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ABSTRACT:Microcapsules made of synthetic polymers are used for the release of cargo
in agriculture, food, and cosmetics but are often di� cult to be degraded in the
environment. To diminish the environmental impact of microcapsules, we use the bio� lm-
forming ability of bacteria to grow cellulose-based biodegradable microcapsules. The
present work focuses on the design and optimization of self-grown bacterial cellulose
capsules. In contrast to their conventionally attributed pathogenic role, bacteria and their
self-secreted bio� lms represent a multifunctional class of biomaterials. The bacterial strain
used in this work,Gluconacetobacter xylinus, is able to survive and proliferate in various environmental conditions by forming bio� lms
as part of its lifecycle. Cellulose is one of the main components present in these self-secreted protective layers and is known for its
outstanding mechanical properties. Provided enough nutrients and oxygen, these bacteria and the produced cellulose are able to self-
assemble at the interface of any given three-dimensional template and could be used as a novel stabilization concept for water-in-oil
emulsions. Using a micro� uidic setup for controlled emulsi� cation, we demonstrate that bacterial cellulose capsules can be produced
with tunable size and monodispersity. Furthermore, we show that successful droplet stabilization and bacterial cellulose formation
are functions of the bacteria concentration, droplet size, and surfactant type. The obtained results represent the� rst milestone in the
production of self-assembled biodegradable cellulose capsules to be used in a vast range of applications such as� avor, fragrance,
agrochemicals, nutrients, and drug encapsulation.
KEYWORDS:microcapsules, Acetobacter xylinum, bio� lm, bacteria cellulose, interfacial rheology, micro� uidics

I. INTRODUCTION

Microcapsules are used to protect and release active
ingredients in cosmetics1 and agriculture.2 Most of these
encapsulation systems are made of non-degradable polymers,3

which guarantee control over the mechanical and release
properties.4 However, these non-degradable systems accumu-
late over time in soil and fresh water,5 potentially threatening
the environment. Furthermore, their fabrication often involves
harsh chemical reactions and several intensive processing steps.
The ideal sustainable microcapsule system should thus be
made by readily accessible polymers, be easy to produce, and
be made by materials of biological origin. A common solution
to making biodegradable microcapsules is the use of
biopolymers in the form of proteins and polysaccharides6,7

such as alginate and chitosan that form strong enough capsules
to withstand harsh conditions while being e� ortlessly degraded
in the environment. Synthetic capsules can be assembled using
a multitude of techniques, such as emulsi� cation followed by
polymerization,8 layer-by-layer assembly,9 coacervation,10 or
internal phase separation.8 Most biopolymer assembly
techniques are currently limited to layer-by-layer assembly11

and coacervation.12

A more autonomous approach exploits the natural design
ability provided by living systems such as bacteria that
synthesize and assemble biopolymers in bio� lms during

growth.13 Gluconacetobacter xylinus, also known asAcetobacter
xylinum,is one of the strongest bio� lm formers and bacteria
cellulose producers. In this work, the aerobic bacterial strainG.
xylinusis used due to its ability to produce large quantities of
bacterial cellulose.14,15 Glucose chains are produced inside the
cell body and subsequently extruded out through pores present
in the bacteria’s cell wall.16 The � nal result is an intricate
network of nano� bers composed of repeated units of� -1,4-
linedD-glucose.

Bacterial cellulose has gained increasing interest over the last
few years as a biomaterial thanks to its remarkable material
properties such as tensile strength, water holding capacity, and
biocompatibility. The bio� lm formation at the air� water
interface has been used to directly grow macroscopic structures
such as 3D-printed face masks,13 foams,17 implant enve-
lopes,18,19 or food packaging.20 Because of this structure and
properties, applications in the� eld of biomedicine have also
been identi� ed, such as cellulose-based biosca� olds for cellular
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adhesion and proliferation21 or cellulose patches used for skin
tissue repair for severe skin burns.22 This bio� lm formation can
also be exploited by con� ning cellulose-producing bacteria to
an emulsion droplet to form capsules for biomedical
applications by gelling the inner phase23 or by using a gelled
oil phase to stabilize oil droplets.24 However, methods of
incorporating living microorganisms in well-de� ned geometries
and maintaining their functionality and ability to produce their
bio� lms are limited. The challenge lies in ensuring the
necessary environmental conditions, yet providing a de� ned
template to allow the assembly into functional geometries. In
this work, we exploit the possibility of using bacterial cellulose
to engineer a stable emulsion droplet. By colonizing the
droplet, the bacterial cells self-assemble at the droplet interface
and create a network of cellulose� bers, as schematically
depicted inFigure 1a.

Oxygen is provided by di� usion through an oxygen-
permeable oil phase (decane), while nutrients are dissolved
in the water phase. After the removal of the oil phase, the
capsules/spheres can be washed, resulting in hydrogel capsules,
solely composed of bacterial cellulose, as shown inFigure 1b.
Capsule growth was studied by confocal and electron
microscopy, whereas bacterial cellulose growth kinetics was
monitored via interfacial rheology. To upscale the production
of monodisperse capsules, micro� uidic techniques were used
to create high throughputs of uniform water-in-oil emulsion
droplets as templates for the formation of cellulose capsules.

II. MATERIALS AND METHODS
Materials. Emulsion Preparation.In this study, di� erent oil and

surfactant systems were utilized during the emulsion studies. Due to
the low density, high volatility, and low viscosity, decane (95%,
Sigma-Aldrich, USA) was chosen for all the experiments. The low
viscosity facilitates the handling and formation of emulsion droplets,
and the low density promotes a more distinct separation from the
water phase. Its high volatility is preferred as it speeds up the recovery
process of the� nal cellulose capsules in a dried state. In contrast to
that in an air� liquid interface, in our system, both bacterial
proliferation and the formation of a bacterial cellulose bio� lm are
reduced. In particular, the secreted bio� lm is measured to be lower in
mass (ca. 10� 15%) and shows a longer formation time (ca. an
additional 35� 40%) when compared to the control bio� lm due to the
limited oxygen transport through the oil phase.

To increase the droplet stability, two di� erent oil-soluble
surfactants were tested, namely, Span 85 (c = 0.1, 1, and 5%, Sigma
Life Science, USA) and phosphatidylcholine (c= 0.1 and 1%, Lipoid S
100, Germany). Both surfactants were shown to not delay or interfere
with the cellulose growth, but they could not prevent spontaneous
water-in-oil emulsi� cation.25 Additionally, 0.25 wt %� -lactoglobulin
(provided by the Food and Bioprocess Engineering group at the

Technical University of Munich) was used in the aqueous phase as an
interfacial active component to improve the stability of the capsules.

Bacterial Strain and Culture Media.The bacterial strainG. xylinus
ATCC-700178 used in this work (provided by A. Ferrari from the
Laboratory of Thermodynamics of Emerging Technologies at ETH
Zurich, Switzerland) is a non-pathogenic Gram-negative bacterial
strain. It is known to be a cellulose-producing aerobic bacterium, able
to proliferate even in limited oxygen conditions.14 Bacterial cells were
grown in standard culture media based on mannitol (25 g/L, Sigma-
Aldrich, USA), yeast extract (5 g/L, Sigma-Aldrich, USA), and
peptone (3 g/L) in Milli-Q water (NANOpure Diamond Barnstead,
resistivity M� cm, Thermo Fisher Scienti� c, USA), providing
abundant nutrient sources for bacteria proliferation. Before inocu-
lation, the culture medium was autoclaved at 125°C for 20 min
(Tuttnauer 2840 EL, Netherlands). To obtain a reproducible bacterial
concentration at the start of each experiment, a fresh culture was
inoculated from a mother culture and allowed to grow for 3 days. This
time frame guaranteed the growth of cells to a steady-state bacterial
concentration in the liquid bulk, which was subsequently withdrawn
as the inoculum for a new working culture and diluted to the required
concentration for each experiment. Prior to withdrawing the desired
volume, the working culture was vortexed for 15 s. All glassware and
culture media were sterilized prior to usage through autoclaving.
Temperature-sensitive solutions were sterilized using a 0.2� m � lter
(Whatman FP 30/0.2 CA-S).

Methods. Interfacial Shear Rheology.The interfacial rheological
properties of the bacterial cellulose layers were determined using a
shear rheometer (MCR 502, Anton Paar, Graz, Austria). A custom-
made bicone geometry using polyamide PA12 powder by selective
laser sintering with a radius of 34.15 mm and a cone angle of 13.2°
was used.26 In contrast to the classical biconical geometries,27 it had a
considerable edge thickness of 3 mm to account for the 3D structure
of the bacteria cellulose bio� lms. The calculation of the interfacial
moduli was performed according to the analysis of Erni et al.,27

considering the viscosity of both the aqueous phase (culture media)
and oil phase (decane). The obtained moduli should be considered as
apparent due to the transient changes in the bio� lm thickness during
the experiment. To follow the cellulose interface build-up over time,
time sweeps (1% strain amplitude at 1 rad/s) were performed for
approximately 60 h at di� erent initial bacterial concentrations (0.2, 2,
and 5% v/v). The bacteria were incubated in the measuring cell when
the experiment was started and covered by a solvent trap to limit
evaporation. Unless stated otherwise, the experiments were conducted
at 23± 0.5°C. To measure the mechanical properties of the cellulose
bulk material, strain and frequency sweeps were conducted using a
plate� plate geometry (a diameter of 50 mm at a plate separation of 1
mm) using a fully grown bacterial cellulose bio� lm. The strain
amplitude sweep was performed at an angular frequency of 1 rad/s.
Subsequently, the frequency sweep was executed at a strain amplitude
of 0.1% within the linear viscoelastic regime.

Scanning Electron Microscopy.To prepare the sample for imaging
using scanning electron microscopy (SEM), the generated cellulose
capsules were rinsed in water and ethanol and then resuspended in
water. Subsequently, the capsules were freeze-dried for 2 h (Free

Figure 1.Self-grown microcapsules produced byG. xylinus. (a) The bacteria are enclosed in the water phase, surrounded by an oxygen-permeable
oil phase. Over time and with nutrients such as sugar, the bacteria produce the cellulose within the emulsion template, resulting in bacterial
cellulose capsules. (b) After the removal of the oil phase, the capsules/spheres can be resuspended in water as nutrients or drug carriers.
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Zone 2.5 Plus, Labconco, USA) and sputter-coated with a platinum
layer of 3 nm using a CCU-010 coating unit (Safematic GmbH,
Switzerland). SEM images were recorded using a LEO 1530 Gemini
instrument (Zeiss GmbH, Germany) with an acceleration voltage
between 3 and 5 kV at a working distance of 5 mm using a secondary
electron detector. Images were processed using the software Fiji.28

Confocal Microscopy.Three-dimensional� uorescent imaging was
performed using a confocal laser scanning upright microscope
(Fluoview 3000, Olympus, Japan), equipped with a silicon oil-
immersion objective (30×, 1.05NA Silicon UPlanSApo), using a laser
light source at 405 nm and a DAPI� lter at 470 nm. For better
visualization, the bacterial cellulose samples were� uorescently labeled
by adding 10� 5 M Fluorescent Brightener 28 (Sigma-Aldrich, USA) to
the media� bacteria solution during the inoculation. The low
concentration of the� uorescent brightener was chosen to prevent
interactions of cellulose formation with the dye.29

Bright-Field and Fluorescence Microscopy.To quantify the
cellulose growth on a capsule, micrographs were recorded using a
microscope in bright-� eld and� uorescence modes (DM6000B Leica
Microsystems GmbH, Germany). Bright-� eld images were acquired
using a halogen lamp, while� uorescent images were generated with a
mercury lamp using a GFP� lter. All images were recorded using a 5×
air objective (0.15 NA, XCX PL FLUOTAR), unless speci� ed
otherwise. The samples imaged were unlabeled, and the images
captured the inherent auto-� uorescence of the bacterial cellulose.30

The micrographs were recorded at 15 min intervals over a period of
time of approximately 30± 10 h depending on the initial bacterial
concentration.

Single Droplet Generation and Micro� uidic Setups. Single
Droplet Experiments.A culture medium solution freshly inoculated
with 2% v/v bacterial solution was utilized to form a droplet of
approximately 600� 700 � m initial diameter using a 50� L glass
syringe. The droplet was gently deposited into a custom-made
observation chamber, which was� lled with oil and closed with a
concave glass microscopy slide. To ensure the spherical shape of the
droplet, the glass was rendered hydrophobic through silane
functionalization to reduce partial wetting by the aqueous phase.

Flow-Focusing Emulsi� cation. The customized� ow-focusing
geometry used in the experiments is characterized by two consecutive
inlets responsible for the injection of inner and middle phases, one
additional inlet for the continuous phase, and a single outlet where the
droplets are collected.31 The design and working principle of the� ow-
focusing device is shown inFigure 2. A pure medium is used as the
inner phase, the bacterial solution as the middle phase, and decane

with or without added surfactants as the continuous phase. Each inlet
tube, made out of polytetra� uoroethylene, is connected to a syringe
pump (Harvard apparatus, PHD Ultra, USA), and the output tubing
was instead directly introduced into a hydrophobized glass bottle
where the droplets were collected and could be observed under a
microscope. For all experiments, the following� ow rates were used
unless stated otherwise: 200� L/h for the inner phase, 800� L/h for
the middle phase, and 20 mL/h for the continuous phase.
Consequently, the emulsion droplet produced had an initial diameter
of approximately 150� m. The� ow-focusing geometry was made out
of glass due to its better optical transparency and the ability to clean
and functionalize the inner channels with a hydrophobic or
hydrophilic coating compared to that of silicone devices.

Step Emulsi� cation. The step emulsi� cation device used
throughout this work consists of a parallelized glass chip composed
of a main channel connected to a series of parallel nozzles. The
presence of wedge-shaped nozzles causes the inner� uid to� ow down
to a step, thus breaking up into droplets due to the Laplace pressure
di� erence.32,33 The chip itself is submerged into a glass holder
(typically a Petri dish) containing the continuous oil phase. Contrary
to a� ow-focusing device, the droplet’s dimensions are not determined
by the operated� ow rates but rather by the characteristic channel
diameter. This o� ers the advantage of controlling the droplet size
distribution to a better extent than that in other devices. The
emulsion droplets have an initial diameter of approximately 450� m,
with a� ow rate set to create several thousands of droplets per minute.
The step emulsi� cation geometry was made out of glass, and the inner
channel surface was made hydrophobic for the production of water-
in-oil emulsions. For both devices used in this work, the micro� uidic
chip was� ushed with a toluene solution containing 5% octadecyl-
trimethoxysilane and 0.5%N-butylamine for at least 3 h and
subsequently thoroughly rinsed with isopropanol and water.

III. RESULTS AND DISCUSSION

The approach to creating biodegradable cellulose capsules
consists of generating water-in-decane emulsion droplets
inoculated with bacterial cells and nutrients. During their
lifecycle, the aerobic bacterial cells ofG. xylinusassemble at the
water� oil interface due to their oxygen dependency. The
generated cellulose� bers form an intricate network, leading to
the � nal formation of a cellulose capsule. Initially, the
interfacial mechanical properties of the formed cellulose

Figure 2.Customized� ow-focusing device for transient double emulsions. The microscopy images show bacterial droplets produced using� ow
rates of 200� L/h, 800 � L/h, and 20 mL/h for the inner, middle, and continuous phases, respectively. The droplets have a diameter of
approximately 150� m with decane as the continuous phase, the culture medium as the inner phase, and a 100% concentrated bacterial solution as
the middle phase.
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bio� lm layer were investigated. Following that, a manual
process was used to generate single droplets to evaluate the
e� ect of the geometrical shape and con� nement on the
formation of the cellulose layer. Ultimately, to guarantee a
reliable upscaled production of monodisperse capsules, micro-
� uidic techniques were used to create high throughputs of
uniform emulsion droplets as templates for the formation of
cellulose capsules.

A. Interfacial Mechanical Properties of Living Bio-
� lms. To measure the kinetics of bacterial adsorption and
bacterial cellulose assembly at the interface, we use interfacial
rheology at the air� water interface (Figure 3). An interfacial
shear rheometer27,34 with a custom-made biconical geometry
(see Figure 3a,b) was used as a characterization tool to
quantify the mechanical response of the pellicle.26 In this
setup, the viscoelastic behavior during the initial formation,
build-up, and assembly of the cellulose layers was measured
over 60 h as a function of the initial bacterial inoculation
concentration of 0.2, 2, and 5 v/v % (Figure 3c). At the
beginning (t = 0 h), the interface, regardless of the inoculation
concentration tested, shows a predominantly viscous layer, that
is, a dominating loss modulusG� representative of a pristine
interface. Over time, the storage modulusG�, which character-
izes the elastic properties of the interface, increases steadily
until a cross-over between the viscoelastic moduli is detected,
followed by a distinct elastic behavior, withG� dominating over
G� . This cross-over di� ers for each inoculation concentration,
occurring after 1, 2, and 6 h with the increasing concentration
(for 0.2, 2, and 5 v/v % inoculum, respectively, seeFigure 3d).
The dominance of the storage modulus over the loss modulus
is caused by the formation of cellulose and bacterial adsorption
at the interface. As expected, a higher initial bacterial
concentration also results in faster progression through the
various phases, where the� nal modulus plateau is reached at

approximately 22, 37, and 48 h after inoculation with 5, 2, and
0.2 v/v % inoculation concentrations, respectively. Eventually,
all bacterial concentrations form a predominantly elastic (G� >
G� ) layer at the air� water interface with similar viscoelasticity
pro� les, as observed for previously examined bio� lm
systems.26,35� 39 The evolution of the viscoelastic moduli of
the cellulose layer over time is not in� uenced by the initial
inoculation concentration. This implies that the microscopic
structure of the cross-linked� bers is not in� uenced by the
initial inoculation concentration of the starting culture but
rather by the transient and spatial adsorption behaviors of the
bacteria and the consequent bio� lm formation.

Bulk frequency and amplitude sweeps performed on a
bacterial cellulose pellicle grown for 60 h at the air� water
interface are shown inFigure 3e,f. As presented in the
frequency sweep, the dominant elastic storage modulusG� and
its invariability upon changes in the frequency con� rm the
presence of an elastic material assembled in a strong cross-
linked network. In the amplitude sweep, the material
disruption occurs at a critical strain amplitude of approximately
4%, after which both moduli decrease for increasing strains.
Corresponding to this critical strain, the response ofG� shows
a slight increase, demonstrating signs of a highly viscoelastic
network during break-up. The oscillatory shear measurements
show a pronounced elasticity of the cellulose� ber network and
indicate that the bio� lms assembled at the interface should
generate capsules with a mechanically robust shell.

B. Generation of a Single Capsule.The knowledge
gained from the adsorption kinetics study on a� at water� oil
interface was used to design an experiment for the generation
of a single capsule through the in situ assembly of bacterial
cellulose on the surface of a water droplet. A single water
droplet about 600� 700 � m in diameter with 2 v/v %
inoculated bacteria was formed in decane as an oil phase and

Figure 3.(a,b) Setup of the interfacial shear rheometer measurements using a custom-made biconical geometry with thicker edges. (c) Time sweep
(t = 0� 60 h) at a constant frequency and amplitude of mannitol-based media with bacteria inoculated at 0.2, 2, and 5 v/v %. (d) Time sweep (t =
0� 20 h) indicating the cross-over points of the viscoelastic moduli [close-up of (c), frequency = 1 rad/s and strain amplitude = 1%]. (e,f) Bulk
amplitude sweep and frequency sweep measured on a bacterial pellicle using a plate� plate geometry. The amplitude sweep is measured at 1 rad/s
and the frequency sweep at a strain amplitude of 0.1%.
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deposited on the surface of a glass substrate. To ensure the
spherical shape of the droplet and prevent collapse during the
experiment, the glass was rendered hydrophobic through a
silane functionalization procedure that reduces partial wetting
by the aqueous phase. After 48 h of growth, a spherical
bacterial cellulose capsule was formed with an intricate
network of entangled nano� bers, as shown in the SEM images
(Figure 4a). The capsule size dropped to about 350� m in
diameter after this growth period. This shrinkage led to
extensive wrinkling of the cellulose shell. The near perfect
spherical shape of the capsule and the dense cellulose material
at the interface can be clearly distinguished. Upon increasing
the magni� cation of the region of interest inFigure 4b,c, one
can see the intricate network of cross-linked nano� bers that
make up the capsule structure. The cellulose� bers have a
uniform thickness ranging from 5 to 10 nm and span across
multiple micrometers in length, thus creating a strongly
entangled web of unidimensional chains.

Cellulose from di� erent sources, including bacterial
cellulose, has been shown to have a strong auto-� uores-
cence,30,40 with a relatively high characteristic emission at
around 420 nm upon excitation at a wavelength of 320 nm. We
used this phenomenon to monitor the formation of cellulose
over 25 h as the� uorescence directly correlates with the
amount of bacterial cellulose present in the droplet (Figure
5a). Three distinct phases can be identi� ed, similar to the
bacterial growth curves.41 In the initial lag phase, the
� uorescence intensity shows a well-de� ned plateau close to
zero for approximately 10 h, representing the initial absence of
bacterial cellulose and a low bacterial growth rate (Phase I in
Figure 5a). After this lag phase, the bacteria replicate and form
bacterial cellulose (Phase II inFigure 5a). During this phase,
the liquid droplet becomes a hydrogel-coated capsule, where
the cellulose is assembled at the spherical interface as a� ber
network. Lastly, cellulose formation ceases due to the depletion
of nutrients and oxygen (Phase III inFigure 5a). The diameter
of the droplet decreases from 700 to 270� m, that is, to about
38% of their initial size due to water loss into the oil phase via
spontaneous emulsi� cation.25 Droplet shrinkage is arrested
once su� cient bacterial cellulose is formed, preventing further
migration of water outward (Figure 5a). The dynamics of
cellulose formation at the droplet surface is demonstrated with
confocal microscopy.Figure 5b� d shows a series of super-
imposed vertical scans of the droplets, submerged under a thin
layer of pure decane, recording all three phases of the cellulose
growth process. Initially (Figure 5b), the individual cellulose
� bers form a disentangled network. Entanglement is formed
during the exponential growth phase (Figure 5c) as the
abundance of the threads increases. Ultimately, the amount of
bacterial cellulose in the capsule turns it into a solid shell
(Figure 5d). Similar toFigure 4a, large wrinkle-like structures
in the capsule shell were observed, con� rming a characteristic
arrangement of the cellulose� bers on the droplet surface. Due

to the compact structure of the bacterial cellulose capsule, it
was not possible to access the enclosed volume without
destroying the shell and expelling the contained liquid.

C. Capsule Production through Micro� uidics. To
upscale microcapsule production, micro� uidic setups were
used as a method to generate monodisperse cellulose capsules.
Droplets of diameters between 80 and 200� m were produced
utilizing a customized micro� uidic � ow-focusing device,31 and
droplets of 400� 500 � m diameters were produced by step
emulsi� cation.32,33 As opposed to single droplets in oil, several
droplets in an emulsion need to be stabilized with a surfactant
to prevent coalescence until the bacteria cellulose adsorption
layer has been formed. Span 85 or phosphatidylcholine was
added to the oil phase (decane) as an emulsifying surfactant.
Further, the bacteria concentration present in each droplet is
crucial for the formation of bacterial cellulose at the water� oil
interface. For this reason, the bacteria concentration in single
droplets was calculated via the volume and the inoculating
solution, which was measured to be at 108 cfu/ml (cfu =
colony forming units). With that as a starting point, we use
simple geometrical arguments to estimate the number of
bacteria present in the produced droplets.

For droplets with 1� 2 v/v % initial bacterial concentration
and an initial droplet diameter of 150� m, as generated in the
� ow-focusing setup, an average of approximately two bacteria

Figure 4.(a� c) SEM images of a single bacterial cellulose capsule at three magni� cations, showing the cellulose� ber network.

Figure 5.(a) Normalized� uorescence intensity and droplet/capsule
diameter as a function of time. (b� d) Confocal microscopy images
during the growth of cellulose in an emulsion droplet, showing the
increasing cellulose� bers accumulating at the droplet interface (the
image width is 200� m, with 2% initial bacterial concentration, and an
initial diameter of 700� m, decreased to 270� m during the
experiment).
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are present per emulsion droplet. This quantity is too low to
guarantee bacterial cellulose growth in the capsules fast enough
to prevent emulsion coalescence. At 5 v/v %, corresponding to
six bacteria per emulsion droplet (a diameter of 150� m),
bacterial cellulose capsules were formed after 5 days with a
� nal diameter of 80� m, that is, 55% of the initial diameter.
Figure 6a,c,e shows the bacteria cellulose capsules generated in
the � ow-focusing setup in bright-� eld, polarized microscopy,
and� uorescence microscopy.

For stable droplets with larger diameters of 400� 500 � m,
step emulsi� cation was used at initial bacterial concentrations
of 25 v/v % inoculation, resulting in 1450 cfu per 400� m
droplet, that is, 28 bacteria per droplet on average (Figure
6b,d,f). The� nal capsule diameter of 140� m relates to about
30 to 35% of the initial value. The shrinkage is related to
spontaneous emulsi� cation and di� usion of water into the oil,
which increases with the initial droplet diameter, that is, it is
linked to the available surface area.25 The homogeneous
� uorescence intensity ofFigure 6e,f among the di� erent
capsules reveals that a similar amount of bacterial cellulose is
assembled at the interface for both micro� uidic emulsi� cation
approaches.

With both micro� uidic setups, water-in-oil droplets as a
template for bacterial cellulose capsules that are stable in the
oil phase can be formed. However, these capsules disintegrate
once removed from the oil phase and re-dispersed in water
(see Figure 1b). It is hypothesized that the presence of
surfactants reduces the strength of the assembled cellulose
network such that the successful recovery for imaging and
subsequent post-processing is not possible. To address this
challenge, we introduce� -lactoglobulin (whey protein)42,43 as
a secondary stabilization method of the droplet’s water� oil
interface. With 0.25 wt %� -lactoglobulin and a 25 v/v %
bacterial concentration in the water phase and 5 v/v % Span 85
in the oil phase (decane), water-stable bacterial cellulose
capsules were formed. In this case, the capsules could be
successfully washed, removing decane, and imaged using SEM
(Figure 7). In conclusion, the presence of� -lactoglobulin in
combination with Span 85 seems to ensure the build-up of a
su� ciently tight network of bacteria cellulose� bers, allowing
the successful removal of the produced capsules from the oil
phase for further processing steps such as loading or dispersing.

The e� ect of the surfactant and protein concentrations,
droplet size, and initial bacterial concentration on bacterial
cellulose formation in the emulsion droplets can be
summarized as follows. Stable bacterial cellulose capsules in
decane are formed at initial bacterial inoculation concen-
trations of 4� 30 v/v %, droplet diameters of 200� 500� m, 5
w/w % Span 85 in decane, and� -lactoglobulin in the water
phase. Unsuccessful capsule formation was observed for (i)
emulsion droplets with a diameter below 150� m due to the
insu� cient number of bacteria, (ii) bacterial inoculation
concentration below 1� 2 v/v %, resulting in no or too slow
bacteria cellulose production rate, and (iii) Span 85
concentration below 5 w/w % or a phosphatidylcholine
concentration below 1 w/w %, resulting in thermodynamically
unstable emulsion systems. In these cases, coalescence was
observed as the time scale to generate bacterial cellulose was
lower than the emulsion stability. Upscaling of the capsule
production already shows a signi� cant increase when using the
step emulsi� cation process as outlined in Ofner et al.32

IV. CONCLUSIONS

The presence of bacteria cellulose fromG. xylinusat the
interface of an emulsion template is used as a stabilization
mechanism to obtain biodegradable microcapsules that can be
envisioned to be used as nutrients or drug carriers. Water-in-oil
emulsion droplets were inoculated withG. xylinusand used as
a template to promote the production and self-assembly of
cellulose� bers at the interface. To probe the feasibility of
obtaining su� ciently strong bacterial cellulose� lms at the
interface, the formation and structural assembly of the cellulose
interfacial layer as a function of time were investigated using
interfacial rheology. The formation of bacterial cellulose

Figure 6.Optical microscopy images of cellulose capsules under (a,b)
bright-� eld, (c,d) polarized, and (e,f)� uorescent light for capsules
obtained by� ow-focusing (left column) and step emulsi� cation (right
column) devices. The averaged� nal capsule diameter is about 80� m
for � ow focusing and 140� m for step emulsi� cation. Capsules
generated in� ow-focusing and step emulsi� cation techniques used 5
and 25 5 v/v % bacterial suspensions, respectively. As the oil phase,
decane was used with a 5% Span 85 surfactant to increase the stability.
All images were taken after 5 days of growth.

Figure 7.SEM images showing the capsules formed as a result of step emulsi� cation.
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capsules was subsequently studied in a single capsule
experiment, where a droplet containing bacteria and the
culture medium was observed over time under a� uorescent
microscope. In optimal conditions, the microorganisms started
to produce cellulose, which assembled and formed a
mechanical structure at the water� oil interface. With two
micro� uidic setups, droplets of de� ned sizes were produced,
ranging from 80 to 500� m in diameter, also indicating an
upscaling procedure of the capsule production using the step
emulsi� cation process. The combination of a non-toxic
surfactant (Span 85) in the oil phase and a whey protein (� -
lactoglobulin) in the aqueous droplet phase ensured both
emulsion stability and successful transfer of the bacterial
cellulose capsules into other surrounding liquids. With our
approach, we show that bio� lm formation can be used for the
production of biocompatible microcapsules for a variety of
applications ranging from food, pharmaceuticals, cosmetics, to
agrochemicals.
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