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METHOD FOR SPERM MOTILITY EVALUATION AND SCREENING AND ITS MICROFLUIDIC DEVICE

Technical Vield

[0001] The present invention relates to a microfluidic device, e. ., an integrated microfluidic
deviee, and uscs thereof, particularly a microfluidic device for evaluation and screening of sperm

motility, using fluid of different flow rates.

Background Art

[0002] The asscssment of sperm motility is an indispensable means in the clinical diagnosis of
malc infertility. “Laboratory Manual For The Iixamination Of [luman Semen And Sperm-Cervical
Mucus Interaction” published by the World Iealth Organization (WIO) indicates scveral commonly
uscd indicators of the clinical testing of sperm, including density test, morphological test and motility
test. The criteria of sperm motility arce as follows: Class a, progressive motility (=25 pm/s straight
line velocity at 37°C); Class b, non-lincar motility (5-25 pm/s straight linc velocity at 37 °C); Class c,
non-progressive (0-5 pm/s straight line velocity at 37 °C); Class d, immotile. 'The existing method of
detection utilizes video recording by a microscope combined with Computer-aided Sperm Analysis
(CASA) software to cvaluate sperm motility. [lowever, the existing microscopic observation method
can only be used in the evaluation of sperm, but cannot screen and separate sperm in specific
velocity range for subscquent in vitro fertilization (IVI) or rescarch purposcs.

[0003] The microfluidic chips have great potentials in the evaluation and screening of sperm.
The flexible design of various micro-channel and micro-structure on a microfluidic chip makes it
casy to mimic the physiological condition, manipulate or position the sperm, and control the
fertilization process; in addition, because of the advantages of integration on a microfluidic chip,
multi-paramcter detection of sperm can be integrated on a single chip.

[0004] In 1993, Kricka ef al. from University of Pennsylvania used a microfluidic chip to
cvaluate the motility of sperm for the first time (Kricka et «l., Clin. Chem. (1993) 39: 1944-7). In
2004, rescarchers from University of Michigan filed a patent application (PC'T Patent Publication No.
WO 2004/108011 A1) to screen sperm with higher motility in a microfluidic chip, in which

interfaces of fluid was achicved because of laminar flow in microfluidics, so that sperm with higher
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motility can swim through the interface and rcach the target region to be transported to the outlet
pool. IIOWCVC}', the methods disclosed in this patent application cannot screen sperm within a
specific velocity range; besides, the chip has two inlets and two outlets and the fluid interface needs
to be stable, thus the structure and the operation of the chip arc both complicated. In 2004,
rescarchers at National Taiwan University filed a patent application (U.S. Patent Publication No.
2011/0061472 A1) for the cvaluation and screening of motile sperms, in which fluid flow was used
against sperm swimming. Only sperms with high motility could rcach the contracted region of the
channcl and be transported to the outlet. Tlowcever, the {luid direction in the contracted region was
the same as sperm swimming dircction. ‘The chip did not implement the capabilitics of cvaluating,
screening and capturing sperm in different motility ranges. In addition, the contracted region was
too narrow and only allowed one sperm to pass at a time, greatly reducing the throughput of sperm
cvaluation and screening.

[0005] In 1998, G. Fuhr e al. from Humboldt University, Germany reported a micro-clectrode
chip in Human Reproduction.( Fuhr ct al., Hum. Reprod. (1998) 13: 136 41) They utilized negative
diclectrophoresis to capturce single sperm and they could capture sperm of different motility by
applying different clectrical ficld force. In 2010, A. Ohta ¢t al. from University of Hawaii reported a
micro-clectrode chip with an integrated optical system in Lab on a Chip. (Ohta ct al., Lab Chip.
(2010) 10: 3213-7) The chip exerted force on sperm by optical tweevers in order to distinguish live
and dcad sperms. Howcever, such methods using clectric ficld foree or light ficld foree to screen and
manipulate spcrm may harm the sperm and make an impact of the health of the sperm during
screening, which may result in the failure of subscquent in vitro fertilization or rescarch work.

[0006] In rccent ycars, a growing number of rescarchers found that clinical routine tests of sperm
density, morphology and motility arc not competent cnough to reveal male reproductive capacity
(c.g., Mona Bungum et al., Asian Journal of Andrology (2011) 13: 69 75). 'The latest rescarch
showed that paramcters such as DNA integrity, acrosome ability, chemotaxis, efc. scriously affect
the fertilizing capacity of sperm (Xic et al., Clin. Chem. (2010) 56: 1270-8). In other words, the
fastest sperms may not be the sperm with the strongest fertilizing capacity. Ilence the motility
classification of sperm and the capture and screening of sperm in different velocity range are of great

significance.
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Summary of the Invention

[0007] The present invention relates to a microfluidic device, e.g., an intcgrated microfluidic
device, and its use for cell motility classification. Therefore, in one aspect, provided herein is a
microfluidic device for classification of the motility of a ccll, which microfluidic device comprises a
fluid inlet, a sample inlet and a channcl connecting said fluid inlet and said samplc inlet, wherein
said channcl compriscs at least two scctions of different sizes, and said channel allows fluid flow
from said fluid inlet to said sample inlct.

[0008] In somc embodiments, the channel scetions with different sizes may have different cross-
scctional arcas. In some embodiments, the channel scctions with different sizes may comprise
barricrs of different sivzes, numbers and/or arrangements. In some embodiments, the size of the
scctions may increasc successively from the fluid inlet to the sample inlet, and the largest scction
may be connccted to the sample inlet. In some embodiments, the smallest section of the channel
may be connccted to the (luid inlet. In some embodiments, the smallest section of the channel may
be connected to the fluid inlet through a first fluid stabilizing channel. In some embodiments, the
size of the first fluid stabilizing channcl may be larger than the smallest scetion of the channel. In
some embodiments, the adjacent scetions of different sizes may be conncected directly to cach other.
In somc embodiments, the adjacent scctions of different sizes may be connected through a sccond
fluid stabilizing channcl. In some embodiments, the size of the sccond fluid stabilizing channel may
be constant or variant. In some embodiments, the size of the sccond fluid stabilizing channcl may be
larger than the smaller scction of the two adjacent sections of the channcl. In some embodiments,
the channel may comprisc three sections of different sizes. In some embodiments, the ratio of the
sizcs of the three different channel scctions may be about 0.24 ¢ 1 : 1.74. In some cmbodiments, the
barriers may comprisc cpithelial cells, preferably oviduct epithelial cells. In some embodiments, the
channcl may be covered by cpithcelial cells, preferably oviduct cpithelial cells. In some embodiments,
the cross scction of the channel may be rectangular, circular, or another shape.

[0009] In somc embodiments, the microfluidic device may further comprise a cell culture
medium. In some cmbodiments, the cell culture medium may flow in the channcl, preferably from
the fluid inlet to the sample inlet. In some embodiments, the flow rate of the cell culture medium
may vary in diffcrent sections of the channel. In some embodiments, the maximum f{low rate of the
cell culture medium may be about 20-220 pm/s. In some embodiments, the maximum flow rate of
the cell culture medium may be about 20 pm/s. In some embodiments, the microfluidic device may

further comprise a cell in the cell culture medium. In some embodiments, the cell may be a sperm.

(S



10

15

20

25

WO 2012/163087 PCT/CN2012/000753

In some embodiments, a chemo-attractant may be applicd in the fluid inlet. In some cmbodiments,
the chemo-attractant may be progesterone or glucose. In some embodiments, the channel may
comprisc at Icast two clectrodes. In some embodiments, the microfluidic device may comprise two
or morc channcls. In some embodiments, the channcls may be radially arranged and/or connect to
the fluid inlet.

[0010] Further provided herein is a microfluidic system for classifying cell motility, which
compriscs the microfluidic device disclosed herein and an apparatus to apply force to the cell culture
medium. In some embodiments, the microfluidic system may further comprise a device to measure
the motility of the cclls. In some embodiments, the device may be a camera or video recorder.

[0011] In another aspect, the present invention provides a method of classilying the motility of a
cell using a microfluidic device disclosed herein, comprising: a) adding a cell culture medium in the
fluid inlet; b) adding cclls in the sample inlet; ¢) applying an external force to the cell culture
medium to achicve a flow rate; and d) mcasuring the motility of the cells moving against the flow of
the culture medium in the channel.

[0012] In somc embodiments, the cells with different motilitics may locate in different scctions
of the channcl. In somc ecmbodiments, a chemo-attractant may be appliced in the {luid inlet, wherein
the chemo-attractant may be progesterone or glucose. In some embodiments, the channcl may
comprise at Icast two clectrodes. In some embodiments, the motility of the cells may be measured
by taking picturcs or vidcos of the cclls in the channel. In some embodiments, the motility of the
cells may be measured by the location of the cells in different scections of the channel. In some
cmbodiments, the flow of the cell culture medium may be stopped to let the cells move to the fluid
inlet.

[0013] In some cmbodiments, an external force may be appliced to the cells, whercein the external
force may be an clectrical force, an optical force or a fluidic force. In some embodiments, the cells
with a specific motility may be retricved. In some embodiments, the cclls may be sperms. In some

cmbodiments, the sperm may be used [or in vitro fertilization.

Bricf Description of the Drawings

[0014] Figurc 1 is a diagram schematically showing onc embodiment of the present invention.
[0015] Figurc 2 is a three dimensional diagram schematically showing onc cmbodiment of the

present invention.
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[0016] Figure 3 is the fluidic ficld simulation results of one embodiment of the present invention,
in which gray lcvels represent fluid velocity.
[0017] Figurc 4 is a linc graph showing the rcal mcasurement results and simulation results of
the fluidic ficld in onc embodiment of the present invention.
[0018] Figurc 5 is a bar graph showing the result of sperm motility classification.
[0019] Figure 6 is a diagram schematically showing another cmbodiment of the prcscnf invention.
[0020] Figurc 7 is the fluidic ficld simulation results of another embodiment of the present

invention, in which gray levels represent {luid velocity.

Detailed Description of the Invention

[0021] This invention provides a microfluidic device and its uses for cell motility classification
and screening.

[0022] In some ecmbodiments , the microfluidic device disclosed herein can be used as the
following steps:

1) Form a stable flow ficld of different velocities in the micro-channel. Add medium in the

inlet and form different flow ficld because of the difference in the channel’s cross-scctional areas.

2) Sperm screening process. Add sperms in the sperm inlet. Sperms swim towards the
inverse direction of the fluid flow. When the straight-line velocity (VSL) of a sperm is the same as

the flow velocity, the sperm will be captured. Over a period of time, sperms of different velocities

‘will be captured in different scetions of the channel.

3) Recording process of the result, ‘Take pictures or videos of the sperm by bright ficld

microscopy or fluorcscence staining. 'Then count the sperm number, e.g., by human eyc or computer.
Sperm motion paramecters can also be analyzed, e.g., by taking picturcs or vidcos, when the fluid
influx is stopped and sperm swim in static {luid ficld.

4) Sperm retrieval or transportation process. For sperm capture in accordance with the

motility classification, sperms can be retrieved in the outlet pool after transporting them there by
sperm’s own swimming or applying clectric ficld foree, light ficld force, {luid force for consequent
in vitro fertilization or rescarch. Another method is to transport the sperm to a specific zone on the
chip by the above mentioned methods and complete the in vitro fertilization or other rescarch on the

chip.
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[0023] In the above step 4), after sperm motility classification, sperm can be transported to the
outlet pool by sperm’s own swimming or applying clectric ficld force, light ficld forcee, fluid force
and cxits the chip from the outlet for conscquent in virro fertilization or rescarch.

[0024] In the above step 4), after sperm motility classification, sperm can be transported to a
specific zone on the chip by sperm’s own swimming or applying clectric field force, light ficld force,
fluid force and implement the conscquent in vitro fertilization or rescarch.

[0025] In the above step 1) or 4), sperm can be attracted to swim towards the outlet pool by
adding chemo-attractant in the outlet pool.

[0026] In some ecmbodiments, various scctions with different cross sections arc achicved in one
microfluidic channcl to generate fluid flow ficld of different velocitics. Sperms swim towards the
inverse dircction of the fluid flow, and when a sperm’s straight-line velocity (VSIL) equals the local
flow veloceity, the combined velocity will be vero, so that the sperm may be then captured in the
corresponding region.

[0027] The microfluidic device has a wide arrange of applications, including but not limited to:
detection of human sperm for male infertility diagnosis; screening of the human sperm for the field
of assisted reproduction; the detection and screening of animal sperm for breeding; detection and
screcning of human or animal sperm for scientific rescarch on biological mechanism; motility
screening and mechanism rescarch of other cells or organisms that swim spontancously.

[0028] Bceceause of the technologics mentioned above, the present invention has numerous
advantages: 1. The microfluidic device in some embodiments forms the fluid ficld with different
flow velocitics by changing the cross scction of the channcel, which is a simple structure, casy to
fabricate and casy to opcrate. 2. The microfluidic device with different flow velocities by changing
the cross scetion of the channcl mimics a physiological environment. 1t is fess harmful to sperms
comparing with other methods, c.g., optical or clectrical force cte., which is crucial for the success of
subscquent in vitro fertilization and the revealing of the real status of sperm during scientific
research. 3. The motility classification of sperms in the present microlluidic device is more
quantitative. The statistical analysis of sperm pereentage in cach scc1i011 facilitates male infertility
diagnostics; while the retrieval of sperm in a specific velocity range meets the demand of assisted
reproductive medicine and reproductive biology rescarch. 4. The present microfluidic device
achicves sperm motility screening, which can be integrated with other parameters on a single chip, in

order to achicve multi-parameter sperm cvaluation and screening.
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[0029] In conclusion, the microfluidic chip in the present invention has advantages including low
cost, multi-parameter integration and casy to manipulation. Thus, it has wide applications in human
or animal sperm cvaluation and screening, motility screening of other cells or organisms that swim
spontancously, and also in the ficld of assisted reproductive medicine and fertilization mechanism
rescarch. Other exemplary cells and organisms include human, animal, plant or microbial cells and

organisms.

Al Definitions

[0030] Unlcss defined otherwise, all technical and scientific terms used herein have the same
mcaning as is commonly understood by onc of ordinary skill in the art to which this invention
belongs. All patents, applications, published applications and other publications referred to herein
arc incorporated by reference in their entiretics. If a definition sct forth in this scction is contrary to
or otherwisc inconsistent with a definition sct forth in the patents, applications, published
applications and other publications that arc herein incorporated by reference, the definition sct forth
in this scction prevails over the definition that is incorporated herein by reference.

[0031] As usced hercin, the singular forms “a”, “an”, and “thc” include plural references unless
indicated othcrwise. For example, “a” dimer includes onc or more dimers.

[0032] As uscd herein, the term “microfluidic device” gencerally refers to a device through which
matcrials, particularly {luid borne matcrials, such as liquids, can be transported, in some
cmbodiments on a micro-scale, and in some ecmbodiments on a nanoscale. 'Thus, the microfluidic
devices described by the presently disclosed subject matter can comprisc microscale features,
nanoscale fcatures, and combinations thercof.

[0033] Accordingly, an exemplary microfluidic device typically compriscs structural or
functional features dimensioned on the order of a millimeter-scale or less, which are capable of
manipulating a {luid at a flow ratc on the order of a pl./min or less. Typically, such fcatures include,
but arc not limited to channels, fluid reservoirs, rcaction chambers, mixing chambers, and scparation
rcgions. In some examples, the channcls include at least one cross-scctional dimension that is in a
range of from about 0.1 um to about 500 pm. The usc of dimensions on this order allows the
incorporation of a greater number of channels in a smaller arca, and utilizes smaller volumes of
fluids.

[0034] A microfluidic device can exist alone or can be a part of a microfluidic system which, for

cxample and without limitation, can include: pumps for introducing fluids, ¢.g., samplcs, rcagents,



10

15

20

25

30

WO 2012/163087 PCT/CN2012/000753

buffers and the like, into the system and/or through the system; detection cquipment or systems; data

storage systems; and control systems for controlling (luid transport and/or dircction within the device,
monitoring and controlling environmental conditions to which fluids in the device are subjected, e.g.,

temperature, current, and the like.

[0035] As uscd herein, the terms “channcl,” “micro-channcl,” “fluidic channcl,” and
“microfluidic channcl” arc uscd interchangeably and can mean a recess or cavity formed in a
matcrial by imparting a pattern from a patterned substrate into a material or by any suitable material
removing technique, or can mean a recess or cavity in combination with any suitable {luid-
conducting structurc mounted in the recess or cavity, such as a tube, capillary, or the like. In the
present invention, channel size means the cross-sectional arca of the microfluidic channel.

[0036] As uscd hercin, the terms “flow channel” and “control channel” arc used interchangeably
and can mecan a channcl in a microfluidic device in which a hmtcrial, such as a fluid, c.g.,agasora
liquid, can flow through. Morc particularly, the term “flow channcel™ refers to a channel in which a
matcrial of interest, ¢.g., a solvent or a chemical reagent, can (low through. Further, the term
“control channcl” refers to a flow channel in which a material, such as a fluid, c.g., a gas or a liquid,
can flow through in such a way to actuate a valve or pump.

[0037] As uscd herein, “chip” refers to a solid substrate with a plurality of onc-, two- or three-
dimensional micro structures or micro-scalc structurcs on which certain processcs, such as physical,
chemical, biological, biophysical or biochemical processes, cte., can be carried out. The micro

structures or micro-scale structures such as, channcls and wells, clectrode clements, clectromagnetic

clements, arc incorporated into, fabricated on or otherwise attached to the substrate for facilitating

physical, biophysical, biological, biochemical, chemical reactions or processes on the chip. The chip
may be thin in onc dimension and may have various shapes in other dimensions, for example, a
rectangle, a circle, an cllipse, or other irrcgular shapes. The size of the major surface of chips of the
present invention can vary considerably, ¢.g., from about 1 mm’ to about 0.25 m?. Preferably, the
size of the chips is from about 4 mm? to about 25 cm? with a characteristic dimension from about 1
mm to about 5 cm. The chip surfaces may be flat, or not flat. ‘The chips with non-flat surfaces may
include channcls or wells fabricated on the surfaces.

[0038] The terms “chemoattractants™ and “chemorepellents™ refer to inorganic or organic
substances posscssing chemotaxis-inducer effect in motile cells. Effects of chemoattractants are
clicited via chemotaxis receptors, and the chemoattractant moicty of a ligand is target cell specific

and concentration dependent. Most frequently investigated chemoattractants arc formyl peptides and
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chemokines. Responses to chemorepellents result in axial swimming and they are considered a basic
motile phenomenon in bacteria. The most frequently investigated chemorepellents are inorganic
salts, amino acids and some chemokines.

[0039] It is understood that aspects and cmbodiments of the invention described herein include
“consisting” and/or ““consisting csscentially of ™ aspects and embodiments.

[0040] Other objects, advantages and {catures of the present invention will become apparent

from the following specification taken in conjunction with the accompanying drawings.

B. Microfluidic Device and Microfluidic System

[0041] Onc objective of the present invention is to provide a microfluidic devicee, to solve the
above mentioned problem of existing technology in evaluating and screening sperms in specific
velocity ranges.

[0042] To achicve the above mentioned objective, the present invention provides a microfluidic
device for classification of the motility of a ccll, which microlluidic device comprises a {luid inlet, a
sample inlet and a channcl connecting said fluid inlet and said sample inlet, wherein said channel
comprises at lcast two scctions of different sizes, and said channel allows fluid flow from said fluid
inlct 1o said sample inlet. In some embodiments, the microfluidic deviee may further comprisc an
outlet for the collection and/or retrieval of the cells, which may be the fluid inlet. In some
embodiments, the microfluidic device may further comprise a target zone where the cells may be
uscd for further study or opcration, ¢.g., in vitro fertilization.

[0043] The channcl may have any number of sections of different sivzes in any suitable
arrangement. The number of channel scctions with different sizes may be 2, 3, 4, 5 or more,
preferably 3. The ratio of the sizes of 3 different channcl sections may be according to the sperm
motility classification criteria in “lLaboratory Manual For The Examination Of Ifuman Scmen And
Sperm-Cervical Mucus Interaction” published by the WIIO. The cross-scctional arca of the 3
scctions may have a preferred ratio of about 0.24 : 1: 1.74.

[0044] In somc cmbodiments, the size of the sections may increase successively from the fluid
inlet to the samplc inlet, and the largest section may be direetly connected to the sample inlet. In
some cmbodiments, there may be 2 or morc than 2 radially arranged microfluidic channcls with a
common fluid inlet in the microfluidic chip. In some embodiments, the smallest section of the
microfluidic channcl may be connected direetly with the fluid inlet. In some embodiments, the

smallest section of the microfluidic channel may be connected to the fluid inlet through a first fluid
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stabilizing channcl and the preferred size of the first fluid stabilizing channcl 1s larger than the
smallest section of the channcl.

[0045] In the above mentioned at least 2 sections of different sives, the adjacent scctions may be
connected direetly or connected through a sccond {luid stabilizing channcl; the sive of the sccond
{luid stabilizing channcl may be constant or change gradually. In some embodiments, the size of the
sccond fluid stabilizing channcl may be larger than the smaller section of the two adjacent sections.

[0046] Normally, the channcl scetions with different sizes have different cross-sectional arcas.
The different cross-scctional arcas result in a fluid ficld with different fluid velocities in different
scctions. The cross scction of the said channel may be rectangular or circular. When the cross
scction is rectangular, the arca may be changed by the channel width, depth or both; when the cross
scction is circle, the arca may be changed by the channel diameter; when the cross section is in
another shape, the arca may be changed by the corresponding size of the cross section.

[0047] Alternatively, different cross-scctional arcas may be realized by adding barricrs of
different sizes, numbers and/or arrangements in different scetions. ‘The barriers may be cpithelial
cells, which are preferred as oviducet epithelial cells from human or another animal. In order to
mimic the physiological condition in vivo, the microfluidic channcel wall may be covered by
cpithelial cells, which arc preferred as oviduct epithelial cells from human or another animal.

[0048] Any suitable chemoattractants and/or chemorepellents may be used for the cell motility
testing. In some embodiments, both a chemoattractant and a chemorcepellent may be added to an
outlet pool, or scparatc outlet pools. A chemoattractant and a chemorepellent may be added to one
of the outlet pools simultancously, or consceutively. The chemoattractant or chemorepellent may be
addcd in the outlet pool or the inlet pool, and both may be added in a single outlet pool or inlet pool.
Morec than onc chemoattractants and/or chemorepellent may be added to an exemplary microfluidic
system, and cach chemoattractant and/or chemorepellent may form a gradient along the Iength of one
of the channels. The chemo-attractant may be progesterone, growth factor or glucose. The most
explicit material to attract sperm is progesterone, and growth factor or glucose may be uscd to attract
other cells or bacteria.

[0049] In some cmbodiments, at lcast 2 clectrodes can be constructed in order to transport sperm
to the fluid inlet by clectrical force.

[0050] Excmplary microfluidic devices may comprise a central body structure in which various
microfluidic clements arc disposed. The body structure includes an exterior portion or surface, as

well as an interior portion which defines the various microscale channcls and/or chambers of the
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overall microfluidic device. For example, the body structure of an exemplary microfluidic devices
typically employs a solid or semi-solid substrate that may be planar in structure, i.c., substantially
flat or having at lcast onc flat surfacc. Suitable substrates may be fabricated from any onc of a
varicty of matcrials, or combinations of matcrials. Often, the planar substrates arc manufactured
using solid substrates common in the {iclds of microfabrication, c.g., silica-based substrates, such as
glass, quarty, silicon or polysilicon, as well as other known substrates, i.c., gallium arsenide. In the
casc of these substrates, common microfabrication techniques, such as photolithographic techniques,
wet chemical ctching, micromachining, i.c., drilling, milling and the like, may be readily applied in
the fabrication of microfluidic devices and substrates. Alternatively, polymeric substratc materials
may be uscd to fabricate the devices of the present invention, including, c.g., polydimethylsiloxanes
(PDMS), polymcthylmcthacrylate (PMMA), polyurcthane, polyvinylchloride (PVC), polystyrene,
polysulfong, polycarbonate and the like. In the case of such polymeric materials, injection molding
or cmbossing mcthods may be used to form the substrates having the channcl and reservoir
gcometrics as described herein. In such cases, original molds may be fabricated using any of the
above described matcerials and methods.

[0051] The channcls and chambers of an exemplary device arc typically fabricated into one
surface of a planar substrate, as grooves, wells or depressions in that surface. A sccond planar
substrate, typically prepared from the same or similar material, is overlaid and bound to the first,
thereby defining and scaling the channcls and/or chambers of the device. Together, the upper
surfacc of the first substrate, and the lower mated surface of the upper substrate, define the interior
portion of the device, i.c., defining the channcls and chambers of the device. In some embodiments,
the upper layer may be reversibly bound to the lower layer.

[0052] Further provide herein is a microfluidic system for classifying ccll motility, which
compriscs the microfluidic device disclosed herein and an apparatus to apply force to the cell culture
medium.

[0053] Excmplary systems may also include sample sources that are external to the body of the
device per se, but still in {luid communication with the sample loading channcl. In some
embodiments, the system may further comprise an inlet and/or an outlet 1o the micro-channel. In
somc embodiments, the system may further comprise a delivering means to introduce a sample to the
micro-channel. In some embodiments, the system may further comprisc an injecting means to
introducc a liquid into the micro-channcl. Any liquid manipulating cquipments, such as pipettes,

pumps, clc., may be used as an injecting means to introduce a liquid to the micro-channcl,
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C. Mcthods for Cell Motility Classification and/or Screening,

[0054] In another aspect, the present invention provides a method of classifying the motility of a
cell using a microfluidic device disclosed herein, comprising: a) adding a cell culture medium in the
fluid inlet; b) adding cclls in the sample inlet; ¢) applying an external {oree to the cell culture
medium to achicve a flow rate; and d) measuring the motility of the cells moving against the flow of
the culture medium in the channel. In some embodiments, at [cast 10, 100, 1000, 10,000 or more
cclls subject to the cell motility classification arc added to the samplc inlet.

[0055] Further provided herein is a method to transport sperms with a specific velocity to the
target zone of the microfluidic device. The method that transports sperms may comprisc: after the
disclosed method of motility classification, the sperms with different motility arrive at the target
zonc of the microfluidic chip at different points. In some embodiments, sperms with different
motilitics arriving at the target zone of the integrated microfluidic chip at diffcrent points may be
rcalized by stopping the injected flow of cell culture medium from the fluid inlet, and lctting the
sperms swim to the target zone spontancously. Alternatively, cells with different motility arriving at
the target zonc of the integrated microfluidic chip at different points may be realized by transporting
them by external force; wherein the preferred external foree may be clectrical foree, optical force or
fluidic force. When applying external force, it may not be neeessary to stop the influx of cell culture
medium from the {luid inlet.

[0056] Mcthods for retricval of spontancously swimming cclls in a specific velocity range also
belong to the scope of protection of the present invention, wherein the fluid inlet may be used as the
target zone. The microfluidic device and methods disclosed herein for the retrieval of sperm of a
specific velocity for in vitro fertilization also belong to the scope of protection of the present
invention, whercein the target zone may be the zone for in vitro fertilization in the integrated

microfluidic device.

D. Iixamples

[0057] The following examples arc offered to illustrate but not to limit the invention.

Iixamplc 1

Microfluidic device

[0058] Recferring to Fig. 1, one embodiment of the microfluidic chip consists of a micro-channel

with rectangular cross-scctions, which is connected with fluid inlet 1 and samplc inlet 2. The
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channcl consists of 4 scctions, namcely scctions A, BB, C and D, with the same height of 25 pm and

the widths of 1, 0.24, 1 and 1.74 mm, respectively. The channel width of sections B, C and D
increases, whilc the ratio of their widths is sct by reference to the sperm motility classification (SMC)
criteria released by World IHcealth Organization (WI110O). The cross-scctions of the channcl in the
present invention are rectangular, and the cross-scctional arca is the product of the width and the
height, so the cross-sectional arcas increase. Because of Bernoulli's principle for incompressible
flows, the velocity of the fluid decrcases when the cross-scctional arca of the channcl increases.

[0059] In the present embodiment, the cross-scctional arcas of section B, C and D increase
successively, and cach two sections (c.g., B and C, C and D) can be connected directly or by another
conncction channcl. The cross-scctional arca of the connection channel can be constant, or vary
gradually, as long as its cross-scctional arca should be larger than the smaller one of the two adjacent
connccted sections, more specifically, the size of connection channcel between sections B and C
should be larger than that of section B, while the size of connection Channcl between sections C and
D should be larger than that of scction C. In the present embodiment, the adjacent scctions are
connccted directly. The section D with the largest cross-scetional arca is connected to the sperm
inlet 2, while scction B with the smallest cross-sectional arca is connected to the fluid inlet 1 with
scction A. In the present embodiment, scction A serves as a fluid stabilizing zone, whose area 1s
normally larger than scction B. In other embodiments, if the fluid in scctions A, B and C is stable
cnough, then scction A can be omitted.

[0060] In the present embodiment, the channel can be covered by the oviduct epithelial cells of
human or anothcr animal, in order to more realistically mimic the physiological condition.

[0061] Recferring to Fig. 2, the microfluidic device was constructed with onc upper layer of
PDMS and onc lower layer of glass, following standard photolithography and micromolding
procedures. The two layers were bonded irreversibly by oxygen plasma.

[0062] Recferring to Fig. 3, the flow in the channcl was simulated by software. The model was
bascd on the steady-state Navicer-Stokes cquation for an incompressible Newtonian fluid. The
simulated results matched the design, i.c., the flow velocity decercases as the channel width increases.
To examinc the velocity distribution, culture medium mixed with microbeads (~3 pum in diameter,
similar to sperm size) was loaded to fluid inlet 1 with different influx rates. Two scparate influxes,
i.c., 0.1 pL/min for murinc SMC and 0.01 pl./min for human SMC, were tested respectively and

results were shown in Fig. 4. Fig. 4 illustrates {luid velocity measurement results in the channel’s
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center line using microbeads, whercas the squarcs and crosses represent the average measured
velocity distribution in cach scction of the channel.

[0063] When the influx was 0.01 pl./min {or human SMC, the velocity in sections A, B, C and D
was 5.61 % 0.89,20.29 £4.06, 10.8441.42, 3.000.56 pm/s, respectively, which was basically
consistent with the current WO criteria for human SMC. The result suggested that the device was
able to form a predefined 4-grade velocity ficld with a wide range of applicable velocitics (maximum
velocity 20-220 um/s), which is suitable for both human and murine sperm motility classification and

capturc.

Iixamplc 2

Intcgrated mousce sperm motility screening and chemotaxis assay

Sperm motility classification

[0064] Thc mcthod to usc the microfluidic chip as illustrated in Fig. 1 in the present embodiment
is as follows: ccll culture medium (or working solution) was influxed with certain flow rate from
fluid inlct 1 by constant positive pressure from an injection pump, which resulted in a flow ficld with
stable but different flow rates in sections A, 3, C and . ‘The ow ficld was stabilized after 10
minutcs, then 3 pl. human semen sample (or 3 pl, murine sperm solution) was pipetted into sperm
inlet 2. Sperms swam against the flow and were trapped in the regions where a sperm’s velocity
cqualed the local fluid flow velocity, resulting in that the combined velocity was zcro. Thus, the
motility of sperms trapped in scctions BB, C and D decrcasced in order, and the sperms with low
motility as well as cells in semen that did not swim by themsclves, ¢.g., spermatogonial cells,

cpithclial cclls, white blood cells, cte., were left in sperm inlet 2.

Sperm motility cvaluation in diffcrent sections

[0065] When the capture of sperms in sections B, C and 1D were completed, the injection pump
was turncd off and the positive pressure {luid was stopped, so as to Iet the sperm swim freely in static
fluid. For spcrm motility cvaluation, 3 random ficlds of view were recorded for 10 seconds at a
frame ratc of 15 frames/s in cach motility classifying scction (B, C and D) respectively. The frames
of the image series were then analyzed by software Imagel 1.42q with Computer Assisted Sperm

Analyzer (CASA) plugin, so that thec amount of sperm in cach vonce as well as their motion
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paramcters were calculated. The average VSIL (40.5 1 3.0,27.2 1 0.6 and 18.7 :1:0.6 um/s for B, C

and D respectively) in different sections showed statistically significant differences.

Example 3

Retricve or rescarch on the sperm with spectfic velocity

[0066] When retricving sperms with specific velocity, the culture medium influxed from fluid
inlet is stopped. Sperms keep swimming spontancously and arrive at the ftuid inlet 1. Because
sperms with different velocities are captured in section B, C and D, and the fastest sperms are the
closest to the fluid inlet 1, sperms arrive at the fluid inlet 1 in order according to their velocities.

This facilitates the recovery of sperms after motility classification.

[0067] The sperm can also be retricved by the following methods: 1) apply a ncgative pressure at
the fluid inlet 1, in order to transport sperm with different velocity captured in section B, C and D to
the fluid inlet 1. The distances between the three sections and the {luid infet 1 are different, so that
sperms in various scctions will arrive at different time; 2) a serics of micro-clectrodes arc arranged
along the bottom of the channel, and sperms with different velocitics are captured in section B, C and
D can be respectively retricved at an outlet by diclectrophoresis.

[0068] If on-chip rescarch, c.g., in vitro fertilization, is nceded instead of the retrieval process,

sperms with specific velocity can be transported to target zones on the chip instead of the fluid inlet 1.

Example 4

Another microfluidic chip

[0069] Iig. 6 illustrates another embodiment of the microfluidic chip in the present invention.
The cross section is rectangular, and the velocity in different sections is achicved by changing the
shape of the cross scctions, c¢.g., by adding a scrics of fluid barricrs with various widths. Either
changing the number or the width of the fluid barriers inside the channel is applicable. The fluid
barricrs can be any shape, with the preferred shape being that both ends in the direction of fluid flow
arc acute angles, so that sperms will not be blocked by the barriers. The shape of the fluid barriers in
the present cmbodiment is hexagonal. Fig. 7 is the {luidic ficld simulation results of the present
cmbodiment.

[0070] Recferring to Fig. 6, inlet 3 is the {luid inlet, and inlet 4 is the sperm inlet; the inlets 3 and
4 arc conncected by 4 sections A’, B’, C” and D" in order, in which the widths of barricrs in scction B’,

C’ and D’ gradually decrease, while their numbers also decrcase (no barricer in section D7), Thus the

15
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cross-scctional arcas gradually incrcasc, while fluid velocity decreases. Scetion A’ serves as the
fluid stabilizing zonc. The cross-scctional arca of A’ 1s normally larger than that of B’. In the
present embodiment, there is no barrier in scction A’ or D’, so that their cross-sectional arcas are the

samc.

[0071] The above examples arc included for illustrative purposes only and are not intended to
limit the scope of the invention. Many variations to thosc described above are possible. Since
modifications and variations to the examples described above will be apparent to those of skill in this

art, 1t is intended that this invention be limited only by the scope of the appended claims.
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Claims
We claim:

1. A microfluidic device for classification of the motility of a ccll, which microfluidic
device compriscs a fluid inlet, a sample inlet and a channcl connecting said fluid inlct and said
sample inlet, wherein said channcl compriscs at least two scetions of different sizes, and said channel

allows fluid flow from said fluid inlct to said sample inlet.

2. ‘The microfluidic device of claim 1, wherein the channcl scctions with different sizes

have diffcrent cross-scctional arcas.

3. The microfluidic device of c¢laim 1, wherein the channel sections with different sizes

comprise barricrs of different sizes, numbers and/or arrangements.

4. The microfluidic device according to any of claims 1-3, wherein the sive of the
scetions increascs successively from the fluid inlet to the sample inlet, and the largest section is

connected to the sample inlet.

5. The microfluidic device according to any of c¢laims 1-4, wherein the smallest section

of the channcl is connected to the fluid inlet.

6. The microfluidic device of claim 5, wherein the smallest scction of the channel is

connected to the fluid inlet through a first {luid stabiliving channcl.

7. The microfluidic device of claim 6, whercin the size of the first fluid stabilizing

channcl is larger than the smallest scction of the channcl.

3. The microfluidic device according to any of claims 1-7, whercin the adjacent sections

of diffcrent sizes arc connected dircectly to cach other.

9. ‘The microfluidic device according to any of claims 1-7, wherein the adjacent sections

of diffcrent sizes are connected through a second fluid stabilizing channel.

10.  The microfluidic device of claim 9, whercin the size of the sccond fluid stabilizing

channcl is constant or variant.
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11.  'The microfluidic device of claim 9, wherein the size of the second fluid stabilizing
channel is larger than the smaller scction of the two adjacent scctions of the channcl.

12. The microfluidic device according to any of claims 1-11, wherein the channel

compriscs three scctions of different sizes.

13. The microfluidic device of claim 12, wherein the ratio of the sizes of the three

different channcl scctions is about 0.24 : 1 : 1.74.

14.  The microfluidic device according to any of claims 3-13, wherein the barriers

comprisc cpithelial cells, preferably oviduct epithelial cells.

15.  The microfluidic device according to any of claims 1-14, whercin the channel is

covered by cpithelial cells, preferably oviduct epithelial cells.

16.  The microfluidic device according to any of claims 1-15, wherein the cross section of

the channcl is rectangular, circular, or another shape.

17.  'The microfluidic device according to any of claims 1-16, comprising two or more
channcls.
18.  The microfluidic device of claim 17, wherein the channcls are radially arranged

and/or conncct to the fluid inlet.

19.  The microfluidic device according to any onc of claims 1-18, further comprising a cell

culture medium.

20. ‘The microfluidic device of claim 19, wherein the cell culture medium flows in the

channcl, preferably from the fluid inlet to the sample inlet.

21. The microfluidic device of claim 20, whercein the flow rate of the cell culture medium

varics in diffcrent scctions of the channel.

22. The microfluidic device of claim 21, whercin the maximum flow rate of the cell

culture medium is about 20-220 pum/s.

23. The microfluidic device of claim 22, wherein the maximum {low rate of the cell

culturc medium is about 20 pm/s.
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24.  The microfluidic device according to any of claims 19-23, further comprising a cell in
the cell culture medium.

25.  The microfluidic device of claim 24, whercein the cell is a sperm.

26.  The microfluidic device according to any of claims 19-25, wherein a chemo-attractant

is applicd in the fluid inlct.

27.  'The microfluidic device of claim 26, whercin the chemo-attractant is progesterone or
glucose.
28.  The microfluidic device according to any of claims 1-27, wherein the channel

compriscs at least two clectrodes.

29. A system for classifying ccll motility, which comprises the microfluidic device

according to any onc of claims 1-28 and an apparatus to apply force to the cell culture medium.

30.  The system of claim 29, further comprising a device to measure the motility of the
cells.

31. The system of claim 30, wherein the device is a camera or video recorder.

32. A mcthod of classifying the motility of a ccll using the intcgrated microfluidic device

according to any of claims 1-28 or the system according to any of claims 29-31 comprising:

a) adding a ccll culturc medium in the fluid inlet;

b) adding cclls in the sample inlct;

c) applying an cxternal force to the cell culture medium to achicve a flow rate; and

d) measuring the motility of the cclls moving against the flow of the culture medium in

the channel.

33. The method of claim 32, wherein cells with different motilitics locate in different

scctions of the channel.
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34.  The method according to claim 32 or 33, wherein a chemo-attractant is applied in the
fluid inlet.

35.  The method of claim 34, wherein the chemo-attractant is progesterone or glucose.

36.  The method according 1o claim 32 or 33, wherein the channel compriscs at lcast two

5  c¢lectrodes.

37.  'The method according to any of claims 32-36, wherein the motility of the cells is

measurcd by taking pictures or videos of the cells in the channel.

38.  The method according to any of claims 32-36, wherein the motility of the cells is

mcasurcd by the location of the cells in different sections of the channcel.

10 39. The method according to any of claims 32-38, whercin the {low of the cell culture

medium is stopped to let the cells move to the {luid nlet.

40.  The method of claim 39, wherein an external foree is applied to the cells.
41.  The method of claim 40. wherein the external force is an cleetrical foree, an optical

force or a fluidic force.

15 42.  The method according to any of claims 39-41, wherein the cells with a specific

motility is retricved.

43.  The method according to claims 32-42, whercein the cells are sperms.
44. "The method of claim 43, whercin the sperm is uscd for in vitro fertilization.
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