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ABSTRACT

The applications of cell patterning are widespread due to the high-throughput testing and different resolutions offered by these platforms.
Cell patterning has aided in deconvoluting in vivo experiments to better characterize cellular mechanisms and increase therapeutic output.
Here, we present a technique for engineering an artificial surface via surface chemistry to form large-scale arrays of cells within a micro-
channel by employing microstamping. By changing the approach in surface chemistry, H1568 cells were patterned hydrodynamically using
immunoaffinity, and neutrophils were patterned through self-assembly via chemotaxis. The high patterning efficiencies (93% for hydrody-
namic patterning and 68% for self-assembled patterning) and the lack of secondary adhesion demonstrate the reproducibility of the
platform. The interaction between H1568 and neutrophils was visualized and quantified to determine the capability of the platform to
encourage cell-cell interaction. With the introduction of H1568 cells into the self-assembled patterning platform, a significant hindrance in
the neutrophils’ ability to swarm was observed, indicating the important roles of inflammatory mediators within the nonsmall cell lung
cancer tumor microenvironment.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5126608

INTRODUCTION

Cellular heterogeneity has presented a consistent challenge in
characterizing cellular behavior and formulating therapeutics to
combat diseases.'™ Spatially organizing cells in vitro can remove
the complexities associated with animal studies™” by either extrapo-
lating observations to larger populations’ or by highlighting the
importance of variability between cells.” Although most patterning
methods lack the third-dimension that more accurately models the

real-time cytotoxicity,'® genotoxicity,’”” and the genetic alterations
behind drug resistance,'® leading to more efficient drug screening
platforms that can increase the output of therapeutic discovery.'’
Robotics have been used to create arrays of mammalian
cells;”’ however, with the recent advancements in biomicroelectro-
mechanical system (BioMEMS) fabrication, BioMEMS have
become alternate, cost-effective candidates that offer spatial con-
finement conducive to cell patterning.”’ The dimensions on the
scale of a cell promote the patterning of single cells and allow for

in vivo microenvironment,® two-dimensional patterns can be inves-
tigated temporally with little convolution.”” To combat the loss of
in vivo imitation, cocultured cells'’ or extracellular matrix materi-
als'""* have been included within two-dimensional formulations.
Cell patterning can also be performed at different resolutions such
as single-cell patterning'™'* or carefully segregated colonies'” to
understand single-cell mechanisms or population dynamics. Since
micropatterning allows for the high-throughput testing of several
experimental conditions, this technique can be used to measure

definite microarrays.” Developments with BioMEMS have been
made to physically pattern cells using electrical, optical, acoustic,
and magnetic impulses.”' However, these techniques can overheat
the cell,” photobleach,” limit the variability in patterning,””* or
require cellular manipulation.” The use of surface chemistry could
avoid these external forces that are either damaging to the cell or
offer limited patterning capacity. However, the current methods of
chemical attachment require large changes in temperature,”® UV

... 27,2 .
radiation,””*® or the removal of monolayers using plasma or
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electrochemistry,” which may still be harmful to the cells. Using
substrates that are readily found within the body and that can
attract cells naturally may bypass these obstacles while maintaining
the microenvironment. For example, nonsmall cell lung cancer
(NSCLC) cells, such as the H1568 cell line, overexpress epithelial
markers, which can be used to anchor the cells onto a microfluidic
device coated with antibodies against epithelial cells.”” On the
other hand, neutrophils, whose main role lies within the innate
immune response,” have been patterned dynamically into large-
scale arrays through swarming.”*** Neutrophil swarming within
these arrays occurs in four successive steps. Scouting is the first
step, which is when free-flowing neutrophils come in contact with
pathogen-associated molecular patterns leading them to activate
and adhere to their target.””” Upon activation, the neutrophil
releases chemotactic mediators that recruit more neutrophils to the
site of infection in the next step referred to as the growth
phase.”**>"” The third step is the equilibrium phase, where the
migration dwindles into a constant swarm size, followed by the res-
olution of the infection.”*****

Here, we engineered a large-scale array of cells within a micro-
channel via microstamping, allowing facile surface chemistry
within only regions of interest (ROI). The cells were patterned by
exploiting the inherent attributes present within H1568 cells and
neutrophils by changing the approach in surface chemistry. The
H1568 cells were patterned hydrodynamically at an efficiency of
92.9+6.22% by tethering the cells to antibodies against epithelial
cells. The neutrophils were patterned through self-assembly at an
efficiency of 68.5+15.9% by employing the neutrophils’ ability to
swarm to localized infection points simulated by Escherichia coli
bioparticles. The addition of the microchannel decreased the
amount of secondary cellular adhesion experienced without the
need of nonbiofouling molecules or self-assembling monolay-
ers.”***" The self-assembled cell-patterning platform was validated
for cell-cell communication by introducing H1568 cells. A signifi-
cant decrease in the neutrophils’ capability to swarm was observed
(ANOVA, p<0.0001 for all three donors). Furthermore, the
pooled-average efficiency in the self-assembled pattern dropped
from 68.5+15.9% to 22.4+11.9% (t-test, p<0.0001) in the pres-
ence of H1568 cells.

MATERIALS AND METHODS
Materials

For hydrodynamic patterning, gelatin (Sigma-Aldrich, St. Louis,
MO) was patterned into a microarray. The gelatin microarray
was coated with streptavidin-coated polystyrene nanoparticles
(Spherotech, Lake Forest, IL). The biotinylation of anti-EGFR (epi-
thelial growth factor receptor) (ImClone Systems, New York City,
NY), anti-EpCAM (epithelial cellular adhesion molecule) (R&D
Systems, Minneapolis, MN), and anti-HER2 (human epithelial
growth factor receptor 2) (R&D Systems, Minneapolis, MN) was per-
formed with a biotinylation kit from Life Technologies (Carlsbad,
CA) allowing for the attachment of the antibodies onto the microar-
ray. For self-assembled patterning, Zetag® 8185 (BASF, Florham Park,
NJ) was patterned into a microarray. The Zetag microarray was
coated with E. coli (K-12) bioparticles conjugated with Alexa Flour
594 (Invitrogen, Carlsbad, CA). The H1568 cells were stained with
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CellTracker™ Red CMPTX (Invitrogen, Carlsbad, CA) or
CellTracker Green CMFDA (Invitrogen, Carlsbad, CA), and the neu-
trophils were stained with Hoechst 33342 (Life Technologies,
Carlsbad, CA). The polydimethylsiloxane (PDMS) microchannel and
the microstamp were fabricated with the SYLGARD™ 184 Silicone
Elastomer Base (Krayden, Denver, CO) and with the SYLGARD 184
Silicone Elastomer Curing Agent (Krayden, Denver, CO).

Microfabrication of PDMS devices

Standard photolithography was used to fabricate silicon
masters of the microfluidic channel and the microstamp. Briefly,
the photoresist SU-8 2025 (MicroChem, Westborough, MA) was
added onto a 4in. silicon wafer. A chrome mask was used to
pattern the photoresist with UV light. The excess of the photoresist
was removed using the SU-8 Developer (MicroChem,
Westborough, MA). The silicone elastomer base was mixed with
the silicone elastomer curing agent at a ratio of 10:1. The mixture
was added to the silicon master, placed under vacuum, and later
allowed to cure overnight at 65 °C.

Cell preparation

The H1568 cell line was cultured in RPMI-1640 (Thermo
Fisher Scientific, Waltham, MA) containing 10% (v/v) fetal bovine
serum (FBS) (Thermo Fisher Scientific, Waltham, MA) and 1%
(v/v) penicillin-streptomycin (Thermo Fisher Scientific, Waltham,
MA). CellTracker Red or CellTracker Green was used to stain the
cytoplasm of cells. Neutrophils were isolated from fresh blood col-
lected from healthy donors. Blood specimens were obtained after
informed volunteer’s consent according to the institutional review
board (IRB) protocol No. 2018H0268 reviewed by the Biomedical
Sciences Committee at The Ohio State University. Neutrophils
were isolated using an Enrichment Kit from STEMCELL
Technologies (Vancouver, Canada), and their nuclei were stained
with Hoechst 33342. The enrichment kit works on a negative selec-
tion principle. An antibody cocktail with specificity for the cellular
components of human blood aside from neutrophils was added to
the buffy coat from fresh blood. The antibodies were then conju-
gated onto magnetic particles and separated via a magnetic field.
Isolated neutrophils were resuspended in IMDM (Thermo Fisher
Scientific, Waltham, MA) with 20% (v/v) FBS.

Microstamping

The working solution (ink) was spread over a clean glass slide,
which was then spin-coated to uniformly distribute the solution.
The microstamp was then placed face down on the inked glass slide
with a 95-g weight to imprint the ink onto the microstamp. After
20 min, the microstamp was removed and placed face down onto
an ozone-treated glass slide with the 95-g weight for 10 min. The
ink used for hydrodynamic patterning was a 0.5% (w/v) gelatin sol-
ution with poly-L-lysine-FITC (Sigma-Aldrich, St. Louis, MO). The
ink used for self-assembled patterning was 1.6 mg/ml of Zetag.

Particle patterning and microfluidic channel bonding

For hydrodynamic patterning, 0.005% (w/v) streptavidin-
coated polystyrene nanoparticles were physically adsorbed onto the
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gelatin pattern by allowing them to sit overnight on a rocker at
4 °C. Similarly, for self-assembled patterning, E. coli (K-12) biopar-
ticles were attached to the Zetag pattern via electrostatic binding
for 20-30 min before washing. The microfluidic channel and the
patterned glass slide were oxygen-plasma treated for 15 s to reduce
damage to the surface chemistry (Fig. 1 in the supplementary
material). Then, they were irreversibly bonded together using a hot
plate at 45 °C for 20 min.

Antibody functionalization

Devices used for hydrodynamic patterning were functionalized
with antibodies. Anti-EGFR, anti-EpCAM, and anti-HER2 were
biotinylated using a biotinylation kit. 10 ug/ml of the biotinylated
antibody was added to a 1% (v/v) bovine serum albumin (BSA) sol-
ution (Sigma-Aldrich, St. Louis, MO). The device was primed with
liquid, and then the antibodies were added and incubated overnight
at 4°C.

Hydrodynamic cell patterning

The stained H1568 cells were concentrated to approximately 2
million cells/ml and filtered to remove cell aggregates. A blocking
solution with 0.05% (v/v) polyoxyethylenesorbitan monolaurate
(Sigma-Aldrich, St. Louis, MO) in 3% (v/v) BSA was loaded into
the device and allowed to sit for an hour before removing with the
phosphate saline buffer (PBS). The H1568 cells were put on a
rocker and fed through the device at a rate of 1 ml/h for 1h via
gravity-driven flow (Fig. 2 in the supplementary material). The
cells were then washed by injecting PBS through the outlet.

Self-assembled cell patterning

The stained neutrophils were concentrated to 20 million cells/
ml and were added to the device via injection after wetting with
100% ethanol and subsequently with PBS. After injection, the inlet
and outlet of the device were pinched shut to inhibit unwanted
flow. The cells were then washed by injecting PBS through the
outlet. When introducing the mixture of both cells, the ratio of
H1568 cells to neutrophils was 1:20, where the same concentration
of neutrophils was maintained. This mixture was injected into the
device, similar to how the neutrophils alone were added.

Live-cell imaging and analysis

The cells were imaged using a Nikon® Ti2 microscope imme-
diately after introducing them into the microchannel. The sur-
rounding environment was set to 37°C and 5% CO, by a cage
incubator. The H1568 cells and the patterned substrates were
imaged for brightfield and fluorescence at magnifications of 10x
and 20x. The migration of neutrophils was visualized for bright-
field and fluorescence for 2.5h, employing automated time-lapse
imaging at a magnification of 10x. The migration of neutrophils
was quantified by measuring the normalized fluorescent intensity
at 405 nm within regions of interest (ROI). The ROI was defined
by nine 75um diameter circles surrounding randomly selected
points chosen via a random number generator within the array.
The efficiency of the hydrodynamic cell patterning was measured
by the number of occupied patterns per number of total patterns
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within a nine-by-nine array for three different arrays and repro-
duced by three experiments. The efficiencies for the self-assembled
cell patterning were measured employing the same method and
reproduced across three healthy donors. The histograms were gen-
erated by counting the number of cells inside 100 points chosen at
random within the array for the three different trials.

RESULTS

Microstamping for large-scale patterning within a
microchannel

Microstamping was used to generate large-scale arrays of cells
following two patterning approaches: hydrodynamically or through
self-assembly (Fig. 1). These different forms of cellular attachment
were governed by simple changes in the surface chemistry that
exploit the characteristics specific to the cell in use. For example,
when patterning the cells hydrodynamically, antibodies specific to
NSCLC were used to attach the NSCLC cells through immunoaffin-
ity. On the other hand, when patterning the cells through self-
assembly, E. coli bioparticles were used to attract the neutrophils
employing positive chemotaxis. These patterning methods could be
extended to other cell types so long as the proper antibodies and
chemoattractants are selected, the latter of which requires cells that
are highly chemotactic. A microfluidic channel with 3D herring-
bone patterns was chosen, since its flow regime maximizes the
contact cells have with the glass surface to which the channel is
attached, increasing the probability of cellular adhesion.”
Therefore, using the microchannel on a chemically modified
surface in distinct positions would maximize the contact time of
the cells with the pattern, leading to better patterning efficiency
and increased contact between different cell types or stimuli.

Hydrodynamic cell patterning

An antibody cocktail against epithelial markers including
EGFR, EpCAM, and HER2 was used to capture the cells within the
microchannel with a high efficiency, by accounting for the hetero-
geneous expression levels of surface antigens on cancer cells.”” The
antibodies were connected by employing the strong affinity biotin
has for streptavidin.*’ First, the gelatin was stamped onto the
device, where the streptavidin-polystyrene nanoparticles were phys-
ically adsorbed. Second, the biotinylated antibodies were attached
after the adhesion of the microchannel. By running the cells at a
low flow rate of 1 ml/h and a high cell density of 2 million cells/ml,
the cells were able to attach to the tethered antibodies, which were
only available on the gelatin pattern.

The flow present within the microchannel restricted the cells
from adhering onto the nonpatterned glass surface, which allowed
the free-flowing cells to be easily washed with PBS, yielding a clean
pattern [Fig. 2(a)]. Without flow, the cells adhered to the glass even
after washing vigorously amounting to a random, nondefined
pattern [Fig. 3(a) in the supplementary material]. The 30 yum diam-
eter substrate pattern allowed for the adhesion of single cells as can
be seen by the distribution that is skewed to the left [Fig. 2(b)].
The average number of cells per pattern was 3.23 +1.84 cells per
pattern. The clear, distinct pattern as well as the high efficiency of
92.9+6.22% calculated by the number of filled patterns per total
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FIG. 1. Platform preparation using microstamping. (a) A PDMS microstamp is fabricated by photolithography with 30um diameter columns spaced 150um
center-to-center and a clean glass slide is spin-coated with gelatin for hydrodynamic patterning or Zetag for self-assembled patterning. (b) The microstamp and the glass
slide are placed in conjunction. (c) The ink is transferred onto the microstamp. (d) A plasma-treated glass slide and the inked stamp are placed in conjunction. (e) The ink
is transferred to the plasma-treated glass slide yielding a microarray. (f) Particles particular to the form of patterning (streptavidin-polystyrene nanoparticles for hydrody-
namic patterning or E. coli bioparticles for self-assembled patterning) are deposited onto the substrate. (g) The microchannel with a length of 40 mm, width of 2.5 mm, and
a total height of 90 um (with a 50-um distance from the glass surface to the herringbone design) was irreversibly bound to the particle-patterned slide via oxygen-plasma
treatment. (h) For hydrodynamic patterning, biotinylated antibodies are added with flow through the microchannel.
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FIG. 2. Hydrodynamic cell patterning. (a) H1568 cells stained with CellTracker (red) at a concentration of approximately 2 million cells/ml are patterned onto the gelatin
microdomain via immunoaffinity capture. (b) The distribution for the number of H1568 cells on each pattern (n =100) with three different trials (error bars indicate the stan-
dard deviation) shows an average pattern size of 3.23 + 1.84 cells/pattern. (c) The efficiency of the patterning method using immunoaffinity is 92.9 + 6.2%.
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number of gelatin patterns [Fig. 2(c)] render this patterning
method as a promising technique.

Self-assembled cell patterning

Taking advantage of the cellular communication between neu-
trophils, the patterned substrate mimicked a bacterial localized
infection point by attaching E. coli bioparticles to Zetag via electro-
static interaction. Therefore, by exploiting this chemotactic behav-
ior, the cells swarmed toward the bacterial bioparticles, forming a
pattern through self-assembly following the four steps of neutrophil
swarming. The neutrophils were added within the device at a con-
centration of 20 million cells/ml, where the flow was restricted by
closing the inlet and the outlet of the device. A slight movement
was observed that did not overpower the ability of the neutrophils
to swarm.

The neutrophils swarmed to the nearest bacterial target and
formed a clear pattern. Similar to the hydrodynamic patterning, the
slight presence of flow hindered the unwanted adhesion of cells
outside of the pattern when rinsed with PBS [Fig. 3(a)]. The clean
pattern can also be attributed to the flow regime within the micro-
channel during the cleaning step. When introduced to a platform
without flow, secondary adhesion was observed [Fig. 3(b) in the
supplementary material]. The formation of the pattern began at
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around five minutes and was fully formed after approximately 40
min. After the full formation of the pattern, the size would neither
increase nor decrease shown by the asymptotic behavior of the nor-
malized neutrophil intensity indicating the equilibrium phase
[Fig. 3(b)]. Although the substrate microarray was of the same size
as that in the hydrodynamic patterning platform (30 um diameter),
the average pattern size was approximately twice as large with
respect to the hydrodynamic patterns at 6.46+3.02 cells per
pattern [Fig. 3(c)]. Given that the distribution is not supported by a
Poisson statistic (Pearson Xz-test, p <0.0001), the larger pattern
sizes may be a result of the patterning mechanism as opposed to
only the cell concentration and the cell size. Since the patterning
was dictated by the migration of the cells to a single target, the cells
often clumped together and adhered to each other, which may have
contributed to larger pattern sizes.

Neutrophil and cancer cell interaction

H1568 cells were added to the neutrophil self-assembly plat-
form at a ratio of 1:20, respectively. In the presence of H1568 cells,
neutrophils lacked the ability to swarm enough to form distinct
patterns [Fig. 4(a)]. Although there was swarming when H1568
cells were present, the neutrophils’ ability to swarm and form a
pattern was drastically hindered [Fig. 4(b)]. This statistically

60 min Cleaned

25

Frequency

0

012 3 45 6 7 8 9 1011 12 13 14 15 16 17

Neutrophils/Pattern

FIG. 3. Self-assembled cell patterning. (a) Neutrophils stained with Hoechst (blue) seeded at approximately 4000 cells/mm? swarm toward the Zetag pattern indicated by
the white, dotted circles over 60 min. The cleaned product is shown to the right. (b) The normalized neutrophil intensity measured by a normalized fluorescent intensity at
405 nm is graphed vs time, quantitatively representing Fig. 3(a). Three frials were performed (error bars indicate the standard deviation). (c) The distribution for the number
of neutrophils on each pattern (n = 100) with three different trials (error bars indicate the standard deviation) shows an average pattern size of 6.46 + 3.02 cells/pattern.
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FIG. 4. Cellular interaction between H1568 and neutrophils. (a) Neutrophils stained with Hoechst (blue) seeded at approximately 4000 cells/mm? form stable swarms after
60 min, where the white, dotted circles represent the Zetag pattern (top). The introduction of approximately 200 cells/mm? H1568 cells stained with CellTracker (green)
demonstrates a lack of pattern formation (bottom). (b) The average normalized neutrophil intensity (n=9) measured by a normalized fluorescent intensity at 405 nm is
graphed vs time, showing a significant difference in swarming capabilities between solely neutrophils (blue) and neutrophils and H1568 cells (red) [ANOVA, p <0.0001 for
all three donors (Fig. 4 in the supplementary material)]. (c) The pattern efficiency, measured by the number of swarms per Zetag pattern, shows a significant difference
(*t-test, n =3, p<0.05) across all three donors (the error bars indicate the standard deviation).

significant outcome was observed for neutrophils derived from
three healthy donors (Fig. 4 in the supplementary material). A
metric indicative of the patterning capacity can be defined by nor-
malizing the fluorescent intensity at 405 nm surrounding the E. coli
bioparticles after the swarming had ceased (60 min), where a value
of zero describes free-flowing neutrophils without a distinct pattern
and a value of one describes the maximum swarm observed over
time. With the introduction of H1568, the swarming capacity
decreased from 0.966 +0.0131 to 0.0459 +0.0156 for donor 1
(ANOVA, p <0.0001), 0.940 + 0.0342 to 0.527 + 0.0279 for donor 2
(ANOVA, p<0.0001), and 0.910+0.0456 to 0.429 +0.0265 for
donor 3 (ANOVA, p <0.0001).

To further quantify the loss in neutrophil function during
pattern formation, the pattern efficiency was calculated by the
number of swarms per the total number of E. coli bioparticle pat-
terns. Again, the efficiencies across every donor were significantly
higher for the platforms that did not have H1568 cells present and
highlighted the heterogeneity between the immune responses of the
different donors [Fig. 4(c)]. The efficiencies decreased from

80.0+5.66% to 9.51+1.95% for donor 1 (t-test, p<0.0001),
73.1+17.8% to 23.7 £4.70% for donor 2 (t-test, p=9.70 x 10_3),
and 52.4+6.13% to 34.0 £4.58% for donor 3 (t-test, p=0.0141).
These results imply that there is a loss in the ability for neutrophils
to initiate the swarming response within the NSCLC tumor
microenvironment.

DISCUSSION AND CONCLUSIONS

The applications for cell patterning are diverse and ubiquitous,
ranging from assembling subpopulations of cells to mimic the cel-
lular arrangement observed in tissues’ to measuring the firing
properties and signal propagation of neurons.'>* To tailor the
needs of the different practices, a cell-patterning technique that can
be easily tuned is appealing. The tunability for cell patterning for
this platform was demonstrated by showing two different mecha-
nisms of patterning, simply by changing the substrate that is micro-
stamped and the successive layers formed using surface chemistry.
Patterning via immunoaffinity used the hydrodynamic flow present
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within the microchannel, whereas patterning using chemotaxis
exploited the cellular communication cells innately possess to pattern
with self-assembly. The patterning efficiency for hydrodynamic pat-
terning was 92.9 +£6.22% and a pooled average of 68.5+15.9% for
self-assembled patterning, rendering this patterning method as a
potential candidate for a wide array of applications.

In vitro platforms remove the complexity associated with
single cellular mechanisms present in cancer progression whose
nature is vastly heterogeneous and is often convoluted within
animal models."**’ The immune cell that makes the largest pres-
ence in NSCLC is the neutrophil, so understanding the interaction
of the two could lead to better immune-based therapeutics.*® To
demonstrate the ability of this platform to track cell-cell communi-
cation, the interaction between NSCLC cells and activated neutro-
phils was investigated. The neutrophils were activated artificially by
the E. coli bioparticles, simulating an inflammatory response.*’
With the introduction of NSCLC cells, neutrophils lost their ability
to swarm. Tumor-associated neutrophils (TANs) have been shown
to adopt different phenotypes that are either antitumorigenic or
protumorigenic as a result of intercellular communication within
the cancer microenvironment.***’ The platform for self-assembled
patterning encouraged the cell signaling between neutrophils and
NSCLC cells insofar as the NSCLC cells interfered with the natural
inflammatory response of the neutrophils. Understanding the
signaling molecules that are responsible for this apparent protu-
morigenic behavior could aid in formulating immune-based
therapeutics against NSCLC.™

Although the immobilization of antibodies to capture flowing
cancer cells has been well reported,**>*"** the novelty behind this
platform is its ability to capture cells in specific surface locations.
Engineering the surface within a microchannel greatly reduced the
secondary adhesion of cells outside the patterned region, leading to
greater specificity in patterning and high efficiencies for both
hydrodynamic and self-assembled patterning. Other methods
require nonbiofouling molecules or self-assembling monolayers to
combat unspecific adhesion,”**”*° which could also add to
unwanted stimulation. This platform only requires chemical modi-
fications in areas where cellular attachment is desired, forming an
inert microarray that can enhance cellular communication and
high-throughput screening.”

SUPPLEMENTARY MATERIAL

See the supplementary material for the effects of plasma treat-
ment on the surface chemistry (Fig. 1), the schematic for the
gravity-driven flow for hydrodynamic patterning (Fig. 2), the
unwanted cellular adhesion when patterning outside a microchan-
nel (Fig. 3), and the statistical decrease in neutrophil swarming
with the introduction of H1568 cells (Fig. 4).
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