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Some bacteria can act as catalysts to oxidize (or reduce) organic or inorganic matter with the potential
of generating electrical current. Despite their high value for sustainable energy, organic compound
production and bioremediation, a tool to probe the natural biodiversity and to select most efficient
microbes is still lacking. Compartmentalized cell culture is an ideal strategy for achieving such a goal but
the appropriate compartment allowing cell growth and electron exchange must be tailored. Here, we
develop a conductive composite hydrogel made of a double network of alginate and carbon nanotubes.
Homogeneous mixing of carbon nanotubes within the polyelectrolyte is obtained by a surfactant
assisted dispersion followed by a desorption step for triggering electrical conductivity. Dripping the
mixture in a gelling bath through simple extrusion or a double one allows the formation of either plain
hydrogel beads or liquid core hydrogel capsules. The process is shown to be compatible with the
bacterial culture (Geobacter sulfurreducens). Bacteria can indeed colonize the outer wall of plain beads
or the inner wall of the conductive capsules’ shell that function as an anode from which electrons
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Bacteria have been shown to be able to catalyse electrochemical
reactions for either producing organic matter from CO," or to
generate electricity from organic matter.” The development of
microbial electrochemical technologies offers a perspective to
capture a part of the energy contained in organic rich waste-
water.>”® Moreover, the use of such microbes for bioremediation
of aquatic sediments and groundwater is also envisaged.®” In
the most classical bioelectrochemical applications of microbial
fuel cells, bacteria interact and exchange electrons at the surface
of solid macroscopic electrodes.® These electrodes are often
made of a carbon material, because of its chemical inertness
and biocompatibility. Biofilms develop at the surface of the
electrodes (Fig. S1, ESIt). These substrates are convenient for
implementation in electrochemical devices with adequate wiring
and control. Nevertheless, they differ from natural substrates
which are generally softer and permeable; they lose efficiency
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because of the absence of permeability and fouling by thick
biofilms. The use of porous scaffolds where carbon nanotubes
are further coated® or directly grown'®" onto the macroporous
substrate or even woven'” has been shown to enhance the current
densities of microbial bioelectrochemical systems. Confining
bacteria in a biocompatible compartment would offer new
opportunities to probe the electrochemical activity of bacteria
in more favorable media. In addition, compartmentalizing
bacteria in small compartments that are stacked inside an
electrochemical cell could offer routes for the limitation of
electrode fouling. Indeed, this strategy should facilitate the
replacement of these compartments, containing dead micro-
organisms, by freshly encapsulated microbial colonies. Com-
partmentalization in permeable media would also allow more
efficient nutrition and elimination of byproducts resulting from
the electrochemical activity of the bacteria. Hydrogels can be
shaped as compartments for entrapping cells,"® from solid to
liquid cores.'" These materials act as a semi-permeable
membrane and thus allow a rapid exchange of solutes with the
surrounding."® In that way, culture medium composition can be
easily modified during cell growth. This compartment having a
liquid core has been shown to be suitable for three-dimensional
culture from microorganisms'” to mammalian cells."®"®

From the microbial point of view, identifying the best
adapted bacteria or consortium for a given physicochemical
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environment and electrode features is of course of practical
interest. For example, the apparition of a mutant of Geobacter
sulfurreducens wild type strain generating a current density five
times higher than the ancestral one has been isolated from a
5 months culture on an anode poised at 0.4 V.>° Creating a
technology that enables screening of various culture conditions,
natural samples or inoculum is a promising way to discover new
strains as previously demonstrated from the parallelization of
24 miniature microbial fuel cells (MFCs).>" An ideal evolution
platform would be composed of parallelized compartments that
have the ideal volume to allow an exponential amplification of
any inherited characters acquired by cell communities, without
expressing any bias initiated by physical or environmental
heterogeneities. This would ensure a proper reading of the intrinsic
microbiological detailed response leading to diversification, adapta-
tion and evolution. However, considering electroactive bacteria, new
bioreactors are needed in order to evaluate the electrochemical
performances of cells, i.e. electron transfer from and to the cell
colonies must be made possible.

Be it for selection of bacteria or other applications, the first
critical challenge towards these novel conditions of microbial
bioelectrochemical systems is the actual realization of permeable,
biocompatible and conductive bioreactors. We aim at using
electron conductive hydrogels for building a novel niche, having
a core-shell structure, where the activity of exoelectrogenic bacteria
can be assessed. Several strategies have been proposed for creating
conductive hydrogels based on the mixture of polymers and con-
ductive nanoparticles, like carbon based or metallic ones.”*>* Here,
the process for making a composite hydrogel must satisfy several
constraints: the rheological features of the dispersion should be
suited to capsule formation, the whole process should be bio-
compatible and electron transfer between bacteria and the con-
ductive network should be feasible. We propose to use a blend of
alginate and carbon nanotubes initially dispersed with the help
of surfactants. Alginate is chosen because of its biocompatibility
and possible use to make permeable capsules of controlled size.
Permeability is a critical feature to allow transport of nutriments
and diffusion of byproducts of electrochemical reactions. Carbon
nanotubes are chosen for two reasons. They are known to interact
efficiently with electroactive bacteria because of their small
dimensions.® In addition, they can form percolated and therefore
conductive networks at low volume fraction®® so that the
conductive gels remain soft and permeable.

In the following, the formulation of the colloidal mixture is
first discussed. Then the conductive features of the composite
hydrogel is probed by an electrochemical approach. Finally the
selected conductive hydrogel formulation and process are challenged
in the presence of exoelectrogenic bacteria, Geobacter sulfurreducens,
one of the best candidates for microbial fuel cells.>*®

1 Material and methods

Chemicals

Sodium alginate Protanal LF200FTS, provided by FMC Bio-
polymer, is composed of about 70% of guluronic acid and
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has an average molecular weight of 1.5 x 10> g mol~". Brij 35,
Brij58, Brij 78, sodium dodecyl sulfate (SDS), sodium oleate,
Tween 20, poly(ethylene) glycol (M,, = 3.2 x 10° g mol ),
barium chloride, potassium chloride and ferrocenemethanol
(FcMeOH) were all purchased from Sigma Aldrich and used
without any further purification. Carbon nanotubes (CNTs)
labelled Graphistrengh C100 (Arkema) are multiwalled nano-
tubes with a diameter of about 10-15 nm. All solutions were
made by using ultra pure water (Milli-Q).

Solution preparation and characterization

Carbon nanotubes are dispersed in water at a concentration of
2 wt% by sonication in the presence of surfactants. The dispersion
is performed by using a sonicator (VibraCell 750W) equipped with
a 3 mm diameter probe. The dispersion is realized with a volume
of 10 mL at 35% of the maximal power with alternating pulses of
3 s separated by 1 s for 1 h and 15 min. The solution is maintained
in a bath of ice in order to avoid overheat. The fine particle
dispersion of carbon nanotubes is verified under an optical
microscope. The alginate powder is then added to the CNT
dispersion which is finally mixed for 12 h under magnetic
stirring to obtain the final alginate/CNTs/surfactant solutions
at desired CNT concentrations (Fig. 1). The final concentration
of alginate is set to 1 wt%.

The rheological properties of the solutions are characterized
using a rheometer (AR1000, TA Instruments) in a Couette
geometry. The surface tension of the solutions is determined
using the pending drop method (DSA30, Kriiss). For the CNT
dispersions, the samples are first centrifuged at 8000 x gfor1 h
and the surface tension of the supernatant is then evaluated.

Composite bead formation

The alginate/CNTs mixture is dripped into a barium chloride
bath at a concentration of 1 wt% from a 2 mm diameter needle
at a height of 5 cm (Fig. 1). Barium ions induced a quick
gelation of the alginate at the periphery of the drops which are
then kept in the bath for 2 h under slight agitation to ensure
complete gelation via the diffusion of barium ions towards
the beads’ center. The resulting beads’ diameter is 3.5 mm as
measured from image analysis. Hydrogel beads are then added
to a large amount of pure water and kept immersed for 48 h. As
discussed in Section 2.2, this step allows to wash away surfactants
from CNTs, like a dialysis where the alginate hydrogel plays the
role of a semi-permeable membrane. After this dialysis step,
beads are stored in a BaCl, solution (1 mM). They are ready to
be used for further experiments (electrochemistry/current production
with bacteria). We note that barium ions are used instead of calcium,
which are commonly used to crosslink alginates, since we
noticed the formation of a precipitate in the culture medium
in the presence of calcium but not with barium.

Geobacter sulfurreducens strain and culture

The Geobacter sulfurreducens strain used during this study is a
PCA strain provided by DMSZ (DMS12127). Its nutrient medium
has been realized in the lab according to the DMSZ protocol
for Geobacter medium 826 completed by 0.1 mM of BaCl,.
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Fig. 1 Protocol to form beads or liquid core capsules made of alginate and CNTs along with the layouts of electrochemical characterization of (i) the
composite hydrogel, the current generated by a biofilm that develops (ii) onto a bead or {iii) inside a liquid core capsule.

Here, the soluble electron acceptor is fumarate. Cultures are
initiated by dilution by 10 of the stock culture in the growth
medium in a hungate tube sealed with a butyl-rubber plug non-
permeable to gas. Before incubation, the culture is kept under
anaerobic conditions by bubbling a gas mixture (80% N,
20% CO,) for 20 min. The culture is then incubated at 30 °C
under orbital agitation. The growth is followed by absorbance
measurement at 600 nm using a UV-spectrophotometer.

G. sulfurreducens encapsulation

The process for creating liquid core capsules is based on a
co-extrusion method."” In such a method, a double drop having
an outer part made of alginate/CNTs solution and a core
composed of culture medium and cells can be created (Fig. 1).
The shell solidifies once the compound drop falls into a BaCl,
bath. Like beads, capsules have an average size of 3.5 mm. Traces
of surfactants, Tween20, are added to the gelling bath and 1 mM
of SDS is supplemented to the shell solution to ensure proper
engulfing of the compound drops and thus successful capsule
formation.'” The core solution is composed of a culture in a
stationary state, which is further diluted 10-fold in a polyethylene
glycol solution at 10 wt% for increasing the core viscosity and
thus ensuring sphericity of the capsules. The ratio between the
core and the shell flow rates, which sets the shell thickness, is
equal to 2.5 when the cell growth is measured and to 1.25 when
the current of encapsulated bacteria is probed. The double drop
is dripped from a concentric double needle where the external
one has a diameter of 3 mm at a height of 5 cm into a barium
bath at 1 wt%. The capsules are transferred to a fresh culture
medium after having spent 5 min in the gelling bath. For the
cell growth inside capsules, the culture medium is replaced 2 h
after the beginning of the culture, after 24 h and then kept in
G. sulfurreducens culture conditions for 1 week. For monitoring the
growth of encapsulated bacteria by absorbance measurements, a
capsule is first burst in a tube containing culture medium and then
strongly agitated for 1 min with the help of a vortex mixer.
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Electrochemical characterization

Cyclic voltammograms and current measurements are obtained
using a 3 electrode system controlled by a potentiostat (CH
Instruments, 62A03). The electrode system is composed of an
Ag(s)/AgCl(s) reference electrode, a platinum grid as the
counter-electrode and a platinum wire (250 pm in diameter)
as the working electrode (WE). For beads, the platinum wire
pierces the bead form side to side (Fig. 1(i) and (ii); Fig. S2(i)
and (ii), ESIT). For capsules, the connexion is made by gently
pressing the platinum wire to the capsule shell with the help of
a reticulated poly-dimethylsiloxane (PDMS) slab that has been
previously pierced by the working electrode (Fig. 1(iii) and
Fig. S2(iii), ESIt).

2 Results and discussion
2.1 Formulation

Carbon nanotubes are natively hydrophobic, and therefore a
stable dispersion of CNTs in water requires either chemically
modifying their surface®” or using polymers®® or surfactants.”
As discussed later on, only the surfactant based strategy allows
ending up with a conductive network of CNTs. The addition of
charged surfactants like SDS is known to lead to well dispersed
CNTs thanks to electrical repulsion between solid particles.*®
Unfortunately, the homogeneity of the CNT dispersion is altered
when alginate is added as revealed by the optical micrographs
reported in Fig. 2(a). Large aggregates of CNTs of a few tens of
micrometers are present in the dispersion. This impacts the
fluidity of the mixture. Indeed, while exhibiting shear thinning
behavior, the viscosity at zero shear rate increases by almost two
orders of magnitude as compared to a pure alginate solution
(Fig. 2(a)). In previous work,*' we were able to form plain beads
with SDS and to characterize their properties by various electro-
chemical techniques, including local electrochemical mapping
which also revealed the heterogeneity of the CNT dispersion.
However, the rheological features of the colloidal mixture when

This journal is © The Royal Society of Chemistry 2018



Paper

(@)

10¢

M (Pa.s)

0.15—

0.01
0.1

100 1000

Fig. 2

Soft Matter

®) 75
(o] (o] [ ) e}
70F
65F o *
E60F o
Z o
é 55 °
>
50F o
%
45 o4 o© o °
0 1 d l l L 1 L
10° 10* 10° 10% 10" 10" 10'
C (mM)

(a) Flow properties of the blend of alginate (1 wt%) and CNTs (1 wt%) dispersed with SDS (O) and Brij (/\) along with the corresponding

microscope images of the mixtures (scale bar is 100 um). For comparison, the viscosity of a solution with the same amount of alginate but without CNTs
is also shown ([]). (b) Surface tension of water as a fonction of Brij35 concentration with 1 wt% of CNTs (@) and without (O).

SDS is used do not allow to properly form liquid core capsules.
The use of another anionic surfactant having a longer carbon
chain, sodium oleate, and thus a higher energy of adsorption
does not prevent such flocculation. On the other hand, when a
non-ionic surfactant, Brij35, having the same hydrophobic
chain as that of SDS is used, the dispersion is homogenous
while the viscosity slightly increases (Fig. 2(a)). The destabilization
mechanism is possibly different from a bridging scenario where
polymers displace surfactants from the CNT surface.”* Here, the
flocculation might be due to the nature of alginate which is a
negatively charged polyelectrolyte carrying thus a cationic counter
ion, e.g. like a sodium ion for SDS. The presence of sodium ions
indeed reduces electrostatic repulsion and thus favors aggregation.

Non-ionic surfactants are therefore selected to disperse
CNTs. The required amount of surfactant molecules for good
dispersion of CNTs in water is determined by measuring the
surface tension of the dispersions. The evolution of the surface
tension as a function of surfactant concentration, here Brij35,
with and without CNTs is reported in Fig. 2(b). In the absence
of CNTs, the critical micellar concentration (CMC) of Brij35 is
found at 0.1 mM. Once 1 wt% of CNTs is added to the surfactant
solution, the CMC is shifted to about 4 mM. This CMC displace-
ment is a signature of the adsorption of surfactant molecules onto
the CNT surface. For the experiments reported in the following, a
concentration above the CMC is used, and it is typically chosen to
equal 6.5 mM.

2.2 A conductive hydrogel

After homogenization of the alginate/CNTs mixture, and thanks
to its shear thinning behavior, composite hydrogel beads or
capsules can be easily processed by extrusion (Fig. 1). The flow
rates of the solutions are set such that drops are formed in a
dripping regime. The drops are collected in a barium chloride
solution that turns the mixture into a gel. Using a surfactant
allows prevention of aggregation of hydrophobic particles,
which is needed for obtaining a homogenous mixture with
alginate, but thus also prevents electrical conduction between

This journal is © The Royal Society of Chemistry 2018

CNTs. Surfactant molecules must then be washed away to
connect CNTs. Composite hydrogel beads are thus left in a large
reservoir of water free of surfactants in order to induce surfactant
desorption.

The electrical properties of composite hydrogel beads are
assessed using electroanalytical methods. Beads are first
immersed into a barium chloride solution (1 mM) having a
volume 1000 times larger than those of beads. Then, at a given
time, a bead is plunged into a ferrocenemethanol solution
(1 mM) for 30 minutes in order to saturate the bead in FeMeOH
due to its ability to permeate the composite hydrogel.** The
bead is finally pierced using a thin platinum wire which is
connected to a potentiostat, and plunged in a cell containing
FcMeOH solution (1 mM) along with the counter electrode and
the reference electrode (Ag/AgCl) as sketched in Fig. 1(i). The
medium is completed with KCI (0.1 mM) and BaCl, (1 mM). A
cyclic voltammogram (CV) is then performed at a scan rate of
10 mV s~ . Examples of such CVs are given in Fig. S1 (ESI{),
while that of a percolated bead is reported in the inset of
Fig. 3(a). An oxidation feature is observed on the CVs, corres-
ponding to the oxidation of FeMeOH at the conductive assembly.
From such a measurement, an oxidation peak current denoted as
ip can be estimated. The impact of the dialysis time on 7, is shown
in Fig. 3(a) for three different surfactants. These surfactants,
Brij35, Brij58 and Brij78, possess a hydrophobic tail made of 12,
16 and 18 atoms of carbon, respectively. All experiments were
performed with an initial amount of surfactants in excess. For the
longer chain Brij78, the measured peak current is constant during
the time period of the experiment that lasts almost for 7 days. The
signal is simply due to the oxidation of FcMeOH at the platinum
wire’s surface, suggesting that the bead is not conductive (no
percolation of the CNT network). For a slightly smaller chain
Brij58, the current starts to increase after 3 days of dialysis. On
the other hand, for Brij35, the current slowly increases during
the first 14 h where its value is multiplied by 3. Then, i,
undergoes a thirtyfold increase during the next 10 h, i.e. after
1 day. The oxidation peak current finally slowly increases; its

Soft Matter, 2018, 14, 1434-1441 | 1437
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Fig. 3 Electrochemical characterization of composite hydrogel beads dispersed in ferrocenemethanol solution (1 mM) in a layout shown in Fig. 1(i).
(a) Time evolution of the oxidation peak current i, during the dialysis of beads made from CNTs (1.5 wt%) dispersed with different surfactants: Brij78 (L),
Brij58 (/\) and Brij35 (O). The dashed line corresponds to the response of the platinum electrode alone. Inset: Cyclic voltammogram recorded at a scan
rate of 10 mV s~ for a percolated bead. (b) Variation of the oxidation peak current as a function of the CNT content after complete dialysis of surfactant
molecules (Brij35). The continuous line represents a critical-like function that describes the percolation of the CNT network, i.e. iy = iS +ig(Cent — Cenr)’

where 8 = 2 pA, i7" = 240 pA, Cinr = 0.5 Wt% and f = 1.2.

value is only multiplied by 1.5 for the 6 following days. This slow
dynamics where stress relaxation induces network reorganization
has been observed for physical hydrogels like the alginate one.*®
The CV shape changes to a bell-shaped feature (inset of Fig. 3a)
while the peak current increases (the time evolution of CV shapes
is reported in Fig. S3, ESIt). The bell-shape suggests the complete
consumption of ferrocenemethanol within the compostie hydro-
gel bead. By choosing the right surfactant, which is non-ionic and
has a low adhesion energy towards CNTs, it is possible to
homogeneously mix CNTs with alginate and to induce effective
electrical contacts between the particles after dialysis. The
composite hydrogel finally works like a porous electrode. The
first matrix is made of alginate that is ionically cross-linked
and ensures mechanical stability to the hydrogel and a second
network made of carbon nanotubes, probably in contact via
van der Waals forces,** provides electronic conductivity.

We wonder now how the conductivity features of the composite
hydrogel depend on the amount of CNTs. Hydrogel beads
containing various mass fractions of CNTs with 1 wt% alginate
were then produced. After a dialysis period of about 1 week,
the beads were assessed using electroanalytical methods as
previously discussed. The evolution of the oxidation peak
current of ferrrocenemethanol versus the concentration of CNTs,
Cen, exhibits a classical percolation behavior (Fig. 3(b)). The
conductivity is null for low amounts of particles and then
sharply increases above a critical concentration Cgyr. The
evolution of the oxidation peak current, linked to a modifica-
tion of the network connectivity, is described by a critical-like
function, i.e. i, = ig + 15 (Conr — C%NT)B, where ig is the peak
current for FcMeOH oxidation at the the platinum wire alone.
The corresponding critical concentration is equal to 0.5 wt%
and f = 1.2. This low percolation threshold is due to the
anisotropic shape of the CNTs® but it is larger than that for
single wall CNTs*® while being close to the reported values for
bundles of CNTs.**

1438 | Soft Matter, 2018, 14, 1434-1441

2.3 Probing bioelectroactivity of bacteria with a composite
hydrogel

Before using such a composite hydrogel as an electrode for
probing bio-electroactivity, the bio-compatibilty of the process
is first assessed. The growth of bacteria is evaluated from
turbidity measurements. The difference of absorbance between
the cell suspension and the culture medium measured at
600 nm, AODgqo, as a function of time is reported in Fig. 4.
The value of AODg at ¢ = 0 is extrapolated from the optical
density of the initial cell suspension and further diluted before
encapsulation. The cell number is assumed to be proportional
to AODgg,. As expected for cell culture in bulk, the cell number
first increases exponentially and then saturates at AODggo ~ 0.7,
probably when all acetate has been consumed, as previously
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Fig. 4 Growth of G. sulfureduccens in bulk at T = 30 °C (M), in a liquid
core capsule having either an alginate hydrogel membrane at T = 30 °C
() and at T = 25 °C (O) or a composite shell at T = 25 °C (@®). AODggo
represents the difference of absorbance between the cell suspension and
the culture medium measured at 600 nm.
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(a) Chronoamperometry of a biofilm of G. suflureduccens growing on a composite hydrogel bead. The fall of the current followed by a rising

signal corresponds to a renewal of the culture medium. The schematics illustrates how the bead is connected to the potentiostat. The image is a
snapshot of the bead after 7 days of incubation (scale bar is 1 mm). (b) Chronoamperometry of a biofilm developping inside a liquid core capsule having a
composite hydrogel membrane. The schematics illustrates how the capsule is compressed by a PDMS slab (in blue) onto the platinum wire connected to
the potentiostat. For both schematics, the red layer represents the biofilm. The anode is poised at 0.4 V (versus Ag/AgCl electrode) for both conditions.

reported.”” In the exponential, phase, the corresponding division
time is about 10 hours. For bacteria encapsulated in capsules
having a hydrogel shell without CNTs, the growth rate is initially
similar to the bulk one, then slows down and finally the cell
concentration saturates at the same level. We stress that the
optical density difference, and thus the cell concentration, for
encapsulated cells is evaluated by taking into account the sur-
rounding culture medium. Therefore, the cell concentration
inside the capsule is much higher than the corresponding culture
in bulk. The cell number is indeed multiplied by the volume ratio
between the external medium and the capsule’s one. Cells are
thus able to grow in a crowded environment without impeding
their growth rate. Starting from the stationary phase, the cell
number can even double if the surrounding culture medium is
replaced. When adding CNTs to alginate, which requires the use
of surfactants and a dialysis step, the bacterial concentration
reaches the same level. We note that the growth rate is similar to
a culture in capsules at the same temperature but without CNTs.
To conclude, the whole process of encapsulation within compo-
site hydrogel capsules is thus compatible with cell culture.
The next step is then to verify whether or not cells are able to
attach to the composite hydrogel when fumarate, a soluble
electron acceptor, is depleted. Plain beads are first prepared
and then hooked by a platinum wire. The wired hydrogel bead
is immersed in a culture medium with cells at a concentration
close to that of the saturation phase, but free from fumarate.
The system is finally maintained at 25 °C under stirring and
anaerobic conditions (Fig. 1(ii)). Time evolution of the current
when a wired bead made of 2 wt% CNTs is poised at 0.4 V
(versus Ag/AgCl electrode) is reported in Fig. 5(a). Poising the
anode at a slightly positive potential allows avoiding electron
transfer limitations.>®?° The current increases up to about
200 pA at day 5 and then sharply decreases. Then the current
increases again once the culture medium is replaced at day 6.
As seen from the snapshot reported in Fig. 5, a biofilm developed
around the composite bead. Pieces of the biofilm have been
detached during manipulation, mainly while replacing the

This journal is © The Royal Society of Chemistry 2018

culture medium that required to bubble the gas mixture free
from dioxygen, explaining why a lower maximum current is
then obtained. With the bead’s diameter being 3.5 mm, the
corresponding maximal current density, for a fully covered
surface, is about 5 A m ™2 This value is comparable with those
of previous experiments using anodes made of a carbon based
material.*>*° A biofilm developed on a composite bead containing
1.5 wt% CNTs exhibits a maximal current density of around
4 A m™?, a smaller value than the previous hydrogel composition
but consistent with lower electrical conductance (Fig. 3(b)).

The current delivered by encapsulated bacteria in a liquid
core composite hydrogel capsule is finally assessed. Here, the
capsule shell contains 1.5 wt% CNTs and have a diameter of
3.5 mm. Piercing the capsule using a platinum wire is not possible
because of a weaker mechanical resistance. The capsule is thus
sandwiched between a platinum wire and a slab of PDMS (Fig. 5(b)
and Fig. S2(iii), ESIT). When bacteria are encapsulated, the current is
observed to increase with time and reaches a maximal value of
about 22 pA. By assuming a perfect spherical geometry and by mass
conservation during the co-extrusion of the core and the shell
solutions, the inner capsule surface is 0.67 smaller than the outer
one. The maximal current density is then around 0.9 A m ™2 This
value is smaller than a plain bead which might be attributed to a
higher electrical resistance between the capsule’s shell and the
platinum wire. Indeed, as observed for beads, such a connexion
leads to a higher electrical resistance since the anodic peak current
(i) in a ferrocene methanol solution is about 2.5 times lower than
that for a pierced bead (data not shown). However, the use of such a
conductive hydrogel capsule as an anode is demonstrated to be
compatible with the encapsulation of electroactive bacteria that are
then able to survive under anaerobic conditions.

3 Conclusion and perspectives

Here, we propose a novel materials science based strategy to
open opportunities in the field of electrobiocatalysis upon

Soft Matter, 2018, 14, 1434-1441 | 1439
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application to microbial fuel cells. Our approach lies in the
design of hollow spheres made of a semi-permeable conductive
shell used to encapsulate growing electrochemically active
bacteria colonies. Carbon nanotubes and alginate are homo-
geneously mixed by surfactant assisted dispersion followed by a
desorption step that triggers electrical conductivity. The type of
optimal surfactant and the amount of CNTs have been deter-
mined for being compatible with a liquid core capsule formation
process based on a co-extrusion step in air followed by a gelling
step in an aqueous solution. The whole process is shown to
be biocompatible. The compartmentalization of the biofilm
formation allows isolation of individuals and thus would help
in revealing the diversity among or between species. The ability
to select a specific colony, generating the highest current for
example, that will then be used to inoculate a new set of
capsules opens the way to directed evolution experiments. A
next step would be then to design a screening platform where
the fate of many colonies entrapped in such bioreactors coud
be possible. Our approach should lead to broader applications
in the field of electrobiocatalysis. Cooperation between strains
among biofilms has been demonstrated to be a key feature
for MFC in natural environments. Such compartmentalized
cell culture offers unique capability to further investigate the
interplay between specific strains by co-encapsulation. Also,
the screening platform could be used to identify efficient
bacteria or consortium from natural samples. The present
study focused on the growth of microbial colonies at an anode
for extracting electrons, but such a strategy could also be used
to probe the metabolism of bacteria that accept electrons from
a cathode.*"** The selected bacteria strains could then be used
at both working electrodes of a MFC.** Moreover, this would
have an impact on applications relying on the conversion of
CO, to organic matter using biocatalysis and solar energy."**
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