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Introduction

The microfluidic lighthouse: an omnidirectional
gradient generatorf

A. Nakajima,® M. Ishida,® T. Fujimori,® Y. Wakamoto®® and S. Sawai*?*¢

Studies of chemotactic cell migration rely heavily on various assay systems designed to evaluate the ability
of cells to move in response to attractant molecules. In particular, the development of microfluidics-based
devices in recent years has made it possible to spatially distribute attractant molecules in graded profiles
that are sufficiently stable and precise to test theoretical predictions regarding the accuracy and efficiency
of chemotaxis and the underlying mechanism of stimulus perception. However, because the gradient is
fixed in a direction orthogonal to the laminar flow and thus the chamber geometry, conventional devices
are limited for the study of cell re-orientation to gradients that move or change directions. Here, we de-
scribe the development of a simple radially symmetric microfluidics device that can deliver laminar flow in
360°. A stimulant introduced either from the central inlet or by photo uncaging is focused into the laminar
flow in a direction determined by the relative rate of regulated flow from multiple side channels. Schemes
for flow regulation and an extended duplexed device were designed to generate and move gradients in de-
sired orientations and speed, and then tested to steer cell migration of Dictyostelium and neutrophil-like
HL60 cells. The device provided a high degree of freedom in the positioning and orientation of attractant
gradients, and thus may serve as a versatile platform for studying cell migration, re-orientation, and
steering.

move towards chemoattractants depends on whether the con-
centration is increasing or decreasing over time.”*° This is

Gradients of diffusible and adhesive molecules serve as guid-
ing cues for the directional movement and polarization in a
wide variety of moving cells. In wound healing, the migration
of fibroblasts is coordinated by gradients of growth factors.!
During inflammation in the lymph nodes and damaged tis-
sues, neutrophils swarm and aggregate towards peptide and
chemokine sources.”® Migration of tumour cells towards
growth factors is thought to play a critical role in the spread-
ing of cancer. It is widely accepted that these motile cells de-
termine the direction of their movement based on spatial dif-
ferences in the concentration of attractant molecules.”® In
addition, chemotaxis of fast-moving cells such as
Dictyostelium and neutrophils also appear to use temporal
components of the signal cues. Although less understood
compared to gradient sensing, the ability of these cells to
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best exemplified in Dictyostelium, where cells aggregate by
moving towards the incoming waves of extracellular cAMP by
responding to the front but not to the waveback. A recent
study'’ demonstrated that the ability of Dictyostelium cells to
distinguish the wavefront and waveback is largely dictated by
temporal changes in chemoattractant concentration occurring
on a specific time scale. In neutrophils, although evidence is
more limited, the chemotactic response also appears to be
differentially regulated according to whether the
chemoattractant concentration is increasing or decreasing
over time."™* In order to further evaluate these properties, a
system for precisely and reproducibly manipulating attractant
profiles in time and space is required.

Recent progress in microfluidics and micro- and nano-
devices has vastly improved the precision and ease by which
one can generate and control a gradient stimulus in time and
space.”>'® In the so-called pyramidal or ‘Christmas-tree’ gra-
dient generator,"” the source attractant and diluent are mixed
in a series of bifurcating channels so that the final concentra-
tions of the attractant from the neighbouring channels will
be linearly graded in space. The design has been extended to
parallel two pyramidal mixers that allow switching between
independent gradients to include dynamic gradients.'® An-
other avenue of development is based on the use of a
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Y-junction (2-inlet/1-outlet).’®*® Here, the source attractant
and diluent buffer are supplied from the inlets so that a gra-
dient is formed by diffusion of the molecules between the
two layers of laminar flow. Using a two-layer Y-junction sys-
tem, a convection-based gradient generator’" was developed
in which time-variable gradients formed by adjacent laminar
flow in the top layer were allowed to diffuse to the lower layer
through discrete holes. Similar in design is the triple-
junction chamber (3-inlet/1-outlet), in which the slope of a
bell-shaped gradient can be controlled by focusing the lami-
nar flow.""*>** By changing the relative flow rates from the
side ports, the focused flow is bent such that the bell-shaped
gradient traverses one direction. These devices allow a gradi-
ent to be simply turned on or off, reversed, or displaced in
the form of a traveling wave.

Whether forming a static or dynamic gradient, the caveat
of the flow-based devices described above is that the gradient
must always face the transversal direction; i.e. perpendicular
to the flow (6 = 0° or 180°). Thus, gradient-generating devices
cannot be used to examine the re-orientation and steering of
cell migration, where the position and orientation of an ap-
plied gradient must be carefully coordinated in relation to
the pre-existing cell polarity and pseudopodial extensions.**
This geometrical constraint can be partially circumvented in
a multi-directional flow device (8-inlet/8-outlet),>> where a
stimulus flow can be pointed in 8 discrete directions from
the centre of the chamber (6 = 0°, +45°, +90°, +135°, 180°),
allowing one to switch between gradients at an acute angle of
45°. Using this device design, a gradient cannot be presented
at an arbitrary position and its orientation is limited. More
recently, floating microfluidics devices have been
reported.'”*® Because changing the gradient position re-
quires displacement of the device, a transient disturbance in
the flow profile and hence the gradient profile is difficult to
avoid.>® Alternatively, an advection-based device with 3 in-
lets®” in principle can generate gradients facing 6 = 0°, 120°,
240°, and intermediate angles during transient source
switching. The device is well suited for studying cells that are
not compatible with flow, such as bacteria or cells with high
sensitivity to shear. In contrast, because generation and dissi-
pation of a gradient is based on diffusion, the switching is
gradual, requiring approximately 1 h for a full 360 degree ro-
tation. A more classic approach using an attractant-filled
glass needle is perhaps the most versatile when it comes to
generating a gradient in an arbitrary direction. However, gra-
dient re-orientation requires re-positioning of the needle,
which introduces fluctuations in the concentration profile.
Resetting of a gradient relies on passive diffusion and thus,
is slow compared to flow-based methods (Fig. S1, ESIT).

Here, we report the development of a ‘microfluidic light-
house’, a simple radial flow chamber that can freely orient
laminar flow in all 360° in a two-dimensional plane. The de-
vice allows for continuous control of the concentration gradi-
ent direction on the timescale of seconds to minutes, making
it possible to study the ability of cells to re-orient towards a
gradient presented in an arbitrary direction. The main high-
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lights of the new device are: 1) gradients can be delivered to
and from any direction in the observation area and the direc-
tion can be changed within 30 s with high precision, 2) a
bell-shaped gradient of a conserved shape can be propagated
repeatedly along a circular trajectory with a fixed angular ve-
locity requiring no more than 2 min to complete one rota-
tion, and 3) gradients approaching from reversed angles of
choice between approximately +0 to +90 degrees can be gen-
erated either by combining the core device with a flow photo-
lysis approach or by using a duplexed device.

Results and discussion
Basic design and operation

The device consists of two layers of fabricated polydimethylsi-
loxane (PDMS) attached to a glass coverslip (Fig. 1a). An ob-
servation chamber where gradients will be formed is com-
posed of a circular space in the lower layer that is sealed with
the coverslip (Fig. 1a; blue). The upper layer constitutes feed-
ing channels with four end ports positioned at the ceiling of
the chamber (Fig. 1a; red). At the other end of the feeding
channels, tubings are connected for fluid loading (Fig. 1a;
red) from syringe pumps or a multi-channel pressure regula-
tor. The internal height of the chamber and channels is 100
pm. The three ports (Ch. 1-3) form an equilateral triangle
whose centre is positioned at the centre of the chamber
(Fig. 1a). In the basic design, port 4 (Ch. 4) is positioned ex-
actly at the centre of the chamber. The underlying aim of the
device design is to deliver a stimulus solution from the centre
of the chamber and direct it in radially. A solution containing
bioactive molecules such as chemokines and growth factors
is loaded from port Ch. 4 (‘stimulus stream’) at a low feeding
rate so as to not disrupt the flow field. The fluid loaded from
ports Ch. 1-3 controls the flow field and will hereafter be re-
ferred to as the ‘control stream’.

By design, the stimulus molecules loaded from the centre
(Ch. 4) is carried in a direction defined by the control stream
(Fig. 1b). In this study, flow from not more than two control
channels is regulated in concert at any given time. For exam-
ple, when the control stream is applied from a single port
such as Ch. 2 (or Ch. 3), the stimulus stream will be directed
away from Ch. 2 (or Ch. 3) (Fig. 1b; left and right panels).
When the control stream is fed from two ports, Ch. 2 and 3,
the stimulus is directed towards an angle formed between
lines passing through Ch. 2 and 4 and through Ch. 3 and 4
(Fig. 1b; middle panel). From the superposition of control
streams from two ports (see Materials and methods for de-
tails; Fig. S2, ESI}), the direction 0 of the flow at the chamber
centre can be described by

o, for 0,=0
0=4120°+6, for O,=0
240°+92 for Q3=0 (1)
° N(E
Q:ﬂtan" (_)p, fori=1,2,3(0°<6 <120°)
b 2-3p,
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Fig. 1 Microfluidic-lighthouse. a) Device design. The upper layer (red)
constitutes 4 inlet channels for fluid loading (200 um width). The lower
layer (blue) forms an observation chamber (6 mm diameter). The
chamber and channel heights are 100 um. A multiport pressure device
and/or syringe pumps are connected by tubings to the inlet channels
(buffer/stimulus inlets) for fluid delivery. The inlet channels merge into
the observation chamber through 500 um diameter channel ports (Ch.
1-4). The fluid exits the 12 equi-positioned flow channels of 200 um
width located in the chamber sidewall and converges into a single out-
let channel (outlet). Scale bar, 5 mm. b) Schematic illustration of flow
control. Channel port positions in the chamber (Ch. 1-4, circles). Stim-
ulus stream (green). c) Flow field in the chamber visualised by fluores-
cent beads. The fluid is fed from Ch. 2 and 3 at the fractional feeding
rate p = 0.2. Channels 1-3 (yellow circles) and the centre of the cham-
ber (red dot). Scale bar, 1 mm. d) Flow field near the chamber centre; p
= 0 (left panel), 0.2 (middle panel), and 0.5 (right panel) (Qsym = 10 pL
min~Y). e and f) The direction (e) and speed (f) measured by PIV for the
constant Qg,m scheme (blue) and for the constant V scheme (egn (3);
Q. = 10 uL min™) (red). A theoretical curve of the flow direction (eqn
(1)) (e; yellow line) and flow speed for the constant Qg scheme (egn
(2)) (f; yellow line). The average flow speed at p = 0 and 1 (f; black
dashed line). The mean t S.D. are plotted. Channel 4 was not opened
for flow field measurements.

where Q; is the feeding rate from port i and p; is the frac-
tional feeding rate from port i and its partner; p; = Q4/(Qz +
Q,) for 120° < 6 < 240°, p, = Q,/(Q1 + Q,) for 240° < 0 <
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360°, and p; = Q5/(Q, + Q3) for 0° < 6 < 120°. The angular co-
ordinate is set so that 0 = 0° at p = p; = 0 (Fig. 1b; left panel).

If the total feeding rate of the control stream Qgum, (= Q1 +
Q, + Q3) is conserved (e.g. for Ch. 2 and 3, Qgum = Q, + Q3 =
Q.), the speed of the control stream at the chamber centre is

described by
V=v1-3p(1-p)

py for 0=0 (2)
p=yp for 0,=0
p, for O;=0

where v, is the flow speed at p = 0 or 1. Alternatively, Qsum
can be adjusted according to

O = ON1-3p(1-p)

py for Q=0 (3)
p=4p for 0,=0
p, for O;=0

so as to fix the flow speed at the centre of the chamber (V
= const.). Q. is the feeding rate for p = 0 or 1. In either
case, the stimulus loaded from Ch. 4 is expected to flow in
the direction defined by the fractional feeding rate (eqn
(1).

To validate the operating principle, the flow field in the
observation chamber was visualised using fluorescent
microbeads (Fig. 1c). Fig. 1d shows that the flow was di-
rected towards 6 = 0°, 14°, and 60° at p (= p; = Qs/(Q, +
Q;3)) = 0, 0.2, and 0.5, respectively, as designed. The flow
field was also evaluated for continuously increasing p. Here,
p was increased from 0 to 1 by either fixing the sum of the
feeding rate Qsum (eqn (2)) or the flow speed at the centre
V (eqn (3)). Fig. le and f summarise the direction and
speed of the fluid calculated from particle image
velocimetry (PIV). As expected, the flow direction changed
by a total of 120° when p was varied from 0 to 1 (Fig. 1e).
The flow direction 6 at the centre of the chamber was in
close agreement with the theoretical curve (Fig. 1e; yellow
line). For the constant Qg,, scheme, the flow speed
depended non-monotonically on p and reached a minimum
value at p = 0.5 with a variation (standard deviation/mean)
of 25% (Fig. 1f; blue) in accordance with eqn (2) (Fig. 1f;
yellow line). In contrast, in the constant V scheme, the flow
speed did not vary by more than +2% around the mean
(Fig. 1f; red).

We next measured how the stimulus loaded from Ch. 4
would distribute in the chamber. A phosphate buffer
solution was loaded from Ch. 2 and 3 and a fluorescein
solution was loaded from Ch. 4 as a mock stimulus for
visualization (Fig. 2). As expected from the flow field
(Fig. 1c and d), the stimulus was directed to the right, up-
per-right, upward, and upper-left (0 = -2.5°, 22.0°, 94.5°,
and 124°) for p = 0, 0.3, 0.7, and 1, respectively (Fig. 2a).
In total, the direction of the stimulus flow changed by

This journal is © The Royal Society of Chemistry 2016
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Fig. 2 Lateral and cross-sectional profiles of the stimulus flow (a-d)
and rotating stimulus waves (e-h). Fluorescein was loaded from Ch. 4
as a mock stimulus. a) Snapshots of the stimulus stream directed by
the control flow from Ch. 2 and 3; fractional feeding rate p = 0 (top
left), 0.3 (top right), 0.7 (bottom left), and 1.0 (bottom right). The scale
bar represents 500 um. b) Flow direction plotted as a function of p
(blue circles) and the theoretical curve (red line; egn (1)). c and d) Gra-
dient profiles of the stimulus in the direction perpendicular to the flow;
constant Qsum scheme (Qqum = 10 pL min™) (c) and constant V scheme
(eqn (3); Q. = 10 pL min™) (d). Feeding rate of the stimulus flow: Q4 =
0.25 pL min~t. Tangential profiles of fluorescence intensities along the
400 pum radius from Ch. 4. Concentration profiles at various p (left
panel). The profiles were centre-aligned at the peak (right panel). e)
Snapshots of the stimulus waves rotating in an anti-clockwise direction
for a period of 3 min. Scale bar, 500 um. f) Gradient profiles of the ro-
tating stimulus flow. Fluorescence intensity along the 300 um radius
from the centre of the chamber (yellow circle in Fig. 2e). g and h) An-
gular variation of rotating waves. Time-angle plot of stimulus concen-
tration (upper left panel; pseudo-colour) and angular direction of its
peak (upper right panel; red dots). Relationship between angle and an-
gular velocity (lower left panels) and distribution of angular velocity
(lower right panels). p changed linearly over time (g) or followed eqn
(4)) (h. Qsum was held constant (Qgym = 20 pL minY). Q4 = 05 uL
min2,
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approximately 120° when p was varied from 0 to 1 (Fig. 2b;
blue), showing good agreement with the theoretical curve
(Fig. 2b; red curve). The profile of the stimulus stream
depended on p for the constant Qg scheme (Fig. 2c). At p
= 0.5, the flux of the control stream at the chamber centre
is minimal due to cancelation of opposing flows from two
control channels. Due to this effect, the peak intensity of
the spatial profile was maximal at p = 0.5. The variation
(standard deviation/mean) of the peak intensity and slope
of the gradient were 14% and 18%, respectively. In con-
trast, for the constant V scheme (eqn (3)), the profile of the
stimulus stream was much less dependent on p (Fig. 2d).
The variations in the peak intensity and gradient slope
were 9% and 11%, respectively. Because of the rotational
symmetry of the device, the same operation can be
performed for Ch. 3 and 1 and for Ch. 1 and 2, thereby
allowing the stimulus stream to be directed outwardly from
the centre in any of the 360°. The accompanying spatial
gradient faces the tangential direction and its spatial pro-
file is nearly constant.

Dynamic regulation of the stimulus

We next tested how well the laminar flow could be ro-
tated continuously in time. To this end, p; was changed
from 0 to 1 sequentially for one channel pair at a time
(in the order of Ch. 2 and 3, Ch. 3 and 1, and Ch. 1 and 2).
Because of the triangular configuration, for each npair,
the laminar flow will turn by 120°. Fig. 2e shows snap-
shots of the resulting laminar flow for a single rotation
(Movie S1, ESIf). The bell-shaped concentration gradient
formed in the direction perpendicular to the flow direc-
tion and its time evolution along the circumference of a
chamber-centred circle highlights the traveling-wave nature
of the applied stimulus (Fig. 2f). In the examples shown
in Fig. 2g and h, p; was increased from 0 to 1 in 1 min,
for a full rotation in 3 min. When p was varied linearly
over time (dp/d¢ = ¢, = 1 (min"), the angular velocity o(¢)
depended on the orientation (Fig. 2g; upper panels) and
exhibited three peaks (Fig. 2g; lower panel) originating
from the triangular port arrangement. More specifically,

from eqn (1),
_(d0)(e
a)(t)_(dp)(dtj (4)

Zf(p)cp

where f(p)= 180"/11(2\/3(;72 -p+ 1/3))71 . Conversely, the di-

rection of the stimulus flow can be rotated at a constant
angular velocity (i.e. w(t) = w, = const.) by cancelling out
the p dependence by setting ¢, = f '(p) (Fig. 2h; upper and
lower panels). The distribution of the angular velocity
exhibited a single peak near the expected value w, (= 120°
min™'), in marked contrast to the bimodal distribution
when p was increased linearly over time (Fig. 2g). The
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variation in the angular velocity was less than 10% (mean
+ s.d. = 117° + 10° min ™).

Use of the device with caged compounds

Rather than applying a stimulus from the centre port, the de-
vice can be used in conjunction with a flow photolysis ap-
proach.?® To demonstrate this, a phosphate buffer solution
containing CMNB-caged fluorescein was introduced from Ch.
1-3 (Fig. 3a; left panel). In this experiment, there was no Ch.
4 in the device. Illumination with UV light at the centre of
the chamber generated a stream of uncaged fluorescein
(Fig. 3a; right panel; Movie S2, ESIT). The liberated stream of
uncaged molecules can be oriented in the same manner as
the stimulant injected from the centre port. As described
above, the p-dependence of the flow direction closely followed
the theoretical curve (Fig. 3b). Similarly, the peak position of
the fluorescence intensity profile varied depending on p
(Fig. 3c and d). When p was varied under the constraint of
flow conservation (the constant Qg,my scheme), the maximum
value and thus the gradient profile became variable (the vari-
ances were 39% and 41% for the peak intensity and gradient,

a b__
2120
oCh. 1 cg 100
2 g
Joe s 3 40
s 5§20
Ch.3 5 0
2 0 02040608 1
o Fractional feeding rate p
c
—~6
:. 1[7
84
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- 200 0 200 400 —200 0 200
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Position (um)

400

Fig. 3 Formation of a stimulus stream by uncaging. a) Schematic
illustration of the stimulus control (left panel) and a representative
confocal microscopy image (right panel). A device without Ch. 4 was
employed. A CMNB-caged fluorescein solution was introduced from
Ch. 2 and 3. UV light was irradiated at the centre (right panel; red cir-
cle). Scale bar, 100 um. b) Directional angle of the stimulus stream
plotted against p (blue circles). Theoretical curve (red line; egn (1)). ¢
and d) Tangential profiles of the stimulus along the 100 um radius from
the centre of the light irradiation area; constant Qg,m scheme (Qgum =
10 uL min™) (c) and constant V scheme (eqn (3); Q. = 10 uL min™) (d).
Spatial profiles of the stimulus (left panel). The profiles are aligned at
the peak (right panel).
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respectively) and reached a maximum value at p = 0.5
(Fig. 3c). In contrast, for the constant V scheme (eqn (3)), the
peak intensity and gradient were generally constant with vari-
ations of no more than 5% and 6%, respectively. A rotating
wave can also be generated following the same procedure de-
scribed above (Fig. S3a, ESIf). Using a flow photolysis ap-
proach, the width of the concentration gradient can be
changed from the size of a cell (10 um) to more than 100 pm
by increasing the size of the irradiated region. This approach
provides a convenient means for altering the spatial profile
(Fig. S3b, ESI{).

Another advantage of the flow photolysis approach is
that stimulus injection is not restricted to a fixed position
and can be changed rapidly. Thus, gradient patterns in al-
ternating directions can be presented in a region of interest
(Fig. 4a). In the demonstration shown, the stimulus was
first generated at the lower left-hand side corner of the ob-
servation area (Fig. 4a and b; upper panels). The area of
light irradiation was switched from the lower left to the up-
per left-hand side corner (Fig. 4a and b; lower panels). Exe-
cuting this together with changes in the flow direction (6 =
0° — 45° — 0° — -45° — 0°), concentration gradients alter-
nating between two orthogonal directions were presented to
the target site in the observation area (Fig. 4b-d; Movie S3,
ESIt). Note that the position of UV irradiation can be
off-centred; the direction of the stimulus flow did not de-
viate significantly (<17°) from the theoretical curve for
uncaging positions within the 300 um radius from the cham-
ber centre (Fig. S4a and b, ESIf). Note, however, that because
deviation from the target angle does increase monotonically
as a function of distance from the centre (Fig. S4c, ESI}), the
irradiation position should be chosen carefully so as to meet
the precision of the gradient orientation required in one's
experiments.

To demonstrate the versatility of this approach,
Fig. 4e and f show examples of more complex stimulus pat-
terns with multiple positions of UV irradiation. Here, UV was
irradiated at one of 16 positions located on a circle surround-
ing a region of interest (Fig. 4e). UV light was irradiated at
one position for 30 s then switched to the next site in a
counter-clockwise order. Simultaneously, the flow direction
was rotated in a counter-clockwise direction at a rate of
8 min per rotation. In this manner, a gradient stimulus fac-
ing a direction of choice can be presented to any point of
interest as long as it is within the area of the present flow
control (Fig. 4f).

A duplexed device

From the operating principle, the triangular 3 + 1 channel
configuration, the ‘lighthouse’ (Fig. 1), can serve as a basic
module that can be multiplexed to apply laminar flow from
multiple sources to a site of interest. The simplest implemen-
tation of this idea is a duplexed device involving the fusion
of two basic modules with a double 3 + 1 channel configura-
tion (Fig. 5a). The configuration of the inlets for the control

This journal is © The Royal Society of Chemistry 2016
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Fig. 4 Generation of alternating gradients with flow photolysis. a) Schematic illustration of the operation. A CMNB-caged fluorescein solution was
introduced from Ch. 1-3. UV light was applied to areas indicated in red. The arrows show the direction of the control flow. The flow of uncaged
fluorescein is illustrated in green. b and c) Confocal images of the uncaged stimulus stream (green) obtained at the observation areas (black
squares in a) (b), and their magnified images in the yellow square region in b (c). The red circles indicate the area of UV light application. Scale bars,
50 um. d) Cross-sectional profile of uncaged fluorescein obtained from the left top corner to the right bottom corner (cyan box in the upper mid-
dle panel in c) and from the left bottom corner to the right top corner (magenta box in the lower middle panel in ¢). Qgsum Was held constant (Qsum
=11 pL min™Y. e and f) A concentration gradient can be developed in arbitrary directions by positioning of the uncaging UV spot on a circle (red).
Snapshots from confocal time-lapse imaging of an entire field of view (e) and magnified images (f) obtained from the white square (panel t = 0:
30). UV light was irradiated at 16 discrete positions (orange dots) on a 200 pum radius circle surrounding the region of interest (white square). UV
light irradiation was switched to the next site every 30 s in a counter-clockwise direction. The flow direction was rotated in a counter-clockwise
manner at 8 min per rotation following eqn (4) with a fixed Qsum = 6 puL min™. Scale bars represent 100 pm.

stream (Ch. 1-4) takes the form of a diamond shape where
two trigonal modules share two ports; one module is com-
posed of Ch. 1, 2, and 4, while the other is composed of Ch.
2-4. The stimulus inlets (Ch. 5 and 6) were located at the cen-
tres of each module. The duplexed device allows for the deliv-
ery of gradients at a site of interest from multiple directions.
By performing directional flow control similar to that de-
scribed in previous sections (Fig. 5b), the concentration gra-

This journal is © The Royal Society of Chemistry 2016

dients were generated in alternation from two source inlets,
Ch. 5 and 6 (Fig. 5b; Movie S4, ESIt). The fact that the inci-
dent angle of the stimulus flow depends on the observation
position may become an issue when one needs to apply the
same exact stimulus to a great number of cells. On the other
hand, this very feature could also be exploited. Based on the
choice of the observation position within the chamber, the
presented gradients can alternate between reversed angles of
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Fig. 5 Generation of alternating gradients by a 6-port duplexed de-
vice. a) Port configuration (left) and top view of the chamber (right).
Scale bar, 5 mm. The device design follows that of the core module
(Fig. 1) except for the number and position of the inlet channels. b) Re-
ciprocal stimuli presented from two orthogonal directions. Schematic
illustrations of operation (upper panel). Confocal microscopy images
of fluorescence intensity (lower panel) of the black square region (up-
per panel). Stimulus stream (green). A fluorescein solution was loaded
from Ch. 5 and 6 as a mock stimulant. The gradient position and orien-
tation were switched every 2 min by changing the flow direction (6 =
0° — —45° — (Q° — 45° — (°) with a constant Qg scheme (Qs,m = 10
pL min™). Qs = Qg = 0.25 pL min™. The control flow was from Ch. 2 al-
one (leftmost panels; Q, = 10 uL min™%, Q; = Qs = 0 uL min™Y), Ch. 1
and 2 combined (middle left panels; Q; = Q; = 5 pL mint, Qs = 0 uL
min™Y), Ch. 2 alone (middle right panels), and Ch. 2 and 3 combined
(@2 = Qs =5 uL min™%, Q; = 0 pL min™). Scale bar, 200 um. c) Alternat-
ing gradients are presented at an angle of 0-180° depending on the
position of the observation area (left panel; the black squares are the
regions of interest (ROI) 1, 2, and 3). Confocal images of the fluores-
cein profile (right panel). The stimulus stream and its gradient from Ch.
5 (upper right panels) and from Ch. 6 (lower right panels). The exam-
ples shown are alternating gradients with reciprocal angles of 0°, 90°,
and 180° at x = -0.3 mm (ROI 1), x = 0.45 mm (ROI 2) and x = 2.0 mm
(ROI 3) from the centre of the chamber, respectively. Scale bar, 100
pm.

+0° to +90°; the example shows +0° (Fig. 5c; ROI1), +45°
(Fig. 5¢; ROI2), and +90° (Fig. 5¢; ROI3). Although the shape
of the gradient is restricted to the size of the inlet holes, the
device may be useful in cases where caged-compounds for
stimulant molecules are not easily obtainable.
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Chemotaxis towards a traveling-wave stimulus and steering
of cell migration

For the demonstration of a basic lighthouse device (Fig. 1),
Dictyostelium chemotaxis was studied using cAMP as a stimu-
lus and the flow scheme is shown in Fig. 6a. Cells of interest
in ‘Region 1’ within a distance of 1.0 mm from Ch. 4 experi-
enced a local bell-shaped gradient that propagated at 2 x 10°
um min~" over a 6 min period, which is close to the naturally
occurring stimulus profile in this organism.>*' Fig. 6b
shows the trajectories of cells that were well-separated from
each other. As the wavefront approached, cells moved in a
direction opposite of the wave propagation and there was
no reorientation of cell movement at the waveback
(Fig. 6b and c, left panel). There was no apparent bias in cell
displacement orthogonal to the gradient (Fig. 6¢ right panel)
nor was there any systematic bias of cell movement in the ab-
sence of cAMP (Fig. 6d and e). Interestingly, as the waves
were repeated, the cells began to exhibit a biphasic motion in
the same direction at the wavefront and at the waveback
(Fig. 6f). The observation suggests that the difference in the
behaviour reported earlier - stalling in the waveback'' versus
more persistent movement®® originates from whether the
cells experienced a single wave passage'' or multiple
waves.”® While the ability to apply wave gradients repetitively
is derived naturally from the rotational feature of the present
device, there may be some advantages over 1-D wave genera-
tors. Using the same 1-D set-up as in the references,'"** at a
flow speed sufficiently slow to avoid a shear-stress-induced
cell response, a total of 60 s more or less was required to
erase the prior stimulus so as not to introduce unwanted
transients while bringing the laminar flow back to the initial
position (Fig. S5, ESIT). A similar erasure time was reported
by Skoge et al.>® In the lighthouse, the erasure time can be
shortened by fast-forwarding the rotation encompassing the
region outside of interest, thereby actively diverting the stim-
ulus from the region of interest. This operation is unique to
the present device and geometrically distinct from that in 1-D
wave generators where the laminar flow position must be re-
versed back along the same axis. Under shear-stress condi-
tions comparable to those in the linear devices, the erasure
time can be as short as 10 s (Fig. S5, ESI}). Since the erasure
time puts a constraint on how frequent one can apply waves
without speeding up the wave velocity or shrinking the bell-
shaped gradient, we envisage that the device would help de-
lineate the effect of wave velocity, wave frequency and stimu-
lus duration, which are pivotal to further decipher chemo-
taxis mechanisms.

For the demonstration of the duplexed device, neutrophil-
like HL60 cells were employed using the chemoattractant
peptide N-formyl-met-leu-phe (fMLP) as a stimulus. Here, the
cells of interest were those in an area indicated by the black
boxes in Fig. 5b and c. The feeding rates of Ch. 1 and 3
were controlled manually in a stepwise fashion to switch
the gradient direction. Fig. 7a shows a representative trajec-
tory of a cell responding to alternating gradients of fMLP.

This journal is © The Royal Society of Chemistry 2016
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Fig. 6 Device application to cell migration analysis. Migration of Dictyostelium cells towards rotating waves of chemoattractant cAMP. a)
Generation of cAMP waves rotating in a counter-clockwise direction over a period of 6 min. Schematic diagram of the operation (upper panel) and
temporal change in the cAMP level (lower panel). The yellow square (upper panel) indicates the observation area. PB containing the adenylyl cy-
clase inhibitor $Q22536 (50 pM)*°*! was loaded from Ch. 1-3. PB containing 1 uM cAMP, 50 uM $Q22536, and 10 or 30 pM fluorescein was loaded
from Ch. 4. Cells of interest were chosen from within 1.0 mm of Ch. 4 in ‘Region 1’ (0° < 0 < 120°). In Region 1, regulated flow (egn (3)) from Ch.
2 and 3 was applied to form a bell-shaped gradient that moved at an angular velocity of 21.8° min* using a constant V scheme (Q. = 5 uL min™*
and Q4 = 0.125 uL min™) over 5.5 min. Next, flow was applied towards ‘Region 2’ (120° < # < 240°) and then ‘Region 3’ ( 240° < # < 360°) to
complete the rotation. The rate of flow from Ch. 3 and 1 or Ch. 1 and 2 was changed in a total of two (or four) discrete steps so that the direction
changed from 120° to 240° (120° to 180° and 180° to 240°), and 240° to 360° (240° to 300° and 300° to 360°) over 0.5 min (Qsum = 5 pL min™).
b) Composite snapshots of transmitted light images of migrating cells (grey) and confocal images of the cAMP wave (green; fluorescein). The tra-
jectories of representative cells are indicated in coloured lines (n = 7). Direction of wave propagation (white arrow). The scale bar represents 50
um. ¢ and d) Cell displacement per wave cycle; 1 uM (c) and no cAMP (d) at the source. The fluorescein intensities at each cell position (upper
panels; green dots) and their average values (upper panels; green solid lines). Fluorescein (MW = 329) has a molecular weight close to that of the
attractant cAMP (MW = 332), thus its fluorescence intensities (upper panels; left axis) were used to estimate the cAMP levels (upper panels; right
axis). Displacement of the cells in the gradient direction (y-axis in panel b) (lower left panels) and the orthogonal direction (x-axis in panel b) (lower
right panels). Displacement of individual cells from 4 to 6 cycles of the periodic wave stimulus (circles; n = 32 and 71 for c) and d) respectively) and
their sample average values (red solid lines). The time frame of the data were aligned to the wave peak time (t = 0). The flow condition in c is the
same as in b. The flow parameters in d were set as Q4 = 0.25 pL min™%, Q. = 10 pL min™* for 0° < # < 120° and Qgum = 10 pL min™ for 120° < ¢ <
360°. e) The mean cell displacement calculated from the data shown in c) and d). The statistical test for the difference in the means of cAMP and
mock wave stimulus conditions yielded P-value = 2.78 x 107 and 0.075 for the displacement in the y- and x-directions, respectively (Welch's
t-test). The error bars indicate the s.e.m. f) The average instantaneous velocity (left panel). The average cell velocity plotted as a function of the
wave cycle (right upper panel). The average cell velocity in the wavefront (right lower panel; blue) and waveback (right lower panel; orange) at
each wave cycle. The error bars indicate the s.e.m. (n = 18, 20, 22, 21, and 19 for cycles 1, 2, 3, 4, and 5, respectively). The flow conditions were Q4
=0.25 uL min%, Q¢ = 10 puL min"t and Qgum = 10 puL min™.

By switching the direction of the gradients by 90°, the HL60
cells reoriented and migrated in the direction of higher
fMLP concentrations within a few minutes after the gradient
switch, as previously reported.” Under the present flow rate,
there was no detectable bias in cell directionality in the ab-
sence of a gradient and the movement was specifically in-

This journal is © The Royal Society of Chemistry 2016

duced by the fMLP gradient (Fig. 7b). Fig. 7c shows the repre-
sentative time course of the HL60 cells to the gradient switch
at wider angles. For a 127° gradient switch, the cells re-
oriented by making a U-turn (Fig. 7c, left panels), whereas in
a 157° gradient switch, we noticed more cells that turned by
re-establishing a new leading edge (Fig. 7c, right panel). The

Lab Chip, 2016, 16, 4382-4394 | 4389
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Fig. 7 Device application to cell turning analysis. Reorientation of neutrophil-like HL60 cells in alternating gradients of the chemoattractant fMLP.
a) Representative snapshots of Alexa594/fMLP (magenta) and Clover-expressing HL60 cells (green) in the duplexed device. HBSS buffer containing
1 nM fMLP was loaded from Ch. 1-3. HBSS buffer containing 50 nM fMLP and 0.4 ng mL™* Alexa 594 was loaded from Ch. 5 and 6. The direction of
the fMLP gradient was repetitively switched by 90° every 5 to 14 min; Qqum = 14 uL min™ and Qs = Qg = 2 uL min™. The timing of gradient switch
is indicated by gray arrows. Trajectory of a HL60 cell (white line). The trajectories after the most recent gradient switch are highlighted in blue.
Scale bar, 50 um. b) Distribution of the mean cell velocity in the presence of a fMLP gradient (n = 12) or under spatially uniform 1 nM fMLP (n = 41)
(left panel). The velocity was calculated from cell trajectories tracked from 1.5 to 17 min (mean tracking time is 5.3 min). The x- and y-axes corre-
spond to the flow and the gradient direction, respectively. The statistical test for the difference in the means of the fMLP gradient and uniform
stimulus conditions yielded P-value = 0.48 and 5.43 x 10™* for the displacement in the x- and y-directions, respectively (Welch's t-test) (right
panel). The error bars indicate the s.e.m. c) Representative morphologies and trajectories of cells responding to a gradient switch of 127° (left
panels) and 157° on average (right panel). The colour of cell contours corresponds to the time indicated in the bar (blue to red). The gradient direc-
tion was changed at time t = 0 (color bar; yellow). Cells were first directed either leftward or rightward towards an initial gradient within 6.5 min
(blue to yellow; t = -6.5 to 0 min) and then turned towards a new gradient (red; t = 0 to +6.5 min). The gradient switch was immediate and stabi-
lized within 40 s. HBSS containing 50 nM fMLP and 0.4 ng mL™ Alexa 594 was perfused from Ch. 5 and 6 at 0.25 uL min™. The flow rate from Ch.
2 was fixed at 2 to 4 pL min™! depending of the experimental run. The total flow from Ch. 1-3 was fixed at 10 uL min™*. Ch. 4 was closed at all
times. Scale bar, 50 um. d) Quantitative characterization of cell turning behaviours; a steering cell making a U-turn movement (left panel; switching
angle, 127°) and a cell reversing its polarity (right panel; switching angle, 157°). The boundary positions of the trailing edge (uropod) were indicated
by red asterisks.
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U-turn motion is characterized by the continuous shift in the
orientation of the trailing edge (uropod), as shown by the
curvature analysis (Fig. 7d; red asterisks). In the reversal mo-
tion, the leading and trailing edges disappear upon gradient
switch while new leading and trailing edges are formed at
the opposite end. Future studies should address the condi-
tions that dictate these behaviours, such as the concentration
range, speed and steepness of the concentration change as
well as the angle of the gradient switch. These experiments
provide a proof-of-principle and demonstrate the applicability
of how the device can be used to quantitatively study cell
migration in dynamic concentration gradients of a
chemoattractant.

Conclusions

New flow-based devices and their accompanying schemes of
flow control were developed to orient concentration gradients
in directions of choice and precisely vary the concentrations
in space and time. The ‘lighthouse’ serves as the basic mod-
ule that provides a radial projection of laminar flow in an ar-
bitrary orientation, thus providing an essential building block
for gradient generation and positioning in time and space.
The device, particularly when combined with flow photolysis
and multiplexing, provides a highly versatile platform that
enables the application of laminar flow of a stimulus to and
from any position within the control region. The device pro-
vides a high degree of freedom in the gradient presentation,
rivalling that of only glass-capillary based injection but with
better spatio-temporal control and repeatability. We demon-
strated the generation of alternating gradients that were not
easily achievable using conventional means. The device may
facilitate quantitative analysis of reorientation, steering, and
persistence of cell movement, which are currently poorly
characterised but constitute vital components of chemotactic
migration.

Materials and methods

Device fabrication

SU-8 moulds (SU-8 3050; MicroChem, Westborough, MA,
USA) were fabricated by a standard photolithography process
in an on-campus yellow room facility.** The thickness of the
moulds for the upper and lower layer of the chamber was 100
pm. A PDMS mixture (Sylgard 184 silicone elastomer kit; Dow
Corning, Corning, NY, USA) with an elastomer to curing
agent ratio of 10:1 was cast on top of the upper layer mould
and cured at 75 °C for 1 h. Inlet holes were opened using a
1.5 mm diameter biopsy punch (BP-15F; Kai industries, Gifu,
Japan). For multi-layer fabrication, the PDMS mixture was
cast on the lower layer mould and was partially cured at 60
°C for 30 to 60 min.**** The upper layer was then placed on
top of the lower layer under a stereo microscope (SZX 12;
Olympus, Tokyo, Japan) with a homemade aligner. The lay-
ered PDMS was further cured at 75 °C for 1 h. An outlet hole
was opened using a 1.5 mm punch. Channels that connect
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View Article Online

Paper

the upper and lower layers were opened by careful manoeu-
vre of a 500 um diameter biopsy punch (BP-AO5F; Kai)
mounted on a homemade manipulator under an inverted
microscope (IX81; Olympus). To prevent leakage from the
channels, a thin additional layer of PDMS was bonded on top
of the upper layer either by partial curing or by treating the
surfaces with air plasma (PDC-32G; Harrick Plasma, Ithaca,
NY, USA). The obtained PDMS layers were bonded to a glass
coverslip (Matsunami, Tokyo, Japan; No. 1S or No. 2 thick-
ness, 24 mm x 60 mm) after air plasma treatment.

Conversion between feeding rates and flow direction

In the basic operation, the rate of fluid loading to the two
ports i and j ((, j) = (1, 2), (2, 3), or (3, 1)) located at the ceil-
ings of the observation chamber is controlled over time. The
fluid velocity at the centre of the observation chamber Vj; is
approximated by superposition of the flow from the two ports
(Fig. S2, ESIT), namely,

Vij Vi v
o U

where v; and v; are the velocity contribution from ports i and
J at the centre of the observation chamber and p; is the flow-
speed ratio p; = |vj|/v. (0 < p; < 1). |v;| may vary between 0 to
v, while the total flow is fixed (|v;| + |vj| = v.). The x-axis is
taken along the direction from port i to port 4. We denote
the angle between v; and v; as ¢;. Then, vectors v; and v; are

L_[IJL_ cosg,
/BT \ns

where ¢; = 120° for j = 1, 2, and 3 in the basic three-port ar-
rangement. From the above equation, we obtain

ﬁ_[l-p,(l-cow, )J

v, P, sin ¢J

c

The directional angle 6; of the control flow (0° < ¢; <
180°) is defined by

g _180° p,sing,

J T[ tan~ [7]_,9](1_(:08@)].

The speed of the flow is given by

A vc\/l—z(l—cos@)pj + 2(1—cos¢J)pjz.

For ¢ = 120°, we arrive at eqn (1) and (2) (see the Results
section. Assuming that the flow profile of the control stream
from ports i and j is unaffected by the side walls of the cham-
ber and thus isotropic in either direction, the velocity contri-
bution from port j is expressed as |v;| = Q;j/2nrh, where Q; is
the feeding rate from port j, r is the distance from port j to
the centre of the chamber, and 4 is the height of the
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chamber. Therefore, p; (= |vj|/v;) is equivalent to the frac-
tional feeding rate Q/(Q; + Q).

Microscopy

An inverted microscope (IX-81; Olympus) equipped with a
confocal scanning unit (CSU-X1; Yokogawa, Tokyo, Japan)
and an EM-CCD camera (Evolve 512; Photometrics, Tucson,
AZ, USA) was used for Fig. 2a, b, e-h, 3-5, 6a-e, 7b-d, S1, S3,
S4, and S5a, b.t A 488 nm laser (50 mW, Vortran Laser Tech-
nology, Sacramento, CA, USA) was used as a light source with
a dichroic mirror (DM405/488/561; Yokogawa) and an emis-
sion filter (510-550 nm; BP 510-550, Olympus) to detect
green fluorescence. The objective lenses used were 4x
(UPlanSApo, NA 0.16), 20x air (UPlanFLN, NA 0.50), 20x oil
immersion (UPlanSApo, NA 0.85), and 40x air (UPlanSApo,
NA 0.95). An inverted microscope (IX-83; Olympus) equipped
with a confocal scanning unit (CSU-W1; Yokogawa) and an
EM-CCD camera (Evolve 512; Photometrics) was used, as
shown in Fig. 1, 2¢, d, 6a-e, 7a and S5c-ef Two lasers (488
nm, 50 mW; 561 nm, 50 mW) were used as light sources with
a dichroic mirror (DM405/488/561; Yokogawa) and emission
filters (510-550 nm, Olympus; 600IF, Olympus). Additionally,
4x  objective (UPlanSApo, NA 0.16), 20x air objective
(UPlanSApo, NA 0.75), and 40x air objective (UPlanSApo, NA
0.95) lenses were used. Images were acquired using Meta-
Morph software (Molecular Devices, Eugene, OR, USA), stored
as Tagged Image File Format files, and used for further
analysis.

Microfluidic device operation

To deliver the control stream necessary to guide the stimulus
flow direction, the inlets for Ch. 1-3 were connected by tub-
ings to programmable syringe pumps (Pump 11 Elite, Har-
vard Apparatus, Inc., Holliston, MA, USA; NE-1002X, New Era
Pump Systems, Farmingdale, NY, USA), or a micro-flow con-
trol device (MFCS-FLEX; Fluigent, Inc., Villejuif, France)
equipped with flow meters. When using syringe pumps, the
change in the feeding rate was automated using customised
programs. For the pressure device, the feeding rate was moni-
tored in real-time, and the pressure was changed sequentially
on a per channel basis using MAESFLO software (Fluigent).
Flow regulation was automated when appropriate using
custom-made scripts. A syringe pump was connected to Ch. 4
to load the stimulus solution.

Uncaging

CMNB-caged fluorescein (Invitrogen F7103) was included in
the flow solution at the final concentration of 30 or 100 puM.
UV light was applied using a digital micro-mirror device (Mo-
saic; Photonic Instruments) with a band pass filter (BP 365/
10; or BP 377/50) and a mercury lamp as a light source. For
the gradient switch, the position of the irradiated area was al-
tered during time-lapse image acquisition by a custom-made
macro in MetaMorph software. Port 4 (Ch. 4) was not opened
in the uncaging experiments.
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Quantification of the gradient profiles

Fluorescein (Wako, Osaka, Japan; 213-00092) at a final con-
centration of 3-30 uM or Alexa Fluor 594 (Invitrogen, Carls-
bad, CA, USA; A10438) at a final concentration of 0.4 ug mL™
was included in the stimulus solution as an indicator, except
in the flow field visualization and uncaging experiments. The
intensity profiles of fluorescein fluorescence were acquired
near the bottom of the chamber. The fluorescence intensities
were corrected for spatial inhomogeneity of illumination as
described previously."»** To align single-peaked intensity
profiles, the positions of the half-maximum intensities, X;
and X,, were obtained from the intensity profiles, and their
midpoint X,ea (= (X3 + X,)/2) was calculated to estimate the
peak position. The gradient of the intensity profiles was de-
fined by fitting the profiles with a linear function between
positions that were 20 to 80% of the peak intensity. Images
were analysed using Image] (NIH, Bethesda, MD, USA) and
MATLAB (MathWorks, Natick, MA, USA).

Flow profile visualization and particle image velocimetry

A suspension of fluorescent microbeads (Fluoresbrite (R) YG
Carboxylate Microspheres 1.0 um diameter; Polyscience,
Niles, IL, USA; 15702) was diluted in phosphate buffer (PB)
(13 mM KH,PO,, 7 mM Na,HPO,, pH 6.5) (volume fraction of
1:1000). The flow profile was observed at z = 30 um from the
bottom of the chamber. Images were acquired at a video rate
of 33 frame s™' over 300 frames (equivalent to 9 s) using
Metamorph software. To eliminate background noise and the
fluorescent signal of the beads attached to the chamber wall,
an averaged image over all frames was subtracted from the
original images. To visualise flow in the observation cham-
ber, the maximum intensity projection of the average-
subtracted images was obtained. Fig. 1c and d were
reconstructed from tiling of 9(3 x 3) and 4(2 x 2) sequentially
acquired images using the ImageJ stitching plugin.*® The
flow velocity at the centre of the chamber was estimated from
particle image velocimetry (PIV) analysis using PIVlab.>” The
flow velocity was calculated from consecutive images (frames
1 and 2, frames 2 and 3, and so on) over 100 frames (3 s).
The flow velocity at a 75 x 75 um square area around the cen-
tre of the chamber was obtained from each of the consecutive
images, and their average was obtained.

Cell culture and sample preparation

Dictyostelium discoideum strain AX4 cells expressing RFP-
RBDRaf1"" were grown at 22 °C in a modified HL-5 medium
supplemented with 10 ug mL™ G418. The cells were propa-
gated every 1-3 days below 3 x 10° cells mL™. For time-lapse
imaging, growing cells were washed twice and resuspended
in PB at a density of 5 x 10° cells mL™. The cells were shaken
at 22 °C without exogenous cAMP for the first 1 h. The cells
were shaken for an additional 3 to 4 h with application of
cAMP at a final concentration of 50 nM every 6 min using a
peristaltic pump. The starved cells were collected and
resuspended at a density of 6 x 10> cells mL™" (Fig. 6b and c)
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or 2 x 10° cells mL™" (Fig. 6d-f) in PB containing 50 pM
SQ22536 (Calbiochem, Darmstadt, Germany; 568500). The sus-
pension of Dictyostelium cells was back-loaded from the outlet
of the basic lighthouse device using a 1 mL syringe (Terumo,
Tokyo, Japan; SS-01T) while keeping channels 1, 2, and 3
closed. The cell suspension overflow was collected passively at
channel 4. After allowing cells to adhere to the substrate for 5
to 10 min, the chamber was perfused for 10 min with either a
syringe pump or MFCS to fully exchange buffer. After
confirming that the flow rate had stabilised, the programmed
flow control and time-lapse image acquisition were started. All
observations for Dictyostelium cells were conducted at 22 °C.

HL60 cells (RCB 0041; RIKEN BRC) were cultured in an
RPMI-1640 medium containing r-glutamine, phenol red, and
25 mM HEPES (Wako 189-02145) supplemented with 10%
heat-inactivated foetal bovine serum (Sigma-Aldrich, St.
Louis, MO, USA; 172012) and an antibiotic-antimycotic mix
(Sigma-Aldrich, A5955) at 37 °C and under 5% CO,. The cells
were diluted in fresh medium every 1-4 days and maintained
below 1 x 10° cells mL™". To obtain HL60 cells stably express-
ing Clover,*® the plasmid pcDNA3-Clover (a gift from Michael
Lin, Addgene plasmid #40259) was linearised with Bg/II and
introduced into the cells using an electroporator (NEPA21;
Nepa Gene, Ltd., Chiba, Japan). A G418 (Wako, 078-05961) so-
lution was added to the medium at a final concentration of 1
mg mL™" 2 days after electroporation for selection. For micro-
fluidics analysis, the cells were differentiated by adding 1.3%
dimethyl sulfoxide (Sigma-Aldrich, D2650) to the growth me-
dium for 3 days. The differentiated cells were collected and
re-suspended at a density of 3 x 10> cells mL ™" (Fig. 7a) or 2 x
10° cells mL™ (Fig. 7b-d) in HBSS (Wako, 082-09365)
containing 1 nM fMLP (Sigma, F3506). The duplexed device
was loaded with 5 ug mL™ fibronectin (Corning 354008) (in
PBS) for 1 h at room temperature and then washed twice with
PBS before use. The HL60 cell suspension was back-loaded
from the chamber outlet using a 1 mL syringe while keeping
channels 1 through 4 closed. The overflow was collected pas-
sively at channels 5 and 6. Cells were allowed to adhere to
the coverslide surface for 5 to 10 min and then flushed using
either a syringe pump or MFCS for buffer exchange and flow
stabilization for 10 min prior to stimulus manipulation and
image acquisition. The migration of HL60 cells was observed
at 37 °C.

Image analysis

For cell tracking, cells that were immotile or insufficiently ad-
hered to the substrate were excluded from the analysis.
Dictyostelium cells in the transmitted light images were man-
ually tracked using the Image] plugin MTrack]. For HL60
cells, the cell tracking was operated in the same way. The cell
displacement and velocity were calculated by a custom-built
program in MATLAB. To analyse the time course of cell
boundaries, fluorescence images of Clover were first filtered
with a Gaussian blur (sigma = 2 pixel) and then converted to
logarithmic images. The images were binarized using the
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Otsu method and served as masks to extract the cell contour.
To trace cell morphologies (Fig. 7d), the edge of the cell mask
was segmented into 500 equally spaced points (i = 1-500) or-
dered in the clockwise orientation. The points were mapped
between time frames by minimizing the sum of squared dis-
placement while conserving the order of the clockwise in-
dex.*® The curvature at point ‘i’ was defined as the reciprocal
of the radius of a circle that crosses the cell boundary at
point i — 25, i, and i + 25. The curvature is positive when the
fitted circle contacted the cell boundary from the inner side
of the cell and negative otherwise. Image] and MATLAB were
used for all image analysis.
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