(a),
by making, using, importing, selling, and/or offering for sale in or into the United States the Gator
Bioanalysis System line of devices.

107.  Additionally, Defendants have induced and continue to induce others to directly
infringe one or more claims of the 982 Patent under 35 U.S.C. § 271(b) by, among other things,
and with specific intent or willful blindness, actively aiding and abetting others to directly
infringe, including but not limited to Defendants’ partners, clients, customers, and end users,
whose use of the Gator Bioanalysis System line of devices constitutes direct infringement of at
least one claim of the *982 patent.

108. Defendants have contributed and continue to contribute to the direct infringement
of one or more claims of the 982 Patent under 35 U.S.C. § 271(c) by providing the Gator
Biosensor Probes, non-staple articles whose only substantial use infringes the *982 Patent, and
thus contributing to the direct infringement of the *982 Patent of others, including but not limited
to Defendants’ partners, clients, customers, and end users, whose use of the Gator Bioanalysis
System line of devices constitutes direct infringement of at least one claim of the *982 Patent.

109. Defendants have infringed one or more claims of the *982 Patent under 35 U.S.C.

§ 271(f) by supplying in or from the United States the Gator Biosensor Probes which are

I7 Gator Bio, Technology, https://www.gatorbio.com/technology (“Biolayer interferometry
compares the interference pattern of white light reflected from an internal reference layer within a
layer of immobilized biomolecules on the surface chemistry of the biosensor. Shifts in
interference due to the accumulation of biomolecules are monitored in real-time to sensitively
analyze and calculate rates of association and dissociation among target proteins with high
precision.”) (last visited Mar. 4, 2022).
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especially made for use in the Gator Bioanalysis System line of devices and are non-staple
articles whose only substantial use infringes the *982 Patent.

110. Defendants have never been licensed, either expressly or impliedly, under the *982
Patent.

111.  Plaintiff has complied with the requirements of 35 U.S.C. § 287 by providing
actual or constructive notice to Defendants of their infringement.

112.  Plaintiff has been, and continues to be, damaged and irreparably harmed by
Defendants’ infringements, which will continue unless this Court enjoins these infringements.

113.  Plaintiff, under 35 U.S.C. § 284, is entitled to damages adequate to compensate for
Defendants’ infringement, including lost profits and/or a reasonable royalty.

114. Defendants’ infringement of the 982 Patent has been, and continues to be,
deliberate, willful, and knowing, thus entitling Plaintiff to treble damages under 35 U.S.C. § 284.

115. This is an exceptional case under 35 U.S.C. § 285, thus entitling Plaintiff to
recover its reasonable attorney fees from Defendant.

FOURTH CAUSE OF ACTION
INFRINGEMENT OF U.S. PATENT NO. 8,305,585
116. Plaintiff restates and realleges the foregoing allegations as if fully stated herein.
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117.  Defendants’ Gator Bioanalysis System line of devices, including, but not limited
to, the representative GatorPrime device, infringes at least independent claim 1 of the *585 Patent,
which recites:

1. An optical assembly for use in detecting an analyte in a
sample based on interference, comprising:

an optical fiber having a tip; and

an optical element removably attached to the tip of the
optical fiber and configured for receiving a heam of light
from the optical fiber,

said optical element comprising a transparent material, a
first reflecting surface, and a second reflecting surface
separated from the first reflecting surface by the trans-
parent material, said first and second reflecting surfaces
separated by at least 50 nm,

wherein said first reflecting surface binds a layer of analyte
binding molecules positioned so that interference
between a beam of light reflected from the first reflecting
surface into the optical fiber and a beam of light reflected
from the second reflecting surface into the optical fiber
varies as analyte binds to the layer of analyte binding
molecules.

30

118.  Upon information and belief, the GatorPrime device is an optical assembly for use
in detecting an analyte in a sample based on interference.'®

119.  Upon information and belief, the GatorPrime has an optical fiber that has a tip,'” as
shown in Figure 1 above.

120.  Upon information and belief, the GatorPrime has an optical element removably
attached to the tip of the optical fiber. The optical element is configured for receiving a beam of

light from the optical fiber, as shown in Figure 7 above.

1% Gator Bio, Technology, https://www.gatorbio.com/technology (“Biolayer interferometry (BLI)
is a label free biomolecular detection method created by Gator Bio co-founder, Hong Tan. In
biolayer interferometry, biomolecular interactions are detected by measuring the interference
pattern of white light reflected from the surface of a biosensor.”) (last visited Mar. 4, 2022); Gator
Bio, Strategies for Accurate, Easy and Fast Quantitation of AAV Serotypes, YouTube (Oct. 25,
2021), https://www.youtube.com/watch?v=y-MbZPotvyo (at 8:28 “Bio layer interferometry or
BLI is part of the label free systems that has many other biophysical techniques where label free
meaning you do not have any dye or fluorophore or any kind of special tags that you need to
conjugate to your molecule of interest in order to see binding by using a fluorescence or
chemiluminescence or anything all you do in this um technique is we are using uh white light and
that’s all.”).

19 UF ICBR, Seminar and Demonstration with Gator Bio BLI, YouTube (Oct. 21, 2021),
https://www.youtube.com/watch?v=Myc2YUHkIMQ (at 26:29 “The optical fibers are shining
through the probes.”).
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121.  Upon information and belief, the GatorPrime has an optical element that comprises
a transparent material.

122.  Upon information and belief, the GatorPrime optical element has a first reflecting
surface and a second reflecting surface,?” separated from the first reflecting surface by the
transparent material, as shown in Figure 7 above.

123.  Upon information and belief, the GatorPrime has first and second reflecting
surfaces that are separated by at least 50 nm.

124.  Upon information and belief, the GatorPrime has a first reflecting surface that
binds a layer of analyte binding molecules. Upon further information and belief, the analyte
binding molecules are located on the distal end of the first reflecting surface, as shown in Figure 4
above.

125.  Upon information and belief, the GatorPrime has an interference between light
reflected into the fiber from said first and second reflecting surfaces that varies as analyte in the
sample binds to the analyte binding molecules.?!

126. Defendants have been and are directly infringing, literally and/or under the
doctrine of equivalents, one or more claims of the ’585 Patent in violation of 35 U.S.C. § 271(a),
by making, using, importing, selling, and/or offering for sale in or into the United States the Gator
Bioanalysis System line of devices.

127.  Additionally, Defendants have induced and continue to induce others to directly
infringe one or more claims of the 585 Patent under 35 U.S.C. § 271(b) by, among other things,
and with specific intent or willful blindness, actively aiding and abetting others to directly

infringe, including but not limited to Defendants’ partners, clients, customers, and end users,

20 Gator Bio, Strategies for Accurate, Easy and Fast Quantitation of AAV Serotypes, YouTube
(Oct. 25, 2021), https://www.youtube.com/watch?v=y-MbZPotvyo (at 10:27 “When the light is
incidented, it will be reflected back from these two surfaces.”).

21 Gator Bio, Technology, https://www.gatorbio.com/technology (“Biolayer interferometry
compares the interference pattern of white light reflected from an internal reference layer within a
layer of immobilized biomolecules on the surface chemistry of the biosensor. Shifts in
interference due to the accumulation of biomolecules are monitored in real-time to sensitively
analyze and calculate rates of association and dissociation among target proteins with high
precision.”) (last visited Mar. 4, 2022).
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whose use of the Gator Bioanalysis System line of devices constitutes direct infringement of at
least one claim of the 585 Patent.

128.  Defendants have contributed and continue to contribute to the direct infringement
of one or more claims of the *585 Patent under 35 U.S.C. § 271(c) by providing the Gator
Biosensor Probes, non-staple articles whose only substantial use infringes the *585 Patent, and
thus contributing to the direct infringement of the 585 Patent of others, including but not limited
to Defendants’ partners, clients, customers, and end users, whose use of the Gator Bioanalysis
System line of devices constitutes direct infringement of at least one claim of the 585 Patent.

129.  Defendants have infringed one or more claims of the *585 Patent under 35 U.S.C.
§ 271(f) by supplying in or from the United States the Gator Biosensor Probes which are
especially made for use in the Gator Bioanalysis System line of devices and are a non-staple

articles whose only substantial use infringes the *585 Patent.

130. Defendants have never been licensed, either expressly or impliedly, under the *585

Patent.

131.  Plaintiff has complied with the requirements of 35 U.S.C. § 287 by providing
actual or constructive notice to Defendants of their infringement.

132.  Plaintiff has been, and continues to be, damaged and irreparably harmed by

Defendants’ infringement, which will continue unless this Court enjoins these infringements.

133.  Plaintiff, under 35 U.S.C. § 284, is entitled to damages adequate to compensate for

Defendants’ infringements, including lost profits and/or a reasonable royalty.
134. Defendants’ infringement of the *585 Patent has been, and continues to be,
deliberate, willful, and knowing, thus entitling Plaintiff to treble damages under 35 U.S.C. § 284.
135.  This is an exceptional case under 35 U.S.C. § 285, thus entitling Plaintiff to
recover its reasonable attorney fees from Defendants.

PRAYER FOR RELIEF

Sartorius hereby requests the following relief from the Court:
(a) That judgment be entered for Plaintiff and against Defendants on this Complaint

on all claims asserted herein;
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(b) That the Court award Sartorius such damages as may be proven at trial, in
accordance with each of the claims asserted in this Complaint;

() That the Court find Defendants’ infringement of the Asserted Patents to be willful,
and that this case be deemed exceptional under 35 U.S.C. § 285, that Plaintiff’s damages be
trebled, and that Plaintiff be awarded attorney fees and nontaxable costs and expenses;

(d) That the Court award Plaintiff pre-judgment and post-judgment interest;

(e) That the Court immediately enjoin and restrain, preliminarily and permanently,
Defendants, their subsidiaries, affiliates, agents, officers, servants, employees, attorneys,
successors, and assigns and all other persons in active concert or participation with Defendants,
from manufacturing, distributing, selling or offering to sell, in the United States or importing into
the United States products infringing the claims of the Asserted Patents;

® That the Court award Plaintiff its taxable costs incurred in this action;

(d) That the Court award Plaintiff such further relief as the Court deems just and
proper.

Dated: March 4, 2022 By: _ /s/Stuart G. Gross

STUART G. GROSS (#251019)
TRAVIS H. A. SMITH (#331305)
GROSS & KLEIN LLP

The Embarcadero

Pier 9, Suite 100

San Francisco, CA 94111
Telephone: (415) 671-4628
Facsimile: (415) 480-6688
sgross@grosskleinlaw.com
tsmith@grosskleinlaw.com

JONATHAN A. HERSTOFF

(pro hac vice forthcoming)
CAMILLE Y. TURNER

(pro hac vice forthcoming)
AUDREY R. SPARSCHU
(pro hac vice forthcoming)
HAUG PARTNERS LLP
745 Fifth Avenue

New York, New York 10151
Tel: (212) 588-0800

Fax: (212) 588-0500

Attorneys for Plaintiff
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DEMAND FOR A JURY TRIAL

Sartorius, under Rule 38 of the Federal Rules of Civil Procedure, requests a trial by jury

on all issues so triable.
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Dated: March 4, 2022

/s/ Stuart G. Gross

STUART G. GROSS (#251019)
TRAVIS H. A. SMITH (#331305)
GROSS & KLEIN LLP

The Embarcadero

Pier 9, Suite 100

San Francisco, CA 94111
Telephone: (415) 671-4628
Facsimile: (415) 480-6688
sgross@grosskleinlaw.com
tsmith@grosskleinlaw.com

JONATHAN A. HERSTOFF

(pro hac vice forthcoming)
CAMILLE Y. TURNER

(pro hac vice forthcoming)
AUDREY R. SPARSCHU
(pro hac vice forthcoming)
HAUG PARTNERS LLP
745 Fifth Avenue

New York, New York 10151
Tel: (212) 588-0800

Fax: (212) 588-0500

Attorneys for Plaintiff

COMPLAINT

27




Case 5:22-cv-01417-EJD Document 1 Filed 03/04/22 Page 29 of 107

EXHIBIT A



Case 5:22-cv-01417-EJD D Filed 03/04/22 Page 30 of 107

U B189137

TO) ALL T@ WHOM(THESE: PRESENTS) SHALL, COMI
UNITED STATES DEPARTMENT OF COMMERCE
United States Patent and Trademark Office

December 13, 2021

THIS IS TO CERTIFY THAT ANNEXED HERETO IS A TRUE COPY FROM
THE RECORDS OF THIS OFFICE OF:

U.S. PATENT: 7,394,547
ISSUE DATE: July 01, 2008

i
0 T T 0 9 R T N T 9 B R
o e ——

il it snh]
o Vi

By Authority of the

Under Secretary of Commerce for Intellectual Property
and Director of the United States Patentfnid Trademark Office

R 95 0.0 o O 3 5 .0 T R M B 0 8 B B 0 (3 S O /08 - 0 (9 W O

e T T s T e e T e e e e T R e
i
o




Case 5:22-cv-01417-EJD Docume

nt 1 Filed 03/04/22 Page 31 of 107

US007394547B2

US 7,394,547 B2

az United States Patent (10) Patent No.:
Tan et al. t45) Date of Patent: *Jul. 1, 2008
b
(54) FIBER-OPTIC ASSAY APPARATUS BASED ON 5422970 A 6/1995 Miller et al.
PHASE-SHIFT INTERFEROMETRY 5425039 A 6/1995 Hsu et al.
5,452,087 A 9/1995 Taylor et al.
(75) Inventors: Hong Tan, San Jose, CA (US); Duan < 528367 A /1996 Pist/n(:;ct o
Jun Chen, East Brunswick, NJ (US); o ) ‘
Yushan Tan, Shanghai (CN); Krista 3,594,819 A 1/1997 Narendran et al.
Leah Witte, Hayward, CA (US) 5,600,170 A 2/1997 Saaski et al.
5,647,038 A 7/1997 Minden et al.
(73) Assignee: ForteBio, Inc,, Menlo Park, CA (US) 5,682,237 A 10/1997 Belk
U
(¥) Notice:  Subject to any disclaimer, the term of this 5,700,193 A 1271997 Vogel et al.
patent is extended or adjusted under 35
U.8.C. 154(b) by 197 days.
This patent is subject to a terminal dis- (Contined)
claimer. OTHER PUBLICATIONS
(21}  Appl. No.: 10/981,901 Boiarski, A. et al,, “Integrated-Optic Biosensor”, SPIE, Fiber Optic
Sensors in Medical Diagnostics, vol. 1886, 1993, pp. 15-26.
(22) Filed: Nov. 4, 2004
{Continued)
(65) Prior Publication Data }
Primary Examiner—Samuel A Turner
US 2005/0254062 Al Nov. 17, 2005 {74) Attorney, Agent, or Firm—Fenwick & West LLP
Related U.S. Application Data (57 ABSTRACT
(60) Provisional application No, 60/558,381, filed on Mar.
31, 2004, provisional application No. 60/518,068,
filed on Nov. 6, 2003, Apparatus and method for detecting the presence or amount
or rate of binding of an analyte in a sample selution is dis-
(51) Int.CL closed. The apparatus includes an optical assembly having
GO1B 902 (2006.01) first and second reflecting surfaces separated by a distance
(52) USCl oovveeevinesssisnssso s s 356/480 0" greater than 50 nm, where the first surface is formed by a
(58) Field of Classification Search ................ 356/480,  layer of analyte-binding molecules, and a light source for
356/519 directing a beam of light onto said first and second reflecting
See application file for complete search history. surface. A detector in the apparatus operates to detect a
change in the thickness of the first reflecting layer resulting
(56) References Cited from binding of analyte to the analyte-binding molecules,

U.S. PATENT DOCUMENTS

when the assembly is placed in the solution of analyte, by
detecting a shift in phase of light waves reflected from the first
and second surfaces.

4,830,451 A 5/1989 Stone
5301001 A 4/1994 Murphy et al.
5,359,405 A 10/1994 Andrews 23 Claims, 6 Drawing Sheets
L L
F Y
=
1’52
56
54
58
54 .l
~
64 66
60 “— 50

62 /%(1

Copy provided by USPTO from the PIRS Image Database on 12-09-2021




Case 5:22-cv-01417-EJD Document 1 Filed 03/04/22 Page 32 of 107

US 7,394,547 B2
Page 2

U.S8. PATENT DOCUMENTS

5,732,169 A 3/1998 Riantetal.
5,804,453 A 9/1998 Chen
5,860,835 A 2/1999 Udd

H1813 H £1/1999 Kersey
5,082,959 A £1/1999 Hopenfeld
6,055,080 A 4/2000 Furstenau et al.
6,078,706 A 6/2000 Nau et al.
6,139,797 A 10/2000 Suzuki ef al.
6,241,397 Bl 6/2001 Bao etal.
6,244,214 B1 6/2001 Hebrank
6,248,539 B1 6/2001 Ghadiri et al.
6,254,830 Bl 7/2001 Pivarnik et al.
6,275,628 Bl 8/2001 Jones et al.
6,277,651 Bl 8/2001 Grogeretal.
6,281,976 Bl 8/2001 Taylor et al.
6,445,838 Bl 9/2002 Caracci et al.
6,496,618 Bl  12/2002 Femando et al.
6,339,136 Bl 3/2003 Dianov et al.
6,571,639 Bl 6/2003 May et al.
6,560,065 B2 72003 Painchand et al.
6,611,334 Bi 8/2003 Fernando et al.
6,661,520 BL  12/2003 Linetal
6,671,055 Bl 12/2003 Wavering et al.
6,687,011 Bl 2/2004 Leeetal
6,720,177 B2 4/2004 Ghadiri et al.
0,744,930 B2 6/2004 Lampert et al.
7,158,225 B2 1/2007 Tedesco et al.

2001/0048072 Al
2003/0112443 Al
2004/0022475 Al
2004/0186359 Al

12/2001 Painchaud et al.
6/2003 Hjelme et al.
2/2004 Pennington
9/2004 Beaudoin et al.

OTHER PUBLICATIONS

Breckt, A. ef al., “Direct Monitoring of Antigen-Antibody Interac-
tions by Spectral Interferometry”, Sensors and Acluators, vol. B5,
1992, pp. 96-100.

Brecht, A. et al., “Interferometric Imununoassay in a FIA-System: a
Sensitive and Rapid Approach in Label-free Imimmnosensing”,
Biosensors & Bioelectronics, vol. 8, 1993, pp. 387-392.

Brecht, A. et al., “Theoretical and Experimental Detectivity of the
RIFS—transducer in Affinity-sensing™, Biosensors 94, The Third
World Congress on Biosensors: Abstracts, Oral Session, Jun, 2, 1994,
P 68.

Cao, L. et al., “Detection of Yersinia Pestis Fraction | Antigen With
a Fiber Optic Biosensor”, Journat of Clinical Microbiology, vot. 33,
No. 2, Feb. 1994, pp. 336-341.

Christensen, D. et al., “Analysis of Excitation and Collection Geom-
etries for Plannar Waveguide Imimunosensors,” SPIE vol, [886, Fiber
Optic Seasors in Medical Diagnostics, 1993, pp. 2-8.

Davies, R. et al., “An Optical Biosensor System for Molecular Inter-
action Studies”, American Biofechnology Laboratory, Jul. 1993,
Fabricius, N. et al., “A Gas Sensor Based on an Integrated Optical
Mach-Zehnder Interferometer”, Sensors and Actyators, vol. B7,
1992, pp. 672-676.

Gauglitz, G. et al., “Observation of Spectral Interferences for the
Determination of Volure and Surface Effects of Thin Films”, Ana-
Lytical Biochemistry, vol. 341, 1991, pp. 279-283.

Hogg, D. et al,, “Development of a Fiber Fabry-Perot Strain Gauge”,
SPIE vol. 1588, Fiber Optic Strart Structures and Skins IV, 1991, pp.
300-307.

Jorgenson, R. et al. “A Novel Surface Plasmon Resenance Based
Fiber Optic Sensor Applied to Biochemical Sensing”, SPIE, vol.
1886, 1993, pp. 35-48.

Kimoshita, Y. et al., “Sensing of Herbicide Residues Using Surface
Plasmon Resonance Technique”, The Third World Congress on
Biosensors: Abstracts, 1994, p. 257.

Lukosz, W., et al, “Output grating Coulers on Planar Optical
Waveguides as Direct Immunosensors”, Biosensors & Bioelectron-
ics, vol. 6, 1991, pp. 227-232.

Lundsirom, 1., et al. “Immunosensors Based on Surface Plasmon
Resonance”, The Third World Congress on Biosensors: Abstracts,
1991, p. 91,

Ogert et al., “Detection of Clostridiiun Botaiinum Toxin A Using a
Fiber Optic-Based Biosensor”, Analytical Biochemistry, vol. 205,
1992, pp. 306-312.

Rudraraju, 8, etal., “Acoustic Wave Propagation in Composite Mate-
rials: an Experimental Study”, SPIE, vol. 2191, Jul. 1994, pp.
487,493,

Schneider, L. et al., “Herbicide Detection Using Reaction, Centers
Integrated Into Liposomes Binding to Grating Couplers”, The Third
World Congress on Biosensors: Abstracts, 1994, p. 271,
Tiefenthaler, K., “Curating Couplers as Label-free Biochemical
Waveguide Sensors”, Biosensors & Bioelecironics, vol. 8, No. 7-8,
PP XXXV-XXXVIL.

Weber, A. etal., “Fiber-optic Fluorimetry in Biosensors: Compazison
Between Evanescent Wave (Generation and Distal-face Generation of
Fluorescent Light”, Biosensors & Bioelectronics, vol. 7, 1992, pp.
193-197.

PCT International Search Repost and Written Opinion; PCT/USC4/
36830, Sep. 6, 2005, 9 pages.

Elster, J. L. et al, “Optical Fiber Extrinsic Fabry-Perot
Interferometric {(EFPI)-Based Biosensors,” Proceedings of the SPIE,
20600, pp. 105-112, vol, 3911,

Buropean Supplementary Search Report, EP 04800761, Mar. [9,
2007, 4 pages.

Gauglitz, G. et al,, “Recent Developments in Optical Transducers for
Chemical or Biochemical Applications,” Sensors and Actuators B,
Tan. 1997, pp. 1-7, vol. 3-39, Elsevier Science S.A., Lausanne, CH.
International Search Report and Written Opinion, PCT/US06/22964,
Tua. 1, 2007, 9 pages.

Ein, C-~1., et al., “A Novel in Vitro and in Situ hnmunoassay Biosensor
Based on Fiber Optic Fabry-Perot Interferometry,” Proceedings of
the SPIE, The International Society for Optical Engineering, 2004,
pp. 304-307, vol. 5502, No. 1.

Yang Y. et al., “Direct Monitoring of Antigen-Antibody Interactions
by Optical Fiber Bioprobe,” Proceedings of the SPIE, Jun. 8, 2003,
pp. 431436, vol. 5254, No. L.

Yang, Y. et al., “Study of Optical Fiber Biosensor Based on White-
Light Interferometry,” Journal of Xi’An Jiaotong University, Sep.
2003, pp. 914-916, 988, vol. 37, No. 9, Xian, CN,

Yang Y. et al., “Direct Monitoring of Antigen-Antibody Interactions
by Optical Fiber Bioprobe,” Proceedings of the SPIE, Dec. 2003, pp.
431-436.

Chinese Application No. 200480031823.5 Office Action, Jul. 20,
2007, 16 pages.

European Examination Report, EP 04800761.1, Nov. 23, 2007, 5
pages.

PCT International Search Report and Written Opinion, PCT/TFS06/
22964, Jun. 1, 2007, 9 pages.

Copy provided by USPTO from the PIRS Image Database on 12-09-2021




Case 5:22-cv-01417-EJD Document 1 Filed 03/04/22 Page 33 of 107

U.S. Patent Jul. 1, 2008 Sheet 1 of 6 US 7,394,547 B2
20
30

R ittt ittt ey Ll bl

I4 I
AA
o~
_/(‘32
40
_/‘38
26/

42
44

46
FIG. 2

Copy provided by USPTO from the PIRS Image Database on 12-09-2021




Case 5:22-cv-01417-EJD Document 1 Filed 03/04/22 Page 34 of 107

U.S. Patent Jul. 1, 2008 Sheet 2 of 6 US 7,394,547 B2
N=2 N:O —_—p
N=1
N=3
N=6
N=7
642 750 Wavelength (nm)
L L
Ad
S
- 52
56
54
RN 98
N
64 T 66
60T \ 50
62

FIG. 4

Copy provided by USPTO from the PIRS [mage Database on 12-09-2021




Case 5:22-cv-01417-EJD Document 1 Filed 03/04/22 Page 35 of 107

U.S. Patent Jul. 1, 2008 Sheet 3 of 6 US 7,394,547 B2

4

P 72

86
70

10 ot tanieist LitTeagasliedttal b EGEEH BIACESE 1RGSR IR AR E SLLLS T i FEmad T iRl T i -“FB- By re

1] RO I T O S TR TTRENTTITRAE T i

Donkey anti Rabbit

ebidded ihitan A3V LibidT 4T D15 CATER) ENASHES P BNy oIHTEIE RS S

i Errme ey mrpeasieEreasiamm pemye il 4R MRS T barpe

[
s Y . Biotin-Reactive Surface
Rabbit anti Streptavidin  { 12/19/03

2 pusee Grorfrome cpmsy ALTUHTERTITTE R, R TR TR BV D RIERTE AP TEC SRy L ETE I ILTE - RUASTIEE 1 GO R TR PIAE LUTERT I gt

Optical Thickness (nm)

g
O b v 11 Jrrarvm remm prrmmr freved by srme w sprmeh romeny wmers)s yper TIRAViTE P greer etees ¥ frmier @ At U{bved SRS MBITER REERY SPITPES gpeem

o i

Streptavidin :
] i .
0 1000 2000 3000 4000 5000 6000

Time (Sec)

FIG. _6

E

Copy provided by USPTO from the PIRS Image Database on 12-09-2021




Case 5:22-cv-01417-EJD Document 1 Filed 03/04/22

Page 36 of 107

US 7,394,547 B2

| — - Ab 1-150nM

—-— Ab1-430nM
=== Ab2-430nM

=== Ab2-150nM
meeme AD 1 - 250M

mammee AD 2 - 25nM

U.S. Patent Jul. 1, 2008 Sheet 4 of 6
2.0 : ¥
: |
1.5 P _ :
10 B AR SRR SOMOPRINN MO WS N
' ,/\ Off Curve (Rinse) __-+~"" |
Vd \‘\\r i 7 0On Curve (Goat-
e 0.5 a7 Anti-Rabbit Binding)
5 ./ On Curve (Goat-Anti-Rabbit Binding)
) e e e e R
:fﬁ Loaded with F{abb:t IgG : i ]
_05 ; L EL ik i N L etk § 3
i On and Off Measurement Demonstration |
s H
-1.0 i ‘
-1.5 § car
-2.0 : ' :
500 100 1500 2000 2500 3000 3500 4000
Time (sec)
Kinetics Measurement (On-Off)
2.5
2.0 ,/"h--_-\'-"'""‘" ——
— ‘/
E 15 S om T Tenee
4 / e
£ 10 £ <
B ! "
- a L
® 05 4] e T
-Cg)- t:.f:_.. - '*: Pl - T e s et -
0 ‘ﬁ,ﬁ W el
-0.5 , T
0 500 1000 1500
Time {Sec)

FIG._8

Copy provided by USPTO from the PIRS Image D

atabase on 12-09-2021




Case 5:22-cv-01417-EJD Document 1 Filed 03/04/22 Page 37 of 107

US 7,394,547 B2

Sheet 50f 6

Jul. 1, 2008

U.S. Patent

6 Ol

(oos) sui|

00ci 0001 008 009 00¥ 002 0

" ; ! ! '
1 1 1 r
" “ ! "
i ' _.A .,

..... I AU Uy gV
1 E [ 1
] 1 ] 1
t r 1 i
r ) 1
3 ) 1
A o A . \“sl..--!. u-l. ™ o _.“_1 e |
nnnnnnnnnnnnnnnnnnnnnnnnnn HrS.akd Tyl hn.hn.bou .-..qu geede It e nrcbnbnnn.....a-.ia.nq... a gt |1.....1|..¢fnf..¢-a....ﬁa.!.|- o7 ..vn..uw.qah.v-

(00SE MIN) BUIWe HId——
(0008 MIN) D3 -

o e

*

Sy g

B e Dadats e E R S

L

nnnnnnnnnnnnnnnnnnnnnnnnnn b mo

90

{wu) ssauxoiy ) [eondo

Copy provided by USPTO from the PIRS Image Database on 12-09-2021



Case 5:22-cv-01417-EJD Document 1 Filed 03/04/22 Page 38 of 107

U.S. Patent Jul. 1, 2008 Sheet 6 of 6 US 7,394,547 B2
0.07 " o . — 7 7 T
—-=— anti-biotin exposed to ; ; ;
0.06 - sucrose @ 2mg/mlL ok e il el 4o
s aniti-biotin exposed :' ! j -
0.05 - to biotin @ 200ug/mL S R S ol prmm T 1
—_ — = anti-biotin exposed to ; ! i i
=004 4- n.l bio :.n xposed to PBS I A AN — e
= --r====- anti-Lewis Y exposed | : 3 3
@ 0.03 - to biotin @ 200ug/mL I S AN S S S
: o~ o
5 002 4-------- ' N Rt o B
G P AN
= ] Ly b A S
= 0.01 _ - . T Vi
8 " s 1 '. Nderm 4 e
-g_ 0 .‘ y 4 . ;;' _'_--r‘.;_-'l"_-...f.:':.'if:.{ ..... ):\..__M
& L 'y N H i b
-0.01 f---r--e- *l"'-f::‘“ri“"."‘-\-\--:* ----- -7 R EEEE R SOkl
{ SN N L P E
002 +-—----- bomooes R S oos SRS A e .
T R A e
-0.04 — 4 i 4 — ‘: —
0 50 100 1580 200 250 300 350
Time (sec)

FiG._10

Copy provided by USPTO from the PIRS Tmage Database on 12-09-202 ]




Case 5:22-cv-01417-EJD Document 1 Filed 03/04/22 Page 39 of 107

US 7,394,547 B2

1

FIBER-OPTIC ASSAY APPARATUS BASED ON
PHASE-SHIFT INTERFEROMETRY

CROSS REFERENCE TO RELATED
APPLICATIONS

This application claims the benefit of U.S. Provisienal
Application No. 60/518,068, filed Nov. 6, 2003, and U.5.
Provistonal Application No. 60/558,381, filed Mar. 31, 2004
the entire disclosures of which are hereby incorporated by
reference in their entirety for all purposes.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH OR DEVELOPMENT

Not applicable.
BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to an apparatus and method
for detecting the presence, amount, or rate of binding of one
or more analytes in a sample, and in particular, to apparatus
and method based on fiber optic intesferometry.

2. Description of the Related Art

Diagnostic tests based on a binding event between mem-
bers of an analyte-anti-analyte binding pair are widely used in
medical, veterinary, agricultural and research applications.
Typically, such methods are employed to detect the presence
or amount or an analyte in a sample, and/or the rate of binding
ofthe analyteto the anti-analyte, Typical analyte-anti-analyte
pairs include complementary strands of nucleic acids, anti-
gen-antibody pairs, and receptor-receptor binding agent,
where the analyte can be either member of the pair, and the
anti-analyte molecule, the opposite member.

Diagnostics methods of this type often employ a solid
surlace having immaobilized anti-analyte molecules to which
sample analyte molecules will bind specifically and with high
affinity at a defined detection zone. In this type of assay,
known as a solid-phase assay, the solid surface is exposed to
the sample nnder conditions that promote analyte binding to
immobilized anti-analyte molectles. The binding event can
be detected directly, e.g., by a change inthe mass, reflectivity,
fhickness, color o other characteristic indicative of a binding
event. Where the analyte is pre-labeled, e.g., with a chro-
mophore, ar fluorescent or radiolabel, the binding event is
detectable by the presence and/or amount of detectable label
al the detection zone. Alternatively, the analyte can be lzbeled
after it is bound at the detection zone, e.g., with a secondary,
fluorescent-labeled anti-analyte antibody.

Co-owned U.S. Pat. No. 5,804,453, (the 453 patent) which
is incorporated herein by reference, discloses a fiber-optic
interferometer assay device designed to detect analyte bind-
ing fo a fiber-optic end surface. Analyte detection is based on
a change in the thickness at the end surface of the optical fibex
resulting from the binding ofanalyte molecules to the surface,
with greater amount of analyte producing a greater thickness-
related change in the interference signal. The change in inter-
ference signal js due to a phase shift between light reflected
from the end of the fiber and from the binding layer carried on
the fiber end, as illustrated particulatly in FIGS. 74 and 7b of
the *453 patent. The device is simple to operate and provides
a rapid assay method for analyte detection.

Ideally, an interferometer assay device will yield readily
ohservable changes in speciral peak and valley (extrema)
positions within the range of a conventional visible-light
spectrometer, that is, in the visible light range between about
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450-700 nm, such that relatively smail optical thickness
changes at the fiber end can be detected as significant changes
in the spectral positions of interference wavelength peaks and
valleys. One limitation which has been observed with the
device described in the *453 patent is the absence of readily
identified wavelength speciral extrema over this spectral
range.

The present invention is designed to evercorne this limita-
tion, preserving the advantages of speed and simplicity ofthe
eatlier-disclosed device, but significantly enhancing sensitiv-
ity and accuracy. The present invention also provides a more
convenient disposable-head format, as well as a multi-analyte
array format, e.g,, for gene-chip and protein-chip applica-
tions.

SUMMARY OF THE INVENTION

The invention includes, in one aspect, an apparatus for
detecting an analyte in a sample, including detecting the
presence of analyte, the amount of analyte or the rate of
association and/or dissociation of analyte to analyte-binding
molecules. The apparatus includes an optical element with a
proximal reflecting surface and a distal reflecting surface
separated by at least 50 nm. A beam of light from an opticat
fiber is directed to and reflected from the two reflecting sur-
faces. The reflected beams are coupled back into the optical
fiber and interfere. The optical element alse includes a layer
of analyte binding molecules that is pesitioned so that the
interference between the reflected heams varies as analyte
hinds to the layer of analyte binding molecules.

The change in interference can be caused by different
physical phenomenon. For example, analyte binding can
cause a change in the optical path length or in the physical
distance between the two reflecting surfaces. Alfernately,
analyte binding can cause a change in the index or in the
optical absorption of material located between the reflecting
surfaces. Anatyte binding can also cause the layer of analyte
binding molecules to swell, resulting in a change in the inter-
ference.

In one particular design, the distal reflecting surface
includes the layer of analyte binding molectles. As analyte
binds to the layer of analyte binding molecules, the optical
path length or the physical distance between the two reflect-
ing surfaces may increase, for example. In another aspect of
the invention, a transparent solid material is located between
the reflecting surfaces and, optionally, the proximal reflecting
surface includes a material with an index greater than that of
the transparent solid material. Alternately, an air gap may be
located between the reflecting surfaces. In yet another design,
the distal reflecting surface is positioned between the proxi-
mately reflecting surface and the layer of analyte hinding
molecules. For example, analyte binding may cause the layer
of analyte binding molecules to swell, moving the distal
reflecting surface closer to the proximal reflecting surface. In
yet another design, the layer of analyte binding molecules is
positioned between the two reflecting surfaces. Analyte bind-
ing may cause the layer to swell or to change its index, thus
changing the interference hetween the two reflected beams.

In another aspect, the apparatus includes an optical assem-
bly having first and second reflecting surfaces separated by a
distance “d” greater than 50 nm. The optical assembly is
composed of a transparent optical element that can have a
thickness defined between proximal and distal faces of the
element of at least 50 nm, preferably between 400-1,000 nm.
The first reflecting surface is carried on the distal face of
optical element, and is formed of a layer of analyte-binding
molecules. The second reflecting surface is formed by a coat-
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ing of transparent material having an index of refraction
greater than that of the optical element. This coating can be
formed of a Ta,Oy layer having a preferred fhickness of
between 5 and 50 nm. The optical element can be 8i0,, and
has a thickness of between about 100-5,000 nm, preferably
400-1,000 nr.

Alse included are a light source for directing a beam of
light onto the first and second reflecting surfaces, and a detec-
for unit that operates to detect a change in the optical thick-
ness of the first reflecting layer resulting from binding of
analyte to the analyte-binding molecules, when the assembly
is placed in the solution of analyte. The optical thickness
change at the first reflecting layer is related to a shift in a phase
characteristic of the interference wave formed by the two
light waves reflected from said first and second surfaces. This
phase characteristic can be a shift in the spectral position(s) of
one or more peaks and valleys of the interference wave, or by
a change in the period of a full cycle of the wave.

The light source can include an optical fiber having a distal
end adapted to be placed adjacent the second reflecting sur-
face in the assembly, and the apparatus further includes an
optical coupling for directing reflected light waves reflected
Trom the assembly to the detector.

In a first embodiment, the optical assembly is fixedly
mounted on the optical fiber, with the distal end of the optical
fiber in contact with the second reflecting surface. Ina second
embodiment, the optical assembly further includes a second
transparent optical element having an index of refraction less
than that of the second coating and a thickness greater than
about 100 nm, where the coating of high index of refraction
material is sandwiched between the two transparent optical
elements, In this latter embodiment, the assembly is remov-
ably attached to the distal end repion of the fiber with a
spacing of less than 100 nm or greater than 2 pm between the
distal end of the fiber and the confronting face of the second
transpareni optical element in the assembly.

For detecting multiple analytes, such as multiple nucleic
acid species, the layer of analyte-binding molecules can be
composed of an array of discrete analyte-binding regions,
such as single strands of nucleic acid. The regions are effec-
tive to bind different analytes. The optical fiber includes a
phurality of individual fibers, each aligned with one of the
regions, the detector includes a plurality of detection zones,
and the optical coupling functions to couple each of the plu-
rality of fibers with one of the zones.

The analyte-binding molecules in the assembly can be, for
example, (i) an anti-species antibody melecules, for use in
screening hybridoma libraries for the presence of secreted
antibody, (i1} antigen molecules, for use in detecting the pres-
ence of antibodies specific against that antigen; (iii) protein
molecules, for use in detecting the presence of a binding
partner for that protein; (iv) protein molecules, for use in
detecting the presence of multiple binding species capable of
forming a multi-protein compiex with the protein; or (v)
singfe stranded nucleic acid molecules, for detecting the pres-
ence of nucleic acid binding molecules.

The detector can be a specirometer for measuring reflected
light intensity over a selected range of wavelengths. Alterna-
tively, orin addition, the light source can include a plurality of
light-emitting diodes, each with a characteristic spectral fre-
quency, and the detector functions to record light intensity of
reflected light at each of the different LED frequencies. Instill
anothet embodiment, the light source includes a white-light
source and the detector is designed to record light intensity of
reflected light at each of a plurality of different wavelengths.

In another aspect, the invention inchides a method for
detecting the presence or amount of an analyte in a sample
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solution. The method involves reacting the sample solution
with a first reflecting surface formed by a layer of analyte-
binding molecules carried on the distal surface of a transpar-
ent optical element having a thickness of at least 50 nm,
thereby to increase the thickness ofthe first reflecting layer by
the binding of analyte to the analyte-binding melecules in the
layer. The change in thickness of the first reflecting layer is
measured by detecting a shift in a phase characteristic of the
interference wave formed by the two light waves reflected
from the first layer and from a second reflecting layer that is
formed on the opposite, proximal surface of the optical ele-
ment and which has an index of refraction greater than that of
the optical element.

The detecting step can include directing light from an
optical fiber onto the twe reflecting surfaces, and directing
reflected light from the two surfaces onto a detector through
an optical coupling. The detector can be a specirometer,
where the detecting inchides measuring a shift in the spectral
position of one or more of the interference extrema produced
by the two reflecting lightwaves.

Where the method is used for measuring the rate of asso-
ciation of analyte to the second layer, the reacting step can be
carried out until a near-maximum increase in thickness of the
firstreflecting layer is observed. Where the method is used for
measuring the rate of dissociation of analyte to the second
layer, the reacting steps can include immersing the second
layer in a dissociation buffer for a period of time until a
decrease in thickness of the first reflecting layer is observed.
Whete the method is used for measuring the amount of ana-
lyte present in the sample, the detecting is carried out over a
period sufficient to measure the thickness of the first reflect-
ing layer at a plurality of different time points.

Where the method i3 used measuring one or more of a
plurality of analytes in a sample, the first reflecting layer is
composed of an array of discrete analyte-binding regions, the
different regions being effective to bind different analytes,
and the detecting is effective fo detect a change in the thick-
ness of each of the regions resulting from binding of analyte
to the analyte-binding molecules.

These and other objects and features of the present inven-
tion will become more fully apparent when the following
detailed description of the invention is read in conjunction
with the accompanying drawings.

BRIEF DESCRIPTION OF THE SEVERAL
VIEWS OF THE DRAWING

These and other features, aspects, and advantages of the
present invention will become better understood with regard
to the following description, and accompanying drawings,
where:

FIG. 1 shows the basic system sefup for thebioprobe and s
apparatus;

FIG. 2 shows an optical assembly formed accordance to
one embodiment of the invention,

FIGS. 3A and 3B show a portion of an interference wave
over 7 peak and valley orders (3A), and over in a visible
portion of the spectrum (3B),

FIG. 4 shows an optical assembly constructed according to
ancther embodiment of the invention;

FIG. 5 shows a disposable multi-analyte optical assembly
having an analyte-binding array and consfructed according to
another embodiment of the invention;

FIG. 6 shows a sequential binding of three molecules;

FIG. 7 shows on and off curves generated from the asso-
ciation and dissociation of antibodies;
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FIG. 8 shows the curves of two antibodies binding to their
antigen at different concentrations;

FIG. 9 shows immobilization of bis amino PEG (MW
3300) specifically through an amide bond formation. The
PEG (MW 8000) is used as a negative coatrol fo monitor
non-spectfic binding of the PEG polymer; and

FIG. 10 shows a small molecule binding to a large mol-
ecule, negative controls and the base line measurement.

DETAILED DESCRIPTION OF THE INVENTION

Definitions

Terms used in the claims and specification are to be con-
strired in accordance with their usual meaning as understood
by one skilled in the art except and as defined as set forth
below. Numeric ranges recited in the claims and specification
are to be construed as including the limits bounding the
recited ranges.

The term “in vivo” refers to processes that occur in a living
organism,

An “analyte-binding” molecule refers to any molecule
capable of participating in a specific binding reaction with an
analyte molecule. Examples include but are not limited to,
e.g., antibody-antigen binding reactions, and nucleic acid
hybridization reactions.

A “specific binding reaction” refers to a binding reaction
that is saturable, usually reversible, and that can be competed
with an excess of cne of the reactants. Specific binding reac-
tions are characterized by complementarity of shape, charge,
and other binding determinants as between the participants in
the specific binding reaction.

An “antibody” refers to an immunoglobuliz molecule hav-
ing two heavy chains and two light chains prepared by any
method known in the art or later developed and includes
polyclonal antihodies such as those produced by inoculating
a mammal such as a goat, mouse, rabbit, ete. wifh an immu-
nogen, as well as monoclonal antibodies produced using the
well-known Kohler Milstein hybridoma fusion technique.
The term includes antibodies produced using genetic engi-
neering methods such as those emiploying, ¢.g., SCID mice
reconstifuted with human immunoglobulin genes, as well as
antibodies that have been humanized using art-known resur-
facing techniques.

An*antibedy fragment” refers to a fragment of an antibody
molecule produced by chemical cleavage or getietic engineer-
ing techniques, as well as to single chain variable fragments
(SCFvs) such as those produced using combinatorial genetic
libraries and phage display technologies. Antibedy fragments
used in accordance with the present invention usually retain
the ability to bind their cognate antigen and so include vari-
able sequences and antigen combining sites.

A “small molecule” refers to an organic compound having
a molecular weight less than about 500 daltons. Small mol-
ecules are useful starting materials for screening to identify
drug lead compounds that then can be optimized through
traditional medicinal chemistry, structure activity relation-
ship studies to create new drugs. Small molecule drug com-
pounds have the benefit of usually being orally bicavailable.
Examples of small molecules include compounds listed in the
following databases: MDL/ACD (hitp://www.mdli.com/),
MDL/MDDR (http://www.mdli.com/), SPECS (http://ww-
w.specsanet/), the China Natural Product Database (CNPD)
{(http://www.neotrident.com/), and the compound sample
database of the National Center for Drug Screening (hitp://
WWW.5CIeen.org,chf).

Abbreviations used in this application include the follow-
ing: “ss” refers to single-stranded; “SNP” refers to single
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nucleotide polymorphism; “PBS” refers to phosphate buff-
ered saline (0.01 M phosphate buffer, 0.0027 M potassium
chloride and 0.137 M sodiunt chloride, pt 7.4); “NHS” refers
to N-hydroxysuccinimide; “MW" refers to molecular weight;
“Sulfo-SMCC” refers to sulfosuccinimidyl 4-[N-maleimi-
domethyllcyclohexane-1-carboxylate.

It must be noted that, as used in the specification and the
appended claims, the singular forms “a,” “an” and “the”
include plural referents unless the context clearly dictates
otherwise.

Advantages and Utility

The advantages and utility of the invention are illustrated
by reference to the Figures and Examples as described in
greater detail below, These include the ability to monitor in
real time analyte binding reactions without the use of labels,
dimindshing cost and potential toxicity. A fiurther advantage
inchides the ability to practice the method using visible wave-
length light sources. Yet other advantages are provided by the
fiber optic nature of the detector tip that allows binding reac-
tions to be moenitored in very small sanple volumes, includ-
ing in “in vitro” spaces, and te bundle fibers to carry out
highly multiplexed analyses of binding reactions.

FIG. 1 shows, in schematic view, an interferometer appa-
ratus 20 constructed in accordance with the invention. In its
most basic elements, the apparatus includes a light source 22,
an optical assembly 26 that finctions as a sensing element or
detector tip and that will be detailed further with respect to
FIGS. 2, 4 and 5 below, and a detector unit 28 for detecting
interference signals produced by interfering light waves
reflected from the optical assembly 26.

Light from source 22 is directed onto the opticai assembly
26, and reflected back to the detector through an optical
coupling assembly indicated by dashed lines at 30. In a pre-
ferred embediment, the coupling assembly includes a first
optical wavegnide or fiber 32 extending from the light source
fo the optical assembly, a second optical waveguide or fiber
34 which carries reflected light from the optical assembly to
the detector, and an optical coupler 36 which optically
couples fibers 32, 34. Suitable optical fiber and coupling
components are detailed in the above-cited *453 patent. One
exemplary coupler is commercially available from many ven-
dors cluding Ocean Optics (Dunedin, Fla.).

Alternatively, the coupling assembling can include a lens
system constructed to focus a light beam onte the upper
surface of the optical assembly and to direct reflected inter-
fering light from the optical assembly to the detector. The
latter system would not require optical fibers, but would
impose relatively stringent requirements on the positioning of
the lens elements used for the optical coupling.

The light source in the apparatus can be a white light
source, such as a light emitting diode (LED) which produces
light over a broad spectrum, e.g., 400 nm or less to 700 nm or
greater, typically over a spectral range of at least 100 nm.
Alternatively, the light source can be a plurality of sources
each having a different characteristic wavelength, such as
LEDs designed for light emission. at different selected wave-
lengths in the visible light range. The same function can be
achieved by asingle light source, e.g., white light source, with
suitable filters for directing light with different selected wave-
lengths onto the optical assembly.

The detector is preferably a spectrometer, such as charge-
coupled device (CCDY), capable of recording the spectrum of
the reflected interfering light from the optical assembly.
Alternatively, where the light source operates to direct differ-
ent selected wavelengths onto the optical assembly, the detec-
tor can be a simple photodetector for recording light intensity
at each of the different irradiating wavelengths. In still
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another embediment, the detector can include a plurality of
filters which allows detection of light intensity, e.g,, from a
white-light source, at each of a plurality of selected wave-
lengths of the interference reflectance wave. Exemplary light
source and detector configurations are described in the above-
cited *453 patent, particularly with respect to FIGS. 8 and 10
of that patent, and # wifl be understood that these configura-
tions are suitable for use in the present invention,

FIG. 2 shows an optical assembly 26 constructed in accor-
dance with one embodiment of the invention, and an adjoin-
ing portion of the distal end region of an optical fiber 32 to
which the optical assembly is fixedly attached, As seen, the
assembly 26 includes a transparent optical element 38 having
first and second reflecting surfaces 42, 40 formed on its lower
(distal} and upper (proximal) end faces, respectively. Accord-

ing to an important featare of the invention, the thickness “d™

of the optical element between its distal and proximal sur-
faces, i.e., between the two reflecting surfaces, is at least 50
nm, and preferably at least 100 nm, An exemplary thicknessis
between about 100-5,000 nm, preferably 400-1,000 nm. The
first reflecting surface 42 is formed of a layer of analyte-
binding molecules, such as melecules 44, which are effective
to bind analyte molecules 46 specifically and with high affin-
ity. That is, the analyte and anti-analyte molecules are oppo-
site members of a binding pair of the type described above,
which can include, without limitations, antigen-antibody
pairs, complementary mueleic acids, and receptor-binding
agent pairs.

The index of refraction of the optical element is preferably
similar to that of the first reflecting surface, so that reflection
from the lower distal end of the end optical assembly cccurs
predominantly from the layer formed by the analyte-binding
molecules, rather than from the interface between the optical
element and the analyte-binding molecules. Similarly, as ana-
iyte molecules bind to the lower layer of the optical assembly,
light reflection form the lower end of the assembly occurs
predominantly from the layer formed by the analyte-binding
molecules and bound analyte, rather than from the interface
region, One exemplary material forming the optical element
is Si0,, e.g., a high-quality quality glass having an index of
refraction of about 1.4-1.5. The optical element can also be
formed of a transparent polymer, such as polystyrene or poly-
ethylene, having an index of refraction preferably in the 1.3-
1.8 range.

The second reflecting surface in the optical assembly
formed as a layer of transparent material having an index of
refraction that is substantially higher than that of the optical
element, such that this layer functions to reflect a portion of
the light directed onto the optical assembly. Preferably, the
second layer has a refractive index greater than 1.8. One
exemplary material for the second layer is Ta, Q5 with refrac-
tive index equal to 2.1. The layer is typically formed on the
optical element by a conventional vapor deposition coating or
layering process, to a layer thickness of less than 50 nm,
typically between 5 and 30 nmn.

The thickness of the first (analyte-binding) layer is
designed to optimize the overall sensitivity based on specific
hardware and optical components, Conventional immobiliza-
tion chemistries are used in chemically, e.g., covalently,
attaching a layer of analyte-binding molecules to the lower
surface of the optical element. For example, a variety of
bifunctional reagents containing a siloxane group for chemi-
cal attachment to SiQ,, and an hydroxyl, amine, carboxyl or
other reaction group for attachment of biclogical molecules,
such as proteins (e.g., antigens, antibodies), or nucleic acids.
It is afso well known to etch or otherwise treat glass a glass
surface to increase the density of hydfoxyl groups by which
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analyte-binding molecules can be bound. Where the optical
element is formed of a polymer, such as polystyrene, a variety
of methods are available for exposing available chemically-
active surface groups, such as amine, hiydroxyl, and carboxyl
groups.

The analyte-binding layer is preferably formed under con-
ditions in which the distal surface of the optical element is
densely coated, so that binding of analyte molecules to the
layer forces a change in the thickness of the layer, rather than
filling in the layer. The analyte-binding layer can be either a
monolayer or a multi-layer matrix.

The measurement of the presence, concentration, and/or
binding rate of analyte to the optical assembly is enabled by
the interference of reflected light beams from the two reflect-
ing surfaces in the optical assembly. Specifically, as analyte
molecules attach to or detach from the surface, the average
thickness of the first reflecting layer changes accordingly.
Because the thickiess of all other layers remains the same, the
interference wave formed by the light waves reflected from
the two surfaces is phase shifted in accordance with this
thickness change.

Assume that there are two reflected beams: The first beam
is reflected from the first surface, which is the distal end
interface between analyte-binding molecules and bound ana-
lyte and the swrounding medivm; and the second beam is
reflected from the second surface, which is the proximal
interface between the optical element (the first layer) and the
high-index of refraction layer (the second layer). The overall
wavelength-dependent intensity of the interference wave is:

27xA
I=h+L+24111 COS(T)

where 1 is the intensity, T, and I, are the intensity of two
interference beams, A is the optical path difference, and A is
the wavelength.

When (2mA/A}=Nm, the curve is at iis peak or valley if N is
aninteger0, 1,2, ....

The thickness of the first layer d=A/2Zn. Therefore,
A=4nd/N at peaks or valleys (exirema),

For the first several values of N, 12,0, 1, 2, . ..
assuming a d of 770 nm, the equation gives:

N=0: A= {peak)

N=1: h=4nd=4,496.80 nm (Valley)

N=2: A=2nd=2,248 .40 nm (Peak)

N=3: A=4ndf3=1,498.9 nm (Valley)

N=4; »=nd=1,124.20 nm (Peak)

N=5: 3=4nd/5=899.36 nm (Valley)

N=6: A=2nd/3=749.47 nm (Peak)

N=7: h=4nd/7=642 nm (Valley)

N=8: h=0d/2=362 nm (Peak)

N=0: A=4nd/9=499.64 nm (Valley)

N=10: A=4nd/10=449.6 nm (Peak)

As can be seen, and illustrated further in FIGS. 3A and 38,
at least three peaks/valleys (N=7-2) cccur in the visible spec-
tral range.

If the 7% order valley is used to calculate the change in
melecular layer thickness, when the molecular layer attached
to the first layer increases from 0 nm to 10 nm, the 7% order
valley will shift to 650.74 nmn. Therefore, the ratio between
the actual the phase shift of the 7% order valley and thickness
change equals (650.74-642.40)/10=0.834.

By contrast, ifthe initial spacing between the two reflecting
layers is made up entirely of the analyte-binding molecules
on the end of the fiber, assuming a thickness of this layer of 25

7, and
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nm, then the first oxder peak wiil occur at 146 nm, clearly out
of the range of the visible spectrum, so that the device will
anly see a portion of the region between the O-order valley
and the first order peak, but will not see any peaks, making a
shift in the spectral characteristics of the interference wave
difficult to measure accurately.

Not until the total thickness of the reflecting layer
approaches about 100 nm will the first-order peak appear in
the visible spectrum. Assuming a fotal thickness change of up
to 50 nm, the thickness of the optical element can then be as
small as 50 nm, but i3 preferably on the order of several
Lwndred nm, so that the phase shift or change in periodicity of
the interference wave can be measured readily by a shiftin the
spectral positions of higher-order peaks or valleys, eg.,
where N=3-10.

The ratic between the actual thickness and the measured
phase shift is considered as a key factor of measurement
sensitivity, it can be appreciated how one can adjust the
thickness of the optical element and its refractive index to
improve and optimize the seusitivity to accommodate the
electronics and optical designs.,

FIG. 4 shows an optical assembly 50 that is semovably
carried on the distal end of an optical fiber 52 in the assay
apparatus. The optical element includes a plurality of flexible
gripping arms, such as arms 54, that are designed to slide over
the end of the fiber and grip the fiber by engagement of an
annular rim or detente 56 on the fiber with complementary-
shaped recesses formed in the arms, as shown. This attach-
ment serves to position the optical assembly on the fiber to
provide an air gap 58 between the distal end of the fiber and
the confronting (upper) face of the assembly, of less than 100
nm or greater than 2 pm. With an air gap of greater than about
100 nm, but fess that 2 um, internal reflection from the upper
surface of the optical assembly can contribute significantly to
undesirable fringes that can adversely impact the detection
accuracy.

With continued reference to FIG. 4, the optical assembly
inciudes a first optical element 60 similar to optical element
38 described above, and having first and second reflective
layers 62, 64, respectively, corresponding to above-described
reflective layers 40, 42, respectively. The assembly further
includes a second optical element 66 whose thickness is pref-
erably greater than 100 nm, typically at least 200 nm, and
whose index of refraction is similar to that of first optical
element 60, Preferably, the two optical elements are con-
structed of the same glass or & polymeric material having an
index of refraction of between about 1.4 and 1.6. Layer 64,
which is formed of a high index of refraction material, and has
a thickness preferably less than about 30 nm, is sandwiched
between the 2 optical elements as shown,

In operation, the optical assembly is placed over the distal
fiber end and snapped into place on the fiber. The lower
surface ofthe assembly is then expesed to a sample of analyte,
under conditions that favor binding of sample analyte to the
analyte-binding molecules forming reflective layer 62. As
analyte molecules bind to this layer, the thickness of the layer
increases, increasing the distance “d” between reflective sur-
faces 62 and 64. This produces a shift in the extrema of the
interference wave produced by reflection from the two Jayers,
as described above with reference to FIGS. 3A and 3B. This
shift in extrema or wavelength, or wavelength period, in turn,
is used to determine the change in thickness at the lower
(distal-most) refiecting layer. Aller use, the optical assembly
can be removed and discarded, and replaced with fresh ele-
ment for a new assay, for assaying the same or a different
analyte.
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F1G. 5 illustrates an optical assembly and fiber bundle in an
embodiment of the invention designed for detecting ene or
more of a plurality of analytes, e.g., different-sequence
nucleic acid analytes, in a sample. A fiber bundle 72 is com-
posed of an aray, e.g., circular array, for individual optical
fibers, such as fibers 74. The optical assembly, indicated
generally at 70, is composed of the basic optical elements
described above with reference to FIG. 4, bul in an array
format. Specifically, a first optical element 80 in the element
provides at its lower distal surface, an array of analyte-reac-
tion regions, such as regions 84, each containing a layer of
analyte-binding molecules effective to bind to one of the
different analytes in the sample. Each region forms a fiest
reflective layer in the optical assembly. One preferred sensing
provides an array of different-sequence nucleic acids, e.g.,
cDNAs or oligonucleotides, designed to hybridize specifi-
cally with different-sequence nucleic acid analyte speciesina
sample. That is, the array surface forms a “gene chip™ for
detecting each of a plurality of different gene sequences.

Also included in the optical assembly are a secend optical
element 78 and a layer 79 of high index of refraction material
sandwiched between the two optical elements, and which
providesthe second reflecting surface in the optical assembly.
The assembly is carried on the fiber bundle 72 by engagement
between a pair of flexible support arm, such as arm 76 and an
annular rim ot detente 86 on the bundle. With the assembly
placed on the fiber bundle, the lower distal ends of the fibers
are spaced from the confronting surface of optical element 78
by an air gap 85 whose spacing is preferably less than 100 nm
or greater than 2 pm. Further, each of the fibers is aligned with
a corresponding assay region of the optical assembly, so that
each fiber is directing light on, and receiving reflected light
from, its aligned detection region. Similarly, the optical cou-
plerin the apparatus, which serves to couple multiple fibers to
the detector, preserves the alignment between the array
regions and cotresponding positions on an optical detector,
e.g., two-dimensional CCD. The materials and thickness
dimensions of the various optical-assembly components are
similar to those described above with respect to FIG. 4.

The apparatus described in tlis invention can be used more
specifically for the following applications:

() with an anti-species antibody carried on the tip, for
screening hybridoma expression lines for cell lines with
high antibody expression;

(i) with an antigen carried on the tip, to characterize high
affinity antibodies against that antigen;

(1ii) with a protein carried on the tip, for identifying and
characterizing binding partners (DNA, RNA, proteins,
carbohydrates, organic molecules) for that protein;

{iv} with a carbohydrate or glycosyl moiety carried on the
tip, for identifying and characterizing binding partners
(such as, ep., DNA, RNA, proteins, carbohydrates,
organic molecules) for that carbohydrate;

(v) with a protein thought to participate in a multi-protein
complex carried on the tip, for characterizing the bind-
ing components and/or kinetics of complex formation;

(vi) with a small protein-binding molecule carried on the
tip, for identifying and characterizing protein binders for
that molecule;

(vii) with an antibody carried on the tip, for constructing a
calibration curve for the analyte using a set of analytes
standards. Using this calibration curve, one can then
determine the concentration of the analyie in unknown
solutions (cell culture supernatants, biological samples,
process mixtures, efc).
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(vii1} with a single-stranded nucleic acid, e.g., ssDNA or
RNA carried on the tip, for identifying and molecules
that bind specifically to the nucleic acid.

Using a temperature control block, the apparatus and
method can also be used to monitor the binding and charac-
terize the binding of an immabilized ssDNA to an oligonucle-
otide in solution to perform SNP analysis,

The following examples illustrate various methods and
applications of the invention, but are in no way intended to
limit its scope.

HEXAMPLES

Below are examples of specific embodiments for carrying
out the present invention, The examples are offered for illus-
frative purposes only, and are not intended to limit the scope
of the present invention in any way. Efforts have been made to
ensure accuracy with respect to numbers used (e.g., amounts,
temperatures, etc.), but some experimental error and devia-
tion should, of course, be allowed for.

The practice of the presemt invention will employ, unless
otherwise indicated, conventional methods of protein chem-
istry, biochemistry, recombinant DNA techniques and phar-
macology, within the skill of the art. Such techniques are
explained firlly in the literature. See, e.g,, T.E. Creighton,
Proteins: Siructures and Molecular Properties (W. H. Free-
man and Company, 1993); A. L. Lehninger, Biochemistry
(Worth Publishers, Inc., current addition); Sambrock, ef al,,
Molecular Cloning: A Laboratory Manual (2nd Edition,
1989); Methods In Enzymology (S. Colowick and N. Kaplan
eds., Academic Press, Inc.); Remington’s Pharmaceutical
Sciences, 18th Bdition (Baston, Pa.: Mack Publishing Com-
pany, 1990); Carey and Sundberg Advanced Organic Chem-
istry 3 Ed. (Plenum Press) Vols A and B (1992).

Bxample 1
Small Molecule-protein Binding Reaction

This example demonstrates the capability fo detect the
binding of protein to small molecule immobilized on a sensor
tip and subsequent bindings of multiple antibodies. The two-
layer configuration on the tip of an optic {iber is used for this
test. The thickness of the first Ta, Oy layer is 25 nm and the
thickness of the second Si0, layer is 770 nm. The fiber was
purchased from Ocean Optics (Dunedin, Fla,), It was manu-
ally cut into segments that are 40 mm long, Both ends of these
segments were polished 1o standard mirror surface quality.
The polishing method used here was exactly the same as those
for optical lenses and mirrors. One surface of these fiber
segments was outsourced to an optical coating house for
Ta, Qs layer and SiQ, layer. This vendor employed an ion-
beam assisted physical vapor deposition (IAPVD) coater
made by Leybold. IAPVD is a commonly used coating tech-
nique for anti-reflection and optical filters. The experimental
steps included the following (afl steps are performed at room
temperatare unless otherwise noted):

The fiber tip was coated with a polymer monolayer deriva-
tized with biotin. The polymer monolayer was prepared using
a biotinylated lipid (custom). This lipid was using to form a
lipid monolayer on the surface of water solution. The mono-
layer was cross linked using UV light for 15 minutes. Clean,
dry fibers were then brought in contact with the floating thin
film and the biotin polymer was adsorbed onto the fiber tip.
The fibers were then dryed at 60° C. for 1 hour. The fiber were
then stored under ambient conditions

15

20

25

30

35

40

45

50

55

60

65

12

The biosensor tip was immersed in 50 pg/m} streptavidin
streptavidin (Pierce Biotechnology, Rockford Ill., cat #
21122) in PBS (Tovitrogen, Carlsbad, Calif.; cat # 14190078)
for 9 minutes and then rinsed briefly with PBS.

The same tip was dipped into 10 pg/m] rabbit-anti-strepta-
vidin solution {AbCam, Cambridge, Mass.; cat # ab6676-
1000) in PBS for 36 minutes and then washed with PBS
briefly.

Finally, the tip was immersed in 30 pg/ml. donkey-anfi-
rabbit aniibody solution antibody (Jacksen ImmunoRe-
search, West Grove, Pa.; cat#f 711-005-152) in PBS for 25
minutes. A final 10 minute rinse was performed in PBS solu-
tion.

FIG. 6 shows the real-time response curve for this sequen-
tial binding test. The vertical axis is the 7 order valley phase
shift in nanometers. It clearly shows the binding of streptavi-
din to the biotin already immobilized on the tip, and subse-
quent hindings of anti-streptavidin antibody to streptavidin
and a second antibody to this first antibody. The dissociation
of the streptavidin layer from the tip was visible (a small
reduction in the optical thickness) at 900 seconds.

Example 2

Biomolecular Interaction Analysis of Kinetics and
Affinity of Biomolecular Interactions

This example illusirates use of the invention to carry out a
biomolecular interaction analysis (BIA) measuring kinetics
and affinity of biomolecular interactions. The same tip con-
figuration as described in Example 1 was used. The experi-
mental steps included the following (all steps are performed
at room tesnperature uniess otherwise noted):

Mercaptosilane coated tips were prepared using the fol-
lowing procedure. Clean, dry fibers were incubated in a mix-
ture of Toluene: hexaneic acid: mercaptopropyltrioxysilane
{10:2:1 volumetric ratio) at room temperature for 24 hours.
The fibers were rinsed 2x with 10 mL toluene for 5 minutes
each. The fibers were then rinsed 1x with 10 mL of ethanol
and dried under a stream of argon and stored at ambient
conditions.

The bioseusor tip was first derivatized by immersion in a
with 10 pg/ml solution of rabbit-IgG (Jackson ImmunoRe-
search, West Grove, Pa.; cat#309-005-003)in PBS for 1 hour.

The coated tip was dipped into 10 pg/ml goat-anti-rabbit
antibody solution (Jackson ImmuncResearch, West Grove,
Pa., cat# 111-005-003) in PBS and remained in it for 15
inutes.

The tip was removed and washed in PBS. To facilitate the
dissociation of the second antibody from the first antibody,
the PBS was agitated manvally for 20 minutes.

The tip was then dipped into the same goat-anti-rabbit
solution again to show the reproducible association of goat-
anti-rabbit to rabbit-IgG.

FIG. 7 shows the on and off curves generated from the
association and dissociation of rabbit-IgG and goat-anti-rab-
bit. The vertical axis is again the 7" order valley phase shift.
The phase shift is directly relafed to the average thickness
witha ratio of0.834. The abitity to detect the on and off curves
reliably is essential for measuring imeraction kinetics and
affinity.

Example 3

Calculating Affinity Constants from
Antibody-antigen Binding and Release Curves
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This experiment demonstrates the calculation of affinity
constants from measuring on and off curves for two antibed-
ies and their antigen. The proprietary antibodies were labeled
as Ab-1 and Ab-2. The molecular weight of the antigen was
about 30 kilodaltons. The same tip configuration as described
in Example 1 was used. The same mercaptosilane fiber prepa-
ration as described in Example 2 was used. The experimental
steps included (all steps are performed at room temperature
unless otherwise noted):

The fiber tip was activated for covalent attachment of the
antigen. Mercapiosilane coated fibers were activated by
immersing the sensor tips i 50 pl, of a 50 mg/mL sclution of
sulfo-SMCC (Pierce Biotechnology, Rockford Ill.; cat #
22322) in DMF (Sigma-Aldrich Chemical Company, St
Louis, Mo.; cat # 494488) at for 2 hours. The sensor tips were
rinsed briefly in DMF and dried;

The antigen was covalently bound to the activated fiber tip
by immersing the activated tip in a 20 pg/ml solution of
antigen in PBS for 20 minutes. The tip was rinsed with PBS
for 2 minutes. Foliowing the PBS rinse, the tip was quenched
with an aqueous selution of 100 pM ethanolamine pH 8.5
(Sigma-Aldrich Chemical Company, St Louis, Mo.; cat #
E9508) for 5 minutes and then was rinsed again in PBS for 2
ninutes.

The same tip was immersed in antibody for an association
test and the real-time binding data were recorded for 9-15
minutes {depending on the antibody identity and concentra-
tion}. Once those data were recorded, the tip was again
immersed in PBS and agitated to measure the off curve (ie.,
dissociation between the immobilized antigen and bound
anfibody) for 9-15 mimutes. The binding {on curve) and dis-
sociation (off curve) measurements were repeated using dif-
ferent concentrations of antibody (25 nl, 150 oM, and 430
nM) and with two different antibodies identified as Ab-1 and
Ab-2.

FIG. 8 shows the association and dissociation curves at
different concentrations. The test of 25 nM Ab-2 was not
completed because the association was extremely slow at this
concentration. These illustrated curves are plots of the raw
data.

K., K, and K, were derived from these curves by fitting
the raw data with a first crder exponential function, By aver-
aging two sets of data, kinetic and affinity coefficients were
obtained as foliows:

Ab-1 Ab-2

Ko =1.35x 10% (M1a-h Kon= 201 % 16° (M778h
Kog=5.55x 107 (8™ Kor=815x107° (8%

Kp=K oK =3.99% 107 (M) Kp=E K, =445x107% (M}

Example 4
NHS-ester Activated Tips

The same tip configuration as described in Example 1 was
used. The same mercaptosilane fiber preparation as described
m Bxample 2 was used. Mercaptosilane ceated fibers were
activated by immersing the sensor tips in 50+, of a 50 mg/m1,
solution of sulfo-SMCC (Pierce Biotechnology, Rockford
I11.; cat # 22322) in DMF (Sigma-Aldrich Chemical Com-
pany, St Louis, Mo.; cat # 494488) at for 2 hours. The sensor
fips were rinsed briefly in DMF and dried.

Amine containing molecules can be covalently bound to
this surface through formation of a stable amide linkage.
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Melecules that do not contain free amines are not immobi-
lized through the NHS moiety, but these molecules can still
bind to the surface through non-specific binding, This non-
specific binding can be multi-layered whereas the covalent
immobilization through the NHS esters wiil be in a single
layer controlled by the availability and accessibility of the
NHS ester.

In this set of experiments, a bis amino PEG (MW 3300)
(Shearwater Polymers, San Carlos, Calif.) was used as a test
compound to covalenily bind to the activated surface, APEG
(MW 8000) (Sigma-Aldrich Chemical Company, St Louis,
Mo.; cat # 04162) that contained no free amine groups was
used as a negative control. This negative control was used to
look for any non-specific or multi-layered binding that miglt
be inherent to PEG polymers on this surface.

FIG. 9 shows the time course of the treatment of the acti-
vated mercaptosilane tip with the test molecules. The acfi-
vated tip showed a distinct increase in optical thickness upon
exposure to the 0.1 mg/mL bis amino PEG (MW 3300) in
PBS. This increase is stopped when the bis amino PEG solu-
tion is replaced by the PBS buifer. The activated tip exposed
to 0.1 mg/mL PEG (MW 8000) in PBS, wlich contains no
amines, shows a small initial increase in optical thickness but
the trace quickly becomes flat. From this it can be concluded
that the PEG polymer does not have infrinsic non-specific
binding and that the binding seen for the bis amino PEG is
attributed to the specific covalent immobilization of the
amine group.

Example 5

Antibody Derivatized Tips Using NHS-ester
Chemistry

This example illustrates the binding of a low molecular
weight molecule binding to an immobilized high molecular
weight molecule. Using the same NHS ester terminated sur-
face described in Exaniple 4 and the same tip configuration as
described in Example 1, an anti-biotin antibody was immo-
bilized to 3 fibers. Immobilizaticn of the antibody was
accomplished by immersing the activated fiber in a 20 pg/ml.
solution of mouse anti-biotin antibody (Biodesign, Saco
Minn.; cat # H61504M) in PBS for 1 hour at room tempera-
ture. The tip was rinsed with PBS for 2 minutes. Following the
PBS rinse, the tip was quenched with an aqueous solution of
100 pM ethanclamine pH 8.5 (Sigma-Aldrich Chemical
Company, St Louis, Mo.; cat # E9508) for 5 minutes and then
was rinsed again in PBS for 2 minutes.

The first fiber was exposed to a solution of 200 pg/mL
biotin (Pierce Biotechnology, Rockford I11,; cat # 29129) in
PBS. Controls using a solution of sucrese (Sigma-Aldrich
Chemical Company, St Louis, Mo.; cat # S8501) (2 mg/mL)
and PBS were carried ouf on the second and the third fibers to
determine baseline noise. Data from these tests are shown in
FIG. 10. Bictin binding is seen as an increase in optical
thickness, whereas exposure to sucrose shows no detectable
increase over baseline (PBS).

Another negative control was carried out using an irrel-
evant antibody (anti-Lewis Y antibody from Calbiochem, San
Diego Calif.; cat# 434636} immobilized in an identical fash-
ion to the anti-biotin antibody above. This immobilized anti-
body was exposed to a solution of 200 ug/mL biotin. The lack
of biotin binding to this antibody indicates that the biotin
binding to the anti-biotin antibody is a result of specific inter-
actions and not due to non-specific binding,

While the invention has been particularly shown and
described with reference to a preferred embodiment and vari-
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ous alternate embodiments, it will be understood by persons
skilled in the relevant art that various changes in form and
details can be made therein without departing from the spirit
and scope of the invention,

All references, issued patents and patent applications cited
within the body of the instant specification are hereby incor-
porated by reference in their entirety, for all purposes.

What is claimed is:

1. An assembly for use in defecting an analyte in a sample
based on interference, comprising:

an optical fiber having a tip;

a first optical element adapted for coupling to a fight source
through a miechanical coupling that engages the first
optical element with the fiber and provides an air gap
between the first optical element and the fiber; and

second optical element aftaclied to the first optical element,
the second optical element commensurate in size with
the fiber tip and adapted for coupling to the first optical
element,

said second optical elenient comprising a transparent mate-
rial, a first reflecting surface, and a second reflecting
surface separated from the first reflecting surface by the
transparent material, said first and second reflecting sur-
faces separated by at least 50 nm, wherein said first
reflecting surface comprises a layer of analyte binding
molecules, and an interference between light reflected
into the fiber from said first and second reflecting sur-
faces varies as analyte in the sample binds to the analyte
binding molecules.

2, The assembly of ¢laim 1, wherein said second reflecting
surface comptises a layer of material having refractive index
greater than the refractive index of said first optical element
transparent material.

3. The assembly of claim 1, wherein the separation
between said first and second reflecting surfaces is between
100 nm and 5,000 n:m.

4, The assembly of claim 3, wherein the separation
between said first and second reflecting surfaces is between
400 nm and 1,800 nm.

5. The assembly of claim 1, wherein the refractive index of
said first optical element transparent material is less than 1.8,

6. The assembly of claim 5, wherein said first optical ele-
ment transparent material is a material selected from the
group consisting of 510, and a transparent polymer.

7. The assembly of claim 6, wherein said transparent poly-
mer comprises polystyrene or polyethylene.

8. The assembly of claim 1, wherein the second reflecting
surface comprises a layer of material having a refractive index
greater than 1.8.

9, The assembly of ¢claim 8, wherein said second reflecting
surface layer comprises Ta,O;.

10. The assembly of claim 9, wherein the thickness of said
second reflecting surface layer is between 5 nm and 50 nm.

11. The assembly of claim 1, wherein said layer of analyte
binding molecules comprises a molecule selected from the
group consisting of a protein, a small molecule, a nucleic acid
and a carbohydrate.

12. The assembly of claim 11, wherein said protein is
selected from the gronp consisting of an avidin, a streptavi-
din, an antibody, and an antibody fragment.

13. The assembly of claim 1, wherein the thickness of said
first optical element is greater than 100 nm.

14. The assembly of claim 13, wherein the thickness of said
first optical clement is greater than 200 nm.
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15. The assembly of claim 1, wherein said air gap is less
than 100 nm,
16. The assembly of claim 1, wherein said air gap is greater
than 2 pm.
17. A two dimensional array of the assembiies of claim 1.
18. An apparatus for defecting an analyte, comprising;:
the two dimensional array of the assemblies of claim 17,
a light source for directing light onto said first and said
second reflecting surfaces; and
a detector that receives light from said first and said second
reflecting surfaces and detects a change in optical thick-
ness of said first reflecting surface upen exposure of said
first reflecting surface to said analyte.
19. A method for detecting analyte in a sample, compris-
ing:
providing the apparatus of claim 18 and a sample;
exposing said first reflecting surface to said sample, and
determining whether said exposure results in a change in
optical thickness of said first reflecting surface,
20. An apparatus for detecting an analyte, comprising:
the assembly of claim 1;
a light source for directing light onto said first and said
second reflecting surfaces; and
a detector that receives light from said first and said second
reflecting surfaces and detects a change in optical thick-
ness of said first reflecting surface upon exposure of said
first reflecting surface to said analyte.
21. A method for detecting analyte in a sample, compris-
ing:
providing the apparatus of claim 20 and a sample;
exposing said first reflecting surface to said sample, and
defermining whether said exposure results in a change in
optical thickness of said first reflecting surface.
22. A kit, comprising;
an assembly comprising an optical fiber having a tip; first
optical element adapted for coupling to a light source
through a mechanical coupling that engages the first
optical element with the fiber and provides an air gap
between the first optical element and the fiber; a second
optical element attached to the first optical element, the
second optical element commensurate in size with the
fiber tip and adapted for coupling to the first optical
element, said second optical element comprising a trans-
parent material, a first reflecting surface, and a second
reflecting surface separated from the first reflecting str-
face by the fransparent material, said first reflecting sur-
face and said second reflecting surface separated by at
least 50 nm,
wherein said first reflecting surface binds a layer of analyte
binding molecules and an interference between light
reflected into the fiber from said first and second reflect-
ing surfaces varies as analyte binds to the analyte bind-
ing molecules, and said second reflecting surface com-
prises a layer of material having an index of refraction
greater than the refractive index of said optical element
transparent material; and
instructions for binding said layer of analyte binding mol-
ecules to said first reflecting surface.
23. The kit of claim 22, further comprising a reagent for
chemically modifying said first reflecting surface and instruc-
tions for using said reagent.
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ENZYME ACTIVITY MEASUREMENTS
USING BIO-LAYER INTERFEROMETRY

CROSS REFERENCE TO RELATED
APPLICATIONS

The present application claims the benefit of U.S. Provi-
sional Application Ser. No. 6(/645,153, filed Jan, 19, 2005
and U.8. Provisional Application Ser. No. 60/642,454, filed
Jan. 7, 2005, both of which are incorporated lierein by refer-
ence in their entirety for all purposes.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH OR DEVELOPMENT

Not applicable.
BACKGROUND OF THE INVENTION

1. Field of the Invention

The invention relates to interferometry-based methods and
compositions useful for measuring enzyme activity.

2. Description of the Related Art

linzymes represent a broad class of proteins that catalyze
biochemical reactions and have many therapeutic and indus-
trial applications. Often in the course of development and
manufacture of enzyme products it is necessary 1o measure
the activity of the enzyme. A simple enzyme activity method,
preferably label free thereby avoiding perturbation of the
enzymie/substrate interaction, would find wide application. In
the development and manufacture of enzyme or enzyme
inhibitor based products for therapeutic or industrial applica-
tions, it is crifical to monitor the activity of the enzyme
throughout the process. Enzyme assays typically require
labeling the substratein such a way that the enzyme acting on
the substrate produces a detectable change in signal. T.abeled
enzyme substrates are often not commiercially available, in
which case their synthesis can be complex. For companies
develeping a multitude of enzyme products, the implementa-
tion of activity methods that are simple and easy to performin
research & development and manufacturing environments
becomes amajor task. The need for [abeled substrates adds to
the time, expense and inconvenience of enzyme activity mea-
surements. Specific activity measurements also require quan-
tifying the amount of enzyme present in a sample. Quantita-
tion, as by, e.g., enzyme-linked immunoscrbant (ELISA)-
based assays are also adds to the time and expense of specific
activity measurements and requires additional sample. The
present invention addresses these and other shortcomings of
the prior art by providing simple, fiber based, real-time
enzyme activity assays, capable of providing specific activity
measorements, suitable for low-volume samples, that are
highly multiplexable and in some embodiments can be car-
ried out using unlabeled substrates.

SUMMARY OF THE INVENTION

The present invention is defined by the following claims,
and nothing in this section should be taken as a limitation on
those claims. Disclosed herein are assemblies, kits, and meth-
ods for assaying enzyme activity using fiber-based interfer-
ametry. In one embodiment, the assay comprises providing an
optical element coupled to a light source via an optical fiber
and the element includes proximal and dis(al reflecting sur-
faces separated by at least 50 nm. A Jayer of enzyme substrate
molecules is positioned so that interference between beams
reflected from the proximal and distal reflecting surfaces
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2

vaties as an enzysme reacts with the substrate. The reflected
beams are coupled into the optical fiber. The element is
exposed to an enzyme and a change is detected in the inter-
ference between the reflected beams. The detected change is
indicative of enzyme activity,

In still another embodiment, a layer of analyte binding
molecules substituted in the optical element for the layer of
enzyme substrate molecules. Interference between beams
reflected from the proximal and distal reflecting surfaces
varies as an enzyme reacts with the substrate and the acted-
upon substrate or portion thereof binds to the analyte binding
molecules. In preferred embodiments, the analyte binding
molecules comprise an antibody, an antibody fragment, a
single chain Fv molecule (“scFv™), an avidin, a streptavidin,
or a biotin.

In another embodiment, a semi-permeable membrane is
placed between the optical element and the assay solution. In
another embodiment, the substrate is coupled to a support
such as a microtitre well or a bead.

In yet another embodiment, a similar, second element is
provided that includes a layer of molecules that specifically
binds to the enzyme. The second clement is exposed to an
enzyme (either at the same time or at a different time as the
first element is exposed) and a change is detected in the
interference between the reflected beams. The change is
indicative of enzyme concentration er amount. This is useful
for carrying out specific activity measurements. In preferred
embodiments, the enzyme-binding molecules comprise an
anti-enzyme antibody, an antibody fragment or an scFv mol-
ecule.

BRIEF DESCRIPTION OF THE SEVERAL
VIEWS OF THE DRAWING

These and other features, aspects, and advantages of the
present invention will become better understood with regard
1o the foliowing description, and accompanying drawings,
where:

FIG. 1 is a graph illustrating minimum molecular size
detection;

FIG. 2 is another graph illustrating minimum moiecular
size detection;

FIG. 3 is a graph illustrating subtilisin activity measure-
ment at three enzynie concentrations;

FIG. 4 is a graph illustrating subtilisin activity measure-
ment at 50 ug/mi;

FIG. 8 is a graph illustrating effect of protease inhibitor on
subtilisin activity,

FIG. 6 is a second graph illistrating effect of protease
inhibitor on subtilisin activity.

FIG. 7 is a diagram illustrating substrate preparation for
substrate capture format; FIG. 7A illustrates substrate having
multiple protease cleavage sites; FIG. 7B illusirates substrate
having single (or few) cleavage sites;

FIG. 8 is a schematic illustrating principle of substrate
capture format assays,

FIG. 9 is a schematic illustrating methed to detect nucle-
otide transferase activity;

FIG, 10 is a schematic illustrating method to detect nucle-
otide transferase activity with hapten incorperation;

FIG. 11 is a schematic illustrating method to detect phos-
photransferase activity using antibody to phosphorylated
substrate;

FIG. 12 is a schematic ilhustrating method to detect protein
kinase C activity;

FIG. 13 is a schematic illustrating method to detect activa-
tion of mitogen activated protein kinase (MAPK).
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DETAILED DESCRIPTION OF THE INVENTION

Advantages and Ultility

Briefly, and as described in more detail below, described
herein are assemblies, kits and methods for assaying enzyme
activity using fiber-based interferometry.

Several features of the current approach should be noted.
Measurements can be carried out using cxtromely small
sample volumes (e.g., nl.). Measurements can be carried out
in vivo or in vitro. In some embodiments, measurements can
be carried out on unlabeled substrates while in other embodi-
ments, substrates include a moiety to allow capture by the
assembly. In preferred embodiments, the moiety is one mem-
ber of a binding pair such as, e.g., avidin, streptavidin, biotin,
a hapten, an antibody, antibody fragment, an scFv, or a Jectin,
and the optical element comprises the complementary mem-
ber of the pair. In these embodiments, the same type of optical
element (i.e., carrying one mesmber of the binding pair) can be
used in a wide variety of enzyme assays provided the sub-
strate includes the other member of the pair.

Advantages of this approach are numerous. Because the
invention provides for fiber-based interferometry measure-
ments, it is sensitive, capable of being highly multiplexed,
and easily adapted for specific activity measurements by
including a module for measuring enzyme amouant,

The invention is useful for measwing enzyme activity in
any context for which such activity measurements are useful
including, e.g., for discovery, medification, optimization,
production, etc. of enzymes or enzyme inhibitors. The inven-
tion may be practiced using any type of enzyme such as, e.g.,
hydrolases, giycosylases, esterases, and transferases, or
inhibitors of such enzymes.

Definitions

Terms used in the claims and specification are defined as
set forth below unless otherwise specified.

The term “in vivo™ refers to processes that occur in a living
organism.

Abbreviations used in this application include the follow-

otide triphosphates; B-ATP—biotinylated-ATP; PEG—pely-
ethylene glycol, PMSF—phenylmethylsulfonyl fluoride.

It must be noted that, as used in the specification and the
appended claims, the singular forms “a” *“an™ and “the”
include plural referents unless the context clearly dictates
otherwise.

Assemblies of the Invention

Assemblies of the invention include biosensor tips adapted
for coupling to a bio-layer interferometer and carrying & layer
of substrate or an analyte binding molecule. The analyte
binding molecule may be by way of example and not Timita-
tion, a member of a binding pair such as, e.g., avidin, strepta-
vidin, biotin, a hapter, an antibody, an antibody fragment, an
sclv, or a lectin,

Kits of the Invention

Kits of the invention include a glass fiber adapted for cou-
pling to a bio-layer interferometer, reagents and instructions
for derivatizing the glass fiber with a substrate layer or an
analyte binding molecular layer, optionally reagents and
instructions for optically activating an end of the glass fiber
and packaging,
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Methods of the Invention

In general, methods of the invention are practiced using
assemblies and apparatus, including a bio-layer interferom-
etry (BLI) sensor, such as those described in ce-owned TS,
Non-provisional application Ser. No. 10/981,901, filed Nov.
4, 2004, for Hong Tan, et al., entitled “Fiber-Optic Assay
Apparatus Based on Phase-Shift Intepferometry,” the con-
tents of which are herein incorporated by reference in their
entirety.

In brief, the sensor is prepared by optically activating one
end of a glass fiber. The activation steps include buffing the
fiber surface, coating the surface with Ta,Os followed by
coating with an 80, layer, and cleaning, and immobilization
of enzyme substrate or one member of a binding pair by
passive adsorption and/or covalent attachment.

Included within the scope of the invention are two broad
and general formats for assaying enzyme activity. In the first
format, substrate is immeobilized on a surface of a bio-layer
interferometry (BLI) sensor. In the second format, the BLI
sensor includes a surface having a molecule capable of bind-
ing substrate. In the second format, a semi-permeable mem-
brane optionally is included between the BLI sensor and the
assay solution, or the substrate is bound to a support such as
a microtitre well or a bead. These embodiments are particu-
larly useful with hydrolases to prevent or slow binding of
full-fength substrate to the BLI sensor. In the second format,
information about enzyme activity can be derived both from
Kkinetic and steady state components of the interference sig-
nal.

A Bio-Layer Interferometry (BLI) senscr is capable of
measuring sub nanomefer changes in the thickness of its
optical layer detection surface. Analysis of biclogical
samples is possible by designing assay formats where bio-
molecules bind at the sensor surface and change the optical
layer thickness. The magnitude of the optical layer thickness
change is proportional to the mass or molecular weight of the
binding molecule. The Bio-Layer Interferometer can be con-
figured to have substrate immobilized to the sensor surface to
measure enzymes whose activity creates a change in the
substrate molecular weight, either increasing or dirninishing
the molecular weight, to produce a corresponding change in
the eptical layer thickness,

The invention is broadly applicable to enzyme activily
measurements, including by way of example but not limita-
tion, measurements of hydrolases (including proteases), gly-
cosylases, esterases, transferases (including nucleotide trans-
ferases and phosphotransferases). These are considered in
greater detail below.

EXAMPLES

Below are examples of specific embodiments for carrying
out the present invention. The examples are offered for illus-
frative purposes only, and are not intended to limit the scope
ofthe present invention in any way. Efforts have been made to
ensure accuracy with respect to numbers used {e.g., amounts,
temperatures, efc.), but some experimental error and devia-
tion should, of course, be allowed for. Unless otherwise speci-
fied, procedures are carried out at room temperature (typi-
cally 20-23 degrees Celsius).

The practice of the present invention will enyploy, unless
otherwise indicated, conventional methods of protein chem-
istry, biochemistry, recombinant DINA techniques and phar-
macology, within the skill of the art. Such techniques are
explained fully in the literature. See, e.g., T. B, Creighton,
Proteins: Structures and Molecular Properties (W.H. Free-
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man and Company, 1993); A. L. Lehninger, Biochemistry
{Worth Publishers, Inc., current addition); Sambrook, et al.,
Molecular Cloning: 4 Laboratory Manual (2nd Bdition,
1989Y; Methods In Enzymology (S. Colowick and N, Kaplan
eds., Academic Press, Inc.); Remington’s Pharmaceutical
Sciences, 18th Edition (Baston, Pa.: Mack Publishing Com-
pany, 1990); Carey and Sundberg Advanced Organic Chem-
istry 3™ Bd. (Plenum Press) Vols A and B(1992).

Example 1
BLI Molecular Weight Detection Characterization

The minimum molecular weight of a binding molecule that
BLI can detect is illustrated in FIGS. 1 & 2. In FIG. 1 data of
a biotin-PEG conjugate with a molecular weight of 900 Dal-
tons binding to a sireptavidin coated BLY sensor is depicted.
The BLI sensor and methods for coating the sensor are
described in detail in co-owned U.8. Non-provistanal appli-
cation Ser. No, 10/281,901, filed Nov. 4, 2004, for Hong Tan,
et al., entitled “Fiber-Optic Assay Apparatus Based on Phase-
Shift Interferometry,” FIG. 2 shows the binding of biotin
(M.W. ~230 D) o a streptavidin coated BLI sensor. The data
indicate that the described interferometry methods readily
detect binding of molecules around 250 Dalton molecniar
weight, and that molecules in the 500 to 1000 Daltoa molecu-
lar weight range generate a substantial change in optical layer
thickness. Based on the miniimmm molecular size defection of
BLI, one can configure the BLI sensor with immobilized
substrates to monitor the activity of enzymes producing
molecular size changes in the substrate as small as 250 to
1000 Daltons.

The small minimum molecular size detection limit of BLI
makes it possible to apply BLI to a large number of enzymes.
The following are by way of example, but not limitation,
enzyme classes whose activities can be measured in accor-
dance with the present invention, and specific examples of
such measurements.

Example 2
Hydrolase Activity Measurements

Hydrolyases are enzymes that catalyze cleavage of C—0O,
C—N, C—C or phosphoric anhydride bonds.

Subgroup 1: Proteases (Enzymes Acting on Peptide Bonds)
Immobilized Substrate Format

This format features the protease substrate immobilized to
the surface of the BLI glass fiber sensor using methods
described in co-owned U.S. Non-provisional application Ser.
No. 10/981,901, filed Nov. 4, 2004, for Hong Tan, et al,,
entitled “Fiber-Optic Assay Apparatus Based on Phase-8hift
Interferometry,” (incorporated herein by reference) and
below, The fiber is immersed in an enzyme-containing
sample, and monitored for changes in optical layer thickness.

The basic assay protocol is ta ihcubate a Bio-Layer Inter-
ferometer (BLI) sensor on which has been immobilized an
enzyme substrate in an enzyme-containing solution enzyme.
The amount of the substrate depletion is quantified by, e.g., a
change in optical phase shift using the Bio-Layer Interferom-
etry (BLI} technique fully described in co-owned and pending
U.S. Non-provisional application Ser. No. 10/981,901, filed
Nov. 4, 2004, for Hong Tan, et al., entitled “Fiber-Optic Assay
Apparatus Based on Plhase-Shift Interferometry,” incorpo-
rated herein by reference. The change in, e.g., optical phase
shift is proportional to the amount of enzyme activity in the
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solution because hydrolytic activity is estimated by measur-
ing the depletion of substrate from the BLI sensor resulting
from the enzyme activity.

Subtilisin Activity Measurements on Immobilized Casein
Substrate

Methods

An optical signal baseline was established by immersing
the opticatly-activated end of a fiber sensor tip in PBS and
menitoring the optical signal using interferometry methods
and instrumentation described in co-owned U.8. Non-provi-
sional application Ser. No. 10/981,901, filed Nov. 4, 2004, for
Hong Tan, et al, entitled “Fiber-Optic Assay Apparatus Based
on Phase-Shift Interferometry,” (incorporated herein by ref-
erence in its entirety). Next the fiber was coated with Poly-
D-Lysine by incubating the tip ina 0.3 mg/mL Poly-D-Lysine
solution {in PBS, pH 7.4) for 15 minutes. Unbound Poly-D-
Lysine was rinsed by incubating the tips in PBS for 10 min-
utes,

The fiber was coated with a layer of casein [Sigma Chemi-
cal Company, St Louis, Mo.] by incubating the tip in a 50
jg/ml. casein solution (50 mM Na Phosphate, 150 mM NaCl,
pH 7) for 15 minutes. Unbound casein was rinsed by incu-
bating the tip in PBS for 10 minutes.

T'ibers with immobilized casein were incubated in various
concentrations (1, 10, 50 pg/mL.) of subtilisin [Sigma Chemi-
cal Company, St Louvis, Mo.] solution (in 50 mM Na Phos-
phate, 150 mM NaCl, pH 7). Hach of the procedures
described above was carried out while monitoring the optical
signal.

Results and Discussion

FIG. 3 illustrates the result of this example. The optical
fraces show calculated illustrate biolayer thickness as a func-
tion of time. Apparent are increases in hiolayer thickness
during casein loading and subsequent decreases following
subtilisin incubation. The traces show a clear dose-response
effect with more rapid and greater changes occurring with
higher subtilisin concensration aver the tested range.

Effect of Protease Inhibitor on Enzymatic Activity

Methods

Fiber sensor tips were prepared and coated with casein as
described above. One fiber was incubated in 50 ug/mL of
subtilisin solution (in 50 mM Nz Phosphate, 150 mM NaCl,
pH 7).

Other fibers were incubated in a pre-mixed and pre-incu-
bated solution of 50 pg/ml. of subtilisin and 3 mM PMSF
[Sigma Chemical Company, St Louis, Mo.] (the mixture was
incubated at 37° C. for 20 minutes) solution {30 mM Na
Phosphate, 150 mM NaCl, pH 7). Each of the procedures
described above was carried out while monitoring the optical
signal.

Result and Discussion

Traces obtained from a fiber incubated in subtilisin solu-
tion show the expected depletion of casein from the tip sur-
face (FIG. 4). This shows up as smooth, time-dependent
change in the trace following incubation in the enzyme solu-
tion. Fibers incubated in the subtilisin/PMSE mixture of sub-
tilisin and {protease inhibitor) PMSF did not show the any
time-dependent changes in the optical signal (FIGS. 5 and 6),
illustrating inhibition of subtilisin by 3 mM PMSFE,

Substrate Capture Format

The substrate capture format entails digestion of the sub-
strate by a protease in liquid phase followed by binding of the
substrate to the surface of the BLI sensor. The binding of the
substrate is designed so that proteclytic cleavage of the sub-
strate produces a detectable to change in the optical layer
thickness. In one preferred embodinient, a sireptavidin/biotin
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binding pair is used to effect substrate capture. FIG. 7 shows
two approaches to tag the peptide substrate with biotin. In the
case where the protease has multiple cleavage sites, the biotin
does not have to be substituted at a specific site since the
resulting digestion will produce a peptide with a sufficiently
small molecular size. The substrate can also be designed so
that there is a single cleavage site and the location of the biotin
substitution is such fhat it remains on the smallest peptide
fragment upon proteolysis. Methods for derivatizing sub-
strate with biotin or another member of a hinding pair are well
known to ordinarily-skilled practitioners and include bio-
chemical modification of existing substrate molecules, or,
synthesis using derivatized sub-units, Such methods are
described in, e.g., [dntibodies: A Laboratory Manual (E.
Harlow and D. Lane, 1988); Bioconfugation Protocols: Strat-
egies and Methods (Methods in Molecular Biology (Clifton,
N.1.), V. 283, 2004)] incorporated by reference, and exempli-
fied below.

Example 3

Trypsin Activity Measurements Using Substrate
Capture

Trypsin activity measurements are made using the sub-
strate capture format and cytechrome C as a substrate. Cyto-
chrome C is about 12 kDaltons in molecular weight and
includes has 8 trypsin cleavage sites. A standard biotin-NHS
derivative [Pierce Biotechnology, Rockford I11.] is used to tag
the cytochrome C. Coupling conditions employ standard
phosphate buffered saline (PBS) pH 7 bulfer. Biotin-NHS is
mixed with cytochrome C at a molar coupling ratio of 5 to 1
(biotin to cytochrome C) typically resulting in one biotin
substitution per cytochrome C molecule. Streptavidin-coated
BLI sensors are prepared from 0.6 mm diameter glass fibers
with a tantalum oxide layer of about 20 nm and a silicon
dioxide layer of about 700 nm are dipped in a PBS solution
containing 0.5 mg/mi of poly-D-lysine as described above,
After 15 minutes at room temperature, the fibers are washed
in P38 then immersed in a 1 mg/m] solution of bovine serum
albumin (BSA) labeled with N-succinimidiyl 3-(2-py-
ridyldithio) propicnate (SPDP) | Pierce Biotechnology, Rock-
ford IL] and incubated for 20 minutes followed by a wash
step with PBS. The fibers are then immersed in a solution of
50 m¥ dithiolthreito]l for 30 minutes at room temperature.
After a wash in PBS, the fibers are placed in the solution
containing 20 pg/ml of streptavidin labeled with SMCC and
incubated for 60 minutes, followed a by PBS wash. The fibers
are stored in PBS until use.

The basic assay for protease activity using the substrate
capture format entails adding to a biotinylated cytochrome C
solution, in the range of about ! pg/ml to 1 mg/ml, a trypsin
sample, typically at a 1% wt./wt. ratio. After a digestion time
period, a streptavidin coated sensor is placed in the enzyme/
substrate mixture for substrate capture. To avoid trypsin act-
ing upon the streptavidin, the enzyme can be inactivated
either by snap boiling the subsirate mixfure or adding a pro-
tease inhibitor, such as aprotinin, just prior to adding the glass
fiber. The BLI sensor can assess the change in substrate siZe
by a measuring the optical layer thickness upon binding the
biotinylated peptide. FIG. 8 illustrates the assay format where
protease activity produces smaller peptides with a thinner
optical layer.

Subgroup 2: Glycosylases (Enzymes that Hydrolyse O or S or
N Glycosyl Bonds) limmobilized Substrate Format

The following example is described for dextranase, but the

same methods can be applied to other polysaccharide pro-
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cessing enzymes such as amylase and cellulase. Dexiran is
linked to a protein coated BLI sensor by initially reacting the
dextran with sodium periodate to introduce reactive aldehyde
groups on the dextran polymer. A protein coated BILI sensor
(such as prepared according to the metheds described in the
example above) is then immersed in the dextran solution. The
aldehyde groups on the dextran form bonds with free amino
groups on the protein resulting in a BLI sensor with a dextran
as the final layer. Measurement of dextranase activity is pos-
sible when the dextran coated sensor is immersed in a dex-
tranase containing sample. Hydrolytic activity of the dextra-
nase reduces the molecular size of the immobilized dextran,
which is detected as a thinner optical layer.

Substrate Capture Format

Measurement of glycosylases in the substrate capture for-
mat is accomplished by biotinylating the polysaccharide sub-
strate. In the dextranase example, dextran is reacted with
sodium periodate to generate aldehyde groups followed by
the addition of large molar excess of a bis-amine, such as
ethylenediamine. One amino group of the bis-amine couples
to the aldehyde on the dextran leaving the second amine free
for coupling to biotin-NHS in a subsequent reaction. The
molar coupling ratio of the biotin-NHS reaction is selected to
yield about one biotin substitution per dextran, The assay for
dextranase activity in the substrate capiure format is similar to
the protease second example where the biotinylated dextran
substrate is incubated with the dextranase sample followed by
binding of the biotinylated dextran to a streptavidin coated
BL1 sensor. Dexiranase activity creates sinaller dextran frag-
ments which are measured as a thinner optical layer.

Example 4

Esterase Activity Measurements

Subgroup 3: Esterases (Enzymes that Act on Ester Bonds)

Some examples of esterases include nucleases (RNase,
DNase, ete,), alkaline phosphatase, acid phosphatase, and
serine/fhreonine phosphatase. DNase 1 is used as an example
of measuring esterase activity. Since DNase [ cleaves at all 4
bases in oligonucleotides as small as three bases in length,
dsDNA is prepared by a commercial vendor using standard
DNA synthesis techniques having a length of about 30-40
base pairs with a biotin group at one of the teriminal ends. The
biotinylated dsDNA is bound fo a streptavidin coated BLI
sensor. The sensor is then immersed in sample containing
DNase 1 in the buffer: 10 mM Tris pH 7.5, 2.5 MgCl,, 0.5 nM
CaCl, and the decrease in optical layer thickness is moni-
tored. The alternative substrate capiure format is performed
by mixing the biotin labeled dsDNA with the DNase I in
liquid phase before the binding of the substrate to the strepta-
vidin coated sensor.

Example 5
Transferase Activity Measurements

Transferases are enzymes that catalyze the transfer of
methyl, glycosyl, or phospho groups to other compounds. In
contrast to the hydrolytic enzymes, the transferases increase
the molecular size of the subsirate and their activity is
detected by the BLI sensor as an increase in optical layer
thickness.

Subgroup 1: Nucleotide Transferases
Nucleotides transferases catalyze the incorporation of
mucleotides into DNA or RNA polymers. FIG. 9 shows the
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format for measuring DNA polymerase 1 activity as an
example. A DNA template from 10 to 30 nucleotides is
obtained from a commercial vendor with a biotin incorpora-
tion at either of the terminal nucleotides, The DNA template
is hybridized with an oligonucleotide primer enabling the
DNA polymerase I to incorporate nucleotides in the 5' to 3'
direction. The biotin tagged DNA template can be bound to a
streptavidin coated sensor either before or after the DNA
polymerase step. Conditions for the polymerase step such as
enzyme loading, dNTPs, buffer formulation, etc. follow
established protocols. Since the dNTPs have molecular
weights around 400 D, incorporation of as little as 1-2 nucle-
otides can be detected as a change in optical thickness.

An alternative approach to measure activity of mucleotide
transferases is based on hapten incorporation as shown in
FIG. 10. A DNA template with a hybridized primer as mixed
with DNA polymerase [ and & mixture of dNTPs including
biotinylated ATP. B-ATP is obtained from commercial
sources since it is commonly used in nick translation. After
the polymerase step, a streptavidin coated BLI sensor is
placed in the sample mixture. Unincorperated B-ATP having
a molecular weight around 600 D produgces a relatively small
increase in the optical [ayer upon binding to streptavidin,
whereas B-ATP incorporated in the DNA template produces
a greater increase in the optical layer depending on the
molecular weight of the DNA.

Subgroup 2: Phosphotransferases

Phosphotransferases catalyze the transfer of phosphate
groups to hydroxyl containing componnds, typically peptides
with tyrosine, serine, or threonine residues. There are over
100 commercially monoclonal antibodies that bind to a phos-
phorylated amino acid or specific sequences encompassing a
phosphorlyated amino acid, Many assays of kinase activity
have been reported and are commercially available utilizing
antibodies to phosphorylated peptide substrates. FI1G. 11
describes an assay using an anti phosphotyrosine antibody.
The antibody is initially biotinylated by standard methods
then bound to a streptavidin coated sensor. The substrate
(Glu Tyr), is incubated with tyrosine kinase plus ATP, after
which the sensor coated with anti phosphotyrosine is placed
in the sample. The binding of the phosphorylated peptide
produces an increase in the optical fayer thickness.

FIG. 12 illustrates an assay using an antibody to a phos-
phorylated amine acid sequence for a specific kinase. In this
case, the kinase is protein kinase C and commercial antibody
to phosphorylated protein kinase C substrate. FIG, 13 shows
an exemplary format for a kinase activation assay. In this
example, mitogen activated protein kinase (MAPK) is acti-
vated by phosphorylation by another enzyme, MEK . A com-
mercial anti phospho MAPK bound to a BLI sensor detects
the activation of MAPK.

While the invention has been particularly shown and
described with reference to a preferred embodiment and vari-
ous alternate embodiments, it will be understood by persons
skilled in the relevant art that various changes in form and
details can be made therein without departing from the spirit
and scope of the invention.

All references, issued patents and patent applications cited
within the body of the instant specification are hereby incor-
porated by reference in their entirety, for all purposes.

What is claimed is:

1. A method for assaying enzyme activify, comprising;

providing an optical element coupled 1o a light source via
a mechanical coupling that engages the optical element
with an optical fiber and provides an air gap between the

optical element and the fiber, the optical element includ- '
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10

ing (a) a proximal reflecting surface and a distal refiect-
ing surface separated by at least 50 nm, and (b} a tayer of
enzyme substrate molecules positioned so that interfer-
ence between a reflected beam from the proximal
reflecting surface and a reflected beam from the distal
reflecting surface varies as an enzyme reacts with the
substrate, and wherein the reflected beams are coupled
into the optical fiber;

exposing the optical element (o an enzyme; and

detecting a change in the interference between the reflected

beams, wherein the change is indicative of enzyme
activity.
2, The method of claim I, wherein the enzyme is a hydro-
lase or a transferase.
3. The method of claim 2, wherein the enzyme is a protease,
a phosphatase, a glycosylase, or an esterase.
4. The method of claim 2, wherein the enzyme is a mucle-
otide transferase, a glycosyl transferase or a phosphotrans-
ferase.
5, The method of claim 1, further comprising providing a
second optical element coupled to the light source via a sec-
ond fiber, the second optical element including (c) a proximal
reflecting surface and a distal reflecting surface separated by
at least 50 mn, and (d) a layer of enzyme binding molecules
positioned so that interference between a second reflected
beam from the second optical element proximal reflecting
surface and a reflected beam from the second optical element
distal reflecting surface varies as the enzyme binds to the
layer of enzyme binding molecules, and wherein the second
reflected beams are coupled into the fiber; and detecting a
change in the interference between the second reflected
beams, wherein the change is indicative of enzyme activity.
6. The method of claim 5, wherein the layer of enzyme
binding molecules comprises an anti-enzyme antibody, a
fragment of an anti-enzyme antibody, or an anti-enzyme scFv
molecule.
7. The method of claim 1, wherein the optical element is a
first optical element, and wherein the method further com-
prises providing a secand optical element positicned between
the proximal reflecting surface of the first optical element and
the fiber, the second optical element being coupled to the light
source via the mechanical coupling that engages the second
optical element with the fiber and provides an air gap between
the second optical element and the fiber, and wherein the first
optical element is coupled to the second optical element at the
proximal reflective surface.
8. A method for assaying enzyme activity, comprising:
providing an optical element coupled to a light sowrce via
a mechanical coupling that engages the first optical ele-
ment with a fiber and provides an air gap between the
first optical element and the fiber, the optical element
incloding (a) a proximal reflecting surface and a distal
reflecting surface separated by at least 50 nm, and (b} a
layer of analyte binding molecules;
exposing the optical element to an enzyme substrate
reacted or reacting with an enzyme, whereby the enzyme
substrate or a portion of the enzyme substrate binds to
the layer of analyte binding molecules, and wherein
interference begween a reflected beam from the proximal
reflecting surface and a reflected beam from the distal
reflecting surface varies as the enzyme substrate or por-
tion thereof binds to the Iayer of enzyme binding mol-
ccules, the reflected heams coupled into the fiher; and

detecting a change in optical thickness of the first reflecting
surface, wherein the change is indicative of enzyme
activity.
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9. The method of claim 8, wherein the enzyme is a hydro-
lase or a transferase.

10. The method of claim 9, wherein the enzyme is a pro-
tease, a phosphatase, a glycosylase, or an esterase.

11. The method of claim 9, wherein the enzyme is a nucle-
ofide transferase, a glycosyl transferase or a phosphotrans-
ferase.

12. The method of claim 8, further comprising interposing
a semi-permeable membrane between said optical element
and said substrate.

13. The method of claim 8, wherein said substrate is bound
to a support.

14, The method of claim 8, further comprising providing a
second optical element coupled to the light source via a sec-
ond fiber, the second optical element including (c) a proximal
reflecting surface and a distal reflecting surface separated by
at least 50 nm, and (d) a layer of enzyme binding molecules
positioned so that interference between a second reflected
beam from the second optical element proximal reflecting
surface and a refiected beam from the second optical element
distal reflecting surface varies as the enzyme binds to the
layer of enzyme binding molecules, and wherein the second
reflected beams are coupled into the fiber; and detecting a

13

20

12

change in the interference between the second reflected
beams, wherein the change is indicative of enzyme activity.

15, The method of claim 14, wherein the layer of enzyme
binding molecules comprises an anti-enzyme antibody, a
fragment of an anti-enzyme antibody, or an anti~enzyme scFv
molecule.

16. The method of claim 8, wherein the layer of analyte
binding molecules comprises avidin, streptavidin, biotin, an
antibedy, an antibody fragment, an scFv, or a lectin.

17. The method of claim 8, further comprising the step of
inactivating the enzyme before the exposing step.

18. The method of claim 8, wherein the optical element is
a first optical element, and wherein the method further com-
prises providing a second optical element positioned between
the proximal reflecting surface of the first optical element and
the fiber, the second optical element being coupled to the fight
source via the mechanical coupling that engages the second
optical element with the fiber and provides an atr gap between
the second optical element and the fiber, and wherein the first
optical element is coupled to the second optical element at the
proximal reflective surface.

¥ ok % % %
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FIBER-OPTIC ASSAY APPARATUS BASED ON
PHASE-SHIFT INTERFEROMETRY

CROSS REFERENCE TO RELATED
APPLICATIONS

This application is a contination of U.S. patent applica-
tion Ser. No. 10/981,901, filed Nov. 4, 2004, entitled “Fiber-
Oplic Assay Apparatus Based on Phase-Shift Interferom-
etry* which claims the benefit of (1} U.S. Provisional
Application No. 60/518,068, filed Nov. &, 2003, and (2) U.5.
Provisional Application No. 60/558,381, filed Mar. 31, 2004,
the entire disclosures of which are hereby incorporated by
reference in their entireties, including any appendices or
attachments thereof, for all purposes.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH OR DEVELOPMENT

Not applicable.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to an apparatus and method
for detecting the presence, ainount, or rate of binding of one
or more analytes in a sampte, and in particular, to apparatus
and method based on fiber optic interferometry.

2. Description of the Related Art

Diagnostic tests based on a binding event between mem-
bers of an analyte-anti-analyte binding pair are widely used in
medical, veterinary, agricultural and research applications.
Typically, such methods are employed te detect the presence
oramount or an acalyte in a sample, and/or the rate of binding
ofthe analyte to the anti-analyte. Typical analyte-anti-analyte
pairs include complementary strands of nucieic acids, anti-
gen-antibody pairs, and receptor-receptor binding agent,
where the analyte can be either member of the pair, and the
anti-analyte molecule, the opposite member.

Diagnostics methods of this type often employ a solid
surface having immobilized anti-analyte molecules to which
sample analyte molecules will bind specifically and with high
affinity at a defined detection zone. In this type of assay,
known as a solid-phase assay, the solid surface is exposed to
the sample under conditions that promote analyte binding to
immobilized anti-analyte molecules. The binding event can
be detected directly, e.g. by a change in the mass, reflectivity,
thickness, color or other characteristic indicative of a binding
event. Where the analyte is pre-labeled, e.g., with a chro-
mophore, or fluorescent or radiolabel, the binding event is
detectable by the presence and/or amount of detectable label
at the detection zone. Alternatively, the analyte can be labeled
after it is bound at the detection zone, e.g., with a secondary,
fluorescent-labeled anti-analyte antibody.

Co-owned U.S, Pat, No. 5,804,453, (the *453 patent) which
is incorporated herein by reference, discloses a fiber-optic
interferometer assay device desighed to detect analyte bind-
ing to a fiber-optic end surface. Analyte detection is based on
achange in the thickness at the end surface of the optical fiber
resulting from the binding of analyte molecules to the surface,
with greater amount of analyte producing a greater thickness-
related change in the interference signal. The change in inter-
ference signal is due to a phase shift between light reflected
from the end of the fiber and from the binding layer carried on
the fiber end, as illustrated particularly in FIGS. 7a and 7b of
the *453 patent, The device is simple to operate and provides
a rapid assay method for analyte detection.
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Ideaily, an interferometer assay device will yield readily
observable changes in spectral peak and valley (extrema)
positions within the range of a conventional visible-light
spectrometer, that is, in the visible light range between about
450-700 nm, such that relatively small optical thickness
changes at the fiber end can be detected as significant changes
in the spectral positions of interference wavelength peaks and
valleys. One limitation which has been observed with the
device described in the *453 patent is the absence of readily
identified wavelength spectral extrema over this spectral
range.

The present invention is designed to overcome this limita-
tion, preserving the advantages of speed and simplicity of the
earlier-disclosed device, but significantly enhancing sensitiv-
ity and accuracy. The present invention also provides a more
convenient disposable-head format, as well as a multi-analyte
array format, e.g., for gene-chip and protein-chip applica-
tions.

SUMMARY OF THE INVENTION

The invention includes, in one aspect, an apparatus for
detecting an analyte in a sample, including detecting the
presence of analyte, the amount of analyte or the rate of
association and/or dissociation of analyte to analyte-binding
molecules. The apparatus includes an optical element with a
proximal reflecting surface and a distal reflecting surface
separated by at least 50 nm. A beam of light from an optical
fiber is directed to and reflected from the two reflecting sur-
faces. The reflected heams are coupled back into the optical
fiber and interfere. The optical element also includes a layer
of analyte binding molecules that is positioned so that the
interference between the reflected beams varies as analyte
binds to the layer of analyte binding molecules.

The change in interference can be caused by different
physical phenomenon. For example, analyte binding can
cause a change in the optical path length or in the physical
distance between the two reflecting surfaces. Alternately,
analyte binding can cause a change in the index or in the
optical absorption of material located between the reflecting
surfaces. Analyte binding can also cause the layer of analyte
binding molecules to swell, resulting in a change in the inter-
ference.

In one particular design, the distal reflecting surface
includes the layer of analyte binding molecules. As analyte
binds to the layer of analyte binding molecules, the optical
path length or the physical distance between the two reflect-
ing surfaces may increase, for example. [n another aspect of
the invention, a transparent solid material is located between
the reflecting surfaces and, optionally, the proximal reflecting
surface includes a material with an index greater than that of
the transparent solid material. Alternately, an air gap may be
tocated between the reflecting surfuces. In yet another design,
the distal reflecting surface is positioned between the proxi-
mately reflecting surface and the layer of analyte binding
molecules. For example, analyte binding may catise the layer
of analyte binding molecules to swell, moving the distal
reflecting surface closer to the proximal reflecting surface. In
yet another design, the layer of analyte binding molecules is
positioned between the two reflecting surfaces. Analyte bind-
ing may cause the layer to swell or to change its index, thus
changing the interference between the two reflected beams.

In another aspect, the apparatus includes an optical assem-
bly having fisst and second reflecting surfaces separated by a
distance “d” greater than 50 nm. The optical assembly is
composed of a transparent optical element that can have a
thickness defined between proximal and distal faces of the
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element of at least 50 nin, preferably between 400-1,000 nm.
The first reflecting surface is carried on the distal face of
optical element, and is formed of a layer of analyte-binding
molecutes. The second reflecting surface is formed by a coat-
ing of transparent material having an index of refraction
greater than that of the optical element. This coating can be
formed of a Ta,0; layer having a preferred thickness of
between 5 and 50 nm. The optical element can be 8i0,, and
has a thickaess of between about 100-5,000 nm, preferably
400-1,000 nm.

Also included are a light source for directing a beam of
light onto the first and second reflecting surfaces, and a detec-
tor unit that operates to detect a change in the optical thick-
ness of the first reflecting layer resulting from binding of
analyte to the analyte-binding molecules, when the assembly
is placed in the solution of analyte. The optical thickness
change at the first reflecting layer is related to a shift in a phase
characteristic of the interference wave formed by the two
light waves reflected from said first and second surfaces. This
phase characteristic can bea shift in the spectral position(s) of
one or more peaks and valleys of the interference wave, or by
a change in the period of a full cycle of the wave.

The light source can include an optical fiber having a distal
end adapted to be placed adjacent the second reflecting sur-
face in the assembly, and the apparatus further includes an
optical coupling for directing reflected light waves reflected
from the assembly to the detector.

In a first embodiment, the optical assembly is fixedly
mounted on the optical fiber, with the distal end of the optical
fiber in contact with the second reflecting surface. In a second
embodiment, the optical assembly further includes a second
transparent optical element having an index of refraction less
than that of the second coating and a thickness greater than
about 100 nm, where the coating of high index of refraction
material is sandwiched between the two transparent optical
elements. In this latter embodiment, the assembly is remov-
ably attached to the distal end region of the fiber with a
spacing of less than 100 nm or greater than 2 um between the
distal end of the fiber and the confronting face of the second
transparent optical element in the assembly.

For detecting multiple analytes, such as multiple nucleic
acid species, the layer of analyte-binding molecules can be
composed of an amay of discrete analyte-binding regions,
such as single strands of nucleic acid. The regions are effec-
tive to bind different analytes. The optical fiber includes a
plurality of individual fibers, each aligned with one of the
regions, the detector includes a plurality of defection zones,
and the optical coupling functions to couple each of the plu-
rality of fibers with one of the zones.

The analyte-binding molecules in the assembly can be, for
examptle, (i) an anti-species antibody molecules, for use in
screening hybridoma libraries for the presence of secreted
antibody, (i) antigen molecules, for use in detecting the pres-
ence of antibodies specific against that antigen; (iii) protein
moiecules, for use in detecting the presence of a binding
partner for that protein; (iv) protein molecules, for use in
detecting the presence of multiple binding species capable of
forming a multi-protein complex with the protein; or (v)
single stranded nucleic acid molecules, for detecting the pres-
ence of nucleic acid binding molecules.

The detector can be a spectrometer for measuring reflected
light intensity over a selected range of wavelengths. Alterna-
tively, or in addition, the light source can include a plurality of
light-emitting diodes, each with a characteristic spectral fre-
quency, and the detector functions to record light intensity of
reflected light at each of the different LED frequencies. In still
another embodiment, the light source includes a white-light
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source and the detector is designed to record light intensity of
reflected light at each of a plurality of different wavelengths.

In ancther aspect, the invention includes a method for
detecting the presence or amount of an analyte in a sample
solution. The method involves reacting the sample solution
with a first reflecting surface formed by a layer of analyte-
binding molecules carried on the distal swrface of a transpar-
ent optical element having a thickness of at least 50 nm,
thereby to increase the thickness of the first reflecting layer by
the binding of analyte to the analyte-binding molecules in the
layer. The change in thickness of the first reflecting layer is
measured by detecting a shifl in a phase characteristic of the
interfererice wave formed by the two light waves reflected
from the first layer and from a second reflecting layer that is
formed on the opposite, proximal surface of the optical ele-
ment and which has an index of refraction greater than that of
the optical element.

The detecting step can include directing light from an
optical fiber ento the two reflecting surfaces, and directing
reflected light from the two surfaces onto a detector through
an optical coupling. The detector can be a spectrometer,
where the detecting includes measuring a shift in the spectral
position of one or more of the interference extrema produced
by the two reflecting lightwaves.

Where the method is nsed for measuring the rate of asso-
ciation of analyte to the second iayer, the reacting step can be
carried outuntil a near-maximum increase in thickness of the
first reflecting layer is observed. Where the method is used for
measuring the rate of dissociation of analyte to the second
layer, the reacting steps can include immersing the second
layer in a dissociation buffer for a period of time until a
decrease in thickness of the first reflecting layer is observed.
Where the method is used for measuring the amount of ana-
Iyte present in the sample, the detecting is carried out over a
period sufficient to measure the thickness of the first reflect-
ing layer at a plurality of different time points.

Where the method is used measuring one or more of a
plurality of analytes in a sample, the first reflecting layer is
compeosed of an array of discrete analyte-binding regions, the
different regions being effective to bind different analytes,
and the detecting is effective to detect a change in the thick-
ness of each of the regions resulting from binding of analyte
o the analyte-binding molecules.

These and other objects and features of the present inven-
tion will become mere fully apparent when the following
detailed description of the invention is read in conjunction
with the accompanying drawings.

BRIEF DESCRIPTION OF THE SEVERAL
VIEWS OF THE DRAWING

These and other features, aspects, and advantages of the
present invention will become better understood with regard
to the following description, and accompanying drawings,
where:

FIG. 1 shows the hasic system setup forthe bioprobe and its
apparatus;

FIG. 2 shows an optical assembly formed accordance to
one embodiment of the invention;

FIGS. 3A and 3B show a portion of an interference wave
over 7 peak and valley orders (3A), and over in a visible
portion of the spectrum (3B);

F'IG. 4 shows an optical assembly constructed according to
another embodiment of the invention;

FIG. 5 shows a disposable multi-analyte optical assembly
having an analyte-binding array and constructed according to
another embodiment of the invention;
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FIG. 6 shows a sequential binding of three molecules;

FIG. 7 shows on and off curves generated from the asso-
ciation and dissociation of antibodies;

FIG. 8 shows the curves of two antibodies binding to their
antigen af different concentrations;

FIG. 9 shows immebilization of bis amina PEG (MW
3300) specifically through an amide bond formation. The
PEG (MW 8000) is used as a negative control to monitor
non-specific binding of the PEG polymer; and

FIG. 10 shows a small molecule binding to a large mol-
ecule, negative controls and the base line measurement.

DETAILED DESCRYPTION OF THE INVENTION

Definitions

Terms used in the claims and specification are to be con-
strued in accordance with their usual meaning as understood
by one skilled in the art except and as defined as set forth
below, Numeric ranges recited in the claims and specification
are to be construed as including the limits bounding the
recited ranges.

The term “in vivo” refers to processes that occur in a living
organism.

An “analyte-binding” molecule refers to any molecule
capable of participating in a specific binding reaction with an
analyte molecule. Examples include but are not limited to,
e.g., antibody-antigen binding reactions, and nucleic acid
hiybridization reactions,

A “specific binding reaction” refers to a binding reaction
that is saturable, usually revetsible, and that can be competed
with an excess of one of the reactants. Specific binding reac-
tions are characterized by complementarity of shape, charge,
and other birding determinants as between the participants in
the specific binding reaction.

An“antibody” refers to an immunoglobulin molecule hav-
ing two heavy chains and two light chains prepared by any
method known in the art or later developed and includes
polyclonal antibodies such as those produced by inoculating
a mammal such as a goat, mouse, rahbit, etc. with an immu-
nogen, as well as monoclonal antibodies produced using the
well-known Kcohler Milstein hybridoma {usion technique.
The term includes antibodies produced using genetic engi-
neering methods such as those employing, e.g., SCID mice
reconstituted with human immunoglobulin genes, as well as
antibodies that have been humanized using art-known resus-
facing techniques.

An*“antibody fragment” refers 1o a fragment of an antibody
melecule produced by chemical cleavage or genetic engineer-
ing techniques, as well as to single chain variable fragments
{SCFvs) such as those produced using combinatorial genetic
libraries and phage display technologies. Antibody fragments
used in accordance with the preserit invention usually retain
the ability to bind their cognate antigen and so include vari-
able sequences and antigen combining sites.

A “small molecule” refers to an organic compound having
a molecular weight less than about 500 daltons. Small mol-
ecules are useful starfing materials for screening to identify
drug lead compounds that then can be optimized through
traditional medicinal chemistry, structure activity relation-
ship studies to create new drugs. Small molecule drug com-
pounds have the benefit of usually being oraily bioavailable.
Examples ol small molecules include compounds listed in the
following databases: MDL/ACD (http://www.mdli.com/),
MDL/MDDR (http://www.mdii.com/), SPECS (http://ww-
w.specs.net/), the China Natural Product Database (CNPL)
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(http://www.neotrident.com/), and the compouad sample
database of the National Center for Drug Screening (hitp://
WWW.SCIeeNn.oTg.cy/).

Abbreviations used in this application include the follow-
ing: “ss” refers to single-stranded; “SNP” refers to single
nucleotide polymorphism; “PBS* refers to phosphate bufl-
ered saline (0.01 M phosphate buffer, 0.0027 M potassium
chloride and 0.137 M sodium chloride, pH 7.4); “NHS” refers
to N-hydroxysuccinimide; “MW? refers to molecylar weight;
“Sulfo-SMCC” refers to sulfosuccinimidy] 4-{N-maleimi-
demethyljcyclohexane-1-carboxylate,

It must be noted that, as used in the specification and the
appended claims, the singular forms “a,” “an” and “the”
include plural referents unless the context clearly dictates
otherwise.

Advantages and Utility

The advantages and utility of the invention are illustrated
by reference to the Figures and Examples as described in
greater detail below. These include the ability to monitor in
real time analyte binding reactions without the use of labels,
diminishing cost and potential toxicity. A further advantage
includes the ability to practice the method using visible wave-
length light sources. Yet other advantages are provided by the
fiber optic nature of the detector tip that allows binding reac-
tions to be monitered in very smali sample volumes, includ-
ing in “in vitro™ spaces, and to bundle fibers to carry out
highly multiplexed analyses of binding reactions.

FIG. 1 shows, in schematic view, an interfercmeter appa-
ratus 20 constructed in accordance with the invention. In its
most basic elements, the apparatus includes a tight source 22,
an optical assembly 26 that functions as a sensing element or
detector tip and that will be detailed further with respect to
FIGS. 2, 4 and 5 below, and a detector unit 28 for detecling
interference signals produced by interfering light waves
reflected from the optical assembly 26.

Light from source 22 is directed onto the optical assembly
26, and reflected back to the detector through an optical
coupling assembly indicated by dashed lines at 30. In a pre-
ferred embodiment, the coupling assembly includes a first
optical waveguide or fiber 32 extending from the light source
to the optical assembly, a second optical wavegnide or fiber
34 which carries reflected light from the optical assembly to
the detector, and an optical coupler 36 which optically
couples fibers 32, 34. Suitable optical fiber and coupling
componetts are detailed in the above-cited *453 patent. One
exemplary coupler is commercially available from many ven-
dors including Ocean Optics (Dunedin, Fla.).

Alternatively, the coupling assembling can include a lens
system constructed to focus a light beam onto the upper
surface of the optical assembly and to direct reflected inter-
fering light from the optical assembly to the detector. The
latter system would not require optical fibers, but would
impose relatively stringent requirements on the posttioning of
the lens elements used for the optical coupling.

The light source in the apparatus can be a white light
source, such as a light emitting diode (LED) which produces
light over a broad spectrum, e.g., 400 nm or Jess to 700 nm or
greater, typically over a spectral range of at least 100 nm.
Alternatively, the light source can be a plurality of sources
each having a different characteristic wavelength, such as
LEDs designed for light emission at different selected wave-
lengths in the visible light range. The same fisnction can be
achieved by asingle light source, e.g., white light source, with
suitable filters for directing light with different selected wave-
lengths onto the optical assembly.

The detector is preferably a spectrometer, such as charge-
coupled device (CCD), capable of recording the spectrum of
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the reflected interfering light from the optical assembly.
Alternatively, where the light source operates to direct differ-
ent selected wavelengths onto the optical assembly, the detec-
tor can be a simple photodetector for recording light intensity
at each of the different imadiating wavelengths, In still
another embediment, the detector can include a plurality of
filters which allows detection of light intensity, e.g., from a
white-light source, at each of a plurality of selected wave-
lengths of the interference reflectance wave. Iixemplary Light
source and detector configurations are described in the above-
cited *453 patent, particularly with respect to F3GS. 8 and 10
of that patent, and it will be understoed that these configura-
tiens are suitable for use in the present invention.

FIG. 2 shows an optical assembly 26 constructed in accor-
dance with one embodiment of the invention, and an adjoin-
ing portion of the distal end region of an optical fiber 32 to
which the optical assembly is fixedly attached. As seen, the
assembly 26 includes a transparent optical element 38 having
first and second reflecting surfaces 42, 40 formed on its lower
(distal) and upper (proximal) end faces, respectively. Accord-
ing to an important feature of the invention, the thickness “d”
of the optical element between its distal and proximal sur-
faces, 1.e., between the two reflecting surfaces, is at least 50
nm, and preferably atleast 100 . Anexemplary thickness is
between about 100-5,000 nm, preferably 400-1,000 nm. The
first reflecting surface 42 is formed of a layer of analyte-
binding molecules, such as molecules 44, which are effective
to bind analyte molecules 46 specifically and with high affin-
ity. That is, the analyte and anti-analyte melecules are oppe-
site members of a binding pair of the type described above,
which can inelude, without limitations, antigen-antibody
pairs, complementary nucleic acids, and receptor-binding
agent pairs.

The index of refraction of the optical element is preferably
similar to that of the first reflecting surface, so that reflection
from the lower distal end of the end optical assembly occurs
predominantly from the Iayer formed by the analyte-binding
molecules, rather than from the interface between the optical
element and the analyte-binding molecules. Similarly, as ana-
lyte molecules bind to the lower layer of the optical assembly,
light reflection form the lower end of the assembly occurs
predominantly from the layer formed by the analyte-binding
molecules and bound analyte, rather than from the interface
region. One exemplary material forming the optical element
is $i0,, e.g., a high-quality quality glass having an index of
refraction of about 1.4-1.5. The optical element can also be
formed of a transparent polymer, such as polystyrene or poly-
ethylene, having an index of refraction preferably in the 1.3-
1.8 range.

The second reflecting surface in the optical assembly
formed as a layer of transparent material having an index of
refraction that is substantially higher than that of the optical
element, such that this layer functions to reflect a portion of
the light directed onto the optical assembly. Preferably, the
second layer has a refractive index greater than 1.8. One
exemplary material for the second layer is Ta, O, with refrac-
tive index equal tc 2.1. The layer is typicalty formed on the
optical element by a conventional vapor deposition coating or
layering process, to a layer thickness of less than 50 nm,
typically between 5 and 30 nm.

The thickness of the first (analyte-binding) layer is
designed to optimize the overall sensitivity based on specific
hardware and optical compenents. Conventional immobiliza-
tion chemisiries are used in chemically, e.g., covalently,
attaching a layer of analyte-binding molecules to the lower
surface of the optical element. For example, a variety of
bifunctional reagents containing a siloxane group for chemi-
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cal attachment to 8i0,, and an hydroxyl, amine, carboxyl or
other reaction group for attachment of biological molecules,
such as proteins (e.g., antigens, antibodies), or nucleic acids.
It is also well known to etch or otherwise treat glass a glass
surface to increase the density of hydroxyl groups by which
analyte-binding molecules can be bound. Where the optical
element is formed of a polymer, such as polystyrene, a variety
of methods are available for exposing available chemically-
active surface groups, such as amine, hiydroxyl, and carboxyl
groups,

The analyte-binding layer is preferably formed under con-
ditions in which the distal surface of the optical element is
densely coated, so that binding of analyte molecules to the
layer forces a change in the thickness of the layer, rather than
filling in the layer. The analyte-binding layer can be either a
monolayer or a multi-layer matrix.

The measureinent of the presence, concenfration, and/or
binding rate of analyte to the optical asserbly is enabled by
the interference of reflected light beams from the two reflect-
ing surfaces in the optical assembly. Specifically, as analyte
molecules atlach to or detach from the surface, the average
thickness of the first reflecting layer changes accordingly.
Because the thickness of all other layers remains the same, the
interference wave formed by the light waves reflected from
the two surfaces is phase shifted in accordance with this
thickness change.

Assume that there are two reflected beams: The first beam
is reflected from the first surface, which is the distal end
interface between analyte-binding molecules and bound ana-
Tyte and the surrounding niedium; and the second beam is
reflected from the second surface, which is the proximal
interface between the optical element (the first layer) and the
high-index of refraction layer (the second layer). The overall
wavelength-dependent infensity of the interference wave is:

2mA
I=h+hL+2VILE COS(T]

where I is the intensity, I, and 1, are the intensity of two
interference beams, A is the optical path difference, and A is
the wavelength,

When (2mA/)=Nr, the curve is at its peak or valley if N is
aninteger 0,1, 2, .. ..

The thickness of the first layer d=A/2n. Therefore,
A=4nd/N at peaks or valleys (exirema).

For the first several values of N, ie, 0, 1,2, ... 7, and
assuming a d of 770 nm, the equation gives:

N=0: h=w (peak)

W=1: h=nd=4,496_80 mx (Valley)
N=2: A=2nd=2,248.40 nm (Peak)
N=3: A=4nt/3=1,498.9 nm (Valley)
N=4: A=nd=1,124.20 nin {Peak)
N=3: A=4nd/5-859.36 nm (Valiey)
N=6: A=2nd/3=749.47 nm (Peak)
N=T: h=dnd/7=642 nm (Valley)
N=8: h=nd/2=562 rm {Peak)

N=9; h=4nd/$=499.64 nmn (Valley)
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N=10; A=4nd/10=449,6 nm (Peak)

As can be seen, and illustrated further in FIGS. 3A and 3B,
at least three peaks/valleys (N=7-9) occur in the visible spec-
tral range.

If the 77 order valley is used to calculate the change in
molecular layer thickness, when the molecular layer atfached
10 the first layer increases from O nm to 10 nm, the 7% order
valley will shift to 650.74 nm. Therefore, the ratic between
the actual the phase shift of the 7 order valley and thickness
change equals (650.74-642.40)/10-0.834.

By contrast, ifthe initial spacing between the two reflecting
layers is made up entirely of the analyte-binding melecules
ot the end of the fiber, assuming a thickness of this layer of 25
nm, then the first order peak will occur at 146 nm, clearly cut
of the range of the visibie spectrum, so that the device wili
only see a portion of the region between the O-order valley
and the first order peak, but will not see any peaks, making a
shift in the spectral characteristics of the interference wave
difficult to measure accurately.

Not until the total thickness of the reflecting layer
approaches about 100 nm will the first-order peak appear in
the visible spectrum. Assuming a total thickness change of up
to 50 nm, the thickness of the optical element can then be as
small as 50 mm, but is preferably on the order of several
hundred i, so that the phase shift or change in periodicity of
the interference wave can be measured readily by a shiftin the
spectral positions of higher-order peaks or valleys, e.g. where
N=3-10.

The ratio between the actuaf thickness and the measured
phase shift is considered as a key factor of measurement
sensitivity. It can be appreciated how one can adjust the
thickness of the optical element and its refractive index to
improve and optimize the sensitivity to accommodate the
electranics and optical designs.

FIG. 4 shows an optical assembly 50 that is removably
carried on the distal end of an optical fiber 52 in the assay
apparatus. The optical element includes a plurality of flexible
gripping arms, such as arms 54, that are designed to slide over
the end of the fiber and grip the fiber by engagement of an
annular rim or detente 56 on the fiber with complementary-
shaped recesses formed in the arms, as shown. This attach-
ment serves o position the optical assembiy on the fiber to
provide an air gap 58 between the distal end of the fiber and
the confronting (upper) face of the assembly, of less than 100
nm or greater than 2 um. With an air gap of preater than about
100 nm, but less that 2 pm, internal reflection from the upper
surface of the optical assembly can contribute significantly to
undesirable fringes that can adversely impact the detection
accuracy.

With continzed reference to FIG. 4, the optical assembly
includes a first optical element 60 similar to optical element
38 described above, and having first and second reflective
layers 62, 64, respectively, corresponding to above-described
reflective layers 40, 42, respectively. The assembly further
includes a second optical element 66 whose thickness is pref-
erably preater than 100 nm, typically at least 200 nm, and
whose index of refraction is similar to that of first optical
element 60. Preferably, the two optical elements are con-
structed of the same glass or a polymeric material having an
index of refraction of between about 1.4 and 1.6, Layer 64,
whichis formed of a high index of refraction material, and has
a thickness preferably less than about 30 nm, is sandwiched
between the 2 optical elements as shown.

In operation, the optical assembly is placed over the distal
fiber end and snapped into place on the fiber. The lower
surface of the assembly is then exposed to a sample of analyte,
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under conditions that favor binding of sample analyte to the
analyte-binding molecules forming reflective layer 62. As
analyte molecules bind to this layer, the thickness of the layer
increases, increasing the distance “d” between reflective sur-
faces 62 and 64. This produces a shift in the exirema of the
interference wave produced by reflection from the two layers,
as described above with reference to FIGS. 3A and 3B. This
shift in extrema or wavelength, or wavelength period, in tarn,
is used to determine the change in thickness at the lower
(distal-most) reflecting layer. After use, the optical assembly
can be removed and discarded, and replaced with fresh ele-
ment for a new assay, for assaying the same or a different
analyte.

EIG. 5 illustrates an optical assembly and fiber bundle in an
embodiment of the invention designed for detecting one or
more of a plurality of analytes, e.g. different-sequence
nucleic acid analytes, in a sample. A fiber bundle 72 is com-
posed of an array, e.g., circular array, for individual optical
fibers, such as fibers 74. The optical assembly, indicated
generally at 70, is composed of the basic optical elements
described above with reference to FIG. 4, but in an array
format. Specifically, a first optical element 80 in the element
provides at its lower distal surface, an array of analyte-reac-
tion regions, such as regions 84, each containing a layer of
anafyte-binding molecules effective to bind to one of the
different analytes in the sample. Bach region forms a first
reflective layer in the optical assembly. One preferred sensing
provides an array of different-sequence nucleic acids, e.g.,
cDNAs or oligonucteotides, designed to hybridize specifi-
cally with different-sequence nucleic acid analyte speciesina
sample, That is, the array surface forms a “gene chip” for
detecting each of a plurality of different gene sequences.

Also included in the optical assembly are a second optical
element 78 and a layer 79 of high index of refraction material
sandwiched between the two optical elements, and which
provides the second reflecting surface in the optical assembly.
The assembly is carried on the fiber bundle 72 by engagement
between a pair of flexible support arm, such as arm 76 and an
amular Hm or detente 86 on the bundle. With the assembly
placed on the fiber bundle, the lower distal ends of the fibers
are spaced from the confronting surface of optical element 78
by an air gap 85 whose spacing is preferably less than 100 nm
or greater than 2 um. Purther, each of the fibers is aligned with
a corresponding assay region of the optical assembly, so that
each fiber is directing light on, and receiving reflected light
from, its aligned detection region. Similarly, the optical cou-
pler in the apparatus, which serves to couple multiple fibers to
the detector, preserves the alignment between the array
regions and corresponding positions on an optical detector,
e.g., two-dimensional CCD. The materials and thickness
dimensions of the various optical-assembly components are
similar to those described above with respect 1o FIG. 4.

The apparatus described in this invention can be nsed more
specifically for the following applications:

(1) with an anti-species antibody carried on the tip, for
screening hybridomna expression lines for cell lines with
high antibody expression;

(ii) with an antigen carried on the tip, to characterize high
affinity antibodies against that antigen;

(i) with a protein carried on the tip, for identifying and
characterizing binding partners (DNA, RNA, proteins,
carbohydrates, arganic molecules) for that protein;

(iv) with a carbohydrate or glycosyl moiety cartied on the
tip, for identifying and characterizing binding partners
(such as, e.g., DNA, RNA, proteins, carbohydrates,
organic molecules) for that carbohydrate;
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{v) with a protein thought to participate in a multi-protein
complex carried on the tip, for characterizing the bind-
ing components and/or kinetics of complex fermation;

(vi) with a small protein-binding molecule cartied on the
tip, foridentifying and characterizing protein binders for
that molecule;

(vii) with an antibody carried on the tip, for constructing a
calibration curve for the analyte using a set of analytes
standards. Using this calibration curve, cne can then
determine the concenfration of the analyte in unknown
soltions (cell culture supernatants, biological samples,
process mixtures, efc).

{vili) with a single-stranded nucleic acid, e.g. ssDNA or
RNA carried on the tip, for identifying and molecules
that bind specifically to the nucieic acid.

Using a temperature control block, the apparatus and
method can alse be used to monitor the binding and charac-
terize the binding of an immobilized ssDNA to an oligonucle-
otide in solution to perform SNP analysis.

The following examples illustrate various methods and
applications of the invention, but are in no way intended to
limit its scope.

EXAMPLES

Below are examples of specific embodiments for carrying
out the present invention. The examples are offered for illus-
trative purposes only, and are not intended to limit the scope
of the present invention in any way. Efforts have been made to
enstre accuracy with respect to numbers used (e.g., atnounts,
temperatures, etc.), but some experimental error and devia-
tion should, of course, be allowed for.

The practice of the present invention will employ, unless
otherwise indicated, conventional methods of protein chem-
istry, biochemistry, vecombinant DNA techniques and phar-
macology, within the skill of the art. Such techniques are
explained fully in the literature. See, e.g., T. E. Creighton,
Proteins: Structures and Molecular Properties (W.I. Free-
man and Company, 1993); A. L. Lebninger, Biochemistry
(Worth Publishers, Inc., current addition); Sambrock, et al.,
Molecular Cloning: 4 Laboratory Manual (2nd Edition,
1989); Methods In Enzymology (8. Colowick and N. Kaplan
eds., Academic Press, Inc.); Remington's Pharmaceutical
Sciences, 18th Edition (Easton, Pa.: Mack Publishing Com-
pany, 1990); Carey and Sundberg Advanced Organic Chem-
istry 3" Ed. (Plenum Press) Vols A and B (1992).

Example 1
Small Molecule-Protein Binding Reaction

This example demonstrates the capability to detect the
binding of protein to smail molecule immobilized an a sensor
tip and subsequent bindings of multiple antibodies. The two-
layer configuration on the tip of an optic fiber is used for this
test. The thickness of the first Ta,Os layer is 25 nm and the
thickness of the second 810, layer is 770 nm. The fiber was
purchased from Ocean Optics (Dunedin, Fla.). It was manu-
ally cut into segments that are 40 mm long. Beth ends of these
segments were polished to standard mirror surface quality.
The polishing method used here was exactly the same as those
for optical lenses and mirrors. One surface of these fiber
segments was outsourced to an optical coating house for
Ta, 05 layer and 8i0, layer. This vendor employed an ion-
beam assisted physical vapor deposition (IAPVD) coater
made by Leybold. IAPVD is a commonly used coating tech-
nique for anti-reflection and optical filters. The experimental
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steps included the following (all steps are performed at room
temperature unless otherwise noted):

The fiber tip was coated with a polymer monolayer deriva-
tized with biotin. The pelymer monolayer was prepared using
a biotinylated lipid (custom). This lipid was using to form a
lipid menelayer on the surface of water solution. The mono-
layer was cross linked using UV light for 15 minutes. Clean,
dry fibers were then brought in contact with the floating thin
film and the biotin polymer was adsorbed onto the fiber tip.
The fibers were then dryed at 60° C. for 1 hour. The fiber were
then stored under ambient conditions

The biosensor tip was immersed in 50 pg/mi streptavidin
streptavidin  (Pierce Biotechnology, Rockford I1I., cat
#21122)in PBS (invitrogen, Carlsbad, Calif ; cat #14190078)
for 9 minutes and then rinsed briefly with PBS.

The same tip was dipped into 10 pg/ml rabbit-anti-strepta~
vidin solution (AbCam, Cambridge, Mass,; cat #ab6676-
1000) in PBS for 36 minutes and then washed with PBS
briefly.

Finally, the tip was immersed in 50 pg/ml. donkey-anti-
rabbit antibody solution antibody (Jackson ImniunoRe-
search, West Grove, Pa.; cat# 711-005-152) in PBS for 25
mimmtes. A final 10 minute rinse was performed in PBS solu-
tion.

FIG. 6 shows the real-time response curve for this sequen-
lial binding test. The vertical axis is the 7% order valley phase
shift in nanometers. It clearly shows the binding of streptavi-
din to the biotin already immobilized on the tip, and subse-
quent bindings of anti-streptavidin antibody to strepiavidin
and a second antibody to this first antibody. The disscciation
of the streptavidin layer from the tip was visible (a small
reduction in the optical thickness) at 90{ seconds.

Example 2

Bicmolecular Interaction Analysis of Kinetics and
Affinity of Biomolecular Interactions

This example illustrates use of the invention to carry out a
biomolecular interaction analysis {BIA) measuring Kinetics
and affinity of biomolecular interactions. The sane tip con-
figrreation as described in Example 1 was used. The experi-
mental steps included the following (all steps are performed
at room temperature unless otherwise noted):

Mercaptosilane coated tips were prepared using the fol-
lowing procedure. Clean, dry fibers were incubated in a mix-
ture of Toluene: hexanoic acid: mercaptopropylirioxysilane
{10:2:1 volumetric ratio) at room temperature for 24 hours.
The fibers were rinsed 2x with 10 mL toluene for 5 mimstes
each. The fibers were then rinsed 1x with 10 mL of ethanol
and dried under a stream of argon and stored at ambient
conditions.

The biosensor tip was first detivatized by immersion in a
with 10 pg/ml solution of rabbit-IgG (Jackson ImmunoRe-
search, West Grove, Pa.; cat# 309-005-003) in PBS for 1 hour.

The coated tip was dipped into 10 pg/ml goat-anti-rabbit
antibody solution (Jackson ImmunoResearch, West Grove,
Pa.: cat# 111-005-003) in PBS and remained in it for 15
minutes.

The tip was removed and washed in PBS. To facilitate the
dissociation of the second antibody from the first antibedy,
the PBS was agitated manually for 20 minutes.

The tip was then dipped into the same goat-anti-rabbit
solution again to show the reproducible association of goat-
anti-rabbit to rabbit-1gG.

FIG. 7 shows the on and off curves generated from the
association and dissociation of rabbit-IgG and goat-anti-rab-
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bit. The vertical axis is again the 7" order valley phase shift.
The phase shift is directly related to the average thickness
with a ratio of 0.834. The ability to detect the on and off curves
reliably is essential for measuring interaction kinetics and
affinity.

Example 3

Caleulating Affinity Constants from
Antibody-Antigen Binding and Release Curves

This experiment demonstrates the calculation of affinity
constants from measuring on and off curves for two antibod-
ies and their antigen. The proprietary antibodies were labeled
as Ab-1 and Ab-2. The molecular weight of the antigen was
about 30 kilodaltons. The same tip configuration as described
in Example 1 was used. The same mercaptosilane fiber prepa-
ration as described in Example 2 was used. The experimental
steps included (a1l steps are performed at room temperature
unless otherwise noted):

The fiber tip was activated for covalent attachment of the
antigen. Mercaptosilane coated fibers were activated by
immersing the sensor tips in 50 pL, of a 50 mg/mL solution of
sulfo-SMCC  (Pierce Biotechnology, Rockford IIL; cat
#22322) in DMF (Sigma-Aldrich Chemical Company, St
Louis, Mo.; cat #494488) at for 2 hours. The sensor tips were
rinsed briefly in DMF and dried;

The antigen was covalently bound to the activated fiber tip
by immersing the activated tip in a 20 pg/ml sclution of
antigen in PBS for 20 minutes. The tip was rinsed with PBS
for 2 minugtes. Following the PBS rinse, the tip was quenched
with an aqueous solution of 100 uM ethanolarnine pH 8.5
(Sigma-Aldrich Chemical Company, St Louis, Mo, cat
#R9508) for 5 mimutes and then was rinsed again in PBS for
2 minutes.

The same tip was immersed in antibody for an association
test and the real-time binding data were recorded for 9-15
minutes (depending on the antibody identity and concentra-
tion). Once those data were recorded, the tip was again
immersed in PBS and agitated to measure the off curve (ie.,
dissociation between the immobilized antigen and bound
antibody) for 9-15 minutes. The binding (on curve) and dis-
sociation {off curve) measurements were repeated using dif-
ferent concentrations of antibody (25 nM, 150 nM, and 430
nM) and with two different antibodies identified as Ab-1 and
Ab-2.

FIG. 8 shows the association and dissociation curves at
different concentrations. The test of 25 nM Ab-2 was not
completed because the association was extremely slow at this
concentration. These illustrated curves are plots of the raw
data.

K.,» K, and K, were derived from these curves by fitting
the raw data with a first order exponential function. By aver-
aging two sefs of data, kinetic and affinity coefficients were
obtained as follows:

Ab-1 Ab-2

K, =135x 10° (M~'s™ K,, =201 x10% (M's7Y
K g=555%10" (7Y K p=8.15x 107 {57")
Kp= Ko =399 %107 (M) Rp=K,JK,,=445% 107 (M)
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Exaniple 4

NHS-Ester Activated Tips

The same tip configuration as described in Example 1 was
used. The same mercaptosilane fiber preparation as described
in Bxample 2 was used. Mercaptosilane coated fibers were
activated by immersing the sensor tips in 50uL ofa 50 mg/ml.
solution of sulfe-SMCC {Pierce Biotechnology, Roclkford
TIL; cat #22322) in DMF (Sigma-Aldrich Chemical Com-
pany, St Louis, Mo.; cat #494488} at for 2 hours, The seusor
tips were rinsed briefly in DMF and dried.

Amine containing molecules can be covalently bound to
this surface through formation of a stable amide linkage.
Molecules that do not contain free amines are not irnmobi-
lized through the NHS moiety, but these molecules can stil}
bind to the surface through non-specific binding, This non-
specific binding can be multi-layered whereas the covalent
immobilization through the NHS esters will be in a single
layer controlled by the availability and accessibility of the
NHS ester.

In this set of expetiments, a bis amino PEG (MW 3300}
{Shearwater Polymers, San Carlos, Calif.)} was used as a test
compound o covalently bind to the activated surface. A PEG
(MW 8000) (Sigma-Aldrich Chemical Company, St Louis,
Mo.; cat #04162) that contained no free amino groups was
used as a negative control. This negative control was used to
look for any non-specific or multi-layered binding that might
be inherent to PEG polymers on this surface.

FIG. 9 shows the time course of the treatment of the acti-
vated mercaptosilane tip with the test molecules. The acti-
vated tip showed a distinet increase in optical thickness upon
exposure to the 0.1 mg/mL bis amino PEG (MW 3300) in
PBS. This increase is stopped when the bis amino PEG solu-
tion is replaced by the PBS buffer. The activated tip exposed
to 0.1 mg/ml. PEG (MW8000) in PBS, which contains no
amines, shows a small initial increase in optical thickness but
the trace quickly becomes flat. From tlis it can be concluded
that the PEG polynmer does not have intrinsic non-specific
binding and that the binding seen for the bis amino PEG is
attributed to the specific covalent immobilization of the
amine group.

Example 5

Antibody Derivatized Tips Using NHS-Ester
Chemistry

This exarple illustrates the binding of a low molecular
weight molecule binding to an immobilized high molecular
weight mefecule. Using the same NHS ester terminated sux-
face described in Example 4 and the same tip configuration as
described in Bxample 1, an anti-biotin antibody was immeo-
bilized to 3 fibers. Immobilization of the antibody was
accomplished by immersing the activated fiber in a 20 pg/mL
sofution of mouse anti-biotin antibody (Biodesign, Saco
Minn.; cat #H61504M) in PBS for 1 hour at room tempera-
ture. The tip was rinsed with PBS for 2 minutes. Followingthe
PBS rinse, the tip was quenched with an aqueous solution of
100 uM ethanolamine pH 8.5 (Sigma-Aldrich Chemical
Company, $t Louis, Mo.; cat #E9508) for 5 minutes and then
was rinsed again in PBS for 2 minutes.

The first fiber was exposed to a solution of 200 ug/ml.
hiotin (Picrce Biotechnology, Reckford I cat #29129) in
PBS. Controls using a solution of sucrose (Sigma-Aldrich
Chemical Company, St Louis, Mo.; cat #88501) (2 mg/ml.)
and PBS were carried out ont the second and the third fibers to
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determine baseline noise. Data from these tests are shown in
FIG. 10. Biotin bhinding is seen as an increase in optical
thickness, whereas exposure 1o sucrose shows no detectable
increase over baseline (PBS).

Another negative control was carried out using an irrel-
evantantibody (anti-Lewis Y antibody from Calbiochem, San
Diego Calif ; cat# 434636) immobilized in an identical fash-
ion to the anti-biotin antibedy above, This immobilized anti-
body was exposed to a solution 0f 260 pg/ml. biotin. The lack
of biotin binding to this antibedy indicates that the biotin
binding to the anti-biotin antibody is a result of specific inter-
actions and not due to non-specific binding,.

While the invention has been particularly shown and
described with reference to a preferred embodiments and
various alternate embodiments, it will be understood by per-
sons skilled in the relevant art that various changes in form
and details can be made therein without departing from the
spirit and scope of the invention.

All references, issued patents and patent applications cited
within the body of the instant specification are hereby incor-
porated by reference in their entirety, for all purposes.

What is claimed is:

1. An optical assembly for use in detecting an analyte in a
sample based on interference, comprising:

an optical fiber having a tip; and

an optical element removably atiached to the tip of the

optical fiber and configured for receiving a beam of light
from the cptical fiber, the optical element comprising
flexible gripping arms that slide over and grip the optical
fiber to removably attach to eptical element to the optical
fiber,

said optical element comprising a transparent material, a

first reflecting surface, and a second reflecting surface
separated from the first reflecting surfuce by the trans-
parent material, said first and second reflecting surfaces
separated by at least 50 nm,

wherein said first reflecting surface binds a layer of analyte

binding molecules positioned so that interference
between a beamn of light reflected from the first reflecting
surface into the optical fiber and a beam of light reflected
from the second reflecting surface into the optical fiber
varies as analyte binds to the layer of analyte binding
melecules,

2. The assembly of claim 1, wherein said secend reflecting
surface comprises a layer of material having an index of
refraction greatet than the refractive index of said transparent
material.

3. The assembly of claim 1, wherein the separation
between said first and second reflecting surfaces is between
100 nm and 5,000 nm.

4, The assembly of claim 3, wherein the separation
beiween said first and second reflecting surfaces is between
400 nm and 1,000 nm.

5. The assembly of claim 1, wherein the refractive index of
said optical element transparent material is less than 1.8,

6. The assembly of claim 5, wherein said optical element
transparent material is a material selected from the group
consisting of Si0, and a transparent polymer.

7. The assembly of claim 6, wherein said transparent poly-
mer comprises polystyrene or polyethylene.

8. The assembly of claim 1, wherein the second reflecting
surface comprises a layer of material having a refractive index
greater than 1.8,

9, The assembly of claim 8, wherein said second reflecting
surface layer comprises Ta,Os.

10. The assembly of claim 9, wherein the thickness of said
second reflecting surface layer is between 5 nm and 50 nm.
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11. The assembly of claim 1, wherein said layer of analyte
binding molecules comptises a molecule selected from the
group consisting of a protein, a small molecule, a nucleic acid
and a carbohydrate.

12. The assembly of claim 11, wherein said protein is
selected from the group consisting of an avidin, a streptavi-
din, an antibody, and an antibody fragment.

13. The assembly of claim 1, wherein said optical assembly
is adapted for coupling fo said light source through a
mechanical coupling that engages said optical element with
said fiber.

14, The assembly of claim 1, wherein said optical element
is adapted for coupling to said light source through a coupling
assembly that comprises a lens system.

15. The assembly of claim 1, further comprising a second
optical element overlaying said second reflecting surface.

16. The assembly of claim 15, wherein the thickness of said
second optical element is greater than 100 am.

17. The assembly of claim 16, wherein the thickness of said
second optical element is greater than 200 nm.

18. The assembly of claim 15, wherein said optical assent-
bly is adapted for coupling to said light source through a
mechanical coupling that engages said second optical ele-
ment with said fiber.

19. The assembly of claim 18, wherein said mechanical
coupling provides an air gap between said second optical
element and said fiber.

20. The assembly of claim 19, wherein said air gap is fess
than 100 nm.

21. The assembly of claim 19, wherein said air gap is
greater than 2 pm.

22. The assembly of claim 1, wherein the optical element is
configured for detaclment from the optical fiber and disposal
after use.

23. A two dimensional array of the assemblies of claim 1.

24. A two dimensional array of the assemblies of claim 15.

25. An apparatus for detecting an analyte, comprising:

the assembly of claim 1;

a light source for directing light onto said first and said

second reflecting surfaces; and

a detector that receives light from said first and said second

reflecting surfaces and detects a change in optical thick-
ness of said first reflecting surface upon exposure of said
first reflecting surface to said analyte.

26. An apparatus for detecting an analyte, comprising;

the assembly of claim 15;

a light scurce for directing light onte said first and said

second reflecting surfaces; and

a detector that receives light from said firstand said second

reflecting surfaces and detects a change in optical thick-
ness of said first reflecting surface upon exposure of said
first reflecting surface to said analyte.

27. An apparatus for detecting an analyte, comprising:

the two dimensional array of the assemblies of claim 23,

a light source for directing light onto said first and said

second reflecting surfaces; and

a detector that receives light from said first and said second

reflecting surfaces and detects a change in optical thick-
ness of said first reflecting surface upon exposure of said
first reflecting surface to said analyte.

28. An apparatus for detecting an analyte, comprising:

the two dimensional array of the assemblies of claim 24;

a light source for directing light ento said first and said

second reflecting surfaces; and

a detector that receives light from said first and said second

reflecting surfaces and defects a change in optical thick-
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ness of said first reflecting surface upon exposure of said
first reflecting surface to said anaiyte.

29, A kit, comprising:
an optical assembly comprising;
an optical fiber having a tip;

an optical element removably attached to the tip of the
optical fiber and configured for receiving a beam of
light from the optical fiber, the optical element com-
prising flexible gripping arms that slide over and grip
the optical fiber to removably attach to optical ele-
ment to the optical fiber,

said optical element comprising a transparent material, a
first reflecting surface, and a second reflecting sur-
face, said second reflecting surface separated fromthe
first reflecting surface by the transparent material,
said first and second reflecting surfaces separated by
at least 50 nm,

wherein said first reflecting surface binds a layer of 20
analyte binding molecules positioned so that inferfer-
ence between a beam of light reflected from the first
reflecting surface into the optical fiber and a beam of
light reflected from the second reflecting surface inte
the optical fiber varies as analyte binds to the layer of
analyte binding molecules, and said second reflecting
surface comprises a layer of material having an index
of refraction greater than the refractive index of said
transparent material; and

instructions for binding said layer of analyte binding
molecules to said first reflecting surface.

30
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30. The kit of claim 29, further comprising a reagent for
chemically modifying said first surface and instructions for
using said reagent.

31. The kit of claim 29, wherein said optical assembly
further comprises a second optical element overlaying said
second reflecting surface.

32. A method for detecting anafyte in a sample, compris-
ing:

providing the apparatus of claim 25 and a sample;

exposing said first reflecting surface to said sample, and

determining whether said exposure results in a change in
optical thickness of said first reflecting surface.

33. A methed for detecting analyte in a sample, compris-
ing:

providing the apparatus of claim 26 and a sample;

expeosing said first reflecting surface to said sample, and

determining whether said exposure results in a change in
optical thickness of said {irsi reflecting surface.

34. A method for detecting analyte in a sample, compxis-
ing:

providing the apparatus of clain 27 and a sample;

exposing said first reflecting surface to said sample, ard

determining whether said exposure results in a change in
optical thickness of said first reflecting surface.

35. A method for detecting analyte in a sample, compris-
ing:

providing the apparatus of claim 28 and a sample;

exposing said first reflecting surface to said sample, and

determining whether sald exposure results in a change in
optical thickness of said first reflecting surface.
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FIBER-OPTIC ASSAY APPARATUS BASED ON
PHASE-SHIFT INTERFEROMETRY

CROSS REFERENCE TO RELATED
APPLICATIONS

This application is a continuation. of U.S. patent applica-
tion Ser. No, 12/099,751, filed Apr. 8, 2008, which is a con-
tinuation of U.S. patent application Ser. No. 10/981,901, filed
Nov. 4, 2004, which claims the benefit of (1) U.S. Provisional
Application No. 60/518,068, filed Nov. 6, 2003, and (2} U.S,
Provisional Application No. 60/558,381, filed Mar. 31, 2004,
the entire disclosures of which are hereby incorporated by
reference in their enfireties, including any appendices or
attachments thereof, for all purposes.

STATEMENT REGARDING FEDERALLY
SPONSCRED RESEARCH OR DEVELOPMENT

Not applicable.

BACKGROUND OF THE INVENTION

1. Field of the invention

The present invention relates to an apparatus and method
for detecting the presence, amount, or rate of binding of one
or more analytes in a sample, and in particular, to apparatus
and method based on fiber optic interferometry.

2. Description of the Related Art

Diagnostic tests based on a binding event between men-
bers of an analyte-anti-analyte binding pair are widely usedin
medical, veterinary, agticultural and research applications.
Typically, such methods are employed to detect the presence
oramotmt ot an analyte in a sample, and/or the rate of binding
ofthe analyte to the anti-analyte. Typical analyte-anti-analyte
pairs include complementary strands of nucleic acids, anti-
gen-antibody pairs, and receptor-receptor binding agent,
where the analyte can be either member of the pair, and the
anti-analyte molecule, the opposite member,

Diagnostics methods of this type often employ a selid
surface having immobilized anti-analyte molecules to which
sample analyte molecules will bind specifically and with high
affinity at & defined detection zone. In this type of assay,
known as a solid-phase assay, the solid surface is exposed to
the sample under conditions that promote analyie binding to
immobilized anti-analyte molecules. The binding event can
be detected directly, e.g., by a change in the mass, refiectivity,
thickness, color or other characteristic indicative of a binding
event, Where the analyte is pre-labeled, e.g., with a chro-
mophore, or fluorescent or radiolabel, the binding event is
defectable by the presence and/or amount of detectable label
at the detection zone. Alternatively, the analyte can be labeled
after it is bound at the detection zone, ¢.g., with a secondary,
flncrescent-labeled anti-analyte antibody.

Co-owned U.S. Pat. No. 5,804,453, (the *453 patent) which
is incorporated herein by reference, discloses a fiber-optic
interferometer assay device designed to detect analyte bind-
ing to a fiber-optic end surface. Analyte detection is based on
achange in the thickness at the end surface of the optical fiber
resulting from the binding of analyte molecules to the surface,
with greater amount of analyte producing a greater thickness-
related change in the interference signal. The change in inter-
ference signal is due to a phase shift between light reflected
from the end of the fiber and from the binding layer carried on
the fiber end, as illustrated particularly in FIGS. 74 and 75 of
the 453 patent. The device is simple to operate and provides
a tapid assay method for analyte defection,
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Ideally, an interferometer assay device will yield readily
observable changes in spectral peak and valley (extrema)
positions within the range of a conventional visible-light
spectrometer, that is, in the visible light range between about
450-700 nm, such that relatively smiall optical thickness
changes at the fiber end can be detected as significant changes
in the spectral positions of interference wavelength peaks and
valleys. One limitation which has been observed with the
device described in the *453 patent is the absence of readily
identified wavelength spectsal extrema over this spectral
range.

The present invention is designed to ovescome this limita-
tion, preserving the advantages of speed and simplicity of the
earlier-disclosed device, but significantly enhancing sensitiv-
ity and accuracy. The present invention also provides a more
convenient disposable-head format, as well as a multi-analyte
array format, e.g., for gene-chip and protein-chip applica-
tions.

SUMMARY OF THE INVENTION

The invention includes, in one aspect, an apparatus for
detecting an analyte in a sample, including detecting the
presence of analyte, the amount of analyte or the rate of
association and/or dissociation of analyte to analyte-binding
molecules, The apparatus includes an optical element with a
proximal reflecting surface and a distal reflecting surface
separated by at least 30 nm. A beam of light from an optical
fiber is directed to and reflected from the two reflecting sur-
faces. The reflected beams are coupled back into the opfical
fiber and interfere. The optical element also includes a layer
of analyte binding molecules that is positioned so that the
interference between the reflected beams varies as analyte
binds to the layer of analyte binding molecules.

The change in interference can be caused by different
physical phenomenon. For example, analyte binding can
cause a change in the optical path length or in the physical
distance between the two reflecting surfaces. Alternately,
analyte binding can cause a change in the index or in the
optical absorption of material located between the reflecting
surfaces, Analyte binding can also cause the layer of analyte
binding molecules to swell, resulting in a change in the inter-
ference.

In one particular design, the distal reflecting surface
includes the layer of analyte binding molecules. As analyte
binds to the layer of analyte binding molecules, the optical
path length or the physical distance between the two reflect-
ing surfaces may increase, for example, In another aspect of
the invention, a {ransparent solid material is located between
the reflecting surfaces and, optionally, the proximal reflecting
surface inclndes a material wifh an index greater than that of
the transparent solid material. Alternately, an air gap may be
located between the reflecting surfaces. In yet another design,
the distal reflecting surface is positioned between the proxi-
mately reflecting surface and the layer of analyte binding
molecules. For example, analyte binding may cause the layer
of analyte binding molecules to swell, moving the distal
reflecting surface claser to the proximal reflecting surface. In
vet another design, the layer of analyte binding molecules is
positioned between the two reflecting surfaces. Analyte bind-
ing may cause the layer to swell or to change its index, thus
changing the inferference between the two reftected heams.

In another aspect, the apparatus includes an optical assem-
bly having first and second reflecting surfaces separated by a
distance “d” greater than 50 nm. The optical assembly is
composed of a transparent optical element that can have a
thickness defined between proximal and distal faces of the
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element of at least 50 nm, preferably between 400-1,000 nm.
The first reflecting surface is carried on the distal face of
optical element, and is formed of a layer of analyte-binding
melecules. The second reflecting surface is formed by a coat-
ing of transparent material having an index of refraction
greater than that of the optical element. This coating can be
formed of a Ta,0; layer having a preferred thickness of
hetween 5 and 50 nm. The optical element can be 510,, and
has a thickness of between about 100-5,000 nmn, preferably
400-1,000 nm.

Also included are a light source for directing a beam of
light onto the first and second reflecting surfaces, and a detec-
tor unit that operates to detect a change in the optical thick-
ness of the first reflecting layer resulting from binding of
analyte to the analyte-binding molecules, when the assembly
is placed in the solution of analyte. The optical thickness
change at the firsi reflecting layer is related to a shiftin a phase
charactetistic of the interference wave formed by the two
light waves reflected from said first and second surfaces. This
phase characteristic can be a shift in the spectral position(s) of
one or more peaks and valleys of the interference wave, or by
a change in the period of a full cycle of the wave.

The light source can include an optical fiber having a distal
end adapted to be placed adjacent the second reflecting sur-
face in the assembly, and the apparatus forther includes an
optical coupling for directing reflected light waves reflected
from the assembly to the detector.

In a first embodiment, the optical assembly is fixedly
mounted on the aptical fiber, with the distal end of the optical
fiber in contact with the second reflecting surface, In a secand
embodiment, the optical assembly further includes a second
{ransparent optical element having an index of refraction less
than that of the second coating and a thickness greater than
about 100 nm, where the coating of high index of refraction
material is sandwiched between the two transparent optical
elements. In this latter embodiment, the assembly is remov-
ably attached to the distal end region of the fiber with a
spacing of less than 100 mun or greater than 2 pm between the
distal end of the fiber and the confronting face of the second
transparent optical element in the assembly.

For detecting muitiple analytes, such as multiple nucleic
acid species, the layer of analyte-binding molecules can be
composed of an array of discrete analyte-binding regions,
such as single strands of nucleic acid. The regions are effec-
tive to bind different analytes. The optical fiber includes a
plurality of individual fibers, each aligned with one of the
regions, the detector includes a plurality of detection zones,
and the optical coupling functions to couple each of the plu-
rality of fibers with one of the zones.

The analyte-binding molecules in the assembly can be, for
example, (i) an anti-species antibody melecules, for use in
screening hybridoma libraries for the presence of secreted
antibody, (ii) antigen molecules, for use in detecting the pres-
ence of antibodies specific against that antigen; (jii) protein
molecules, for use in detecting the presence of a binding
partner for that protein; (iv) protein molecules, for use in
detecting the presence of multiple binding species capable of
forming a multi-prolein complex with the protein; or (¥)
single stranded mucleic acid molecules, for detecting the pres-
ence of micleic acid hinding molecules.

The detector can be a spectrameter for measuring reflected
light intensity over a selected range of wavelengths. Alterna-
tively, or in addition, the light source can include a plurality of
light-emitting diodes, each with a characteristic spectral fre-
quency, and the detector functions to record light intensity of
reffected light at each of the different LED frequencies. In stilt
another embodiment, the light source includes a white-light
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source and the detector is designed to record light intensity of
reflected light at each of a plurality of different wavelengths.

In another aspect, the invention includes a method for
detecting the presence or amount of an analyte in a sample
solution. The method involves reacting the sample solution
with a first reflecting surface formed by a layer of analyte-
binding molecules carried on the distal surface of a transpar-
ent optical element having a thickness of at least 50 nm,
thereby to increase the thickness of the first reflecting layer by
the binding of anafyte to the analyte-binding molecules in the
layer. The change in thickness of the first reflecting layer is
measured by detecting a shift ins a phase characteristic of the
interference wave formed by the two light waves reflected
from the first layer and from a second reflecting layer that is
formed on the opposite, proximal surface of the optical ele-
ment and which has an index of refraction greater than that of
the optical element.

The detecting step can include directing light from an
optical fiber onto the two reflecting surfaces, and directing
reflected light from the two surfaces onto a detector throngh
an optical coupling. The detector can be a spectrometer,
where the detecting includes measuring a shift in the spectral
position of one or moare of the interference extrema produced
by the two reflecting lightwaves.

Whete the method is used for measuring the rate of asso-
ciation of analyte to the second layer, the reacting step can be
carried out until a near-maximum increase in thickness ofthe
first reflecting layer is observed. Where themethod is used for
measuaring the rate of dissociation of analyte to the second
layer, the reacting steps can include immersing the second
layer in & dissociation buffer for a period of time until a
decrease in thickness of the first reflecting layer is observed.
Where the method is used for measuring the amount of ana-
lyte present in the sample, the detecting is carried out over a
period sufficient to measure the thickness of the first reflect-
ing layer at a plurality of different time points.

Where the method is used measuring one or more of a
plugality of analytes in a sanple, the first reflecting layer is
composed of an array of discrete analyte-binding regions, the
different regions being effective to bind different analytes,
and the detecting is effective to detect a change in the thick-
ness of each of the regions resulting from binding of analyte
to the analyte-binding molecules,

These and other objects and features of the present inven-
tion will become more fully apparent when the following
detailed description of the invention is read in conjunction
witls the accompanying drawings.

BRIEE DESCRIPTION OF THE SEVERAL
VIEWS OF THE DRAWING

These and other features, aspects, and advantages of the
present invention will become better understood with regard
to the following description, and accompanying drawings,
where:

FIG. 1 shows the basic system setup for the bioprobeand its
apparatus;

FIG. 2 shows an optical assembly formed accordance to
one embodiment of the invention;

FIGS. 3A and 3B show a portion of an interference wave
over 7 peak and valley orders (3A), and over in a visible
poriion of the spectrum (3B},

FIG. 4 shows an optical assembly constructed according to
another embodiment of the invention;

FIG. 5 shows a disposable multi-analyte optical assembly
having an analyte-binding array and constructed according to
another embodiment of the invention;
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FIG. 6 shows a sequential binding of {hree molecules;

FIG. 7 shows on and off curves generated from the asso-
ciation and dissociation of aniibodies:

FIG. § shows the curves of two antibodies binding to their
antigen at different concentrations;

FIG. 9 shows immobilization of bis amino PEG (MW
3300) specifically through an amide bond formation. The
PEG (MW 8000) is used as a negative control fo momitor
non-specific binding of the PEG polymer; and

FIG. 10 shows a smail molecule binding to a large mol-
ecule, negative controls and the base line measurement.

DETAILED DESCRIPTION OF THE INVENTION

Definitions

Terms used in the claims and specification are to be con-
strued in accordance with their usual meaning as understood
by one skilled in the art except and as defined as set forth
below. Numeric ranges recited in the claims and specification
are to be construed as including the limits bounding the
recited ranges.

The term “in vivo™ refets to processes that occur in a living
organisim.

An “apalyte-binding” molecule refers to any molecule
capable of participating in a specific binding reaction with an
analyte molecule. Examples include but are not limited to,
e.g., antibody-antigen binding reactions, and nucleic acid
hybridization reactions.

A “specific binding reaction” refers to a binding reaction
that is saturable, usually reversible, and that can be competed
with an excess of one of the reactanis. Specific binding reac-
tions are characterized by complementarity of shape, charge,
and other binding determinants as between the participants in
the specific binding reaction.

An “antibody” refers to an immunoglobulin molecule hav-
ing two heavy chains and two light chains prepared by any
method known in the art or later develeped and includes
polyclonal antibodies such as those produced by inoculating
a mammal such as a goat, mouse, rabbit, etc. with an immu-
nogen, as well as monoclonal antibodies produced using the
well-known Kohler Milstein hybridoma fusion technique.
The term includes antibodies produced using genefic engi-
neering methods such as those employing, e.g., SCID mice
reconstituted with human immunoglobulin genes, as well as
antibodies that have been humanized using art-known resur-
facing techniques.

An“antibody fragment” refers to a fragment of an antibody
molecule produced by chemical cleavage or genetic engineer-
ing techniques, as well as to single chain variable fragments
(SCFvs) such as those produced using combinatorial genetic
libraries and phage display technologies. Antibody fragments
used in accordance with the present invention usually refain
the ability to bind their cognate antigen and so include vari-
able sequences and antigen combining sites.

A “small molecule” refers to an organic compound having
a molecular weight less than about 500 daltons. Smalt mol-
ecules are useful starting materials for screening to identify
drug lead compounds that then can be optimized through
traditional medicinal chemistry, structure activity relation-
ship studies to create new drugs. Small molecule dug com-
pounds have the benefit of usually being orally bioavailable.
Examples of small molecules include compounds listed in the
following databases: MDEJACD (hitp:/fwww.mdli.com/},
MDL/MDDR (http://wwwmdli.com), SPECS (hitp://ww-
w.specs.iet), the China Natural Product Database (CNPD)
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{htip://www.peotrident.com/), and the compound sample
database of the National Center for Drug Screening (hitp://
WWW.SCreen.org.cn/),

Abbreviations used in this application include the follow-
ing: “ss™ refers to single-stranded; “SNP” refers to single
nucleotide polymorphism; “PBS" refers to phosphate buff-
ered saline (0.01 M phosphate buffer, 0.0027 M potassium
chloride and 0.137 M sodium chloride, pH 7.4), “NHS” refers
to N-hydroxysuccinimide; “MW refers to molecular weight;
“Sulfo-SMCC?” refers to sulfosuccinimidyl 4-TN-maleimi-
domethyljcyclohexane- 1-carboxylate.

It must be noted that, as used in the specification and the
appended claims, the singufar forms “a,” “an” and “the”
include plural referents unless the context clearly dictates
otherwise.

Advantages and Utility

The advantages and utility of the invention are illustrated
by reference to the Figures and Examples as described in
greater detail below. These include the ability to monitor in
real time analyte binding reactions without the use of labels,
diminishing cost and potential toxicity. A further advantage
includes the ability to practice the method using visible wave-
length light sources. Yet other advantages are provided by the
fiber optic nature of the detector tip that allows binding reac-
tions to be monitored in very small sample volumes, includ-
ing in “in viiro” spaces, and to bundle fibers to carry out
highly multiplexed analyses of binding reactions.

FIG. 1 shows, in schematic view, an interferometer appa-
ratus 20 constructed in accordance with the Invention. In its
most basic elements, the apparatus includes a light source 22,
an optical assembly 26 that functions as a sensing element or
detector tip and that will be detailed further with respect to
FIGS. 2, 4 and 5 below, and a detector unit 28 for detecting
interference signals produced by interfering light waves
reflected front the optical assembly 26.

Light from source 22 is directed onto the optical assembly
26, and reflected back to the detector through an optical
coupling assembly indicated by dashed lines at 30, In a pre-
ferred embodiment, the coupling assembly includes a first
optical waveguide or fiber 32 extending from the light source
1o the optical assembly, a second optical wavegnide or fiber
34 which carries reflected fight from the optical assembly to
the detector, and an optical coupler 36 which optically
couples fibers 32, 34. Suitable optical fiber and coupling
components are detailed in the above-cited *453 patent. One
exemplary coupler is commercially available from many ven-
dors including Ocean Optics {Dunedin, Fla.}.

Alternatively, the coupling assembling can include a lens
system constructed to focus a light beam onto the upper
surface of the optical assembly and to direct reflected inter-
fering light from the optical assembly to the detector. The
latter system wouid not require optical fibers, but would
impose relatively stringent requirements on the positioning of
the Iens elements used for the optical coupling,

The light source in the apparatus can be a white light
source, such as a light emitting diode (LED) which produces
light over a broad spectrum, e.g., 400 mm or less to 700 nm or
greater, typically over a spectral range of at least 100 nm.
Alternatively, the light source can be a plurality of sources
cach having a different characteristic wavelength, such as
LEDs designed for light emission at different selected wave-
lengths in the visible light range, The same function can be
achieved by asingle [ight soutce, e.g., white light source, with
suitable filters for directing light with different selected wave-
lengths onfo the optical assembly.

The detector is preferably a spectrometer, such as charge-
coupled device (CCD), capable of recording the specirum of
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the reflected interfering light from the optical assembly.
Alternatively, where the light source operates to direct differ-
ent selected wavelengths onto the optical assembly, the detec-
tor can be a simple photodetector for recording light intensity
at each of the different frradiating wavelengths. In still
another embodiment, the detector can include a plurality of
filters which allows detection of light intensity, e.g., from a
white-light source, at each of a plurality of selected wave-
lengths of the interference reflectance wave, Exemplary light
source and detector configurations are described in the above-
cited *453 patent, particularly with respect to FIGS. 8 and 10
of that patent, and it will be understood that these configura-
tions are suitable for use in the present invention.

FIG. 2 shows an aptical assembly 26 constructed in accor-
dance with one embodiment of the invention, and an adjoin-
ing portion of the distal end region of an optical fiber 32 to
which the optical assembly is fixedly attached. As seen, the
assembly 26 includes a transparent optical element 38 having
first and second reflecting surfaces 42, 40 formed on its lower
(distal) and upper (proximat) end faces, respectively. Accord-
ing to an imporiant feature of the invention, the thickness “d”
of the optical element between its distal and proximal sur-
faces, i.e., between the two reflecting surfaces, is at least 50
nm, and preferably at least 100 nm. An exemplary thickness s
between about 100-5,000 nm, preferably 400-1,000 nim. The
first reflecting surface 42 is formed of a layer of analyte-
binding molecules, such as molecules 44, which are effective
to bind analyte molecules 46 specifically and with high affin-
ity. That is, the analyte and anti-analyte mclecules are oppo-
site members of a binding pair of the type described above,
which can include, without limitations, antigen-antibody
pairs, complementary nucleic acids, and receptor-binding
agent pairs.

The index of refraction of the optical element is preferably
similar to that of the first reflecting surface, so that reflection
from the lower distal end of the end optical assembly occurs
predominantly from the layer formed by the analyte-binding
molecules, rather than from the interface between the optical
element and the analyte-binding molecules. Similarly, as ana-
Iyte molecules bind to the lower layer of the optical assembly,
light reflection form the lower end of the assembly occurs
predominantly from the layer formed by the analyte-binding
molecules and bound analyte, rather than from the interface
region. One exemplary material forming the optical element
is §i0,, e.g., a high-quality guality glass having an index of
refraction of about 1.4-1.5. The optical element can alsc be
formed of a transparent pelymer, such as polystyrene or poly-
ethylene, having an index of refraction preferably in the 1.3-
1.8 range.

The second reflecting surface in the optical assembly
formed as a layer of transparent material having an index of
refraction that is substantially higher than that of the optical
element, such that this layer functions to reflect a pertion of
the light directed onto the optical assembly. Preferably, the
second layer has a refractive index greater than 1.8. One
exemplary material for the second layer is Ta, O, with refrac-
tive index equal to 2.1. The layer is typically formed on the
optical element by a conventional vapor deposition coating or
jayering process, to & layer thickness of less than 50 nm,
typically between 5 and 30 nm.

The thickness of the first (analyte-binding) layer is
designed to optimize the overall sensitivity based on specific
hardware and optical components. Conventional immobiliza-
tion chemistries are used in chemically, e.g., covalenily,
attaching a layer of analyte-binding molecules to the Jower
surface of the optical element. For example, a variety of
bifunctional reagents containing a siloxane group for chemi-
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cal attachment to $iQ,, and an hydroxyl, amine, carboxyl or
other reaction group for attachment of biological molecules,
such as proteins (e.g., antigens, antibodies), or nucleic acids.
It 1s also well known to efch or otherwise treat glass a glass
surface to increase the density of hydroxyl groups by which
analyte-hinding molecules can be bound. Where the aptical
element is formed of a polymer, such as polystyrene, a variety
of methods are available for exposing available chemically-
active surface groups, such as amine, hydroxyl, and carboxyl
groups.

The analyte-binding layer is preferably formed under con-
ditions in which the distal surface of the optical element is
densely coated, so that binding of analyte molecules to the
layer forces a change in the thickness of the layer, rather than
filling in the layer. The analyte-binding layer can be either a
monolayer or a multi-layer matrix.

The measurement of the presence, concentration, and/or
binding rate of analyte to the optical assembly is enabled by
the interference of reflected light beams from the two reflect-
ing surfaces in the optical assembly. Specifically, as analyte
molecules attach to or detach from the surface, the average
thickness of the first reflecting layer changes accordingly.
Because the thickness of all other layers remains the same, the
interference wave formed by the light waves reflected from
the two surfaces is phase shifted in accordance with this
thickness change.

Assume that there are two reflected beams: The first beam
is reflected from the first surface, which is the distal end
interface betwean analyte-binding molecules and bound ana-
Iyte and the surrounding medium; and the second beam is
reflected from the second surface, which is the proximal
interface between the optical element (the first layer) and the
high-index of refraction layer (the second layer). The overall
wavelength -dependent intensity of the interference wave is:

2mA
I=h+hL+2¥iL COS[T]

where 1 is the intensity, I, and L, are the intensity of two
interference beams, A is the optical path difference, and A is
the wavelength.

When (2mA/ =N, the curve is at its peak or valley if N is
aninteger0,1,2, ...

The thickness of the first layer d=A/2n. Therefore,
h=4nd/N at peaks or valleys (exirema).

For the first several values of N, ie, 0, 1, 2,... 7, and
assuming a d of 770 nm, the equation gives:

N=0: A=cc (peak)

: A=4nd=4,496.80 nm (Valley)
: A=2nd=2,248 .40 nm (Peak)

: A=4nd/3=1,498.9 nm (Valley)
: A=nd=1,124.20 nm (Peak)

: A=4nd/5=899.36 nm (Valley)
: A dnd/3=749.47 nn (Peak)

: A=4nd/7=642 nm (Valley)

1 h=nd/2=562 nm (Peak)

N=9: A=4nd/9=499.64 nm (Valley}

N=10: A=4nd/10=449.6 nm (Peak)

As can be seen, and illustrated further in FIGS. 3A and 3B,
at least three peaks/valleys (N=7-9) occur in the visible spec-
tral range.

If the 7 order valley is nsed to calculate the change in
molecular layer thickness, when the molecular layer attached
{0 the first layer increases from 0 nm to 10 nm, the 7* order
valley will shift to 650.74 nm. Therefore, the ratio between

It
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the actual the phase shift of the 7 order valiey and thickness
change equals (650.74-642.40)/10=0.834.

By contrast, if the initial spacing between the two reflecting
layers is made up entirely of the analyte-binding molecules
on the end of the fiber, assuming a thickness of this layer of 25
nm, then the first order peak will occur at 146 nm, clearly ont
of the range of the visible spectrum, so that the device will
only see a poriion of the region between the 0-order valley and
the first order peak, but will not see any peaks, making a shift
in the spectral characteristics of the interference wave diffi-
cuit to measure accurately.

Not until the total thickness of the reflecting layer
approaches about 100 nm will the first-order peak appear in
the visible spectrum. Assuming a total thickness change ofup
to 50 nn, the thickness of the optical element can then be as
small as 50 nm, but is preferably on the order of several
Iundred nin, so that the phase shift or change in periodicity of
the interference wave can be measnred readily by a shiftin the
spectral positions of higher-order peaks or valleys, e.g.,
where N=3-10.

The ratio between the actual thickness and the measured
phase shift is considered as a key factor of measurement
sensitivity, It can be appreciated how one can adjust the
thickaess of the optical element and its refractive index to
improve and optimize the sensitivity to accommodate the
electronics and optical designs.

FIG. 4 shows an optical assembly 50 that is removably
carried on the distal end of an optical fiber 52 in the assay
apparatus, The optical element includes a plurality of flexible
gripping arms, such as arms 54, that are designed to slide over
the end of the fiber and grip the fiber by engagement of an
annular fim or detente 56 on the fiber with complementary-
shaped recesses formed in the arms, as shown, This attach-
ment serves to position the optical assembly on the fiber to
provide an air gap 58 between the distal end of the fiber and
the confronting (uppet) face of the assembly, of less than 100
nm or greater than 2 pm. With an air gap of greater than about
100 nin, but less that 2 pm, internal reflection from the upper
surface of the optical assembly can contribute significantly to
undesirable fringes that can adversely impact the detection
accuracy.

With contirued reference to FIG. 4, the optical assembly
inchudes a first optical element 60 similar to optical element
38 described above, and having first and second reflective
layers 62, 64, respectively, corresponding to above-described
reflective layers 40, 42, respectively. The assembly further
includes a second optical element 66 whose thickness is pref-
etably greater than 100 nm, typically at least 200 nm, and
whose index of refraction is similar to that of first optical
element 60. Preferably, the two optical elements are con-
siructed of the same glass or a polymeric material having an
index of refraction of between about 1.4 and 1.6, Layer 64,
which is formed of a high index of refraction material, and has
a thickness preferably less than about 30 am, is sandwiched
between the 2 optical elements as shown.

In operation, the optical assembly is placed over the distal
fiber end and snapped into place on the fiber. The lower
surface of the assembly is then exposed to asample of analyte,
under conditions that favor binding of sample analyte to the
analyte-binding molecules forming reflective layer 62. As
analyte molecules bind to this layer, the thickness of the layer
increases, increasing the distance “d” between reflective sur-
faces 62 and 64. This produces a shift in the extrema of the
interference wave produced by reflection from the two layers,
as described above with reference to FIGS. 3A and 3B. This
shift in extrema or wavelength, or wavelength period, in turn,
is used to determine the change in thickness ai the lower
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(distal-most) reflecting layer. Alter use, the optical assembly
can be removed and discarded, and replaced with fresh ele-
ment for a new assay, for assaying the same or a different
analyte.

FIG. 5 illustrates an optical assembly and fiber bundle in an
embodiment of the invention designed for detecting one or
more of a plurality of analytes, e.g., different-sequence
nucleic acid analytes, in a sample. A fiber bundle 72 is com-
posed of an array, e.g., circular array, for individual optical
fibers, such as fibers 74. The optical assembly, indicated
generally at 70, is composed of the basic optical elements
described above with reference to FIG. 4, but in an array
format, Specifically, a first optical element 80 in the element
provides at its fower distal surface, an array of analyte-reac-
tion regions, such as regions 84, each containing a layer of
analyte-binding molecules effective to bind to one of the
different analytes in the sample. Bach region forms a first
reflective layer in the optical assembly. One preferred sensing
provides an array of different-sequence nucleic acids, e.g,,
¢DNAs or oligonucleotides, designed to hybridize specifi-
cally with different-sequence nucleic acid analyte speciesina
sample. That is, the array surface forns a “gene chip” for
detecting each of a plurality of different gene sequences.

Also included in the optical assembly are a second optical
element 78 and a layer 79 of high index of refraction material
sandwiched between the two optical elements, and which
provides the second reflecting surface in the optical assembly.
The assembly is carried on the fiber bundle 72 by engagement
between a pair of flexible support arm, such as arm 76 and an
armular rim or detente 86 on the bundle. With the assembly
placed on the fiber bundle, the lower distal ends of the fibers
are spaced from the confronting surface of optical element 78
by an air gap 85 whose spacing is preferably less than 100 nm
or preater than 2 pm. Further, each of the fibers is aligned with
a corresponding assay region of the optical assembly, so that
each fiber is directing light on, and receiving reflected light
from, its aligned detection region. Similarly, the optical cou-
plerin the apparatus, which serves to couple multiple fibers to
the detector, preserves the alignment between the array
regions and cotresponding positions on an optical detector,
e.g., two-dimensional CCD. The materials and thickness
dimensions of the various optical-assembly components are
similar to those described above with respect to FIG. 4.

The apparatus described in this invention can be used more
specifically for the following applications:

(i) with an anti-species antibody carried on the tip, for
screening hybridoma expression lines for cell lines with
high antibody expression;

(if) with an antigen carried on the tip, to characterize high
affinity antibodies against that antigen;

(iii} with a protein carried on the tip, for identifying and
characterizing binding partners (DNA, RNA, proteins,
carbohydrates, arganic molecules) for that protein;

(iv) with a carbohydrate or glycosyl moiety carried on the
tip, for identifying and characterizing binding partners
(such as, e.g., DNA, RNA, proteins, carbohydrates,
organic molecules) for that carbohydrate;

{v) with a protein thought to participate in a multi-protein
complex carried on the tip, for characterizing the bind-
ing companents and/or kinetics of complex formation;

(vi} with a small protein-binding molecule carried on the
tip, for identifying and characterizing protein binders for
that molecule;

(vii) with an antibody carried on the tip, for constructing a
calibration curve for the analyte using a set of analytes
standards. Using this calibration curve, one can then
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determine the concentration of the analyte in unknown
solutions {cell culture supernatants, biological samples,
process mixtures, etc).

(viil) with a single-stranded nucleic acid, e.g., ssSONA or
RNA carried on the tip, for identifying and molecules
that bind specifically to the nucleic acid.

Using a temperature control block, the apparatus and
methed can alse be used to monitor the binding and charac-
terize the binding of animmebilized ssDNA to an oligonucle-
otide in solution to perform SNP analysis.

The following examples illustrate various methods and
applications of the invention, but are in no way intended to
limit its scope.

EXAMPLES

Below are examples of specific embodiments for carrying
out the present invention. The examples are offered for illus-
frative purposes only, and are not intended to limit the scope
of'the present invention in any way. Efforts have beenmade to
ensure accuragy with respect to numbers used (e.g., amounts,
temperatures, eic.), but some experimental error and devia-
tion should, of course, be allowed for.

The practice of the present invention wili employ, unless
otherwise indicated, conventional methods of protein chem-
istry, biochemistry, recombinant DNA techniques and phar-
macology, within the skili of the art. Such techniques are
explained fully in the literature. See, e.g., T. E. Creighton,
Proteins: Structures and Molecular Properties (WH. Free-
man and Company, 1993); A. L. Lehninger, Biochemistry
(Worth Publishers, Inc., current addition), Sambrook, ef al.,
Molecular Cloning: A Laboratory Manual (2nd Edition,
1989); Methods In Enzymology (S. Colowick and N. Kaplan
eds., Academic Press, Inc.); Remington's Pharmaceutical
Sciences, 18th Bdition (Haston, Pa.: Mack Publishing Com-
pany, 1990); Carey and Sundberg Advanced Organic Chem-
fstry 3™ Bd. (Plenum Press) Vols A and B (1992),

Example 1
Small Molecule-protein Binding Reaction

This example demonstrates the capability to detect the
binding of protein to small molecule immobilized on a sensor
tip and subsequent bindings of multiple antibodies. The two-
layer configuration on the tip of an optic fiber is used for this
test, The thickness of the first Ta, O, layer is 25 nm and the
thickness of the second SiO, layer is 770 nm. The fiber was
purchased from Ocean Optics (Dunedin, Fla.). It was manu-
ally cut into segments that are 40 mm long. Both ends of these
segments were polished to standard mirror surface quality.
Thepolishing method used here was exactly the same as those
for optical lenses and mirrors. One surface of these fiber
segments was outsourced to an optical coating house for
Ta,0; layer and Si0, layer. This vendor employed an ion-
beam assisted physical vaper deposition (IAPVD) coater
made by Leybold, IAPVD is a commonly used coating tech-
nique for anti-reflection and optical filters. The experimental
steps included the following (all steps are performed at room
temperature unless otherwise noted):

The fiber tip was coated with a polymer monolayer deriva-
tized with biotin, The polymer monolayer was prepared using
a biatinylated lipid (custom). This lipid was using to form a
lipid monolayer on the surface of water solution. The mono-
layer was cross linked using UV light for 15minutes. Clean,
dry fibers were then brought in contact with the floating thin
film and the biotin polymer was adsorbed onto the fiber tip.
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The fibers were then dryed at 60° C. for 1 hour. The fiber were
then stored under ambient conditions

The biosensor tip was immersed in 50 pg/mi streptavidin
streptavidin  (Plerce Biotechnology, Rockford 1L, cat
#21122)in PBS (Invitrogen, Carlsbad, Calif.; cat #14190078)
for 9 minutes and then rinsed briefly with PBS.

The same tip was dipped inte 10 pg/ml rabbit-anti-strepta-
vidin solution (AbCam, Cambridge, Mass.; cat #ab6676-
1000} in PBS for 36 minutes and then washed with PBS
briefly.

finally, the tip was immersed it 50 pg/ml, donkey-anti-
rabbit antibody solution antibody (Jackson ImmunoRe-
search, West Grove, Pa.; cat #711-005-152) in PBS for 25
minutes. A final 10 minufe rinse was perforined in PBS solu-
tion.

FIG. 6 shows the real-time respense curve for this sequen-
tial binding test. The vertical axis is the 77 arder valley phase
shift in nanometers. 1t clearly shows the binding of streptavi-
din to the biotin already immobilized on the tip, and subse-
quent bindings of anti-streptavidin antibody to streptavidin
and a second antibedy to this first antibody. The dissociation
of the streptavidin layer from the tip was visible (a small
reduction in the optical thickuess) at 900 seconds.

Example 2

Biomolecular Interaction Analysis of Kinetics and
Affinity of Biomolecular Interactions

This example illustrates use of the invention to carry out a
biomolecular inferaction analysis (BIA) measuring kinetics
and affinity of biomolecular interactions. The same tip con-
figuration as described in Example 1 was used. The experi-
mental steps included the following (all steps are performed
at room temperature unless otherwise noted):

Mercaptosilane coated tips were prepared using the fol-
lowing procedure. Clean, dry fibers were incubated in a mix-
ture of Toluene: hexanoic acid: mercaptopropyltrioxysilane
(10:2:1 volumefric ratio} at room temperature for 24 hours.
The fibers were rinsed 2x with 10 mL toluene for 5 minutes
each. The fibers were then rinsed 1x with 10 mL of ethanol
and dried under a siream of argon and stored at ambient
conditions.

The biosensor tip was first derivatized by immersion in a
with 10 pg/ml solution of rabbit-IgG (JTackson ImmunoRe-
search, West Grove, Pa.; cat #309-005-003) in PBS for 1 hour.

The coated tip was dipped into 10 pg/ml goai-anti-rabbit
antibody solution {Jackson ImmunoResearch, West Grove,
Pa.; cat #111-005-003) in PBS and remained in it for 15
minttes.

The tip was removed and washed in PBS. To facilitate the
dissociation of the second antibody from the first antibody,
the PBS was agitated manually for 20 minutes.

The tip was then dipped into the same goat-anti-rabbit
solution again to show the reproducible association of goat-
anti-rabbit to rabbit-IgG.

FIG. 7 shows the on and off curves generated from the
association and dissociation of rabbit-IgG and goat-anti-rab-
bit The vertical axis is again the 7** order valley phase shift.
The phase shift is directly related 1o the average thickness
witharatio of 0.834. The ability to detect the on and off curves
refiably is essential for measuring interaction kinetics and

affinity.
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Example 3

Calculating Affinity Constants from
Antibody-antigen Binding and Release Curves

This experiment demonstrates the calculation of affinity
constants from measuring on and off curves for two antibod-
ies and their antigen. The proptiefary antibodies were labeled
as Ab-1 and Ab-2. The molecular weight of the antigen was
about 30 kilodaltons. The same tip configuration as described
in Example 1 was used. The same mercaptosilane {iber prepa-
ration as described in BExample 2 was used. The experimental
steps included (all steps are performed at room temperature
unless otherwise noted):

The fiber tip was activated for covalent attachiment of the
antigen. Mercaptosilane coated fibers were activated by
immersing the sensot tips in 50 ul. of a 50 mg/mL solution of
sulfo-SMCC (Pierce Biotechnology, Rockford Ill.; cat
#22322) in DMF (Sigma-Aldrich Chemical Company, St
Louis, Mo.; cat #49448R) at for 2 hours. The sensor tips were
rinsed briefly in DMF and dried;

‘The antigen was covalently bound to the activated fiber tip
by immersing the activated tip in a 20 pg/ml solution of
antigen in PBS for 20 minutes. The tip was rinsed with PBS
for 2 minutes. Following the PBS rinse, the tip was quenched
with an aqueous selution of 100 pM ethanolamine pi 8.3
(Sigma-Aldrich Chemical Company, St Louis, Mo.; cat
#E9508) for 5 minutes and then was rinsed again in PBS for
2 minutes.

The same tip was immersed in antibody for an association
test and the real-time binding data were recerded for 9-15
minutes (depending on the antibody identity and concentra-
tion). Once those data were recorded, the tip was again
immersed in PBS and agitated to measure the off curve (i.e.,
dissociation between the immobilized antigen and bound
antibody) for 9-15 mimutes. The binding (on curve) and dis-
sociation {off curve) measurements were repeated using dif-
ferent concentrations of antibody (25 nM, 150 nM, and 430
M) and with two different antibodies identified as Ab-1 and
Ab-2,

FIG. 8 shows the association and dissociation curves at
different concentrations. The test of 25 nM Ab-2 was not
completed because the association was extremely slow at this
concentration. These illustrated curves are plots of the raw
data.

K, K, and Ky, were derived from these curves by fitting
the raw data with a first order exponential function. By aver-
aging two sets of data, kinetic and affinity coefficients were
obtained as follows:

Ab-1 Ab-2

K,,=1.35% 10" (M54 K, =201 x 10° (M™'S™Y
K= 5.55% 107 (87%) K p=8.15x107% (")
Kp=K, K, =399 x107° (M) Kp=K /K, =4435x 107 (M)

FExample 4
NHS-ester Activated Tips

The same tip configuration as described in Example 1 was
nsed, The same mercaptosilane fiber preparation as described
in BExample 2 was used. Mercaptosilane coated fibers were
activated by immersing the sensor tips in S0 L of a 50 mg/mi.
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solution of sulfo-SMCC (Pierce Biotechnology, Reckford
111.; cat #22322) in DMF (Sigma-Aldrich Chemical Com-
pany, St Louis, Mo.; cat #494488) at for 2 hours, The sensor
tips were rinsed briefly in DMF and dried.

Amine containing molecules can be covalently bound to
this surface through formation of a stable amide finkage.
Molecules that do not contain free amines are not immobi-
lized through the NHS moiety, but these molecules can still
bind to the surface through non-specific binding, This non-
specific binding can be multi-layered whereas the covalent
immabilization through the NHS esters wili be in a single
layer controlled by the availability and accessibility of the
NS ester.

In this set of experiments, a bis amino PEG (MW 3300)
(Shearwater Polymers, San Carlos, Calif.) was used as a test
compound to covalently bind to the activated surface. A PEG
(MW 8000) (Sigma-Aldrich Chemical Company, St Louis,
Mo.; cat #04162) that contained no free amino groups was
used as a negative control. This negative control was used to
lock for any non-specific or multi-layered binding that might
be inherent to PEG polymers on this surface.

FIG. 9 shows the time course of the treatment of the acti-
vated mercaptosilane tip with the test molecules. The acti-
vated tip showed a distinct increase in optical thickness upon
exposure to the 0.1 mg/mL bis amino PEG (MW 3300) in
PBS. This increase is stopped when the bis amino PEG solu-
tion is replaced by the PBS buffer. The activated tip exposed
to 0.1 mg/mL PEG (MW8000) in PBS, which contains no
amines, shows a small initial increase in optical thickness but
the trace quickly becomes flat. From this it can be concluded
that the PEG polymer does net have intrinsic non-specific
binding and that the binding seen for the bis amino PEG is
attributed to the specific covalent immobilization of the
aniine group.

Example 5

Antibody Derivatized Tips Using NHS-ester
Chemistry

This example illustrates the binding of a low molecular
weight molecule binding to an immebilized high melecular
weight molecule. Using the same NHS ester terminated sur-
face described in lixample 4 and the same tip confignration as
described in Example 1, an anti-biotin antibody was immo-
bilized to 3 fibers Immobilization of the antibody was accom-
plished by immersing the activated fiber in a 20 pg/mI. solu-
tion of mouse anti-biotin antibody (Biodesign, Saco Minn.,
cat #H61504M) in PBS for 1 hour at room temperature, The
tip was rinsed with PBS for 2 minutes. Foilowing the PBS
rinse, the tip was quenched with an aquecus solution of 100
uM ethanolamine pH 8.5 (Sigma-Aldrich Chemical Com-
pany, St Louis, Mo.; cat #£9508) for 3 minutes and then was
rinsed again in PBS for 2 minutes.

The first fiber was exposed to a solution of 200 pg/ml
biotin (Pierce Biotechnology, Rockford 111.; cat #29129) in
PBS. Controls using a solution of sucrose (Sigma-Aldrich
Chemical Company, St Louis, Mo.; cat #38501) (2 mg/mL)
and PBS were carried out on the secend and the third fibers to
determine baseline noise. Data fromn these tests are shown in
FIG. 10. Biotin binding is seen as an increase in optical
thickness, whereas exposure to sucrose shows no detectable
increase over baseline (PBS).

Another negative contro! was carried out using an irrel-
evant antibody (anti-Lewis Y antibody from Calbiochem, San
Diego Calif ; cat #434636) immobilized in an identical fash-
iont to the anti-biotin antibody above. This immobilized anti-
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body was exposed to a solution of 200 pg/mL biotin. The lack
of biotin binding to this antibody indicates that the biotin
hinding to the anti-biotin antibody is a result of specific inter-
actions and not due to non-specific binding,

While the invention has been particularly shown and
described with reference to a preferred embodiment and vari-
ous alternate embodiments, it will be understood by persons
skilled in the relevant art that various changes in form and
details can be made therein without departing from the spirit
and scope of the invention.

All references, issued patents and patent applications cited
within the body of the instant specification are hereby incor-
porated by reference in their entirety, for all purposes.

What is claimed is:

1. An optical assembly for use in detecting an analyte in a
sample based on interference, comprising;

an optical fiber having a tip; and

an optical element removably attached to the tip of the

optical fiber and configured for receiving a beam of ight
from the optical fiber,

said optical efement comprising a transparent material, a

first reflecting surface, and a second reflecting surface
separated from the first reflecting surface by the trans-
parent material, said first and second reflecting surfaces
separated by at least 50 nm,

wherein said first reflecting surface binds a layer of analyte

binding molecules positioned so that iaterference
between a beam of light reflected from the first reflecting
surface into the optical fiber and a beam of light reflected
from the second reflecting surface into the optical fiber
varies as analyte binds to the layer of analyte binding
molecules.

2. The assembly of claim 1, wherein said second reflecting
surface comprises a layer of material having an index of
refraction greater than the refractive index of said transparent
material,

3. The assembly of claim 1, wherein the separation
between said first and second reflecting surfaces is between
100 nm and 5,000 .

4, The assembly of claim 3, wherein the separation
between said first and second reflecting surfaces is between
400 nm and 1,000 nm.
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5, The assembly of claim 1, wherein the refractive index of
said optical elemment transparent material is less than 1.8,

6. The assembly of claim 5, wherein said optical element
transparent material is a material selected from the group
consisting of Si0, and a transparent polymer.

7. The assembly of claim 6, wherein said transparent poly-
mer comprises polystyrene or polyethylene.

§. The assembly of claim 1, wherein the second reflecting
surface comprises a layer of material having a refractive index
greater than 1.8,

9. The assembly of claim 8, wherein said second reflecting
surface layer comprises Ta,Os.

10. The assembly of claim 9, wherein the thickness of said
second reflecting surface layer is between 5 nm and 50 om.

11. The assembly of claim 1, wherein said layer of analyte
binding molecules comprises a molecule selected from the
grotp consisting ofa protein, a small molecule, a nucleic acid
and a carbohydrate.

12. The assembly of claim 11, wherein said protein is
selected from the group consisting of an avidin, a streptavi-
din, an antibody, and an antibody fragment.

13, The assembly of claim 1, wherein said optical assembly
is adapted for coupling to said light source through a
mechanical coupling that engages said optical element with
said fiber.

14. The assembly of claim 1, wherein said optical element
is adapted for coupling to said light source throngh a coupling
assembly that comprises a lens system.

15. The assembly of claim 1, further comprising a second
optical element overlaying said second reflecting surface.

16, The assembly of claim 15, wherein the thickness of said
second optical element is greater than 100 nm.

17. The assembly of claim 16, wherein the thickness of said
second optical element is preater than 200 nm.

18. The assembly of claim 15, wherein said optical assem-
bly is adapted for coupling to said light source through a
mechanical coupling that engages said second optical ele-
ment with said fiber.

19. The assembly of claim 18, wherein said mechanical
conpling provides an air gap hetween said second optical
element and said fiber.
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The assignee is listed “Pall Corporation, Port Washington, NY {US)”

The assignee should appear “Pall Fortebio Corporation, Menlo Park, California (US)”

Signed and Sealed this
Second Day of April, 2013

e Sk e

Teresa Stanck Rea
Acting Direclor of the United States Patent and Trademark Office

Copy provided by USPTQ from the PIRS Image Database on 12-09-2021
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