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Neutrophils are the most abundant type of white blood cells in the circulation, protecting the body against

pathogens and responding early to inflammation. Although we understand how neutrophils respond to

individual stimuli, we know less about how they prioritize between competing signals or respond to

combinational signals. This situation is due in part to the lack of adequate experimental systems to

provide signals in controlled spatial and temporal fashion. To address these limitations, we designed a

15

platform for generating on-demand, competing chemical gradients and for monitoring neutrophil

migration. On this platform, we implemented forty-eight assays generating independent gradients and

employed synchronized valves to control the timing of these gradients. We observed faster activation of
neutrophils in response to fMLP than to LTB,and unveiled for the first time a potentiating effect for
fMLP during migration towards LTB,4. Our observations, enabled by the new tools, challenge the current

a

paradigm of inhibitory competition between distinct chemoattractant gradients and suggest that human

neutrophils are capable of complex integration of chemical signals in their environment.

1. Introduction

Neutrophils are the predominant immune cells in circulation.
They protect the body against invading pathogens by migrating

2 from the circulation to tissues, following a hierarchy of
chemotactic signals that guide their recruitment to the sites of
injury.'? Their ability to prioritize one chemoattractant over
another is important toefficiently navigate the complex
tissues.*® Particularly, two signalling pathways for neutrophil

s chemotaxis  have been  demonstrated that involve
phosphatidylinositol-3-OH kinase (PI(3)K) phosphatase and
p38 mitogen-activated protein kinase.”'® The activation of the
PI(3)K pathway is triggered by tissue-derived chemokines, i.e.
leukotriene B4 (LTB,) and interleukin 8 (IL8) secreted by

s endothelial cells, macrophages, and mast cells. The activation
of the p38 pathway is triggered by bacteria-derived
chemokines, ie.  N-formyl-methionyl-leucyl-phenalanine
(fMLP) or complement factor 5a (C5a)*'!, and can override
signalling through the PI(3)K pathway.

35 In the past few years, significant progress has been made
towards a better understanding of how neutrophils respond to
competing signals.'>"*However, a precise quantification of the
responses to temporal sequences of stimuli has not been
studied. This is mainly due to the difficulty of extracting the

4 role of individual chemokines at each stage during an immune
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system response in vivo and the lack of adequate in vitro assays
capable of providing complex chemoattractant signals in a
controlled and temporal fashion. One of the common platforms
for studying human leukocytes trafficking in vitro is the
transwell filter assay that provides an end-point count of
migrating cells towards a single chemoattractant.'®
Microfluidic-based platforms, on the other hand, have provided
researchers with valuable tools to precisely quantify the full
response of leukocytes to stable chemoattractant gradients on a
single-cell resolution.'” The tree-shaped single gradient
generator was among the first of these platforms.'®® Other
microfluidic channel designs then emerged to generate
overlapping gradients from multiple sources.”’** Pneumatic
valves and light-induced methods also allowed for the
generation of spatiotemporal switchable gradients.”*** Simpler
platforms also emerged without the need for fluidic pumps.***’
Of those, gel-based platforms separated cellular and chemokine
compartments,”®? surface-tension based platforms were
implemented in a dense array format to create a high-
throughput chemotaxis assay,”*>? and a multi-layered platform
provided week-long lasting gradients.”> However, none of the
existing platforms can provide spatial-temporal and
simultaneous gradients in a large-scale manner for systematic
studies of neutrophil chemotaxis extracted from a single
experiment and requiring a single blood processing procedure.

Here, we designed a chemotaxis platform capable of exposing
neutrophils to 48 unique combinations of dual chemoattractant
gradients. We employed the platform to test human neutrophil
responses in the presence of simultaneous but spatially opposite
chemoattractant gradients. We observed prioritizing responses
to and migration speeds along the gradient of fMLP overLTB,
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Figure 1.Wafer-scale fabrication of arrayed chemotaxis platform. A. Standard photolithographic techniques are used to fabricate SU-8 master molds
on 6” silicon wafers, for the network (upper) and control (lower) layers, respectively. B. PDMS-curing agent mixture is spun-coated and poured to create
replicas of the network (upper) and control layers (lower), respectively. C. After curing, plasma-treated PDMS layers are aligned using ethanol as a
lubricant and then dried to establish contact between the layers. D. Bonded layers of forty-eight platforms are cut and plasma-treated for bonding to a
glass-bottomed plate as a single piece with two control lines for large-scale applications. Scale bar, 1cm.

chemoattractants and found that response time can be
accelerated in the presence of certain chemoattractant
combinations. These observations challenge the current
paradigm of down-regulating interactions between chemokine
signalling pathways.7 Our observations suggest that in certain
situations, synergistic effects are possible between different
chemokine gradients, suggesting more sophisticated interplay
between chemokine signalling pathways in neutrophils.

2. Materials and Methods
2.1 Microfluidic Platform Fabrication

The fabrication was performed using standard soft lithographic
techniques on two six-inch wafers (Fig. 1A). Multiple layers of
photoresist (SU8, Microchem, Newton, MA) were aligned on
the network wafer, with thicknesses of 5 um for neutrophil
migration channels, 10 um for the entrance zone to the
migration channels, 50 ym for sinks and all compartments on
the network wafer.A single layer of 50 um in thickness was
patterned for pneumatic chambers on the valve control wafer.

A mixture of PDMS (Polydimethylsiloxane) and its curing
agent (SYLGARD 184 A/B, Dow Corning, Midland, MI, USA)
at 10:1 was spun to a thickness of 150 um and baked in an
oven set to 65 °C for at least 3 hours. For the control layer, the
mixture was poured to a thickness of ~3 mm and cured at room
temperature for 48 hours to avoid the shrinkage of PDMS and
dimensional mismatch with the network layer (Fig. 1B).
Afterwards, the control layer was peeled off and punched with
a 1.5 mm puncher (Harris Uni-Core, Ted Pella Inc., Reading,
CA) to define two control lines for side and central valves. The
network and control layers were then treated with oxygen
plasma for bonding. A volume of 1 mL of high purity ethanol
(99.9%, Sigma-Aldrich, St. Louis, MO) was gently spread on
the top of the network layer to act as a surfactant.** The control
layer was then placed and aligned to the network layer (Fig.
1C). After removal of excess ethanol by suction, the two
aligned layers were transferred back to the oven and left to
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bake overnight, cut, gently peeled off, and punched with a 1.2
mm puncher to define the 6 holes for each individual assay on
the platform. The assembled PDMS layers were treated with
oxygen plasma at 50 mW, 10ccm, for 35 seconds (PX-250,
March Plasma Systems, Petersburg, FL, USA) for irreversible
bonding to a glass-bottomed UniWell plate (MGB001-1-2-LG,
Matrical Bioscience, Spokane, WA, USA).

To avoid the sticking of the ‘default-closed’ valves to the glass
substrate, a special protocol has been employed during the
bonding of the assembled PDMS layers. First, the ‘default-
closed’ side valves were kept elevated off the glass surface in
an open position by applying negative pressure around -27 psi
during a 15-minute bonding step when the plasma-treated
surfaces remained active. Afterwards, the valves were closed
and opened fast and repeatedly, to deactivate plasma-activated
surfaces by touching and separating them before bonding can
occur, and ensure full functionality of the valves (Fig. 1D).
Finally, the platforms were immediately primed for 30 minutes
with a solution of human-fibronectin (Sigma-Aldrich), diluted
to 100 nM in distilled water that had been autoclaved and
filtered (0.2 um filter, AM9920, Life Technologies, Grand
Island, NY, USA). Fibronectin-treated surfaces were then
rinsed with sterile water and the platform was filled with cell
culture medium of RPMI 1640 containing 10% FBS (Sigma-
Aldrich) and 1% Penicillin/Streptomycin (Life Technologies).

2.2 Cell preparation

Human neutrophils were isolated from whole blood using
HetaSep followed by the EasySep Human Neutrophil
Enrichment Kits (STEMCELL Technologies,
Canada) following the manufacturer’s protocol. After isolation,
cells were washed using medium without serum. The cell
membrane was stained with red fluorescent dye (PKH26PCL,
Sigma-Aldrich). The stained neutrophils were re-suspended in
culturing medium at a concentration of 20x10° cells.mL™". Ten
L of cell suspension were injected into the cell compartment
and incubated at 37 °C supplied with 5% CO, for 30 minutes.

Vancouver,
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Figure 2.Schematic representations of on-demand and competing

chemotaxis assay. A. Chemokines are loaded in both side
compartments (CK1 and CK2) and cells are plated in a middle cellular
compartment. These compartments are separated by two side valves
(default-closed) and one central valve (default-open), respectively.
Sinks between those compartments are designed to balance the
difference in priming time of chemokine gradients caused by different
diffusivity. Inset shows a photo of the platform visualized by food
dyes. B. Two side valves are opened shortly to prime chemokine
chambers and migration channels with chemokines and then closed to
prevent any disturbing convection flow into the migration channels
during chemotaxis assay. C. To plate the cells in the central
compartment, the central valve is kept closed, sealing the
compartments and avoiding early exposure to chemokines. To expose
the cells to chemokine gradients and start the chemotaxis, the central
valve is released without any pressure. D. The platform operates in two
steps: chemokine priming and chemotaxis. (1 - 2) With opening of the
side valves and closing of the central valve, chemokines fill the
chemokine chambers and the migration channels. (3 - 4) With closing
of the side valves and opening of the central valve, chemokines release
and activate cell chemotaxis. Scale bars, 2mm (A) and 200 um (D).
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Afterwards, 10 uL of each chemokine solution was injected
into its designated chemokine compartment.
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2.3 Time-lapse imaging

To simultaneously image the moving neutrophils in the arrayed
48 platforms, we used an automated microscope equipped with
a motorized stage in the x and y directions (EclipseTi, Nikon
Inc., Melville, NY, USA). A perfect focusing system (PFS,
Nikon) compensated for any mechanical disturbance in the z
direction and maintained the quality of focusing through the
experiment. For live-cell imaging, we integrated the
microscope with a heated incubating stage (LiveCell 05-11-
0032 Rev B, Pathology Devices Inc., Westminster, MD, USA),
;s which was set at 37.7 °C, 5% CO,, and 85% humidity. We

imaged the cells every 3 minutes using phase contrast and

fluorescence for 2 hours with a 4x objective lens and in a large-
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area mode of 2 x 2 mm” with a 15% stitching.

2.4 Analysis of cellular motility

Image analysis of the time-lapse movies at each location was
performed using the NIS Elements (Nikon Inc.) and automated
using the open-sourced software, CellProfiler (Broad Institute,
Boston, MA, USA). The analysis was limited to the first hour
of experiments, when the slope of chemical gradients
maintained about80% of the initial slope, at the start of the
experiments. Also, we restricted the analysis to the neutrophils
inside the migration channels and measured migration and
neutrophil response timein the x direction along the migration
channels. We defined the neutrophil “response time” as the
time for resting neutrophils to fully attach to the fibronectin-
coated glass surface and migrate at least 150 ym (70 um in the
entrance region and 80 um inside the channel). Raw data was
processed and analyzed using MATLAB (MathWorks, Inc,
Natick, MA).

3. Results and Discussion

3.1 Design of chemotaxis platform providing on-demand,
simultaneous gradients, and on-chip validation

To study neutrophil responses to various combinations of
gradients in complex immune environments, we designed a
microfluidic platform that provides precise spatial and temporal
control of chemokine gradients, and confines neutrophils in
small channels during chemotaxis. The platform has a cellular
compartment in the center (cell), two chemokine chambers of
50 nL in volume, and two chemokine compartments on the
sides (CK1 and CK2, Fig.2). Two arrays of migration channels
(5 x 10 x 500 um® in height, width, and length) connect the
chemokine chambers and the central compartment. The
platform contains two types of pneumatic valves to generate
two distinct gradients of chemokines and apply these to cells at
the same time (Fig. 2A). Two ‘default-closed’ valves are
placed between chemokine compartments and chemokine
chambers and are opened temporarily during chemokine
priming of the chambers and migration channels (Fig. 2B, 2D
1- 2).*° One ‘default-open’ central valve is closed during cell
loading and chemokine priming, and when it opens, cells are
immediately exposed to gradients and start chemotaxis (Fig.
2C, 2D 3-4). In order to generate similar gradients of the two
chemoattractants having different molecular weights, we
designed two sinks between the migration channels and the
central compartment to compensate for the difference in
diffusivity of the two chemokines during the priming step.
These sinks are twenty times larger in volume than the
migration channels. For valve operation, a positive pressure
(PP), approximately 30 psi relative to ambient pressure, was
used to close the ‘default-open’ valves and a negative pressure
(NP), approximately -27 psi, to open ‘default-close’ valves. All
48 pairs of valves on the platform are controlled by only two
pneumatic lines, enabling the synchronized operation of forty-
eight independent platforms.

This journal is © The Royal Society of Chemistry [year]
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Figure 3.Validation of the initiation and stabilization of gradients
for on-demand chemotaxis assay. A — B. Priming the devices and the
formation of chemical gradients inside the devices was visualized using
FITC-labelled dextran (MW 3 kDa). C. After opening the side valves,
chemokine gradients along the migration channels are formed and
stabilized within 2 to 15 minutes. Results are presented for fluorescein
and various dextran-conjugated dyes, with various molecular weights,
ranging from 376 to 70,000 Da. D. The central compartment remained
chemokine-free during the priming period. E — F. The initiation of the
chemokine gradients was visualized using FITC-labelled dextran (MW
3 kDa). G. After opening the central valve, chemokine gradients along
the migration channels were formed and stabilized within 5 minutes.
These gradients remained above 80% of the initial slope for over an
hour. H. Chemokine gradients along the central compartment also
stabilized within 10 minutes and were relatively stable for over an
hour. Scale bars, 200 ym.

3.2 Validation of the spatial and temporal chemokine
gradients

We visualized the formation of chemical gradients inside the
devices using fluorescent dyes. To account for the differences
in molecular weight among different chemokines, we tested
fluorescein sodium salt (MW 376 Da) and various FITC-
conjugated dextran between 3 kDa and 70 kDa of molecular
weight (Fig.3). The process started with priming the channels

s by opening the side valves and filling the side compartments

and migration channels with chemokine (Fig. 3A). The
concentration of FITC-dextran in the chemokine compartment
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Figure 4. Dominant chemotactic response of human neutrophils to
fMLP gradients. A. Individual neutrophils were tracked in fluorescent

30 microscope (left panel: time 0 min, right panel: time 60 min) and their
chemotactic activity is compared under dual gradients of fMLP at 100
nM and LTB,4 at 100 nM. B. No significant differences in migration
speed exist between chemokines. C. Migration toward the fMLP
chamber begins earlier than toward the LTB, chamber and

s consequently more neutrophils reach the fMLP chambers. D.
Neutrophil chemotaxis shows the peak activity in migration speed at 10
nM of fMLP and between 10 to 100 nM of LTB,. E. The neutrophil
chemotaxis response time decreases with increasing concentrations of
fMLP and LTB,. On average, chemotaxis towards fMLP starts within

40 15 minutes at 100 nM, ~2 fold faster than towards LTB, at the same
concentration. (Student’s t-test. * P < 0.0001 with respect to no-
chemokine condition).n..; = 318 for migration speed and n..; = 61 for
response time at each concentration. Data represent mean £ s.e.m.
Scale bars, 200 ym.
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4s and channels stabilized in between 2 minutes for fluorescein of
376 Da, and 18 minutes for the 70 kDa dextran (Fig. 3B-D).
During the priming period, no leakage of fluorescein or
fluorescently labelled dextran inside the central compartment
was observed. Later, the central valve was opened to form a
stable gradient along the channels, between the central and side
compartments (Fig. 3E). Gradients of fluorescein and FITC-
dextran of 3 kDa stabilized within 3 minutes along the
migration channels (Fig. 3F, G) and the central compartment
(Fig. 3H). For larger molecular weight dyes (10, 40 and 70
s kDa), gradients stabilized within 10 minutes after opening the
central valve. The gradients along the migration channels
remained at least 80% of their original slope during the first
hour. The duration of the stable gradients, validated by dye
experiments, provided the effective period of the platform for
s chemotaxis measurements.

@
3

"
ot

4|Journal Name, [year], [vol], 00-00

This journal is © The Royal Society of Chemistry [year]



Lab on a Chip Page 6 of 7

A o ) B o i migrated through the channels and reached the fMLP chamber
Migration along fMLP gradient Migration along LTB, gradient . .
- i - 36 minutes after the central valve was opened, compared with
B 51 minutes for the LTB,. More neutrophils accumulated in the
o l;f,ZZ side chambers in response to fMLP compared to LTB, and the
45 accumulation continued for more than 2 hours (Fig. 4C).
The migration speed to various concentrations of chemokines,
showed similar profiles for fMLP and LTB,, with a peak speed
of 13.6 + 0.7,um.min'l at 10 nM of fMLP alone (Fig. 4D),
0 1I[LTB o l\jl(; [1LTB4] (M} consisten'.[ with the . avlez)rage migration‘ speed previous.ly
c ¢ D so reported in other studies.” The response time decreased with
Response time to LTB, Qradie”‘- increasing  concentrations of chemokines, and was
-éggg systematically shorter for fMLP compared to LTB, at similar
lgggg concentrations (Fig. 4E). These differences in response times
000 cannot be accounted by the diffusion time of the two
ss chemokines, which have very similar molecular weights
(fMLP: 438 Da and LTB,4: 338 Da). Moreover, the time for
either chemokine to cross the central compartment was much
] 0 i T shorter than cellular response time. Therefore, the observed
[LTB,] (nM) [(LTB,] (nM) differences in response time towards the two chemokines are
Figure S. Chemotaxis speed and response time in the presence of s intrinsic to neutrophils. Additional evidence was provided by
simultaneous fMLP and LTB, gradients of various slopes. Contour imaging the faster attachment of human neutrophils to the glass
maps of speed (A) and response time (C) show that chemotaxis bottom of the central chamber and polarization in the presence

towards fMLP is not affected by the presence of LTB4 However, .
chemotaxis towards LTB, is affected by the presence of fMLP and the of fMLP compared to LTB, (Supplementary Figure S1).
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response is faster in the presence of fMLP, both in speed (B) and time Specifically, we observed that neutrophils fully attached to the
(D). neey = 80 for migration speed and ny = 15 for response time at o5 glass substrate and polarized within 10 minutes after loading in
each combination of concentration. Data represents mean values (N=3). the presence of uniform fMLP at 100 nM. On the other hand,
3.3 Quantification of directional migration in response to neutrophils did not adhere fully or were still round at 10

competing gradients minutes in the presence of uniform LTB, at 100 nM or no
chemokine, respectively. Therefore, faster attachment and
polarization are the likely explanations for the shorter response
time in the presence of fMLP compared to LTB,.
The two chemokines have comparable molecular weight with
the fluorescein sodium salt used during platform validation. It
is expected that the chemokine gradients last for comparable
75 time with that observed for fluorescein dye. Considering the
reported 20 % reduction of the fluorescein gradient within the
first hour, we estimate that approximately 80 % of original
gradients of chemokines are still present at one hour. These
gradients were sufficiently effective for neutrophil migration
so for the duration of our experiments and we observed that
neutrophils continued to migrate at consistent speeds for more
than 2 hours after the start of the experiment. The use of the
device could be extended to chemoattractants of larger
molecular weight, and the data from the characterization of the
device using larger molecular weight FITC-dextran could serve
as a guide for these conditions.

15

To probe the response of neutrophils to two simultaneous
chemoattractant gradients, we introduced fMLP and LTB, to
the side compartments and plated neutrophils to the central
compartment. The two chemokines stimulate cell migration
through distinct pathways that involve PI(3)K and p38 MAPK,
respectively.” After opening the central valve, we observed a
higher number of neutrophils migrating toward the source of
fMLP at 100 nM compared to LTB, at 100 nM (Fig. 4A,
Supplementary Movie 1). This bias was consistent with
 previously reported data’'® suggesting a hierarchy in which
end-point chemoattractants (fMLP) override intermediate-range
chemoattractants (LTBg4). The lower priority towards LTB4 was
evident from the delay to initiate persistent migration when
compared to that towards the higher-priority response toward
s fTMLP. For systematic comparison, all conditions were tested in
a single run with neutrophils from the same donor and each
condition was repeated three times.
The “response time” as defined in this work is different from
the “activation time” previously reported’ in that it includes, in
s addition to the time for cells to initiate migration along the 3.4 Real-time evaluation of chemotaxis cross-activation
gradient, the time to fully establish directional migration in
migration channels. This definition was used to avoid the noisy
and random changes in speed and directionality of neutrophils
randomly distributed in the central compartment and take
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To investigate the response of neutrophils to stimulation by
simultaneous gradients of fMLP and LTB,, we measured the
speed and response time of neutrophils at various
concentrations (Fig. 5). Neutrophil migration speed toward

o
3

;s advantage of the consistent measurement inside confined fMLP gradients at 10 nM increased by less than 10% in the
channels. . . presence of LTB, gradient at 100 nM (from 13.6 £ 0.7 to 15.4
The response times to the two chemokines were different. It o5 = 0.7 gm.min™', Fig. 5A). The increase was comparable to that
took 27.0 £ 5.3 min to establish fully developed directional toward the LTB, gradient at 100 nM in the presence of the
migration toward 10 nM fMLP gradient, compared to 34.0 + fMLP gradient at 10 nM (from 13.3 % 0.6 to 14.2 + 0.6 xm.min"

40 5.7 min toward 100 nM LTB, (Fig. 4B). The first neutrophils ! Fig. 5B). The response time for chemotaxis toward fMLP was

This journal is © The Royal Society of Chemistry [year] Journal Name, [year], [vol], 00-00 |5
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shortened by 10 % in the presence of the LTB, gradient (from
27.0 £ 5.3 to 23.7 = 0.8 min, Fig. 5C). Significantly shorter
response time by 26% was observed for chemotaxis toward
LTB, in the presence of the fMLP gradient (from 34.0 + 5.7 to
27.0 £ 2.1 min, Fig. 5D). In all of the control conditions,
neutrophils did not enter into the migration channels. Instead,
neutrophils preferred to stay either at the 10 #m-high entrance
zone or the 50 um-high central cellular compartment where the
cells were initially introduced (Supplementary Figure S2).

4. Conclusions

We designed a chemotaxis platform capable of providing up to
48 stable combinations of chemoattractant gradients by the
simple operation of only two pneumatic lines. We observed a
hierarchical neutrophil response to competing gradients and
performed precise measurement of the speed and response
time. We quantified the dominant effect of the end-point fMLP
gradient over an intermediate-range LTB, chemoattractant
gradient. We observed a surprising enhancement of
chemotactic response time toward LTB, gradients, up to 26 %,
in the presence of fMLP.
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