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FIG. 1

(57) Abstract: I Injection methods for determining biomolecular interaction parameters such in label-free biosensing systems are
provided. The methods generally relate to analyte sample injection methods that generate well-defined analyte concentration gradi-
ents en route to a sensing region possessing an immobilized binding partner. The injections conditions are generally established ac-
cording to a set of rules that create a dispersion event that can be accurately modeled by a dispersion term. The dispersion term is in -
corporated into the desired interaction model to provide a reliable representation of the analyte concentration gradient profile, The
resulting interaction model is then fitted to a measured binding response curve in order to calculate the interaction parameters. Thus,
the injection methods described herein provide a continuous analyte titration allowing a full analyte dose response to be recorded in

a single injection in contrast to the standard multiple injection approach
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DISPERSION INJECTION METHODS FOR BIOSENSING APPLICATIONS
CROSS REFERENCE TO RELATED APPLICATIONS
[0001] This application claims the benefit of U.S. Provisional Application No. 61/566,502
filed December 2, 2011 and U.S. Provisional Application No. 61/426,665 filed December 23,
2010.
BACKGROUND

[0002] Biosensors are commonly used to perform kinetic studies of complex molecular
interactions such as those between drug-target, hormone-receptor, enzyme-substrate and
antigen-antibody. The biosensors are typically in a flow injection-based fluidic system
wherein one or more sensing regions are housed within a flow cell conduit of the fluidic
system. The fluidic system further defines one or more flow channel conduits that direct
fluid flow to the sensing regions in the flow cell conduit. The sensing region provides
surfaces that support immobilized molecules referred to generally as “ligands.” The ligands
are potential binding partners for molecules known as “analytes” which are present in fluids
that are directed to the sensing region of the flow cell conduit via the flow channel conduit.
Typically one member of an affinity pair, the ligand, is immobilized onto a surface in the
sensing region while the second member, the analyte, is exposed to this ligand-coated surface
for sufficient time to form analyte-ligand complexes at the sensing region. The accumulation
of the resulting affinity complexes at the sensing region is detected by a label-free detection
method selected from the group consisting of cvaneséent filed-based optical refractometers,
surface plasmon resonance, optical interferometers, waveguides, diffraction gratings,
photonic crystal waveguide arrays, and gravimetric microbalances based on f{requency
dampening of piezoelectric substrates. The biosensor response is then plotted in real-time
and is referred to hereafter as a response curve or binding response curve. In order to
accurately determine the affinity complex interaction parameters (binding affinity constants,
association constants, dissociation constants, diffusion coefficients, etc), the ligand should be
exposed to multiple analyte concentrations.

[0003] The standard analyte sample injection method, known as fixed concentration
injections (FCI’s), involves separate preparation and injection of a series of discrete analyte
samples each containing different concentrations of a given analyte. The analyte
concentrations are chosen to provide a range of analyte concentration of approximately two
to three orders of magnitude (eg., } nM, 3 nM, 9 nM, 18 nM, 54 nM, 162 nM etc.). Since
each analyte concentration is separately prepared and injected as a discrete sample, the assay

is complex, time consuming, and provides many opportunities for human and systematic
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error. Moreover, many FCI protocols call for removal of the bound analyte after each analyte

sample is injected. Thus, the FCI method (1) is time consuming resulting in low throughput;
(2) provides greater opportunity for variation in analysis temperature, ligand degradation,
analyte degradation and evaporative loss; (3) provides greater opportunity for human error;
and (4) increases the potential for systematic errors associated with volume handling due to
the high number of fluid manipulations required. These problems ultimately accumulate in
the recorded data and interfere with data analysis causing higher error in the determination of
interaction parameters.

[0004] The primary benefit of using the FCI method is that the analyte concentration of each
separate injection is presumably known (assuming no error in the preparation of the dilution
series). This is important since an inaccurate analyte concentration translates directly into an
equivalent error in the estimation of affinity interaction constants. However, accurate
representation of analyte concentration has been the primary deficit in alternative methods
developed to solve some of the problems associated with FCI. These alternative injection
methods utilize a single analyte sample injection that is manipulated to generate a range of
analyte concentrations prior to or within a fluidic system en route to the sensing region. The
analyte concentrations can be roughly estimated in these single injection methods by applying
a concentration calibration method performed under conditions that closely match the assay
conditions, However, this calibration can only be applied to an assay performed under
matching conditions (e.g. flow rate, temperature, ionic strength, viscosity, analyte molecular
weight). In practice, this is a highly restrictive requirement that hinders the adoption of these
alternative injection methods. Thus, the prior art has yet to provide a general method to
accurately determine the entire range of analyte concentrations produced under variable assay
conditions thereby avoiding the need for special case calibration methods. The methods
described herein solve this problem and others by providing a single injection method that
~ accurately models the actual analyte concentration within the flow cell over the entire range
of analyte concentrations as the injection progresses over the sensing region,

SUMMARY

[0005] An injection method is provided that comprises the use of a single injection to
produce a well-defined analyte concentration gradient by optimizing the physical dispersion
process. The method further comprises the use of a dispersion term that is integrated into the

desired binding interaction model for analysis of the analyte-ligand interaction, wherein the
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dispersion term reflects the physical dispersion process thereby accurately defining the

analyte concentrations at the sensing region for any time during the injection.
[0006] In one embodiment, a sample injection method for determining the affinity interaction
parameters of analyte-ligand interactions in a biosensor is provided. The biosensor in which
the method is performed preferably comprises a flow channel conduit in fluid communication
with a flow cell conduit, the flow cell conduit housing at least one sensing region having at
least one ligand immobilized thereon. The method comprises injecting a fluid sample
containing an analyte through the flow channel conduit to the flow cell conduit under
conditions sufficient to cause dispersion of the analyte. The dispersion results in the
formation of an analyte concentration gradient having a maximum analyte concentration and
a minimum analyte concentration that differ by at least one order of magnitude. Additionally,
the analyte concentration in the gradient is continuously changing between the maximum
analyte concentration and minimum analyte concentration. The measured biosensor
responses clicited by the analyte interacting with the ligand at the sensing region are
measured as the analyte concentration gradient progresses through the flow cell conduit. The
responses measured at the sensing region provide a binding response curve. A diSpersion
term that accounts for the dispersion conditions present during the injection is selected to
represent the analyte concentration present in the flow cell conduit at any time point during
the injection. The dispersion term is incorporated into a binding interaction model which is
fitted to the binding response curve thereby allowing determination of the affinity interaction
parameters including the affinity constant and the kinetic interaction constant.

BRIEF DESCRIPTION OF THE DRAWINGS
[0007] FIG. | is a schematic illustration of a flow channel conduit and flow cell conduit
configuration in a biosensing system.
[0008] FIG. 2A depicts a representative cross-sectional analyte concentration profile along
the flow channel conduit arising from a pulse Taylor dispersion injection.
[0009] FIG. 2B is a schematic illustration of the inhomogenous analyte distribution that
evolves as the injected analyte progresses through a flow channel conduit defining the pulse
Taylor dispersion condition.
[0010] FIG. 2C depicts overlaid analyte binding response curves for pulse Taylor dispersion
injection of nine serial ten-fold dilutions of analyte while the expected analyte concentration

during these injections is indicated by the dotted peak.
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[0011] FIG. 3A depicts the average cross-sectional analyte concentration profile along the

flow channel conduit arising from a sigmoidal Taylor dispersion injection.

[0612] FIG. 3B is a schematic illustration of the inhomogenous analyte distribution that
evolves as the injected analyte progresses through a flow channe! conduit defining the
sigmoidal Taylor dispersion condition.

[0613] FIG. 3C depicts overlaid analyte binding response curves for sigmoidal Taylor
dispersion injection of nine serial ten-fold dilutions of analyte while the expected analyte
concentration during these injections is indicated by the dotted peak.

[0814] FIG. 4A depicts overlaid response curves representing the negligible response elicited
over a non-coated sensing surface (no ligand) by pulse Taylor dispersion injections of a series
of two-fold serial dilutions of warfarin (0.244 mM to 1 mM).

[0015] FIG. 4B depicts overlaid response curves representing warfarin (analyte)-human
serum albumin (ligand) binding elicited by triplicate pulse Taylor dispersion injections of a
series of two-fold serial dilutions of warfarin (0.244 mM to | mM).

[0016] FIG. 4C depicts three overlaid binding response curves representing the warfarin
(analyte)-human serum albumin (ligand) binding response curve (binding isotherm) elicited
by a pulse Taylor dispersion injection of warfarin (1 mM neat concentration) plotted with the
expected relative warfarin concentration profile (i.e. Gaussian-like peak) calculated from the
appropriate dispersion term,

[0017] FIG. 4D is a standard two site steady-state affinity isotherm, The plot was created by
plotting a set of response points selected from a single warfarin binding curve from FIG. 4C
with respect to the expected warfarin concentration profile.

[0018] FIG. 4E are overlaid binding response curves representing warfarin (analyte) binding
to human serum albumin (ligand) as analyzed by sigmoidal Taylor dispersion injections at a
neat concentration of 1 mM. The expected warfarin concentration profile was calculated
from the appropriate dispersion term and appears shifted to the right of the warfarin binding
curves. A three-sife real-time isotherm model was fitted directly to the real-time binding
response curve (smooth curve overlying the binding response curve).

[0019] FIG. 5 depicts overlaid binding response curves representing a time progression series
of curves for warfarin (analyte) binding to human serum albumin (ligand) using sigmoidal
Taylor dispersion injections of 3 mM warfarin (neat concentration) repeated fifteen times at
15 minute intervals. The inset represents a derivative of the first seven replicate binding

curves after a five point smoothing and shows three distinct binding site populations (1, 11, II).
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[0020] FIG. 6A depicts overlaid response curves representing the bulk refractive index

response for pulse Taylor dispersion injections of vancomycin (10 mg/ml) repeated in
quadruplicate and fitted to the dispersion term (Equation 1) (smooth curves overlying the
recorded bulk refractive index curve).

[0021] FIG. 6B is a plot of the analyte diffusion coefficients calculated from the bulk
refractive index response (Dyy) for twenty different biomolecules (under similar conditions
described with respect to FIG. 6A) with respect to the expected ditfusion coefficients (Dy,)
with a regression line fitted,

[0022] FIG. 7A depicts overlaid binding response curves for binding of ScFv (analyte) to
rhErbB2/F¢ (ligand) for standard fixed concentration injections using 10-fold dilutions of
ScFv (1060 nM to 6.1 mM). A simple kinetic interaction model was fitted (smooth curves)
with global constraint of kinetic parameters and superimposes upon the experimental curves,
[0023] FIG. 7B depicts overlaid binding response curves for binding of ScFv (analyte) to
rhErbB2/Fc (ligand) for sigmoidal Taylor dispersion injections using 10-fold dilutions of
ScFyv (1000 nM to 0.1 mM). A simple kinetic interaction model that includes a dispersion
term has been fitted (smooth curves) with global constraint of kinetic parameters and
superimposes upon the experimental curves.

[0024] FIG. BA depicts overlaid binding response curves for binding of furosemide (analyte)
to carbonic anhydrase II (ligand) for fixed concentration injections of three-fold serial
dilutions of furosemide (0.46 pM to 111 uM) with a fitted 1:1 kinetic interaction model and
global constraint of kinetic parameters.

[0025] FIG. 8B depicts overlaid binding response curves for binding of furosemide(analyte)
to carbonic anhydrase Il (ligand) by sigmoidal Taylor dispersion injections repeated at
varying starting concentrations of furosemide (ten-fold serial dilutions from [ uM 1o 1 mM)
with a fitted 1:1 kinetic interaction model that includes a dispersion term and global
constraint of kinetic parameters.

[0026] F1G. 8C is a binding response curve for furosemide(analyte) binding to partially
denatured carbonic anhydrase I (ligand) by sigmoidal Taylor dispersion injections repeated
at varying starting concentrations of furosemide (three-fold serial dilutions from 12 pM to 1
mM) and globally fitted to a 2:1 kinetic interaction model that included a dispersion term
The injections were performed at 10°C to preserve weak non-specific binding to the partially
denatured ligand in order to mimic a realistic complex data set.

DETAILED DESCRIPTION
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{00271 The methods described herein are related to a dispersion-based injection method that

solves the technical limitations of prior art, namely the ability to accurately represent the
analyte concentrations in a dispersion-generated analyte concentration gradient for label-free
biomolecular interaction analysis. As used herein, the term “dispersion” means a mixing
process that causes the analyte concentration to become inhomogenous with respect to the
cross-section and length of the flow channel conduit into which the analyte-containing
sample is injected. Dispersion is due to the combined action of analyte diffusion towards the
walls of the capillary (flow channel conduit) and the parabolic velocity profile within the
capillary that results from convective flow through the capillary. Thus, the profile of an
analyte concentration gradient created by dispersion is a complex function of the physical
conditions present during the injection, such as temperature, applied forces (e.g. gravity),
molecular weight, molecular shape, liquid viscosity, ionic strength, isoelectric point, flow
channel geometry and flow rate. In biomolecular interaction analysis, an accurate
representation of the analyte concentration is important since the binding interaction at the
sensing region is influenced by the availability of analyte (i.e. analyte concentration).
Accordingly, the actual analyte concentration gradient profile that passes over the sensing
region contains information that defines the preceding analyte dispersion process and
therefore becomes encoded or "imprinted" into the dependent analyte-ligand binding
response curve,

[0028] Therefore, the methods described herein incorporafe a relevant dispersion expression
(dispersion term) into the binding interaction model of interest to accurately define the
analyte concentration at the sensing region as a function of time. Additionally, the method
involves the use of injection conditions that are sufficient to create a dispersion profile that is
accurately represented by the dispersion term. An injection method that is performed under
the physical conditions to comply with a particular dispersion theory not only provides an
extended analyte concentration range, but also accounts for many physical parameters that
affect dispersion such as the analyte diffusion coefficient. The inclusion of the analyte
diffusion coefficient as a fitted parameter in the inventive method significantly extends
biophysical characterization by label-free biosensors beyond what has been possible to date.
Taken together, the methods described herein involve performing an analyte sample injection
under physical conditions sufficient to cause the analyte to undergo a dispersion event that is
in compliance with the assumptions and conditions under which the selected dispersion term

is derived. This method can be implemented without compromising other assay performance
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parameters such as throughput, robustness, reproducibility and resolution, although

parameters can be modified if necessary for a particular assay.

[0029] In one embodiment, the method is performed in a biosensor comprising a flow
channel conduit that is in fluid connection with a flow cell conduit downstream from the
analyte injection point. The flow channel conduit is preferably filled with a carrier fluid free
of analyte. The flow cell conduit houses at least one sensing region having one or more
ligands immobilized thereon. A sample comprising a volume of carrier fluid containing the
analyte is injected into the flow channel conduit such that the analyte undergoes dispersion
upon continued flow through the flow channel conduit en route to the flow cell conduit. The
injection conditions, including the flow channel conduit geometries, are optimized to produce
a dispersion profile that is accurately represented by a dispersion term. The dispersion event
produces an analyte concentration gradient that passes through the flow cell conduit where
the formation of affinity complexes (analyte-ligand interactions) is measured thereby
generating a binding response curve. The dispersion term is included in a binding interaction
model that is fitted to the binding response curve where the dispersion term represents the
analyte concentrations at the sensing region as a function of injection time. The inclusion of
this dispersion term obviates the need for special case calibration by providing a realistic
physical description of the dispersion process and hence, provides reliable representation of
analyte concentration in the binding interaction model.

[0030] Referring now to FIG. 1, an example of a fluidic configuration 10 of a biosensor for
use in connection with various aspects of the current invention is depicted. An analyte 13
contained in an initial sample volume 12 is made to enter a flow channel conduit 14 by
pressure driven flow. The flow channel conduit 14 is of a length £ and diameter 4 sufficient
to produce a desired analyte dispersion profile. The flow channel conduit 14 leads to a flow
cell conduit 16 that houses one or more sensing regions 18 interrogated by a label-free
transducer such as a surface plasmon resonance detector (not shown). One or more sensing
regions 18a have ligands 19 immobilized thereon. The response elicited by the interaction
between the analyte 13 and ligand 19 is measured at the sensing region to produce a binding
response curve. Additionally, one or more sensing regions 18b can be free of immobilized
ligand 19 and can be used to measure the bulk refractive index of the fluid sample 12. The
sample 12 proceeds to waste 20 after passing through the flow celi conduit 16.

[0031] In one embodiment, the volume of the flow cell conduit is small relative (<1%) to the

flow channel conduit allowing dispersion within the flow cell conduit to be neglected when
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calculating the analyte concentration within the flow cell. If the volume of the flow cell

conduit is significant (>1%) relative to the flow channel conduit, then the volume and
geometry of the flow cell must be considered as an extension of the flow channel conduit
when calculating the analyte concentration. In this case, the effective flow channel
dispersion geometry includes terms that account for both the flow channel conduit geometry
and the flow cell conduit geometry, Furthermore, the flow cell conduit may be part of the
flow channel conduit where a defined boundary between these channels is absent. For
example, the sensing regions may be disposed within the flow channel conduit itself where
the flow channel geometry is consistent along its length. In practice the flow cell conduit is
typically defined by a lower channel height in order to support high mass transport of analyte
across the non-stirred boundary layer and onto the sensing surface. However, it is entirely
possible to construct a flow channel conduit with a channel height that supports high mass
transport rates. Lowering the height of the flow channel conduit would necessitate higher
operating pressures, but would be expected to reduce the dispersion time. This may be
appropriate where fast analysis of higher molecular weight analytes is required.

[0032] The embodiments described herein are described using a fluidic system where the
various elements are connected in free space. For example, the flow channel conduit is a tube
or capillary that is brought into fluid connection with a flow cell conduit using conventional
free space adapters/fittings. However, it should be understood that the method can be
performed using alternative designs wherein the flow channel conduit and flow cell conduit
are integrated into a single miniature planar microfluidic device which offers practical
advantages such as fabrication reproducibility. The dispersion terms can be modified to
'account for the approximately rectangular flow channel cross sections typical of planar
microfluidic devices. |

[0033] In one aspect, the flow channel conduit is composed of a capillary of uniform circular
cross-section and is drawn from an inert material such as PEEK, Teflon, Teflon derivatives,
or glass, although other materials could be acceptable. The use of soft elastic materials which
allows undesirable variation in geometry with respect to pressure (e.g. pump pulsation)
should be avoided. However, in certain special case applications, the use of such compliant
materials might be exploited to modulate the analyte dispersion profile. A more precise
modulation of dispersion characteristics may be produced by making precise adjustments to
the geometry of the flow channel conduit. Adjustment of the geometry may be performed

on-the-fly as the dispersion is in progress or may be performed in advance of the dispersion
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injection. The volume of the dispersion tube dictates the amount of sample consumed and the

TDi method can be practiced with dispersion tubes (flow channel conduits) over a wide
volume range. However, to reduce sample consumption and with consideration of
operational backpressure, suitable limits for the volume of the dispersion tube are from about
10 pL to about 2000 pL and assuming the dispersion tube diameter ranges from about 0.05
mm to 1.0 mm.

[0034] The current method can also be practiced with the incorporation of additional
actuators, heaters or sensors. This may be considered in order to further modulate the analyte
dispersion characteristics. The volume and effective diameter of the flow channel conduit,
injection flow rate and analyte molecular weight are interrelated parameters with many
possible combinations that meet the requirements of the Taylor dispersion theory. Parameter
combinations that are not consistent with dispersion theory are avoided by employing upper
and lower flow rate limits for the combination of dispersion parameters presented by the
experiment, However, specific limits can be defined by dimensionless parameters. It is
desirable to choose a flow channel conduit volume/diameter and operating pressure that
minimizes sample consumption for a given analyte class (e.g. proteins, drugs, particles) while
providing adequate throughput. An optimal compromise between these parameters is not
difficult to achieve for low molecular weight analytes (e.g. drug sized compounds), but
higher molecular weight analytes such as proteins require an injection time of 10-15 minutes
in low pressure fluidics system.

[0035] For example, the flow channel conduit can be actively heated or cooled to modify the
analyte diffusion coefficient thereby providing an additional means of controlling the analyte
dispersion profile. The use of varying temperatures can provide thermodynamic analysis of
interactions, improve resolution of the diffusion coefficient or other parameters, or permits
accelerated dissociation of strong binders for increased throughput. Thermal denaturation of
the reagents can limit these temperature based methods. Typically protein-based analytes can
tolerate temperatures that do not exceed 60°C. However even among protein-based analytes
there are exceptions to this limit. Drug like molecuies, nucleic acids, and carbohydrate-based
analytes are far more stable allowing temperatures to approach the boiling point of the carrier
buffer (typically approximately 100°C at atmospheric pressure). Higher operating pressures
enable even higher temperatures to be applied. Cryogenic agents such as glycerol can be

added to the carrier fluid (i.e. sample buffer) to prevent freezing at lower temperatures.
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Therefore the absolute temperature range can be stated as any temperature where the carrier

stream does not boil or freeze at the operating pressure within the flow channel conduit.
[0036] In one aspect, the flow cell conduit is typically a rectangular compartment with a high
numerical aperture where the volume and height of the flow cell channel is minimized. The
flow cell employed in the Example provided below were rectangular with approximate
dimensions of length = 3 mm, width = 0.5 mm and height = 30 um. However, other more
complex geometries can be chosen in the practice of the dispersion method.

[0037] The pump used in connection with the current method should provide pulse-free
pressure driven flow where variation in flow rate and pressure are minimal as this facilitates
accurate modeling of the dispersion process. Syringe pumps are suitable, although peristaltic
pumps may be adequate where absolute accuracy is not required.

[0038] In one aspect, the sensing regions are interrogated optically by a surface-sensitive
refractometer based on surface plasmon resonance (SPR). Similar performance can be
expected when using these surface sensitive evanescent-field based refractometers, Other
optical detection principles such as interferometry are less sensitive to bulk refractive index
and more specific to the mass loading event that manifests as a growing biofilm layer. These
detectors are advantageous where interference from bulk refractive is undesirable, In practice
SPR's sensitivity to both bulk refractive index and surface refractive index is advantageous as
it is possible to verify dispersion parameters from the bulk refractive index response
independently of the specific binding response. For example, analyte present at high
concentrations often provides a bulk refractive index response that is adequate to determine
the analyte diffusion coefficient and general dispersion parameters thereby allowing these
parameters to be fitted as constants when applying the affinity model to the specitic binding
response curve, Alternative placement of the sensing regions such as at intervals along the
flow channel conduit enable replicates of the same affinity interaction to be performed under
different dispersion conditions providing a more comprehensive analysis of dispersion-
dependent binding. When an analyte stream enters the flow cell conduit, binding to ligand
immobilized at the sensing region will occur. This mass loading increases the average
refractive index close to the sensing surface that is probed by the evanescent field. The
evanescent field is created from the reflection of a wedge-shaped monochromatic beam
(where the light source is an 880 nm light emitting diode) from the surface under conditions
of total internal reflection. This results in a reflection minimum with respect fo incidence

angle when a thin noble metal film is present at the interface. In this instance, the metal is
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preferably gold due to its stability and ease by which it can be made to anchor biocompatible

films or hydrogels that are suitable for affinity binding studies. The angular position of the
reflectance minimum changes with changes in surface refractive index and are tracked using
a photodiode array and a minimum hunt algorithm that provides a real-time location of the
minimum. The detector is pre-calibrated to convert this real time location to an equivalent
refractive index change which is then plotted as a function of time to create a real-time
binding curve. ,
[0039] In one embodiment, the current method involves the injection of a fluid sample
containing an analyte under conditions sufficient to cause dispersion in compliance with
Taylor dispersion theory (hereinafter “Taylor dispersion injections” or *“TDi”}. As will be
discussed in more detail below, there are two basic types of TDi's, a pulse TDi and a
sigmoidal TDi, Various other types of dispersion injections can be performed so long as the
dispersion term accounts for the conditions present during the sample injection.

[0040] In one aspect, the method involves a TDi that results in a Gaussian-like gradient
profile as depicted in FIG. 2A. This is referred to herein as a pulse TDi. Referring now to
FIG. 2B, a relatively small sample volume, in one aspect, < 5% of the flow channel conduit
capacity volume, is injected into the flow channel conduit 14 and is followed by analyte-free
carrier liquid. In this embodiment, the analyte 13 is free to disperse with analyte-free carrier
liquid on both tailing and leading fronts thereby forming the Gaussian-like peak, or pulse. In
this aspect, the residence time (1) defines the peak position with respect to injection time.
[0041] FIG. 2C shows nine simulated binding response curves for the binding of an analyte
13 over nine orders in neat analyte concentration to the ligand 19 at the sensing surface 18a
using pulse TDi. Pulse TDi injections with high neat analyte concentrations give rise to
binding curves that begin sooner than TDi injections perform.ed using lower neat analyte
concentrations, TDi shows that irrespective of concentration the binding curves remain
resolved over nine orders and saturate at different times with the exception of low
concentrations which give rise to binding that is inadequate to approach saturation at typical
contact times (i.e. 1-10 min). This high resolving power over a very wide concentration
range is not possible with standard FCI formats. FIG. 2C also shows the expected analyte
concentration profile as calculated from Equations 1 and 2 (provided below) and indicates
that the maximum analyte concentration represents a small fraction of the neat analyte
concentration when using pulse TDi. The location of the peak maximum specifies the

residence time ().
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{0042} In an alternative aspect, the method involves a TDi that results in a sigmoidal gradient

profile as depicted in FIG. 3A. This is referred to herein as a sigmoidal TDi. Referring now
to FIG. 3B, the analyte sample is of a volume sufficient to displace all the analyte-free liquid
that was contained in the flow channel conduit 14 before the injection commenced. The
mixed liquid exiting the flow channel conduit containing the dispersed analyte sample will
flow through the flow cell conduit as an increasing analyte concentration gradient that
reaches a maximum concentration equal to the concentration of the initial sample analyte
concentration. As the analyte 13 progresses through the flow channel conduit 14, the analyte
concentration profile will take the form of an evolving sigmoidal gradient profile as depicted
in FIG. 3A.
[0043] FIG. 3C shows nine simulated binding response curves for the binding of an analyte
13 over nine orders in neat analyte concentration to the ligand 19 at the sensing surface 18a
using sigmoidal TDi. As was the case for Pulse TDi, this sigmoidal TDi shows that high neat
analyte concentrations give rise to binding curves that begin sooner than TDi injections
performed using lower neat analyte concentrations. Irrespective of concentration, the binding
curves remain resolved over nine orders and saturate at different times with the exception of
low concentrations which give rise to binding that is inadequate to approach saturation at
typical contact times (i.e. 1-10 min). FIG. 3C also shows the expected sigmoidal analyte
concentration profile as calculated from Equations 2, 3 and 4 (provided below) and indicates
that the maximum analyte concentration within the flow cell conduit approaches the neat
analyte concentration. The location of the inflection point (i.e. time at half’ maximum
concentration) of the sigmoidal specifies the residence time (t). This residence time is equal
to the time required to inject a sample volume equal to the total volume of the flow channel
conduit, For example, a flow channel conduit with a capacity volume of 50 pL will yield a
residence time of one minute when the sample is injected at 50 wl/min. This assumes that
the injected analyte sample does not interact with the walls of the flow channel conduit 14
and is not retarded relative to the convective flow of the carrier liquid.
[0044] In either aspect of the current embodiment, the injection conditions sufficient to
cause Taylor dispersibn of the analyte are determined in accordance with the following rules:

1. Laminar flow must predominate inside the flow channe! conduit.

2. For a pulse TDi (discussed below), the fluid sample containing analyte
possesses a volume that is less than 10%, and preferably less than 5%, of the total capacity

volume of the flow channel conduit. For sigmoidal TDi, the injected sample volume should
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be in the range from half the volume of the flow channel conduit volume to a maximum

equivalent of the total flow channel volume. A sample volume below the low limit (half the
volume) will produce partial sigmoidal TDi gradients that do not approach the maximum
expected concentration (i.e. concentration of the neat sample). While such gradients may be
useful, it is optimal to approach a stable concentration before the sigmoidal TDi injection is
terminated since the resulting response curves defines the dispersion process more
thoroughly.

3. The flow channel conduit is positioned horizontally to avoid the influence of
gravity on the liquid flow with the flow channel conduit.

4, If the flow channel conduit must be coiled, then the coiling radius is greater
than 1000*d, where d is flow channel conduit diameter,

5. The lower flow rate limit or average velocity of the injected sample is defined

by the Peclet number (Np) and must be greater than 500:

where
Npe = (d*u) / D
where
d = flow channel conduit diameter {m);
u = average velocity of fluid (m s™}; and
D = analyte diffusion coefficient (m* s)
6. The upper flow rate limit as defined in terms of dimensionless time (7') is

greater than 3.0:
where

T =D*t/(0.5%d )

where
T = mean analyte residence time (s) or L/u;
L = length of capillary {m);
u = average velocity of fluid (m s™');
d = flow channel conduit diameter {m); and
D = analyte diffusion coefficient (m* s™),

[0045] In order to determine if a given set of injection conditions will conform to Taylor
dispersion theory for a particular analyte, the molecular weight of the analyte can be used to
provide an estimate of the analyte diffusion coefficient thereby enabling calculation of the

Npe and ¢, While values of 7 should exceed 3 values that are in excess of 10 simply prolong
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the injection time with little added benefit while unnecessarily decreasing throughput. it is

possible to establish proper dispersion conditions at the outset thereby eliminating the need
for preliminary calibration steps to ensure the conditions are consistent with Taylor
dispersion theory. The Stokes-Einstein-Sutherland equation can be used to calculate the
diffusion coefficient D based on the molecular weight M, (also referred to herein as M,) of

the analyte. The Stokes-Einstein-Sutherland equation is as follows:

D=k, T/6muR, (f/fo)

where ky is Boltzmann's constant (1.381x 107 J/K), T is temperature (Kelvin), u is buffer
viscosity (~0.001kg/s.m), and Ry is the analyte radius (m)and /7 is the analyte friction factor

(usually 1.2). The analyte radius can be estimated from the My, as follows:

’ 3MwV
=3
Ry 476.023e23

Alternatively, the diffusion coefficient can be experimentally determined by measuring the
bulk refractive index of the desired analyte as described in Example 6 provided below.

[0046] In the pulse TDi embodiment, the dispersion term selected is preferably represented
by the following equation: ‘

oy =2Ca . exp{_ 0.2517 (1-t/c)’ } Equation |
w?d’kt kit
where
ciy = analyte concentration at detector {mol m™)
C; = concentration of analyte injected (mol m™)
Vi = sample injection volume (m3)
d = capillary (flow channel conduit) diameter (m)
T = mean analyte residence time (s) or L/u
L = length of capillary (m)
u = average velocity of fluid (m s
k = Taylor-Aris dispersion coefficient (m* s') which is

represented by the following equation:

u’d’ Equation 2
o + ‘
192D
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where
D = analyte diffusion coefficient (m? 5™} and
o = conduit shape factor

[0047] The value 1/192 is a scaling factor defined by the circular cross-section of the flow
channel conduit and can be calculated to account for other cross-sectional geometries. A
conduit shape factor, o, is used to compensate for any departures from the idealized cross-
sectional flow channel conduit geometry. TDi analysis of a standard analyte, such as sucrose,
can be used to determine o by constraining the other parameters and solving for o by fitting
equations 1 and 2. By including a standard sucrose TDi curve, it is possible to estimate o
while also verifying ¥; by integration of the area under the pulse curve. This standard analyte
is typically present at a concentration sufficient to produce a measurcable bulk refractive
index response and surface binding is not required. Direct fitting of the TDi equations to this
bulk refractive index response provides verification of dispersion parameters in the absence
of any affinity binding response. In some applications (e.g. fragment screening), the specific
analyte is present at sufficiently high concentrations to produce an analyte bulk refractive
index dispersion in addition to a specific affinity binding response to the ligand-coated
surface. The bulk refractive index response curve is isolated from the response curve
recorded over a non-coated surface allowing the analyte diffusion coefficient and
concentration to be determined before fitting the affinity binding model to the referenced
affinity binding response curve. It should be noted that the concentration is easily calculated
- from the analyte bulk refractive index since the refractive index increment of a compound is
readily calculated from the known structure,

[0048] In practice, most flow channel conduits tested returned o = 1.0 indicating that the
assumption of idealized circular flow channel geometry was valid, Interestingly, it is
possible to optimize the cross-sectional geometry of the flow channel conduit to decrease the
impact of diffusion on the dispersion gradient profile. This allows for producing matching
dispersion profiles for analytes of different molecular weight.

[0049] In the sigmoidal TDi embodiment, the dispersion term selected is represented by
Equation 3 below for the injection time ¢ that is less than 7 and by Equation 4 below for the

injection time ¢ that is greater than 7:

-1
c0=Col ey Lt

Ay
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N (t<t) Egquation 3
Cl) = Ca i+ erfi (t>17) Equation 4
2% b
where
cip = analyte concentration at detector (mol m'3) :
Cn = concentration of analyte injected (mol m™)
T = mean analyte residence time (s} or L/u
L = length of capillary (m)
u = average velocity of fluid (m s™)
k = Taylor-Aris dispersion coefficient (m* s™") (Equation 2)
erff = Gauss error function

[0050] The sigmoidal TDi and pulse TDi embediments are cach capable of generating
smoothly varying analyte concentration gradients over 3-4 orders in magnitude which is
suitable for label-free biosensing. However, the maximum concentration of analyte in the
pulse TDi approach is significantly less than the analyte concentration in the initial sample
(neat analyte concentration) while the maximum concentration of analyte in the sigmoidal
TDi approach is equal to the neat analyte concentration.

[0051] Furthermore, Equations 1-4 can be supplemented by terms that describe diffusion in
the axial direction, thereby extending the conditions under which dispersion can be accurately
modeled. Although the analysis presented is confined to rising analyte concentration
gradients, it is evident that the TDi method can be reversed to create decaying gradients or
even combined en route to the flow cell to create more complex gradients. In the case of
sigmoidal TDi, the sample entering the flow channel conduit may have undergone a previous
dispersion event in another flow channel conduit and the accumulative effect of dispersion
within two different flow channel conduits connected in series can be exploited to change the
dispersion profile. Furthermore the previous concentration gradient might be created with
minimal dispersion effects by combining sample and cartier buffer streams before entering

the flow channel conduit.
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[06052] Various binding interaction models can be used in conjunction with the dispersion

methods described herein. Tn one aspect, the two-compartment 1:1 pseudo-first-order kinetic
interaction model is utilized. This model is composed of two differential equations that
describe the change in the concentration of affinity complexes (JR/d) at a sensing region and
the analyte concentration gradient (dC/dr) as the analyte passes from the bulk carrier liquid

through the diffusion boundary layer within the flow cell conduit onto the sensing region.

dacC
E = ( - kﬂC(Rmux - R) + kch + km(cm - C)) Equation 5
%—? =k C(R, . —~R)—k,R Equation 6
where
R = biosensor response {response units (RU)),
Ry = maximum response expected if all ligand sites are occupied (RU)
C; = injected analyte concentration (M), which becomes zero when the

dissociation phase begins.

C = concentration of the analyte at the sensing surface (M)
ki = mass transport constant (RU Mts)

ka = association rate constant (m™ s™)

ky = dissociation rate constant (™).

k,, can be a fitted parameter or alternatively can be estimated from the following
equation (assuming that the use of dextran hydrogel does not contribute to mass transport

limitations);

| 3
k. =10°.M .1.43.1 (/’2)2 3 D'F Equation 7
y 1-{3/) Vrewi,

where
F = flow rate (m® s™)
Lyand L, - lengths (m) of the functionalized surface relative
to the start and end of the sensing region, respectively
H = height (m) of the flow cell conduit

w o = width (m) of the flow cell conduit.
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[0053] Under preferred conditions, the geometry of the flow cell is well defined, allowing

these parameters to be held constant. The analyte molecular weight (A,) is usually known or
alternatively it can be estimated from D.

[0054] In one aspect of the current invention, a dispersion term is incorporated into the
binding interaction model. In the pulse TDi embodiment, it is appropriate to represent Cy, in
the binding interaction model with the dispersion term provided in Equation 1. In the
sigmoidal TDi embodiment, it is appropriate to represent Cj, in the binding interaction model
with the dispersion term provided in Equations 3 and 4. TIn either embodiment, Cj, is
specified as a function of time. Thus, &, ks Ruax, kw. and D (Equation 2) are fitted
parameters, If multiple analyte species exist in the injected sample, then the appropriate
dispersion term is included as a separate term for each dispersed species. In many cases,
mass transport limitation is negligible, where C;, = C, and the two-compartment 1:1 kinetic
interaction model reduces to the simple "rapid mixing" model by eliminating Equation 5 and
is commonly referred to as 1:1 pseudo-first-order kinetic interaction model. These kinetic
models have many variations that account for deviations from the assumption of a 1:1
interaction. For example a ligand with more than one analyte binding site requires a
heterogeneous analyte kinetic interaction model. If the analyte possesses more than one
binding site for the ligand then a heterogeneous ligand interaction model can be applied. If
the formation of binding complexes proceed through the formation of a short lived
intermediate complex, then a kinetic interaction with conformational change model can be
chosen. If a large population of different analyte species co-exist, where each possesses
different binding properties to the immobilized ligand, then an analyte distribution model can
be chosen. Similarty, a distribution model can be applied when a large population of ligand
species exist (i.e. ligand distribution model). The distribution model assumes that a large
population of analyte species, or ligand species, co-exist and distribution analysis methods
are applied in the fit to generate a probability distribution of the affinity space (i.e. plot of £,
versus Kp, ky versus Kp) constructed from fitting a set of binding interaction curves. Each of
the above models can be simplified when the influence of Kinetic rate constants is minimal
thereby reducing each to a simple affinity analysis.

[0055] Using the current method, any of the above interaction models of interest can be
appropriately modified to incorporate a dispersion term. For example, a two-site binding
interaction model can be chosen where the response recorded by the biosensor {Ry)) is given

by the sum of multiple components as represented by the following:
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Ry =AB + ABy + Rlupaiyee Equation 8

with fitted parameters kg, kqz, ke ka2, Ruaw Rimaxz, and D, Diopent.
[0056] In Equation 8, AB and AB; are the response components due to affinity complexes
formed between the analyte at two independent analyte binding sites. A similar approach can
be used to represent a multisite interaction model where more interaction sites exist. Each
binding component can include affinity and/or kinetic parameters as appropriate to the data
set to be analyzed. To express each binding component as a kinetic model, a separate set of
binding rate equations (Equations 5 and 6) is required for each binding component. Rluaye i
the bulk refractive index term associated with the analyte and is defined by equation 1 when
running puise TDi or Equations 3-4 when running sigmeidal TDi. This bulk refractive index
term is required because refractive index based detector for label-free biosensing measure all
contributions to refractive index change and includes surface mass loading, but also bulk
refractive index changes. An additional bulk refractive index term for any solvent mismatch
may be defined by the appropriate Taylor dispersion equations with the addition of a solvent
diffusion coefficient (Dsonen).
[0057] For example, if a solvent such as dimethylsulfoxide (DMSQO) is present at a slightly
different concentration in the sample fluid relative to the analyte-free carrier fluid, then the
mismatched DMSO concentration will also undergo Taylor dispersion, and hence, a separate
bulk refractive index dispersion term can be included to account for the contribution of this
component to the resulting binding response curve.
[0058] Experiments performed in a manner that ensures significant mass transport limitation
(MTL) can be exploited to determine the injected analyte concentration Cj,. Mass transport
limitation is a condition where the binding interaction curves are influenced by the flux of
analyte from the bulk liquid through the non-stirred boundary layer at the sensing region.
This influence is concentration dependent and hence can be exploited to solve for
concentration, For example, k,, as described in equation 6, is held constant and the two
compartment mode! can be fitted to solve for the interaction constants and Cj,.
[0059] Additionally, a multi-site affinity interaction mode! that assumes a rapid approach to
steady-state (i.e. kinetic terms not required) can also be employed. The three-site version of'a

multisite affinity model can be expressed as:

Req = [Rimax1* €/ (Kpj+ C)] + [Ripax™ C/(Kpz + C)] + [Rmaxa*C/(Kpz + C))] Equation 9



WO 2012/087840 PCT/US2011/065613

20

[0060] The equilibrium response (Req) is the sum of three affinity binding terms each defined
by independent parameter values for the saturation response (Ruyqx) and affinity constant (Kp).
However, this affinity model cannot be fitted directly to the real-time TDi binding response
curve, Therefore, a real-time affinity isotherm model is used {(Equation 10 below) that is
analogous to Equation 9, but where Req was expressed as a function of injection time (Reqq)
allowing the isotherm model to be fitted directly to the TDi curve. Fitting Equation 10

directly to the binding response curve enables D to be determined from the fit.

Reqy ™ Rimaxt™ Cay/(Kp1+Cny) + Rinaxa™ Coy/ (KpatCop)t Rinand™*Cooy/ (K3t Cpy)  Equation 10

where Cyy is given by the appropriate dispersion term (Equation 1 for pulse TDi and
Equation 3 and 4 for sigmoidal TDi). Since this affinity model is complex, it is preferable to
use two or mote TDi curves in order to constrain fitted parameters globally for improved
performance. The benefit of global modet fitting is the added information content that results
from including two binding curves recorded under different conditions. Performing TDi at
two different neat concentrations is a simple approach, but does require a second analyte
sample of different neat cocnentration be added to the sample rack. To avoid having to
prepare analyte dilutions, it is possible to obtain two curves under significantly different
conditions by changing the dispersion conditions and not the neat analyte concentration. For
example, replicate TDI injections performed at different injection flow rates produce different
Taylor dispersion profiles. The two TDi binding response curves are offset with respect to
time because < is a function of flow rate, but they are readily fitted with a binding interaction
model where one or more parameters are constrained globally. In one aspect, the binding
interaction constants and the diffusion coefficient are fitted globally while © would be fitted
locally. This approach can be applied generically to the wide range of binding interaction
models available. Furthermore binding interaction models may still be fitted to sub-regions
for each curve in the curve set for global model fitting. However, when time is limiting, it is
possible to obtain reliable parameter values from fits to single curves providing higher
throughput.
[0061] There are a variety of additional aspects that can be used in connection with the
injection methods described herein. In one aspect, a soluble ligand that interacts with the

analyte is added to the injected fluid sample. This causes a fraction of the analyte to be
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bound in bulk solution and unavailable for binding to the ligand at the sensing surface. The

degree to which binding of analyte to the ligand at the sensing surface is reduced is dependent
on the affinity of the analyte for the second scluble ligand in solution. This allows
competitive models to be used to calculate the affinity or Kinetic parameters for solution
phase binding events. TDi can be used to generate a continuous dose response in the soluble
ligand while holding the analye concentration constant thereby allowing a complete
competitive affinity analysis from a single TDi injection. Tt should be understood that the
binding interaction model need not represent any biophysical binding interaction process
itself. In fact, a phenomenological binding interaction model that can account for some of the
interaction properties can be utilized. Alternatively, an arbitrary mathematical model with a
set of parameters that are completely unrelated to the actual interaction parameters can often
suffice when kinetic constants and affinity are not required. However, these madels may also
be adapted to include a dispersion terms. Hence, the dispersion process and the associated
diffusion coefficients may be estimated, The arbitrary models can fit to data that cannot be
defined by conventional biophysical models, but can act as calibration curves for relating a
response to other assay parameters of interest.

[0062] In order to illustrate various aspects of the methods described above, the following
Examples are provided. It should be understood that various modifications could be applied
without departing from the scope of the invention as described in the appended claims. As
such, the Examples should not be construed to limit the present invention.

EXAMPLES
Instrument, Sensor Chips, and Chemicals

[0063] A SensiQ Pioneer instrument (FLIR/ICx-Nomadics, Oklahoma City, OK) was used in
the following Examples. All injections were performed at 25 °C unless otherwise stated. All
other reagents were obtained from Sigma (St. Louis, MO). The running buffer contained 10
mM Hepes and 150 mM NaCli, pH 7.4 (HBS), with 0.001 % Tween 20 (HBS-T) and 3 mM
EDTA (HBS-TE) unless otherwise stated. For all FCI assays, the flow channel conduit was
omitted so that the volume from the injector valve to the flow cell was < 3 uL thereby
reducing any dispersion such that the sample concentration can be assumed approximately
constant over the course for FCI. Recombinant human epidermal growth factor receptor
2/crystallizable fragment (rHErbB2/Fc) chimera was purchased from R&D Systems
(Minneapolis, MN) and anti-ErbB2 single chain variable fragment (scFv) was a kind

donation by a company that wishes to remain anonymous.
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General TDi Analysis

[0064] Ethylene tetrafluoroethylene (ETFE) and polyether ether ketone (PEEK) tubing was .
obtained from Upchurch Scientific (Oak Harbor, WA) and cut to the appropriate dimensions
as described for the dispersion tube in the following Examples. The tubing or flow channe!
conduit was fitted in the SensiQQ Pioneer to connect the injector valve to the reaction flow cell
conduit. Five different geometries of the flow channel conduit are included in the Examples:
tube A with V=509 L and d = 0.227 mm; tube B with V, = 500uL and d = 0.38 mm; tube
C with Vi= 512 uL and d = 0.50 mm; tube D with V,= 52, and d = 0.25 mm, and tube E with
Vi 120 pl. and d = 0.25 mm. The autosampler performed unattended loading of samples
contained in a cooled aluminum sample rack. Routine purging methods were incorporated
into each sample cycle. The system was pre-cleaned with 0.5% sodium hypochlorite and
then coated with 0.1% Tyloxapo! in water to minimize analyte interactions with the surface
of the flow channels. A COOH V sensor chip was installed in the SensiQQ Pioneer system and
the system was primed with HBS-TE. The flow rate was chosen to give a low (< 600 s) mean
retention time, allowing Taylor analysis to be conducted at analysis cycle times comparable
to a single FCI cycle. The viscosity of HBS was assumed to be 0.94 Cp at 25 °C and a lincar
correction factor (CF) for both temperature and viscosity was employed to standardize D
measurements recorded under non-standard conditions.

Curve-Fitting
[0065] Curve fitting to kinetic interaction curves was performed using GradFit, a custom
simulation and curve-fitting package developed by Biol.ogic Software, Inc., (Campbell,
Australia). GradFit software uses numerical integration of the binding rate equations
(Equations 53-6) to generate simulations and fit interaction models to interaction curves. A
scripting interface provided a convenient model building environment to construct interaction
models with, or without, a mass transport term. Data fitted in GradFit were exported into
GraphPad Prism and plotted. Qdat, a customized version of the Scrubber data analysis
software from Biologic Software, Inc., (Campbell, Australia) was employed for double
referencing of all data sets with the exception of the bulk refractive index—based TDi data,
which was referenced by simply subtracting the response for a blank buffer sample. The
pulse TDi dispersion term (Equation 1) or sigmoidal TDi dispersion terms (Equations 3 and
4) were included when fitting all TDi data to the described affinity interaction model.

EXAMPLE 1
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Determination of analyte concentrations and affinity constants using the pulse TDi and

sigmoidal TDi methods

[0066] The purpose of this Example is to demonstrate that pulse TDi and sigmoidal TDji
methods can be used to determine affinity constants in a label-free biosensing application.
More specifically, warfarin was injected under both puise TDi and sigmoidal! TDi conditions
and real-time binding responses to human serum albumin (HSA) were measured and fitted to
an affinity interaction model where the analyte (warfarin) concentration was represented by a
dispersion term specific for either pulse TDi (Equation !} or sigmoidal TDi (Equation 3 and
4).

Methods and Materials
[0067] Warfarin was prepared as a 33 mM stock in DMSO and then diluted in HBS-TE to the
appropriate injected neat sample concentration. The samples contained approximately 3%
DMSO and the resulting bulk refractive index offsets were eliminated by conventional double
referencing. The presence of DMSO offsets also cause a non-negligible offset in sensitivity
between sensing channels that is related to an excluded volume effect. The sensing channels
were normalized using bulk refractive index standards to compensate for this effect.
[0068] HSA was immobilized by standard amine coupling onto a COOH V chip surface in a
flow cell conduit, providing a loaded mass equivalent to 4.5 kRU. The surface was allowed to
stabilize for 24 hours to limit conformational shifting of HSA., The same flow cell conduit
included a control surface that was not coated with HSA. For pulse TDi’s (FIGS. 4A-4D) the
flow cell conduit was in fluid communication with a dispersion tube (flow channel conduit)
having a total volume capacity of 52 pl. and a diameter of 0.25 mm. Puise TDi was
performed by injecting 5 pl. of sample at 25 pL min” into the dispersion tube for a duration
of 158 seconds. These injection conditions were repeated in triplicate for a series of twelve
samples, each sample representing a serial 2-fold dilution (0.244 nM to 1 mM) in order to
demonstrate the reproducibility of the method. Data was double referenced in Qdat prior to
fitting to an affinity interaction model.
[0069] For sigmoidal TDi’s (FIG. 4E), the flow cell conduit was in fleid communication with
a larger dispersion tube having a total volume capacity of 120 pL and a diameter of 0.25 mm.
Sigmoidal TDi was performed by injecting 60 pL of 1| mM warfarin at 10 pL min’ into the
dispersion tube for a duration of 1040 seconds. Regeneration was not necessary as warfarin

dissociatéd rapidly from the HSA-coated surface.
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[0070] For ail sigmoidal TDi injections, rather than injecting a sample volume of

approximately 1.5-fold the dispersion tube volume, the sample volume was reduced to 0.5-
fold the dispersion tube volume using the following approach. Once the sample volume has
entered the dispersion tube, an additional volume of running buffer (i.e. chasing buffer)
continues to enter the dispersion tube such that the total volume injected upon completion of
the sigmoidal TDi is approximately 1.5-fold the dispersion loop volume, The chasing buffer
entering the dispersion loop is prevented from mixing with the leading sample volume by
including an air segment (typically 2-5 uL) that separates both liquids. This allows a full
sigmoidal TDi profile to be completed using a relatively low sample volume.
Results and Discussion '

[0071] Referring now to FIG. 4A, superimposed double referenced response curves elicited
from the control sensing surface are shown for all samples (0.244 nM to 1 mM warfarin)
injected under the pulse TDi conditions. The effectiveness of double referencing is evident
given the absence of a measurable response at the control sensing surface. The responses
elicited at the HSA-coated sensing surface are therefore attributed to the interaction between
warfarin and HSA and hence, any interference has been accurately subtracted from the
binding response curves. Interferences that can contribute to the response include thermal
drift of the response and non-reproducibie non-specific binding at the ligand-coated and non-
coated sensing regions. As used herein, the term “double referencing” refers to the
subtraction of two control respense curves from the binding response curve recorded over the
ligand-coated sensing surface. The first of these control curves is the response curve
recorded from the non-coated sensing surface (reference curve) and the second is a response
curve recorded for a replicate sample injection where the analyte was omitted from the
sample (blank curve). This is a standard referencing procedure in real-time label-free
biosensing and applies equally to TDi-based analyses.

[0072] Referring now to FIG. 4B, superimposed double referenced response curves elicited
from the HSA-coated sensing surface are shown for all samples (i.c. serial two-fold dilutions
from 0.244 nM to | mM warfarin) injected under the pulse TDi conditions. Each
concentration was performed in triplicate and were virtually superimposable demonstrating a
high degree of reproducibility for TDi analysis. A range of concentrations were included in
order to demonstrate the expected trend where higher analyte concentrations begin binding
earlier than lower analyte concentrations as a result of the gradient in concentration produced

by dispersion. FIG. 4C shows the triplicate binding curves for 1 mM warfarin (the top curve
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set from FIG, 4B) re-plotted with the expected relative warfarin concentration profile

calculated from the pulse TDi equation Equations 1-2 where the diffusion coefficient (D) was
calculated from the Stokes-Einstein-Sutherland equation. The experimental curves show that
warfarin begins binding when the relative concentration is relatively low (< 1/1000th of neat)
while the maximum response corresponds to the analyte gradient peak.

[0073] Referring now to FIG. 4D, a subset of the response points were selected from the 1
mM warfarin curves (shown in FIG. 4C) and plotted against the expected concentrations for
each selected response point. The resulting isotherm was fitted to a two-site affinity model
(Equation 9). A two site affinity model was selected since warfarin is known to bind
predominantly to two separate affinity binding sites on human serum albumin, The resulting
affinity constants generated from the model fitting (Kp; = 2.70(6) uM; Kp; = 310(20) uM
were in good agreement with literature values. Thus, the use of a dispersion term (Equation
1} in the affinity model to represent the warfarin concentration at any given time point
produces accurate affinity constants thereby validating the pulse TDi method.

[0074] Referring now to FIG. 4E, binding responses were recorded (in triplicate) for a neat
sample concentration of 1 mM warfarin injected under sigmoidal TDi conditions, The
binding response curve (leftmost curve) was plotted together with the expected relative
warfarin concentration profile (appears shifted to the right) calculated from Equations 3 and 4
(r at 720 seconds) where the diffusion coefficient (D) was calculated from the Stokes-
Einstein-Sutherland equation. A three-site real-time affinity model (Equation 11) was fitted
using GraphPad Prism and the fitted parameters for the two specific binding sites of interest
were determined. As stated above, there are only two specific binding sites for warfarin,
however, additional non-specific binding to undefined regions occurs when the warfarin
concentration is very high. Adding a third binding site to the affinity model compensates for
interference associated with the presence of these additional non-specific sites allowing
determination of the affinity constants for the two specific sites of interest. The interaction
parameters associated with the third site are meaningless because the binding is non-specific.
The parameters returned for the two specific sites are as follows for 95% confidence limits: D
=50-52x 10" m? s Ruuys = 13.3 = 14.2 RU; Kp; = 2.4-3.0 (x 10%) M; Rypars = 14.9 —
17.6 RU; Kp; = 60.7-9.0 (x 10‘5) M; ResSD = 0.26 RU. The plot of FIG. 4E shows three
curves in total, the relative concentration profile (which appears shifted to the right), the
experimental binding response curve, and the fitted model curve which is indistinguishable

from the experimental curve due to the excellent fit giving an average residual standard
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deviation of 0.26 RU. The affinity constants determined by the sigmoidal TDi method are

consistent with those determined from the pulse TDi method. Furthermore, the real-time
affinity isotherm model defined by Equation 10 was directly fitted to the sigmoidal TDj
curve, which includes all data points, as a more convenient alternative to the standard
isotherm plot (i.e. Reg v concentration). Fitting directly to the real-time response curve
preserves time dependent information that would otherwise be lost and therefore improves
the performance of the model fit and enables D to be determined. The 95% confidence limits
for each returned parameter indicated that both high affinity, and low affinity, sites are well
determined from a single TDi curve. However, when assay run times are less critical, it is
advisable to include another sigmoidal TDi curve at a 10-fold lower concentration to further
improve the parameter confidence intervals by fitting parameters globally to both response
curves. This also improves resistance to occasional interferences that do not subtract exactly
upon double referencing. [t is possible that other more complex binding models may benefit
from application of TDi in a similar way.
EXAMPLE 2
The use of TDi in affinity ranking
[0075] In some applications, it is not appropriate to fit a kinetic model to a binding response
~curve and a simple means of providing a Kinetic/affinity ranking can suffice. For example,
many proteins degrade rapidly or shift between different conformational states and, if these
changes occur while a kinetic/affinity analysis is being performed, the recorded data
represents the average kinetic/affinity state during the assay. Indeed, conformational shifting
may be responsible for unstable binding of drugs to ligand immediately after immobilization
where a number of affinily states coexist at binding sites. Because the TDi method provides
a continuous progression of changing analyte concentration, these changes in binding
properties can be effectively monitored thereby providing a more detailed account of the
changing binding characteristics. In this Example, the TDi method was used to track changes
in the affinity for a two-site kinetic/affinity ranking for the interaction between warfarin and
HSA as HSA transitioned rapidly between different transient conformations.
Muaterials and Methods

[0076] Human serum albumin (HSA) was immobilized by standard amine coupling onto a
COOHS chip surface, giving a loaded mass equivalent to 10 kKRU., Warférin was prepared as
33 mM stocks in dimethyl sulfoxide (DMSO) and then diluted to a neat working
concentration of 3 mM in HBS-TE with a final DMSO concentration of 3%. Sigmoidal
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TDi’s (15 replicate injections) were performed at 15 minute intervals by injecting 250 pl. of 3

mM warfarin at a rate of 100 pL min” through a dispersion tube (flow channel conduit)
having a total volume of 509 plL and a diameter of 0.227 mm for a contact time of 390
seconds. Once the sample volume has entered the dispersion tube an additional volume of
running buffer continues to enter the dispersion tube such that the total volume injected upon
completion of the sigmoidal TDi is approximately 1.5-fold the dispersion loop volume. This
is necessary in order to produce a complete sigmoidal dispersion gradient within the flow cell
conduit. The "chasing” buffer entering the dispersion loop is prevented from mixing with the
leading sample volume by including an air segment (typically 2-5 ul.} that separates both
liquids. This allows a full sigmoidal TDi profile to be completed using a relatively low
sample volume. Data was recorded at 8 Hz for enhanced resolution of the derivative curves.
Results and Discussion
[0077] Referring now to FIG. 5, a time progression series of overlaid sigmoidal TDi binding
response curves for a warfarin-HSA interaction is provided. The inset represents a derivative
plot of the first seven binding curves after a five-point smoothing., As demonstrated in FIG.
5, the derivative curves contain three or more distinct peaks associated with different binding
site populations and indicated by the vertical broken lines and Roman numerals. The
progression of these binding sites towards lower affinity (i.e. shift to right) is evident.
Therefore, the overlaid binding response curves in FIG 5 effectively represent a time series
progression where dynamic changes in affinity can be qualitatively compared.
EXAMPLE 3
Bulk Refractive Index TDi for Estimation of Diffusion Coefficient (D)

[0078) The purpose of this example is to demonstrate that TDi provides an estimate of
diffusion coefficients that are in agreement with those established in the literature for a group
of analytes. For experimental determination of diffusion coefficients, the concentration of
analyte should be high enough to produce a significant bulk refractive index response. A
series of biomolecular standards was prepared at 10 mg/mL in HBS-TE running buffer
immediately before priming the system into the same buffer to ensure that the bulk refractive
index difference between the injected sample and the continuous flow buffer was due entirely
to the added biomolecule. The series of biomolecular standards tested included the
following: glycine (M, 75), alanine (M, 89); B-cyclodextrin (M, 1135); vancomycin (M,
1485); polyvinyl pyrrolidine (M, 1.0 x 10* ); ribonuclease (A, 1.37 x 104); carbonic
anhydrase 11 (M, 3.0 x 10%; ovalbumin (A, 4.5 x 10* }; bovine serum albumin (BSA) (M, 6.6
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X 104); a single chain Fv antibody fragment (M, 2.75 x 10%; mouse 1gG; (M, 1.5 x 10° ); and

dextran (M, 1.07 x 10%, 3.7 x 10%, 5.0 x 10%).
[0079] The pulse TDi method was used where a sample volume of 12 pL. was loaded and

injected at 50 pL min”

followed by running buffer and allowed to migrate through a
dispersion tube (flow channe! conduit) having a total volume capacity of 509 pL and a
diameter of 0.227 mm (i.e. tube A) before reaching the sensing regions. The bulk refractive
index was recorded where one response unit (RU) was equivalent to 1 pg/mL analyte. The
recorded bulk refractive index response curves were fitted to Equation 1 using GraphPad
Prism (GraphPad Software, Inc., La Jolla, CA). In bulk Pulse TDi analysis, C, was replaced
by Rlgnaiye(t) and Ci, was replaced by Rl in Equation 1. The injected sample volume,
volume of the tube, and D were fitted locally for each curve while the remaining parameters
were held constant. The recorded bulk refractive index response did not possess a surface
binding component. The injection was repeated in quadruplicatc and curves were
superimposable for a given analyte. The volume of sample injected was confirmed by
integrating the peak. In each case, the target volume of 12 pl. was attained to within 5%,
The procedure was repeated for all analytes listed above.
Results and Discussion

[0080] Referring now to FIG. 6A, a set of four superimposed curves for vancomycin are
shown with the model fitted. The measured bulk refractive index (black curves) was fitted
(red curve) with Equation 1 where the geometry of the tube and flow rate were held constant,
allowing accurate estimation of the diffusion coefficient. As demonstrated in FIG. 6A, the
measured response curve and theoretical/fitted curve are almost superimposable (R*=0.999)
indicating that the model is appropriate and the experimental interferences are acceptably
low.

[0081] The diffusion coefficients for the other biomolecules listed above were determined by
the same method as described for vancomycin and the measured diffusion coefficients
(Dieasured - X-coordinate) of each analyte were compared to the expected literature values
(Dexpected - Y-coordinate). A fitted linear regression retuned a linear relationship give by,
Dexpected = 1.08 * Dineasured. @5 shown in FIG. 68. This agreement between the TDi curves and
theory validates the application of the Taylor dispersion model. The determination of
diffusion coefficients by solution phase Taylor dispersion methods provides a new practical
application for biosensing experiments. In particular, D can also be determined as a fitted

parameter from the solid-phase binding interaction curves, reducing the amount of analyte
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sample required and allowing crude analyte samples to be used. Measurement of the

diffusion coefficient by either solution phase (i.e. bulk refractive index response) or solid
phase (i.e. specific binding response)} TDi method is also useful in confirming the absence of
analyte aggregates.
[0082] Analyte aggregation is common for most classes of analyte and these binding events
do not obey a 1:1 interaction model, therefore require more complex models. However, the
application of such multivalent models remains controversial and it is more desirable to
control environmental conditions to prevent aggregation. Screening for suitable conditions is
difficult as other sources of complexity, such as the presence of multiple binding sites on a
single analyte molecule, may be present. TDi enables unambiguous determination of the
apparent diffusion cocfficient which in turn enables the apparent molecular weight to be
determined.  Analyte aggregation gives rise to apparent molecular weights that are
significantly greater than the expected "true" molecular weight of the analyte thereby
identifying aggregation,
EXAMPLE 4
A comparison of scFv - ErbB2/Fc interaction analysis using the FCI and TDi methods
Materials and Methods
[0083] For the standard FCI format, a sensing chip with a carboxylated dextran—based
hydrogel (COOH V) was installed and the biosensor was primed into HBS-TE buffer.
Protein G was immobilized onto two sensing channels by standard amine coupling to a mass
equivalent to 1200 RU. Each binding interaction cycle was performed as follows: The fusion
protein, ErbB2/Fc¢, was diluted to 10 nM in running buffer and captured onto the first channel
by injecting 50 pL at 25 pL min” while the second channel was left uncoated and used for
double referencing of the data set. scFv diluted in running buffer was then injected over both
channels at 50 plL min™'. Dissociation was observed for 10 min before regenerating (i.e.
removal of all non-covalently bound protein} with a 60 second exposure of both channels to
20 mM NaOH. This series of three injections was repeated for each serial 10-fold dilution of
scFv from 1000 nM to 0.1 nM. For this standard FCI, the sample does not flow through a
dispersion tube but passes immediately from the injector value into the flow cell with a
minimum of dead volome (i.e. <3 pL) in the connector channel.
[0084] A sigmoidal TDi was performed by injecting 250 pL. of analyte sample at 30 L, min”
through a dispersion tube (tube B) having a total volume capacity of 500 pl. and a diameter

of 0.38 mm prior to contacting the sensing surface. As stated earlier , the sample volume is
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followed by an air bubble and then running buffer giving a total injected volume of ~1.5-fold

the loop volume in order to yield a complete sigmoidal gradient profile. Triplicate 10-fold
dilutions ranging from 1000 nM to 0.1 nM were prepared and injected. The residence time
(t) was equal to the dispersion tube volume divided by the flow rate, and the full sample
contact time exceeded t in order for the gradient to approach the maximum analyte
concentration. Therefore, the contact time was chosen such that the total volume injected
was approximately 1.5-fold the total dispersion tube volume. Both FCI and TDi assays were
performed during the same assay run, over the same sensing surfaces, and using the same
reagent preparations in order to minimize experimental variability and enable reliable
comparison of the techniques.
Results and Discussion

[0085] The interaction of scFv with ErbB2-Fc bound to a sensing surface was analyzed by
both FCI and sigmoidal TDi giving the response curves in FIGS, 7A and 7B, respectively.
FIGS. 7A and 7B demonstrated the fitted model (smooth red curves) superimposed on the
experimental curves (rough black curves) for FCI and sigmoidal TD4, respectively. The data
acquisition rate was 8§ Hz and the SD of the residuals for all fits was < 0.20 RU.

[0086] Table 1 shows the model parameter values determined from six separate fittings to the
FIG 7B. Each fit is a global fit of the inferaction parameters to the curve set in FIG 7B, but
the fitting conditions are changed in order to explore the performance of the model when
making different assumptions about the model and the data. For example, the first model is
the simple model describing a single interaction site obeying 1:1 pseudo-first-order
interaction kinetics. In the first global fit of this model to the data (Table 1, Row 1), D and
concentration are assumed to be known a priori and therefore, the model need not solve for
these parameters, Decreasing the number of model parameters decreases model complexity

and generally improves the performance of the model fit.

TABLE 1
Model Type k, (M's) kg (57 Roux (RUY D {m%™") ko (RUM'sY  Conc. (M)
Simple 7.094(3) x 10° 7202 x 107 34.597(D Fixed - Fixed
Simple 6.398(1) x 10° 6.87() x 16°°  35.018(2) 8878 x 107 - Fixed
Simple 6.5(2) x 10° 691 x 167 35.012() Fixed - 101 uM
Two-Compartment  7.15(1}x 19° 8.90(4) x 10678 34.53H4) Fixed Loy x 107 Fixed
Two-Compartment  6.592(2) x 10° 6.94(2)x 167 35.007(2) 8.859%2)x 10" Linkedto D Fixed

Two-Compartment 6.517(3N x 10° 6.92(1) x 107 35.012{2) 8.864(1) x 107! 6.9(2) x ik Fixed
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[0087] Table 1 provides the parameter values returned for global fitting of the simple "rapid

mixing" model and the two-compartment model. The data from Figure 7 was fitted with a
number of interaction models. Parameters that were constrained to known best fit values are
indicated by "Fixed". By definition. %, is absent from the simple model (Rows 1-3). By
representing &, using Equation {7] and coupling the fitted parameter D to this expression it
was possible to link the estimation of &, to estimates of D as indicated by "Linked to D". The
number in parentheses for each parameter value is the SE in the last significant digit.

[0088] Table 1, Rows 2-3 are replicates of the global fit in Row 1, except that one of the
fixed parameters is no longer held constant, but instead is fitted along with the usual binding
constants. By comparing the binding interaction parameter values for each of these three
model fits, excellent agreement is found indicating that the model fit is not overly sensitive to
the addition of more model parameters to be solved, and hence, it is not necessary to know
these a priori. This can be very useful in applications where analyte concentration or
molecular weight are unknown and can be determined without sacrificing confidence in the
binding constants. Table 1, Rows 4-6 provide a similar analysis for fitting of the two
compartment model. In a two compartment model, it is assumed that an analyte
concentration gradient exits at the sensing surface and must be accounted for using a mass
transport term km. In the simple model, &, is not present (or effectively infinite) implying
that a gradient is assumed not to exist. In Row 6, it is noted that both D and k,, are accurately
returned along with the kinetic constants. In Row 5, it is assumed that &, can be described by
Equation 7, and hence, becomes dependent on analyte D. However analyte I is part of the
TDi dispersion term included in the two compartment interaction model and therefore, we
simply assume that analyte D of the TDi term (i.e. bulk solution phase diffusion coefficient)
is approximately equal to the analyte ditfusion coefficient within the diffusion boundary layer
which is a component of equation 7 defining %, the mass transport constant through the non-
stirred boundary layer. This change in the model improves the model performance because it
eliminates k,, from the model and therefore, lowers parameter correlations and widens the
kinetic range of experimental data that can be modeled. In particular, faster interactions
defined by high association rate constants become more readily modeled.

[0089] In general, characterizing PEGylated antibody fragments requires separate assays to
determine the active concentration, M, and kinetic interaction constants, In this Example, we
demonstrate that TDi can be used to obtain all three measurements in a single assay. For

example, values of D recovered from a fit of an interaction model to TDi data can be used to
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estimate M, from empirical correlations obviating the need for a pure analyte sample at high

concentrations as required in techniques such as dynamic light scatfering. Experimental
conditions can be chosen such that sufficient mass transport limitation (MTL) is present for
estimation of the active analyte concentration while also estimating kinetic interaction
constants and D from the fitted model. The data in FIG. 7 was recorded on a low MTL
surface and, intuitively, analysis of this data would not be expected to provide accurate
estimation of parameters that depend on MTL such as active concentration. Surprisingly,
however, it was possible to obtain good estimates for k,, k4, D, &, and active concentration
from this data set. The degree of MTL can be estimated as follows: %MTL = 100*( %,
FRmax) [(ka*Ria)+ ki, which gives a value of 3.1% for the TDi data in FIG. 7B.

[0090] A global fit of a 1:1 interaction model to FCI data gave kinetic constants that were
comparable (< 15% variation in any fitted parameter) to those obtained from the sigmoidal
TDi model fit, and the average SD of the residuals was low (~ 0.2 RU) for both data sets. All
replicates were superimposable and sigmoidal TDi data was comparable in quality to FCI
data. The absence of any systematic deviation of the fitted model over such a wide
concentration range (four orders of magnitude) implies that the sigmoidal TDi concentration
profile conforms to model predictions even at high dilution factors. - The fitted TDi model
returned D = 8.878(2) x 107" m? ' for the scFv analyte, which was within 5% of the
expected value. In addition, the fitted %, from TDi was in excellent agreement with %,
calculated from theory while %, from FCI was 50% higher. In general the T method
provided higher confidence in the measured parameters as indicated by lower SE in estimated
parameters.

[0091] A particularly useful benefit of TDi becomes apparent when the data in FIG. 7 is
fitted locally. The results for fitting both FCI and Sigmoidal TDi data are summarized in
Table 2. Table 2 provides &, values returned from local fitting of TDi curves and FCI curves
and relative error with respect to the global parameter values. The data in Figure 7 was fitted
with the simp}é model where k,, kg Ruax, and D were fitted locally to each curve. &, was
constrained to a constant value. The average standard deviation of the residuals for each local

fit was < 0.2 RU.

TABLE 2

FCI TDi
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nM k, M5y x 10° %Relative Error ko (M8 % 10° %Relative Error

10 8.20(3) 16.86 6.03(1) 5.23

10 6.80(1) 4.14 6.42(1) 0.90

10 - - 6.30(1) 0.99
100 4.59(2) 35.30 6.277(5) 1.35
100 5.74(3) 19.09 6.426(5) 0.99
100 - - 6.358(5) 0.08
1000 6.62(1) 6.68 5.899(6) 7.28
1000 8.04(3) 13.34 5.946(6) 6.65
1000 - . 5.883(6) 5.23

[0092] Local model fitting to a single binding curve far from the R, generally yields
unreliable results and therefore such curves were omitted. The difference between TDi and
FCI largely concerns determination of 4, with no significant change in determination of 4.
Fortunately &y can be established accurately for single curves that approach Ry, a condition
that is usvally not difficult to achieve. Table 2 provides k, values returned from local fitting
to both data sets in FIG 7 and the relative error with respect to the global parameter values.
The data in Table 2 shows that TDi dramatically outperformed FCI giving a 5-fold lower
maximum relative error. The SE returned for each parameter was also significantly lower for
TDi giving estimates that were lower than those from a global fit to FCI data. The estimates
of D returned from local fitting were extremely precise giving a CV of only 0.5% and the
mean for the set of local fits was within 3% of the global value. Therefore the data strongly
suggest that a local fit to a single TDi curve provides kinetic constants that are as robust as
those from global fitting to a set of standard FCI curves.
EXAMPLE 5
A comparison of furosemide—carbonic anhydrase [ interaction analysis using the FCI
and sigmoidal TDi methods
Materials and Methods

[0093] Carbonic anhydrase II was immobilized onto a sensing surface by amine coupling
with a mass equivalent to approximately 4500 RU. A sccond sensing surface remained
uncoated to provide an accurate reference surface. For FCI, samples were prepared by

dissolving furosemide directly in HBS-T to a concentration of 1 mM and then preparing 3-



WO 2012/087840 PCT/US2011/065613

34
fold dilutions from 0.46 pM to 111 pM from this stock solution. FCI was performed by

separately injecting SOpL of each dilution at a rate of 50 pL. min™'. EDTA was excluded from
the buffer to maintain the binding activity of the Zn-dependent carbonic anhydrase 11.

[0094] Two separate sigmoidal TDi assays were performed. The first sigmoidal TDi assay
(FIG. 8B) was performed by injecting 250 uL of analyte sample at a flow rate of 100 pL min’
' using a dispersion tube having a total volume capacity of 512 pL and a diameter of 0.50
mm. The analyte samples tested comprised four serial 10-fold dilutions of furosemide from 1
uM to 1 mM. A complex binding data set was recorded by allowing the carbonic anhydrase
[I—coated surface to degrade at 25 °C for 4 days before performing the sigmoid T assay.
The second sigmoidal TDi assay (FIG. 8C) was performed by injecting 250 pL of analyte
sample at a flow rate of 50 uLb min”' using a dispersion tube having a total volume capacity of
512 pl. and a diameter of 0.50 mm. The analyte samples tested comprised serial 3-fold
dilutions of furosemide from 12 uM to 1 mM. The carbonic anhydrase II-coated surface was
permitted to degrade at 25 °C for several days before performing the sigmoid TDi analysis.
The second TDi assay was performed at 10 °C to preserve weak non-specitic binding in order
to mimic a realistic complex data set.

Results and Discussion

[0095] Furosemide is a carbonic anhydrase inhibitor with a M, of 336 and with an expected
diffusion coefficient of 5.33 x 107"% m* s as determined from application of the Stokes-
Einstein-Sutherland equation. Kinetic analysis of furosemide binding to immobilized
carbonic anhydrase It is shown in FIG. 8A-C. A series of serial 3-fold dilutions were
analyzed in triplicate by FCI and the data giobally fitted with a 1:1 interaction model as
shown in FIG. 8A. As expected, the model interaction was well described by the simple
model (Equations 3-6 assuming an infinite %, (i.e. rapid mixing)) and yielded the following
constants: k, = 1.91(2) x 10* M's™"; ks = 0.0465(5) s'; ResSD = 1.2 RU. The analysis was
repeated for the first sigmoidal TDi assay and the results for a fit to a global 1:1 interaction
model are shown in FIG. 8B. Replicate TDi curves showed high reproducibility at each
injected concentration and the kinetic constants were comparable with those from FCI
analysis and are as follows: k, = 2.232(1) x 10°* M''s™; k= 0.0485(5) s'; D = 5,36(1) x 107°
m?s”; ResSD = 0.91 RU. The TDi curves covered a concentration range of 1000-fold while
FCI curves covered a much lower range of 252-fold. The FCI concentrations approximate
the limits that produce sufficient curvature for reliable kinetic analysis.  Therefore,

concentrations outside this range provide little kinetic information. In contrast, TDi curves
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provide adequate kinetic curvature over a wider range being effectively unbounded at higher

concentrations. The fitted parameter, D, was practically identical to the predicted value
indicating that the analyte was not aggregated. Both TDi and FCI gave reasonable SD of the
residuals for each global fit. The SE associated with fitting &, to TDi data was 20-fold lower
than that from FCI data, indicating higher confidence in TDi analysis.

[0096] To investigate resolution of two-site binding by TDi, a carbonic anhydrase Il-coated
sensing surface was allowed to degrade and binding of furosemide was recorded at 10 °C, as
shown in FIG. 8C. Non-specific binding (NSB) became significant at higher analyte
concentrations presumably because the degraded carbonic anhydrase Il presented more
hydrophobic pockets than the native form of the protein. Visual inspection of the data from
the degraded carbonic anhydrase Il surface revealed that specific analyte binding occurred
earlier for the higher affinity site, enabling the curve fitting algorithm to readily distinguish
both components. A global fit of a two-site interaction model to the TDi data resolved the
kinetic constants for the specific affinity site in the presence of a larger response from the
NSB site while also returning a D of 4.49(1) x lO'mrmzs‘l. The values of the kinetic constants
are as follows: k, = 1.89(2) x 10™ M's™: k; = 0.01524(4)5 s™'; ResSD = 1.0 RU. Low
variation (3.6% coefficient of variation) in %, between curves was observed when each curve
was fitted separately (i.e. locally) indicating that a single curve provided a reliable estimate of
the kinetic constants, More significantly, NSB comprising ~70% of the total binding
response did not interfere significantly with estimation of the kinetic constants from single
TDi curves. The value of D obtained from the two-site fit was within 10% of the expected
value, after correction for a temperature offset of 15 °C, suggesting that analyte aggregation
at the lower analysis temperature was not significant.

[0097] Importantly, if the weak non-specific binding response was not well behaved, but
instead was caused by analyte aggregates, then it would not be possible to model this region
of the curve. In addition, the dissociation phase would also suffer from distortions making
analysis of the whole curve impossible. However, since high affinity sites are occupied
before non-specific sites it may sometimes be possible to obtain approximate values for
binding interaction constants for the high affinity site by confining the fit to that region of the
curve. In cases where ky is relatively fast (i.e. drug discovery applications), then there is
usually sufficient information in this region to specific both the %, and &;. However, a simple
affinity model as described in Equation 9 can be fitted to a sub region of the curve(s) where a

rapid approach to a steady state can be assumed (as is the case in FIG. 8C). The number of
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binding site terms can be chosen appropriately to match the sub region being fitted but a two

site model is usually sufficient.

[0098] In the kinetic and affinity models, typically, the entire data set (i.e. during the binding
phase and during the dissociation phase except for where steady state is presumed (“‘real-time
isotherm™} is fitted to the model. However the TDi method allows model filting to a small,
defined region of a given binding curve. For example, referring to FIG. 8C, and specifically
to the first curve, it consists of an early rise in response elicited by binding to a high affinity
binding site followed later by a binding response to low affinity sites. If a kinetic or affinity
model is fitted and confined to the early region before the weak site begins binding, then
reasonable values can be obtained for the kinetic constants of the high affinity site of interest.
In many cases the weak site is of no value so this analysis avoids having to work with very
complex events that only happen in practice. This approach is particularly valuable if the
weak binding turns out to be non-specific and binds everywhere (surface and ligand)
uncontroilably. In this situation, the dissociation phase is often badly distorted and so is the
wealc affinity binding phase. Hence, the entire curve is discarded. Unfortunately, a
compound is likely to often exhibit this behavior and must be eliminated from analysis,
which is not desirable, However by fitting to a subset of the data confined to the region of
interest, it is possible to determine approximate kinetic constants for the site of interest,
Under this analysis, the expected analyte 2 may be constrained to a constant from knowledge
of its My or it may work without it.

[0099] Thus, the present invention is well adapted to carry out the objects and attain the ends
and advantages mentioned above as well as those inherent therein. While preferred
embodiments of the method has been described for the purpose of this disclosure, changes in
the particular types of dispersions created and the associated dispersion terms can be made by
those skilled in the art, and such changes are encompassed within the spirit of this invention
as defined by the appended claims. As used in the appended claims, the terms “Equation 17,
“Equation 27, “Equation 37, “Equation 47, “Equation 5”, “Equation 6”7, “Equation 77,
“Equation 87, “Equation 9”7, and “Equation 10” are defined by the corresponding equations
provided in the specification.

[00100] What is claimed is:
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L. A sample injection method for determining the affinity interaction parameters of

analyte-ligand interactions in a biosensor, the biosensor comprising a flow channel conduit in
fluid communication with a flow cell conduit, said flow cell conduit housing at least one
sensing region, said sensing region having at least one ligand immobilized thereon, the
method comprising the steps of:

obtaining a fluid sample containing an analyte having a starting concentration;

injecting the fluid sample through the flow channel conduit to the flow cell conduit
under dispersion conditions, wherein said dispersion conditions result in the formation of an
analyte concentration gradient having a maximum analyte concentration and a minimum
analyte concentration that differ by at least one order of magnitude, and wherein the analyte
concentration in the analyte concentration gradient is continuously changing between the
maximum analyte concentration and minimum analyte concentration;

measuring the responses elicited by the analyte interacting with the ligand at the
sensing region as the analyte concentration gradient progresses through the flow cell conduit,
wherein the measured responses provide a binding response curve;

selecting a dispersion term that represents the analyte concentration present at the
sensing region at any time point during the injection, wherein the dispersion term accounts
for the dispersion conditions present during the injection;

incorporating the dispersion term into a binding interaction model; and

determining the binding interaction parameters by fitting the binding interaction

model to the binding response curve.

2. The sample injection method of claim 1 wherein the binding interaction model is a
kinetic interaction model that enables determination of the association rate constant(s) and the
dissociation rate constant(s), wherein the binding interaction model is selected from the group
consisting of a two-compartment 1:1 pseudo-first-order interaction model, a simple 1:1
pseudo-first-order interaction model, a heterogencous analyte interaction model, a
heterogeneous ligand interaction model, a conformational change interaction model, an
analyte distribution model, a ligand distribution model, and a phenomenological binding

interaction model.

3. The sample injection method of claim 1 wherein the binding interaction model is an

affinity interaction model that enables determination of the affinity constant(s) and is selected
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from the group consisting of a 1:1 binding interaction model, a heterogeneous analyte

interaction model, a heterogeneous ligand interaction model, a conformational change
interaction model, an analyte distribution model, a ligand distribution model, and a

phenomenological binding interaction model.

4, The sample injection method of claim I wherein the binding interaction model is

fitted to a subset of the binding response curve.

5. The sample injection method of claim 1 wherein all steps are repeated one or more
times with additional fluid samples containing the analyte at a different starting
concentration, wherein the binding interaction model is fitted simultaneously to the resulting
binding response curves, and wherein one or more interaction parameters are constrained to

global values.

6. The sample injection method of claim 1 wherein the dispersion conditions include

having the fluid sample flow through the flow channel conduit as a laminar flow.

7. The sample injection method of ¢claim 1 wherein the dispersion conditions include the
fluid sample having a volume that is equal to or less than 10% of the total volume capacity of

the flow channel conduit.

8. The sample injection method of claim 1 wherein the dispersion conditions include the
fluid sample having a volume that is less than 5% of the total volume capacity of the flow

channel conduit.

9. The sample injection method as in either claim 7 or 8 wherein the dispersion term is
represented by Equation 1, wherein Equation 1 includes a dispersion coefficient represented

by Equation 2.

10.  The sample injection method of claim 1 wherein the dispersion conditions include the
“fluid sample having a volume that is from about 50% to 200% of the total volume capacity of .

the flow channel conduit.



WO 2012/087840 PCT/US2011/065613

39
11. The sample injection method of claim 10 wherein the dispersion term is represented

by Equation 3 for the time points prior to the time required to inject a volume of fluid sample
that is equal to the total capacity volume of the flow channel conduit and Equation 4 for time
points following the time required to inject a volume of fluid sample that is equal to the total
capacity volume of the flow channel conduit, wherein Equations 3 and 4 include a dispersion

coefficient represented by Equation 2.

12.  The sample injection method of claim 1 wherein the dispersion conditions include

having the flow channel conduit positioned horizontally within the biosensor.

13.  The sample injection method of claim 1 wherein the flow channel conduit is coiled.

14, The sample injection method of claim 13 wherein the dispersion conditions include
the flow channel conduit having a coiling radius that is greater that 1000 times the diameter

of the flow channel conduit.

15.  The sample injection method of claim 1 wherein the dispersion conditions include
having a Peclet number that is greater than 500 when assuming that dimensionless time is

less than 0.8.

16.  The sample injection method of claim 1 wherein the dispersion conditions include
injecting the fluid sample at an upper flow rate limit that is greater than 3.0 as defined in

terms of dimensionless time.

17.  The sample injection method of claim 1 wherein the binding interaction model is a

two-site interaction model,

18.  The sample injection method of claim 1 wherein the dispersion conditions include the
flow channel conduit having a total volume capacity from about 10 pL to about 2000 pL and

a diameter from about 0.05 mm to 1.0 mm.
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19.  The sample injection method of claim 1 wherein the flow channel conduit is heated or

cooled to any temperature that permits the carrier fluid to remain a non-boiling liquid at the

operational pressure within the flow channel conduit.

20.  The sample injection method of claim 1 wherein the fluid sample contains a soluble
figand. '
21.  The sample injection method of claim 20 wherein the soluble ligand is the same

ligand that is immobilized on at least one of the sensing regions.

22, The sample injection method of claim 1 wherein the binding interaction model is

represented by Equation 5 and Equation 6.

23.  The sample injection method of claim I wherein the binding interaction model is a

two-compartment 1:1 pseudo-first-order model.

24, The sample injection method of claim | wherein the binding interaction model is a

three-site interaction model,

25.  The sample injection method of claim 1 wherein the starting concentration is greater

than the maximum analyte concentration in the analyte concentration gradient.

26.  The sample injection method of claim 1 wherein the starting concentration is equal to

the maximum analyte concentration in the analyte concentration gradient,

27. A sample injection method for determining an analyte diffusion coefficient in a
biosensor, the biosensor comprising a flow channel conduit in fluid communication with a
flow cell conduit, said flow cell conduit housing at least one sensing region, the method
comprising the steps of:
obtaining a fluid sample containing an analyte having a starting concentration
injecting the fluid sample through the flow channel conduit to the flow cell conduit
under dispersion conditions, wherein the dispersion conditions result in the formation of an

analyte concentration gradient having a maximum analyte concentration and a minimum
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analyte concentration that differ by at least one order of magnitude, and wherein the analyte

concentration in the analyte concentration gradient is continuously changing between the
maximum analyte concentration and minimum analyte concentration;

measuring the bulk refractive index responses elicited by the analyte concentration
gradient as it progresses through the flow cell conduit, wherein the measured responses
provide a bulk refractive index response curve;

selecting a dispersion equation that represents the dispersion conditions present during
the injection, wherein the dispersion equation includes a dispersion coefficient represented in
part by the analyte diffusion coefficient; and

determining the analyte diffusion coefficient by fitting the bulk refractive index

response curve to the dispersion equation.

28.  The sample injection method of claim 27 wherein the dispersion conditions include
the fluid sample having a volume that is equal to or less than 10% of the total volume

capacity of the flow channel conduit.

29.  The sample injection method of claim 27 wherein the dispersion conditions include
the fluid sample having a volume that is less than 5% of the total volume capacity of the flow

channel conduit.

30.  The sample injection method as in either claim 28 or 29 wherein the dispersion
equation is represented by Equation | where the term C(#)is replaced by the refractive index
of analyte at time (¢) and the term C, is replaced by the maximum bulk refractive index of the

analyte , and wherein the dispersion coefficient is represented by Equation 2.

31. A sample injection method for use in a biosensor for performing biomolecular
interaction analysis of analyte-ligand interactions, the method comprising the steps of:
flowing a first fluid containing an analyte into a flow channel conduit that is filled
with a second fluid, wherein flow channel conduit is in fluid contact with a flow cell conduit
housing at least one sensing region having a ligand bound thereon, wherein the geometry of
the flow channel conduit and the flow velocity are selected to cause dispersion of said analyte

into the second fluid en route to the flow cell conduit; wherein the dispersion is sufficient to
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produce an analyte concentration gradient varying smoothly over at least one order of

magnitude; and
measuring the responses elicited by the analyte interacting with the ligand at the
sensing region as the analyte concentration gradient progresses through the flow cell conduit,

wherein the measured responses provide a binding response curve.
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