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A ROBUST INTERFEROMETER AND METHODS OF USING SAME

CROSS-REFERENCE TO RELATED APPLICATIONS

[0001] This application claims the benefit of U.S. Provisional Application No. 62/107,308,
filed on January 23, 2015, which is incorporated herein fully by reference in its entirety.

STATEMENT REGARDING FEDERALLY SPONSORED RESEARCH

[0002] This invention was made with government support under Grant no. SR42GM090456-
03 awarded by the National Institutes of Health (NIH), under Grant no. CHE 0848788
awarded by the National Science Foundation (NSF). The U.S. government has certain rights

in the invention.

BACKGROUND

[0003] Back-scattering interferometry (“BSI”) takes advantage of the multitude of
light/sample interactions occurring every time a measurement is made. Described in U.S.
Pat. No. 5,325,170 (Bormhop et al., June 28, 1994), BSI is therefore one of the most sensitive
analytical techniques and can be performed with extremely low sample concentrations and/or
sample volumes. The last decade has seen a tremendous amount of growth in BSI
technology. For example, U.S. Pat. No. 7,130,060 (Bornhop et al., Oct. 31, 2005) describes a
method for determining absolute refractive index (RI) using BSI in which light is directed at
a capillary tube and refractive index is determined as a function of the angle at which there is
a marked change in intensity. Bornhop et al. (Science (2007) 317: 1732) describes a free-
solution, label-free molecular interactions investigated by BSI. U.S. patent publication 2009-
0185190 (Weinberger et al., Jul. 23, 2009) describes an interferometer for detecting analyte
in a microfluidic chip. The device maintains a stable temperature at the chip with variation of
no more than 0.005 °C and/or no more than 0.020 °C in the medium through which the
optical train travels from a source of coherent light to the chip when ambient temperature
changes up to 5 degrees centigrade over five minutes. The device comprises thermally

isolated compartments that hinder heat transfer from one part of the instrument to another
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and temperature regulators that regulate temperature of the chip and the optical train

compartment as a function of temperatures at the chip, in the compartment, and ambient.

[0004] Despite these advances, BSI measurements continue to suffer from several
disadvantages — mainly related to eliminating sources of noise that would be irrelevant in less
sensitive techniques. Recently developed methods utilizing refractive indices can require
either the use of sequential measurements or the use of separate control measurements, such
as in an adjacent capillary. The accuracy of such sequential or separate measurements can be
less than ideal due to, for example, temperature changes that exist between measurements or

between the optical properties of adjacent capillaries.

[0005] Accordingly, there is a need in the art for methods, systems, and apparatuses that can
provide multiple refractive index related measurements simultaneously or substantially
simultaneously without complications from, for example, thermal or pressure variations

between sample and reference environments.
SUMMARY

[0006] As embodied and broadly described herein, the invention, in one aspect, relates to an
interferometric detection system comprising a light beam that impinges two or more discrete
zones along a channel. While traditional interferometric detection systems can utilize two
channels positioned close to each other, variations, such as in temperature, between the two

channels can result in increases in detection limits and/or measurement errors.

[0007] Disclosed are methods for determining a characteristic property of a sample
comprising the steps of: (a) providing a sample positioned inside a channel formed in a
substrate, wherein the channel has a longitudinal direction and a transverse direction; (b)
interrogating the sample with a light beam, wherein the light beam is elongated in the
longitudinal direction of the channel, such that the light beam is incident on at least a portion
of the channel greater than 4 mm in length along the longitudinal direction; and (c)
generating scattered light through reflective and refractive interaction of the light beam with
a substrate/channel interface and the sample, the scattered light comprising interference
fringe patterns elongated in at least one direction, wherein the interference fringe patterns

shift in response to changes in the refractive index of the sample.

[0008] Also disclosed are interferometric detection systems comprising: (a) a channel formed

.,
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in a substrate, wherein the channel has a longitudinal direction and a transverse direction, and
wherein the channel is configured for reception of a liquid sample; (b) a light source for
generating a light beam, wherein the light beam is elongated in the longitudinal direction of
the channel, and wherein the light source is positioned to direct the light beam onto the
substrate such that the light beam is incident on at least a portion of the channel greater than 4
mm in length, such that, during operation, scattered light is generated through reflective and
refractive interaction of the light beam with a substrate/channel interface and the sample, the
scattered light comprising interference fringe patterns elongated in at least one direction,
wherein the interference fringe patterns shift in response to changes in the refractive index of
the sample; and (c) a photodetector for simultaneously receiving the scattered light and

generating a plurality of intensity signals.

[0009] Also disclosed are methods of improving precision when determining a characteristic
property of a sample, the method comprising the step of: (a) introducing a sample into an
inlet of a channel formed in a substrate; and (b) closing the inlet with a closure element,

thereby reducing evaporation of liquid positioned within the channel and/or inlet.

[0010] Also disclosed are microfluidic devices comprising: (a) a substrate having a channel
formed therein, wherein the channel has at least one inlet; (b) a closure element adapted to
close (i.e., minimize exposed surface area of the sample by, e.g., sealing) the inlet, thereby

reducing evaporation of liquid positioned within the channel and/or inlet.

[0011] Also disclosed are methods for determining a characteristic property of a sample
comprising the steps of: (a) providing a channel formed in a substrate, wherein the channel
has a longitudinal direction and a transverse direction, and wherein the channel is configured
for reception of two or more liquid samples by having at least two inlets positioned at
opposing locations (e.g., opposing ends) of the channel, and at least one outlet positioned at a
point between the at least two inlets, thereby defining a right side of the channel and a left
side of the channel; (b) introducing a first sample into the left side of the channel; (¢)
introducing a second sample into the right side of the channel; (d) simultaneously
interrogating the samples with a light beam, wherein the light beam is elongated in the
longitudinal direction of the channel, such that the light beam is incident on at least a portion
of the left side of the channel and the right side of the channel; and (e) generating scattered

light through reflective and refractive interaction of the light beam with a substrate/channel
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interface and the samples, the scattered light comprising interference fringe patterns
elongated in at least one direction, wherein the interference fringe patterns shift in response

to changes in the refractive index of the sample.

[0012] Also disclosed are interferometric detection systems comprising: (a) a channel formed
in a substrate, wherein the channel has a longitudinal direction and a transverse direction, and
wherein the channel is configured for reception of two or more liquid samples by having at
least two inlets positioned at opposing locations of the channel, and at least one outlet
positioned at a point between the at least two inlets, thereby defining a right side of the
channel and a left side of the channel; (b) a light source for generating a light beam, wherein
the light beam is elongated in the longitudinal direction of the channel, and wherein the light
source is positioned to direct the light beam onto the substrate such that the light beam is
simultaneously incident on at least a portion of the right side of the channel and at least a
portion of the left side of the channel, such that, during operation, scattered light is generated
through reflective and refractive interaction of the light beam with a substrate/channel
interface and the two or more samples, the scattered light comprising interference fringe
patterns elongated in at least one direction, wherein the interference fringe patterns shift in
response to changes in the refractive index of the two or more samples; and (c) a
photodetector for simultaneously receiving the scattered light and generating a plurality of

intensity signals.

[0013] Also disclosed are methods for determining a characteristic property of a sample
comprising the steps of: (a) providing a sample positioned inside a channel formed in a
substrate, wherein the channel has a longitudinal direction and a transverse direction; (b)
interrogating the sample with a light beam, wherein the light beam is elongated in the
longitudinal direction of the channel, wherein the photodetector is positioned less than 40 cm
from the channel during interrogation; and (c) generating scattered light through reflective
and refractive interaction of the light beam with a substrate/channel interface and the sample,
the scattered light comprising interference fringe patterns elongated in at least one direction,
wherein the interference fringe patterns shift in response to changes in the refractive index of

the sample.

[0014] Also disclosed are interferometric detection systems comprising: (a) a channel formed

in a substrate, wherein the channel has a longitudinal direction and a transverse direction, and
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wherein the channel is configured for reception of a liquid sample; (b) a light source for
generating a light beam, wherein the light beam is elongated in the longitudinal direction of
the channel, and wherein the light source is positioned to direct the light beam onto the
substrate such that the light beam is incident on at least a portion of the channel greater, such
that, during operation, scattered light is generated through reflective and refractive interaction
of the light beam with a substrate/channel interface and the sample, the scattered light
comprising interference fringe patterns elongated in at least one direction, wherein the
interference fringe patterns shift in response to changes in the refractive index of the sample;
and (c) a photodetector for simultaneously receiving the scattered light and generating a
plurality of intensity signals, wherein the photodetector is positioned less than 40 cm from

the channel during operation.

[0015] Also disclosed are methods for determining a characteristic property of a sample
comprising the steps of: (a) providing a channel formed in a substrate, wherein the channel
has a longitudinal direction and a transverse direction, and wherein the channel is configured
for reception of two or more liquid samples by having at least two inlets positioned at
opposing locations of the channel, and at least one outlet positioned at a point between the at
least two inlets, thereby defining a right side of the channel and a left side of the channel; (b)
introducing a first sample into the left side of the channel and then closing the inlet of the left
side of the channel with a first closure element, thereby reducing evaporation of the first
sample; (c) introducing a second sample into the right side of the channel and then closing
the inlet of the right side of the channel with a second closure element, thereby reducing
evaporation of the second sample; (d) simultaneously interrogating the samples with a light
beam, wherein the light beam is elongated in the longitudinal direction of the channel, such
that the light beam is incident on greater than 4 mm of length of the channel in the
longitudinal direction and simultaneously incident on at least a portion of the left side of the
channel and at least a portion of the right side of the channel, wherein the photodetector is
positioned less than 40 cm from the channel during interrogation; and (e) generating scattered
light through reflective and refractive interaction of the light beam with a substrate/channel
interface and the samples, the scattered light comprising interference fringe patterns
elongated in at least one direction, wherein the interference fringe patterns shift in response

to changes in the refractive index of the sample.
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[0016] Also disclosed are interferometric detection systems comprising: (a) a channel formed
in a substrate, wherein the channel has a longitudinal direction and a transverse direction, and
wherein the channel is configured for reception of two or more liquid samples by having at
least two inlets positioned at opposing locations of the channel, and at least one outlet
positioned at a point between the at least two inlets, thereby defining a right side of the
channel and a left side of the channel; (b) a light source for generating a light beam, wherein
the light beam is elongated in the longitudinal direction of the channel, and wherein the light
source is positioned to direct the light beam onto the substrate such that the light beam is
incident on at least a portion of the channel greater than 4 mm in length along the
longitudinal direction and is simultaneously incident on at least a portion of the right side of
the channel and at least a portion of the left side of the channel, such that, during operation,
scattered light is generated through reflective and refractive interaction of the light beam with
a substrate/channel interface and the two or more samples, the scattered light comprising
interference fringe patterns elongated in at least one direction, wherein the interference fringe
patterns shift in response to changes in the refractive index of the two or more samples; (¢) a
closure element adapted to close the inlet, thereby reducing evaporation of liquid positioned
within the channel and/or inlet; and (d) a photodetector for simultaneously receiving the
scattered light and generating a plurality of intensity signals, wherein the photodetector is

positioned less than 40 cm from the channel during operation.

[0017] It will be apparent to those skilled in the art that various devices may be used to carry
out the systems, methods, apparatuses, or computer program products of the present
invention, including cell phones, personal digital assistants, wireless communication devices,
personal computers, or dedicated hardware devices designed specifically to carry out aspects
of the present invention. While aspects of the present invention may be described and
claimed in a particular statutory class, such as the system statutory class, this is for
convenience only and one of skill in the art will understand that each aspect of the present
invention can be described and claimed in any statutory class, including systems,

apparatuses, methods, and computer program products.

[0018] Unless otherwise expressly stated, it is in no way intended that any method or aspect
set forth herein be construed as requiring that its steps be performed in a specific order.
Accordingly, where a method, system, or computer program product claim does not

specifically state in the claims or descriptions that the steps are to be limited to a specific
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order, it is no way intended that an order be inferred, in any respect. This holds for any
possible non-express basis for interpretation, including matters of logic with respect to
arrangement of steps or operational flow, plain meaning derived from grammatical

organization or punctuation, or the number or type of aspects described in the specification.
BRIEF DESCRIPTION OF THE FIGURES

[0019] The accompanying figures, which are incorporated in and constitute a part of this
specification, illustrate several aspects and together with the description serve to explain the

principles of the invention.

[0020] FIG. 1 shows a schematic block diagram of a conventional backscattering

interferometric (BSI) system.

[0021] FIG. 2 shows a representative image of the serial patterning of individual zones along

a channel for a BSI system.
[0022] FIG. 3 shows a representative block diagram of the SCSR configuration.

[0023] FIG. 4A shows a representative drawing of the single channel sample reference
(SCSR) configuration. Representative images of specific components including the hole in

the chip (4B), the exit fitting (4C), and the exit tube (4D) are also shown.

[0024] FIG. 5A shows an example SCSR BSI configuration. Points 1-6 indicate sample inlet
holes, and 7 indicates sample removal hole and capillary stop. For the first sample/reference
pair, the sample would be inserted into 1 and the reference would be inserted into 4, and
capillary action would draw them into the channels. Sample would be inserted into 2, and its
reference into 5, and sample into 3 and its reference into 6. FIG. SB shows another example
SCSR BSI configuration. Samples can be inserted into 1a, 2a, 3a, 4a, 5a, and 6a. 1b, 2b, 3b,
4b, 5b, and 6b indicated sample removal holes and capillary stops. One reference for all 6
samples would be inserted into 7, and would be pulled by capillary action into each of the six

spokes, allowing sample/reference simultaneous measurements.

[0025] FIG. 6A shows a further example SCSR BSI configuration. Points 1, 3, 5, 7, and 9
would be sample inlet wells, and 2, 4, 6, and 8 would be sample removal hole and capillary

stop. A single reference could be placed in 1 while samples were placed in 3, 5, 7, and 9. Or,
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a sample/reference pair could be inserted into 1 and 3, a second sample reference pair into 4
and 6, and a third pairin 7 and 9. FIG. 6B shows a further example SCSR BSI
configuration. Holes 1 through 9 would be sample inlet wells, and holes 10 through 17
would be sample removal holes and capillary stops. This configuration would allow 4
sample/reference pairs. FIG. 6C shows a further example SCSR BSI configuration. Holes 1
through 16 would be sample inlet wells, and holes 17 through 31 would be sample removal

holes and capillary stops. This configuration would allow 8 sample/reference pairs.

[0026] FIG. 7 shows two representative schematics of a channel with a separator and

multiple inputs and outputs, as detailed in various aspects of the present invention.

[0027] FIG. 8 shows representative data pertaining to the ability of BSI to quantify the

affinity for a >100 kDa protein binding to small molecules (<200 Da) in free-solution.

[0028] FIG. 9 shows a representative image illustrating that stretched fringes interrogate a 10
mm length of the chip in the SCSR optical train.

[0029] FIG. 10A and 10B show representative images illustrating the SCSR fringe shift
observed due to change in refractive index. Referring to 10A, Al and A2 show the fringes
resulting from water in both sides of the channel. Referring to 10B, B1 shows fringes from

water in the reference channel and B2 shows fringes from 10% methanol.

[0030] FIG. 11 shows representative data illustrating the temperature compensation possible
using the SCSR-BSI approach. This experiment was performed using a capillary tube as the

channel.

[0031] FIG. 12A-C show representative data demonstrating that SCSR-BSI compensates for
very large temperature changes (12A), for environmental perturbations (12B), and gives a 0.7

URIU response (12C). These experiments were performed using a microfluidic channel.

[0032] FIG. 13A and 13B show representative images illustrating Sigmacote™ (13A) and
the cross section of a chip with a gap in the channel that (13B) works to stop fluid.

[0033] FIG. 14 shows a representative schematic of the NanoBIND illustrating the inverted

optical train.
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[0034] FIG. 15 shows representative data pertaining to the effect of changes in ambient
temperature on the baseline standard deviation for the SCSR and the standard interferometer

configuration.

[0035] FIG. 16A and 16B show representative data pertaining to the effect of temperature on
triplicate glycerol calibration runs using the SCSR configuration (16A) and the standard

interferometer configuration (16B).

[0036] FIG. 17A and 17B show representative data pertaining to binding assays performed
using the SCSR configuration without temperature control. Referring to FIG. 17A, data
pertaining to a ConA-mannose binding assay performed in PBS buffer is shown. Referring to
FIG. 17B, data pertaining to an AFP-anti-AFP binding assay performed in 98% human urine

1s shown.

[0037] FIG. 18 shows representative images demonstrating various beam profiles achieved
using SCSR-BSI including the original beam (top left), the original beam expanded 2X
(bottom left), and the final beam expanded 10X (right).

[0038] FIG. 19A and 19B show representative data demonstrating that averaging over 100
(19A) and over 200 (19B) camera pixels improves compensation in SCSR-BSI.

[0039] FIG. 20A and 20B show representative data demonstrating that averaging camera
pixels contributes to the improvement or the likeness of S and R fringes and thus the level of

compensation.

[0040] FIG. 21 shows representative data demonstrating the normalized sum of the
differences of the sample and reference channels as a function of how much of the channel is

averaged.

[0041] FIG. 22 shows representative data demonstrating the Gaussian fitting results for a
single fringe illustrating that increasing the interrogation region, the length of the channel,

and/or the camera results 1n at least two identical interferometers.

[0042] FIG. 23 shows representative data demonstrating the Gaussian fitting results for 24
fringes illustrating that increasing the interrogation region, the length of the channel, and/or

the camera results in at least two 1dentical interferometers.
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[0043] FIG. 24 shows a representative image illustrating a F-126Sx and F-126Hx IDEX

fittings that can be used as an inlet guide, sample reservoir and injection port with SCSR-BSI.

[0044] FIG. 25 shows a representative image illustrating that the injection approach can be
used for several matrices, including water, PBS, and serum, and does not require a trained

user.

[0045] FIG. 26 shows graphs explaining hat averaging over the length of the channel can
make the fringes more uniform and more Gaussian and can decrease the amount of high

frequency information present in the analog fringe signal.

[0046] FIG. 27 shows BSI can measure free solution interactions on systems that have a
large mass differences (e.g., conA and sugar) and that SCSR can works better than the

conventional BSI instruments (see error bars) even when used without temperature control.

[0047] FIG. 28 shows results from two experiments performed to measure phase shift due to

evaporation at different locations along the channel.
[0048] FIG. 29 shows calculated time until “detectable evaporation.”

[0049] Additional advantages of the invention will be set forth in part in the description
which follows, and in part will be obvious from the description, or can be learned by practice
of the invention. The advantages of the invention will be realized and attained by means of
the elements and combinations particularly pointed out in the appended claims. It is to be
understood that both the foregoing general description and the following detailed description

are exemplary and explanatory only and are not restrictive of the invention, as claimed.
DETAILED DESCRIPTION

[0050] The present invention can be understood more readily by reference to the following

detailed description of the invention and the Examples included therein.

[0051] Before the present compounds, compositions, articles, systems, devices, and/or
methods are disclosed and described, it is to be understood that they are not limited to
specific synthetic methods unless otherwise specified, or to particular reagents unless
otherwise specified, as such may, of course, vary. Itis also to be understood that the

terminology used herein is for the purpose of describing particular aspects only and is not
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intended to be limiting. Although any methods and materials similar or equivalent to those
described herein can be used in the practice or testing of the present invention, example

methods and materials are now described.

[0052] All publications mentioned herein are incorporated herein by reference to disclose
and describe the methods and/or materials in connection with which the publications are
cited. The publications discussed herein are provided solely for their disclosure prior to the
filing date of the present application. Nothing herein is to be construed as an admission that
the present invention is not entitled to antedate such publication by virtue of prior invention.
Further, the dates of publication provided herein can be different from the actual publication

dates, which may need to be independently confirmed.

A. DEFINITIONS

Gl 9% <G
a

[0053] As used in the specification and the appended claims, the singular forms an” and

“the” include plural referents unless the context clearly dictates otherwise. Thus, for

2% <<

example, reference to “a substrate,” “a polymer,” or “a sample” includes mixtures of two or

more such substrates, polymers, or samples, and the like.

[0054] Ranges can be expressed herein as from “about™ one particular value, and/or to
“about” another particular value. When such a range is expressed, another aspect includes
from the one particular value and/or to the other particular value. Similarly, when values are
expressed as approximations, by use of the antecedent “about,” it will be understood that the
particular value forms another aspect. It will be further understood that the endpoints of each
of the ranges are significant both in relation to the other endpoint, and independently of the
other endpoint. It is also understood that there are a number of values disclosed herein, and
that each value is also herein disclosed as “about” that particular value in addition to the
value itself. For example, if the value “10” is disclosed, then “about 10” is also disclosed. It
is also understood that each unit between two particular units are also disclosed. For

example, if 10 and 15 are disclosed, then 11, 12, 13, and 14 are also disclosed.

[0055] As used herein, the terms “optional” or “optionally” means that the subsequently
described event or circumstance may or may not occur, and that the description includes

mstances where the event or circumstance occurs and instances where 1t does not.

[0056] As used herein, the term “polymer”™ refers to a relatively high molecular weight
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organic compound, natural or synthetic (e.g., polyethylene, rubber, cellulose), whose
structure can be represented by a repeated small unit, the monomer (e.g., ethane, isoprene, 3-
glucose). Synthetic polymers are typically formed by addition or condensation

polymerization of monomers.

[0057] As used herein, the term “copolymer” refers to a polymer formed from two or more
different repeating units (monomer residues). By way of example and without limitation, a
copolymer can be an alternating copolymer, a random copolymer, a block copolymer, or a

graft copolymer.

[0058] As used herein, the term “bioassay” refers to a procedure for determining the

concentration, purity, and/or biological activity of a substance.

[0059] As used herein, the term “chemical event” refers to a change in a physical or chemical
property of an analyte in a sample that can be detected by the disclosed systems and methods.
For example, a change in refractive index (RI), solute concentration and/or temperature can
be a chemical event. As a further example, a biochemical binding or association (e.g., DNA

hybridization) between two chemical or biological species can be a chemical event. As a
further example, a disassociation of a complex or molecule can also be detected as an RI
change. As a further example, a change in temperature, concentration, and
association/dissociation can be observed as a function of time. As a further example,

bioassays can be performed and can be used to observe a chemical event.

[0060] Disclosed are the components to be used to prepare the compositions of the invention
as well as the compositions themselves to be used within the methods disclosed herein.
These and other materials are disclosed herein, and it is understood that when combinations,
subsets, interactions, groups, etc. of these materials are disclosed that while specific reference
of each various individual and collective combinations and permutation of these compounds
may not be explicitly disclosed, each is specifically contemplated and described herein. For
example, if a particular compound is disclosed and discussed and a number of modifications
that can be made to a number of molecules including the compounds are discussed,
specifically contemplated is each and every combination and permutation of the compound
and the modifications that are possible unless specifically indicated to the contrary. Thus, if
a class of molecules A, B, and C are disclosed as well as a class of molecules D, E, and F and

an example of a combination molecule, A-D is disclosed, then even if each is not individually
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recited each is individually and collectively contemplated meaning combinations, A-E, A-F,
B-D, B-E, B-F, C-D, C-E, and C-F are considered disclosed. Likewise, any subset or
combination of these is also disclosed. Thus, for example, the sub-group of A-E, B-F, and C-
E would be considered disclosed. This concept applies to all aspects of this application
including, but not limited to, steps in methods of making and using the compositions of the
invention. Thus, if there are a variety of additional steps that can be performed it is
understood that each of these additional steps can be performed with any specific aspect or

combination of aspects of the methods of the invention.

[0061] It is understood that the compositions disclosed herein have certain functions.
Disclosed herein are certain structural requirements for performing the disclosed functions,
and it is understood that there are a variety of structures that can perform the same function
that are related to the disclosed structures, and that these structures will typically achieve the

same result.

B. SINGLE CHANNEL SAMPLE REFERENCE INTERFEROMETRIC SYSTEMS

[0062] In one aspect, the invention relates to an interferometric detection system comprising:
(a) a channel formed in a substrate, wherein the channel has a longitudinal direction and a
transverse direction, and wherein the channel is configured for reception of a liquid sample;
(b) alight source for generating a light beam, wherein the light beam is elongated in the
longitudinal direction of the channel, and wherein the light source is positioned to direct the
light beam onto the substrate such that the light beam is incident on at least a portion of the
channel greater than 4 mm in length, such that, during operation, scattered light is generated
through reflective and refractive interaction of the light beam with a substrate/channel
interface and the sample, the scattered light comprising interference fringe patterns elongated
in at least one direction, wherein the interference fringe patterns shift in response to changes
in the refractive index of the sample; and (¢) a photodetector for simultaneously receiving the

scattered light and generating a plurality of intensity signals.

[0063] In one aspect, the invention relates to an interferometric detection system comprising:
(a) a channel formed in a substrate, wherein the channel has a longitudinal direction and a
transverse direction, and wherein the channel is configured for reception of two or more
liquid samples by having at least two inlets positioned at opposing locations of the channel,

and at least one outlet positioned at a point between the at least two inlets, thereby defining a
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right side of the channel and a left side of the channel; (b) a light source for generating a light
beam, wherein the light beam is elongated in the longitudinal direction of the channel, and
wherein the light source is positioned to direct the light beam onto the substrate such that the
light beam is simultaneously incident on at least a portion of the right side of the channel and
at least a portion of the left side of the channel, such that, during operation, scattered light is
generated through reflective and refractive interaction of the light beam with a
substrate/channel interface and the two or more samples, the scattered light comprising
interference fringe patterns elongated in at least one direction, wherein the interference fringe
patterns shift in response to changes in the refractive index of the two or more samples; and
(c) a photodetector for simultaneously receiving the scattered light and generating a plurality

of intensity signals.

[0064] In one aspect, the invention relates to an interferometric detection system comprising:
(a) a channel formed in a substrate, wherein the channel has a longitudinal direction and a
transverse direction, and wherein the channel is configured for reception of a liquid sample;
(b) alight source for generating a light beam, wherein the light beam is elongated in the
longitudinal direction of the channel, and wherein the light source is positioned to direct the
light beam onto the substrate such that the light beam is incident on at least a portion of the
channel greater, such that, during operation, scattered light is generated through reflective
and refractive interaction of the light beam with a substrate/channel interface and the sample,
the scattered light comprising interference fringe patterns elongated in at least one direction,
wherein the interference fringe patterns shift in response to changes in the refractive index of
the sample; and (c) a photodetector for simultaneously receiving the scattered light and
generating a plurality of intensity signals, wherein the photodetector is positioned less than

40 c¢m from the channel during operation.

[0065] In one aspect, the invention relates to an interferometric detection system comprising:
(a) a channel formed in a substrate, wherein the channel has a longitudinal direction and a
transverse direction, and wherein the channel is configured for reception of two or more
liquid samples by having at least two inlets positioned at opposing locations of the channel,
and at least one outlet positioned at a point between the at least two inlets, thereby defining a
right side of the channel and a left side of the channel; (b) a light source for generating a light
beam, wherein the light beam is elongated in the longitudinal direction of the channel, and

wherein the light source is positioned to direct the light beam onto the substrate such that the
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light beam is incident on at least a portion of the channel greater than 4 mm in length along
the longitudinal direction and is simultaneously incident on at least a portion of the right side
of the channel and at least a portion of the left side of the channel, such that, during
operation, scattered light is generated through reflective and refractive interaction of the light
beam with a substrate/channel interface and the two or more samples, the scattered light
comprising interference fringe patterns elongated in at least one direction, wherein the
interference fringe patterns shift in response to changes in the refractive index of the two or
more samples; (c) a closure element adapted to close the inlet, thereby reducing evaporation
of liquid positioned within the channel and/or inlet; and (d) a photodetector for
simultaneously receiving the scattered light and generating a plurality of intensity signals,

wherein the photodetector is positioned less than 40 cm from the channel during operation.

[0066] An exemplary interferometric detection apparatus is illustrated in FIG. 1, wherein a
light beam from a HeNe laser passes through beam conditioning optics (i.e., an optical
element) to increase the width of the beam. Multiple regions (e.g., sample and reference) of a
channel, as illustrated in FIG. 2, positioned on a temperature controlled chip can then be
impinged with the spread light beam, creating backscattered light and elongated interference
fringes that are directed to a s-D CCD array detector. A signal analyzer (i.e., computer) can
then be used to interpret the signal intensity information from the detector and correlate the
same to a change in the refractive index of the portion of the sample from the interrogated

regions of the channel.

[0067] In another aspect, any element in a SCSR interferometric detection system or
apparatus can comprise a single component or multiple components. In various aspects,
multiple lasers can be utilized to produce separate light beams, wherein each light beam
impinges a different portion of the channel. In another aspect, multiple optical elements can
be utilized, either on a single light beam or multiple light beams. In another aspect, multiple

detectors and/or signal analyzers can be present.

[0068] In a further aspect, the system further comprises at least one signal analyzer for
receiving the intensity signals and determining therefrom one or more characteristic

properties of the sample.

[0069] In a further aspect, the system further comprises a plurality of reservoirs, wherein

each of the plurality of reservoirs is in fluid communication with one of the at least two
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inlets. In a still further aspect, the two or more samples comprise a first sample and a second
sample. In yet a further aspect, the first sample is a sample to be analyzed, and the second
sample is a reference. In an even further aspect, at least one of the two or more samples

comprises a reference.
[0070] In a further aspect, the substrate and channel together comprise a capillary tube.

[0071] In a further aspect, the scattered light is backscattered light. In a still further aspect,
the scattered light comprises backscattered light.

[0072] In a still further aspect, the invention relates to devices and methods wherein
interferometric interrogation of a sample solution and interferometric interrogation a
reference solution are performed simultaneously and performed within the same channel or
within two channels in environmental communication (i.e., sharing the sample environment,
including, for example, pressure and temperature) with the same light source. In one aspect,
this can be accomplished by a single laser than has been elongated in the longitudinal

direction of the channel.
1. CHANNEL

[0073] In one aspect, the interferometric detection systems of the present invention comprise
a channel formed in a substrate, wherein the channel has a longitudinal direction and a
transverse direction, and wherein the channel is configured for reception of a liquid sample.
In one aspect, the interferometric detection systems of the present invention comprise a
channel formed in a substrate, wherein the channel has a longitudinal direction and a
transverse direction, and wherein the channel is configured for reception of two or more
liquid samples by having at least two inlets positioned at opposing locations of the channel,
and at least one outlet positioned at a point between the at least two inlets, thereby defining a
right side of the channel and a left side of the channel. The channel of the present invention
can, in various aspects, be formed from a substrate such as a piece of silica or other suitable
optically transmissive material. In various aspects, the material of composition of the
substrate has a different index of refraction than that of the sample to be analyzed. Ina
further aspect, as refractive index can vary significantly with temperature, the substrate can

optionally be mounted and/or connected to a temperature control device. In a still further
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aspect, the substrate can be tilted, for example, about 7°, such that scattered light from

channel can be directed to a detector.

[0074] In a further aspect, the channel has a generally semi-circular cross-sectional shape. A
unique multi-pass optical configuration is inherently created by the channel characteristics,
and is based on the interaction of the unfocused laser beam and the curved surface of the
channel that allows interferometric measurements in small volumes at high sensitivity.
Alternatively, the channel can have a substantially circular or generally rectangular cross-
sectional shape. In a still further aspect, the substrate and channel together comprise a
capillary tube. Inyet a further aspect, the substrate and channel together comprise a
microfluidic device, for example, a silica substrate, or a polymeric substrate [e.g.,
polydimethylsiloxane (PDMS) or polymethyl methacrylate (PMMA)], and an etched channel
formed in the substrate for reception of a sample, the channel having a cross sectional shape.
In an even further aspect, the cross sectional shape of a channel is semi-circular. In a still
further aspect, the cross sectional shape of a channel is square, rectangular, or elliptical. In
yet a further aspect, the cross sectional shape of a channel can comprise any shape suitable
for use in a BSI technique. In an even further aspect, a substrate can comprise one or
multiple channels of the same or varying dimensions. In various aspects, the channel can
have a radius of from about 5 to about 250 micrometers, for example, about 5, 10, 20, 30, 40,
50, 75, 100, 150, 200, or 250 micrometers. In still other aspects, the channel can have a
radius of up to about 1 millimeter or larger, such as, for example, 0.5 millimeters, 0.75
millimeters, 1 millimeter, 1.25 millimeters, 1.5 millimeters, 1.75 millimeters, 2 millimeters,

Oor more.

[0075] A microfluidic channel, if present, can hold and/or transport the same or varying
samples, and a mixing zone. The design of a mixing zone can allow at least initial mixing of,
for example, one or more binding pair species. The at least initially mixed sample can then
be subjected to a stop-flow analysis, provided that the reaction and/or interaction between the
binding pair species continues or is not complete at the time of analysis. The specific design
of a microfluidic channel, mixing zone, and the conditions of mixing can vary, depending on
such factors as, for example, the concentration, response, and volume of a sample and/or

species.
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[0076] In a further aspect, a channel can be divided into multiple discrete zones along the
length of the channel. In a still further aspect, a channel comprises at least two discrete
zones. In yet a further aspect, a channel can comprise 2, 3, 4, 5, 6,7, 8,9, 10, or more zones.
Any individual zone can have dimensions, such as, for example, length, the same as or
different from any other zones along the same channel. In an even further aspect, at least two
zones have the same length. In a still further aspect, all of the zones along a channel have the
same or substantially the same length. In yet a further aspect, each zone can have a length
along the channel of from about 1 to about 1,000 micrometers, for example, about 1, 2, 3, 5,
8, 10, 20, 40, 80, 100, 200, 400, 800, or 1,000 micrometers. In an even further aspect, each
zone can have a length of less than about 1 micrometer or greater than about 1,000
micrometer, and the present disclosure is not intended to be limited to any particular zone
dimension. Further, any individual zone can be in contact with or separated from an adjacent
zone. In a still further aspect, at least one zone is in contact with an adjacent zone. Inyet a
further aspect, each of the zones along a channel is in contact such that there are no breaks
between individual zones. In an even further aspect, at least one zone is separated from an
adjacent zone by a portion of the capillary not in a zone. In a still further aspect, each of the
zones along a channel is separated from each other such that no zones are in direct contact
with another. In yet a further aspect, at least one zone can be used as a reference and/or
experimental control. In an even further aspect, each measurement zone can be positioned
adjacent to a reference zone, such that the channel comprises alternating measurement and
reference zones. It should be noted that the zones along a channel do not need to be
specifically marked or delineated, only that the system be capable of addressing and detecting

scattered light from each zone.

[0077] In a further aspect, a first discrete zone is disposed between a first inlet and the at
least one outlet, and wherein a second discrete zone is disposed between a second inlet and

the at least one outlet.

[0078] In a further aspect, any one or more zones in a channel can be separated from any
other zones by a junction, such as, for example, a union, coupling, tee, injection port, mixing
port, or a combination thereof. For example, one or more zones in the flow path of a sample
can be positioned upstream of an injection port where, for example, an analyte can be
introduced. In such an aspect, one or more zones can also be positioned downstream of the

injection port.
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[0079] In a further aspect, a channel can be divided into two, three, or more regions, wherein
each region is separated from other regions by an outlet. In a still further aspect, an outlet
can prevent a fluid in one region of a channel from contacting and/or mixing with a fluid
from another region of the channel. In yet a further aspect, any combination of regions or all
of the regions can be positioned such that they will be impinged with at least a portion of the
light beam. In such an aspect, multiple regions of a single channel can be used to conduct
multiple analyses of the same or different type in a single instrumental setup. In an even
further aspect, a channel has two regions, wherein an outlet is positioned in the channel
between the two regions, and wherein each of the regions are at least partially in an area of

the channel where the light beam is incident.

[0080] In a further aspect, if multiple regions are present, each region can have an input and
an output port. An exemplary schematic of a channel comprising two regions, wherein each
region has an input and an output port is illustrated in FIG. 7. In a still further aspect, the
input and/or output ports can be configured so as not to interfere with the generation of
scattered light, such as, for example, backscattered light, and the resulting measurements. It
should be noted that other geometric designs and configurations can be utilized, and the
present invention is not intended to be limited to the specific exemplary configurations
disclosed herein. Thus, in one aspect, a single channel can allow for analysis of multiple

samples simultaneously in the same physical environment.

[0081] As illustrated in Fig. 13, a hydrophobic coating can be optionally used to stop
capillary action of solution within the channel. Fig. 13 shows a photograph of Sigmacoat
serving as a hydrophobic coating, to stop the capillary action and inhibit the sample and
reference from meeting in the center of the channel where they would mix. The liquid has
stopped at this coated region, as capillary action is arrested. This demonstrates that a
hydrophobic coating can be used to create a gap in the center of the channel, so that the
sample and reference solutions can be introduced and separated within the SCSR detection

beam interrogating region.

[0082] As depicted in Fig. 5 and Fig. 6, the inlets can be positioned at opposing locations
(e.g., opposing ends) of the channel. Opposing locations can be, for example, located at the

ends of the channel, with an outlet positioned between the inlets. It is appreciated, however,
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that the inlets are not required to be at the ends of the channel, as long as the configuration of

inlets and outlets allows for SCSR interrogation as described herein.
2. LIGHT SOURCE

[0083] In one aspect, the interferometric systems of the present invention comprise a light
source for generating a light beam, wherein the light beam is elongated in the longitudinal
direction of the channel, and wherein the light source is positioned to direct the light beam
onto the substrate such that the light beam is incident on at least a portion of the channel
greater than 4 mm in length, such that, during operation, scattered light is generated through
reflective and refractive interaction of the light beam with a substrate/channel interface and
the sample, the scattered light comprising interference fringe patterns elongated in at least
one direction, wherein the interference fringe patterns shift in response to changes in the

refractive index of the sample.

[0084] In one aspect, the interferometric systems of the present invention comprise a light
source for generating a light beam, wherein the light beam is elongated in the longitudinal
direction of the channel, and wherein the light source is positioned to direct the light beam
onto the substrate such that the light beam is simultaneously incident on at least a portion of
the right side of the channel and at least a portion of the left side of the channel, such that,
during operation, scattered light is generated through reflective and refractive interaction of
the light beam with a substrate/channel interface and the two or more samples, the scattered
light comprising interference fringe patterns elongated in at least one direction, wherein the
interference fringe patterns shift in response to changes in the refractive index of the two or

more samples.

[0085] In various aspects, the light source generates an easy to align optical beam that is
incident on the etched channel for generating scattered light. In a further aspect, the light
source generates an optical beam that is collimated, such as, for example, the light emitted
from a HeNe laser. In a still further aspect, the light source generates an optical beam that is
not well collimated and disperses in, for example, a Gaussian profile, such as that generated

by a diode laser.

[0086] Typically, two types of lasers can be employed. In various aspects, one laser (the

diode) creates a laser beam that is elongated in the longitudinal direction of the channel. In
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further aspects, the other (HeNe) creates a laser beam that is not elongated longitudinally
along the length of the channel, but can be later elongated longitudinally along the length of
the channel by beam-stretching optics. These methods can both achieve the same end of an
elongated beam impinging upon the channel, but do so through different means. It can be
noted that, in certain aspects, when the diameter of the laser beam is the same as the thickness
of the glass chip, new interference phenomena can arise. This can be avoided by selecting
the width of the beam to be smaller than the thickness of the glass chip (0.8mm width laser

and 1.7mm thickness glass chip).

[0087] In a further aspect, a single light beam is incident upon the substrate.

[0088] In a further aspect, the light beam has a substantially uniform intensity profile across
at least a portion of the plurality of discrete zones. In a yet further aspect, the light beam has
a substantially Gaussian intensity profile in the axis perpendicular to the zones. In a still
further aspect, the portion of the light beam impinging the channel has an elongated intensity
profile.

[0089] In various aspects, the light beam is incident on at least a portion of the channel
greater than 4 mm in length along the longitudinal direction. In a further aspect, the light
beam is incident on at least a portion of the channel greater than 5 mm of length of the
channel in the longitudinal direction. In a still further aspect, the light beam is incident on at
least a portion of the channel greater than 6 mm of length of the channel in the longitudinal
direction. In et a further aspect, the light beam is incident on at least a portion of the
channel greater than 7 mm of length of the channel in the longitudinal direction. In an even
further aspect, the light beam is incident on at least a portion of the channel greater than 8
mm of length of the channel in the longitudinal direction. In a still further aspect, the light
beam is incident on at least a portion of the channel greater than 9 mm of length of the
channel in the longitudinal direction. In yet a further aspect, the light beam is incident on at
least a portion of the channel greater than 10 mm, 12 mm, 14 mm, 16 mm, 18 mm, or 20 mm

of length of the channel in the longitudinal direction.

[0090] In a further aspect, at least a portion of the light beam incident on the channel covers
at least two discrete zones. In a still further aspect, at least a portion of the light beam is
incident on the channel such that the intensity of the light on each of at least two zones is the

same or substantially the same. In yet a further aspect, at least a portion of the light beam is
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incident on the channel such that the each of the zones along the channel receive the same or
substantially the same intensity of light. For example, a light beam having a Gaussian
intensity profile can be incident on a channel such that at least two zones along the channel
are within the peak of the intensity profile, receiving the same or substantially the same
intensity of light. In an even further aspect, the portion of the light beam incident on the
channel can have a non-Gaussian profile, such as, for example, a plateau (e.g., top-hat). The
portion of the light beam in the wings of the Gaussian intensity profile can be incident upon

other portions of the channel or can be directed elsewhere.

[0091] In a further aspect, variations in light intensity across zones of interest can result in
measurement errors. In a still further aspect, if portions of a light beam having varying
intensity are incident upon multiple zones of a channel, a calibration can be performed
wherein the expected intensity of light, resulting interaction, and scattering is determined for

correlation of future measurements.

[0092] The light source can comprise any suitable equipment and/or means for generating
light, provided that the frequency and intensity of the generated light are sufficient to interact
with a sample and/or a marker compound and provide elongated fringe patterns as described
herein. Light sources, such as HeNe lasers and diode lasers, are commercially available and
one of skill in the art could readily select an appropriate light source for use with the systems

and methods of the present invention.

[0093] In a further aspect, a light source can comprise a single laser. In a still further aspect,
a light source can comprise two or more lasers, each generating a beam that can impinge one
or more zones of a channel. In yet a further aspect, if two or more lasers are present, any
individual laser can be the same as or different from any other laser. For example, two
individual lasers can be utilized, each producing a light beam having different properties,
such as, for example, wavelength, such that different interactions can be determined in each

zone along a channel.

[0094] As with any interferometric technique for micro-chemical analysis, it can be
advantageous, in various aspects, for the light source to have monochromaticity and a high
photon flux. If warranted, the intensity of a light source, such as a laser, can be reduced

using neutral density filters.
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[0095] In a further aspect, the system further comprises an optical element positioned
between the light source and the channel, wherein the optical element is capable of at least
one of spreading, splitting, rastering, or a combination thereof the light beam in a direction
parallel to the length of the channel. In various aspects, such an optical element can facilitate
contact of the light beam with two or more zones along a channel. In a further aspect, a light
source, such as a diode laser, generates a light beam having a Gaussian profile, and an optical
element is not necessary or present. In a still further aspect, a light source, such as a HeNe
laser, generates a collimated light beam and an optical element can be present to spread the
light beam and facilitate contact of the light beam with at least two zones along the channel.
Such a light beam configuration can allow for multiple measurements or sample and
reference measurements to be made simultaneously or substantially simultaneously within

the same channel.

[0096] In a further aspect, the optical element is capable of spreading the light beam in a
direction parallel to the length of the channel. In a still further aspect, the optical element
comprises a cylindrical lens. In yet a further aspect, the optical element comprises an

anamorphic lens.

[0097] In a further aspect, an optical element can comprise a dispersing element capable of
dispersing the light beam in at least one direction. Such an element can be useful to disperse
a well collimated light beam in a direction parallel to the longitudinal axis of a channel, such
that when incident upon the channel, the light beam contacts at least two zones. In such an
aspect, the optical element, if present, can comprise a cylindrical lens, such as, for example, a
50.8 mm by 19 mm cylindrical lens with an effective focal length of 25.4 cm, to produce a
beam 0.8 mm by 4.0 mm. A cylindrical lens can thus be used to disperse the light beam from

a HeNe laser to a line. An amorphic lens can also be used.

[0098] In a further aspect, an optical element can comprise a beam splitting element capable
of splitting a well collimated light beam into two or more individual beams, each of which

can be incident upon a separate zone on the same channel.

[0099] In a further aspect, an optical element can comprise a rastering element capable of
rastering a light beam across two or more zones of a channel. If such a rastering element is

present, the speed at which the beam is rastered across the two or more zones should be
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sufficiently fast to prevent measurement errors from occurring due to temperature changes

and/or changes in sample composition flowing through a capillary channel.

[00100] In a further aspect, two or more optical elements of the same or varying type
can be utilized. In a still further aspect, additional beam conditioning optics can be utilized in
addition to, for example, a dispersing cylindrical lens. In yet a further aspect, other types of
optical elements capable of facilitating contact of the light beam with at least two zones along
the channel are contemplated, and the present disclosure is not intended to be limited to the
particular optical elements recited herein. In an even further aspect, an optical element, such
as, for example, a lens, can be positioned in the optical path between the light source and the
channel. In a still further aspect, an optical element, such as, for example, a rastering

element, can be attached to or integral with the light source.

[00101] In a further aspect, one or more additional optical components can be present,
such as, for example, a mirror, a neutral density filter, or a combination thereof, so as to
direct the light beam and/or the scattered light in a desired direction or to adjust one or more

properties of a light beam.
3. CLOSURE ELEMENT

[00102] In one aspect, the interferometric systems of the present invention comprise a
closure element adapted to close the inlet, thereby reducing evaporation of liquid positioned
within the channel and/or inlet. In a further aspect, the interferometric systems of the present
invention may comprise multiple closure elements. Examples of closure elements include,

but are not limited to, caps, corks, ferrules, stoppers, collets, and tops.

[00103] While it is not strictly necessary that the one or more inlets be completely
sealed by the closure element, it can be preferred that the closure element, when in use,

reduces, minimizes, or eliminates exposure of the sample to the environment.

[00104] The distance from the chip surface to the closure element may be optimized
for volume minimization, ease of production, and injection consistency. A smaller volume,
dimension, and surface area exposed to the environment minimize the evaporation of solvents
and solutions. This is because 1) the sample it always contained within the dispensing object
(pipette), 2) only a small area of the sample / reference solution surface is exposed to the

environment (i.e., the exposed surface area is defined by the inner diameter of the receptacle
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which is very small), and 3) the sample detection zone cannot communicate with the
atmosphere due to the fact that it is spatially separated from the top of the receptacle (where
evaporation can occur) and after the injection is performed, a valve to the waste tube
connected to the exit hole is closed, thereby reducing, minimizing, or eliminating
environmental communication. With the detection zone residing several centimeters from
the introduction site, the time for evaporative communication is much longer (e.g., minutes)
than needed to perform the data collection. Thus, without wishing to be bound by theory, the
SCSR method may allow for a user to place a drop from a standard pipette, have the low-
microliter volume sample be automatically and passively (no pump) introduced into the

detection region, and be at the same pressure as the reference fluid.

[00105] It is appreciated that reduction or elimination of evaporation can also be
accomplished by locating the interrogation region a sufficient distance from an inlet. For
example, the outer edge of the interrogation region can be positioned at least 2 mm, at least 3
mm, at least 4 mm, at least 5 mm, at least 6 mm, at least 7 mm, at least 8 mm, at least 9 mm,
at least 10 mm, at least 11 mm, at least 12 mm, at least 13 mm, at least 14 mm, at least 15
mm, at least 16 mm, at least 17 mm, at least 18 mm, at least 19 mm, at least 20 mm, at least
25 mm, at least 30 mm, at least 40 mm, at least 50 mm from an inlet. In one aspect, the
distance can be measured along the horizontal length of the channel between the inlet and an
edge of the interrogation region. In a further aspect, the distance can be measured along the
horizontal length of the channel between the inlet and an edge of the interrogation region as
well as the vertical distance of the inlet itself. It is understood that this aspect can be used in

combination with one or more closure elements.
4, PHOTODETECTOR

[00106] In one aspect, the interferometric systems of the present invention comprise a
photodetector for simultaneously receiving the scattered light and generating a plurality of

intensity signals.

[00107] In one aspect, the interferometric systems of the present invention comprise a
photodetector for simultaneously receiving the scattered light and generating a plurality of
intensity signals, wherein the photodetector is positioned less than 40 cm from the channel

during operation.
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[00108] A photodetector detects the scattered light and converts it into intensity signals
that vary as the positions of the light bands in the elongated fringe patterns shift, and can thus
be employed to determine the refractive index (RI), or an RI related characteristic property,
of the sample. Exemplary properties that can be detected and/or quantified using the
inventive techniques can comprise, without limitation, changes in mass, concentration,
conformation, structure, charge level, level of hydration, or a combination thereof. In other
aspects, the progress of one or more chemical reactions can be monitored, such as, for

example, that can occur in an aqueous or a non-aqueous solvent.

[00109] The photodetector can, in various aspects, comprise any suitable image
sensing device, such as, for example, a bi-cell sensor, a linear or area array CCD or CMOS
camera and laser beam analyzer assembly, a photodetector assembly, an avalanche
photodiode, or other suitable photodetection device. In a further aspect, the photodetector is
an array photodetector capable of detecting multiple elongated interference fringe patterns.
In a still further aspect, a photodetector can comprise multiple individual photodetectors to
detect the elongated interference fringe patterns produced by the interaction of the light beam
with the sample, channel wall, and optional marker compounds. The scattered light incident
upon the photodetector comprises elongated interference fringe patterns that correspond to
the discrete zones along the length of the channel. These elongated interference fringe
patterns include a plurality of light bands whose positions shift as the refractive index of that
portion of the sample is varied, either through compositional changes, temperature changes,
or a combination thereof. The specific position of the photodetector can vary depending
upon the arrangement of other elements. In yet a further aspect, the photodetector can be

positioned at an approximately 45° angle to the channel.

[00110] The intensity signals from the photodetector can then be directed to a signal
analyzer for fringe pattern analysis and determination of the RI or RI related characteristic
property of the sample and/or reference in each zone of the channel. The signal analyzer can
be a computer or a dedicated electrical circuit. In various aspects, the signal analyzer
includes the programming or circuitry necessary to determine from the intensity signals, the
RI or other characteristic property of the sample in each discrete zone of interest. In a further
aspect, the signal analyzer is capable of detecting positional shifts in interference fringe
patterns and correlating those positional shifts with a change in the refractive index of at least

a portion of the sample. In a still further aspect, the signal analyzer is capable of detecting
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positional shifts in interference fringe patterns and correlating those positional shifts with a
change in the refractive index occurring in the zones of the channel. In yet a further aspect,
the signal analyzer is capable of comparing data received from a photodetector and

determining the refractive index and/or a characteristic property of the sample in any two or

more zones of the channel.

[00111] In a further aspect, the signal analyzer is capable of interpreting an intensity
signal received from a photodetector and determining one or more characteristic properties of
the sample in each of the zones of the channel. In a still further aspect, the signal analyzer
can utilize a mathematical algorithm to interpret positional shifts in the interference fringe
patterns incident on a photodetector. In yet a further aspect, known mathematical algorithms
and/or signal analysis software, such as, for example, deconvolution algorithms, can be
utilized to interpret positional shifts occurring from a multiplexed scattering interferometric

analysis.

[00112] The photodetector can be employed for any application that requires
interferometric measurements; however, the photodetector can be particularly useful for
making universal solute quantification, temperature, and flow rate measurements. In these
applications, the photodetector provides ultra-high sensitivity due to the multi-pass optical
configuration of the channel. In the temperature measuring aspect, a signal analyzer receives
the signals generated by the photodetector and analyzes them using the principle that the
refractive index of the sample varies proportionally to its temperature. In this manner, the
signal analyzer can calculate temperature changes in the sample from positional shifts in the
detected interference fringe patterns. In a further aspect, the ability to detect elongated
interference fringe patterns from interactions occurring in two or more zones along a channel
can provide real-time reference and/or comparative measurements without the problem of
changing conditions between measurements. In a still further aspect, a signal analyzer, such
as a computer or an electrical circuit, can thus be employed to analyze the photodetector

signals, and determine the characteristic property of the sample.

[00113] In the flow measuring aspect, the same principle is also employed by the
signal analyzer to identify a point in time at which perturbation is detected in a flow stream in
the channel. In the case of a thermal perturbation, a flow stream whose flow rate is to be

determined, is locally heated at a point that is a known distance along the channel from the
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detection zone. The signal analyzer for this aspect includes a timing means or circuit that
notes the time at which the flow stream heating occurs. Then, the signal analyzer determines
from the positional shifts of the light bands in the interference fringe patterns, the time at
which thermal perturbation in the flow stream arrives at the detection zone. The signal
analyzer can then determine the flow rate from the time interval and distance values. Other
perturbations to the flow stream, include, but are not limited to, introduction into the stream
of small physical objects, such as glass microbeads or nanoparticles. Heating of gold
particles in response to a chemical reaction or by the change in absorption of light due to
surface-bound solutes or the capture of targets contained within the solution can be used to
enhance the temperature induced RI perturbation and thus to interrogate the composition of
the sample. In a further aspect, measurements at multiple zones along the channel can be
used to determine temperature gradients or rate of temperature change of a sample within the

channel.

[00114] In a further aspect, the systems and methods of the present invention can be
used to obtain multiple measurements simultaneously or substantially simultaneously from
discrete zones along the length of a channel. In such an aspect, each zone can provide a
unique measurement and/or reference. In a further aspect, temporal detection can be used to
measure changes in a sample over time as the sample flows through the channel, for example,

with a flow injection analysis system.

[00115] In a further aspect, the sample is a fluid, for example a gas, a liquid, or a
supercritical fluid. In a still further aspect, the sample is a liquid, which can be a
substantially pure liquid, a solution, or a mixture (e.g., biological fluids, cellular fluids). In a
still further aspect, the sample can further comprise one or more analytes. In yet a further
aspect, a sample can be introduced into the channel via an injection port at, for example, one

end of the channel.

[00116] As the light beam impinges one or more discrete regions of a channel, the
resulting elongated interference fringe patterns can move with a change in refractive index.
The ability to analyze multiple discrete zones simultaneously can provide high spatial

resolution and can provide measurement techniques with an integrated reference.
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[00117] In a further aspect, the photodetector is capable of spatially resolving scattered
light incident on a surface thereof. In a still further aspect, the photodetector comprises a

three dimensional array.

[00118] In various aspects, the photodetector resolution, including pixel size, spacing,
and photon flux sensitivity, can be selected based upon certain specifications. Thus, in
various aspects, between about 50 camera pixels and 400 camera pixels can be interrogated.
In a further aspect, between about 50 camera pixels and 350 camera pixels can be
interrogated. In a still further aspect, between about 50 camera pixels and 300 camera pixels
can be interrogated. In yet a further aspect, between about 50 camera pixels and 250 camera
pixels can be interrogated. In an even further aspect, between about 50 camera pixels and
200 camera pixels can be interrogated. In a still further aspect, between about 50 camera

pixels and 150 camera pixels can be interrogated.
C. MICROFLUIDIC DEVICES

[00119] In one aspect, the invention relates to a microfluidic device comprising: (a) a
substrate having a channel formed therein, wherein the channel has at least one inlet; (b) a
closure element adapted to close the inlet, thereby reducing evaporation of liquid positioned

within the channel and/or inlet.

[00120] In a further aspect, closing is via friction fit. In a still further aspect, closing is

via screw fit.

[00121] In a further aspect, the device further comprises a reservoir positioned
between the inlet and the channel. In a still further aspect, the device further comprises an

interferometric detection system.

[00122] In a further aspect, the substrate and channel together comprise a capillary
tube.

D. ANALYTICAL METHODS

[00123] Conventional backscattering interferometry, as illustrated in FIG. 1, utilizes
interference fringes generated by backscattered light to detect refractive index changes in a

sample. The backscatter detection technique is generally disclosed in U.S. Pat. No.
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5,325,170 to Bomhop, and U.S. Patent Publication No. US2009/0103091 to Bornhop, both of
which are hereby incorporated by reference. With reference to FIG. 1, a conventional
backscattering interferometric detection system 10 comprises a laser 12 that produces a light
beam 14. The light beam can be directed through one or more neutral density filters 16 to
reduce the intensity of the light beam, before being reflected on a mirror 18 and directed to
impinge an etched channel 22 on a chip 20. The chip can also be positioned on a temperature
controlled support block 23 and/or an X-Y translation stage 24. After various reflective and
refractive interactions with the channel and sample, the scattered light can be directed to a
detector 25, and the intensity signals generated by the detector interpreted by a computer
based signal analyzer 28.

[00124] In the single channel sample reference (SCSR) configuration (FIG. 3), a
collimated laser beam is expanded, for example, to approximately 8-10 mm, in the axis along
the channel, while maintaining the Gaussian shape in the axis perpendicular to the channel.
When this beam is impinged onto the microfluidic channel, at least two samples can be
interrogated in the channel simultaneously. By separating the samples with either an air gap,
a droplet of immiscible material, or other gap or hole in the channel, the samples may be
probed in the same channel simultaneously, with the same laser. Thus, the sample and the

reference may be interrogated in the same interferometer.

[00125] Rapid monitoring and detection of ultra small volume samples is in great
demand. One analytical approach, Back-Scattering Interferometry (BSI), derives from the
observation that coherent light impinging on a cylindrically shaped capillary produces a
highly modulated interference pattern. Typically, BSI analyzes reflections from a capillary
tube filled with a liquid of which one wants to measure the refractive index. The technique
has been shown capable of measuring changes in refractive index of liquids on the order of
10®. The BSI technique is a simple and universal method of detecting refractive index
changes in small volumes of liquid and can be applied to monitor changes in concentrations

of solutes, flow rates, and temperature, all conducted in nanoliter volumes.

[00126] The BSI technique is based on interference of laser light after it is reflected
from different regions in a capillary or like sample container. Suitable methods and
apparatus are described in U.S. Pat. No. 5,325,170 and WO-A-01/14858, which are hereby

incorporated by reference. The reflected or back scattered light is viewed across a range of
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angles with respect to the laser light path. The reflections generate an interference pattern
that moves in relation to such angles upon changing refractive index of the sample. The
small angle interference pattern traditionally considered has a repetition frequency in the
refractive index space that limits the ability to measure refractive index to refractive index
changes causing one such repetition. In one aspect, such refractive index changes are
typically on the order of three decades. In another aspect, such changes are on the order of
many decades. In another aspect, the fringes can move over many decades up to, for

example, the point where the refractive index of the fluid and the channel are matched.

[00127] BSI methods direct a coherent light beam along a light path to impinge on a
first light transmissive material and pass there through, to pass through a sample which is to
be the subject of the measurement, and to impinge on a further light transmissive material,
the sample being located between the first and further materials, detecting reflected light over
a range of angles with respect to the light path, the reflected light including reflections from
interfaces between different substances including interfaces between the first material and the
sample and between the sample and the further material which interfere to produce an
interference pattern comprising alternating lighter and darker fringes spatially separated
according to their angular position with respect to the light path, and conducting an analysis
of the interference pattern to determine there from the refractive index, wherein the analysis
comprises observation of a parameter of the interference pattern which is quantitatively
related to sample refractive index dependent variations in the intensity of reflections of light

which has passed through the sample.

[00128] The analysis comprises one or both of: (a) the observation of the angle with
respect to the light path at which there is an abrupt change in the intensity of the lighter
fringes, or (b) the observation of the position of these fringes of a low frequency component
of the variation of intensity between the lighter and darker fringes. The first of these (a),
relies upon the dependency of the angle at which total internal reflection occurs at an
interface between the sample and the further material on the refractive index of the sample.
The second (b), relies upon the dependency of the intensity of reflections from that interface
on the refractive index as given by the Fresnel coefficients. The rectangular chips, due to
corners of the cross section, can also have an additional single component in the diffraction

pattern.

31—



10

15

20

25

30

WO 2016/118812 PCT/US2016/014439

[00129] The first material and the further material are usually composed of the same
substance and may be opposite side walls of a container within which the sample is held or
conducted. For instance, the sample may be contained in, e.g. flowed through, a capillary
dimensioned flow channel such as a capillary tube. The side wall of the capillary tube nearer
the light source is then the “first material” and the opposite side wall is the “further material.”
The cross-sectional depth of the channel is limited only by the coherence length of the light
and its breadth is limited only by the width of the light beam. Preferably, the depth of the
channel is from 1 to 10 pm, but it may be from 1 to 20 pm or up to 50 um or more, e.g. up to
1 mm or more. However, sizes of up to 5 mm or 10 mm or more are possible. Suitably, the

breadth of the channel is from 0.5 to 2 times its depth, e.g., equal to its depth.

[00130] Typically, at least one the interfaces involving the sample at which light is
reflected is curved in a plane containing the light path, the curved interface being convex in
the direction facing the incoming light if it is the interface between the first material and the
sample and being concave in the direction facing the incoming light if it is the interface
between the sample and the further material. The sample is typically a liquid, and can be
flowing or stationary. However, the sample can also be a solid or a gas in various aspects of
the present invention. The first and/or further materials will normally be solid but in
principle can be liquid, e.g., can be formed by a sheathing flow of guidance liquid(s) in a
microfluidic device, with the sample being sheathed flow of liquid between such guidance
flows. The sample may also be contained in a flow channel of appropriate dimensions in
substrate such as a microfluidic chip. The method may therefore be employed to obtain a

read out of the result of a reaction conducted on a “lab on a chip” type of device.

[00131] In contrast to conventional BSI techniques, in one aspect the present invention
provides systems, apparatuses, and methods to simultaneously or substantially
simultaneously measure the refractive index or refractive index related characteristic
properties of a sample at multiple points along a single channel, reducing, minimizing, or
eliminating variations that can occur when using a separate reference channel. Additionally,
the systems, apparatuses, and methods of the present invention are environmentally
insensitive. Finally, using a dispersed light beam, measurements can be obtained at multiple
discrete zones positioned along the length of the channel, each optionally representing a

separate property, chemical interaction, or reference value.
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[00132] BSI detects changes in the RI between the sample and the reference; therefore,
the signal-to-noise (S/N), reproducibility, and overall performance may be impacted by
anything that can change the RI. As with temperature, pressure can degrade BSI
performance. Indeed a significant degradation of the system performance due to dn/dP
sensitivity is a common problem. Changing the pressure results in changes in density, and
therefore the RI. The SCSR method attempts to overcome this limitation. The removal of
the sample involves evacuation by pressure by opening a valve during the injection/sample
introduction process, thereby allowing the system to reach equilibrium with the atmosphere.
After each analysis the system is evacuated (both the sample and reference regions), leaving
an empty channel that can wick the next set of samples with high efficiency by capillary
action. Without wishing to be bound by theory, this technique may allow for both the sample

and the reference materials to be introduced without imparting a pressure perturbation.

[00133] In various aspects, the inventive interferometric detection system and methods
are capable of measuring multiple signals, for example, along a length of a capillary channel,
simultaneously or substantially simultaneously. In a further aspect, a plug could be
incorporated in the center of the capillary, allowing the sample and the reference to be drawn
into the capillary without them coming in contact with each other or mixing. In a still further
aspect, two or more capillaries could be used. In yet a further aspect, a tray of capillaries
may be used. In an even further aspect, each capillary may be analyzed one at a time. Ina

still further aspect, more than one capillary may be analyzed at one time.

[00134] In a further aspect, and while not wishing to be bound by theory, the refractive
index changes that can be measured by the multiplexed interferometric detection systems and
methods of the present disclosure can arise from molecular dipole alterations associated with
conformational changes of sample-ligand interaction as well as density fluctuations due to
changes in waters of hydration. These RI changes also arise from redistribution of the
electron density of an ion, atom, or molecule resulting from changes in, for example, sample

pH, solvent composition, or molecular interactions.

[00135] The detection system has numerous applications, including the observation
and quantification of molecular interactions, molecular concentrations, bioassays,
universal/RI detection for CE (capillary electrophoresis), CEC (capillary

electrochromatography) and FIA (flow injection analysis), physiometry, cell sorting/detection
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by scatter, ultra micro calorimetry, flow rate sensing, PCR quantification, and temperature
sensing. One of the advantages of the systems and methods of the present invention is that a
sample measurement and reference measurement can be acquired simultaneously or
substantially simultaneously from the same channel. As both measurements occur in the
same capillary and, in one aspect, in immediately adjacent portions of the capillary, the
thermal properties attributable to each measurement will be uniform, resulting in higher

signal to noise levels.

[00136] BSI can be operated in either the free-solution or the tethered mode (See, e.g.,
“Measurement of Monovalent and Polyvalent Carbohydrate-lectin Binding by Back-
Scattering Interferometry.” A. Kussrow, E. Kaltgrad, M.L. Wolfenden, M.J. Cloninger, M.G.
Finn. D.J. Bomnhop, Analytical Chemistry, 15:81(12): 4889-4897 (2009). PMID: 19462965;
and “Comparison of Free-solution and Surface-immobilized Molecular Interactions using a
Single Platform, Backscattering Interferometry.” I. R. Olmsted, A. Kussrow, and D. J.
Bornhop, Analytical Chemistry, 84 (24):10817-10822 (2012). PMID:23173653). In the
tethered mode, one of the interacting species is immobilized onto the surface of the inner wall
of the channel or capillary. Then the sample containing the binding partner can be introduced
for binding to the surface bound probe. By simply immobilizing a control adjacent to the

detection probe, the difference signal can be obtained using the SCSR.

[00137] In various aspects, the detection systems and methods described herein can be
useful as a bench-top molecular interaction photometer. In a further aspect, the detection
systems and methods described herein can be useful for performing near patient diagnostics.
In a still further aspect, the detection system can be useful for performing assays in the field,

in the home, in space, or in remote locations.

[00138] In various aspects, the detection systems and methods described here can be

useful as a hand-held version of BSI.

[00139] Thus, in one aspect, the invention fulfills a need for a sensing methodology
applicable to micro Total Analysis Systems (u-TAS) through provision of an interferometric
detection system and method that circumvent the drawbacks of conventional interferometric
methods and the limitations of the forward scatter technique. The system includes a source
of light, an optional optical element capable of at least one of spreading, splitting, rastering,

or a combination thereof the light from the light source, a channel of capillary dimensions
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that is preferably etched or molded in a substrate for reception of a sample to be analyzed,
and a photodetector for detecting scattered light from the sample at a detection zone. In

various aspects, the light source and the photodetector may be integrated.
1. USING SCSR-BSI

[00140] In one aspect, the invention relates to a method for determining a
characteristic property of a sample comprising the steps of: (a) providing a channel formed in
a substrate, wherein the channel has a longitudinal direction and a transverse direction, and
wherein the channel is configured for reception of two or more liquid samples by having at
least two inlets positioned at opposing locations of the channel, and at least one outlet
positioned at a point between the at least two inlets, thereby defining a right side of the
channel and a left side of the channel; (b) introducing a first sample into the left side of the
channel; (¢) introducing a second sample into the right side of the channel; (d)
simultaneously interrogating the samples with a light beam, wherein the light beam is
elongated in the longitudinal direction of the channel, such that the light beam is incident on
at least a portion of the left side of the channel and the right side of the channel; and (e)
generating scattered light through reflective and refractive interaction of the light beam with
a substrate/channel interface and the samples, the scattered light comprising interference
fringe patterns elongated in at least one direction, wherein the interference fringe patterns

shift in response to changes in the refractive index of the sample.

[00141] It is well known in the art that one of the most challenging aspects of
implementing any microfluidic technology, such as BSI, is to overcome the inherent
difficulty of injecting or introducing samples (See, e.g., “Microfluidics Toward a Lab-on-a-
Chip,” Annu. Rev. Fluid Mech. 2004. 36:381-411, doi:
10.1146/annurev.fluid.36.050802.122124; and “Macro-to-micro interfaces for microfluidic
devices,” Carl K. Fredrickson and Z. Hugh Fan* LabChip,2004,4,526-533).
There are many contributing factors here, including the unique properties of the channel such
as the small cross section, the unique flow profile of microfluidics, and the physical

properties of the sample.

[00142] The single channel sample reference (SCSR) configuration utilizes a new
sample introduction methodology (FIG. 4A-D), whereby a droplet of the sample is placed in

a well at one end of the microfluidic chip, and capillary action serves to pull the material into
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the interrogating region. An inlet well at each end of the channel and a hole drilled through
the center allows for three goals to be accomplished. First, the hole allows air to escape as
the sample is pulled in by capillary action, keeping the pressure within the microfluidic
channel stable. This is particularly important, because dn/dP (refractive index response to
pressure) can be a major source of noise in RI measurements, particularly in systems where
the sample volume is constrained or held in a channel which is in poor communication with
the local atmosphere (e.g., cannot come to equilibrium after introduction). Second, the hole
allows the sample to be removed post measurement by simple vacuum. Third, the hole acts
as a barrier for the samples so they do not mix during measurements. Fourth, the hole allows
a sample and a reference to be placed at each end of the channel, with both able to be pulled
into the chip independently by capillary action, but reaching the same temperature and
pressure rapidly. Proper design of the hole or gap to keeps the samples from jumping across
the gap, from mixing and to come rapidly to equilibrium. After measurement, it can be
important that sample removal be swift and complete. Any sample left over in the channel
can contaminate the next sample and hinder smooth capillary action. The use of a switch
connected to the tube at the outlet allows the channels to be free in contact with the outside

air, but also solidly attached to the vacuum to remove sample.

[00143] In various aspects, an inlet may be located at each end of the channel and a
single outlet in between. It is also envisioned, however, that the channel may comprise more

than two inlets, each with a hole in between them (see, for example, FIG. 5).

[00144] Samples also cover a wide range of composition and properties. Some are
hydrophobic and some are hydrophilic. They can be aqueous, organic, mixed aqueous-
organic and mixed with additives such as salts, surfactants, and acids or bases. Aqueous
solutions with surfactant constitute samples that are less hydrophilic than water alone, so
dispensing them can be challenging. Samples can contain high concentrations of salt as with
buffers, or both buffer salts and surfactant (as required for some protein interaction studies)
making them prone to evaporation and changing their capillary action power in glass
channels. In this case, the capillary action problem may be overcome by specially coating the
injection guide (miscellaneous vendors) to insure wicking into the chip channel. Samples can
be sticky, with the matrix and/or samples adhering non-specifically to the introduction guide.
Samples such as serum, urine, cells, cell-derived vesicles, tissue-derived vesicles, membrane

preps, etc., are particularly challenging. Without wishing to be bound by theory, the
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approach described herein may enable a minimally trained user to introduce all of these
samples with the reproducibility (< 2.0 milliradians) required to perform assays and with

considerably improved reproducibility.

[00145] In a further aspect, the method further comprises the steps of receiving the
intensity signals with a signal analyzer and determining therefrom one or more characteristic

properties of at least one of the sample.

[00146] In a further aspect, the method is performed within a disclosed interferometric
detection system. In a still further aspect, the substrate and channel together comprise a

capillary tube. In yet a further aspect, the scattered light is backscattered light.

[00147] In a further aspect, the light beam is incident on greater than 4 mm of length of
the channel in the longitudinal direction. In a still further aspect, the light beam is incident

on greater than 4 mm of length of the left side of the channel in the longitudinal direction. In

yet a further aspect, the light beam is incident on greater than 4 mm of length of the right side

of the channel in the longitudinal direction.

[00148] In a further aspect, the first and second samples are introduced substantially
simultaneously.
[00149] In an alternative aspect, an interferometric detection system can comprise a

channel formed in a substrate, wherein the channel has a longitudinal direction and a
transverse direction, and wherein the channel is configured for reception of two or more
liquid samples by having a separator positioned within the channel, thereby defining a right
side of the channel and a left side of the channel, and wherein the right side has a right inlet
and a right outlet, and wherein the left side has a left inlet and a left outlet; a light source for
generating a light beam, wherein the light beam is elongated in the longitudinal direction of
the channel, and wherein the light source is positioned to direct the light beam onto the
substrate such that the light beam is simultaneously incident on at least a portion of the right
side of the channel and at least a portion of the left side of the channel, such that, during
operation, scattered light is generated through reflective and refractive interaction of the light
beam with a substrate/channel interface and the two or more samples, the scattered light
comprising interference fringe patterns elongated in at least one direction, wherein the

interference fringe patterns shift in response to changes in the refractive index of the two or
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more samples; and a photodetector for simultaneously receiving the scattered light and
generating a plurality of intensity signals. Such a system is represented schematically in Fig.

7.

[00150] As illustrated in Fig. 25, SCSR BSI provides results superior to those provided
by conventional BSI. Both the short Term Standard Deviation and run-to-run (trial-to-trail)
reproducibility are plotted for Water, PBS, and 20% Serum. Short term SD corresponds to
the baseline noise in radians (milliradians) for a 10 second period collected after injecting the
sample of interest. The reproducibility is the standard deviation of average measured phase
value for triplicate determinations. In all cased the SCSR performs quantifiably better: 50%

for water, PBS about 50% for short term noise, and 40 — 60% improvement for serum.

2. INTERROGATION REGION LENGTH

[00151] In one aspect, the invention relates to a method for determining a
characteristic property of a sample comprising the steps of: (a) providing a sample positioned
inside a channel formed in a substrate, wherein the channel has a longitudinal direction and a
transverse direction; (b) interrogating the sample with a light beam, wherein the light beam is
elongated in the longitudinal direction of the channel, such that the light beam is incident on
at least a portion of the channel greater than 4 mm in length along the longitudinal direction;
and (c) generating scattered light through reflective and refractive interaction of the light
beam with a substrate/channel interface and the sample, the scattered light comprising
interference fringe patterns elongated in at least one direction, wherein the interference fringe

patterns shift in response to changes in the refractive index of the sample.

[00152] Averaging over a length of the channel provides fringes that line up better
between two regions, are closer in shape, provide better compensation, and are more
Gaussian. Increasing the length of the channel allows for more fringes to be averaged. Thus,

averaging over a greater length of the channel decreases the variation of the fringes acquired.

[00153] In various aspects, the light beam may be elongated to take more
measurements, e.g., by spreading the light in the direction of the sample and/or reference, and
then averaging the data. This technique serves to increase the S/N ratio. In this way, a single

measurement may provide data comparable to taking multiple measurements.
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[00154] In various aspects, the light beam is incident on greater than 4 mm of length of
the channel in the longitudinal direction. In a further aspect, the light beam is incident on
greater than 5 mm of length of the channel in the longitudinal direction. In a still further
aspect, the light beam is incident on greater than 6 mm of length of the channel in the
longitudinal direction. In yet a further aspect, the light beam is incident on greater than 7 mm
of length of the channel in the longitudinal direction. In an even further aspect, the light
beam is incident on greater than 8 mm of length of the channel in the longitudinal direction.
In a still further aspect, the light beam is incident on greater than 9 mm of length of the
channel in the longitudinal direction. In yet a further aspect, the light beam is incident on
greater than 10 mm, 12 mm, 14 mm, 16 mm, 18 mm, or 20 mm of length of the channel in the

longitudinal direction.

[00155] In a further aspect, the method further comprises the steps of receiving the
intensity signals with a signal analyzer and determining therefrom one or more characteristic

properties of at least one of the sample.

[00156] In a further aspect, the method is performed within a disclosed interferometric
detection system. In a still further aspect, the substrate and channel together comprise a

capillary tube. In yet a further aspect, the scattered light is backscattered light.

3. AVERAGING OVER LENGTH OF THE CHANNEL, HIGH FREQUENCY NOISE AND

NYQUIST SAMPLING THEORY

[00157] Without wishing to be bound by theory, Nyquist sampling theory states that in
measuring any continuous signal whose Fourier transform is zero outside of a finite region of
frequencies (meaning the function is band limited), the signal can be sampled with perfect
fidelity by sampling at twice the highest frequency present in the signal. When this criterion
cannot be met, aliasing happens, and the high frequencies interfere with the interpretation of
the lower frequency components present in the signal. In the real world, signals are rarely
band limited, so sampling a continuous analog signal can result in the introduction of noise
due to the failure to satisfy this criterion. Increasing the sampling rate can decrease this
noise, but the less high frequency signal present, the less this will affect the signal. It can
thus be desirable to decrease any unnecessary high frequencies present in an analog signal
before sampling, in order to decrease noise introduced during the discretization and Fourier

Processes.
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[00158] Averaging over the length of the channel (i.e., a longer interrogation region
length) can make the fringes more uniform and more Gaussian and can decrease the amount
of high frequency information present in the analog fringe signal. Figure 26A shows the
fringes when averaged over 220 microns, and Figure 26B shows those same fringes averaged
over 2200 microns. The Fourier transforms of these fringes are shown in Figure 26C and
Figure 26D, respectively. In this particular alignment, one would be examining frequency 7
(indicated in the FFT with a circle). When using BSI to conduct an assay, best results can be
found when a single spatial frequency is present in the fringe pattern impinging upon the
photodetector (e.g., camera). The degree of unity of the single spatial frequency can be
assessed by calculating the ratio of the desired frequency (in this example, 7) to the nearest
two frequencies (6 and 8). A high ratio indicates that the majority of the signal present in the
fringe pattern is a single spatial frequency. In this example, the ratio of Frequency 7 to
Frequencies 6 and 8 is 8.2 in Figure 26C (220 microns) and 9.1 in Figure 26D (2200
microns). This indicates that, in this case, there is a gain a 10% increase in fringe uniformity

by averaging over the channel.

[00159] The high frequency noise present in the signal can be quantified as the
intensity of the FFT for all frequencies greater than the desired frequency. To obtain a
relative comparison of the high frequency noise between the two lengths of channels
averaged, the FFT intensity was integrated from just above the desired frequency (10) to the
highest calculated Frequency (871). The integrated intensity value for the 220 micron fringes
1s 3449.7, and for the 2200 micron fringes is 2220.5. This correlates to a large reduction
(roughly 40%) in high frequency noise present in the fringe pattern, obtained by averaging

over a longer length of the channel.

[00160] This indicates that one can sample fringe pattern by placing the fringes upon a
camera with pixels of a certain size. The spatial sampling rate can be determined by the size
of the pixels on the camera and the distance the camera sits from the microfluidic chip.
Because the fringes are projected radially, the physical size of the fringes increases as the
camera moves farther from the chip. A standard camera (Ames Garry/Larry) can have, for
example, 3000 pixels, and typically 7 fringes are interrogated. This yields a spatial sampling
rate of about 430 pixels per fringe. When a camera is moved closer to the channel, in certain
aspects, up to 60 fringes can be captured, which means that the spatial sampling rate becomes

about 50 pixels per fringe. Thus, moving the camera closer to the microfluidic chip, can

40—



10

15

20

25

30

WO 2016/118812 PCT/US2016/014439

sacrifice spatial sampling rate. This indicates that when there is a lot of high frequency
information present in the fringes, one will get higher levels of noise. By averaging over a
longer length of the channel and decreasing the amount of high frequency noise present in the
analog signal, the necessary spatial sampling rate is decreased, allowing one to move the

camera much closer to the microfluidic chip without sacrificing signal fidelity.
4. PHOTODETECTOR INTEGRATION DIMENSIONS

[00161] In one aspect, the invention relates to methods for determining a characteristic
property of a sample comprising the steps of: (a) providing a sample positioned inside a
channel formed in a substrate, wherein the channel has a longitudinal direction and a
transverse direction; (b) interrogating the sample with a light beam, wherein the light beam is
elongated in the longitudinal direction of the channel, wherein the photodetector is positioned
less than 40 cm from the channel during interrogation; and (c) generating scattered light
through reflective and refractive interaction of the light beam with a substrate/channel
interface and the sample, the scattered light comprising interference fringe patterns elongated
in at least one direction, wherein the interference fringe patterns shift in response to changes

in the refractive index of the sample.

[00162] Optimum photodetector integration dimensions is dependent on chip
configurations (e.g., chip material, substrate and top plate thickness, channel dimensions,
shape, etc.) and the distances from the channel (e.g., chip top) surface to the camera sensor.
Thus, in various aspects, the photodetector is positioned less than about 40 cm (e.g., less than
about 36 ¢cm, less than about 32 c¢m, less than about 30 cm, less than about 28 c¢m, less than
about 26 c¢cm, less than about 24 ¢m, less than about 22 cm, less than about 20 ¢cm, less than
about 18 c¢m, less than about 16 c¢cm, less than about 14 cm, less than about 12 ¢cm, less than
about 10 cm, less than about 9 ¢cm, less than about 8 c¢cm, less than 7 cm, less than about 6 cm,
less than about 5 cm, less than about 4 cm, less than about 3 cm, less than about 2 ¢cm, less
than about 1 ¢m) from the channel during interrogation. For example, the photodetector can
be positioned from about 2 cm to about 40 ¢cm, from about 2 ¢m to about 20 ¢cm, from about 2
cm to about 10 cm, from about 5 ¢m to about 20 cm, from about 5 cm to about 10 cm, from
about 5 cm to about 40 ¢cm, from about 10 ¢cm to about 40 ¢cm, from about 10 cm to about 30

cm, or from about 5 cm to about 30 cm from the channel during interrogation.
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[00163] The camera resolution, including pixel size, spacing, and photon flux
sensitivity, must also conform to a minimum specification. Thus, in various aspects, between
about 30 camera pixels and 500 camera pixels may be interrogated. In a further aspect,
between about 30 camera pixels and 350 camera pixels may be interrogated. In a still further
aspect, between about 30 camera pixels and 300 camera pixels may be interrogated. Inyet a
further aspect, between about 30 camera pixels and 250 camera pixels may be interrogated.
In an even further aspect, between about 30 camera pixels and 200 camera pixels may be
interrogated. In a still further aspect, between about 30 camera pixels and 150 camera pixels
may be interrogated. In yet a further aspect, between about 50 camera pixels and 100 camera
pixels may be interrogated. In an even further aspect, between about 100 camera pixels and
500 camera pixels may be interrogated. In a still further aspect, between about 150 camera
pixels and 500 camera pixels may be interrogated. In yet a further aspect, between about 200
camera pixels and 500 camera pixels may be interrogated. In an even further aspect, between
about 250 camera pixels and 500 camera pixels may be interrogated. In a still further aspect,

between about 300 camera pixels and 500 camera pixels may be interrogated.

[00164] This optical configuration may allow for several advantages. For example, the
effect of air currents and temperature perturbations may be reduced thereby decreasing
environmental noise. Additionally, averaging over a greater number of pixels may allow for

improved compensation and more Gaussian shaped fringes.

[00165] In various aspects, the light beam is incident on at least a portion of the
channel greater than 4 mm in length along the longitudinal direction. In a further aspect, the
light beam is incident on at least a portion of the channel greater than 5 mm of length of the
channel in the longitudinal direction. In a still further aspect, the light beam is incident on at
least a portion of the channel greater than 6 mm of length of the channel in the longitudinal
direction. In et a further aspect, the light beam is incident on at least a portion of the
channel greater than 7 mm of length of the channel in the longitudinal direction. In an even
further aspect, the light beam is incident on at least a portion of the channel greater than 8
mm of length of the channel in the longitudinal direction. In a still further aspect, the light
beam is incident on at least a portion of the channel greater than 9 mm of length of the
channel in the longitudinal direction. In yet a further aspect, the light beam is incident on at
least a portion of the channel greater than 10 mm of length of the channel in the longitudinal

direction.
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[00166] In a further aspect, the method further comprises the steps of receiving the
intensity signals with a signal analyzer and determining therefrom one or more characteristic

properties of at least one of the sample.

[00167] In a further aspect, the method is performed within a disclosed interferometric
detection system. In a still further aspect, the substrate and channel together comprise a

capillary tube. In yet a further aspect, the scattered light is backscattered light.
5. USING MULTIPLE ELEMENTS

[00168] In one aspect, the invention relates to a method for determining a
characteristic property of a sample comprising the steps of: (a) providing a channel formed in
a substrate, wherein the channel has a longitudinal direction and a transverse direction, and
wherein the channel is configured for reception of two or more liquid samples by having at
least two inlets positioned at opposing locations of the channel, and at least one outlet
positioned at a point between the at least two inlets, thereby defining a right side of the
channel and a left side of the channel; (b) introducing a first sample into the left side of the
channel and then closing the inlet of the left side of the channel with a first closure element,
thereby reducing evaporation of the first sample; (c) introducing a second sample into the
right side of the channel and then closing the inlet of the right side of the channel with a
second closure element, thereby reducing evaporation of the second sample; (d)
simultaneously interrogating the samples with a light beam, wherein the light beam is
elongated in the longitudinal direction of the channel, such that the light beam is incident on
greater than 4 mm of length of the channel in the longitudinal direction and simultaneously
incident on at least a portion of the left side of the channel and at least a portion of the right
side of the channel, wherein the photodetector is positioned less than 40 cm from the channel
during interrogation; and (e) generating scattered light through reflective and refractive
interaction of the light beam with a substrate/channel interface and the samples, the scattered
light comprising interference fringe patterns elongated in at least one direction, wherein the

interference fringe patterns shift in response to changes in the refractive index of the sample.

[00169] In a further aspect, the method further comprises the steps of receiving the
intensity signals with a signal analyzer and determining therefrom one or more characteristic

properties of at least one of the sample.
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[00170] In a further aspect, the method is performed within a disclosed interferometric
detection system. In a still further aspect, the substrate and channel together comprise a

capillary tube. In yet a further aspect, the scattered light is backscattered light.

[00171] In a further aspect, the light beam is incident on greater than 4 mm of length of
the channel in the longitudinal direction. In a still further aspect, the light beam is incident

on greater than 4 mm of length of the left side of the channel in the longitudinal direction. In

yet a further aspect, the light beam is incident on greater than 4 mm of length of the right side

of the channel in the longitudinal direction.
E. METHODS OF IMPROVING PRECISION

[00172] In one aspect, the invention relates to a method of improving precision when
determining a characteristic property of a sample, the method comprising the step of: (a)
introducing a sample into an inlet of a channel formed in a substrate; and (b) closing the inlet
with a closure element, thereby reducing evaporation of liquid positioned within the channel

and/or inlet.

[00173] In a further aspect, closing is via friction fit. In a still further aspect, closing is

via screw fit.

[00174] In a further aspect, the method further comprises the step of performing

interferometric analysis.

[00175] In a further aspect, the substrate and channel together comprise a capillary
tube.

F. EXPERIMENTAL

[00176] The following examples are put forth so as to provide those of ordinary skill in
the art with a complete disclosure and description of how the compounds, compositions,
articles, devices and/or methods claimed herein are made and evaluated, and are intended to
be purely exemplary of the invention and are not intended to limit the scope of what the
inventors regard as their invention. Efforts have been made to ensure accuracy with respect

to numbers (e.g., amounts, temperature, etc.), but some errors and deviations should be
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accounted for. Unless indicated otherwise, parts are parts by weight, temperature is in °C or

is at ambient temperature, and pressure is at or near atmospheric.
1. BINDING MEASUREMENTS WITH SMALL MOLECULAR WEIGHT LIGANDS

[00177] A major advantage of BSI over other label-free biosensors is its ability to
detect small molecule binding to large proteins in a simple, homogenous, end-point
interaction assay in a mass-independent manner. This independence is illustrated in FIG. 8,
showing a binding assay lectin Concanavalin A (ConA), a > 100 kDa molecular weight
protein, and two different monosaccharides (MW < 200 Da) measured in free-solution. The
equilibrium Kp was measured to be 96 uM for mannose and 344 uM for glucose
(“Comparison of Free-solution and Surface-immobilized Molecular Interactions using a
Single Platform, Backscattering Interferometry.” I. R. Olmsted, A. Kussrow, and D. J.
Bornhop, Analytical Chemistry, 84 (24):10817-10822 (2012). PMID:23173653). A non-
binding sugar, galactose, was used as the control and showed no binding signal, illustrating
the specificity of the BSI binding measurements. It is appreciated that the foregoing
technique can be performed in combination with the techniques disclosed herein — including
single-channel-sample-reference (SCSR), use of a closure element, and/or longer
interrogation region length — which is expected to provide superior results, including

improved sensitivity and/or decreased noise.

2. SMALL MOLECULE LIGANDS BINDING TO NATIVE CELL MEMBRANE

RECEPTORS IN FREE-SOLUTION

[00178] Membrane-associated proteins and their interactions are of paramount interest
in the design of clinical therapeutics, accounting for almost 70% of existing drug candidate
targets (Krummel and Davis (2002) Current Opinion in Immunology 14: 66-74; Overington
et al. (2006) Nature Reviews Drug Discovery 5: 993-996). To date, it has been difficult to
perform direct binding assays on cellular membranes except by down-stream signal
transduction or the use of isotope labeling methods. BSI facilitated label-free, free solution
binding assays on proteoliposomes (Bracey et al. (2002) Science 298: 1793-1796; Jass et al.
(2000) Biophysical Journal 79: 3153-3163) from full-length, functional membrane proteins,
from both natural and recombinant sources (Kussrow et al. (2010) Chembiochem DOI.:

10.1002/cbic.201000671).
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[00179] Three events were investigated: A) the transmembrane protein fatty acid
amide hydrolase (FAAH) (Bracey et al. (2002) Science 298: 1793-1796; Cravatt et al. (1995)
Science 268: 1506-1509; Devane et al. (1992) Science 268: 1506-1509) incorporated into
small unilamellar vesicles (SYV’s) and binding to several small molecule inhibitors (OL-135,
JGII-145, and FAR-1-216); B) the CXCR4 receptor binding the stromal cell-derived factor
1a; and C) a difficult to isolate and purify target, the heterodimeric (Pin et al. (2004)
Pharmacology 68: 1565-1572) y-amino-butyric acid (GABA) receptor (Urwyler et al. (2001)
Molecular Pharmacology 60: 963-971) binding to several small molecule ligand (&#-baclofen,
GABA, SKF-97541, and CGP-54626). GABA was studied directly as intact membranes
from Chinese Hamster Ovary (CHO) cells genetically modified to overexpress the B(1b) and
B2 components of the GABAg receptor. In all cases, plots of signal vs. concentration of
ligand gave sigmoidal curves that fit well to a simple single-site binding model resulting in
equilibrium binding constants which are quite comparable to reported values (Boger et al.
(2005) J. Med. Chem. 48: 1849-1856; Froestl et al. (1995) J. Med. Chem. 38: 3297-3312;
Garfunkle et al. (2008) J. Med. Chem. 51: 4392-4403; Kaupmann et al. (1997) Nature 386:
239-246; Romero et al. (2007) J. Med. Chem. 50: 1058-1068). Little or no BSI signal was
observed for even the highest concentrations of a negative control compound (L-alanine and
cholesterol); again showing that the BSI signal reflects specific interactions. It is appreciated
that the foregoing technique can be performed in combination with the techniques disclosed
herein — including single-channel-sample-reference (SCSR), use of a closure element, and/or
longer interrogation region length — which is expected to provide superior results, including

improved sensitivity and/or decreased noise.
3. SMALL MOLECULE — PROTEIN INTERACTIONS IN AQUEOUS-DMSO SOLVENT

[00180] BSI is proving to be particularly attractive in the drug discovery sector, where
small molecule-protein interactions are the most common drug candidate. Drug discovery
determinations are typically done using cell-based assays (Minor (2008) Combinatorial
Chemistry & High-Throughput Screening 11: 573-580), typically followed by biophysical
measurements like SPR to further characterize “hits.” However, SPR is relatively expensive,

requires immobilization protocols, and does not work with some systems.

[00181] End-point binding assays were performed on a well-characterized enzyme-

inhibitor system, carbonic anhydrase II (CAII), and five small inhibitor molecules in
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solutions containing at least 1% DMSO (Morcos et al. (2010) Electrophoresis 31: 3691-
3695) (data not shown). Inhibitors of CAII are used to treat glaucoma and epilepsy and drugs
targeting CAIl may lead to treatments of cancer and obesity (Cecchi et al. (2005) Bioorganic
& Medicinal Chemistry Letters 15: 5192-5196). These results mirror those performed by
SPR (Papalia et al. (2006) Analytical Biochemistry 359: 94-105; Day et al. (2002) Protein
Science 11: 1017-1025), benchmarking BSI. It is appreciated that the foregoing technique
can be performed in combination with the techniques disclosed herein — including single-
channel-sample-reference (SCSR), use of a closure element, and/or longer interrogation
region length — which is expected to provide superior results, including improved sensitivity

and/or decreased noise.
4, TEMPERATURE INSENSITIVITY OF SINGLE CHANNEL SAMPLE REFERENCE

[00182] Temperature sensitivity has historically limited RI detection methods from
being deployed in diverse settings. In the SCSR configuration a 2D CCD array is used to
capture the fringes from the (both) regions with one camera, so measurements occur
simultaneously. The initial embodiment of this approach (capillary tube) facilitated very
good compensation (FIG. 11). The SCSR approach was initially tested by changing the chip
temperature by 0.5 °C increments, a total of 5 x 10™ pRIU, and measuring the signal in the
two regions of an elongated fringe (FIG. 3), with the difference signal plotted using the
upside down triangles (FIG. 12A). Both regions responded similarly, allowing temperature-

induced RI changes to be effectively compensated (~7 uRIU).

[00183] In the second test, the same analyte concentrations were introduced adjacent to
each other, sequentially, and the difference was measured to evaluate relative response and
absolute compensation. This experiment, done in triplicate, reports the minimum resolvable
signal change or limit of detection (LOD) of 1.1 x 10™® RIU (ca. 10-fold improvement) (FIG.

12B) and shows that adjacent regions have similar RI response.

[00184] Finally, glycerol calibration measurements were performed (FIG. 12C). The
sample (glycerol solution) and the PBS buffer used to prepare the sample (blank) were
introduced into the channel, separated by a small air gap. Response was linear and the
detection limits for a true sample-reference determination, without temperature control, was 7

x 107 RIU. Without wishing to be bound by theory, it is anticipated that the SCSR approach
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may provide excellent data not only when the limit of quantitation (LOQ) is 2 uRIU or 0.7
uRIU, but also 0.5 pRIU or better.

5. IMPLEMENTATION OF A SINGLE-CHANNEL, SAMPLE-REFERENCE (SCSR) BSI

[00185] In this case, the sample-reference advantage was realized by expanding the
laser beam along with the channel axis (~6-10 mm), allowing the interrogation of
neighboring regions of fluid to be examined simultaneously within the same channel (FIG.
14). Interrogating a single-channel with an elongated beam provides extraordinary
temperature compensation, excellent detection limits, and is considerably easier to align than
a two-channel, two beam configuration. Because a channel has relatively uniform optical
properties, the samples to be compared are contained in nearly identical interferometers, as
opposed to the two beam approach where they are interrogated by different beams in
different channels spaced 1 mm apart. Maximum specificity is also insured since direct
comparison of the sample and blank (or control) is done in essentially the same

interferometer because both are in the same channel within the chip.
6. EFFECT OF TEMPERATURE ON SINGLE CHANNEL SAMPLE REFERENCE

[00186] Water was injected into each side of the single channel sample reference, and
the phase was read over 5 minutes for each of the following conditions. To change the
ambient temperature, hot plate was placed next to the interferometer, and a cardboard box
was placed over both the instrument and the hot plate. The ambient temperature in the room
was 21 °C. The instrument had a lower baseline noise with the temperature controller off,
and there was very little increase to the baseline noise with the increase in ambient
temperature. The standard deviation of the baseline signal over 5 minutes for both water and
phosphate buffered saline (PBS) at three different ambient temperatures is illustrated in FIG.
15 and Table 2. Evaporation caused the PBS to have a higher baseline noise over the course

of measurement.

TABLE 2.

Water PBS
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Temperature
Controller On 1.574 1.900
4 degrees warmer
1.143 1.502
8 degrees warmer
1.270 1.641

Glycerol curves in sodium acetate buffer with no temperature controller are

shown in FIG. 16A (SCSR configuration) and 16B (standard configuration). The

experimental data is illustrated in Table 3.

[00188]

TABLE 3.
SCSR Standard
Ambient AT during
experiment °C 19.33-19.57°C
Slope
17.46 mrad/mmol 11.21 mrad/mmol
R
0.9679 0.9601
Standard Deviation
1.36 mrad 1.28 mrad
Injection
Reproducibility 1.10 mrad 28.00 mrad
LOQ
0.189 mmol 7.496 mmol
LOD
0.235 mmol 0.342 mmol

A ConA-Mannose binding assay performed in PBS buffer using the SCSR

configuration with no temperature control is shown in FIG. 17A. The experimental data is

illustrated in Table 4. The phase shift values are illustrated in Table 5.
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TABLE 4.
SCSR
K, 84 £ 17 (published
Kq=96 £ 4)
R’ 0.9822
Standard Deviation
over Phase 1.958 mRad
Measurement
Standard Dev;a‘uon 1 441 mRad
between Trials
Limit of Detection 39.76 uM
Limit of
Quantification 29.28 uM
TABLE 5.
Mannose. Phase Shift (mRad) | Standard Deviation
Concentration
0 0.00 3.200
50 9.45 0.566
100 14.77 1.773
200 18.11 0.175
400 19.26 2.293
800 24.70 0.644

[00189]

configuration with no temperature control is shown in FIG. 17B.

7. AVERAGING CAMERA PIXELS IMPROVES COMPENSATION

[00190]

A AFP-anti-AFP binding assay performed in human urine using the SCSR

Using the expanded beam illustrated in FIG. 18, the potential to improve the

S/N by increasing fringe sampling was evaluated. A temperature calibration curve was run

over two degrees, and the same fringes were averaged over 100 pixels (550 microns) and 200

pixels (1100 microns).

[00191]

FIG. 19A and 19B shows that in this configuration, nearly 100% common

mode rejection (CMR) was accomplished. Averaging over more pixels afforded improved

compensation, and yielded “nicer” fringes (i.e., more rounded, fewer high frequencies

present, more Gaussian shaped). Thus, the differences between the fringes from the sample
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and reference side are minimized Without wishing to be bound by theory, this can reduce the
noise floor for BSI by >20-fold, relaxing or eliminating the requirement for high resolution
temperature control, extreme mechanical stability, and control of laser pointing and
wavelength stability. Environmental noise is well compensated for with the SCSR. Indeed,
analysis time may be reduced by at least two-fold because the sample and the reference are
interrogated simultaneously, allowing for a true difference measurement. Without wishing to
be bound by theory, the SCSR may provide a >2500-fold reduction in noise due to

temperature fluctuations.
8. AVERAGING CAMERA PIXELS IMPROVES SIGNAL AND NOISE

[00192] Both the signal and the noise are improved as a result of averaging over a
several mm length (from about 4 mm to about 20 mm) of the channel. Without wishing to be
bound by theory, this may be due to the fact that it produces fringes that mimic each (i.e.,
closer in shape, amplitude, and contrast ratio). As the fringes become more Gaussian, with
an enhanced contrast ratio, the interferometer finesse increases resulting in a measurement
sensitivity improvement. Since the two detection regions are nearly identical (FIG. 20A and
20B) and since they are formed via a single beam, produced by a common source, there is
compensation for mechanical vibrations, laser pointing instability, laser wavelength wander,
and environmental temperature perturbations. Table 6 below summarizes results on how
performance may be impacted by the number of camera rows (pixels) that are interrogated.
Notice that by increasing the pixel interrogation zone, a nearly 10-fold improvement in

compensation is obtained, resulting in noise reduction.

TABLE 6.
100 Pixels 200 Pixels
Slope (rad/C)
0.00302 0.0003942
Compensation/C ; o
3x 10 4.1x 10

9. FRINGE POSITION QUANTIFICATION
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[00193] As detailed above, optimum camera integration dimensions are dependent on
chip configurations and the distances from the chip top surface to the camera sensor. Here,
the optimum channel interrogation length over which to average the signal was determined to

be approximately 2 mm per window.

[00194] Fringe position quantification can be performed with the necessary precision
to produce fM molecular interaction sensitivity by using: 1) a cross correlation; 2) fast
Fourier transform (FFT); and 3) an alternative approached based on the difference algorithm
described herein. Each method has advantages and limitations due either to speed,

computational demands, and simplicity of implementation.

[00195] FIG. 21 shows the (normalized) sum of the differences of the S&R channels as
a function of how much of the channel is averaged. Under these conditions, a point of
diminishing returns when integrating the image for about 2000 microns (2 mm) of channel

and approximately 250 camera pixels.

[00196] It is noteworthy that, given the nature of the chip manufacturing process and
the non-uniformity of the channel in the long axis, it would not have been predicted that this
approach could produce interferometers with essentially identical optical properties. Even
though they are physically not identical (e.g., shape, smoothness, etc.), when the channels are
interrogated over some distance they are effectively the same shape, width, and reflectivity.
For this chip and channel, the interrogated distance is just over 2 mm of the channel, with the
2 or more discrete regions separated by approximately several mm, for example, between 1-4

mm.
10. QUANTITATIVE ASSESSMENT OF FRINGE UNIFORMITY

[00197] To quantitatively assess fringe uniformity as a result of averaging over a
longer section of channel, each fringe was fitted to a Gaussian. The graph in FIG. 22 shows
an example of this result for a single fringe. This fitting algorithm was applied to each of the
24 interrogated fringes (12 fringes in the two windows) and over a range of channel lengths
(averaged), with the difference between an ideal Gaussian fit and the actual fringe shape
allowing a quantitative method to predict performance. Without wishing to be bound by
theory, this methodology may enable the system to electronically perform configuration

optimization, resulting in an extremely accurate BSI alignment. Additionally, this calculation
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may allow for the determination of the minimal interrogation region to be used (i.e., the least
computationally intensive and most rapid). A better fit signifies that a fringe is less

“misshapen.”

[00198] In FIG. 23 the difference between the Gaussian fit and the real fringe is
displayed for each of the 24 fringes (12 fringes in 2 windows). Each line shows one fringe,
and in this instance, little improvement in fringe quality is realized for more than 1800
microns of interrogation, as measured by the Gaussian being the ideal or desirable outcome.
Although this graph doesn’t flatten out completely, it does offer considerable information that
is critical to performing BSI assays, particularly when it is desirable to follow fewer fringes
as might be desirable when doing ultra-fast assays, when using less expensive cameras with
lower resolution, and distinguishing the surface signal from the bulk. Additionally, the
Gaussian fitting to each fringe may determine how it shifts in position with respect to the
adjacent and distant fringes to enable further compensation for common mode noise. The
distribution of these fits also contains information that may be used to increase S/N by
averaging. Thus, without wishing to be bound by theory, this may provide a method to

expand the dynamic operation range for BSI.
11. EVALUATION OF VERTICAL DROPLET HEIGHT FOR IDEX FITTINGS

[00199] Numerous tests were performed in order to define the parameters needed to
enable the instrument to work consistently and with high reproducibility. These parameters
include the guide inner diameter, aspect ratio of the channel, total length of guide, distance of
the bottom of the guide to the top of the chip, the appropriate surface, port channel height vs.

diameter, and port material.

[00200] The final injection approach was as follows: 1) a drop of sample is dispensed
into the opening of a receptacle; 2) the drop falls or wicks to the bottom of the inlet

receptacle; and 3) the drop makes contact with the chip/channel.

[00201] To evaluate the efficacy of using an off-the-shelf tubing connector as the
sample guide (receptacle), the distance that a droplet hangs from the inlet or size of the
droplet was measured. Determining this parameter is necessary to ensure that the drop hangs
below the introduction guide allowing it to touch the chip so that it can be wicked into the

channel. Measurements were averaged over three trials. Using IDEX fitting F-126Sx (FIG.
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24) the results shown in Table 5 were obtained, with no measureable drop extended below
the bottom of the fitting opening for a sample volume < 6 pL. Droplet heights were the same

for the F-126Hx fitting, which has a smaller opening.

TABLE 5.
H,0 PBS
Volume Volume
Droplet Height (mm) Droplet Height (mm)
(uL) (uL)

6 1.360297 6 1.100116

7 7 1.302595
1.492365

8 8 1.445519
1.836663

9 9 1.652337
1.967304

10 10 1.943471
2.190494

[00202] Furthermore, adding 0.1% tween to water produced no measurable droplet

with 10 uL, yet modification of the receptacle surface to make it more hydrophobic enabled 6
uL to be injected. Without wishing to be bound by theory, larger inner diameter connectors
may allow for a smaller volume to be injected with the result of a drop distending below the

connector and allowing for capillary action to take over.
12. GENERAL PROCEDURAL CONSIDERATIONS FOR SCSR BSI

[00203] Samples can be prepared as in a conventional BSI assay. In one aspect, once
samples are prepared and have been incubated for the appropriate amount of time, the
samples can be injected into the instrument. Further samples can be injected sequentially,

repeating for the desired number of trials, until all desired data is collected.

[00204] Generally, to inject a sample into the SCSR Instrument, one can (1) ensure the

channel is completely empty/dry by applying a vacuum (e.g., a few torr) on the center hole

54



10

15

20

25

30

WO 2016/118812 PCT/US2016/014439

(outlet) to empty both sides of the channel; (2) ensure the vacuum is off; (3) beginning with
the reference solution, use a pipetter to dispense a 5 pL. drop of the solution into the
reference-side injection fitting; (4) wait for a sufficient period of time (e.g., several seconds
and up to 5 seconds for vicious fluids) for the sample to be wicked into the channel by
capillary action; (5) ensure that the channel has been filled as indicated by observing stable,
high contrast interference fringes; (6) on the opposite side of the chip, repeat the injection
procedure for the sample solution; (7) record data by analyzing the fringes impinging upon
the camera; (8) remove solutions by applying vacuum/pressure to the center hole; (9) rinse
both sides of the channel with the appropriate rinse solutions (water, buffer, chloroform,
methanol, etc.); and (10) ensure the channel is clean and empty before beginning the next
injection. One of skill would appreciate that fringe pattern can be used to determine the

channel is empty.
13. PHASE SHIFT DUE TO EVAPORATION

[00205] Two experiments were performed to measure phase shift due to evaporation at
three locations along the channel, using PBS (Fig. 28, top) and PBS with 1% DMSO (Fig. 28,
bottom). In this example, the 1.7 mm of the channel closest to the inlet well is covered by the
chip-holder, and is inaccessible for interrogation, so distances of 2 mm, 3 mm, and 4 mm
were chosen. The interrogated fringes at each distance were a summation of 100 pixels (0.55
mm) that were centered at the recorded distance. For example, the “2 mm™ data was
collected from 1.725 to 2.275 mm from the inlet well. These measurements were made with
no closure element (i.e., the inlet well was exposed to the atmosphere) and a sample size of

1.5 uL.

[002006] To calculate how much time can pass before evaporation would affect the
reading at a point along the channel, the time until “detectable evaporation™ was calculated.
“Detectable evaporation™ was determined as when this fitted curve deviated 0.001 radians
from its starting position. See Fig. 29. The time until detectable evaporation was much
quicker closer to the inlet well, and also much quicker for the solution containing 1% DMSO.
Even with 1% DMSO, it takes about a full minute for the evaporation to influence the phase
reading at a distance of 4 mm from the inlet well. Since measurements typically take no
longer than thirty seconds once sample is injected, it can be desirable to select a distance that

achieves a time until “detectable evaporation™ of at least thirty seconds.
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[00207] In one aspect, for PBS solutions, a distance of 2 mm can be an acceptable
distance. In a further aspect, for PBS solutions containing 1% DMSO, a distance of 4 mm

can be an acceptable distance.

[00208] It will be apparent to those skilled in the art that various modifications and
variations can be made in the present invention without departing from the scope or spirit of
the invention. Other aspects of the invention will be apparent to those skilled in the art from
consideration of the specification and practice of the invention disclosed herein. It is
intended that the specification and examples be considered as exemplary only, with a true

scope and spirit of the invention being indicated by the following claims.
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CLAIMS

What is claimed is:

1. A method for determining a characteristic property of a sample comprising the steps

of:

(a) providing a sample positioned inside a channel formed in a substrate, wherein

the channel has a longitudinal direction and a transverse direction;

(b) interrogating the sample with a light beam, wherein the light beam is
elongated in the longitudinal direction of the channel, such that the light beam
is incident on at least a portion of the channel greater than 4 mm in length

along the longitudinal direction; and

(c) generating scattered light through reflective and refractive interaction of the
light beam with a substrate/channel interface and the sample, the scattered
light comprising interference fringe patterns elongated in at least one
direction, wherein the interference fringe patterns shift in response to changes

in the refractive index of the sample.

2. The method of claim 1, further comprising the steps of receiving the intensity signals
with a signal analyzer and determining therefrom one or more characteristic properties of at

least one of the sample.

3. The method of claim 1, wherein the substrate and channel together comprise a
capillary tube.

4, The method of claim 1, wherein the scattered light is backscattered light.

5. A method for determining a characteristic property of a sample comprising the steps
of:

(a) providing a channel formed in a substrate, wherein the channel has a
longitudinal direction and a transverse direction, and wherein the channel is
configured for reception of two or more liquid samples by having at least two

inlets positioned at opposing locations of the channel, and at least one outlet
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positioned at a point between the at least two inlets, thereby defining a right

side of the channel and a left side of the channel,;

(b) introducing a first sample into the left side of the channel;

(¢) introducing a second sample into the right side of the channel;

(d) simultaneously interrogating the samples with a light beam, wherein the light
beam is elongated in the longitudinal direction of the channel, such that the
light beam is incident on at least a portion of the left side of the channel and

the right side of the channel; and

(e) generating scattered light through reflective and refractive interaction of the
light beam with a substrate/channel interface and the samples, the scattered
light comprising interference fringe patterns elongated in at least one
direction, wherein the interference fringe patterns shift in response to changes

in the refractive index of the sample.

6. The method of claim 5, further comprising the steps of receiving the intensity signals
with a signal analyzer and determining therefrom one or more characteristic properties of at

least one of the sample.

7. The method of claim 5, wherein the substrate and channel together comprise a
capillary tube.

8. The method of claim 5, wherein the scattered light is backscattered light.

9. The method of claim 5, wherein the light beam is incident on greater than 4 mm of

length of the channel in the longitudinal direction.

10. The method of claim 5, wherein the first and second samples are introduced

substantially simultaneously.
11. An interferometric detection system comprising;

(a) a channel formed in a substrate, wherein the channel has a longitudinal
direction and a transverse direction, and wherein the channel is configured for

reception of two or more liquid samples by having at least two inlets
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positioned at opposing locations of the channel, and at least one outlet
positioned at a point between the at least two inlets, thereby defining a right

side of the channel and a left side of the channel,;

(b) alight source for generating a light beam, wherein the light beam is elongated
in the longitudinal direction of the channel, and wherein the light source is
positioned to direct the light beam onto the substrate such that the light beam
is simultaneously incident on at least a portion of the right side of the channel
and at least a portion of the left side of the channel, such that, during
operation, scattered light is generated through reflective and refractive
interaction of the light beam with a substrate/channel interface and the two or
more samples, the scattered light comprising interference fringe patterns
elongated in at least one direction, wherein the interference fringe patterns
shift in response to changes in the refractive index of the two or more samples;

and

(c) aphotodetector for simultaneously receiving the scattered light and generating

a plurality of intensity signals.

12. The interferometric detection system of claim 11, further comprising at least one
signal analyzer for receiving the intensity signals and determining therefrom one or more

characteristic properties of the two or more samples.

13. The interferometric detection system of claim 11, further comprising a plurality of
reservoirs, wherein each of the plurality of reservoirs is in fluid communication with one of

the at least two inlets.

14, The interferometric detection system of claim 11, wherein at least one of the two or

more samples comprises a reference.

15. The interferometric detection system of claim 11, wherein the scattered light

comprises backscattered light.

16. The interferometric detection system of claim 11, wherein a single light beam is

incident upon the substrate.
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17. The interferometric detection system of claim 11, further comprising an optical
element positioned between the light source and the channel, wherein the optical element is
capable of at least one of spreading, splitting, rastering, or a combination thereof the light

beam in a direction parallel to the length of the channel.

18.  The interferometric detection system of claim 17, wherein the optical element is

capable of spreading the light beam in a direction parallel to the length of the channel.

19. The interferometric detection system of claim 11, wherein the photodetector is

capable of spatially resolving scattered light incident on a surface thereof.

20.  The interferometric detection system of claim 11, wherein a first discrete zone is
disposed between a first inlet and the at least one outlet, and wherein a second discrete zone

is disposed between a second inlet and the at least one outlet.
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