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Abstract

Creating adaptive, sustainable and dynamic biomaterials is a forthcoming mission of synthetic biology.
Engineering spatially organized bacterial communities has a potential to develop such bio-
metamaterials. However, generating living patterns with precision, robustness and low-technical barrier
remains as a challenge. Here we present an easily implementable technique for patterning live bacterial
populations using a controlled meniscus-driven fluidics system, named as MeniFluidics. We
demonstrate multiscale patterning of biofilm colonies and swarms with submillimeter resolution.
Utilizing the faster bacterial spreading in liquid channels, MeniFluidics allows controlled bacterial
colonies both in space and time to organize fluorescently labelled Bacillus subtilis strains into a
converged pattern and to form dynamic vortex patterns in confined bacterial swarms. The robustness,
accuracy and low technical barrier of MeniFluidics offer a tool for advancing and inventing new living
materials that can be combined with genetically engineered systems, and adding to fundamental
research into ecological, evolutional and physical interactions between microbes.
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Owing to their multifunctional nature, bacterial communities represent sources of inspirations and
opportunities for scientists and engineers to create adaptive and programmable engineered living
materials (ELM) ', Self-organized bacterial communities, such as biofilms and swarms, exhibit
complex multicellular behaviors which promote the survival of cells in harsh environments 7. Through
metabolic and biophysical cell-cell interactions, biofilms also produce valuable chemicals and materials
that can be used for next-generation batteries, biofuels, biodegradable plastics or therapeutics 7.
Arrangements of microbes in space and time are crucial for these collective behaviors and functions,
and hence controlling bacterial communities in space and time is an important step towards creating
living functional materials '*!''. ELM has a potential to go beyond the traditional understanding of
materials as a static set of properties by having adaptive and dynamic properties. Intriguingly, recent
progresses in theoretical understanding of topological active matter (e.g. '>'%) raise an exciting

possibility of manufacturing programmable, adaptive and fluidic metamaterials '°. However,
implementing these theoretical designs is yet to be seen because it requires advances in experimental

techniques for controlling active constituents and their collectives on multiple scales.

Substantial amount of bioengineering effort in the last decade has been exploited for developing living
cells and biomaterials that self-organize into desired patterns *!°. For example, programable nano-
objects and biomaterials were developed by functionalizing amyloid fibril '!®, the main protein
component of biofilm matrix '**°, Bacterial populations can be organized into patterns using inkjet
printers !, microcontact printing %%, 3D printing >4, biofilm lithography ** or genetic engineering 2%,
Yet, controlling the emergent dynamic patterns, such as vortices, remains largely unexplored.
Furthermore, their associated high technical and expertise barriers, demanding precise control of tools,
customized equipment and/or extensive genetic modifications, hinder the wide use of these techniques.
A robust and easy method to precisely control microbial patterns in space and time is essential to unleash

the full potential of biofilm engineering and facilitate biomaterial innovations.

Here we present MeniFluidics, a technique for micro-patterning fluid meniscus layers. We demonstrate
that local acceleration of bacterial spreading via MeniFluidics can shape biofilms into desired static and
active patterns, arrange multiple stains into controlled proximity and provide a tool to study self-
organization dynamics of active fluids in confinement.

RESULTS
Rationalized gel surface structuring for micropatterned channel formation

The idea of MeniFluidics stems from the notion that a structured agar gel with a sharp concave edge
can be wetted by a fluid meniscus layer (Fig. 1, S1 and S2). This fluidics layer could provide a favorable
path for cells to spread in space, which would in turn enable us to control the directions of colony
growth. To implement this idea, we made a structured agar surface by placing a micropatterned PDMS
mold on an agar plate during solidification (Fig. 1b, c, see also Fig. S3 and S4). Microscopy imaging
of the structure shows the meniscus radius of curvature with a few tens of microns (see Fig. S1). This
length is much smaller than the water capillary length, defined by the balance of the fluid surface tension

to the gravity force: L. = ,/0/pg, where o and p are the surface tension and the density of the fluid,

respectively. This small meniscus radius could be attributed to the reduced water pressure in agar
(Pagar < Patm) due to elastic contraction of agar gel. After gelation, the elastic matrix of agar contracts

due to evaporation of the water phase, which creates an extensile force acting on the fluid that gives



rise to a reduced pressure in the agar. When we assume a linear response of the elastic agar gel, the
pressure Py 4, can be estimated as Py — EA, where A = §/A is a ratio of the evaporated volume of
water () from the agar to the total volume of agar layer (A4) after gelation and E is the Young’s elastic
modulus of the agar gel. The meniscus radii, R, can be estimated by the Young-Laplace equation:

1,1
EA=o(7+5) (1
where R, and R, are principal radii of the curvature. In the case of a plane meniscus with a linearly
structured agar (Fig. 1a-c, Sla and b), 1/R, is negligible and we have R, = %A‘l. Measured variation

of R; as a function of A for 1.5% agar gel in water reveals that the decay is slightly slower than A™1
(Fig. S1). This indicates that agar does not act as an ideal Hookean spring, but possibly exhibits plastic
deformations. The measurements estimates the Young modulus of the agar to be ~ 10* — 103Pa,
which is in agreement with reported values ?°. Importantly, the meniscus width behaves as a function
of A, and hence it can be maintained for days when keeping the relative humidity high (Fig. S1).
Accounting for the fact that a complex medium reduces the surface tension in comparison to water ¥,
we obtain the meniscus radius of curvature R, to be in the order of a few tens of microns, which is again
in good agreement with the observation. Altogether, our analysis and optical observation clearly
indicate that structured agar surface can create fluidic channels with a cross section size h =

R, (1 —sin %) ~ 0.3R; due to the pressure difference between inside and outside of agar.

Controlled biofilm spreading by MeniFluidics over Space

To verify if the formed meniscus layers are large enough to contain bacterial cells, we began by
inoculating B. subtilis cells onto a structured agar surface and observed them under a microscope.
Bacterial cells were visible in the regions within ~16 um from the edge of the micro-patterned structures
and moving along the structure in real time (Fig. 1d, Fig. S5 and Supporting Movie S1). This
observation confirms that the meniscus is sufficiently large to carry bacterial cells. We next examined
whether the meniscus channels enable controlling the directions of macroscopic bacterial colony
spreading. Inoculum of a biofilm-forming B. subtilis strain, NCIB3610, was placed on flat agar surface
approximately 3 mm away from a micro-patterned structure (Fig. le). The plate was incubated at 30°C
and imaged using a custom-built DSLR camera imaging setup (see Methods). The colony initially grew
isotropically on a flat agar surface and eventually stopped after expanding for ~2.5 cm, as previously
reported 3!. When the expanding edge reached the MeniFluidics channel, the edge locally expanded
rapidly with the measured speed of ~10 mm/hr (Fig. 1f, g, and Supporting Movie S2). While this speed
may be influenced by both the cell spreading through the channel and the following lateral growth, it is
evident that the MeniFluidic channel substantially accelerates the colony expansion. To confirm that
the MeniFluidics-guided expansion is not specific to B. subtilis, we repeated the experiment with E.
coli, the Gram-negative model bacterium and confirmed a rapid expansion through the channel with E.
coli (Fig. S6). These results provide a proof of concept that MeniFluidics can be used to control the
directions of bacterial growth on gel surfaces.

Controlled biofilm spreading by MeniFluidics over Time

The gained spatial control over biofilm expansion holds a question of whether the overall expansion
speed can also be tuned. To this end, we consider a geometrically imposed control over the meniscus
radii by introducing a convex structure which creates the second principle radius of curvature, R, (Fig.
S2). Introduction of the second principal radius of curvature R, may alter Ry, thus the channel size, as
denoted by the Young-Laplace equation (Eq. 1). Specifically, when EA and o are constant, a small
negative convex R, decreases R, while small positive concave R, increases R;. This means that when
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R, becomes too small to carry bacterial cells, the translocation of cells along MeniFluidic channels
should cease off. According to this picture, we speculated that a highly curved structure supporting the
meniscus should introduce breaks in MeniFluidics where the expansion dramatically slows down.

To test the conjecture, we introduced an additional structure with a sharp 90° curve, named as “hinges”,
which would break the bacterial flow at their high curvature tips (Fig. 2a). We created channels with
periodically spaced hinges with a period of 4 mm (D, = 4 mm), and inoculated bacteria onto the flat
agar surface a few millimeters away from the channel. The expansion speeds were measured at 30°C
using a DSLR camera imaging setup. The colony exhibited a regular oscillation of fast and slow
expansion phases in its growth along the channel (Fig. 2b, ¢, and Supporting Movie S3). The distances
between halts were in good agreement with D,, indicating slowed expansion by the hinges (Fig. 2b).
To demonstrate that hinges allow controlling the overall expansion speeds, we repeated the experiment
with the designs with various distances between hinges (D). The result shows that the overall expansion
speed increases as a function of Dy (Fig. 3d). When the colony is assumed to follow the meniscus at
maximum velocity V;,, over distance Dy and delay at a hinge for a time 7, the average velocity V of the

colony edge along the hinged MeniFluidics is:

D
V = oot @)
m'l-‘[

Estimating V;;, ® 10 mm/hr and t = 8 hr from the obtained data, we can see that the Eq.2 fits the data
well (Fig. 3d), indicating that hinged MeniFluidics allow controlling the colony expansion speed in a
predictive manner.

Pattern engineering of biofilms and swarming dynamics

We next wondered if the gained ability may allow us to create bacterial colonies into arbitrary designed
patterns. As a proof of concept, we designed and implemented a snow-flake-like and a flower-like
patterned MeniFluidics channels and inoculated bacteria to the centers of the designs. After ~2 days of
incubation at 30°C, biofilms were formed with the designed shapes (Fig. 3a, b, S8 and Supporting
Movie S4). To further demonstrate the versatility of MeniFluidics, we designed an interdigitated pattern
in which two bacterial strains can form a stripe pattern in the middle (Fig. 3c). For visualization of
different strains, we used fluorescently labelled bacterial strains and inoculated them at the other ends
of the pattern. Specifically, we inoculated yellow fluorescent protein (YFP) or cyan fluorescent protein
(CFP) expressing B. subtilis, but otherwise identical, strains and incubated at 30°C for 2 days. The YFP-
labelled and CFP-labelled strains were organized into the designed pattern and formed an alternating
pattern in the middle where the distance between two strains can be robustly controlled (Fig. 3d, e).
Notably, MeniFluidics does not require any special equipment or use of genetically modified strains.
Even if microfabricated molds are not readily available, the method can be applied because meniscus
layers, and thus MeniFluidics, can be formed by any boundary of an object placed on an agar surface.
As an example, we placed a metal piece on agar surface and inoculated B. subtilis cells a few millimeters
away from the object. As expected, bacterial colony expansion was accelerated around the metal piece,
resulting in a metal piece surrounded by a wrinkled biofilm colony (Supporting Movie S6).

Finally, we tested if MeniFluidics can be adapted for forming dynamic patterns of active matter, such
as motile bacterial cells. We implemented MeniFluidics to confine actively swarming B. subtilis cells
in micron-sized domains consisting of circular, elliptical, and rectangular wells. The structured domains
were populated by swarming bacteria, which facilitated bacterial turbulence phenomenon under
confinement (Fig. 4a-d and Supporting Movie S5). Swarming bacteria entrained microscopic wells,
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while the gel parameters (i.e. E and A) were tuned in such a way that the meniscus radii of curvature
considerately exceed the width of the wells. This resulted in a fluid layer within the compartments,
where bacterial active motion was facilitated. The results revealed an interesting case of spiral vortices,
vortex lattices and bacterial turbulence which are reminiscent of what have been reported in
microfluidic confinement and isolated droplets 3234, These results thus demonstrate that MeniFluidics
can indeed be used for forming dynamic patterns of active matter.

DISCUSSION

This study presents a new method for controlling the spatial distributions of microbes, which has
implications for fundamental research into synthetic biology, bioengineering, biophysics, microbiology
and ecology and developments of novel fluidic metamaterials. We show that the method can be used
with phylogenetically different bacterial species, namely B. subtilis and E. coli, and for arbitrary
designed patterns (Fig. 1 - 3). A notable feature of MeniFluidics is that it allows formation of dynamic
turbulence patterns (Fig. 4), which could open a new avenue for the research into active matter and
fluidic metamaterial developments. For these assays, MeniFluidics extends the lifetime of collective
dynamics in the system for several hours due to bacteria’s unrestricted access to oxygen. This is in
contrast to the bacterial collective dynamics in microfluidics, where motility only lasts ~10 minutes
because of oxygen depletion *>*¢. MeniFluidics also enables controlling the colony growth both in space
and time, which has not been achieved by previously reported technologies (e.g. ). It is also worth
noting that, unlike the other methods that typically require customized special equipment or extensive
genetic modifications, MeniFluidics does not require any special equipment and thus allows broad use
of the method. We demonstrated that placing an object on agar surface is sufficient in forming
MeniFluidics (Supporting Movie S6). While we used PDMS for patterning agar surfaces, micro-
patterned materials can be also produced by other methods, such as cutter plotters, 3D printers or micro-
machining.

Among many exciting applications of the methods is developing living materials for bioremediation via
spatial control of microbial communities. For example, MeniFluidics could be designed to spatially
organize multiply engineered strains to facilitate the biodegradation of toxic compounds requires spatial
organization of multiple engineered strains *’. The interdigitated pattern presented in this work could
be useful for studying the impacts of spatial distances to microbial interactions for engineering
microbial communities. It can also be used to induce autoinhibition of bacterial populations via sibling
competition mechanism *%. Another application could be using the fast boundary propagation of bacteria
along the MeniFluidic pattern for an assessment of collective antimicrobial tolerance. Agar plates with
a spatial gradient of antimicrobial compounds can be modified by parallel ridges structure, while
asymmetry in propagation of the colony along the menisci can indicate antimicrobial response.
Furthermore, the proof of principle of the method may be extended for tissue engineering with
mammalian cells because mammalian cells can only thrive in liquid, such as in MeniFluidic channels.

Our observation is in an interesting conjunction with the phenomenon known as “fungal highways”
where fungi hypae and mycelium promote the dispersal of bacteria on cheese, potatoes and various
surfaces **°. While the exact physical mechanism behind the fungal highways is unknown, our study
suggests that fungal hypae may create natural MeniFluidics in which bacteria spreading is accelerated.
Fungal highways have been observed with various species of fungi and bacteria, which supports the
idea that physics underlines this cross-kingdom interaction. MeniFluidics could allow dissecting the
biochemical interactions from physical interactions between fungi and bacteria through controlled



experimentation of multispecies microbiota. Therefore, this method is not only useful for engineering
living materials but also to advance experimental research in microbial biophysics and ecology.

METHODS

Strains and growth conditions

B. subtilis and E. coli cells were routinely grown in Lysogeny Broth (LB) or on LB agar plate (agar
1.5% (w/v), agar 1% (w/v) for swarming experiments). The strains used in this study are listed in Table
1. For MeniFluidics experiments, a single colony from LB agar plate was inoculated into LB and
cultured for ~6 hours at 37°C with aeration (200 rpm). Cells were then inoculated onto minimal salts
glutamate glycerol (MSgg) media*: 5 mM potassium phosphate (pH 7.0), 100 mM morpholine propane
sulfonic acid (MOPS) (pH 7.0), 2 mM MgCl12, 700 uM CaCl2, 50 uM MnCI2, 100 uM FeClI3, 1 uM
ZnCl2, 2 pM thiamine-HCI, 0.5% (v/v) glycerol, 0.5% (w/v) monosodium glutamate and 1.5% (w/v)
agar. For swarming experiments, 5 pl of the culture was inoculated on 1% (w/v) agar plate 8 hours prior
to the swarming measurements.

PDMS stamps and patterning agar surfaces

Patterns for MeniFluidics were fabricated on four-inch silicon wafers using a conventional soft
lithography technique *!. The master mold was produced from SU8 2035 (MicroChem), spun to a 50-
um-thick layer, and exposed to UV light through a high-resolution mask (Micro lithography services)
to obtain the desired structures. Polydimethylsiloxane (PDMS) (Sygard 184, Dow Corning Corp)
prepolymer was mixed at a ratio of 10:1 (w/w) with curing agent and poured on top of silicon wafer
mold. After degassing the mixture, PDMS was cured at 100°C for 1 hour. The cured PDMS was peeled
off from Silicon wafer mold for stamping patterns on agar plates. To transfer the features onto agar
plates, MSgg or LB media were poured into plastic dishes (40 mL to 150 mm plates, 20 mL to 90 mm
plates) and set to solidify for 30-60 min (see Fig. S3). Solidified plates were warmed on a 70°C plate
while 10 ml (for 150 mm petri dish) and 5 ml (for 90 mm petri dish) media were poured as a second
layer. Autoclaved PDMS with features, pre-warmed at 50°C, were gently placed on the second layer.
Bubbles were removed by tapping with the end of the forceps. After solidification of the second layers,
PDMS was removed. Plates were dried at 37°C overnight.

Time-lapse imaging

Biofilms formation was recorded using a digital single-lens reflex camera (DSLR, Nikon D5300)

in a 30°C incubator. AF-S DX Micro NIKKOR 40mm f/2.8G macro lens and AF-P DX NIKKOR 10-
20mm /4.5-5.6G VR ultra-wide zoom lens were used. A custom-built imaging platform was assembled
to place the camera perpendicular to plates (Fig. S4). The items used for the assembly of the platform
are listed in Table 2. Images were taken every hour using the built-in internal time shooting function of

D5300. For microscopy, images were obtained by an inverted fluorescence microscope (Leica, DMig)
with HC PL FLUOTAR 40x/0.60 Ph2.

Video-microscopy of swarming and menisci radii

The swarming under confinement and the measurements of the menisci radii was recorder by inverted
microscope Nikon TE2000U with 20x/0.45 Phl lens at 50fps using Point Grey GS3-U3-23S6M-C
camera (FLIR). The velocity fields from the image sequences were obtained via open source MatPIV
toolbox (version 1.61). The menisci radii measurements were undertaken with 160 microns structure
on 1.5% agar gel in deionized water. The agar plate has been weighted immediately after gel molding.
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The relative reduced mass of the gel, A, has been obtained through the mass measurements with a
precision in A of 0.6 X 1073. The image was aligned with the inner corner of the structure, then the
focus had been moved to the tip of the meniscus. The intensity profile has been averaged along the
image symmetry (y-axis) and the tip position has been identified manually with an uncertainty of 0.9
microns (see Fig. S1).

SUPPORTING INFORMATION

Figures S1 and S2, Characterization of meniscus; S3, Illustrated procedure; S4, Imaging setup; S5,
Single-cell images of bacteria in MeniFluidics; S6, E. coli colony expansion by MeniFluidics; S7, B.
subtilis colony expansion by MeniFluidics with hinges; S8, Time series of B. subtilis pattern formation;
Table S1, Bacterial strains used in this study; Table S2, List of items for imaging stand; Supplementary
Movies corresponding to Figures.
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Figure 1. a) Schematic illustration of meniscus layer (blue) formed on structured agar surface (beige).
When 1/R,~0, R; = d/EA as denoted by the Young-Laplace equation (Eq.1), h = R{(1 — sin %) =~
0.3R;, E is Young’s modulus, & is the volume loss due to evaporation, A is the volume of agar, o is
surface tension, and P is the pressure. b, ¢) Schematics of the MeniFluidics formation through PDMS
molding on agar. d) Projected time-lapse microscopy image of meniscus channel populated by bacteria.
Colours denote time points of observation in seconds. Dashed line indicates the edge of structure (see
Figure S3 and Supporting Movie S1 for corresponding brightfield image). €) Schematic illustration of
experiment where bacteria were inoculated ~3 mm away from MeniFluidics. f) Representative time
evolution of a B. subtilis biofilm grown on agar with MeniFluidics. g) Distances of the biofilm colony
edge from the centre on flat agar surface (dashed grey) and MeniFluidics channel (blue).
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Figure 2. a) Schematic illustration of 3D structure with hinges. Dy is the distance between hinges. b)
Representative graphs of B. subtilis colony edge and c) expansion speed over time along hinged
MeniFluidics with Dy = 4 mm. d) Mean overall expansion speed as a function of D;. Dashed line is
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Eq. 2 with V,,, = 10 mm/hr, T = 8 hr. Error bars are standard deviations.
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Figure 3. a, b) Arbitrary designed MeniFluidics patterns (left) and patterned B. subtilis biofilms formed
by the corresponding designs (right). Scale bar, 2 cm. ¢) Schematic of interdigitated MeniFluidic design.
Yellow and cyan circles are inoculation points of fluorescently labelled bacterial strains. d)
Representative fluorescence microscopy image of biofilms formed by YFP (yellow) or CFP (cyan)
expressing bacteria. e) Fluorescence intensity across the dashed line in panel d.
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Figure 4. a) Agar well populated by swarming bacteria revealing the chaotic flow of bacterial active
fluid. b) The flow field, v, averaged over 1000 instantaneous fields reveals a mean spiral flow. c¢)
Averaged fields in the wells of elliptical shape represent a stable elongated vortex. d) Averaged velocity
field in a long rectangular groove is organized into a vortex lattice. e) Vorticity field, w =V X I_/),
calculated from panel d. Scale bar, 20 um. Further details of this investigation will be published
elsewhere.
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