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A microreactor array system includes an array of microreac-
tors, and a sealing membrane having a first surface and an
opposite second surface, the sealing membrane configured to
movably seal the array of microreactors. The microreactor
array system further includes a reagent gap providing a fluid
path between the array of microreactors and the second sur-
face of the sealing membrane when the second surface of the
sealing membrane is in spaced relationship with the array of
microreactors. The microreactor array system further
includes an injector for delivering a reagent into the reagent
gap, an applicator for directing a working fluid against the
first surface of the sealing membrane, and a detector.
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INTEGRATED MICROREACTOR ARRAY
SYSTEM

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application claims priority from U.S. Patent
Application No. 62/127,156 filed Mar. 2, 2015.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH

[0002] This invention was made with government support
under grant number R42 GM 106704 awarded by the National
Institutes of Health. The government has certain rights in the
invention.

BACKGROUND

[0003] The present disclosure relates generally to devices,
systems and methods for controlling micro-reactions and, in
particular, to devices, systems and methods for controlling
micro-reactions in high throughput parallel assays.

[0004] Human genomes have approximately 20,000 genes
that code for proteins. While this represents only about 2% of
the entire genome, much of the remaining 98% (i.e., “non-
coding DNA”) provide important biological functions
including transcription and translation regulation of the pro-
tein coding sequences. Consequently a single gene may code
for multiple different alternative splicings depending on regu-
lation signals. Function of these proteins is further differen-
tiated by various post-translational modifications (PTMs)
such as glycosylation or phosphorylation. The result is that
the human proteome may have over a million different protein
isoforms and PTMs. Adding to this complexity is the micro-
biome that includes the vast number of symbiotic and patho-
genic microorganisms that cohabitate with humans—each
with its own genome and proteome. Further, there is the
antibodyome, or all of the different antibodies produced by
the immune system in response to exogenous antigens or to
endogenous antigens due to cancer or autoimmune disease.
[0005] The molecules of the genome, proteome, micro-
biome and antibodyome interact in complex ways to regulate
biological functions in health and disease. Correlating
molecular interactions with clinical data may involve screen-
ing large numbers of patient samples to get statistically mean-
ingful results. This may rely on high-throughput detection
systems that can simultaneously detect and quantify thou-
sands of molecular biomarkers with high sensitivity and
selectivity. However, one challenge facing the emerging field
of biomarkers is that many relevant biomarkers are present at
very low abundance in human samples.

[0006] The life sciences have transitioned from one experi-
ment at a time; to multiplexed experiments in 96-well plastic
microtiter plates; to a million simultaneous experiments for
gene expression analysis on microarrays; and to around a
billion for next generation DNA sequencing. Generally, these
high-throughput experiments are based on molecules teth-
ered to a surface. However, chemical reactions in living cells
typically involve untethered, free floating molecules in aque-
ous solutions. Many different biochemical reactions may
occur simultaneously depending on cell type, cell cycle or
external stimuli. Accordingly, it may be useful to provide
high-throughput experimental systems to simultaneously
study thousands of biochemical reactions involving unteth-
ered, intermediate, free floating, molecular compounds.
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[0007] Current applications for high-throughput molecular
detection assays include gene expression profiling, genotyp-
ing, DNA profiling, polymerase chain reaction (PCR), DNA
sequencing, immunoassays, high-throughput screening
(HTS), in vitro transcription and translation (IVTT) and high-
throughput cell analysis. Various different types of high-
throughput systems are often used to carry out these various
assays depending on specific applications such as basic biol-
ogy research, environmental monitoring, select agents detec-
tion, forensics, proteomics, functional genomics, epidemiol-
ogy, drug discovery, clinical molecular diagnostics or
personalized medicine.

[0008] Chemical reactions, in living organisms, involve
free floating molecules in liquid water. Therefore experi-
ments to study these reactions, in the laboratory, are typically
performed in aqueous solutions. For some experiments, mol-
ecules may be chemically bound to a surface. Microarrays,
for example, include molecular targets bound to a surface in
a pattern of rows and columns. The microarray surface may
be flooded with a sample containing various different probe
molecules that bind to the probes. After washing, the target
molecules are labeled, detected and identified based on where
they bind to the targets in the array. However other types of
experiments involve unbound, free floating molecules.
[0009] For example, enzyme-linked immunosorbent assay
(ELISA), uses chromogenic or fluorogenic substrates in solu-
tion that react with enzymes bound to a surface. These sub-
strates are physically contained together with the enzymes
during an experiment. However ELISA is typically limited to
testing only a handful of analytes at a time, although higher
throughput systems have been investigated.

[0010] Similarly, PCR amplifies DNA template molecules
freely floating in a buffer solution. However, PCR, real-time
PCR and quantitative real-time PCR (qPCR) is currently typi-
cally limited to detecting at most only a few hundred analytes
at a time.

[0011] Protein expression in living cells involves unteth-
ered intermediate molecules such as mRNA, enzymes, ribo-
somes, amino acids and polypeptides. Proteins can also be
expressed outside of living cells by subjecting genomic DNA
to cell-free IVTT reagent. This is the process used for nucleic
acid programmable protein arrays (NAPPA) to express
unique proteins from plasmid cDNA containing their full
length genes. Proteins are expressed and captured in situ in a
microarray format at the time of assay. The microarrays are
used to assay thousands of protein interactions simulta-
neously. NAPPA may be used to discover autoantibody biom-
arkers correlated to specific diseases and to detect antibodies
to pathogens. To preserve protein function, assays using
NAPPA are typically done within hours of expressing fresh
proteins without ever allowing them to dry out. By compari-
son, conventional protein microarrays are based on purified
proteins printed from frozen stock and then stored possibly
for months before assay.

[0012] In situ protein expression for NAPPA is typically
carried out on flat microscope slides by flooding the entire
microarray surface with IVTT reagent. Spot to spot diffusion
currently limits NAPPA density to ~2,500 protein spots per
slide. Density may be increased by expressing proteins in an
array of micro-reaction chambers (i.e., microreactors,
microwells or nanowells).

[0013] Therefore, given the above, there is a need for sys-
tems and methods for controlling micro-reactions in high
throughput parallel assays.
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SUMMARY

[0014] According to one embodiment of the present disclo-
sure, a microreactor array system includes an array of
microreactors, and a sealing membrane having a first surface
and an opposite second surface, the sealing membrane con-
figured to movably seal the array of microreactors. The
microreactor array system further includes a reagent gap pro-
viding a fluid path between the array of microreactors and the
second surface of the sealing membrane when the second
surface of'the sealing membrane is in spaced relationship with
the array of microreactors. The microreactor array system
further includes an injector for delivering a reagent into the
reagent gap, an applicator for directing a working fluid
against the first surface of the sealing membrane, and a detec-
tor.

[0015] The microreactor array system may include a sys-
tem for creating a pressure differential between the reagent in
the injector and the reagent gap. The sealing membrane of the
microreactor array system may be flexible. The sealing mem-
brane may be impervious to liquids, providing a separation
between the reagent and the working fluid. The sealing mem-
brane may be more hydrophobic than at least a portion of a
surface defining the array of microreactors. The sealing mem-
brane may comprise the array of microreactors.

[0016] In one version of the microreactor array system, at
least one of the microreactors includes functionalizing
chemicals dispersed thereon. The functionalizing chemicals
may be immobilized temporarily. The functionalizing chemi-
cals may be immobilized using a soluble coating.

[0017] In one version of the microreactor array system, at
least a portion of the sealing membrane includes functional-
izing chemicals dispersed on the second surface. The func-
tionalizing chemicals may be immobilized temporarily. The
functionalizing chemicals may be immobilized using a
soluble coating.

[0018] The microreactor array system may comprise initi-
ating functionalizing chemical spots and reacting functional-
izing chemical spots arrayed separately onto the array of
microreactors and opposing flat surface that comes into con-
tact with the array of microreactors, the initiating functional-
izing chemical spots and the reacting functionalizing chemi-
cal spots being aligned with each other thus enabling
multiplexed combinatorial chemical reactions. The microre-
actor array system may comprise a window configured with a
window inlet port and a window outlet port for flowing the
working fluid. A space between the window and microreactor
array may define a gap for at least one of the reagent, the
sealing membrane, and the working fluid. A vacuum may be
applied using the system via at least one of the window outlet
port and window inlet port to maintain at least a portion of the
reagent gap open.

[0019] The microreactor array system may comprise a base
configured with a base inlet port and a base outlet port for
injecting or removing the reagent. A vacuum may be applied
to the reagent gap using the system via at least one of the base
outlet port and base inlet port.

[0020] Inone version of the microreactor array system, the
reagent is injected into the array of microreactors via a pres-
sure differential generated by the system. The working fluid
may be injected against the first surface of the sealing mem-
brane via a pressure differential generated by the system. The
viscosity of the working fluid may be higher than the viscosity
of the reagent. The working fluid may be incompressible.
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[0021] In one version of the microreactor array system, the
applicator comprises one of a pneumatic source, a hydraulic
source or a mechanical spring source. The reagent injector
and working fluid applicator may be actuated using auto-
mated control. The microreactor array system may undergo
thermal cycling.

[0022] In one version of the microreactor array system, the
detector is an optical detector. The detector may be a fluores-
cence detector. The detector may comprise a CCD camera.
The detector may be a surface plasmon resonance detector.

[0023] In one version of the microreactor array system, the
sealing membrane is optically clear. The window may be
optically clear. The window may be glass. The working fluid
may be optically clear. The sealing membrane, window or
working fluid may have low autofluorescence.

[0024] According to another embodiment of the present
disclosure, a microreactor array system includes a microre-
actor array, and a sealing membrane having a first surface and
an opposite second surface, the sealing membrane configured
to movably seal the array of microreactors. The microreactor
array system further includes a reagent gap providing a fluid
path between the microreactors array and the second surface
of the sealing membrane when the second surface of the
sealing membrane is in spaced relationship with the array of
microreactors. The microreactor array system further
includes an inlet for delivering a reagent into the reagent gap,
a window disposed above the first surface of the sealing
membrane, an inlet positioned in the window for directing a
working fluid against the first surface of the sealing mem-
brane, and a detector for detecting a characteristic of the
microreactor array. The window may be optically clear. The
sealing membrane may comprise an optically clear material.
The working fluid may be optically clear. The sealing mem-
brane, window or working fluid may have low autofluores-
cence.

[0025] According to a further embodiment of the present
disclosure, a method for sealing a reagent in microreactors of
an array of microreactors includes providing a microreactor
array system, comprising an array of microreactors, a sealing
membrane having a first surface and an opposite second sur-
face, the sealing membrane configured to movably seal the
array of microreactors, a reagent gap providing a fluid path
between the array of microreactors and the second surface of
the sealing membrane when the second surface of the sealing
membrane is in spaced relationship with the array of microre-
actors, and an injector for delivering a reagent into the reagent
gap. The method further includes injecting the reagent into
the array of microreactors using the injector, directing, using
an applicator, a working fluid against the first surface of the
sealing membrane to achieve a contact of at least a portion of
the second surface with the array of microreactors, and
detecting a characteristic of the microreactor array.

[0026] Inone version ofthe method, the microreactor array
system may further comprise a system for creating a pressure
differential between the reagent in the injector and the reagent
gap; and the method may further comprise applying a vacuum
to the reagent gap using the system via a pressure differential
generated by the system.

[0027] Inone version of the method, the sealing membrane
is flexible. The sealing membrane may be impervious to
liquids, providing a separation between the reagent and the
working fluid. The sealing membrane may be more hydro-
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phobic than at least a portion of a surface defining the array of
microreactors. The sealing membrane may comprise the
array of microreactors.

[0028] In one version of the method, at least one of the
microreactors includes functionalizing chemicals dispersed
thereon. The functionalizing chemicals may be immobilized
temporarily. The functionalizing chemicals may be immobi-
lized using a soluble coating.

[0029] Inone version of the method, atleasta portion of the
sealing membrane includes functionalizing chemicals dis-
persed on the second surface. The functionalizing chemicals
may be immobilized temporarily. The functionalizing chemi-
cals may be immobilized using a soluble coating.

[0030] Inone version ofthe method, the microreactor array
system further comprises a plurality of initiating functional-
izing chemical spots and a plurality of reacting functionaliz-
ing chemical spots arrayed separately onto the array of
microreactors and the opposing flat surface that comes into
contact with the array of microreactors, wherein the initiating
functionalizing chemical spots and the reacting functionaliz-
ing chemical spots are aligned with each other thus enabling
multiplexed combinatorial chemical reactions.

[0031] Inone version of the method, the microreactor array
system further comprises a window configured with a win-
dow inlet port and a window outlet port for flowing the work-
ing fluid. The microreactor array system may further com-
prise a space between the window and microreactor array
defining a space for at least one of the reagent, the sealing
membrane, and the working fluid. The method may further
comprise applying a vacuum using the system via at least one
of the window outlet port and the window inlet port to main-
tain at least a portion of the reagent gap open.

[0032] Inone version of the method, the microreactor array
system further comprises a base configured with a base inlet
port and a base outlet port for at least one of injecting and
removing the reagent. The method may further comprise
applying a vacuum to the reagent gap using the system via at
least one of the base outlet port and base inlet port.

[0033] In the method, directing the working fluid against
the first surface of the sealing membrane may further com-
prise displacing the reagent from the microreactor array sys-
tem via at least one of the base inlet port and the base outlet
port.

[0034] In the method, the working fluid may be injected
against the first surface of the sealing membrane via a pres-
sure differential generated by the system. The viscosity of the
working fluid may be higher than the viscosity of the reagent.
The working fluid may be incompressible. In one version of
the method, the applicator comprises one of a pneumatic
source, a hydraulic source, and a mechanical spring source.

[0035] In one version of the method, the reagent injector
and working fluid applicator are actuated using automated
control. In the method, the microreactor array system may
undergo thermal cycling.

[0036] In one version of the method, injecting the reagent
into the array of microreactors using the injector may further
comprise separating the second surface of the sealing mem-
brane and the array of microreactors.

[0037] These and other features, aspects, and advantages of
the present invention will become better understood upon
consideration of the following detailed description, drawings,
and appended claims.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0038] The patent or application file contains at least one
drawing executed in color. Copies of this patent or patent
application publication with color drawing(s) will be pro-
vided by the Office upon request and payment of the neces-
sary fee.

[0039] FIG. 1 is a schematic illustration of an isometric
view of an embodiment base of a microreactor array system
according to the present disclosure.

[0040] FIG. 2 is a schematic illustration of an isometric
view of an embodiment of a microreactor array system
according to the present disclosure.

[0041] FIG. 3 is a schematic illustration of a top plan view
of the microreactor array system of FIG. 2.

[0042] FIG. 4 is a is a schematic illustration of a top plan
view similar to FIG. 3 of an embodiment of a microreactor
array system with larger functionalizing-chemical spots
spanning more than one smaller microreactor.

[0043] FIG. 5is a schematicillustration of a cross-sectional
view of the microreactor array system of FIG. 3 as taken along
the line 5-5, and further illustrating filling of the microreac-
tors with reagent, wherein the sealing membrane second sur-
face is initially not touching the microreactor array surface.
[0044] FIG. 6 is a schematicillustration of a cross-sectional
view similar to FIG. 5 illustrating filling of the microreactors
with reagent, wherein the sealing membrane second surface is
initially touching the microreactor array surface.

[0045] FIG. 7 is a schematic illustration of a cross-sectional
view similar to FIG. 5 illustrating the displacement of reagent
with working fluid and sealing of the microreactors.

[0046] FIG. 8 is a schematic illustration of a top plan view
of another embodiment of a microreactor array system illus-
trating an array of chambers patterned on the sealing mem-
brane.

[0047] FIG.9is aschematicillustration of a cross-sectional
view of the microreactor array system of FIG. 8 as taken along
the line 9-9.

[0048] FIG. 10 is a schematic illustration of an embodiment
of a system including a detection subsystem, an automation
subsystem, and a microreactor array system according to the
present disclosure.

[0049] FIG. 11 is a schematic illustration of a top plan view
of an embodiment of a microreactor array system according
to the present disclosure.

[0050] FIG. 12 is a schematic illustration of a cross-sec-
tional view as taken along the line 12-12 of FIG. 11 showing
the process of displacing excess reagent and sealing microre-
actors.

[0051] FIG. 13 is a schematic illustration of a top plan view
similar to FIG. 11 showing another embodiment of'a microre-
actor array system.

[0052] FIG. 14 is a schematic illustration of a cross-sec-
tional view as taken along the line 14-14 of FIG. 13 showing
the process of displacing excess reagent and sealing microre-
actors.

[0053] FIG. 15 is an optical image rendered with proteins
expressed from DNA in small chemical reaction chambers
(i.e., microreactors). DNA was printed into the microreactors
ona 1"x3" microreactor array. Proteins were expressed in situ
from the DNA using in vitro transcription translation (IVTT)
reagent. Microreactors were sealed during expression to pre-
vent diffusion. Varying concentrations of DNA were printed
to produce varying intensities of fluorescently labeled protein
spots. The image has about 12 kilopixel resolution (108x108
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spots) and has a width of about 1.5 inches and a height of
about 2 inches. Original photograph of Albert Einstein by
Philippe Halsman @ Halsman Archive.

[0054] FIG.16 is anexample signal to background ratio bar
chart of antibody response in patient serum sample detected
by proteins expressed on a microreactor array vs. flat glass.
Anti-p53 antibody signal to background ratio is plotted as a
function of serum dilutions of 1:50, 1:100, 1:300, and 1:900
for both microreactor array and flat glass slide.

[0055] FIG. 17 is a schematic of an automated integrated
microreactor array chemical processing system.

[0056] FIG. 18 is a schematic of an epifluorescent microre-
actor array optical detection system.

[0057] FIG. 19 is a schematic of oblique illumination
microreactor array fluorescent optical detection system.
[0058] FIG. 20 is a schematic of a surface plasmon reso-
nance (SPR) microreactor array optical detection system.
[0059] FIG. 21 is a schematic illustration of an example
method for a microreactor array end-to-end biochemical
assay processing protocol.

[0060] FIG. 22 is a fluorescent image of microreactors
while they were inside of an integrated microreactor array
system of the present disclosure.

DETAILED DESCRIPTION

[0061] The present disclosure overcomes the drawbacks of
previous technologies by providing a system and method
directed to, in certain embodiments, an automated, high-
throughput system with integrated detection to automate mul-
tiplexed assays.

[0062] The system may enable the execution of thousands
of unique simultaneous biochemical reactions in an array of
sealed microreactors. By sealing the microreactors, each
microreactor is isolated from each other microreactor,
thereby reducing or preventing interference between
microreactors and with the external environment. Reactions
may take place under identical conditions of temperature,
sample concentration, sample composition and washing,
blocking, and drying protocols. The system may provide
orders of magnitude improvements over existing assays in
terms of greater numbers of analytes, smaller sample vol-
umes, smaller reagent volumes and higher sensitivity of
assay. The system may include an array of microreactors
accessed in parallel by a thin sheet of reagent and then sealed
by complimentary working fluid acting through a flexible
sealing membrane. Chemical reactions may be contained
within the sealed microreactors. In one example, the system
may provide an automated multi-step system for chemical
reaction assays such as biochemical assays in the life sci-
ences. Integrated optical detection may provide highly sensi-
tive real-time detection based on enzyme-linked fluorogenic
or chromogenic signal amplification or based on surface plas-
mon resonance.

[0063] Inanother aspect, the system may provide a labora-
tory automation instrument for the discovery of new biomar-
kers for early diagnosis of disease and insights into complex
molecular pathways for new therapies. For example, the sys-
tem may be used to monitor thousands of unique molecular
interactions with a sample from a patient for comparison
against clinical data. The system and method of the present
disclosure may further provide for new clinical diagnostic
systems.

[0064] In one embodiment, a system according to the
present disclosure may include a microreactor array system
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or device for end-to-end, multi-step molecular detection
assays. In one example, the system may be used to fill a
microreactor array with cell-free in vitro transcription trans-
lation IVTT) reagent, seal the wells, and incubate with tem-
perature control. Thereafter, the system may be used to carry
out various steps including washing, blocking, labeling with
primary and secondary antibody, and detection using an inte-
grated optical detector. The system may carry out the steps
with manual or automatic control. Further, one or more steps
may be carried out without disassembling the microreactor
array system to recover the microreactor array.

[0065] As described previously, a nucleic acid program-
mable protein arrays (NAPPA) may be constructed by spot-
ting protein-encoding plasmid DNA at high density, in
addressable fashion, on a microreactor array surface. Subse-
quently, proteins may be generated in situ just prior to experi-
mentation using cell-free IVTT expression systems. The
NAPPA system may overcome challenges presented by spot-
ted protein arrays, thereby enabling diverse functional protein
studies, including the study of protein-small molecule, pro-
tein-protein, antigen-antibody, and protein-nucleic acid inter-
actions. The present system may further offer a versatile and
adaptable system amenable to a variety of capture modalities
and expression systems. Further, the system may, in some
embodiments, be implemented with a microarray printer and
laser slide scanner. Embodiments of the present system may
facilitate NAPPA-ELISA by integrating real time optical
detection with a microreactor array system. Further embodi-
ments of a system may include automated end-to-end pro-
cessing methodology using computer controlled valves and
pumps.

[0066] In one aspect, the present disclosure provides an
automated high-throughput system for multiplexed assays in
the life sciences. The instrument may be used for research to
study biomolecular interactions correlated to clinical data,
adapted for laboratory diagnostics, the like, and combinations
thereof. The present disclosure may transform high-through-
put experiments in the life sciences by increasing the number
of simultaneous multiplexed biochemical reaction assays by
two orders of magnitude from 96-well or 384-well micro-
plates to over 20,000 per microreactor array. Further, the
present disclosure may provide a small-scale microplate
assay system with dimensions on the order of a microscope
slide. In some embodiments, the present disclosure may pro-
vide a microreactor array system that uses a total reagent
volume of about 300 pl or less. In one aspect, the present
disclosure may enable complex molecular screening assays
involving tens of thousands of molecular targets and hun-
dreds of clinical patient samples. High-throughput assays
may help elucidate connections between molecular interac-
tions and disease. High sensitivity, due to enzymatically
linked fluorescent substrate signal amplification, may enable
improved limit of detection (LOD) of rare, low abundance
biomarkers.

[0067] In some embodiments, a system may include both
high speed non-contact piezoelectric dispensing and microre-
actor array technology. The microreactor array system may
enable multiple, independent, chemical reactions in a paral-
lel, high-throughput format. Individual chemical reactions
are physically isolated in sealed containers thus preventing
evaporation or diffusion during an experiment. Each con-
tainer, ‘microreactor’, may contain unique, untethered, free
floating intermediate molecular compounds that undergo iso-
lated chemical reactions without interference from neighbor-
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ing reactions or external environments. All of the reactions
may take place simultaneously on a single microscope slide
format microreactor array under identical operating condi-
tions.

[0068] A system according to the present disclosure may
enable filling tens of thousands of microreactors per second
with reagent and then rapidly sealing all of them using vis-
cous, pressurized working fluid acting through a flexible seal-
ing membrane. In one aspect, the system was validated with
NAPPA that express thousands of functional proteins from
genomic DNA printed in a microarray format. Densities
greater than 10,000 expressed protein spots were demon-
strated with no diffusion of free floating molecules during a
three hour period of incubation. Using the device to probe for
an autoantibody cancer biomarker in blood serum sample
gave five-fold greater normalized detection signal compared
with a standard protein microarray expressed on a flat micro-
scope slide.

[0069] Inoneexample, a microreactor array includes about
14,000 microreactors in a hexagonal array pattern etched into
a 25.4 mmx76.2 mm silicon wafer. Individual microreactors
may be filled with different unique functionalizing chemicals
using non-contact piezoelectric inkjet dispensing technology.
Portions of these chemicals may be bound to the functional-
ized surfaces of the microreactors. The slides may be soaked
in a blocking buffer to wash away remaining unbound chemi-
cals or to mitigate nonspecific binding. After rinsing and
drying, slides may be inserted into the device. A sealing
gasket or O-ring may be placed around the microreactor array
for vacuum or pressure sealing. A transparent, flexible,
impenetrable, smooth, sealing membrane may be placed over
the sealing gasket or O-ring and slide. A transparent window
may be placed over the sealing membrane and the assembly
may be clamped together in a rigid frame using fasteners.

[0070] Microreactors are filled with reagent at a rate of
about 10,000 microreactors per second. The functionalizing
chemicals may remain in place during filling as they are
bound to the surface. High viscosity, pressurized, incom-
pressible, working fluid may be injected onto the sealing
membrane through an inlet port in the window. The sealing
membrane may wipe excess reagent from the slide surface as
the working fluid spreads out across the membrane. After
spreading out across the whole surface, the pressurized work-
ing fluid may continue to apply even pressure onto the
microreactor array surface through the sealing membrane. In
one aspect, this may uniformly seal all of the microreactors,
thereby isolating the microreactors from one another.

[0071] The process of filling and sealing all of the microre-
actors may take less than about five seconds. The process may
be actuated entirely by opening or closing valves either manu-
ally, through the use of an automated control system, or a
combination thereof. Reagent may react with functionalizing
chemicals in the microreactors to create untethered interme-
diate molecules that are contained for extended incubation
periods. After incubation, the slide may be removed from the
device for further chemical processing such as washing,
blocking or labeling. To preserve molecular functionality, the
microreactor array may be prevented from drying out during
an assay. The whole microreactor array (or a portion thereof)
may be flooded with sample fluid to detect probe molecules
by their affinity to specific chemical products or targets in the
microreactors. After chemical processing, the microreactor
array may be dried and imaged using a fluorescent microarray
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scanner or another detection system. The detection system
may be integrated into the microreactor array system.

1. Microreactor Array System

[0072] The present disclosure provides a microreactor
array system that enables simultaneous, multiple, parallel,
high-density, independent, unique chemical reactions involv-
ing possibly free floating molecular compounds. Individual
chemical reactions may thus be physically isolated in sealed
containers, cavities, or chambers, preventing evaporation,
diffusion or movement during an experiment. Chemical reac-
tions in neighboring sealed containers, cavities, or chambers,
therefore may not interfere with each other. As such, each
sealed container, cavity, or chamber may contain unique
molecular compounds that may undergo isolated chemical
reactions without interference from neighboring containers,
cavities, or chambers, or other external environments. In this
manner, the microreactor array system allows for any number
of parallel reactions to take place at the same time, and under
identical chemical and operating conditions, such as, for
example concentration, volume, temperature, pressure and so
on. Physical principles for design of the microreactor array
system are presented in the following paragraphs. These are
followed by operational design principles for filling microre-
actors with reagent, displacing excess reagent and sealing the
microreactors.

[0073] Good performance of a microreactor array system
may be characterized by complete filling and sealing of the
microreactors. It is desirable that the microreactors be com-
pletely filled with reagent without entrapped air pockets and
be sealed completely to prevent leakage for the duration ofan
experiment. Parameters of the microreactor array system are
very interdependent. For example, working fluid pressure
required to effectively seal the microreactors may depend on
sealing membrane thickness.

[0074] Turning now to the Figures, an embodiment of a
microreactor array includes a microreactor array 22 including
a plurality of microreactors 24. The microreactor array 22
may be reversibly insertable into a housing or base 26. The
base 26 may have a plate or slab-like configuration including
a central cavity 26a for receiving the microreactor array 22
therein. In the illustrated embodiments, the microreactor
array system 20 is configured for filling microreactors 24 with
one or more materials (e.g., fluids, buffers, samples, reagents,
etc.) and sealing the microreactors 24 with a sealing mem-
brane 28. Referring at least to FIG. 1, the microreactor array
22 may be fashioned from a single layer, which may be a flat
rigid surface constructed using any appropriate material. The
single layer may include an array of cavities, chambers, or
microreactors 24 of any desired shape, size and depth, pat-
terned into the upper surface 22a of the microreactor array 22.
In some configurations, the microreactors 24 may also be
constructed from a number of separate layers. For example,
the microreactor array 22 may be formed from a first layer
(e.g., a glass microscope slide) and a second layer arranged
adjacent to the first layer, the second layer including an array
of through holes of any desired shape and size.

[0075] In general, microreactor arrays may be manufac-
tured from silicon wafers using standard silicon wafer fabri-
cation processes from the semiconductor industry. Silicon
wafers are readily available, relatively inexpensive and have
precise thickness tolerance and consistent material proper-
ties. Silicon surfaces can be oxidized with a thin silicon
dioxide (SiO,) layer to be compatible with conventional glass
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surface chemistry and to prevent fluorescent signal quenching
of bare silicon. Microreactor arrays manufactured from sili-
con may be reused by stripping off the SiO, layer and re-
oxidizing the surface. The SiO, layer may be selectively
patterned on the surface to provide areas of fluorescent
quenching vs. non-quenching. Similarly, the surface of the
microreactor array may be patterned to be more hydrophobic
than the inside of the microreactors. Silicon has good thermal
conductivity which may assist speed and uniformity of ther-
mal cycling. Microreactor arrays may also be manufactured
from other materials such as glass, polydimethylsiloxane
(PDMS) and so on.

[0076] Microreactor arrays that are the same dimensions as
microscope slides, for example, 25 mmx75 mmx1 mm (~1"x
~3"x ~0.04"), may be used in standard microarray scanners.
Depending on the type of microarray scanner, bare reflective
areas may have to be provided on the two ends of microreac-
tor array surface to enable autofocus. Focus depth may be
adjusted for the depth of the microreactors. In one aspect, it
may be useful to manufacture the microreactor array 22 to
precise mechanical tolerances so that the microreactor array
22 fits into the base 26 of the microreactor array system 20.
Further, when positioned within the base 26, the microreactor
array 22 may define a reagent gap 30 having a precise thick-
ness as shown at least in FIG. 5. Alternatively (or addition-
ally), one or more shims 32 positioned to extend outwards
from an upper surface 22a of the microreactor array 22, a
compliant layer 34 positioned beneath the microreactor array
22, or a combination thereof may be provided to define a
precise reagent gap 30. Accordingly, the base 26 may be sized
to accommodate one or more of the shims 32 adjacent the
sides 225 of the microreactor array 22 in the cavity 26a of the
base 26. Further, the base 26 may be sized to accommodate a
compliant layer 34 beneath at least a portion of the microre-
actor array 22.

[0077] Microreactors 24 in a microreactor array 22 may be
distributed in any desired pattern and may include any num-
ber of microreactors 24. For example, a hexagonal pattern
may fit more circular microreactors for the same pitch and
area compared to rectangular patterns. Each microreactor 24
may be identified by a row and or column location in the
microreactor array 22. Also, hexagonal patterns may help
during filling of the microreactors 24 by breaking up the flow
of reagent as opposed to rectangular patterns that may allow
flow of reagent along straight fluid paths between columns of
microreactors 24.

[0078] The size, shape and depth of the microreactors 24
may affect functionalizing, filling, sealing and results of
chemical reactions. Wider microreactors may be easier to
target during an initial filling with functionalizing chemicals,
for example, using piezoelectric inkjet dispensing. Also,
wider microreactors may have thinner borders which may
help with filling with reagent, since there is smaller surface
area to channel flow around each microreactor. Thinner bor-
ders also may help with sealing by increasing sealing pressure
for the same applied force. For example, in a hexagonal array
pattern, hexagonal microreactors may help with functional-
izing, filling and sealing, since they have consistent border
thicknesses compared to circular microreactors. In addition,
depth to width ratio (aspect ratio) of the microreactors may
also be important for filling. For example, an aspect ratio less
than 1, corresponding to a shallow microreactor, may be
advantageous in filling microreactors without entrapping air
pockets. In particular, this may be applicable when initially
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filling individual microreactors with any functionalizing
chemicals and subsequently filling them with reagent. Bigger
microreactors have proportionally greater volume to surface-
area than smaller ones. This may favor chemical reactions
that are limited by the volume of the reagent. Conversely,
smaller microreactors may favor chemical reactions that are
limited by the amount of chemicals functionalized on their
surfaces. Therefore, size factors may need to be accounted for
when conventional chemical reactions are scaled down to
microreactors. Relative concentrations of functionalizing
chemicals and reagent may have to be adjusted accordingly.

[0079] In addition, microreactors with rounded corners
may be easier to fill than microreactors with sharp or angular
corners. This may be applicable for initial filling of microre-
actors with functionalizing chemicals, and subsequently with
reagent. In particular, functionalizing chemicals tend to be
pulled into sharp corners, resulting in non-uniform coating of
microreactor surfaces. This may end up resulting in non uni-
form fluorescent signal intensity across the surface of the
microreactors. Furthermore, this may also result in non-uni-
form wetting across the microreactors which may entrap air
pockets when subsequently filling microreactors with
reagent. Microreactors with uniformly hydrophilic (high wet-
tability) surfaces may be easier to fill with functionalizing
chemicals or reagent. Microreactor arrays with smooth top
surfaces may also be easier to fill, with reagent, than ones with
features that may obstruct the flow of reagent or direct it away
from the microreactors.

[0080] As described, microreactors 24 in the microreactor
array 22 may be functionalized with any number of function-
alizing chemicals either prior to usage or during operation.
These functionalizing chemicals may be distinctive with
respect to any number of microreactors 24 and may be dis-
pensed or dispersed along the upper surface 22a of the
microreactor array 22 by any number of loading processes,
such as pin spotting, piezoelectric inkjet dispensing or chemi-
cal synthesis process. Functionalizing chemicals may either
initiate chemical reactions or react with products of chemical
reactions. Initiating functionalizing chemicals may include
any substances, such as PCR primers, that initiate chemical
reactions to produce unique products, such as specific ampli-
fied DNA. Reacting functionalizing chemicals may include
molecular targets that bind specific probe molecules in a
sample or bind the products of chemical reactions in microre-
actors 24. The upper surface 22a of the microreactor array 22
and the opposing flat surface (e.g., the second surface 36 of
the sealing membrane 28) that it comes into contact may each
be separately functionalized with chemical spots 62 to initiate
chemical reactions or react with products of those reactions
respectively. The initiating chemical spots 62a and reacting
chemical spots 626 may either be coated onto the entire
sealing membrane 28 or on any surface of the microreactor
array 22 (e.g., upper surface 22a, the side walls or bases of the
microreactors 24, or the like) or arranged in an array of
chemical spots 62. Initiating chemical spots 62a and reacting
chemical spots 626 may both be arrayed separately onto the
microreactor array 22 or the opposing flat surface (e.g., seal-
ing membrane 28) and then aligned with each other thus
enabling multiplexed combinatorial chemical reaction
experiments. For example, the initiating chemical spots 62a
may be dispensed about or embedded in the microreactors 24
prior to use. In this case, the opposing flat surface that comes
into contact with the upper surface 22a of the microreactor
array 22 may be functionalized separately to react with prod-
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ucts of chemical reactions taking place in microreactors 24.
Alternatively (or in addition), initiating chemical spots 625
may be dispensed or dispersed onto the opposing flat surface
that comes into contact with the upper surface 22a of the
microreactor array 22. In this case, any portion of the microre-
actor array 22 may be functionalized separately to react with
products of chemical reactions taking place in microreactors
24. In some aspects, individual larger functionalizing chemi-
cal spots 62 may span multiple smaller microreactors 24 as
shown at least in FIGS. 4 and 8, so that precise alignment of
functionalizing chemical spots 62 with microreactors 24 may
not be required when dispensing functionalizing chemicals
into microreactors 24. Likewise, if functionalizing chemical
spots 62 are arranged onto an opposing flat surface, precise
alignment of the microreactor array 22 and opposing flat
surface may not be required if larger functionalizing chemical
spots 62 span multiple smaller microreactors 24.

[0081] The microreactor array system 20 also includes a
flexible sealing membrane 28 which is configured to provide
amovable seal or cover for the array 22 of microreactors 24 by
coming into contact with the microreactor array 22. In some
embodiments, the microreactor array 22 may be formed using
an opposing flat surface 64 and an array of containers, cavi-
ties, or chambers 66 patterned on the sealing membrane 28. In
one aspect, the opposing flat surface may be a glass micro-
scope slide, a silicon wafer, or another suitable plastic, glass,
metal, composite material, or like substrate.

[0082] In some embodiments, the sealing membrane 28
represents an important component of the microreactor array
system 20. During operation, the sealing membrane 28 may
be placed in direct contact with contents of the microreactors
24. Further, the sealing membrane 28 may be designed to not
interfere with chemical reactions taking place within the
microreactors 24. Since the sealing membrane 28 may sepa-
rate a working fluid 38 from a reagent 40, the sealing mem-
brane 28 may be impenetrable to fluids, without holes or
permeability to fluids. In one aspect, it may be useful to
provide a sealing membrane 28 that is strong enough to with-
stand high sealing pressures yet be thin and compliant to
conform to and seal the microreactors 24. Lower sealing
pressures may be used with thinner sealing membranes 28.
Note that arrows designated with a “P” in the Figures indicate
the application of pressure. The sealing membrane 28 may
deform smoothly into the reagent gap 30 when sealing the
microreactors 24. The sealing membrane 28 may be inert to
the chemicals with which it comes into contact. Also, the
sealing membrane 28 may withstand temperature variations
due to thermal cycling or exothermic chemical reactions,
endothermic chemical reactions, or a combination thereof. In
some embodiments, the sealing membrane 28 may be stiff
laterally so that the sealing membrane 28 lies flat, without
wrinkles, prior to filling with reagent 40. In other words, the
sealing membrane 28 may be made from a rigid material like
polyester instead of softer material like low density polyeth-
ylene (LDPE) or fluorinated ethylene propylene (FEP). A first
surface 42 and the second surface 36 of the sealing membrane
28 may provide smooth, uniform flow paths for working fluid
38 and reagent 40 respectively. The sealing membrane 28
may be free of nicks, creases, wrinkles, gashes, holes, dust,
dirt or other defects that may trap reagent 40 or otherwise
cause improper localized sealing of the microreactors 24. The
second surface 36 of the sealing membrane 28 may be uni-
formly less wettable (more hydrophobic) than the surfaces of
the microreactor array 22 (more hydrophilic) to help fill the
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microreactors 24 with reagent 40. The sealing membrane 28
may be transparent so that the surfaces of the microreactor
array 22 can be seen through a window 44 and sealing mem-
brane 28.

[0083] All of the functionalizing chemicals, reagents or
other materials in each of the microreactors 24 may interact
with a single reagent 40, which may, for example, be areagent
that initiates chemical reactions or a sample containing dif-
ferent target molecules to be identified. The microreactor
array system 20 enables rapidly filling of the microreactors 24
with reagent 40 and then sealing them into independent
chemical reaction containers (i.e., microreactors 24).

[0084] The microreactor array system 20 may include a
sealing gasket or O-ring 46 to pneumatically or hydraulically
seal the microreactor array 22 around its periphery. A trans-
parent window 44 may allow observation of any filling pro-
cesses. The bottom surface of the window 44 may provide a
smooth consistent flow path for reagent 40 and working fluid
38. An inlet port 50 and an outlet port 52 may provide for
injecting a reagent 40. Further, an inlet port 54 and an outlet
port 56 may provide for injecting a working fluid 38. Inside
diameters of the liquid paths of the ports (i.e., inlet port 50,
outlet port 52, inlet port 54, and outlet port 56) may be larger
than the reagent gap 30 so that liquid flow is not restricted by
the ports. Liquid paths of the ports may be short to reduce
dead-volume and flow resistance.

[0085] Microreactors 24 may be filled by forcing reagent
40 through a thin reagent gap 30 between the second surface
36 of the sealing membrane 28 and the microreactor array 22.
For consistent, reliable filling of the microreactors 24, with
minimal reagent volume, the thickness of the reagent gap 30
may be controlled. For example, the thickness of the reagent
gap 30 may be controlled by tight dimensional tolerances of
the microreactor array 22 and microreactor array system 20.
Likewise, the microreactor array system 20 may be mechani-
cally stiff to maintain a precise reagent gap 30 even under the
stress of clamping the microreactor array system 20 together.
Mechanical stiffness and strength may also be required to
withstand the stresses of a working fluid pressure and to
prevent leaks. Stiffness of the microreactor array system 20
may be achieved by a combination of stiff materials and thick
base 26, top 72 and window 44. A precise reagent gap may
also be achieved using shims 32 on the upper surface 22a of
the microreactor array 22 along the edges as shown in FIG. 1.
In this case, a compliant layer 34 may be placed underneath
the microreactor array 22, and compressed when the microre-
actor array system 20 is clamped together.

[0086] Experimentsinthelife sciences aretypically carried
out in aqueous solutions. Microreactors may be filled with
aqueous reagents to initiate chemical reactions for experi-
ments in the life sciences. Water has high surface tension
which dominates other forces at small dimensions. For
example, high surface tension causes air to become trapped in
microreactors 24 if'the microreactor array 22 is submerged in
water. The same thing happens if water is poured on top ofthe
microreactor array 22. Surface tension tends to keeps liquid
surfaces smooth with minimal surface area. However, the
surface of a reagent must be deformed into thousands of tiny
bumps to conform to the indentations of microreactors to fill
them with reagent. Reagent 40 may be forced into microre-
actors 24 by applying vacuum to a thin reagent gap 30 and
then quickly injecting reagent 40, under pressure, into the
reagent gap 30. This approach overcomes surface tension
through a combination of inertial, pressure, vacuum, wetting



US 2016/0258944 Al

and viscous forces to force reagent into tiny microreactors 24.
Note that arrows designated with a “V” in the Figures indicate
the application of vacuum, while arrows designated with an
“I” in the Figures indicate a point of injection. Reagent 40
may be injected into the inlet port 50 with a manual or auto-
mated syringe or pipette, imparting kinetic and potential
energy to overcome the surface energy of the fluid. In some
cases atmospheric pressure may be sufficient to reliably fill
microreactors 24 with reagent 40. In this case, reagent 40 may
be injected into the inlet port 50 through a solenoid valve or
another type of valve. In general, a ‘stronger’ fluid in terms of
pressure, density, incompressibility and viscosity pushes
‘weaker’ fluid out of its way. During filling, air remaining in
microreactors 24 is displaced by an advancing wall of pres-
surized reagent 40. Similarly, after filling, excess reagent 40
is displaced from the upper surface 22a of the microreactor
array 22 prior to sealing. This is done using an advancing wall
of pressurized high viscosity working fluid 38 that displaces
excess reagent 40 through the sealing membrane 28. Similar
issues, concerning filling small features with fluids, come up
in other fields such as plastic injection molding and microim-
print lithography. Note that arrows designated with a “D” in
the figures indicate the displacement of a fluid or other mate-
rial.

[0087] The fluid mechanics dimensionless parameters that
govern filling of microreactors 24 with reagent 40 are out-
lined in the following seven paragraphs.

[0088] Body (gravitational) forces may have little influence
on filling microreactors 24. Bond number

_ pa(dy)*
Y

Bo

characterizes the relative influence of body force pa(d,)? vs.
surface tension Y. Body force depends on density p, accelera-
tion ., and hydraulic diameter d,,. For thin closed channels, d,,
is twice the thickness of the channel d. If Bo<1, then surface
tension dominates body forces. A microreactor array system
20 has low Bond number meaning that flow into microreac-
tors 24 is dominated by surface tension vs. body forces. To fill
microreactors 24 with liquid using body forces may require
higher accelerations which may be achieved in a centrifuge.
Microreactors 24 may also be filled by submerging them in
liquid and degassing in a vacuum chamber. However, both of
these approaches take time and chemical reactions may be
well underway before the microreactor array 22 can be
removed from the centrifuge or vacuum chamber and then
sealed. Filling microreactors 24 by degassing in a vacuum
chamber may require >5 minutes to pull air out of the
microreactors 24 through the gas permeable layer of liquid on
the upper surface 22a of the microreactor array 22. This
process may be expedited by degassing the liquid prior to
submerging a microreactor array or by heat or sonication
while applying vacuum.

[0089] Air may need to be advantageously displaced from
the microreactors 24 to fill them completely with reagent 40.
The advancing front of reagent 40 pushes air out of the
microreactors 24 and out through the outlet port 52. Air
pressure increases towards the outlet port 52 of the microre-
actor array 22 possibly resulting in incomplete filling of those
microreactors 24. Applying a vacuum at the outlet port 52,
prior to filling, helps mitigate this problem. The goal is to
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remove as much air from the microreactors 24 as possible
prior to injecting reagent 40. The air mass m, in the microre-
actors 24 under vacuum P, compared to the mass m,, at ambi-
ent pressure P, is

Therefore 97% of the air mass is removed from the microre-
actors 24 by applying a vacuum of about 29 inches Hg (about
0.92 inches Hg absolute pressure). The advancing fill front of
the reagent 40 displaces the remaining air in the microreac-
tors 24. The difference between the positive pressure of the
reagent 40 and the vacuum pressure in the microreactors 24
helps force reagent 40 into the microreactors 24. The inlet
port 50 for the reagent 40 may have a check valve 58 with
cracking pressure greater than about 1 atmosphere to prevent
reagent 40 from leaking into the reagent gap 30 when vacuum
is applied. In some embodiments a burst valve may be sub-
stituted for or combined with the check valve 58 at the inlet
port 50 to maintain vacuum before injecting the reagent 40.
Pressure at the inlet port 50 may break the burst valve allow-
ing reagent 40 to flow freely into the reagent gap 30 with
minimal resistance. A hydrophobic restriction valve 60 at the
outlet port 52 may prevent vacuum from sucking reagent 40
from the reagent gap 30 after filling the microreactors 24. In
some embodiments, a check valve may be combined with or
substituted for the hydrophobic restriction valve 60 at the
outlet port 52 to maintain a vacuum in the reagent gap 30
before injecting reagent 40. In another aspect, the inlet port 50
and outlet port 52 may have actuated 3-way valves synchro-
nized to switch from vacuum to reagent 40 during injection.

[0090] Reagent 40 is exposed to a large surface area when
it is injected into the reagent gap 30. If vacuum is applied to
the reagent gap 30 then gas dissolved in the reagent 40 may
come out of solution when exposed to this vacuum. Therefore
the reagent 40 may have to be degassed prior to injection to
prevent gas bubbles forming in the reagent 40 during injec-
tion.

[0091] Weber number

_ pdhv2
oy

characterizes relative influence of inertia vs. surface tension y
of fluid with density p flowing at a velocity v in a film of
thickness d,,. It is used to analyze thin film flows and the
formation of droplets and bubbles. The Weber number for a
microreactor array system is W_>1 meaning that inertial
forces have moderate influence on filling microreactors com-
pared to surface tension. Weber number scales as the square
of velocity v so it can be increased by injecting reagent 40
faster. However there is an upper limit to velocity for filling
microreactors. At higher Weber numbers, reagent 40 may
break up into droplets on the upper surface 22a of the
microreactor array 22 due to inertial forces. This is exacer-
bated if gas is trapped or dissolved in the reagent 40.
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[0092] Capillary number

characterizes relative influence of viscous pv vs. surface ten-
sion forces. The microreactor array system 20 may have low
capillary number, meaning that liquid flow dynamics are
heavily influenced by surface tension compared to viscosity
1. One group investigated liquid filling dynamics of small
features at low Capillary numbers, C,=0.001 to 0.01 for
microimprint lithography applications. They identified the
following conditions for complete filling of small features:
high Capillary number, low aspect ratio features and high
surface wetting properties. At high Capillary numbers, the
dynamic contact angle becomes very largely dependent on
global hydrodynamics of the flow possibly enabling high
speed filling of microreactors. High Capillary number is
achieved by high flow velocity, high viscosity or low surface
tension. High flow velocity may come from an external pres-
sure differential applied to the reagent 40. Relying on capil-
lary action alone, without applying pressure, may result in
incomplete filling of microreactors 24 since reagent 40 may
flow slowly over the top of the upper surface 22a of the
microreactor array 22 without going into the microreactors
24. Under certain circumstances, it may be possible to
increase Capillary number by adding a thickening agent to the
reagent 40 to increase viscosity. Similarly, Capillary number
may be increased by decreasing surface tension with surfac-
tant. Small surfactant concentrations may decrease surface
tension dramatically. Aspect ratio is relative depth to width
ratio of microreactors 24. Generally, aspect ratios less than 1
are required for complete filling of microreactors 24. In other
words, it may be useful to provide microreactors 24 that are
wider than they are deep for complete filling. Surface wetting
properties in the reagent gap 30 may also be important. A
higher wetting (hydrophilic) surface of microreactor array 22
compared to the opposing surface (hydrophobic) may pro-
mote filling of the microreactors 24. Hydrophilic surfaces
have lower contact angle compared to hydrophobic ones
which pulls liquid into the microreactors 24. Consistent wet-
ting properties across the surface of the microreactors 24 may
also prevent entrapping localized air pockets. Uniformly pre-
coating the surfaces of the microreactor array 22 with a
hydrophilic reagent may promote uniform wetting and filling
of microreactors 24.

[0093] Reynolds number

characterizes relative influence of inertial vs. viscous forces.
Physical design parameters are interdependent. In one aspect,
it may be useful to balance physical design parameters to
achieve proper filling of the microreactors. High reagent
injection velocity increases Capillary number to help over-
come surface tension with viscous forces. However, Weber
number also increases with velocity, which may result in
incomplete filling of microreactors due to inertial forces that
may break up reagent flow. This may manifest as foaming and
may be exacerbated by gas dissolved in the reagent. Inertia

Sep. 8, 2016

may also cause reagent to skim across the top of the microre-
actors instead of flowing down into them. Complete filling of
microreactors may be assisted by a relatively low Weber
number and a relatively high Capillary number. The ratio of
Weber to Capillary numbers is also Reynolds number

For complete filling of microreactors, it may be useful to
provide a low Reynolds number. For example, regent flow in
the reagent gap of the microreactor array system may have a
Reynolds number of about 20, thereby generally resulting in
laminar flow. In one aspect, a low Reynolds number corre-
sponds to low reagent injection velocity v, a high kinematic
viscosity W/p, and a small reagent gap d,,.

[0094]  After filling the microreactors 24, excess reagent 40
is displaced from the upper surface 22a of the microreactor
array 22 and each of the individual microreactors 24 is sealed
to prevent evaporation, leakage, diffusion, movement or
cross-contamination during an assay. Functionalizing chemi-
cals may be immobilized to prevent dislodging by reagent 40
prior to sealing the microreactors 24. For example, function-
alizing chemicals may be permanently immobilized by
chemical bonds. Alternatively (or additionally), functionaliz-
ing chemicals may be immobilized only temporarily, for at
least as long as it takes to fill the microreactors 24 with
reagent 40 and then seal them. After the microreactors 24 are
filled with reagent 40 and sealed, the functionalizing chemi-
cals may be released into the reagent 40 without diffusing into
neighboring microreactors 24. Temporary immobilization
may be achieved via reversible chemical bonds, photocleav-
able linkers, magnetic beads, soluble coatings, or the like. A
soluble coating may be applied, for example, via non-contact
dispensing or aerosol spray. In some configurations, the
soluble coating may be a polypeptide such as gelatin, bovine
serum albumen (BSA), or the like. If functionalizing chemi-
cals are arrayed onto a flat flexible sealing membrane 28, then
they may be temporarily immobilized by overlaying them
with a thin sheet of soluble material.

[0095] Excess reagent 40 may be displaced from the upper
surface 22a of the microreactor array 22 after filling the
microreactors 24 to ensure proper sealing. Trapped puddles of
reagent 40 may impede complete sealing, thereby resulting in
leakage, diffusion or cross-contamination of the contents of
the microreactors 24. Therefore, it may be useful to configure
the microreactor array system 20 for displacing excess
reagent 40. Some type of wiping, rolling or squeegee action
may be implemented to displace excess reagent 40 from the
upper surface 22a of the microreactor array 22. Pushing
straight down on the microreactor array 22 with a compliant
material may not displace the entire reagent 40 since puddles
may become trapped on the upper surface 22a of the microre-
actor array 22. The puddles may not be displaced regardless
of how hard the compliant material is pushed down. This is
because the areas surrounding the puddles may be sealed
more tightly as the compliant material is pushed down, block-
ing the flow of reagent 40 away from the puddles. The incom-
pressible liquid of a puddle may be pushed further into the
compliant material without being displaced from the upper
surface 22a of the microreactor array 22. A rigid material may
displace more reagent 40. However, some liquid may be
invariably trapped in valleys, caused by surface irregularities



US 2016/0258944 Al

between the rigid material and the upper surface 224 of the
microreactor array 22, resulting in poor sealing of microre-
actors 24 in those areas.

[0096] In some embodiments, the microreactor array sys-
tem 20 displaces excess reagent 40 by forcing pressurized
working fluid 38, through the inlet port 54 in the bottom of the
window 44, against the first surface 42 of a sealing membrane
28. As the pressurized working fluid 38 spreads out against
the first surface 42 of the sealing membrane 28, the working
fluid 38 may displace reagent 40, from the upper surface 22a
of the microreactor array 22, through contact with the second
surface 36 of the sealing membrane 28. Excess reagent 40 is
then pushed out through the inlet port 50 or outlet port 52 for
the reagent. If desired, reagent 40 may then be recovered from
the inlet port 50 or outlet port 52. The sealing membrane 28
may be impervious to liquids and may be smooth without any
wrinkles or creases, which may trap reagent 40. In some
embodiments, the working fluid 38 has a high viscosity to
slowly wipe the reagent 40 away from the upper surface 22a
of the microreactor array 22. The temperature of the working
fluid 38 and the whole microreactor array system 20 may be
lowered to increase the viscosity of the working fluid 38 prior
to injection against the first surface 42 of the sealing mem-
brane 28. A constant sealing pressure force may extrude the
high viscosity working fluid 38 and may maintain a constant
sealing pressure on the upper surface 22a of the microreactor
array 22. Velocity of the working fluid is related to pressure
via the Darcy-Weisbach equation

1 p?
Vp=fo——
p fDdh 3

relating pressure drop Vp to fluid velocity v and fluid density
p in a channel of length 1 and hydraulic diameter d,,. Param-
eter f, is the dimensionless Darcy friction factor which is

for laminar flow where R, is the Reynolds number. The flow
path for working fluid 38 is preferably smooth for uniform
velocity against the sealing membrane 28. The viscosity of
the working fluid 38 is preferably higher than the viscosity of
the reagent 40 being displaced. If gas or low viscosity work-
ing fluid 38 is used, then working fluid 38 velocity may be too
high to displace reagent 40 from the upper surface 22a of the
microreactor array 22. Low viscosity working fluid 38 or gas
may quickly spread out against the first surface 42 of the
sealing membrane 28 without wiping the reagent 40 com-
pletely away from the upper surface 224 of the microreactor
array 22. Consequently a thin layer of reagent 40 may become
trapped on the upper surface 22a of the microreactor array 22
and may not be displaced regardless of how high a sealing
pressure is applied to the working fluid 38. This trapped layer
may prevent complete sealing of the microreactors 24 result-
ing in localized leakage of the contents of the microreactors
24. The outlet ports 56 of the window 44 may be kept open as
the working fluid 38 spreads against the first surface 42 of the
sealing membrane 28 to vent gas and prevent gas pressure
buildup against the first surface 42 of the sealing membrane
28, thereby prematurely sealing the microreactors 24 before
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the working fluid 38 has a chance to displace the reagent 40
away from the upper surface 22a of the microreactor array 22.
The outlet ports 56 of the window 44 may be closed once the
working fluid 38 spreads out against the first surface 42 of the
sealing membrane 28 to apply and maintain a constant pres-
sure of the working fluid 38 through the sealing membrane 28
onto the upper surface 22a of the microreactor array 22 for the
duration of the chemical reaction assay.

[0097] The sealing membrane 28 may temporarily adhere
to the bottom surface of the window 44 without contact with
the upper surface 22a of the microreactor array 22, if vacuum
is applied to the reagent gap 30. In this case, the sealing
membrane 28 may be adhered with a liquid adhesive that does
not dry out. The sealing membrane 28 may then release
smoothly when working fluid 38 is injected against first sur-
face 42 of the sealing membrane 28.

[0098] Working fluid 38 need not flow against the first
surface 42 of the sealing membrane 28 before injecting the
reagent 40 since the working fluid 38 may cause the sealing
membrane 28 to block the flow of the reagent 40. Applying
vacuum to the reagent gap 30 may pull working fluid 38
against the first surface 42 of the sealing membrane 28. This
may be prevented with a valve 68 in the inlet port 54. In one
aspect, the valve 68 may be a check valve or burst valve
having a cracking pressure greater than about 1 atmosphere.
A burst valve may be implemented with a plug of material,
such as beeswax, in the inlet port 54. In this case, the opening
in the window 44 beneath the plug in the inlet port 54 may be
greater than the plug to allow the plug to break free of the
window 44 without impeding flow of working fluid 38. In
another aspect, a burst valve may be implemented with thin
impervious material that ruptures when pressure is applied to
the working fluid 38. In another aspect, vacuum may be
applied to the working fluid 38 while applying vacuum to the
reagent gap 30 to balance out pressure forces on the working
fluid 38. The working fluid 38 may be degassed before apply-
ing vacuum to prevent air bubble formation in the working
fluid 38.

[0099] Theinlet port 54 may be in the middle of the window
44 as shown in FIG. 6, or at either end of the microreactor
array system 20. Further, outlet ports 56 are positioned to be
generally opposing each of the inlet port 50 and outlet port 52.
Further, inlet port 54 may be collocated with one of the outlet
ports 56 so that there is one inlet port 54 and one outlet port 56
for the working fluid. If vacuum is applied to the reagent gap
30, prior to injecting reagent 40, then the sealing membrane
28 may be pulled down onto the upper surface 22a of the
microreactor array 22. This may happen if the sealing mem-
brane 28 is not adhered to the bottom of the window 44 or if
inlet port 54 or outlet ports 56 are open to atmospheric or
positive absolute pressure. If the sealing membrane 28 is
pulled down, then the inertia of the sealing membrane 28 and
air pressure above the sealing membrane 28 may help to fill
the microreactors 24 as the advancing fill front of reagent 40
pushes the sealing membrane 28 away from the upper surface
22a of the microreactor array 22. This may impart an oppos-
ing force component towards the interior of the microreactors
24 helping to fill them completely with reagent 40. In another
aspect, to prevent the sealing membrane 28 from being pulled
down onto the upper surface 22a of the microreactor array 22,
vacuum may be applied to inlet port 54 or outlet ports 56 in
conjunction with vacuum applied to the reagent gap 30. This
may balance out the pressure on the first surface 42 and the
second surface 36 of the sealing membrane 28 so that the
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sealing membrane 28 is not pulled down onto the upper
surface 22a of the microreactor array 22 prior to injecting
reagent 40. In some embodiments, each of the outlet ports 56
may be provided with a suitable valve 70 to control the appli-
cation of vacuum, the recovery of working fluid 38, or the
like.

[0100] Outlet ports 56 may be used to flush out high vis-
cosity working fluid 38 with another material. The tempera-
ture of the working fluid 38 or other material may be con-
trolled, prior to injection, to control viscosity or provide
thermal cycling or temperature regulation of the microreactor
array 22. Lower viscosity working fluids or gasses may allow
the sealing membrane 28 to be pulled up away from the upper
surface 22a of the microreactor array 22. This may allow
different reagents or gasses to be cycled through the reagent
gap 30. This feature may be incorporated into an automated
chemical processing system that cycles various reagents or
gases through the microreactor array system 20. For thermal
cycling, embodiments of an automated microreactor array
system 20 may have built-in heaters or coolers using, for
example, thermoelectric devices or channels for hot or cold
liquid. In other embodiments, the entire microreactor array
system 20 may be placed inside a chilling incubator or
immersed in a temperature controlled liquid bath for thermal
cycling or temperature regulation in general. The microreac-
tor array system 20 may be cooled prior to injecting reagent
40 to initially slow down the chemical reactions in the
microreactors 24 or to increase the viscosity of the working
fluid 28. Dry gas may be pumped into the reagent gap 30
under pressure to prevent condensation if the microreactor
array system 20 is cooled prior to injecting the reagent 40.

[0101] Pressurized working fluid 38 may press down on the
sealing membrane 28 to seal all of the microreactors 24. To
provide a good seal, the sealing pressure may be high enough
so that the sealing membrane 28 conforms to the inner perim-
eters of the microreactors 24. Applying sealing pressure to the
sealing membrane 28 with a working fluid 38 may be useful
for this application. Working fluid may flow freely and con-
form to the shape of its container. Therefore working fluid
may be used to apply uniform sealing pressure across the
sealing membrane 28. By contrast, a solid material such as
silicone rubber may provide uneven sealing pressure due to
variations in thickness or defects in the material. Therefore,
reagent may become trapped in the imperfections resulting in
poor sealing and leakage in those areas. Incompressible, high
viscosity working fluid 38 may be useful for displacing
reagent 40 out of the way as the working fluid 38 fills the
space between the window 44 and the first surface 42 of the
sealing membrane 28. By comparison, gasses are compress-
ible and have low viscosity. Accordingly, gasses may not
displace reagent from the upper surface 22a of the microre-
actor array 22. Using a constant pressure source to inject
working fluid 38 against the first surface 42 of the sealing
membrane 28 may produce a seamless transition from 1)
displacing reagent 40 to 2) sealing the microreactors 24. The
sealing pressure source may be pneumatic, hydraulic or a
mechanical spring, for example. Constant sealing pressure
may be achieved via a pressure regulator, constant vapor
pressure (CO, cartridge) or low mechanical spring rate, for
example.

[0102] For some applications, chemical reactions may
undergo thermal cycling. The microreactors 24 may remain
sealed as the reagent 40 within the microreactors 24 expands
or contracts during thermal cycling. Expansion and contrac-

Sep. 8, 2016

tion may be exacerbated if gas is entrapped or dissolved in the
reagent 40 especially if bubbles form at higher temperatures.
Solubility of gas in liquid increases with pressure. Similarly
boiling temperature increases with pressure. Therefore
applying sealing pressure may prevent bubble formation in
the microreactors 24 during thermal cycling. Degassing the
reagent 40 prior to thermal cycling may also be useful. Add-
ing substance such as glycerol or polyethylene glycol with a
boiling point above about 100° C. may increase the boiling
point of the reagent 40, thereby further reducing bubble for-
mation at higher temperatures.

[0103] Withreferenceto atleast FIGS. 2 and 5, the microre-
actor array system 20 may further include a top 72 and one or
more fasteners 74. In one embodiment, assembly of the
microreactor array system 20 may involve providing a
microreactor array 22. The microreactor array 22 may include
one or more microreactors 24. Further, the microreactors may
be treated with one or more reagents, functionalizing chemi-
cals, or the like. Thereafter, the microreactor array 22 may be
inserted into the cavity 26a within the base 26. Optionally, a
compliant layer 34 may be positioned in the cavity 26a
beneath the microreactor array 22, one or more shims 32 may
be positioned adjacent the microreactor array 22, or a com-
bination thereof. Thereafter a sealing gasket or O-ring 46 may
be positioned around the microreactor array 22.

[0104] With the microreactor array 22 and sealing gasket or
O-ring 46 positioned within the base 26, the sealing mem-
brane 28 may be disposed above the upper surface 22a of the
microreactor array 22. The window 44 may be positioned
above sealing membrane 28 such that the sealing membrane
is disposed between the window 44 and the microreactor
array 22. The top 72 may be positioned over or around the
window 44. With the top 72, window 44, sealing membrane
28, microreactor array 22 and base 26 positioned for assem-
bly, one or more of the fasteners 74 may be used to couple the
top 72 to the base 26, thereby providing the assembled
microreactor array system 20. In one aspect, through-holes
(not shown) may be positioned at intervals around a perimeter
of the top 72. Similarly, the base 26 may include one or more
passages or openings (not shown). When assembled, the
through-holes and the openings in the base 26 may be aligned
to receive at least a portion of the one or more of the fasteners
74 therein. In one example, the through-holes may be smooth
cylindrical bores and the openings in the base 26 may be
threaded cylindrical bores. Accordingly, a partially threaded
bolt may be guided through the through-holes and then
threaded or screwed into the openings in the base 26 to secure
together the microreactor array system 20.

Examples

[0105] The following Examples have been presented in
order to further illustrate the invention and are not intended to
limit the invention in any way.

[0106] Methods to generate nucleic acid programmable
protein arrays (NAPPA) using embodiments of a microreac-
tor array system according to the present disclosure are pro-
vided. Methods to screen for antibodies in patient serum
samples and analyze the results are also provided.

[0107] For the fabrication of microreactor arrays, a photo-
lithography mask for a microreactor array was designed using
computer aided design (CAD) software (AutoCad, Autodesk,
San Rafael Calif.). A 150 mm diameter circular outline was
drawn. Seven microscope slide format slides 25.4 mmx76.2
mm were spaced apart within the circular outline. 50 pm wide
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cut-lines ‘streets” were added between slides for dicing. For
each slide, about 14,000 130 pm diameter circles were drawn
for the microreactors in a hexagonal closest packing array
pattern with 375 um center-to-center spacing leaving at least
1.33 mm empty areas, without features, at the top and bottom
of each slide. These areas were used for autofocus by the
microarray scanner. Numbers were placed along the sides and
bottom of each slide to identify rows and columns respec-
tively. A logo was included along the bottom of each slide to
orient it during the various processing steps of printing,
assaying and scanning. 200 um diameter circles were added
outside of the slides for depth measurement during the etch-
ing process.

[0108] To fabricate photolithography masks for the
microreactor array, a photolithography mask drawing was
provided to a mask manufacturer (JD Photo-Tools, Oldham
UK). “7"x7" chrome glass’, ‘super-high resolution” (128K
dpi), ‘darkfield” and ‘design viewed from glass side’ were
specified. Clear areas of the mask (no chrome) correspond to
the etched areas of the silicon wafer in subsequent steps.
[0109] To pattern silicon wafers, 6" (150 mm) silicon
wafers (University Wafer, Boston Mass.) with standard thick-
ness of 675 um+/-25 pm were obtained. One side of each
wafer was coated with 300 nm LPCVD low stress nitride.
Nitride was spin coated with 1 pm AZ 3312 (AZ Electronic
Materials Inc., Branchburg N.J.) positive photoresist.
Samples were then baked at 100° C. for two minutes. Photo
resist was exposed with the photolithography mask on mask
aligner (OAI, San Jose Calif.), developed in AZ300 MIF
developer (AZ Electronic Materials Inc., Branchburg N.J.)
for 45 seconds, and hard-baked at 100° C. for 2 minutes.
Nitride film was selectively etched with reactive ion etch
(RIE) and photoresist was removed with acetone.

[0110] To etch microreactors, HNA etchant mixture of 49%
hydroftuoric acid (HF), 70% nitric acid (HNO3) and (>98%)
glacial acetic acid (CH3COOH) in the ratio of 2.75:1.75:1
was prepared. Wafers were isotropically etched for about 30
minutes to 70 um depth and 270 pm diameter. Etching silicon
with HNA is exothermic so the wafers were agitated to main-
tain uniform temperature.

[0111] To grow an oxide layer, the surface of the wafer was
cleaned in piranha mixture (1:1 mixture (sulfuric acid
(H,S0,)):(hydrogen peroxide (H,0,))) for 15 minutes. Sur-
face was cleaned in buffered oxide etch of hydrofluoric acid
(HF) and ammonium fluoride (NH,F) (1:6 mixture of
HF:NH_F) for 10 seconds. 95 nm thin film silicon dioxide
(8i0,) layer was grown at 1,000° C. for about 3 hours in an
oxygen furnace (Tystar 4600, Torrance Calif.).

[0112] Wafers were diced along cut-lines (Advotech Com-
pany, Inc., Tempe Ariz.) into 7 individual microreactor array
slides. Saw blade kerf was 50 um so actual slide dimensions
were 25.35 mmx76.15 mm.

[0113] To functionalize surfaces, residual organic materials
were cleaned from the microreactor array slides in piranha
(1:1 mixture of H,SO,:H,0,) for 30 minutes. After rinsing
with DI water and drying with compressed air, slides were
immersed in a 2% solution of (3-Aminopropyl) triethoxysi-
lane (APTES) in acetone for 30 minutes. Slides were thor-
oughly rinsed in acetone and DI water, and dried with com-
pressed air.

[0114] To print DNA into microreactors, first plasmid DNA
was obtained for a set of genes from the DNASU Plasmid
Repository (Center for Personal Diagnostics, Biodesign
Institute, Arizona State University, Tempe Ariz.). Clones
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were sequence verified and inserted in the . coli open-dual
recombination cloning vector open reading frames (ORFs)
with the natural stop codon absent and a GST-tag appended to
C-terminus.

[0115] To purify plasmid DNA, E. coli colonies of clone
vectors were cultured and harvested. Plasmid DNA was puri-
fied from the harvested cultures with a 96 microreactor mini-
prep (Whatman Filter Plates, Sigma-Aldrich, St. Louis Mo.).
Miniprep DNA was transferred to a 384-well microplate.
Miniprep plasmid DNA was normalized to 100 ng/pl (Nano-
drop 8000, Thermo Scientific, Wilmington Del.) and stored at
4° C. until printing.

[0116] To prepare a 1xNAPPA printing-mixture, compo-
nents were thawed on ice and mixed together in the following
order and proportions: 93% nuclease-free DEPC-treated
water (Ambion, Life Technologies, Grand Island N.Y.), 0.6%
BSA (Sigma-Aldrich), 1% anti-GST antibody (GE Health-
care), 5% BS3 cross-linker (Thermo Scientific, Pierce). The
printing mixture was aged at 4° C. for one day to allow partial
cross-linking of BS3, and then aliquoted into a 384-well
microplate for printing. The printing mixture was stored on
ice at all times throughout the process.

[0117] To prepare the bitmap pattern for FIG. 15, a digital
RGB image was resized to 108x108 pixels using function
imresize( ) (Matlab, MathWorks, Natick Mass.). The Matlab
function imrgb2ind( ) was used to reduce the image to an
indexed image with 5 uniformly spaced grayscale intensities,
gray(5). The indexed image was then split into two halves to
fit on a 1"x3" microscope slide format and converted to a
bitmap file using Matlab function imind2rgb()

[0118] The APTES functionalized microreactor array
slides were aligned on the deck of a non-contact piezoelectric
dispensing microarrayer (PiXY, Engineering Arts, Tempe
Ariz.) to prepare them for printing. To print microreactor
arrays, piezoelectric dispensers (Engineering Arts) were used
on the microarrayer. Dispensers were primed with DI water.
The 384-well microplate with printing-mixture was placed on
the deck of the microarrayer and 2 pl printing-mixture was
aspirated into each dispenser using on-head aspiration
syringes. Twelve 0.1 nl drops of printing-mixture were dis-
pensed in short bursts at 12,500 drops-per-second into
microreactors using the predefined microarray pattern
defined above. Non-contact piezoelectric on-the-fly dispens-
ing at uniform print-head speed of 175 mm/sec was used. The
piezoelectric tips were cleaned by flushing DI water through
the dispenser while the dispenser tip was submerged in flow-
ing DI water. Within 10 minutes, the same process was
repeated with the 384-well microplate of plasmid DNA.
Three drops of plasmid DNA was printed in the same spots as
the printing-mixture using the same aspirating and dispensing
parameters (12,500 drops-per-second) as for the printing-
mixture.

[0119] To print the microarray for the image shown in FIG.
15, DNA and printing mixture were combined and printed
onto a microreactor array using a PiXY microarrayer capable
of printing colored bitmaps.

[0120] To print flat glass slides for p53 serum screening
comparison in FIG. 16, DNA and printing mixture were com-
bined and printed on APTES coated glass microscope slides
(Fischer Scientific, Waltham Mass., Cat. No. 12-544-1) using
Genetix QArray?2 pin-spotter at 2,500 spot density per micro-
scope slide. Printed plasmid DNA microarrays were stored at
room temperature in a sealed container with desiccant.
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[0121] For protein expression, microreactor array slides
were first blocked. This step washed away unbound printed
molecules from the slides’ surfaces. A centrifuge (Beckman
Coulter model Allegra X-15R, Indianapolis Ind.) was pro-
grammed for 3750 RPM, maximum acceleration and maxi-
mum deceleration. Slides were submerged in a tray contain-
ing 8 ml of Superblock Blocking Buffer in TBS (Thermo
Scientific product #37535B, Rockford Ill.). Samples were
accelerated up to the maximum speed and decelerated right
away. Slides were rinsed in DI water and dried with com-
pressed air.

[0122] The same procedure as outlined above for microre-
actor array slides was used to block flat glass slides for FIG.
16. The centrifuge was not required. Slides were blocked for
one hour on a rocking table (VWR model 200, Radnor Pa.).
[0123] In vitro coupled transcription and translation
(IVTT) reagent was prepared from the “1-step human in vitro
protein expression kit” (Thermo Scientific, Rockford, IlL.).
The four components of the kit and were thawed and stored on
ice. Components were mixed in the following order and pro-
portions: 34% Hela lysate, 10% accessory proteins, 22%
reaction mix and 34% nuclease-free water, using 60% Hel a
lysate compared to the normal recipe. Mixture was stored on
ice. Mixture was degassed in a vacuum desiccator until
bubbles were gone (approximately 5 minutes).

[0124] IVTT reagent was applied to microreactor array
slides by first inserting a microreactor array slide into a
microreactor array system according to the present disclo-
sure. An O-ring was positioned around the microarray slide,
and a sealing membrane was placed on top of the O-ring and
slide. A window was placed on top of the sealing membrane
and the microreactor array system was clamped together
using fasteners. Vacuum was applied to the reagent outlet port
and 300 pl IVTT reagent was injected into the reagent inlet/
outlet port. Pressurized working fluid was injected into the
inlet port in the window to displace the reagent and seal the
microreactors.

[0125] To apply IVTT reagent to flat glass slides for FIG.
16, a gasket (Hybriwell Sealing System item 440904, Grace
Biolabs, Bend Oreg.) was attached to the slide. Using a
manual pipette, 150 pl IVTT reagent was injected into the
hole at one end of the gasket.

[0126] Flat glass slides and gasket were incubated at 30° C.
for 1.5 hours and then 15° C. for 0.5 hours (EchoTherm
chilling incubator, Torrey Pines Scientific, Carlsbad Calif.).
The assembled microreactor array system was incubated at
30°C. for2 hours and then 15° C. for 1 hour. Incubation times
were longer than standard NAPPA on flat glass slides to
accommodate longer heating and cooling times due to the
higher thermal mass of the microreactor array system.
[0127] To detect fluorescent signals, proteins were first
fluorescently labeled. To preserve molecular functionality,
slides were not allowed to dry out between processing steps.
A 5% milk-PBST (0.2% Tween) blocking buffer was pre-
pared by combining 500 ml 1x phosphate buffered saline
(1xPBS) with 25 grams 100% instant nonfat powdered dry
milk and 1 ml Tween 20 detergent and mixed with magnetic
stirring bar for 10 minutes. The resulting solution was stored
at 4° C. A small tray was filled with blocking buffer. The
microreactor array system was disassembled and the slide
was removed and submerged into blocking buffer. Blocking
was performed for one hour at room temperature on a rocking
table (VWR model 200, Radnor Pa.) with blocking buffer
replaced three times. A primary label was prepared by mixing
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10 pl mouse anti-GST monoclonal antibody (Cell Signaling
Technologies, Danvers Mass.) in 3 ml blocking buffer. Slides
were incubated in primary label overnight at 4° C. on a rock-
ing table then rinsed with blocking buffer 3 times for 10
minutes each, replacing blocking buffer each time. Secondary
label was prepared by mixing 6 pl Alexa Fluor 647 nm goat
anti-mouse IgG antibody (Life Technologies, Grand Island
N.Y)) in 3 ml blocking buffer. Slides were incubated in sec-
ondary label for 1 hour at room temperature on a rocking table
in the dark to prevent photo bleaching of the fluorescent dye.
Rinsing buffer was prepared by mixing 500 ml 1xPBS and 1
ml Tween. Slides were rinsed in rinsing buffer three times for
1 minute each time, replacing the rinsing buffer each time.
Slides were rapidly rinsed in DI water 6 times replacing water
each time and then dried with compressed air and stored in the
dark, at room temperature with a desiccator.

[0128] To probe serum samples for FIG. 16, following pro-
tein expression, flat glass slides were blocked in 5% milk-
PBST (0.2% Tween) on a rocking table at room temperature
for 1 hour. Slides were incubated with diluted serum sample
in proplate 4-well tray set (Grace Bio-Labs, OR) at 4° C.
overnight. Slides were then washed in 5% milk-PBST (0.2%
Tween) three times for 5 min each time. Protein display was
detected with Alexa Fluor 647 labeled goat anti-human IgG
secondary antibody (Jackson ImmunoResearch, West Grove,
Pa.). Finally, slides were washed in DI water and dried with
compressed air.

[0129] Microreactor array slides were imaged by first pro-
gramming a fluorescent microarray scanner (PowerScanner,
Tecan, Mannedorf Switzerland) for microreactor array slides.
Coordinates of the empty areas at the top and bottom of slides
were defined for autofocus along with the reflectivity of those
areas. A 70 um offset was defined for microreactor depth after
autofocus. Self-adhesive 325 pum thick backing was applied to
slides to accommodate the 1 mm slide thickness requirement
of the scanner. Slides were scanned at 10 pm resolution, 25%
laser power (outof 30 mW) and 25% (out of 800% maximum)
photo multiplier tube (PMT) detector gain. Data was
extracted (Array-Pro, Media Cybernetics, Rockville Md.)
and analyzed (Excel, Microsoft, Redmond Wash.). With ref-
erence to FIG. 16, signal to background ratio of anti-P53
response was plotted. Signal for each dilution point was the
average signal of six spots on the array, and signal of each spot
was the median pixel value of that spot. Background was the
median signal of all of the spots on the array.

2. Microreactor Array System with Automation and Detec-
tion

[0130] In one aspect, the present disclosure combines
microplate and microarray technology. For example,
microarray-scale well plates (i.e., microreactor arrays) may
be used to carry out tens of thousands of independent reac-
tions simultaneously. By comparison, the present disclosure
may differ from conventional ‘lab-on-a-chip’ devices (i.e.,
miniaturized, serial, two-dimensional networks of micro-
channels emulating electrical circuits or conventional chemi-
cal processing plants). Instead, a microreactor array system
may have two independent, yet complimentary, fluid paths
separated by a flexible sealing membrane. The fluid paths
may be paper thin (e.g., about 100 microns thick). A first
pathway may access an array ofthousands of microreactors to
fill them with reagent in parallel for high density chemical
processing. A working fluid on the opposing side of the seal-
ing membrane may push against the reagent through the
sealing membrane.
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[0131] Turning now to FIG. 10, an embodiment of a system
100 according to the present disclosure includes a detection
subsystem or detector 102, an automation subsystem or con-
troller 104, and a microarray system 120. In one aspect, the
microarray system 120 may be similar to the microarray
system 20 illustrated in FIGS. 1-9. Each of the components of
the system 100 may be in communication with each of the
other components. For example, detector 120 may be in com-
munication with both the controller 104 and the microreactor
array system 120. Accordingly, the controller 104 may be
configured to automatically control the detector 120 to detect
a characteristic of the microreactor array system 120.

[0132] With reference to FIGS. 11-14, the microreactor
array system 120 may include microreactor array 122 having
one or more microreactors 124 formed in a surface 122a of
the microreactor array 122. Additionally (or alternatively),
the microreactor array 122 may be a smooth surface unto
which materials such as nucleic acids, enzymes, or other
chemical reagents may be spotted, printed, or otherwise
deposited. The microreactor array system 120 may further
include a base 126 having a cavity 126a for housing the
microreactor array 122. When positioned within the cavity
126a, a sealing gasket or O-ring 146 may be positioned about
a perimeter of the microreactor array 122. Thereafter, a seal-
ing membrane 128 may be positioned over the surface 122a
of the microreactor array 122 followed by a window 144 and
a top 172. The sealing membrane may have an array of flex-
ible microreactors formed on its second surface in contact
with the surface 122a of the microreactor array 122. The
assembled components of the microreactor array system 120
may be fastened, clamped, or otherwise held together with
one or more fasteners 174.

[0133] As in the case of microreactor array system 20, the
microreactor array system 120 may include various inlets,
outlets, valves, ports, or other like features for delivering
various fluids, chemicals, reagents, gasses, or other like mate-
rials to either a reagent gap 130 disposed between the surface
122a and a second surface 136 of the sealing membrane 128,
a first surface 142 of the sealing membrane 128, or a combi-
nation thereof. For example, the microreactor array system
120 includes an inlet port 150 and an outlet port 152 being
associated with a valve 158 and a valve 160, respectively. The
inlet port 150 and the outlet port 152 may be in fluid commu-
nication with the reagent gap 130. For example, a reagent 140
may be injected through the inlet port 150 (or the outlet port
152) and into the reagent gap 130 in order to fill the microre-
actors 124 with reagent 140. In another aspect, a set of ports
156 and valves 170 may be in fluid communication with the
first surface 142 of the sealing membrane 128. In one
example, a working fluid 138 may be injected through at least
one of the ports 156 in order to displace the sealing membrane
128 towards the upper surface 1224 of the microreactor array
122 in order to seal off the individual microreactors 124 in a
manner similar to that described for microreactor array sys-
tem 20.

[0134] Notably, the microreactor array system 120 may be
generally free of ports, valves, or other like features posi-
tioned above the surface 122a of the microreactor array 122
(see, e.g., inlet port 54 in microreactor array system 20). In
one aspect, it may be useful to have an unobstructed path in
order to use various analytical equipment with the microre-
actor array system 120. For example, a detector 102 may
include a fluorescence microscope or camera system for illu-
minating the microreactor array 122 and detecting a corre-
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sponding output. If the microreactor array system includes
valves, ports, or other like features, these features may inter-
fere with or otherwise obstruct the aforementioned illumina-
tion or detection procedures. Accordingly, working fluid 138
may be provided to the first surface 142 of the sealing mem-
brane 128 through at least one of the ports 156 as illustrated in
FIG. 12.

[0135] While one possible use for the working fluid 138 is
to displace reagent and seal the microreactors 124 into iso-
lated chemical reaction chambers, this can also be reversed.
For example, reagent 140 or another reagent may be used to
press against the second surface 136 of the sealing membrane
128 and displace the working fluid 138. Accordingly,
embodiments of the system 100 may provide for multi-step
chemical processing involving repeated cycles of washing,
blocking, addition of reagent, and sealing or resealing of the
microreactors 124. In another aspect, working fluid 138 may
be actuated or pulsed repeatedly during chemical processing
to aid in flushing out reagent 140, providing mixing or agita-
tion, or a combination thereof. For example, it may be useful
to provide agitation within the microreactors 124 during pri-
mary and secondary antibody labeling for immunoassays. In
another aspect, this can be reversed so that reagent 140 may
be actuated or pulsed repeatedly to aid in flushing out working
fluid 138, providing mixing or agitation, or a combination
thereof. Therefore, the flexible sealing membrane 128, work-
ing fluid 138 and reagent 140 may provide expanded fluidic
and chemical processing capabilities.

[0136] In one embodiment, the microreactor array system
120 may be operated manually or automatically. In the case of
manual operation, the microreactor array system 120 may
process the first step of a nucleic acid programmable protein
array (NAPPA) assay (i.e., protein expression). Subsequent
steps of washing, blocking, screening and antibody labeling
may be done by hand using standard wet lab bench immu-
noassay protocols. In another embodiment, the present dis-
closure provides a fully automated instrument for multi-step
assay processing of microreactor arrays. The controller 104
may provide repeatable processing parameters of volume,
flow rate, temperature, reagent concentrations, incubation
times, washing and blocking protocols, and drying protocols.
Consistent processing conditions may produce more consis-
tent assay data compared to manual processing. The control-
ler 104 may also reduce the occurrence of contamination or
equipment failure due to manual handling. As multi-step
assays are common in the life sciences, the disclosed system
and method may facilitate high-throughput, automated,
multi-step assays in sealed microreactors containing unteth-
ered molecules. The controller 104 may further enable appli-
cations such as automated, high-throughput post translational
modification (PTM) of proteins.

[0137] In one aspect, integrating the detector 102 into the
system 100 including the automated microreactor array sys-
tem 120 may provide a standalone, high-throughput, multi-
plexed, end-to-end, processing system. For example, the
detector 102 may include a fluorimeter, colorimeter, or lumi-
nometer coupled to (or otherwise in communication with) the
microreactor array system 120. The combination of a detector
102 and the microreactor array system 120 may allow for
real-time monitoring of chemical reactions in sealed microre-
actors.

[0138] Insomeembodiments, the detector 102 may include
an integrated processing and detection instrument. In one
example, an integrated processing and detection instrument



US 2016/0258944 Al

may enable coupled NAPPA-ELISA assays. This may com-
bine advantage of enzyme-linked signal amplification of
ELISA together with the convenience and utility of NAPPA to
express thousands of fresh functional protein antigens from
printed DNA microarrays. Compared to printing proteins
directly, DNA is generally easier to print using piezoelectric
dispensing techniques. In one aspect, DNA is typically stable
and in some cases, may be stored for months at room tem-
perature prior to assay with negligible degradation. By com-
parison, conventional ELISA kits may include relatively
unstable pre-coated protein antigens that are dried out prior to
assay, possibly resulting in conformational and functional
degradation. Further, the disclosed NAPPA-ELISA method
may be used to assay thousands of analytes simultaneously as
compared to typical ELISA kits that may have less that about
a dozen analytes per 96-well plate. The coupled NAPPA-
ELISA assay may further provide improved detection limits
for target analytes such as cancer autoantibody biomarkers in
blood serum. For example, decreasing reaction volumes may
improve sensitivity and reaction time compared to standard
ELISA in microplates 25. Monitoring fluorogenic substrate
signal amplification in real time may improve quantitation as
in qPCR vs. PCR. Furthermore the fluorescent signal from
liquid in microreactors may be brighter and more uniform
than dry microreactors providing higher sensitivity and better
signal quantitation. Integrated detection may further provide
end-to-end hands-free automation from initially setting up
the instrument with reagents and samples to gathering data.
[0139] With reference to FIG. 15, an example of the use of
a microreactor array system 120 and detector 102 for protein
expression and detection is shown. In one aspect, the expres-
sion of fluorescently labeled protein in microreactors illus-
trates that at least about 10,000 protein spots may be
expressed on a single microreactor array with little or no
diffusion or evaporation during a three hour period of incu-
bation.

[0140] Ingeneral, a system according to the present disclo-
sure may provide end-to-end processing of microreactor
arrays together with integrated optical detection. The com-
bined microreactor array system with integrated detection
may be used to carry out NAPPA-ELISA. In one example,
NAPPA-ELISA may be used to detect anti-P53 autoantibody
biomarker in the serum of a patient that has tested positive for
cancer (see FIG. 16). The assay may have better sensitivity
and selectivity than a system lacking integrated detection.
[0141] FIG. 17 is a schematic of a chemical processing
system to sequentially refill an array of microreactors with
various fluids and reseal them into isolated microreaction
chambers. Sample fluids, reagents, washing buffers, blocking
buffers, vacuum or air may be injected into the microreactors
through a regent inlet port and removed through a reagent
outlet port underneath the microreactor array system. Work-
ing fluid, water, vacuum or air may be injected onto a sealing
membrane through a working fluid inlet port and removed
through a working fluid outlet port on top of the microreactor
array system. An automated syringe may inject sample or
reagent into microreactors. The other fluids may be trans-
ported by pressure or vacuum actuated by solenoid valves.
Selector valves at each of the ports may switch between
different fluids. Valves may be actuated electronically under
computer software control.

[0142] FIG.18is a schematic of an epifluorescent detection
system for an array of microreactors within a microreactor
array system. A transparent window with anti-reflective coat-
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ing may transmit light to and from the microreactor array. The
microreactor array may be illuminated by collimated light
from a light emitting diode (LED) light source through a filter
cube. An excitation filter may transmit light of a specific
wavelength. A dichroic mirror may reflect shorter wavelength
light onto the microreactor array causing fluorescent chemi-
cals in the microreactors to emit longer wavelength light that
is transmitted through the dichroic mirror and emission filter
and detected by a digital single lens reflex (DSLR) camera.

[0143] FIG. 19 is a schematic of an alternate illumination
scheme for fluorescent signal detection of an array of
microreactors within a microreactor array system. Two LED
light sources may illuminate the microreactor array at oblique
angles. Light from each LED may pass through a collimating
lens, excitation filter and window to illuminate the microre-
actor array. Fluorescent chemicals in the microreactors may
emit longer wavelength light that passes through an emission
filter and is detected by a DSLR camera.

[0144] FIG. 20 is a schematic of a system to detect molecu-
lar binding to a functionalized metal surface using surface
plasmon resonance (SPR) optical detection integrated into a
microreactor array system. Isolated chemical reactions may
take place in an array of microreactors on a flexible sealing
membrane that comes in contact with a functionalized met-
alized surface. The bottom of the metalized surface may be
illuminated by light passing through a prism. The light excites
surface plasmon resonance on the metalized surface which
absorbs the reflected light at a specific angle observed by the
detector. Molecules bound to the metalized surface may
change the surface plasmon resonance frequency which
changes the absorbance angle. The system may monitor real
time binding of molecular products in isolated chemical
microreactions. Alternately, it may monitor kinetic binding of
other molecules to the molecular products by retracting the
sealing membrane and flowing other chemicals over the met-
alized surface.

[0145] FIG. 21 is a schematic of an example biochemical
immunoassay implemented within an integrated microreac-
tor array processing system. FIG. 21 depicts NAPPA-ELISA
that combines in situ protein expression of the nucleic acid
programmable protein array (NAPPA) with the fluorogenic
signal amplification of enzyme-linked immunosorbent assay
(ELISA). The individual panels in FIG. 21 show the step-by-
step protocol of the assay in terms of refilling and resealing
microreactors. Molecular interactions in the microreactors
are depicted symbolically. Moving sequentially through the
panels in FIG. 21: a. form an array of microreactors; b. func-
tionalize the microreactors’ surfaces; c. dispense capture
ligand functionalizing chemicals into microreactors; d. dis-
pense DNA functionalizing chemicals into microreactors; e.
wash away unbound functionalizing chemicals and dry the
microreactor array; f. assemble the microreactor array sys-
tem; g. inject reagent to fill microreactors; h. inject working
fluid to seal microreactors; i. express proteins together with
their tags; j. bind protein tags to their capture ligands; k.
displace working fluid, wash away unbound molecules and
block microreactors’ surfaces; 1. inject serum sample; m. bind
serum antibodies; n. wash away unbound antibodies; o. inject
and bind enzyme linked antibodies; p. wash away unbound
antibodies; q. inject fluorogenic substrate; r. inject working
fluid and reseal microreactors; s. run isolated enzymatic reac-
tions and detect fluorescent signals.
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[0146] To confirm feasibility of the invention, a fluorescent
image of microreactors inside of an integrated microreactor
array system was acquired. See FIG. 22.

[0147] With respect to multi-step chemical processing, it
may be useful to provide effective displacement of one fluid
with another in the microreactor array format as opposed to a
flat surface. For example, during protein expression for
NAPPA, IVTT reagent may be injected in a reagent gap 130
and then high viscosity pressurized working fluid may be
used to seal the microreactors through a flexible sealing mem-
brane. After expression, IVTT reagent may be flushed out of
the microreactors with a blocking solution. This entails first
releasing the sealing membrane from the surface of the
microreactor array surface. The flexible sealing membrane
may operate within its elastic limit so that there is no perma-
nent deformation of the sealing membrane as it traverses back
and forth across the reagent gap. However, it may be useful to
first replace the high viscosity working fluid with unpressur-
ized lower viscosity working fluid like water and or dry gas to
release the sealing membrane from the microreactor surface.
Generally, lower viscosity liquid may not displace higher
viscosity liquid as a single continuous sheet. Instead the lower
viscosity liquid may flow in channels through the higher
viscosity fluid. Therefore, relatively large volumes of lower
viscosity working fluid may be required to displace all of the
viscous fluid by convection (i.e. advection combined with
diffusion). Flushing out high viscosity working fluid may be
assisted by periodically pulsing the reagent on the opposite
side of the flexible sealing membrane. This way the lower
viscosity working fluid and reagent may help flush each other
out across the flexible sealing membrane.

[0148] In another aspect, a microreactor array system may
facilitate working with small volumes of patient sample or
reagents. Following a blocking step in a typical ELISA pro-
cedure, the blocking solution may be replaced with less than
about 500 microliters of patient sample or label antibody
reagent, depending on the assay. However for displacement
of blocking solution from microreactors, flow rates, reagent
gap thickness and viscosity may be carefully monitored with
respect to dimensionless Péclet, Reynolds and Schmidt num-
bers to characterize laminar vs. turbulent flow and advection
vs. diffusion to achieve effective displacement. Effective
small volume fluid displacement may be validated for
microreactor arrays by demonstrating uniform detection sig-
nal from one end of the microreactor array to the other.
Agitating reagent back and forth while pulsing the compli-
mentary working fluid may help to evenly distribute patient
sample or reagent across the microreactor array surface.
Small dead-volume valves may be used at the reagent inlet
and outlet ports to minimize volume required for assay. A
separate reagent inlet port for small volumes may help reduce
dead volume.

[0149] In some embodiments, protocols may include ther-
mal cycling at various temperatures. One example protocol
for NAPPA includes cycling between about 30° C. for protein
expression, about 15° C. for protein capture, about 4° C. for
primary labeling, and about 21° C. for secondary labeling.
Assays may be thermally controlled with a temperature regu-
lated, circulating water bath to provide rapid heating and
cooling and uniform temperature across the microreactor
array. Valves may switch water from different baths at differ-
ent temperatures to rapidly change the temperature of the
assay.
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[0150] Insomeembodiments, the present system integrates
real time optical detection. In one example, a microreactor
array system may include a high quality glass window (e.g.,
Schott Borofloat 33). The window may have two machined
holes with plastic inserts for inlet and outlet ports for the
working fluid. Window thickness may be selected to maintain
structural integrity, optical clarity and allow for higher
numerical aperture optics by reducing working distance
through smaller window thickness.

[0151] Furthermore, the system may be fitted with a trans-
parent sealing membrane. A sealing membrane made from
polyester (Mylar) may have a relatively high autofluores-
cence. Accordingly, embodiments of the system may include
sealing membranes with lower autofluorescence selected
from PMMA (acrylic), polycarbonate, polystyrene or poly-
olefin, or combinations thereof or other materials.

[0152] In addition to having greater optical clarity than
materials such as polycarbonate, it may be useful to provide a
glass window to satisfy fluidic in addition to optical require-
ments. In one aspect, glass may be 20 times stiffer and may
have relatively smoother surface (e.g., as compared with
materials such as polycarbonate). Given that the fluid path-
way of the system may be about 100 pm thick, small thickness
variations in materials such as polycarbonate may shunt
reagent flow along paths with higher clearance, thereby
resulting in partial filling of microreactors adjacent to paths
with lower clearance. Further, stiffness of glass materials may
maintain a generally planar window surface under the high
clamping forces of the assembled system. This in turn may
result in a reagent gap with uniform clearance and therefore
uniform resistance to reagent flow.

[0153] In some embodiments, it may be useful to provide
opaque microreactor arrays to preclude isotropic fluorescent
emission leaking between adjacent microreactors. In some
embodiments, the system may include a fluorescence micro-
scope. Suitable example microscopes include the Olympus
MVX10 Macroview Fluorescent Microscope and Dino-Lite
AM4115T. Assays and detection protocols may be carried out
in a dark enclosure to prevent photo-bleaching. A comparison
may be made of the signal intensity of dry vs. wet fluores-
cently labeled microreactor arrays.

[0154] Inoneaspect, NAPPA-ELISA may beused to detect
anti-P53 autoantibody cancer biomarker. In one aspect,
expressed proteins in NAPPA are appended with a tag that
binds to anti-tag molecules immobilized on a surface. Pro-
teins may remain attached to the surface of a microreactor
array during subsequent blocking, washing, and labeling
steps, thereby enabling immunoassays such as ELISA.
[0155] After incubating with enzymatically linked second-
ary antibody and subsequent washing, microreactors may be
refilled with a fluorogenic substrate. Microreactors may then
be resealed to isolate enzymatic reactions from each other. It
may be useful to reseal the wells quickly, before the reactions
proceed too far. In some embodiments, filling and sealing
microreactors may take less than about 5 seconds. It may also
be useful to slow the rate of a particular reaction by reducing
temperature during the sealing process. Once the microreac-
tors are sealed, they may be maintained that way for hours.
[0156] ELISA reagentconcentrations may be optimized for
microreactor volumes. In one example, reaction volumes are
five orders of magnitude smaller in microreactors vs. standard
ELISA in microplates. Therefore surface area to volume ratio
is five orders of magnitude bigger. This may affect chemical
reactions, especially if there is nonspecific adsorption to the
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surface. Reagent composition and concentration may be
adjusted accordingly. For example, PCR scaled down to small
reaction volumes may require addition of BSA to mitigate
adsorption to the surface of the container. Typically, ELISA is
an endpoint measurement. However, the present disclosure
provides a system and method for performing quantitative
ELISA by monitoring kinetic ELISA in real time.

[0157] In some embodiments, a method includes studying
fluorescence based protein-protein interaction kinetics. For
example, bound proteins (targets) may be fluorescently
labeled and query molecules (probes) may be labeled with
complementary fluorescent quenching molecules. Protein
interaction kinetics may be monitored by signal quenching at
each spot. Multiplexed monitoring of many protein-protein
interactions may be simultaneously investigated in a microar-
ray format by labeling proteins in serum samples with the
fluorescent quenching molecules.

[0158] In some embodiments a system includes a fully
integrated, high-throughput, automated instrument. In one
aspect, the system may include high-throughput piezoelectric
dispensing for filling the microreactor array. In another
aspect, the system may be capable of printing 10,000 unique
genes or more per microreactor array or slide.

[0159] Standard NAPPA chemistry generally involves
printing spots of plasmid DNA, appended with a tag, and a
printing mixture including anti-tag capture ligands, cross-
linker and bovine serum albumen (BSA). In one example,
whole slide surface may be first coated with the printing
mixture and then DNA may be printed separately. The print-
ing mixture may be lyophilized to preserve cross-linker func-
tionality. Dew point may be regulated during printing to slow
down evaporation allowing DNA to resolubilize printing
mixture in microreactors. Slides may be incubated in a
hybridization chamber after printing if necessary. Printing
DNA by itself may have benefits for piezoelectric dispensing
since DNA is generally much easier to dispense than protein,
especially if the protein is cross-linked. The fluid path of a
piezoelectric dispenser may be glass. Silicate glass surfaces
immersed in water acquire negative charge, primarily through
the dissociation of terminal silanol groups. DNA is also nega-
tively charged so it may be repelled by the wet glass of a
piezoelectric dispenser, thereby minimizing bio-fowling.
[0160] In one aspect, steps may be taken to prevent or
reduce the occurrence of irregular spot morphology due to
drying artifacts and deactivated cross-linker after drying due
to labile chemistry. For example, slides may be lyophilized
after coating to preserve uniform spot morphology and active
crosslink chemistry. If the printing mixture does not resolu-
bilize during printing with DNA, then the microreactor array
may be spray coated with Superblock Blocking Buffer
(Thermo Scientific, Rockford I11.) or BSA or gelatin or some
other suitable material to temporarily immobilize the mixture
while injecting IVTT reagent and prior to sealing microreac-
tors. Further, the printing mixture and DNA may be printed
separately.

[0161] Microreactor array slides may be fabricated using
isotropic wet etch chemistry. However, in some cases, isotro-
pic wet etched slides may have irregular surface artifacts that
show up in microarray scanner images and cause signal inten-
sity variation. Accordingly, embodiments of a system may
include quasi isotropic plasma etch fabrication protocols that
have more uniform surface properties. Isotropic etching may
produce shapes with minimal surface area. Further, surface
tension may minimize surface area of a liquid. Therefore, the

Sep. 8, 2016

shape of isotropically etched microreactors may be compat-
ible with the natural shape of a liquid. This may help distrib-
ute liquid evenly when initially filling microreactors using
piezoelectric dispensing. It may further help avoid entrapping
air pockets when subsequently filling microreactors with
reagent. Conventional anisotropic plasma etching processes
may produce sharp corners that entrap liquid or air pockets
causing poor spot morphology.

[0162] Large serum sample screening runs for standard
NAPPA on flat glass may be automated using a hybridization
station (e.g., Tecan HS 4800 Pro) that can process about 48
standard NAPPA slides per day. However, expression may be
carried out by hand using small hybridization chambers. For
example, protein expression levels may not be uniformly
consistent across the slide surface using the hybridization
station. In one aspect, uniform protein expression may be
achieved with a system according to the present disclosure. In
another aspect, expressed proteins may not dry out after
expression and prior to serum screening, thereby reducing or
eliminating potential conformational changes and functional
degradation as compared with other systems. In some
embodiments, at least 10,000 protein spots may be achieved
as compared with about 2,500 for standard NAPPA on flat
glass. Accordingly, embodiments of an automated system
may be equivalent to about four current hybridization stations
processing standard NAPPA. Moreover, hybridization sta-
tions may require periodic manual injections of small volume
samples and antibody labels. By comparison, the present
system may include automatic sample injections and liquid
handling.

[0163] Embodiments of the present disclosure may provide
an open framework, allowing for the omission, substitution or
addition of components in a modular fashion. Example com-
ponents include solenoid valves, switching valves, tubes, fit-
tings, vacuum source, pressure source, regulators, pressure
sensors, temperature sensors, flow sensors, heaters, coolers,
computers, software development system, hardware level
software, digital I/O, analog I/O, cameras, graphical user
interface (GUI), text based interface scripting language, and
an internet interface.

[0164] Embodiments of a system may enable optimization
of process parameters in a programmatic, systematic and
repeatable manner. Process parameters may include microre-
actor shape, size and density, microreactor surface properties,
fluid path thickness, valve switching sequence, flow rate,
viscosity, sample volume, reagent volume, sample composi-
tion, reagent composition, pressure, vacuum, temperature,
time, protocols for degassing, washing, blocking, drying,
cleaning, waste disposal, and microreactor array slide han-
dling.

[0165] In some embodiments, a system may include inte-
grated fluorescent optical detection. For example, a system
may include a high resolution CCD based camera to scan the
whole of a microreactor or slide array at once. In another
example, a system may be equipped with one or more con-
sumer based cameras. Further, a system may include a sepa-
rate fluorimeter reader to look at spots on the microreactor
array.

[0166] Insomeembodiments, methodsinclude implement-
ing polymerase chain reaction (PCR), real-time polymerase
chain reaction (real-time PCR) or quantitative real-time poly-
merase chain reaction (QPCR). Microreactor surfaces may be
cleaned via piranha or RCA or oxygen-plasma or other means
and then functionalized with epoxy-silane, e.g. 3-glycidox-
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ypropyltrimethoxysilane (GPS) or amine functionalized with
3-aminopropyltrimethoxysilane (APTES) (APS) or poly-L-
lysine (PLL) for example. PCR primers may be printed into
microreactors using non-contact piezoelectric dispensers for
example. The PCR primers may be attached to the surface
through a combination of adsorption or electrostatic attrac-
tion for example. Microreactors may be blocked with bovine
serum albumin (BSA) or Superblock Blocking Buffer in TBS
(Thermo Scientific product #37535B, Rockford I11.) by dip-
ping or spray coating for example. The microreactor array
may be inserted into the microreactor array system and PCR
reaction mixture may be injected into the microreactors. The
fluorescence probe signal emitted from the microreactors
may be detected while undergoing thermal cycling to imple-
ment qPCR. Thermal cycling of the microreactor array sys-
tem may be implemented by periodically flowing different
temperature fluid through the microreactor array system or
immersing the microreactor array system in an enclosure and
periodically flowing different temperature fluid through the
enclosure.

[0167] In some embodiments, a method includes studying
label-free molecular interaction kinetics. An array of
microreactors may be formed on a flexible membrane using
PDMS for example. Genomic DNA may be dispensed into
the microreactors using non-contact piezoelectric dispensers
for example. Cell-free IVTT reagent may be injected into a
reagent gap in the microreactor array system between the
array of microreactors and a metalized substrate. The metal-
ized surface may be functionalized to bind products from
chemical reactions in the microreactors. Working fluid may
be injected onto the sealing membrane to displace the IVTT
reagent and seal the microreactors to the surface. The
microreactor array system may be incubated to express target
proteins from their genomic DNA. The sealing membrane
may be retracted and interacting molecules (probes) may be
flowed across the metalized surface. Association interactions
of'the probe molecules with target molecules on the metalized
surface may be detected using label-free surface plasmon
resonance detection for example. Washing buffer may be
flowed over the metalized surface to detect disassociation of
the molecular probes from the molecular targets.

[0168] Features suitable for such combinations and sub-
combinations would be readily apparent to persons skilled in
the art upon review of the present application as a whole. The
subject matter described herein and in the recited claims
intends to cover and embrace all suitable changes in technol-
ogy.

[0169] The present disclosure has been described in terms
of one or more preferred embodiments, and it should be
appreciated that many equivalents, alternatives, variations,
and modifications, aside from those expressly stated, are pos-
sible and within the scope of the disclosure.

[0170] Each reference identified in the present application
is herein incorporated by reference in its entirety.

[0171] While present inventive concepts have been
described with reference to particular embodiments, those of
ordinary skill in the art will appreciate that various substitu-
tions and/or other alterations may be made to the embodi-
ments without departing from the spirit of present inventive
concepts. Accordingly, the foregoing description is meant to
be exemplary, and does not limit the scope of present inven-
tive concepts.

[0172] A number of examples have been described herein.
Nevertheless, it should be understood that various modifica-
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tions may be made. For example, suitable results may be
achieved if the described techniques are performed in a dif-
ferent order and/or if components in a described system,
architecture, device, or circuit are combined in a different
manner and/or replaced or supplemented by other compo-
nents or their equivalents. Accordingly, other implementa-
tions are within the scope of the present inventive concepts.
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1. A microreactor array system comprising:

an array of microreactors;

a sealing membrane having a first surface and an opposite
second surface, the sealing membrane configured to
movably seal the array of microreactors;

a reagent gap providing a fluid path between the array of
microreactors and the second surface of the sealing
membrane when the second surface of the sealing mem-
brane is in spaced relationship with the array of microre-
actors;

an injector for delivering a reagent into the reagent gap;

an applicator for directing a working fluid against the first
surface of the sealing membrane; and

a detector.

2. The microreactor array system of claim 1 wherein:

a system is provided for creating a pressure differential
between the reagent in the injector and the reagent gap.

3. The microreactor array system of claim 1 wherein:

the sealing membrane is impervious to liquids, providing a
separation between the reagent and the working fluid.

4. The microreactor array system of claim 1 wherein:

the sealing membrane is more hydrophobic than at least a
portion of a surface defining the array of microreactors.

5. The microreactor array system of claim 1 wherein:

at least one of the microreactors includes functionalizing
chemicals dispersed thereon.

6. The microreactor array system of claim 1 wherein:

at least a portion of the sealing membrane includes func-
tionalizing chemicals dispersed on the second surface.

7. The microreactor array system of claim 1 further com-

prising:
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initiating functionalizing chemical spots and reacting func-
tionalizing chemical spots arrayed separately onto the
array of microreactors and opposing flat surface that
comes into contact with the array of microreactors, the
initiating functionalizing chemical spots and the react-
ing functionalizing chemical spots being aligned with
each other thus enabling multiplexed combinatorial
chemical reactions.

8. The microreactor array system of claim 1 further com-

prising:

a window configured with a window inlet port and a win-
dow outlet port for flowing the working fluid, and

a space between the window and microreactor array defin-
ing a gap for at least one of the reagent, the sealing
membrane, and the working fluid.

9. The microreactor array system of claim 8 wherein:

avacuum is applied using the system via at least one of the
window outlet port and window inlet port to maintain at
least a portion of the reagent gap open.

10. The microreactor array system of claim 1 further com-

prising:

a base configured with a base inlet port and a base outlet
port for injecting or removing the reagent, and

avacuum is applied to the reagent gap using the system via
at least one of the base outlet port and base inlet port.

11. The microreactor array system of claim 1 wherein:

the reagent is injected into the array of microreactors via a
pressure differential generated by the system.

12. The microreactor array system of claim 1 wherein:

the viscosity of the working fluid is higher than the viscos-
ity of the reagent.

13. The microreactor array system of claim 1, wherein the
detector is an optical detector, is a fluorescence detector,
comprises a camera, or is a surface plasmon resonance detec-
tor.

14. A microreactor array system comprising:

a microreactor array;

a sealing membrane having a first surface and an opposite
second surface, the sealing membrane configured to
movably seal the array of microreactors;

a reagent gap providing a fluid path between the microre-
actor array and the second surface of the sealing mem-
brane when the second surface of the sealing membrane
is in spaced relationship with the array of microreactors;

an inlet for delivering a reagent into the reagent gap;

a window disposed above the first surface of the sealing
membrane;
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an inlet positioned in the window for directing a working
fluid against the first surface of the sealing membrane;
and

a detector for detecting a characteristic of the microreactor
array.

15. The microreactor array system of claim 14, wherein the

window is optically clear.

16. The microreactor array system of claim 14, wherein the

sealing membrane comprises an optically clear material.

17. The microreactor array system of claim 14, wherein the

working fluid is optically clear.

18. A method for sealing a reagent in microreactors of an

array of microreactors, the method comprising:

(a) providing a microreactor array system, comprising:

(1) an array of microreactors,

(ii) a sealing membrane having a first surface and an
opposite second surface, the sealing membrane con-
figured to movably seal the array of microreactors,

(iii) a reagent gap providing a fluid path between the
array of microreactors and the second surface of the
sealing membrane when the second surface of the
sealing membrane is in spaced relationship with the
array of microreactors, and

(iv) an injector for delivering a reagent into the reagent
gap;

(b) injecting the reagent into the array of microreactors
using the injector;

(c) directing, using an applicator, a working fluid against
the first surface of the sealing membrane to achieve a
contact of at least a portion of the second surface with the
array of microreactors; and

(d) detecting a characteristic of the microreactor array.

19. The method of claim 18 wherein:

the microreactor array system further comprises a system
for creating a pressure differential between the reagent
in the injector and the reagent gap; and

the method further comprises applying a vacuum to the
reagent gap using the system via a pressure differential
generated by the system.

20. The method of claim 18 wherein:

at least one of the microreactors includes functionalizing
chemicals dispersed thereon.

21. The method of claim 18 wherein:

the working fluid is injected against the first surface of the
sealing membrane via a pressure differential generated
by the system.



