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METHODS FOR QUANTITATIVE TARGET
DETECTION AND RELATED DEVICES AND
SYSTEMS

CROSS REFERENCE TO RELATED
APPLICATIONS

This application claims priority to U.S. provisional appli-
cation Ser. No. 61/209,531, filed on Mar. 6, 2009 entitled
“Internally Calibrated quantification of protein analytes in
human plasma by fluorescence immunoassay in elastomeric
microfluidic devices”, docket number CIT5090-P2 incorpo-
rated herein by reference in its entirety.

STATEMENT OF GOVERNMENT GRANT

The U.S. Government has certain rights in this invention
pursuant to Grant No(s). EBO07151 and HG002644 awarded
by National Institutes of Health.

FIELD

The present disclosure relates to quantitative target detec-
tion and in particular to methods for quantitative detection
and related devices and systems.

BACKGROUND

High sensitivity detection of targets and in particular of
biomarkers has been a challenge in the field of biological
molecule analysis, in particular when aimed at detection of a
plurality of targets. Whether for pathological examination or
for fundamental biology studies, several methods are com-
monly used for the detection of various classes of biomateri-
als and biomolecules.

In several applications, including in particular those for
which ubiquitous testing is desirable, the current biological
techniques has been reduced from the macro- to the micro-
scale, and more particularly in multi-analyte high-throughput
handheld devices. In particular, reducing assays (e.g. immu-
noassays) to microfluidic scale has been extensively explored
in recent years. In spite of various efforts and products, the
capability to measure multiple antigens and samples per
device, an industrially feasible fabrication, parsimony of
sample and reagents, adequate sensitivity and specificity,
and/or adequate reliability and reproducibility still remain a
challenge.

SUMMARY

Provided herein, are microfluidic devices, methods and
systems that in several embodiments, allow reproducible
quantification of targets even in complex fluids such as human
serum or other bodily fluids in elastomeric microfluidic
devices.

According to a first aspect, a method to detect a target in a
sample is described. The method comprises dividing the
sample in a plurality of subsamples, and adding to the sub-
samples a set quantity of the target and/or analog thereof, the
subsamples comprising a subsample with no target nor ana-
log thereof added thereto. The method further comprises
detecting the target and/or analog thereof in each subsample
thus providing a set of detection signal comprising a detection
signal related to the subsample with no target nor analog
thereof added thereto; and subtracting a background signal
from each detection signal to provide a set of net signals. The
method also comprises: providing a distribution of signal
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points, each signal point based on a net signal of the set of net
signals, the signal points comprising a signal point related to
the subsample with no target nor analog thereof added thereto
the distribution having a slope. The method additionally com-
prises determining the endogenous target concentration in the
sample by dividing the amplitude of the signal point related to
the subsample with no target nor analog thereof added thereto
by the slope of the distribution.

According to a second aspect, a system to detect a target in
a sample is described. The system comprises at least two pre
quantified targets and/or target analogs, and suitable reagents
for target detection, the targets and suitable reagents being for
simultaneous combined or sequential use in a method herein
described.

The devices methods and systems herein described allow
in several embodiments, reliable and cost effective testing
systems that also allow reproducible quantification of com-
plex sample such as human bodily fluid or a derivative thereof
(e.g. plasma), and in particular human serum.

Furthermore, the devices methods and systems herein
described allow in several embodiments, measurement of
multiple antigens and samples per device, with sensitivity
specificity, reliability and reproducibility.

The devices methods and systems herein described can be
used in connection with applications wherein operation of a
microfluidic device is desired, including for example perfor-
mance of various kind of assays in a microfiuidic environ-
ment, including high throughput, multiplexed assays,
directed for example to target detection. As a consequence,
exemplary fields where the power source, arrangements,
methods and devices herein described can be used include
medical, diagnostics, biological research, and veterinary.

The details of one or more embodiments of the disclosure
are set forth in the accompanying drawings and the descrip-
tion below. Other features, objects, and advantages will be
apparent from the description and drawings, and from the
claims.

BRIEF DESCRIPTION OF THE DRAWINGS

The accompanying drawings, which are incorporated into
and constitute a part of this specification, illustrate one or
more embodiments of the present disclosure and, together
with the detailed description and examples sections, serve to
explain the principles and implementations of the disclosure.

FIG. 1A shows a top perspective view of a microfluidic
chip according to some embodiments herein described. A
60-chamber PDMS chip bound to a one-inch-wide epoxide
slide was used for the experiments. The vertical cylinders are
input ports for reagents and control pressure. The microchan-
nel test matrix is visible in the middle.

FIG. 1B shows an architectural diagram of a microfluidic
chip according to some embodiments herein described. Con-
trol channels are depicted in grey, flow channels are depicted
in black. The inset shows a schematic representation of an
architectural diagram of a test column. Vertical and horizontal
comb-like valve arrays enclose individual chambers.

FIG. 1C shows a depiction of fluorescence immunoassay
spots according to some embodiments here described. Strong
fluorescence signal emanates from the capture chambers
when the sought antigen is present in the sample and the
immunoassay stacks are properly completed.

FIG. 2 shows a diagram illustrating calibrations in human
serum according to some embodiments herein described. The
X axis reports the net fluorescence signal detected following
a sandwich immunoassay. The Y axis reports the concentra-
tion of added antigen analog in each subsample.
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FIG. 3A shows instrumental statistics related to devices
methods and systems according to some embodiments of the
present disclosure. The y axis reports the ratio between the
values detected in a chip and according to clinical determi-
nation and the x axis reports the experiment numbers. The
results of 36 analogous measurements of ferritin in the same
human serum sample are presented as a scatter plot.

FIG. 3B shows instrumental statistics related to devices
methods and systems according to some embodiments of the
present disclosure. The x axis reports the ratio between the
values detected in a chip and according to clinical determi-
nation and the y axis reports the number of occurrence. In
particular, the results of 36 analogous measurements of fer-
ritin in the same human serum sample are presented as a
histogram.

FIG. 4 shows quantification of VEGF in human plasma
according to some embodiments herein described. The
plasma sample was spiked with known concentrations of
commercially available analog.

FIG. 5A shows a diagram illustrating instrumental perfor-
mance according to some embodiments herein described. In
particular, the results of 39 analogous measurements of
VEGF in the same human plasma sample are presented as a
scatter plot. The x axis reports the experiment number and the
y axis reports the VEGF concentration detected according to
some embodiments herein described.

FIG. 5B shows a diagram illustrating instrumental perfor-
mance according to some embodiments herein described. In
particular, the results of 39 analogous measurements of
VEGF in the same human plasma sample are presented as a
histogram. The x axis reports the VEGF concentration mea-
sured according to some embodiments herein described and
the y axis reports the number of events.

FIG. 6 shows a schematic representation of aliquoting and
spiking of subsamples for multi-analyte measurements
according to some embodiments herein described. In the rep-
resentation of FIG. 6, shade indicates type of analog while
size indicates lyophilized amount deposited in the channels.

DETAILED DESCRIPTION

Provided herein are devices methods and systems for inter-
nally calibrated quantitative detection of targets in microflu-
idic devices.

The term “detect” or “detection” as used herein indicates
the determination of the existence, presence or fact of a target
or signal in a limited portion of space, including but not
limited to a sample, a reaction mixture, a molecular complex
and a substrate. A detection is “quantitative” when it refers,
relates to, or involves the measurement of quantity or amount
of the target or signal (also referred as quantitation), which
includes but is not limited to any analysis designed to deter-
mine the amounts or proportions of the target or signal. A
detection is “qualitative” when it refers, relates to, or involves
identification of a quality or kind of the target or signal in
terms of relative abundance to another target or signal, which
is not quantified.

The term “target” as used herein indicates an analyte of
interest. The term “analyte” refers to a substance, compound
or component whose presence or absence in a sample has to
be detected. Analytes include but are not limited to biomol-
ecules and in particular biomarkers. The term “biomolecule”
as used herein indicates a substance compound or component
associated to a biological environment including but not lim-
ited to sugars, aminoacids, peptides proteins, oligonucle-
otides, polynucleotides, polypeptides, organic molecules,
haptens, epitopes, biological cells, parts of biological cells,
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4

vitamins, hormones and the like. The term “biomarker” indi-
cates a biomolecule that is associated with a specific state of
abiological environment including but not limited to a phase
of cellular cycle, health and disease state. The presence,
absence, reduction, upregulation of the biomarker is associ-
ated with and is indicative of a particular state.

The term “sample” as used herein indicates a limited quan-
tity of something that is indicative of a larger quantity of that
something, including but not limited to fluids from a biologi-
cal environment, specimen, cultures, tissues, commercial
recombinant proteins, synthetic compounds or portions
thereof. Exemplary samples comprise whole blood, serum,
plasma, cerebrospinal fluid, saliva, urine, vaginal fluid, sweat,
oral swab extract, tears, and biopsy samples.

The term “protein” as used herein indicates a polypeptide
with a particular secondary and tertiary structure that can
participate in, but not limited to, interactions with other bio-
molecules including other proteins, DNA, RNA, lipids,
metabolites, hormones, chemokines, and small molecules.

The term “polypeptide” as used herein indicates an organic
polymer composed of two or more amino acid monomers
and/or analogs thereof. The term “polypeptide” includes
amino acid polymers of any length including full length pro-
teins and peptides, as well as analogs and fragments thereof.
A polypeptide of three or more amino acids is also called a
protein oligomer or oligopeptide. As used herein the term
“amino acid”, “amino acidic monomer”, or “amino acid resi-
due” refers to any of the twenty naturally occurring amino
acids including synthetic amino acids with unnatural side
chains and including both D an L optical isomers. The term
“amino acid analog” refers to an amino acid in which one or
more individual atoms have been replaced, either with a dif-
ferent atom, isotope, or with a different functional group but
is otherwise identical to its natural amino acid analog.

In particular according to some embodiments a recalibra-
tion method for quantitative detection of targets is described.
In some embodiments, the recalibration method involves
dividing the sample in subsample and adding a set quantity
such as a known concentration of the target or of an appro-
priate analog of the analyte of interest in the subsamples.

The term “analog” as used herein indicates structural ana-
logs (structural analogues), also known as chemical analogs
or simply analogs, i.e. compounds in which one or more
atoms, functional groups, or substructures of the reference
compound have been replaced with different atoms, groups,
or substructures and that retains the ability of the reference
compound of being detected by suitable detection techniques.
Despite a high chemical similarity, structural analogs are not
necessarily functional analogs, and vice versa, and can have
same or different physical, chemical, biochemical, or phar-
macological properties. For example, in some embodiments,
the term analog refers to commercially available protein that
mimics a naturally endogenously occurring antigen in that it
has the same relevant biochemical reactivities, e.g. to anti-
bodies against the natural antigen.

In some embodiments, the appropriate concentration of the
analyte of interest or analog thereof used for spiking the
sample is selected in view of the concentration of the target to
be detected. In particular, the set quantity of target or analog
added to the subsamples are selected to encompass a range
including the biomedically normal concentration (or concen-
tration range) of the target to be detected (see e.g. Examples
4 and 8). In some embodiments, a range of spiking concen-
trations is selected to encompass at least one order of magni-
tude above and one order of magnitude below the biomedi-
cally normal concentration or range. In some embodiments,
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at least one of the subsamples (herein also referred as zero-
spike) has no target added thereto.

In some embodiments, a background signal (signal from
the environment where the detection is performed in absence
of the sample) is detected using a labeling technique. The
terms “label” and “labeled molecule” as used herein as a
component of a complex or molecule refer to a molecule
capable of detection, including but not limited to radioactive
isotopes, fluorophores, chemiluminescent dyes, chro-
mophores, enzymes, enzymes substrates, enzyme cofactors,
enzyme inhibitors, dyes, metal ions, nanoparticles, metal
sols, ligands (such as biotin, avidin, streptavidin or haptens)
and the like. The term “fluorophore” refers to a substance or
aportion thereof which is capable of exhibiting fluorescence.
As a consequence the wording and “labeling signal” as used
herein indicates the signal emitted from the label that allows
detection of the label, including but not limited to radioactiv-
ity, fluorescence, chemoluminescence, production of a com-
pound in outcome of an enzymatic reaction and the likes.
Exemplary labeling techniques comprise fluorescence immu-
noassays (e.g. sandwich immunoassays as the approach of
chemical recognition In particular in some exemplary
embodiments, dyes are typically detected optically; nanopar-
ticles can be detected optically, electronically, or magneti-
cally; enzyme products can be detected optically (e.g. chemi-
luminescence) or electronically (e.g. redox combined with
conductance measurement); radioactive labels are typically
detected by photographic plates and additional techniques
that allow quantitation through calibration.

In some embodiments, the background signal can be
detected by detecting the non specific binding of the labeled
molecule e.g. by detecting the signal of a buffer solution in the
vessel or chamber where the target detection is performed or
by other approaches identifiable by a skilled person.

In some embodiments, following addition of the target/
analog to the subsamples (spiking) the target in the sample is
quantified by the same labeling technique used for detecting
the background signal from a control measurement to origi-
nate a signal point or datapoint, corresponding to the spiked
sample. In some embodiments, the background signal is then
subtracted from the signal point to provide a net signal.

In some embodiments, a detection signal from the zero-
spike sample and a detection signal from a spiked sample are
derived. The background signal is then subtracted from both
zero-spike and spiked signals to get net zero-spike signal and
net spiked signal. The endogenous concentration is then cal-
culated and in some embodiments, is equal to the spiking
concentration multiplied by the net zero-spike signal and
divided by the difference between net spiked and net zero-
spike signals.

In some embodiments, the resulting net signals are plotted
against the respective spiking concentrations on a same dis-
tribution which comprises at least in a portion a linear fit.

The specific type of distribution is typically functional to
the specific concentration selected to spike the subsamples. In
some embodiments, the distribution is provided by a linear
graph (see e.g. Examples 4 and 8).

In particular, in some embodiments, the datapoint derived
from the signal detection produce, in at least portion of the
distribution, a linear fit having a slope, which on its turn
produces a value for the slope.

In some embodiments, the zero-spike signal is divided by
the slope to produce the endogenous concentration of the
target detected with the method herein described.

In some embodiments, multi-analyte measurements are
performed. In some of those embodiments, the same sample
containing multiple analytes is aliquoted in subsamples, and
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each aliquot is spiked with several analogs (one for each
analyte of interest), and then each subsample is measured
against each analyte. In some of those embodiments, a sepa-
rate recalibration curve is plotted for each analyte.

In several embodiments, the methods herein described
wherein the sample is aliquoted in subsamples and spiked
with a plurality of concentrations of the target/analog, to
produce a calibration curve instead of a single-point standard,
accounting for potential non-linear response of the system,
e.g. saturation at very high values. In such saturation cases,
the linear section of the calibration curve is used to extract the
slope for purposes of calculating the endogenous concentra-
tion, while the saturating e.g. asymptotic section is not used.
Some of those embodiments also allow that the subsamples
have the same biochemical ambience, reducing the influence
of biological variability among standards and unknown
samples.

Additionally, the method wherein detection is performed
on subsamples in several embodiments can minimize the
negative effects of variations in the antibody activity among
subsamples, in particular when detection is performed in
parallel. For example, if according to a certain experimental
settings antibodies are used as capture agents for detection
and the antibody activity has declined by a certain factor
during the experiment, the signals from the subsamples are
expected to decrease by the same factor, and so is the slope to
the fit. In particular, since in several embodiments, the endog-
enous amount or concentration of the target is calculated as
the ratio of zero-spike signal to slope value, both of which are
decreased by the same factor, the impact of that factor is
minimized and even cancelled leaving the quantitative detec-
tion minimally or not at all affected by the variations in
antibody activity between experiments. Accordingly, in sev-
eral embodiments where detection is performed on sub-
samples the impact of antibody activity and similar sources of
variation on the final detection is minimized.

In some embodiments, the recalibration scheme involving
spiking of subsamples is compatible with parallelization in
multi-analyte format. For example, the same subsamples can
be simultaneously spiked with several analogs, each to a
different analyte of interest. Then simultaneous recalibrations
can be performed on the same chip, simply by measuring each
of'the subsamples against multiple analytes of interest. Then
for each analyte of interest, there would be a separate recali-
bration curve. Thus in several embodiments, the recalibration
scheme has an inherent property of orthogonality, so long as
there is no cross-reactivity between an antibody of one ana-
lyte with another analyte. In some embodiments, the orthogo-
nality of immunoassays thus carries over to orthogonality of
the recalibration scheme and allows multi-analyte high-
throughput applications.

In some embodiments, spiking of'a sample and detection of
the target/analog is preceded by sample collection and sample
preparation.

In particular sample collection can be performed using
techniques known to the skilled person. In some embodi-
ments, sample-preparation can be performed by collecting
unprocessed sample into a measurement-usable sample by a
separation process, e.g. by head-on filtration or cross-flow
filtration. In some of those embodiments the sample is whole
blood that is converted to plasma by adding an anticoagulant
(e.g. heparin, citric acid) before, during, or after the separa-
tion process.

In some embodiments, the anticoagulant can be introduced
into the sample by depositing it in lyophilized form on the
fluidic pathway of the sample. In some embodiments the
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anticoagulant is introduced during sample collection, e.g.
lyophilized inside the needle or tube that takes up the whole
blood from the patient.

In some embodiments, the spiking stage involves the split-
ting of the sample into subsamples, and the introduction of
known amounts of biochemical analog to the analyte of inter-
est into these subsamples.

In several embodiments, detection is performed by provid-
ing labeled capture agents or other labeled molecules that are
capable to specifically bind and are therefore specific for the
target to be detected. The wording “specific” “specifically” or
specificity” as used herein with reference to the binding of a
molecule to another refers to the recognition, contact and
formation of a stable complex between the molecule and the
another, together with substantially less to no recognition,
contact and formation of a stable complex between each of
the molecule and the another with other molecules. Exem-
plary specific bindings are antibody-antigen interaction, cel-
Iular receptor-ligand interactions, polynucleotide hybridiza-
tion, enzyme substrate interactions etc. The term “specific” as
used herein with reference to a molecular component of a
complex, refers to the unique association of that component
to the specific complex which the component is part of. The
term “specific” as used herein with reference to a sequence of
a polynucleotide refers to the unique association of the
sequence with a single polynucleotide which is the comple-
mentary sequence.

In some embodiments, the detection is performed by
immunoassays with detection output based on fluorescence,
chemi-luminescence, photonics, and/or electrical measure-
ments such as redox, conductance, resistance, and capaci-
tance.

In some embodiments, where the subsamples are measured
separately (e.g. by one or more of the methods herein
described), the signals are reduced by ambient background
signals, the resulting net signals are plotted against spiking
amounts or concentrations, a linear fit is constructed to those
datapoints, and the zero-spike net signal is divided by the
slope of the linear fit to obtain the endogenous amount or
concentration of the analyte of interest (internal recalibration
scheme).

In some embodiments, the output stage produces a pro-
cessed sample, a measurement, or both.

In some embodiments, the measurements are performed
for each analyte with a panel of different antibodies against
the same analyte.

The method to quantitatively detect target herein described
can be performed with various devices comprising, for
example, microtiter plates, microfluidic devices of various
kind, and additional devices identifiable by a skilled person
upon reading of the present disclosure.

In particular, in some embodiments, the methods herein
described can be performed on microfluidic chips. The term
“microfluidic” as used herein refers to a component or system
that has microfluidic features e.g. channels and/or chambers
that are generally fabricated on the micron or sub-micron
scale. For example, the typical channels or chambers have at
least one cross-sectional dimension in the range of about 0.1
microns to about 1500 microns, more typically in the range of
about 0.2 microns to about 1000 microns, still more typically
in the range of about 0.4 microns to about 500 microns.
Individual microfluidic features typically hold very small
quantities of fluid, e.g. from about 10 nanoliters to about 5
milliliters, more typically from about 100 nanoliters to about
2 milliliters, still more typically from about 200 nanoliters to
about 500 microliters, or yet more typically from about 500
nanoliters to about 200 microliters.
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In particular in some embodiments, methods herein
described can be performed on the microfluidic chip
described in [ref. 42] herein incorporated by reference in its
entirety. In some embodiments, a particular device can be
engineered to the specifications set by the recalibration
method on the one hand, and the intended ability to measure
multiple analytes, on the other hand. For example in some
embodiments, a microfluidic device such as the one described
in [ref. 42] is modified to include fewer coliseums, and modi-
fied chambers as illustrated for example in the Examples
section (see e.g. Examples 1 and 5).

In some embodiments, the method herein described can be
performed with a particular microfluidic device formed by a
three-layer system, containing two PDMS (polydimethylsi-
loxane) layers and one glass substrate. In some of those
embodiments, the glass substrate can be coated with protein-
binding surface chemistry. The PDMS layer contacting the
glass contains reagent channels, which are used to convey
reagents to and from the glass surface. The second PDMS
layer can be situated on top of the first PDMS layer and
contain control channels that convey water as hydraulic work-
ing fluid to drive microfluidic valves. Each valve is a thin
membrane vertically separating the channel that controls the
valve from the reagent channel that the valve controls. In
some embodiments, the chip works essentially as a two-
dimensional matrix in which reagent channels carrying anti-
bodies cross reagent channels carrying analytes, so that a
reaction chamber is formed at each intersection. In some of
those embodiments, access to each chamber is controlled by
two sets of two valves, which function like traffic lights. After
feeds are done in the correct sequence, labels detection from
each reaction chambers forms the experimental data used to
extract the endogenous concentrations of each analyte.

In some embodiments, the analog amounts are introduced
by positioning them in lyophilized form on the fluidic path-
way of the subsamples from input towards the measurement
stage.

In some embodiments, the analog amounts are introduced
in the subsamples by microfluidic metering techniques.

In some embodiments, multiple analytes are processed
and/or measured within the same chip, in parallel or in series.

In some embodiments, antibodies against different ana-
lytes are simultaneously fed in parallel into channels whose
surface is coated with a surface chemistry that immobilizes
the antibodies. In some embodiments, a washing step
removes unreacted excess material and passivates the surface
against further bonding. In some embodiments, samples con-
taining endogenous analytes of interest are spiked with vary-
ing known concentrations of analogs and are fed into the chip
perpendicularly to the antibody channels, thereby producing
a two-dimensional microfluidic test matrix. In some embodi-
ments, analytes and analogs are allowed to bind to the respec-
tive antibodies and the excess material is washed away. In
some embodiments, labeled capture agents such as antibodies
to the same analytes are fed along the antibody channels and
allowed to bind to the bound analytes and bound analogs to
complete the sandwich immunoassays. In some embodi-
ments, excess is washed away and detection by the label
produces signal for each spiking concentration for each ana-
lyte. In some embodiments, a recalibration curve for each
analyte shows signal versus spiking concentration and a lin-
ear fit to the curve produces a slope, the zero-spike signal is
divided by the slope value to calculate the endogenous con-
centration. The same method can be applied to all analytes. In
the particular device, arrays of microfluidic valves can be
integrated to control fluid flow during the above procedure.
Also, in the particular device, fluorescence can be used for
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labeling and quantification. However, other techniques of
labeling would work as well, e.g. redox electrical detection,
chemi-luminescence, nephelometry, conductance or capaci-
tance measurements, or radioactivity.

In the particular embodiment, the aliquoting can be per-
formed off-chip, or on-chip as well. In the particular embodi-
ment, only one analyte per chip can be detected, so that
multiple identical experiments can performed within the
same chip. In particular, in some embodiments, the device can
handle five or more different analytes at the same time. In the
particular embodiment, one unspiked (zero-spike) sample
can be analyzes with five spiked subsamples. In another
embodiment a chip can be expanded with more coliseums to
accommodate even more spiking for an even higher quality
recalibration curve (more datapoints).

Some embodiments where the methods and systems are
performed in microfluidic format can allow a significant
reduction in the material requirements for reagent amounts
and sample volumes. The parsimony in reagents allows for
reduction in cost per test, while the parsimony of sample
volume allows for measurements of samples that cannot be
measured by conventional means (e.g. at the macro-scale).
Further, the shrinkage of scale and the miniaturized fluidic
control (e.g. through pneumatic monolithic microvalves)
allow for parallelization of measurements, e.g. in a multi-
analyte format, so that the same small amount of sample can
be used by the particular device to quantify multiple analytes
of interest. This parallelization ensures further reduction in
costs as well as makes it possible to provide more diagnostic
information with faster turnaround at lower costs. Finally, the
shrinkage of scale and the inexpensiveness of the devices
mean that the overall diagnostic systems can be made por-
table, widely available, and simple to use, e.g. in near-patient
or point-of-care settings.

According to some embodiments a system for quantitative
detection is described. The system comprises at least two of
pre quantified targets and/or target analog, and suitable
reagents for target detection, the prequantified targets and
suitable reagents for simultaneous combined or sequential
use in the methods for quantitatively detect a target herein
described.

In some embodiments, a labeling molecule can also be
included in the system herein disclosed, which include but not
limited to labeled polynucleotides, labeled antibodies, other
labels identifiable by the skilled person upon reading of the
present disclosure.

Additional components can include a microfluidic chip
(and in particular a device herein described), suitable
reagents, targets, target analogs, alone or together with
vehicles in compositions, fluorescent dyes or other labels,
reference standards (and in particular reference standard for
providing a distribution based on the detected signal) and
additional components identifiable by a skilled person upon
reading of the present disclosure.

In some embodiments the systems herein described can be
provided in the form of a kit of parts, wherein the reagents are
comprised in the kit independently.

In particular, the components of the kit can be provided,
with suitable instructions and any other necessary reagents, in
order to perform the methods here disclosed. The kit will
normally contain the compositions in separate containers.
Instructions, for example written or audio instructions, on
paper or electronic support such as tapes or CD-ROMs, for
carrying out the assay, will usually be included in the kit. The
kit can also contain, depending on the particular method used,
other packaged reagents and materials (i.e. wash buffers and
the like).
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Further details concerning the identification of the suitable
vehicles or auxiliary agent of the compositions comprising
the target, or target analogs, capture agents such as antibodies
or other reagents for the quantitative detection, and generally
manufacturing and packaging of the kit, can be identified by
the person skilled in the art upon reading of the present
disclosure.

In several embodiments, the devices methods and system
can be used to perform reliable quantitative detection with
biomedical samples. In particular, in some embodiments,
methods and systems herein described can be applied for
reliable target detection in whole blood, serum, plasma, urine,
saliva, cerebrospinal fluid, vaginal fluid, sweat, tears, swab
extract, and similarly complexed samples.

In some embodiments, sample preparation can be per-
formed by conventional macro-scale methods. For example,
serum preparation from whole blood involves centrifugation
of the coagulated material, and only after that can the serum
be inserted in the measurement device. In some embodiments
sample-preparation can be performed through microfluidic
methods and systems that can complement the capabilities of
microfluidic measurement devices.

In some embodiments, sample preparation device can be
integrated in the same device, to simplify handling and to
minimize sample wastage.

In some embodiments, where each sample-test combina-
tion is performed in a separate vessel (e.g. a separate microf-
luidic chamber), identification of the sample can be per-
formed based on location, while the magnitude of the signal
correlates with the amount of captured analyte. In some of
those embodiments, the devices, methods and system can be
associated, with a corresponding decrease in cost and ease of
miniaturization with respect to methods that require multi-
color fluorescence detection. In some embodiments, the
devices methods and system achieves recalibration and
higher sensitivity, while still working with a single type of
fluorophore.

In some embodiments, quantitative detection can be per-
formed by fluorescence microscopy quantification performed
at each site of the microfluidic test matrix, and in particular
with an approach described in [ref. 43].

In some embodiments, quantitative detection can be per-
formed by chemi-luminescence, including, for example,
labeling the top antibody in the sandwich immunoassay with
a chemi-luminescent tag.

In some embodiments, quantitative detection can be per-
formed by electrical detection, including, for example, label-
ing the top antibody in the sandwich immunoassay with an
enzyme, which converts a neutral substrate into charged prod-
ucts, e.g. in a redox reaction. Then the increase in the avail-
able charge carriers will produce a local increase in the con-
ductivity, which can easily be measured electronically to a
very high sensitivity with high speed and parallelism of detec-
tion. Then the microfluidic matrix will be mimicked by an
electrical detection matrix, e.g. built into the substrate of the
chip.

In some embodiments, quantitative detection can be per-
formed by photonic resonators, and in particular with the
photonic resonator described in [ref. 10]. For example, in
some of those embodiments, the microfluidic matrix can be
mimicked by an array of photonic resonators, in such a way
that there is a least one independently addressable photonic
resonator detector in each of the microfluidic immunoassay
chambers. Then the immunoassay can be formed ontop ofthe
resonator, whose optical properties will change as the sand-
wich immunoassay is completed (e.g. it can tune or detune as
a result). Thus in some embodiments detection is performed
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by a reporting scheme that involves a photonic resonator
measurement at each immunoassay chamber instead of a
fluorescence measurement. In some embodiments, each pho-
tonic resonator can be combined with a nanolaser, or the
nanolaser can be used instead of it. In some embodiments,
each nanolaser’s properties would change as a result of bind-
ing of the target.

Other reporting schemes are suitable in various embodi-
ments herein described, and are identifiable by a skilled per-
son upon reading of the present disclosure.

The output of the overall system can vary depending on
application and choice of constituent stages. In particular, a
diversity in the output is typically associated to the inherent
modularity of the proposed methods/system.

For example, changing the reporting scheme will change
the type of signal output received. For fluorescence and
chemi-luminescence, the output would be a change in the
intensity and/or spectrum of an optical signal. For photonic
measurements, the output may be a change in intensity and/or
spectrum of an optical signal. For electrical measurements,
the result would be changes in the conductivity, capacitance,
resistance, or throughput electrical current. For measure-
ments with radioactive labels, the result can be chemical
changes in the photographic plate, or photoelectric signal in
an electronic detector.

In another embodiment, e.g. where the blood separation is
the key, the output can be both an immunoassay signal and the
filtration results themselves, e.g. if the system is required to
output WBCs in addition to the quantification of particular
analytes carried in the plasma.

In some embodiments, the overall system can be reduced to
one or more of its constituent stages for very specific appli-
cations.

In some embodiments, the devices methods and system of
the present disclosure provide a quantitative sensitivity limit
at around 4 pM or higher.

In some embodiments, wherein there is a large dynamic
range between the sensitivity limit (4 pM) and the “normal”
value of a target (e.g. 96 pM for VGF), the devices methods
and systems herein described can be used to quantify under-
expression.

In some embodiments, the devices methods and system of
the present disclosure are applicable to a broad range of
clinical diagnostic tests that are based on quantifying proteins
in human plasma.

In some embodiments, the devices methods and system of
the present disclosure allow reduction in required sample
volume and related new types of clinical and fundamental
studies, e.g. a broad, multianalyte screening of a large number
of small-volume samples from existing bio-banks organized
by the respective symptomatic pathologies, e.g. multiple scle-
rosis, particular types of cancer, etc.

In some embodiments, the devices methods and system of
the present disclosure have the inherent capability of multi-
analyte detection [refs. 43, 44], which is expected to cut costs,
while the system would also use up only a small fraction of
the precious banked sample.

In some embodiments, the devices methods and system of
the present disclosure can be used in connection with routine
biomedical diagnostics.

EXAMPLES

The devices, methods and systems herein described are
further illustrated in the following examples, which are pro-
vided by way of illustration and are not intended to be limit-
ing.
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In particular, the following examples illustrate an exem-
plary device, methods and systems herein described with
reference to detection of ferritin and VEGF. A person skilled
in the art will appreciate the applicability of the features
described in detail for detection of those biomarkers for addi-
tional biomarkers or targets in general according to the
present disclosure.

Additional details concerning procedures used and results
obtained are reported below.

Example 1

Mold and Chip Fabrication, Reagents, and
Experimental Setup

Mold and chip fabrication and the experimental setup were
performed as described in [ref 42] incorporated herein by
reference in its entirety. Fresh resupplies of the same com-
mercial reagents for the same companies were utilized. The
size of the microfluidic chip was reduced to 60 chambers (6
sample coliseums crossed by 5 test lanes, with two chambers
per sample-test combination), while the chamber size was
allowed to vary among test lanes (FIG. 1).

In comparison to the chip described in [ref. 42], the microf-
luidic device was shrunk from 100 to 60 chambers (6 sample
coliseums, 5 test lanes, 2 chambers per combination), since 6
datapoints per measurement were enough to produce a cali-
bration of sufficient quality. This reduction would also make
it easier to integrate the device as a subsystem in a future
multi-antigen chip.

Channel resistances of test lanes were made approximately
equal by adding length to the most direct route from source to
exhaust, as exemplified by the zigzags in Lanes 2, 3, and 4
(FIG. 1B). In addition, the lanes with smaller chambers were
designed with wider channel segments connecting the cham-
bers (FIG. 1B zoom-in), so that the total fluidic resistances of
the matrix lanes were kept approximately the same. That
feature helped avoid lane bias, as different lane resistances at
the same pressure would have generated different through-
puts and thus different dosimetry across the test matrix.

The sizes of the capture chambers were varied as an addi-
tional lever of control in configuring the dynamic range of the
system. Intersection sizes of 20x20, 60x60, and 100x100
microns were utilized (FIGS. 1B and 1C). The hypothesis was
that larger area would allow the capture of more analyte
before reaching surface saturation, and thus would handle
samples of high concentration of analyte, while smaller areas
would concentrate a rare sample for high-sensitivity mea-
surements. However, experimental observations showed that
at the desired low antigen concentrations, the system seems
roughly to scale the level of binding with the ambient con-
centration.

Thus, in the particular experimental settings tested, the size
of the capture area did not prove as useful as anticipated
according to the specific experimental design. This was not a
surprising, as the system was operated far from saturation.
Additional details are described in [ref. 44| incorporated
herein by reference in its entirety.

Example 2
Determination of Fluorescence Noise
The potential increase in fluorescence noise due to the
complexity of the sample analyzed, serum sample, e.g.

through non-specific attachment of blood proteins and then
fluorescence probes to the channel surfaces, was investigated.
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Background/noise was estimated in two ways. First, a con-
trol measurement was included by feeding buffer with 0.1%
BSA instead of a serum sample. So, there were: one buffer
sample, one unspiked serum subsample, and four spiked
serum subsamples, for a total of six coliseums. The control
measurement quantifies the noise from non-specific attach-
ment of labels or any cross-reactivity that may occur in the
absence of serum. Second, each fluorescence image of a
reaction chamber contains a local autofluorescence back-
ground from the material of the chip itself.

This second contribution to background/noise was esti-
mated by measuring fluorescence signal from non-channel
regions of the fluorescence image and then weighting it by the
ratio of chamber area to non-channel area used to collect that
autofluorescence signal. Thus the signal from each chamber
was reduced by its local background, including the signal
from the control chamber. Then the resulting signal for each
serum chamber was reduced by the resulting signal from the
control chamber, to produce the final net signal for each
chamber. Since there are two chambers per sample-test com-
bination, their average was taken as the net signal for the
combination, while half of their difference was assigned as
uncertainty on that net signal. These net signals with their
uncertainties were plotted to produce the recalibration curve.

Example 3
Quantification Scheme

Detection of Ferritin was performed by sandwich immu-
noassay in the chip manufacture as illustrated in Example 1.

In sandwich immunoassays, a monoclonal antibody, spe-
cific to the target analyte (antigen), is bound to a surface.
Next, the sample is put in contact with that surface, whereby
the antibody captures the contained antigen. Then a labeled
polyclonal antibody attaches to the antigen to complete the
sandwich immunoassay. The label (e.g. a linked enzyme cre-
ating fluorescent product or a fluorophore bound to the poly-
clonal antibody) generates a signal which is compared to a
standard to quantify the captured antigen.

The chips shown in the exemplary illustration of FIG. 1A
multiplex this scheme to allow 5 simultaneous tests for each
of 6 samples. Micromechanical valves direct the pressure-
driven reagent flow as desired along a network of 10-um-tall
channels (FIG. 1B). The “four-way” valving at each intersec-
tion in the test matrix forms a capture microchamber, within
which the sandwich immunoassay is built for a particular
sample-test combination. FIG. 1C shows a section of the
array of the sandwich immunoassay fluorescence spots gen-
erated in a typical experiment.

In a typical experiment, monoclonal antibodies flow from
D1-5 (Derivatization inputs) to DE1-5 (Derivatization
Exhausts) in FIG. 1B. The antibodies covalently bond to the
epoxide floor of the microchannels, producing the first layer
of the sandwich immunoassay. Tris buffer from DB (Deriva-
tization Buffer input) to DE1-5 removes unbound excess
protein and passivates any unreacted epoxide moieties that
would otherwise produce background by binding protein in
later feeds. Next, Tris buffer flows from SB (Samples’ Buffer
input) to SE1-6 (Samples’ Exhausts) to passivate the rest of
the microchannels.

As samples flow in parallel from S1-6 (Samples’ inputs) to
SE1-6, each sample fills a corresponding pair of microchan-
nels. When the appropriate valves are closed, each such pair
forms a circular path (a coliseum), which traps 10 mL of the
respective sample. Then an array of peristaltic micropumps,
such as the one shown in [ref. 44], drives each trapped volume

20

25

30

35

40

45

50

55

60

65

14

around its coliseum (see e.g. flow mechanism described in
[ref. 42]), with a lap time of 20 sec. Within each coliseum,
each antigen is captured in its respective microchamber, as
determined by the first layer of the immunostack. The same
sample is allowed to run multiple laps to maximize extraction
of'the antigen from the sample.

After harvesting, buffer from SB to SE1-6 flushes out the
sample volume. Parallel feeds of biotinylated antibodies from
A1-5 (Antibody inputs) to DE1-5 build up the third layers of
the immunostacks in each microchamber. Buffer from DB to
DE1-5 removes unattached antibody. Fluorescently labeled
streptavidin in PBS buffer flows from SA (StreptAvidin
input) to DE1-5. Buffer from DB to DE1-5 removes unat-
tached excess. Then all valves are closed and fluorescence
detection is conducted at each microchamber using an
inverted optical microscope and an inexpensive cooled CCD
camera. The fluorescence signal is integrated over the cham-
ber area and then lessened by the off-channel background
signal normalized for area, to produce the net fluorescence
signal from the immunoassay spot. That result is correlated
with the fed analyte concentration (see e.g. correlation
described in [ref. 42]).

In human serum measurements, this basic scheme was
further improved. To account for potential biological pecu-
liarities or differences among patients, the human serum
sample to be used for testing the microfluidic system was
produced by mixing serum samples from ten randomly cho-
sen anonymized patients and then quantifying the analytes of
interest by standard clinical means.

Next, instead of having multiple samples in the same chip,
the compound serum sample was aliquoted and each aliquot
was spiked with varying known concentrations of a commer-
cially available antigen equivalent to the indigenous human
analyte to be detected. These derivative samples were then fed
into the chip in parallel and together with a negative control
sample containing PBS buffer with 0.1% BSA.

Then fluorescence signals from each image were obtained
as described above. The values for the serum samples were
then lessened by the negative-control value, to subtract the
contribution from potential non-specific attachment. The
resulting net fluorescence signals were plotted as a function
of spike concentration to produce a calibration curve. Under
suitably chosen feed conditions that curve would be close to
a straight line (see e.g. Example 4 and Example 8). The
zero-spike value was divided by the slope of the linear fit to
yield the indigenous analyte concentration.

Example 4
Ferritin Quantitative Detection in Blood

A particular example of a ferritin calibration result is
shown in FIG. 2. Of the six available coliseums, one was used
for a negative control (PBS buffer, 0.1% BSA [ref. 42]) to
estimate non-specific attachment, one was used with pure
(unspiked) serum, and the other four with the same serum but
spiked to respective concentrations 0 0.3, 0.6, 1, and 3 nM of
commercially available antigen. The specifics of this experi-
ment included two capture cycles, each comprising a 30-sec
sample feed and a 5-min circular pumping. A fluorescence
image of each capture chamber was taken with a 4-sec pho-
toexposure.

Spiking the human serum sample with known concentra-
tions of a commercially available antigen analog and measur-
ing all resulting aliquots produces the calibration curve illus-
trated in FIG. 2.
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In particular, the net signal was extracted from the fluores-
cence image of the respective immunoassay chamber with a
procedure substantially similar to the one described in
Example 3.

Briefly, the glass substrate of the device is essentially trans-
parent in visible frequencies, so fluorescence measurements
can be conducted from the bottom side of the device. An
inverted fluorescence microscope was used for the purpose.
Since each sample-test combination has its own distinct
chamber on the chip, multi-color experiments are not neces-
sary for quantification, because the location provides the
sample-test knowledge, while the magnitude of the signal
correlates with the amount of captured analyte. In the particu-
lar embodiment, we used a mercury lamp for illumination, an
inverted Olympus microscope, a dichroic filter set for Alex-
aFluor488, and a cooled CCD camera. The antibodies were
labeled with biotin, while streptavidin labeled with Alex-
aFluor488 fluorescent dye was fed to each chamber as part of
the experimental procedure. Bound antibodies had their
biotin tag immobilize streptavidin, whose fluorescent tag pro-
duced the fluorescence signal. A fluorescence image was
taken with the CCD camera at each chamber. FIG. 1C below
shows several chambers at the same time as an illustration of
the results of the technique, but for purposes of data collec-
tion, each chamber was imaged separately with a higher-
magnification objective. Each such picture contained the
channel crossing and some background areas without chan-
nels. In each image, the background areas were used to esti-
mate the fluorescence background, which was then subtracted
from the fluorescence signal integrated over the chamber. The
result was a net fluorescence signal from each chamber.
Those data were then organized by spiking concentration and
plotted. A linear fit to the resulting curve produces a slope.
Then the zero-spike signal is divided by the slope to calculate
the endogenous concentration of the analyte. The described
system is geared for fluorescence detection. However, differ-
ent labeling schemes, e.g. as described above, would require
their own respective detection methods and hardware.

The net signals for each spiking concentration (including
zero-spike) were then plotted on the same graph as a function
of the spiking concentration (FIG. 2). Uncertainties are
assigned based on standard error propagation using the cal-
culations involved in the image analysis technique and the
uncertainties of the starting variables. For example, one
source of uncertainty is the human error involved in boxing
the chamber single for purposes of integration. Another
source of error is the selection of background window for
weighted subtraction, to obtain the net signal. Yet another
source of uncertainty is the variation between the values of the
two chambers that by construction would produce identical
results (since in the particular experimental settings chosen,
each antibody channel intersects the same coliseum at two
locations).

A linear fit in the graph of net signal vs. spiking concen-
tration produces a value for the slope, with associated uncer-
tainty (FIG. 2). Then the zero-spike net signal is divided by
the slope, to obtain the endogenous concentration. Standard
error propagation is applied on the uncertainties on slope
value and zero-spike value to calculate the uncertainty on the
estimate of the endogenous concentration.

The values for spiking concentrations were selected to
cover the expected dynamic range of the analyte while bear-
ing in mind its “normal” concentration and direction of abnor-
mal change. For example, ferritin’s typical range in serum is
60-600 pM, with sizeable overexpression serving as an indi-
cation of long-term iron buildup. So, allowing for overexpres-
sion, a spiking range was selected of 300-3000 pM for the
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experiment, whose results are shown in FIG. 2. Conversely, in
experimental design where underexpression is desired (e.g.
as the medically indicative result), a spiking range few times
below the “normal” (or other preselected level) and then at the
high end be at the “normal” level or slightly above. The
obvious intention is to cover the expected dynamic range of
the particular analyte. If the analyte’s expression level does
not vary significantly, a linear scale in the spiking is appro-
priate (e.g. 200, 400, 600, 800 pM). If the expression level
varies significantly, e.g. by a few times or even an order of
magnitude or more, alogarithmic scale for the spiking is more
appropriate (e.g. 3, 10, 33, 100, 333, 1000 pM).

The resulting calibration curve (FIG. 2) was used to esti-
mate the indigenous ferritin concentration.

The indigenous concentration of the analyte of interest is
calculated from the slope of the linear fit and the zero-spike
value. The shown example is for ferritin, where the chip result
was 254+35 pM, while the clinically measured value was 198
pM.

By comparison, the independent clinical measurement
(obtained through Roche Elecsys 2010 in the USC Reference
Laboratory) had yielded 198 pM for the same serum sample.
Thus in this case, our microfluidic device measured 28%
higher concentration than the commercial macro system.

36 analogous measurements on the same serum sample
were conducted to validate the system and determine the
degree of reliability and reproducibility of the obtained
results. For each serum measurement, the estimated value of
ferritin concentration was divided by the clinically measured
value to produce a ratio parameter R. FIG. 3A presents the
compiled data as a scatter plot of the values of R for the 36
experiments conducted. FIG. 3B presents the same data in the
form of a histogram. A normal fit to the histogram distribution
yielded a mean of 1.46 with a standard deviation of 0.54.

No visible difference or systematic clustering among sub-
sets of measurements was observed. The results showed
agreement and reproducibility across different test lanes in
the same device as well as across different devices, thereby
demonstrating the overall reproducibility and reliability of
the system. The chief contributor to the observed quality was
attributed to the in-built calibration scheme which nullifies
drift factors such as variations in reagent activity, surface
chemistry quality, and fabricational conditions.

Example 5
Device Fabrication

The Flow layer mold was manufactured according to the
following procedure. 3-Inch silicon wafers were treated with
hexadimethylsilazane (HDMS) vapors for 3 min. SPR 220-7
photoresist (MicroChem Corp. Newton, Mass.) was spun
onto the wafer using aWS-400A-GNPP/LITE spincoater
(Laurell Technologies, North Wales, Pa.). The wafer was
baked at 105° C. for 90 s, UV-exposed through a printed
transparency mask at a Karl Suss MIB3 mask aligner, and
developed in SPR 220-7 developer. The mold was baked on a
hotplate at 140° C. for 30 min with ramping up from and back
to room temperature.

The control layer mold was manufactured according to the
following procedure .SU8-2010 (MicroChem Corp, Newton,
Mass.) was spun onto 3-inch silicon wafer using the same spin
coater. Pre-exposure bake was 2 min at 65° C., then 6 min at
95° C. UV exposure was done at the same mask aligner for
1.75 min. Post-exposure bake was 2 min at 65° C., then 6 min
at 95° C. The mold was developed in SUS8 developer (Micro-
Chem Corp, Newton, Mass.).
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The elastomer chip was then manufactured as follows.
Molds were exposed to tetramethylchlorosilane (TMCS)
vapors for 3 min. Then 35 and 21 g of PDMS pre-polymer, in
monomerto-catalyst weight ratio of 5:1 and 20:1 respectively,
were stirred and degassing using a HM-501 hybrid mixer
(Keyence, Long Beach, Calif., USA). The 20:1 mixture was
spun onto the flow layer mold at 1500 rpm for 60 s using a
P6700 spincoater (Specialty Coating Systems, Indianapolis,
Ind., USA). The 5:1 was poured directly onto the control layer
wafer. Both were baked in an 80° C. oven for 30 min.

The control layer was peeled off the mold and cut out into
devices. Control ports were punched using a 20-gauge Intra-
medic TM Luer-Stub adapter (BD Biosciences, Franklin
Lakes, N.J.). The devices were then aligned and assembled to
the flow layer under a stereoscope.

The result was baked in an 80° C. oven for 1 h. Devices
were cut out and peeled off the flow layer mold. Ports for the
flow channels were then punched using the same 20-gauge
adapter. The resulting PDMS chips was washed in ethanol,
dried with nitrogen, and attached to epoxide-coated glass
slides (Arrayit Corporation, Sunnyvale, Calif.). A final 12 h
bake was performed to bond the PDMS chip to the slide.

Example 6
Sample Preparation

A compound human plasma sample was produced at the
USC Reference Lab by combining the leftover plasma
samples from six anonymized patients. A portion of the com-
pound sample was sent to Quest Diagnostics Nichols Institute
(San Juan Capistrano, Calif.) for VEGF quantification by
conventional clinical means. The returned result was 42
pg/mL. The rest of the sample was aliquoted and frozen at
-20° C. for storage.

For each on-chip experiment, an aliquot would be thawed
and split into five samples. Four of them would be spiked with
a different concentration of antigen that was a commercial
analog to the analyte of interest. The fifth one would remain
unspiked. The resulting preparations were fed as separate
samples on the same chip, along with a sixth sample (Tris 1x,
0.1% BSA) for control.

Example 7
Experimental Set Up and Procedures

The microfluidic fluorescence microscopy station contains
an inverted Olympus [X-71 fluorescence microscope (Olym-
pus America, Melville, N.Y.) equipped with a mercury lamp
(HBO® 103 W/2; OSRAM Munich, Germany) and a cooled
CCD camera ST-71 (Santa Barbara Instrument Group, Santa
Barbara, Calif.). Microfluidic control is provided by 8CM
solenoid valve arrays and a BOB3 box (Fluidigm Corp., San
Francisco, Calif.) directed by a PCI NI-DAQ card from
National Instruments.

23-Gauge steel tubes (New England Small Tube, Litch-
field, N.H.) are inserted into the control and flow layer ports of
the chip (FIG. 1A). (As the diameter of the ports is smaller
than the outer diameter of the tubes, the chip material is
stretched around the tubes and holds them snugly. The result-
ing seal typically remains airtight up to 25 psi pressure dif-
ference.) The control layer is filled with water using Tygon®
tubing (Cole-Parmer, Vernon Hills, I1l.) connected to the
8CM arrays. The flow layer is filled with samples and
reagents through Tygon® tubing connected to pressure mani-
folds from Corning. The operating air pressures are main-
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tained at 13 psi for control channels and 8 psi for sample and
reagents channels, using regulators from AirTrol.

The chip (FIG. 1A) is essentially a two-dimensional matrix
of'analyte capture chambers with added input/output ports for
samples, reagents, and pneumatic control. The chambers are
formed at the intersections of reagent and sample channels (in
black). The chambers can be isolated from one another by a
vertical and a horizontal array of pneumatic microvalves
operated through control channels (in gray). During each
feed, valves are opened or closed to form a fluidic pathway
from input to exhaust for only the desired sample or reagent.

Example 8
VEGF Quantitative Detection

In a quantification experiment, VEGF monoclonal anti-
body (R&D) Systems, Inc., Minneapolis, Minn.) is fed from
inputs D1-5 to exhausts DE1-5 (FIG. 1B) in 10 cycles of 60-s
flow and 60-s incubation. The monoclonal antibody travels
along the 5 test lanes (horizontally to the right in FIG. 1B) and
bonds covalently to the epoxide-coated glass substrate, which
forms the floor of the reagent channels. Next, buffer (Tris 1x
(Sigma-Aldrich), 0.1% BSA) is fed from input DB to
exhausts DE1-5, to flush the non-bound monoclonal antibod-
ies out of the test lanes and to passivate any unreacted
epoxide.

Buffer of the same content is then fed from input SB to
exhausts SE1-6 vertically downward in FIG. 1B, to passivate
the epoxide along the sample paths as well. The passivation
feeds also ensure that BSA blocks non-specific-binding sites
on the elastomer channels walls, which otherwise might later
bind fluorescently labeled streptavidin and produce false sig-
nal during detection and quantification. Low signal from con-
trols attests to the success of the technique.

Similarly to what already discussed with reference to fer-
ritin detection, also for VEGF, the values for spiking concen-
trations were selected to cover the expected dynamic range of
the analyte while bearing in mind its “normal” concentration
and direction of abnormal change. VEGF’s “normal” level is
around 96 pM in plasma, while overexpression is an indica-
tion of cancer. So, allowing for overexpression, a spiking
range of 30-1000 pM for this experiment were used.

Spiked plasma subsamples were then fed from inputs S1-5
to exhausts SE1-5, while buffer (Tris 1x,0.1% BSA) is simul-
taneously fed from S6 to SE6 as a control, in 10 cycles of 60-s
flow and 60-s incubation. During each incubation, the sub-
samples are pumped along respective circular paths (colise-
ums [refs. 43, 44], FIG. 1B) using an array of peristaltic
pumps set at a 3-s cycle. This technique ensures that the same
plasma passes over the capture sites multiple times, thereby
maximizing the capture of analyte by the immobilized anti-
body.

After the plasma feeds, bufter (Tris 1x, 0.1% BSA) from
SB to SE1-6 flushes out the remaining plasma. Biotinylated
VEGF polyclonal antibody (R&D Systems, Inc., Minneapo-
lis, Minn.) is fed from inputs A1-5 to exhausts DE1-5 in 10
cycles of 60-s flow and 60-s incubation. The antibody
attaches to the captured analyte and completes the sandwich
immunoassay. Buffer (Tris 1x, 0.1% BSA) is then fed from
input DB to exhausts DE1-5 to flush unbound antibody.

Streptavidin tagged with Alexa Fluor 555 (Invitrogen
Corp., Carlsbad, Calif.) is fed from input SA to exhausts
SE1-5 in 10 cycles of 60-s flow and 60-s incubation. The
streptavidin binds to the immobilized biotinylated antibody.
Buffer (Tris 1x, 0.1% BSA) is fed from DB to DE1-5 for 10
min to flush the excess streptavidin. The CCD camera is
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cooled to -5° C. and a fluorescence image is taken of each
capture chamber in the matrix with a 5-s exposure.

Signal quantification inside fluorescence images was done
by drawing boxes in Astra Image and using the inbuilt sum-
mation function. The net signal for each image was calculated
as the chamber signal diminished by the background signal
adjusted by a factor equal to the ratio of the boxed chamber
area to the boxed background area. All the net signals from
plasma chambers were diminished by the net signal from the
respective control chambers along the same test lane in the
device. The results were then plotted as a function of spiked
concentration. A linear fit (R=0.9757, p=0.0045) was pro-
duced to obtain the slope of this calibration curve (FIG. 4).
Dividing the zero-spike signal by the slope produced the
endogenous concentration of the analyte.

The endogenous VEGF concentration is calculated from
the slope of the linear fit and the zero-spike net signal. Here,
the linear fit (R=0.9757, p=0.0045) indicated a concentration
o1 2.16+0.28 pM, while the clinical result was 1.6 pM.

Results from the multiple quantitations of the same com-
pound plasma sample were organized in a scatter plot (FIG.
5A) and a histogram (FIG. 5B).

No systematic clustering among subsets of measurements
was observed. The results showed agreement and reproduc-
ibility across different test lanes in the same chip as well as
across different chips, thereby attesting to the overall repro-
ducibility of the results.

A proof of principle was set out for the use of our multi-
analyte microfluidic fluorescence immunoassays system
[refs. 43, 44] with human plasma. For this purpose, VEGF
was chosen as the analyte to quantify, due to its significance as
a cancer biomarker, its low typical endogenous concentration
(2,500 pg/mlL., 96 pM “normally”), and the standing practice
of quantifying it in human plasma.

An in-built recalibration scheme was utilized such as the
one described in Example 3.

In particular, in human serum measurements, to account
for potential biological peculiarities or differences among
patients, the human serum sample to be used for testing the
microfluidic system was produced by mixing serum samples
from ten randomly chosen anonymized patients and then
quantifying the analytes of interest by standard clinical
means.

Next, instead of having multiple samples in the same chip,
the compound serum sample was aliquoted and each aliquot
was spiked with varying known concentrations of a commer-
cially available antigen equivalent to the indigenous human
analyte to be detected. These derivative samples were then fed
into the chip in parallel and together with a negative control
sample containing PBS buffer with 0.1% BSA.

Then fluorescence signals from each image were obtained
as described above. The values for the serum samples were
then lessened by the negative-control value, to subtract the
contribution from potential non-specific attachment. The
resulting net fluorescence signals were plotted as a function
of spike concentration to produce a calibration curve. Under
suitably chosen feed conditions that curve would be close to
a straight line (FIG. 2). The zero-spike value was divided by
the slope of the linear fit to yield the indigenous analyte
concentration.
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In each experiment, an aliquot of a human plasma stock
was split into five samples, four of which were spiked with a
different concentration of commercial antigen analog, while
the fifth was left pure (unspiked). A buffer control was also
included as a sixth sample to offer an estimate of the noise.
These samples were processed on the chip. A calibration
curve (e.g. FIG. 4) was plotted for the net fluorescent signal
from the plasma samples as a function of the spiking concen-
tration. The net signal from the pure (zero-spike) plasma
sample was divided by the slope of the linear fit to the cali-
bration curve, to obtain a measurement of the endogenous
analyte concentration.

Each chip (FIG. 1A) produced up to five independent mea-
surements of VEGF in the same plasma aliquot, since the
microfiuidic matrix (FIG. 1B) contains five independent test
lanes. Results from multiple measurements within the same
chip were combined with results from other chips to produce
a scatter plot (FIG. 3A) and a histogram (FIG. 5B). A Gaus-
sian fit to the histogram produced a mean of 3.93 pM and a
standard deviation of 1.92 pM, while the clinical Quest Diag-
nostics measurement of the same sample produced a value of
1.6 pM (42 pg/mL). A likely explanation for that discrepancy
that is not intended to be limiting and is provided herein for
the purpose of guidance only, is that the discrepancy indicates
the limit of quantitative sensitivity of the system under the
settings used. Thus the results indicate that the system works
correctly down to a concentration of a few pM for the target
VEGF with the specific experimental settings here described.

No visible difference or systematic clustering among sub-
sets of those measurements. The results showed agreement
and reproducibility across different test lanes in the same
device as well as across different devices, thereby demon-
strating the overall reproducibility of the system. Also in this
case chief contributor to the observed quality was the in-built
recalibration scheme.

The self-consistence of the results obtainable over a sig-
nificant number of independent measurements (N=39) sup-
port observation of a real phenomenon. The observed the
results obtained by standard clinical measurements and by
our chips was 1.6 pM and 3.93x1.92 pM respectively.

Additionally, based on these results, the system herein
described is immediately usable for VEGF quantification in
human plasma, since VEGF is usually overexpressed in prac-
tice. In addition, there is a large dynamic range between our
sensitivity limit (4 pM) and the “normal” value (96 pM), in
which the system can quantify underexpression, e.g. brought
about by VEGF-reducing anticancer drugs [refs. 45,46].

Additional details on the calibration scheme are described
in [ref. 44] incorporated herein by reference in its entirety

Example 9
Quantitative Detection of Blood Proteins

The serum technique described in the examples above were
used to quantify the endogenous concentrations of ferritin,
prostate specific antigen (PSA), thyroglobulin, c-reactive
protein (CRP), and vascular endothelial growth factor
(VEGF), within the compound human serum sample. In par-
ticular, the experimental procedures illustrated in the preced-
ing examples

Table 1 shows a comparison among the above mentioned
analytes an analytes that are typically measured in standard
blood tests.
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TABLE 1
protein conc ml indication time kDa #/mnL conc, M
Albumin 3.5-7.5 g/dL 7 normal range 4 hours 66 5.50E+11 9.14E-04
C3 complement  70-150 mg/dL. 7 normal range 4 days 174 3.80E+09 6.31E-06
Ceruloplsmin 21-50 mg/dL. 5 normal range 36 hours 132 1.60E+09 2.68E-06
beta2 Microglobulin >2.0 mg/LL 7 is abnormal 1 day 11.8 1.00E+08 1.66E-07
Thyroxine (T4) 5-12 ug/dl. 7 normal range 72 hours 777 6.60E+07 1.10E-07

AFP >20 ng/mlL. 7 is abnormal 96 hours

70

1.70E+05

2.82E-10

Creatin Kinase MB

>5.0 ng/ml. 7 indicates infarct 4 hours

is abnormal

84

3.60E+04

5.98E-11

CEA >3.0 ng/mL. 7 72 hours 180 1.00E+04 1.66E-11
Calcitonin >40 pg/mL. 5 is abnormal 4 days 3,500 6.80E+03 1.13E-11
Vasopressin 2-12 pg/ml. 10 plasmanormal 7 days 1,084 3.30E+03 5.48E-12

In particular, Table 1 illustrates the required amounts of
sample (several milliliters), the turnover time (days) and the
typical concentration ranges. In Table 1 the selected analytes
are indicated in gray shaded lines to emphasize comparison
with other analytes.

In the experimental setting adopted, the best results were
obtained with CRP and ferritin, most likely because their
medically “normal” concentrations are highest among the
selected analytes (1.2 mg/dL, 110 nM for CRP; 30-300
ng/ml, 350-3500 pM for ferritin).

VEGF (2500 pg/mL, 96 pM “normally”) and PSA (4
ng/ml, 130 pM for a “normal” male) produced measurable
signals in serum; however, the related uncertainties were high
and thus produced low-quality fits so that the final results had
large uncertainties as well with this experimental settings.
However, adjustments of the experimental settings, focused
on various experimental parameters (particularly feed time,
pump time, and number of capture cycles) are expected to
significantly improve those results.

Thyroglobulin (“normal range” of 5-50 ng/mL. or 42-420
pM) appeared essentially undetectable in serum in this
experimental setting even at very high spiked concentrations,
supporting the conclusion that failure of detection was to be
ascribed to the particular antibodies used in the specific
experimental setting.

In view of the above, ferritin was selected for further tests,
since (among the chosen five analytes) ferritin had the lowest
indigenous concentration that could still be quantified reli-
ably with the available antibodies in the specific experimental
settings. A series of experiments was conducted to optimize
the experimental parameters (e.g. feed pressure, feed dura-
tion, pump duration and frequency, spike concentrations,
photoexposure) to adjust the dynamic range of the system so
that the calibration curves were as close to linear as possible

In view of the above results, it was possible to conclude a
demonstrated capability of the system to measure analytes at
indigenous concentration as low as 250 pM in human serum.
Such sensitivity is adequate for many analytes in medical
practice today.

The observed difference between the measured absolute
clinical and chip values (FIG. 3) is very intriguing. One pos-
sible explanation herein provided for guidance purpose only
and with no intention of being limiting is that since standard
technology is at the macroscale, it is possible that the resultant
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diffusion limitations lead to an underestimation of the abso-
Iute amount of present analyte in standard clinical measure-
ments.

In medical practice, “normal” values are obtained by sta-
tistics on the same type of measurement done in the same way
on a very large number of patients. The resulting distribution
yields confidence intervals which are then used to define “the
normal value”. Subsequently, any clinically measured value
is compared to the “normal”. That comparison determines if
the analyte is over-expressed or under-expressed in the par-
ticular patient, who is then diagnosed accordingly.

Consequently, in biomedical measurements, metrological
consistency and precision are far more important than the
accuracy of the absolute value. In fact, there would be no
practical difference so long as all measurements are “inaccu-
rate in a consistent way”. From that perspective, the mean
value offset we observe is inconsequential in practical terms.
Hence, in principle our system is immediately usable with the
old tables of “normal values”, by a simple arithmetic adjust-
ment.

Thus, the critical parameter in judging the quality of the
system herein described is the consistency of measurements,
as quantified by the standard deviation of the histogram fit. A
standard deviation of 107 pM (0.54x198 pM) sounds quite
usable as the “normal” clinical ferritin range is 350-3500 pM.
In addition, the deviation was extracted from a distribution of
36 measurements, while it is a reasonable expectation that a
much larger number of measurements would have a smaller
deviation still. Therefore, the true precision of the system is
likely far better.

In comparison with other miniaturized devices, the system
herein described is one of the few to have the demonstrated
capability to work with realistic biomedical samples. While it
is prudent and useful to test and debug emerging systems with
buffer solutions as a preliminary step, the true and ultimate
challenge is to produce meaningful results with real bio-
samples such as human serum, plasma, cerebrospinal fluid,
urine, saliva, etc. With that requirement in place, the selection
of demonstrated devices becomes far more limited [refs. 11,
21, 22, 25, 28, 29, 32, 36-38, 40]. In some embodiments,
devices methods and systems herein described are the appar-
ent leader with quantitative sensitivity to as low as 250 pM
antigen in human serum, with one quantitative exception
utilizing surface plasmon resonance (SPR) [ref. 25]. How-
ever, SPR is expensive and difficult to parallelize and minia-
turize.
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In some embodiments, the methods devices and systems
herein described can also provide a significant improvement
over the current large expensive macrofluidic robotic systems
in clinical practice, as the chips herein described according to
several embodiments can be disposable and use 1,000 times
smaller samples (100s of nanoliter instead of 100s of micro-
liter). In some embodiments, devices herein described can
form the core of affordable decentralized portable systems for
point-of-care diagnostics, which can replace phlebotomy
with fingerpricks, make tests more accessible to pediatric
patients, significantly speed up the test turnover time, and
decrease overall medical costs [ref. 2]. The in-built calibra-
tion is an additional major advantage, as it eliminates certain
sources of error and thus makes the results more reliable.

The maturity of microfluidic technology [ref. 43] funda-
mentally allows for reliable operation of such devices, which
can and do accommodate the necessary functionalities and its
respective architectures. More specifically, in some embodi-
ments herein described, each immunoassay measurement
under our scheme requires six subsamples. These are cur-
rently prepared off-chip but in a future embodiment can and
will be split and spiked on-chip to pre-determined concentra-
tions through microfluidic metering [ref. 45]. The additional
complexity would not lead to undue increase in real estate,
especially nowadays with the advent of microfluidic vias [ref.
46].

The engineering of the overall system and the low cost per
device combine to offer the very important advantage of
disposability. Disposability circumvents a host of problems,
such as carryover contamination, cross-patient errors, bio-
hazard issues, and maintenance downtimes due to sequential
processing [ref. 2]. Getting ready for a new measurement is as
simple as discarding one chip and replacing it with a new one
within the same control and detection unit. In some embodi-
ments, this architecture is optimal in terms of cost and per-
formance, and thus stands the best chance of adoption in
biomedical practice.

Adoption of devices methods and systems herein described
in biomedical practice and in other applications can be further
facilitated by overall system miniaturization, miniaturized
on-chip pressure actuation, as well as a miniaturized detec-
tion system to replace the currently used fluorescence micro-
scope.

Example 10
On Chip Aliquoting and Spiking Methods

In some embodiments, the aliquoting/splitting of the
sample and spiking for the recalibration scheme can be per-
formed on-chip.

In one embodiment, solutions of analyte can be mixed with
portions of the sample by use of a technique known as
“microfluidic metering” [ref. 53]. Within that technique, one
way to meter the fluid is to know the fluidic throughput at
particular device settings, and then control the length of time
over which a certain channel supplies fluid into the mix.
Another way to meter the desired volume is to have a mixing
circle, in which sections of hardwired volumetric ratios are
filled with the constituents for the desired mixture. Both these
methods are known. According to the present disclosure the
integration of these techniques with immunoassay chips can
be performed for implementation of the recalibration scheme
herein described.

In another embodiment, instead of liquid mixing, the ana-
logs can be deposited in lyophilized form along the fluidic
path of the subsamples, while the aliquoting is performed by
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simply splitting the channels. The subsamples re-suspend the
analogs and move to the subsequent stages of the overall
system. A schematic illustration of this approach is shown in
FIG. 6.

In the illustration of FIG. 6, a binary tree is used to split the
sample into multiple channels of equal fluidic resistance,
ensuring equal throughput rates. Four channels are shown for
simplicity of representation, but it is clear that many more can
be constructed along the same binary-tree principle.

Next, circles of different shade of grey indicate lyophilized
analogs to different analytes. Within the circles of the same
shade, and thus the same analog, some circles are bigger than
others, indicating a larger amount deposited in the channel. In
the particular example shown in the figure, the leftmost chan-
nel is left without a lyophilized spot, to form the “zero-spike”
subsample, while the channels receive increasing amount of
lyophilized analog of each type the further the right they are
on the figure. This is just one of the possible arrangements.

The described approach simultaneously aliquots the
sample into equal subsamples and ensures the correct dosage
of analogs. Moreover, the shown approach lends itself to
simultaneous multi-analyte measurements. Finally, this sec-
ond embodiment avoids the use of complicated fluid control
that is generally necessary in “microfluidic metering” [ref.
53].

The presented results and examples demonstrate, inter alia,
sensitive and reliable target detection in microfluidic devices
to be used with complex samples, such as biomedical
samples.

In particular the above results demonstrate proof of prin-
ciple for the use of a microfluidic detection system such as a
fluorescence immunoassay with human plasma. Vascular
Endothelial Growth Factor (VEGF) has been quantified down
to 4 pM endogenous concentration. The demonstrated tech-
nique is important for detecting techniques such as immu-
noassay applications in scientific research and “point-of-
care” biomedical diagnostics. In particular, the system is
immediately applicable to microfiuidic quantification of
VEGF in human plasma in cancer studies.

However, the significance of the presented proof of prin-
ciple goes beyond VEGF quantification. The proof makes the
system applicable to a broad range of clinical diagnostic tests
that require quantifying proteins in human plasma. Thus all
such tests currently done in macro-samples could instead be
done by the presented microfluidic technique, saving reagents
and using micro-samples.

The reduction in required sample volume allows new types
ofclinical and fundamental studies, e.g. a broad, multianalyte
screening of a large number of small-volume samples from
existing bio-banks organized by the respective symptomatic
pathologies, e.g. multiple sclerosis, particular types of cancer,
etc.

For example, patients’ histories can be correlated with the
results from the microfluidic testing of their banked samples,
to discover new pathological expression signatures of high
diagnostic and/or predictive value.

Apart from quantifications in fundamental studies, the
methods and systems herein described have relevance to rou-
tine biomedical diagnostics as well. As an added benefit, the
methods and systems herein described are already fully inte-
grable with microfluidic devices for plasma preparation [refs.
42, 47], due to the shared underlying elastomeric microfluidic
technology [ref. 48]. Thus our system is an important addition
to the technological palette necessary to assemble the future
of POC diagnostics.

The examples set forth above are provided to give those of
ordinary skill in the art a complete disclosure and description
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of how to make and use the embodiments of the devices,
systems and methods of the disclosure, and are not intended
to limit the scope of what the inventors regard as their disclo-
sure. Modifications of the above-described modes for carry-
ing out the disclosure that are obvious to persons of skill in the
art are intended to be within the scope of the following claims.
All patents and publications mentioned in the specification
are indicative of the levels of skill of those skilled in the art to
which the disclosure pertains. All references cited in this
disclosure are incorporated by reference to the same extent as
if each reference had been incorporated by reference in its
entirety individually.

The entire disclosure of each document cited (including
patents, patent applications, journal articles, abstracts, labo-
ratory manuals, books, or other disclosures) in the Back-
ground, Summary, Detailed Description, and Examples is
hereby incorporated herein by reference.

It is to be understood that the disclosures are not limited to
particular compositions or biological systems, which can, of
course, vary. It is also to be understood that the terminology
used herein is for the purpose of describing particular
embodiments only, and is not intended to be limiting. As used
in this specification and the appended claims, the singular
forms “a,” “an,” and “the” include plural referents unless the
content clearly dictates otherwise. The term “plurality”
includes two or more referents unless the content clearly
dictates otherwise. Unless defined otherwise, all technical
and scientific terms used herein have the same meaning as
commonly understood by one of ordinary skill in the art to
which the disclosure pertains.

Although any devices, methods and materials similar or
equivalent to those described herein can be used in the prac-
tice for testing of the products, methods and system of the
present disclosure, exemplary appropriate products, materi-
als and methods are described herein.

A number of embodiments of the disclosure have been
described. Nevertheless, it will be understood that various
modifications may be made without departing from the spirit
and scope of the present disclosure. Accordingly, other
embodiments are within the scope of the following claims.
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What is claimed is:

1. A method to detect an endogenous target in a sample, the

method comprising:

dividing the sample in a plurality of subsamples, each
containing the endogenous target,

adding to the subsamples set quantities of non-endogenous
target and/or analog thereof, the subsamples comprising
a subsample with no non-endogenous target nor analog
thereof added thereto;

detecting the added non-endogenous target or analog
thereof in each subsample thus providing a set of detec-
tion signals comprising a detection signal related to the
subsample with no non-endogenous target nor analog
thereof added thereto;

subtracting a background signal from each detection signal
to provide a set of net signals comprising a net signal
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related to the subsample with no non-endogenous target
nor analog thereof added thereto;
providing a distribution of signal points, each signal point
based on a net signal of the set of net signals, the signal
points comprising a signal point related to the subsample
with no non-endogenous target nor analog thereof added
thereto, the distribution having a slope; and

determining the endogenous target concentration in the
sample by dividing the amplitude of the signal point
related to the subsample with no non-endogenous target
nor analog thereof added thereto by the slope of the
distribution.

2. The method of claim 1, wherein the set quantities of the
added non-endogenous target and/or analog thereof are deter-
mined on the basis of an expected concentration of the endog-
enous target to be detected.

3. The method of claim 1, wherein the endogenous target
comprises multiple targets and the detection of each target or
multiple targets is performed in parallel or in series.

4. The method of claim 3, wherein the detection of each
endogenous target is performed with a panel of different
labeled molecules specific for said each target, each labeled
molecule producing a detection signal.

5. The method of claim 1, wherein, before the dividing, the
method comprises processing the sample to separate particles
or portions thereof.

6. The method of claim 5, wherein the processing is per-
formed by head-on filtration or cross-flow filtration.

7. The method of claim 1, wherein the sample is a biologi-
cal sample and the target is a biomarker.

8. The method of claim 1, wherein the set quantities of
non-endogenous target and/or analog thereof are positioned
in lyophilized form on a fluidic pathway of the subsamples
from an input towards an area wherein detection is performed.

9. The method of claim 8, wherein the set quantities of
non-endogenous target and/or analog thereof are added to the
subsamples by microfluidic metering techniques.

10. The method of claim 1, wherein the detection is per-
formed by immunoassay.

#* #* #* #* #*



