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APPARATUS AND METHODS FOR HIGH THROUGHPUT SPERM SORTING

FIELD OF THE INVENTION
Generally, this disclosure relates to an apparatus and method for sorting particles, and

more particularly, relates to the high throughput sorting of sperm cells in a microfluidic chip.

BACKGROUND

Various techniques, including flow cytometry, have been employed to yield sperm
populations enriched with respect to certain desired characteristics. In the livestock production
industry, an ability to influence reproductive outcomes has obvious advantages. For example,
gender pre-selection provides an economic benefit to the dairy industry in that pre-selecting
female offspring ensures the birth of dairy cows. Similarly, the beef industry, as well as the pork
industry, and other meat producers benefit from the production of males. Additionally,
endangered or exotic species can be placed on accelerated breeding programs with an increased
percentage of female offspring.

Previous efforts to produce commercially viable populations of sperm sorted for X-
chromosome bearing sperm or Y-chromosome bearing sperm largely relied on droplet sorting in
jet-in-air flow cytometers. (See e.g. U.S. Patent No. 6,357,307; U.S. Patent No. 5,985,216; and
U.S. Patent No. 5,135,759). However, certain drawbacks exist with these methods and devices.
Even with advances in droplet flow cytometry, practical limitations still exist which hinder the
number of sperm cells that can be sorted in a particular window. As such, sex-sorted artificial
insemination (Al) doses are genecrally smaller than conventional AI doses. In bovine, for
example, conventional Al doses may contain about 10 million sperm, whereas sex-sorted doses
often contain about 2 million sperm. Conventional Al doses for equine and porcine are in the
magnitude of hundreds of millions and billions of spermatozoa, respectively. Sex-sorted sperm,
while potentially valuable, has not found widespread use in either species, because lower Al
dosages generally result in lower pregnancy and birth rates. Given the large numbers of sperm
required in equine and porcine, acceptable dosages have not been achieved for Al

Sperm are time sensitive and delicate cells that lack the ability to regencrate.
Accordingly, longer sorting times are injurious to sperm, as they continuously deteriorate during

staining and sorting. Additionally, sperm sorted in a jet-in-air flow cytometer may be subjected
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to mechanical forces, torsion, stresses, strains and high powered lasers that further injure sperm.
Sperm travel at velocities between about 15 m/s and about 20m/s in the fluid stream of a jet-in-
air flow cytometer. These velocities combined with the narrow stream dimensions may give rise
to damaging sheering forces that can harm sperm membranes. Additionally, a high laser power
is required, as sperm traveling at high velocities remain incident to the beam profile for a shorter
period of time providing less of an excitation and measurement window for differentiating
sperm. Finally, sperm which is ejected from a jet-in-air nozzle at 15m/s will impact fluid in a
collection container or a wall of the container at a similar velocity, presenting a further

opportunity to injure sperm.

SUMMARY OF THE INVENTION

Certain embodiments of the claimed invention are summarized below. These
embodiments are not intended to limit the scope of the claimed invention, but rather serve as
brief descriptions of possible forms of the invention. The invention may encompass a variety of
forms which differ from these summaries.

One embodiment relates to a sperm sorting system that may include a sample source. At
lcast one flow channel may be formed in a substrate and in fluid communication with the sample
source. The at least one flow channel may include an inspection region, a first outlet, and a
second outlet. At least one diverting mechanism may be in fluid communication with the at least
onc flow channel to sclectively divert sperm away from the first outlet. An electromagnetic
radiation source may be configured for illuminating sperm in the at least one flow channel at the
inspection region and a detector may be aligned to measure sperm characteristics. An analyzer
in communication with the detector may determine sperm characteristics and provide
instructions to a controller for selectively activating the diverting mechanism. A collection
vessel in communication with the second outlet may collect diverted sperm based on the
measured sperm characteristics.

Another embodiment relates to a microfluidic chip for sorting sperm. The microfluidic
chip can include a plurality of flow channels formed in a substrate. Each flow channel might
include an inlet in communication with two outlets. Each flow channel may additionally include
a fluid focusing region having an associated fluid focusing feature for aligning sperm cells within

the flow channel, a sperm orienting region having an associated sperm orienting feature for
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orienting sperm cells within the flow channel, and an inspection region at least partially
downstream of the fluid focusing region and the sperm orienting region. Additionally, a
diverting mechanism may be in communication with each flow channel.

Another embodiment relates to a method of sorting sperm. The method may begin by
flowing sperm through a plurality of flow channels in a microfluidic chip. Sperm may then be
oriented within the microfluidic chip and flown through an inspection region. Sperm may be
interrogated at the inspection region to determine sperm characteristics. Oriented sperm may be
differentiated from unoriented sperm and/or non-viable sperm and a subpopulation of oriented
sperm may be sclected based on the detected sperm characteristics. The subpopulation of

selected sperm may then be collected in the collection vessel.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 illustrates a schematic of a single flow channel in sperm sorting micofluidic
system in accordance with certain embodiments described herein.

FIGS. 2A-C illustrate an arrangement of flow channels on a microfluidic chip in
accordance with certain embodiments described herein.

FIGS. 3A-D illustrate the operation of a diverting mechanism in accordance with certain
embodiments described herein.

FIGS. 4A-C illustrate alternative diverting mechanisms in accordance with certain
embodiments described herein.

FIG. 5 illustrates an alternative diverting mechanism in accordance with certain
embodiments described herein.

FIG. 6 illustrates a chip holder and beam separator in accordance with certain
embodiments described herein.

FIG. 7 schematically illustrates a chip, chip holder and cartridge in accordance with
certain embodiments described herein.

FIG. 8 illustrates a sperm cell having a longitudinal axis.

FIGS. 9A-C illustrate a flow channel in accordance with certain embodiments described
herein.

FIGS. 10A-D illustrate sectional views of a flow channel geometry in accordance with

certain embodiments described herein.
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FIGS. 11A-D illustrate sectional views of a flow channel geometry in accordance with
certain embodiments described herein.

FIGS. 12A-B illustrate a portion of a flow channel geometry in accordance with certain
embodiments described herein.

FIG. 13 illustrates a vertical cross section of a flow channel geometry in accordance with
certain embodiments described herein.

FIGS. 14A-B illustrate a portion of a flow channel geometry in accordance with certain
embodiments described herein.

FIG. 15 illustrates a vertical cross section of a flow channel geometry in accordance with
certain embodiments described herein.

FIG. 16 illustrates a portion of a flow channel geometry in accordance with certain
embodiments described herein.

FIG. 17 illustrates a portion of a flow channel geometry in accordance with certain
embodiments described herein.

FIGS. 18A-C illustrate an orienting geometry in accordance with certain embodiments
described herein.

FIGS. 19A-C illustrate an orienting geometry in accordance with certain embodiments
described herein.

FIGS. 20A-C illustrate flow channel features in accordance with certain embodiments
described herein.

FIGS. 21A-B illustrate alternative embodiments of sperm orienting features in
accordance with certain embodiments described herein.

FIG. 22 illustrates collection optics in accordance with certain embodiments described
herein.

FIG. 23 illustrates an array of detectors in accordance with certain embodiments
described herein.

FIGS. 24A-E illustrate various detection schemes in accordance with certain
embodiments described herein.

FIGS. 25A-D illustrate illumination and light collection features of flow channcls in

accordance with certain embodiments described herein.
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FIGS. 26A-D illustrate detection systems in accordance with certain embodiments
described herein.

FIG. 27 illustrates a detection scheme which provides a single detector for multiple light
paths in accordance with certain embodiments described herein.

FIGS. 28A-B illustrate a detection scheme incorporating alternatives to side fluorescence
detection in accordance with certain embodiments described herein.

FIGS. 29A-D illustrate a detection scheme for determining sperm orientation with a
forward signal in accordance with certain embodiments described herein.

While the present invention may be embodied with various modifications and alternative
forms, specific embodiments are illustrated in the figures and described hercin by way of
illustrative examples. It should be understood the figures and detailed descriptions are not
intended to limit the scope of the invention to the particular form disclosed, but that all
modifications, alternatives, and equivalents falling within the spirit and scope of the claims are

intended to be covered.

MODES FOR CARRYING OUT THE INVENTION

Certain embodiments described herein relate to a high throughput microfluidic system
and device for sorting sperm, which overcomes deficiencies in the sorting speeds of prior devices
with the inclusion of a plurality of parallel flow channels while maintaining the sperm in more
gentle sorting conditions.

The term “flow channel,” as used herein, refers to a pathway formed in or through a
medium that allows the movement of fluids such as liquids or gasses. The flow channels of a
micofluidic system may have cross sectional dimensions in the range of between about 1 micron
and about 500 microns.

A “microfluidic system” may be considered a device that conveys particles of interest
through one or more flow channels for the purpose of monitoring, detecting, analyzing, and/or
sorting the particles of interest.

The term “viable” should be understood to refer to generally accepted projections of cell
health. As one example, sperm sorting techniques employ a dual stain protocol in which a
quenching dye differentially permeates membrane compromised sperm. Such a staining protocol

distinguishes membrane comprised sperm from sperm which are generally healthier by
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permeating membrane compromised sperm cells and quenching the fluorescence associated with
a DNA sclective fluorescent dye. The permeation of the quenching dye is readily ascertainable
in the course of analysis or sorting and may serve as a proxy for non-viable sperm. Although,
some sperm which are quenched may be capable of fertilization, and some sperm which are not
quenched may not be capable for fertilization, or may shortly thereafter loss the capability to
fertilize. In either event, sperm which are unquenched in such a protocol provide one example of
sperm which may be considered “viable” in conventional procedures.

As used herein the terms “beam segment” and “beamlet” should be understood to
interchangeably refer to a portion of a beam of clectromagnetic radiation spatially separated from
another portion of the beam, where each portion may comprise a fraction of a beam profile, or
may comprise beam portions split by conventional beam splitters, cach having the same profile

as the initial beam and a fraction of the intensity.

2% CC 2% & 2

As used herein the terms “vertical,” “lateral,” “top,” “bottom,” “above”, “below,” “up,
“down,” and other similar phrases should be understood as descriptive terms providing general
relationship between depicted features in the figures and not limiting on the claims, especially
relating to flow channels and microfluidic chips described herein, which may be operated in any
orientation.

Turning to the Figures, FIG. 1 illustrates a sperm sorting system including a high
throughput sorting apparatus 10. The high throughput sorting apparatus 10 may be a fluidically
enclosed device 60, such as a microfluidic chip 80, having at least one flow channel 18.
Schematically, the flow channel 18 is illustrated as a single flow channel however; the flow
channel 18 should be understood as at least one flow channel in the sorting apparatus. As a non-
limiting example, between 4 and 512 flow channels may be formed in a single high throughput
sorting apparatus 10. Each flow channel 18 may be formed in a chip substrate and may have
interior dimensions of between 25 microns and 250 microns. The flow channels 18 may be
spaced between about 100 and 3000 microns apart. The spacing of the flow channels 18 may
depend on the ability of the system to detect fluorescence in each channel or on the space
required to implement mechanical or electromechanical components to divert sperm 12 in the
flow channel 18.

Sheath fluid may be supplied from a sheath source 16 and flowed into the flow channel
18 through a sheath inlet 50. Sperm 12 contained in a sample fluid may be supplied by, and
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initially located in, a sample source 14. Sample containing particles or cells of interest, such as
sperm cells, may flow from the sample source 14 and into the at least one flow channel 18
through a sample inlet 48. The sample inlet 48 and the sheath inlet 50 may be configured such
that a laminar, or nearly laminar, co-axial flow 72 develops in the flow channel 18. The coaxial
flow 72 may consist of an inner stream 76, also referred to as a core stream, of sample and an
outer stream of sheath fluid 78. Appropriate flow rates may be applied to both the sample source
14 and the sheath source 16 for establishing flow velocities, appropriate sample to sheath ratios,
and particle event rates in the flow channel 18.

The velocity of particles in the coaxial flow 72 may be between about 1.5 m/s and about
5 m/s in the flow channel 18, as compared to between about 15 m/s and about 20 m/s in a droplet
sorter. This lower velocity reduces the pressure to which the sperm cells are exposed, and
perhaps more importantly reduces the sheering forces to which the particles are exposed in the
flow channel 18. Additionally, the impact associated with collecting droplets is climinated in the
described system.

In one embodiment, the sample and sheath are established at pressures which provide a
sample to sheath ratio of about 1:20. In certain embodiments, sheath fluid may be ncarly
climinated or even entirely eliminated, resulting in little or no dilution. In contrast, droplet
sorters tend to dilute sperm cells about 50:1 in sheath fluid and can even dilute sample as much
as 100:1. These high dilution factors may contribute to dilution shock that may have a negative
impact on the health of the sorted sperm.

Returning to FIG. 1, sperm 12 are illustrated passing through an inspection region 26 in
the flow channel 18, where the sperm 12 are illuminated with an clectromagnetic radiation
source 30 and where emitted or reflected electromagnetic radiation 52 from the sperm 12 is
captured by one or more sets of collection optics 54 having a suitable aspect ratio and numerical
aperture for projection onto one or more detectors 56, which may interchangeably be referred to
as sensors, for quantification by an analyzer 58. A sorting decision may be made in the analyzer
58 which is then passed through a controller 36 for actuating the appropriate response in a
diverting mechanism 28. The diverting mechanism 28 may be a transducer 42, such as an
ultrasonic transducer, for producing waves that divert cells in the flow path 18. The transducer
42 may also be a piezoclectric clement forming a portion of an actuator. The diverting

mechanism 28 may direct sperm into any or a first outlet 20, second outlet 22, and a third outlet
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24. Although, in one embodiment the diverting mechanism 28 may direct sperm into only a first
outlet 20 or a second outlet 22.

Electromagnetic radiation 46 emitted by the clectromagnetic radiation source 30 may be
manipulated by beam shaping optics 40 and/or a beam splitting device 74 in free space to
produce one or more manipulated beam(s) 44, which may also be referred to as beamlets or
beam segments 44. A suitable electromagnetic radiation source may include a quasi-continuous
wave laser such as a Vanguard 355-350 or a Vanguard 355-2500 model laser available from
Newport Spectra Physics (Irvine, CA). A manipulated beam in the form of one or more beamlets
may be purposefully altered to provide uniform intensity, power, and/or gcometry from one
beamlet to the next beamlet. Each beamlet intensity profile may additionally be highly uniform
in one or more axes. For example each beamlet may have a “top-hat” or “flat top” beam profile,
although other profiles may also be used. In one embodiment, cach beamlet profile may also
have a Guassian distribution in one or more axes. Each beamlet may have an elliptical, circular,
rectangular or other suitable shape. Each beamlet may also have an aspect ratio, axis of
symmetry or other suitable profile. Alternatively, beamlet intensity profiles may be varied in a
non-uniform manner. In one embodiment, a plurality of fiber optics may be employed to deliver
multiple beams to one or more flow channels.

The clectromagnetic radiation source 30 may be a common source of electromagnetic
radiation divided among cach of several flow channels 18. As one example, the beam splitting
device 74 may be a segmented mirror, such as the one described in U.S. Patent No. 7,492,522,
the entire contents of which are incorporated hercin by reference. The segmented mirror may
divide the electromagnetic radiation 46 into a plurality of beamlets, cach beamlet being directed
to a respective inspection region 26 of the at least one flow channel 18. In additional
embodiments, a partial transmission clement may be incorporated into light paths in free space or
as part of a fiber cable. The partial transmission element may include pass-through apertures
and/or blocking regions to obtain an ultimate beam profile suited to excite sperm cells in the
inspection region. Partial transmission elements may be positioned within an optical train, or
alternatively they may be incorporated onto or within a chip substrate. Such an clement may
include more than one transmission region per flow channel. As a non-limiting example, pairs of

rectangular apertures along a flow axis may sequentially illuminate sperm cells in a flow path.
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The analyzer 58 and controller 36 may be two separate components, or may represent
two functions performed by a single component, such as a processing device 32. For example,
one or more memories connected through a bus to one or more processors may execute written
computer instructions to perform each of the functions described with respect to the controller 36
and the analyzer 58. Non-limiting examples of suitable processing devices 32 include personal
computers and other computing systems. The analyzer 58 may be in communication with a user
interface 62, which may include a display 64 and an input 66. The user interface 62 may
graphically display various sorting parameters and provide a visual feedback for adjusting one or
more of sort parameters. As a non-limiting example, a sort logic may comprise the logic applied
to each sort decision. The sort logic may be adjusted by a user at the user interface 62 based on
sorting data generated on the display 64 or based on a visual representation of sort data provided
at the user interface 62. The types of adjustments which may be made to the sort logic may
include adjusting gating regions, adjusting the strategy for dealing with coincident events, and/or
adjusting the sort envelopes associated with each potential sort decision.

As an illustrative example, sperm may be identified as viable X-chromosome bearing
sperm, viable Y-chromosome bearing sperm, or as particles which are not desirable for
collection, such as waste and unoriented sperm. In one embodiment, the coaxial stream flows to
the first outlet 20 by default and the first outlet 20 is in communication with a vessel for
collecting waste. In this configuration, the vessel in communication with the first outlet 20 may
also be a passive collection vessel, in that sperm are collected in this vessel when no action is
taken. Particles which are positively identified as cither viable X-chromosome bearing sperm 68
or viable Y-chromosome bearing sperm 70 may be actively diverted by a diverting mechanism
28. Actuation of the diverting mechanism may be timed using calculated velocities, as well as
individually measured velocities and aggregated velocities for a number of sperm. Viable X-
chromosome bearing sperm 68 may be diverted into the second outlet 22, whereas viable Y-
chromosome bearing sperm 70 may be diverted into the third outlet 24.

Turning to FIG. 2A a portion of a sperm sorting system 10 is illustrated in the form of a
microfludic chip 80 having several flow paths 18a, 18b, 18c, 18d, and 18n, which are cach
generally in parallel. Each flow channel 18 may be fluidically connected to the sample and
sheath as well as to collection vessel forming a fluidically enclosed device 60. Each flow

channel 18 has a sample inlet 48 and a sheath inlet 50 as described with respect to FIG. 1 for
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establishing coaxial flow therein. An inspection zone 26 is provided across cach of the flow
channel 18. A specific diverting mechanism is illustrated in the form of a bubble valve for
diverting particles flowing in the flow channel 18. The bubble valves may be like those
described in U.S. Patent No. 7,569,788, the entire contents of which are incorporated herein by
reference. The bubble valves may be operated in each flow channel 18 for allowing particles to
flow through the first outlet 20 of cach channel 18, or for diverting particles into the second
outlet 22 or the third outlet 24 of cach channel 18. It should be appreciated, bubble valves are
provided in this figure for illustrative purposes and that other diverting mechanisms 28, such as
mechanisms for deflecting cells with acoustic waves and mechanisms to facilitate deflecting
particles with clectromagnetic radiation may also be incorporated.

FIG. 2B illustrates different features, which may be interchangeable and need not be used
together. Each of the flow channels 18 is illustrated with only first 20 and second outlets 22.
Such a configuration may be used for collecting for cells with a single desired trait, such
collecting only viable X-chromosome bearing sperm or viable Y-chromosome bearing sperm.
An array of ultrasonic transducers 82 is illustrated downstream of the inspection region 26 and
for the purpose of selectively diverting sperm cells. The array of ultrasonic transducer 82 may
be embedded within the microfluidic chip 80 or they may be placed on the exterior of the
microfluidic chip 80. Regardless of positioning, the array of ultrasonic transducers 82 may
comprise a series of independent ultrasonic transducers 42 which are independently activated by
the controller 36 for diverting sperm cells on demand to their respective outlets in parallel flow
channels 18. Multiple ultrasonic transducers may be arranged in arrays or other formations
along the direction of flow for a given flow channel to enable multiple actuations to be applied to
a given particle as it travels along the flow channel towards a sclection region, or branch leading
to multiple outlets. Fluid outlets may interface with a suitable coupling ship holder element and
provide suitable manifold features to maintain fluidic isolation or to pool various outlet fluids.

FIG. 2C illustrates alternative configurations of the channels and the outlets. Pooling
channels may be fabricated with the microfluidic chip 80 for the collection and pooling of
common outputs. In one embodiment, adjacent outlets are merged in flow the first flow channel
18a, second flow channel 18b, third flow channel 18c, and fourth flow channel 18d. The sorting
logic may be adjusted according to different chip configurations to ensure the second and third

outlets, respectively, collect the same particles in each fluid stream. For example, the first outlet
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20a’ of the first flow channel 18a merges with the first outlet 20b’ of the second flow channel
18b. Downstream of cach merging point, the single channel which receives fluid from both
outlets may be pooled in a first pooling channel 84. The first pooling channel 84 may be formed
a different layer of the microfluidic chip 80 to allow pooling from multiple merged outlets. The
first pooling channel 84 may be in fluid communication with a first common collection vessel.
The first pooling channel 84 is additionally illustrated in a configuration for collecting fluid from
the first outlet 20¢’ of the third flow channel 18¢, the first outlet 20d’ of the fourth flow channel
18d.

Similarly, a second pooling channel 86 is illustrated in communication with the merged
second outlet 22a" of the first flow channel 18a and second outlet 22b’ of the second flow
channel 18b as well as with the merged second outlet 22¢’ of the third flow channel 18¢ and
second outlet 22d’ of the forth flow channel 18d. The second pooling channel 86 may be in fluid
communication with a second common collection vessel. A third pooling channel 88 is
illustrated in communication with the merged third outlet 24a’ of the first flow channel 18a and
third outlet 24b’ of the second flow channel 18b as well as with the merged third outlet 24¢’ of
the third flow channel 18¢ and third outlet 24d’ of the forth flow channel 18d. The third pooling
channel 88 may be in fluid communication with a third common collection vessel.

Turning now to FIGS. 3A-3D one embodiment of the diverting mechanism 28 is depicted
in action. Sample containing sperm cells 12 may be supplied through a sample inlet 48 and
injected into a sheath fluid flow provided by the sheath source 16 through the sheath inlet 50.
The flow channel 18 carries sperm 12 through the inspection region 26, where the cells are
illuminated by the clectromagnetic radiation source 30 and where sperm characteristics are
determined by the analyzer 58 in communication with the detector 56.

Two opposed diverting mechanisms 28 are illustrated in the form of a first bubble valve
90a and a second bubble valve 90b downstream of the inspection region 26. The bubble valves
90 are spaced opposite each other, although those of ordinary skill will realize that other
configurations can also be used. The first and second bubble valves 90a and 90b are in fluid
communication with the flow duct 18 through a first side passage 94a and a second side passage
94b, respectively.

Liquid, generally sheath fluid, fills these side passages 94a and 94b providing fluid

communication between the flow channel 18 and a membrane 96 associated with each. The
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membrane 96 may be in the form of a meniscus or other flexible material, including clastic
materials. The membrane 96 defines an interface between the sheath fluid and another volume
of fluid 98, such as a gas or gel in a fluid chamber 100 of the associated bubble valve 90. An
actuator may be provided for engaging cither bubble valve 90, which momentarily causes a flow
disturbance in the flow channel 18 and deflects flow therein when activated. As illustrated, an
actuator is coupled to the first bubble valve 90a and the second bubble valve 90b. One bubble
valve 90 may serve as a buffer for absorbing the pressure pulse created by the other bubble
valves 90 when activated. Alternatively, an actuator may be in communication with only one
bubble valve 90 for deflecting particles or cells in a single direction. Alternatively, an actuator
may be in communication with a single bubble valve for deflecting particles in more than one
direction. As will be described in more detail later, a single bubble valve may be configured to
selectively push or pull the trajectory of particles along their fluid path. The actuators may be
pins configured for actuating any one of the groups of bubble valves in multiple flow channels
18. Pins may be configured in a number of arrangements to accommodate different
configurations, like those depicted in FIGS. 2A-2C. An illustrative example of an actuator for
actuating pins individually for deflecting particles in multiple parallel channels is described in
U.S. Patent 8,123,044, the entire contents of which are incorporated herein by reference.

The first side passage 94a is hydraulically connected to a fluid chamber 100a in the first
bubble valve 90a, so that as pressure exerted in this chamber is increased, the flow in the flow
channel 18 near the side passage 94a is displaced away from the side passage 94a, substantially
perpendicular to the normal flow in the flow channel. The second side passage 94b, positioned
opposite of the first side passage 94a, is hydraulically connected to a second fluid chamber 90b
in the second bubble valve 90b and may absorb pressure associated with the perpendicular
displacement caused by the first bubble valve 90a. This first side passage 94a cooperates with the
second side passage 94b to direct the before mentioned liquid displacement caused by
pressurizing the fluid chamber 90a, so that the displacement has a component perpendicular to
the normal flow of the particles through the flow channel 18. In an alternative embodiment, a
single bubble valve may be used without a cooperating second bubble valve.

The cooperation of the two side passages 94 and fluid chambers 100 causes the flow
through the flow channel 18 to be transiently moved sideways back and forth upon pressurizing

and depressurizing of the cither fluid chamber 100 by the external actuator. Based on the
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detected sperm characteristics, an actuator on cither bubble valve 90 may be driven by the
controller 36 and can be applied in deflecting sperm having predetermined characteristics to
separate them from the remaining particles in the sample.

The flow channel 18 is illustrated with a first branch leading to a first outlet 20 that is
generally parallel with the existing flow channel 18. The first outlet 20 may be a default outlet
to which particles will flow unless one of the bubble valves 90 is activated. A second outlet 22
may branch away from the first outlet 20 some distance downstream of the inspection region 26.
Similarly, a third outlet 24 may be reached through a branch generally on the opposite side of the
flow channel 18 as the first branch. The angle between the branches extending to the second 22
and third outlets 24 may be separated between 0 and 180 degrees, or even between 10 and 45
degrees.

The sperm cells 12 supplied from the sample source 14, may contain multiple types of
cells which may be differentiated by the analyzer 58. In the case of sperm 12, there may be
viable X-chromosome bearing sperm 68, viable Y-chromosome bearing sperm 70, and
undesirable particles. The undesirable particle may include dead sperm, unoriented sperm which
could not be identified, other particles, or sperm cells which are not sufficiently spaced in the
flow channel for separation.

Upon sensing a predetermined characteristic in a sperm cell 12, illustrated as an X-
chromosome bearing sperm 68, the analyzer 58 may provide a signal to the controller 36 for
activating the appropriate external actuator at an appropriate time, which in turn engages the
second bubble valve 90b to cause pressure variations in the fluid chamber 100b. This pressure
variation deflects the membrane 96b in the second bubble valve 90b. The first side passage 94a
and the first bubble valve 90a absorb the resulting transient pressure variations in the flow
channel 18 resulting in a diverting force in the flow chamber 18, which is timed to divert the X-
chromosome bearing sperm cell 68 to a different position in the flow channel 18 (seen in FIG.
3B). The fluid chamber 90a of the first bubble valve 90a may have a resilient wall, such as a
meniscus, or may contain a compressible fluid, such as a gas or gel. The resilient properties
allow the flow of liquid from the flow channel 18 into the first side passage 94a, allowing the
pressure pulse to be absorbed providing a narrow window in which cells are diverted and
preventing disturbance to the flow of the non-selected particles in the stream of particles.

Similarly, in the event a Y-chromosome bearing sperm 70 is detected an external actuator may
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be utilized to pressurize the first bubble valve 90a and divert the sperm cell to the third outlet 24.
Alternatively, either Y-chromosome bearing sperm, X-chromosome bearing sperm, or even both
may be passively sorted by being allowed to pass through to the first outlet while undesirable
sperm is deflected away from the first outlet.

FIG. 3C illustrates a period immediately following deflection the second bubble valve
90b when the particle of interest , shown as the same viable X-chromosome bearing sperm 68,
has left the volume between the first side passage 94a and the second side passage 94b.
Following such an activation the pressure inside the both fluid chambers 100 returns to normal
and each membrane 96 returns to an equilibrium position while sheath fluid exits the first side
passage 94a and reenters the second side passage 94b as indicated by the arrows.

FIG. 3D illustrates the system 10 after completion of the switching sequence. The
pressures inside the fluid chambers 100 of cach bubble valve 90 are equalized, allowing the flow
through the flow channel 18 to normalize so that undeflected sperm continue toward the first
outlet 20. Meanwhile, the particle of interest, still illustrated as a viable X-chromosome bearing
sperm cell, has been displaced from its original trajectory, and flows into the first branch and the
second outlet 22, while the other cells may continue undeflected towards the first outlet 20,
thereby separating the particles based on the predetermined characteristic.

In an alternative embodiment, on¢ or both of the first bubble valve 90a and the second
bubble valve 90b may be preloaded with pressure by an actuator. In response to sort decisions
gencrated by the analyzer 58 and sort actions from the controller 36, the actuator may be
unloaded from either bubble valve 90 in order to retract the respective membrane 96, draw
additional sheath fluid into the respective side passage 94 in order to deflect the trajectory of a
sperm cells towards that side passage 94.

Referring now to FIG. 4A, one embodiment of a diverting mechanism 28, and in
particular one embodiment of the bubble valve 90, is depicted in which an actuator 92 is affixed
to a flexible interface 102 at an attachment point 112. The flexible interface 102 may be
fluidically sealed with the fluid chamber 100, or may actuate an intermediate component which
in turns causes actions like those described below. In a first position, which may be considered a
resting position, the actuator 92 and the flexible interface 102 are at rest, so that the fluid 98 in
the fluid chamber 100 does not deflect the membrane 96 into the side passage 94. In a second

position, which may be considered a first activation position, the actuator 92 may be driven into
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the flexible interface 102, causing the flexible interface 102 to intrude into the volume of the
fluid chamber 100 such that pressure is applied on the membrane 96 and fluid is expelled from
the side passage 94. This expelled sheath fluid provides the pressure pulse which may deflect
particles, like sperm, away from the side passage 94.

When the actuator 92 is attached to the flexible interface 102 at an attachment point 112,
a third position, which may be considered a second activation position, is possible whereby the
actuator 92 pulls the flexible interface 102 away from the fluid chamber 100 expanding the
volume (in the case of compressible fluids) such that the membrane 96 is drawn in and additional
sheath fluid is drawn into the side passage 94. The resulting pressure pulse may draw sperm or
other particles towards the side passage 94 in the flow channel 18. It should be appreciated that
the volumes of the fluid chambers 100, the type of fluid 98, and the dimensions of the side
passage 94 may be modified to achieve desired deflections in the flow channel 18. It should
further be appreciated, the second position and the third position, may be considered the extreme
positions, and that a multitude of intermediate positions are also contemplated between the two
extreme positions. For example, the flow channel 18 may comprise four, five, six or more
branches, each of which may be capable of receiving particles properly deflected by the bubble
valve 90.

FIG. 4B provides an alternative embodiment, whereby the actuator 92 is preloaded onto
the flexible interface 102. Stated differently, the fluid chamber 100, the fluid 98, and the
membrane 96 may be considered to be in a resting position while there is some deflection of the
flexible interface 102 into the fluid chamber 100 volume. The actuator 92 may be further driven
into the flexible interface 102 to a first activation position, which acts on the fluid 98 to displace
the membrane 96 and expel sheath fluid from the side passage 94.

Moving the actuator 92 outwards, to the second activation position, may act to draw the
membrane 96 inwards and draw fluid into the side passage 94. In such an embodiment, moving
the actuator 92 into a position, which may appear to be a resting position, may accomplish a
pressure pulse for deflecting particles. In the depicted embodiment, this displacement may result
in a pressure pulse which draws particles towards the side passage 94. However, an attachment
point 112 may be provided between the actuator 92 and the flexible interface 102, and the
flexible interface 102 such that the flexible interface 102 can be preloaded in the opposite

direction.
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FIG. 4C depicts one alternative embodiment of a bubble valve in which the flexible
interface 102 may comprise a bimorph piezoelectric element 110. The bimorph piczoelectric
clement 110 may be provided in a sealed relationship with the fluid chamber 100, or may rest
against another flexible material which is sealed against the fluid chamber 100 and through
which motion of the bimorph piezoclectric element 110 is translated. In a resting position, the
bimorph piezoelectric element 110 may be at rest, such that particles pass the side passage 94
undeflected. In response to a control signal the bimorph piezoelectric clement 110 may bend
into a first activation position intruding into the fluid chamber volume 100 and causing the
membrane 96 to expel out of the side passage 94. The resulting pressure pulse may deflect
particles away from the side passage 94 and the bubble valve 90. Similarly, the bimorph
piczoelectric 110 may be provided with a signal causing the element to deflect or bend into a
second activation position. The second activation position may act upon the fluid 98, fluid
chamber 100, and membrane 96 in a manner that draws fluid into the side passage 94. In this
way, particles may be deflected towards the side passage 94.

The bimorph piczoelectric element 110 may be precisely controlled by electrical signals
in degree of deflection and timing. For example, any number of intermediate positions between
the first and second activation positions may be achieved for deflecting particles with a variety of
trajectorics. The bimorph piezoclectric element 110 may only require an electrical connection,
thereby potentially simplifying spacing issues which may otherwise exist.

While bubble valves present a viable diverting mechanism, other diverting mechanisms
28 are contemplated for use with certain aspects of the microfluidic chip described herein. An
alternative arrangement is illustrated in FIG. 5, which shows a particle being diverted by the
activation of transducers 42, such as piczoelectric clements or ultrasonic transducers. Each
transducer 42 may form a portion of an array of transducers 82. Each transducer 42 in the array
of transducers 82 may be sequentially activated based on expected or calculated particle velocity
to provide pulses which act on the particle at multiple points along the flow channel 18.

An clectromagnetic radiation source 30 may provide clectromagnetic radiation for
inspecting particles. A fluorescence, scatter, or other responsive emission may be detected by
one or more detectors 56, and processed by analyzer 58. Resulting sort decisions may be
conveyed from a controller 36 through a driving clement 108 to cach transducer 42. The driving

clement 108 may provide the timed activation of transducers 42 for interacting with a sperm cell
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or other particle multiple times along the flow channel 18. Each transducer 42 may be an
acoustic transducer, or even an ultrasonic transducer, and the frequency at which the transducers
are drive may be optimized for producing a deflection of particles, or even more specifically for
deflecting or diverting sperm in the flow channel 18. In one embodiment, each transducer 42
may provide a single pulse directed to divert the particle, while in another embodiment, each
transducer may produce multiple pulses directed to divert the particle. In still another
embodiment, one or more arrays of transducers 82 may be operated to produce a standing wave
in the flow channel 18. As a diverting mechanism 28 the standing wave may attract or repel
particles within certain nodes or antinodes of the acoustic field. In one embodiment, the
transducers 42 are operated in the range of 10-16MHz.

In one embodiment, an array of transducers 82 is present on cach side of the flow channel
18 for diverting particles in both directions. In another embodiment, a single array of
transducers 82 may be incorporated for the purpose of deflecting particles or sperm cells in both
directions. The array of transducers 82 may be embedded within a chip substrate, or they may be
located on an external surface of a microfluidic chip 80. Additional, the array of transducers 82
may be removable from the chip 80.

In an alternative embodiment, an array of optical clements may be incorporated in a
similar manner to divert particles with a radiation pressure. A single laser, or other source of
clectromagnetic radiation may be gated or staged in a manner that allows multiple applications to
a single particle traveling along the flow channel, or which rapidly follows particles in the flow
channel 18. Alternatively, multiple lasers may be used to deflect a particle with several
applications of radiation pressure.

Turning now to FIG. 6, a chip holder 104 is illustrated for holding a microfluidic chip 80
in a precise position so that an actuator block 106 and shaped/separated beam may precisely
engage the diverting mechanisms 28 and inspections regions 26, respectively. A beam splitting
deice 74 is illustrated for producing multiple beam segments, each of which may be aligned with
a flow channel 18 generally perpendicular to the flow channel 18 or at an angle. The chip holder
104 may include a mechanism for firmly securing the microfluidic chip 80 in a relative position,
or may include mechanisms for adjusting the relative position of the microfluidic chip 80, such

as for aligning the flow channel in the chip with detectors and illumination sources.
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Turning now to FIG. 7 an embodiment of a microfluidic chip 80 is illustrated on a chip
holder 104 in conjunction with a fluidics system in the form of a cartridge 168. It should be
appreciated, some features illustrated formed in portions of the chip holder 104 may also be
integrated into an additional layer of the microfluidic chip 80 itself. The microfluidic chip 80 is
illustrated with multiple flow channels 18 having a sheath inlet 50 and a sample inlet 48, in
addition to a first outlet 20 a second outlet 22 and a third outlet 24 in each channel.

The cartridge 168 may comprise a series of reservoirs in fluid communication with the
microfluidic chip 80 and/or the chip holder 104. The cartridge 168 may be formed from a
polymer or other suitable biocompatible material and each reservoir is contemplated to directly
hold fluids, or to hold bladders or other sealable containers filled with fluids. A sample reservoir
114 may be a fluidically sealed reservoir in fluid communication with a sample channel 134 in
the chip holder 104. The fluidic connection between the sample reservoir and the sample
channel 134 may be performed in sterile conditions to prevent or reduce exposure of the sample
to pathogens and bacteria. Similarly, a sheath reservoir 116 may be fluidically connected to a
sheath channel 136 in the chip holder 104. Each of the reservoir may have an associated
transport mechanism. As one example, fluid may be transported via pressure gradients created at
cach reservoir. The pressure gradients may be created with pumps, peristaltic pumps, and other
similar means.

A cut away portion of FIG. 7 illustrates the connection of the sheath channel 136 and the
sample channel 134 to their respective inlets and to the first flow channel 18a. While not
illustrated, the remaining flow channels 18b through 18n may have similar fluidic connections to
reservoirs through the channels. In this manner, cach flow channel 18a through 18n may be
supplied from a common sample reservoir 114and from a common sheath reservoir 116 to
facilitate the parallel operation of multiple channels in a microfluidic chip 80.

The cartridge 168 may contain additional reservoirs for processed fluids. As an example,
the cartridge 168 may contain a passive collection reservoir 120, a first active collection
reservoir 122 and a second active collection reservoir 124. The passive collection reservoir 120
may be in fluid communication with the first outlet 20 of each channel 18 through a passive
collection channel 140 where fluid pools from each first outlet 20 and is fed through a passive
collection line 150. In one embodiment, the passive collection may be the default collection and

may include waste and/or undesirable particles. Similarly, the first active collection reservoir
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122 may be fluidically connected to the second outlet 22 of cach flow channel 18 through a first
active collection channel 142 and a first active collection line 152 and a second active collection
reservoir 124 may be connected to the third outlet 24 though a second active collection channel
144 and a second active collection line 154. A second cut away illustrates the relationship
between the third outlet 24 and the second active collection channel 144, which will be similar
for cach flow channel 18. Fluids and sperm cells, whether actively or passively sorted, may be
drawn through cach respective outlet, channel, line and reservoir by a transport mechanism, such
as a pressure gradient.

As an illustrative example, the channels in the microfluidic chip 80 may have widths
between about 20 um and about 400 um, while the channels in the chip holder may have widths
between about 200 um and about 2 mm. The lines connecting each channel to their respective
reservoirs may have inner diameters between about 0.25 mm and about 5 mm.

One embodiment provides an optional sheath fluid recycling system 160 for recycling
sheath fluid from the waste reservoir. FIG. 7 illustrates a recycling line 162 providing fluid
communication from the passive collection reservoir 120 to the sheath reservoir 116. A pump
164 may be provided in the recycling line to drive fluid through a concentrating system 166,
such as a filter, and on to the sheath reservoir 116. Alternatively, the passive collection reservoir
120 and the sheath reservoir 116 may be provided at differing pressures that tend to drive fluid
from the passive collection reservoir 120 through the recycling line 162 and to the sheath
reservoir 116. Alternatively other transport mechanisms may be incorporated to convey fluid
from one of the collection reservoirs to the sheath reservoir 116.  In one embodiment, the filter
may be replaced by other cell concentrating systems 166, or by systems for removing fluid or
supernatant. In one embodiment, a series of filters may be used for conditioning sheath fluid as
appropriate for a specific application, such as sperm sorting. Further non-limiting examples of
sperm concentrating systems may include centrifugation systems, microfluidic unites, porous
membranes, spiral concentrators, or hydrocyclones, or other particle concentrating devices or
fluid removing systems. In still another embodiment, the cell concentrating system 166 may
provide actively collected sperm in one or both of the first 122 and second 124 active collection
reservoirs at an appropriate concentration for further processing, while providing supernatant

sheath fluid back to the sheath reservoir 116. As one example sperm may be concentrated to an
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appropriate dosage for receiving a freezing extender, or sperm may be concentrated to an
appropriate dosage for performing Al, IVF or another assisted reproductive procedures.

Yet another feature that may be present in some embodiments is a temperature regulating
clement 170. The cartridge 168 may perform heating and/or cooling of any or all fluids stored
thereon. For example, the temperature regulating clement 170 may take the form of heating
and/or cooling pads or regions on the cartridge 168. Each chamber or reservoir of the cartridge
168 may be held at different temperatures or have its temperature modified during operation.
Any suitable means for controlling the temperature within a selected chamber or region of the
unitary particle processing cartridge may be used. In a sperm sorting embodiment it may be
desirable to maintain sperm at a relatively constant temperature, such as a cool temperature, as
much as possible. It may further be desirable to cool sperm for the purpose of reducing sperm
activity which may misalign and unoriented sperm. In such an embodiment the cartridge may be
constructed from a thermally conductive material for easily maintaining each reservoir at similar,

particularly chilled temperatures.

Sperm Orientation and Alignment

Referring briefly to FIG. 8 a spermatozoa 200 is illustrated in three views. While some
variation exists between species, spermatozoa 200 is representative of the basic shape of a
significant portion of mammalian sperm, including bovine sperm, equine sperm, and porcine
sperm. The basic sperm head shape may be referred to herein as a generally paddle shaped. As
may readily be understood by those of skill in the art the principals described herein will be
equally applicable to many other species, such as many of the species listed in Mammal Species

of the World, by Wilson, D.E. and Reeder, D.M., (Smithsonian Institution Press, 1993), the

entire contents of which are incorporated herein by reference.

The two largest portions of the sperm cell 200 are the sperm head 204 and the sperm tail
206. The sperm head 204 houses the nuclear DNA to which DNA sclective dyes bind, which is
advantageous for the purpose of sex-sorting sperm. The sperm head 204 is generally paddle
shaped, and has a greater length than width. A longitudinal axis 212 is illustrated as an axis
along the length of the sperm head 204 through its center, which may be generally parallel with
the length of the sperm tail 206. A transverse axis 214 is illustrated through the center of the

sperm head 204 and perpendicular to the longitudinal axis 212. Relative to an ideal orientation,
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sperm which is rotated about the longitudinal axis may be considered “rotated” in manner
synonymous with the acronautical term roll, while sperm which is rotated about the transverse
axis 214 may be considered “tilted” in a manner synonymous with the aecronautical term pitch.
The length of the sperm head is indicated along the longitudinal axis as L. The width of the
sperm head 204 is indicated as W, while the thickness is indicated as T. By way of a non-
limiting example, bovine of many breeds have sperm dimensions of approximately L= 10
microns, W=5 microns, and T=0.5 microns.

Differentiating sperm is difficult in many species because the uptake of DNA selective
dye differs only slightly in X-chromosome bearing sperm and Y-chromosome bearing sperm.
Most mammalian species demonstrate between about 2% to 5% difference in DNA content. To
precisely find this difference each sperm cell analyzed is preferably provided in a uniform
alignment and in a uniform orientation. As sperm become unaligned or unoriented their
measured fluorescence fluctuates much more than a few percentage points. Ideally, sperm would
be aligned in that the longitudinal axis would pass through the focal point of the detector and/or
the illumination source while the longitudinal axis and the transverse axis both remain
perpendicular to an optical axis of the detector and/or a beam axis of a beam produced by an
illumination source. Previous jet-in-air flow cytometers modified for sperm sorting include a
side fluorescence detector for the purpose of excluding sperm which is rotated, but side detectors
are not present in microfluidic systems, nor does the geometry of current microfluidic chips
permit the inclusion of side detectors. The following features may be incorporated individually,
or in any combination or permutation in order to provide oriented sperm in a microfluidic chip

and/or to determine when sperm are oriented in a microfluidic chip.

Flow Channel Features

Turning now to FIG. 9A, a perspective view of a flow channel 318 is illustrated. The
illustrated flow channel 318 includes both a fluid focusing region 330 and a sperm orienting
region 332 formed in a portion of a microfluidic chip 300. While the fluid focusing region 330
includes a fluid focusing feature in the form of a fluid focusing geometry and a sperm orienting
region 332 is illustrated with the orienting feature of an orienting channel geometry, it should be
appreciated other focusing features and orienting features may be incorporated in place of, or in

addition to, the depicted geometries.
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The flow channel 318 may be one of many flow channels in such a microfluidic chip,
such as between 4 and 512 flow channels. A sheath flow inlet 350 is illustrated upstream of the
sample inlet 348 in the flow channel 318 for the purpose of establishing the coaxial flow,
sometimes referred to as sheath flow.

The fluid focusing region 330 may include a vertical fluid focusing region 336 with a
geometry for focusing and/or aligning a vertical aspect of the core stream and a lateral fluid
focusing region 334, or transverse focusing region, with a geometry for focusing and/or aligning
a lateral aspect of the core stream. As illustrated, the lateral fluid focusing region 334 comprises
the same length of the flow channel 318, as the fluid focusing region 330, both of which overlap
the vertical fluid focusing region 336. It should be appreciated that the lateral fluid focusing
region 334 may occupy less than the entire fluid focusing region, and that the vertical fluid
focusing region 336 need not necessarily overlap with lateral fluid focusing region 334. The
lateral fluid focusing region 334 may be considered the length of the flow channel 318 along
which a lateral channel width “w” decrcases ending at a first transition point 338 to a second
width “w"”. This geometry tends to narrow the core stream of sample, and may generally assist
in the aligning sperm cells within the flow channel 318 providing a narrower band of sample in
which they are generally confined.

A sperm orienting region 332 may follow the fluid focusing region 330 some distance
after the first transition point 338 in the flow channel 318, or alternatively, the fluid focusing
region 330 and the sperm orienting regions 332 may overlap partially or entirely. The sperm
orienting region 332 may end at a second transition point 340, which may be followed by an
inspection region 326. In one embodiment, the channel reduced width “w” may have a
consistent dimension through the sperm orientation region 332, or a portion of the sperm
orientation region, and through the inspection region 326.

Turning to FIG. 9B, a vertical sectional view of the flow channel 318 is illustrated,
having a lateral fluid focusing region 334 and a vertical fluid focusing region 336 followed by an
sperm orienting region 332 and an inspection region 326. In one embodiment, the vertical fluid
focusing region 336 includes a vertical fluid focusing feature 342, which may be a supplemental
sheath channel, a series of lips, edges, chevrons, undulations, or speed bumps, or a transducer
capable of producing pressure pulses in the flow channel 318. In one embodiment a channel the

height “h” is maintained relatively constant up to the first transition point 338. In other
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embodiments, the vertical fluid focusing region 336 may have geometry which varies the
channel height “h,” or the sperm orientation region 332 may overlap with the fluid focusing
region 330 introducing a channel geometry which varies the channel height prior to the first
transition point 338. In one embodiment, the channel height “h” progresses from the first
transition point 338 to a reduced channel height “h” at the second transition point 340.
Alternatively, the channel height “h” may be reduced through the sperm orienting region 332.
The sperm orienting region 332 may begin after the fluid focusing region 330, or it may overlap
partially, or even entirely with the fluid focusing region 330.

FIG. 9C illustrates an alternative configuration for producing the coaxial, or sheath, flow
whereby the sample inlet 348 is provided in generally parallel with the fluid channel 318. In this
configuration the sample inlet 348 may be provided in a beveled configuration to encourage a
ribbon shape to the core stream at the onset. Those of ordinary skill in the art will appreciate any
known configuration for establishing sheath flow in a microfluidic channel may also be
incorporated with the orientation aspects described hercin. As one non-limiting example, any of
the inlet/sample channels described in U.S. Patent No. 7,311,476, the entire contents of which
are incorporated herein by reference, may be incorporated with various features described herein.

FIGS. 10A-D illustrates a flow channel 318 with a relatively simple geometry which
incorporate both a fluid focusing region 330 and an sperm orienting region 332; however, cach
of these regions may also be incorporated into more complex flow channel geometries. Each of
FIGS 10A-D illustrate general principals and are not necessarily depicted to scale or reflect a 1:1
aspect ratio. FIG. 10A illustrates section AA as a generally square flow channel 318 filled with
sheath fluid 352. Moving down stream to section BB, FIG. 10B illustrates a core stream of
sample 354 is seen in coaxial relationship with the sheath fluid 352. A closer view of the core
stream at BB illustrates an example of an unaligned and unoriented sperm cell 360. Arrows
around the core stream illustrate the forces applied to the core stream by changes in the flow
channel 318 geometry. The transition from AA to BB resulted in a slight widening of the
channel without a change in height.

Moving down stream to CC the width “w” of the flow channel 318 is reduced focusing
the core stream, which is illustrated at the sperm cell 360 moving to the center of the core stream
and becoming aligned, while maintaining an unoriented position in the stream. The forces

providing the lateral movement are illustrated as bold arrows emphasizing the hydrodynamic
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influence of this portion of the channel geometry. From section CC to DD the height “h” of the
flow channel is reduced tending to apply orienting forces to sperm within the core stream.
Greater forces are applied from vertical positions, as compared to later positions, tending to
orient the flat surface of a sperm cell.

FIGS. 11A-11D illustrates a similar flow channel geometry having circular and elliptical
cross sections FIGS. 10A-10D, except that the flow channel 318 comprises generally elliptical

and circular cross sections.

Core Stream Formation

While a uniform core stream formation is beneficial for many analysis techniques, it is
especially useful when differentiating relatively small fluorescence differences from X-
chromosome bearing sperm and Y-chromosome bearing sperm. A uscful feature of a sperm
sorter would be the formation of a core strcam having a generally ribbon shape, which may
contribute to both sperm alignment and sperm orientation in a flow channel.

Turning now to FIG. 12A, a fluid focusing region 430 is incorporated into a region of the
flow channel 418 for generating core stream flow, or sheath flow. The core stream forming
geometry 400 is illustrated as an interior surface of a flow channel 418 in a microfluidic chip 80,
such as those microfluidic chips previously described. The core stream forming geometry 400
may be fabricated in plastics, polycarbonate, glass, metals, or other suitable materials using
microfabrication, injection molding, stamping, machining, 3D printing or by other suitable
fabrication techniques. As such, the core stream forming geometry may be formed in a single
layer, or by a plurality of stacked layers.

The illustrated core stream forming geometry 400 provides improved sheath flow
capabilities, and thus improved focusing capabilities. In particular, sheath inlets 450 may be
provided with conical inlet shapes which are cach received at a sheath aggregating volume 422.
The sheath aggregating volumes may provide a single outlet, or multiple outlets to further flow
channel 418 components. A single outlet is illustrated which extends into the fluid focusing
region 430. Alternatively, a single inlet may be branched into the core stream forming geometry
400. Additionally, flow restrictions may be placed on one or more fluidic paths emanating from

the sheath aggregating volume 422.
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The depicted fluid focusing region 430 comprises a lateral fluid focusing component and
a vertical fluid focusing component, both of which contribute to the axial acceleration of both
sheath fluid and sample through the flow channel 418. The illustrated lateral fluid focusing
component comprises a lateral fluid focusing chamber 420. The lateral fluid focusing chamber
420 is provided with sample from the sample inlet 448, as well as, sheath from one or more
sheath inlets 450. As illustrated, two symmetric sheath inlets 450 fill the lateral fluid focusing
chamber 420 from the edges, while sample enters the lateral fluid focusing chamber 420 from the
middle. As the sample and sheath progress along the lateral fluid focusing chamber 420 the
width of the chamber is reduced providing an increasing inwards force from the lateral sides of
the chamber which tends to focus the sample in the middle of the lateral fluid focusing chamber
420 and which accelerates both the sheath and the sample in the flow channel. The illustrated
vertical fluid focusing component comprises a first vertical fluid focusing channel 424 in
combination with the position of the sample inlet 448 relative to the lateral fluid focusing
chamber 420. The first vertical fluid focusing channel 424 may comprise a looping channel that
branches away from the lateral fluid focusing chamber 420 and is provided in fluid
communication with the lateral fluid focusing chamber 420 further downstream. In this manner,
the first vertical fluid focusing channel 424 provides a means for diverting a portion of sheath
flow that may be reintroduced into the flow channel 418 at a later point to focus the vertical
position of the core stream of sample.

FIG. 12B provides an illustrative view of the lateral fluid focusing component. A sample
flow 406 is illustrated entering the lateral focusing chamber 420 from the sample inlet 448.
While sheath flow 408 is illustrated entering the lateral fluid focusing chamber 420 from cach
sheath inlet 450 at the edge of the lateral fluid focusing chamber 420. As the width of the lateral
fluid focusing chamber decreases, the sheath flow 408 provides an increasing shearing force on
the sample 406, both accelerating the flow of the sample, spacing out particles in the sample, and
laterally focusing the sample flow into the center of the lateral fluid focusing chamber 420.

The vertical flow of the sample 408 is influenced by two features of the core stream
forming geometry 400, which can be best seen in FIG. 13. FIG. 13 represents a vertical cross-
section along a longitudinal axis of the core stream forming geometry 400. A first downwards
vertical influence on the sample stream is created upon entry into the lateral fluid focusing

chamber 420, because the sample is introduced from under the lateral fluid focusing region 420,
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so that its upward flow will be resisted by the sheath flow 408 above it. A representative sample
flow 406 is illustrated reaching the end of the sample inlet 448 and moving upwards against a
sheath flow 408. Once the core stream of sample 406 reaches the first fluid vertical focusing
channel 424, sheath flow 408 directs the sample upwards focusing the sample away from the
bottom of the flow channel 418.

Once subjected to the focusing region 430, the sample may continue through a sperm
orienting region 330, and an inspection region 326. The sperm may be oriented according to
specific features in the following description and a sort action may be performed according to
various mechanism described previously.

Turning to FIG. 14A, an alternative core stream forming geometry 500 is illustrated
which incorporates a fluid focusing region 530 which includes a double horseshoe or double loop
in the form of a first and second vertical fluid focusing channels. One embodiment relates to a
core stream forming geometry 500 having a first vertical fluid focusing channel 524 and second
vertical fluid focusing channel 526 configured contribute opposing vertical fluid focusing sheath
flows into a flow channel 518 for an improved core stream formation. FIG. 14A depicts a
sample inlet 548 positioned at the same vertical level as the sheath inlet 550 leading in to a
lateral fluid focusing chamber 520. The first vertical fluid focusing channel 524 runs vertically
above the lateral fluid focusing channel 520 and the second vertical fluid focusing channel 526
runs vertically below the lateral fluid focusing channel 520. After being subjected to the
focusing features of the lateral focusing chamber 520, the first vertical focusing channel 524 and
the second vertical focusing channel 526, a more focused and/or aligned core stream may flow
through the remainder of the flow channel 560.

Referring to FIG. 14B, sheath flow is illustrated through the sheath inlet and divided into
three parts. A first sheath flow 554 enters the lateral fluid focusing chamber 520, and in
response to the narrowing width tends to focus the sample in the center of the lateral fluid
focusing channel 520. A second portion of sheath flow 556 is diverted through the first vertical
fluid focusing channel 524 and a third portion of sheath flow 558 is directed through the second
vertical fluid focusing channel 526. A sheath aggregating volume 522 which provides a greater
cross sectional arca than the end of the conical sheath inlet 550 provides a beneficial volume for
distributing relatively high sheath flow rates through cach of the sheath portions. In particular

increased sheath flow through the first vertical focusing channel 524 and the second vertical
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focusing channel 526 may provide for an improved ability to focus the vertical position of a core
stream in a flow channel 518.

Turning now to FIG. 15, a vertical cross-section along a longitudinal axis of the core
stream forming geometry 500 illustrates a core stream of sample 506 and a sheath fluid 508
introduced into the flow channel 518 at substantially the same vertical position. Sheath flow 508
from the first vertical fluid focusing channel 524 provides a downward focusing influence on the
core strcam of sample, followed by an upward focusing influence from sheath fluid provided
from the second vertical fluid focusing channel 526. The portion of the flow channel 518
following the opposing vertical sheath flows is at an elevated vertical position relative to the
lateral fluid focusing chamber 520 and the sample inlet 548. The portion of the flow channel 518
following the focusing region may then be manipulated in a region design to impart orientation
to particles in the core stream of sample.

FIG. 16 illustrates an alternative embodiment of the core stream forming geometry 600,
which presents substantially the same vertical cross section depicted in FIG. 15. There may be
certain efficiencies gained in several stream lined aspects relating to the sheath fluid flow paths
illustrated in FIG. 16. In one aspect sheath fluid passes through from the cach sheath
aggregating volume 622 into focused inlet 632 which immediately puts the sheath fluid into a
trajectory for laterally focusing the core stream of sample fluid 606. Each of the first vertical
fluid focusing channel 624 and the second vertical fluid focusing channel 626 are also streamline
with a common inlet 630.

FIG. 17 illustrates another embodiment of the core stream forming geometry 700, having
streamlined sheath flow components, such as a narrow inlet 732 and the common inlet 730
connected directly to the sheath aggregating volume 722 of each sheath inlet 750. Additionally,
FIG. 17 illustrates an alternative vertical placement of some portions of each of the first vertical

fluid focusing channel 724 and the second vertical fluid focusing channel 726.

Orientation with a Planar Flow Channel

Turning to FIG. 18A, one embodiment of an orienting channel geometry is illustrated
whereby the flow channel 818 transitions to a reduced height, which may generally be referred to
as a planar orienting geometry 838. Such an orienting geometry may encompass both an

orientation region 832 and an inspection region 826. The planar orienting geometry may follow

27



WO 2014/142924 PCT/US2013/031706

any of the above described fluid focusing geometries or features, such as any one of the
described core stream forming geometries.

Prior to the planar orienting channel geometry 832, the flow channel 818 may have a
height between about 25 microns and 75 microns and a width between about 100 microns and
about 300 microns. The height “h” prior to the orienting channel geometry 832 may be reduced
to a second height “h” over a length L. The reduced height “h” may be between about 10
microns and 35 microns for producing a core stream which approaches 1 to 0.5 microns in the
narrow axis, or which approaches the thickness of a sperm cell. FIG. 18A illustrates a gradual
transition where the length of the transition “L” may be between about 200 microns and about
5000 microns. Prior to the transition the flow channel 818 may have a width to height ratio
between about 4:1 and 5:1, and after the transition the width to height ratio may be about 8:1 and
10:1.

Immediately following any focusing geometry, the flow channel 818 may have a
generally rectangular shape, or to adjacent edges may be rounded resulting in a “D” shaped
profile, seen in the transverse sectional of FIG. 18B. The beginning profile is indicated in hidden
lines providing a comparison of the two profiles.

FIG. 18C illustrates a sudden transition right before the inspection region 826, which may
have a transition length “L” between about 25 microns and about 200 microns. In one
embodiment, there may be a re-expansion 842 immediately following the inspection region 826.
The combination of the short transition and the re-expansion may provide for a system which

requires less pressure to drive cells though, or which reduces the back pressure of the system.

Orientation in a Nozzle Mimicking Geometry

With reference to FIGS. 19A-19C, one embodiment of a flow channel 918 is provided
with an orienting geometry that mimics an orienting nozzle of a jet-in-air flow cytometer. In
such an embodiment, the fluid focusing features and the sperm orienting features may overlap
and in fact be incorporated into a common geometry. A flow channel 918 is provided in fluid
communication with a first sheath inlet 950a and a second sheath inlet 950b, each of which feed
into an orienting chamber 930. The orienting chamber 930 may comprise an internal surface
areca which mimics the interior of a nozzle. A sample inlet 948 is fed through an injection tube

910 through an injection tube outlet 914 into the orienting chamber 930. The orienting chamber
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930 may have a generally clliptical cross-section at its most upstream point, but it also may be
circular or rectangular. Regardless of the height of the orientation chamber may be about 1000
microns. The interior surface of the orienting chamber may transition over 5000 microns to a
generally clliptical, or even a “D” shaped channel having a height of 50 microns and a width of
200 microns. The injection tube 910, may extend about 3000 microns into the orienting chamber
and may have one or both or internal and external features provide a ribbon core stream and
orienting particles, such as sperm, within the core stream. As one example, the injection tube
may have a beveled tip. As another example, the injection tube may have an elliptical or even
rectangular internal channel ending at the injection tube outlet. The injection tube 910 may have
an external thickness of about 300 microns. As a non-limiting example the internal channel may

have a height of about 100 microns and a width of about 200 microns.

Downstream Channel Features

Various downstream features may be incorporate into a flow channel in combination with
any of the orienting or focusing features previously discussed. Such features may provide a
biasing force which tends to orient or align particles. In one embodiment, downstream channel
features may be the primary, or even the only, sperm orienting features in a flow channel. In
such an embodiment, downstream channel features provide sufficient orientation for anyalsis and
sorting. In another embodiment, the downstream channel features are used in combination with
other focusing features and/or orienting features and may serve to realign or reoriented sperm
which has started to become unaligned or unoriented, respectively. The downstream channel
features may also be provided just prior to an inspection region for the purpose of obtaining
optimum effectiveness in orienting particles, such as sperm cells.

Turning to FIG. 20A, a downstream channel feature is illustrated in the form of a ramp
1002, which may be in a portion of a flow channel 1018. The ramp 1002 may present a
relatively abrupt reduction in the height of the flow channel, as described with respect to FIGS.
18A-C. The ramp 1002 may be designed in order to present a core stream which has a thickness
only slightly larger than the thickness of a sperm cell. A ramp 1002 having an incline less than
45 degrees may be considered a gently ramp, whereas a ramp having an incline between 45

degrees and 90 degrees may be considered an abrupt ramp.
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FIG. 20A provides an example of an excitation region 26 which overlaps with the
downstream channel feature. The ramp 1002 is illustrated on at least two surfaces on the interior
of the flow channel, and may end shortly after the inspection region 26 in order to reduce
backpressure and to allow fluid to flow more casily through the system.

FIG. 20B provides a downstream channel feature in the form of a ramp 1002 followed by
an expansion 1004, which may be called a speed bumps. These speed bumps may be placed in
series to focus a core stream just prior to the inspection region as well as for orienting sperm in
the core stream. In one embodiment, speed bumps or series of speed bumps are present on single
surface of the flow channel 18, while in another embodiment speed bumps or series of speed
bumps may be present on more than one surface of the flow channel 18. In a related
embodiment, a single speed bump may have rounded edges and may be referred to as an
undulation. Similarly, a series of rounded speed bumps may be referred to as a series of
undulations. An undulation or a series of undulations may be present on a single surface, or may
be present on multiple surfaces in a flow channel 18. The speed bumps and/or undulations may
extend between about 5 microns and 15 microns into the flow channel 18.

FIG. 20C illustrates a downstrecam channel feature in the form of a decompression-
compression zone 1006, which may also be considered an inverse speed bump. Flow is
illustrated entering the zone where it initially disperses at the widening of the channel. As the
flow continues, it is recompressed at the abrupt end of the widened region. While the depicted
embodiment provides for edges, the surfaces may be smooth resulting in another embodiment of
undulations. These features may extend between about 5 microns and 15 microns into the flow
channel.

FIG. 20D illustrates a series of chevron shaped features 1008 which may be placed in the
flow channel 18. The series of chevron shaped features 1008 provide series of forces which may
tended to focus the core stream. The chevron shaped features 1008 may comprise a cut away
feature on three sides of a flow channels. In one embodiment the chevron shaped features 1008
may be tilted or slanted. The chevron shaped features 1008 may also have rounded edges for
subjecting the core stream to a secries of undulations. Like the reverse speed bumps, the

cheverons may extend between about 5 microns and 15 microns into the flow channel 18.
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Sperm Alignment/Orientation with Magnets

Turning to FIG. 21A, an embodiment of sperm orienting features are depicted as a first
magnet 192A and a second magnet 192B which are utilized to provide a magnetic field B to the
desired orientation of sperm cells. The first magnet 192A may be located in a vertical position
above a flow channel and the second magnet 192B may be located in parallel below the flow
channel to produce a static magnetic ficld B which acts upon sperm moving through the flow
channel. The magnets may be placed in other orientations so long as the magnetic ficld is
perpendicular to the sperm cells, which have been shown to align with their planar dimension
perpendicular to the applied field. In certain embodiments, it may be desirable to produce a
magnetic field strong enough to orient sperm in as many as 512 channels. One or more series of
magnets may be used in combination to produce this static magnetic ficld. In one non-limiting
embodiment, the magnets 192 may be arranged to generate a field between about 0.05 Tesla to

about 1.0 Tesla.

Sperm Alignment/Orientation with Transducers

In an alternative embodiment, a transducer or a series of transducers may be placed
across one or more flow channels on the exterior of a microfluidic chip. An example of a
transducer may be a piczoelectric transducer having a genecrally planar surface 194 in contact
with an exterior surface of the microfluidic chip. Said transducers may be driven to produce a
standing wave in the flow channel. Sperm may be driven to nodes and antinodes of the standing
wave resulting in both an alignment, and possible orientation of sperm in the flow channel.

In some embodiments, a standing wave may be produced with a planar transducer in
addition to other orienting or aligning features. For example, the a standing wave may be
produced in the flow channel for the purpose of spacing and aligning sperm, while a magnetic
ficld may be applied to the flow channel to orient sperm. As a non-limiting example, it has been
surprisingly found a planer transducer operating between 10-16MHz may improve sperm

orientation while flowing in a flow channel.
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Measuring Sperm Properties

Regardless of the orienting and focusing features employed in cach flow channel a great
deal of precision is required in illuminating sperm and detecting emitted or reflected
clectromagnetic radiation from illuminated sperm. Sperm are living, motile cells which may be
erratically propelled by motion from their tail. As such, even with great care in aligning and
orienting sperm in a flow channel, there always exists the potential for a number of sperm to
become unoriented or to resists orientation forces altogether. Previous efforts may have
considered the possibility of illuminating sperm head on, or from all sides. However, such
configurations arc inapplicable to multiple flow channels in a single chip as cach channel
requires a considerable amount of space for both collection optics and illumination optics,

including reflective surface and/or refractive lenses.

MMumination

In previous jet-in-air flow cytometers, each nozzle or stream tends to be monitored
separately for performance and sort characteristics. However, in a microfluidic chip having 4 to
512 flow channels it is desirable to pool certain data for data tracking and display purposes.
Because the variation in fluorescence produced in stained sperm is minimal, variations in the
illumination of each the flow channels should be reduced or ecliminated. A system like that
described in U.S. Patent 7,492,522, the entire contents of which are incorporated hercin by
reference, may be employed for providing uniform illumination across a plurality of flow
channels 18.

Referring briefly back to FIG. 1, an clectromagnetic radiation source 30 is illustrated
which may be a quasi-continuous wave laser such as a Vanguard 355-350 or a Vanguard 355-
2500 model laser available from Newport Spectra Physics (Irvine, CA). Electromagnetic
radiation 46 emitted from the electromagnetic radiation source 30 may be manipulated by beam
shaping optics 40 and/or a beam splitting device 74 in free space to produce onec or more
manipulated beam(s) 44, sometimes referred to as beam segments or beamlets. These beamlets
may take the form of one or more beams altered to provide uniform intensity, power, and/or

geometry to a plurality of flow channels.
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A configuration to achieve uniform beam segments may include beam shaping optics 40
in free space for shaping electromagnetic radiation from the clectromagnetic radiation source 30
into a highly uniform profile in one or more axes, such as a “top-hat” or “flat top” beam profile.
As but one example, the beam profile may have a uniform intensity in one or more axes or may
have a Gaussian intensity distribution in one or more axes. In one embodiment a top-hat profile
beam may be split into multiple beam segments according to the number of flow channels in the
microfluidic chip. A segmented mirror, or another device for spatially separating segments of
the beam, may follow the initial beam shaping optics for projecting multiple beam segments on
the flow channels of the fluidic chip. The resulting beam segments may be substantially parallel
and spaced according to the spacing of the flow channels.

In an alternative embodiment, the beam shaping optics may provide the beam with a final
beam intensity profile, and the beam intensity may subsequently be divided by beam splitting
mirrors or other suitable optical beam splitting devices, into multiple beams, or beam segments
having uniform dimensions. As one example, an array of beam splitting mirrors, such as micro
array of beam splitting mirrors may be employed. In a chip that approaches 256 to 512 flow
channels, a combination of beam splitting eclements may be used. For example a beam may be
split into several beam segments, for example four to cight, by conventional beam splitting
mirrors such that the original beam profile is maintained in each beam segment at a fraction of
the original beam intensity. Each beam segment, once so formed, may be split by a segmented
mirror to illuminate cach flow channel in the microfluidic chip.

Additionally, in an alternative embodiment, blocking or masking elements may be placed
in the beam path of each beam segment. The blocking or masking clements may be unique to
cach flow path, or may be shaped to help ascertain specific information regarding particle
velocity in the flow path, particle alignment in the flow path, or even particle orientation in the
flow path. Such clements may be located in free space or may be incorporated on the substrate

of a microfluidic chip 80.

Detection
Referring now to FIG. 22, an example of collection optics 54, or a portion of the
collection optics, is illustrated for use in various systems described herein. A representative

manipulated beam of clectromagnetic radiation 44 may be incident upon the inspection zone 26
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of the microfluidic chip 80 at a direction normal to the flow channel. Emitted electromagnetic
radiation 52 in the form of forward fluorescence is illustrated emanating from the particle, which
may be a sperm cell 12.

The collection optics 54 may be placed in the beam path of the manipulated beam of
clectromagnetic radiation, or at 0 degree position with respect to the excitation beam 44. The
collection optics 54 may include a high numerical aperture collection lens 126 for the focused
collection of reflected and/or emitted light in the inspection region 26 of cach flow channel 18.
An objective lens 140, or multiple objective lenses, may focus the collected emitted and/or
reflected light onto an image plane 182 that is incident on a surface mounting an array of fiber
optic cables 188 having a fiber optic cable 186 configured for an inspection region 26 of each
flow channel 18. In one embodiment, the objective lens 140 may comprise a large objective lens
or a series of lens capable of fluorescence emissions from a large chip arca onto a plurality of
respective detectors, or fibers in communication with detectors. As a non-limiting example, the
collection optics 54 may comprise a large arca, low f-number optical system configured to
collect from an arca having a length or width between about 25mm and 75mm and having an f-
number within a range of about 0.9 and 1.2 and configured for a working distance of about
10mm and 30mm. Alternatively, one or more microlenses or microlens arrays could also be
used to collect emitted fluorescence from multiple flow channels.

FIG. 23 illustrates an optical arrangement 190, such as an array of fiber optic cables that
may be used for capturing forward or side fluorescence from a series of parallel flow channels 18
in a microfluidic chip 80. Such an optical arrangement may be used for the collection of side
fluorescence in addition to the collection optics of FIG. 22.  Alternatively, the optical
arrangement 190 may be positioned in the forward position, or at 0 degrees, to directly collect
forward fluorescence from each flow channel 18. In an illustrative embodiment, cach first
detector in the array of first detectors and each second detector in an array of second detectors
may be side fluorescence detectors. In sperm sorting operations, these detectors may function to
determine when sperm or unoriented, whether they are unoriented due to rotation, or due to tilt.

FIG. 24 A provides an example of a detection scheme incorporating the collection optics
54 for detecting a forward fluorescence in addition to a first side detector 176 collecting side
fluorescence at about a 45 degree angle and a second side detector 178 collecting side

fluorescence at 45 degrees in the opposite direction. The first side detector 176 and the second
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side detector 178 may be characterized as having a 90 degree angle between the optical axis of
each.

In addition to the schematic of the detection scheme illustrated in FIG. 24A, FIGS. 24A-
E, provide various sperm orientations within a flow channel 18, in addition to the waveform
pulses that may be generated by each of the forward detector 54, the first side detector 176 and
the second side detector 178 associated with the inspection region 26 of each flow channel.
These waveform pulses may be determined in the analyzer, and characteristics or features of the
waveform pulses may be calculated for use in a sorting logic applied by the analyzer 58.
Generally, it should be appreciated that a detector with an optical axis normal to the flat paddle
shaped surface of sperm will provide the maximum possible signal, while a detector than an
optical axis which is parallel to the planar surface will effectively be looking at the narrow edge
of a sperm head and may gencrate a significantly lower signal.

FIG. 24A provides an example of a sperm cell 12 in a flow channel without rotation or
tilt, allowing the forward fluorescence signal to capture a maximum pulse height and pulse arca
for direct comparison to other waveform pulses representing other sperm cells. The waveform
pulses generated by the first side detector 176 and the second side detector 178 can be seen as
substantially similar to each other.

Turning to FIG. 24B a tilted sperm cell 12 has about a 45 degree downward tilt
presenting the first side detector 176 within a normal fluorescence and presenting the second side
detector 178 with the edge of the sperm. Under certain circumstance the edge of the sperm may
fluoresce very brightly, but more briefly that it would in other orientations. The waveform pulse
produced by the first side detector 176 will have a, peak height, peak arca, and peak width which
may be compared to the waveform pulse produced by the second side detector 178, as well as the
waveform pulse produced from the forward detector 54.

Similarly, FIG. 24C provides an example of a sperm head which is tilted upwards 45
degrees presenting the first side detector 176 with one fluorescence and the second side detector
178 with a normal fluorescence. Again a significant difference may exist in the pulse height,
pulse width and pulse arca of the resulting waveform pulses from the side detectors. Thus,
measured waveform pulse parameters may be analyzed to determine when sperm cells are tilted
during detection. Differences in waveform pulse height, area, width, may be compared to

determine disparitiecs. When disparitics exceed a threshold, it may be determined a sperm cell

35



WO 2014/142924 PCT/US2013/031706

was not aligned well enough to accurately differentiate the presence of X-chromosome bearing
sperm or Y-chromosome bearing sperm. Additional parameters may also be determined for
comparison, such as a pulse slope, rise time, and inner pulse area.

FIG. 24D illustrates a sperm cell which is tilted 90 degrees. In this event, the waveform
pulses produced by the first side detector and the second side detector may be very similar. The
waveform pulse produced by the forward detector should vary drastically, for example the pulse
width, rise time and arca may be distinguishable from sperm in a proper orientation.

FIG. 24E illustrates a sperm cell which is rotated about its longitudinal axis. The
curvature of a sperm head may provide the first side detector and the second side detector with
similar signals, but an offsect or lag may exist between the times cach waveform peaks.
Therefore, a rise time, slope or peak lag may be calculated between the two signals to determine
when cells.

In many embodiments described hercin features and geometries are employed that
attempt to orient sperm for both tilt and rotation. However, some percentage of sperm will fail to
become oriented regardless. Despite the described orienting features, some sperm may be sent
into a tumbling state within the flow channel. Such sperm might exhibit a high propensity to
become unoriented in terms of tilt and rotation. Therefore, while rotation itself may be more
difficult to detect in a microfluidic chip, any described means for detecting tilt may also aid in
climinating rotated sperm from gating for sex sorting.

As can casily be understood from the foregoing, a true side fluorescence value, or
alternatively side scatter, have not been measured in multiple flow channels of a microfluidic
chip previously. In the field of sperm sorting, such a measured side fluorescence would provide
valuable information regarding sperm orientation.

FIG. 25A illustrates a microfluidic chip 1080 configuration providing the ability to
measure both forward fluorescence 1052 and a side fluorescence 1058 in a flow channel 1018, or
in cach of multiple flow channels. A cross sectional view of a portion of a microfluidic chip
1080 is provided whereby flow in the flow channel 1018 may be understood to be in the outward
direction. The dimensions of the flow channel 1018 may be overemphasized for clarity.

A reflective element, in the form of a reflective surface 1010 may be associated with each
flow channel 1018, for the purpose of reflecting a side fluorescence 1058, or side scatter, to a

position where it can be detected. It should be appreciated that a refractive element may be used
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in place of, or in combination with, the reflective surface 1010. As one example, the
microfluidic chip substrate may be constructed from multiple materials having different
refractive indexes to achieve a desired reflection and/or refraction of light in a particular path,
such as forward fluorescence or side fluorescence. In one embodiment, a reflective surface
1010a is associated with flow channel 1018a by placement substantially in parallel along the
inspection region of the flow channel 1018a at about 45 degree angle. A side fluorescence 1058a
is illustrated emitting from a sperm cell 1012 being excited with clectromagnetic radiation
1044a. The side fluoresce travels until reaching the reflective surface 1010a, at which point the
side fluorescence is redirected to be substantially parallel with the forward fluorescence signal
1052a. As can casily be understood, the reflective surfaces 1010 may be provided at other angles
for collecting side fluorescence in manner other than in parallel with the forward fluorescence
1052.

The depicted system may include collection optics 54, like those previously described,
including a large, single collection lens whereby cach of forward fluorescence and side
fluorescence are projected onto an image plane coincident with fiber cables is in communication
with a fluorescence detector. The side fluorescence detector may be substantially identical to the
forward fluorescence detector, the only difference may be in the execution of instructions stored
in the analyzer 58. Alternatively, detections schemes like those depicted in FIGS. 26 A-D may
also be used.

A second flow channel 1018b is depicted producing a second forward fluorescence 1052b
and a second side fluorescence 1058b, however, such an embodiment may include between 4 and
512 flow channels. In onec embodiment, cach set of flow channels 1018 and their associated
reflective surface 1010 may be separated from other sets by a blocking clement 1026 which
prevents cross talk between the flow channels 1018.

FIG. 25B illustrates a variation of the reflective surface 1110, which is formed by cutting
away a portion of the substrate forming the microfluidic chip 1180. The cut away portion 1112
may have a proximal surface 1114 and a distal surface 1116 relative to the flow channel 1118.
The proximal surface may comprises the reflective surface associated with the flow channel
1118, and may be capable of total internal reflection to a difference in the refractive index. Like
the previous figure a blocking element may optionally be added between each set of channels

and their associated reflective surface.
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Turning to FIG. 25C, cach flow channel 1218 is associated with a first reflective surface
1220 and a second reflective surface 1222. Each reflective surface may be provided at about 45
degrees thereby providing a -90 side fluorescence 1254 and a +90 side fluorescence 1256 in
parallel with the forward fluorescence 1252. Like the previous Figure, a difference in the
refractive index of the materials provides a total internal reflective surface thereby producing a
forward fluorescence and two side fluorescence light paths in response to particles excited with
clectromagnetic radiation 1244. Such an embodiment may require a blocking clement to prevent
cross talk between channels.

FIG. 25D illustrates an embodiment where the internal reflective surface is provided in
one or more sidewalls of the flow channel 1318 itself. The first flow channel 1318a is illustrated
with a first reflective sidewall 1320a and a second reflective sidewall 1322a . However, it should
be appreciated, that microfluidic chip may be fabricated so that only the first sidewall has
reflective properties.  Alternatively, both side walls may have reflective properties, but a
detection system may be employed which only detects one of the +90 side fluorescence or -90
side fluorescence. In either event, a blocking clement 1326 may be incorporated between the
flow channels in order to prevent cross talk between the channels. In one embodiment, the
refractive propertics of various chip substrates may be altered at different locations in the chip to
achieve the desired reflection and/or refraction. For example, a middle layer of the substrate,
which coincides with the surfaces 1320 and 1322 may comprise a material having a different
refractive index as compared to a top and bottom layer of the substrate.

Various detection systems may be employed to detect the parallel forward fluorescence
and side fluorescence produced by the chips of FIGS. 25A-D. In one embodiment, a single large
collection lens is incorporated for focusing cach onto an image plane incident to an array of fiber
optics previously described. Such an embodiment may require twice as many detectors.

An alternative detection system for collecting a forward 1452 and a side fluorescence
1456 from cach channel 1418 is depicted in FIG. 26A. The depicted microfluidic chip 1480
produce includes a reflective surface 1410 associated with each flow channel 1418 which
provides a forward light path and a side light path in response to an excitation clectromagnetic
radiation 1444. An array of lenses 1430, such as an array of microlenses, may be aligned with
the microfluidic chip 1480 for collecting light from each of the forward and side light paths. The

array of microlenses 1430 can include a forward collection lens 1440a and a side collection lens
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1442a for the first flow channel 1418a. Each forward collection lens 1440 and side collection
lens 1442 may be configured to focus the collected electromagnetic radiation, whether
fluorescence or scatter, onto a forward detector 1446a and a side detector 1448a, respectively.
Alternatively, the array of lenses 1430 focus collected clectromagnetic onto an array of fiber
optic cables in communication with individual detectors.

FIG. 26B illustrates an alternative embodiment including a fiber array 1520, similar to
the array depicted in FIG. 23, which incorporates twice the number of fiber cables for collecting
a forward fluorescence 1552 and a side fluorescence 1558 produced by an excitation
clectromagnetic radiation 1544 and a reflective surface 1510 associated with each flow channel
1518. Similarly, FIG. 26C provides a detector array 1650 in close proximity to the microfluidic
chip 1680, whereby each flow channel 1618 has an associated reflective surface 1610, so that
cach excitation electromagnetic radiation 1644 may produce a forward and side fluorescence. A
forward detector 1646 and a side detector 1684 are provided in the detector array 1650 for cach
flow channel 1618.

In an alternative embodiment, the detectors, or a fiber array, may be placed in an epi-
illumination relationship with the excitation beam. FIG. 26D illustrates a microfluidic chip
1780, having a flow channel 1718 and an associated reflective surface 1710 angled to reflect side
fluorescence, or scatter, in the direction from which the excitation beam was received where it
may be received by a side detector 1748, or a fiber cable in communication with a side detector
1748. A dichroic mirror 1726 may be placed for cach channel to direct an excitation beam 1744
towards the flow channel 1718, while emitted fluorescence from the cell in the back direction
1758 may pass through the dichroic mirror 1726 to a back detector 1746, or to a fiber cable in
communication with a back detector 1746. The depicted example provides an internal reflective
surface 1710, which may direct a side fluorescence 1756 to the side detector.

It can be readily seen, various potential solutions to the issue of sperm orientation in a
plurality of parallel flow channel in a chip may add levels of complexity to the channel
geometry, the collection optics, and/or to the required detector configuration.

Turning to FIG. 27, a potential solution exists whereby the additional detectors may be
climinated by the inclusion of masks, or a partial transmission blocking clement. In particular, a
first detection mask 1820 and a second detection mask 1830 may be placed in the path of the

forward fluorescence 1852 and the side fluorescence 1856 respectively. Each mask may be
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placed in free space, may be coupled to the substrate of the chip, or may be coupled to another
optical element in the path of the fluorescence. The optical path through the first detection mask
1820 and through the second detection mask 1830 may ultimately arrive at the same detector
1840, which in turn produces a waveform pulse representing information from both the forward
fluorescence and the side fluorescence. The masks may be configured, for mutually exclusive
transmission, such that the waveform pulse generated by the detector include segments directly
attributed to the forward fluorescence and portions and segments directly attributed to the side
fluorescence. Alternatively, the first detection mask 1820 and the second detection mask 1830
may overlap to some extent without unduly causing errors in measurements since an analyzer
may be used to deconvolve signals.

An analyzer may deconvolve cach signal from the single waveform pulse, thercby
providing forward fluorescence and side fluorescence information from a single detector.
Alternatively, more complex masks may be incorporated into cach light path and the detector
may receive signals from more than one flow channel, whereby each flow channel comprises a
unique signature pattern in cach associated mask.

Fig. 28A provides another embodiment of a detection scheme which may be incorporated
with various other features described herein. The illustrated detection scheme climinates the
need for detecting a side fluorescence altogether and may be incorporated with cach of between
4 and 512 flow channels in a microfluidic chip 1980. A sperm cell 1912 is illustrated at the
inspection region of a flow channel 1918, being interrogated by a beam of electromagnetic
radiation 1944. The excitation beam and a forward fluorescence carry forward in the path of the
excitation beam through the microfluidic chip 1980 and encounter a dichroic mirror 1924 may
reflect one of the two, since cach are at a different wavelength. As one example, the
clectromagnetic radiation 1944 may be produced by a laser operated at a UV wavelength and
may pass through the dichroic mirror 1924 and on to an absorption/extinction detector 1962.
The transmitted portion of the clectromagnetic radiation 1960 may be utilized for a variety of
purposes. The absorption/extinction detector 1962 may be configured to effectively monitor the
flow channel for the presence of cells, when a cells passes through the excitation beam 1944, the
intensity of the transmitted portion 1960 that is received by the absorption/extinction detector

1962 is greatly reduced. Beyond the mere presence of a cell, the amount by which the
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fluorescence is extinguished may provide a quantifiable measurement for determining whether a
passing sperm cell is in a desired orientation.

Simultaneously, a reflected forward fluorescence 1952 is incident upon a forward
fluorescence detector 1946, which may be utilized to measure the DNA content of passing sperm
cells 1912. FIG. 28B illustrates a representative signal produced by an extinction/absorption
detector. A baseline 1940 can be seen which indicates the full power of the transmitted portion
1960 of the excitation beam is incident upon the absorption/extinction detector 1962. It should
be noted the absorption/extinction detector 1962, or optics in the light path leading to the
detector, may include a neutral density filter, or some other optical device for reducing the actual
laser power seen by the absorption/extinction detector 1962. In cither case, a bascline is
established which reflects the time at which no sperm is passing through the excitation beam. A
waveform pulse 1950 can be seen which represents an oriented sperm cell passing through the
beam followed by a less pronounced waveform pulse representative of an unoriented sperm cell
1960.

Waveform characteristics from signals produced by the extinction detector 1962 may be
calculated in order to determine which pulses characterize oriented sperm cells and which pulses
characterize unoriented sperm cells. Pulse peak, pulse area, or even a pulse inner area, which
may represent the some fraction of the pulse arca centered around the pulse peak, may
individually, or in combination provide a determination regarding sperm orientation.

FIG. 28B also illustrates a fluorescence signal from the detector 1946, the signal is
illustrated having a first waveform pulse 1970 corresponding to the oriented sperm cell and a
second waveform pulse 1980 corresponding to the unoriented sperm cell. When a sperm cell is
determined to be oriented according to the extinction signal, the fluorescence signal may then be
analyzed for pulse peak pulse arca, pulse area, and/or other waveform characteristics in order to
quantify the relative amount of DNA in the sperm cells for determining the presence of an X-
chromosome or a Y-chromosome.

FIG. 29A-D illustrates another potential configuration which eliminates both the need for
side fluorescence detection and the need for a second detector. FIG. 29A generally depicts
vertical sectional view a microfluidic chip 2080, having a flow channel 2018 in which an
excitation beam 2044 is schematically illustrated causing sperm produce a forward fluorescence

2052 that passes through a mask 2020 and on to a detector 2054.
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A view from above the microfluidic chip illustrated in FIG. 29B illustrates two distinct
regions in the mask 2020. An oriented sperm cell 2012 is depicted traveling through the flow
channel 2018 in route to the mask 2020. The signals produced by cach distinct mask region pass
through to the same detector 2054 and may provide a series of waveform pulses. The signal
generated by the detector 2054 at this window may be seen in FIG. 29B for the instance of
oriented sperm 2014 and unoriented sperm 2016.

The first mask region 2022 may be the DNA content measuring portion of the mask 2020
and may comprise a single aperture 2030 that is at least as wide as the sperm being measured,
and at lcast as long as the sperm head. A peak height and peak arca may be determined from the
first waveform pulse 2002A in order to differentiate X-chromosome bearing sperm from Y-
chromosome bearing sperm, whereas the first waveform pulse 2002B of an unoriented sperm
2016, may be excluded from classification according to a sort logic.

The second mask region 2024 may comprise multiple openings. In one embodiment,
several spaced pairs of opening may be sequentially located along the flow path 2018. Each pair
of openings may have a different transverse position, although there may also be some overlap.
In one embodiment, the spaced opening may be 1 to 10 microns wide, although smaller and
larger widths may also be used. The first spaced pair of openings 2026 are illustrated as the
furthest apart. Consequently, oriented sperm 2014 will tend to fluoresce well enough through
both openings to produce a second waveform pulse 2004A, while unoriented sperm 2016 may
produce a pulse of half the intensity, but likely will not produce any waveform pulse.

A second pair of openings 2028 is illustrated slightly further downstream and spaced
more closely together. Oriented sperm 2014 will fluorescence through both openings in the
mask to produce a third waveform pulse 2006A. Depending on the degree of misorientation, an
unoriented sperm 2016 may produce some fluorescence at this portion of the mask, but the
illustrative example provides an edge to the detector, and still no waveform pulse is generated.
A final opening 2032 in the second region 2024 is illustrated in the center of the flow path 2018.
Again, oriented sperm 2014 may produce a fourth waveform pulse 2008A. Even unoriented
sperm 2016 having an edge facing the mask may produce a fourth waveform pulse 2008B.

The detector is provided in communication with an analyzer which may decipher the
presence or absence of the second, third and fourth waveform pulses in order to determine

whether a sperm cell was oriented when it passed through the inspection region. In a digital
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system, once a determination of orientation is made, the pulse arca and/or the pulse peak of the
first pulse waveform can be evaluated and a determination regarding sex characteristics can be
made.

FIG. 29D provides an alternative arrangement for the second mask region 2024', in the
form of slits progressively moving in transverse pattern along the flow path. It should be
appreciated any number of other similar configurations may be incorporated into the second
mask region 2024'. In an unpaired configuration, the number of waveform pulses, may provide
an indication of whether a sperm is oriented and how unoriented it may be. It could be
understood any number of patterns may be employed, as long as there are some differences in
the transverse position of the apertures, or slits.

As can be understood from the foregoing, features described for focusing a core stream,
or aligning sperm in a flow channel, may be combined with various features for orienting sperm,
as well as with various features for detecting sperm orientation, and even with other features for
focusing a core stream. Similarly, one or more of the described orientation features may be
employed in a single flow channel for the purpose of orienting sperm. Those skilled in the art
will recognize that the invention described above includes many inventive aspects, which may be

provided in any combination and includes at least the following.

Al. A sperm sorting system comprising: a sample source; a substrate; at least one flow
channel formed in the substrate, the flow channel having an inlet in fluid communication with
the sample source, the flow channel further comprising an inspection region, a first outlet, and
second outlet; at least one diverting mechanism in communication with cach of the at least one
flow channels to selectively divert sperm in the at least one flow channel away from the first
outlet; an clectromagnetic radiation source for illuminating sperm at the inspection region; a
detector aligned to measure sperm characteristics in the inspection region of the at least one flow
channel; an analyzer in communication with the detector to determine sperm characteristics; a
controller in communication with the analyzer for sclectively activating the diverting mechanism
based on measured sperm characteristics; and a collection vessel in communication with the

second outlet.
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A2.  The system as claimed in claim Al, wherein the at least one flow channel comprises

multiple flow channels formed on a microfluidic chip.

A3. The system as claimed in claim A2, wherein the multiple flow channels comprises

between 4 and 512 flow channels.

A4.  The system as claimed in claim A2 or A3, wherein cither sperm characterized as viable
X-chromosome bearing sperm or sperm characterized as viable Y-chromosome bearing sperm

are deflected to the second outlet of each flow channel.

AS5.  The system as claimed in any of claims Al to A4, wherein the collection vessel
comprises a common fluid collection vessel in fluid communication with the second outlet of one

or more flow channels.

A6.  The system as claimed in any of claims Al to A5, wherein each flow channel further

comprises a third outlet.

A7. The system as claimed in A6, wherein the sperm cells characterized as viable X-
chromosome bearing sperm are diverted to one of the second outlet or the third outlet and sperm
characterized as viable Y-chromosome bearing sperm are diverted to other of the second outlet

and the third outlet.

A8.  The system as claimed in any one of claims Al to A6, wherein each second outlet of the

flow channels are connected to a common first collection vessel.

A9.  The system as claimed in claim A6, wherein each third outlet of the flow channels are

connected to a common second collection vessel.

A10. The system as claimed in any one of claims Al to A9, further comprising a passive

collection vessel in communication with the first outlet.
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All. The system as claimed in any one of claims Al to A9, further comprising a sheath source,
and wherein the flow channel further comprises a sheath inlet in fluid communication with the

sheath source.

Al12. The system as claimed in All, further comprising a sheath fluid recycling system
comprising: a transport mechanism in fluid communication with the passive collection vessel; a
fluid path connecting the passive collection vessel to the sheath source; and a particle
concentrating device or a fluid removing system in the fluid path connecting the passive

collection vessel to the sheath source.

Al13. The system as claimed in any one of claims Al to Al12, wherein the at least one flow
channel comprises multiple flow channels formed on a microfluidic chip and wherein at lcast a

portion of the diverting mechanism is embedded within the microfluidic chip.

Al4. The system as claimed in any one of claims Al to A13, wherein the at least one flow
channel comprises multiple flow channels formed on a microfluidic chip and wherein at lcast a

portion of the diverting mechanism is positioned on the exterior of the microfluidic chip.

A15. The system as claimed in any one of claims Al to A14, wherein the diverting mechanism
comprises a side passage in fluid communication with the flow channel and in fluid

communication a volume of fluid through a flexible interface.

A16. The system as claimed in A15, wherein the fluid comprises one selected from the group

consisting of: a gel, a liquid, and a gas.

Al17. The system as claimed in claim A15 or A 16, further comprising an actuator contacting a

portion of the flexible interface, wherein the actuator is in communication with the controller.

Al18. The system as claimed in claim 17, wherein the actuator is movable between a resting
position and two or more activation positions while maintaining contact with the flexible

interface.
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A19. The system as claimed in claim Al18, further comprising a third outlet and wherein
particles passively flow to the second outlet and wherein actuator movement between the resting
position and the first active position diverts particles to the first outlet and wherein actuator
movement between the resting position and the second active position diverts particles to a third

outlet.

A20. The system as claimed in claim A18 or claim A19, wherein the actuator is attached to the

flexible interface

A21. The system as claimed in any one of claims Al8 to A20, wherein the actuator is

preloaded onto the flexible interface.

A22. The system as claimed in any one of claims Al to A21, further comprising a bimorph

piczoelectric element.

A23. The system as claimed in any one of claims AlS5 to A22, wherein the bimorph

piczoelectric element comprises the flexible interface.

A24. The system as claimed in any one of claims AlS5 to A22, wherein the bimorph

piczoclectric element contacts the flexible interface.

A25. The system as claimed in any one of claims Al5 to A24, wherein the bimorph
piezoelectric element is configured for deflection in two directions to divert sperm in the flow

channel two directions.

A26. The system as claimed in any one of claims Al to A25, wherein the diverting mechanism

comprises a transducer coupled to the flow channel.

A27. The system as claimed in claim A26, wherein the transducer comprises an ultrasonic

transducer for diverting particles in the flow channel.
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A28. The system as claimed in claim A27, wherein the ultrasonic transducer comprise an array
of ultrasonic transducers and further comprising a driving element which times the activation of

cach transducer in the array to achieve the desired deflection.

A29. The system as claimed in claim A28, comprising a second array of ultrasonic transducers,

wherein each array of ultrasonic transducers is located on opposite sides of the flow channel.

A30. The system as claimed in claim A28 or A29, wherein the array of ultrasonic transducers a

configured to produce multiple standing waves.

A31. The system as claimed in any one of claims A28 to A30, wherein the array of ultrasonic
transducers are configured to maintain the trajectory of a sperm cell in the flow path towards the
first outlet, deflect the trajectory of a sperm cell in a flow path towards the second outlet, or

deflect the trajectory of a sperm cell in a flow path towards a third outlet.

A32. The system as claimed in any one of claims A26 to A31, wherein the transducer is at least

partially embedded in the substrate adjacent to the flow channel.

A33. The system as claimed in any one of claims A26 to A32, wherein the transducer is placed

in contact with an exterior surface of the substrate.

A34. The system as claimed in any one of claims Al to A33, further comprising one or more

sources of electromagnetic radiation for deflecting sperm in the flow channel.

A35. The system as claimed in any one of claims Al to A34, further comprising beam shaping
optics for manipulating clectromagnetic radiation produced from the clectromagnetic radiation

source to inspect sperm at each inspection region of the at least one flow channel.

A36. The system as claimed in claim A35, wherein the at least one flow channel comprises a

plurality of flow channels, and wherein the beam shaping optics comprise a beam splitting
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device for directing substantially equivalent beams to the inspection region of each of the

plurality of flow channels.

A37. The system as claimed in claim A36, wherein the beam splitting device comprises a
reflective surface or refractive material for reflecting potions of the beam profile as beam

segments or for dividing a beam intensity among beams having the same profile.

A38. The system as claimed in any one of claims A35 to A37, wherein the beam shaping

optics further comprise a beam shaping optics for establishing a top hat beam profile.

A39. The system as claimed in any one of claims Al to A38, wherein each flow channel has an
associated reflective surface or an associated refractive element that redirects a side fluorescence

produced by sperm in the flow channel.
A40. The system as claimed in claim A39, wherein the associated reflective surface or
associated refractive element redirects a side fluorescence in a direction substantially parallel to a

first fluorescence.

A41. The system as claimed in claim A39 or A40, wherein the first fluorescence comprises a

forward fluorescence.

A42. The system as claimed in claim A39 or A40, wherein the first fluorescence comprises a

back fluorescence.

A43. The system as claimed in any one of claims A39 to A42, wherein the reflective surface is

formed by a surface on the substrate.

Ad44. The system as claimed in any one of claims A39 to A42, wherein the reflective surface is

formed by a surface of the flow channel.
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A45. The system as claimed in any one of claims A39 to A44, wherein each flow channel is

separated by a light blocking element.

A46. The system as claimed in any one of claims A39 to A42 or A45, wherein the reflective

surface further comprises a reflective element embedded in the substrate.

A47. The system as claimed in any one of claims A39 to A43, or claim A45, wherein the
reflective surface comprises an exterior surface of the substrate formed by cutaway portion
adjacent to the inspection region, wherein the refractive index difference in the cutaway portion

provides a reflective property.

A48. The system as claimed in claim A47, wherein the cutaway portion provides a reflective
surface at about 45 degrees relative to the surface of the substrate and/or the desired plane or
orientation of the sperm.

A49. The system as claimed in claims A47 or 48, further comprising a second reflective
surface comprising a second exterior surface of the substrate formed by a second cutaway

portion adjacent to the inspection region for producing a second side fluorescence.

A50. The system as claimed in any one of claims Al to A49, wherein the detector comprises a

forward fluorescence detector.

A51. The system as claimed in claim 50, further comprising a first side fluorescence detector.

A52. The system as claimed in claim 51, further comprising a second side fluorescence

detector.

AS53. The system as claimed in claim A52, wherein the first and the second side fluorescence

detectors are located about 90 degrees apart.
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A54. The system as claimed in any one of claims AS51 to A53, further comprising an array of
first side fluorescence detectors of measuring a first side fluorescence value in each of a plurality

of flow channels and an array of second side fluorescence detectors.

AS55. The system as claimed in any one of claims Al to A54, further comprising collection

optics for collecting fluorescence from one or more flow channels.

AS56. The system as claimed in claim AS5S, wherein the collection optics comprise a single

collection lens for collecting fluorescence from multiple channels.

AS57. The system as claimed in claim AS5, further comprising an array of lens for collecting

fluorescence from each flow channel.

AS58. The system as claimed in claim AS55, further comprising a fiber array for collecting

fluorescence from each flow channel.

AS59. The system of claim 55, further comprising epi-illumination forward collection optics.

A60. The system as claimed in claim A59, further comprising a dichroic mirror positioned to
reflect electromagnetic radiation from the clectromagnetic radiation source onto the inspection

region and through which fluorescence emissions in the back direction travel to a detector.

A61. The system as claimed in any one of claims Al to A60, wherein the flow channel

comprises fluid focusing features.

A62. The system as claimed in claim A61, wherein the fluid focusing features of the flow

channel further comprises: a core stream forming geometry.

A63. The system as claimed in claim A62, wherein the core stream forming geometry further
comprises: a lateral fluid focusing region; a first vertical fluid focusing component; and a second

vertical fluid focusing component.
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A64. The system as claimed in claim A63, wherein the first vertical fluid focusing component
comprises a first vertical fluid focusing channel and the second vertical fluid focusing

component comprises a second vertical fluid focusing channel.

A65. The system as claimed in claim A64, wherein the first vertical fluid focusing channel and
the second vertical fluid focusing channel are in communication with the flow channel in

opposite vertical positions.

A66. The system as claimed in claim A64 or A 65, wherein the first vertical fluid focusing
channel provides a first vertical influence and wherein the second vertical fluid focusing channel

provides a second vertical influence in the opposite direction as the first vertical influence.

A67. The system as claimed in any one of claims A61 to A66, wherein the fluid focusing
features of the flow channel further comprises: transducers for producing pressure waves in each

flow channel.
A68. The system as claimed in claim A67, wherein the at least one set of transducers are
positioned symmetrically to ecach other with a surface perpendicular to the desired orientation of

sperm.

A69. The system as claimed in claim A68, further comprising a series of transducers for cach

flow channel.

A70. The system as claimed in claim A69, wherein the series of transducers are configured to

produce a standing pressure wave along the flow channel.

A71. The system as claimed in any one of claims Al to A70, wherein the at least one flow

channel comprises orienting features.
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A72. The system as claimed in claim A71, wherein the orienting features comprise an interior

channel geometry dimensioned to orient sperm cells.

A73. The system as claimed in claim A72, wherein the channel geometry further comprises a

planar channel geometry.

A74. The system as claimed in claims A72 or A73, wherein the channel geometry further

comprises a nozzle geometry.

A75. The system as claimed in any one of claims A72 to A74, wherein the channel geometry
further comprises one or more of the following channel features: a chevron, a gentle ramp, an

abrupt ramp, a decompression-compression zone, a step, or an undulation.

A76. The system as claimed in any one of claims A71 to A75, wherein the orienting features
further comprise: a magnet for producing a magnetic field in the orienting region of cach flow

channel.

A77. The system as claimed in any one of claims Al to A76, wherein the flow channel further
comprises a sheath inlet in fluid communication with the sheath source, and a sample inlet in
fluid communication with the sample source, the sample inlet positioned within a sheath flow

created by the sheath inlet to facilitate a co-axial flow of sheath and sample.

A78. The system as claimed in claim A77, wherein the sample inlet comprises an inlet which is

beveled, flattened, or has a rectangular cross-section.

A79. The system as claimed in claim A77 or A78, wherein the flow channel comprises a first

width and a first height at the sample inlet.

A80. The system as claimed in claim A79, wherein the flow channel comprises a second width

and a second height at a first transition point.
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A81. The system as claimed in claim A80, wherein the width of the flow channel is reduced

between the sample inlet and the first transition point.

A82. The system as claimed in claim A80 or A81, wherein the flow channel comprises a third

width and a third height at a second transition point.

A83. The system as claimed in claim A81, wherein the width remains constant between the
first transition point and the second transition point and the height is reduced between the first

transition point and the second transition point.

A84. The system as claimed in claim A82 or A 83, wherein the third height and the third width

are maintained through the inspection region.

A85. The system as claimed in any one of claims Al to A84, whercin the flow channel

transitions from square cross section to a rectangular cross section.

A86. The system as claimed in any one of claims Al to A82, wherein the flow channel

transitions from a circular cross section to an elliptical cross section.

A87. The system as claimed in any onc of claims Al to A86, further comprising at least one

mask.
A88. The system as claimed in claim A87, wherein the at least one mask comprises an
illumination mask positioned in the path of clectromagnetic radiation directed to the inspection

region.

A89. The system as claimed in claim A88, wherein the illumination mask comprises a first

region and a second region along the flow path.
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A90. The system as claimed in claim A89, wherein the first region provides an opening
configured to produce a sufficient waveform pulse to differentiate viable X-chromosome bearing

sperm from viable Y-chromosome bearing sperm, when orientated.

A91. The system as claimed in claim A89 or A90, wherein the second region comprises a
series of openings configured to produce a series of waveform pulses which differentiate

oriented sperm cells from unoriented sperm cells.

A92. The system as claimed in any one of claims A89 to A91, wherein the second region

comprises a series of openings with differing transverse profiles along the flow path.

A93. The system as claimed in any one of claims A89 to A92, wherein the second region
comprises a first spaced pair of openings followed by a second spaced pair of openings, wherein

the spacing is differed between the first pair of openings and the second pair of openings.

A94. The system as claimed in any one of claim A89 to A92, wherein the second region
comprises a sequential series of openings along the flow path, each opening having a different

transverse position along the flow path.

A95. The system as claimed in claim A88, wherein the at least one mask comprises at least one

detection mask in a light path of collected electromagnetic radiation.

A96. The system as claimed in claim A95, wherein a first detection mask is place in the path of
emitted forward fluorescence and a second detection mask is placed in the path of emitted side

fluorescence.
A97. The system as claimed in claim A96, wherein the first detection mask and the second

detection masks have differing profiles of slits, and wherein cach mask is in communication with

the same detector.
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A98. The system as claimed in claim A97, wherein the analyzer is in communication with the
detector and is configured to deconvolve a first waveform pulses representing the forward
fluorescence and a second waveform pulse representing the side fluorescence based on the

profile of slits in each of the first detection mask and the second detection mask.

A99. The system as claimed in claim A87, wherein the mask positioned in free space.

A100. The system as claimed in claim A87, wherein the mask is located on the substrate.

A101. The system as claimed in any one of claims Al to A100, wherein the detector comprises

a first detector and the system further comprises a second detector.

A102. The system as claimed in claim A101, wherein the first detector comprises an absorption

detector and the second detector comprises a fluorescence detector.

A103. The system as claimed in claim A102, further comprises a necutral density filter in the
light path of the absorption detector.

B1. A microfluidic chip for sorting sperm comprising:

a substrate;

a plurality of flow channels formed in the substrate, cach flow channel

comprising;
an inlet;
a fluid focusing region having an associated fluid focusing feature for
aligning sperm cells within the flow channel,
a sperm orienting region having an associated sperm orienting feature for
orienting sperm cells within the flow channel,
an inspection region at least partially downstream of the fluid focusing
region and the sperm orienting region;
at least a first outlet and a second outlet; and

a diverting mechanism in communication with each flow channel.
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B2.  The microfluidic chip as claimed in claim B1, wherein the fluid focusing features of the

flow channel focusing region further comprises: a core stream forming geometry.

B3.  The microfluidic chip as claimed in claim B1 or B2, wherein the core stream forming
geometry further comprises: a lateral fluid focusing region; a first vertical fluid focusing

component; and a second vertical fluid focusing component.

B4.  The microfluidic chip as claimed in claim B3, wherein the first vertical fluid focusing
component comprises a vertical fluid focusing channel and the second vertical fluid focusing

component comprises a second vertical fluid focusing channel.

B5.  The microfluidic chip as claimed in claim B4, wherein the first vertical fluid focusing
channel and the second vertical fluid focusing channel are in communication with the fluid

focusing region in opposite vertical positions.

B6.  The microfluidic chip as claimed in claim B4 or B5, wherein the first fluid vertical
focusing channel provides a first vertical influence and wherein the second vertical fluid
focusing channel provides a second vertical influence in the opposite direction as the first

vertical influence.

B7.  The microfluidic chip as claimed in any one of claims Bl to B6, wherein the fluid
focusing feature of the fluid focusing region further comprises: ultrasonic transducers for

producing pressure waves in the focusing region of each flow channel.

B8.  The microfluidic chip as claimed in any one of claims Bl to B7, wherein the fluid
focusing feature of the fluid focusing region further comprise an array of ultrasonic transducer

for producing a standing pressure wave along the flow channel.

B9.  The microfluidic chip as claimed in any one of claim Bl to B8, whercin the sperm

orienting feature of the flow channel orienting region further comprises: a channel geometry.
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B10. The microfluidic chip as claimed in claim B9, wherein the channel geometry further

comprises a planar channel geometry.

B11. The microfluidic chip as claimed in B9 of B10, wherein the channel geometry further

comprises a nozzle geometry.

B12. The microfluidic chip as claimed in any one of claims B9 to B11, wherein the channel
geometry further comprises one or more of the following channel features: a chevron, a gentle

ramp, a decompression-compression zone, an abrupt ramp, or a step.

B13. The microfluidic chip as claimed in any one of claims Bl to B12, wherein the sperm
orienting features of the sperm orienting region further comprise: a magnet for producing a

magnetic field in the orienting region of each flow channel.

B14. The microfluidic chip as claimed in any one of claims Bl to B13, wherein the sperm
orienting features of the sperm orienting region further comprise an array of ultrasonic

transducer for producing a standing pressure wave along the flow channel.

B15. The microfluidic chip as claimed in any onec of claims Bl to B14, wherein the diverting

mechanism comprises a bubble valve.

B16. The microfluidic chip as claimed in any onc of claims B1 to B14, wherein the diverting

mechanism comprises an array of ultrasonic transducers.

B17. The microfluidic chip as claimed in any one of claims Bl to B16, wherein each flow
channel has an associated reflective surface or refractive element that redirects a side

fluorescence produced by sperm in the flow channel.

B18. The microfluidic chip as claimed in claim B17, wherein the associated reflective surface

redirects a side fluorescence in a direction substantially parallel to a first fluorescence.
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B19. The microfluidic chip as claimed in claim B18, wherein the first fluorescence comprises a

forward fluorescence.

B20. The microfluidic chip as claimed in claim B18, wherein the first fluorescence comprises a

back fluorescence.

B21. The microfluidic chip as claimed in any one of claims B17 to B19, wherein the reflective

surface is formed as a surface on the substrate.

B22. The microfluidic chip as claimed in any one of claims B17 to B19, wherein the reflective

surface is formed as a surface of the flow channel.

B23. The microfluidic chip as claimed in any one of claims Bl to B22, wherein the flow
channel further comprises a sheath inlet in fluid communication with the sheath source, and
wherein the sample inlet is positioned within a sheath flow created by the sheath inlet to facilitate

a co-axial flow of sheath and sample.

B24. The microfluidic chip as claimed in claim B23, wherein the sample inlet comprises a

beveled inlet.

B25. The microfluidic chip as claimed in claim B23 or B24, wherein the flow channel

comprises a first width and a first height at the sample inlet.

B26. The microfluidic chip as claimed in claim B25, wherein the flow channel comprises a

second width and a second height at a first transition point.

B27. The microfluidic chip as claimed in claim B26, wherein the width of the flow channel is

reduced between the sample inlet and the first transition point.
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B28. The microfluidic chip as claimed in claim B27, wherein the flow channel comprises a

third width and a third height at a second transition point.

B29. The microfluidic chip as claimed in claim B28, wherecin the width remains constant
between the first transition point and the second transition point and the height is reduced

between the first transition point and the second transition point.

B30. The microfluidic chip as claimed in claim B28 or B29, wherein the third height and the

third width are maintained through the inspection region.

B31. The microfluidic chip as claimed in any one of claim B1 to B30, wherein the fluid flow

channel transitions from square cross section to a rectangular cross section.

B32. The microfluidic chip as claimed in any one of claim Bl to B30, wherein the flow

channel transitions from a circular cross section to an elliptical cross section.

Cl. A method of sorting sperm comprising the steps of: flowing sperm through a plurality of
flow channels in a microfluidic chip; orienting sperm within the plurality of flow channels;
flowing the oriented sperm through an inspection region in the flow channels; interrogating
sperm at the at least one inspection region to determine sperm characteristics; differentiating
oriented sperm from unoriented sperm in the flow channels; selecting a subpopulation of
oriented sperm based on the detected sperm characteristics; and collecting the selected

subpopulation of sperm in a collection vessel.

C2. The method as claimed in claim Cl, further comprising the steps of: providing an
clectromagnetic radiation source; manipulating clectromagnetic radiation produced from the

clectromagnetic radiation source for inspecting multiple inspection regions.

C3.  The method as claimed in claim C2, wherein the step of manipulating electromagnetic
radiation further comprises the steps of: splitting the electromagnetic radiation produced by the

clectromagnetic radiation source.
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C4. The method as claimed in claim C2 or C3, wherein the step of manipulating the
clectromagnetic radiation further comprises the step of: manipulating the shape of the beam

profile of the electromagnetic radiation.

C5.  The method as claimed in any one of claims C1 to C4, wherein the step of selecting a
subpopulation of sperm based on the detected sperm characteristics further comprises the step of
diverting the flow of a sclected sperm within flow channel based on the detected sperm

characteristics.

C6.  The method as claimed in any one of claims C1 to C5, further comprising the step of
differentiating oriented sperm from un-oriented sperm and excluding un-oriented sperm from

selection.

C7. The method as claimed in any one of claims C1 to C6, further comprising the steps of:
gencrating a first signal with a forward fluorescence detector in response to emitted
clectromagnetic radiation of sperm at the inspection region, wherein the first signal comprises

waveform pulses having detectable pulse characteristics.

C8.  The method as claimed in claim C7, further comprising the step of generating a second

signal with a side fluorescence detector.

C9.  The method as claimed in claim C8, wherein the step of generating a second signal with a
side fluorescence detector further comprises associating a reflective clement with each flow
channel for reflecting the side florescence outward and detecting the side fluorescence in parallel

with a forward fluorescence.

C10. The method as claimed in claim C9, further comprising the step of detecting the forward

fluorescence through a first mask and the side fluorescence through a second mask.
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Cl1. The method as claimed in claim C10, further comprising the step of deconvolving a first

waveform pulse and a second waveform pulse from signal produced by the detector.

C12. The method as claimed in claim C11, wherein the deconvolved waveform pulse provide

the sperm orientation.

C13. The method as claimed in any one of claim C1 to C7, further comprising the steps of
generating a plurality of waveform pulses with a single detector in response to single sperm,

wherein the plurality of waveform pulses provide orientation information about the sperm cell.

Cl14. The method as claimed in claim C13, further comprising the step of measuring laser

extinction to determine sperm orientation.

C15. The method as claimed in claim C14, further comprising the steps of: generating a second
signal with a first side fluorescence detector, wherein the second signal comprises waveform
pulses having detectable pulse characteristics; and generating a third signal with a second side
fluorescence detector, wherein the second signal comprises waveform pulses having detectable

pulse characteristics.

C16. The method as claimed in claim C15, wherein pulse characteristics of the second and

third signals differentiated the orientation of sperm cells.

C17. The method as claimed in claim C15 of claim 16, wherein the pulse characteristics are
selected from the group consisting of: peak height, pulse width, pulse peak lag, pulse slope, pulse

arca, and combinations thercof.
C18. The method as claimed in any one of claims C15 to C17, further comprising the steps of

comparing the pulse characteristics of the second signal to the pulse characteristics of the third

signal to determine sperm orientation.
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As can be ecasily understood from the foregoing, the basic concepts of the present
invention may be embodied in a variety of ways. The invention involves numerous and varied
embodiments of sex sorting sperm including, but not limited to, the best mode of the invention.

As such, the particular embodiments or eclements of the invention disclosed by the
description or shown in the figures or tables accompanying this application are not intended to be
limiting, but rather illustrative of the numerous and varied embodiments generically
encompassed by the invention or equivalents encompassed with respect to any particular element
thereof. In addition, the specific description of a single embodiment or element of the invention
may not explicitly describe all embodiments or clements possible; many alternatives arc
implicitly disclosed by the description and figures.

It should be understood that each clement of an apparatus or cach step of a method may
be described by an apparatus term or method term. Such terms can be substituted where desired
to make explicit the implicitly broad coverage to which this invention is entitled. As but one
example, it should be understood that all steps of a method may be disclosed as an action, a
means for taking that action, or as an element which causes that action. Similarly, cach eclement
of an apparatus may be disclosed as the physical element or the action which that physical
clement facilitates. As but one example, the disclosure of “sorter” should be understood to
encompass disclosure of the act of “sorting” -- whether explicitly discussed or not -- and,
conversely, were there effectively disclosure of the act of “sorting”, such a disclosure should be
understood to encompass disclosure of a “sorter” and even a “means for sorting.” Such
alternative terms for each element or step are to be understood to be explicitly included in the
description.

In addition, as to cach term used it should be understood that unless its utilization in this
application is inconsistent with such interpretation, common dictionary definitions should be
understood to be included in the description for each term as contained in the Random House
Webster’s Unabridged Dictionary, second edition, each definition hereby incorporated by
reference.

(194

Moreover, for the purposes of the present invention, the term “a” or “an” entity refers to
2 2
(193] 2 (13

one or more of that entity. As such, the terms “a” or “an”, “one or more” and “at least one” can

be used interchangeably herein.
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All numeric values herein are assumed to be modified by the term “about”, whether or
not explicitly indicated. For the purposes of the present invention, ranges may be expressed as
from "about" one particular value to "about" another particular value. When such a range is
expressed, another embodiment includes from the one particular value to the other particular
value. The recitation of numerical ranges by endpoints includes all the numeric values subsumed
within that range. A numerical range of one to five includes for example the numeric values 1,
1.5,2,2.75, 3, 3.80, 4, 5, and so forth. It will be further understood that the endpoints of each of
the ranges are significant both in relation to the other endpoint, and independently of the other
endpoint. When a value is expressed as an approximation by use of the antecedent "about," it
will be understood that the particular value forms another embodiment.

The background section of this patent application provides a statement of the field of
endeavor to which the invention pertains. This section may also incorporate or contain
paraphrasing of certain United States patents, patent applications, publications, or subject matter
of the claimed invention useful in relating information, problems, or concerns about the state of
technology to which the invention is drawn toward. It is not intended that any United States
patent, patent application, publication, statement or other information cited or incorporated
herein be interpreted, construed or deemed to be admitted as prior art with respect to the
invention.

The claims set forth in this specification, are hereby incorporated by reference as part of
this description of the invention, and the applicant expressly reserves the right to use all of or a
portion of such incorporated content of such claims as additional description to support any of or
all of the claims or any element or component thercof, and the applicant further expressly
reserves the right to move any portion of or all of the incorporated content of such claims or any
clement or component thercof from the description into the claims or vice versa as necessary to
define the matter for which protection is sought by this application or by any subsequent
application or continuation, division, or continuation-in-part application thereof, or to obtain any
benefit of, reduction in fees pursuant to, or to comply with the patent laws, rules, or regulations
of any country or treaty, and such content incorporated by reference shall survive during the
entirc pendency of this application including any subsequent continuation, division, or

continuation-in-part application thereof or any reissue or extension thercon.
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We Claim:
1. A sperm sorting system comprising:

a sample source;

a substrate;

at least one flow channel formed in the substrate, the flow channel having an inlet
in fluid communication with the sample source, the flow channel further comprising an
inspection region, a first outlet, and second outlet;

at least one diverting mechanism in communication with each of the at least one
flow channels to selectively divert sperm in the at least one flow channel away from the
first outlet;

an electromagnetic radiation source for illuminating sperm at the inspection
region;

a detector aligned to measure sperm characteristics in the inspection region of the
at least one flow channel;

an analyzer in communication with the detector to determine sperm
characteristics;

a controller in communication with the analyzer for selectively activating the
diverting mechanism based on measured sperm characteristics; and

a collection vessel in communication with the second outlet.

2. The system of claim 1, wherein the at least one flow channel comprises multiple

flow channels formed on a microfluidic chip.

3. The system of claim 2, wherein the multiple flow channels comprises between 4

and 512 flow channels.
4. The system of claim 2, wherein cither sperm characterized as viable X-

chromosome bearing sperm or sperm characterized as viable Y-chromosome bearing

sperm are deflected to the second outlet of each flow channel.
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5. The system of claim 4, wherein the collection vessel comprises a common

collection vessel in fluid communication with the second outlet of one or more flow

channels.

6. The system of claim 1, wherein each flow channel further comprises a third
outlet.

7. The system of claim 6, wherein the sperm cells characterized as viable X-

chromosome bearing sperm are diverted to one of the second outlet or the third outlet and
sperm characterized as viable Y-chromosome bearing sperm are diverted to other of the

second outlet and the third outlet.

8 The system of claim 6, wherein each second outlet of the flow channels are

connected to a first common collection vessel.

9. The system of claim 6, wherein each third outlet of the flow channels are

connected to a second common collection vessel.

10.  The system of claim 1, further comprising a passive collection vessel in

communication with the first outlet.

11. The system of claim 1, further comprising a sheath source, and wherein the flow

channel further comprises a sheath inlet in fluid communication with the sheath source.

12. The system of claim 11, further comprising a sheath fluid recycling system
comprising:
a transport mechanism in fluid communication with the passive collection vessel,
a fluid path connecting the passive collection vessel to the sheath source; and
a particle concentrating device or a fluid removing system in the fluid path

connecting the passive collection vessel to the sheath source.
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13. The system of claim 1, wherein the at least one flow channel comprises multiple
flow channels formed on a microfluidic chip and wherein at least a portion of the

diverting mechanism is embedded within the microfluidic chip.

14. The system of claim 1, wherein the at least one flow channel comprises multiple
flow channels formed on a microfluidic chip and wherein at least a portion of the

diverting mechanism is positioned on the exterior of the microfluidic chip.

15. The system of claim 1, wherein the diverting mechanism comprises a side passage
in fluid communication with the flow channel and in fluid communication a volume of

fluid through a flexible interface.

16. The system of claim 15, wherein the fluid comprises one selected from the group

consisting of: a gel, a liquid, and a gas.

17. The system of claim 15, further comprising an actuator contacting a portion of the

flexible interface, wherein the actuator is in communication with the controller.

18. The system of claim 17, wherein the actuator is movable between a resting
position and two or more activation positions while maintaining contact with the flexible

interface.

19. The system of claim 18, further comprising a third outlet and wherein particles
passively flow to the second outlet and wherein actuator movement between the resting
position and the first active position diverts particles to the first outlet and wherein
actuator movement between the resting position and the second active position diverts

particles to a third outlet.

20. The system of claim 18, wherein the actuator is attached to the flexible interface.
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21. The system of claim 18, wherein the actuator is preloaded onto the flexible
interface.

22. The system of claim 15, further comprising a bimorph piezoclectric element.

23.  The system of claim 22, wherein the bimorph piezoelectric element comprises the

flexible interface.

24, The system of claim 22, wherein the bimorph piezoclectric element contacts the

flexible interface.

25. The system of claim 22, wherein the bimorph piezoclectric element is configured

for deflection in two directions to divert sperm in the flow channel two directions.

26. The system of claim 1, wherein the diverting mechanism comprises a transducer

coupled to the flow channel.

27. The system of claim 26, wherein the transducer comprises an ultrasonic

transducer for diverting particles in the flow channel.

28. The system of claim 27, wherein the ultrasonic transducer comprise an array of
ultrasonic transducers and further comprising a driving element which times the

activation of each transducer in the array to achieve the desired deflection.
29. The system of claim 28, comprising a second array of ultrasonic transducers,
wherein each array of ultrasonic transducers is located on opposite sides of the flow

channel.

30. The system of claim 28, wherein the array of ultrasonic transducers a configured

to produce multiple standing waves.

67



WO 2014/142924 PCT/US2013/031706

31. The system of claim 28, wherein the array of ultrasonic transducers are
configured to maintain the trajectory of a sperm cell in the flow path towards the first
outlet, deflect the trajectory of a sperm cell in a flow path towards the second outlet, or

deflect the trajectory of a sperm cell in a flow path towards a third outlet.

32.  The system of claim 26, wherein the transducer is at least partially embedded in

the substrate adjacent to the flow channel.

33.  The system of claim 26, wherein the transducer is placed in contact with an

exterior surface of the substrate.

34, The system of claim 1, further comprising one or more sources of electromagnetic

radiation for deflecting sperm in the flow channel.

35. The system of claim 1, further comprising beam shaping optics for manipulating
clectromagnetic radiation produced from the clectromagnetic radiation source to inspect

sperm at each inspection region of the at lcast one flow channel.

36.  The system of claim 35, wherein the at least one flow channel comprises a
plurality of flow channels, and wherein the beam shaping optics comprise a beam
splitting device for directing substantially equivalent beams to the inspection region of

cach of the plurality of flow channels.
37. The system of claim 36, wherein the beam splitting device comprises a reflective
surface or refractive material for reflecting potions of the beam profile as beam segments

or for dividing a beam intensity among beams having the same profile.

38.  The system of claim 35, wherein the beam shaping optics further comprise a beam

shaping optics for establishing a top hat beam profile.
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39. The system of claim 1, wherein each flow channel has an associated reflective
surface or an associated refractive clement that redirects a side fluorescence produced by

sperm in the flow channel.

40. The system of claim 39, wherein the associated reflective surface or associated
refractive element redirects a side fluorescence in a direction substantially parallel to a

first fluorescence.

41.  The system of claim 39, wherein the first fluorescence comprises a forward

fluorescence.

42.  The system of claim 39, wherein the first fluorescence comprises a back

fluorescence.

43.  The system of claim 39, wherein the reflective surface is formed by a surface on

the substrate.

44.  The system of claim 39, wherein the reflective surface is formed by a surface of

the flow channel.

45.  The system of claim 39, wherein cach flow channel is separated by a light

blocking element.

46.  The system of claim 39, wherein the reflective surface further comprises a

reflective element embedded in the substrate.

47.  The system of claim 39, wherein the reflective surface comprises an exterior
surface of the substrate formed by cutaway portion adjacent to the inspection region,

wherein the refractive index difference in the cutaway portion provides a reflective

property.
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48. The system of claim 47, wherein the cutaway portion provides a reflective surface
at about 45 degrees relative to the surface of the substrate and/or the desired plane or

orientation of the sperm.

49. The system of claim 47, further comprising a second reflective surface comprising
a second exterior surface of the substrate formed by a second cutaway portion adjacent to

the inspection region for producing a second side fluorescence.

50.  The system of claim 1, wherein the detector comprises a forward fluorescence
detector.

51. The system of claim 50, further comprising a first side fluorescence detector.

52. The system of claim 51, further comprising a second side fluorescence detector.
53. The system of claim 52, wherein the first and the second side fluorescence

detectors are located about 90 degrees apart.
54. The system of claim 51, further comprising an array of first side fluorescence
detectors of measuring a first side fluorescence value in cach of a plurality of flow

channels and an array of second side fluorescence detectors.

55. The system of claim 1, further comprising collection optics for collecting

fluorescence from one or more flow channels.

56.  The system of claim 55, wherein the collection optics comprise a single collection

lens for collecting fluorescence from multiple channels.

57. The system of claim 55, further comprising an array of lens for collecting

fluorescence from each flow channel.
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58.  The system of claim 55, further comprising a fiber array for collecting

fluorescence from each flow channel.

59. The system of claim 55, further comprising epi-illumination forward collection
optics.
60.  The system of claim 59, further comprising a dichroic mirror positioned to reflect

clectromagnetic radiation from the electromagnetic radiation source onto the inspection

region and through which fluorescence emissions in the back direction travel to a

detector.
61.  The system of claim 1, wherein the flow channel comprises fluid focusing
features.
62. The system of claim 61, wherein the fluid focusing features of the flow channel

further comprises: a core stream forming geometry.

63.  The system of claim 62, wherein the core stream forming geometry further
comprises:

a lateral fluid focusing region;

a first vertical fluid focusing component; and

a second vertical fluid focusing component.

64. The system of claim 63, wherein the first vertical fluid focusing component
comprises a first vertical fluid focusing channel and the second vertical fluid focusing

component comprises a second vertical fluid focusing channel.
65. The system of claim 64, wherein the first vertical fluid focusing channel and the

second vertical fluid focusing channel are in communication with the flow channel in

opposite vertical positions.
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66. The system of claim 64, wherein the first vertical fluid focusing channel provides
a first vertical influence and wherein the second vertical fluid focusing channel provides

a second vertical influence in the opposite direction as the first vertical influence.

67.  The system of claim 61, wherein the fluid focusing features of the flow channel

further comprises: transducers for producing pressure waves in each flow channel.

68.  The system of claim 67, wherein the at least one set of transducers are positioned
symmetrically to each other with a surface perpendicular to the desired orientation of

sperm.

69. The system of claim 68, further comprising a series of transducers for each flow

channel.

70.  The system of claim 69, wherein the series of transducers are configured to

produce a standing pressure wave along the flow channel.

71. The system of claim 1, wherein the at least one flow channel comprises orienting
features.
72. The system of claim 71, wherein the orienting features comprise an interior

channel geometry dimensioned to orient sperm cells.

73. The system of claim 72, wherein the channel geometry further comprises a planar

channel geometry.

74. The system of claim 72, wherein the channel geometry further comprises a nozzle

geometry.
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75. The system of claim 72, wherein the channel geometry further comprises one or
more of the following channel features: a chevron, a gentle ramp, an abrupt ramp, a

decompression-compression zone, a step, or one or more undulations.

76. The system of claim 71, wherein the orienting features further comprise: a magnet

for producing a magnetic ficld in the orienting region of cach flow channel.

77. The system of claim 1, wherein the flow channel further comprises a sheath inlet
in fluid communication with the sheath source, and a sample inlet in fluid communication
with the sample source, the sample inlet positioned within a sheath flow created by the

sheath inlet to facilitate a co-axial flow of sheath and sample.

78.  The system of claim 77, wherein the sample inlet comprises an inlet which is

beveled, flattened, or has a rectangular cross-section.

79.  The system of claim 77, wherein the flow channel comprises a first width and a

first height at the sample inlet.

80.  The system of claim 79, wherein the flow channel comprises a second width and a

second height at a first transition point.

81.  The system of claim 80, wherein the width of the flow channel is reduced

between the sample inlet and the first transition point.

82. The system of claim 80, wherein the flow channel comprises a third width and a

third height at a second transition point.
83. The system of claim 81, wherein the width remains constant between the first

transition point and the second transition point and the height is reduced between the first

transition point and the second transition point.
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84. The system of claim 82, wherein the third height and the third width are

maintained through the inspection region.

85. The system of claim 82, wherein the flow channel transitions from square cross

section to a rectangular cross section.

86. The system of claim 82, wherein the flow channel transitions from a circular cross

section to an elliptical cross section.

87. The system of claim 1, further comprising at least one mask.

88.  The system of claim 87, wherein the at least one mask comprises an illumination

mask positioned in the path of electromagnetic radiation directed to the inspection region.

89. The system of claim 88, wherein the illumination mask comprises a first region

and a second region along the flow path.

90. The system of claim 89, wherein the first region provides an opening configured to
produce a sufficient waveform pulse to differentiate viable X-chromosome bearing sperm

from viable Y-chromosome bearing sperm, when orientated.

91.  The system of claim 89, wherein the second region comprises a series of openings
configured to produce a series of waveform pulses which differentiate oriented sperm

cells from unoriented sperm cells.

92.  The system of claim 89, wherein the second region comprises a series of openings

with differing transverse profiles along the flow path.

93.  The system of claim 89, wherein the second region comprises a first spaced pair
of openings followed by a second spaced pair of openings, wherein the spacing is

differed between the first pair of openings and the second pair of openings.
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94.  The system of claim 92, wherein the second region comprises a sequential series
of openings along the flow path, cach opening having a different transverse position

along the flow path.

95.  The system of claim 88, wherein the at least one mask comprises at least one

detection mask.

96.  The system of claim 95, wherein a first detection mask is place in the path of
emitted forward fluorescence and a second detection mask is placed in the path of emitted

side fluorescence.

97. The system of claim 96, wherein the first detection mask and the second detection
masks have differing profiles of slits, and wherein each mask is in communication with
the same detector.

98. The system of claim 97, wherein the analyzer is in communication with the
detector and is configured to deconvolve a first waveform pulses representing the forward
fluorescence and a second waveform pulse representing the side fluorescence based on
the profile of slits in each of the first detection mask and the second detection mask.

99.  The system of claim 87, wherein the mask is positioned in free space.

100. The system of claim 87, wherein the mask is located on the substrate.

101. The system of claim 1, wherein the detector comprises a first detector and the

system further comprises a second detector.

102. The system of claim 101, wherein the first detector comprises an absorption

detector and the second detector comprises a fluorescence detector.
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103. The system of claim 102, further comprises a neutral density filter in the light
path of the absorption detector.

104. A microfluidic chip for sorting sperm comprising:

a substrate;

a plurality of flow channels formed in the substrate, each flow channel

comprising;
an inlet;
a fluid focusing region having an associated fluid focusing feature for
aligning sperm cells within the flow channel,
a sperm orienting region having an associated sperm orienting feature for
orienting sperm cells within the flow channel,
an inspection region at least partially downstream of the fluid focusing
region and the sperm orienting region;
at least a first outlet and a second outlet; and

a diverting mechanism in communication with each flow channel.

105. The microfluidic chip of claim 104, wherein the fluid focusing features of the

flow channel focusing region further comprises: a core stream forming geometry.

106. The microfluidic chip of claim 104, wherein the core stream forming geometry
further comprises:

a lateral fluid focusing region;

a first vertical fluid focusing component; and

a second vertical fluid focusing component.
107. The microfluidic chip of claim 106, wherein the first vertical fluid focusing

component comprises a vertical fluid focusing channel and the second vertical fluid

focusing component comprises a second vertical fluid focusing channel.
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108. The microfluidic chip of claim 107, wherein the first vertical fluid focusing
channel and the second vertical fluid focusing channel are in communication with the

fluid focusing region in opposite vertical positions.

109. The microfluidic chip of claim 107, wherein the first fluid vertical focusing
channel provides a first vertical influence and wherein the second vertical fluid focusing
channel provides a second vertical influence in the opposite direction as the first vertical

influence.

110.  The microfluidic chip of claim 104, wherein the fluid focusing feature of the fluid
focusing region further comprises: ultrasonic transducers for producing pressure waves in

the focusing region of ecach flow channel.

111.  The microfluidic chip of claim 104, wherein the fluid focusing feature of the fluid
focusing region further comprise an array of ultrasonic transducer for producing a

standing pressure wave along the flow channel.

112.  The microfluidic chip of claim 107, wherein the sperm orienting feature of the

flow channel orienting region further comprises: a channel geometry.

113.  The microfluidic chip of claim 112, wherein the channel geometry further

comprises a planar channel geometry.

114. The microfluidic chip of claim 112, wherein the channel geometry further

comprises a nozzle geometry.
115. The microfluidic chip of claim 112, wherein the channel geometry further

comprises one or more of the following channel features: a chevron, a gentle ramp, a

decompression-compression zone, an abrupt ramp, or a step.

77



WO 2014/142924 PCT/US2013/031706

116. The microfluidic chip of claim 104, wherein the sperm orienting features of the
sperm orienting region further comprise: a magnet for producing a magnetic ficld in the

orienting region of cach flow channel.

117.  The microfluidic chip of claim 104, wherein the sperm orienting features of the
sperm orienting region further comprise an array of ultrasonic transducer for producing a

standing pressure wave along the flow channel.

118.  The microfluidic chip of claim 104, wherein the diverting mechanism comprises a

bubble valve.

119.  The microfluidic chip of claim 104, wherein the diverting mechanism comprises

an array of ultrasonic transducers.
120.  The microfluidic chip of claim 104, wherein each flow channel has an associated
reflective surface or refractive element that redirects a side fluorescence produced by

sperm in the flow channel.

121.  The microfluidic chip of claim 120, wherein the associated reflective surface

redirects a side fluorescence in a direction substantially parallel to a first fluorescence.

122.  The microfluidic chip of claim 121, wherein the first fluorescence comprises a

forward fluorescence.

123.  The microfluidic chip of claim 121, wherein the first fluorescence comprises a

back fluorescence.

124.  The microfluidic chip of claim 121, wherein the reflective surface is formed as a

surface on the substrate.
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125.  The microfluidic chip of claim 121, wherein the reflective surface is formed as a

surface of the flow channel.

126.  The microfluidic chip of claim 104, wherein the flow channel further comprises a
sheath inlet in fluid communication with the sheath source, and wherein the sample inlet
is positioned within a sheath flow created by the sheath inlet to facilitate a co-axial flow

of sheath and sample.

127.  The microfluidic chip of claim 126, wherein the sample inlet comprises a beveled

inlet.

128.  The microfluidic chip of claim 126, wherein the flow channel comprises a first

width and a first height at the sample inlet.

129.  The microfluidic chip of claim 128, wherein the flow channel comprises a second

width and a second height at a first transition point.

130. The microfluidic chip of claim 129, wherein the width of the flow channel is

reduced between the sample inlet and the first transition point.

131.  The microfluidic chip of claim 129, wherein the flow channel comprises a third

width and a third height at a second transition point.

132.  The microfluidic chip of claim 131, wherein the width remains constant between
the first transition point and the second transition point and the height is reduced between

the first transition point and the second transition point.

133.  The microfluidic chip of claim 132, wherein the third height and the third width

are maintained through the inspection region.
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134.  The microfluidic chip of claim 132, wherein the fluid flow channel transitions

from square cross section to a rectangular cross section.

135. The microfluidic chip of claim 132, wherein the flow channel transitions from a

circular cross section to an elliptical cross section.

136. A method of sorting sperm comprising the steps of:
flowing sperm through a plurality of flow channels in a microfluidic chip;
orienting sperm within the plurality of flow channels;
flowing the oriented sperm through an inspection region in the flow channels;
interrogating sperm at the at least one inspection region to determine sperm
characteristics;
differentiating oriented sperm from unoriented sperm in the flow channels;
selecting a subpopulation of oriented sperm based on the detected sperm
characteristics; and

collecting the selected subpopulation of sperm in a collection vessel.

137. The method of claim 136, further comprising the steps of:
providing an clectromagnetic radiation source;
manipulating electromagnetic radiation produced from the -electromagnetic

radiation source for inspecting multiple inspection regions.

138.  The method of claim 137, wherein the step of manipulating electromagnetic
radiation further comprises the steps of: splitting the electromagnetic radiation produced

by the electromagnetic radiation source.
139. The method of claim 137, wherein the step of manipulating the electromagnetic

radiation further comprises the step of: manipulating the shape of the beam profile of the

clectromagnetic radiation.
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140. The method of claim 136, wherein the step of selecting a subpopulation of sperm
based on the detected sperm characteristics further comprises the step of diverting the

flow of a selected sperm within flow channel based on the detected sperm characteristics.

141. The method of claim 136, further comprising the step of differentiating oriented

sperm from un-oriented sperm and excluding un-oriented sperm from selection.

142. The method of claim 136, further comprising the steps of:
gencrating a first signal with a forward fluorescence detector in response to
emitted clectromagnetic radiation of sperm at the inspection region, wherein the first

signal comprises waveform pulses having detectable pulse characteristics.

143. The method of claim 142, further comprising the step of generating a second

signal with a side fluorescence detector.

144. The method of claim 143, wherein the step of generating a second signal with a
side fluorescence detector further comprises associating a reflective element with each
flow channel for reflecting the side florescence outward and detecting the side

fluorescence in parallel with a forward fluorescence.

145. The method of claim 144, further comprising the step of detecting the forward

fluorescence through a first mask and the side fluorescence through a second mask.

146. The method of claim 145, further comprising the step of deconvolving a first

waveform pulse and a second waveform pulse from signal produced by the detector.

147. The method of claim 146, wherein the deconvolved waveform pulse provide the

sperm orientation.
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148. The method of claim 136, further comprising the steps of generating a plurality of
waveform pulses with a single detector in response to single sperm, wherein the plurality

of waveform pulses provide orientation information about the sperm cell.

149. The method of claim 148, further comprising the step of measuring laser

extinction to determine sperm orientation.

150. The method of claim 142, further comprising the steps of:
generating a second signal with a first side fluorescence detector, wherein the
second signal comprises waveform pulses having detectable pulse characteristics; and
generating a third signal with a second side fluorescence detector, wherein the

second signal comprises waveform pulses having detectable pulse characteristics.

151. The method of claim 150, wherein pulse characteristics of the second and third

signals differentiated the orientation of sperm cells.

152. The method of claim 151, wherein the pulse characteristics are selected from the
group consisting of: peak height, pulse width, pulse peak lag, pulse slope, pulse area, and

combinations thercof.
153. The method of claim 150, further comprising the steps of comparing the pulse

characteristics of the second signal to the pulse characteristics of the third signal to

determine sperm orientation.
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