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(57) ABSTRACT

A method of quantifying cell migration of a cell population is
provided. The method includes the step of patterning the cell
population within a channel network in a first body. A first
image of the cell population is obtained. Thereafter, a second
image of the cell population is obtained after a first predeter-
mined time period. The first and second images are compared
in order to calculate a quantitative measure of the average
directional migration of the cells population and a quantita-
tive measure of the average motility of the cell population.

25 Claims, 4 Drawing Sheets
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1
METHOD FOR QUANTIFYING CELL
MOTILITY AND CELL MIGRATION

REFERENCE TO GOVERNMENT GRANT

This invention was made with United States government
support awarded by the following agencies: ARMY/MRMC
W81XWH-04-1-0572 and NIH CA104162. The United
States has certain rights in this invention.

FIELD OF THE INVENTION

This invention relates generally to cell migration, and in
particular, to a method for quantifying cell motility and cell
migration.

BACKGROUND AND SUMMARY OF THE
INVENTION

Migration is a cellular process important for many physi-
ological functions. During development, cells rearrange to
form structured tissues and organs, and in the adult, leuko-
cytes exit the blood stream and move into tissue in response to
signals reporting the presence of foreign invaders. In cancer,
metastases are formed by migrating cancer cells. In the first
two examples above, migration is directional toward a spe-
cific target. This behavior is known a chemotaxis and is
brought about by a gradient of chemoattractants or chemok-
ines that migrating cells are able to sense and orient their
polarization (i.e. axis of migration) accordingly. Some cells
migrate randomly in the absence of chemokine gradients.
Cytokines may cause those cells to migrate at a faster pace,
although still randomly, a process known as cytokinesis.

Many different methods have been developed to study cell
migration. Choosing between those methods generally
involves a trade-off between throughput and information con-
tent. On one end of the spectrum lies the Dunn chamber in
which a gradient is formed between a circular chamber and a
concentric annular chamber etched in glass. A coverslip with
cells growing on it is then inverted on top of the chambers and
their migration in the vicinity of the annular bridge between
the chambers is recorded using video-microscopy. Later (i.e.
off-line) individual cells are identified manually (sometimes
semi-automatically) and their position tracked over time. The
Dunn chamber is very low throughput but yields precise
information about individual cell behavior. Such detail is
important for studies of the fundamental mechanisms of cell
migration but may not be practical for studying the effect of
numerous conditions, such as in anti-inflammatory drug
screening. On the opposite end of the spectrum we have
microtiter plate-insert transwell assays, wherein cells are
seeded on a porous membrane suspended in a microtiterplate
and a chemoattractant is introduced on the opposite side of the
membrane. The chemoattractant diffuses through the mem-
brane forming a gradient. A typical readout entails removal of
the cells on the side where they were seeded and quantifica-
tion of the cell number on the other side. As an example, cells
can be manually scraped from the original side so that the
transwell insert only contains cells that have traversed the
membrane. Alternatively, only cells that fall from the mem-
brane to the bottom of the well below may be included in the
readout. The cells may be quantified by cell lysis and an
Adenosine Triphosphate (ATP) measurement via biolumi-
nescence which can be detected using a plate reader. In the
case of transwell assays, the steepness of the gradient is hard
to determine, and no distinction is made between chemoki-
nesis, chemotaxis, or even cell death. Additionally, the inserts
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themselves are expensive and the specific steps of the assay,
namely, the removal of non-migrating cells and the washing
of cells on the underside of the membrane, are non-trivial to
automate.

As is known, microtechnology has been applied to make
precise soluble gradients with a variety of spatial and tempo-
ral profiles, as well as, surface-bound gradients. Microfluidic
gradient generation devices have been employed to study the
migration of blood cells, cancer cells, neurons, as well as,
bacteria. However, assays that seed cells randomly in a cham-
ber and employ laminar flow to create a gradient rely on
video-microscopy for readout, and thus, limits throughput
and requires expensive software for data analysis. Addition-
ally, the presence of flow may eliminate potential paracrine
signals that are involved in the biological process of interest.
For example, if a drug is to be developed that affects tissue
resident cells that produce the stimulus for white blood cell
migration into tissue, the presence of flow in the screening
assay would abolish this signal and lead to the discovery of
drugs that treat the symptom rather than the root of the prob-
lem.

Therefore, it is a primary object and feature of the present
invention to provide a method for quantifying cell motility
and cell migration.

It is a further object and feature of the present invention to
provide a method for studying cell migration that allows a
user to simply and easily determine the quantitative motility
and directional migration data for a cell population.

Itis astill further object and feature of the present invention
to provide a method for studying cell migration that combines
microfiuidic gradient generation with micro-patterning to
simplify the extraction of important migratory information.

In accordance with the present invention, a method of
quantifying cell migration of a cell population is provided.
The method includes the steps of patterning the cell popula-
tion within a channel network through a first body and obtain-
ing an first image ofthe cell population. A second image of the
cell population is obtained after a first predetermined time
period. Thereafter, the first and second images are compared.

The channel is defined by a first sidewall and the method
contemplates the additional step of providing a first predeter-
mined medium along the first sidewall. In addition, may be
defined by a second sidewall. A second predetermined
medium may be provided along the second sidewall. Alter-
natively, a predetermined medium may be provided in a sec-
ond channel through the first body. The second channel is
interconnected to the first channel. The first channel may
include an input and an output, and the second channel
includes an input and an output communicating with the
output of the first channel.

The channel network is defined by a first sidewall and the
method may include the additional step of providing a first
predetermined medium along the first sidewall. In addition,
the channel network may be defined by a second sidewall and
the method may include the additional step of providing a
second predetermined medium along the second sidewall.

The channel network may include first and second inter-
connected channels. A predetermined medium may be pro-
vided in the first and second channels. The first channel
includes an input and an output and the second channel
includes an input and an output communicating with the
output of the first channel. The first and second channels
communicate along a cross channel. The first channel has a
first cross-sectional area and the second channel has a second
cross-sectional area. The cross channel has a cross-sectional
area smaller than the cross-sectional areas of the first and
second channels.
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The method may include the additional steps of patterning
a second cell population within a channel network through a
second body and obtaining an image of the second cell popu-
lation after the first predetermined time period. The image of
the second cell population is compared with the second image
of the first cell population.

The step of comparing may includes the additional steps of
calculating a first center of gravity for the cell population at a
first initial time and calculating a second center of gravity for
the cell population after the predetermined time period. The
absolute difference between the first and second centers of
gravity is a quantitative measure of the average directional
migration of the cells population. In addition, a first full-
width at half mass for the cell populationis calculated at a first
initial time and at after a predetermined time period. The
absolute difference between the first full-width at half mass
and the second full-width at half mass is a quantitative mea-
sure of the average motility of the cell population. Other
comparable measures can be envisioned, such as the param-
eters acquired via curve-fitting of the cell distribution using
known distribution functions such as the Gaussian distribu-
tion. In the case of the Gaussian distribution the center of
mass and full width at half mass would be replaced by the
mean (position) and the variance respectively.

In accordance with a further aspect of the present inven-
tion, a method of quantitying cell migration of a cell popula-
tion is provided. The method includes the step of patterning
the cell population within a channel network in a first body.
The cell population is observed at a first predetermined time
period and at a second predetermined time period.

The method includes the additional of step of providing a
first predetermined medium in communication with the chan-
nel network. The channel network is defined by first and
second sidewalls. The step of providing a first predetermined
medium in communication with the channel network
includes the additional step of patterning the predetermined
medium along at least one of the first and second sidewalls.

The channel network includes first and second intercon-
nected channels. The first and second channels are intercon-
nected by a cross-channel. The first channel has a first cross-
sectional area and the second channel has a second cross-
sectional area. The cross channel has a cross-sectional area
smaller than the cross-sectional areas of the first and second
channels.

The step of observing the cell population at a second pre-
determined time period includes the steps of calculating a
quantitative measure of the average directional migration of
the cells population and calculating a quantitative measure of
the average motility of the cell population. This is accom-
plished by calculating a first center of gravity for the cell
population at a first initial time and calculating a second
center of gravity for the cell population after the predeter-
mined time period. The absolute difference between the first
and second centers of gravity is a quantitative measure of the
average directional migration of the cells population. In addi-
tion, a first full-width at half mass for the cell population is
calculated at a first initial time and after the predetermined
time period. The absolute difference between the first full-
width at half mass and the second full-width at half mass is a
quantitative measure of the average motility of the cell popu-
lation.

In accordance with a still further aspect of the present
invention, a method is provided for quantifying cell migration
of'a cell population. The method includes the step of pattern-
ing the cell population within a channel network through a
first body. A predetermined medium in communication with
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the first channel is provided. Thereafter, migration of the cell
population is observed over a predetermined time period.

The channel network is defined by first and second side-
walls and the step of providing the predetermined medium in
communication with the channel network includes the addi-
tional step of patterning the predetermined medium along the
first and second sidewalls. The channel network may include
first and second channels. The first and second channels are
interconnected by a cross-channel. The first channel has a first
cross-sectional area and the second channel has a second
cross-sectional area. The cross channel has a cross-sectional
area smaller than the cross-sectional areas of the first and
second channels.

The step of observing the cell population at a second pre-
determined time period includes the steps of calculating a
quantitative measure of the average directional migration of
the cells population and calculating a quantitative measure of
the average motility of the cell population. This is accom-
plished by calculating a first center of gravity for the cell
population at a first initial time and calculating a second
center of gravity for the cell population after the predeter-
mined time period. The absolute difference between the first
and second center of gravities is a quantitative measure of the
average directional migration of'the cells population. In addi-
tion, a first full-width at half mass for the cell population is
calculated at a first initial time and after the predetermined
time period. The absolute difference between the first full-
width at half mass and the second full-width at half mass is a
quantitative measure of the average motility of the cell popu-
lation.

BRIEF DESCRIPTION OF THE DRAWINGS

The drawings furnished herewith illustrate a preferred con-
struction of the present invention in which the above advan-
tages and features are clearly disclosed as well as others
which will be readily understood from the following descrip-
tion of the illustrated embodiment.

In the drawings:

FIG. 1 is an isometric view of an exemplary device for
effectuating a methodology in accordance with the present
invention;

FIG. 2 is a cross-sectional view of the device taken along
line 2-2 of FIG. 1;

FIG. 3a is a cross-sectional view of the device taken along
line 3a-3a of FIG. 2 showing an initial state of a plurality of
cells patterned within a channel of the device;

FIG. 3b is a cross-sectional view of the device, similar to
FIG. 3a, showing the plurality of cells within the channel of
the device after a first predetermined time period;

FIG. 3¢ is a cross-sectional view of the device, similar to
FIG. 3a, showing the plurality of cells within the channel of
the device after a second predetermined time period;

FIG. 4a is a cross-sectional view of the device, similar to
FIG. 35, showing the plurality of cells within an alternate
channel of the device after a first predetermined time period;

FIG. 4b is a cross-sectional view of the device, similar to
FIG. 3¢, showing the plurality of cells within an alternate
channel of the device after a second predetermined time
period;

FIG. 5 is a schematic view of an alternate embodiment of a
device for effectuating the methodology of present invention;

FIG. 6 is a cross-sectional view of the alternate embodi-
ment of the device of the present invention, taken along line
6-6 of FIG. 5,
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FIG. 7 is a schematic view of a further alternate embodi-
ment of a device for effectuating the methodology of present
invention;

FIG. 8 is a cross-sectional view of the alternate embodi-
ment of the device of the present invention, taken along line
8-8 of FIG. 7.

DETAILED DESCRIPTION OF THE DRAWINGS

Referring to FIGS. 1-4b, an exemplary device for effectu-
ating the methodology of the present invention is generally
designated by the reference numeral 10. Device 10 includes
first and second ends 16 and 18, respectively, and first and
second sides 20 and 22, respectively. Channel 24 extends
through device 10 along a longitudinal axis and is defined by
first and second spaced sidewalls 26 and 28, respectively, and
upper and lower walls 30 and 31, FIG. 2. Channel 24 further
includes first and second ends 32 and 34, respectively, that
communicate with a plurality of inlets 36a-36¢ and outlet 38,
respectively. Inlets 36a-36¢ and outlet 38 communicate with
upper surface 40 of device 10.

It is contemplated for outlet 38 of channel 24 to have a
generally cylindrical shape to allow for robust and easy access
via droplet touch off using a micropipette of a robotic
micropipetting station. Surface tension will lead to pumping
from smaller drops to a larger drop. It is further contemplated
for the portions of upper surface 40 about inlets 36a-36¢ and
for inner surface 41 defining each inlet 36a-36¢ to be physi-
cally, chemically or structurally patterned to contain fluid
drops therein and prevent cross channel contamination with
the other inlets of channel 24. Similarly, each inlet 36a-364 of
channel 24 may have a generally cylindrical shape to allow
for robust and easy access via droplet touch off using a
micropipette. In addition, a portion of upper surface 40 of
device 10 about outlet 38 or inner surface 43 defining outlet
38 may be physically or structurally patterned to contain fluid
droplets within/adjacent outlet 38.

In a first embodiment, a suspension is prepared containing
cells 42 of interest. Channel 24 is filled with a culture medium
and large drop 44, FIG. 2, of the culture medium is deposited
on outlet 38. The suspension containing cells 42 are intro-
duced at inlet 365 via drops 46. Simultaneously, drops 48a
and 48b of a desired media are provided at inlets 36a and 36¢.
As is known, because drops 46 and 48a-48b have a smaller
radius than drop 44 at outlet 38, a larger pressure exists on
inlets 36a-36¢ of channel 24. The resulting pressure gradient
causes drops 48a, 46 and 485 to flow from corresponding
inlets 36a-36¢ through channel 24 towards drop 44 over outlet
38 of channel 24. It can be understood that by simultaneously
depositing additional drops 48a, 46 and 485 on corresponding
inlets 36a-36¢ of channel 24 by a micropipette of a robotic
micropipetting station, the resulting pressure gradient will
cause laminar flow of drops 484, 46 and 485 through channel
24 towards drop 44 over outlet 38 of channel 24. After a
predetermined time period, cells 42 are patterned within
channel 24 such that cells 42 are uniformly dispersed along
the central axis of the channel and uniformly dispersed along
the y-axis in the form of a generally rectangular strip, gener-
ally designated by the reference numeral 50. Thereafter, the
flow though channel 24 is stopped.

In the cell migration quantification method of the present
invention, the density of cells 42 in channel 24 along the
x-axis is monitored and quantified by calculating two param-
eters, the center of gravity and the full width at half mass, as
hereinafter described. More specifically, the absolute differ-
ence of the center of gravity between first and second time
periods provides a quantitative measure of the average direc-
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tional migration of cells 42. The absolute difference of the
full-width at half mass between first and second time periods
provides a quantitative measure of the average motility of
cells 42.

Once cells 42 are patterned in channel 24, first image 52 is
taken to capture the initial positions of cells 42, F1G. 3a. After
afirst predetermined time period, second image 54 is taken to
capture the intermediate positions of cells 42, FIG. 354.
Finally, after a second predetermined time period, third image
56 is taken to capture the final positions of cells 42, FIG. 3c.
Once images 52, 54 and 56 have been obtained, each image
52, 54 and 56 can be treated as a two-dimensional N-by-M
matrix, J, wherein the positions of cells 42 are digitally rep-
resented by finite areas of non-zero elements, and that the
areas surrounding cells 42 are represented are digitally rep-
resented by zero elements in the matrix. As such, it can be
appreciated that the distribution of cells 42 in image 52 can be
determined. It is assumed that the integrated intensities of the
areas that represent single cells 42 are randomly distributed
across the population. The process is repeated to determine
the positions of cells 42 in the second and third images 54 and
56, respectively.

In order to determine the quantitative measures of the
directional migration and motility of cells 42, the center of
gravity of the distribution of cells 42 and the full-width half
mass of the cells 42 are calculated for each image 52, 54, and
56. Cell distribution along the x-axis of channel 24 is given by
the equation:

Equation (1)

wherein: I[n] is the cell distribution; n is the number of col-
umns in the matrix; m is the number of rows in the matrix; and
J is the matrix.

The total mass of cells 42 in an image, T, is given by the
equation:

Equation (2)

N M
T:ZZJ[n,m]

n=1 m=1

wherein: T is the total mass of cells 42 in an image; n is the
number of columns in the matrix; m is the number of rows in
the matrix; and J is the matrix.

The center of gravity, C, is given by the equation:

N Equation (3)

wherein: C is the center of gravity; T is the total mass of cells
42 in an image; n is the number of columns in the matrix; m
is the number of rows in the matrix; and I[n] is the cell
distribution.

The full-width at half mass, W, is given by the equation

W=2s+1 Equation (4)

wherein: W is the full-width at half mass; and s is the smallest
number that satisfies the following equation:
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Equation (5)

The value of s is determined by iterative addition of elements
starting from the center of gravity, C, according to the follow-
ing steps:

s=1

while m<0.5xT

m=m+[(C-s)+I(C+s)

s=s+1
end
wherein: m is a temporary variable denoting the total mass of
the cells located between (C-s) and (C+s) after each step.
Once the condition of m=0.5T is satisfied, the full-width at
half mass, W, can be found using Equation (4).

Once the center of gravity of the distribution of cells 42 and
the full-width half mass of the cells 42 are calculated for each
image 52, 54, and 56, the calculated center of gravity values
for images 54 and 56 are compared with the center of gravity
value for the initial image 52. The absolute difference
between the center of gravity of each image 52, 54 and 56 are
a quantitative measure of the average directional migration of
cells 42. For example, it can be appreciated that in cells 42 in
FIGS. 3a-3¢ have no directional preference. In addition, the
full-width half masses for images 54 and 56 are compared
with the full-width half mass for the initial image 52. The
absolute difference between the full-width half mass values
of'each image 52, 54 and 56 are a quantitative measure of the
average motility of cells 42. For example, it can be appreci-
ated that cells 42 in FIGS. 3a-3¢ are motile, such that the
width of their distribution is increased between the first and
second predetermined time points.

Alternatively, referring FIGS. 4a-4b, it is contemplated to
introduce a suspension containing cells 42 at inlet 365 via
drops 46. Simultaneously, drops 48a and 485 of culture
medium are provided at inlets 36a and 36¢. As is known,
because drops 46 and 48a-48b have a smaller radius than drop
44 at outlet 38, a larger pressure gradient exists on inlets
36a-36¢ of channel 24. The resulting pressure gradient causes
the laminar flow of drops 484, 46 and 485 from corresponding
inlets 36a-36¢ through channel 24 towards drop 44 over outlet
38 of channel 24. It can be understood that by sequentially
depositing additional drops 48a, 46 and 485 on corresponding
inlets 36a-36¢ of channel 24 by a micropipette of robotic
micropipetting station, the resulting pressure gradient will
cause the drops 48a, 46 and 485 deposited on corresponding
inlets 36a-36¢ to flow through channel 24 towards drop 44
over outlet 38 of channel 24. It can be appreciated that after a
predetermined time period, cells 42 are patterned within
channel 24 such that cells 42 are uniformly dispersed along
the central axis of the channel and uniformly dispersed along
the y-axis in the form of a generally rectangular strip, gener-
ally designated by the reference numeral 50. Thereafter, the
flow though channel 24 is stopped. It is further contemplated
to pattern first and second media 27 and 29, respectively, e.g.
achemoattractant, along sidewalls 26 and 28 of channel 24 on
opposite sides of cells 42. It can be appreciated that using the
method of the present invention heretofore described, various
media may be tested in order to determine a media’s ability to
promote or discourage the motility or migration of cells 42.

Once cells 42 are patterned in channel 24, first image 53 is
taken to capture the initial positions of cells 42, F1G. 4a. After
a first predetermined time period, second image 55 is taken to
capture the positions of cells 42, FIG. 45. Once images 53 and
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55 have been obtained, each image 53 and 55 can be treated as
a two-dimensional N-by-M matrix, J, wherein the positions
of'cells 42 are digitally represented by finite areas of non-zero
elements, and that the areas surrounding cells 42 are repre-
sented are digitally represented by zero elements in the
matrix. As such, it can be appreciated that the positions of
cells 42 in image 53 can be determined. It is assumed that the
integrated intensities of the areas that represent single cells 42
are randomly distributed across the population. The process is
repeated to determine the positions of cells 42 in the second
image 55.

As heretofore described, in order to determine the quanti-
tative measures of the directional migration and motility of
cells 42, the center of gravity of the distribution of cells 42 and
the full-width half mass of the cells 42 are calculated for each
image 53 and 55. The absolute difference between the center
of gravity for images 53 and 55 is a quantitative measure of
the average directional migration of cells 42. For example, it
can be appreciated that in cells 42 in FIGS. 44-4b have a
directional preference towards medium 29. In addition, the
full-width half masses for images 53 and 55 are compared.
The absolute difference between the full-width half mass
values of image 53 and 55 is a quantitative measure of the
average motility of cells 42.

Referring to FIGS. 5-6, an alternated embodiment of a
device for effectuating the methodology of the present inven-
tion is generally designated by the reference numeral 60. It is
intended for device 60 to provide a user with information
regarding the motility and rate of migration of cells. More
specifically, device 60 includes upper and lower surfaces 60a
and 605, respectively, and first and second sides 61a and 615,
respectively. Channel 64 extends through device 60 along a
longitudinal axis and is defined by first and second spaced
sidewalls 63 and 65, respectively, and upper and lower walls
67 and 69, respectively. Channel 66 extends through device
60 along a longitudinal axis and is defined by first and second
spaced sidewalls 71 and 73, respectively, and upper and lower
walls 75 and 69, respectively. Channels 64 and 66 have a
common height H1 and a common outlet 68. In addition,
channels 64 and 66 include corresponding inlets 70 and 72,
respectively, that communicate with upper surface 60a of
device 60.

It is contemplated for outlet 68 of channels 64 and 66 to
have a generally cylindrical shape to allow for robust and easy
access via droplet touch off from a micropipette of a robotic
micropipetting station. It is further contemplated for the por-
tions of upper surface 60a about inlets 70 and 72 and for the
inner surfaces defining each inlet 70 and 72 to be physically or
structurally patterned to contain fluid drops therein and pre-
vent cross channel contamination with the other inlets of
device 60. Similarly, each inlet 70 and 72 of channels 64 and
66 may have a generally funnel-shaped cross section to allow
for robust and easy mating with the micropipette. In addition,
a portion of upper surface 60a of device 60 about outlet 68
and/or the inner surface defining outlet 68 may be physically
or structurally patterned to contain fluid drops within/adja-
cent outlet 68.

Channels 64 and 66 are interconnected by cross channel 74
having a first end 76 communicating with first channel 64 and
a second end 78 communicating with second channel 68.
Cross channel 74 is partially defined by upper wall 75 and
lower wall 69. Cross channel 74 has height H2 that is signifi-
cantly less than the height H1 of first and second channels 66
and 68, respectively, for reasons hereinafter described. By
way of example, height H1 of channels 66 and 68 may be ten
(10) times greater than height H2 of cross channel 74. It can
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be appreciated that given its smaller height H1, cross channel
74 has a higher fluidic resistance than channels 64 and 66.

In operation, channels 64, 66 and 74 are filled with a culture
medium and a large drop of the culture medium is deposited
onoutlet 68. A suspension containing cells 42 is introduced at
inlets 70 and 72 via drops. The drops deposited on inlets 70
and 72 have a smaller radius of curvature than the drop at
outlet 68. As aresult, a larger pressure gradient exists on inlets
70 and 72 of channels 64 and 66. The resulting pressure
gradient causes the flow of the drops introduced at inlets 70
and 72 towards the drop over outlet 68 of channels 64 and 66.
It can be understood that by sequentially depositing addi-
tional drops on corresponding inlets 70 and 72 of channels 64
and 66 by a micropipette of robotic micropipetting station, the
resulting pressure gradient will cause the drops introduced at
inlets 70 and 72 to flow through channels 64 and 66 towards
the drop over outlet 68 of channels 64 and 66. However, given
the high fluid resistance of cross channel 78, the suspension is
discouraged from flowing into cross channel 78. It can be
appreciated that after a predetermined time period, cells 42
are patterned and uniformly dispersed along the channels 64
and 66, but not cross channel 78. Thereafter, the flow of the
suspension though channels 64 and 66 is stopped.

Once cells 42 are patterned within channels 64 and 66, a
user selected medium is introduced at inlets 70 and 72 via
drops. The drops of medium deposited on inlets 70 and 72
have a smaller radius of curvature than the drop at outlet 68.
As a result, a larger pressure gradient exists on inlets 70 and
72 of channels 64 and 66. The resulting pressure gradient
causes the flow of the drops of the medium introduced at
inlets 70 and 72 towards the drop over outlet 68 of channels 64
and 66. It can be understood that by sequentially depositing
additional drops on corresponding inlets 70 and 72 of chan-
nels 64 and 66 by a micropipette of a robotic micropipetting
station, the resulting pressure gradient will cause the drops of
medium introduced at inlets 70 and 72 to flow through chan-
nels 64 and 66 towards the drop over outlet 68 of channels 64
and 66. It can be appreciated that after a predetermined time
period, cells 42 patterned within channels 64 and 66 are
exposed to the medium along the entire length of channels 64
and 66. Thereafter, the flow though channels 64 and 66 is
stopped.

Once the flow of the medium though channels 64 and 66 is
stopped, a first image of cross channel 78 is taken to capture
the initial positions of cells 42 in cross channel 78. After a first
predetermined time period, a second image is taken to capture
the positions of cells 42 in cross channel 78. Once the firstand
second images have been obtained, the two images are com-
pared to each other. It can be appreciated that one can quantify
the migration of cells 42 in response to the medium intro-
duced into channels 64 and 66. In addition, each image can be
treated as a two-dimensional N-by-M matrix, J, as heretofore
described. By calculating the full-width half mass values of
the cell populations in the images, a quantitative measure of
the average motility of cells 42 in response to the medium
may be determined.

Referring to FIGS. 7-8, a still further embodiment of a
device for effectuating the methodology of the present inven-
tion is generally designated by the reference numeral 80.
Device 80 includes first and second ends (not shown), first
and second sides 90 and 92, respectively, and upper and lower
surfaces 94 and 96, respectively. Device 90 further includes
first, second and third channels 98, 100 and 102, respectively,
therein. First channel 98 extends through device 90 along a
longitudinal axis and is defined by first and second spaced
sidewalls 104 and 106, respectively, and upper and lower
walls 108 and 110, respectively. A first end of first channel 98
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communicates with inlet 112 and a second end of first channel
98 communicates with outlet 114. Second channel 100
extends through device 90 along a longitudinal axis and is
defined by first and second spaced sidewalls 116 and 118,
respectively, and upper and lower walls 120 and 110, respec-
tively. A first end of second channel 100 communicates with
inlet 122 and a second end of second channel 100 communi-
cates with outlet 114. Third channel 102 extends through
device 90 along a longitudinal axis and is defined by first and
second spaced sidewalls 124 and 126, respectively, and upper
and lower walls 128 and 110, respectively. A first end of third
channel 102 communicates with inlet 130 and a second end of
third channel 102 communicates with outlet 114. First, sec-
ond and third channels 98, 100 and 102 have acommon height
H1 and common outlet 114. Common outlet 114, as well as,
inlets 112, 122 and 130 of corresponding channels 98, 100
and 102, respectively, communicate with upper surface 94 of
device 90.

It is contemplated for outlet 114 of first, second and third
channels 98, 100 and 102, respectively, to have a generally
cylindrical shape to allow for robust and easy access via
droplet touch off from a micropipette of a robotic micropi-
petting station. It is further contemplated for the portions of
upper surface 94 about inlets 112, 122 and 130 and for the
inner surfaces defining inlets 112, 122 and 130 to be physi-
cally, chemically or structurally patterned to contain fluid
drops therein and prevent cross channel contamination with
the other inlets of device 90. Similarly, inlets 112, 122 and
130 of first, second and third channels 98, 100 and 102,
respectively, may have a generally funnel-shaped cross sec-
tion to allow for robust and easy mating with the micropipette.
In addition, a portion of upper surface 94 of device 90 about
outlet 114 and/or the inner surface defining outlet 114 may be
physically, chemically or structurally patterned to contain
fluid drops within/adjacent outlet 114.

First and second channels 98 and 100, respectively, are
interconnected by cross channel 132 having first end 134
communicating with first channel 98 and second end 136
communicating with second channel 100. Cross channel 132
is defined by upper wall 138 and lower wall 110. Second and
third channels 98 and 100, respectively, are interconnected by
cross channel 140 having a first end 142 communicating with
second channel 100 and a second end 144 communicating
with third channel 102. Cross channel 140 is partially defined
by upper wall 146 and lower wall 110. Cross channels 132
and 140 have a common height H2 that is significantly less
than the height H1 of first, second and third channels 98, 100
and 102, respectively, for reasons hereinafter described. By
way of example, height H1 of first, second and third channels
98, 100 and 102, respectively, may be approximately ten (10)
times greater than height H2 of cross channels 132 and 140. It
can be appreciated that given their smaller height H1, cross
channels 132 and 140 have higher fluidic resistances than
first, second and third channels 98, 100 and 102, respectively.

In operation, cross channels 132 and 140 and first, second
and third channels 98, 100 and 102, respectively, are filled
with a culture medium and a large drop of the culture medium
is deposited on outlet 114. A suspension containing cells is
introduced at inlet 122 of second channel 100 via a drop. The
drop deposited on inlet 122 has a smaller radius of curvature
than the drop at outlet 114. As a result, a large pressure
gradient exists on inlet 122 of second channel 100. The result-
ing pressure gradient causes the drop introduced at inlet 122
to flow towards the drop over outlet 114 of second channel
100. Drops of media are introduced at inlets 112 and 130 of
first and third channels 98 and 102, respectively. It is contem-
plated for one ofthe media introduced at inlets 112 and 130 of
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first and third channels 98 and 102, respectively, to contain a
chemoattractant. It can be understood that by sequentially
depositing additional drops on corresponding inlets 112, 122
and 130 of first, second and third channels 98, 100 and 102,
respectively, by a micropipette of robotic micropipetting sta-
tion, the resulting pressure gradient will cause the drops intro-
duced at inlets 112, 122 and 130 of first, second and third
channels 98, 100 and 102, respectively, to flow through first,
second and third channels 98, 100 and 102, respectively,
towards the drop over outlet 114 of first, second and third
channels 98, 100 and 102. However, given the high fluid
resistance of cross channels 132 and 140, the suspension in
second channel 100 and the media in first and third channels
98 and 102, respectively, is discouraged from flowing into
cross channels 132 and 140. Hence, it can be appreciated that
after a predetermined time period, the cells in the suspension
are patterned and uniformly dispersed along second channel
100, but not cross channels 132 and 140. Thereafter, the flow
of the suspension though first, second and third channels 98,
100 and 102, respectively, is stopped.

Once the flow of the media though first, second and third
channels 98, 100 and 102, respectively, is stopped, a first
image of cross channels 132 and 140 is taken to capture the
initial positions of the cells in cross channels 132 and 140.
After a first predetermined time period, a second image is
taken to capture the positions of the cells in cross channels
132 and 140. Once the first and second images have been
obtained, the two images are compared to each other. It can be
appreciated that one can quantify the migration of the cells in
response to the media introduced into first and third channels
98 and 102, respectively. In addition, each image can be
treated as a two-dimensional N-by-M matrix, J, as heretofore
described. By calculating the full-width half mass values of
the cell populations in the images, a quantitative measure of
the average motility of the cells in response to the media may
be determined.

It can be appreciated that the method of the present inven-
tion presents a novel method to quantify cell motility and
migration. The method does not involve the tracking of indi-
vidual cells, but rather extraction of cell population param-
eters for the cell population as a whole. Through simple
computations, the method directly provides quantitative
motility and directional migration data for a population and is
sensitive to small effects due to inherent averaging across the
population. The simplicity of the method renders it easy to
use and amenable to high throughput operation.

Various modes of carrying out the invention are contem-
plated as being within the scope of the following claims
particularly pointing out and distinctly claiming the subject
matter, which is regarded as the invention.

We claim:

1. A method of quantifying cell migration of a cell popu-
lation, comprising the steps of:

patterning the cell population within a channel network in

a body, the channel network including first and second
channels having an outlet and being interconnected by a
cross-channel upstream of the outlet;

providing a first predetermined medium in the first chan-

nel;

providing a second predetermined medium in the second

channel; and

observing migration of the cell population in the cross-

channel over time.

2. The method of claim 1 comprising the additional the
steps of:

calculating a quantitative measure of the average direc-

tional migration of the cell population; and
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calculating a quantitative measure of the average motility

of the cell population.

3. The method of claim 1 comprising the additional steps
of:

calculating a first center of gravity for the cell population at

a first initial time; and
calculating a second center of gravity for the cell popula-
tion after the predetermined time period;
wherein the absolute difference between the first and second
center of gravities is a quantitative measure of the average
directional migration of the cell population.

4. A method of quantifying cell migration of a cell popu-
lation, comprising the steps of:

patterning the cell population within a channel network in

a first body;

observing the cell population at a first predetermined time

period; and

observing the cell population at a second predetermined

time period;
wherein:

the channel network includes first, second and third chan-

nels;

the first and second channels are interconnected by a cross-

channel;

the first channel has a first cross-sectional area;

the second channel has a second cross-sectional area;

the cross channel has a cross-sectional area smaller than

the cross-sectional areas of the first and second chan-
nels;

the second and third channels are interconnected by a sec-

ond cross-channel,

the third channel has a third cross-sectional area; and

the second cross channel has a cross-sectional area smaller

than the cross-sectional areas of at least one of the first,
second and third channels.

5. A method of quantifying cell migration of a cell popu-
lation, comprising the steps of:

patterning the cell population within a channel network in

a first body;

obtaining an first image of the cell population;

obtaining a second image of the cell population after a first

predetermined time period;

comparing the first and second images, the first and second

images compared by:
calculating a first full-width at half mass for the cell
population at a first initial time; and
calculating a second full-width at half mass for the cell
population after the first predetermined time period;
wherein the absolute difference between the first full-width at
half mass and the second full-width at half mass is a quanti-
tative measure of the average motility of the cell population.

6. The method of claim 5 wherein the channel network is
defined by a first sidewall and wherein the method further
comprises the additional step of providing a first predeter-
mined medium along the first sidewall.

7. The method of claim 6 wherein the channel network is
defined by a second sidewall and wherein the method further
comprises the additional step of providing a second predeter-
mined medium along the second sidewall.

8. The method of claim 5 wherein the channel network
includes first and second channels and wherein the method
further comprises the additional steps:

interconnecting the first and second channels; and

providing a predetermined medium in the first and second

channels.

9. The method of claim 8 wherein:

the first channel includes an input and an output; and
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the second channel includes an input and an output com-

municating with the output of the first channel.

10. The method of claim 8 wherein the first and second
channels communicate along a cross channel.

11. The method of claim 10 wherein:

the first channel has a first cross-sectional area;

the second channel has a second cross-sectional area; and

the cross channel has a cross-sectional area smaller than

the cross-sectional areas of the firstand second channels.

12. The method of claim 8 comprising the additional steps:

patterning a first cell population within a channel network

through a second body;

obtaining an image of the first cell population within the

channel network through the second body after the first
predetermined time period; and

comparing the image of the first cell population within the

channel network through the second body with the sec-
ond image of the first cell population within the channel
network through the first body.

13. The method of claim 5 wherein the step of comparing,
includes the additional steps of:

calculating a first center of gravity for the cell population at

a first initial time; and
calculating a second center of gravity for the cell popula-
tion after the predetermined time period;
wherein the absolute difference between the first and second
center of gravities is a quantitative measure of the average
directional migration of the cell population.

14. A method of quantifying cell migration of a cell popu-
lation, comprising the steps of:

patterning the cell population within a channel network in

a first body;

observing the cell population at a first predetermined time

period;

observing the cell population at a second predetermined

time period;

calculating a first full-width at half mass for the cell popu-

lation at the first predetermined time; and

calculating a second full-width at half mass for the cell

population at the second predetermined time period;
wherein the absolute difference between the first full-width at
half mass and the second full-width at half mass is a quanti-
tative measure of the average motility of the cell population.

15. The method of claim 14 comprising the additional of
step of providing a first predetermined medium in communi-
cation with the channel network.

16. The method of claim 15 wherein the channel network is
defined by first and second sidewalls and wherein the step of
providing a first predetermined medium in communication
with the channel network includes the additional step of pat-
terning the predetermined medium along at least one of the
first and second sidewalls.

17. The method of claim 15 wherein the channel network
includes first and second channels, the first and second chan-
nels being interconnected.

18. The method of claim 17 wherein:

the first and second channels are interconnected by a cross-

channel;

the first channel has a first cross-sectional area;

the second channel has a second cross-sectional area; and

the cross channel has a cross-sectional area smaller than

the cross-sectional areas of the firstand second channels.
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19. The method of claim 14 wherein the step of observing
the cell population at a second predetermined time period
includes the steps of:

calculating a quantitative measure of the average direc-

tional migration of the cell population; and

calculating a quantitative measure of the average motility

of the cell population.

20. The method of claim 14 comprising the additional steps
of:

calculating a first center of gravity for the cell population at

a first initial time; and
calculating a second center of gravity for the cell popula-
tion after the predetermined time period;
wherein the absolute difference between the first and second
center of gravities is a quantitative measure of the average
directional migration of the cell population.

21. A method for quantifying cell migration of a cell popu-
lation, comprising the steps of:

patterning the cell population within a channel network

through a first body;

providing a predetermined medium in communication

with the channel network;

observing migration of the cell population over a predeter-

mined time period;

calculating a first full-width at half mass for the cell popu-

lation at a first initial time; and

calculating a second full-width at half mass for the cell

population after the predetermined time period;
wherein the absolute difference between the first full-width at
half mass and the second full-width at half mass is a quanti-
tative measure of the average motility of the cell population.

22. The method of claim 21 wherein the channel network is
defined by first and second sidewalls and wherein the step of
providing the predetermined medium in communication with
the channel network includes the additional step of patterning
the predetermined medium along the first and second side-
walls.

23. The method of claim 21 wherein:

the channel network includes first and second channels;

the first and second channels are interconnected by a cross-

channel;

the first channel has a first cross-sectional area;

the second channel has a second cross-sectional area; and

the cross channel has a cross-sectional area smaller than

the cross-sectional areas of the firstand second channels.

24. The method of claim 21 wherein the step of observing
migration of the cell population includes the steps of:

calculating a quantitative measure of the average direc-

tional migration of the cell population; and

calculating a quantitative measure of the average motility

of the cell population.

25. The method of claim 21 comprising the additional steps
of:

calculating a first center of gravity for the cell population at

a first initial time; and
calculating a second center of gravity for the cell popula-
tion after the predetermined time period;
wherein the absolute difference between the first and second
center of gravities is a quantitative measure of the average
directional migration of the cell population.
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