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One of the great challenges of bottom-up synthetic biology is to recreate the cellular geometry and
surface functionality required for biological reactions. Of particular interest are lipid membrane
interfaces where many protein functions take place. However, cellular 3D geometries are often complex,
and custom-shaping stable lipid membranes on relevant spatial scales in the micrometer range has been
hard to accomplish reproducibly. Here, we use two-photon direct laser writing to 3D print
microenvironments with length scales relevant to cellular processes and reactions. We formed lipid
bilayers on the surfaces of these printed structures, and we evaluated multiple combinatorial scenarios,
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observed in response to the 3D geometry. This method proves very useful to template biological
membranes with an additional spatial dimension, and thus allows a better understanding of protein

function in relation to the complex morphology of cells and organelles.

DOI: 10.1039/d1sm00112d

rsc.li/soft-matter-journal

Open Access Article. Published on 23 March 2021. Downloaded on 1/19/2026 6:39:30 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Introduction

Many protein functions take place at lipid interfaces; and often,
geometrical features are key in regulating this interaction.
For example, membrane curvature,"”” compartmentalisation
into droplets and vesicles,>* and formation of domains that
pattern lipid surfaces™® all govern pathways by influencing
protein localization and behaviour. Consequently, engineering
membrane geometry to mimic cellular features, in order to
faithfully reconstruct biological functionality in vitro, is one of
the most fundamental challenges in bottom-up synthetic
biology.

Over the past years, many techniques have been developed
to generate artificial membranes and modulate their geometry.
They often start from spherical membrane mimics, such as
water-in-oil droplets and liposomes,” which can be produced in
large numbers and feature cell-sized volumes with phospholipid
mono- or bilayer interfaces. By varying membrane curvature or
surface tension through buffer exchange or membrane-
transforming agents, the geometry of these delicate free-standing
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vesicles can be deformed into rod- or tubular-like shapes, mimicking
certain cellular geometries.”®° However, the resulting morphologies
are either ill-controlled or require sophisticated techniques that
are technically challenging. In particular, since non-spherical
shapes are rarely in equilibrium, they tend to be temporally
unstable and hard to control. Hence, the variety of shapes that
free-standing vesicle membranes can adapt to is limited. Other
bilayer systems, such as black lipid membranes'®*? and other
emulsion transfer methods™® also suffer from this limitation;
their membrane topology and topography cannot be easily
varied beyond their equilibrium state.

In this regard, supported lipid membranes on substrates
provide an attractive alternative, featuring high stability of
membranes and facile preparation methods.'* They can be
formed on planar surfaces, but their geometry can also be
varied by forming them on patterned substrates'>™*° or on the
surfaces of microfabricated compartments.>>*' Here, the range
and size of possible geometries depends on the underlying
pattern or the shape of the supporting material, which allows
much greater flexibility. However, accurately recreating cellular
geometries often requires complex 3D features, which conventional
2D patterning methods cannot achieve.

In order to explore more complex 3D structures for
membrane sculpting, we turned to two-photon direct laser
writing (2PP-DLW) - a light-initiated 3D printing technology, based
on photoresist polymerisation upon the quasi-simultaneous
absorption of 2 photons. Owing to the higher definition of the
2-photon point spread function, structures can be printed with

This journal is © The Royal Society of Chemistry 2021


http://orcid.org/0000-0001-8737-2939
http://orcid.org/0000-0001-6229-4276
http://orcid.org/0000-0002-9278-8207
http://orcid.org/0000-0002-6106-4847
http://crossmark.crossref.org/dialog/?doi=10.1039/d1sm00112d&domain=pdf&date_stamp=2021-03-29
http://rsc.li/soft-matter-journal
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1sm00112d
https://pubs.rsc.org/en/journals/journal/SM
https://pubs.rsc.org/en/journals/journal/SM?issueid=SM017022

Open Access Article. Published on 23 March 2021. Downloaded on 1/19/2026 6:39:30 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

sub-micron resolution,” and custom-shaped 3D microenviron-
ments can be accurately fabricated with length scales relevant to
cellular processes. 2PP-DLW has been successfully employed in
optics,”® microfluidics,> soft robotics®®*” and biological
applications,***®3° and a variety of photoresists and post-
modification methods have been developed to further increase
the range of chemical functionalities for the different
applications.**

To form supported lipid membranes on materials suitable
for 3D lithography, Ormocomp, pentaerythritol triacrylate
(PETA) and trimethylolpropane ethoxylate triacrylate (TPETA)
are of particular interest. They are well established polymer
systems in bio-applications because they have low cytotoxicity,
are easy to handle, and show minimal autofluorescence with
good transmittance of light for imaging.’"*??** They are
chemically and mechanically stable, with low swelling unlike
typical hydrogels,®® and their elastic moduli are typical for
stiff polymers (Ormocomp ~1 GPa, PETA ~3 GPa and TPETA
~10 MPa).**?” Their chemical compositions are also ideal for
manipulating membranes: PETA includes an exposed hydroxyl
group that aid in lipid membrane formation, whilst TPETA has
a PEG-like chain that passivates against membrane fusion.
Ormocomp is accessible to a wide range of available post-
modification methods,*® including silanization, that can
render the surface favourable for membrane formation.
Therefore, these materials are ideal candidates to fabricate
3D-lipid bilayer architectures.

In this paper, we introduce a new method for generating
custom-shaped membrane morphologies based on 2PP-DLW.
We specifically tailor 3D printed structures that are templates
for biomimetic lipid membranes - different lipid compositions
can be deposited, based on charge interaction between lipids
and support structures. We apply our membrane architectures
to investigate the influence of particular spatial features on
in vitro reconstituted protein systems. These include a
membrane attached minimal actin cortex and the pattern
forming MinDE protein system from E. coli, which displays
dynamic self-organization in response to 3D spatial patterning.
Although 2D structuring of membrane surfaces has previously
been shown to alter the obtained patterns,*® adding another
spatial dimension will bring us an important step closer
towards studying true biomimetic functionality.

Experimental
Fabrication of 3D microstructures

To enhance the adhesion of the microscaffolds to the glass sub-
strate surface for pentaerythritol triacrylate (PETA, Sigma-Aldrich)
and trimethylolpropane ethoxylate triacrylate (TPETA,
Sigma-Aldrich, M, ~ 692, Sigma-Aldrich), glass coverslips
(22 mm x 22 mm, borosilicate, Menzel) were initially treated
with O, plasma (Zepto, Diener Electronic) (power 30%, pressure
0.3 mbar for 1 min), then immersed in 3-(trimethoxysilyl)propyl
methacrylate (Sigma-Aldrich, >98%) (0.1 mL in 20 mL ethanol)
overnight, rinsed in water, and dried with nitrogen. At this
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point, the coverslips should be slightly hydrophobic - a visual
inspection of the contact angle of a small water droplet with the
surface (>45°) should suffice. For Ormocomp (Microchem,
USA), similarly plasma treated coverslips were spin-coated with
OrmoPrime (Microchem, USA) for 40 s at 6000 rpm and then
baked on a hotplate for 5 min at 150 °C.

For lipid assays, plane surfaces of Ormocomp and PETA
were spin-coated (60 s at 6000 rpm) and UV exposed (FormCure,
Formlabs) for 15 min at room temperature. As TPETA requires
either an overnight exposure, or cures more efficiently with
O,-free atmosphere - a slab of PDMS was gently pressed down
on a drop of photoresist and exposed to UV for 15 min at RT.

For the Min assays, treated coverslips were further spin-coated
with a drop of Ormocomp and UV exposed, so that the glass
surface is also coated with Ormocomp (thickness ~10 pm).

For 3D printing, scaffold geometries were designed in Solid-
works (Dassault Systemes, France), and print parameters then
specified in Describe (Nanoscribe GmbH, Germany) and fabri-
cated on a commercial DLW system (Photonic Professional,
Nanoscribe GmbH, Germany) with a Zeiss LCI “Plan-Neofluar”
25x/0.8 objective, corr-ring set on oil immersion. The photo-
resist was drop-cast onto the coverslip and the 3D micro-
scaffolds were printed with an oil immersion (Carl Zeiss
Immersol 518F). After exposure, the structures were developed
and rinsed with isopropyl alcohol (for PETA and TPETA) or
OrmoDev (Microchem, USA) and then isopropyl alcohol (for
Ormocomp). The structures were kept submerged in isopropyl
alcohol (IPA) and dried using a critical point dryer (Leica EM
CPD300). This was because drying the beam structures directly
in air would lead to them collapsing due to surface tension - for
larger, sturdier structures, drying in air would be sufficient.

For composite printing, PETA was dropcast on spin-coated
TPETA. The grids were printed at 80% laser power and 15000 um s~ .
The sample was then developed and rinsed with isopropyl
alcohol and dried in a stream of air.

Scanning electron microscopy

Samples were first sputter-coated with platinum/palladium on
a high-resolution automatic sputter coater (Cressington 208HR)
at 20 mA and 0.1 mbar Argon for 3 x 20 s. The thickness of
the applied coatings was measured with a built-in thickness
controller to be 2.0 nm. They were then imaged using TESCAN
MIRA3 FESEM operating at an accelerating voltage of 10 kV in
SE mode.

Homogeneous bilayer formation by small unilamellar vesicles
(SUV) fusion

All lipids were purchased from Avanti Polar Lipids (Alabaster, AL,
USA), unless otherwise stated. Small unilamellar vesicles (SUVs)
composed of DOPC (1,2-dioleoyl-sn-glycero-3-phosphocholine) for
neutral lipid membranes, DOPC/DOPG (1,2-dioleoyl-sn-glycero-3-
phospho-(1'-rac-glycerol)) for negatively charged membranes, or
DOPC/DOTAP (1,2-dioleoyl-3-trimethylammonium-propane) for
positively charged membranes, containing Atto655-DOPE (Atto-
TEC GmbH, Siegen, Germany) in 7:3:0.005 molar ratio. Lipids
dissolved in chloroform were dried under a nitrogen stream, and
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vials were placed in a desiccator to remove residual chloroform for
at least 2 h. Afterwards, lipids were rehydrated in a buffer to a
concentration of 4 mg mL~". One of two types of buffer was used,
depending on the required conditions. pH Buffer (0.1 M Na,CO3
and 0.1 M Na,HCO; mixed in 6:4 volume ratio, pH 10.1) was
prepared to provide basic conditions for deprotonation of
hydroxyl groups. Buffer M (25 mM Tris-HCIl, 150 mM KCl,
5 mM MgCl,, pH 7.5) was used for APTES-treated Ormocomp
structures. SUVs were then generated by sonication in a water
bath (model 1510; Branson) until the solution appeared clear.

SUVs were added to a chamber, assembled from a silicone
isolator chamber (Thermo Fisher Scientific, 0717104) pressed
on to the coverslip, at a concentration of 0.5 mg mL ™" diluted
in the buffer of choice. After 3 min incubation at 37 °C on a
heating block, the supported lipid bilayer (SLB) was gently
washed with a total of 600 pL buffer S (25 mM Tris-HClI,
150 mM KCl, pH 7.5) to remove excess vesicles.

For the silanisation treatment of Ormocomp, the samples
were first plasma treated with argon plasma (Model 950
Advanced Plasma System, Gatan), and then incubated in (3-
aminopropyl)triethoxysilane (Sigma-Aldrich) at a dilution of
0.1 mL in 25 mL ethanol for 5 min. The samples were then
rinsed in IPA and water. For delicate structures, the chamber
was assembled with the sample still submerged in water so that
the structures did not collapse under surface tension during
drying. The water was exchanged with buffer, and the SUV
concentration was adjusted to 0.5 mg mL™".

Lipid patch formation by giant unilamellar vesicle (GUV) fusion

Giant unilamellar vesicles (GUVs) composed either of DOPC
(neutral), DOPC/DOPG (negative) or DOPC/DOTAP (positive)
with  Atto655-DOPE  (1,2-dioleoyl-sn-glycero-3-
phosphoethanolamine) in 8:2:0.0005 molar ratio were produced
by electroformation in polytetrafluoroethylene chambers with
platinum electrodes 4 mm apart, as described previously.*>*!
Briefly, 6 pL of the lipid mixture (2 mg mL " in chloroform)
was spread onto two platinum wires and dried in a desiccator for
30 min. The chamber was then filled with 370 pL of a 250 mOsm
kg~ ' aqueous solution of sucrose. An AC electric field of 2 V (RMS)
was applied at a frequency of 10 Hz for 1.5 h, followed by 2 Hz for
45 min. The obtained solution was diluted 1:10 in volume in
250 mOsm kg~ ' sucrose and further diluted 1:7 in volume in
their respective buffers. The vesicle solution was then deposited
directly onto the polymer surface, and left for several minutes
until the vesicles sank to the bottom and came into contact with
the surface.

mixtures

Fluorescence microscopy

FRAP experiments on plane surfaces were done on Nikon
Eclipse Ti2 in a TIRF (totalinternal reflection fluorescence)
set-up using a Nikon Apo TIRF 60x/1.4 oil immersion objective.
We used the 640 nm diode laser lines to image Atto655-DOPE.
FRAP experiments on patterned membrane patches were done
on a Zeiss LSM780 confocal laser scanning microscope using a
C-Apochromat 40x/1.20 water-immersion objective (Carl Zeiss
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AG, Oberkochen, Germany). Atto655-DOPE was excited by the
633 nm He-Ne laser.

Likewise, F-actin filament and MinDE self-organisation
assays were imaged on a Zeiss LSM780 confocal laser scanning
microscope using a Zeiss C-Apochromat 40x/1.20 water-
immersion objective (Carl Zeiss AG, Oberkochen, Germany).
Alexa488 was excited using the 488 nm argon laser, Alexa568 on
the 561 nm DPSS laser and Atto655-DOPE using the 633 nm
He-Ne laser. Obtained images were processed using Fiji.*?

4D images were taken with Nikon Eclipse Ti in a spinning
disk confocal set-up, with the Nikon Plan Fluor 20x/0.75 water
immersion objective (both Nikon GmbH, Disseldorf,
Germany). We used the 490 and 640 nm diode laser lines to
image GFP and Atto655-DOPE, respectively. We then used a
custom written script to reconstruct the 4D images. Briefly, the
images were first processed by successive filters: Gaussian 3D
Blur (x = 3, y = 3, z = 10; Subtract Background (rolling ball
radius = 20, sliding paraboloid); Median 3D (x =3,y =3,z =1).
The 3D timelapse images from different fluorescence channels
were then merged into one composite color hyperstack, and
visualized using 3D Viewer (Display as = Volume, Color = None,
Threshold = 0, Resampling factor = 2).

Fluorescence recovery after photobleaching (FRAP)

For FRAP on plane surfaces, a circular spot of 5 um diameter
was illuminated with full laser power for 260 ms, and the
average fluorescence intensity was recorded every 3 s over
300 s. For FRAP on patterned membrane patches, the defined
regions of interest were illuminated with full laser power for
0.82 s (50 iterations on the Zen Black software (Carl Zeiss AG,
Oberkochen, Germany)), and the average fluorescence intensity
was recorded every second for 100 s for the 2.5 um diameter
circular region, and every 3 s for 300 s for the entire square
patch. Measurements were taken at room temperature (23 °C).
Intensity in a second area of the same dimensions was recorded
in the same field of view, in order to correct for the intensity
drift. The intensity trace was fit to the equation derived by
Soumpasis.*?

Sy =t (10 (217'3) +1 (217'3)) (1)

Here, 7, is the characteristic timescale for diffusion, and ¢ is
the time. f(¢) is the normalized fluorescence, and I, and I, are
modified Bessel functions. The diffusion timescale for a
bleached spot of radius r is tp = /4D with D the diffusion
coefficient. A custom script written in Python was used for
curve fitting and data analysis.

Atomic force microscopy

AFM was performed on a JPK Instruments Nanowizard III
BioAFM mounted on a Zeiss LSM510 Meta laser scanning
confocal microscope (Jena, Germany). AFM measurements were
taken after locating the membrane patch by confocal micro-
scopy. Cantilevers (BL-AC40TS-C2, Biolever Mini, Olympus)
were used for the quantitative imaging (QI) mode, with typical

This journal is © The Royal Society of Chemistry 2021
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spring constants of 0.09-0.1 N m™". Setpoint force was set to
200-250 pN, acquisition speed to 61.1 um s ', Z-length to
110 nm and image resolution to 256 x 256 pixels. Data was
analyzed using JPK data processing software Version 5.1.4
(JPK Instruments).

F-Actin filament assays

Actin filaments were prepared according to the published
protocol.**** Briefly, rabbit skeletal muscle actin monomers
(Molecular Probes) and biotinylated rabbit actin monomers
(tebu-bio, Cytoskeleton Inc.) were mixed in a 5:1 (actin: biotin-
actin) ratio. Polymerization of the mixture (39.6 uM) was induced
in Buffer F containing 50 mM KCl, 2 mM MgCl,, 1 mM DTT,
1 mM ATP, 10 mM Tris-HCI buffer (pH 7.5). The biotinylated
actin filaments were labelled and stabilized with Alexa-Fluor
647 Phalloidin (Molecular Probes) according to the manufacturer
protocol.

We formed the SLB as described previously, with DOPC/
DOTAP (1,2-dioleoyl-3-trimethylammonium-propane), 1,2-dioleoyl-sn-
glycero-3-phosphoethanolamine-N-(cap biotinyl) and Atto655-
DOPE (Atto-TEC GmbH, Siegen, Germany) mixed in 6.75:
2.75:0.5:0.0005 molar ratio. Streptavidin Alexa 568-conjugate
(Thermo Fischer Scientific) was subsequently added at 10 nM
concentration and incubated for at least 30 min. After washing
away the excess streptavidin with Buffer F, F-actin filaments were
added at a final concentration of 200 nM. Filaments were incubated
for at least 1 h at room temperature, and the unattached filaments
gently washed away with Buffer F before imaging.

MinDE self-organisation assays

MinDE dynamics were reconstituted as previously described.*®
Briefly, a mixture of 1 uM MinD (doped with 30% EGFP-MinD),
2 UM MinE, and 5 mM ATP (from 100 mM ATP stock in 100 mM
MgCl,, pH 7.5) in buffer M was first prepared. The mixture was
then loaded onto the chambers to a final concentration of
0.5 uM MinD (doped with 30% EGFP-MinD), 1 uM MinE, and
2.5 mM ATP (i.e., to half the concentration) and incubated for at
least 30 min at room temperature (23 °C) before imaging.

2. Results and discussion

2.1. 3D laser lithography of microstructures

Engineering functional lipid-coated 3D geometries before a
possible in vitro reconstitution of membrane proteins involves
three main steps: (1) microfabrication of the 3D structures, (2)
surface modification of the polymers to specifically tune lipid-
polymer interactions, and (3) lipid deposition to prepare
supported lipid membranes (schematic shown in Fig. 1A). In
the microfabrication step, we performed a 4-dimensional
parameter sweep (laser power, scan speed, z-slicing and
xy-hatching), and analysed the outcome for quality by scanning
electron microscopy (SEM). All these parameters contribute to
the deposited energy density, which regulates the degree of
polymerisation. The slicing and hatching parameters with
respect to the polymerisation voxel (determined by the optical
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Fig.1 (A) Schematic the of work flow. Microstructures are printed by
two-photon lithography. The microstructure surface is then modified to
promote lipid membrane fusion, and coated by a supported lipid
membrane. Afterwards, purified proteins are reconstituted in vitro. (B)
Chemical structures of () Ormocomp and (i) PETA, which allow SLB
formation, and (iii) TPETA, which passivates against SLB formation. (C)
scanning electron microscopy images of beam structures printed with (left
to right) Ormocomp, PETA and TPETA at their near-optimum settings (see
Fig. S1 for a detailed parameter sweep, ESIt). Scale bar 50 pm.

set up, chemical composition, laser power and scan speed®’)
also affect the structure quality. For example, a very coarse
hatching with a small polymerisation voxel could lead to rough
surface quality as well as underexposure.

We printed rod-like structures (length 100 um, and widths
2-10 pum), as a minimal complexity design to first test out our
printing parameters, (see Fig. S1 for parameter sweep, ESIf),
and we subsequently used them in our in vitro reconstitution
experiments. No stable structure could be printed below 2 pm
width. For each of the resists (chemical structures shown in
Fig. 1B), we found that the optimum writing conditions were:
Ormocomp (power 80% speed 10 000 um slicing 0.1 pm hatching
0.5 um), PETA (power 80% speed 10000 pm s~ * slicing 0.3 pm
hatching 0.1 pm) and TPETA (power 100% speed 10 000 um s~ *
slicing 0.3 um hatching 0.1 pm), all with XY hatching at 90°
(perpendicular) to the axis of the rods (Fig. 1C). We found that
the dynamic range (range of parameters from where poly-
merisation starts to occur up to where resist explodes due to
overexposure) of Ormocomp is narrow compared to PETA and
TPETA. The narrow range of Ormocomp is consistent with
previously reported results,*® and could potentially be broadened
by use of additional photoinitiators.

Soft Matter, 2021,17, 5456-5466 | 5459
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We also found that hatching at 90° (perpendicular) to the
axis of the beams provided much better results as compared to
hatching at 0° (parallel) to the axis (Fig. S2, ESIT). For structures
with high xy aspect ratios (length much longer compared to
width), the time taken between adjacent hatchlines is
much shorter with perpendicular hatching. Each hatchline is
immediately stabilised by the adjacent hatchline before it has
time to deform under gravity or drift, which resulted in much
more stable layers of print being formed.

2.2 Surface modification of polymers for membrane fusion

After the fabrication, we went on to coat the surfaces of our
printed structures with lipid membranes. Supported lipid
membranes can be formed by vesicle fusion,*® whereby an
attractive interaction between the lipid and the surface
promotes vesicles to rupture and spread on the surface. A more
detailed understanding of this process is extremely complex, as
it involves a large set of parameters on both the surface and the
membrane, including higher order molecular interactions,
charge density on both membrane and polymer surface, as well
as surface roughness.”®”° However, we can gain qualitative
insights into the probable lipid behaviour by considering the
charge interaction between the lipid headgroups and the functional
groups on the polymer surface.”® Thus, by considering the
molecular structures, we formulated lipid-polymer combinations
that would form supported lipid bilayers (SLBs).

PETA has hydroxyl groups which can be deprotonated under
alkaline conditions (Fig. 1B). The presence of negative charges
on the surface promotes fusion of positively charged lipid
vesicles via direct electrostatic interaction. Ormocomp is a
commercially available polymer consisting of an organic/
inorganic (silica) hybrid network, in which hydroxyl groups
are also present. However, the detailed chemical composition is
undisclosed. Similar to PETA, these hydroxyl groups can also be
deprotonated at high pH, and thus likely a useful support for
membranes with an overall positive charge. In order to support
negative or neutrally charged lipids, deprotonated hydroxyl
groups on PETA and Ormocomp can often be bridged by
positively charged divalent ions such as calcium, which is also
commonly used to support negatively charged lipids on glass.>>

In addition to the native properties of the polymers, there is
a range of well-documented post-functionalisation methods for
Ormocomp.*>*® The presence of the inorganic backbone in its
chemical structure means that many treatments can be done
similarly to treating glass or silicon dioxide. It can first be
plasma-treated, which exposes more hydroxyl groups. This can
again be used to support positively charged membranes or be
bridged by divalent ions to support negative or neutral lipids.
Ormocomp can further be silanized, by which positively
charged amine groups are incorporated on the surface of the
material by (3-aminopropyl)triethoxysilane (APTES) treatment.>®
Hence, silanization allows negatively charged vesicles to fuse
with the surface. Note that oxygen plasma cannot be used with
Ormocomp, since it reacts with the inorganic component in the
polymer network and forms porous structures.>* Hence, we have
several possibilities to manipulate charge interactions that
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Fig. 2 Lipid interactions with polymer surfaces. (A) Functional groups on
the polymer surface promotes membrane fusion with positive or negative
lipid headgroups. (B) Homogeneous lipid membranes were formed by SUV
fusion. Fluidity of the SLB was measured by FRAP. Time lapse images of
FRAP, and the associated intensity trace, performed on Ormocomp with
APTES treatment with DOPC:DOPG lipids doped with 0.005 mol%
Atto655-DOPE. Scale bar 5 um (C) Bilayer verification on Ormocomp.
Membrane patches were prepared by fusing GUVs to the polymer surface.
The membrane height (4.7 £ 0.7 nm) was measured by atomic force
microscopy. Scale bar 20 um, colour bar range 0-40 nm.

would favour fusion with vesicles of the desired lipid type with
PETA and Ormocomp (Fig. 24A).

TPETA, on the other hand, has PEG-like chains in their
structure, which is a known passivation agent against molecular
adhesion and adsorption,® and can also prevent vesicle fusion.
This passivating property of TPETA, when combined with the
lipophilic property PETA and Ormocomp, could allow us to print
composite structures, where we can selectively target membrane
supported regions. Thus, based on simple chemistry, we evaluated
multiple combinatorial scenarios to generate 3D membrane geo-
metries with desired membrane affinity.

These charge-based considerations do not only apply to the
materials investigated here, but could also be used as starting
points for forming membranes on any newly developed
material. As more and more photoresins are being developed
for 3D printing, materials with improved physical and chemical
properties would significantly widen the scope of our biological
research. For example, soft materials such as shape-shifting
hydrogels*® and protein-based hydrogels®>™” would allow us to
create flexible and deformable structures, potentially enabling
us to investigate how cytoskeletal proteins deform membranes.
Materials with better optical properties are also crucial. With
fluorescence-based, dynamic imaging of biological samples,
the resolution and the image quality of membrane processes
rely heavily on refractive index matching between the sample
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and the surrounding medium. Materials such as CYTOP>® and
MyPolymer®® have similar refractive indices to water, which
would allow super-resolution imaging, and this would give us
the chance to probe biological samples at a higher level of detail.

2.3. Supported lipid membrane formation on polymer
surfaces

Next, we tested how well the different combinations of polymer
and surface modifications support lipid membranes of different
charges. We generated small unilamellar vesicles for vesicle
fusion at a high concentration of vesicles (with the amount of
lipid much greater than needed to completely cover all surfaces)
and deposited them on planar, spin-coated polymer surfaces.
Subsequently, we checked for homogeneous, fluid bilayers indi-
cative of continuous membranes with no defects by fluorescence
recovery after photobleaching (FRAP) of labelled lipids (Fig. 2B).
Diffusion coefficients are summarised in Table 1, and immobile
fractions in Table S1 (ESIY).

We found that for negative and neutrally charged lipids,
Ormocomp with plasma treatment and silanization, or with
divalent ion bridging, resulted in membranes with the highest
fluidity (0.6 & 0.4 um” s~ *), comparable to those of membranes on
the commonly employed substrate, glass (0.9 + 0.4 um? s~ 1).°%%
Even though the fluidity of supported bilayers is typically slower
than those of free-standing bilayers (which can be up to
20 pm® s~ 1),%* the support does not significantly interfere with
biological functions of many membrane proteins, as shown in
previous studies.'®®® Untreated Ormocomp or PETA with
divalent ion bridging showed very little fluorescence recovery
in the timescale of our experiments, indicative of immobile
membranes. For positively charged lipids, Ormocomp with
plasma treatment, as well as untreated PETA, formed fluid
bilayers (Fig. S3, ESIt), whilst untreated Ormocomp formed
immobile membranes. On TPETA, supported lipid membranes
were not formed, indicated by the lack of fluorescence on the
polymer surface after vesicle deposition (Fig. S3, ESIt).

Table 1 Lipid diffusion coefficients obtained from FRAP experiments on
supported membranes. Units in pm? s, Fluid bilayers are indicated in
bold, which have values comparable to or faster than those formed on
glass. Immobile bilayers are indicated in italics. Errors are standard
deviations calculated from 9 measurements (3 samples at 3 different
locations on the membrane each)

Negative/neutral charged lipids

Material ~ Surface modifications DOPC/DOPG  DOPC
Ormocomp Plasma + APTES 0.6 + 0.1 0.7 £ 0.4
Plasma + pH buffer + Ca®"/ 0.6 + 0.4 0.7 + 0.3
Mg*"
pH buffer + Ca/Mg 0.2 £ 0.05 0.1 £+ 0.03

PETA pH buffer + Ca/Mg 0.006 + 0.0004 0.05 + 0.003

Positive charged lipids

Material Surface modifications DOTAP

Ormocomp Plasma + pH buffer 2.3 +1.3
pH buffer 0.3 + 0.03

PETA pH buffer 1.1+£0.1
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Having determined the fluidity of the respective membranes,
we confirmed whether the membrane was indeed a lipid bilayer
and not a lipid monolayer, as for the case of some other polymer-
supported membranes.*° For this, we prepared giant unilamellar
(GUVs), sized typically 5-20 pm, which form
large membrane patches when they fuse onto the surface. These
patches were individually imaged, by both fluorescence
microscopy and atomic force microscopy, which allowed us to
simultaneously verify the presence of the membrane patch, and
also to directly measure the membrane height.

We measured the height of the bilayer patch for Ormocomp
(4.7 £ 0.7 nm, Fig. 2C) and PETA (4.7 + 0.9 nm, Fig. S4, ESI%).
The error was calculated as a standard deviation from 3 cross-
sections taken from 2 independent bilayer patches (total 6
cross-sections). Typical lipid membranes with di-oleyl acyl-
chained lipids have an approximate thickness of 5 nm in
height.®* Both measurements are therefore well within the
height range of bilayers. When GUVs were deposited on TPETA,
GUVs did not rupture and remained intact, which was
confirmed by confocal microscopy (Fig. S5, ESIT).

We conclude that, on PETA and Ormocomp, lipid bilayers of
different charged lipids can be formed, with membrane fluidity
comparable to those formed on glass. In contrast, TPETA does
not support membrane formation, and passivates against
membrane fusion.

The processes we employed here to investigate membrane
formation can be applied to other material, surface modification
and lipid combinations that are more application specific. In
many cases, synthetic lipids are suitable mimics for natural
lipids - for example, most prokaryotic cell membranes are
negatively charged, and therefore, many bacterial protein sys-
tems can be reconstituted on membranes containing DOPG.%>"%”
A wider variety of lipid species, such as PIP, or DOPS, could be
investigated to further extend the range of protein systems to be
recruited. Membranes could also be formed on polymer
cushions, e.g., polyethylene glycol (PEG)-silanes, and this would
allow the in vitro reconstitution of transmembrane proteins.®*%°
Such investigations would support us to further improve the
biomimicry of our fabricated microenvironment.*>”°

vesicles

2.4. Lipid patterning by composite printing

One of the most attractive features of engineering microenvir-
onments is the ability to spatially position molecules to mimic
the spatial order and organisation within a living cell. Having
found the polymer-lipid composition combinations that either
allow or passivate against vesicle fusion, we printed composite
structures that allowed selective membrane deposition. For
these structures, we utilised PETA and TPETA (without post-
modifications), where untreated PETA supports positively
charged membranes in alkaline conditions, whereas TPETA
passivates against them. We designed 10 pm grids consisting
of PETA, with 10 um spacing, that were printed on top of a
planar TPETA surface.

We deposited labelled lipids (DOPC : DOTAP 7 : 3 molar ratio
doped with 5 mol% biotinylated lipid and 0.005 mol% Atto655-
DOPE) on these structures and observed lipid-dye fluorescence

Soft Matter, 2021,17, 5456-5466 | 5461
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Fig. 3 Lipid patterning by composite printing. (A) Schematics of (i) PETA
grids printed on TPETA surface and (i) in vitro reconstitution of actin
filaments on patterned lipids. (B) FRAP experiment on membrane patches.
Membranes with labelled lipids (DOPC:DOTAP 7:3 molar ratio doped
with 5 mol% biotinylated lipid and 0.005 mol% Atto655-DOPE) were
formed on square-patterned PETA patches, where an entire square
(orange, top row) and a 2.5 pm diameter circular region (blue, bottom
row) were subsequently bleached. Fluorescence intensity vs. time from
these regions are plotted with: bleached square (orange), unbleached
square (grey) and circular region (blue). (C) Confocal images of patterned
lipids and actin filaments after incubation with streptavidin. Its associated
intensity trace along the indicated line is plotted. Scale bar 10 pm.

only in the 10 pm squares with 10 pm spacing, indicating that
membranes formed only on the PETA surface (Fig. 3).

To assess the mobility of the lipids on these membrane
patches, we first bleached a single, entire square. This square
did not recover in fluorescence in the timescale of our experiments
(5 min), showing that the individual membrane patches are indeed
disconnected (Fig. 3B). We also bleached a smaller circular
region of 2.5 pm diameter within a membrane patch, and the
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recovered with a diffusion coefficient of
1.3 + 0.8 pm? s~ ', which is similar to the values obtained on
plane surfaces.

To demonstrate the utility of selective membrane deposition

fluorescence

for targeting specific molecules onto the membranes, we used
In this setup,
biotinylated lipids in the membrane are bound by streptavidin
that in turn recruit stabilised and biotinylated actin filaments.
We found that the streptavidin was selectively recruited to the
lipid patches and that the actin filaments accumulated in this
area (Fig. 3C). We also performed a control experiment, where
the membranes were not incubated with streptavidin before the
deposition of actin filaments (Fig. S6, ESIt). We observed that a
significantly reduced number of actin filaments were localized
on the membranous patches. We can still see a slightly
increased intensity on the membrane, as compared to the
surrounding regions, which can be attributed to the non-
specific binding of actin filaments with positively charged
lipids due to electrostatic forces.”"”>

Lastly, we performed a control on a planar PETA surface,

our previously developed minimal actin cortex.*

where streptavidin was reconstituted with and without the
formation of the lipid bilayer. As expected, we found that
streptavidin was detected on the surface only with the presence
of the lipids, excluding the possibility that they are simply
adsorbing on the PETA surface (Fig. S7, ESIt), but are selectively
recruited to the membranes by biotin-streptavidin coupling.

These results demonstrate that positive lipids can be
patterned by composite printing of PETA and TPETA, which
can further be employed to spatially pattern proteins.

2.5. Dynamic protein patterns on 3D microstructures

One of the major methodological advantages of 3D printing is
that we can produce full 3D shapes that are not simply extrusions
of 2D patterns. This added dimensionality gives us the
opportunity to engineer and systematically vary the surface to
volume ratio. This is a crucial parameter for reaction-diffusion
processes that involve membranes for confinement and as
catalytic surfaces, as peripheral membrane proteins attach to
the lipid surface, and detach and diffuse in the bulk volume. In
order to further explore this capability of our technique, we
investigated the E. coli MinDE system, which has been shown
in vivo to be a spatial regulator that positions the division ring
to midcell,”® and forms dynamic patterns when reconstituted
on supported lipid membranes in vitro.®>”*

Pattern formation of the E. coli MinDE system involves two
proteins: MinD and MinE. MinD forms a dimer in the presence
of ATP, upon which it attaches cooperatively to the membrane
(autocatalytic attachment). At higher local concentrations on
the membrane, it recruits MinE, which stimulates MinD’s
ATPase activity that triggers its detachment from the
membrane (catalytic detachment). This forms the basis for a
reaction-diffusion mechanism, where the two proteins cycle
between the bulk volume and the lipid surface, and is dynamically
regulated by biochemical reactions between them. The patterns
are therefore strongly dependent on geometry with different
surface to volume ratios. On planar surfaces with (quasi-) infinite
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bulk volume,*® Min proteins form travelling waves; on patterned
(finite) surfaces with infinite bulk volume they produce directional
waves;”® and in confined, cylindrical geometry, they perform
pole-to-pole oscillations® that are also seen in vivo.”

In order to investigate MinDE’s geometry sensitivity in
more detail, we devised a selection of 3D lipid architectures.
As MInDE require negatively charged membranes for self-
organization,® we printed structures with Ormocomp and
silanized them. A previous study on 2D patterned bilayers
showed that MinDE waves switch from directional waves on
long strips of membranes to more chaotic, spiral patterns when
the strip width increased.’* We wanted to observe whether
MinDE patterns would respond in a similar fashion in 3D.
Therefore, we first designed rod-like structures (Fig. 4B), and
increased the width in the mid-section of the rod from 10 to
50 pum, thereby providing larger surface area for the available
volume.

When we reconstituted the MinDE proteins in vitro, they
formed traveling wave patterns on the structures with qualitatively
different behaviours. For the 10 pum rod, waves travelled
directionally along the axis, assimilating 1D waves. As we
increased the width, we found that at 20 um, the pattern
resembled the spiral/chaotic patterns often seen on planar surface
assays (Fig. 4C, D and Fig. S8, Movie 1, ESIf). The kymographs
taken along the axis of the rods also reveal that the waves travel
unidirectionally along the rod for narrow widths; whereas for the
20 um case, the waves travel outwards from the centre of the
spiral. Other wave properties are similar to previously reported
experiments: the measured period (1-2 min) and wavelength

A ’ MinD

A MinE .

Recruitment . A

ATP Triggered
Detachment P
\ Autocatalytic b

J Attachment ﬂ Lipid Membrane

Fig. 4 MinDE dynamic self-organisation on 3D structures. (A) Schematic
of MinDE molecular mechanism. (B) SEM images of printed structures.
(C) Confocal images of dynamic patterns on the structures (from left to
right, 10 pm, 20 pm, 50 pm widths), seen from the bottom of the
structures. Images from the top and their 4D reconstructions are shown
in Fig. S8 and Movie 1 (ESI¥). (D) Kymograph of pattern taken along the axis
of rods. Scale bar 20 um horizontal, 4 min vertical.
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Fig. 5 Visualization of MinDE dynamic patterns on complex structures
(Movie 2, ESIt). (A) SEM images of printed structures. (B) 3D view and
(C) Top view of Min patterns on structures. Lipids are visualized in red, and
MinD in cyan. The patterns were imaged as a 3D time lapse on a spinning
disk confocal microscope, and processed using a custom written Fiji script.
Scale bar 100 pm.

(~40 pm) compare well with previous studies on bilayers (period
0.6-2 min, wavelength 50-110 pm).”* Since the width of the 10 pm
rod is much smaller than the typical wavelength of the waves, the
waves are spatially confined to travel along the long axis. This
effect has previously been seen on 2D-patterned membranes,>>"*°
as well as in vivo by moulding bacteria into shapes.”

In order to demonstrate the complexity of membrane
morphology that could be obtained with this method, we
designed a single spiral, a multi-spiral and a fractal tree that
we coated with lipids. We then reconstituted MinDE proteins
in vitro to show that the membranes retain functionality even at
such complex shapes. To capture the full 4D information
resulting from the Min dynamics on the 3D structures, we
turned to spinning disk confocal microscopy. The fast frame
rates (typically <100 ms, compared to ~1 s for a confocal
laser scanning microscope) allowed us to record 3D Z-stacks
(50-60 slices at 2-3 pm intervals) at sufficient temporal
resolution (10 s) (Fig. 5, Movie 2, ESIf). On both the single
and the multi-spiral structures, the waves travel linearly on
each of the rods, similarly to the horizontal rod. The waves on
the fractal tree become more chaotic, due to the high density of
branches that complexify the bulk-to-surface ratio, but an
overall directionality of waves travelling from the central stem
to the outside branches can still be visually confirmed.

With the toolbox developed here, we can now explore much
more complex 3D geometries, which will allow us to investigate
this behaviour in more detail. For example, MinDE do not only
form traveling waves, but exhibits many more patterns such as
quasi-stationary patterns’® that so far have only been observed
in quasi-infinite plane and bulk volume assays. Recent
theoretical analysis of the MinDE system has reported that
the pattern formation of MinDE heavily depends on the surface
to volume coupling, suggestive of even richer and partly
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unexplored MinDE pattern formation.””’® In addition to their
role as the spatial indicators of the E. coli midcell, MinDE waves
have also been shown to position and transport biologically
unrelated membrane-bound molecules by non-specific
The directionality of MinDE waves on rods
demonstrated here could be exploited to specifically guide
MinDE waves and thereby transport arbitrary molecules on
membrane surfaces to a desired location. Taken together, this
promises fascinating further developments in many directions:
the practical toolbox introduced here, theoretical modelling of
Min dynamics in three dimensions, as well as the computational
tools that allow 4D image analysis,”> ®" which are all required to
investigate these questions further.

Together with the recent advances in cell-free protein recon-
stitution in vitro, the 3D printed structures demonstrated here
can be used to template biological membranes and significantly
expands the toolkit for bottom-up synthetic biology. Although
self-assembly and self-organization of functional biomolecules
have been shown to partly reproduce subcellular structures, the
morphological complexity of cells and organelles can still be
much more efficiently addressed by additionally employing
cutting-edge  microengineering technology. Membranous
structures like the endoplasmic reticulum, or the invaginations
in the mitochondria are systems where the membrane area per
reaction volume is carefully and actively regulated, and such
structures can be the target of a systematic investigation. Our
work can be considered a starting point for the further 3D
engineering of lipid-polymer interactions using multiple lipid
types, materials with greater deformability and compositional
complexity, and by miniaturisation of printed materials.
Biochemical investigations in such biomimetic 3D geometries
shed new insights into molecular mechanisms of proteins and
open up new applications in bioengineering, with an added
dimensionality to the conventional 2D fabrication techniques.

interactions.®”

Conclusions

In this work, we have introduced a novel method to fabricate
microenvironments for investigations of protein-lipid interactions
modulated by geometry. In order to obtain structures at
biologically relevant length scales, we employed 2-photon direct
laser writing to 3D print micron-sized structures from PETA,
TPETA and Ormocomp. We showed that supported lipid
membranes can be formed on PETA and Ormocomp, whilst
TPETA passivates. By utilising these properties and incorporating
them as a composite structure, membranes as well as
membrane-associated proteins can be spatially patterned.
Engineering surface to volume ratios on the micrometer scale,
our method enables fabrication of true 3D geometries to study
the dependence of protein self-organization through reaction-
diffusion, in particular the MinDE system from E. coli, on
membrane morphology, as visualised through 4D image
analysis. We recapitulate the striking transition from regular
to more turbid wave fronts as soon as membrane dimensions
exceed the scale of the wavelength in a particular direction,
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indicating how tightly this protein system is adapted to a
specific spatial setting within rod-like cells.
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