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Grow with the flow - observing the formation of
rheotactically patterned bacterial cellulose networks

In this work, the flow-dependent growth dynamics of
microbial exopolysaccharide networks in obstacle-studded
microfluidic cells are tracked by shadowgraphy. Our setup
allows quantifying the material density as a function of time
and location with almost single microbial cell resolution. In
this manner, an overall bi-logistic growth and local wall shear
stress-dependent material formation around obstacles were
determined.
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Grow with the flow — observing the formation of
rheotactically patterned bacterial cellulose
networkst

Moritz Klotz, 2 Dardan Bajrami ‘2 and Daniel Van Opdenbosch*

The use of matrix-forming organisms is a promising way to obtain hierarchically structured materials. In
this work, we investigate the rheotactic bio-mediated alignment and network formation of bacterial
cellulose streamers, resulting in hierarchically patterned textiles. For this purpose, we devised a
panoramic-view observation setup for a microfluidic cell. We observed a split growth, with first, a flow-
aligned streamer formation and second, a streamer connection phase. The growth phase parameters
showed dependence on flow rate. After aligned growth, a mineralisation step was conducted to the
grown textiles with calcium carbonate and -sulfate to obtain nature-inspired organic/inorganic
composite materials. Hereby, an anisotropic deposition of the gypsum phase due to the prealigned
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1 Introduction

The growth of natural materials differs fundamentally from the
production of engineering materials: while engineering materials’
requirements are typically fulfilled by choice of substance and
shaping techniques, nature forms its materials from readily
available elements into hierarchical structures.' Hence, biological
materials derive their widely varying properties mainly from
the adaptation of internal structuring to meet functional
requirements.”* The most prominent aspects hereof are hierarch-
ical structure and structural anisotropy. In addition, dispersed
polymer phases enable stress relaxation and structural regression
of the material due to their viscoelasticity, sacrificial bonds and
‘hidden lengths’.*

In order to obtain bio-mimetic mechanical properties in
engineering materials, different approaches can be pursued:
applying biomorphism and biotemplating, it is possible to
convert a naturally grown template into an inorganic replica
material retaining most, or all, of the hierarchical levels of
structuring, leading to exciting mechanical properties.”®
With some restrictions, it is also possible to obtain hierar-
chical structures by the self-organizing material synthesis in an
artificial process.” However, up-scaling these processes, which
were reviewed by Deuerling et al as ‘Level 1 - Transfer of
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bacterial cellulose substrate was observed.

structure’,’* to produce competitive engineering materials

remains a challenge.

Nature, on the other hand, readily produces large-scale
composite materials via hierarchical structuring. Therefore,
bio-mediated material structuring, reviewed by Deuerling
et al. as ‘Level 2 - Usage of biological systems’,'® offers the
potential to control material formation from the micro to the
macro level. Here, biological systems are influenced by stimuli
to which the living cells and microbes react by movement,
‘taxis’. The growth into a certain culture medium as an internal
stimulus,'® as well as the directed growth after external stimuli,
e.g. light,""** mechanical influences'*™"” and a variety of other
attractants,’® 2 can serve to create a biological, hierarchically
structured template to be used for different purposes than
intended by nature. The advantage of this approach is that
biological materials are typically already hierarchically structured,
starting at the molecular level: Biofilms, for example, are micro-
organisms embedded in their extracellular polymeric matrix
(EPS).>* While they are undesirable in most living and technical
systems, they feature a hierarchical structure.”*** Specifically,
bacterial cellulose biofilms (BCB) consisting mainly of bacterial
cellulose (BC), exhibit several structural levels: starting from the
cellulose molecules, the bacteria produce microfibrils at the
nanometer level which consist of amorphous and crystalline
regions. The microfibrils arrange into ribbons, building bundles,
which then cluster into bacterial cellulose networks.**?

Several works have considered bio-mediated structuring of
BCB, respectively the BC fibers: Kondo et al. and Uraki et al.
similarly used already-deposited cellulose strands as templates
for further deposition.'®>® Anisotropic deposition of BC is
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possible by using nematic ordered cellulose (NOC) or stretched
cellulose as templates.>”*® Also of interest is the alignment via
growth on polydimethylsiloxane (PDMS) with a ridged
morphology.?*' By varying ridge sizes, Putra et al. archived a
2.3 times higher fracture stress and a 3.8 times lower elastic
modulus, compared to air-grown BCB. His group was also able
to produce mechanically anisotropic behavior with BCB grown
in thin silicon tubes, as well as by influencing the culture
interface via silicon 0il.>*** Also promising are the works of
Sano et al. and Liu et al. who successfully used an electromag-
netic field to align BCB.>***

Wan et al. and Luo et al. carried out structuring by a flow
approach: Wan et al. were able to align the BCB with the flow
and increase the tensile strength in the BC fiber direction from
0.9 MPa to 1.2 MPa, while the fracture strain decreased by 8%.
Luo et al. even achieved a tensile strength of 1.5 MPa with a
flow velocity of 150 mm™", with a fracture strain decrease of
12%.**%” Using flow-producing rising bubbles, Chae et al. also
attained a unidirectional deposition of BCB.®

Since structuring of BCB by flow has already yielded inter-
esting results, it is worth considering the mechanism: if a
biofilm grows in a flowing medium, its viscoelastic morphology
responds to the mechanical stimulus of the flow.>* The form
thereby differs if the biofilm is fully surface attached or if it
adheres at least at one point, while the rest of the biofilm
moves with the flow as a so-called streamer. The streamer
formation and its physics have been studied by several research
groups.*®™* As intuitively expected, the geometry and the flow
velocities of the system have a great influence on the streamers’
shapes.'>**™*” Interestingly, whether streamers start to form is
largely independent of the Reynolds number, as summarized
by Karimi et al.*' The dynamics of the flow can also influence
the growth system, as can be seen in experiments with pulsative
or split flow.*®*? Condensed, the streamers morphology but
also the strength of attachment are strongly influenced by their
viscoelastic behavior®® which is a function of its structure.
The structure formation in turn is influenced by the flow: in
contrast to fish, copepods and some protists, which possess a
receptor for flow forces and exhibit active rheotaxis, bacteria
react in a passive way to the shear stress factor, comparable
with other passive physical movement phenomena like gyro-
and magnetotaxis.’>' Bacterial rheotaxis is triggered by bacterial
motility and morphology.>> While the swimming direction of
motile bacteria is changed by torque, non-motile bacteria
expand along their biofilm, due to the predominant shear
forces under flow conditions.?””** For BC producing bacteria,
it is likely that extrusion of BC and cell division based fiber-
anchoring® provide this movement. Together with the
morphology induced alignment, which occurs for ellipsoidal
bacteria like Komagataeibacter xylinus (K. xylinus),>”°
sider the flow based forming of the BCB as a type of rheotaxis.
So far, rheotaxis and streamer formation has been studied
mainly in single, isolated samples. The formation of streamer
networks has been investigated rarely, and mainly with the
aim of being able to avoid them, and the associated clogging
of fluidic systems. Worth mentioning is the work by
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Hassanpourfard et al. who investigated fast-formed Pseudomo-
nas fluorescens streamer-networks and found that they still
moved by a viscoelastic ‘stick-slip’ dynamic, which allows the
formation of channels, resulting in regions of varying
density.”*”*

In summary, the in situ structuring and alignment of biofilm
streamers, in particular of BCB, can be realised by a variety of
approaches. However, in order to produce engineering materials,
processes have to be adapted to include larger-scale hierarchical
structuring and outer shapes, such as honeycomb structures.'®>®
At this point, rheotactic structuring has advantages: flow bodies
can have any shape and size and there is a high degree of
flexibility due to the large number of parameters such as flow,
species and medium composition. Another advantage is the
direct introduction of additives into the growth system, which
allows the formation of organic/inorganic composite via an
in situ or quasi in situ mineralisation route.

Generally, composites with BCB, respectively, BC as the
substrate are of interest, especially for medical purposes, as
the reviews from Shan et al. and Liu et al illustrate. Mainly
for the investigation of new tissue materials, dozens of BC
combinations with polymers or nanomaterials were tested.’®””
Excellent mechanical properties were obtained by impregna-
tion of the grown BC ex situ.”® However, in situ mineralisation
by which the composites are produced during BCB growth, or
quasi in situ mineralisation, where the BCB is treated in the
same vessel directly after growth, are promising. Literature
thereof, in the combination organic/inorganic, so far is limited
to (nano)particle,”>™®" fibers®>**> and minerals e.g. hydoxyapa-
tite or clay.®*"*® Inspired by biological materials with tough or
self-healing properties like nacre,®” we assume that rather the
latter combination is suitable to obtain a scalable, hierarchically
and nature oriented engineering material. Materials which can
be processed by a wet mineralisation route in a quasi in situ
setup.

CaCOg/cellulose composites, serving as a model for quasi
in situ mineralisation, can be achieved by different approaches,
such as the already mentioned direct deposition of particles,>**°
or via the precipitation from precursors. The latter works via
diffusive processes®® or faster, via direct mixing. The intermediate
which occurs during the precipitation of CaCO; is amorphous
calcium carbonate (ACC), which can serve as the inorganic phase
after stabilization®*”" or after crystallisation.”””> ACC can be
used in a one step process, without the need for a second reagent.
Also a one step process is the deposition of gypsum from super-
saturated solutions. Despite gypsum’s low cost and the possibility
to overcome drawbacks such as brittleness, gypsum/cellulose
composites have not been the focus of many publications so
far. However, due to the possibility of a one-step mineralisation
and its typical acerous morphology, which lends itself to textured
mineralisation, it is well suited for use with prealigned BCB.
Gypsum mineralisation on a cellulose substrate was already
achieved by Nissinen et al, who used supersaturated CaCl,—
Na,SO, solutions.”®

Bio-mediated materials with hierarchical structures can be
made by rheotactic approaches as demonstrated by Wan et al.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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and Luo et al.>***” Building on these results, we aim to extend
the fundamental knowledge of flow based material patterning
for future upscaling and material production. Investigating the
growth dynamics leads to an improved understanding of
the rheotactic biofilm formation and enables prospective repro-
ducible material production. We hypothesized that an initial
homogeneous distribution of EPS-forming microbes on obsta-
cles, positioned with a long-range order and subjected to
volume-driven flow, will lead to their uniform growth, resulting
in a network of streamers. The growth parameters thereby are a
key aspect to tailor a well defined material with specific
structural features on several hierarchical levels. Such a material
can serve as a matrix for organic/inorganic composites whose
hierarchical characteristics span its different phases. Therefore,
we evaluated in a panoramic-view observation setup the obstacle-
induced streamer and streamer-network formation of K. xylinus
at three different flow rates. After growth, we assessed two
potential mineralisation routes by a quasi in situ process: in a
one step process either the amorphous precursor ACC or a
supersaturated solution of CaSO, was added directly into the
growth chamber.

2 Experimental
2.1 Setup

Fig. 1 shows the experimental setup for the growth experiments.
A batch culture (1) of K xylinus was pumped by a syringe pump
(2) through a pressure sensor (3) and a double bubble trap (4, 5)
into a microfluidic cell (8) in a circular flow. Growth in the
microfluidic cell was observed using an optical setup (6-10).
Komagataeibacter xylinus. The K. xylinus strain DSM 2004 was
obtained from the Deutsche Sammlung von Mikroorganismen
und Zellkulturen (DSMZ, Braunschweig, Germany). For each of
the 12 experiments, a batch culture ((1) in Fig. 1) of 150 ml DSMZ
medium 105 containing 100 g 1" glucose (VWR International,
Darmstadt, Germany), 10 g 17" yeast extract (VWR International,
Darmstadt, Germany) and 20 g 17" CaCO; (Carl Roth, Karlsruhe,
Germany) at pH 6,8 was prepared in a 250 ml cone-shaped flask
with a 0.2 pm PTFE membrane lid (Duran, Schott, Mitterteich,
Germany), and inoculated from K. xylinus grown on an agar plate
(15 g "' agar, VWR International, Darmstadt, Germany). BC
producing bacteria like K. xylinus are located almost exclusively
in the BCB pellicle. To maintain a sufficient concentrated
inoculum from below the pellicle, before use, inoculated
cultures were stored at ambient temperature until the growth
of the pellicle stagnated at a thickness of approximately 5 mm.
The stagnation could be attributed to the conical shape of the
used flasks.”” Preliminary tests showed that glucose was suffi-
ciently present and BCB production was unaffected by this
storage time. Purity was checked before and after each experi-
ment by streaking the K. xylinus culture on agar plates.
Microfluidic cell. For each experiment, a new microfluidic
cell ((8) in Fig. 1) was cast from PDMS (SYLGARD 184 Silicone
Elastomer Kit, Mixture Silicone/Initiator 1/10, Dow Chemical,
Midland, United States) via the MicCell Tool Kit (GeSiM,

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Sketch of the experimental setup. The inoculum (1) of K. xylinus
was taken from below the BCB pellicle by a syringe pump (2), injected via a
pressure sensor (3) and a double bubble trap (4, 5) into the microfluidic cell
(8), and recycled into the batch culture (1). The microfluidic cell was
illuminated in transmission with nearly parallel light (7) emitted by a white
LED (6). After passing an optional optical filter which allows schlieren
techniques (9, not used in the current experiments), the observation took
place using a camera (10). For clarity, the beam path is simplified.

Radeberg, Germany). After casting and cross-linking for 24 h
at 45 °C, the sealing glass was permanently connected to the
PDMS by a 45 s plasma treatment. The microfluidic cell, shown
in Fig. 2, with its polycarbonate carrier and sealing glass on the
PDMS was transparent, allowing observation of the 50 pum
channel in transmission.
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Fig. 2 Sketch of the microfluidic cell. The inoculum was injected into the
larger inlet (1) from where it was evenly distributed into the inlet channels.
This regularly allowed an even distribution of the fluid into the growth
chamber, which was filled with evenly arranged obstacles with diameters
of 50 um in 0.5 mm distance. After the growth, the smaller inlet (2) was
used to add mineralisation medium. The inset shows a magnified section
of the growth chamber.

Mater. Adv,, 2022, 3, 6191-6207 | 6193


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ma00115b

Open Access Article. Published on 07 2022. Downloaded on 29-01-2026 7:26:39.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

Optical setup. In the optical setup ((6-10) in Fig. 1) the
microfluidic cell was illuminated (6) by a white LED without
diffusor (QAUR1361L030, Signal-Construct, Niefern-Oeschelbronn,
Germany). After passing the convex lens (7), the slightly divergent
light passed the microfluidic cell (8). The optical filter (9) with f=
100 mm, while part of the setup, was not used in this experiment.
The microfluidic cell was imaged on the 13.1 mm X 8.8 mm
camera chip (10) slightly magnified (1.28 x) with 5472 px X 3648 px
(acA5472-17um, Basler, Ahrensburg, Germany), resulting in a
viewing window of 10.2 mm X 6.8 mm and a resolution of 7 pm
(144 line pairs per millimeter, measured with USAF 1951 Target).

2.2 Experimental procedure

For each of the three different flow rates, four repeating
experiments were conducted at ambient temperature 21 =+
1 °C. The necessary volume flow for the mean flow rates of
1.0 mm s, 12.5 mm s~ ! and 25.0 mm s~ ! were calculated for
the growth chamber of the microfluidic cell.

Before each of the 12 experiments, all tubes (PTFE, inner
diameter 1/32”), fittings and the second bubble trap were
autoclaved. After assembly of the components, the setup was
flushed with 20% H,0, (Carl Roth, Karlsruhe, Germany) for one
hour to sterilize all unautoclavable parts including the micro-
fluidic cell, both bubble traps, the valve and the pressure sensor
(CPS 2184 Z, 5 bar, CETONI, Korbussen, Germany).

At the start of an experiment, a syringe pump (neMESYS
290N with QmixElements, CETONI, Korbussen, Germany)
equipped with a 3-2-way valve ((2) in Fig. 1), pumped inoculum
from below the BCB pellicle in cycles through the microfluidic
cell and back into the flask. During the experiments, which
lasted up to 70 h, the syringes were automatically refilled. All
pump parameters are listed in Table 1.

Since the long-lasting experiments were susceptible to air
bubbles which degrade the grown biofilm, a double bubble trap
((4,5) Fig. 1) was used. The first (Bubble Trap for Microfluidics,
ELVEFLOW, Paris, France) for large bubbles appearing in the
starting phase and the second (Microfluidic Reservoir XS,
ELVEFLOW, Paris, France), for small bubbles appearing during
the experiments, which were not removable by the first trap.
Additionally, the second bubble trap buffered pressure
impulses and allowed a more even flow. With the pressure
sensor, a servo loop was adjusted. The experiments were
conducted until the slowly increasing pressure reached 1 bar
and the servo loop started to minimize the flow rate from
Table 1. For the evaluation, only the data before the start of the

Table 1 Pump parameters with the calculated mean flow rates in the
growth chamber of the microfluidic cell. Syringe volumes differed to
maintain a precise flow; the refill rate differed to avoid formation of
bubbles in the syringes

Flow rate/ Syringe inject Syringe Syringe refill
(mm s rate/(ul s~ 1) volume/ml rate/(ul s71)
1.0 0.450 1 50

12.5 5.625 2 75

25.0 11.25 10 100

6194 | Mater. Adv, 2022, 3, 6191-6207
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servo loop with the constant adjusted flow (below 1 bar) were
used. To document the growth, 8-bit black/white images were
recorded via Micro-Manager’® every 10 minutes.

After each experiment, the setup was flushed with 5-10 ml
deionised water (DI) to remove all water-soluble substances.
For this, the maximum pressure was step-wise increased, up to a
maximum of 1.5 bar. After the following mineralisation steps which
were conducted on some samples, the microfluidic cells were dried
for 24 h at 45 °C and opened mechanically to obtain the biofilm.

2.3 Growth analysis

BCB concentration calibration. To relate the BCB transmitted
light intensities imaged during growth to BCB concentrations,
the Lambert-Beer law A = ¢l.oi¢c was used. A accounts for all
attenuating phenomena, including absorbance and scattering. ¢
is the molar attenuation coefficient, /.. the path length of 50 pm
(chamber thickness) and ¢ the BCB concentration.

For determining ¢, the biofilm thickness lzcp of one reference
sample was obtained by breaking the sample after freezing in
liquid nitrogen. lgcp then was determined by SEM at 19 measur-
ing points at the fracture plane. We assume that the vacuum-dried
BCB was contracted compact and dense with marginal inter-
spaces. This is supported by the SEM images (see Fig. S3(d),
ESIY). Since only BCB influenced light absorbance due to the use
of the reference images at t,, we defined the reference mass
concentration ¢, with the measured BCB density ppcp by eqn (1).
To measure ppcg, in total 48 BCB pieces of six separate batch-
grown samples were washed, dried at 65 °C and weighed. After-
wards, they were soaked for 24 h in DI water at <0.1 bar to
remove embedded air. Their densities were determined by Archi-
medes’ principle (224-1S, Sotoris Entris, Gottingen, Germany)

with a mean result of pgcg = 1.12 + 0.03 g cm >,

Ipc
ot = PBCB (1)

lcell

With Cpef, lcenn and the reference absorbances A, ¢ was determined
as ¢ = (1.30 & 0.27) x 10° mm? g~ ', see Fig. S1 (ESI). Thereby A
was obtained by eqn (2), with ¢z, as the first image without biofilm
and ¢ as the last taken image during the growth experiment.

1 (17.] ) IO)

A(i,j, 1) = 10g10m 2

BCB concentration. With the determined ¢, all cgcg values
were calculated for all the measurement data via the Lambert-
Beer law, eqn (3). Pixel values i, j stayed within the 8-bit range
of the images. This showed that no saturation was reached
during the experiments and all calculated concentrations were
within the measuring range.

cees(i ), 1) = oo
Ccel

Statistical analysis. For the evaluation of biofilm growth in
the function of the three flow rates 1.0 mm s %, 12.5 mm s *
and 25.0 mm s~ ', the borders of the viewing window were cut

© 2022 The Author(s). Published by the Royal Society of Chemistry
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off to a section of 9 x 6 mm?, so that the identical sector inside
of the growth chamber was analyzed in every experiment.
Normalised cumulative histograms y(cgcgp,t) Of the obtained
BCB concentrations were calculated to determine proportions of
the material with concentrations of cgcp or higher. Hence, values
of y represent the area fractions where the minimum concentra-
tions are cpcp. All 210 bins cpcpp in their logarithmic concen-
tration range, ranging from —0.010 up to 0.347 g cm ", were
summarised starting by the highest occurring bin ¢gcp pmax-

After conversion, the isolines of y(cpcpp, ¢) were fitted
between 0 < y < 1 via a bi-logistic fit, which was performed
by the least-squares algorithm of the Python Imfit package.
With the maximum curve values S, the inflexion points A¢ of the
sigmoid curves and the logistic growth constants 4, fits were
performed after eqn (4). The plots shown in this work ended
when the fitted parameter of at least two measurements
reached zero or unrealistic values.

Sy S5
1+ eh(=An T 14 e—fali-Au)

CBCB(V, l) = 0<y<l1 (4)

Cumulative analysis. From the cpcp(iy,t) data, the average
BCB concentrations Cgcp(iyj,t) were calculated. For determining
the concentration increase rates, the resulting mean data of the
three flow rates were fitted by linear regression via the Python
SciPy theilslopes Theil-Sen estimator.

Azimuthal analysis. To obtain the average development of
the concentration around the obstacles for every experiment,
the azimuthal BCB concentrations cpcp(2,t) were determined by
calculating the radial average for any azimuthal angle o per
image and timestep ¢, in a radius between 28 um < r < 250 pm
from the obstacles’ centers. Per image, the data from 187
obstacles (see Fig. 2) were averaged.

Obstacle analysis. The spatial concentrations near the obstacles
were determined as two profiles, averaged over 187 obstacles per
timestep: one profile parallel and one perpendicular to the flow.
The profile midpoints are the obstacle centers and with an x-axis
length of +225 pum, the total profile lengths cover approximately
half the distance between two obstacles. Vertically, the y-axes of
the profiles cover distances of 25 um, equating to the obstacles’
diameters.

Robustness. To enhance the robustness of the obtained
concentrations, all calculated averages are medians. All uncer-
tainties are median absolute deviations.

2.4 Flow simulation

Two-dimensional finite volume element simulation of the fluid
flow (CFD) in the microfluidic cell without biofilm was per-
formed with ANSYS FLUENT (Ansys, Pennsylvania, USA) for the
three different flow rates. The defined working fluid was
the culturing medium before inoculation (dynamic viscosity =
1.34 mPa s (Ubbelohde viscometer with a type 50103/0c capillary,
SI Analytics, Mainz, Germany), density = 0.99 + 0.01 g ml™ ).
As the flow rates and Reynolds numbers where low, the flow
was considered incompressible, laminar and steady state. The
system was set as isothermal, without any gravity effects and the
boundary conditions at the walls were considered as non-slip

© 2022 The Author(s). Published by the Royal Society of Chemistry
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and the pressure at the outlet as atmospheric. For the pressure-
velocity linking, the coupled method was used. For discretisa-
tion, ‘“second order upwind” was selected for pressure and
momentum. The convergence criteria were set as 10~ *° for all
equations. For evaluation of the method, a grid independence
study was performed, Fig. S6 (ESIT).

2.5 Mineralisation

Mineralisation of biofilms was conducted by crystallisation of
CaCO; from ACC or CaSO, from a supersaturated solution. For
the CaCO; mineralisation, the microfluidic cells, after they
were flushed with water, were rinsed with 3 M CaCl,-2H,0
(Th. Geyer, Renningen, Germany) solutions for at least one
hour. Under a continuous flow of 1 ul s~*, the second inlet ((2)
in Fig. 2) was first flushed with DI-water and then with a 3 M
Na,CO; (Carl Roth, Karlsruhe, Germany) solution manually
injected by a syringe until the microfluidic cells clogged. The
ACC precipitated directly in the growth chambers, where the
ensuing mineralisation could be observed. After a rest period of
about 17 h, the cells were flushed with at least 5 ml DI-water at
a pressure up to 1.5 bar.

For the CaSO, mineralisation, solutions of 0.4 M CaCl,-
2H,0 and Na,SO, (Carl Roth, Karlsruhe, Germany) were mixed
and injected via a 0.2 pm syringe-filter into the cell inlets until
the filter clogged after 1-2 ml solution. After a rest period of
about 17 h, when no further mineralisation was observable, the
cell was dried at 45 °C, without flushing. Preliminary tests
showed that a supersaturated solution of this concentration
stays stable for approximately four minutes before crystallisa-
tion initiates.

2.6 Metrology

Imaging. Grown and optionally mineralised samples were
analyzed via optical microscopy (OM, Dialux 20, Leitz, Wetzlar,
Germany with camera a7 RII, Sony, Tokyo, Japan and adapter
DSLRCC, Micro Tech Lab, Graz, Austria) and scanning electron
microscopy (SEM, DSM 940A, Zeiss, Oberkochen, Germany).

X-Ray diffractometry. To trace ACC mineralisation, X-ray
diffractometry in Bragg Brentano geometry (XRD, Miniflex,
Rigaku, Tokyo, Japan with D/teX Ultra, Copper Ka, Divergence
Slits 0.625°, Soller Slits 2.5°) was used. The ACC formation was
repetitively measured at a speed of 10° min~ ' between 28° <
20 < 31° in arotating liquid sample holder (Item no: 1D0807AA
with Mylar film, Rigaku, Tokyo, Japan) until no changes to the
diffractograms of the mixed 3 M CaCl,-2H,O and 0.25 M
Na,CO; solutions were recorded.

For the assessment of biofilm mineralisation, the miner-
alised biofilms were measured for 10° < 20 < 60° and 0.5°
min~" while being spun to equalize any in-plane texture.
Additionally, they were measured in transmission mode (Item
no: 2101G102, Rigaku, Tokyo, Japan) with the flow direction
parallel to the scattering vector, at 26/2. The measuring speed
was 0.1° min~', with divergence Slit = 0.1 mm. Since in
transmission mode the sample height equals the XRD beam
diameter, sample-depended peak broadening and thus
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crystallite sizes could only be obtained for the rotating in-plane
measurements.

Evaluation of the data was performed by Rietveld refinement
(BGMN,”® Profex interface®®) with a verified machine line func-
tion (Standards NIST 640e and 660c). The lattice parameters of
the refined phases calcite, vaterite, gypsum and halite were
allowed to be in a range of +29%, the thermal displacement
parameter were in the range of 0 nm < B < 0.1 nm and the
sample offset was considered in the refinement. The crystallite
sizes of the minerals were refined anisotropically and the
preferred orientations by spherical harmonic functions (1 +
Y40 after Jirvinen®') with directional weighting factors w. Not
all experiments could be evaluated, due to a lack of sufficient
sample volume and thus lack of anisotropical refinement. The
comparatively few, weak and broad cellulose reflexes were not
considered for refinement.

Cellulose orientation. Evaluation of cellulose orientation
was performed by visualisation of the cellulose birefringence
via polarized light microscopy (RMA 5, Mikroskop Technik
Rathenow, Rathenow, Germany, with a 4 (525 nm phase shift)
retardation plate and Eos 550D, Canon, Tokyo, Japan). Between
two crossed polarizers, the dried samples were oriented in the
flow direction at 0°, at —45° and +45°. The images at the
different angles were taken at fixed exposure times and gain
for comparability.

3 Results
3.1 Biofilm growth

At all flow rates, the biofilm growth started evenly at the
obstacles and spread in the direction of the flow, connecting
the obstacles, Fig. 3(b)-(i). From there, the development of a
film, which connected the rows perpendicularly was visible and
can be seen in Fig. 3(e)-(g) or as a video, see the ESLt The
growth speed at 1.0 mm s~ was visibly slower than at higher
flow rates. Independent of the flow rates, when the cells were
increasingly filled by biofilm, the images darkened, indicating
an increased concentration of BCB. When the flow was reduced
by clogging of the setup, the darkening reduced and stagnated.
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Fig. 4 Map of the normalized cumulative histogram y(cgcp n.t) at a flow rate
of 12.5 mm s~*. The gray plotted lines are isolines of y = 0.01, 0.25, 0.50,
0.75, and 0.9. They were fitted with a bi-logistic function cgcg(y.t), eqn (4).

Scanning electron micrographs showed that the BCB was
built from several paper-like layers parallel to the flow, which
were continuously connected by BC fibers. Between the obstacles
and in the flow direction, the BCB appears to be thicker with a
higher fraction of bacteria, which are roughly estimated at 0.01-
0.1 ml ml™. At the higher concentrated spots, the thickness of
the dried film only reached a few microns. For brevity, these
images are shown as the ESI,} Fig. S2 and Fig. S3.

Statistic growth. The distribution of the BCB concentration
could be illustrated over time. Fig. 4 shows exemplary which
fraction y of the total area of the microfluidic chamber reached
at least a particular concentration cgcg. A closer look at the
plotted area fractions shows a bi-logistic growth with the
second logistic function starting after the first reached its
saturation.

In all conducted experiments, the cgcp of the recorded data
did not exceed 0.2 g cm ™ which was below the setup saturation.
It should be noted, however that data collection always ended
before the second logistic function could reach saturation due to
clogging of the setup.

By fitting the histogram data with a bi-logistic function
(eqn (4)), parameters from Fig. 5 were obtained. The fits’

Fig. 3 Grown biofilm of K. xylinus in the microfluidic cell growth chamber (see Fig. 2) at a flow rate of 1.0 mm s~ running from left to right. (a) Due to the
panoramic viewing window of the optical setup, the biofilm growth around over 230 obstacles could be determined. The inlet channels, whose exits can
be seen on the left, regularly allowed an even distribution of the fluid into the growth chamber. (b)—(i) is the cutout highlighted in (a) by a red frame. (b)—
(h) Growth at the middle row in time steps of 6 h. Image (h) corresponds to the large image (a) and captures the moment after 36 h of growth when the
pressure reached 1 bar and the flow reduces due to the servo loop. Image (i), unchanged from (h), shows the moment 94 h after the flow rate stagnated

due to clogging of the setup.
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Fig. 5 Plots of the histogram parameters (e.g. Fig. 4) from eqn (4). The
plots end when the fitted parameter of at least two of the four conducted
measurements reached zero, or unrealistic values. Dashed lines (Index 1)
are the parameters of the first term, solid lines (Index 2) of the second term
of egn (4). Dash-dotted lines in (a) represent the cumulative values S of the
first and second terms.

uncertainties increase when the data increasingly shows only
sections of entire logistic growth curves at high y.

Cumulative growth. At higher flow rates, the average BCB
concentrations of the biofilms rose initially linearly with a slope
of 87 +2.7 x 10 *gem > h™ ! for 12.5 mm s ' and 9 + 4 x
107* g em™® h™"' for 25.0 mm s~ '. At 1.0 mm s ', it started
slower and slightly accelerated over time, see Fig. 6. A linear
regression fit yielded a slope of 24 =9 x 10> gem > h™%.

Azimuthal growth. Azimuthal analyses of the obstacles’
surroundings are shown in Fig. 7. BCB concentrations initially
increased along the flow, with a higher increase rate at higher
flow rates, Fig. 7(a). In (b) it can be seen that the concentrations
become more and more isotropic with time.

Obstacle growth. In Fig. 8, the BCB spatial concentration
profiles around the obstacles, parallel (a) and perpendicular (b)
to the flow, are displayed. While the concentration spreads
evenly perpendicular to the flow (b), a maximum appears at the
flow-facing sides. This effect increases with the flow rate, in
particular between 1.0 mm s~ and 12.5 mm s~ .

Cellulose orientation. The orientation of the BC was inves-
tigated from the dried BCB textiles by polarized light

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Increase of the average BCB concentration over time, together

with the median of the different flow series. To show the variance of the
measurements, the data from the single experiments are overlaid in lighter
tones.

microscopy. Fig. 9 shows the birefringence of the cellulose
under different angles. According to the Michel-Lévy interfer-
ence colour chart, the bright regions of the dried analysed
sample had a film thickness of 2.5 £ 1 pm which is in
agreement with the measured thickness at the BCB concen-
tration calibration.

3.2 Flow simulation

The local Reynolds number Re was determined in the CFD
simulation for all flow rates. With the results of Rep,,x = 24 in
the inlet, Re . = 20 on the chamber and Re,4, = 3.7 around the
obstacles the flow was considered laminar, since all values were
below Rey,, ~ 40, at which Karman vortices start to appear
after cylindrical obstacles.®>

Even though the flow was laminar all the time, at higher flow
the field at ¢, was no longer perfectly distributed in the growth
chamber, see Fig. S7 (ESIt). Nevertheless, the wall shear stress t
around parallel obstacles located in the middle of the growth
chamber showed a high uniformity at every flow rate
(Fig. 11(a)). This also illustrates the spatially resolved flow field,
Fig. 10.

3.3 Mineralisation

ACC. To assess the ACC mineralisation method, the formation
of a crystalline phase from ACC was analysed in situ by mixing 3 M
CaCl,-2H,0 and 0.25 M Na,COj; solutions. The development of
the main calcite reflex (104) from ACC can be seen in Fig. S8 (ESIY)
after 1-2 minutes. In parallel, the formation of crystals from the
ACC slurry was observed after approximately two minutes. Bene-
ficially for the conducted mineralisations, it emerged that ACC
from mixtures where both reagents had a concentration of 3 M
required more time to form and crystallise.

Crystallisation. ACC was distributed over the BCB in the
growth chamber until no further change in brightness was
visible. Then the formation of CaCOj; crystals could be
observed. The formation appeared stronger where the ACC
was previously more concentrated. However, areas with higher
BCB concentration also tend to show increased crystal

Mater. Adv,, 2022, 3, 6191-6207 | 6197
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Fig. 7 Azimuthal plots of the obstacles’ surroundings with the flow running from left to right in timesteps /-V of 7.5 h, whereby timestep / was 10

minutes after the start. Inner circles in row (a) represent a BCB concentration of 0.02 g cm
between two timesteps from the upper row. Here, the inner circles represent 0.01 g cm~> and the outer circles 0.02 g cm™>.

—3, outer circles 0.04 g cm™>. Row (b) shows the differences

3

cece/(9-cm~3)

0.04 A .

0.00 - -»

-0.2 0.0 0.2

Obstacle distance x /mm

Fig. 8 Profile plots parallel (a) and perpendicular (b) to the flow in timesteps /-V of 7.5 h, where timestep / was 10 minutes after the start. The obstacle

center is the x-axis center and fluid flow is indicated by the orange arrows. The blue line represents flow at 1.0 mm s, the green line at 12.5 mm s~

the red line at 25.0 mm s %,

formation. In areas without BCB, no crystal growth was visible.
Micrographs of the dried BCB showed that the crystals were
distributed over the entire BCB surface with sizes from 0.1 um
to 100 pm. No formation of aragonite was observed by micro-
scope or XRD. A dependence of the ratio between the two
CaCO; phases calcite and vaterite due to the different flow
rates could not be detected. Nonetheless, the fraction of vaterite
and thus the ratio between the phases varied considerably
between the experiments. For future evaluation of the variation,
the total mass balance between the organic fractions (BC
amorphous, BC crystalline; hemicelluloses, bacteria, ...) and
the mineral phases would need to be determined, which was
not feasible with the current samples.

Gypsum formation, identified by XRD as CaSO,-2H,0, was
observed to be more localised: approximately two minutes after
injection, several hundred observable crystals formed. Growth
was visibly concentrated on these aggregates which increased
their sizes up to half a millimeter. These aggregates consisted
of differently sized needles which appeared to have a slightly
preferred orientation in the direction of the flow. During
drying, the observed number of aggregates and single needle-
like crystals smaller than a tenth of a millimeter increased.

6198 | Mater. Adv, 2022, 3, 6191-6207
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Small amounts of halite, residual from the mineralisation
reagents were observed, but not further considered.

Micrographs of the dried samples of both mineralisation
paths showed that the crystals grew on both the BCB surfaces
and between the layers, pressing them apart by being
embedded in the BC network. An overview of the SEM images
can be seen in the Fig. S4 and S5 (ESIY).

Oriented crystallisation. Further evaluation of the inorganic
phases from the Rietveld refined data are compiled in Table 2.
Notable is the smaller crystallite size L of calcite grown on BCB,
grown at 25.0 mm s~ '. Gypsum shows a significant difference
in the ratio of L and w between the a- and c-axes to the b-axis at
all flow rates. In contrast, the w values of calcite and vaterite
indicate no significant orientation.

4 Discussion
4.1 Biofilm growth

4.1.1 Dependence on flow rate. A correlation between the
flow rate and the increase of the final BCB concentration was
demonstrated: by increasing the flow from 1 mm s to

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Micrographs of cellulose structured at a flow velocity of 1.0 mm s,
(a) shows a clipping of the last image during the growth experiment near the
inlet channels. The orange contour marked the piece of the dried cellulose
film (b) which was investigated by polarized light microscopy. Images (c), (f),
and (i) shown the sample oriented at —45°, (e), (h), and (k) by +45° and (d),
(9), and (j) by 07 in relation to the polarizers. For images (f), (g), and (h), a n
A retardation plate was inserted.

A A

.\.,\.q{.,,.b. .\A PRSP SR A & '\"V

[mst1]

Fig. 10 Contour plots of the obstacles’ surroundings at the flow rates
1.0 mm s7* (a), 12.5 mm s7* (b) and 25.0 mm s~ (c) with flow from left
to right.

12.5 mm s~ ', it was raised by a factor of 3.6. Since no difference
in the rate of increase between 12.5 mm s~ and 25 mm s~ * was

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 Image (a) shows the calculated wall shear stress around nine
parallel obstacles located in the middle of the microfluidic cell at different
flow rates. In image (b) the azimuthal concentration cgcgl®) around the
obstacles, 15 h after the start of the experiments, is pictured. The flow
direction was from 0° to £180°.

Table 2 Results of the Rietveld refinements. Crystallite size L and w
values are from the measurements, measured with Bragg-Brentano
geometry. w| values are from the measurements in transmission mode.
With the former reflexes from lattice planes perpendicular to the flow, and
with the latter, lattice planes in the direction of the flow were measurable.
# denotes how many samples per flow rate were available and used to
calculate the values. The gypsum crystal size value L, > 208 indicates the
method's detection limit

Flow rate/
Mineral (mms™') # (khkl) L/nm w,/1 wy/1
Calcite 1.0 1 (100) 102 +£3 0.28 +0.01 0.36 + 0.01
(001) 99 +£4 0.44 +0.02 0.29 £ 0.01
12.5 2 (100) 104 £ 5 0.33 £ 0.01 0.38 £ 0.04
(001) 103 £7 0.35+0.02 0.24 £ 0.04
25.0 3 (100) 54+1 0.33£0.01 0.33 +£0.01
(001) 501 0.33 £0.01 0.33 £0.01
Vaterite 12.5 1 (100) 28+ 0 0.30 £0.00 0.31 +0.01
(001) 27£0 040 £ 0.01 0.37 =+ 0.02
25.0 3 (100) 23 £0 0.31+£0.01 0.29 £0.01
(001) 28+£2 0.38 +0.03 0.41 =+ 0.03
Gypsum 1.0 1 (100) 120+7  0.04 £ 0.00 0.57 % 0.02
(010) >»208 + 25 0.87 £ 0.01 0.09 + 0.00
(001) 123 £6 0.09 £ 0.00 0.33 £ 0.01
12.5 2 (100) 127 £14 0.09 £+ 0.01 0.47 £ 0.04
(010) 141 +5 0.79 &£ 0.03 0.13 £ 0.01
(001) 122 £20 0.13 £ 0.01 0.40 £ 0.04
25.0 1 (100) 87 £5 0.07 £0.00 0.53 £ 0.02
(010) 208 +7 0.77 £ 0.03 0.05 % 0.00
(001) 116 £8 0.15 + 0.01 0.41 £ 0.01

observed, it can be assumed that it saturates between 1 mm s~ *

and 12.5 mm s, Fig. 6.

To assess the system’s productivity, the total volume of the
pumped inoculum should be considered. Hence in the observed
section, the productivity was (1.8 + 0.7) x 10 > g(lh) " for 1 mm s/,
(6+2)x 10 ®g(lh) " for125mms "and 3+ 1) x 10 °g(1h)*
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for 25.0 mm s~ . These productivities may be low, compared to
the values Campano et al. reviewed in their Table 3.%* However,
our productivity only represents biomass from the viewing
window and not from the whole setup, including the reservoir.

The interesting information from these values, which
decrease with higher flow rates is another: they show that the
concentration increase rate at higher flow rates is not explicable
by a better nutrient or oxygen supply due to the higher agita-
tion. Literature reports confirm that agitated bacteria cultures
in general do not necessarily show a better performance than
static ones.**® A higher biomass production follows from
lower velocities, as Krsmanovic et al. reviewed.®® This effect
can also be observed in microfluidic systems.** Considering the
production of BCB, Liu et al. found that the cell viability of K.
xylinus was clearly increased by agitating. But the data also
shows that even low agitation reduced the BCB production.
Thus, referring to the BCB yield per cell, the agitation had a
strong disadvantageous effect.’” For aligned BCB, Luo et al.
found similar results, with an observed biomass reduction from
around 38 mg ml™ " to 24 mg ml~ " at flow rates of 30 mm s *
and 150 mm s~ ' (and around 55 mg ml~' for the static
reference).’” The reason for this observation is rather not a
genetic mechanosensing, but a prolonged lag-phase due to
washout of biofilm substances.***°

4.1.2 Network formation. Interestingly, despite the signifi-
cantly higher volume-dependent productivity of the 1 mm s *
in our experiments, we partly observed a shorter lag phase, a
higher growth constant and a higher concentration for the
higher velocities as shown in Fig. 5. How does this fit together?
An explanation for the observed flow dependence is that with
an increasing flow rate, more bacteria attached to the obstacles’
sides facing the incoming flow, resulting in an overall higher
BCB production. Fig. 8 confirms this hypothesis, since the flow-
facing side shows a significantly higher concentration which
increases with the flow rate. We propose a mechanism as follows.

K. xylinus, which can be considered non-motile when
floating freely, in principle, is not influenced by flow, except
for a rotary type of stroke.”’> Hence, it ‘goes with the flow’.
When the flow hits an obstacle, bacteria adhere to the obstacle.
Once adhered, the bacterial BC then facilitates the attachment
of further bacteria, leading to their rapid accumulation. The
calculated shear stress at the obstacles, Fig. 11(a), supports this
idea: with a maximum wall shear stress around 2 Pa for
25.0 mm s ' perpendicular to the flow direction and a ten
times lower minimum at the flow facing direction, we assume
that the bacteria withstand the shear force at the flow-facing
side. Although we could not find data about the specific
adhesion force of K. xylinus to PDMS, it is likely that the critical
shear stress, at which attachment and detachment are in
balance, is not smaller by orders of magnitudes to P. aeruginosa
with 1.1 + 0.2 Pa, due to their similar shapes and sizes.®® The
work of Chaen et al supports this by demonstrating BCB
structuring, formed at an estimated 1 Pa with G. hansenii.
In our experiments, it can be assumed that the adhesion is
even higher: K. xylinus seems to be more difficult to wash off
polar surfaces such as PDMS due to microbial cellulose

6200 | Mater. Adv, 2022, 3, 6191-6207
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hydrogen bond attachment.®>°° And additionally, if K. xylinus
already extruded fibers, we assume that they further enhance
adhesion, making it more difficult to detach.

The correlation of the minima and maxima in Fig. 11(a) and
(b) indicates that K. xylinus started to form its biofilm with its
origin in the areas that were protected from shear forces.®®
Hence K. xylinus initially attached to the obstacles’ flow-facing
sides, from where it excreted BC, whereby the amount of initial
bacteria depended on the flow speed, see sketch Fig. 12, left
hand side. Extruded BC then elongated with the flow, embracing
the obstacles (Fig. 8(b) (II)) and forming an obstacle-to-obstacle
network in the direction of the flow, Fig. 3(b)-(e) and sketch
Fig. 12 center image. While for higher flow rates, the median
BCB concentration is equal in front of and behind the obstacles
(Fig. 7(a)), the spatial distribution has a maximum on the flow-
facing side as already illustrated for all flow rates, Fig. 8(a). After
the BCB streamers connected after about 10 h, this maximum
value does not increase further. Rather, the obstacle-to-obstacle
concentration rose, building a highly concentrated network in
the direction of the flow, with an increasingly harmonised
concentration distribution. All tested flow rates resulted in a
distinct obstacle-to-obstacle network. At higher flow, the network
was more highly concentrated. This concentration rise can be
attributed to a better nutrient supply of the consisting network
due to the higher dynamic pressure.

The initial bilateral flow-dependent concentration distributions
became weaker with time, as Fig. 7(b) indicates. It changed from
being aligned with the flow, to more uniform with and lateral to the
flow. The lateral spreading of the BCB can also be observed with its
spatial concentration profile in Fig. 8(b). Looking at the single
strands, the spreading initially occurs unilaterally and becomes
uniform after the strands connected. Fig. 8(b) indicates that when
facing the flow, statistically the concentration distribution is slightly
shifted to the right. But sometimes, it also occurred left-sided, as it
can be seen with the spreading of the BCB in Fig. 3(e)-(g). We
speculate that with time, the biofilm also grew in the microfluidic
inlet. This caused minimal pressure differences between the grown
strands due to different inlet flows. Under perfect initial conditions,
the resulting cross flow in principle occurs randomly. But in CFD
simulations, the used microfluidic cell already shows a very slight
initial cross flow at 12.5 mm s~ " and 25 mm s~ ' due to a short inlet
channel (Fig. S7, ESIt). It is likely that the observed slight right-
handed concentration distribution (Fig. 8(b)) can be contributed to
a unilateral biofilm growth in the microfluidic inlet, caused by the
initial cross flow. However, since the network concentration equal-
ized with time, this probably had no effect on the final network. Its
total concentration distribution becomes more and more uniform
and a connected network with higher concentrated regions along
the obstacles forms, see sketch Fig. 12, right image.

The angular changes of the total concentration from direc-
tional to uniform were visible after a similar growth duration at
all tested flow rates with a minimal delay at 1 mm s~ . This
becomes visible in Fig. 7(b) IV-III and V-1V and is called the
second growth phase in the following, being distinguishable
from the first logistic growth phase, Fig. 4. In summary, the
growth can be described in two sequential processes: first, the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 12 Sketch of the BCB network formation around the PDMS obstacles with the initial bacteria accumulation (left), the first growth phase (middle) and

the second growth phase (right). In this sketch, the flow comes from below.

interconnection of the obstacles in the direction of the flow and
second, their connection with a general increase of the concen-
tration over the whole biofilm.

The formation of the flow-aligned obstacle-to-obstacle
network in the first phase can also be observed in the statistic
growth data, as dashed lines in Fig. 5. Since the main concen-
tration is located in the direction of the flow between the
obstacles (Fig. 3) and the area of these interspaces equals y =
0.1, it further can be assumed that the region of the first growth
phase below y = 0.2 in Fig. 5 mainly represents the obstacle-to-
obstacle growth. That the relevant values of S; are mostly in
this region fits this assumption. On the basis of the fitted
parameters (Fig. 5), the forming of this network becomes
traceable: a higher flow rate enhanced the growth constant,
the final concentration and shortens the time-point of the
inflection. We assume that the former change is due to an
ongoing and flow dependent catching of floating bacteria
similar to the “fishing-line” observation of Marty et al.°" The
change of the latter two started to saturate with a higher flow.
On the one hand, in contrast to the second growth phase,
nutrients could reach easily the inner of the relatively small
strands, while a higher dynamic pressure did not enhance the
final concentration by the increased fluent exchange. On the
other hand, the inflection time-point stops decreasing. It
appears that the lag-phase became the speed-determining step,
indicating that influences such as the nutrient resorption of the
bacteria and other influences dominated.

The overall increase in concentration at the flow rates
12.5 mm s ' and 25 mm s~ in both phases was quite similar
in their main grow directions (first phase with the flow; second
phase uniformly) and mostly in a range between 0.005 and
0.01 g cm ™ ? in 7.5 h, see Fig. 7(b). At 1.0 mm s~ " it was around
0.001 g cm* in the same time-step. Interestingly, the growth
constant of the second growth phase is widely the same for all
flow rates, Fig. 5. Different from the “fishing-line” effect in the
first phase, in the second growth phase the catching of bacteria
seemed no longer to be the dominant mechanism. Rather, an
equilibrium was reached at every flow rate, resulting in a
growth constant which stayed stable and can be seen as the
real growth constant for biofilm with the given culturing
parameters. Because on the one hand, by a higher shear stress,
more bacteria were embedded in the existing biofilm. On the

© 2022 The Author(s). Published by the Royal Society of Chemistry

other hand, there were more high-shear regions, where bacteria
and biofilm substances could no longer adhere or become
detached. We assume that these high-shear regions arose from
a smaller available volume, due to the increasing filling of the
microfluidic cell. This is different from the observation by
Drescher et al.,, who consistently saw a more rapid clogging
with higher flow rates.”> By contrast to the present work, their
setup was pressure-, and not flow-controlled, resulting in a
defined maximum flow rate and therefore in a maximum shear
stress the biofilms have to endure.

4.1.3 Statistic growth. As already mentioned, the BCB
growth in the microfluidic chamber is characterised by two
logistic growth phases. Fig. 5 shows the fitted parameters of the
bi-logistic function, eqn (4). As already stated, the first phase
can be related to the growth of the obstacle-to-obstacle BCB
strands, whereas the second phase is related to the strands’
connection. However, that they are clearly distinguishable in
the statistic growth (Fig. 5), is due to their saturation. This
saturation, in turn, was mainly triggered by a lack of space on
which K. xylinus biofilm can spread. Presumably because of the
comparatively thin microfluidic cell (50 um), the BCB concen-
tration reached levels were the nutrient supply decreased and
thus the BCB concentrations leveled out. With a higher flow
rate and the resulting higher dynamic pressure, this supply
could be longer preserved by an elevated fluent exchange,
leading to a higher total concentration S; + S,, Fig. 5(a). In
total, S; + S, can be interpreted as the concentration distribu-
tion over the observed area. It illustrates that the obtained BCB
gel showed regions of different densities, similar to the biofilm
of Hassanpourfard et al.>*>® Their observed ‘stick-slip’ behavior
was not observable in our experiment, since the viscoelasticity
of their EPS strongly differs from a web of bacterial cellulose.
After drying, the different densities resulted in inhomogeneous
film thickness. The thickness shrank by a factor of 10 to 30.

The average BCB concentration increase ¢ is nearly the same
for 12.5 mm s~ ' and 25 mm s, Fig. 6. Since a higher flow rate
does increase the total concentration over a broad range as in
Fig. 5(a), the final average BCB concentrations will differ: Fig. 6
only shows the increase until the setup clogged. The end of this
BCB gel redensification was only observable for two of the
1 mm s ' flow rate experiments after approximately 60-70 h.
Since the S, values in Fig. 5 are extrapolated by obtaining the
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best fit, it is to be expected that all ¢ saturate. The appearing
linear increase in Fig. 6 thus was the superposition of both
growth phases. In the end, the saturated ¢ of 25 mm s~ * then
will be higher than that of 12.5 mm s~ '. Moreover, the time-
point of the saturations can be estimated. Since At, is very
similar for all flow rates, and in the region of approximately
40 h, the observed 60-70 h are likely for all flow rates.

The median of the second phases’ inflection points At, and
growth constants /4, changed only insignificantly. It shows, as
already stated, that the growth in the second phase was mainly
independent of effects like an increased and continuous aggre-
gation of bacteria. It should be noted that due to the increas-
ingly shorter isolines at higher y, in particular the uncertainty
of 1 strongly rose, making its interpretation difficult.

4.1.4 Hierarchical structure. That BC fibers can be aligned
by growing in flow was observed in several experiments.*®?”
The principal mechanism behind the alignment was the sub-
ject of several studies: Stoodley et al. observed that ellipsoidal
bacteria, which K. xylinus belongs to, align with the flow within
their streamers.”® Furthermore, Holm et al. confirmed the
intuitive assumption that fibers also align with the flow as
largely correct. Although short fibers near the wall tend to
orient perpendicular to the flow direction, the longer they
become, the more they swim with the flow.>* Additional to
this orientation of the BC fibers, for K. xylinus there is also the
fact that already deposited cellulose strands serve as templates
for further depositions."®?°

Our experiments showed rheotactically aligned BC already at
the lowest flow rate of 1 mm s~ ', Fig. 9. In images (c)-(k), the
birefringence of the long optical axis in the direction of the
(001) planes of the highly crystalline bacterial cellulose can be
seen. Since the birefringence is strongest visible at +45°
between the flow direction and the crossed microscope polar-
izers, the fibers which are elongated along the (001) planes were
aligned in the direction of the flow. The fact that also higher
concentrated regions are outside of the highly concentrated
obstacle-to-obstacle strands shows that the majority of the
bacterial cellulose was flow-aligned. On closer inspection, the
crystalline birefringent regions of the aligned fibers can even be
seen in Fig. 9(i), (k) with an approximated mean length of about
10 pm.

Besides the alignment, Chae et al. found, in their flow-driven
alignment experiment with the BCB producing G. hansenii,
an additional structural characteristic: in contrast to other
alignment methods like BC stretching, the BC chains showed
parallel packing. This results in macroscopic net dipoles via the
alignment from the fibers’ reducing end to their non-reducing
end.*® We assume it is possible that the current flow driven
alignment approach results in the same packing and that the
hierarchical structure features persist even more distinct from
the molecular to the macroscopic level by rheotactic structuring
compared to other structuring approaches.

4.2 Mineralisation

To obtain a composite material with structured BCB as the
substrate, we performed two quasi in situ mineralisations.
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In the gypsum mineralisation, flower-like gypsum aggregates
occurred. Nissinen et al. and Nindiyasari et al.’®** demon-
strated gypsum/cellulose composites with mineralisation from
hemihydrate or supersaturated CaCl,-Na,SO, solutions. The
reason for the more uniform crystal distribution and size by
Nissinen et al. can be seen in the used cellulose substrate.
While Nissinen et al. used a cast cellulosic film, bacterial
cellulose consists of ribbon-shaped cellulosic nanofibers with
a width of 40-60 nm.*® Cellulose in general can be seen as
supportive for gypsum precipitation,®® but the anhydride
formed from the supersaturated solution requires water for
the hydration steps over bassanite to the final Cas0,-2H,0.%
Water-soaked cellulose can supply an anhydrid nuclei. If the
water release decreases, due to a decreasing size of the fibers,
the formation of nuclei becomes more unlikely,’* resulting in a
degraded and more heterogeneous crystal distribution.

To determine whether the anisotropic structure of the sub-
strate affects the orientation of the crystals, we performed two
different XRD measurements: measurements with Bragg-Bren-
tano geometry and applied spin, to discriminate texture within
or out of the sample plane (w, ). With measurements in
transmission mode, textures along the sample plane in the
direction of the flow are determinable (w). Gypsum refined
XRD data show that L and w, in the direction of the (010)
planes are increased against (100) and (001). The (001) planes
show the same effect against the (100) planes to a lesser extent,
Table 2. Thus the data indicate the texture in two directions:
first, the (010) plane of the gypsum crystals, laid parallel to the
BC film. This can also be seen in Fig. S5(b)-(d), ESIT where the
acerous morphology has a distinct and visible tabular fraction
largely facing the observer. We assume that this favored orien-
tation normal to the BCB surface is due to the strong BCB
shrinkage, since XRD measurements are obtained after drying.
The gypsum crystals were probably twisted by the shrinking in a
way that the biggest surface ((010) plane) finally lay between the
BC layers, reducing the fibers’ tensions. A slight decrease of
this anisotropy with a higher flow rate and thus a higher
concentration is explainable by better embedding, reducing
the twisting of the crystals. Second, since w) of the (100) plane is
slightly more distinctive than the (001) plane, slight orientation of
the crystals in the direction of the flow is indicated. This orienta-
tion is probably caused by heterogeneous nucleation. Some of
these crystals then formed large aggregates, which overall showed
a slight statistic orientation with the flow, Fig. S5(a), (ESIt). The
observed aggregates do not correspond to the determined L
values. Since the XRD data represent the whole samples and
SEM images are limited to the samples’ surfaces, further evalua-
tion of the interlayer BC structure, which is out of the scope of this
work, might resolve the missing correspondence.

The stable ACC suspension was well distributed over the
samples, resulting in a good final distribution of CaCO; with
small crystallites embedded in the BCB. Since the directional w
does not differ significantly from 0.33, the growth of the obtained
CaCO; phases calcite and vaterite seemed to be isotropic and not
affected by the aligned BCB substrate, Table 2. However, the mean
crystallite size L of calcite was probably influenced, reducing to

© 2022 The Author(s). Published by the Royal Society of Chemistry
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half at a flow rate of 25 mm s *

. Due to the lack of repeating
measurements for the lower flow rates, this value has some scope
for interpretation. But, an influence on L caused by the higher
BCB concentration in areas y < 0.5 is quite possible, since with a
larger surface, more heterogeneous nucleation can take place.

We processed a one precursor mineralisation of the BCB
samples, immediately after growth in the same setting. This
quasi in situ mineralisation route, based on liquid
impregnation,” provides - besides its simplicity - advantages
by comparison to other in situ or in vitro routes. Regarding the
former, the growth process and thus BC properties such as
crystallinity are not affected by mineralisation ingredients and
can be conducted at optimal process parameters.*® The latter
on the other hand brings along some difficulties by transferring
fragile samples into a new vessel where mineralisation can be
performed, e.g. by a diffusion based®® or time-consuming gas
diffusion based mineralisation.®®°>®” The one-precursor
method further was beneficial, since in our setup already
minimal rinsing between the reagents prohibited the precipita-
tion and a double diffusion method applied by Grassmann
et al.’® was rather inapplicable.

In conclusion, the slight effect of the anisotropic substrate
on gypsum crystallisation seems promising for the production
of a phase overlapping hierarchical engineering material. Even
though gypsum had some limitations, other acerous minerals
such as montmorillonite could overcome the insufficient
distribution. However, due to its good distribution and embed-
ment, the CaCO; route seems promising to create a biomimetic
organic/inorganic composite. An interesting work was
conducted by Yu et al. where a BC composite with tunable
toughness was produced.’® It is quite imaginable to apply the
presented process with pre-aligned BCB as a substrate in a
quasi in situ route. Indeed, fabrication steps like purification by
boiling with sodium hydroxide, or blending of the BCB must
be adapted. But even if bacteria remain after adaption in
the composite similar to our experiments, they can induce
interesting properties such as improved absorption capacity
or higher maximum tensile/compressive strength.'®

4.3 Experimental setup

In principle, three types of biofilm reactors are suited for the
targeted rheotactical cultivation of biofilm streamers.'®" Rotational
reactors, where either the inoculum or the sample is in rotation to
produce a flow,***” or loop type reactor, where the reactor is fixed
and constantly flushed by medium or inoculum. While the former
two are mostly used to produce biofilms in large quantities, the
latter method is suitable to evaluate biofilms during growth,'>*4
Besides a better possibility to maintain axenic conditions, the loop
type setup enables the use of flow- or pressure driven material
synthesis. Since in open or rotational reactors, the inoculum
primarily flows on top of the grown BCB, tracing increases in
concentration to flow rates, as in this work, is not feasible.

The main limitation of the loop setup is the limited space of
the reactor (in this work the microfluidic cell). In our experi-
ments, the saturation occurred due to this limitation. While in
other reactors, it can be expected that different growth

© 2022 The Author(s). Published by the Royal Society of Chemistry
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parameters will be obtained, since especially the way of nutri-
ent supply differs by the higher degree of freedom of the
medium/inoculum flow, an eventual saturation is inevitable.
And, if the structuring element where the BCB grows is similar
to the obstacle pattern used in this work, a two phase growth
will probably also arise. Hence, for obstacle-induced growth,
where a defined microbial streamer shall form a cohesive
streamer network, our results give an appropriate basis that
can be adapted to produce structured material with loop type
reactors, but also with rotational reactors.*®” To summarise,
with our loop type reactor with a panorama view observation
setup, we were able to observe the formation of the BCB
network and spatial streamers simultaneously. To our best
knowledge, investigation about the formation of larger bacter-
ial streamer networks, in particular BCB streamer networks are
not available. Thus, the flow-influenced formation of two hier-
archical levels could be observed directly, knowing that also the
subjacent levels like the direction of the cellulose fibers and
ribbons are aligned by the flow, as apparent in Fig. 9.

Our method is suitable to measure the BCB concentration
profile over the grown network via the Lambert-Beer equation
in a dynamic range of 1:932. Even after several days of growth,
the optical examination did not reach its saturation. Besides
the attenuation of the light by BCB, a slight (focused) shadow-
graph effect was visible at the thin edges between BCB and the
surrounding inoculum (e.g. visible in Fig. 3(f) at the spreading
BCB edge). This effect was caused by different refractive indexes
of the inoculum and the BCB and the resulting refractive
gradient.’®® On the one hand, this effect resulted in a minimal
and spatial finite overestimation of low measured BCB concen-
trations, but on the other hand the advantage is that the
boundary layers become more visible. By including negative
attenuation, our evaluation of the growth data was not affected
by this focused shadowgraphy effect. Furthermore, at high
refractive gradient edges caused by a higher BCB concentration,
the effect largely disappeared, since the light attenuation of the
BCB reduced the amount of deflected light.

Since the attenuation coefficient of BCB is relatively high
compared to other EPS, the manner observation was sufficient.
But, when growing biofilm streamers consisting of other
bacteria and EPS, the sensitivity of the EPS detection and thus
the determination of the concentration could become an issue,
when the attenuation coefficient is lower. Here, the focused
shadowgraphy or even better the schlieren techniques could play a
major role in the sensitivity enhancement. Simply inserting a knife
edge in the optional optical filter ((9) in Fig. 1) with a cutoff of 80%
would intensify the refractive gradient edge by a factor of 5.
Changing the lens to f= 500 mm would enhance the factor with
the same cutoff to 25.'

5 Outlook

We investigated the rheotactically formation of a bacterial
cellulose network consisting of several single bacterial strea-
mers. The formation could be separated into two logistic
growth phases. The first was the strain formation between
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the streamers in the direction of the flow. In the second phase,
the grown strains connected, building a hierarchically struc-
tured BCB network with flow-aligned BC fibers. The first phase
was dependent on the flow rate, since a higher flow provided
the streamers with more bacteria. In the second phase, a higher
flow with its higher dynamic pressure resulted in a higher final
BCB concentration. These findings may form the basis for an
upscaled material production of anisotropic cellulose sub-
strates. With the flow rate and design of the flow reactor the
concentration and distribution of the aligned BCB in the
strands and in the whole material can be adjusted. A BCB-
material interwoven with tailored BCB-strands can then be
adapted to meet specific mechanical requirements.

We also conducted a quasi in situ mineralisation route to
trace crystal growth in the hierarchically organised BCB. With
ACC and a supersaturated CaSO, solution, mineral deposition
was obtained. CaCOj; thereby showed a more uniform distribu-
tion than gypsum. However, with the deposition of the needle
shaped gypsum crystals, the anisotropic substrate features
could be continued from the organic to the inorganic phase.
It is quite conceivable that other minerals e.g. from the group of
montmorillonite, or a biomineralisation parth are sufficient for
anisotropic hierarchical structured composites. These results
illustrate that an evenly distributed mineral phase is attainable.
This, in turn, can be utilised to tune the mechanical properties
of bio-mimetic hierarchically structured BCB-mineral compo-
site materials. Future applications of the obtained materials
thereby could be manifold: in addition to obtaining tough
materials, tailor-made surfaces for use as catalysis carriers,
for defined adsorption tasks, or as a stationary phase in
separating columns are also conceivable.
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