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FIG. 1A
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FIG. 1B
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FIG. 1C
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Lab on a Chip (LOC) device
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FIG. 12A
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MICROFLUIDIC SYSTEM AND METHOD
FOR REAL-TIME MEASUREMENT OF
ANTIBODY-ANTIGEN BINDING AND
ANALYTE DETECTION

BACKGROUND

[0001] Rapid, sensitive and quantitative detection meth-
ods of disease markers are necessary for timely and effective
diagnosis and therapy (Martinez et al., 2008). A major
challenge in the detection of soluble molecules such as
cytokines, protein antigens and antibodies is the ability to
monitor time-varying or dynamic concentrations in real-
time. Currently there are no available online monitoring
approaches for continuous analyte immunoassays and phar-
macokinetic characterization of biomolecules in real-time.
At present, state-of-the-art analyte detection techniques for
biomolecules include immunoassays such as enzyme-linked
immunosorbent assays (ELISA), which are based on specific
recognition of clinical antigens by the respective antibodies
(Reichert, 2001). These diagnostic methods are performed
on samples obtained at pre-defined times and are therefore
laborious and time-intensive procedures. Additionally, these
methods are impractical for real-time monitoring since they
cannot be performed rapidly enough to assess dynamic
fluctuation of analyte concentration in vivo. This limits their
utility in clinical settings where it is of critical importance to
generate real-time profile of analytes such as cytokines or
administered drugs in vivo (Crowther, 2001; Mannerstedt et
al., 2010; Mao et al., 2009; Wild, 2001).

[0002] In non-mixed solutions typically used in immu-
nosorbent assays like ELISA, the binding reaction rates for
reagents with low binding equilibrium constant, such as high
affinity antibody-antigen interaction, depend on diffusion
(Porstmann et al., 1992). Further increase of reaction surface
or decrease of reaction volumes will not decrease the reac-
tion time (Crowther, 2001). Therefore most, if not all,
non-mixing immunoassay systems require incubation of 1-2
hours for analyte detection (Kusnezow et al., 2006; Ruslinga
et al.,, 2010). Several developments in microfluidic based
immunosorbent assay have been reported to address the
problems associated with conventional immunoassays
(Chen et al., 2011; Hou and Herr, 2010; Lee et al. 2009; Ng
et al., 2010; Ng et al. 2012; Nie et al., 2014; Rissin et al,
2010; Thaitrong et al, 2013). In the microfluidic immuno-
assay format, increased surface area to volume ratios speeds
up the antibody-antigen reactions while the smaller dimen-
sions reduce the consumption of expensive reagents and
precious samples (Kai et al., 2012; Thaitrong et al, 2013).
Nevertheless, most of these methods still require incubation
and are unable to measure the dynamic changes in the
analyte concentration in real time (Hu and Gao, 2007
Singhal et al., 2010).

[0003] Most optical micro-devices for immunoassay pro-
posed up to now are based on patterning lines of immobi-
lized capture antibodies (Abs) in the micro-channels of the
device and exposing these lines orthogonally to solutions of
analytes (Hu and Gao, 2007; Singhal et al., 2010; Wolfet al.,
2004). Then specifically captured analytes are detected with
fluorescently labeled detection Abs creating a micromosaic
of fluorescent zones, which reveals the binding events in a
single imaging step. At this small scale, fluids exhibit
laminar flow, i.e. fluidic streams that flow parallel to each
other, and mixing occurs only by diffusion. Although diffu-
sion distances in microchannels are significantly reduced in
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comparison to conventional microtiter well plate formats,
analytes are still transport-limited in micro channels at low
sample concentrations (Parsa et al., 2008). Thus both analyte
capture and the fluorescently labeled antibody binding to the
captured analyte still require an incubation step.

[0004] Consequently, there remains a need for devices and
methods that allow for optical detection of analytes continu-
ously in real time.

SUMMARY OF THE INVENTION

[0005] The present invention provides systems and meth-
ods for optical detection and quantification of an analyte in
a sample. The systems and methods of utilize microfluidic
devices to detect an analyte in a sample and to measure
binding affinity of an antibody for an antigen.

[0006] One aspect of the invention is a microfluidic device
for continuous flow optical detection and/or quantification of
an analyte in a sample, the device including: first and second
inlets; a first microscale laminar flow channel fluidically
connected to the first and second inlets such that liquids
entering from the first and second inlets flow in a laminar
manner through said first laminar flow channel; a first
microscale mixing channel fluidically connected to the first
laminar flow channel such that liquid entering the first
mixing channel from the first laminar flow channel is
converted from laminar flow to non-laminar flow in said first
mixing channel; a second microscale laminar flow channel
fluidically connected to the first mixing channel; a third inlet
fluidically connected to the second laminar flow channel
such that liquids entering the second laminar flow channel
from the third inlet and the first mixing channel flow in a
laminar manner in said second laminar flow channel; a
second microscale mixing channel fluidically connected to
the second laminar flow channel such that liquid entering the
second mixing channel from the second laminar flow chan-
nel is converted from laminar flow to non-laminar flow in
said second mixing channel; an outlet fluidically connected
to the second mixing channel; and a translucent detector
region suitable for optical detection of the analyte, wherein
the translucent detector region includes at least a portion of
the second mixing channel or is disposed between the
second mixing channel and the outlet or both.

[0007] Inone embodiment, the translucent detector region
is disposed between the second mixing channel and the
outlet. In another embodiment the translucent detector
region includes at least a portion of the second mixing
channel. In some embodiments, the translucent detector
region has a viewable area from about 250 um? to about 2
cm?.

[0008] Inone embodiment, the device also includes a light
source capable of transmitting light into the translucent
detector region and a light sensor capable of sensing light
emitted from the translucent detector region. In some
embodiments, the device also includes a transmitter capable
of transmitting information from the light sensor. In some
embodiments, the device also includes a processor capable
of receiving and processing the information transmitted
from the transmitter. In some embodiments, the light sensor
is a microscopic imaging system. In some embodiment, the
light sensor is a photomultiplier or a photodiode.

[0009] In another embodiment, the device includes a fluid
transport mechanism capable of transporting liquid though
the first inlet at a first rate, through the second inlet at a
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second rate, and through the third inlet at a third rate. The
fluid transport mechanism may be a pump, pressure port, or
vacuum port.

[0010] In one embodiment, the dimensions of said first
and second mixing channels permit diffusion-independent
binding kinetics. In some embodiments, the first and second
mixing channels each have cross-sectional areas from about
50 to about 250,000 pm?. In some embodiments, the first
laminar flow channel has a greater cross-sectional area than
the cross-sectional area of the first mixing channel, and the
second laminar flow channel has a cross-sectional area
greater than the cross-sectional area of the second mixing
channel. In some embodiments, the device has a fluidic path
length encompassing the first and second laminar flow
channels and the first and second mixing channels that is
from about 0.1 to about 10 cm. In some embodiments, the
first and second mixing channels each have fluidic path
lengths from about 0.05 to about 5 cm.

[0011] In an embodiment, the first or second or both
mixing channels include one or more curved regions. In
some embodiments the first or second or both mixing
channels include at least ten curved regions. In some
embodiments, the curved regions include semi-circular arcs.
In some embodiments, the first or second or both mixing
channels have a serpentine structure. In some embodiments,
the first or second or both mixing channels have a spiral
configuration.

[0012] In some embodiments the device is made of poly-
dimethylsiloxane (PDMS), glass, or a polymer material.
[0013] Another aspect of the invention is a system for
optical detection of an analyte in sample, the system includ-
ing a microfluidic device of the invention and a fluid
suspension disposed within the second mixing channel, the
suspension containing one or more microspheres. In some
embodiments, one or more of the microspheres carries a
fluorescent label.

[0014] In some embodiments, the system includes mecha-
nism for delivering sample to the microfluidic device. In
some embodiments, the mechanism is a microscale needle
or a microdialysis membrane.

[0015] Another aspect of the invention is a method of
determining a concentration of an analyte in a liquid sample,
the method including: providing a microfluidic device for
continuous flow optical detection of an analyte in a sample,
a liquid suspension of microspheres that are conjugated to a
first analyte-binding agent, a liquid comprising a labeled
second analyte-binding agent, and a liquid sample suspected
of comprising the analyte; flowing the liquid suspension of
conjugated microspheres into the first inlet at a first flow
rate; flowing the liquid sample into the second inlet at a
second flow rate, whereby mixing of the conjugated micro-
spheres and the liquid sample in the first mixing channel
enables binding of analyte in the liquid sample to the first
analyte-binding agent in a diffusion-independent manner,
resulting in formation of analyte-coated microspheres; flow-
ing the liquid comprising the labeled second analyte-binding
agent into the third inlet at a third flow rate, whereby mixing
of the analyte-coated microspheres and the labeled second
analyte-binding agent in the second mixing channel enables
binding of the labeled second analyte-binding agent to the
analyte that coats the microspheres in a diffusion-indepen-
dent manner, resulting in formation oflabeled, analyte-
coated microspheres; detecting an amount of microsphere-
bound label; and determining a concentration of the analyte
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in the liquid sample based on a previously determined
correlation between the amount of microsphere-bound label
and concentration of the analyte.

[0016] In one embodiment, the analyte includes a mol-
ecule such as a protein, antibody, peptide, amino acid,
hormone, growth factor, cytokine, cellular metabolite,
nucleic acid, or oligosaccharide. In some embodiments, the
molecule is a marker for a disease or medical condition. In
some embodiments, the disease or medical condition is
cancer or diabetes mellitus type 1. In some embodiments,
the analyte is insulin, insulin aspart, insulin lispro, or glu-
lisine.

[0017] Inone embodiment, the microspheres have a diam-
eter from about 1 um to about 50 um.

[0018] Inone embodiment, the first, second, and third flow
rates are each from about 1 to about 20 pl/min. In one
embodiment, the ratio of first flow rate to second flow rate
to third flow rate is about 1:1:2.

[0019] In one embodiment, the first or second or both
analyte-binding agents include an antibody or an antigen-
binding fragment thereof. In some embodiments, the first
analyte-binding agent is HTB-124 or HTB-125. In some
embodiments, the second analyte-binding agent is HTB-124
or HTB-125.

[0020] In one embodiment, the analyte is a first antibody,
the first analyte-binding agent is an antigen that specifically
binds to the first antibody, and the second analyte-binding
agent is a second antibody that specifically binds to the first
antibody.

[0021] In an embodiment, the amount of microsphere-
bound label is detected by measuring fluorescence intensity.
In one embodiment, measuring fluorescence intensity entails
recording an image and analyzing the image for labeled
microspheres.

[0022] In one embodiment, detection is performed over at
least a portion of the second mixing channel. In one embodi-
ment, detection is performed at a point in the second mixing
channel. In one embodiment, detection is performed after
the microspheres have exited the second mixing channel.
[0023] Another aspect of the invention is a method of
determining concentrations of a first and second analytes in
a liquid sample, the method including: providing (1) a
microfiuidic device for continuous flow optical detection of
an analyte in a sample, (2) a liquid suspension of a first and
second populations of microspheres, the microspheres in the
first population being conjugated to a first binding agent that
binds the first analyte, and the microspheres in the second
population being conjugated to a first binding agent that
binds the second analyte, (3) a liquid comprising a first
labeled second binding agent that binds the first analyte and
second labeled second binding agent that binds the second
analyte, and (4) a liquid sample suspected of comprising said
first and second analytes; flowing the liquid suspension of
conjugated microspheres into the first inlet at a first flow
rate; flowing the liquid sample into the second inlet at a
second flow rate, whereby mixing of the conjugated micro-
spheres and the liquid sample in the first mixing channel
enables binding of the first analyte to the corresponding first
binding agent on the first population of microspheres and
binding of the second analyte to the corresponding first
binding agent on the second population of microspheres in
a diffusion-independent manner, resulting in formation of a
first population of microspheres coated with first analyte and
a second population of microspheres coated with second
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analyte; flowing the liquid comprising the labeled second
binding agents into the third inlet at a third flow rate,
whereby mixing of the analyte-coated microspheres and the
labeled second binding agents in the second mixing channel
enables binding of the labeled second binding agents to the
corresponding microspheres in a diffusion-independent
manner, resulting in formation of a first population of first
labeled microspheres and a second population of second
labeled microspheres; detecting amounts of microsphere-
bound first label and microsphere-bound second label; and
determining concentrations of the first and second analytes
in the liquid sample based on a previously determined
correlation between the amount of microsphere-bound label
and concentration of analyte.

[0024] Another aspect of the invention is a method of
determining a concentration of an analyte in a liquid sample,
the method including: providing a microfluidic device for
continuous flow optical detection of an analyte in a sample,
a liquid suspension of microspheres that are conjugated to a
first analyte-binding agent, a liquid comprising a labeled
second analyte-binding agent, and a liquid sample suspected
of comprising said analyte; flowing the liquid sample into
the first inlet at a first flow rate; flowing the liquid compris-
ing the labeled second analyte-binding agent into the second
inlet at a second flow rate, whereby mixing of the liquid
sample and the labeled second analyte-binding agent enables
binding of the labeled second analyte-binding agent to the
analyte, resulting in formation of labeled analyte complexes
in a diffusion-independent manner; flowing the liquid sus-
pension of conjugated microspheres into the third inlet at a
third flow rate, whereby mixing of the conjugated micro-
spheres and the labeled analyte complexes in the second
mixing channel enables binding of the labeled analyte
complexes to the conjugated microspheres in a diffusion-
independent manner, resulting in formation of labeled, ana-
lyte-coated microspheres; detecting an amount of micro-
sphere-bound label; and determining a concentration of the
analyte in the liquid sample based on a previously deter-
mined correlation between the amount of microsphere-
bound label and concentration of the analyte.

[0025] Another aspect of the invention is a method of
determining a concentration of a first and second analytes in
a liquid sample, the method including: providing (1) a
microfiuidic device for continuous flow optical detection of
an analyte in a sample, (2) a liquid suspension of a first and
second populations of microspheres, the microspheres in the
first population being conjugated to a first binding agent that
binds the first analyte and having an approximately uniform
diameter, and the microspheres in the second population
being conjugated to a first binding agent that binds the
second analyte, (3) a liquid comprising a first labeled second
binding agent that binds the first analyte and second labeled
second binding agent that binds the second analyte, and (4)
a liquid sample suspected of comprising said first and
second analytes; flowing the liquid sample into the first inlet
at a first flow rate; flowing the liquid comprising the labeled
second binding agents into the second inlet at a second flow
rate, whereby mixing of the liquid sample and the labeled
second binding agents enables binding of the first labeled
second binding agent to the first analyte and binding of the
second labeled binding agent to the second analyte in a
diffusion-independent manner, resulting in formation of first
labeled first analyte complexes and second labeled second
analyte complexes; flowing the liquid suspension of conju-
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gated microspheres into the third inlet at a third flow rate,
whereby mixing of the conjugated microspheres and the
labeled analyte complexes in the second mixing channel
enables binding of the labeled analyte complexes to the
corresponding conjugated microspheres in a diffusion-inde-
pendent manner, resulting in formation of a first population
of first labeled microspheres and a second population of
second labeled microspheres; detecting amounts of micro-
sphere-bound first label and microsphere-bound second
label; and determining concentrations of the first and second
analytes in the liquid sample based on a previously deter-
mined correlation between the amount of microsphere-
bound label and concentration of analyte.

[0026] Another aspect of the invention is a method of
determining the binding affinity of an antibody for an
antigen, the method including: providing a microfluidic
device for continuous flow optical detection of an analyte in
a sample, a liquid suspension of microspheres that are
conjugated to an antigen binding agent, a liquid comprising
the antigen, and a liquid comprising the antibody conjugated
to a label; flowing the liquid suspension of conjugated
microspheres into the first inlet at a first flow rate; flowing
the liquid comprising the antigen into the second inlet at a
second flow rate, whereby mixing of the conjugated micro-
spheres and the antigen in the first mixing channel enables
binding of the antigen to the antigen binding agent in a
diffusion-independent manner, resulting in formation of
antigen-coated microspheres; flowing the liquid comprising
the labeled antibody into the third inlet at a third flow rate,
whereby mixing of the antigen-coated microspheres and the
labeled antibody in the second mixing channel enables
binding of the labeled antibody to the antigen-coated micro-
spheres in a diffusion-independent manner, resulting in
formation of labeled antibody-coated microspheres; detect-
ing an amount of microsphere-bound label at one or more
different points in the second mixing channel; and deter-
mining the binding affinity of the antibody for the antigen by
comparing the amount of microsphere-bound label at one or
more different points in the second mixing channel.

[0027] In one embodiment, the antigen includes a mol-
ecule such as a protein, antibody, peptide, amino acid,
hormone, growth factor, cytokine, cellular metabolite,
nucleic acid, or oligosaccharide. In some embodiments, the
molecule is a marker for a disease or medical condition, for
example, cancer.

[0028] Inone embodiment, the antibody is a first antibody
that binds to a first epitope on the antigen and the antigen-
binding agent is a second antibody that binds to a second
epitope on the antigen.

[0029] Another aspect of the invention is a method of
determining the binding affinity of an antibody for an
antigen, the method including: providing a microfluidic
device for continuous flow optical detection of an analyte in
a sample, a liquid suspension of microspheres that are
conjugated to the antigen, a liquid comprising the antibody,
and a liquid comprising an antibody binding agent conju-
gated to a label; flowing the liquid comprising the antibody
into the first inlet at a first flow rate; flowing the liquid
comprising the labeled antibody binding agent into the
second inlet at a second flow rate, whereby mixing of the
antibody and the labeled antibody binding agent in the first
mixing channel enables binding of the antibody to the
labeled antibody binding agent in a diffusion-independent
manner, resulting in formation labeled antibody complexes;
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flowing the liquid suspension of conjugated microspheres
into the third inlet at a third flow rate, whereby mixing of the
conjugated microspheres and the labeled antibody com-
plexes in the second mixing channel enables binding of the
antigen to the antibody in a diffusion-independent manner,
resulting in formation of labeled antibody-coated micro-
spheres; detecting an amount of microsphere-bound label at
one or more different points in the second mixing channel;
and determining the binding affinity of the antibody for the
antigen by comparing the amount of microsphere-bound
label at one or more different points in the second mixing
channel.

[0030] Inone embodiment, the antibody is a first antibody
that binds to the antigen and the antigen-binding agent is a
second antibody that binds to the first antibody.

[0031] Another aspect of the invention is a method of
determining a concentration of an analyte in a liquid sample,
the method including: providing (1) a microfluidic device
for continuous flow optical detection of an analyte in a
sample, (2) a liquid suspension containing microspheres
containing a first enzyme trapped within the microspheres,
the first enzyme capable of converting an indicator precursor
into an indicator in the presence of a diffusible agent, and the
indicator precursor, (3) a liquid containing a second enzyme,
the second enzyme capable of producing the diffusible agent
in the presence of the analyte, and (4) a liquid sample
suspected of containing the analyte; flowing the liquid
sample into the first inlet at a first flow rate; flowing the
liquid containing the second enzyme into the second inlet at
a second flow rate, whereby mixing of the liquid sample and
liquid containing the second enzyme in the first mixing
channel enables the second enzyme to produce the diffusible
agent; flowing the liquid suspension of microspheres into the
third inlet at a third flow rate, whereby mixing of the
microspheres and the diffusible agent in the second mixing
channel enables the first enzyme to convert the indicator
precursor into the indicator; detecting an amount of indicator
associated with the microspheres; and determining a con-
centration of the analyte in the liquid sample based on a
previously determined correlation between the amount of
indicator associated with the microspheres and concentra-
tion of the analyte.

[0032] In some embodiments, the microspheres contain
the indicator precursor. In some embodiments, the micro-
sphere is made of a hydrogel. In some embodiments, the
hydrogel is poly(lactic-co-glycolic acid) (PLGA), polyeth-
ylene glycol [PEG] methacrylate and acrylates, poly(acrylic
acid), poly(methacrylic acid), 2-diethylaminoethylmeth-
acrylate, 2-aminoethyl methacrylate, poly(ethylene glycol)
dimethacrylates and acrylates, acrylamide/bisacrylamide,
poly(2-hydroxyethyl methacrylate), methacrylated dextrans,
acrylated dextrans, poly(ethylene glycol)-polyester acry-
lated/methacrylated block copolymer, cellulose acetate
phthalate, hydroxypropyl-methyl cellulose phthalate poly
(butyl methacrylate), or methyl methacrylate.

[0033] In some embodiments, the first enzyme is horse-
radish peroxidase.

[0034] In some embodiments, the second enzyme is glu-
cose oxidase.
[0035] In some embodiments, the indicator is 10-Acetyl-

3,7-dihydroxyphenoxazine.

[0036] Insome embodiments, the diffusible agent is H,0,.
[0037] Another aspect of the invention is a kit for deter-
mining the concentration of an analyte in a liquid, the kit
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including: a microfluidic device for continuous flow optical
detection of an analyte in a sample, a plurality of micro-
spheres conjugated to a first analyte-binding agent, and a
labeled second analyte-binding agent.

[0038] Another aspect of the invention is a kit for deter-
mining the concentration of an analyte in a liquid, the kit
including: a microfluidic device for continuous flow optical
detection of an analyte in a sample and a plurality of
microspheres containing an enzyme trapped within the
microspheres, the enzyme capable of converting an indicator
precursor into an indicator in the presence of a diffusible
agent.

[0039] In some embodiments, the kit includes instructions
for using of the kit according to a method of the invention.
[0040] In some embodiments, the kit includes an indicator
precursor. In some embodiments, the kit includes an enzyme
capable of producing the diffusible agent in the presence of
the analyte.

[0041] Another aspect of the invention is a kit for mea-
suring binding affinity of an antibody to an antigen, the kit
including a microfluidic device for continuous flow optical
detection of an analyte in a sample, a plurality of micro-
spheres conjugated to an antigen binding agent, and the
antigen.

[0042] Another aspect of the invention is a kit for mea-
suring binding affinity of an antibody to an antigen, the kit
including: a microfluidic device for continuous flow optical
detection of an analyte in a sample, a plurality of micro-
spheres conjugated to the antigen, and a labeled antibody
binding agent.

[0043] Another aspect of the invention is a method of
determining concentrations of a first and second analytes in
a liquid sample, the method including: providing (1) a
microfiuidic device for continuous flow optical detection of
an analyte in a sample, (2) a liquid sample suspected of
containing the first and second analytes, (3) a first liquid
suspension containing a first enzyme and a first population
of microspheres, the first enzyme capable of producing a
diffusible agent in the presence of the second analyte, and
the microspheres of the first population being conjugated to
a first binding agent that binds the first analyte, and (4) a
second liquid suspension containing a labeled second bind-
ing agent that binds the first analyte, an indicator precursor,
and a second population of microspheres, the microspheres
of the second population containing a second enzyme
trapped within the microspheres, the second enzyme capable
of converting the indicator precursor into an indicator in the
presence of the diffusible agent; flowing the liquid sample
into the first inlet at a first flow rate; flowing the first liquid
suspension into the second inlet at a second flow rate,
whereby mixing of the first liquid suspension and the liquid
sample in the first mixing channel enables (1) binding of the
first analyte to the first binding agent conjugated to micro-
spheres of the first population, resulting in formation of first
analyte-coated microspheres by the time the microspheres of
the first population exit the first mixing channel, and (2) the
first enzyme to produce the diffusible agent; flowing the
second liquid suspension into the third inlet at a third flow
rate, whereby mixing of the efflux from the first mixing
channel with the second liquid suspension in the second
mixing channel enables (1) binding of the labeled second
binding agent to the analyte that coats the conjugated
microspheres of the first population, resulting in formation
of microspheres coated with labeled second analyte-binding
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agent by the time the microspheres of the first population
exit the second mixing channel, and (2) the second enzyme
trapped in the microspheres of the second population to
convert the indicator precursor into the indicator; detecting
an amount of label bound to microspheres of the first
population and an amount of indicator associated with
microspheres of the second population; and determining a
concentration of the first analyte in the liquid sample based
on a previously determined correlation between the amount
of microsphere-bound label and concentration of analyte,
and determining a concentration of the second analyte in the
liquid sample based on a previously determined correlation
between the amount of indicator associated with the micro-
spheres and concentration of the analyte.

[0044] Another aspect of the invention is a method of
determining concentrations of a first and second analytes in
a liquid sample, the method including: providing (1) a
microfiuidic device for continuous flow optical detection of
an analyte in a sample, (2) a liquid sample suspected of
containing said first and second analytes; (3) a liquid solu-
tion containing a first enzyme and a labeled first binding
agent that binds the first analyte, the first enzyme capable of
producing a diffusible agent in the presence of the second
analyte; and (4) a liquid suspension containing a first popu-
lation of microspheres, a second population of microspheres,
and an indicator precursor, the microspheres of the first
population being conjugated to a second binding agent that
binds the first analyte, and the microspheres of the second
population containing a second enzyme trapped within the
microspheres, the second enzyme capable of converting the
indicator precursor into an indicator in the presence of the
diffusible agent; flowing the liquid sample into the first inlet
at a first flow rate; flowing the liquid solution into the second
inlet at a second flow rate, whereby mixing of the liquid
solution and the liquid sample in the first mixing channel
enables (1) binding of the labeled first binding agent to the
first analyte, resulting in formation of labeled first analyte
complexes by the time the microspheres exit the first mixing
channel, and (2) the first enzyme to produce the diffusible
agent; flowing the liquid suspension into the third inlet at a
third flow rate, whereby mixing of the efflux from the first
mixing channel with the liquid suspension in the second
mixing channel enables (1) binding of the labeled first
analyte complexes to the conjugated microspheres of the
first population, resulting in formation of microspheres
coated with complexes of analyte and labeled first binding
agent by the time the microspheres of the first population
exit the second mixing channel; and (2) the second enzyme
trapped in the microspheres of the second population to
convert the indicator precursor into the indicator; detecting
an amount of label bound to microspheres of the first
population and an amount of indicator associated with
microspheres of the second population; and determining a
concentration of the first analyte in the liquid sample based
on a previously determined correlation between the amount
of microsphere-bound label and concentration of analyte,
and determining a concentration of the second analyte in the
liquid sample based on a previously determined correlation
between the amount of indicator associated with the micro-
spheres and concentration of the analyte.

BRIEF DESCRIPTION OF THE DRAWINGS

[0045] FIG. 1A is a schematic of an embodiment of a
device of the invention. FIG. 1B is a schematic of another
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embodiment of the invention. FIG. 1C is a schematic of
another embodiment of the invention.

[0046] FIG. 2 is a schematic of an embodiment of a
wearable system for monitoring insulin.

[0047] FIG. 3 is a schematic of a binding-based method of
measuring an analyte in a sample using a microfluidic
device. Circle represents a microsphere to which the first
analyte-binding agent (X) is conjugated.

[0048] FIG. 4 is a schematic of a binding-based method of
measuring an analyte in a sample using a microfluidic
device. Circle represents a microsphere to which the first
analyte-binding agent (X) is conjugated.

[0049] FIG. 5 shows a schematic of a microfluidic system
of the invention in the upper portion of the figure. Lower
panels show images of the first laminar flow channel (bot-
tom left) and detector region (bottom right) during use of the
device to detect an insulin analog secreted by primary rat
hepatocytes.

[0050] FIG. 6 is a schematic of a method of measuring the
binding affinity between an antigen and antibody (Y) using
a microfluidic device. Circle represents a microsphere to
which an antigen-binding agent (X) is conjugated.

[0051] FIG. 7 is a schematic of a method of measuring the
binding affinity between an antigen and antibody (Y) using
a microfluidic device. Circle represents a microsphere to
which the antigen is conjugated.

[0052] FIG. 8 is a schematic of a method of enzyme-based
measuring an analyte in a sample using a microfluidic device
of the invention. Circle represents a microsphere in which
the first enzyme (X) is trapped.

[0053] FIG. 9 is a schematic illustrating the simultaneous
detection of insulin and glucose using microsphere-based
immunocomplex and enzymatic assays, respectively. In the
upper portion of the figure, a first population of micro-
spheres conjugated to a first anti-insulin antibody binds to
insulin, which is then bound by a second, fluorescently-
labeled anti-insulin antibody. In the lower portion of the
figure, a second population of microspheres containing a
trapped horseradish peroxidase is exposed to a solution
containing glucose, glucose oxidase, and Amplex Red (not
shown). The H,0, generated by glucose oxidase is used by
horseradish peroxidase to convert Amplex Red into its
fluorescent form. The two populations of labeled micro-
spheres can be identified by the distinct fluorescence emis-
sions.

[0054] FIG. 10A is an image of an embodiment of a
microfluidic device of the invention, including input tubing,
output tubing, and syringes for adding fluid and reagents to
the system. FIG. 10B is a schematic of an embodiment of a
microfiuidic device of the invention and the binding reac-
tions that occur in a method of using the device to detect an
antigen in a sample. FIG. 10C is a fluorescence image of a
solution containing a fluorescently-labeled antibody passing
through a portion of a channel of a microfluidic device of the
invention. FIG. 10D is a fluorescence image of a suspension
containing fluorescently-labeled microspheres, or “beads,”
passing through a portion of a channel of a microfluidic
device of the invention. One fluorescently-labeled bead is
circled.

[0055] FIG. 11A is a phase contrast image of the second
laminar flow channel adjacent to inlet three in an embodi-
ment of a device of the invention. FIG. 11B is a fluorescence
image of the second laminar flow channel adjacent to inlet
three in an embodiment of a device of the invention. FIG.
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11C is a fluorescence image of the second mixing channel in
an embodiment of the device of the invention. Labeled
microspheres are circled.

[0056] FIG. 12A is a schematic representation of a micro-
sphere-based sensor formed during detection of an anti-
TNF-a antibody as an analyte in a method of the invention.
FIG. 12B is a representation of a microsphere-based sensor
formed during detection of TNF-a as an analyte in a method
of the invention.

[0057] FIG. 13A is a series of phase contrast images of
embodiments of methods of the invention. Panel 1 shows the
intersection of liquid streams from inlets 1 and 2 in the first
laminar flow channel, panel 2 shows the intersection of
liquid streams from the first mixing channel and inlet 3 in the
second laminar flow channel, panel 3 shows the liquid
stream in the second mixing channel during detection of an
anti-TNF-o antibody as an analyte, and panel 4 shows the
liquid stream in the second mixing channel during detection
of TNF-a as an analyte. FIG. 13B is a series of fluorescence
images corresponding to the phase contrast images in FIG.
13A.

[0058] FIG. 14A is a graph of the microsphere-bound
fluorescence signal at different concentrations of anti-
TNF-o antibody according to a method of the invention.
FIG. 14B shows a subset of the data points from FIG. 14A
in the linear portion of the plot. FIG. 14C is a graph of the
microsphere-bound fluorescence signal at different concen-
trations of TNF-a according to a method of the invention.
FIG. 14D shows a subset of the data points from FIG. 14C
in the linear portion of the plot.

[0059] FIG. 15A is a schematic of the complexes formed
in the microsphere-based insulin immunoassay performed in
a tube format. FIG. 15B shows microscopic images of
microspheres from the assay. Left panel is a phase contrast
image, and right panel is a fluorescence image of the same
field (excitation 494 nm, emission 519 nm).

[0060] FIG. 16A shows graphs of the microsphere-bound
fluorescence signal at different concentrations of insulin
according to a method of the invention. Large graph has
linear-log scale, and inset graph has log-log scale and a
linear regression of the plot. FIG. 16B shows graphs of the
microsphere-bound fluorescence signal at different concen-
trations of insulin aspart according to a method of the
invention. Large graph has linear-log scale, and inset graph
has log-log scale and a linear regression of the plot. FIG.
16C shows graphs of the microsphere-bound fluorescence
signal at different concentrations of insulin lispro according
to a method of the invention. Large graph has linear-log
scale, and inset graph has log-log scale and a linear regres-
sion of the plots.

[0061] FIG. 17A is graph of concentration of regular
human insulin as measured by the Abbot Architect insulin
assay (solid circles, units on left axis) and microsphere-
bound fluorescence signal according to a method of the
invention (solid squares, units on right axis) from plasma
samples at various intervals after a subject with normal
glucose metabolism ingested a high-carbohydrate meal.
FIG. 17B is graph of concentration of insulin aspart as
measured by the Abbot Architect insulin assay (solid circles,
units on left axis) and microsphere-bound fluorescence
signal according to a method of the invention (solid squares,
units on right axis) from plasma samples taken at various
intervals after a subject with type 1 diabetes and no endog-
enous insulin production was given 5 units of insulin aspart.
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[0062] FIG. 18A shows mixing of samples in a microflu-
idic device of the invention. Solutions with yellow dye (light
grey) were pumped into inputs 1 and 2 on the left, and a
solution with blue dye (dark grey) was pumped into input 3
in middle. Mixing in the second mixing channel produced a
green (medium grey) solution. FIG. 18B is a schematic of a
microfiuidic device of the invention and the binding reac-
tions that occur in a method of using the device to detect an
antigen in a sample. FIG. 18C is an image showing incom-
plete mixing between a fluorescently labeled antibody solu-
tion (from the bottom of the image) and the stream of
bead-containing fluid (from the left of the image) in the
second laminar flow channel of a microfiuidic device of the
invention. Arrows indicate direction of fluid flow. FIG. 18D
is an image showing fluorescence at the surface of the
insulin antibody-conjugated microspheres in portions of the
second mixing channel One fluorescently-labeled micro-
sphere is circled.

[0063] FIG. 19 is a schematic of an embodiment of a
device of the invention and its use in an enzyme-based
method of detection of a glucose in a liquid sample. GOx,
glucose oxidase; HRP, horseradish peroxidase; PEG-DA,
polyethylene glycol diacrylate.

DETAILED DESCRIPTION OF THE
INVENTION

[0064] The present invention provides devices and meth-
ods for real-time detection and quantification of analyte in a
liquid sample and for measuring binding affinity of an
antibody for its antigen. The devices of the invention include
microfiuidic channels that allow transport and mixing of
small volumes of liquid in the microliter or nanoliter range.
The design of the channel allows mixing of liquids in two
sequential mixing channels. The methods of the invention
include transporting liquids through the devices described
herein in a way that promotes rapid mixing, allowing
binding reactions to occur in a diffusion-independent man-
ner, and eliminates the need for washing steps.

[0065] Conventional immunosorbent assays like ELISA
are diffusion dependent, which can necessitate significant
incubation periods when employing high affinity antibody-
antigen interactions. The devices and methods described
herein overcome the limitation of diffusion-dependent
adsorption kinetics by utilizing a microsphere-based assay in
a microfluidic device format that introduces non-laminar
flow profiles in the reaction region. In the microfluidic
devices described herein, the sample and microsphere-based
assay reagents are continuously replenished in the device to
perform continuous detection of the analyte in real time and
using a minimal amount of biological specimen.

[0066] Integrating microsphere-based immunoassays with
the developed herein microfluidics has major advantages
over flat-surface assays such as ELISA. Microspheres have
larger surface area, so the interaction between microspheres
and target molecules in the well-mixed flow based format is
practically comparable with solution-phase kinetics. Fur-
thermore, due to the fast reaction kinetics, this lab-on-a-chip
(LOC) approach is capable of performing near real-time
detection of clinically relevant analytes such as cytokines,
proteins, antibodies and drugs.

[0067] The sensitivity and specificity of the developed
LOC method were tested and compared to the standard
immunoassays available commercially. The developed LOC
method allows one to reduce reagent volumes by nearly
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three orders of magnitude, eliminate the washing steps
required by standard immunoassays, and enhance detection
reaction rates to accomplish near real-time monitoring of
clinically relevant targets. In particular, the time to obtain a
specific conjugation/coverage on the microsphere surface in
well-mixed microfluidic LOC is achieved in seconds in the
flow through incubation channel compared to 1-2 hours in
the non-well mixed solutions, thus allowing near real-time
detection in the developed LOC. Furthermore the developed
simple LOC platform can be applied for real time point of
care diagnostics of inflammation, infectious diseases and
other diseases where the detection is based on antibody-
antigen interactions for specific detection of the disease
clinical markers.

[0068] As used herein, the term “microscale” refers to an
object or feature whose size is in the range from about 1 pm
to about 999 pm, or to less than 1 mm. “Microfluidic” refers
to fluid flow through microscale objects or features, includ-
ing channels and other fluid handling structures in a device
such as a “lab-on-a-chip” device.

[0069] The invention includes a microfluidic device (100)
for continuous flow optical detection of an analyte in a
sample. As shown in FIGS. 1A-1C, the device includes a
first inlet (110) and second inlet (120) that are fluidically
connected to a first laminar flow channel (130). A first
mixing channel (140) is fluidically connected at one to the
first laminar flow channel and at the other end to a second
laminar flow channel (160). A third inlet (150) is fluidically
connected to the second laminar flow channel A second
mixing channel (170) is fluidically connected at one end to
the second laminar flow channel and at the other end to an
outlet (190). The second mixing channel may be separated
from the outlet by a non-mixing channel, as shown in FIGS.
1A-1C. As shown in FIG. 1C, the microfluidic device may
also contain a connecting channel (171) and third mixing
channel (172) downstream of the second mixing channel.
[0070] The microfluidic device also includes a translucent
detector region (180). The translucent detector region may
be positioned between the second mixing channel and the
outlet, as shown in FIGS. 1A-1C. Alternatively, the trans-
lucent detector region may be positioned over a portion of
the second mixing channel, or over a portion of another
downstream mixing channel, e.g., a third, fourth, fitth, etc.
mixing channel. In another embodiment, the translucent
detector region is positioned both between the second mix-
ing channel and the outlet and over a portion of the second
mixing channel. The translucent detector region may have a
cross-sectional area from about 250 um? to about 200,000,
000 um? (=2 cm?) or any sub-range within that range, such
as, but without limitation, from about 250 to about 2500
pum?, from about 2500 to about 25,000 pm?, from about
25,000 to about 250,000 um?, from about 250,000 to about
2,500,000 um?, from about 2,500,000 to about 25,000,000
pum?, or from about 25,000,000 to about 200,000,000 um?.

[0071] The device is configured to allow rapid mixing of
liquids in the mixing channels. When a first liquid enters the
first laminar flow channel from the first inlet and a second
liquid enters the first laminar flow channel from the second
inlet, the liquids flow in a laminar flow pattern. As these
liquids enter the first mixing channel, however, they flow in
a non-laminar manner due to the shape and dimensions of
the first mixing channel, and the two liquids are thoroughly
mixed. The efflux from the first mixing channel enters the
second laminar flow channel, where it encounters a third
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liquid from the third inlet channel, and the two fluid streams
flow in a laminar pattern. As the liquids flow into the second
mixing channel, they again flow in a non-laminar patterns
due to the shape and dimensions of the first mixing channel,
and the these liquids are thoroughly mixed. Thus, by the
time fluid exits the second mixing channel, it is a homoge-
neous mixture of three input liquids that have been mixed in
two separate steps.

[0072] The shape of the mixing channels is an important
feature that enables the microfluidic device to achieve rapid
mixing of liquids. Each mixing channel has one or more
curved regions that promotes non-laminar flow. In some
embodiments, the mixing channel has ten or more curved
regions. The curved region may be an arc or part of a circle,
for example, a semi-circular arc. A mixing channel may have
a series of alternating semi-circular arcs and straight regions
arrayed in parallel to form a serpentine structure. A mixing
channel may have a spiral configuration. As used herein,
“spiral” refers to any type of spiral, including but not limited
to, an Archimedean spiral, Cornu spiral, Fermat’s spiral,
hyperbolic spiral, lituus spiral. logarithmic spiral, and spiral
of Theodorus. The first and second mixing channels may
have the same shape, or they may have different shapes. The
mixing channels may promote mixing by hydrodynamic
focusing, geometry effect, electrokinetics, droplet mixing,
particle stirring, or a combination of these or other means.
[0073] The dimensions of the microfluidic device can
affect its function. The use of narrow channels throughout
the microfluidic device decreases the volume of the fluid
path in the device. This is advantageous because it allows the
device to be used with small amounts of precious reagents
or liquid samples. The mixing channels may have a cross-
sectional area from about 50 to about 250,000 um? or any
sub-range within that range, such as, but without limitation,
from about 50 to about 500 wm?, from about 500 to about
5000 um?, from about 5000 to about 50,000 um?, or from
about 50,000 to about 250,000 um?®. The first and second
mixing channels may have the same cross-sectional area, or
they may have different cross-sectional areas.

[0074] In addition, the use of mixing channels that are
narrower than the upstream-adjacent laminar flow channels
promotes non-laminar flow within the mixing channels.
Thus, the first laminar flow channel may have a cross-
sectional area greater than the cross-sectional area of the first
mixing channel, and the second laminar flow channel may
have a cross-sectional area greater than the cross-sectional
area of the second mixing channel.

[0075] The fluidic path length can affect the function of the
device. The length of the fluidic path through the first
laminar flow channel, the first mixing channel, the second
laminar flow channel, and the second mixing channel may
be from about 0.1 to about 10 cm or any sub-range within
that range, such as, but without limitation, from about 0.1 to
about 1 cm, or from about 1 ¢m to about 10 cm. The fluidic
path of an individual mixing channel may be from about
0.05 to about 5 cm or any sub-range within that range, for
example, but without limitation, from about 0.05 to about
0.5 cm or from about 0.5 to about 5 cm.

[0076] The total fluidic volume capacity of the device
depends on the dimensions described above. The total fluidic
volume capacity of the first laminar flow channel, the first
mixing channel, the second laminar flow channel, and the
second mixing channel may be from about 0.1 to about 100
ul or any sub-range within that range, such as, but without
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limitation, from about 0.1 to about 1 pl, from about 1 to
about 10 ul, or from about 10 to about 100 pl.

[0077] The microfiuidic device may include a fluid trans-
port mechanism capable of transporting liquid through the
first inlet at a first rate, through the second inlet at a second
rate, and through the third inlet at a third rate. The fluid
transport mechanism may be a pump, pressure port, vacuum
port, or any other mechanism suitable for transporting fluid
through the microfluidic device.

[0078] The device may be made of polydimethylsiloxane
(PDMS), glass, a polymer material, or any other suitable
material. The device may be reusable or disposable. The
device may be made for implantation in a subject.

[0079] The device may include a reservoir in fluidic
connection with the first or second laminar flow channels.
The reservoir may be used for storage of a reagent or liquid
sample for use in the microfluidic device. The reservoir may
be in contact with a source of a liquid sample. The device
may include a sample collection and/or processing mecha-
nism, such as a microneedle, a dialysis membrane, an
ultrafiltration membrane, or a binding agent to restrict entry
of cells or certain biomolecules into reservoir and the
laminar and mixing channels of the device. The device may
include more than one such reservoir.

[0080] The invention also encompasses systems for opti-
cal detection of analyte that include a device of the inven-
tion. For example, the system may include any of the
microfluidic device embodiments contemplated herein, hav-
ing a fluid suspension of microspheres within one or more of
the microfluidic channels.

[0081] The system may also include a light source capable
of transmitting light into the translucent detector region. The
system may include a light sensor capable of sensing light
emitted from the translucent detector region. The light
sensor may be a photodiode, photomultiplier, microscopic
imaging system, or any other means of sensing light. The
system may include a transmitter capable of transmitting
information from the light sensor. The system may include
a processor capable of receiving and processing information
transmitted from the transmitter.

[0082] The system may include a mechanism for acquiring
and delivering a sample to the device. For example, the
system may include a microscale needle in fluidic connec-
tion with the first, second, or third inlet. The microscale need
may be in contact with a source of liquid sample, a reagent
source, or other liquid sources.

[0083] The system may also include a mechanism for
processing the sample prior to sample delivery. For example,
the system may include a mechanism for removing particu-
lates, cells, and other insoluble objects from the sample. For
example, the system may include a microscale dialysis
device or a deterministic lateral displacement device (see,
e.g., Huang et al., 2004).

[0084] The system may be incorporated into a wearable
apparatus to allow for real-time measurement of an analyte
in a liquid sample from a subject. One such embodiment is
shown in FIG. 2. Attached to the lower side of the micro-
fluidic device (100) is a housing and reservoir (220) that is
secured via an adhesive patch (230) to the patient’s skin. A
sample collection device (not shown) such as a microneedle
or a dialysis membrane is attached to the lower side of the
reservoir. On the upper side of the microfluidic device is a
fluid compartment lid (240), an electronics package (e.g.,
including power source, microprocessor, memory, and trans-
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mitter) (250), and reagent reservoir (210). The microfluidic
device and optical parts are contained within an enclosure
(260).

[0085] The invention includes a binding-based method of
determining the concentration of an analyte in a liquid
sample. The method includes providing a microfluidic
device of the invention, a liquid suspension of microspheres
that are conjugated to a first analyte-binding agent, a liquid
containing a labeled second analyte-binding agent, and a
liquid sample suspected of containing the analyte.

[0086] The liquids may be any aqueous liquid, for
example, water, an aqueous solution containing salts, buf-
fers, stabilizers, or any other solute.

[0087] The analyte may be a chemical compound or type
of molecule. For example, the molecule may be a protein,
antigen, antibody, peptide, amino acid, hormone, growth
factor, cytokine, cellular metabolite, nucleic acid, or oli-
gosaccharide. The analyte may also be a cell or a component
of a cell, or a microorganism or a component thereof. The
molecule may be a marker for a disease or medical condi-
tion. For example, the analyte may be glucose, insulin,
glucagon, TNF-qa, anti-TNF-q, IL-1, or IL.-21. The disease
or medical condition may be cancer, diabetes, diabetic heart
failure, or any other disease that produces an analyte that can
be detected in a bodily fluid.

[0088] The liquid sample may be a bodily fluid from a
subject. For example, the bodily fluid may be blood, plasma,
serum, semen, tears, bronchial lavage, sputum, urine, saliva,
spinal fluid, bile, lymph, synovial fluid, serous fluid, pleural
fluid, amniotic fluid, and interstitial fluid.

[0089] The microspheres must be able to traverse readily
through the channels of the microfluidic device. Therefore,
the size of the microspheres for use in the method depends
on the dimensions of the channels in the microfluidic device.
The microspheres may have a diameter from about 1 to
about 50 um or a sub-range within that range, for example,
but without limitation, from about 1 to about 5 um, from
about 5 to about 20 um, from about 20 to about 50 um. In
some embodiments, the microspheres have an approxi-
mately uniform diameter. The microspheres may be made of
a polymer, for example, polystyrene, or any other material
known in the art. An analyte-binding agent, antigen-binding
agent, or antigen may be conjugated to the microspheres by
any method known in the art. For example, an analyte-
binding agent, antigen-binding agent, or antigen may be
conjugated to the microspheres by streptavidin-biotin bind-
ing or by covalent linkage. The microspheres may be made
of a hydrogel that immobilizes a component of a chemical
or biochemical reaction, e.g., an enzyme, but allows diffu-
sion of other smaller molecules, e.g., diffusible agents,
substrates, products, etc. For example, the microspheres may
contain poly(lactic-co-glycolic acid) (PLGA), polyethylene
glycol [PEG] methacrylate and acrylates, poly(acrylic acid),
poly(methacrylic acid), 2-diethylaminoethylmethacrylate,
2-aminoethyl methacrylate, poly(ethylene glycol) dimeth-
acrylates and acrylates, acrylamide/bisacrylamide, poly(2-
hydroxyethyl methacrylate), methacrylated dextrans, acry-
lated dextrans, poly(ethylene glycol)-polyester acrylated/
methacrylated block copolymer, cellulose acetate phthalate,
hydroxypropyl-methyl cellulose phthalate poly(butyl meth-
acrylate), or methyl methacrylate.
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[0090] An analyte-binding agent may be a molecule or
molecular complex. For example, an analyte-binding agent
may be a protein, antibody, or antigen-binding fragment of
an antibody.

[0091] The label may be any optically detectable label.
For example, the label may be fluorescent, luminescent,
colorimetric, or phosphorescent. Any fluorescent label can
be used. A list of exemplary fluorescent labels is available at
flowceyt.salk.edu/fluo.html.

[0092] An embodiment of the method is shown in FIG. 3.
The three liquid starting components are mixed in two
sequential mixing steps as follows. First, the liquid suspen-
sion of conjugated microspheres is flowed into the first inlet
at a first flow rate, and the liquid sample is flowed into the
second inlet at a second flow rate. For the purpose of the
method, the first and second inlets are interchangeable, so
the inlets for the liquid suspension and the liquid sample can
be reversed. The first and second flow rates allow the sample
and suspension to flow in a laminar pattern in the first
laminar flow channel but promote mixing of the sample and
suspension in the first mixing channel. In some embodi-
ments, the first and second flow rates are about equal. In
some embodiments, the first and second flow rates are from
about 1 to about 20 pl/min or any sub-range within that
range. The non-laminar flow promotes mixing of the liquids
and rapid binding of the analyte to the analyte-binding agent
on the surface of the microspheres, resulting in formation of
analyte-coated microspheres by the time the microspheres
exit the first mixing channel. An analyte-coated microsphere
is a microsphere on which at least a certain percentage of
analyte-binding sites on the microsphere are occupied by
analyte. For example, an analyte-coated microsphere may
have >50%, >60%, >70%, >80%, 90%, >95%, >98%, or
>99% of its analyte-binding sites occupied by analyte.
[0093] Next, the liquid containing the labeled second
analyte-binding agent is flowed into the third inlet at a third
flow rate. The third flow rate allows the liquid containing the
labeled second analyte-binding agent and the efflux from the
first mixing channel to flow in a laminar pattern in the
second laminar flow channel but promotes mixing of the
sample and suspension in the second mixing channel. In
some embodiments, the third flow rate is about equal to the
sum of the first and second flow rates. In some embodiments,
the ratio of first flow rate to second flow rate to third flow
rate is about 1:1:2. In some embodiments, the third flow rate
is from about 1 to about 40 pl/min or any sub-range within
that range. The non-laminar flow promotes mixing of the
liquids and rapid binding of the labeled second analyte-
binding agent to the analyte bound to the surface of the
microspheres, resulting in formation of microspheres coated
with labeled second analyte-binding agent by the time the
microspheres exit the second mixing channel A microsphere
coated with labeled second analyte-binding agent is a micro-
sphere on which at least a certain percentage of binding sites
for labeled second analyte-binding agent on the microsphere
are occupied by labeled second analyte-binding agent. For
example, a microsphere coated with labeled second analyte-
binding agent may have >50%, >60%, >70%, >80%, 90%,
>95%, >98%, or >99% of its binding sites for second
analyte-binding agent occupied by labeled second analyte-
binding agent.

[0094] In both the first and second mixing channels,
mixing may occur by any type of fluid flow that facilitates
mixing beyond that which occurs by diffusion. For example,
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mixing may occur by chaotic advection, turbulent flow, or
other types of non-laminar flow. An advantage of this
method is that mixing in the mixing channels is driven by the
flow of the liquids. Consequently, the method can be per-
formed using continuous flow, and separate incubation and
washing steps are not required. The non-laminar flow or
chaotic mixing that occurs in a mixing channel of the present
invention can be either passively induced, such as by the
confluence of fluid streams or the channel geometry, or can
be actively induced, such as by the action of microspheres,
magnetic microparticles, stirrers, motors, valves, nozzles,
and the like. Preferred are passive microfluidic mixers such
as curved channels, serpentine channels, spiral channels, or
channels incorporating any combination of curved sections
and straight sections.

[0095] The method further entails detecting the amount or
concentration of microsphere-bound label in the translucent
detector region of the device. Microsphere-bound label
refers to label that is conjugated to a molecule that is bound
either directly or indirectly to a microsphere. For example
only, and without limitation, a microsphere-bound label may
refer to: a label conjugated to an analyte-binding agent,
which is bound to an analyte, which is bound to another
analyte-binding agent, which is conjugated to a micro-
sphere; a label conjugated to an antibody, which is bound to
an antigen, which is bound to an antigen-binding agent,
which is conjugated to a miscrosphere; or a label conjugated
to an antibody binding agent, which is bound to an antibody,
which is bound to an antigen, which is conjugated to a
microsphere. Other examples of microsphere bound label
are possible and within the scope of the invention.

[0096] The microsphere-bound label is detected as the
microspheres pass through a portion of the microfluidic
device over which the translucent detector is positioned. For
example, the microsphere-bound label may be detected in
the second mixing channel, i.e., as the microspheres pass
through the second mixing channel, or at a point between the
second mixing channel and the outlet, i.e., after the micro-
spheres have exited the second mixing channel Micro-
sphere-bound label may be detected at a single point or at a
series of points in the microfluidic path. For example,
microsphere-bound label may be detected at different points
in the mixing channel to detect label on microspheres that
have traveled different distances through the mixing channel
Detection may occur by capture of microscopic images of
microspheres as they pass through the translucent detector
region. To facilitate the capture of microscopic images, flow
of liquid into the inlets may be paused or briefly stopped to
slow transit of microspheres through the translucent detector
region.

[0097] The label may be a fluorescent label that is detected
by exposing the translucent detector region of the device to
light at the excitation wavelength and sensing light emitted
at the emission wavelength. The emitted light may be sensed
by a photodiode, photomultiplier tube, or microscopic imag-
ing system. When a one-dimensional light sensor, e.g., a
photodiode or photomultiplier tube is used, microsphere
bound label is detected by subtracting background levels of
emitted from light from peak emissions due to labeled
microspheres. When a microscopic imaging system is used,
images are captured, scanned for fluorescent microspheres,
and background levels of emitted light are subtracted from
the levels emitted by fluorescent microspheres.
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[0098] In the final step of the method, the concentration of
the analyte is in the liquid sample is determined. In a
separate assay, the method is performed using liquids con-
taining known concentrations of analyte in place of the
liquid sample. From this assay, the relationship between
microsphere-bound label and analyte concentration is deter-
mined, and this relationship is used to calculate the concen-
tration of analyte in the liquid sample by interpolation.

[0099] An alternative embodiment is shown in FIG. 4. In
this method, the three liquid starting components are mixed
in two different sequential steps as follows. First, the liquid
sample is flowed into the first inlet of the device at a first
flow rate, and the liquid containing the labeled second
analyte-binding agent is flowed into the second inlet of the
device at a second flow rate. For the purpose of the method,
the first and second inlets are interchangeable, so the inlets
for the liquid sample and the liquid containing the labeled
second analyte-binding agent can be reversed. The first and
second flow rates allow these two liquids to flow in a laminar
pattern in the first laminar flow channel but promote mixing
of the two liquids in the first mixing channel. In some
embodiments, the first and second flow rates are about equal.
In some embodiments, the first and second flow rates are
from about 1 to about 20 pul/min or any sub-range within that
range. The non-laminar flow promotes mixing of the liquids
and rapid binding of the analyte to the labeled second
analyte-binding agent, resulting in formation of complexes
of analyte and labeled second analyte-binding agent by the
time the analyte exits the first mixing channel.

[0100] Next, the liquid suspension of conjugated micro-
spheres is flowed into the third inlet at a third flow rate. The
third flow rate allows the liquid suspension and the efflux
from the first mixing channel to flow in a laminar pattern in
the second laminar flow channel but promotes mixing of the
sample and suspension in the second mixing channel. In
some embodiments, the third flow rate is about equal to the
sum of the first and second flow rates. In some embodiments,
the ratio of first flow rate to second flow rate to third flow
rate is about 1:1:2. In some embodiments, the third flow rate
is from about 1 to about 40 pl/min or any sub-range within
that range. The non-laminar flow promotes mixing of the
liquids and rapid binding of the labeled analyte complexes
to the first analyte-binding agent on the surface of the
microspheres, resulting in formation of microspheres coated
with complexes of analyte and labeled second analyte-
binding agent by the time the microspheres exit the second
mixing channel. A microsphere coated with complexes of
analyte and labeled second analyte-binding agent is a micro-
sphere on which at least a certain percentage of binding sites
for analyte on the microsphere are occupied by complexes of
analyte and labeled second analyte-binding agent. For
example, a microsphere coated with complexes of analyte
and labeled second analyte-binding agent may have >50%,
>60%, >70%, >80%, 90%, >95%, >98%, or >99% of
binding sites for analyte occupied by complexes of analyte
and labeled second analyte-binding agent.

[0101] In both the first and second mixing channels,
mixing may occur by any type of fluid flow that facilitates
mixing beyond that which occurs by diffusion. For example,
mixing may occur by chaotic advection, turbulent flow, or
other types of non-laminar flow. An advantage of this
method is that mixing in the mixing channels is driven by the
flow of the liquids. Consequently, the method can be per-
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formed using continuous flow, and separate incubation and
washing steps are not required.

[0102] An embodiment of the binding-based method of
determining the concentration of an analyte in a liquid
sample is illustrated in FIG. 5. A liquid sample containing
the analyte is flowed into one of the first two inlets, and a
suspension of microspheres (“beads”) capable of binding the
analyte are flowed into the other of the first two inlets. As
these two liquids become mixed in the first mixing channel,
the analyte is captured by the beads. A solution containing
fluorescently-labeled antibody (“detection antibody™) to the
analyte is flowed into the third inlet. The detection antibody
solution encounters the efflux from the first mixing channel
in the second laminar flow channel, as shown in the lower
left panel. The detection antibody solution mixes with the
suspension of bead-bound analyte in the second mixing
channel, and the analyte-covered beads become coated with
detection antibody. The fluorescence signal from the labeled
beads is measured as the microspheres pass through the
detector region, as shown in the lower left panel.

[0103] The methods described above can be used to deter-
mine the concentration of two or more analytes in a liquid
sample simultaneously, i.e., multiplexing. To detect two
analytes, two sets of reagents are needed. For example, two
populations of microspheres are needed: one population of
microspheres conjugated to a first agent that binds to the first
analyte, and another population of microspheres conjugated
to a first agent that binds to the second analyte. These two
populations are provided together in a single liquid suspen-
sion. In addition, two types of labeled second analyte-
binding agents are required: a second agent that binds the
first analyte and is labeled with a first label, and a second
agent that binds the second analyte and is labeled with a
second label. For optical detection, the first and second
labels must emit light at different wavelengths, the differ-
ence in wavelengths being sufficient that the two labels can
be differentiated. The first labeled second agent that binds
the first analyte and the second labeled second agent that
binds the second analyte are provided together in a single
liquid.

[0104] For detection of multiple analytes simultaneously,
the light sensor must be capable of distinguishing among
different labels. For example, this could be done with a
microscopic imaging system with filters that allow trans-
mission of light of different wavelengths. For detection of
two analytes as described above, a system with a rotating or
alternating filter system allows the light sensor to detect
microsphere-bound first label and microsphere-bound sec-
ond label in alternating periods.

[0105] In a bead-based assay using a population of micro-
spheres conjugated to an analyte-binding agent and a soluble
fluorescently labeled analyte-binding agent, the micro-
sphere-based fluorescence in the emission spectrum of the
label is used to indicate the level of analyte present. In a
multiplex assay for detection of multiple analytes, different
populations of microspheres are conjugated to different
types of analyte-binding agents, and each analyte has a
unique soluble analyte-binding agent with a distinct fluo-
rescent label. Success of multiplex assays is predicated on
being able to measure the label corresponding to a given
analyte on the specific population of microspheres intended
to capture that analyte. One means for accomplishing this is
to use particles of distinct sizes or shapes, for example,
microspheres and rod-like structures. Alternatively, multiple
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populations of microspheres with identical physical proper-
ties can be used if the soluble analyte-binding agents show
low levels of non-specific binding to microspheres. If non-
specific binding is sufficiently low, it can be ascertained that
the microsphere-associated fluorescence in a given emission
spectrum is due solely to sandwich complexes of the tar-
geted analyte on the population of microspheres intended to
capture that analyte. To test the feasibility of this approach,
a mixture of two populations of microspheres was analyzed.
Microspheres in one population were conjugated to an
antibody for a specific analyte, and microspheres in the other
population were not conjugated to an antibody. In the
presence of the analyte and another soluble fluorescently-
labeled antibody to the analyte, only the first population was
detected in the emission spectrum of the label.

[0106] The invention also includes a method of determin-
ing the binding affinity of an antibody for an antigen. The
method includes providing a microfluidic device of the
invention, a liquid suspension of microspheres that are
conjugated to an antigen-binding agent, a liquid containing
the antigen, and a label.

[0107] The antigen may be a molecule. For example, the
molecule may be a protein, antibody, peptide, amino acid,
hormone, growth factor, cytokine, cellular metabolite,
nucleic acid, or oligosaccharide. The molecule may be a
marker for a disease or medical condition, for example,
cancer. In some embodiments of the method, the antigen can
bind to the antigen-binding agent without interfering with its
binding to the antibody. Thus, the epitope for the antibody
is distinct from the portion of the antigen that binds the
antigen binding agent. In some embodiments of the method,
the antigen can be conjugated to microspheres without
interfering with its binding to the antibody. Thus, the epitope
for the antibody is distinct from the portion of the antigen
that enables conjugation to a microsphere.

[0108] The antigen binding agent may be a molecule. For
example, the molecule may be a protein, antibody, peptide,
amino acid, hormone, growth factor, cytokine, cellular
metabolite, nucleic acid, or oligosaccharide.

[0109] The method involves conjugating the label is to the
antibody. The label may be conjugated to the antibody by
any method that preserves that antigen-binding capacity of
the antibody. For example, the antibody may be fused to
fluorescent polypeptide by molecular cloning methods.
Alternately, the antibody may be covalently cross-linked to
a synthetic fluorochrome in vitro by chemical methods.
Depending on the labeling method, the resulting form of the
labeled antibody may be a liquid solution or a dehydrated
powder. If the latter, the labeled antibody must be dissolved
in a liquid.

[0110] An embodiment of the method is shown in FIG. 6.
The two liquid starting components are mixed in the first of
two sequential mixing steps as follows. First, the liquid
suspension of conjugated microspheres is flowed into the
first inlet at a first flow rate, and the liquid containing the
antigen is flowed into the second inlet at a second flow rate.
For the purpose of the method, the first and second inlets are
interchangeable, so the inlets for the liquid suspension and
the liquid containing the antigen can be reversed. The first
and second flow rates allow the liquid suspension and liquid
containing the antigen to flow in a laminar pattern in the first
laminar flow channel but promote mixing of the liquids in
the first mixing channel. In some embodiments, the first and
second flow rates are about equal. In some embodiments, the
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first and second flow rates are from about 1 to about 20
w/min or any sub-range within that range. The non-laminar
flow promotes mixing of the liquids and rapid binding of the
antigen to the analyte on the surface of the microspheres,
resulting in formation of antigen-coated microspheres by the
time the microspheres exit the first mixing channel. An
antigen-coated microsphere is a microsphere on which at
least a certain percentage of antigen-binding sites on the
microsphere are occupied by analyte. For example, an
antigen-coated microsphere may have >50%, >60%, >70%,
>80%, 90%, >95%, >98%, or >99% of its analyte-binding
sites occupied by antigen.

[0111] Next, the liquid containing the labeled antibody is
flowed into the third inlet at a third flow rate. The third flow
rate allows the liquid containing the labeled antibody and the
efflux from the first mixing channel to flow in a laminar
pattern in the second laminar flow channel but promotes
mixing of the sample and suspension in the second mixing
channel. In some embodiments, the third flow rate is about
equal to the sum of the first and second flow rates. In some
embodiments, the ratio of first flow rate to second flow rate
to third flow rate is about 1:1:2. In some embodiments, the
third flow rate is from about 1 to about 40 pl/min or any
sub-range within that range. The non-laminar flow promotes
mixing of the liquids and rapid binding of the labeled
antibody to the antigen bound to the surface of the micro-
spheres, resulting in formation of labeled-antibody-coated
microspheres by the time the microspheres exit the second
mixing channel. A labeled-antibody-coated microsphere is a
microsphere on which at least a certain percentage of
antibody-binding sites on the microsphere are occupied by
labeled antibody. For example, a labeled-antibody-coated
microsphere may have >50%, >60%, >70%, >80%, 90%,
>95%, >98%, or >99% of its antibody-binding sites occu-
pied by labeled antibody.

[0112] In both the first and second mixing channels, mix-
ing may occur by any type of fluid flow that facilitates
mixing beyond that which occurs by diffusion. For example,
mixing may occur by chaotic advection, turbulent flow, or
other types of non-laminar flow. An advantage of this
method is that mixing in the mixing channels is driven by the
flow of the liquids. Consequently, the method can be per-
formed using continuous flow, and separate incubation and
washing steps are not required.

[0113] The method further entails detecting the amount of
microsphere-bound label in the translucent detector region
of the device. The microsphere-bound label is detected as
the microspheres pass through the second mixing channel,
over which the translucent detector is positioned. Micro-
sphere-bound label is detected at different points in the
mixing channel to detect label on microspheres that have
traveled different distances through the mixing channel.
[0114] In the final step of the method, the binding affinity
of the antibody for the antigen is determined. Based on the
increase in microsphere-bound label as individual micro-
spheres pass through the mixing channel, a person skilled in
the art would be able to calculate the dissociation constant
(Kp) from known parameters of the assay, such as antibody
concentration, antigen concentration, flow rate, length of
distance traveled by a given microsphere through the second
mixing channel, and time interval that a given microsphere
spent in contact with the labeled antibody, etc.

[0115] An alternative embodiment of determining the
binding affinity of an antibody for an antigen is shown in
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FIG. 7. This method includes providing a microfluidic
device of the invention, a liquid suspension of microspheres
that are conjugated to the antigen, a liquid containing the
antibody, and a liquid containing a labeled antibody-binding
agent.

[0116] The antibody binding agent may be a molecule. For
example, the molecule may be a protein, antibody, peptide,
amino acid, hormone, growth factor, cytokine, cellular
metabolite, nucleic acid, or oligosaccharide.

[0117] The three liquid starting components are mixed in
two sequential mixing steps as follows. First, the liquid
containing the antibody is flowed into the first inlet at a first
flow rate, and the liquid containing the labeled antibody-
binding agent is flowed into the second inlet at a second flow
rate. For the purpose of the method, the first and second
inlets are interchangeable, so the inlets for the liquid con-
taining the antibody and the liquid containing the labeled
antibody-binding agent can be reversed. The first and second
flow rates allow the liquid containing the antibody and the
liquid containing the labeled antibody-binding agent to flow
in a laminar pattern in the first laminar flow channel but
promote mixing of the liquids in the first mixing channel. In
some embodiments, the first and second flow rates are about
equal. In some embodiments, the first and second flow rates
are from about 1 to about 20 pl/min or any sub-range within
that range. The non-laminar flow promotes mixing of the
liquids and rapid binding of the antibody to the labeled
antibody-binding agent resulting in formation of complexes
of antibody and labeled antibody-binding agent by the time
the microspheres exit the first mixing channel.

[0118] Next, the liquid suspension of microspheres is
flowed into the third inlet at a third flow rate. The third flow
rate allows the liquid suspension and the efflux from the first
mixing channel to flow in a laminar pattern in the second
laminar flow channel but promotes mixing of the liquids in
the second mixing channel. In some embodiments, the third
flow rate is about equal to the sum of the first and second
flow rates. In some embodiments, the ratio of first flow rate
to second flow rate to third flow rate is about 1:1:2. In some
embodiments, the third flow rate is from about 1 to about 40
w/min or any sub-range within that range. The non-laminar
flow promotes mixing of the liquids and rapid binding of the
complexes of antibody and labeled antibody-binding agent
to the antigen on surface of the microspheres, resulting in
formation of microspheres coated with complexes of anti-
body and labeled antibody-binding agent by the time the
microspheres exit the first mixing channel A microsphere
coated with complexes of antibody and labeled antibody-
binding agent is a microsphere on which at least a certain
percentage of antibody-binding sites on the microsphere are
occupied by complexes of antibody and labeled antibody-
binding agent. For example, a microsphere coated with
complexes of antibody and labeled antibody-binding agent
may have >50%, >60%, >70%, >80%, 90%, >95%, >98%,
or >99% of its antibody-binding sites occupied by com-
plexes of antibody and labeled antibody-binding agent.

[0119] In both the first and second mixing channels, mix-
ing may occur by any type of fluid flow that facilitates
mixing beyond that which occurs by diffusion. For example,
mixing may occur by chaotic advection, turbulent flow, or
other types of non-laminar flow. An advantage of this
method is that mixing in the mixing channels is driven by the
flow of the liquids. Consequently, the method can be per-
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formed using continuous flow, and separate incubation and
washing steps are not required.

[0120] The method further entails detecting the micro-
sphere-bound label in the translucent detector region of the
device. The microsphere-bound label is detected as the
microspheres pass through the second mixing channel, over
which the translucent detector is positioned. Microsphere-
bound label is detected at different points in the mixing
channel to detect label on microspheres that have traveled
different distances through the mixing channel.

[0121] In the final step of the method, the binding affinity
of the antibody for the antigen is determined. Based on the
increase in microsphere-bound label as individual micro-
spheres pass through the mixing channel, a person skilled in
the art would be able to calculate the dissociation constant
(Kp) from known parameters of the assay, such as antibody
concentration, antigen concentration, flow rate, length of
distance traveled by a given microsphere through the second
mixing channel, and time interval that a given microsphere
spent in contact with complexes of antibody and labeled
antibody-binding agent, etc.

[0122] The invention also includes an enzyme-based
method of determining the concentration of an analyte in a
liquid sample that does not require analyte-binding agents.
The method entails providing a microfluidic device of the
invention, a liquid suspension of microspheres that contain
a first enzyme capable of converting an indicator precursor
into an indicator in the presence of a diffusible agent, a liquid
containing a second enzyme capable of producing the dif-
fusible agent in the presence of the analyte, and a liquid
sample suspected of containing the analyte.

[0123] An embodiment of the method is shown in FIG. 8.
In this method, the three liquid starting components are
mixed in two sequential mixing steps as follows. First, the
liquid sample is flowed into the first inlet at a first flow rate,
and the liquid containing the second enzyme is flowed into
the second inlet at a second flow rate. For the purpose of the
method, the first and second inlets are interchangeable, so
the inlets for the liquid sample and liquid containing the
second enzyme can be reversed. The first and second flow
rates allow the sample and enzyme to flow in a laminar
pattern in the first laminar flow channel but promote mixing
of the sample and enzyme in the first mixing channel. In
some embodiments, the first and second flow rates are about
equal. In some embodiments, the first and second flow rates
are from about 1 to about 20 pl/min or any sub-range within
that range. The non-laminar flow promotes mixing of the
liquids and production of the diffusible agent by the second
enzyme by the time the microspheres liquids exit the first
mixing channel.

[0124] Next, the liquid suspension of microspheres is
flowed into the third inlet at a third flow rate. The third flow
rate allows the liquid suspension of microspheres and the
efflux from the first mixing channel to flow in a laminar
pattern in the second laminar flow channel but promotes
mixing of the sample and suspension of microspheres in the
second mixing channel. In some embodiments, the third
flow rate is about equal to the sum of the first and second
flow rates. In some embodiments, the ratio of first flow rate
to second flow rate to third flow rate is about 1:1:2. In some
embodiments, the third flow rate is from about 1 to about 40
w/min or any sub-range within that range. The non-laminar
flow promotes mixing of the liquids and conversion of the



US 2020/0041501 Al

indicator precursor into the indicator by the time the micro-
spheres exit the second mixing channel.

[0125] In both the first and second mixing channels,
mixing may occur by any type of fluid flow that facilitates
mixing beyond that which occurs by diffusion. For example,
mixing may occur by chaotic advection, turbulent flow, or
other types of non-laminar flow. An advantage of this
method is that mixing in the mixing channels is driven by the
flow of the liquids. Consequently, the method can be per-
formed using continuous flow, and separate incubation and
washing steps are not required.

[0126] The method further entails detecting the amount of
indicator associated with the microspheres, Microsphere-
associated indicator refers to indicator that is coincident with
a microsphere in optical detection methods.

[0127] The microsphere-associated indicator is detected as
the microspheres pass through a portion of the microfluidic
device over which the translucent detector is positioned. For
example, the microsphere-associated indicator may be
detected in the second mixing channel, i.e., as the micro-
spheres pass through the second mixing channel, or at a
point between the second mixing channel and the outlet, i.e.,
after the microspheres have exited the second mixing chan-
nel. Microsphere-associated indicator may be detected at a
single point or at a series of points in the microfluidic path.
For example, microsphere-associated indicator may be
detected at different points in the mixing channel to detect
indicator on microspheres that have traveled different dis-
tances through the mixing channel.

[0128] The indicator may be a fluorescent molecule that is
detected by exposing the translucent detector region of the
device to light at the excitation wavelength and sensing light
emitted at the emission wavelength. The emitted light may
be sensed by a photodiode, photomultiplier tube, or micro-
scopic imaging system. When a one-dimensional light sen-
sor, e.g., a photodiode or photomultiplier tube is used,
microsphere-associated indicator is detected by subtracting
background levels of emitted from light from peak emis-
sions due to labeled microspheres. When a microscopic
imaging system is used, images are captured, scanned for
fluorescent microspheres, and background levels of emitted
light are subtracted from the levels emitted by fluorescent
microspheres.

[0129] In the final step of the method, the concentration of
the analyte is in the liquid sample is determined. In a
separate assay, the method is performed using liquids con-
taining known concentrations of analyte in place of the
liquid sample. From this assay, the relationship between
microsphere-associated indicator and analyte concentration
is determined, and this relationship is used to calculate the
concentration of analyte in the liquid sample by interpola-
tion.

[0130] An indicator may be any molecule that can be
detected by optical methods. For example, the indicator may
be fluorescent, luminescent, colorimetric, or phosphores-
cent. For example, the indicator may be 10-Acetyl-3,7-
dihydroxyphenoxazine. An indicator precursor is any mol-
ecule that may be converted to an indicator by a reaction or
series of reactions catalyzed by an enzyme. Consequently,
each indicator precursor corresponds to an indicator.
[0131] The diffusible agent may be any diffusible, water-
soluble molecule that can be a reagent in the reaction
catalyzed by the first enzyme and a product in the reaction
catalyzed by the second enzyme. For example, the diffusible
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agent may be H,0, or another chemical agent that can serve
as substrate for the first enzyme.

[0132] The first enzyme may be any enzyme that catalyzes
a reaction in which a diffusible agent and an indicator
precursor are substrates and an indicator is the product. For
example, the enzyme may be horseradish peroxidase.
[0133] The second enzyme may be any enzyme that
catalyzes a reaction in which an analyte is a substrate and a
diffusible agent is the product. For example, the second
enzyme may be glucose oxidase.

[0134] The invention includes a kit for determining the
concentration of an analyte in a liquid, the kits containing a
microfiuidic device of the invention, microspheres conju-
gated to a first analyte-binding agent, and a labeled second
antibody binding agent. The kit may also include instruction
for performing one or more methods of the invention.
[0135] The invention includes a kit for measuring binding
of an antibody to an antigen. The kit may contain a micro-
fluidic device of the invention, microspheres of conjugated
to an antigen binding agent, and the antigen. Alternatively,
the kit may contain a microfluidic device of the invention,
microspheres conjugated to the antigen, and a labeled anti-
body binding agent. The kit may also include instructions for
performing one or more methods of the invention.

[0136] The invention also encompasses multiplexing
methods in which at least one analyte is detecting by
analyte-binding agents as described above and at least one
analyte is detected by an enzymatic method as described
above. An embodiment of such a method is illustrated in
FIG. X. In this embodiment, glucose is detected enzymati-
cally, and insulin is detected by binding agents, e.g., anti-
bodies. In one embodiment, a sample suspected of contain-
ing insulin and glucose is flowed into the first inlet of a
microfluidic device of the invention, and a liquid suspension
containing glucose oxidase and microspheres conjugated to
anti-insulin antibodies is flowed into the second inlet. In the
first mixing channel, insulin is captured by the microspheres,
and glucose oxidase catalyzes the formation of H,0,. A
suspension containing a fluorescently-labeled second anti-
insulin antibody, Amplex Red, and microspheres containing
trapped horseradish peroxidease is flowed into the third
inlet. In the second mixing channel, the fluorescently labeled
anti-insulin antibody binds to the population of micro-
spheres that have captured insulin, and horseradish peroxi-
dase uses H,0, to convert Amplex Red into its fluorescent
form. Fluorescence from the insulin-binding microspheres is
detected at one wavelength, and fluorescence from the
enzyme-containing microspheres is detected at another
wavelength.

[0137] In an alternate embodiment, a sample suspected of
containing insulin and glucose is flowed into the first inlet of
a microfluidic device of the invention, and a solution con-
taining glucose oxidase and a soluble, fluorescently-labeled
anti-insulin antibody is flowed into the second inlet. In the
first mixing channel, insulin is bound by the fluorescently-
labeled antibody, and glucose oxidase catalyzes the forma-
tion of H,0,. A suspension containing Amplex red, a popu-
lation of microspheres conjugated to a different anti-insulin
antibody, and another population of microspheres containing
trapped horseradish peroxidease is flowed into the third
inlet. In the second mixing channel, the microspheres con-
jugated to the anti-insulin antibody capture the complexes of
insulin and fluorescently-labeled anti-insulin antibody, and
horseradish peroxidase uses H,0, to convert Amplex Red
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into its fluorescent form. Fluorescence from the insulin-
binding microspheres is detected at one wavelength, and
fluorescence from the enzyme-containing microspheres is
detected at another wavelength.

EXAMPLES

Example 1: Materials and Methods

[0138] Microfluidic Device Fabrication.

[0139] The polydimethylsiloxane (PDMS) microfluidic
device was fabricated using well-established soft lithogra-
phy method. Negative photo resist SU-8 2100 (MicroChem,
Newton, Mass.) was spin-coated on Silicon wafers to a
thickness of 150 pum, and patterned by exposure to UV light
through a transparency photomask (CAD/Art Services,
USA). PDMS (Sylgard 184, Dow Corning, MI) was mixed
with the crosslinker (Sylgard 184 curing agent) in a ratio of
10:1, poured onto the photoresist patterns, degassed thor-
oughly and cured for 12 hours at 65° C. Next, the PDMS was
peeled off the wafer and placed in oxygen-plasma chamber
in order to bond with the glass slide. The device consisted of
three inlets and two mixing channels. Tygon Micro Bore
PVC Tubing 0.010" ID, 0.030" OD, 0.010" Wall (Small
Parts Inc., FL, USA) was connected to the channels and to
1 mL syringes. Syringe pumps (Harvard Apparatus, USA)
were used to maintain a flow rate of 5 pL./min through the
device.

[0140] Microfluidic flow chambers were fabricated using
soft lithography. Negative photo resist SU-8 2100 (Micro-
Chem, Newton, Mass.) was deposited onto clean silicon
wafers to a thickness of 150 pum, and patterned by exposure
to UV light through a transparency photomask (CAD/Art
Services, Bandon, Oreg.). The Sylgard 184 poly(dimethyl-
siloxane) (PDMS) (Dow Corning, Midland, Mich.) was
mixed with crosslinker (ratio 10:1), poured onto the photo-
resist patterns, degassed thoroughly and cured for 12 hours
at 65° C. Next, the PDMS devices were peeled off the wafer
and bonded to glass slides after oxygen-plasma activation of
both surfaces. The device consisted of 3 inlets and 2
serpentine mixing regions. Prior to the experiments the
microfiuidic channels were treated with 0.25% pluronic acid
F-127 (by filling the channels with the solution and then
flushing them with PBS and air). Tygon Micro Bore PVC
Tubing 100f, 0.010" 1D, 0.030" OD, 0.010" Wall (Small
Parts Inc, FL, USA) were connected to the channels and to
the syringes. Syringe pumps (Harvard Apparatus, USA)
were used to control the flow of solutions through the
device.

[0141] Monoclonal Antibodies.

[0142] Hybridomas producing monoclonal antibodies
HTB-124 and HTB-125 against human insulin were
obtained from the ATCC hybridoma bank.

[0143] Immunoglobulin production was performed by
Precision Antibody (Columbia, Md.). Both antibodies are
from the IgG sub-class. They were purified from hybridoma
supernatants using protein G columns (Precision Antibody,
Inc., Columbia, Md.) and stored at 4° C. in PBS. Both
antibodies have high affinity for regular human insulin with
K, of 2x10™® and 3x107° for HTB-124 and HTB-125,
respectively

[0144] Assay Procedure.

[0145] The microsphere assay was performed at room
temperature. Conjugated microsphere (30 pl, 0.5 pg/ul) and
30 ul of target insulin analyte were mixed and shaken for 30
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min. Thereafter, the secondary labeled immunoglobulin was
added to a final concentration of 1 pg/ml. The microcentri-
fuge tube, protected from light, was shaken for an additional
30 minutes and then the beads were washed twice with 60

ul PBS.
[0146] Heat-Treated Human Serum.
[0147] Human serum was heated in a thermostat water

bath at 60° C. for 1 hour to destroy endogenous insulin. All
insulin calibrators were prepared and diluted in the heat
treated serum.

[0148] MSD SULFO-TAG ag, HTB124 Conjugation.
[0149] HTB-124 clone ~1 mg/ml was used for SULFO-
TAG NHS-Ester conjugation per vendor’s protocol (Meso
discovery). HTB-124 antibody solution was buffer-ex-
changed using ZEBA spin desalting columns 40KMWCO
(-Thermo Scientific) into sodium azide-free PBS. SULFO-
TAG Ester was combined with the protein solution accord-
ing to the desired molar coupling ratio (MCR) of 20:1. The
solution was incubated for two hours at room temperature
protected from light, with gentle shaking to ensure complete
mixing. The SULFO-TAG HTB-124 was buffer exchanged
into PBS. The final conjugated protein concentration was
determined by Nano Drop Thermo Scientific.

[0150] Detection of Insulin in Meso Scale Technology
(MSD).
[0151] MSD technology employs electrochemilumines-

cence detection in immunoassay. The MSD plates contained
built-in electrodes at the bottom of each well. Upon elec-
trochemical stimulation initiated at the electrode surface of
the plates, the detection antibody labeled with SULFO-TAG
(Rutheniumsulfotris-bipyridine NHS ester) emitted light
which was measured through a CCD camera in MSD
SECTOR Imager 2400. 96-well MSD plates were coated
with 30 pl of mAb HTB-125 (4 pug/ml) of capture antibody.
After an overnight incubation at 2-8° C., plates were blocked
with blocking buffer, 150 ul were added to each well for 1
h at room temperature with agitation. Plates were washed
three times with PBS-T (pH 7). 25 ul of samples containing
insulin were added for 2 hours at room temperature in
triplicates final concentration ranging from 390 pg/ml-100
ng/ml to allow specific binding to HTB-125 antibody clone.
Control wells lacked insulin. After 2 h of incubation at room
temperature with agitation the plates were washed three
times PBS-T (pH 7). Then detection antibody (HTB-124, 1
png/ml SULFO-TAG conjugated) diluted in PBS was added,
followed by the addition of 25 pl per well. After 1 h of
incubation at room temperature with agitation. The plates
were washed and aspirated three times. 150 pl of MSD Read
Buffer were added to each well. The plates were read by the
MSD SECTOR Imager 2400. Unless stated elsewhere, trip-
licate data points were collected for samples and standards
to ensure data accuracy.

[0152] Reference Measurements.

[0153] Reference insulin measurements were performed
with the Architect insulin assay (Abbott Laboratories, Green
Oaks, Ill.), which uses chemiluminescent microparticle
immunoassay (CMIA) technology.

[0154] Source of Human Plasma Samples Containing
Regular Human Insulin and Insulin Aspart.

[0155] To evaluate the immunoassays’ clinical perfor-
mance, stored plasma samples were tested. Samples con-
taining regular human insulin measurements were collected
at intervals after a non-diabetic volunteer consumed a meal
containing 69 g of carbohydrates at 12:00 PM. Samples
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containing insulin aspart were collected at intervals after a
fasting volunteer with type 1 received a 5 unit bolus of
insulin aspart along with a small breakfast meal. The clini-
caltrials.gov number for the study is NCT00811317.
[0156] Preparation of Insulin Standards.

[0157] Purified regular human insulin (zinc human insulin
crystals, a gift from Eli Lilly and Company, Indianapolis,
Ind.), insulin lispro powder (a gift from Eli Lilly), or insulin
aspart powder (a gift from Novo Nordisk, Bagsverd, Den-
mark) were diluted in 0.1 M HCI to a concentration of 1
mg/ml. This stock was then diluted in a heat inactivated
human pool of serum to a concentration of 0.1 mg/ml. Serial
dilutions of these stock solutions were then performed in 1%
(w/v) blocking buffer to produce sets of standards.

[0158] Microsphere Sensor Preparation.

[0159] For anti-TNF-a antibody detection Biotinylated
human TNF-a protein (ACRO Biosystem, Cat. No. TNA-
H8\211) was conjugated to streptavidin-coated polystyrene
microsphere of diameter 6.8 um (0.5% w/v, Spherotech
Inc.). A 50 pL aliquot of the microsphere solution was
washed with 1x Phosphate Buffered Saline (PBS) (Sigma,
USA) and diluted to a final concentration of 0.25 mg/ml in
PBS with 0.005% (v/v) Tween 20 (Sigma, USA). 40 ug of
human TNF-a Protein was added per mg of microspheres,
and the mixture was shaken at room temperature (RT) for
120 min. Unbound active sites were blocked with BlockAid
(B-10710, Invitrogen) for 1 hour. Finally, the microspheres
were washed with PBS and stored at 4° C. in 0.5% (w/v)
Bovine Serum Albumin (BSA) (Sigma, USA) in PBS. The
analyte for dose response experiments, mouse monoclonal
antibody to human TNF-a (Sino Biological Inc., USA, Cat.
No. 10602-MMO01), was diluted to the following concentra-
tions in 1xPBS: 100, 250, 500, 750, 1000 ng/mL. The
detection antibody, goat anti-mouse IgG- FITC (Sigma,
USA, Cat. No. F 0257) was mixed with Pierce Immunostain
Enhancer (Thermo Scientific, USA) to obtain a final con-
centration of 13.8 pg/ml.

[0160] For TNF-a detection, a 200 ul. (1 mg) aliquot of
Protein G polystyrene microspheres (0.5% w/v, Spherotech
Inc.) was washed with 800 pl. of PBS and centrifuged. 200
pL of rabbit anti-human TNF-o (Thermo Scientific, USA,
Cat. No. P300A) was diluted with 100 pLL of 0.5% BSA/PBS
(0.22 mg) and was added to the microspheres. The mixture
was shaken at RT for 120 min. Unbound active sites were
blocked with 1 mL of BlockAid for 1 hour. Finally, the
microspheres were washed with PBS and stored at 4° C. in
0.5% (w/v) BSA/PBS. For dose response experiments F.
coli-derived recombinant rat TNF-a (R&D Systems, USA,
Cat. No. AGMO0213082) and was diluted to the following
concentrations in 1xPBS: 0.02, 1, 50, 100, 1000 ng/mL.. The
hamster anti-TNF-o FITC (eBioscience, USA, Cat. No.
11-7423) was diluted in Pierce Immunostain Enhancer to a
final concentration of 13.8 pg/ml.

[0161] Antibody HTB-125 was biotinylated with EZ-Link
NHS-PEG4-Biotin (Thermo Scientific, USA) according to
the manufacturer’s protocol and diluted to a final concen-
tration of 0.5 mg/ml in PBS with 0.005% (w/v) Tween-20
(Sigma, USA). The purified antibody was applied to strepta-
vidin conjugated polystyrene microsphere (Bangs Labora-
tories, Inc. Fishers, Ind.), at a ratio of 20 ug of IgG per mg
particles, and the mixture was shaken at RT for 90 min.
Unbound active sites were blocked with BlockAid
(B-10710, Invitrogen, USA) for one hour. Finally, the micro-
spheres were washed in PBS (Sigma, USA) with 0.5% (w/v)
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BSA (Sigma, USA), diluted to a final concentration of 0.5
mg/ml, and stored at 4° C. Antibody HTB-124 was labeled
with Alexa Fluor 488 (Invitrogen, USA) according to the
manufacturer’s protocol and stored at 4° C.

[0162]

[0163] The fluorescent microspheres for detection of the
analytes were assessed and recorded using Zeiss Axio
Observer.Z1 Microscope (Zeiss, Germany). Images were
taken with Hamamatsu digital camera C10600 Orca-R2
using the ZEN pro 2012 software (blue edition). Imagel
software was used for image analysis and processing. The
microsphere of interest was selected and outlined, and the
area, integrated density, and mean gray value were mea-
sured. The background fluorescence was selected as a ran-
dom circular region in the microfluidic channels, near the
fluorescent microsphere. At least thirty fluorescent micro-
spheres were analyzed for each sample. Microsoft Office
Excel 2010 and Origin were applied for statistical analyses.
[0164] Fluorescence images were captured on a Zeiss 200
Axiovert microscope using an AxioCAM MRm digital cam-
era and AxioVision 4.8 software from samples based on
AlexaFluor488 fluorescence (excitation 494 nm/emission
519 nm). In microfluidic experiments the flow through of the
microfiuidic device was temporarily halted during image
acquisition. However, is the digital camera is sufficiently
fast, it is not necessary to stop flow in order to record an
image.
[0165] Image] and Matlab software were used for the
image processing and quantification of fluorescence associ-
ated with microspheres. Each image was divided into 4
sub-images and the fluorescence. associated with the micro-
sphere was measured using an algorithm using the following
steps:
[0166]

[0167] 2. Subtract from each pixel in the image the
median signal for the whole image (background).

[0168] 3. Calculate the standard deviation of the
remaining signal.

[0169] 4. Consider each pixel with intensity larger than
1.3 times the STD as signal above background.

[0170] 5. Find connectivity components of pixels
(‘clusters’).

[0171] 6. Define beads as clusters with the area between
60 and 350 pixels.

[0172] 7. Sum the intensity of all beads in each image
and divide by the number of beads to calculate the
mean intensity per bead.

[0173] For some images, the edges of the images were
cropped to remove areas of poor image quality before
processing.

[0174] A calibration curve was derived using a range of
insulin or insulin analogs concentrations ranging from 500
pg/ml-100 ng/ml (86 pM-17200 pM) and generated using a
regression model with Origin Pro 8 (Originl.ab Corporation,
Northampton, Mass.). The detection limit of the assay was
defined as the concentration of the analyte that gives a
response that is higher than three standard deviations above
the signal from PBS spiked into heat inactivated human
serum. The regression model was applied using the log-log
transformed data using an equation of the form y=B+A(x),
where x is the dilution of the insulin calibrator and y is the
corresponding response signal obtained.

Data and Image Analysis.

1. Divide each image into 4 sub-images.
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[0175] Binding Kinetics Model.

[0176] The following section describes the supporting
equations for non-well mixed solutions that were amended
in the developed theoretical model on reaction kinetics in the
well-mixed LOC describe in the results section. The general
conservation equation that describes the reaction in the fluid
bulk appears in (Gervais et al., 2006):

8C/BHV(~-DACHC)=R, o)

where C is the bulk concentration of an analyte, D is the bulk
analyte diffusivity, and v is the analyte fully developed
velocity profile of in the bulk. Rv is the analyte creation
volumetric rate. The initial condition for the analyte con-
centration in the bulk is:

C(=0)=C, @

[0177] The conservation equation for the detecting surface
that includes the surface diffusion and the reaction rate for
the formation of the absorbed analyte appears in Eq. 3:

CSIHV (=D V C) 7k, C o Cso= Co)=FogCs 3

where C; is the surface concentration of an analyte, Ds is the
analyte surface diffusivity C,,_, is the concentration of bulk
analyte near the reactive bead wall, C, is the total number
of the binding sites, k_, is the association rate constant and
k,is the dissociation rate constant of the binding reaction.
The initial condition for Eq. 3 is the concentration of the
absorbed species on the detecting surface at the beginning of
the process is:

C,(1=0)=0 )

[0178] Egs. 1 and 3 are coupled through the flux balance
boundary condition on the reacting surface as follows:

n(=DVC+vC)=k,,,,C i 0)( Cso=C )+ o5C (5)

where n is the surface vector. The additional boundary
condition on non-reactant surfaces is insulation:

#(-D,VC,)=0 (6

[0179] Previously, Kankare and Vinokurov (1999) devel-
oped the mathematical model that describes reaction kinetics
in standard, non-mixed immunosorbent reactions, where
absorption occurs on spherical surfaces. To solve the general
conservation equation for the reaction in the fluid bulk (Egs.
2-8), the authors used the following assumptions: 1) reaction
takes place in the not agitating solution; therefore, v=0; 2) no
reagents are formed in the bulk; therefore, R, =0; 3) no
surface diffusivity of the absorbed analyte; thus, D ,=0; and
4) constant diffusivity of the analyte in the liquid (D=const.)
(Kankare and Vinokurov, 1999). This model was followed to
calculate the reaction time (th) on microsphere in the not-
agitating solution.

[0180] According to Kankare and Vinokurov (1999) Egs.
7-13 describe the analyte absorption on the spherical micro-
sphere in the non-mixed immunosorbent reaction.

3G/3t-D(d?/dn>)-2DI(n+R)-3c/3n=0 Q)

where R is the detection microsphere radius.

[0181] The initial condition for the analyte concentration
in the bulk is:
C(=0)=C, ®)

The surface reaction equation is:

3C/Bt7k 5, C =y Coo=Cs )=k o5 C's 9
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with initial condition:
C,(t=0)=0 (10)
The coupling boundary condition is:
n(=DV )=~k ,,,Cy(Cso=C )tk 5C (11

[0182] The numerical solution of this set of equations
shows that the time to achieve full surface coverage of the
analyte on the microsphere surface (equilibrium) in non-
mixed solution is infinity. Therefore, an important outcome
from this numerical solution for non-mixed solutions is the
approximation for the time needed for the reaction to
achieve a certain deviation from the equilibrium coverage
(h) on the spherical microsphere:

lim 2 & —(RKpnCs0)/ (ko D(L + ko [ kg - Co)P )k (12)

0000

[0183] where h is the deviation from the equilibrium
coverage:

h=(Cyo=CYCyo (13)
[0184] The solution of these equations implies that in

microsphere-based immunosorbent assay, in the non-mixed
solutions, the binding reaction rates for reagents with low
binding equilibrium constant depend on diffusion, and fur-
ther increase of the reaction surface or the decrease of
reaction volumes will not decrease the reaction time (Kus-
nezow et al. 2006).

[0185] The LOC methods and devices described herein
were used for measuring Tumor Necrosis Factor (TNF)-a
cytokine and TNF-cu inhibitor, anti-TNF-o antibody in a
sample.

Example 2: Flow Dynamics in a Microfluidic
Device

[0186] FIGS. 1A-1C schematically illustrates the devel-
oped flow-through LOC device. The device consisted of
three inlets and two mixing regions. The inlets were con-
nected with syringe pumps that were operated individually
to obtain desired flow rates for the detection of microspheres
downstream. First, a solution containing the analyte mol-
ecules was introduced into inlet 1 (110) and mixed with a
suspension of functionalized microspheres that were intro-
duced via inlet 2 (120) to capture the target analyte in the
first mixing channel (140) (FIGS. 1A-1C). The specific
interaction that occurs between the conjugated microspheres
and the target analyte in the first mixing channel leads to the
analyte recognition and capture. A detection (reporter) anti-
body against the analyte, conjugated with a specific fluoro-
phore, was then introduced to the flow stream via inlet 3
(150) just before the second mixing channel (170). The
sandwich complex formation, composed of microsphere
sensor-analyte-reporter antibody, resulted in high levels of
intensity fluorescent signal on the microsphere that was
easily distinguishable from the background intensity. The
fluorescence from the reporter antibodies was detected
downstream to the second mixing channel (180).

[0187] The flow profile in the developed microfluidic
device consisted of laminar flow and non-laminar flow
profiles in distinct regions of the device. Laminar flow in the
developed LOC occurs when a fluid streams A and B flow
in parallel layers, with no disruption between the layers
(FIGS. 11A and 11B). As observed in FIG. 11A, the micro-
sphere in stream A moved in straight lines parallel to the
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channel wall. In fluid dynamics, laminar flow is character-
ized by high momentum diffusion and low momentum
convection (Batchelor, 2000; Bayraktar and Pidugu, 2006;
Beebe et al. 2002). Thus, in this region the microsphere
adsorption kinetics are controlled by diffusion rates between
upper stream A to the lower stream B and vice versa and thus
will follow a non-mixed immunoassay reaction such as
describe in ELISA (Kankare, J.; Vinokurov, 1999). The fluid
flow is altered markedly when it travels over an abrupt
serpentine feature just as wind going over a mountain
ridgeline (FIG. 11C) (Sharp and Adrian 2004). The narrow-
ing U shape serpentine geometry causes a change in the flow
profile from diffusion-controlled laminar profile to well-
mixed solution in the incubation channels. FIG. 11C shows
the instantaneous position of the microspheres in the carrier
fluid in the well-mixed incubation channel. It was apparent
that the particles were distributed in a highly nonhomoge-
neous manner in the incubation channel, forming clusters
and voids as well as spontaneously segregating different
regions of the flow in the channel. Thus, individual micro-
spheres followed paths that were independent and largely
random in this non-laminar fluid stream. Next, the detection
antibody, FITC-labeled anti-mouse IgG, was introduced into
inlet 3. The fluorescent signal on the microsphere sensor,
generated by the conjugation of the captured anti-TNF-a
antibody with the fluorescently labeled detection antibody, is
demonstrated in FIG. 11C. The high surface-to-volume ratio
of the microsphere (Lim et al., 2007), as well as the mixing
(Sharp and Adrian 2004)) generated within the serpentine
structure of the microfluidic device, reduced the incubation
time for the detection to seconds, thereby enabling continu-
ous flow-through detection.

Example 3: Anti-TNF-o. Antibody Immunoassay

[0188] To demonstrate the real-time detection capabilities
of the LOC device, efforts were focused on detecting anti-
TNF-c antibody. FIG. 12A describes the microsphere-based
assay that was introduced into microfluidic format for anti-
TNF-c. detection. Avidinilated microspheres were conju-
gated off-chip to biotinylated human TNF-o. protein via
avidin-biotin bridge (Konry et al., 2009; Diamdandis et al.
1991) as described in Example 1. Next, the generated
anti-TNF-a microsphere-based sensors were introduced into
the microfluidic device via inlet 2 while the analyte, mouse
monoclonal anti-human TNF-a antibody, was introduced
via inlet 1. The interaction of the two components resulted
in the capture of anti-TNF-a antibodies by microsphere-
based sensors in the first mixing channel of the device. Next,
the detection antibody, FITC-labeled anti-mouse IgG, was
introduced into inlet 3. The fluorescent signal on the micro-
sphere sensor, generated by the conjugation of the captured
anti-TNF-a antibody with the fluorescently labeled detec-
tion antibody, is demonstrated in FIG. 13B, panel 3.

[0189] The standard curve for the anti-TNF-o. antibody
immunoassay was obtained by collecting data from thirty
microspheres for each concentration point ranging from 100
to 1000 ng/ml. in the device. FIG. 14A shows a typical
behavior for the standard calibration curve with an expo-
nential growth, as seen from the curve fit, which results in
a linear range shown in FIG. 14B. The curve fit in FIG. 14B
was carried out using an equation of the form y=A+B(x),
where x is the anti-TNF-a antibody concentration and y is
the corresponding fluorescent response signal obtained. The
standard curve was most useful for quantification of con-
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centrations from 100 ng/ml and higher, showing in this range
an acceptable square correlation coefficient, R?, of 0.94 and
a satisfactory sensitivity of 3.67 relative fluorescence units
(RFU) (determined within the linear concentration range of
the biosensor as the slope, B, of the calibration curve). At
higher concentrations, the curve levels off with a response
saturation observed from concentration 750 ng/ml and
above. The detection limit of the immunosensor was defined
as the amount (or concentration) of the analyte that gives a
response that is significantly different (three standard devia-
tions) from the background analysis, that is itself obtained
from negative control (a sample without analyte). The
background signal recorded for the blank (in absence of the
analyte, Table 1, experiment 3) and its calculated standard
deviation revealed a limit of quantification for a concentra-
tion of anti-TNF-a as low as 100 ng/mL that was recorded
in the incubation channel after 22.7 s in flow. Thus the
developed microsphere based LOC device demonstrated
higher detection sensitivity for anti-TNF-a antibodies than
that recorded previously in well-established immunoassays
such as ELISA, where the detection limit was reported to be
0.5-1 mg/mL (Sino Biological Inc., Cat. no. 10602-MMO01).
To validate the specificity of the developed LOC assay the
set of experiments described in Table 1 was conducted. The
results in Table 1 show that the responses from experiments
2 and 3 (in absence of capture molecule and analyte) are all
relatively negligible.

TABLE 1
Avidin  Biotinylated Mouse FITC
micro- Human Anti-Human Anti-Mouse Normalized
Exp. sphere TNF-a TNF-a IgG response
1 + + + + 1
2 + - + + 0.03
3 + + - + 0.16

Example 4: TNF-a Cytokine Immunoassay

[0190] Next, the LOC device was adapted for TNF-a
cytokine detection in real-time. FIG. 12B describes the
microsphere-based assay using TNF-a as a model cytokine.
In this system, protein-G microspheres were conjugated
off-chip to anti-TNF-a antibodies as described in Example
1. Next, the generated microsphere-based sensors were
introduced into the microfluidic device via inlet 2 while the
analyte, TNF-a, was introduced via inlet 1. The interaction
of the two components resulted in the capture of TNF-a by
microsphere-based sensors in the first mixing channel of the
device. Next, the detection antibody, FITC-labeled anti-rat
TNF-c antibody, was introduced into inlet 3. The fluorescent
signal on the microsphere sensor, generated by the conju-
gation of the captured TNF-a with the fluorescently labeled
detection antibody is demonstrated in FIG. 13B, panel 4.

[0191] The standard curve for the TNF-a. immunoassay
was obtained by collecting data from thirty microspheres for
each concentration point ranging from 0.02 to 1000 ng/mL
in the device. FIG. 14C shows a typical behavior for the
standard calibration curve with an exponential growth, as
seen from the curve fit, which results in a linear range shown
in FIG. 14D. The curve fit in FIG. 14D was carried out using
an equation of the form y=A+B(x), where x is the TNF-a
antibody concentration and y is the corresponding fluores-
cent response signal obtained. The standard curve was most
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useful for quantification of concentrations from 0.02 ng/ml
and higher, showing in this range an acceptable square
correlation coefficient, R?, of 0.95 and a satisfactory sensi-
tivity of 10.36 RFU (determined within the linear concen-
tration range of the biosensor as the slope, B, of the
calibration curve). At higher concentrations, the curve levels
off with a response saturation observed from concentration
100 ng/mL. and above. The detection limit of the immu-
nosensor was defined as the amount (or concentration) of the
analyte that gives a response that is significantly different
(three standard deviations) from the background analysis
that is itself obtained from negative control (a sample
without analyte). The background signal recorded for the
blank (in absence of the analyte, Table 2, experiment 3) and
its calculated standard deviation revealed a limit of quanti-
fication for a concentration of TNF-a as low as 0.02 ng/ml
that was recorded in the incubation channel after 22.4 s in
flow. This is similar to sensitivity previously reported by
standard ELISA method (R&D systems, Cat. no. 510-RT-
010, sensitivity 0.05 of ng/ml.) and commercially available
luminex assay (Human TNF-a Singleplex Bead Kit, Invit-
rogen, Cat. no. LHC3011, sensitivity 0.01 ng/ml). To vali-
date the specificity of the developed LOC assay the set of
experiments described in Table 2 was conducted. The results
in Table 2 show that the responses from experiments 2 and
3 (in absence of capture molecule and analyte) are all
relatively negligible.

TABLE 2
Protein G Anti-Human FITC Anti- Normalized
Exp.  microsphere TNF-a TNF-a TNF-a response
1 + + + + 1
2 + - + + 0.14
3 + + - + 0.18

Example 5: Mathematical Model for a Well-Mixed
Lab-On-a-Chip Device

[0192] In non-mixed solutions in microsphere-based
immunosorbent assay and ELISA, the binding reaction rates
for reagents with low binding equilibrium constant, such as
high affinity antibody-antigen interaction, depend on diffu-
sion (Porstmann et al., 1992). Further increase of reaction
surface or decrease of reaction volumes will not decrease the
reaction time. Therefore most, if not all, non-mixing immu-
noassay systems are incubated for 1-2 hours (Kusnezow et
al., 2006; Ruslinga et al., 2010). Integrating microsphere-
based immunoassays with microfluidic LOC has one major
advantage over flat surface assays such as ELISA (Crowther,
2001; Mannerstedt et al., 2010); microspheres have larger
surface area, so the interaction between microspheres and
target molecules in flow based format is practically compa-
rable with solution-phase kinetics. This integrated format
allowed changes in levels of analytes to be observed in near
real time since all reagents are continuously replenished in
the device.

[0193] To support the finding of real-time detection, a
mathematical model for in-flow well-mixed immunoassay
reaction on a microsphere surface was developed. In the
experimental setup, the microspheres move within the well-
mixed solution in incubation channels (FIG. 11C). The fast
mixing profile of the reaction reagents in the mixing chan-
nels implies that the adsorption reaction on the detecting
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microspheres is different from classical non-mixed bulk
immunosorbent assays like ELISA. The equations describ-
ing detection reaction inside the mixing LLOC channel are as
follows:

fon ky  [A]-[B 14

A+B=zABKD=—ff=[][] 19
kof kon {AB]

0Cs [0t =konCy(Cso — Cs) = kogy Css (15)

with the initial condition:
C,(t=0)=0 (16)

where A, is the analyte, B is the detection antibody, AB is the
analyte-detection antibody complex, C, is the surface con-
centration of an analyte on the microsphere, C, is the analyte
concentration in the bulk volume C,, is the maximum
concentration of the analyte on the microsphere, predefined
by the total number of the biding sites, k_,, is the association
rate constant and ks the dissociation rate constant of the
binding reaction, K,, dissociation constant and t is the
reaction time.

[0194] The complete solution for concentration of the
molecule of interest on the microsphere appears in Eq. 17:

Co=k o CCso) (o Cot oo )eXp (= (K C ot yp) D+ -
CaCod/ konCotheog) a7
[0195] Thus the time t, for reaction in the well-mixed

channels for a deviation h from the equilibrium coverage
(Eq. 13) is:

1= (ko Ctog) ™ (14K o K 0 C) = oK 0 C) (18)

and specifically, for analyte/antigen—antibody reactions
with small dissociation constant thus with large k,,, (Song et
al. 2008):

lim 7 =0 19

0000

[0196] Thus, in well-mixed reactors, the conjugation/cov-
erage (h) on the moving microsphere surface can be
achieved almost instantly in the ideal systems with very low
dissociation constants. These fundamental differences in the
reaction kinetics limiting step make the developed mixing
channel technology an ideal system for miniaturized immu-
nosorbent reactions as it overcomes the major constrain of
the rapid detection-diffusion.

Example 6: Dynamic Monitoring and Imaged
Device Implementing a Bead Assay

[0197] Motivated by the necessity to improve the perfor-
mance of insulin monitoring in type 1 diabetes patients, a
flow through device that continuously samples analytes has
been developed (Konry et al., 2012). Feasibility studies have
been applied by adapting and integrating the simple bead
based assay to a microfluidic experimental platform. This
will allow the assay to be dynamic and miniaturized for
faster clinical analysis. The microfluidic device was devel-
oped and designed for a flow-through device. FIG. 10B
schematically illustrates the device design. The polydimeth-
ylsiloxane (PDMS) microfluidic system integrated the
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microsphere-based immunoassay detection scheme. Syringe
A was used to introduce the microspheres at 0.5 mg/ml
conjugated to biotinylated HTB-125 anti-insulin together
with human insulin sampled solution. As the microsphere
antibody and insulin solution flowed through the serpentine
channel, the insulin was captured by the antibody coated
microspheres. The microsphere insulin complex conse-
quently met the secondary antibodies. These antibodies were
conjugated with a specific fluorophore. Following incuba-
tion with the microsphere antibody-insulin antibody com-
plex, a localized fluorescent signal was attained (see FIGS.
10C and 10D). The high surface area-to-volume ratio of the
microsphere as well as the diffusive mixing in the serpentine
channel of the microfluidic device reduces the incubation
time, enabling continuous flow-through detection. This form
of assay was continuously replenished, and therefore it was
possible to observe the changes in levels of insulin over a
period of time. It took a few minutes for a fluorescence
signal to appear on the beads. This enabled detection of
different levels of insulin, and measurement of t and
performance of pharmacokinetic experiments.

maxs

Example 7: Microsphere-Based Regular Human
Insulin Immunoassay

[0198] The microsphere-based insulin detection system is
depicted as a conceptual scheme in FIG. 15A. Streptavidin
coated microspheres were conjugated with a biotin-labeled
anti-insulin monoclonal antibody HTB-125 (capture anti-
body) and non-specific binding reduced by blocking the
microsphere surface. The microsphere sensor formulation,
conjugated with anti-insulin capture antibodies, was then
gently mixed with various test samples for 30 minutes, and
allowed to react with the putative target analyte. Thereafter,
fluorescently labeled anti-insulin monoclonal antibody
HTB-124 (detection ‘marker’ antibody) was added, and
allowed to react through gentle mixing for 30 minutes and
the beads were washed with PBS, terminating the process.
The beads were then spread on a slide and the fluorescence
signal imaged by a fluorescent microscope (FIG. 15B shows
an example).

[0199] Using this assay, a calibration curve was derived
for RHI (FIG. 16 A and Table 3). A log-log transformation of
the data was linear from the limit of detection of 100 pM to
8000 pM (r*=0.98). patients with type 1 diabetes range
between 50-180 pM (7-25 plU/ml) and peak post-prandial
insulin concentrations are usually less than 1800 pM (250
pulU/ml) (El-Khatib et al., 2007). The microsphere-based
assay was therefore linear across most of the clinical range
of insulin concentrations.

TABLE 3

Mathematical parameters and performance

Characteristics

Regular human Insulin Insulin
insulin lispro aspart
Linear parameters
a (slope) 0.4 0.3 0.2
B 0.6 0.79 1.05
r? 0.98 0.96 0.99
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TABLE 3-continued

Mathematical parameters and performance

Characteristics

Regular human Insulin Insulin
insulin lispro aspart
Performance criteria
Dynarmic range (pM) 98-8,000 123-7,000 229-6,000
Limit of detection 98 123 229

Example 8: Microsphere-Based Assay for Insulin
Analogs

[0200] After evaluating the performance of the system
with regular human insulin, its performance was evaluated
with the rapid acting insulin analogues most commonly used
by patients with diabetes mellitus, insulin aspart (NovolLog,
Novo Nordisk, Bagsveerd, Denmark) and insulin lispro
(Humalog, Eli Lilly and Company, Indianapolis, Ind.). The
standard curves for the insulin analogs are shown in FIGS.
16B and 16C and mathematical parameters are reported in
Table 3.

Example 9: Quantification of Endogenous Regular
Human Insulin in Plasma

[0201] To evaluate the assay in the more complex matrix
of human plasma, samples were obtained at intervals from
a volunteer with normal glucose metabolism after ingestion
of a meal. As shown is FIG. 17A, The results of the
microsphere assay followed the same pattern as the refer-
ence measurements obtained with the Abbott Architect
assay, showing insulin levels rising from basal levels to peak
and then clearing. The proportionality between basal and
peak insulin levels, as measured by the bead fluorescence
assay, was similar to that measured with the reference
method.

Example 10: Quantification of Insulin Aspart in
Plasma

[0202] Most patients with type 1 diabetes use a rapid-
acting insulin analog such as insulin aspart. The assay was
further tested on plasma samples obtained after injecting a
volunteer suffering from type 1 diabetes (C-peptide negative
in a mixed-meal tolerance test) with 5 units of insulin aspart.
FIG. 17B represents a time series ofresults of the micro-
sphere assay validated with results obtained with the com-
mercially available Abbott Architect, which is reported to
have approximately 75% cross-reactivity with insulin aspart
(Moriyama et al., 2006; Heurtault et al., 2014).

Example 11: Dynamic Monitoring of Insulin Levels
in a Flow-Through Microfluidic Platform

[0203] In order to obtain real-time information about
insulin levels, a first generation device with the potential to
continuously report insulin levels in a continuous stream of
analyte was developed. As a first step, a prototype polydim-
ethylsiloxane (PDMS) microfluidic device was designed as
a flow-through device. FIG. 18A shows the device injected
with yellow and blue dyes to illustrate the mixing process,
while FIG. 18B schematically illustrates the flow-through
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assay. A solution containing insulin was introduced into the
microfiuidic device through one inlet port and a suspension
of microspheres conjugated to biotinilated HTB-125 anti-
insulin monoclonal antibody (310) was introduced into
another. The insulin-containing solution and the micro-
sphere suspension then mixed and interacted as they flowed
through a serpentine channel, and the putatively present
target insulin was captured by the antibody-coated micro-
spheres to form insulin-coated microspheres (320). There-
after, a solution containing ‘marker,” fluorescently labeled
HTB-124 (FIG. 18C) anti-insulin monoclonal antibody, was
then introduced into a third inlet port, followed by a second
serpentine channel enabling a thorough mixing and labeling
of any previously occurring biorecognition event. As shown
in FIG. 18B, binding of the insulin captured by the solid
phase immobilized anti-insulin antibodies on the coated
beads enabled the localization of the fluorophore at the
surface of the microspheres, thus producing microspheres
coated with fluorescent antibodies (330). These micro-
spheres provided a localized fluorescent signal when illu-
minated by an excitation radiation (FIG. 18D).

Example 12: Enzyme-Based Detection in
Microfluidic Platform

[0204] FIG. 19 shows an enzyme-based method of detect-
ing glucose using a microfluidic device. In this method,
glucose is the analyte, horseradish peroxidase (HRP) is the
first enzyme, glucose oxidse (GOx) is the second enzyme,
H,0, is the diffusible agent, Amplex Red is the indicator
precursor, and Resorufin* is the indicator. A liquid sample
containing glucose is flowed into the first inlet, and a
solution containing glucose oxidase is flowed into the sec-
ond inlet. As these liquid mix in the first mixing channel,
glucose oxidase converts glucose to gluconolactone, result-
ing in the production of H,O,. A suspension of hydrogel-
based microspheres loaded with HRP and Amplex Red is
flowed into the third inlet. The H,O,-containing efflux from
the first mixing channel mixes with the loaded microspheres
in the second mixing channel, causing HRP to convert
Amplex Red to Resorufin®*. The bead-associated fluores-
cence is measured as the microspheres pass through the
detector region. Because Amplex Red is present in excess
amounts and reacts stoichiometrically with H,O,, the Reso-
rufin fluorescence can be used to determine the amount of
glucose in the starting sample.
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What is claimed is:

1. A microfluidic device for continuous flow optical

detection of an analyte in a sample, the device comprising:

(a) first and second inlets;

(b) a first microscale laminar flow channel fluidically
connected to the first and second inlets such that liquids
entering from the first and second inlets flow in a
laminar manner through said first laminar flow channel;

(c) a first microscale mixing channel fluidically connected
to the first laminar flow channel such that liquid enter-
ing the first mixing channel from the first laminar flow
channel is converted from laminar flow to non-laminar
flow in said first mixing channel;
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(d) a second microscale laminar flow channel fluidically
connected to the first mixing channel;

(e) athird inlet fluidically connected to the second laminar
flow channel such that liquids entering the second
laminar flow channel from the third inlet and the first
mixing channel flow in a laminar manner in said second
laminar flow channel;

() a second microscale mixing channel fluidically con-
nected to the second laminar flow channel such that
liquid entering the second mixing channel from the
second laminar flow channel is converted from laminar
flow to non-laminar flow in said second mixing chan-
nel;

(g) an outlet fluidically connected to the second mixing
channel; and

(h) a translucent detector region suitable for optical detec-
tion of the analyte, wherein the translucent detector
region:

(1) comprises at least a portion of the second mixing
channel; and/or

(2) is disposed between the second mixing channel and
the outlet.

2. A method of determining a concentration of an analyte

in a liquid sample, the method comprising:

(a) providing:

(1) a device of claim 1;

(2) a liquid suspension of microspheres, wherein the
microspheres are conjugated to a first analyte-bind-
ing agent;

(3) a liquid comprising a labeled second analyte-bind-
ing agent; and

(4) a liquid sample suspected of comprising said ana-
Iyte; and

(b) flowing the liquid suspension of conjugated micro-
spheres into the first inlet at a first flow rate;

(c) flowing the liquid sample into the second inlet at a
second flow rate, whereby mixing of the conjugated
microspheres and the liquid sample in the first mixing
channel enables binding of analyte in the liquid sample
to the first analyte-binding agent, resulting in formation
of analyte-coated microspheres by the time the micro-
spheres exit the first mixing channel;

(d) flowing the liquid comprising the labeled second
analyte-binding agent into the third inlet at a third flow
rate, whereby mixing of the analyte-coated micro-
spheres and the labeled second analyte-binding agent in
the second mixing channel enables binding of the
labeled second analyte-binding agent to the analyte that
coats the conjugated microspheres, resulting in forma-
tion of microspheres coated with labeled second ana-
lyte-binding agent by the time the microspheres exit the
second mixing channel;

(e) detecting an amount of microsphere-bound label; and

(1) determining a concentration of the analyte in the liquid
sample based on a previously determined correlation
between the amount of microsphere-bound label and
concentration of the analyte.

3. A method of determining concentrations of a first and

second analytes in a liquid sample, the method comprising:

(a) providing:

(1) a device of claim 1;

(2) aliquid suspension of a first and second populations
of microspheres, the microspheres in the first popu-
lation being conjugated to a first binding agent that
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binds the first analyte, and the microspheres in the
second population being conjugated to a first binding
agent that binds the second analyte;

(3) a liquid comprising a first labeled second binding
agent that binds the first analyte and second labeled
second binding agent that binds the second analyte;
and

(4) a liquid sample suspected of comprising said first
and second analytes; and

(b) flowing the liquid suspension of conjugated micro-
spheres into the first inlet at a first flow rate;

(c) flowing the liquid sample into the second inlet at a
second flow rate, whereby mixing of the conjugated
microspheres and the liquid sample in the first mixing
channel enables binding of the first analyte to the
corresponding first binding agent on the first population
of microspheres and binding of the second analyte to
the corresponding first binding agent on the second
population of microspheres, resulting in formation of a
first population of microspheres coated with first ana-
lyte and a second population of microspheres coated
with second analyte by the time the microspheres exit
the first mixing channel;

(d) flowing the liquid comprising the labeled second
binding agents into the third inlet at a third flow rate,
whereby mixing of the analyte-coated microspheres
and the labeled second binding agents in the second
mixing channel enables binding of the labeled second
binding agents to the corresponding microspheres,
resulting in formation of a first population micro-
spheres coated with first labeled second binding agent
that binds first analyte and a second population of
microspheres coated with second labeled second bind-
ing agent that binds second analyte by the time the
microspheres exit the second mixing channel;

(e) detecting amounts of microsphere-bound first label
and microsphere-bound second label; and

(f) determining concentrations of the first and second
analytes in the liquid sample based on a previously
determined correlation between the amount of micro-
sphere-bound label and concentration of analyte.

4. A method of determining a concentration of an analyte

in a liquid sample, the method comprising:

(a) providing:

(1) a device of claim 1;

(2) a liquid suspension of microspheres, wherein the
microspheres are conjugated to a first analyte-bind-
ing agent;

(3) a liquid comprising a labeled second analyte-bind-
ing agent; and

(4) a liquid sample suspected of comprising said ana-
Iyte; and

(b) flowing the liquid sample into the first inlet at a first
flow rate;

(c) flowing the liquid comprising the labeled second
analyte-binding agent into the second inlet at a second
flow rate, whereby mixing of the liquid sample and the
labeled second analyte-binding agent enables binding
of the labeled second analyte-binding agent to the
analyte, resulting in formation of complexes of analyte
and labeled second analyte-binding agent by the time
the analyte exits the first mixing channel;

(d) flowing the liquid suspension of conjugated micro-
spheres into the third inlet at a third flow rate, whereby
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mixing of the conjugated microspheres and the labeled
analyte complexes in the second mixing channel
enables binding of the labeled analyte complexes to the
conjugated microspheres, resulting in formation of
microspheres coated with complexes of analyte and
labeled second analyte-binding agent by the time the
microspheres exit the second mixing channel;

(e) detecting an amount of microsphere-bound label; and

(1) determining a concentration of the analyte in the liquid
sample based on a previously determined correlation
between the amount of microsphere-bound label and
concentration of the analyte.

5. A method of determining a concentration of a first and

second analytes in a liquid sample, the method comprising:

(a) providing:

(1) a device of claim 1;

(2) aliquid suspension of a first and second populations
of microspheres, the microspheres in the first popu-
lation being conjugated to a first binding agent that
binds the first analyte and having an approximately
uniform diameter, and the microspheres in the sec-
ond population being conjugated to a first binding
agent that binds the second analyte;

(3) a liquid comprising a first labeled second binding
agent that binds the first analyte and second labeled
second binding agent that binds the second analyte;
and

(4) a liquid sample suspected of comprising said first
and second analytes; and

(b) flowing the liquid sample into the first inlet at a first
flow rate;

(c) flowing the liquid comprising the labeled second
binding agents into the second inlet at a second flow
rate, whereby mixing of the liquid sample and the
labeled second binding agents enables binding of the
first labeled second binding agent to the first analyte
and binding of the second labeled binding agent to the
second analyte, resulting in formation of a first popu-
lation of complexes of first analyte and first labeled
second binding agent that binds first analyte and a
second population of complexes of second analyte and
second labeled second agent that binds second analyte
by the time the first and second analytes exit the first
mixing channel;

(d) flowing the liquid suspension of conjugated micro-
spheres into the third inlet at a third flow rate, whereby
mixing of the conjugated microspheres and the labeled
analyte complexes in the second mixing channel
enables binding of the labeled analyte complexes to the
corresponding conjugated microspheres, resulting in
formation of a first population of microspheres coated
with complexes of first analyte and first labeled second
binding agent that binds first analyte and a second
population of microspheres coated with complexes of
second analyte and second labeled second binding
agent that binds second analyte by the time the micro-
spheres exit the second mixing channel;

(e) detecting amounts of microsphere-bound first label
and microsphere-bound second label; and

() determining concentrations of the first and second
analytes in the liquid sample based on a previously
determined correlation between the amount of micro-
sphere-bound label and concentration of analyte.
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6. A method of determining the binding affinity of an

antibody for an antigen, the method comprising:

(a) providing:

(1) a device of claim 1;

(2) a liquid suspension of microspheres, wherein the
microspheres are conjugated to an antigen binding
agent;

(3) a liquid comprising the antigen; and

(4) a label;

(b) conjugating the label to the antibody to create a liquid
comprising the labeled antibody;

(c) flowing the liquid suspension of conjugated micro-
spheres into the first inlet at a first flow rate;

(d) flowing the liquid comprising the antigen into the
second inlet at a second flow rate, whereby mixing of
the conjugated microspheres and the antigen in the first
mixing channel enables binding of the antigen to the
antigen binding agent, resulting in formation of anti-
gen-coated microspheres by the time the microspheres
exit the first mixing channel;

(e) flowing the liquid comprising the labeled antibody into
the third inlet at a third flow rate, whereby mixing of the
antigen-coated microspheres and the labeled antibody
in the second mixing channel enables binding of the
labeled antibody to the antigen-coated microspheres,
resulting in formation of labeled antibody-coated
microspheres by the time the microspheres exit the
second mixing channel;

(f) detecting an amount of microsphere-bound label at one
or more different points in the second mixing channel;
and

(g) determining the binding affinity of the antibody for the
antigen by comparing the amount of microsphere-
bound label at one or more different points in the
second mixing channel.

7. A method of determining the binding affinity of an

antibody for an antigen, the method comprising:

(a) providing:

(1) a device of claim 1;

(2) a liquid suspension of microspheres, wherein the
microspheres are conjugated to the antigen;

(3) a liquid comprising the antibody; and

(4) a liquid comprising a labeled antibody binding
agent;

(b) flowing the liquid comprising the antibody into the
first inlet at a first flow rate;

(c) flowing the liquid comprising the labeled antibody
binding agent into the second inlet at a second flow
rate, whereby mixing of the antibody and the labeled
antibody binding agent in the first mixing channel
enables binding of the antibody to the labeled antibody
binding agent, resulting in formation of complexes of
antibody and labeled antibody-binding agent by the
time the microspheres exit the first mixing channel;

(d) flowing the liquid suspension of conjugated micro-
spheres into the third inlet at a third flow rate, whereby
mixing of the conjugated microspheres and the com-
plexes of antibody and labeled antibody-binding agent
in the second mixing channel enables binding of the
antigen to the antibody, resulting in formation of micro-
spheres coated with complexes of antibody and labeled
antibody-binding agent by the time the microspheres
exit the first mixing channel;
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(e) detecting an amount of microsphere-bound label at
one or more different points in the second mixing
channel; and

() determining the binding affinity of the antibody for the
antigen by comparing the amount of microsphere-
bound label at one or more different points in the
second mixing channel.

8. A method of determining a concentration of an analyte

in a liquid sample, the method comprising:

(a) providing:

(1) a device of claim 1;

(2) a liquid suspension comprising:

(1) microspheres comprising a first enzyme trapped
within the microspheres, the first enzyme capable
of converting an indicator precursor into an indi-
cator in the presence of a diffusible agent; and

(ii) the indicator precursor;

(3) a liquid comprising a second enzyme, the second
enzyme capable of producing the diffusible agent in
the presence of the analyte; and

(4) a liquid sample suspected of comprising said ana-
Iyte;

(b) flowing the liquid sample into the first inlet at a first
flow rate;

(c) flowing the liquid comprising the second enzyme into
the second inlet at a second flow rate, whereby mixing
of the liquid sample and liquid comprising the second
enzyme in the first mixing channel enables the second
enzyme to produce the diffusible agent;

(d) flowing the liquid suspension of microspheres into the
third inlet at a third flow rate, whereby mixing of the
microspheres and the diffusible agent in the second
mixing channel enables the first enzyme to convert the
indicator precursor into the indicator;

(e) detecting an amount of indicator associated with the
microspheres; and

(1) determining a concentration of the analyte in the liquid
sample based on a previously determined correlation
between the amount of indicator associated with the
microspheres and concentration of the analyte.

9. A method of determining concentrations of a first and

second analytes in a liquid sample, the method comprising:

(a) providing:

(1) a device of claim 1;

(2) a liquid sample suspected of comprising said first
and second analytes

(3) a first liquid suspension comprising a first enzyme
and a first population of microspheres, the first
enzyme capable of producing a diffusible agent in
the presence of the second analyte, and the micro-
spheres of the first population being conjugated to a
first binding agent that binds the first analyte; and

(4) a second liquid suspension comprising a labeled
second binding agent that binds the first analyte, an
indicator precursor, and a second population of
microspheres, the microspheres of the second popu-
lation comprising a second enzyme trapped within
the microspheres, the second enzyme capable of
converting the indicator precursor into an indicator
in the presence of the diffusible agent;

(b) flowing the liquid sample into the first inlet at a first
flow rate;
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(c) flowing the first liquid suspension into the second inlet
at a second flow rate, whereby mixing of the first liquid
suspension and the liquid sample in the first mixing
channel enables:

(1) binding of the first analyte to the first binding agent
conjugated to microspheres of the first population,
resulting in formation of first analyte-coated micro-
spheres by the time the microspheres of the first
population exit the first mixing channel; and

(2) the first enzyme to produce the diffusible agent;

(d) flowing the second liquid suspension into the third
inlet at a third flow rate, whereby mixing of the efflux
from the first mixing channel with the second liquid
suspension in the second mixing channel enables:

(1) binding of the labeled second binding agent to the
analyte that coats the conjugated microspheres of the
first population, resulting in formation of micro-
spheres coated with labeled second analyte-binding
agent by the time the microspheres of the first
population exit the second mixing channel; and

(2) the second enzyme trapped in the microspheres of
the second population to convert the indicator pre-
cursor into the indicator;

(e) detecting an amount of label bound to microspheres of
the first population and an amount of indicator associ-
ated with microspheres of the second population; and

(f) determining a concentration of the first analyte in the
liquid sample based on a previously determined corre-
lation between the amount of microsphere-bound label
and concentration of analyte, and determining a con-
centration of the second analyte in the liquid sample
based on a previously determined correlation between
the amount of indicator associated with the micro-
spheres and concentration of the analyte.

10. A method of determining concentrations of a first and

second analytes in a liquid sample, the method comprising:

(a) providing:

(1) a device of claim 1;

(2) a liquid sample suspected of comprising said first
and second analytes;

(3) a liquid solution comprising a first enzyme and a
labeled first binding agent that binds the first analyte,
the first enzyme capable of producing a diffusible
agent in the presence of the second analyte; and

(4) a liquid suspension comprising a first population of
microspheres, a second population of microspheres,
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and an indicator precursor, the microspheres of the
first population being conjugated to a second binding
agent that binds the first analyte, and the micro-
spheres of the second population comprising a sec-
ond enzyme trapped within the microspheres, the
second enzyme capable of converting the indicator
precursor into an indicator in the presence of the
diffusible agent;

(b) flowing the liquid sample into the first inlet at a first
flow rate;

(c) flowing the liquid solution into the second inlet at a
second flow rate, whereby mixing of the liquid solution
and the liquid sample in the first mixing channel
enables:

(1) binding of the labeled first binding agent to the first
analyte, resulting in formation of labeled first analyte
complexes by the time the microspheres exit the first
mixing channel; and

(2) the first enzyme to produce the diffusible agent;

(d) flowing the liquid suspension into the third inlet at a
third flow rate, whereby mixing of the efflux from the
first mixing channel with the liquid suspension in the
second mixing channel enables:

(1) binding of the labeled first analyte complexes to the
conjugated microspheres of the first population,
resulting in formation of microspheres coated with
complexes of analyte and labeled first binding agent
by the time the microspheres of the first population
exit the second mixing channel; and

(2) the second enzyme trapped in the microspheres of
the second population to convert the indicator pre-
cursor into the indicator;

(e) detecting an amount of label bound to microspheres of
the first population and an amount of indicator associ-
ated with microspheres of the second population; and

(1) determining a concentration of the first analyte in the
liquid sample based on a previously determined corre-
lation between the amount of microsphere-bound label
and concentration of analyte, and determining a con-
centration of the second analyte in the liquid sample
based on a previously determined correlation between
the amount of indicator associated with the micro-
spheres and concentration of the analyte.
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