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Abstract. Live cell arrays are an emerging tool that expand traditional 2D in wvitro
cell culture, increasing experimental precision and throughput. A patterned cell system
was developed by combining the cell repellent properties of polyvinyl alcohol hydrogels
with the cell adhesive properties of self-assembled films of dopamine (polydopamine).
It was shown that polydopamine could be patterned onto polyvinyl alcohol hydrogels
by microcontact printing, which in turn effectively patterned the growth of several
cell types (HeLa, HEK293, HUVEC and PC3). The cells could be patterned at
levels down to single-cell confinement, and it was demonstrated that cell patterns
could be maintained for at least 3 weeks. Further, polydopamine could be used to
modify poly(vinyl alcohol) in situ using a cell compatible deposition buffer (1 mgmL~!
dopamine in 25 mM tris with a physiological salt balance). The treatment switched the
PVA hydrogel from cell repellent to cell adhesive. By pre-patterning one cell population
and depositing polydopamine in situ, a second cell population could be seeded, and
adhered to the newly switched surface. Patterned co-cultures of HeLa/HeLa and
HeLa/HUVEC were thus realized through simple chemistry and could be studied over
time. The combination of polyvinyl alcohol and polydopamine was shown to be an
attractive route to versatile live cell arrays with minimal infrastructure requirements
and low experimental complexity.

PACS numbers: 87.17.Rt, 87.18.Gh, 87.80.Fe
Keywords:  Cell micropatterning, cell arrays, polydopamine, poly(vinyl alcohol)
hydrogels, micropatterned co-cultures
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1. Introduction

Patterning live cells in arrays is emerging as powerful technique to enable the study
of single cells or clusters of cells in a high throughput manner, with increased control
over cell-cell interactions and cell morphology [1, 2, 3, 4, 5]. Patterned cell arrays
have been used to assess the relation between cell shape and function [6, 7] assay
biological functions at a single cell level [8, 9, ?], study stem cell biology and growth
[10, 11, 12, 13, 14] and analyze cell migration [15, 16]. A range of materials and
techniques have emerged to allow micropatterning of cells in a controlled manner,
typically combining anti-fouling and cell repellent materials such as poly(ethylene glycol)
(PEG) [17] with chemistries to which cells can bind [18]. Micropatterning of cell-
directing materials can be achieved in numerous ways[19], such as by photo lithography
[20], stencil patterning [21] or soft lithography [22]. An extension of patterning a single
cell type is micro-patterned co-cultures, where spatial positions of two or more different
cell types is controlled through the patterning process. Co-cultures can enable the design
of more tissue-reminiscent in vitro cell culture systems [23], allowing the interactions
between different cell types to be studied [24, 25].

Hydrogels are becoming widely used as cell culturing materials due to their large
potential within tissue engineering [26] and the ability to tune properties such as
elasticity, cell ligand density, porosity and other physical and chemical factors in a
controlled manner [27, 28]. Poly(vinyl alcohol) (PVA) is a widely available synthetic
biocompatible polymer with interesting applications within tissue engineering [29]. PVA
can form stable hydrogels through chemical or radiation-induced cross-linking or freeze
thaw-methods [30]. However, the simplest method to form PVA hydrogels is thermal
treatment above the glass transition temperature of PVA (85°C [31]), resulting in
gels that are stable for long periods in solution [32]. PVA has good film-forming
and surface adhesion properties, allowing it to form thin, surface-bound hydrogel films
through e.g. dip-coating or spin coating on substrates [33, 34]. Pristine PVA has low
protein adsorption [35] and inhibits cell attachment [36], and cell adhesive areas can
be made by patterning PVA films. Micropatterning methods of PVA include micro
photoablation[37], micromolding on surfaces [38] or in capillaries[39], UV light-enabled
degradation[36], photo-crosslinking [40, 41] or inkjet printing of oxidizing solutions[36].
However, so far the available patterning methods are still somewhat limited in either
resolution, chemical functionality or by the complex chemistry and instrumentation
involved.

Recently, self-assembled films of catecholamines such as dopamine have emerged
as versatile and multifunctional coatings for a variety of materials [42]. By exposing
a surface to a mildly alkaline solution containing dopamine, the dopamine oxidizes
and self-assembles into a thin surface layer of “polydopamine” that is highly stable,
but still reactive towards several nucleophiles [43]. Polydopamine has been shown to
be cell compatible [44], and has been applied to surfaces by microcontact printing to
generate cell patterns [45, 46|, also on the typical non-fouling surface of PEG-containing
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monolayers [47, 48]. Further, polydopamine has been blended with PVA to make a
partially cell-repellent polymer [49], and has been used to make PVA hydrogels more
cell adhesive [50].

In this paper we present the development of a cell micropatterning system based on
PVA and polydopamine. Through the use of polydopamine as an adhesive layer, stable,
cell repellent PVA hydrogel films were formed on multiple substrates such as glass,
polystyrene, PDMS and aclar. Microcontact printed polydopamine on PVA is shown to
pattern cells for up at least 3 weeks without pattern degradation. Polydopamine on PVA
is demonstrated as a versatile patterning method, through the patterning of several cell
types, modification of polydopamine with PEI for altered functionality, and integration
with microfludic channels. Finally, we present a method to deposit polydopamine
during cell culturing, allowing in situ switching of non-patterned PVA areas. By
combining microcontact printing and in situ polydopamine deposition, both same-cell
(HeLa/HeLa) and dissimilar cell (HeLa/HUVEC) co-cultures are demonstrated.

Thus, the current study demonstrates that through the use of off-the-shelf chemicals
such as PVA and polydopamine and using only simple, mild chemistry and methods,
several advanced cell culture applications are achievable. Thereby this system can
expand the possibilities available to many cell biology labs without the need for custom
materials or extensive equipment.

2. Materials and Methods

2.1. Production of PDMS stamps

A poly(dimethyl siloxane) (PDMS) stamp was made from an SU-8 master in a standard
soft-lithography process [51]. Briefly plastic foil masks were designed using Clewin
4 (Wieweb software) and printed by JD Photo-Tools (Lancaster, UK). SU-8 masters
were made by performing photolithography with the foil masks on SU-8 5 (MicroChem
corp.) on silicon wafers according to the manufacturer’s instructions. An anti-adhesion
coating was applied to the master by placing it in a vacuum desiccator with a drop of
trichloro(1H,1H,2H,2H-perfluorooctyl)silane (Sigma) for 20 minutes. PDMS (Sylgard
184, Dow Corning), mixed at a 10:1 (base:crosslinker) ratio was cast over the master,
and cured at 80 °C for 2 hours, then carefully peeled off the master.

2.2. Substrate preparation and PVA coating

Glass coverslips (VWR) were cleaned by immersion in 1M HCI (Sigma) at 60°C for
2 hours, then sonicated for 5 minutes in deionized water (DIW). They were stored in
DIW until use. Aclar film (Ted Pella) was cleaned by sonication in acetone, ethanol
and DIW before use. An adhesion layer of polydopamine was applied by floating
the substrate on a 1mgmL~" solution of dopamine hydrochloride (Sigma) in 10 mMm
tris (Tris(hydroxymethyl)aminomethane, Sigma) buffer, pH=8.5 for 30 minutes [42].
Dopamine solutions change color from clear to dark brown over time, indicating the
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oxidation of dopamine [42]. This is a rapid way of determining if dopamine oxidation
can occur in a given solution. However, part of the color change is also due to the
appearance of larger (micron-sized) polydopamine particles in the bulk solution that
appear after 30-60 minutes. To avoid the precipitation of the particles on the surface,
the substrates were floated upside down on a drop of the dopamine solution.

A 1% poly(vinylalcohol) (PVA, Mw=22000, degree of hydrolysis >98%, BDH,
VWR) solution was prepared by dissolving the PVA in DIW at 90 °C. After stirring for
15 minutes all the PVA had dissolved and the solution was cooled to room temperature.
To produce a thin PVA film a small drop was placed onto the substrate and spin-
coated for 30 s at 3000 rpm on a custom-built spin coater giving a PVA film of about
15 nm in thickness. Unless otherwise stated, the PVA film was heat annealed for 30
minutes at 130 °C, which was necessary to immobilize the film [36]. For live-cell imaging
experiments, PVA was spin-coated in the bottom of a Willco confocal dish (Willco Wells,
The Netherlands).

2.8. Microcontact printing

To produce cell patterns microcontact printing of polydopamine was performed [46]. The
PDMS stamp was immersed in a 1 mgmL™! solution of dopamine hydrochloride in 10
mM tris buffer, pH=8.5 for 30 minutes, then blown dry with compressed air. To transfer
the polydopamine, the stamp was placed face-down on the PVA-coated substrate under
a 100 g weight for 2 minutes. Before reusing the stamps residual polydopamine was
removed by sticky tape. The stamps could be reused multiple (at least 50) times without
observable changes in the patterns.

In some cases 0.1 mgmL~" poly(ethyleneimine) (PEI, 25kDa, branched, Sigma
Aldrich) was added to the printing solution. To visualize if PEI had been incorporated
into the patterns, PEI was labeled with FITC as described in [52] to produce FITC-
PEI FITC-PEI was purified by dialysis against DIW for 3 days (changed after 4 hours,
then every day) with a 10kDa MWCO dialysis membrane (VWR). To compare the
stability of micropatterns of PLL and PEI with polydopamine micropatterns, 1 mg/mL
of FITC-PLL (Sigma) or FITC-PEI was incubated with a PDMS stamp for 10 minutes,
and stamped onto the substrate. Substrates were rinsed with DIW after stamping.

2.4. Solution modification of PVA with polydopamine

Prior to co-culturing experiments, it was observed if polydopamine could modify initially
cell repellent films to allow cell adhesion. Immobilized PVA films were post-modified
with polydopamine by first shortly equilibrating them in DIW for 30 minutes, then
immersing or floating them in a 10 mMm tris buffer, pH=8.5 with 1 mgmL~! dopamine.
Cells were then cultured as described below.

For in situ post-modification of PVA with polydopamine during cell culturing
and for dopamine toxicity tests, the cells were washed in PBS, then incubated with
ImgmL~!' dopamine in a modified tris-buffered saline (modified TBS, consisting of
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25 mM tris, 140 mM NaCl, 2.5 mM KCI, 1.8 mM CaCly, 1 mM MgCl,, pH=8.5) to
maximize cell health while still allowing polydopamine deposition. The deposition buffer
pH was adjusted at 37°C as the pH of tris buffers has a high temperature dependence
[53]. The cells were then washed in PBS before changing back to growth medium for
further culturing.

2.5. Cell culturing

All cell lines were purchased from ATCC. Human cervical cancer cells (HeLa), human
embryonic kidney cells (HEK293) and human prostate cancer cells (PC3) were grown in
DMEM (Gibco, Invitrogen) supplemented with 1 mM nonessential amino acids (Gibco,
Invitrogen), 10% FBS (Gibco, Invitrogen), and 1 mM L-glutamine (Sigma Aldrich).
Human umbilical vein endothelial cells (HUVEC) were cultured in EBM-2 medium
(Lonza). The cells were cultivated at 37 °C in a humidified atmosphere with 5% CO2 and
passaged regularly. HUVEC cells were used in passages 4-6. For cell culture experiments,
the samples were sterilized in 70% ethanol and rinsed in PBS before use. The samples
were then placed in 24-well plates. Typically, 20 000 to 100 000 cells were seeded into
each well in 0.5 mL of cell medium.

2.6. Cytotozicity assay

For dopamine toxicity testing an MTT assay (In Vitro Toxicology Assay Kit, MTT
based, Sigma) was performed. 10 000 HeLa cells were cultured in each well in a 96-
well plate for 24 hours, then exposed to a dopamine deposition solution (1 mgmL™!
in modified TBS) for 0-60 minutes or buffer controls. In some samples the solution
was refreshed, this was performed without a rinsing step in between. 24 hours after
dopamine exposure, 10 uL of 10 mg/mL MTT was added to each well in a 96-well plate
with cultured cells. The cells were incubated for 4 hours, after which the medium was
aspirated and the formazan crystals were dissolved in 50 pL. DMSO. The absorbance
was the measured at 570 nm, subtracting a 690 nm background reference using a Tecan
Infinite M200 Pro microplate reader. Each sample was done in 4 duplicates, and p-
values were found using a two-tailed paired student’s t-distribution. To assess the effect
of different radical oxygen scavangers on dopamine cytotoxicity, 1 mM of ascorbic acid
(Sigma Aldrich) or 0.25 mg/mL (500U /mL) of catalase (Bovine Serum Catalase, Sigma
Aldrich) were added to the dopamine deposition solution.

2.7. PDMS microfluidic device

PDMS microchannels 300 pm wide 100 pm high and were made in the same manner as
the PDMS stamps above. To bond them to the samples, they were exposed to oxygen
plasma at 0.5 millibar with a power of 50 W for 18 s in a Diener Femto Plasma System
(Diener Electronics), placed with the channel down on the samples and cured for 10
minutes at 130 °C.
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For cell culturing in microfluidic channels the cells were injected at a density
of 10 x 10%cells/ml using a micropipette into channels bonded to pre-patterned
PVA /polydopamine surfaces. Once the channel was filled, cell medium was pipetted
on top of the entire PDMS device (maintained there by surface tension) to equilibrate
pressure between the entrances and maintain a suitable channel environment without
the need to include a pumping and tubing system in the cell incubator.

2.8. Co-culturing

To assess the effect of various polydopamine deposition treatments on co-culture efficacy,
50000 cells/cm? (HeLa) were cultured overnight on microcontact printed patterns.
Then, 4x5, 4x10 or 4x15 minute polydopamine depositions were performed in modified
TBS, before 50 000 cells/cm? (HelLa) were seeded. Cell counts were were performed at 16
and 40 hours using the CellCounter plugin for FIJI [54]. For each sample, 3 areas were
imaged and counted, discriminating between cells on and off the microcontact printed
patterns. A total of 4868 cell were counted. P-values were calculated as above.

For patterned co-culturing experiments, HUVEC or HeLa cells were first grown in
patterns as above (typically over night, but from 4 hours to several days gave similar
results). These cells were then labeled with 1 pM calcein-AM (Invitrogen) in cell growth
medium for 1 hour, and rinsed several times in PBS. The surface was then modified in
situ as described above. A second batch of HeLa or HUVEC cells was labeled with 5 pm
CellTracker Red (Invitrogen) in DMEM or 1M calcein red-orange-AM (Invitrogen) for
1 hour, rinsed several times in PBS, then removed by trypsin/EDTA treatment and
seeded onto the activated surfaces with patterned calcein-labeled cells.

2.9. Optical and Atomic Force Microscopy

Cells were imaged live using a Leica SP5 confocal microscope, a Leica SP8 confocal
microscope or a Nicon Diaphot widefield fluorescence microscope. For actin filament and
nucleus imaging, the cells were fixed in 4% paraformaldehyde in PBS for 15 minutes
at room temperature, permeabilized in 0.1% Triton X-100, and labeled with 165 nm
Alexa488-phalloidin (Invitrogen) for actin filaments, while the nuclei were labeled with
IpugmL~! PI (Sigma Aldrich) and 10pgmL RNase A (Sigma) in PBS, or Hoechst 33248
in PBS. For live cell imaging, the medium was exchanged to HEPES-buffered Live Cell
Imaging medium (Invitrogen) for short-term (up to 1 hour) imaging, while for long-term
time lapse imaging the medium was exchanged to Leibovitz L-15 (Invitrogen) for HeLa
cells or 1:1 L-15 and EBM-2 for HUVEC or HUVEC/HeLa co-cultures. Willco 35 mm
glass bottom confocal dishes were used for long-term time lapse imaging. 1.5 mL of
medium was used, then covered with white mineral oil (VWR) and maintained on the
microscope stage which was maintained at 37 °C with a closed box system.

For AFM microscopy, microcontact printed polydopamine patterns, buffer-soaked
patterns and post-modified samples were prepared as described above. The samples
were then rinsed in DIW and blown dry using compressed air, before imaging in a Veeco
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Nanosight V. AFM in ScanAsyst mode. The data was analyzed using Gwyddion [55].
The data was leveled by matching the height median and fitting to a plane, and the root
mean square roughness was analyzed at 4 distinct positions on each sample. Sample
p-values were compared using a paired student’s t-test.

3. Results

To produce patterned cell cultures we present two alternate methods of modifying the
cell repellent hydrogel poly(vinyl alcohol) (PVA) using polydopamine: microcontact
printing and solution deposition. We show that the first method can be used to pattern
cells on the polyvinyl alcohol surface, and explore further aspects of this system, such as
patterning on alternate substrates (Aclar films) and PDMS-microchannel integration.
We further show that PVA can also be made cell adhesive by solution deposition of
polydopamine, and find parameters that allow this to be done in situ during cell
culturing. Finally we show how the combination of cell patterning by microcontact
printing of polydopamine with in situ polydopamine deposition can be used to make
patterned cell co-cultures.

3.1. Cell-repellent PVA films

Cell repellent surfaces were made by spin-casting and heat annealing poly(vinyl alcohol)
thin films (Figure 1) [36]. To minimize potential swelling effects in the film during cell
culturing the thickness of PVA was adjusted to 15-20 nm (Figure 2) by using a PVA
concentration of 1% in the spin-casting solution. This still gave homogeneous, cell-
repellent coatings after heat treatment at 130°C for 30 minutes (Figure 2). If no heat
annealing step was performed the surfaces were not cell-repellent, presumably due to
rapid film detachment and dissolution (Figure S1). However, even with heat annealing
film detachment could occur if the experiments lasted longer than around 2-3 days
or if fully hydrated samples were extensively handled. To increase the PVA adhesion
aldehyde-containing silanes or silane-linked glutaraldehyde have been used in the past
to chemically immobilize the PVA hydrogel [36, 37]. However, to avoid introducing
chemicals which can potentially be cytotoxic if not completely removed prior to cell
culture experiments, we instead used an adhesive film of polydopamine, applied to the
substrate prior to PVA film spin-casting under mild aqueous conditions [42]. With this
treatment no film detachment was observed at 37 °C in cell medium for extended periods
(several weeks), displaying the usefulness of polydopamine as a simple adhesive layer.

Polydopamine Spin coat and

deposition anneal PVA
— —
. 1 mg/mL, tris 1% PVA, 3000 rpm,
Native substrate \|pH=8.5, 30 minutes \ Adhesive surface \| 130°C, 30 minutes | Cell-repellent surfacé\l

Figure 1: Production of the initial cell-repellent poly(vinyl alcohol) surface.
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3.2. Microcontact printing of polydopamine on PVA

Microcontact printing is a simple method to transfer patterns of an ”ink” (e.g. polymers,
proteins or reactive chemicals) onto a substrate, and can be used to generate patterns
of cell adhesive and cell repelling areas for cell patterning [22]. However, when
common cell-adhesive polymers such as poly(L-lysine) (PLL) or poly(ethyleneimine)
(PEI) were microcontact printed onto PVA, they were quickly washed off due to the
anti-fouling nature of PVA (Figure S2). Thus, we investigated microcontact printing
of polydopamine onto PVA, due to its reported highly adhesive properties [42, 47].
Polydopamine was first deposited as a thin film on a PDMS stamp [46], and then
transferred to the PVA-coated substrate by microcontact printing (Figure 2A). The
patterns could be visualized by phase contrast microscopy (Figure 2B) and showed
a high degree of fidelity to the relief patterns of the stamp, indicating complete film
transfer. At the same time polydopamine patterns adhered well to the PVA surface
and were not removed in the washing steps or during long term immersion in cell
culture media. Due to it’s amine-reactivity, polydopamine has been reported to be co-
deposited with amine-containing polymers such as PEI [56]. We were able to produce
polydopamine patterns that contained fluorescent PEI (PEI was added to the solution
used to deposit the polydopamine film on the PDMS stamp, see Materials and Methods)
that remained stable after rinsing when deposited onto PVA films (Figure 2B and
Figure S2). The height and microscale morphology of the PVA and polydopamine films
was investigated by AFM. In the initial dry state, the PVA film was around 15 nm,
while the polydopamine film was around 5 nm (Figure 2C and D). The films appeared
homogeneous with few defects, indicating complete coverage by both spin casted PVA
and microcontact printed polydopamine (Figure 2E).

3.3. Cell micropatterning on polydopamine/PVA

Polydopamine is reported to be bio-compatible and cell adhesive [44, 46], so
microcontact printed polydopamine on PVA hydrogel films should be a simple method
to pattern cells in culture. Initial tests were done using HeLa cells, a common model
cell line. HeLa cells were successfully cultured on the patterned substrates, and adhered
well and spread on the polydopamine areas (Figure 3). No spreading onto pristine
PVA areas was observed, even after 3 weeks in culture (Figure 3C). Initial experiments
showed similar patterning ability with Human Embryonic Kidney (HEK293), Prostrate
Cancer (PC3) and Human Umbilical Vein Endothelial (HUVEC) cells after 3 days on the
patterns (Figure 3D-F). The attachment rate depended on the cell type, but typically
the cells were adhered to the patterns within a few hours, and un-attached cells could be
rinsed away. A time lapse of the attachment of HUVEC cells to polydopamine patterns
can be seen in Figure S3. Other cell types, such as HEK293, had lower adhesion,
and often detached during routine handling (washing, media change, etc). To increase
the adhesion, polyethyleneimine (PEI) (0.1 mg/mL) was co-deposited with dopamine
(1 mg/ml) onto the PDMS microcontact printing stamp. Patterns containing PEI
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(A)

Polydopamine Microcontact printing
deposition onto PVA- treated §

—_— surfaces
tris pH=8.5,
30 minutes
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20 0,0 05 10 15 20 25 30
00 Distance [pm]

Figure 2: (A) Schematic of the production of polydopamine patterns on PVA surfaces. (B)
Upper: Phase contrast image of polydopamine micropattern on polyvinylalcohol surface.
Lower: Polydopamine incorporating fluorescently labeled PEI. Scale bar 100 pm. (C) AFM
micrograph of microcontact printed polydopamine (PD) onto a PVA film. A large scratch was
made into the PVA, exposing the glass underneath and allowing a thickness measurement of
the PVA. Scale bar 2pm. (D) Height profiles of the PVA (profile 1) and polydopamine on
PVA (profile 2), respectively, along the lines marked by (1) and (2) in (B). (E) Large-scale
AFM scan demonstrating the homogeneous surface coverage of the spin-casted PVA and the
microcontact printed polydopamine films. Scale bar 10 pm.

increased the HEK293 cell adhesion sufficiently to avoid detachment during handling.

Microcontact printed patterns could be used to control areas for cell growth in
areas of multiple cells, but could also be used to control the geometry of single cells
(Figure 3G-J). Although true single-cell arrays, with only one cell at each array site,
should be achievable with this method, the exact feature size and seeding procedures
were not optimized for this purpose in this work. Additionally, the optimal pattern size
varied by cell type. Typically 2-3 HeLa cells were attached at each array spot after 24
hours when using 37 pm circular features, while PC3 cells typically were single cells on
the same features (Figure S4). Our minimum feature size was limited to 8 pm due to
the photomasks that were used, although much smaller features can be achieved with
the soft lithography approach [51].

To investigate cell patterning on substrates other than PVA-coated glass, we
performed identical experiments on PVA-coated Aclar films. Due to its low adhesion
with epoxy, Aclar is a polymer film typically used for 2D cell cultures, if the cells are to
be epoxy embedded for studies with transmission electron microscopy. Identical results
as those on glass were obtained for cell patterns on Aclar (Figure S4).

Increased environmental control of cultured cells through microfluidic systems is
an important route to to further extend the possibilities of in vitro experiments [57].
To this end, we investigated if the PVA-polydopamine cell patterning system could
be integrated with microfluidic channels. We found that PDMS bonds irreversibly
with the patterned PVA /polydopamine surfaces after only the surface of the PDMS
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microchannels device was activated with oxygen plasma, therefore preserving cell
patterning ability. This allowed the placement of a PDMS microchannel onto a pre-
patterned PVA /polydopamine surface. The bond was maintained with liquid in the
microfluidic channel for more than one week, although in this case the PVA had to be
limited to the channel area, as stress around the plugs for the associated tubing could
rupture the PDMS-PVA bond (Figure S5A). However, underneath the channel area
where no stress occurred no leaks were detected over at least one week (Figure S5B).
By bonding PDMS microchannels on top of prepatterned polydopamine-PVA surfaces,
cells could be grown on pre-defined patterns inside the microfluidic channel (Figure 3K).
Interestingly, if the entire device was immersed in an aqueous solution the PVA film was
slowly hydrated from the edges, reducing the PVA-PDMS bond strength. This allowed
for simple release of the microchannel device if desired for e.g. further microscopy or
extraction of the cultured cells.

3.4. Solution polydopamine modification of hydrated PVA films

Next, we explored the possibility of using the versatile surface deposition properties
of polydopamine to modify PVA films by solution deposition (the same methods as
used to produce polydopamine coating on PDMS stamps). This would enable switching
of an initially cell-repellent hydrogel surface to cell adhesive using only mild aqueous
chemistry. PVA films were pre-hydrated in DIW to mimic the state during cell culturing,
and modified by floating the samples on top of a polydopamine deposition solution
(1 mg/mL in 10mM tris, pH=8.5) to avoid precipitation of polydopamine particles.
Surfaces modified for 15-60 minutes all supported cell adhesion and spreading (Figure 4),
while unmodified surfaces did not support cell adhesion. Thus polydopamine was
able to modify a typical anti-fouling hydrogel while hydrated, allowing it to support
cell adhesion and growth, highlighting the strong surface modification properties of
polydopamine. The morphology of the cells on the polydopamine-activated PVA
surfaces was visualized by actin filament staining (Figure 4). The Hela cells showed a
spindly morphology for shorter activation times, but resembled glass controls more with
somewhat longer (30-60 min) surface activation times. This change in cell morphology
is presumably a result of increasing number of cell attachment sites created by longer
polydopamine treatment of the PVA surface.

To observe the changes that occurred on PVA films and microcontact printed
polydopamine patterns on PVA when subjected to the polydopamine deposition
solution, samples were modified as above, rinsed, dried and then imaged by AFM,
and the surface roughness was analyzed (Figure 4B, AFM images shown in Figure
S6). Buffer (10mm tris, pH=8.5) for 60 minutes slightly increased the roughness of
both the polydopamine layer and the PVA layer, although the reason for this is not
known. When subjected to a dopamine deposition solution for 60 minutes, there was an
significant increase (p<0.05 compared to buffer treatment) in surface roughness both
on the polydopamine and PVA areas, likely indicating deposition of polydopamine on
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Figure 3: (A) Cells only adhere to the polydopamine areas, and are unable to attach to
the PVA background. (B,C) Hela cells tightly follow the polydopamine patterns, both short
term (B, 3 days) and long term (C, 3 weeks). The patterns are 40 um lines with 80 pum
gaps. (D-E) Other typical model adherent cell lines also can be patterned, as shown here
for (D) HEK293, (E) PC3 and (F) HUVEC cells after 3 days on the patterns. (G) Actin
filaments and nuclei in HeLa cells visualized on an array of 37 pm squares, showing single-cell
patterning over large areas. (H-J) Close-up of HeLa cells (actin and nucleus labeled green
and red respectively) on different pattern geometries, such as (H) circles, (I) squares and (J)
H-shaped, demonstrating cell shape control with the patterns. (K) Microchannels could be
bonded on top of the patterned surfaces, and HeLa cells were cultured inside the channels for
3 days, growing only on vertical lines (channel is in the middle part of the figure). Scale bars
(A-F, J) 100 pm, (G) 200 pm, (H-I) 10 pm.
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these samples. To investigate if gravity played a role in polydopamine deposition, e.g.
through the precipitation of larger particles first formed in solution, samples were also
floated on top of the deposition solution. The roughness was similar to the immersed
sample in this case, indicating a formation of a polydopamine layer on the PVA.

3.5. Cytotozicity of in situ dopamine deposition

Switching of initially cell-repellent PVA to cell adhesive could allow for co-culturing of
two cell populations in a patterned geometry, as shown schematically in Figure 5A. A
requirement is that the switching must occur after the first cell population is cultured on
the microcontact-printed patterns, so the switching chemistry must be cell compatible.
To comply with this, the polydopamine deposition solution was modified, where the
standard 10 mM tris buffer was substituted with a modified tris-buffered saline (TBS) to
maintain a typical cell culture salt balance, although at an increased pH of 8.5, which is
optimal for polydopamine deposition [58]. A typical deposition solution with 1 mg/mL
dopamine in the modified tris-saline buffer changed color to brown, indicating that
the altered buffer allowed dopamine oxidation and likely also polydopamine formation
(Figure S7)[58].

As a measure of cytotoxicity, the metabolic activity of HeLa cells 24 hours after
exposure to different polydopamine deposition conditions was assessed using the MTT-
assay (Figure 4C). The modified tris-saline (TBS) buffer at pH=8.5 was not significantly
cytotoxic for up to 60 minutes. It was seen that shorter dopamine incubations were not
appreciably cytotoxic either. However, longer deposition times did induce somewhat of a
cytotoxic effect, especially if the deposition solution was replenished at regular intervals.
Dopamine is reported to be toxic to cell culture due to the generation of radical oxygen
species (ROS) during dopamine oxidation [59, 60]. Thus an ROS scavenger could reduce
the cytotoxic effect of dopamine deposition. Ascorbic acid, a common antioxidant, was
investigated first, but this inhibited any oxidation of dopamine, and thus prevented the
formation of polydopamine (Figure S7). Therefore, catalase, an enzyme that catalyzes
the degradation of hydrogen peroxide, was introduced as a more specific ROS scavenger.
Indeed, catalase did not inhibit dopamine oxidation, as indicated by color change in
solution and the formation of precipitate particles if left for a long time, but it did
significantly reduce dopamine cytotoxicity for longer incubation times (p;j0.05).

3.6. Patterned co-culture by in situ polydopamine modification of PVA

To produce patterned co-cultures the first cell population was seeded as before on
microcontact printed patterns (Figure 5A). Then, the initially cell repellent areas of
the PVA were rendered cell adhesive by a cell compatible polydopamine deposition
in modified TBS, before the second cell population was introduced. To maintain an
effective surface activation while avoiding the formation of visible polydopamine particles
in the deposition solution, the solutions were replenished at intervals of 5-15 minutes
(typically the particles became visible after 30 minutes without a solution change). The
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Figure 4: (A) HeLa cells grown for 1 day on PVA hydrogels modified with polydopamine
before cell growth. Actin filaments are labeled in green. Increasing the dopamine deposition
time gives a cell morphology more similar to glass. Scale bar 100 pm. (B) Root mean square
roughness of micro-contact printed polydopamine and PVA areas as measured by AFM on
untreated samples (Dry), samples immersed for 60 minutes in 10mM tris buffer at pH=8.5
(Buffer) and floating (Dop. Float) or immersed (Dop. Imm.) in 1 mgmL~! dopamine in 10 mMm
tris buffer at pH=8.5. Dopamine immersion significantly (p<0.05) increases the roughness of
both PVA and polydopamine compared to dry samples and buffer treatment alone. Error
bars show + SEM. (C) Cell viability measured by MTT assay, 24 hours after the cells have
been treated with cell medium (control, 60 minutes), modified TBS (TBS, 60 minutes) and
ImgmL~! dopamine in modified TBS for 0-60 minutes (Dop.), in some cases refreshing the
dopamine solution at given intervals. The data is normalized compared to the control. Error
bars show + SEM.

number of cells per area was measured on the microcontact printed (uCP) polydopamine
and on the in situ deposited polydopamine (Figure 5B, both a 16 hour and 40 time-point
is included in Figure S8). Increasing treatment length reduced the cell density difference
between pCP and in situ deposited polydopamine. A larger cell density was observed on
the uCP areas of the less activated samples, presumably due to cell crowding in these
areas since spreading into the in situ modified areas beyond was limited. Although
catalase was shown by the MTT assay to reduce cytotoxicity of the in situ polydopamine
treatment, it also reduced the strength of the in situ activation for shorter activation
times (p<0.05). For the 4x5 minute and 4x10 minute activations the cell density on
the uCP areas also increased in the presence of catalase, presumably due to a stronger
cell crowding effect. With a 4x15 minute activation time the in situ polydopamine
deposition was sufficient to generate cell densities on the previously cell repellent PVA
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Figure 5: (A) The co-culture process starts with patterned cells, then modifies the cell-repellent
PVA before adding the second cell population, which will attach onto the newly available
areas. (B) The surface modification strength of different dopamine deposition treatments, as
measured by the ratio between the number of cells per unit area on microcontact printed
polydopamine and in situ deposited polydopamine. Catalase gave significantly (p<0.05)
lower activation for 4x5 and 4x10 minute treatments. (C) After in situ activation samples
pre-patterned with HeLa cells (green, calcein-AM labeled), HUVEC cells (red, calcein red-
orange-AM labeled) quickly adhere and spread on the newly available areas outside the HeLa
cell patterns. Scale bar 100 um. (D) Longer-term observation after 24 and 48 hours of co-
culturing of HeLa cells (green, calcein-AM labeled) and HUVEC cells (red, calcein red-orange-
AM labeled) shows how the HeLa cells spread outward from their initial patterns, while
the HUVEC cells simultaneously recede, although also forming a tight endothelial network
surrounding the HeLa cells. Scale bar 200 pm. (E) Arbitrary patterns of co-cultures, even of
the same cell type, can be made using this technique. Here shown by a co-culture of patterned
HeLa cells (green cells, calcein-AM labeled) and HeLa cells seeded after in situ dopamine
modification of the surrounding PVA (red cells, CellTracker Red labeled). Scale bar 200 pm.
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of up to about 75% of the cell density on microcontact printed polydopamine.

Model patterned co-cultures systems were produced using dissimilar cells types
(HeLa and HUVEC, Figure 5C,D) and the same cell types (differentially labeled HeLa
cells, Figure 5E). HUVEC cells seeded after in situ activation of samples with patterned
HeLa cells rapidly adhered (within 60 minutes) to the areas newly rendered cell adhesive
Figure 5C. A time-lapse of the 2 first hours of co-culturing can be seen in Supplementary
Movie S1. In this example a 4x15 minute in situ activation was used, and although
this was shown to give a certain cytotoxicity after 24 hours, the observed HeLa cell
patterns remained quite viable and dense, as indicated by the live cell-staining with
calcein-AM (green). HeLa-HUVEC co-cultures were also observed 24 and 48 hours
after the co-culturing was initiated by HUVEC seeding (Figure 5D). After 24 hours a
clear interaction between the cells could be observed, with the HUVEC cells somewhat
receding from the areas with HeLa cells compared to the attachment after 2 hours, and
the HeLa cells expanding out from their initially defined patterns. At 48 hours the Hela
cells were spreading further, while the HUVEC cells formed a dense network surrounding
the expanding HeLa cells, but with little overlap between the cell types. Note that even
at 48 hours, the patterned Hela cells that were the initial cell population for the co-
culture experiment remain viable, as indicated by the retainment of the calcein-AM
(green fluorescence) loaded prior to co-culturing.

To further demonstrate that this method of co-culturing can produce arbitrary
patterns of cells without any requirements for differential adhesive properties among
cell types, two differentially labeled HeLa cell populations were co-cultured (Figure 5D).
The first population was cultured on microcontact-printed patterns as before, and after
an in situ polydopamine deposition, the second population was introduced and grew
overnight. Large scale patterns could be maintained with high cell densities of each cell
type, while successfully segregating the cell populations. Smaller scale patterns could
also be used, although cell migration between the different areas caused mixing of the
cell populations over time, a phenomenon more noticeable for smaller patterns (Figure

S9).

4. Discussion

In this paper we show that by using off-the-shelf chemicals and simple fabrication
strategies it is possible to provide tools for advanced cell culture experiments such as
cell confinement, cell migration, cell-cell interactions and co-culture studies. Hydrogels
formed from a spin-cast PVA film immersed in culture medium is an excellent and stable
cell repellent material, and when PVA is tightly attached to the underlying substrate,
it was shown to be stable under culture conditions. Since the cell repellent material is a
hydrogel film and not a monolayer (such as PLL-g-PEG) as typically used in other cell
patterning approaches [61], the surface behaviour is less dependent on the chemistry of
the underlying substrate. In comparison with similar systems the use of a hydrogel film
allows longer anti-fouling stability and more versatility with concern to substrate type
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48].

In our system polydopamine has three functions. Firstly it is deposited on the
culture substrate to decrease the contact-angle, facilitating spin-coating, and to increase
the adhesion of the PVA film. Secondly, thin polydopamine patches are microcontact
printed onto PVA, providing stable cell adhesive areas. Finally, it can be deposited
onto the PVA surface in cell compatible conditions, allowing for activation of the cell
repellent surface.

Using polydopamine as an adhesion layer allows PVA immobilization on nearly any
surface, as polydopamine deposits on most materials [42]. Additionaly, the chemistry
involved is mild and does not require the use of toxic compounds, such as glutaraldehyde
[36]. We were able to generate patterns on polystyrene, PDMS, PET, glass and
aclar. The last material is often used to grow cells prior to embedding for electron
microscopy, which potentially could open up new possibilities for correlative imaging
of patterned cells with optical and electron microscopy [62]. As PVA does not contain
functional groups such as amines or thiols which are known to bind covalently with
polydopamine[42], the bonding at the interface between PVA and polydopamine is not
known. It is plausible that non-covalent interactions such as hydrogen bonding could
play arole, as PVA is known to strongly interact through hydrogen bonds [63]. In a study
on polydopamine/PVA mixed films this was also indicated as a possible mechanism of
interaction between polydopamine and PVA [49]. Further study is needed to determine
the details of the PVA-polydopamine interaction both in the case of microcontact
printing and deposition from solution.

Microcontact printed polydopamine was stable on the surface of PVA hydrogel
films, confining Hel.a cells in defined patterns for up to 3 weeks, and without any
alterations other cell types (PC3 and HUVEC) could be patterned in the same way.
It is widely described that polydopamine can also be relatively easily modified further
by binding to functional molecules [56, 64] and proteins [43, 65] through amine and
thiol groups. As demonstrated with PEI in this work, such modifications can provide
necessary modifications for certain cell types, without the need to develop new printing
processes for each molecules. Polydopamine is not only a convenient platform for further
modifications, but was in fact necessary to provide sufficient adhesion of e.g. PEI to the
anti-fouling PVA hydrogel. Direct patterning of proteins and polyelectrolytes has been
shown to be possible on PEG-silane monolayers or on custom-made PEG /methacrylate
brush polymers [?, ?], but in our work both PEI and PLL were quickly rinsed away
on the PVA hydrogels. Thus through microcontact printing of polydopamine a range
of biomolecules could potentially be presented in a micropatterned arrangement on the
anti-fouling hydrogel surface without altering the hydrogel chemistry.

In situ deposition of polydopamine was demonstrated as method to render PVA
cell adhesive under cell compatible conditions. Switching a surface from generally cell
repellent (i.e. cell repellent to most cell types) to cell adhesive typically requires external
triggers such as temperature [66, 67] or electrical fields [68], mechanical handling [25, 69],
extensive prior chemical alteration of the cell patterning materials [70] or complex
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infrastructure such as printing robotics [71]. The presented method is therefore rather
simple, in that only pipetting of solutions is involved and not depended on the type of
co-cultured cells, as long as they are adherent. By tuning the deposition time, the cell
adhesiveness of the polydopamine-modified PVA could be modified, providing further
options for future studies. Polydopamine is adhesive for a range of cell types as shown
in this an other work[72, 73, 74, 45].

Our approach has certain limitations that should be investigated further. It must
be noted that only the first cell population is precisely patterned, while the second
cell population will fill in the entire surrounding area not occupied by the first cell
population after in situ polydopamine deposition. Further, cell migration will degrade
the spatial localization of the two cell populations as the experiment progresses, as the
entire surface is rendered cell adhesive. For certain applications, such as automated
high-throughput single cell screening where the interaction between two cell types at
pre-defined locations are of interest, this presents a challenge, and a focus of development
should be the increased spatial control of both cell populations. However, since large
scale cell-cell interactions and cell migration is often a phenomena one wishes to study
in co-culture systems [23], this is not necessarily a significant limitation.

The cytotoxicity of in situ dopamine deposition, likely mediated by the formation
of reactive oxygen species (ROS) during dopamine oxidation[60] is a concern. By
reducing the incubation time and by introducing catalase as a reactive oxygen species
scavenger we have significantly reduced the cytotoxicity as measured by the MTT assay.
However, it is not entirely clear what the effect of catalase is on the in situ deposition
of polydopamine. Polydopamine appears to form in solution, however a significant
reduction in cell adhesion was observed on in situ modified PVA in the presence of
catalase. Further investigations into the deposition of polydopamine in the presence of
catalase are underway in our lab.

A second factor to consider is that in situ deposited polydopamine likely not only
adheres to the PVA, but also coats the initial cell population. Polydopamine has
been used previously to encapsulate live yeast cells [75] by polydopamine deposition in
solution, which somewhat reduced the yeast cell viability and growth rate, although
higher dopamine concentrations (2mgmL~") and longer deposition times (3 hours)
where used. On the other hand, no cytotoxicity was observed when myoblasts ingested
polydopamine-coated liposomes|76] or when MDCK cells were exposed to polydopamine-
coated FeyO3 nanoparticles [77]. Polydopamine also bears a structural resemblance to
melanin [78], which can be phagocytosed and degraded through lysosomal degradation
by macrophages in human retinas [79]. Although these examples are not necessarily
directly comparable, it appears that it is the oxidative processes, and potentially reactive
intermediates involved in the formation of polydopamine, rather than the polydopamine
itself that induces cytotoxicity.

The level of cytotoxicity was low enough that it did not prevent the generation
of well defined co-cultures at shorter (a few hours) or longer (at least 48 hours)
times. Although outside the scope of this study, it is likely that further optimizing of
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factors such as dopamine concentration, deposition time, solution refreshing and medium
composition will lead to further reduced cytotoxicity while still enabling functional and
versatile co-cultures. In our work it was observed that the HeLa cells spread outward
and the HUVEC cells somewhat retracted from the HeLa cells, consistent with other
reports on HeLa/HUVEC co-culture [80]. Still, for any biological assays, cytotoxicity
and other possible effects on cell biology must be assessed carefully for the cell types
under study.

5. Conclusion

A system combining the cell repellent properties of poly(vinyl alcohol) and the
cell adhesive properties of polydopamine was demonstrated. It was shown that
polydopamine could be patterned onto dry poly(vinyl alcohol) films by microcontact
printing. The patterns remained stable even when the hydrogel was hydrated, in turn
enabling long-term patterned cell growth of HeLa, HUVEC, PC3 and HEK293 cells.
The system was also compatible with plasma activated bonding, making it possible to
integrate with PDMS devices for patterning of cell growth inside microfluidic channels.
In addition to micro-contact printing, solution deposition of polydopamine was shown
to activate initially cell repellent PVA, allowing cell attachment. A modified cell-
compatible polydopamine deposition solution was used for in situ ”switching” of PVA
from cell-repellent to cell adhesive also during cell culturing. Finally, by combining
microcontact printed polydopamine with in situ polydopamine deposition, a proof-of-
concept patterned co-culture consisting of HUVEC and HelLa or HeLa and HeLa was
demonstrated. It was demonstrated that this form of micropatterned co-cultures can
allow the systematic and high-throughput investigation of interactions between different
cell types.

The possibility for patterned cell cultures and patterned co-culture were realized
through simple chemistry with low-cost commercially available materials and a minimum
of infrastructure. These type of simple and readily available systems could allow non-
specialized labs access to more advanced cell culturing methods without the need to
invest in complex equipment or involved chemical procedures.
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