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MICROFABRICATED CROSSFLOW DEVICES AND METHODS

Numerous references, including patents, patent applications and various publications,
are cited and discussed in the description of this invention. The citation and/or discussion
of such references is provided merely to clarify the description of the present invention and
is not an admission that any such reference is "prior art" to the invention described herein.
All references cited and discussed in this specification are incorporated herein by reference
in their entirety and to the same extent as if each reference was individually incorporated by

reference.

FIELD OF THE INVENTION

This invention relates to microfluidic devices and methods, including
microfabricated, multi-layered elastomeric devices with active pumps and valves. More
particularly, the devices and methods of the invention are designed to compartmentalize
small droplets of aqueous solution within microfluidic channels filled with oil. The devices
and methods of the invention comprise a main channel, through which a pressurized stream
of oil is passed, and at least one sample inlet channel, through which a pressurized stream
ofaqueous solution is passed. A junction or "droplet extrusion region" joins the sample inlet
channel to the main channel such that the aqueous solution can be introduced to the main
channel, e.g., at an angle that is perpendicular to the stream of oil. By adjusting the pressure

of the oil and/or the aqueous solution, a pressure difference can be established between the
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two channels such that the stream of aqueous solution is sheared off at a regular frequency
as it enters the oil stream, thereby forming droplets. In preferred embodiments, the droplets
of aqueous solution have a volume of approximately 0.1 to 100 picoliters (pl).

The droplets of aqueous solution, as well as materials contained therein, can be
evaluated and/or sorted, e.g., using various channels and valves that can also be incorporated
into the microfluidic devices and methods of the invention. The materials sorted by the
devices and methods of the invention are preferably particles, preferably small particles (e.g.,
particles smaller than about 120 pm in diameter) and more preferably particles that are
smaller than can ordinarily be detected by conventional methods of flow cytometry (e.g.,
below about 150 nm in diameter). In a preferred embodiment, the devices and methods of
the invention are used to sort or evaluate virions or virus particles. Other preferred
embodiments are used to sort or evaluate molecules, such as nucleic acids or proteins, or

cells, such as bacteria or pathogens.

BACKGROUND OF THE INVENTION

Viruses are aetiological agents in a range of diseases in humans and animals,
including influenza, mumps, infectious mononucleosis, the common cold, poliomyelitis,
measles, german measles, herpes (oral and genital), chickenpox, hepatitis, rabies, warts,
cancer and acquired immunodeficiency syndrome (AIDS), to name a few. Viruses range in
size from approximately 20-25 nm diameter or less (parvoviridae, picornoviridae) to
approximately 200-450 nm maximum dimension (poxviridae), although filamentous viruses
may reach lengths 0f 2000 nm (closterviruses) and can therefore be larger than some bacteria.
Viruses lack metabolic machinery of their own and are dependent on their host cells for
replication. Therefore, they cannot be grown in synthetic culture media like many other
pathogens. Accordingly, specialized approaches are necessary for laboratory diagnosis of
viral disease. For example, viruses may be grown in animals, embryonated eggs, or in cell
cultures where animal host cells are grown in a synthetic medium and the viruses are then

grown in these cells.
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Laboratory diagnosis of viral infection is based generally on three approaches:
(a) virus isolation, followed by identification (e.g., tissue culture techniques); (b) direct
detection of viral components in infected tissues (e.g., by electron microscopy); and (c)
demonstration of a significant increase in virus-specific antibodies (e.g., serological
techniques). Molecular techniques such as DNA probes or the polymerase chain reaction
(PCR) are used for the detection of viruses where cell culture or serological methods are
difficult, expensive or unavailable. PCR is also generally the method of choice to detect viral
DNA or RNA directly in clinical specimens. The advantage of PCR for viral diagnostics is
its high sensitivity; PCR can detect very low numbers of viruses in a small clinical
specimen. However, this sensitivity of detection can also cause significant problems in
routine viral diagnostics. The significant risk of cross-contamination from sample to sample
can outweigh the benefits of detecting small quantities of a target viral nucleic acid. Cross-
contamination can also result in false positives, making interpretation of epidemiological
data impossible.

Flow sorting devices have been used to analyze and separate larger biological
materials, such as biological cells. Conventional flow sorters, such as FACS have numerous
problems that render them impractical for analyzing and sorting viruses and other similarly
sized particles. FACS and other conventional flow sorters are designed to have a flow
chamber with a nozzle and use the principle of hydrodynamic focusing with sheath flow to
separate or sort material such as biological cells (1-6). In addition, most sorting instruments
combine the technology of ink-jet writing and the effect of gravity to achieve a high sorting
rate of droplet generation and electrical charging (7-9).

Despite these advances, many failures of these instruments are due to problems in the
flow chamber. For example, orifice clogging, particle absorption and contamination in the
tubing may cause turbulent flow in the jet stream. These problems contribute to the great
variation in illumination and detection in conventional FACS devices. Another major
problem, known as sample carryover, occurs when remnants of previous specimens left in
the channel back-flush into the new sample stream during consecutive runs. A potentially

more serious problem occurs when dyes remain on the tubing and the chamber, which may
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give false signals to the fluorescence detection or light scattering apparatus. Although such
systems can be sterilized between runs, the procedure is costly, time consuming, inefficient
and results in hours of machine down time.

In addition, each cell, as it passes through the orifice, may generate a different
perturbation in response to droplet formation. Larger cells can possibly change the droplet
size, non-spherical cells tend to align with the long axis parallel to the flow axis, and
deformable cells may elongate in the direction of the flow (8, 9). This can result in some
variation in the time from the analysis to the actual sorting event. Furthermore, a number of
technical problems make it difficult to generate identically charged droplets, which increases
deflection error. A charged droplet may cause the next droplet of the opposite polarity to
have a reduced charge. On the other hand, if consecutive droplets are charged identically,
then the first droplet might have a lower potential than the second droplet, and so on.
However, charged droplets will have a defined trajectory only if they are charged identically.
In addition, increasing droplet charges may cause mutual electrostatic repulsion between
adjacent droplets, which also increases deflection error. Other factors, such as the very high
cost for even modest conventional FACS equipment, the high cost of maintenance, and the
requirement for trained personnel to operate and maintain the equipment further hinder the
widespread accessibility and use of this technology.

Flow cytometry has also been used to separate biological cells. For example,
Harrison et al. (38) disclose a microfluidic device that manipulates and stops the flow of
fluid through a microfabricated chip so that a cell can be observed after it interacts with a
chemical agent. The cells and the chemical agent are loaded into the device via two different
inlet channels, which intersect with a main flow path. The flow of the fluid is controlled by
a pressure pump or by electric fields (electrophoretic or electro-osmotic) and can be stopped
so that the cells can be observed after they mix and interact with the reagent. The cells then
pass through the main flow pathway, which terminates through a common waste chamber.
Harrison et al. do not, however, provide a device or methods for sorting cells or other
biological materials, nor do they suggest or motivate one having ordinary skill in the art to

make and use any such device.

0006



10

15

20

25

(CIT 3259-P) -5- Attorney Docket 9373/0H282-US0

For reasons of sensitivity, flow cytometry has by and large been limited to the
analysis of cells. Although it is marginally possible to observe light scatter directly from
large viruses, this strains the detection limit for conventional flow cytometry. The practical
limit of detection for these traditional methods is a spherical particle no smaller than 150 nm,
which excludes many viruses (8). The development of flow cytometric techniques for the
sorting of viruses is also plagued by other problems related to the size of virus particles.
Their small size results in a high diffusion constant making them difficult to control by
sheath flow. Containment of the viruses is also important during any flow cytometry sorting

process because extruding droplets containing viruses presents a potential biozhazard.

SUMMARY OF THE INVENTION

The invention addresses the above-discussed and other problems in the art and
provides new devices and methods for sorting viruses and other particles by flow cytometry.
The invention provides microfabricated devices having channels that form the boundary for
a fluid instead of using a sheath flow employed by conventional FACS. The channels of the
device carry a mixture of incompatible or immiscible fluids, such an oil-water mixture.
Droplets of aqueous solution containing viral or other particles are dispersed within the oil
or other incompatible solvent. Preferably, each droplet of this multi-phase mixture
encapsulates a single particle. The droplets are trapped and their boundaries are defined by
channel walls, and therefore they do not diffuse and/or mix. Thus, individual particles or
molecules can be separately compartmentalized inside individual droplets. These droplets
can be analyzed, combined with other droplets (e.g. to react droplet contents) and/or sorted,
as desired.

The invention also provides methods for analyzing and/or sorting viruses by flow
cytometry using these devices. The methods include reversible sorting schemes and
algorithms.

The microfabricated device and methods of the invention offer several advantages
over traditional flow cytometry devices and methods. Since the channels present in the

device can be made with micron dimensions, the volume of the detection region is precisely
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controlled and there is no need for hydrodynamic focusing. The planar geometry of the
device allows the use of high numerical aperture optics, thereby increasing the sensitivity of
the system. Fluid flows continuously through the system and there is no need for charged
droplets, so that many difficult technical issues associated with traditional, e.g., FACS
devices are avoided. Because the system is entirely self-contained, there is no aerosol
formation, allowing for much safer sorting of biohazardous materials such as viruses and
other pathogens. Also, the sorting devices of the invention are inexpensive and disposable,
which obviates the need for cleaning and sterilization and prevents cross-contamination. The
distance between the detection region and the sorting or discrimination region of the device
can be short (on the order of a few microns). Materials sorted in the device are
compartmentalized within individual droplets of an aqueous solution traveling in a flow of
a second, incompatible or immiscible solution. Thus, there is no problem with the material
diffusing or exchanging positions, even when sorting or analyzing extremely small particles
such as viruses. In a preferred embodiment, water droplets are extruded into a flow of oil, but
any fluid phase may be used as a droplet phase and any other incompatible or immiscible
fluid or phase may be used as a barrier phase.

A microfluidic device provided by the invention comprises a main channel and at
least one inlet region which is in communication with the main channel at a droplet extrusion
region. A first fluid flows through the main channel, and a second fluid, which is
incompatible or immiscible with the second fluid, passes through the inlet region so that
droplets of the second fluid are sheared into the main channel. For example, the first phase
or fluid which flows through the main channel can be a non-polar solvent, such as decane
(e.g., tetradecane or hexadecane) or another oil. The second phase or fluid which passes
through the inlet region can be an aqueous solution, for example ultra pure water, TE buffer,
phosphate buffer saline and acetate buffer. The second fluid may also contain a biological
sample (e.g., molecules of an enzyme or a substrate, or one or more cells, or one or more
viral particles) for analysis or sorting in the device. In preferred embodiments the second
fluid includes a biological sample that comprises one or more molecules, cells, virions or

particles. In exemplary embodiments for detecting and sorting droplet contents, the droplets
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of the second fluid each contains, on average, no more than one particle. For example, in
preferred embodiments where the biological material comprises viral particles, each droplet
preferably contains, on average, no more than one viral particle. Thus, probabilistically, and
depending on the concentration of sample in the second fluid, many droplets may have no
virions. In other embodiments, droplets may contain more than one particle, and if desired,
droplets can be sorted an enriched according to their contents. In preferred embodiments,
the droplet extrusion region comprises a T-shaped junction between the inlet region and the
main channel, so that the second fluid enters the main channel at an angle perpendicular to
the flow of the first fluid, and is sheared off into the flow of the first fluid in the main
channel.

The device of the invention may also comprise a detection region which is within or
coincident with at least a portion of the main channel at or downstream of the droplet
extrusion region. The device may also have a detector, preferably an optical detector such
as a microscope, associated with the detection region.

In sorter embodiments, the device of the invention may also comprise a
discrimination region, which is downstream from the detection region, and a flow control
system that is responsive to the detector and adapted to direct droplets through the
discrimination region and into a branch channel. The main channel of the device preferably
resides in a layer of elastomeric material, which may be adjacent to a substrate layer.

In another preferred embodiment, the device of the invention comprises at least two
inletregions, each connecting to the main channel at a droplet extrusion region. In particular,
the device may comprise a first inlet region in communication with the main channel at a
first droplet extrusion region, and a second inlet region in communication with the main
channel at a second droplet extrusion region. A fluid containing a first biological material
may pass through the first inlet region so that droplets of the fluid containing the first
biological material are sheared into the main channel. A fluid containing a second biological
material may pass through the second inlet region so that droplets of the fluid containing the
second biological material are sheared into the main channel. In various aspects, the droplets

of the first material may mix or combine with the droplets of the second biological material,
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and the first and second biological materials may interact with each other upon mixing. For
example, the first biological material may be an enzyme and the second biological material
may be a substrate for the enzyme. The interaction of the first and second biological
materials may produce a signal that can be detected, e.g., as the droplet passes through a
detection region associated with the device.

The invention also provides a device for sorting biological material comprising: a
microfabricated substrate; a detection region; and a flow control region. In more detail, the
microfabricated substrate has at least one main channel, an inlet which meets the main
channel at a droplet extrusion region, and at least two branch channels meeting at a junction
downstream from the droplet extrusion region. The detection region of the device is within
or coincident with at least a portion of the main channel, and is also associated with a
detector. The flow control system of the device is responsive to the detector and is adapted
to direct biological material into a branch channel.

In preferred embodiments, a first fluid, which may be referred to as an "extrusion"
or “barrier” fluid passes (i.e., flows) through the main channel of the device and a second
fluid, referred to as a "sample” or "droplet" fluid, passes or flows through the inlet region.
The sample fluid is, specifically, a fluid which is incompatible with the extrusion fluid and
contains the biological material or sample. Thus, droplets of the sample fluid containing the
biological material for analysis, reaction or sorting are sheared at the droplet extrusion region
into the flow of the extrusion fluid in the main channel. Preferably the droplets of the sample
fluid each contain, on average, no more than one particle of the biological material. For
example, in preferred embodiments wherein the biological material comprises viral particles,
each droplet preferably contains, on average, no more than one viral particle. The flow
control of the device may be adapted to direct the droplets into a branch channel of the
device, e.g., according to a predetermined characteristic of the droplet (or of the biological
material within the droplet) that is detected by a detector as the droplet passes through a
detection region of the device. In preferred embodiments, the extrusion fluid is a non-polar

solvent, such a decane (e.g., tetradecane or hexadecane) or another oil, and the sample fluid
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is an aqueous solution, such as ultra pure water, a solution of TE buffer, a solution of
phosphate buffer saline or a solution of an acetate buffer.

The invention also provides a method for sorting biological material. In various
embodiments of the method, the biological material may be, e.g., molecules (for example,
polynucleotides, polypeptides, enzymes, substrates or mixtures thereof), cells or viral
particles, or mixtures thereof. In preferred embodiments, the biological material comprises
viral particles.

The method, which is preferably implemented using a microfabricated device of the
invention, comprises steps of: (a) providing droplets of a sample fluid containing the
biological material to the main channel of a microfabricated substrate; (b) interrogating each
droplet (or the biological material within each droplet) for a predetermined characteristic as
it passes through a detection region associated with the main channel; and (c) directing the
flow of each droplet into a selected branch channel according to the results of the
interrogation. Anextrusion fluid, which is incompatible with the sample fluid, flows through
the main channel so that the droplets of the sample fluid are within the flow of the extrusion
fluid in the main channel. In preferred embodiments, the droplets are droplets of an aqueous
solution; for example, a solution of ultra pure water, TE buffer, phosphate buffer saline or
acetate buffer. The fluid which flows through the main channel (i.e., the extrusion fluid) is
preferably a non-polar solvent, such as decane (e.g., tetradecane or hexadecane) or another
oil. Preferably, the droplets of the sample fluid each contain, on average, no more than one
particle of the biological material. For example, in preferred embodiments wherein the
biological material comprises viral particles, each droplet preferably contains, on average,
no more than one viral particle.

Sorting of biological material, although frequently desired, is not necessary in order
to use the devices or practice the methods of the present invention. In particular, the devices
and methods of the invention also include embodiments wherein the biological material is

analyzed and/or identified, but is not sorted.
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BRIEF DESCRIPTION OF THE DRAWINGS

FIGS. 1A through 1D show steps in photolithographic microfabrication of a sorting
device from a silicon wafer, using photolithography and several stages of etching.

FIG. 2A shows one embodiment of a detection region used in a sorting device,
having an integrated photodiode detector; FIG. 2B shows another embodiment of a detection
region, having an integrated photodiode detector, and providing a larger detection volume

than the embodiment of FIG. 2A.

FIGS. 3A and 3B show one embodiment of a valve within a branch channel of a

sorting device, and steps in fabrication of the valve.

FIG. 4A shows one embodiment of a discrimination region and associated channels
used in a sorting device, having electrodes disposed within the channels for electrophoretic
discrimination; FIG. 4B shows another embodiment having electrodes disposed for electro-
osmotic discrimination; FIGS. 4C and 4D show two additional embodiments having valves
disposed for pressure electrophoretic separation, where the valves are within the branch

point, as shown in FIG. 4C, or within the branch channels, as shown in FIG. 4D.

FIG. 5 shows a device with analysis units containing a cascade of detection and

discrimination regions suitable for successive rounds of sorting.

FIG. 6 is a photograph of an apparatus of the invention, showing a chip with an inlet
channel and reservoir, a detection region, a branch point, and two outlet channels and

TESEervoirs.

FIG. 7 shows a schematic representation of a process for obtaining a silicone

elastomer impression of a silicon mold to provide a microfabricated chip according to the

invention.
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FIG. 8 shows a schematic representation of an apparatus of the invention, in which
a silicone elastomer chip is mounted on an inverted microscope for optical detection of a
laser-stimulated reporter. Electrodes are used to direct virions or cells in response to the

microscope detection.

FIG. 9 shows the results of sorting blue and red fluorescent beads having an initial
ratio of 10:1, respectively, using a forward mode. The darker bar represents the ratio of red
beads over the total number of beads sorted and the lighter bar represents the ratio of blue

beads over the total number of beads sorted.

FIG. 10 shows the results of sorting blue and red fluorescent beads having an initial
ratio of 100:1, respectively, using a reversible switching mode. The darker bar represents
the ratio of red beads over the total number of beads sorted and the lighter bar represents the

ratio of blue beads over the total number of beads sorted.

FIG. 11 shows the results of sorting green and red fluorescent beads having an initial
ratio of 100:1, respectively, using a reversible switching mode. The darker bar represents
the ratio of red beads over the total number of beads sorted and the lighter bar represents the

ratio of green beads over the total number of beads sorted.

FIG. 12 shows the results of sorting wild-type (non-fluorescent) £. coli HB101 cells
and E. coli HB101 cells expressing green fluorescent protein (GFP) having an initial ratio
of 100:1, respectively, using a forward switching mode. The lighter bar represents the ratio
of wildtype E. coli cells over the total number (approximately 120,000) of cells sorted and
the darker bar represents the ratio of GFP-expressing E. coli cells over the total number of

cells sorted.
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FIG. 13 shows the results of sorting wild-type (non-fluorescent) . col/i HB101 cells
and E. coli HB101 cells expressing green fluorescent protein (GFP) having an initial ratio

of 3:2, respectively, using a forward switching mode.

FIGS. 14A and B show a sorting scheme according to the invention, in diagrammatic

form.

FIGS. 15A and B show a reversible sorting scheme according to the invention.

FIGS. 16A and B show exemplary architectures for droplet extrusion regions in a

microfabricated device.
FIGS. 17A-C show channels and junction that can be used to route and/or sort
droplets in a microfabricated device. FIGS. 17A and B show an S-shaped and U-shaped

channel, respectively. FIG. 17C shows a T-shaped junction.

FIG. 18 shows an exemplary channel design for compartmentalization of Enzyme

and Substrate.

DETAILED DESCRIPTION OF THE INVENTION

Definitions

The terms used in this specification generally have their ordinary meanings in the art,
within the context of this invention and in the specific context where each term is used.
Certain terms are discussed below, or elsewhere in the specification, to provide additional
guidance to the practitioner in describing the devices and methods of the invention and how
to make and use them. For convenience, certain terms are highlighted, for example using
italics and/or quotation marks. The use of highlighting has no influence on the scope and

meaning of a term; the scope and meaning of a term is the same, in the same context,
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whether or not it is highlighted. It will be appreciated that the same thing can typically be
described in more than one way. Consequently, alternative language and synonyms may be
used for any one or more of the terms discussed herein. Synonyms for certain terms are
provided. However, a recital of one or more synonyms does not exclude the use of other
synonyms, nor is any special significance to be placed upon whether or not a term is
elaborated or discussed herein.

The invention is also described by means of particular examples. However, the use
of such examples anywhere in the specification, including examples of any terms discussed
herein, is illustrative only and in no way limits the scope and meaning of the invention or of
any exemplified term. Likewise, the invention is not limited to any particular preferred
embodiments described herein. Indeed, many modifications and variations of the invention
will be apparent to those skilled in the art upon reading this specification and can be made
without departing from its spirit and scope. The invention is therefore to be limited only by
the terms of the appended claims along with the full scope of equivalents to which the claims
are entitled.

Asused herein, “about” or “approximately” shall generally mean within 20 percent,
preferably within 10 percent, and more preferably within 5 percent of a given value or range.

The term “molecule” means any distinct or distinguishable structural unit of matter
comprising one or more atoms, and includes for example polypeptides and polynucleotides.

The term “polymer” means any substance or compound that is composed of two or
more building blocks (‘mers’) that are repetitively linked to each other. For example, a
“dimer” is a compound in which two building blocks have been joined together.

The term "polynucleotide” as used herein refers to a polymeric molecule having a
backbone that supports bases capable of hydrogen bonding to typical polynucleotides, where
the polymer backbone presents the bases in a manner to permit such hydrogen bonding in a
sequence specific fashion between the polymeric molecule and a typical polynucleotide (e.g.,
single-stranded DNA). Such bases are typically inosine, adenosine, guanosine, cytosine,
uracil and thymidine. Polymeric molecules include double and single stranded RNA and
DNA, and backbone modifications thereof, for example, methylphosphonate linkages.
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Thus, a"polynucleotide” or "nucleotide sequence” is a series of nucleotide bases (also
called “nucleotides™) generally in DNA and RNA, and means any chain of two or more
nucleotides. A nucleotide sequence typically carries genetic information, including the
information used by cellular machinery to make proteins and enzymes. These terms include
double or single stranded genomic and cDNA, RNA, any synthetic and genetically
manipulated polynucleotide, and both sense and anti-sense polynucleotide (although only
sense stands are being represented herein). This includes single- and double-stranded
molecules, i.e., DNA-DNA, DNA-RNA and RNA-RNA hybrids, as well as "protein nucleic
acids" (PNA) formed by conjugating bases to an amino acid backbone. This also includes
nucleic acids containing modified bases, for example thio-uracil, thio-guanine and fluoro-
uracil.

The polynucleotides herein may be flanked by natural regulatory sequences, or may
be associated with heterologous sequences, including promoters, enhancers, response
elements, signal sequences, polyadenylation sequences, introns, 5'- and 3'- non-coding
regions, and the like. The nucleic acids may also be modified by many means known in the
art. Non-limiting examples of such modifications include methylation, "caps”, substitution
of one or more of the naturally occurring nucleotides with an analog, and internucleotide
modifications such as, for example, those with uncharged linkages (e.g., methyl
phosphonates, phosphotriesters, phosphoroamidates, carbamates, etc.) and with charged
linkages (e.g., phosphorothioates, phosphorodithioates, etc.). Polynucleotides may contain
one or more additional covalently linked moieties, such as, for example, proteins (e.g.,
nucleases, toxins, antibodies, signal peptides, poly-L-lysine, etc.), intercalators (e.g., acridine,
psoralen, etc.), chelators (e.g., metals, radioactive metals, iron, oxidative metals, etc.), and
alkylators. The polynucleotides may be derivatized by formation of a methyl or ethyl
phosphotriester or an alkyl phosphoramidate linkage. Furthermore, the polynucleotides
herein may also be modified with a label capable of providing a detectable signal, either
directly or indirectly. Exemplary labels include radioisotopes, fluorescent molecules, biotin,

and the like.
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“DNA” (deoxyribonucleic acid) means any chain or sequence of the chemical
building blocks adenine (A), guanine (G), cytosine (C) and thymine (T), called nucleotide
bases, that are linked together on a deoxyribose sugar backbone. DNA can have one strand
of nucleotide bases, or two complimentary strands which may form a double helix structure.
“RNA” (ribonucleic acid) means any chain or sequence of the chemical building blocks
adenine (A), guanine (G), cytosine (C) and uracil (U), called nucleotide bases, that are linked
together on a ribose sugar backbone. RNA typically has one strand of nucleotide bases.

A “polypeptide” (one or more peptides) is a chain of chemical building blocks called
amino acids that are linked together by chemical bonds called peptide bonds. A "protein”
is a polypeptide produced by a living organism. A protein or polypeptide may be “native”
or “wild-type”, meaning that it occurs in nature; or it may be a “mutant”, “variant” or
“modified”, meaning that it has been made, altered, derived, or is in some way different or
changed from a native protein, or from another mutant.

An "enzyme" is a polypeptide molecule, usually a protein produced by a living
organism, that catalyzes chemical reactions of other substances. The enzyme is not itself
altered or destroyed upon completion of the reaction, and can therefore be used repeatedly
to catalyze reactions. A "substrate" refers to any substance upon which an enzyme acts.

As used herein, "particles” means any substance that may be encapsulated within a
droplet for analysis, reaction, sorting, or any operation according to the invention. Particles
are not only objects such as microscopic beads (e.g., chromatographic and fluorescent beads),
latex, glass, silica or paramagnetic beads, but also includes other encapsulating porous and/or
biomaterials such as liposomes, vesicles and other emulsions. Beads ranging in size from
0.1 micron to 1 mm can be used in the devices and methods of the invention and are
therefore encompassed with the term "particle" as used herein. The term particle also
encompasses biological cells, as well as beads and other microscopic objects of similar size
(e.g., from about 0.1 to 120 microns, and typically from about 1 to 50 microns) or smaller
(e.g., from about 0.1 to 150 nm). For example, the term "particle" further encompasses
virions and objects of similar size (e.g., from 0.1 to 500 nm, and typically from about 0.1 to

150 nm). The devices and methods of the invention are also directed to sorting and/or
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analyzing molecules of any kind, including polynucleotides, polypeptides and proteins
(including enzymes) and their substrates. Thus, the term particle further encompasses these
materials.

In preferred embodiments, particles (including, e.g., cells, virions and molecules) are
sorted and/or analyzed by encapsulating the particles into individual droplets (e.g., droplets
of aqueous solution in oil), and these droplets are then sorted, combined and/or analyzed in
a microfabricated device. Accordingly, the term "droplet” generally includes anything that
is or can be contained within a droplet.

As used herein, “cell” means any cell or cells, as well as viruses or any other
particles having a microscopic size, e.g. a size that is similar to or smaller than that of a
biological cell, and includes any prokaryotic or eukaryotic cell, e. g, bacteria, fungi, plant and
animal cells. Cells are typically spherical, but can also be elongated, flattened, deformable
and asymmetrical, i.e., non-spherical. The size or diameter of a cell typically ranges from
about 0.1 to 120 microns, and typically is from about 1 to 50 microns. A cell may be living
or dead. Since the microfabricated device of the invention is directed to sorting materials
having a size similar to a biological cell (e.g. about 0.1 to 120 microns) or smaller (e.g.,
about 0.1 to 150 nm) any material having a size similar to or smaller than a biological cell
can be characterized and sorted using the microfabricated device of the invention. Thus, the
term cell shall further include microscopic beads (such as chromatographic and fluorescent
beads), liposomes, emulsions, or any other encapsulating biomaterials and porous materials.
Non-limiting examples include latex, glass, or paramagnetic beads; and vesicles such as
emulsions and liposomes, and other porous materials such as silica beads. Beads ranging in
size from 0.1 micron to 1 mm can also be used, for example in sorting a library of
compounds produced by combinatorial chemistry. As used herein, a cell may be charged or
uncharged. For example, charged beads may be used to facilitate flow or detection, or as a
reporter. Biological cells, living or dead, may be charged for example by using a surfactant,
such as SDS (sodium dodecyl sulfate). The term cell further encompasses "virions", whether

or not virions are expressly mentioned.
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non

A "virion", "virus particle” is the complete particle of a virus. Viruses typically
comprise a nucleic acid core (comprising DNA or RNA) and, in certain viruses, a protein
coat or "capsid". Certain viruses may have an outer protein covering called an "envelope”.
A virion may be either living (i.e., "viable") or dead (i.e., "non-viable™). Aliving or "viable"
virus is one capable of infecting a living cell. Viruses are generally smaller than biological
cells and typically range in size from about 20-25 nm diameter or less (parvoviridae,
picornoviridae) to approximately 200-450 nm (poxviridae). However, some filamentous
viruses may reach lengths of 2000 nm (closterviruses) and are therefore larger than some
bacterial cells. Since the microfabricated device of the invention is particularly suited for
sorting materials having a size similar to a virus (i.e., about 0.1 to 150 nm), any material
having a size similar to a virion can be characterized and sorted using the microfabricated
device of the invention. Non-limiting examples include latex, glass or paramagnetic beads;
vesicles such as emulsions and liposomes; and other porous materials such as silica beads.
Beads ranging in size from 0.1 to 150 nm can also be used, for example, in sorting a library
of compounds produced by combinatorial chemistry. As used herein, a virion may be
charged or uncharged. For example, charged beads may be used to facilitate flow or
detection, or as areporter. Biological viruses, whether viable or non-viable, may be charged,
for example, by using a surfactant, such as SDS.

A "reporter" is any molecule, or a portion thereof, that is detectable, or measurable,
for example, by optical detection. In addition, the reporter associates with a molecule, cell
or virion or with a particular marker or characteristic of the molecule, cell or virion, or is
itself detectable to permit identification of the molecule, cell or virion, or the presence or
absence of a characteristic of the molecule, cell or virion. In the case of molecules such as
polynucleotides such characteristics include size, molecular weight, the presence or absence
of particular constituents or moieties (such as particular nucleotide sequences or restrictions
sites). In the case of cells, characteristics which may be marked by a reporter includes
antibodies, proteins and sugar moieties, receptors, polynucleotides, and fragments thereof.
The term "label" can be used interchangeably with "reporter”. The reporter is typically adye,

fluorescent, ultraviolet, or chemiluminescent agent, chromophore, or radio-label, any of
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which may be detected with or without some kind of stimulatory event, e.g., fluoresce with
or without a reagent. In one embodiment, the reporter is a protein that is optically detectable
without adevice, e.g. alaser, to stimulate the reporter, such as horseradish peroxidase (HRP).
A protein reporter can be expressed in the cell that is to be detected, and such expression may
be indicative of the presence of the protein or it can indicate the presence of another protein
that may or may not be coexpressed with the reporter. A reporter may also include any
substance on or in a cell that causes a detectable reaction, for example by acting as a starting
material, reactant or a catalyst for a reaction which produces a detectable product. Cells may
be sorted, for example, based on the presence of the substance, or on the ability of the cell
to produce the detectable product when the reporter substance is provided.

A "marker" is a characteristic of a molecule, cell or virion that is detectable or is
made detectable by a reporter, or which may be coexpressed with a reporter. For molecules,
a marker can be particular constituents or moieties, such as restrictions sites or particular
nucleic acid sequences in the case of polynucleotides. For cells and virions, characteristics
may include a protein, including enzyme, receptor and ligand proteins, saccharrides,
polynucleotides, and combinations thereof, or any biological material associated with a cell
or virion. The product of an enzymatic reaction may also be used as a marker. The marker
may be directly or indirectly associated with the reporter or can itself be a reporter. Thus,
a marker is generally a distinguishing feature of a molecule, cell or virion, and a reporter is
generally an agent which directly or indirectly identifies or permits measurement of a marker.
These terms may, however, be used interchangeably.

The term "flow " means any movement of liquid or solid through a device or in a
method of the invention, and encompasses without limitation any fluid stream, and any
material moving with, within or against the stream, whether or not the material is carried by
the stream. For example, the movement of molecules, cells or virions through a device or
in a method of the invention, e.g. through channels of a microfluidic chip of the invention,
comprises a flow. This is so, according to the invention, whether or not the molecules, cells
or virions are carried by a stream of fluid also comprising a flow, or whether the molecules,

cells or virions are caused to move by some other direct or indirect force or motivation, and
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whether or not the nature of any motivating force is known or understood. The application
of any force may be used to provide a flow, including without limitation, pressure, capillary
action, electro-osmosis, electrophoresis, dielectrophoresis, optical tweezers, and
combinations thereof, without regard for any particular theory or mechanism of action, so
long as molecules, cells or virions are directed for detection, measurement or sorting
according to the invention.

An "inlet region" is an area of a microfabricated chip that receives molecules, cells
or virions for detection measurement or sorting. The inlet region may contain an inlet
channel, a well or reservoir, an opening, and other features which facilitate the entry of
molecules, cells or virions into the device. A chip may contain more than one inlet region
if desired. The inlet region is in fluid communication with the main channel and is upstream
therefrom.

An "outlet region" is an area of a microfabricated chip that collects or dispenses
molecules, cells or virions after detection, measurement or sorting. An outlet region is
downstream from a discrimination region, and may contain branch channels or outlet
channels. A chip may contain more than one outlet region if desired.

An "analysis unit"is amicrofabricated substrate, e.g., amicrofabricated chip, having
at least one inlet region, at least one main channel, at least one detection region and at least
one outlet region. Sorting embodiments of the analysis unit include a discrimination region
and/or a branch point, e.g. downstream of the detection region, that forms at least two branch
channels and two outlet regions. A device according to the invention may comprise a
plurality of analysis units.

A "main channel" is a channel of the chip of the invention which permits the flow
of molecules, cells or virions past a detection region for detection (identification),
measurement, or sorting. In a chip designed for sorting, the main channel also comprises a
discrimination region. The detection and discrimination regions can be placed or fabricated
into the main channel. The main channel is typically in fluid communication with an inlet
channel or inlet region, which permits the flow of molecules, cells or virions into the main

channel. The main channel is also typically in fluid communication with an outlet region and
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optionally with branch channels, each of which may have an outlet channel or waste channel.
These channels permit the flow of cells out of the main channel.

A "detection region" is a location within the chip, typically within the main channel
where molecules, cells or virions to be identified, measured or sorted on the basis of a
predetermined characteristic. In a preferred embodiment, molecules, cells or virions are
examined one at a time, and the characteristic is detected or measured optically, for example,
by testing for the presence or amount of a reporter. For example, the detection region is in
communication with one or more microscopes, diodes, light stimulating devices, (e.g.,
lasers), photo multiplier tubes, and processors (e.g., computers and software), and
combinations thereof, which cooperate to detect a signal representative of a characteristic,
marker, or reporter, and to determine and direct the measurement or the sorting action at the
discrimination region. In sorting embodiments the detection region is in fluid
communication with a discrimination region and is at, proximate to, or upstream of the
discrimination region.

An "extrusion region" or "droplet extrusion region" is a junction between an inlet
region and the main channel of a chip of the invention, which permits the introduction of a
pressurized fluid to the main channel at an angle perpendicular to the flow of fluid in the
main channel. Preferably, the fluid introduced to the main channel through the extrusion
region is "incompatible" (i.e., immiscible) with the fluid in the main channel so that droplets
of the fluid introduced through the extrusion region are sheared off into the stream of fluid
in the main channel.

A "discriminationregion" or “branch point” is ajunction of a channel where the flow
of molecules, cells or virions can change direction to enter one or more other channels, e.g.,
a branch channel, depending on a signal received in connection with an examination in the
detection region. Typically, a discrimination region is monitored and/or under the control
of a detection region, and therefore a discrimination region may "correspond" to such
detection region. The discrimination region is in communication with and is influenced by

one or more sorting techniques or flow control systems, e.g., electric, electro-osmotic,
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(micro-) valve, etc. A flow control system can employ a variety of sorting techniques to
change or direct the flow of molecules, cells or virions into a predetermined branch channel.

A "branch channel” is a channel which is in communication with a discrimination
region and a main channel. Typically, a branch channel receives molecules, cells or virions
depending on the molecule, cell or virion characteristic of interest as detected by the
detection region and sorted at the discrimination region. A branch channel may be in
communication with other channels to permit additional sorting. Alternatively, a branch
channel may also have an outlet region and/or terminate with a well or reservoir to allow
collection or disposal of the molecules, cells or virions.

The term "forward sorting” or flow describes a one-direction flow of molecules, cells
or virions, typically from an inlet region (upstream) to an outlet region (downstream), and
preferably without a change in direction, e.g., opposing the “forward” flow. Preferably,
molecules, cells or virions travel forward in a linear fashion, i.e., in single file. A preferred
“forward” sorting algorithm consists of running molecules, cells or virions from the input
channel to the waste channel, until a molecule, cell or virion is identified to have an optically
detectable signal (e.g. fluorescence) that is above a pre-set threshold, at which point voltages
are temporarily changed to electro-osmotically divert the molecule or to the collection
channel.

The term "reversible sorting” or flow describes a movement or flow that can change,
i.e., reverse direction, for example, from a forward direction to an opposing backwards
direction. Stated another way, reversible sorting permits a change in the direction of flow
from a downstream to an upstream direction. This may be useful for more accurate sorting,
for example, by allowing for confirmation of a sorting decision, selection of particular branch
channel, or to correct an improperly selected channel.

Different "sorting algorithms" for sorting in the microfluidic device can be
implemented by different programs, for example under the control of a personal computer.
As an example, consider a pressure-switched scheme instead of electro-osmotic flow.
Electro-osmotic switching is virtually instantaneous and throughput is limited by the highest

voltage that can be applied to the sorter (which also affects the run time through ion
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depletion effects). A pressure switched-scheme does not require high voltages and is more
robust for longer runs. However, mechanical compliance in the system is likely to cause the
fluid switching speed to become rate-limiting with the "forward" sorting program. Since the
fluid is at low Reynolds number and is completely reversible, when trying to separate rare
molecules, cells or virions, one can implement a sorting algorithm that is not limited by the
intrinsic switching speed of the device. The molecules, cells or virions flow at the highest
possible static (non-switching) speed from the input to the waste. When an interesting
molecule, cell or virion is detected, the flow is stopped. By the time the flow stops, the
molecule, cell or virion may be past the junction and part way down the waste channel. The
system is then run backwards at a slow (switchable) speed from waste to input, and the
molecule, cell or virion is switched to the collection channel when it passes through the
detection region. At that point, the molecule, cell or virion is “saved™ and the device can be
run at high speed in the forward direction again. Similarly, a device of the invention that is
used for analysis, without sorting, can be run in reverse to re-read or verify the detection or
analysis made for one or more molecules, cells or virions in the detection region. This
“reversible” analysis or sorting method is not possible with standard gel electrophoresis
technologies (for molecules) nor with conventional FACS machines (for cells). Reversible
algorithms are particularly useful for collecting rare molecules, cells or virions or making

multiple time course measurements of a molecule or single cell.

Device Architecture and Method

An analyzer or sorter device according to the invention comprises at least one
analysis unit having an inlet region in communication with a main channel at a droplet
extrusion region (e.g., for introducing droplets of a sample into the main channel), a
detection region within or coincident with all or a portion of the main channel or droplet
extrusion region, and a detector associated with the detectionregion. In certain embodiments
the device may have two or more droplet extrusion regions. For example, embodiments are
provided in which the analysis unit has a first inlet region in communication with the main

channel at a first droplet extrusion region, a second inlet region in communication with the
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main channel at a second droplet extrusion region (preferably downstream from the first
droplet extrusion region), and so forth.

Sorter embodiments of the device also have a discrimination region or branch point
in communication with the main channel and with branch channels, and a flow control
responsive to the detector. There may be a plurality of detection regions and detectors,
working independently or together, e.g., to analyze one or more properties of a sample. The
branch channels may each lead to an outlet region and to a well or reservoir. There may also
be a plurality of inlet regions, each of which introduces droplets of a different sample (e.g.,
of cells, of virions or of molecules such as molecules of an enzyme or a substrate) into the
main channel. Each of the one or more inlet regions may also communicate with a well or
reservoir.

As each droplet passes into the detection region, it is examined for a predetermined
characteristic (i.e., using the detector) and a corresponding signal is produced, for example
indicating that "yes" the characteristic is present, or "no" it is not. The signal may correspond
to a characteristic qualitatively or quantitatively. That is, the amount of the signal can be
measured and can correspond to the degree to which a characteristic is present. For example,
the strength of the signal may indicate the size of a molecule, or the potency or amount of
an enzyme expressed by a cell, or a positive or negative reaction such as binding or
hybridization of one molecule to another, or a chemical reaction of a substrate catalyzed by
an enzyme. In response to the signal, data can be collected and/or a flow control can be
activated to divert a droplet into one branch channel or another. Thus, molecules or cells
(including virions) within a droplet at a discrimination region can be sorted into an
appropriate branch channel according to a signal produced by the corresponding examination
at a detection region. Optical detection of molecular, cellular or viral characteristics is
preferred, for example directly or by use of a reporter associated with a characteristic chosen
for sorting. However, other detection techniques may also be employed.

A variety of channels for sample flow and mixing can be microfabricated on a single
chip and can be positioned at any location on the chip as the detection and discrimination or

sorting points, e.g., for kinetic studies (10, 11). A plurality of analysis units of the invention
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may be combined in one device. Microfabrication applied according to the invention
eliminates the dead time occurring in conventional gel electrophoresis or flow cytometric
kinetic studies, and achieves a better time-resolution. Furthermore, linear arrays of channels
on a single chip, i.e., a multiplex system, can simultaneously detect and sort a sample by
using an array of photo multiplier tubes (PMT) for parallel analysis of different channels
(12). This arrangement can be used to improve throughput or for successive sample
enrichment, and can be adapted to provide a very high throughput to the microfluidic devices
that exceeds the capacity permitted by conventional flow sorters. Circulation systems can
be used in cooperation with these and other features of the invention. Microfluidic pumps
and valves are a preferred way of controlling fluid and sample flow. See, for example, U.S.
patent application Serial No. 60/186,856.

Microfabrication permits other technologies to be integrated or combined with flow
cytometry on a single chip, such as PCR (13), moving cells using optical tweezet/cell
trapping (14-16), transformation of cells by electroporation (17), pTAS (18), and DNA
hybridization (5). Detectors and/or light filters that are used to detect viral (or cell)
characteristics of the reporters can also be fabricated directly on the chip.

A device of the invention can be microfabricated with a sample solution reservoir or
well at the inlet region, which is typically in fluid communication with an inlet channel. A
reservoir may facilitate introduction of molecules or cells into the device and into the sample
inlet channel of each analysis unit. An inlet region may have an opening such as in the floor
of the microfabricated chip, to permit entry of the sample into the device. The inlet region
may also contain a connector adapted to receive a suitable piece of tubing, such as liquid
chromatography or HPLC tubing, through which a sample may be supplied. Such an
arrangement facilitates introducing the sample solution under positive pressure in order to
achieve a desired pressure at the droplet extrusion region.

A device of the invention may have an additional inlet region, in direct
communication with the main channel at a location upstream of the droplet extrusion region,
through which a pressurized stream or "flow" of a fluid is introduced into the main channel.

Preferably, this fluid is one which is not miscible with the solvent or fluid of the sample. For
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example, most preferably the fluid is a non-polar solvent, such as decane (e.g., tetradecane
or hexadecane), and the sample (e.g., of cells, virions or molecules) is dissolved or
suspended in an aqueous solution so that aqueous droplets of the sample are introduced into

the pressurized stream of non-polar solvent at the droplet extrusion region.

Substrate and Flow Channels

A typical analysis unit of the invention comprises a main inlet that is part of and feeds
or communicates directly with a main channel, along with one or more sample inlets in
communication with the main channel at a droplet extrusion region situated downstream
from the main inlet (each different sample inlet preferably communicates with the main
channel at a different droplet extrusion region). The droplet extrusion region generally
comprises a junction between the sample inlet and the main channel such that a pressurized
solution of a sample (i.e., a fluid containing a sample such as cells, virions or molecules) is
introduced to the main channel in droplets. Preferably, the sample inlet intersects the main
channel such that the pressurized sample solution is introduced into the main channel at an
angle perpendicular to a stream of fluid passing through the main channel. For example, in
preferred embodiments, the sample inlet and main channel intercept at a T-shaped junction;
i.e., such that the sample inlet is perpendicular (90 degrees) to the main channel. However,
the sample inlet may intercept the main channel at any angle, and need not introduce the
sample fluid to the main channel at an angle that is perpendicular to that flow. In exemplary
embodiments the angle between intersecting channels is in the range of from about 60 to
about 120 degrees. Particular exemplary angles are 45, 60, 90, and 120 degrees.

The main channel in turn communicates with two or more branch channels at another
junction or "branch point", forming, for example, a T-shape or a Y-shape. Other shapes and
channel geometries may be used as desired. In sorting embodiments, the region at or
surrounding the junction can also be referred to as a discrimination region. Precise
boundaries for the discrimination region are not required, but are preferred.

A detection region is within, communicating or coincident with a portion of the main

channel at or downstream of the droplet extrusion region and, in sorting embodiments, at or
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upstream of the discrimination region or branch point. Precise boundaries for the detection
region are not required, but are preferred. The discrimination region may be located
immediately downstream of the detection region or it may be separated by a suitable distance
consistent with the size of the molecules, the channel dimensions and the detection system.
It will be appreciated that the channels may have any suitable shape or cross-section (for
example, tubular or grooved), and can be arranged in any suitable manner so long as flow can
be directed from inlet to outlet and from one channel into another.

The channels of the invention are microfabricated, for example by etching a silicon
chip using conventional photolithography techniques, or using a micromachining technology
called “soft lithography”, developed in the late 1990's (19). These and other microfabrication
methods may be used to provide inexpensive miniaturized devices, and in the case of soft
lithography, can provide robust devices having beneficial properties such as improved
flexibility, stability, and mechanical strength. When optical detection is employed, the
invention also provides minimal light scatter from molecule or cell (including virion)
suspension and chamber material. Devices according to the invention are relatively
inexpensive and easy to set up. They can also be disposable, which greatly relieves many of
the concerns of gel electrophoresis (for molecules), and of sterilization and permanent
adsorption of particles into the flow chambers and channels of conventional FACS machines
(for cells, virions and other particle suspensions). Using these kinds of techniques,
microfabricated fluidic devices can replace the conventional fluidic flow chambers of the
prior art.

A microfabricated device of the invention is preferably fabricated from a silicon
microchip or silicon elastomer. The dimensions of the chip are those of typical microchips,
ranging between about 0.5 cm to about 5 cm per side and about 1 micron to about 1 cm in
thickness. The device contains at least one analysis unit having a main channel with a
droplet extrusion region and a coincident detection region. Preferably, the device also
contains at least one inlet region (which may contain an inlet channel) and one or more outlet
regions (which may have fluid communication with a branch channel in each region). Ina

sorting embodiment, at least one detection region cooperates with at least one discrimination
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region to divert flow via a detector-originated signal. It shall be appreciated that the
"regions" and "channels" are in fluid communication with each other and therefore may
overlap; i.e., there may be no clear boundary where a region or channel begins or ends. A
microfabricated device can be transparent and can be covered with a material having
transparent properties, such as a glass coverslip, to permit detection of a reporter, for
example, by an optical device such as an optical microscope.

The dimensions of the detection region are influenced by the nature of the sample
under study and, in particular, by the size of the molecules or cells (including virions) under
study. For example, viruses can have a diameter from about 20 nm to about 500 nm,
although some extremely large viruses may reach lengths of about 2000 nm (i.e., as large or
larger than some bacterial cells). By contrast, biological cells are typically many times
larger. For example, mammalian cells can have a diameter of about 1 to 50 microns, more
typically 10 to 30 microns, although some mammalian cells (e.g., fat cells) can be larger than
120 microns. Plant cells are generally 10 to 100 microns.

Detection regions used for detecting molecules and cells (including virions) have a
cross-sectional area large enough to allow a desired molecule to pass through without being
substantially slowed down relative to the flow carrying it. To avoid "bottlenecks" and/or
turbulence, and promote single-file flow, the channel dimensions, particularly in the
detection region, should generally be at least about twice, preferably at least about five times
as large per side or in diameter as the diameter of the largest molecule, cell or droplet that
will be passing through it.

For particles (e.g., cells, including virions) or molecules that are in droplets (i.e.,
deposited by the droplet extrusion region) within the flow of the main channel, the channels
of the device are preferably rounded, with a diameter between about 2 and 100 microns,
preferably about 60 microns, and more preferably about 30 microns at the crossflow area or
droplet extrusion region. This geometry facilitates an orderly flow of droplets in the
channels. See e.g. FIG. 16B. Similarly, the volume of the detection region in an analysis
device is typically in the range of between about 10 femtoliters (fl) and 5000 fl, preferably
about 40 or 50 fl to about 1000 or 2000 fl, most preferably on the order of about 200 fl. In

0029



10

15

20

25

(CIT 3259-P) -28- Attorney Docket 9373/0H282-US0

preferred embodiments, the channels of the device, and particularly the channels of the inlet
connecting to a droplet extrusion region, are between about 2 and 50 microns, most
preferably about 30 microns.

At the dimensions used herein, each droplet tends to conform to the size and shape
of the channels, while maintaining its volume. Thus, as droplets move from a wider channel
to a narrower channel they become longer and thinner, and vice versa. In preferred
embodiments, droplets are at least about four times as long as they are wide. This droplet
configuration, which can be envisioned as a lozenge shape, flows smoothly and well through
the channels. Longer droplets, produced in narrower channels, provides a higher shear,
meaning that droplets can more easily be sheared or broken off from a flow, i.e. using less
force. Droplets may also tend to adhere to channel surfaces, which can slow or block the
flow, or produce turbulence. Droplet adherence is overcome when the droplet is massive
enough in relation to the channel size to break free. Thus, droplets of varying size, if present,
may combine to form uniform droplets having a so-called critical mass or volume that results
in smooth or laminar droplet flow. Droplets that are longer than they are wide, preferably
about four times longer than they are wide, generally have the ability to overcome channel
adherence and move freely through the microfluidic device. Thus, in an exemplary
embodiment with 60 micron channels, a typical free-flowing droplet is about 60 microns
wide and 240 microns long. Droplet dimensions and flow characteristics can be influenced
as desired, in part by changing the channel dimensions, e.g. the channel width.

To prevent material (e.g., cells, virions and other particles or molecules) from
adhering to the sides of the channels, the channels (and coverslip, if used) may have a coating
which minimizes adhesion. Such a coating may be intrinsic to the material from which the
device is manufactured, or it may be applied after the structural aspects of the channels have
been microfabricated. “TEFLON” is an example of a coating that has suitable surface
properties.

A silicon substrate containing the microfabricated flow channels and other
components is preferably covered and sealed, most preferably with a transparent cover, e.g.,

thin glass or quartz, although other clear or opaque cover materials may be used. When
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external radiation sources or detectors are employed, the detection region is covered with a
clear cover material to allow optical access to the cells. For example, anodic bonding to a
"PYREX" cover slip can be accomplished by washing both components in an aqueous
H,S0O,/H,0, bath, rinsing in water, and then, for example, heating to about 350 °C while
applying a voltage of 450V.

Switching and Flow Control

Preferred embodiments of the invention use pressure drive flow control, e. g., utilizing
valves and pumps, to manipulate the flow of cells virions, particles, molecules, enzymes or
reagents in one or more directions and/or into one or more channels of a microfluidic device.
However, other methods may also be used, alone or in combination with pumps and valves,
such as electro-osmotic flow control, electrophoresis and dielectrophoresis (7, 10-11, 20).
In certain embodiments of the invention, the flow moves in one “forward” direction, e.g.
from the main inlet region through the main and branch channels to an outlet region. In other
embodiments the direction of flow is reversible. Application of these techniques according
to the invention provides more rapid and accurate devices and methods for analysis or
sorting, for example, because the sorting occurs at or in a discrimination region that can be
placed at or immediately after a detection region. This provides a shorter distance for
molecules or cells to travel, they can move more rapidly and with less turbulence, and can
more readily be moved, examined, and sorted in single file, i.e., one at a time. Inareversible
embodiment, potential sorting errors can be avoided, for example by reversing and slowing
the flow to re-read or resort a molecule, cell or virion (or pluralities thereof) before
irretrievably committing the cell or cells to a particular branch channel.

Without being bound by any theory, electro-osmosis is believed to produce motion
in a stream containing ions, e.g. a liquid such as a buffer, by application of a voltage
differential or charge gradient between two or more electrodes. Neutral (uncharged)
molecules or cells (including virions) can be carried by the stream. Electro-osmosis is
particularly suitable for rapidly changing the course, direction or speed of flow.

Electrophoresis is believed to produce movement of charged objects in a fluid toward one
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or more electrodes of opposite charge, and away from one on or more electrodes of like
charge. In embodiments of the invention where an aqueous phase is combined with an oil
phase, aqueous droplets are encapsulated or separated from each other by oil. Typically, the
oil phase is not an electrical conductor and may insulate the droplets from the electro-
osmotic field. In these embodiment, electro-osmosis may be used to drive the flow of
droplets if the oil is modified to carry or react to an electrical field, or if the oil is substituted
for another phase that is immiscible in water but which does not insulate the water phase
from electrical fields.

Dielectrophoresis is believed to produce movement of dielectric objects, which have
no net charge, but have regions that are positively or negatively charged in relation to each
other. Alternating, non-homogeneous electric fields in the presence of droplets and/or
particles, such as cells or virions, cause the droplets and/or particles to become electrically
polarized and thus to experience dielectrophoretic forces. Depending on the dielectric
polarizability of the particles and the suspending medium, dielectric particles will move
either toward the regions of high field strength or low field strength. For example, the
polarizability of living cells and virions depends on their composition, morphology, and
phenotype and is highly dependent on the frequency of the applied electrical field. Thus,
cells and virions of different types and in different physiological states generally possess
distinctly different dielectric properties, which may provide a basis for cell separation, e.g.,
by differential dielectrophoretic forces. Likewise, the polarizability of droplets also depends
upon their size, shape and composition. For example, droplets that contain salts can be
polarized. According to formulas provided in Fiedler et al. (11), individual manipulation of
single droplets requires field differences (inhomogeneities) with dimensions close to the
droplets.

Manipulation is also dependent on permittivity (a dielectric property) of the droplets
and/or particles with the suspending medium. Thus, polymer particles, living cells and
virions show negative dielectrophoresis at high-field frequencies in water. For example,
dielectrophoretic forces experienced by a latex sphere in a 0.5 MV/m field (10V for a 20

micron electrode gap) in water are predicted to be about 0.2 piconewtons (pN) for a 3.4
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micron latex sphere to 15 pN for a 15 micron latex sphere (11). These values are mostly
greater than the hydrodynamic forces experienced by the sphere in a stream (about 0.3 pN
for a 3.4 micron sphere and 1.5 pN for a 15 micron sphere). Therefore, manipulation of
individual cells or particles can be accomplished in a streaming fluid, such as in a cell sorter
device, using dielectrophoresis. Using conventional semiconductor technologies, electrodes
can be microfabricated onto a substrate to control the force fields in a microfabricated sorting
device of the invention. Dielectrophoresis is particularly suitable for moving objects that are
electrical conductors. The use of AC current is preferred, to prevent permanent alignment
of ions. Megahertz frequencies are suitable to provide a net alignment, attractive force, and
motion over relatively long distances. See e.g. Benecke (21).

Radiation pressure can also be used in the invention to deflect and move objects, e.g.
droplets and particles (molecules, cells, virions, efc.) contained therein, with focused beams
of light such as lasers. Flow can also be obtained and controlled by providing a pressure
differential or gradient between one or more channels of a device or in a method of the
invention.

In preferred embodiments, molecules, cells or virions (or droplets containing
molecules, cells or virions) can be moved by direct mechanical switching, e.g., with on-off
valves or by squeezing the channels. Pressure control may also be used, for example, by
raising or lowering an output well to change the pressure inside the channels on the chip.
See, e.g., the devices and methods described in pending U.S. patent application Serial No.
08/932,774, filed September 25, 1997; No. 60/108,894, filed November 17, 1998; No.
60/086,394, filed May 22, 1998; and No. 09/325,667, filed May 21, 1999. These methods
and devices can further be used in combination with the methods and devices described in
pending U.S. patent application Serial No. 60/141,503, filed June 28, 1999; No. 60/147,199,
filed August 3, 1999; and No. 186,856, filed March 3, 2000 (entitled "Microfabricated
Elastomeric Valve and Pump Systems"). Each of these references is hereby incorporated by
reference in its entirety. The “pump and valve” drive systems are particularly preferred.
They are rapid, efficient, economical, and relatively easy to fabricate and control.

Additionally, they do not rely on electrical fields or electrical charges, which may be harder
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to control and in some cases may potentially affect the droplet contents. Different switching
and flow control mechanisms can be combined on one chip or in one device and can work

independently or together as desired.

Detection and Discrimination for Sorting

The detector can be any device or method for interrogating a molecule, a cell or a
virion as it passes through the detection region. Typically, molecules, cells or virions (or
droplets containing such particles) are to be analyzed or sorted according to a predetermined
characteristic that is directly or indirectly detectable, and the detector is selected or adapted
to detect that characteristic. A preferred detector is an optical detector, such as a microscope,
which may be coupled with a computer and/or other image processing or enhancement
devices to process images or information produced by the microscope using known
techniques. For example, molecules can be analyzed and/or sorted by size or molecular
weight. Enzymes can be analyzed and/or sorted by the extent to which they catalyze
chemical reaction of a substrate (conversely, substrate can be analyzed and/or sorted by the
level of chemical reactivity catalyzed by an enzyme). Cells and virions can be sorted
according to whether they contain or produce a particular protein, by using an optical
detector to examine each cell or virion for an optical indication of the presence or amount
of that protein. The protein may itself be detectable, for example by a characteristic
fluorescence, or it may be labeled or associated with a reporter that produces a detectable
signal when the desired protein is present, or is present in at least a threshold amount. There
is no limit to the kind or number of characteristics that can be identified or measured using
the techniques of the invention, which include without limitation surface characteristics of
the cell or virion and intracellular characteristics, provided only that the characteristic or
characteristics of interest for sorting can be sufficiently identified and detected or measured
to distinguish cells having the desired characteristic(s) from those which do not. For
example, any label or reporter as described herein can be used as the basis for analyzing
and/or sorting molecules or cells (including virions), i.e. detecting molecules or cells to be

collected.
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In a preferred embodiment, the molecules or cells or virions (or droplets containing
them) are analyzed and/or separated based on the intensity of a signal from an
optically-detectable reporter bound to or associated with them as they pass through a
detection window or “detection region” in the device. Molecules or cells or virions having
an amount or level of the reporter at a selected threshold or within a selected range are
diverted into a predetermined outlet or branch channel of the device. The reporter signal may
be collected by a microscope and measured by a photo multiplier tube (PMT). A computer
digitizes the PMT signal and controls the flow via valve action or electro-osmotic potentials.
Alternatively, the signal can be recorded or quantified as a measure of the reporter and/or its
corresponding characteristic or marker, e.g., for the purpose of evaluation and without
necessarily proceeding to sort the molecules or cells.

In one embodiment, the chip is mounted on an inverted optical microscope.
Fluorescence produced by areporter is excited using a laser beam focused on molecules (e.g.,
DNA, protein, enzyme or substrate) or cells passing through a detection region. Fluorescent
reporters include, e. g., thodamine, fluorescein, Texasred, Cy 3, Cy 5, phycobiliprotein, green
fluorescent protein (GFP), YOYO-1 and PicoGreen, to name a few. In molecular
fingerprinting applications, the reporter labels are preferably fluorescently labeled single
nucleotides, such as fluorescein-dNTP, rhodamine-dNTP, Cy3-dNTP, efc.; where dNTP
represents dATP, dTTP, dUTP or dCTP. The reporter can also be chemically-modified
single nucleotides, such as biotin-dNTP. In other embodiments, the reporter can be
fluorescently or chemically labeled amino acids or antibodies (which bind to a particular
antigen, or fragment thereof, when expressed or displayed by a cell or virus).

Thus, in one aspect of the invention, the device can analyze and/or sort cells or
virions based on the level of expression of selected cell markers, such as cell surface
markers, which have a detectable reporter bound thereto, in a manner similar to that currently
employed using fluorescence-activated cell sorting (FACS) machines. Proteins or other
characteristics within a cell, and which do not necessarily appear on the cell surface, can also
be identified and used as a basis for sorting. In another aspect of the invention, the device

can determine the size or molecular weight of molecules such as polynucleotides or
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polypeptides (including enzymes and other proteins) or fragments thereof passing through
the detection region. Alternatively, the device can determine the presence or degree of some
other characteristic indicated by a reporter. If desired, the cells, virions or molecules can be
sorted based on this analysis. The sorted cells, virions or molecules can be collected from
the outlet channels and used as needed.

To detect a reporter or determine whether a molecule, cell or virion has a desired
characteristic, the detection region may include an apparatus for stimulating a reporter for
that characteristic to emit measurable light energy, e.g., a light source such as a laser, laser
diode, high-intensity lamp, (e.g., mercury lamp), and the like. In embodiments where a lamp
is used, the channels are preferably shielded from light in all regions except the detection
region. In embodiments where a laser is used, the laser can be set to scan across a set of
detection regions from different analysis units. In addition, laser diodes may be
microfabricated into the same chip that contains the analysis units. Alternatively, laser
diodes may be incorporated into a second chip (i.e., alaser diode chip) that is placed adjacent
to the microfabricated analysis or sorter chip such that the laser light from the diodes shines
on the detection region(s).

In preferred embodiments, an integrated semiconductor laser and/or an integrated
photodiode detector are included on the silicon wafer in the vicinity of the detection region.
This design provides the advantages of compactness and a shorter optical path for exciting

and/or emitted radiation, thus minimizing distortion.

Sorting Schemes

According to the invention, molecules (such as DNA, protein, enzyme or substrate)
or particles (i.e., cells, including virions) are sorted dynamically in a flow stream of
microscopic dimensions based on the detection or measurement of a characteristic, marker
or reporter that is associated with the molecules or particles. More specifically, droplets of
a solution (preferably an aqueous solution or buffer), containing a sample of molecules, cells
or virions, are introduced through a droplet extrusion region into a stream of fluid (preferably

a non-polar fluid such as decane or other oil) in the main channel. The individual droplets
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are then analyzed and/or sorted in the flow stream, thereby sorting the molecules, cells or
virions contained within the droplets.

The flow stream in the main channel is typically, but not necessarily continuous and
may be stopped and started, reversed or changed in speed. Prior to sorting, a liquid that does
not contain samples molecules, cells or virions can be introduced into a sample inlet region
(such as an inlet well or channel) and directed through the droplet extrusion region, e.g., by
capillary action, to hydrate and prepare the device for use. Likewise, buffer or oil can also
be introduced into a main inlet region that communicates directly with the main channel to
purge the device (e.g., or "dead" air) and prepare it for use. If desired, the pressure can be
adjusted or equalized, for example, by adding buffer or oil to an outlet region.

The pressure at the droplet extrusion region can also be regulated by adjusting the
pressure on the main and sample inlets, for example, with pressurized syringes feeding into
those inlets. By controlling the pressure difference between the oil and water sources at the
droplet extrusion region, the size and periodicity of the droplets generated may be regulated.
Alternatively, a valve may be placed at or coincident to either the droplet extrusion region
or the sample inlet connected thereto to control the flow of solution into the droplet extrusion
region, thereby controlling the size and periodicity of the droplets. Periodicity and droplet
volume may also depend on channel diameter, the viscosity of the fluids, and shear pressure.

The droplet forming liquid is typically an aqueous buffer solution, such as ultrapure
water (e.g., 18 mega-ohm resistivity, obtained, for example by column chromatography),
10 mM Tris HCl and 1 mM EDTA (TE) buffer, phosphate buffer saline (PBS) or acetate
buffer. Any liquid or buffer that is physiologically compatible with the population of
molecules, cells or virions to be analyzed and/or sorted can be used. The fluid passing
through the main channel and in which the droplets are formed is preferably one that is not
miscible with the droplet forming fluid. Preferably, the fluid passing through the main
channel is a non-polar solvent, most preferably decane (e.g., tetradecane or hexadecane) or
another oil.

The fluids used in the invention may contain additives, such as agents which reduce

surface tensions (surfactants). Exemplary surfactants include Tween, Span, fluorinated oils,
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and other agents that are soluble in oil relative to water. Surfactants may aid in controlling
or optimizing droplet size, flow and uniformity, for example by reducing the shear force
needed to extrude or inject droplets into an intersecting channel. This may affect droplet
volume and periodicity, or the rate or frequency at which droplets break off into an
intersecting channel.

Channels of the invention may be formed from silicon elastomer (e.g. RTV), urethane
compositions, of from silicon-urethane composites such as those available from Polymer
Technology Group (Berkeley, CA), e.g. PurSil™ and CarboSil™. The channels may also
be coated with additives or agents, such as surfactants, TEFLON, or fluorinated oils such as
octadecafluoroctane (98%, Aldrich) or fluorononane. TEFLON is particularly suitable for
silicon elastomer (RTV) channels, which are hydrophobic and advantageously do not absorb
water, but they may tend to swell when exposed to an oil phase. Swelling may alter channel
dimensions and shape, and may even close off channels, or may affect the integrity of the
chip, for example by stressing the seal between the elastomer and a coverslip. Urethane
substrates do not tend to swell in oil but are hydrophillic, they may undesirably absorb water,
and tend to use higher operating pressures. Hydrophobic coatings may be used to reduce or
eliminate water absorption. Absorption or swelling issues may also be addressed by altering
or optimizing pressure or droplet frequency (e.g. increasing periodicity to reduce absorption).
RTV-urethane hybrids may be used to combine the hydrophobic properties of silicon with
the hydrophilic properties of urethane.

Embodiments of the invention are also provided in which there are two or more
droplet extrusion regions introducing droplets of samples into the main channel. For
example, a first droplet extrusion region may introduce droplets of a first sample into a flow
of fluid (e.g., oil) in the main channel and a second droplet extrusion region may introduce
droplets of a second sample into the flow of fluid in main channel, and so forth. Preferably,
the second droplet extrusion region is downstream from the first droplet extrusion region
(e.g., about 30 um). In a preferred embodiment, the fluids introduced into the two or more
different droplet extrusion regions comprise the same fluid or the same type of fluid (e.g.,

different aqueous solutions). For example, in one embodiment droplets of an aqueous
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solution containing an enzyme are introduced into the main channel at the first droplet
extrusion region and droplets of aqueous solution containing a substrate for the enzyme are
introduced into the main channel at the second droplet extrusion region. The introduction
of droplets through the different extrusion regions may be controlled, e.g., so that the
droplets combine (allowing, for example, the enzyme to catalyze a chemical reaction of the
substrate). Alternatively, the droplets introduced at the different droplet extrusion regions
may be droplets of different fluids which may be compatible or incompatible. For example,
the different droplets may be different aqueous solutions, or droplets introduced at a first
droplet extrusion region may be droplets of one fluid (e.g., an aqueous solution) whereas
droplets introduced at a second droplet extrusion region may be another fluid (e.g., alcohol
or oil).

The concentration (i.e., number) of molecules, cells or virions in a droplet can
influence sorting efficiently and therefore is preferably optimized. In particular, the sample
concentration should be dilute enough that most of the droplets contain no more than a single
molecule, cell or virion, with only a small statistical chance that a droplet will contain two
or more molecules, cells or virions. This is to ensure that for the large majority of
measurements, the level of reporter measured in each droplet as it passes through the
detection region corresponds to a single molecule, cell or virion and not to two or more
molecules, cells or virions.

The parameters which govern this relationship are the volume of the droplets and the
concentration of molecules, cells or virions in the sample solution. The probability that a

droplet will contain two or more molecules cells or virions (P_,) can be expressed as
P., = 1- {1+ [virion] x V'} x e I"ion”

where "[virion]" is the concentration of molecules, cells or virions in units of number of
molecules, cells or virions per cubic micron (um?®), and V'is the volume of the droplet in units
of pm®.

It will be appreciated that P_, can be minimized by decreasing the concentration of
molecules, cells or virions in the sample solution. However, decreasing the concentration

of molecules, cells or virions in the sample solution also results in an increased volume of

0039



10

15

20

25

(CIT 3259-P) -38- Attorney Docket 9373/0H282-US0

solution processed through the device and can result in longer run times. Accordingly, it is
desirable to minimize to presence of multiple molecules, cells or virions in the droplets
(thereby increasing the accuracy of the sorting) and to reduce the volume of sample, thereby
permitting a sorted sample in a reasonable time in a reasonable volume containing an
acceptable concentration of molecules, cells or virions.

The maximum tolerable P_, depends on the desired "purity” of the sorted sample.
The "purity" in this case refers to the fraction of sorted molecules, cells or virions that posses
a desired characteristic (e.g., display a particular antigen, are in a specified size range or are
a particular type of molecule, cell or virion). The purity of the sorted sample is inversely
proportional to P_,. For example, in applications where high purity is not needed or desired
arelatively high P_, (e.g., P_,= 0.2) may be acceptable. For most applications, maintaining
P_, at or below about 0.1, preferably at or below about 0.01, provides satisfactory results.

A sample solution containing a mixture or population of molecule, cells or virions
in a suitable carrier fluid (such as a liquid or buffer described above) is supplied to the
sample inlet region, and droplets of the sample solution are introduced, at the droplet
extrusion region, into the flow passing through the main channel. The force and direction
of flow can be controlled by any desired method for controlling flow, for example, by a
pressure differential, by valve action or by electro-osmotic flow (e.g., produced by electrodes
atinlet and outlet channels). This permits the movement of the cells into one or more desired
branch channels or outlet regions.

A “forward’ sorting algorithm, according to the invention, includes embodiments
where droplets from a droplet extrusion region flow through the device to a predetermined
branch or outlet channel (which can be called a “waste channel”), until the level of
measurable reporter of amolecule, cell or virion within a droplet is above a pre-set threshold.
At that time, the flow is diverted to deliver the droplet (and the molecule, cell or virion
contained therein) to another channel. For example, in an electro-osmotic embodiment,
where switching is virtually instantaneous and throughput is limited by the highest voltage,
the voltages are temporarily changed to divert the chosen droplet to another predetermined

outlet channel (which can be called a “collection channel™). Sorting, including synchronizing
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detection of a reporter and diversion of the flow, can be controlled by various methods
including computer or microprocessor control. Different algorithms for sorting in the
microfluidic device can be implemented by different computer programs, such as programs
used in conventional FACS devices. For example, a programmable card can be used to
control switching, such as a Lab PC 1200 Card, available from National Instruments, Austin,
TX. Algorithms as sorting procedures can be programmed using C++, LABVIEW, or any
suitable software.

A “reversible” sorting algorithm can be used in place of a “forward” mode, for
example in embodiments where switching speed may be limited. For example, a
pressure-switched scheme can be used instead of electro-osmotic flow and does not require
high voltages and may be more robust for longer runs. However, mechanical constraints may
cause the fluid switching speed to become rate-limiting. In a pressure-switched scheme the
flow is stopped when a molecule or cell or virion of interest is detected within a droplet. By
the time the flow stops, the droplet containing the molecule, cell or virion may be past the
junction or branch point and be part of the way down the waste channel. In this situation,
a reversible embodiment can be used. The system can be run backwards at a slower
(switchable) speed (e.g., from waste to inlet), and the droplet is then switched to a different
branch or collection channel. At that point, a potentially mis-sorted droplet (and the
molecule, cell or virion therein) is “saved”, and the device can again be run at high speed
in the forward direction. This “reversible” sorting method is not possible with standard
FACS machines. FACS machines mostly sort aerosol droplets which cannot be reversed
back to the chamber, in order to be redirected. The aerosol droplet sorters are virtually
irreversible. Reversible sorting is particularly useful for identifying molecules, cells or
virions that are rare (e.g., in molecular evolution and cancer cytological identification) or few
in number, which may be misdirected due to a margin of error inherent to any fluidic device.
The reversible nature of the device of the invention permits a reduction in this possible error.

In addition, a “reversible” sorting method permits multiple time course measurements
of a molecule, cell or virion contained within a single droplet. This allows for observations

or measurements of the same molecule, cell or virion at different times, because the flow
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reverses the cell back into the detection window again before redirecting the cell into a
different channel. Thus, measurements can be compared or confirmed, and changes in
properties over time can be examined, for example in kinetic studies.

When trying to separate molecules, cells or virions in a sample at a very low ratio to
the total number of molecules, cells or virions, a sorting algorithm can be implemented that
is not limited by the intrinsic switching speed of the device. Consequently, the droplets flow
at the highest possible static (non-switching) speed from the inlet channel to the waste
channel. Unwanted droplets (i.e., containing unwanted molecules, cells or virions) can be
directed into the waste channel at the highest speed possible, and when a droplet containing
adesired molecule, cell or virion is detected, the flow can be slowed down and then reversed,
to direct the droplet back into the detection region, from where it can be redirected (i.e. to
accomplish efficient switching). Hence the droplets (and the molecules, cells or virions
contained therein) can flow at the highest possible static speed.

Preferably, both the fluid comprising the droplets and the fluid carrying the droplets
(i.e., the aqueous and non-polar fluids) have a relatively low Reynolds Number, for example
102, The Reynolds Number represents an inverse relationship between the density and
velocity of a fluid and its viscosity in a channel of given length. More viscous, less dense,
slower moving fluids over a shorter distance will have a lower Reynolds Number, and are
easier to divert, stop, start, or reverse without turbulence. Because of the small sizes and
slow velocities, microfabricated fluid systems are often in a low Reynolds number regime
(Re << 1). In this regime, inertial effects, which cause turbulence and secondary flows, are
negligible; viscous effects dominate the dynamics. These conditions are advantageous for
sorting, and are provided by microfabricated devices of the invention. Accordingly the
microfabricated devices of the invention are preferably if not exclusively operated at a low
or very low Reynold’s number.

Exemplary sorting schemes are shown diagrammatically in FIGS. 14A and B and

FIGS. 15A and B.
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The invention is further described below, by way of the following examples. The
examples include descriptions of particular, exemplary embodiments of the devices and
methods of the present invention, including particular embodiments of channel architectures,
valves, switching and flow control devices and methods which may be implemented as part
of the devices and methods of the invention. The examples are provided for illustrative
purposes only and are not limiting of the above-described invention in any way. For
example, many of these specific embodiments are described and discussed primarily in terms
of detecting and sorting cells suspended directly in the fluid that flows through a main
channel of the device. Nevertheless, it will be appreciated by persons of ordinary skill in the
art that these preferred embodiments are merely illustrative and that the invention may be
practiced in a variety of embodiments that share the same inventive concept. In particular,
the devices and methods described in this example (including the channel architectures,
valves, switching and flow control devices and methods) may be readily adapted to a multi-
phased device so that droplets which contain, e.g., molecules, cells or virions may be

analyzed and/or sorted as desired by a user.

EXAMPLE 1 - Microfabrication of a Silicon Device

Analytical devices having microscale flow channels, valves and other elements can
be designed and fabricated from a solid substrate material. Silicon is a preferred substrate
material due to well-developed technology permitting its precise and efficient fabrication,
but other materials may be used, including polymers such as polytetrafluoroethylenes.
Micromachining methods well known in the art include film deposition processes, such as
spin coating and chemical vapor deposition, laser fabrication or photolithographic
techniques, or etching methods, which may be performed by either wet chemical or plasma
processes. See, e.g., (22) and (23).

FIGS. 1A-1D illustrate the initial steps in microfabricating the channels and
discrimination region of a cell sorting device of the invention by photolithographic
techniques. As shown, the structure includes a silicon substrate 160. The silicon wafer

which forms the substrate is typically washed in a 4:1 H,SO,/H,O, bath, rinsed in water, and
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spun dry. A layer 162 of silicon dioxide, preferably about 0.5 um in thickness, is formed on
the silicon, typically by heating the silicon wafer to 800 to 1200 degrees C in an atmosphere
of steam. The oxide layer is then coated with a photoresist layer 164, preferably about 1 pm
in thickness. Suitable negative- or positive-resist materials are well known. Common
negative-resist materials include two-component bisarylazide/rubber resists. Common
positive-resist materials include polymethyl-methacrylate (PMMA) and two component
diazoquinone/phenolic resin materials. See, e.g., (36).

The coated laminate is irradiated through a photomask 166 which has been imprinted
with a pattern corresponding in size and layout to the desired pattern of the microchannels.
Methods for forming photomasks having desired photomask patterns are well known. For
example, the mask can be prepared by printing the desired layout on an overhead
transparency using a high resolution (3000 dpi) printer. Exposure is carried out on standard
equipment such as a Karl Suss contact lithography machine.

In the method illustrated in FIGS. 7A-7D, the photoresist is a negative resist. Thus,
exposure of the resist to a selected wavelength, e.g., UV light, produces a chemical change
that renders the exposed resist material resistant to the subsequent etching step. Treatment
with a suitable etchant removes the unexposed areas of the resist, leaving a pattern of bare
and resist-coated silicon oxide on the wafer surface, corresponding to the layout and
dimensions of the desired microstructures. In this embodiment, since a negative resist is
used, the bare areas correspond to the printed layout on the photomask. The wafer is next
treated with a second etchant material, such as a reactive ion etch (RIE), which effectively
dissolves the exposed areas of silicon dioxide. The remaining resist is removed, typically
with hot aqueous H,SO,. The remaining pattern of silicon dioxide 162 now serves as amask
for the silicon 160. The channels are etched in the unmasked areas of the silicon substrate
by treating with a KOH etching solution. Depth of etching is controlled by time of treatment.
Additional microcomponents may also be formed within the channels by further
photolithography and etching steps, as discussed below.

Depending on the method to be used for directing the flow of cells through the

device, e.g., electro-osmotic or microvalve, electrodes and/or valves are fabricated into the

0044



10

15

20

25

(CIT 3259-P) -43- Attorney Docket 9373/0H282-US0

flow channels. A number of different techniques are available for applying thin metal
coatings to a substrate in a desired pattern. These are reviewed, for example, in (25). A
convenient and common technique used in fabrication of microelectronic circuitry is vacuum
deposition. For example, metal electrodes or contacts may be evaporated onto a substrate
using vacuum deposition and a contact mask made from, for example, a "MYLAR" sheet.
Various metals such as platinum, gold, silver or indium/tin oxide may be used for the
electrodes.

Deposition techniques allowing precise control of the area of deposition are preferred
when applying electrodes to the side walls of the channels in the device of the invention.
Such techniques are described, for example, in (25) and the references cited therein. These
techniques include plasma spraying, where a plasma gun accelerates molten metal particles
in a carrier gas towards the substrate, and physical vapor deposition using an electron beam
to deliver atoms on line-of-sight to the substrate from a virtual point source. In laser coating,
a laser is focused onto the target point on the substrate, and a carrier gas projects powdered
coating material into the beam, so that the molten particles are accelerated toward the
substrate. Another technique allowing precise targeting uses an electron beam to induce
selective decomposition of a previously deposited substance, such as a metal salt, to a metal.

This technique has been used to produce submicron circuit paths, e.g., (26).

EXAMPLE 2 - Photodiode Detectors

In one embodiment of the invention, shown in FIG. 2A, each detection region is
formed from a portion of a channel 74 of an analysis unit and includes a photodiode 72
preferably located in the floor of the main channel. The detection region encompasses a
receptive field of the photodiode in the channel, which receptive field has a circular shape.
The volume of the detection region is the volume of a cylinder with a diameter equal to the
receptive field of the photodiode and a height equal to the depth of the channel above the
photodiode.

The signals from the photodiodes 72 can be carried to a processor via one or more

lines 76, representing any form of electrical communication (including e.g. wires, conductive
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lines etched in the substrate, etc.). The processor acts on the signals, for example by
processing them into values for comparison with a predetermined set of values for sorting
the cells. In one embodiment, the values correspond to the amount of optically detectable
signal emitted from a cell, which is indicative of a particular cell type or characteristic giving
rise to the signal. The processor uses this information (i.e., the values) to control active
elements in the discrimination region to determine how to sort the cells (e.g. electro-osmotic
switching or valve action).

When more than one detection region is used, the photodiodes in the laser diode chip
are preferably spaced apart relative to the spacing of the detection regions in the analysis unit.

That is, for more accurate detection, the photodiodes are placed apart at the same spacing
as the spacing of the detection region.

The processor can be integrated into the same chip that contains the analysis unit(s),
orit can be separate, e.g., an independent microchip connected to the analysis unit-containing
chip via electronic leads that connect to the detection region(s) and/or to the discrimination
region(s), such as by a photodiode. The processor can be a computer or microprocessor, and
is typically connected to a data storage unit, such as computer memory, hard disk, or the like,
and/or a data output unit, such as a display monitor, printer and/or plotter.

The types and numbers of cells, based on detection of a reporter associated with or
bound to the cells passing through the detection region, can be calculated or determined, and
the data obtained can be stored in the data storage unit. This information can then be further
processed or routed to the data outlet unit for presentation, e.g. histograms, of the types of
cells or levels of a protein, saccharide, or some other characteristic on the cell surface in the
sample. The data can also be presented in real time as the sample is flowing through the
device.

In the embodiment of FIG. 2B, the photodiode 78 is larger in diameter than the width
of the channel 82, forming a detection region 80 that is longer (along the length of channel
82) than it is wide. The volume of such a detection region is approximately equal to the

cross-sectional area of the channel above the diode multiplied by the diameter of the diode.
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If desired, the device may contain a plurality of analysis units, i.e., more than one
detection and discrimination region, and a plurality of branch channels which are in fluid
communication with and branch out from the discrimination regions. It will be appreciated
that the position and fate of the cells in the discrimination region can be monitored by
additional detection regions installed, for example, immediately upstream of the
discrimination region and/or within the branch channels immediately downstream of the
branch point. The information obtained by the additional detection regions can be used by
a processor to continuously revise estimates of the velocity of the cells in the channels and
to confirm that cells having a selected characteristic enter the desired branch channel.

A group of manifolds (a region consisting of several channels which lead to or from
a common channel) can be included to facilitate movement of the cell sample from the
different analysis units, through the plurality of branch channels and to the appropriate
solution outlet. Manifolds are preferably microfabricated into the chip at different levels of
depth. Thus, devices of the invention having a plurality of analysis units can collect the
solution from associated branch channels of each unit into a manifold, which routes the flow
of solution to an outlet. The outlet can be adapted for receiving, for example, a segment of
tubing or a sample tube, such as a standard 1.5 ml centrifuge tube. Collection can also be

done using micropipettes.

EXAMPLE 3 - Valve Structures

In an embodiment where pressure separation is used for discrimination of cells,
valves can be used to block or unblock the pressurized flow of cells through selected
channels. A thin cantilever, for example, may be included within a branch point, as shown
in FIGS. 3A and 3B, such that it may be displaced towards one or the other wall of the main
channel, typically by electrostatic attraction, thus closing off a selected branch channel.
Electrodes are on the walls of the channel adjacent to the end of the cantilever. Suitable
electrical contacts for applying a potential to the cantilever are also provided in a similar

manner as the electrodes.
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A valve within a channel may be microfabricated, if desired, in the form of an
electrostatically operated cantilever or diaphragm. Techniques for forming such elements
are well known in the art (e.g., 28, 40, 41, 24, 22). Typical processes include the use of
selectively etched sacrificial layers in a multilayer structure or, for example, the undercutting
of alayer of silicon dioxide via anisotropic etching. For example, to form a cantilever within
achannel, as illustrated in FIGS. 3A and 3B, a sacrificial layer 168 may be formed adjacent
to a small section of a non-etchable material 170, using known photolithography methods,
on the floor of a channel, as shown in FIG. 3A. Both layers can then be coated with, for
example, silicon dioxide or another non-etchable layer, as shown at 172. Etching of the
sacrificial layer deposits the cantilever member 174 within the channel, as shown in FIG. 3B.
Suitable materials for the sacrificial layer, non-etchable layers and etchant include undoped
silicon, p-doped silicon and silicon dioxide, and the etchant EDP (ethylene
diamine/pyrocatechol), respectively. Because the cantilever in FIG. 3B is parallel to the
direction of etching, it may be formed of a thin layer of silicon by incorporating the element
into the original photoresist pattern. The cantilever is preferably coated with a dielectric
material such as silicon nitride, as described in (41) for example, to prevent short circuiting
between the conductive surfaces.

It will be apparent to one of skill in the field that other types of valves or switches can
be designed and fabricated, using well known photolithographic or other microfabrication
techniques, for controlling flow within the channels of the device. Multiple layers of

channels can also be prepared.

EXAMPLE 4 - Sorting Techniques

As illustrated with respect to FIGS. 4A-4D, there are a number of ways in which
cells can be routed or sorted into a selected branch channel.

FIG. 4A shows a discrimination region 102, which is suitable for electrophoretic
discrimination as the sorting technique. The discrimination region is preceded by a main
channel 104. A junction divides the main channel into two branch channels 106 and 108.

The discrimination region 102 includes electrodes 110 and 112, positioned on outer side
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walls of the branch channels 106 and 108, and which connect to leads 114 and 116. The
leads are connected to a voltage source (not shown) incorporated into or controlled by a
processor (not shown), as described, infra. The distance (D) between the electrodes is
preferably less than the average distance separating the cells during flow through the main
channel. The dimensions of the electrodes are typically the same as the dimensions of the
channels in which they are positioned, such that the electrodes are as high and wide as the
channel.

The discrimination region shown in FIG. 4B is suitable for use in a device that
employs electro-osmotic flow, to move the cells and bulk solution through the device. FIG.
4B shows a discrimination region 122 which is preceded by a main channel 124. The main
channel contains a junction that divides the main channel into two branch channels 126 and
128. An electrode 130 is placed downstream of the junction of the main channel, for
example near the sample inlet of main channel. Electrodes are also placed in each branch
channel (electrodes 132 and 134). The electrode 130 can be negative and electrodes 132 and
134 can be positive (or vice versa) to establish bulk solution flow according to well-
established principles of electro-osmotic flow (32).

After a cell passes the detection region (not shown) and enters the discrimination
region 122 (e.g. between the main channel and the two branch channels) the voltage to one
of the electrodes 132 or 134 can be shut off, leaving a single attractive force that acts on the
solution and the cell to influence it into the selected branch channel. As above, the
appropriate electrodes are activated after the cell has committed to the selected branch
channel in order to continue bulk flow through both channels. In one embodiment, the
electrodes are charged to divert the bulk flow of cells into one branch channel, for example
channel 126, which can be called a waste channel. In response to a signal indicating that a
cell has been identified or selected for collection, the charge on the electrodes can be changed
to divert the selected sell into the other channel (channel 128), which can be called a
collection channel.

In another embodiment of the invention, shown in FIG. 4C, the cells are directed into

a predetermined branch channel via a valve 140 in the discrimination region. The valve 140
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comprises a thin extension of material to which a charge can be applied via an electrode lead
142. The valve 140 is shown with both channels open, and can be deflected to close either
branch channel by application of a voltage across electrodes 144 and 146. A cell is detected
and chosen for sorting in the detection region (not shown), and can be directed to the
appropriate channel by closing off the other channel, e.g. by applying, removing or changing
a voltage applied to the electrodes. The valve can also be configured to close one channel
in the presence of a voltage, and to close the other channel in the absence of a voltage.

FIG. 4D shows another embodiment of a discrimination region of the invention,
which uses flow stoppage in one or more branch channels as the discrimination means. The
sample solution moves through the device by application of positive pressure at an end where
the solution inlet is located. Discrimination or routing of the cells is affected by simply
blocking a branch channel 145 or 148 or a branch channel sample outlet using valves in a
pressure-driven flow 147 or 149. Due to the small size scale of the channels and the
incompressibility of liquids, blocking the solution flow creates an effective “plug” in the
non-selected branch channel, thereby temporarily routing the cell together with the bulk
solution flow into the selected channel. Valve structures can be incorporated downstream
from the discrimination region, which are controlled by the detection region, as described
herein.

Alternatively, the discrimination function represented in FIG. 4D may be controlled
by changing the hydrostatic pressure at the sample outlets of one or both branch channels 145
or 148. If the branch channels in a particular analysis unit have the same resistance to fluid
flow, and the pressure at the sample inlet of the main channel of an analysis unit is P, then
the fluid flow out of any selected branch channel can be stopped by applying a pressure P/n
at the sample outlet of the desired branch channel, where n is the number of branch channels
in the analysis unit. Accordingly, in an analysis unit having two branch channels, the
pressure applied at the outlet of the branch to be blocked is P/2.

As shown in FIG. 4D, a valve is situated within each branch channel, rather than at
the branch point, to close off and terminate pressurized flow through selected channels.

Because the valves are located at a point downstream from the discrimination region, the
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channels in this region may be formed having a greater width than in the discrimination
region in order to simplify the formation of valves. The width of the cantilever or diaphragm
should approximately equal the width of the channel, allowing for movement within the
channel. If desired, the element may be coated with a more malleable material, such as a
metal, to allow for a better seal. Such coating may also be employed to render a non-
conductive material, such as silicon dioxide, conductive. As above, suitable electrical
contacts are provided for displacing the cantilever or diaphragm towards the opposing
surface of the channel. When the upper surface is a glass cover plate, electrodes and contacts
may be deposited onto the glass.

FIG. 5 shows a device with analysis units containing a cascade of detection and
discrimination regions suitable for successive rounds of cell sorting. For example, such a
cascade configuration may be used to sequentially assay the cells for at least three different
reporters, e.g., fluorescent dyes, corresponding to expression of at least three different
cellular characteristics (markers) . Samples collected at the outlet region of the different
branch channels contain pools of cells expressing defined levels of each of the three markers.
The number of reporters employed, and therefore the number of expressed markers of

interest, can be varied to meet the needs of the practitioner.

EXAMPLE 5 - Reporters and Labels for Cell Sorting

To sort cells of the invention, cells are labeled with an optically detectable reporter
which is analyzed and interpreted to determine whether the cell having the reporter should
be sorted. The reporter may function in a variety of ways to effectively emit or display a
readable signal that can be detected by the detection region.

In one embodiment the signal is in the form of a marker that associates within or
binds to a particular cell type. The signal therefore acts to identify the cell as having a
particular characteristic, e.g., a protein (receptor) or saccharride, such that the reporter signal
from a given cell is proportional to the amount of a particular characteristic. For example,
the reporter may be an antibody, a receptor or a ligand to a receptor (which bind to a protein

or sugar), or a fragment thereof, each having a detectable moiety, such as a dye that
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fluoresces. The reporter can bind to a structure on the surface or within the cell of interest,
and since the antibody contains a detectable reporter, any cell to which the reporter is bound
would be detectable by the detection region of the device as the cell flows past such region.
It should be appreciated by those having ordinary skill in the art that the antibody, receptor,
ligand, or other agent that can act as a marker, can be modified to meet the needs of the
practitioner, e.g., such as using fragments or making chimerics.

Fluorescent dyes are examples of optically-detectable reporters. There are a number
of known dyes which selectively bind to nucleic acids, proteins and sugars. For DNA and
RNA studies, these include, but are not limited to, Hoechst 33258, Hoechst 33342, DAPI
(4',6-diamidino-2-phenylindole HC1), propidium iodide, dihydroethidium, acridine orange,
ethidium bromide, ethidium homodimers (e.g., EthD-1, EthD-2), acridine-ethidium
heterodimer (AEthD) and the thiazole orange derivatives PO-PRO, BOPRO, YO-PRO, To-
PRO, as well as their dimeric analogs POPO, BOBO, YOYO, and TOTO. All of these
compounds can be obtained from Molecular Probes (Eugene, OR). Extensive information
on their spectral properties, use, and the like is provided in Haugland (30). Each dye binds
at a known or empirically determined maximum density. Thus, by measuring the
fluorescence intensity of a reporter molecule, the presence, concentration or relative amount
of the desired cell characteristic can be determined, for example by comparison with an
empirically determined reference standard. For example, one molecule of YOYO-1 has been
found to bind 4-5 base pairs of DNA, and this ratio can be used to evaluate the length of an
unknown DNA sequence, or to sort DNA based on a range or window of dye signal
corresponding to a desired sorting length.

Ultraviolet reporters may also be used. Examples include green fluorescent protein
and cascade blue.

Two applications of the invention are for the quantitation of cell surface and
intracellular antigens, and of nucleic acid contents in cells, for the study of cellular
differentiation and function, e.g. in the field of immunology and cancer cytology. For cellular
surface antigen studies, phycobiliproteins, phycoerythrin, Texas Red and allophycocyanin,

can be used as fluorescent labels for monoclonal antibodies for identification of blood cells
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and cancer cells. For cellular DNA/RNA analysis, the dyes mentioned above can be used.
For the study of cellular functions, chromogenic or fluorogenic substrates were first used in
flow cytometry to detect and quantitate intracellular enzyme activities (e.g., 4-Nitrophenyl,
5-Bromo-5-chloro-3-indolyl, fluorescein digalactoside, fluorescein diglucuronide, fluorescein
diphosphate, and creatine phosphate.) These reporters can be used in the invention.

Dyes and fluorescent substrates for detection of other cellular functions such as
protein contents (dyes e.g., fluorescein isothoiocyanate, sulphorhodamine, sulfosuccinimidyl
esters, fluorescein-5-maleimide), intracellular pH (such as carboxyfluorescein and its
derivative esters, and fluorescein sulfonic acid and its derivative diacetate), for signal
transduction (e.g., fluorescent bisindolylmaleimides, hypericin, hypocrellin, forskolin)
cytoplasmic and mitochondrial membrane potentials developed for analysis of cellular
activation processes can also be used. Other applications suitable for use in the invention
include chromogenic or fluoregenic probes for analysis of other cellular or encapsulating
environments, such as detection of organelles (e.g. the mitochondria, lysosomes), cell
morphology, cell viability and proliferation, receptors and ion channels, and for
measurements of certain ions (e.g. metal ions, Ca**, Mg®*, Zn**) in the cells or in the
environment. Probes of the kinds described here be obtained for example from Molecular
Probes (Eugene, OR).

In another embodiment, cells may produce a reporter in vivo (e.g. a fluorescent
compound) through interaction with a reagent added to the fluid medium. For example, cells
containing a gene for an oxygenase enzyme may catalyze a reaction on an aromatic substrate
(e.g. benzene or naphthalene) with the net result that the fluorescence, or another detectable
property of the substrate, will change. This change can be detected in the detection region,
and cells having that change in fluorescence can be collected based on predetermined criteria.
For example, cells that produce a desired monooxygenase enzyme (such as a P450 enzyme)
can be detected in the presence of a suitable substrate (such as naphthalene), and can be
collected according to the invention, based on the ability of the enzyme to catalyze a reaction
in which a detectable (e.g. fluorescent) product is produced from the substrate. Sorting can

also be done based on a threshold or window concentration of reaction product, which in turn
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can be correlated with the level of fluorescence. A second reagent or coupling enzyme can
be used to enhance fluorescence. See, Affholter and Arnold (34) and Joo et al. (35). Any
mechanism of this kind, including any reporter or combinations of substrate, enzyme and
product can be used for detection and sorting in a like manner, so long as there is at least one
way to detect or measure the presence or degree of the reaction of interest.

The invention may be used to sort any prokaryotic (e.g., bacteria) or eukaryotic cells
(e.g., mammalian, including human blood cells, such as human peripheral blood
mononuclear cells (PBMCs)) which has a detectable characteristic or marker, or which can
be labeled with a detectable reporter, for example an optically-detectable label. For example,
antibodies or fragments thereof that recognize a receptor or antigen of interest, and which are
linked to a fluorescent dye can be used to label cells. Examples of antigens which can be
labeled with antibodies for cell sorting include, without limitation, HLA DR, CD3, CD4,
CD8, CDl11a, CDl11¢, CD14, CD16, CD20, CD45, CD45RA, and CD62L. The antibodies
can in turn be detected using an optically-detectable reporter (either via directly conjugated
reporters or via labeled secondary antibodies) according to methods known in the art.
Alternatively, a ligand that is bound with a fluorescent dye and has affinity for a particular
antigen or receptor of interest can be used in the same manner.

It will be appreciated that the cell sorting device and method described above can be
used simultaneously with multiple optically-detectable reporters having distinct optical
properties. For example, the fluorescent dyes fluorescein (FITC), phycoerythrin (PE), and
"CYCHROME" (Cy5-PE) can be used simultaneously due to their different excitation and
emission spectra. The different dyes may be assayed, for example, at successive detection
and discrimination regions. Such regions may be cascaded as shown in FIG. 5 to provide
samples of cells having a selected amount of signal from each dye.

Optical reporters, such as fluorescent moieties, can be excited to emit light of
characteristic wavelengths by an excitation light source. Fluorescent moieties have an
advantage in that each molecule can emit a large number of photons to a distance of 10 feet
in response to radiation stimulus. Other optically detectable reporter labels include

chemiluminescent and radioactive moieties, which can be used without an excitation light
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source. In another embodiment, absorbance at a particular wavelength, or measuring the
index refraction of a particle, such as a cell, can be used to detect a characteristic. For
example, if using an index of refraction, different types of cells can be distinguished by

comparing differences in their retractive properties as they pass a light source.

EXAMPLE 6 - Operation of a microfabricated cell sorting device.

In operation of the microfabricated device of the invention, it is advantageous and
preferred, to "hydrate" the device (i.e., fill the channels of the device with a solvent, such as
water or the buffer solution in which the cells will be suspended) prior to introducing the
cell-containing solution. Hydration of the device can be achieved by supplying the solvent
to the device reservoir and applying hydrostatic pressure to force the fluid through the
analysis unit(s).

Following the hydration step, the cell-containing solution is introduced into the
sample inlets of the analysis unit(s) of the device. The solution may be conveniently
introduced in a variety of ways, including by an opening in the floor of the inlet channel,
reservoir (well) or via a connector. As a stream of cells to be sorted for a detectable
characteristic or reporter is moved through the detection region, a signal from each cell is
detected or measured and is compared with a threshold or set range of values to determine
whether the cell possesses the desired characteristic based on the amount of reporter detected.
The cells preferably move in single file.

In the embodiment of this example, the level of reporter signal is measured at the
detection region using an optical detector, which may include one or more of a photodiode
(e.g., avalanche photodiode), a fiber-optic light guide leading, for example, to a photo
multiplier tube, a microscope with a high numerical aperture objective and an intensified
video camera, such as a CCD camera, or the like. The optical detector may be
microfabricated or placed onto a cell analysis chip (e.g., a photodiode as illustrated in FIGS.
2A and 2B), or it may be a separate element, such as a microscope objective.

If the optical detector is used as a separate element, it is generally advantageous to

restrict the collection of signal from the detection region of a single analysis unit at a given
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time. It may also be advantageous to provide an automated means of scanning the laser beam
relative to the cell analysis chip, scanning the emitted light over the detector, or using a
multichannel detector. For example, the cell analysis chip can be secured to a movable
mount (e.g., a motorized/computer-controlled micromanipulator) and scanned under the
objective. A fluorescence microscope, which has the advantage of a built-in excitation light
source (epifluorescence), is preferably employed for detection of a fluorescent reporter.

The signal collected from the optical detector is routed, e.g., via electrical traces and
pins on the chip, to a processor, which interprets the signals into values corresponding to the
cell type characteristic giving rise to the signal. These values are then compared, by the
processor, with pre-loaded instructions containing information about which branch channel
the cells having the desired characteristic will be routed. In some embodiments there is a
signal delay period (i.e., long enough to allow the reporter signal from the cell to reach the
discrimination region), after which the processor sends a signal to actuate the active elements
in the discrimination region to route the cell into the appropriate branch channel. In other
embodiments there is little or no signal delay period, because the detection region is
immediately adjacent to the branch point, and switching can be immediate. There may be
a sorting delay period, which is the time needed to ensure that a selected cell is sorted into
the correct branch channel, i.e. before switching back to normal (non-selected) flow. This
period can be empirically determined.

Any needed or desired delay period can be readily determined according to the rate
at which the cells move through the channel, i.e. their velocity, and the length of the channel
between the detection region and the discrimination region. In addition, depending on the
mechanism of flow, cell size may also affect the movement (velocity) through the device.
In cases where the sample solution is moved through the device using hydrostatic pressure
(e.g., as pressure at the inlet region and/or suction at the outlet region), the velocity is
typically the flow rate of the solution. Ifthe cells are directed through the device using some
other force, such as electro-osmotic flow (e.g. using an electric field or gradient between the

inlet region and the outlet region), then the delay period is a function of velocity and cell size,
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and can be determined empirically by running standards including different sizes or types of
known cells. Thus, the device can be appropriately calibrated for the intended use.

The time required to isolate a desired quantity of cells depends on a number of
factors, including the size of the cells, the rate at which each analysis unit can process the
individual fragments, and the number of analysis units per chip. The time required can be
calculated using known formulas. For example, a chip containing 1000 analysis units, each
of which can sort 1,000 cells per second, could isolate about 100 pg of 3pm cells in about
1 hour.

The concentration of cells in the sample solution can influence sorting efficiency, and
can be optimized. The cell concentration should be dilute enough so that most of the cells
pass through the detection region one by one (in single file), with only a small statistical
chance that two or more cells pass through the region simultaneously. This is to insure that
for the large majority of measurements, the level of reporter measured in the detection region
corresponds to a single cell and not two or more cells.

The parameters which govern this relationship are the volume of the detection region
and the concentration of cells in the sample solution. The probability that the detection

region will contain two or more cells (P,,) can be expressed as

P,,=1- {1+ [cell] x V} x elelixV

where [cell] is the concentration of cells in units of cells per pm? and V is the volume of the
detection region in units of pm’.

It will be appreciated that P,, can be minimized by decreasing the concentration of
cells in the sample solution. However, decreasing the concentration of cells in the sample
solution also results in an increased volume of solution processed through the device and can
result in longer run times. Accordingly, it is desirable to minimize the presence of multiple
cells in the detection chamber (thereby increasing the accuracy of the sorting) and to reduce
the volume of sample fluid thereby permitting a sorted sample in a reasonable time in a

reasonable volume containing an acceptable concentration of cells.
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The maximum tolerable P,, depends on the desired "purity" of the sorted sample.
The "purity" in this case refers to the fraction of sorted cells that are in a specified size range,
and is inversely proportional to P,,. For example, in applications where high purity is not
needed or desired a relatively high P, (e.g., P,, = 0.2) may be acceptable. For most
applications, maintaining P, at or below about 0.1, preferably at or below about 0.01,
provides satisfactory results.

For example, where P, is 0.1, it is expected that in about 10% of measurements, the
signal from the detection region is a result of the presence of two or more cells. If the total
signal from these cells is in the range corresponding to a value set for a desired cell type,
those cells will be sorted into the channel or tube predetermined for the desired cell type.

The cell concentration needed to achieve a particular P,, value in a particular
detection volume can be calculated from the above equation. For example, a detection
region in the shape of a cube 10 microns per side has a volume of 1 pl. A concentration of
cells which have a diameter of 1 micron, resulting on average in one cell per pl, is about 1.7
pM. Using a P,, value of about 0.01, the cell concentration in a sample analyzed or
processed using the 1 pl detection region volume is approximately 10 pM, or roughly one cell
per 3 detection volumes ([cell] x V =~ 0.3). Ifthe concentration of cells is such that [cell]
x Vis 0.1, then P,, is less than 0.005; i.e., there is less than a one half of one percent (0.5 %)
chance that the detection region will, at any given time, contain two or more cells.

As discussed above, the sample mixture introduced into a device of the invention
should be dilute enough such that there is a high likelihood that only a single cell will occupy
the detection region at any given time. This will allow the cells to be in "single file",
separated by stretches of cell-free solution as the solution flows through the device between
the detection and discrimination regions. The length of the channel, discussed above,
between the detection and discrimination region should therefore not be too long, such that
random thermal diffusion does not substantiaily alter the spacing between the cells. In
particular, the channel length should be short enough so that a cell can traverse it in short
enough time, such that even the smallest cells being analyzed will typically be unable to

diffuse and change position or order in the line of cells. The channel should also be long
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enough so that flow control can be switched in time to appropriately divert a selected cell in
response to detection or measurement of a signal produced from examination of the cell as
it passes through the detection region.

The diffusion constant of a 0.5 m sphere is approximately 5x10° ecm*/sec. The
diffusion equation gives the distance (x) that the sphere will diffuse in time (¢) as: <x>> =Dy,
where D is the diffusion constant given by D=k T/6mnR,. In this equation, k; is the
Boltzmann’s Constant, T is the temperature, 1 is the viscosity of the fluid and R is the
diameter of the sphere. Using this relationship, it will be appreciated thata 0.5 pm cell takes
about 50 seconds to diffuse 500 um. The average spacing of cells in the channel is a
function of the cross-sectional area of the channel and the cell concentration, the latter
typically determined in view of acceptable values of P,,, discussed above. From these
relationships, it is then easy to calculate the maximum channel length between the detection
and discrimination region which would ensure that cells do not change order or position in
the line of cells. In practice, the channel length between the detection and discrimination
regions is between about 1pm and about 100 pm.

Shear forces may affect the velocity at which the cells move through the microfluidic
device, particularly when living cells are to be sorted and collected. Experiments have shown
that high electric fields, in the range of 2 - 4 kV/cm for human erythrocytes and 5 - 10 kV/em
for yeast cells can be used to introduce DNA and other substances into cells using
electroporation. At these voltages there was no cell lysis, although membrane permeation
was possible. To avoid membrane permeation and cell lysis, it is preferred that the electric
fields applied to move cells in any of the described flow techniques is less than about 600

V/cm and most preferably less than about 100 V/em.

EXAMPLE 7 - Elastomeric Microfabricated Device

This Example demonstrates the manufacture and operation of a disposable
microfabricated FACS device, which can function as a stand-alone device or as a component
of an integrated microanalytical chip, in sorting cells or biological materials. The device

permits high sensitivity, no cross-contamination, lower cost to operate and manufacture than
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conventional FACS machines and multiple-hour run times. In this example, the
microfabricated chip had a detection volume of approximately 250 fl and single channel
throughput of about 20 cells/second. The device obtained substantial enrichment of micron-
sized fluorescent bead populations of different colors. In addition, populations of E. coli
cells expressing green fluorescent protein were separated, and enriched, from a background
of non-fluorescent (wild type) E. coli cells. The bacteria were also found to be viable after
extraction from the sorting device.

Preparation of the microfabricated device

A silicon wafer was etched and fabricated as described above and in (12). After
standard contact photolithography techniques to pattern the oxide surface of the silicon
wafer, a C,F,/CHF; gas mixture was used to etch the wafer by RIE. The silicon wafer was
then subjected to further etch with KOH to expose the silicon underneath the oxide layer,
thereby forming a mold for the silicone elastomer. The silicon mold forms a "T"
arrangement of channels. The dimensions of the channels may range broadly, having
approximately 5x4 um dimension.

A representative device of the invention is shown in FIG. 6. The etching process is
shown schematically in FIG. 7. Standard micromachining techniques were used to create
a negative master mold out of a silicon wafer. The disposable silicone elastomer chip was
made by mixing General Electric RTV 615 components (36) together and pouring onto the
etched silicon wafer. After curing in an oven for two hours at 80°C, the elastomer was
peeled from the wafer and bonded hermetically to a glass cover slip for sorting. To make the
elastomer hydrophilic the elastomer chip was immersed in HCI (pH=2.7) at 60 degrees C for
40 to 60 min. Alternatively, the surface could have been coated with polyurethane (3% w/v
in 95% ethanol and diluted 10X in ethanol). It is noted that the master wafer can be reused
indefinitely. The device shown has channels that are 100 um wide at the wells, narrowing
to 3 pum at the sorting junction (discrimination region). The channel depth is 4 um, and the
wells are 2 mm in diameter.

In this embodiment the cell-sorting device was mounted on an inverted optical

microscope (Zeiss Axiovert 35) as shown in FIG. 8. In this system, the flow control can be
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provided by voltage electrodes for electro-osmotic control or by capillaries for pressure-
driven control. The detection system can be photo multiplier tubes or photodiodes,
depending upon the application. The inlet well and two collection wells were incorporated
into the elastomer chip on three sides of the "T" forming three channels (FIGS. 6 and 7).
The chip was adhered to a glass coverslip and mounted onto the microscope.

Three platinum electrodes were each inserted into separate wells. A water-cooled
argon laser (for cells) or a 100W mercury lamp (for beads) focused through an oil immersion
objective (Olympus Plan Apo 60 X 1.4NA) was used to excite the fluorescence and a charge-
coupled device (CCD) camera took the image. To select for red fluorescence emission a 630
nm + 30 emission filter (Chroma) is used. The detection region was approximately 5 to 10
um below the T-junction and has a window of approximately 15x5 um dimension. The
window is implemented with a Zeiss adjustable slit. Using one or two Hammatzu R928
photo multiplier tubes (bias -850V) with custom current-to-voltage amplifier, or using
photodiodes, as detectors, and using different emission filters (depending on the
fluorescence), photocurrent(s) from the detector(s) were converted to voltage by a Burr-
Brown OP128 optical amplifier (107 V/A), digitized by National Instrument PC1200 board
and processed into a computer. The voltages on the electrodes are provided by a pair of
Apex PA42 HV op amps powered by Acopian power supplies. The third electrode was
ground. Adjusting the voltage settings on the PC1200 board analog outlets and its
amplification to the platinum electrodes can control the switching of the directions of the
fluids. Thus, cells can be directed to either side of the "T" channels depending upon the
voltage potential settings. Furthermore, different ways of sorting in the microfluidic device
can be achieved by different computer programs, e.g., different computer-controlled

procedures using known programming techniques.

Sorting Experiments

This embodiment of the microfabricated FACS system was used to sort fluorescent
beads of different emission wavelengths in different ratios up to 33,000 beads per hour

throughput (See FIGS. 9-12). Extra reservoir wells were incorporated into the outer side of
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the three wells of the chip in order to avoid ion-depletion, and platinum electrodes (with the
ground electrode in the inlet well) were inserted into the reservoir wells. One micron
diameter beads were suspended in PBS (137 mM NaCl, 2.7mM KCI, 4.3 mM
Na,HPO,-7H,0, 1.4 mM KH,PO,) with 10% BSA (1 g/l) and 0.5% Tween 20 in various
ratios and dilutions. Samples of the different colored fluorescent beads, having ratios as
indicated below, were injected into the inlet well in 10 to 30 pl aliquots. The collection
wells were filled with the same buffer.

To sort the beads the optical filter in front of the PMT passed only the color
fluorescence corresponding to the color of the bead on interest, e.g., red fluorescent light to
sort red beads. Voltages on the electrodes were set for switching purposes, either for sorting
or reversible switching. The time duration of sorting can be as long as 3 hours, although the
voltage settings may have to be readjusted from time to time. The coefficient of variation
of bead intensity was measured as about 1 to 3 % depending on the depth of the channel and
the surface treatment of the elastomer. After sorting, enrichment of the beads was
determined by the processor that recorded the data gathered by the detection region and was
verified by counting.

In the following experiments, the channels of the microfabricated device were 3x4
with bead-sorting and 10x4 with cell-sorting.

A. Sorting green fluorescent beads from red fluorescent beads

As shown in FIG. 8, sorting of green fluorescent beads to red fluorescent beads in
aratio of 100:1 was performed. A mixture of 0.375% beads resuspended in 137 mM NaCl
PBS with 10% BSA + 0.5% Tw20 was put through the 3x4 um silicone elastomer device of
the invention for approximately 22 minutes. Using a mercury lamp as the light source, the
R928 Hammatzu PMT bias was -850 V with 630 nm + 30 emission filter.

B. Sorting red fluorescent beads from blue fluorescent in forward and reverse

FIG. 9 shows sorting of blue fluorescent beads to red fluorescent beads in a ratio of
10:1 using a forward mode. A mixture of 1.5% beads resuspended in 137 mM NaCl PBS
with 10% BSA + 0.5% Tw20 was sorted using a 3x4 pm device for about 24 minutes. Red
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beads were enriched 8.4 times. The darker and lighter bars represent the ratio of red or blue
beads over the total number of beads sorted, respectively.

FIG 10 shows the sorting of red fluorescent beads from blue fluorescent beads using
a reversible mode. Beads were prepared in the buffer as described in a ratio of 100:1
(blue:red). After 6 min. the collection channel had a sample of red beads that had been
enriched by 96 times. The darker and lighter bars represent the ratio of red or blue beads
over the total number of beads sorted, respectively. The throughput was approximately 10
beads/s.

C. Sorting green fluorescent beads from red fluorescent in reversible mode

FIG. 11 shows the results of sorting, by reversible switching, green fluorescent beads
to red fluorescent beads in a ratio of 100:1. A mixture of 0.375% beads resuspended in
137mM NaCl PBS with 10% BSA + 0.5% Tw20 was sorted using a 3x4 um device for about
12 minutes. Reversible switching provides for a rapid and high throughput of undesired
beads or cells, with a rapid reversal of fluid flow once a desired bead or cell is detected. This
allows for a high throughput and reliable capture of rare cells or events, with rapid analysis
of results. The data represented in FIG. 11 show that the red beads were enriched by about
36 times. The darker and lighter bars represent the ratio of red or green beads over the total
number of beads sorted, respectively.

D. Sorting E. coli cells expressing green fluorescent protein from wild type cells

Sorting results using E. coli cells demonstrated the enrichment capability of
microfabricated FACS on living cells. E. coli cells (HB101) expressing green fluorescent
protein (GFP) were grown at 30 degrees C for 12 hours in LB + amp (one colony inoculated
into 3 ml medium). The preparation of GPF-expressing E. coli cells is described for example
in Sambrook et al. (48). Wild type E. coli HB101 cells were also incubated for 12 hours in
LB only medium. After incubation, HB101 and GFP HB101 E. coli cells were resuspended
in PBS (I=0.021) three times and stored at 4 degrees C for sorting.

Immediately before sorting, the cells were resuspended again into PB (4.3 mM
Na,HPO,-7H,0, 1.4 mM KH,PO,) containing 10 to 10" M SDS and diluted 10 to 100 fold

depending on the absorbance (1 to 1.5) and concentration of the cells. The cells were filtered
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through a 5 mm syringe filter (Millipore) for elimination of any elongated cells.
Fluorescence was excited using a 488 nm Coherent Innova 70 argon ion laser (30 to 50 mW
light source, 6 mW out of the objective), the R928 Hammatzu PMT bias was -
850V (Chroma) and the emitted fluorescence was filtered using a 535 + 20 filter.

Different ratios of wildtype E. coli to GFP expressing E. coli cells (described below)
were mixed and introduced into the inlet well of the device (volume ranges from 10 to 30 pl
of sample); the collection wells were also filled with 10 to 30 ul of PB with 107 to 10* M
SDS. After inserting the three platinum electrodes into the wells (with the ground electrode
in the inlet well), the voltages were set for forward or reversible sorting modes. The default
voltages here were set to —80V and —56V for the waste and collection channels respectively.
After sorting for a about two hours, cells were collected using a pipette and streaked onto
antibiotic-containing plates (LB plates) and incubated overnight at 37 degrees C for colony-
counting.

In a first experiment, the initial ratio of wild type to GFP-expressing E. coli cells was
100:1 (results in FIG. 12). After 2 hours of sorting the GFP E. coli cells recovered from the
collection well were enriched 30 times, with yields of 20%. In FIG. 12, the dark and light
bars represent the ratios of non-fluorescent wild type E. coli and GFP-expressing E. coli to
the total number of cells sorted (approximately 120,000 cells), respectively. The sorted cells
show relatively constant viability in electric fields up to about 100 V/cm, corresponding to
velocities of about 1 to 3 mm/s. The throughput was about 20 cells/s, which can be
improved, e.g., by adding a parallel device fabrication or pressure driven switching scheme.
FIG. 13 shows the results from cell sorting wild type and GFP-expressing E. coli cells in

an initial ratio of 3:2. The GFP-expressing E. coli were enriched by about 1.75 times.

EXAMPLE 8 - Exemplary Embodiment and Additional Parameters
Microfluidic Chip Fabrication

In a preferred embodiment, the invention provides a "T" on “Y” shaped series of
channels molded into optically transparent silicone rubber or PolyDiMethylSiloxane

(PDMS), preferably PDMS. This is cast from a mold made by etching the negative image
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of these channels into the same type of crystalline silicon wafer used in semiconductor
fabrication. As described above, the same techniques for patterning semiconductor features
are used to form the pattern of the channels. The uncured liquid silicone rubber is poured
onto these molds placed in the bottom of a Petri dish. To speed the curing, these poured
molds are baked. After the PDMS has cured, it is removed from on top of the mold and
trimmed. In a chip with one set of channels forming a “T”, three holes are cut into the
silicone rubber at the ends of the "T", for example using a hole cutter similar to that used for
cutting holes in cork, and sometimes called cork borers. These holes form the sample, waste
and collection wells in the completed device. In this example, the hole at the bottom end of
the T is used to load the sample. The hole at one arm of the T is used for collecting the
sorted sample while the opposite arm is treated as waste. Before use, the PDMS device is
placed in a hot bath of HCI to make the surface hydrophilic. The device is then placed onto
aNo. 1 (150 pm thick) (25x25mm) square microscope cover slip. The cover slip forms the
floor (or the roof) for all three channels and wells. The chip has a detection region as
described above.

Note that any of or all of these manufacturing and preparation steps can be done by
hand, or they can be automated, as can the operation and use of the device.

The above assembly is placed on an inverted Zeiss microscope. A carrier holds the
cover slip so that it can be manipulated by the microscope's X-y positioning mechanism. This
carrier also has mounting surfaces which support three electrodes, which implement the
electro-osmotic and/or electrophoretic manipulation of the cells or particles to be analyzed
and sorted. The electrodes are lengths of platinum wire taped onto a small piece of glass cut
from a microscope slide. The wire is bent into a hook shape, which allows it to reach into
one of the wells from above. The cut glass acts as a support platform for each of the
electrodes. They are attached to the custom carrier with double-sided tape. This allows
flexible positioning of the electrodes. Platinum wire is preferred for its low rate of
consumption (long life) in electrophoretic and electro-osmotic applications, although other

metals such as gold wire may also be used.
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Device Loading

To operate the device for sorting, one of the wells, e.g. the collection or waste well,
is first filled with buffer. All three channels, starting with the channel connected to the filled
well, wick in buffer via capillary action and gravity. Preferably, no other well is loaded until
all the channels fill with buffer, to avoid the formation of air pockets. After the channels fill
the remaining wells can be loaded with buffer, as needed, to fill or equilibrate the device.
The input or sample well is typically loaded last so that the flow of liquid in the channels is
initially directed towards it. Generally, equal volumes of buffer or sample are loaded into
each well. This is done in order to prevent a net flow of liquid in any direction once all of
the wells are loaded, including loading the sample well with sample. In this embodiment,
itis preferred that the flow of material through the device (i.e. the flow of sample) be driven
only by the electrodes, e.g. using electro-osmotic and/or electrophoretic forces. The
electrodes may be in place during loading, or they can be placed into the wells after loading,
to contact the buffer.

Electrodes

Two of the above electrodes are driven by high voltage operational amplifiers
(op-amps) capable of supplying voltages of +-150 V. The third electrode is connected to the
electrical ground (or zero volts)of the high voltage op-amp electronics. For sorting operation
the driven electrodes are placed in the collection and waste wells. The ground electrode is
placed in the sample well. The op-amps amplify, by a factor of 30, a control voltage
generated by two digital to analog converters (DACs). The maximum voltage these DACs
generate is +-5 V, which determines the amplification factor of 30. The 150 V limit is
determined by the power supply to the amplifiers, which are rated for+-175 V. These DACs
reside on a card ( a Lab PC 1200 Card, available from National Instruments, Austin, TX.)
mounted in a personal computer. The card also contains multiple channels of analog to
digital converters (ADC's) one of which is used for measuring the signal generated by photo
multiplier tubes (PMTs). This card contains two DACs. A third DAC can be used to drive
the third electrode with an additional high voltage op amp. This would provide a larger

voltage gradient, if desired, and some additional operational flexibility.
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Without being bound by any theory, it is believed that the electrodes drive the flow
of sample through the device using electro-osmotic or electrophoretic forces, or both. To
start the movement of cells or particles to be sorted, a voltage gradient is established in the
channels. This is done by generating a voltage difference between electrodes.

In this example, the voltage of the two driven electrodes is raised or lowered with
respect to the grounded electrode. The voltage polarity depends on the charge of the cells
or particles to be sorted (if they are charged), on the ions in the buffer, and on the desired
direction of flow. Because the electrode at the sample well in the examples is always at zero
volts with respect to the other two electrodes, the voltage at the "T" intersection or branch
point will be at a voltage above or below zero volts, whenever the voltage of the other two
electrodes is raised or lowered. Typically, the voltage is set or optimized, usually
empirically, to produce a flow from the sample well, toward a downstream junction or branch
point where two or more channels meet. In this example, where two channels are used, one
channel is typically a waste channel and terminates in a waste well; the other channel is a
collection channel and terminates in a collection well.

To direct the particles or cells to a particular channel or arm of the “T” (e.g.
collection or waste), the voltage at the electrode in one well (or multiple wells, in multi-
channel embodiments) is made the same as the voltage at the junction or branch point, where
the channels meet. The voltage of the electrode at one well of the two or more wells is raised
or lowered, to produce a gradient between that well and the branch point. This causes the
flow to move down the channel towards and into the well, in the direction produced by the
gradient. Typically, the voltage of the electrode at the waste well is raised or lowered with
respect to the voltage at the collecting well, to direct the flow into the waste channel and the
waste well, until a particle or cell is identified for collection. The flow is diverted into the
collection channel and collection well by adjusting the voltages at the electrodes to eliminate
or reduce the gradient toward the waste well, and provide or increase the gradient toward the
collection well. For example, in response to a signal indicating that a cell has been detected

for sorting, by examination in a detection region upstream of the branch point, the voltage
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at the waste and collection points can be switched, to divert the flow from one channel and
well to the other.

The voltage at the branch point (the intersection voltage) is determined by the voltage
gradient desired (e.g. Volts/mm) times the distance from the sample well electrode to the
branch point (gradient x distance), which in this example is placed where all of the channels
of the "T" intersect. The gradient also determines the voltage at the waste or collection
electrode(gradient x distance from sample well to collection well).

Conceptually, the channels and wells of the “T” can be treated as a network of three
resistors. Each segment of the "T" behaves as a resistor whose resistance is determined by
the conductivity of the buffer and the dimensions of the channel. A voltage difference is
provided across two of the resistors, but not the third. If the electrodes in each of the three
wells is equidistant from the branch point, then each channel will have the same resistance.

For example, assume that each section of the "T" has 100 K ohms of resistance. If
100 volts is applied across two of the resistors and the third resistor is left unconnected, the
current at the junction of the two resistors would be 50 volts. If a voltage source of 50 volts
is connected to the end of the third resistor, the voltage at the junction does not change. That
is, a net of zero volts is established across the third resistor; there is no voltage gradient and
a flow is not initiated or changed. If a different voltage is applied, a gradient can be
established to initiate or direct the flow into one channel or another. For example, to change
the direction of flow from one arm of the “T” to the other, the voltage values of the two
driven electrodes are swapped. The junction voltage remains the same. If the electrode
distances from the "T" intersection are not equal, then the voltages can be adjusted to
accommodate the resulting differences in the effective channel resistance. The end result is
still the same. The electrode in the well of the channel which is temporarily designated not
to receive particles or cells is set at the voltage of the"T"intersection. The voltage at the
other driven electrode is set to provide a gradient that directs cell or particle flow into that
well. Thus, cells or particles can be sent down one channel or another, and ultimately into

one well or another, by effectively opening one channel with a net or relative voltage gradient

0068



10

15

20

25

(CIT 3259-P) -67- Attorney Docket 9373/0H282-USO

while keeping the other channel or channels closed by a net or relative voltage gradient of
Zero.

In a preferred embodiment for sorting according to the invention, a slight flow down
the channel that is turned “off” is desired. This keeps the particles or cells moving away
from the branch point (the “T” junction), particularly those which have already been directed
to that channel. Thus, a small non-zero gradient is preferably established in the “off” or
unselected channel. The selected channel is provided with a significantly higher gradient,
to quickly and effectively divert the desired cells or particles into that channel.

The placement of the wells and their electrodes with respect to the branch point, and
in particular their distance from the branch point, is an important factor in driving the flow
of particles or cells as desired. As the wells and electrodes are brought closer to the branch
point, it becomes more important to precisely place the electrodes, or precisely adjust the

voltages.

Detection Optics

In this example, a Ziess Axiovert 35 inverted microscope is used for detection of cells
or particles for sorting. The objective lens of this microscope faces up, and is directed at the
detection region of the described microfluidic chip, through the coverslip which in this
example is the floor of the device. This microscope contains all the components for
epifluorescence microscopy. See, Inoue pp 67-70, 91-97 (37). In this embodiment a
mercury arc lamp or argon ion laser is used as the light source. The mercury lamp provides
a broad spectrum of light that can excite many different fluorophores. The argon ion laser
has greater intensity, which improves the detection sensitivity but is generally restricted to
fluorophores that excite at 488 or 514 nm. The mercury lamp is used, for example, to sort
beads as described elsewhere herein. The laser is used for sorting GFP E. coli bacterial cells
as described elsewhere herein. The high power argon ion beam is expanded to fill the
illumination port of the microscope, which matches the optical characteristics of the mercury
arc lamp and provides a fairly uniform illumination of the entire image area in a manner

similar to the mercury lamp. However, it is somewhat wasteful of the laser light. If a lower
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powered laser is used, the laser light is focused down to coincide with the detection region
of the chip, to achieve the same or similar illumination intensity and uniformity with less
power consumption.

The objective used in the example is an Olympus PlanApo 60x 1.4 N.A. oil
immersion lens. The optics are of the infinity corrected type. An oil immersion lens enables
collecting a substantial percentage of the 180 degree hemisphere of emitted light from the
sample. This enables some of the highest sensitivity possible in fluorescence detection. This
microscope has 4 optical ports including the ocular view port. Each port, except the ocular,
taps ~20% of the available light collected from the sample when switched into the optical
path. Only the ocular port can view 100% of the light collected by the objective. In this
embodiment, a color video camera is mounted on one port, another has a Zeiss adjustable slit
whose total light output is measured with a photo multiplier tube (PMT). The fourth port is
not used.

The microscope focuses the image of the sample onto the plane of the adjustable slit.
An achromatic lens collimates the light from the slit image onto the active area of the PMT.
Immediately in front of the PMT window an optical band pass filter is placed specific to the
fluorescence to be detected. The PMT is a side on-type and does not have a highly uniform
sensitivity across its active area. By relaying the image to the PMT with the achromatic lens,
this non-uniformity is averaged and its effect on the measured signal is greatly minimized.
This also enables near ideal performance of the bandpass filter. A 20% beam splitter has
been placed in the light path between the achromat and filter. An ocular with a reticle
re-images this portion of the collimated light. This enables viewing the adjustable slit
directly, to insure that the detection area that the PMT measures is in focus and aligned. The
adjustable slit allows windowing a specific area of the channel for detection. Its width,
height, and x,y position are adjustable, and conceptually define a detection region on the
chip. In this embodiment, the microscope is typically set to view a 5 um (micron) length of
the channel directly below the "T" intersection.

The PMT is a current output device. The current is proportional to the amount of

light incident on the photocathode. A transimpedance amplifier converts this photo-current
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to a voltage that is digitized by the Lab PC 1200 card. This allows for interpreting the image
to select cells or particles having an optical reporter for sorting, as they pass through the
detection region, based for example on the amount of light or fluorescence measured as an
indication of whether a cell or particle has a predetermined level of reporter and should be
chosen for collection. Voltages at the electrodes of the chip can be adjusted or switched
according to this determination, for example by signals initiated by or under the control of

a personal computer acting in concert with the Lab PC1200 card.

Absorbence Detection

In another embodiment for detecting cells or particles, absorbence detection 1is
employed, which typically uses relatively longer wavelengths of light, e.g., ultraviolet (UV).
Thus, for example, a UV light source can be employed. Additional objective lenses can be
used to image a detection region, such that the lenses are preferably positioned from the top
surface if the PDMS device is made reasonably thin. Measurement of the light transmitted,
i.e., not absorbed by the particle or cell, using an adjustable slit, e.g., a Zeiss adjustable slit
as described above, is similar to that used in fluorescence detection. A spectrophotometer
may also be used. As particles or cells pass through the detection window they attenuate the
light, permitting detection of particles or cells having a desired characteristic and particles
or cells that lack it. This can improve the accuracy of the particle sorting, for example, when
sorting based on an amount of a characteristic, rather than presence of the characteristic
alone, or to confirm a signal.

It is noted that in some cases, detection by absorbence may be detrimental at certain
wavelengths of light to some biological material, e.g., E. coli cells at shorter (UV)
wavelengths. Therefore, biological material to be sorted in this manner should first be tested
first under various wavelengths of light using routine methods in the art. Preferably, a longer
wavelength can be selected which does not damage the biological material of interest, but

is sufficiently absorbed for detection.
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Radiation Pressure / Optical trapping

In another embodiment, an optical trap, or laser tweezers, may be used to sort or
direct cells in a PDMS device of the invention. One exemplary method to accomplish this
is to prepare an optical trap, methods for which are well known in the art, that is focused at
the "T" intersection proximate to, and preferably downstream of, the detection region.
Different pressure gradients are established in each branch. A larger gradient at one branch
channel creates a dominant flow of particles or cells, which should be directed into the waste
channel. A second, smaller gradient at another branch channel should be established to
create a slower flow of fluid from the "T" intersection to another channel for collection. The
optical trap remains in an “off” mode until a desired particle is detected at the detection
region. After detection of a desired characteristic, the particle or cell is “trapped”, and
thereby directed or moved into the predetermined branch channel for collection. The particle
or cell is released after it is committed to the collection channel by turning off the trap laser.
The movement of the cell or particle is further controlled by the flow into the collection well.
The optical trap retains its focus on the "T" intersection until the detection region detects the
next cell or particle.

In the case of a water-in-oil micelle (or reverse micelle) the index of refraction of the
water droplet is generally lower than the index of refraction of the surrounding oil phase. In
that circumstance, optical tweezers do not form a stable trap for the water droplet, and in fact
will tend to repel the droplet. This effect can be used to sort droplets, in that a focused
optical beam can be used to deflect droplets, e.g. from a main channel into a waste or
collection channel. Stated another way, a differential in the index of refraction between two
phases of a droplet system, e.g. where droplets of one phase are separated or encapsulated
by another phase, may be exploited to move or direct droplets in response to radiation
pressure. This technique can also be applied to any objects, including without limitation
cells, molecules, etc. that have a different refractive index than the surrounding medium. In
particular, radiation pressure (e.g. an optical beam) can be used to advantageously sort
objects (e.g. droplets) whose index of refraction is lower than that of the surrounding

medium.
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Flow control by optical trapping permits similar flexibility in buffer selection as a
pressure driven system. In addition, the pressure gradients can be easily established by
adjusting the volume of liquid added to the wells. However, it is noted that the flow rate will
not be as fast when the pressure in one channel is above ambient pressure and pressure in

another is below.

Forward Sorting

In an electrode-driven embodiment, prior to loading the wells with sample and buffer
and placing the electrodes, the electrode voltages are set to zero. Once the sample is loaded
and the electrodes placed, voltages for the driven electrodes are set, for example using
computer control with software that prompts for the desired voltages, for example the voltage
differential between the sample and waste electrodes. Ifthe three wells are equidistant from
the "T"intersection, one voltage will be slightly more than half the other. In a typical run, the
voltages are set by the program to start with directing the particles or cells to the waste
channel. The user is prompted for the threshold voltage of the PMT signal, to identify a cell
for sorting, i.e. diversion to the collection channel and well. A delay time is also set. If the
PMT voltage exceeds the set threshold, the driven electrode voltages are swapped and then,
after the specified delay time, the voltages are swapped back. The delay allows the selected
particle or cell enough time to travel down the collection channel so that it will not be
redirected or lost when the voltages are switched back. As described above, a slight gradient
is maintained in the waste channel, when the voltages are switched, to provide continuity in
the flow. This is not strong enough to keep the particle or cell moving into the other or “off”
channel it if is too close to or is still at the branch point.

The value of this delay depends primarily on the velocity of the particles or cells,
which is usually linearly dependent on the voltage gradients. It is believed that momentum
effects do not influence the delay time or the sorting process. The particles or cells change
direction almost instantaneously with changes in the direction of the voltage gradients.
Unexpectedly, experiments have so far failed to vary the voltages faster than the particles or

cells can respond. Similarly, experiments have so far shown that the dimensions of the
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channels do not effect the delay, on the distance and time scales described, and using the
described electronics. In addition the speed with which the cells change direction even at
high voltage gradients is significantly less than needed to move them down the appropriate
channel, when using a forward sorting algorithm.

Once the voltage and delay value are entered the program, it enters a sorting loop, in
which the ADC of the Lab PC 1200 card is polled until the threshold value is exceeded.
During that time, the flow of particles or cells is directed into one of the channels, typically
a waste channel. Once the threshold is detected, the above voltage switching sequence is
initiated. This directs a selected cell or particle (usually and most preferably one at a time)
into the other channel, typically a collection channel. It will be appreciated that the cells or
particles are being sorted and separated according to the threshold criteria, without regard for
which channel or well is considered “waste” or “collection”. Thus, cells can be removed
from a sample for further use, or they can be discarded as impurities in the sample.

After the switching cycle is complete (i.e. after the delay), the program returns to the
ADC polling loop. A counter has also been implemented in the switching sequence which
keeps track of the number of times the switching sequence is executed during one run of the
program. This should represent the number of cells or particles detected and sorted.
However, there is a statistical chance that two cells or particles can pass through
simultaneously and be counted as one. In this embodiment, the program continues in this
polling loop indefinitely until the user exits the loop, e.g. by typing a key on the computer
keyboard. This sets the DACs (and the electrodes) to zero volts, and the sorting process

stops.

Reverse Sorting

The reverse sorting program is similar to the forward sorting program, and provides
additional flexibility and an error correction resource. In the event of a significant delay in
changing the direction of flow in response to a signal to divert a selected cell or particle, for
example due to momentum effects, reversible sorting can change the overall direction of

flow to recover and redirect a cell or particle that is initially diverted into the wrong channel.
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Experiments using the described electrode array show a delay problem and an error rate that
are low enough (i.e. virtually non-existent), so that reversible sorting does not appear
necessary. The algorithm and method may be beneficial, however, for other embodiments
such as those using pressure driven flow, which though benefitting from an avoidance of
high voltages, may be more susceptible to momentum effects.

If a cell is detected for separation from the flow, and switching is not fast enough, the
cell will end up going down the waste channel with all of the other undistinguished cells.
However, if the flow is stopped as soon as possible after detection, the cell will not go too
far. A lower driving force can then be used to slowly drive the particle in the reverse
direction back into the detection window. Once detected for a second time, the flow can be
changed again, this time directing the cell to the collection channel. Having captured the
desired cell, the higher speed flow can be resumed until the next cell is detected for sorting.
This is achieved by altering the voltages at the electrodes, or altering the analogous pressure
gradient, according to the principles described above.

To move cells at higher velocities, for faster and more efficient sorting, higher
voltages may be needed, which could be damaging to cells, and can be fatal to living cells.
Preliminary experiments indicate that there may be a limit to the trade-off of voltage and
speed in an electrode driven system. Consequently, a pressure driven flow may be
advantageous for certain embodiments and applications of the invention. Reversible sorting
may be advantageous or preferred in a pressure driven system, as hydraulic flow switching
may not be done as rapidly as voltage switching. However, if a main or waste flow can move
fast enough, there may be a net gain in speed or efficiency over voltage switching even
though the flow is temporarily reversed and slowed to provide accurate sorting. Pressure
driven applications may also offer wider flexibility in the use of buffers or carriers for sample

flow, for example because a response to electrodes is not needed.

EXAMPLE 9 - Microfabrication of Pump and Valve Structures
The invention provides systems for fabricating and operating microfabricated

structures such as on/off valves, switching valves and pumps made out of various layers of
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elastomer bonded together. These structures are suitable for controlling and fluid movement
in the described devices, e.g. flow control in the fluid channels.

As described, the invention uses multilayer soft lithography to build integrated (i.e.:
monolithic) microfabricated elastomeric structures. Layers of soft elastomeric materials are
bound together, resulting in biocompatible devices that are reduced by more than two orders
of magnitude in size, compared to conventional silicon-based devices. The preferred
elastomeric material is a two-component addition cure material in which one layer (e.g. a
bottom layer) has an excess of one component, while another adjacent layer has an excess
of another component. In an exemplary embodiment, the elastomer used is silicone rubber.
Two layers of elastomer are cured separately. Each layer is separately cured before the top
layer is positioned on the bottom layer. The two layers are then re-cured to bond the layers
together. Each layer preferably has an excess of one of the two components, such that
reactive molecules remain at the interface between the layers. The top layer is assembled on
top of the bottom layer and heated. The two layers bond irreversibly such that the strength
of the interface approximates or equals the strength of the bulk elastomer. This creates a
monolithic three-dimensional patterned structure composed entirely of two layers of bonded
together elastomer. When the layers are composed of the same material, interlayer adhesion
failures and thermal stress problems are avoided. Additional layers may be added by
repeating the process, wherein new layers, each having a layer of opposite "polarity" are
cured and bonded together.

Thus, in a preferred aspect, the various layers of elastomer are bound together in a
heterogenous (A to B) bonding. Alternatively, a homogenous (A to A) bonding may be used
in which all layers would be of the same chemistry. Thirdly, the respective elastomer layers
may optionally be glued together by an adhesive instead.

Elastomeric layers may be created by spin coating an RTV mixture on amold at 2000
rpms for 30 seconds yielding a thickness of approximately 40 microns. Layers may be
separately baked or cured at about 80 °C for 1.5 hours. One elastomeric layer may be bonded
onto another by baking at about 80 °C for about 1.5 hours. Micromachined molds may be
patterned with a photoresist on silicon wafers. In an exemplary aspect, a Shipley SJR 5740
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photoresist was spun at 2000 rpms patterned with a high resolution transparency film as a
mask and then developed yielding an inverse channel of approximately 10 microns in height.
When baked at 2000 °C for about 30 minutes, the photoresist reflows and the inverse
channels become rounded. In preferred aspects, the molds may be treated with
trimethylchlorosilane (TMCS) vapor for about a minute before each use in order to prevent
adhesion of silicone rubber.

In another preferred aspect, a first photoresist layer is deposited on top of a first
elastomeric layer. The first photoresist layer is then patterned to leave a line or pattern of
lines of photoresist on the top surface of the first elastomeric laver. Another layer of
elastomer is then added and cured, encapsulating the line or pattern of lines of photoresist.
A second photoresist layer is added and patterned, and another layer of elastomer added and
cured, leaving line and patterns of lines of photoresist encapsulated in a monolithic elastomer
structure. Thereafter, the photoresist is removed leaving flow channel(s) and control line(s)
in the spaces which had been occupied by the photoresist. Tetrabutylammonium is one
photoresist etchant that is compatible with a preferred RTV 615 elastomer. An advantage
of patterning moderate sized features (10 microns) using a photoresist method is that a high
resolution transparency film can be used as a contact mask. This allows a single researcher
to design, print, pattern the mold, and create a new set of cast elastomer devices, typically
all within 24 hours.

A preferred elastomeric material is GE RTV 615 elastomer or a silicone rubber that
is transparent to visible light, making multilayer optical trains possible. This allows optical
interrogation of various channels or chambers in the microfluidic device. In addition, GE
RTV 615 elastomer is biocompatible. Being soft, closed valves form a good seal even if
there are small particulates in the flow channel. Silicone rubber is also biocompatible and
inexpensive, especially when compared with a crystal silicon.

The systems of the invention may be fabricated from a wide variety of elastomers,
such as the described silicon rubber and RTV 615. However, other suitable elastomeric
materials may also be used. GE RTV 615 (formulation) is a vinyl silane crosslinked (type)

silicone elastomer (family). The invention is not limited to this formulation, type or even this
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family of polymer; rather, nearly any elastomeric polymer is suitable. An important
requirement for the preferred method of fabrication of the present microvalves is the ability
to bond multiple layers of elastomers together. In the case of multilayer soft lithography,
layers of elastomer are cured separately and then bonded together. This scheme requires that
cured layers possess sufficient reactivity to bond together. Either the layers may be of the
same type, and are capable of bonding to themselves (A to A), or they may be of two
different types, and are capable of bonding to each other (A to B). (Another possibility is to
use an adhesive between layers.)

Given the tremendous diversity of polymer chemistries, precursors, synthetic
methods, reaction conditions, and potential additives, there are a huge number of possible
elastomer systems that could be used to make monolithic elastomeric microvalves and
pumps. Variations in the materials used will most likely be driven by the need for particular
material properties, i.e. solvent resistance, stiffness, gas permeability, or temperature
stability. There are many, many types of elastomeric polymers. A brief description of the
most common classes of elastomers is presented here, with the intent of showing that even
with relatively "standard" polymers, many possibilities for bonding exist. Common
elastomeric polymers include polyisoprene, polybutadiene, polychloroprene, polyisobutylene,
poly(styrene-butadiene-styrene), the polyurethanes, and silicones. See e.g., Serial No.
60/186,856 filed March 3, 2000.

In addition to the use of "simple" or "pure" polymers, crosslinking agents may be
added. Some agents (like the monomers bearing pendant double bonds for vulcanization)
are suitable for allowing homogeneous (A to A) multilayer soft lithography or photoresist
encapsulation; complementary agents (i.e. one monomer bearing a pendant double bond, and
another bearing a pendant Si-H group) are suitable for heterogeneous (A to B) multilayer soft
lithography.

Materials such as chlorosilanes such as methyl-, ethyl-, and phenylsilanes, for
example polydimethylsilooxane (PDMS) such as Dow Chemical Copr. Sylgard 1,82, 184 or
186, or alipathic urethane diacrylates such as (but not limited to) Ebecryl 270 or Irr 245 from

UBC Chemical may also be used. Elastomers may also be "doped" with uncrosslinkable
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polymer chains of the same class. For instance RTV 615 may be diluted with GE SF96-50
Silicone Fluid. This serves to reduce the viscosity of the uncured elastomer and reduces the
Young's modulus of the cured elastomer. Essentially, the crosslink-capable polymer chains
are spread further apart by the addition of "Inert" polymer chains, so this is called "dilution".
RTV 615 cures at up to 90% dilution, with a dramatic reduction in Young's modulus.

The described monolithic elastomeric structures valves and pumps can be actuated
at very high speeds. For example, the present inventors have achieved a response time for
a valve with aqueous solution therein on the order of one millisecond, such that the valve
opens and closes at speeds approaching 100 Hz. The small size of these pumps and valves
makes them fast and their softness contributes to making them durable. Moreover, as they
close linearly with differential applied pressure, this allows fluid metering and valve closing
in spite of high back pressures.

In various aspects of the invention, a plurality of first flow channels pass through the
elastomeric structure with a second flow channel, also referred to as an air channel or control
line, extending across and above a first flow channel. In this aspect of the invention, a thin
membrane of elastomer separates the first and second flow channels. Movement of this
membrane (due to the second flow channel being pressurized) will cut off flow passing
through the lower flow channel. Typically, this movement is downward from a the interface
with top control layer into an closing an underlying first flow channel.

A plurality of individually addressable valves can be formed and connected together
in an elastomeric structure, and are then activated in sequence such that peristaltic pumping
is achieved. In other optional preferred aspects, magnetic or conductive materials can be
added to make layers of the elastomer magnetic or electrically conducting, thus enabling the
creation of elastomeric electromagnetic devices.

In preferred aspects, channels of the invention have width-to-depth ratios of about
10:1. In an exemplary aspect, fluid and/or air channels have widths of about 1 to 1000
microns, and more preferably 10-200 microns and most preferably 50-100 microns .
Preferred depths are about 1 to 100 microns, and more preferably 2-10 microns, and most

preferably 5 to 10 microns.
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In preferred aspects, an elastomeric layer has a thickness of about 2 to 2000 microns,
and more preferably 5 to 50 microns, and most preferably 40 microns. Elastomeric layers
may be cast thick for mechanical stability. In an exemplary embodiment, one or more layers
is 50 microns to several centimeters thick, and more preferably approximately 4 mm thick.
Membrane separating fluid and air channels has a typical thickness of about 30 nm. In one
embodiment the thickness of one elastomeric layer (e.g. at top or control layer) is about 10
times the thickness of an adjacent layer (e.g. a fluid or bottom layer.

A typical RTV valve of the invention is 100 pm x 10 pm x 10 pm, connected to an
off-chip pneumatic valve by a 10-cm-long air tube. In one example, the pressure applied
on the control line is 100 kPa, which is substantially higher than the approximately 40 kPa
required to close the valve. Thus, when closing, the valve in this example is pushed closed
with a pressure 60 kPa greater than required. When opening, however, the valve is driven
back to its rest position only by its own spring force, which is less than or equal to about 40
kPa). A signal to open or close the valve is effected by changing the pressure accordingly.
In this example there is a lag between the control signal and the control pressure response,
due to the limitations of the miniature valve used to control the pressure. To accommodate
this lag, these exemplary valves run comfortably at 75 Hz when filled with aqueous solution.
If one used another actuation method which did not have an opening and closing lag, this
valve would run at about 375 Hz. Note also that the spring constant can be adjusted by
changing the membrane thickness; this allows optimization for either fast opening or fast
closing.

The flow channels of the present invention may optionally be designed with different
cross sectional sizes and shapes, offering different advantages, depending upon their desired
application. For example, the cross sectional shape of a lower fluid channel may have a
curved upper surface, either along its entire length or in the region disposed under an upper
air channel or cross channel. In certain embodiments a curved upper surface facilitates valve
sealing. In an alternate aspect, the bottom of a fluid channel is rounded such that its curved

surface mates with the curved upper wall upon valve closure.
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EXAMPLE 10 - MICROFABRICATION OF A MULTI-PHASE DEVICE

A multiphase device of the invention may be microfabricated using techniques such

as those described in Examples 1, 8 and 9, above, for manufacturing other components of
microfluidic devices. For example, channels and/or valves forming a droplet extrusion
region can be prepared in layers of elastomeric material, such as urethane, by multilayer soft
lithography. The example presented in this section describes the manufacture of an

exemplary device according to such methods.

Polymer Preparation

10-15g Urethane diacrylate (Ebecryl 270, UCB Chemicals) was weighed out and
heated to about 80 or 85 °C to lower its viscosity. Irgacure 500 (Ciba) was then mixed into
the heater material as a catalyst, in an amount such that the weight-to-weight ratio of the
catalyst to monomer was about 0.5%. The resulting mixture was then returned to the 85 °C
oven for about 15 minutes to remove any trapped bubbles that may have been introduced into

the material during the mixing process.

Microfluidic Channel Mold:

The molds for the urethane layers comprised p-type silicon wafers with raised
patterns of photoresist consisting of microfluidic channels. The patterns were prepared by
spin-coating photoresist (e.g., STR5740, Shipley) onto silicon wafers at 3000 rpm so that a
layer about 10 microns thick was formed on the wafer. The silicon wafer was pretreated with
hexamethyldisilizane (HMDS), an adhesion promoter, in vapor phase, to promote adhesion
of the photoresist to the wafer.

The photoresist-coated wafer was then baked at 85 °C for about one hour to harden
the photoresist layer, and then patterned in a mask aligner. The pattern consisted of sheet
film from a linotronic printer (3386 dpi resolution) which had the desired microfluidic
pattern on it. Microfilm may also be suitable. Patterns can be created using appropriate
software, such as Photoshop (Adobe, San Jose, California). The patterns were each mounted

on a sheet of glass, emulsion side up, and placed in the mask aligner. UV light was then be
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used to expose each patterns on the surface of a wafer. Typical exposure time in a mask
aligner was approximately 2-4 minutes (e.g., 2.3 minutes). The patterns on the exposed
wafers were then developed, e.g., in 20% Microposit 240 (in deionized water) for
approximately 90 seconds, to remove all the photoresist except for the patterned microfluidic
channels. The positive channels which remained on the surface were then hard-baked
(200 °C for 30 minutes) on the wafer surface to round them and give them good chemical

resistance to washing agents such as isopropyl alcohol and acetone.

Fabrication of Elastomeric Layers

A. Top Layer

The top layer of the microfabricated device contained the valve structures of the
device, as described in Example 9 above. The layer was prepared by first pouring a thick
(e.g. 3-10 mm) layer of Ebecryl 270/Irgacure 500 on the surface of a silicon wafer having the
photoresist-based valve structure (prepared as described above). The valve structures ranged
from about 45 to about 180 um in diameter. This top layer was then cured by a UV light
source (an ELC500, Electrolyte Corporation) for about five minutes and under nitrogen gas.
The polymerized urethane was removed from the mold and input holes for air and valves
were drilled through the urethane using a No. 73, 74 or 75 drill bit (preferably No. 74). The
layer was next trimmed for size and washed with isopropanol to remove any debris from its
surface.

B. Middle Layer

The middle layer contained channels for different, incompatible fluids (e.g., oil and
water) that flow through the device. The diameter of the main and sample inlet channels was
60 um (after rounding). However, in one device, the channels at the cross-flow junction (i.e.,
the droplet extrusion region) were tapered to 30 pm in diameter. Preferably, the taper angle
is about 45 degrees, and the distance covered by this taper is about the width of the wide
channel minus the width of the narrow channel, divided by two. The taper assists in
facilitating smooth flow, by avoiding sharp corners for droplets to negotiate. The narrower

channel allows droplets to shear better, e.g. more easily, by making them thinner and longer.
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These channels were prepared by spin coating Ebecryl 270/Irgacure 500 on the surface of a
silicon wafer to a thickness of about 30 pm. This was accomplished by heating the material
to about 175 °C in a glass petri dish and pouring it onto the patterned silicon wafer. The
wafer was spun for 45 seconds at 8000 rpm to produce the thin layer. The middle layer was
next cured under the UV light source as described, above, for the top layer.

C. Bottom Layer

The bottom layer is typically a structural layer used to tightly seal the crossflow
channels in the middle layer so that the device can be operated at high pressures (e.g., as high
as 40 psi). Specifically, in the exemplary microfabricated device described here, the bottom
layer was a thin (e.g., approximately 0.5 cm) layer of Ebecryl 270/Irgacure 500 which was
poured into a petri dish and cured by a UV light system for about 5 minutes under nitrogen
gas. The cured bottom layer was then rinsed with isopropyl alcohol to remove surface

contaminants and promote adhesion to the middle layer.

Layer Bonding

The individual layers, prepared as described above, were assembled to form a multi-
layered, multi-phased microfluidic device of the invention. The top was adhered, with the
side containing valve channels facing down, to the cured middle layer by applying gentle
pressure. A disecting microscope was used to precisely place the top layer on the channels
of the middle layer such that the valve structures are properly positioned near the output ends
of the crossflow device. The two adhered layers were then cured for just under 10 minutes
(i.e., 9.9 minutes) under UV light. Input wells for the different fluids, such as water and oil,
were then be drilled through the device using a No. 73 drill bit, and the surfaces were cleaned
with deionized water and dried with nitrogen gas.

The composite top and middle layers were bonded to the bottom layer by sealing the
composite top and middle layers (middle side down) to the bottom layer with gentle pressure
and curing the three layers in the UV light system for just under 20 minutes (i.e., 19.8

minutes) to optimize bonding.
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EXAMPLE 11 - OPERATION OF THE MULTI-PHASE DEVICE

The devices of this invention are useful for partitioning a first fluid into droplets
within a second, incompatible fluid. For example, in preferred embodiments the device
partitions droplets of an aqueous solution, which typically contains a sample of molecules
or particles (e.g., cells or virions) into a pressurized stream or flow of oil in a main channel
of the device.

Fluids, such as oil and water may be loaded into separate syringes fitted with high-
pressure connection fittings (available, e.g., from Upchurch, Scientific) for loading into a
microfabricated device of the invention. Preferably, the syringes are pressurized, e.g., with
pressurized air, to between 0 and 30 psi. Microline tubing (e.g., 0.020 inch inner diameter)
with luer stub adapters (e.g., 23 gauge) at the ends can be used to direct the fluids from the
syringes for input into their respective input wells of a device (for example, the particular
device described in Example 10, above). Preferably, the microline tubing is first purged by
subjecting the syringes to gentle air pressure (for example, between about 1-2 psi) before
attaching the lines to their respective inlet ports, so that dead air space within the tubing is
eliminated.

The microlines are slowly pressurized with their respective fluids (e.g., oil and water)
after connecting them to the device to prime the device with fluid and purge any trapped air
in channels of the device. For example, the lines are typically pressurized to a pressure of
approximately 5 psi, preferably while observing the device, for example using a light
microscope with a 10x objective lense.

The pressures of the different fluids are then adjusted so that their pressures are
balanced at the droplet extrusion region. Thus, for example, in preferred embodiments
wherein droplets of aqueous solution are extruded into a pressurized stream of oil, the
pressures of the oil and/or fluid lines are adjusted so that the pressure difference of the oil
and water channels at the droplet extrusion region is zero, and the oil and water are in a state
of equilibrium. This can be visually observed. Droplet extrusion can then be initiated by
slightly adjusting the pressure difference between the different fluids (i.e., at the different

inlet lines) so that the droplet fluid (e.g., water) enters the main channel and is sheared off
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at a fixed frequency. A preferred frequency is 1 Hz because the frequency with which
droplets are sheared off into the main channel depends on the pressure difference between
the different fluids, the frequency can be readily adjusted by simply adjusting the pressures
of the individual fluid lines.

In certain embodiments, air may be used in place of water or another fluid. Saturated
air, i.e. air saturated with water vapor, is preferred to prevent miscibility with the oil phase.
The air source in these embodiments may be oscillated to control droplet frequency.

As a specific example, microscopic devices were prepared as described in Example
10, above, and tested. The channel architecture for the droplet extrusion region of the first
device is shown in FIG. 16A. In this device, the inlet channel 1601 (inner diameter 30 pm)
intersects the main channel 1602 (inner diameter 30 um) at a T-intersection (i.e., an angle
perpendicular to the main channel). Other intersections and angles may be used. The walls
of the inlet and main channels were not tapered in this device. The channel architecture for
the second exemplary extrusion region is shown in FIG. 16B. In this device, both the inlet
channel 1603 and the outlet channel 1604 have inner diameters of 60 pm. However, the
channels 1605 and 1606 taper to inner diameters of 30 um at the droplet extrusion region.

The extruded droplets were routed through different channel architectures which are
illustrated in FIGS. 17A-C. Specifically, FIG. 17A shows an exemplary S-shaped channel.
Channels with curves may be beneficial in applications where less resistance to flow is
desired. Channels with sharp or square are generally easier to fabricate, for example because
rounded edges may be pixilated when a pattern is drawn using digital composition and
printing (e.g. Photoshop). FIG. 17B shows the channel architecture of an exemplary
rectilinear or "U-shaped" channel. Droplets were propelled through each channel by a
positive pressure flow control (i.e. using pumps and valves as described herein). Other flow
control techniques may also be used. In particular, FIG. 17A illustrates droplets of aqueous
solution 1702 transported through an S-shaped channel in a pressurized stream of oil 1701.
FIG. 17B illustrates droplets 1703 which were transported through a U-shaped channel in
a stream of oil 1704. Typical pressures for the operation of this device are 10-15 psi.

Droplets 1705 were also routed through a T-shaped junction, depicted in FIG. 17C, and
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individual droplets were sorted by directing droplets into a first channel 1707 or a second
channel 1708, as desired.

These examples show that the droplets can be directed along any straight, curved,
branched, or other path, and can turn corners, without loss of integrity. Droplets of a first
fluid (e.g., water or aqueous buffer) can be directed along channels in a pressurized flow of
asecond, incompatible fluid (e.g., oil) and individual sorted or routed along particular branch
channels. Thus, the devices of the invention can be used to sort individual droplets, as well
as molecules or particular (e.g. , polynucleotides, polypeptides, enzymes, substrates, cells and

virions) contained therein, using methods such as those described in Example 6.

EXAMPLE 12 - DROPLET EXTRUSION REGIONS

The invention provides embodiments of multi-phased devices which contain a
plurality of droplet extrusion regions. The different droplet extrusion regions may each be
connected to the same or different channels of the device. Embodiments where the different
droplet extrusion regions are located along the main channel are preferred.

An exemplary embodiment of such a device is illustrated in FIG. 18. The device
comprises a main channel 1801 through which a pressurized stream or flow of a first fluid
(e.g., oil) is passed, and two or more inlet channels 1802 and 1803 which intersect the main
channel at droplet extrusion regions 1804 and 1805, respectively. Preferably, these inlet
channels are parallel to each other and each intercept the main channel at a right angle. In
specific embodiments wherein the droplets introduced through the different extrusion regions
are mixed, the inlet channels are preferably close together along the main channel. For
example, the main channel will typically have a diameter of 60 um, that tapers to 30 pm at
or near the droplet extrusion regions. The inlet channels also preferably have a diameter of
about 30 pm and, in embodiments where droplet mixing is preferred, are separated by a
distance along the main channel equal to approximately the diameter of the inlet channel
(i.e., about 30 um).

In the preferred embodiment illustrated in FIG. 18, the first inlet channel 1802 may

introduce an aqueous solution containing an enzyme so that aqueous droplets containing
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molecules of the enzyme are introduced into the stream of oil in the main channel 1801. The
second inlet channel 1803 may introduce an aqueous solution containing a substrate for the
enzyme so that aqueous droplets containing molecules of the substrate are also introduced
into the main channel 1801. In more detail, droplets containing the enzyme are first sheared
off into the main channel 1801 at the first droplet extrusion region 1804. These droplets
them move downstream, with the oil stream in the main channel, and pass through the
second droplet extrusion region 1805. Droplet containing the substrate are also sheared off
into the main channel, at the second droplet extrusion region. By timing release of these
droplets to occur as a droplet of enzyme passes through the second droplet extrusion region,

the two droplets are combined and the enzyme is able to react with the substrate.

Examples of enzymes that can be used in such a device include horseradish
peroxidase and alkaline phosphatase, to name a few. Preferred substrates that can be
introduced to react with these enzymes are ones which produce a detectable signal upon such
a reaction; for example, substrates that release detectable dyes upon reacting with an
enzyme. Specific examples include, but are not limited to, Dihydrorhodamine 123 and
Amplex Red (which react with horseradish peroxidase), and p-nitrophenyl phosphate and
fluorescein diphosphate (which react with alkaline phosphatase). Other enzymes and/or
substrates can also be used and may be preferred for certain, particular applications.

Although the exemplary embodiment described here, and illustrated in FIG. 18,
releases droplets of enzyme upstream from the droplets of substrate, droplets of the different
fluid or solutions may be released in any order. Thus, for example, an aqueous solution
containing a substrate may be released through the first inlet channel 1802 at the first droplet
extrusion region 1804, and droplets of an aqueous solution containing an enzyme may be

released through the second inlet channel 1803 at the second droplet extrusion region 1803.

EXAMPLE 13 - IDENTIFICATION AND SORTING OF VIRUSES

One preferred embodiment is sorting viruses for identification, diagnostic or

screening purposes. The viruses can be labeled directly via a fluorescent dye that intercalates
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into the nucleic acid or indirectly via a flourescent antibody against a surface component of
the virus as discussed in Example 5.

The another embodiment, the device of the invention can also be used to screen
recombinant viruses to determine whether they exhibit targeted characteristics and therefore
contain altered or improved genetic material.

In a particularly preferred embodiment, the devices and methods of the invention are
used to sort and evaluate virus particles. The concentration (i.e., number) of virions in a
droplet can influence sorting efficiently and therefore is preferably optimized. In particular,
the sample concentration should be dilute enough that most of the droplets contain no more
than a single virion, with only a small statistical chance that a droplet will contain two or
more virions. This is to ensure that for the level of reporter measured in each droplet as it
passes through the detection region corresponds to a single virion and not to two or more
virions.

The microfluidic device provided by the invention comprises a main channel and at
least one inlet region which is in communication with the main channel at a droplet extrusion
region. The fluid which flows through the main channel can be a non-polar solvent, such as
decane (e.g., tetradecane or hexadecane) or another oil; and the fluid which passes through
the inlet region can be an aqueous solution, for example ultra pure water, TE buffer,
phosphate buffer saline and acetate buffer or any solution capable of sustaining viruses. The
aqueous solution preferably contains viral particles for analysis or sorting in the device.

In preferred embodiments, the droplet extrusion region comprises a T-shaped junction
between the inlet region and the main channel, so that the aqueous solution containing the
virus particles enters the main channel at an angle perpendicular to the flow of fluid through
the main channel, and is sheared off into the flow of the non-polar solvent.

The invention also provides a device for sorting viruses comprising: (a) a
microfabricated substrate; a detection region; and a flow control region. In more detail, the
microfabricated substrate has at least one main cﬁannel, an inlet which meets the main
channel at a droplet extrusion region, and at least two branch channels meeting at a junction

downstream from the droplet extrusion region. The detection region of the device is within
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or coincident with at least a portion of the main channel, and is also associated with a
detector. The flow control system of the device is responsive to the detector and is adapted
to direct the viral particles into a branch channel for sorting and analysis.

The invention is also suitable for high throughout or combinatorial screening. High
throughout screening (HTS) here includes, for example, screening about 10° to 107 or even
10" to 10" members of a library, for example a protein library. Libraries of this kind can
result, for example, when all permutations of one or more mutations in a protein having 300
amino acids are generated. According to one embodiment of the invention, library members
are encapsulated randomly in droplets, e.g. about 100-1000 proteins per droplet. The
droplets are then sorted for a detectable characteristic, and those which meet the criteria can
be isolated, enriched, and resorted in cyclical fashion to obtain the desired proteins. It will
be appreciated that the HTS embodiments of the invention are not limited to proteins: any

detectable particle or material can be screened.
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WHAT IS CLAIMED I8S:

1. A microfluidic device comprising
a main channel, and
at least one inlet region in communication with the main channel at a droplet

extrusion region.

2. The device of claim 1 wherein a stream of an extrusion fluid passes through

the main channel.

3. The device of claim 2 wherein a sample fluid, which is incompatible with the
extrusion fluid, passes through the inlet region so that droplets of the second fluid are sheared

into the main channel.

4. The device of claim 2 wherein the extrusion fluid is a non-polar solvent.
5. The device of claim 4 wherein the extrusion fluid is decane.
6. The device of claim 5 wherein the extrusion fluid is selected from the group

consisting of tetradecane and hexadecane.

7. The device of claim 3 wherein the sample fluid comprises an aqueous
solution.
8. The device of claim 7 wherein the aqueous solution comprises ultra pure

water, TE buffer, phosphate buffer saline or acetate buffer.

9. The device of claim 3 wherein the sample fluid contains biological material.
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10.  The device of claim 9 wherein each of the droplets contains, on average, no

more than one particle of the biological material.

11.  The device of claim 10 wherein the biological material comprises viral

particles and each of the droplets contains, on average, no more than one viral particle.

12.  The device of claim 9 wherein the biological material comprises molecules

of one or more enzymes.

13.  The device of claim 9 wherein the biological material comprises molecules

of one or more substrates.

14.  The device of claim 9 wherein the biological material comprises one or more

cells.

15.  The device of claim 9 wherein the biological material comprises one or more

viral particles.

16.  The device of claim 1 wherein the droplet extrusion region comprises a T-

shaped junction between the inlet region and the main channel.

17.  The device of claim 1 further comprising:
a detection region within or coincident with at least a portion of the main
channel at or downstream from the droplet extrusion region, and

a detector associated with the detection region.

18.  The device of claim 17 wherein the detector is an optical detector.
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19.  The device of claim 17 further comprising:
a discrimination region downstream from the detection region, and
a flow control system responsive to the detector and adapted to direct droplets

through the discrimination region into a branch channel.

20.  The device of claim 1 wherein the main channel resides in a layer of

elastomeric material.

21.  Thedevice of claim 20 wherein the elastomeric layer is adjacent to a substrate

layer.

22.  The device of claim 1, further comprising:
a first inlet region in communication with the main channel at a first droplet
extrusion region; and
a second inlet region in communication with the main channel at a second

droplet extrusion region.

23.  The device of claim 22 wherein:

a first fluid containing a first biological material passes through the first inlet
region, so that droplets of the fluid containing the first biological material are sheared into
the main channel; and

a second fluid containing a second biological material passes through the
second inlet region, so that droplets of the fluid containing the second biological material are

sheared into the main channel.

24, The device of claim 23 wherein droplets containing the first biological

material mix with droplets of the second biological material.
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25.  The device of claim 24 wherein:
the first biological material comprises an enzyme, and

the second biological material comprises a substrate to the enzyme.

26.  The device of claim 24 wherein the first biological material interacts with the

second biological material upon said mixing.

27.  The device of claim 26 wherein the interaction produces a detectable signal.

28. A device for sorting biological material comprising:

(a) a microfabricated substrate having at least one main channel, an inlet region
which meets the main channel at a droplet extrusion region, and at least two
branch channels meeting at a junction downstream from the droplet extrusion
region;

(b)  a detection region within or coincident with at least a portion of the main
channel and associated with a detector; and

(c) a flow control system responding to the detector and adapted to direct

biological material into a branch channel.

29.  The device of claim 28 wherein:
an extrusion fluid passes through the main channel; and
a sample fluid, which is incompatible with the first fluid and contains the
biological material, passes through the inlet region, so that droplets of the second fluid and

containing the biological material are sheared into the main channel.

30.  The device of claim 29 wherein the flow control is adapted to direct the

droplets into a branch channel.
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31.  The device of claim 29 wherein:
the extrusion fluid is a non-polar solvent, and

the sample fluid is an aqueous solution.

32. The device of claim 31 wherein the extrusion fluid is decane.

33.  The device of claim 32 wherein the extrusion fluid is selected from the group

consisting of tetradecane and hexadecane.

34.  The device of claim 31 wherein the aqueous solution comprises ultra pure

water, TE buffer, phosphate buffer saline, or acetate buffer.

35.  The device of claim 29 wherein each of the droplets contains, on average, no

more than one particle of the biological material.

36.  The device of claim 35 wherein the biological material comprises viral

particles and each of the droplets contains, on average, no more than one viral particle.

37.  Thedevice of claim 29 wherein the biological material comprises one or more

viral particles.

38. A method for sorting biological material, said method comprising:

(a) furnishing an extrusion fluid to a main channel of a microfabricated substrate;

(b) providing droplets of a sample fluid containing the biological material to the
main channel, wherein the sample fluid is incompatible with the extrusion fluid;

(c) interrogating the biological material in each droplet for a predetermined
characteristic as it passes through a detection region associated with the main channel; and

(d) directing the flow of each droplet into a selected branch channel according

to the results of the interrogation.
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39.  The method of claim 38 wherein the biological material comprises one or

more viral particles.

40.  The method of claim 38 wherein:
the sample fluid is an aqueous solution; and

the extrusion fluid is a non-polar solvent.

41.  The method of claim 40 wherein the aqueous solution comprises ultra pure

water, TE buffer, phosphate buffer saline, or acetate buffer.

42. The method of claim 40 wherein the extrusion fluid is decane.

43.  The method of claim 42 wherein the extrusion fluid is selected from the group

consisting of tetradecane and hexadecane.

44.  The method of claim 38 wherein each of the droplets contains, on average,

no more than one particle of the biological material.

45.  The method of claim 44 wherein the biological material comprises viral

particles, and each of the droplets contains, on average, no more than one viral particle.

46.  The device of claim 27, wherein the detectable signal is at least one of

fluorescence and color change.

47.  The device of claim 23, wherein the passage of each fluid through an inlet

region is independently controlled.

48.  The device of claim 23, wherein droplets of the first fluid are sheared into the

main channel ahead of droplets of the second fluid.
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49.  The device of claim 23, wherein the passage of each fluid is controlled by at

least one valve.

50.  The device of claim 47, wherein the passage of each fluid is controlled by at

least one valve.

51.  The device of claim 19, wherein the flow control comprises the application
of radiation pressure.

52.  The device of claim 19, wherein the flow control comprises an optical beam.

53.  The device of claim 3, wherein the sample fluid and the extrusion fluid have

different refractive indexes.

54.  The device of claim 3, wherein the refractive index of the sample fluid is

lower than the refractive index of the extrusion fluid.

55.  The device of claim 28, wherein the flow control comprises the application
of radiation pressure.

56.  The device of claim 28, wherein the flow control comprises an optical beam.

57.  Thedevice of claim 29, wherein the sample fluid and the extrusion fluid have

different refractive indexes.

58.  The device of claim 29, wherein the refractive index of the sample fluid is

lower than the refractive index of the extrusion fluid.
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59.  The method of claim 38, wherein the refractive index of the extrusion fluid
is different from the refractive index of the sample fluid, and wherein directing step

comprises the application of radiation pressure.

60.  The method of claim 59, wherein the application of radiation pressure

comprises moving droplets with an optical beam.
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ABSTRACT

A microfluidic device for analyzing and/or sorting biological materials (e.g.,
molecules such as polynucleotides and polypeptides, including proteins and enzymes; viruses
and cells) and methods for its use are provided. The device and methods of the invention are
useful for sorting particles, e.g. virions. The invention is also useful for high throughput
screening, e.g. combinatorial screening. The microfluidic device comprises a main channel
and an inlet region in communication with the main channel at a droplet extrusion region.
Droplets of solution containing the biological material are deposited into the main channel
through the droplet extrusion region. A fluid different from and incompatible with the
solution containing the biological material flows through the main channel so that the
droplets containing the biological material do not diffuse or mix. Biological material within
the droplets can be analyzed and/or sorted by detecting a predetermined characteristic of the

biological sample in each droplet and sorting the droplet accordingly.
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