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Abstract

Micropatterned cell cultures provide an important tool to understand dynamic biological
processes, but often require specialized equipment and expertise. Here we present subtractive
bioscribing (SuBscribe), a readily accessible and inexpensive technique to generate dynamic
micropatterns in biomaterial monolayers on-the-fly. We first describe our modifications to a
commercially available desktop xurographer and demonstrate the utility and limits of this system
in creating micropatterned cultures by mechanically scribing patterns into a brittle, non-adhesive
biomaterial layer. Patterns are sufficiently small to influence cell morphology and orientation
and can be extended to pattern large areas with complex reproducible shapes. We also
demonstrate the use of this system as a dynamic patterning tool for cocultures. Finally, we use
this technigue to explore and improve upon the well-established epithelial scratch assay, and
demonstrate that robotic control of the scratching tool can be used to create custom-shaped
wounds in epithelial monolayers, and that the scribing direction leaves trace remnants of matrix

molecules that may significantly affect conventional implementations of this common assay.
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Introduction

Cell and tissue geometry are well-established to regulate cell functions such proliferation?,
migration?, signaling®*, and differentiation®>. Hence, controlling tissue shape is an important
strategy in tissue engineering and regenerative medicine, but generally accessible technologies
such as additive three-dimensional (3D) bioprinting are severely limited in resolution of fabricated
features®, which limits broad experimentation with this critically important parameter.
Alternatively, several studies have demonstrated that patterning cells and tissues into defined
shapes on two-dimensional surfaces is effective at predicting cell behaviour in three-dimensional
tissues™’=°. Therefore, using such 2D techniques can be an important first step in establishing cell-
geometry interactions for the custom design of novel biomaterials and tissue engineering
strategies.

High resolution micropatterning technologies such as microcontact printing'®-1?, patterned
surface blocking >3 or laser patterning **¢ of two-dimensional surfaces can achieve precise
control of cell size, shape, and colony geometry. Unfortunately, these methods frequently require
expensive specialized equipment, reagents, and technical expertise. Although some commercial
alternatives now exist 1'~1°, customization for specific applications remains a challenge in standard
wet labs. Furthermore, dynamically-adhesive patterns?®2! can provide insight into developmental
and homeostatic mechanisms such as wound closure?’=2® . To resolve these issues and broadly
improve accessibility to customized 2D patterning technologies, here we develop a versatile,
inexpensive, and easy-to-use technique, that can create dynamic geometric cues on 2D patterned

surfaces, for broad deployment in standard wet labs.

Our strategy, termed subtractive bioscribing (SuBscribe), is based on patterned removal of
cells or biomaterials at any experimental time point. For example, a non-adhesive film can be
mechanically removed prior to cell seeding; or the cells themselves can be mechanically removed
during culture. While similar in concept to UV-based photodegradation patterning methods™>?* or
photothermal degradation?, this mechanical process does not require specialized equipment, and
can be applied on existing live patterned cultures without exposing them to potentially cytotoxic

compounds? or thermal shock® during the process.



Ordinarily, mechanically subtractive biopatterning approaches such as the monolayer cell
scratch assay 2%, are limited in positional resolution and pattern shape?’3%103132 Computerized
robotic controls could overcome these handling limitations to precisely damage® or pattern tissues
by improving precision, consistency, and reducing operator errors®*. These micromanipulation
technologies previously required considerable expertise and specialized equipment, but simple
modifications to commercially-available and inexpensive hobby crafting tools, such as desktop
craft cutters or xurographers®>-"2738 are easy pathways towards automation. We and others have
previously used such modified tools to etch microfluidic channels in plastic®4°, and here we
modify the craft cutter to mechanically ‘scratch’ biomaterials and cell layers, using scribes selected
to control the size of the desired patterns. In this way, we robustly produce features smaller than
the positional resolution of the craft cutter over large culture areas. We demonstrate the utility of
this technique to control the shape of multicellular clusters; and use this system to investigate the

role of wound geometry on closure rates of established cultures.

Results

Optimization of agarose film thickness for scratch-based micropatterns

The blade of an inexpensive, electronically controlled desktop craft cutter (KNK Zing Air;
~$800) was replaced with a metal needle to precisely scratch preprogrammed shapes into the
surface. Thin agarose films are cell-repellent due to their characteristically low protein adsorption
and are sufficiently brittle to be mechanically patterned with high fidelity*'. To create the initial
patterns of cells, the SuBscribe system was used to physically scratch patterns into dehydrated
agarose films (Figure 1A). The agarose concentration and spin coating parameters were used to

tune film thickness.

Thinner agarose films, (approximately 40 nm, measured via 3D laser confocal scanning
microscopy; Supplementary Figure S1) yielded the best SuBscribe pattern fidelity (Figure 1B).
Furthermore, scribing of the agarose film layer did not result in any observable physical damage
to the underlying glass surface (Supplementary Figure S1). Thicker layers produced with a 1%
agarose solution resulted in film delamination from the underlying glass substrate, likely due to

poor adhesion?!. Thicker layers were also subjected to more cracking and delamination during
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scribing, as the critical delamination*”** is proportional to the film thickness and needle
penetration depth, which resulted in poor pattern quality. We experimentally determined that such
thin films could be formed by decreasing agarose content to 0.5% and spin coating at 1500 RPM;
or dip-coating glass slides in a 0.25% agarose solution (Supplementary Figure S2). While dip-
coating is readily accessible to all labs and can be used to create large films, it can also result in
non-uniform film thickness at the glass slide edge. For these proof of concept experiments, we
therefore spin-coated our films in all subsequent experiments but note that dip-coating
concentrations and surface tensions can be optimized as needed to make this technique accessible

without spin-coating equipment.

Characterized limits of scratch-based micropatterning

The smallest spacing between patterns allowable was ~35 pm, which was slightly above
the advertised x-y resolution limits (25 pm) of the craft cutter (Figure 1B, Supplementary Figure
S3A). This allowed us to increase pattern line width by strategically programming micropattern
designs (Supplementary Figure S3B). The feature sizes were defined by selecting needles of
different dimensions, and when scratched across a surface, the needle diameter dictates the width
of the micropatterned lines (Figure 1C). Sometimes larger needles produced feature sizes smaller
than expected from the needle geometry, and this could be attributed to incomplete contact
between the needle and surface. The line widths created from our batch of sewing needles was
38.6 £ 5.4 um (n = 15 needles). Micropatterns down to 10 um wide could be produced using a
microdissection needle while larger patterns could be produced with a blunt sewing needle. Due
to the repetitive strikes made by our relatively malleable needles against a hard glass substrate, we
wondered whether needle tip diameter would change with repeated use, thereby changing pattern
dimensions with usage. Repeated load testing of the SuBscribe system with sewing needles
demonstrated that some tip dulling occurred between 1000 patterns and 2000 micropatterns but
was stable before and after these points (Figure 1D, E). Tip dulling was independent of pattern
length or geometry (Supplementary Figure S4). Optimization of scribing tip hardness through
selection of needle material could reduce the dulling effect. However, harder scribing needles that
reduce tip dulling could damage the underlying glass substrate while extremely soft needles would

preserve the glass substrate but may not consistently generate micropatterned surfaces. In addition,



optimization of scribing force or calibration of the needle distance to the surface can also reduce
the change in line width but should be optimized for different machines (Supplementary Figure S5
and S6). These results demonstrate that this approach can consistently make well-defined and
predictable patterns, suitable for high-throughput micropatterned cell culture arrays. Should even
greater consistency be required, alternative scribing needles of harder materials and coatings may

be used.
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Figure 1: Production of micropatterned cell cultures via subtractive bioscribing (SuBscribing) of
cell-repellant agarose layers. (A) Process flow requires less than 90 minutes to prototype slide
designs. Patterns can be scribed at a speed of 2-3 mm/s allowing scribing of the patterns over a
total surface area of 10 cm? within 10 minutes. (B) Dilute solutions of agarose reduce tearing and
result in precise micropatterned substrates. Red outline denotes optimal conditions used for
remaining studies. (C) Micropattern width can be varied by changing needle tip diameter. (D)
Micropattern width shows insignificant degradation of a sewing needle tip over time. x
represents the cumulative number of line micropatterns produced with tip. (E) Pattern width
stays consistent over time. Error bars represent standard deviation over at least 15 measurements.
Dashed line represents average line width after 2000 patterns scratched. Scale bars: 100 um (B,
C), 50 um (D).



Cells confined within scratch-based micropatterns align along direction of pattern

Next, we confirmed that SuBscribed micropatterns could successfully confine cells within
the desired geometries. Our patterned surfaces were first incubated with fibronectin to promote
attachment in the scribed regions and seeded with human umbilical vein endothelial cells
(HUVECSs). Cells were confined to micropatterned lines, which limited cell attachment to the
pattern widths (Figure 2). Patterns down to the width of a single cell were successfully fabricated.
(Figure 2A). Furthermore, patterns made with 0.5% and 1.0% agarose solutions showed no
observable difference in ability to confine cells within micropatterns (data not shown). To
determine whether patterns of these dimensions were small enough to influence cell behaviour, we
analysed the nuclear alignment within our scratch-based micropatterns. Confined HUVECs
showed increased nuclear alignment with decreasing line width (Figure 2B), consistent with
findings in HUVECs cultured on micropatterns produced with other techniques.* At larger pattern
widths, preferential alignment direction became substantially less prominent, approaching non-
patterned culture conditions. Together, these results demonstrate that cells cultured in SuBscribed

micropatterns are consistent with other existing micropatterning technologies.
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Figure 2: Scratch-based micropatterned cell cultures reproduce previously reported cell
alignment. (A) Micropatterned cultures are robust and can be stained for immunofluorescent
analysis. (B) Nuclei alignment correlates with decreasing line width as seen by radial histograms.
Scale bars: 100 pm.



Reproducible formation of more complex micron-scale patterns

The width of the 1D patterns produced by the SuBscribe technique in the previous
experiments are solely based on the needle dimensions. When creating 2D patterns, x-y “step”
resolution limitations (previously shown to be ~35 um (Supplementary Figure S2)) become more
important. We therefore tested the minimum feature size limits possible when producing 2D,
rounded features. The desktop craft cutter was programmed to produce circles with diameters of 2
mm down to 250 um (Figure 3A). Circles could be fabricated reliably down to ~600 pum in
diameter with less than 10% deviation from the programmed shape (Figure 3B). Smaller patterns
did not retain circularity or projected size. Furthermore, small shapes were occasionally
discontinuous and open, likely due to accumulated positioning errors over multiple steps. For
subsequent experiments, programmed geometries were hence limited to minimum diameters of
600 um. We confirmed that at these sizes, other basic shapes could be consistently produced while
retaining sharp features (Figure 3C). We also tested our capacity to consistently pattern features
over a large area with the SuBscribe technique (Figure 3D). With conventional microcontact
printing approaches, multiple stamps and patterning steps would be required since it is difficult to
consistently stamp a single pattern stamp over large areas, as stamps are prone to mechanical
collapse and smearing of transferred proteins. Patterning agarose cell-repellent surfaces using
PDMS microfluidic channels directly is limited by capillary-driven flow of agarose solutions*.
By precoating the glass substrates with the cell-repellent agarose layer, the SuBscribe system
provides an alternative and less labour-intensive solution to these issues. The consistent and
reproducible patterns formed ‘on-the-fly’ here facilitates reliable fabrication of multiple, cell-
adhesive geometries over a full microscope slide (~10cm?) in around 10 minutes, demonstrating

the versatility and broad applicability of the current technique.
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Figure 3: Scratch-based patterning technique produces consistent, micron-scale resolution
patterns and allows for high-throughput screening of various geometries. (A) Annuli features can
be fabricated down to 500 um diameter with (B) high circularity and pattern fidelity. n = 20
samples were analyzed. Error bars represent standard deviation. Red dashed line represents 10%
deviation from programmed patterns. (C) Magnified view of cell-laden micropatterns (i) triangle,
(i) square, (iii) circle, (iv) lines. (D) Stitched image of multiple fluorescently labelled cell
micropatterns. Scale bar: 100 um (A, C), 1 mm (D).



Dynamic modifications to agarose surface enables micropatterned co-culture

A unique feature of the SuBscribe patterning technique is that micropatterns are produced
in a pre-formed non-adhesive layer, and hence requires no subsequent blocking steps that are often
the cause of experimental failure in other techniques*’. Since the entire surface is initially blocked,
this technique therefore allows dynamic additions to patterns of living cultures. To demonstrate
proof of principle of this concept, the SuBscribe system was used to create line-patterns, coated
with fibronectin, and seeded with HUVECS (live labelled with CellTracker™ Green CMFDA) as
in the previous experiment. Once cultures were established, the samples were returned to the craft
cutter, and new micropatterns were formed adjacent to the living cells. After a brief incubation
with fibronectin to provide attachment sites on the newly exposed glass surfaces, a 2" population
of HUVECs (live labelled with CellTracker™ Red CMTPX) were seeded on the micropatterned
co-surfaces (Figure 4A). These results confirm that the co-cultured cells were well segregated
between the initial and secondary micropatterns, but some cells from the second round of seeding
(red) did layer themselves on top of the existing patterns of green cells. No tearing was evident in
the secondary SuBscribed micropatterned lines, suggesting that hydration of the agarose film did
not negatively affect pattern fidelity within the ~4 hours between initial seeding and secondary
patterning.
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Figure 4: Technique allows for dynamic, modifiable, micropatterned cell cultures. (A) Step-by-

step process to create co-cultures with multiple cell types. (B) Different HUVEC populations,
stained with CellTracker™ show distinct segregation via fluorescent microscopy. Scale bar: 100

pm.
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Precise, geometrically controlled wounding of live cell cultures

Since the SuBscribe technique can add new micropatterns dynamically in live cultures,
scratch-based wounding can also be performed directly on a live cell monolayer. Typically, such
wounding assays are performed manually with pipette tips or razor blades, with relatively poor
control over wound size and shape. While specialized inserts can be custom-designed to create
desired wound sizes, this requires the technological capability to produce custom devices?®3248,
and do not recreate features of damage associated with conventional wounding strategies®.
Typical wounds are made in a straight line, and these assays implicitly assume that the short wound
edges do not contribute significantly to migration within the field of view, and that the direction
of wounding does not influence closure. Using SuBscribing, a confluent monolayer of HUVEC
cells cultured on a glass slide was wounded (Figure 5A, B) and closure was observed for various

wound patterns and directions.

To evaluate the contributions of wound geometry towards endothelial closure time, wounds
with equal areas but of varying aspect ratio (lines vs. squares) and geometry (squares vs. circles)
were formed, and their closure rates were visualized over 4.5 hours with live cell imaging (Figure
5C, Supplementary Figure S5). All wounds closed over time, with wound closure velocities
similar to those previously reported in in vivo animal studies®. Individual cells in wound with
unity aspect ratio shapes must travel further to close, and hence we expected and confirmed that
thin, line-shaped wound areas close significantly faster compared to circular and rectangular
wound, with significantly faster areal closure rates in the first hour (Figure 5C, Supplementary
Figure S7). These findings are consistent with delayed exponential models commonly used to
describe wound closure rates®>®*2 In order to compare wounds of different geometry, we
normalized the wound closure rate to wound perimeter®®354 This yields a linear healing
parameter which represents the migration speed of the wound edge®>*®. Line shape wounds had
lower normalized migration speeds compared to square and circular geometries (Figure 5D),
suggesting that thin line-shaped wounds only appear to close faster because of the aspect ratio of
the wound. Tracking the cells at the wound edge also show significantly slower migration speeds
in line-shaped patterns but also in circular patterns (Supplementary Figure S8) further suggesting
geometric dependence of cell migration during wounding. These differences between geometries

may be due to differences in migration mechanism, for example purse-string closure mechanisms®’
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versus lamellipodia-protrusion based migration®, which may each dominate wound closure

depending on local geometry.
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Figure 5: SuBscribe technique can be adapted to wound healing assays to test various wound
lengths. (A) 1) Process flow to create wounded tissues with SuBscribe. ii) Wound closure can be
visualized over time with fluorescent staining. (B) Wounds with defined geometry were created
using SuBscribe wounding approach and visualized over time. (C) Line-shaped wounds close
fastest as shown by wound area over time. (D) Wound closure velocity normalized to wound
perimeter quantified from phase contrast images during live cell imaging (n=3 for each wound
type). Velocity was obtained from linear regression. * represents p<0.05 for a one way ANOVA
with Tukey post-hoc multiple comparisons test. Scale bars: 100 pum.
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A potential confounding factor in conventional scratch-based assays is the presence or
absence of ECM on the denuded surface®. If ECM is left intact, cells can close the gap via
lamellipodia-mediated adhesive migration, while ECM removal prevents lamellipodial crawling
to close the wound®®®°, In our straight-line wounds, we observe rapid migration in the first hour
after wounding, accompanied by large lamellipodial extensions for cells at the leading edge. As
the wound closes, these lamellipodia become smaller and fewer (Supplementary Video 1). We
reasoned that the central area of the wound has greater ECM removal because of the needle profile,
while the edges may retain some ECM that supports lamellipodial-assisted crawling migration.
Designing needle profiles and tuning the applied loading force exerted by the craft cutter may

hence provide additional control over wound quality and closure rates in subsequent studies.

We then reasoned that if remaining ECM plays a role in wound closure, then the scratching
paths may leave traces of oriented ECM that guide wound closure. We are uniquely able to test
this parameter by programming distinct scratching paths that wound not be possible with
conventional scratching tools. To test this idea, we created a square wound using a side-to-side
scratching motion (Figure 6A). We confirmed that trace nanoscale ECM cues remain in linear
patterns oriented along the scratch path by staining adsorbed fibronectin on cell-free controls
(Figure 6B; Supplementary Figure S8). Square-shaped wounds in cell monolayers rapidly become

rectangular and closed consistently along the longitudinal scribing direction (Figure 6C, D).

We then compared the average migration velocities of HUVEC edges both parallel and
perpendicular to the scratching direction (Figure 6E). The migration of cells into a circular wound,
created by repeated scratching of concentric circles, was also measured and the direction of wound
closure was considered perpendicular to the scratch direction. The migration velocity of HUVECs
parallel to the scratch direction was significantly greater than perpendicular to the scratch
direction, suggesting cues that arise from the scratching direction itself could act to guide
migration. Since topographic direction of 1-D patterns of ECM is well-established to guide and
enhance migration rates ¢, these findings suggest an additional parameter present in conventional
wound assays that may affect results, and that can be controlled for using robotically-controlled

scribing assays.
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Figure 6: Nanotopographic ECM cues produced from SuBscribe technique increases migration
velocity parallel to scratch direction. (A) Proposed model for increased directional migration
velocity action due to remaining ECM cues after scratch patterning. (B) SuBscribe technique
physically removes ECM but also leaves trails of fibronectin in direction of scribe path. (C)
Asymmetric wound closure of square wounds over time results in rectangular wounds with
aspect ratio < 1. (D) Representative wound closure over time in square wounds. Inset shows
increased directional migration along scratch direction. Time stamps in HH:MM format. (E)
Mean wound closure velocity with respect to scratch direction in different shapes. Error bars
represent standard error. * represents p<0.05 for a one-way ANOVA with Tukey post-hoc
multiple comparisons test. Scale bars: (B) 50 um, (D) 100 pm.
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Discussion
This work demonstrates a novel micropatterning strategy where thin layers of cell-repellent

agarose are mechanically removed with a pointed needle, controlled by an inexpensive and readily
available hobby craft cutter. Removal of agarose can produce confined cell cultures like those
produced in other, more laborious micropatterning techniques. Circular micropatterns down to 600
pm can be reproducibly created in both biomaterial films and on-the-fly in live cultures, allowing
subsequent patterning and seeding steps. Using this platform, we were then able to investigate the
effect of precisely defined wound geometry and scribing direction on closure rate, revealing an
intriguing role for nanotopographic remnant ECM in influencing wound closure rates in
conventional assays. Overall, the presented SuBscribe technique provides additional consistency,

throughput, capabilities and accessibility over other microengineered techniques and assays.

In this proof-of-concept work, we used a relatively inexpensive hobby craft cutter to
achieve these patterns. This $800 system had an advertised positioning resolution of 25 um, which
does present some limitations on the resolution of rounded features. Micropattern resolution may
be improved by hacking an inexpensive 3D printer to achieve x-y stepping resolutions down to 5
pm or using alternative vector-based craft cutters to implement the SuBscribe technique.
Currently, our technique is limited in the choice of substrates; patterns cannot be generated on
substrates with nanoscale features as they may be damaged during the SuBscribing process. We
also limited our studies to off-the-shelf needles, which do have some limitations in available
geometry and relevant material properties such as hardness. Custom-cut needles with non-standard
profiles may also further improve the resolution of this technique, and the applied loading force
profile may also be tuned to eliminate or retain nanotopographic ECM cues without damaging the
underlying surface. Alternatively, soft silicone tips may allow further fine-tuning of these removal
processes®®5l, We also observed that different degrees of ECM cue removal can be controlled by
tuning the force and calibration of the craft cutter (Supplementary Figure S10). Finally, the
capacity of this technique to pattern relatively large surface areas could allow for systematic

investigation of the effect of geometrically defined multicellular islands on cell function.

There may also be considerable room to expand this technique by carefully selecting
alternative biomaterial films for scribing. In our experience, SuBscribe-produced agarose

micropatterns could be maintained in culture for at least 3 days, but can fail after this timepoint
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due to poor physical adsorption of the agarose to the underlying glass substrate!*. Longer duration
experiments would require an alternative material that is sufficiently cell-repellent and brittle and
may require advanced deposition techniques to process. Our SuBscribe technique is particularly
useful for prototyping new micropatterned cultures in lines or non-filled shapes with radii of
curvatures greater than 600 um. Geometries of this scale have previously been shown to drive
pluripotent®? and mesenchymal®? stem cell differentiation, and various cell functions>**% and are
important to establish soluble factor gradients within micropatterned culture. Filled-in shapes can
be created by the repeated etching of concentric patterns which decrease in size, similar to the
methods presented to create square or circular wounds. Increasingly complex geometries are also
theoretically possible but require fine craft cutter calibration to ensure scribing errors do not
propagate during patterning. With some optimization, this technique could be employed to
generate numerous novel patterns to perform high-throughput screens on novel geometries. Given
the demonstrated capacity of this technique to handle live cultures, we envision a dynamically
tunable surface able to generate dynamic adhesive sites on demand and at selected locations,

opening new avenues for investigation into responsive morphodynamic cell culture systems.

This work also builds upon conventional scratch-based wounding techniques by allowing
precise control of wound geometry which has not been possible previously due to operator
handling limitations®. Robotically-aided wounding has previously been reported but were limited
to large, straight wounds®. Wound geometry can also be controlled using silicone-based culture
inserts during cell seeding but, this approach does not allow mechanical retraction of cells on
wounding, which has been shown to be important in initiating wound closure mechanisms in 2D*
and 3D cultures®. Furthermore, this work demonstrates that the process of scratching may itself
leave nanotopographic cues that affect observed wound closure, further emphasizing the need for
an active wounding process, and precise control over wounding conditions. Interestingly, cells at
the wound edge in line and circular wounds migrated slower than those in square wounds
(Supplementary Figure S8). This could be due to the nanotopographic cues left from scratching,
where in line and circular wounds most cells are migrating perpendicular to the wounding
direction. Conversely, in square wounds ~50% of cells are migrating parallel to the wounding
direction. Finally, future studies using this system could be integrated into existing platforms to
investigate the role of gap closure in the a more realistic environment by better recapitulating ECM

protein interactions, co-culture, or in the presence of in vivo flow dynamics®.
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Conclusions
Using a robotically-controlled mechanical micropatterning technique raises the possibility for

dynamic micropatterning systems that would be otherwise difficult with chemical approaches.
Such a system could allow for novel confined migration assays, wounding assays, or
micropatterned co-cultures with greater than 2 cell types. Here, we demonstrate an approach that
allows us to precisely define geometry in our wounding assay and we show the importance in
considering the presence of ECM in such studies. Overall, the described SuBscribe technique
provides an inexpensive, novel, and accessible route towards surface micropatterning, which will
ultimately lead to improved collaborative opportunities between biomaterials scientists, engineers

and fundamental biologists.

Methods

Micropatterned agarose layer preparation

A dilute stock solution of agarose in water was heated to 80 °C until completely liquid. Thin films
of cell repellent agarose surfaces were fabricated by spin coating the 0.5 % UltraPure™ Agarose
(Invitrogen) solution at 1500 rpm for 30 seconds onto standard 25 mm x 75 mm glass slides. The

slides were then placed on a hot plate set at 100 °C for 5 minutes to dehydrate the glass slide.

Microscale patterns were mechanically scratched into the dehydrated agarose film atop a glass
slide using an electronically-controlled, inexpensive desktop craft cutter (KLIK-N-CUT Zing Air,
KNKUSA). Sewing needles and microdissection needles were fitted into an 18-gauge needle,
immobilized with epoxy, and attached to a syringe which was mounted onto the desktop craft
cutter. Calibration of the z-axis was done by manually by adjusting the position of the needle
holder. To ensure the cuts always contacted the substrate throughout the programmed pattern, the
needle position was calibrated to cut below the glass surface (i.e. 1mm below the glass surface).
Designs were created in the Make-the-Cut! software provided by the manufacturer. In this
software, the cutting parameters were adjusted in the following ranges; Cutting speed: 1-10, Travel
speed: 1-10, Cutting force: 50, Multi-cut: 1. The patterned substrates were coated with 25 ug/mL
fibronectin (Millipore) diluted in phosphate buffered saline (PBS) for 1-2 hours and then rinsed

once with PBS before cell seeding.

Cell culture
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Human umbilical vein endothelial cells (HUVECS) up to passage 6 were used in RMS patterning
experiments. HUVECs were cultured on 25 pg/mL fibronectin-coated tissue culture polystyrene
in Medium 200 supplemented with low serum growth supplement (LSGS) (Thermo Fisher
Scientific) and 1% antibiotic-antimycotic (Gibco). Medium changes were performed every 2-3
days and cells were passaged at 90% confluency. Patterned substrates were seeded with at least
50,000 cells/cm? to ensure confluency of patterns. Patterns were then rinsed with PBS after 2 hours

to remove cells that did not adhere.
Co-culture experiments

HUVECs were fluorescently labelled with CellTracker™ Red CMTPX (Life Technologies) and
CellTracker™ Green CMFDA (Life Technologies) as per manufacturer’s instruction. Patterned
co-culture was accomplished by sequential seeding of the two cell populations. The first cell
population was treated as before, allowed 2 hours to adhere, and then rinsed once with PBS. The
second patterns were immediately scribed while still in solution. Afterwards, the culture was
soaked in Medium 200 supplemented with LSGS, 1% antibiotic-antimycotic, and 25 pg/mL of
fibronectin to coat the new micropatterns for 1 hour. The second cell population was then seeded

at 50,000 cells/cm?, allowed 2 hours to adhere, and then rinsed of excess cells.
Immunofluorescent staining

Cell micropatterning samples were fixed with 4% paraformaldehyde for 20 minutes, washed with
PBS three times, permeabilized with 0.1% Triton-X100 solution for 20 minutes, then washed with
PBS three times. A cocktail of FITC-phalloidin (1:200 dilution) and the DAPI counterstain
(1:1000) were diluted in PBS, incubated with the sample for 20 minutes at room temperature, then

washed three times with PBS. Images were obtained on an Olympus 1X73 microscope.

Fibronectin patterns were visualized with an indirect immunostaining approach. First, non-specific
binding was blocked by a 30 minute incubation at room temperature with DAKO Protein Block
(X0909, Agilent) and then rinsed once with PBS. The primary antibody, mouse anti-human
fibronectin (SAB4200760, 1:400 dilution, Sigma) was incubated at 4 °C overnight then washed
three times with PBS. Afterwards, the corresponding secondary antibody, goat anti-mouse
AlexaFluor 488 (A11001, 1:400 dilution, Life Technologies) was incubated at room temperature
for 1 hour, washed three times in PBS and then visualized.
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Data Analysis

All images obtained were analysed using the open-source software, Fiji®®. The nuclear alignment
of micropatterned cells was measured by approximating each nucleus as an ellipse. The angles
reported represent the angle between the primary axis of the nucleus and the x-axis. Circularity of
the patterns presented in Figure 3 was obtained by manually tracing the resultant micropatterns
and reporting the circularity outputted by Fiji. Deviation of the micropatterns was computed as the
percent difference between the expected diameter and the actual diameter of the resultant
micropatterned circle. The calculated diameter was approximated with the traced perimeter of the
micropatterned circle. Stitched images of the line-shaped wounds were created using the Fiji
Pairwise stitching plugin®’. Single cell tracking in Supplemental Figure S8 was performed using

the MTrackJ plugin for Fiji %. Statistics were calculated using GraphPad Prism 8.
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Supplemental Information

Supplemental Video 1. Wound closure of epithelial monolayer showing distinct lamellipodal
behaviour in different wound regions.
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Figure S1: Agarose film layer height is roughly 40 nm thick
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Figure S2: High precision, tear free RMS patterning can also be achieved with a dip coating
technique to create agarose film with optimal scribing characteristics. Optimal coating
parameters can be determined visually. SuBscribed patterns should have little roughness (<5 pm
bumps) and should not have bright outlines when visualized with phase contrast microscopy.
Scale bars represent 100 um.
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Figure S3: SuBscribing technique allows for precise control of micropattern pitch. (A) High
resolution of craft cutter allows for micropattern pitch down to 70 um. (B) Programming of
micropattern design allows for different micropattern dimensions with the same tip. Scale bars:
(A) 50 um, (B) 100 pm.
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Figure S4: Number of strikes against surface is responsible for tip dulling, not pattern length or
geometry. Change in pattern width was characterized by varying the number of impacts for a set
scribing length (800 mm). N = 3 needles for each condition, error bars represent standard error
on the mean. * represents p<0.05 for a Two-way matched ANOVA with Sidak’s post-hoc
multiple comparisons test.
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Figure S5: Change in line width can be reduced by lowering the ‘force’ setting used to scribe
micropatterns. Data represents average line width after 2000 scribes at the specified force. Initial
line width was 38.6 £ 5.4 um (n = 15 needles, repeated at least twice for each condition).
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Figure S6: Change in line width can be reduced by calibrating needle tip closer to the glass
surface. (A) Measured line width does not significantly change when needle is calibrated at
substrate surface. Error bars represent standard deviation of line width. (B) Calibration of the
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scribing tip at the surface can lead to the tip missing the surface, resulting in incomplete pattern
generation. Incomplete patterns were excluded from analysis. Scale bar represents 50 pm.
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Figure S7: Percent wound closure by area after 1 hour of wounding. ** p<0.01, *** p<0.005 for
a one way ANOVA with Tukey post-hoc multiple comparisons test.
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Figure S8: Single cell migration speed reveals cells at wound borders of lines and circles
migrate slower than in square geometries. (A) Single cell tracking was performed manually using
MTrackJ plugin. (B) Mean cell migration of cells at wound edge for line (n = 3), square (n = 4),
and circular (n = 4) wounds. Each data point represents the average migration velocity of 10 cell
nuclei at the wound edge. Error bars represent standard error. * p<0.05 for a one way ANOVA
with Tukey post-hoc multiple comparisons test. Scale bar represents 100 pum.
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Figure S9: Residual fibronectin is deposited from scratching a fibronectin-coated glass layer.
(A) (i) Fibronectin trails are deposited by scratching needle shown by indirect immunostaining of
scratched, adsorbed fibronectin. Trails are present in both areas with adsorbed fibronectin and
uncoated areas. (ii) Brightness-amplified, magnified image shows fibronectin deposition in
uncoated areas. (B) Deposited fibronectin is located at center of scratch pattern as shown by high
magnification image. Scale bars: (A) 100 um, (B) 50 pm.
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Figure S10: SuBscribing with different force settings can produce varying amounts of
fibronectin removal. (A) Map of different scribing forces applied in B and C. (B) Multiple
scratch directions were implemented at different forces. (C) Magnified area (yellow box in A)
with enhanced brightness and contrast to demonstrate increased fibronectin removal. (D)
Fluorescent intensity profile across the dashed black line in C) of adsorbed fibronectin on the
surface. Scale bars represent 50 pum.
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