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Abstract

We describe a protocol for measuring the speed of human neutrophils migrating through small
channels, in conditions of mechanical confinement comparable to those experienced by
neutrophils migrating through tissues. In such conditions, we find that neutrophils move
persistently, at constant speed for tens of minutes, enabling precise measurements at single cells
resolution, for large number of cells. The protocol relies on microfluidic devices with small
channels in which a solution of chemoattractant and a suspension of isolated neutrophils are
loaded in sequence. The migration of neutrophils can be observed for several hours, starting
within minutes after loading the neutrophils in the devices. The protocol is divided into four main
steps: the fabrication of the microfluidic devices, the separation of neutrophils from whole blood,
the preparation of the assay and cell loading, and the analysis of data. We discuss the practical
steps for the implementation of the migration assays in biology labs, the adaptation of the
protocols to various cell types, including cancer cells, and the supplementary device features
required for precise measurements of directionality and persistence during migration.

Introduction

The standard textbook pictures of white blood cells moving through a homogenous space
from circulation to a site of injury in tissues are often misleading. Far from moving in
homogenous microenvironment, white blood cells encounter all sorts of obstacles during
their journey through tissues in vivo. In particular, fast moving cells like neutrophils often
have to squeeze in between other cells in the tissue, chimney through tiny capillaries, go
around matrix fibers, and find passage ways through fibrin clots or scars (McDonald et al.,
2010). Like the textbooks, most of the in vitro assays we are using today to study the
migration of cells rarely acknowledge the complexity of the in vivo microenvironment.
Traditional assays (Zigmond chamber, Dunn chamber, or micropipette assay) as well as the
majority of microfluidic assays mostly observe the cells migrating on flat surfaces, without
any of the tissue-relevant mechanical challenges. The limitations of the current assays are
not just methodological, but they often preclude the decoupling of individual conditions and
modulators of cell migration. One early example illustrating the new insights that could
emerge from restoring the mechanical complexity of the cell migration microenvironment
was the finding of calcium-independent cell migration after squeezing neutrophils in
between glass and agarose gel (Malawista & de Boisfleury Chevance, 1997), a finding later
confirmed also in dendritic cells (DCs) (Lammermann et al., 2008). More recently,
emerging microfluidic platforms have taken the issue of mechanical complexity to a higher
level of sophistication and increased precision of microenvironment control.
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The use of microscale channels for mechanically confining the cells during migration
creates opportunities for discovery and for designing more robust drug screening assays. For
example, confining neutrophils to channels significantly smaller than the cell cross section
has been shown to reduce the variability in speed during chemotaxis (Irimia, Charras,
Agrawal, Mitchison, & Toner, 2007). In the absence of confinement, the variations in
migration speed are a significant issue when analyzing neutrophil migration on flat surfaces.
The reduced variability was important when analyzing the human neutrophil migration for
the purpose of defining a normal range of values for neutrophil migration from healthy
volunteers and for quantifying changes in patients (Butler et al., 2010). The confinement
was also useful for measuring the migration of other leukocytes as well, as shown in studies
using DCs (Faure-Andre et al., 2008; Renkawitz et al., 2009) and T cells (Jacobelli et al.,
2010). More recently, precise comparisons of the migration speed and persistence of various
cancer epithelial cells have been enabled by microfluidic devices that confined the moving
cells to channels (Irimia & Toner, 2009; Scherber et al., 2012). In addition to the analysis of
speed, small channels with bifurcations also helped quantify the directional decisions during
migration in normal and cancer epithelial cells and in human neutrophils
(Ambravaneswaran, Wong, Aranyosi, Toner, & Irimia, 2010; Scherber et al., 2012). In these
devices, the directional decisions that cells make when encountering the bifurcations were
quantified in binary mode, simplifying the analysis and comparisons between conditions.
Additional challenges for the moving cells and opportunities for biological insights emerge
from loading the channels with Matrigel (Wolfer et al., 2010), tapering the channels to small
cross sections (Balzer et al., 2012; Gallego-Perez et al., 2012), or the combination of
geometric and extracellular matrix conditions (Kraning-Rush, Carey, Lampi, & Reinhart-
King, 2013). Applications are also emerging toward the identification of new drug targets
for cell migration (Smolen et al., 2010) or new context for activities of existing compounds
(Balzer et al., 2012; Rolli, Seufferlein, Kemkemer, & Spatz, 2010).

10.1 Designing The Devices

10.1.1 Size of the microchannels

The size and topography of the channels for cell migration is one important parameter that
depends on the type of cells to be studied and the goals of the experiments. In the simplest
design, straight channels, with cross section comparable to the size of the cells, enable
precise measurements of cell speed. In the case of human neutrophils (10 um average
diameter for cells in suspension), channels having 6—8 pm width and 3 um height appear to
be optimal for observing robust cell migration. For the migration of cancer epithelial cells,
larger channels (for example 10 um x 10 um) are most favorable (Irimia & Toner, 2009).
The length of channels can vary from 100 to 1000 um.

10.1.2 Cell loading chamber

Because the height of the migration channels is smaller than the cells in suspension, a
second set of channels that are taller has to be used to accommodate the cells to the entrance
of the migration channels. The cell loading chamber can be designed as tall as 100 pm. Cells
introduced as a suspension in the devices, usually settle by gravity alone to the bottom of the
cell loading chamber, closer to the entrance to the emigration channels.
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10.1.3 Gradient formation

The chemokine gradient forms by diffusion between the cell migration channels and the cell
loading chamber. The migration channels are designed as chemokine “sources”, from which
the cheomokine will diffuse at predictable rates, dependent on the length, geometry, and
cross section of the channels. The cell loading chamber serves as a “sink” for the
chemoattractant diffusing from the migration channels, the larger the chamber, the more
effective it will be at maintaining the reduced chemokine concentration. To achieve the
differential loading of the migration channels and cell loading chamber with chemokine and
buffer, respectively, we are taking advantage of a sequential protocol for operating the
devices. Off the shelf, the devices contain no liquid and are filled with air. In the first step,
the entire device is primed with chemokine solution, which will fill the dead-end migration
channels as well as the loading chamber. In the second step, the loading chamber is washed
by flowing buffer from the inlet to the outlet. Because there is no flow in the dead-end
migration channels, only the chemokine in the loading chamber is washed off. Most of the
chemokine initially in the migration channels, remains in these channels. Quickly after, the
diffusion of this chemokine between the “source” and the “sink” in the absence of
convection produces the chemokine gradients which ultimately drive the cells into the side
channels. Because of the limited volume of the source and sink, these gradients will
progressively decrease and eventually the chemokine concentration becomes uniform. The
time to equilibrium depends on the molecular weight of the chemokine and design
parameters of the device. Longer channels, having smaller cross section toward the loading
chambers will result in longer lasting gradients.

10.2 Device Fabrication

Fabricating the devices requires two major steps. In the first step, a mold will be fabricated,
with the negative of the channels. In the second step, the mold will be replicated in
elastomeric material and bonded to a glass slide, completing the channels. While the first
step requires specialized photolithography techniques usually performed in clean room
environment, the second step is relatively simple and could be accomplished in any lab. It is
important to know that hundreds of devices could be fabricated from just one mold.
Consequently, it is most economical for users interested in the application of the devices, to
first fabricate one mold through the various microfluidic foundries, resource centers, or
academic labs specialized in making microfluidic devices. The fabrication of the
microfluidic devices could be accomplished locally, at the time when as they are needed for
experiments. The essential steps for fabricating the elastomeric devices and final assembly
are described in detail in this section.

10.2.1 Materials

a. Silicone elastomer (Polydimethylsiloxane (PDMS), Dow Corning Sylgard 184
Silicone Encapsulant Clear 0.5 kg Kit, Ellsworth Adhesives, Germantown, WI)

b. Vacuum desiccator (F42020-0000, Bel-Art Products, Wayne, NJ)
c.  Vacuum oven (VO 914A, Thermo Scientific)
d. Hotplate
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Scalpel and razor blades

Handling tweezers (item # 758 TW070 TechniTool, Worcester, PA)
Punch—Harris Unicore, 1 mm (item #15072, Ted Pella)

Precleaned glass slides or glass coverslips

Five inch plastic petri dishes

Weigh dishes (item #01018-04 Cole Parmer, Court Vernon Hills, IL)
Plastic forks

Wipes

Balance (EL2001, Mettler Toledo, Columbus, OH)
Plasma cleaner (PDC32 G, Harrick Plasma, Ithaca, NY)

Secure the silicon wafer (the mold) to the bottom of the plastic dish with tape.
Position the wafer to the center of the dish for easier cutting of the elastomer after
curing and uniform thickness.

Prepare the uncured elastomer by mixing the base and curing agent in 10:1 ratio.
Prepare about 50 g of elastomer the first time when using a mold. After cutting out
the first set of devices, only 15 g of elastomer is routinely necessary. Place the
mixing tray on the balance and zero the reading. Add first the curing agent which is
more fluid to the center of the tray. Then, add the base, which is more viscous,
around the drop of curing agent. For a routine preparation, you would need 1.5 g of
curing agent and 15 g of the base. Use the fork to mix the base and curing agent
thoroughly for at least 2 min. Air bubble will form upon vigorous mixing and the
mixture should look white at the end of mixing.

Pour the uncured elastomer over the wafer making sure the coverage is uniform.
Place the dish in the vacuum jar for 30-60 min. The elastomer should look clear
and transparent.

Place the dish in the oven set to 65 °C for 8-12 h. Make sure the shelves in the
oven are leveled; this is very important for the uniform thickness of the devices.

Cut the elastomer off the surface of the mold. Using the scalpel, cut close to the
edge of the mold, on the surface of the silicon wafer. Using clean gloves and
tweezers, peel off slowly the cured elastomer from the surface of the mold, with
extra care where the smaller features of the devices are. Place the elastomer on the
flat, clean surface of a cutting board, with the features down. It is advisable that
you cover the mold with a fresh layer of uncured elastomer, preventing dust or dirt
from contaminating the surfaces. The mold with cured elastomer could be stored
indefinitely at room temperatures.
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f.  From the piece of elastomer, cut smaller pieces to the size of the devices, using the
razor blades. Punch the inlet and outlet holes using the core punch.

g. Place the glass slide (or coverslip) and the smaller piece of elastomer with the
features facing up, inside the plasma machine. Follow the step-by-step instructions
from the plasma machine manufacturer. You will notice the formation of purple
plasma inside the plasma chamber. Expose the glass and elastomer surfaces to
plasma for approximately 30 s. It is important to optimize the time of exposure to
plasma for strongest bonding, depending on the particularities of the machine being
used. Remove the glass slide and elastomer piece from the plasma machine using
tweezers, careful not to touch the surfaces with your fingers.

h.  Turn the elastomer upside down on the glass slide and press gently. Looking
carefully at an approximately 45° angle you will notice the change in reflection at
the interface between the two materials, indicating the effective bonding of the two
surfaces. It is very important to know that you have only one chance of bringing the
two surfaces together. If the two elastomer pieces need to be repositioned on the
glass surface after the two surfaces come into contact, the plasma step has to be
repeated.

i.  Finally, place the device on the hotplate set to 90 °C for 3 min for extra strong
bonding.
10.3 Measuring Cell Migration
10.3.1 Materials

Regents
»  Human fibronectin (Sigma Aldrich, St. Louis, MO)

e Hank's buffered salt solution (Life Technologies, Grand Island, NY)

»  Food dyes (for training purpose only)

Materials
e 1 mlsyringes (item # 309659, Becton Dickinson, Franklin Lakes, NJ)

e Blunt syringe needles (BN3005, 30 G x % in., Brico Medical Supplies, Dayton, NJ)

e Tygon tubing ID =0.01 in., OD = 0.03 in. (S54HL Tygon Tubing, Greene Rubber,
Woburn, MA)

e Hemostats forceps (item # 13-812-45, Fisher Sci, Pittsburgh, PA)
»  Flat tip tweezers (item # 758 TW462, TechniTool)

10.3.2 Equipment

»  Microscope and camera with time-lapse capabilities (Nikon TiE, Nikon, Japan)
e Environmental chamber (Live Cell, Pathology Devices, Westminster, MD)

* Image J software
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Prepare four 4 cm long pieces of the tubing for each channel of the device (Fig.
10.1). Fit 30 G blunt needles to one end of three of these pieces of tubing. For this,
gently slide the tubing over the needle tip using your fingers.

Insert one piece of free tubing and one with a needle into the inlet and outlet holes
of device using tweezers.

Fill one 1 ml syringe with 300 pl of the chemokine solution, connect the syringe to
the needle, and slowly push the solution into the device. As soon as the solution
starts coming out of the free end of the tubing at the outlet of the device, clamp that
tubing using the forceps.

Continue pushing the syringe plunger. This will push the fluid into the side
channels of the device (Fig. 10.2). Allow enough time for the air trapped in the
dead-end side channels to escape by diffusion through the elastomer and into the
chemokine solution. You could verify on a microscope that all the air has been
removed from the side channels and the entire device is filled with chemokine
solution. Remove the tubing with the syringe and leave one droplet of chemokine
solution on top of the inlet hole.

Prepare a second syringe with 300 ul of buffer solution, connect it to a new piece of
tubing, and gently fill the tubing with buffer until a droplet forms at the free end of
the tubing. Using the tweezers, insert this tubing into the inlet hole of the device.
Open the clamp on the outlet tubing and gently push the buffer through the device
for approximately 10 s (Fig. 10.3). This step is very important, as it will remove the
chemokine from the main channel and trigger the formation of the chemokine
gradient between the main channel and the end of the side channels (Fig. 10.4).
Clean the inlet and outlet drops of fluid. Clamp the outlet tubing and gently remove
the inlet tubing and syringe, leaving a droplet of buffer solution on top of the inlet
hole.

To introduce the cells, fill the cell suspension in the third syringe at density of 106
cells/ml or higher. Connect it to a new piece of tubing, and gently fill the tubing
with the cell suspension until a droplet forms at the free end of the tubing. Using
the tweezers, insert this tubing into the inlet hole of the device. Open the clamp on
the outlet tubing and gently push the cell suspension through the device for
approximately 3 s. Verify on a microscope that enough cells are present in the cell
loading channel. If needed, flow more cells into the device, keeping in mind that
the cells will settle inside the syringe with time, affecting the local cell density in
the tubing. Remove tubing at inlet and close the channel by looping tubing in outlet
over to the inlet.

Once the cells are loaded in the device, place the device in the environmental
chamber on the microscope and start recording images (Fig. 10.5). The
magnification and timing between images will depend on the size of the cells and
purpose of the experiments. If measuring the speed of migration is the goal, 10 x
magnification using phase contrast and 20-s interval between frames is usually
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sufficient. If the microscope has an automated stage, images from multiple
locations in the device could be acquired in parallel stacks.

8. Images can be analyzed manually using the manual tracking routine in Image J
http://rsb.info.nih.gov/ij/plugins/track/track.html. You could then export the data to
Excel or other programs that could help with the presentation of the data and its
analysis (Fig. 10.6). Options for automated tracking also exist, in particular if cells
are fluorescently labeled before the migration assay. While many of the fluorescent
dyes for cell tracking can interfere with the migration, it is important to compare
the speed of cells tracked manually in phase-contrast images to the speed of labeled
cells in fluorescence images.

10.4 Discussion

Successful cell migration assays imply reproducible results from the same sample,
independent of the operator. In our experience working with various microfluidic devices for
cell migration, the confinement of cells in channels provides the most reliable devices,
robust to perturbations and immune to large number of variables that one could encounter in
experimental work. The learning curve for someone who has not used microfluidic devices
before could be rather steep. However, after the initial setup hurdles fabricating and using
microfluidic devices could become routine and the experimenter could focus quickly on the
application rather than the technology. The ability to visualize the cells in channels at the
different stages of the protocol provides immediate feedback which is not usually available
through any other methods.

The migration assay could be easily adapted for probing the chemotaxis of cancer cells in
gradients of growth factors (Desai, Bhatia, Toner, & Irimia, 2013). To accommodate for the
larger cell size, the cross section of the channels is increased to 10 x 10 pm. Cancer cells can
move through smaller as well as larger channels, but their migration speed decreases
significantly in either one of the situations (Irimia et al., 2009). While cancer cells move an
order of magnitude slower than neutrophils, the side channels also have to accommodate the
need for gradients of growth factors that last for more than 12 h. This can be accomplished
by extending the length of the side channels to increase the distance for diffusion or by
designing larger reservoirs at the end of the side channels to increase the amount of factors
available (Jones et al., 2012).

The protocol presented in this chapter is robust and adaptable to various purposes. For
example, by implementing post and bifurcations in the design of the channels, the
directionality of the moving cells could be measured directly, from the binary decisions at
these locations (Ambravaneswaran et al., 2010; Scherber et al., 2012). Moreover, the design
of migration channels can be easily modified to accommodate various cell types and various
cell sizes. The length and geometry of the migration channels could be modified to increase
the duration of the gradient for slower moving cells.

Methods Cell Biol. Author manuscript; available in PMC 2014 December 03.
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10.5 Practical Notes

»  Cut the tubing at an angle to facilitate inserting the tubing into the holes of the
elastomeric devices.

« To avoid bubbles, pipette small amount of phosphate buffered saline over inlet
tubing such that a droplet of liquid surrounds the tubing before removing the
chemokine-filled tubing from the inlet.

e You should practice setting up the device using concentrated food dyes in water,
without cells. The concentrated dye should allow you to see the gradient formed
along the channels after flushing the main channel with water, providing quick
feedback on the technique.

»  The first image of the device before cells enter the channels could be used as
reference and subtracted from subsequent images to increase the contrast for the
moving cells. This could allow automated cell tracking even in the absence of
fluorescent labels.

» PDMS devices are permeable to air and water, limiting the duration of experiments
in the absence of an environmental chamber with humidity control.

» Itis possible to prime the cell loading chamber directly with the cell suspension
and use the air trapped in the migration channels to temporarily confine the cells to
the loading chamber. The air could be subsequently be removed by increasing the
fluid pressure in the device, after the cells have attached (Mills, Frith, Hudson, &
Cooper-White, 2011).

e Immunochemistry of cells in channels is possible. One important difference
compared to regular protocols on flat slides is the timing of each step.

Considering that the reagents will reach and leave the cells only by diffusion, it is important
to increase the time with the square of molecular weight of the reagent (from minutes to
hours for the fixation step, from minutes to tens of hours for the antibody loading and
removing).
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Figure 10.1.
Microfluidic device on a standard glass slide, tubing, syringes, tweezers, and forceps

necessary for setting up the cell migration experiments.
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Figure 10.2.
The microfluidic device primed with food dyes. Notice the array of side channels which are

also filled.
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Figure 10.3.
Soon after replacing the solution in the top “cell loading channel,” a gradient begins to form

along the side channels. The droplet of fluid on top of the inlet (right) has to be cleaned
before the tubing is removed.
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Figure 10.4.
Spatial gradient of fluorescence along the cell migration channels. The cell loading chamber

on the left also shows up in fluorescence because of the order of magnitude increased
thickness.
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T

Figure 10.5.
Human neutrophils from a healthy volunteer migrating through the channels in response to

fMLP gradients (formyl-Methionyl-Leucyl-Phenylalanine, 100 nM maximum
concentration), at 17 min after loading in the device.
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Figure 10.6.
Example of neutrophil displacement versus time plots quantifying the migration in response

to fMLP gradients. The four neutrophils enter difference channels at different times after
cell loading but move at comparable and constant speed.
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