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Introduction
Traditional manufacturing methods for small-scale devices, such as
microfabrication, have limitations with regard to control of shape and size. Since topdown manufacturing methods are inadequate for manufacturing larger devices with
complex nano-sized features, there is an emerging interest in using biological systems
for bottom-up manufacturing. Biofabrication, the combination of biology and
microfabrication, may be the future solution for the production of complex 3D
architectures with nanoscale precision[1]. This process is advantageous since many
organisms are preprogrammed to fabricate complex structures. It has been previously
demonstrated that bacteria can be magnetically manipulated to create complex
magnetite nanoparticle chains[2] or be ultrasonically processed to create hollow metal
chalcogenide nanostructures[3], and genetically engineered viruses can be used to
fabricate ordered arrays of quantum dots[4]. A vast number of other potentially useful
biological processes exist and biological assembly can be affected by various stimuli
such as electrical fields, magnetic fields, temperature, pH, or chemical gradients.
Cellulose, a natural polymer produced by the majority of plants, can also be
assembled into nanofibrils by bacteria[5]. Cellulose synthesis by Acetobacter xylinum is
a complex process which involves the polymerization of single glucose molecules into
beta-1,4-glucan chains, the extracellular “extrusion” of the linear chains, and the
assembly of the cellulose chains into ribbon-like fibrils with typical dimensions on the
nanometer scale[6]. As a result of the motion of these bacteria, a three-dimensional
network is produced. The water binding ability of these cellulose ribbons, due to their
large surface area and high concentration of hydrophilic hydroxyl groups, yields a
hydrogel-like material with unique mechanical properties[7]. A. xylinum is difficult to
culture in traditional fermentation technology[8] and when agitated, the bacteria can
switch off the cellulose production[9]. When left in static culture, A. xylinum produces a
dense, completely randomized 2D cellulose network, as seen in Figure 1, which
increases in thickness as the bacteria rise to stay near the oxygen rich liquid-air
boundary.

Figure 1: A single A. xylinum cell is entangled in b) the dense random cellulose network it helped produce.

This cellulose network is particularly viable as a material for biomedical
applications due to its’ high purity, biocompatibility, mechanical integrity,
hydroexpansivity, and its stability under a wide range of conditions[10]. Bacterial
cellulose has been successfully evaluated in several biomedical applications including
blood vessel replacement, meniscus, and bone scaffolds [11-13]. Existing scaffold
fabrication techniques suffer from fundamental manufacturing limitations that have, to
date, prevented their clinical translation. These limitations result from the distinct lack of
processes capable of reproducibly creating structures on the nano-, micro-, and
millimeter scales that adequately promote cell growth and function.
We have made steps towards overcoming this limitation by manipulating the
shape and morphology of bacterial cellulose material by delivering oxygen to the culture
media through a polymeric interface[14]. Other groups such as Putra et al. found that A.
xylinum grown on permeable polydimethylsiloxane (PDMS) substrate showed
birefringence indicating some degree of uniaxialfiber alignment [15]. They have also
found that bacterial cellulose tubes grown on silicone tubing showed nanofiber
orientation along the longitudinal axis [16]. Uraki et al. were able to align cellulose
nanofibers along honeycomb-patterned microgrooves in an agarose film scaffold[17].
Kondo et al. found that bacterial cellulose grown on a molecular substrate of aligned
glucan chains resulted in epitaxially aligned bacterial cellulose nanofibers [18]. While
these modifications are limited to the fibrils located near the solid-liquid interface, these
researchers shed light on the need for controlled orientation of the nanofibers. Here we
present a method of direct control over bacterial cellulose nanofiber orientation using
electrokinetic forces.
Mathematical Methods
The application of a uniform electric field to an ionic liquid in a microfluidic field
gives rise to electrical double layer (EDL) formation along the channel wall. The ions
closest to the channel walls are subject to strong electrostatic forces which cannot be
overcome by thermal diffusion. As result, these ions are statically bound to the surface
of the channel forming a fixed Stern layer. The electrostatic force within the EDL
deteriorates further from the channel surface and mobile ions begin to move parallel to
the EDL. The net effect of ionic drag caused by the mobile ions on the bulk fluid induces
a phenomenon known as electro-osmotic(EO) flow.[19] The velocity of an ionic fluid
under EO flow ( ) is calculated by
   
where  is the elctro-osmotic mobility of the ionic fluid and  is the magnitude of the
applied electric field. The electro-osmotic mobility
 
is a function of the surface potential between the solid and liquid phase ( ) and the
viscosity ( ) of the fluid [20].
An EDL will additionally form around a charged particle (or cell) placed in an
infinite ionic liquid under a uniform field. In the case of a positively charged cell, a
double layer consisting of an excess of positive ions will form. The cell will then be
driven towards the region of highest positive potential by a Coulombic force (  which is
proportional to the net charge of the cell (q) and equal to
  

[21]. This force is also known as electrophoresis and the resulting electrophoresis
  of a spherical cell can be calculated using the Hu ckel equation[20]
velocity (
   

This velocity is a function of the applied field and the electrophoretic mobility ( ) of the
cell which is a function of the surface potential between the cell, the surrounding
medium, and the permittivity of the surrounding media. The net velocity of the cell as
 )
result of these two forces is referred to as the electrokinetic velocity (
     

where  and  are the electro-osmotic and electrophoretic mobilities respectively.
These two terms summed are often referred to as the electrokinetic mobility of a particle
( ).
   

Experimental Methods
Several stages of experimentation were conducted to test electrokinetic control
over bacterial cellulose production: cellulose production in test tubes, 100mL beakers,
micro-growth chambers, and OptiCell chambers,
Culture Methods
The strain Acetobacter xylinum subsp.sucrofermentas BPR2001, (700178,
American Type Culture Collection) was used for all experiments. Modified fructose
media with an addition of corn steep liquid (CSL)[22] was used as the culture media. Six
cellulose-forming colonies were cultured for 2 days at 30ºC in a rough flask (nominal
volume, 300ml; working volume, 100ml) yielding a cell concentration of 3.7*106 cfu/ml.
The bacteria were then liberated by vigorous shaking and inoculated into new culture
media.
Cellulose production environments
Evaluation of the effects of an electric field on cellulose production was
performed in three macro environments, 15mL test tubes, 100mL beakers, and 10mL
Opticell 1100 cell culture chambers and in micro-growth chambers.
Test Tubes
2.5mL of inoculated culture media were added to 15mL test tubes. Aluminium
electrodes were inserted into two small holes previously drilled into the lids. 1V DC
(approximately 0.67V/cm) was then applied across the electrodes and cultivation was
allowed to persist for 24 hours before cellulose production was analyzed.
100mL Beakers
10mL of inoculated culture media was added to 100mL beakers and aluminium
electrodes were inserted along opposing edges of the beaker. Voltages of 10V DC
through 20V DC (approximately 2.2V/cm to 4.4V/cm) were applied across the
electrodes and cultivation was allowed to persist for 20 minutes.
OptiCell
15mL of inoculated culture media was added to Opticell 1100 cell culture
chambers (Thermo Fisher Scientific, Waltham, MA). 22Gage 99.99% aluminum

electrodes were then carefully inserted into the chambers via the syringe inlets.
Voltages of 0.5V to 5.0V DC (0.077V/cm to 0.77V/cm) were applied across the
electrodes and cultivation was allowed to persist for 5 days. The electric field was then
removed and the culture chambers were heated in a water bath at 60C for a minimum
of 1 hour to kill any A. xylinum cells.
Fabrication of Micro-Growth Chambers for Scaffold Growth
Elastomer encased micro-growth chambers were fabricated to evaluate the
effects of electromagnetic fields on cellulose production by A. Xylinum. Microchambers
stamps were fabricated by cleaving unaltered 500 micron thick silicon wafers were into
rectangles measuring 4.5x0.5cm. These rectangles were then adheared a glass slide.
A liquid phase elastomer was made by mixing PDMS monomers and the curing
agent in the ratio of 10:1 (Sylgrad 184, Dow Corning, USA). The bubbles in the liquid
PDMS were removed by exposing the mixture to vacuum for an hour. The PDMS liquid
was then poured onto the silicon master which was encased by Aluminium foil,
producing a thickness of 1cm. Then 15 minutes was allowed for any remaining bubbles
to float to the surface. The PDMS was then cured for 10 minutes at 150 C and peeled
off the stamp. Inlet ports to each channel were punched using sharpened dispensing
needles (JG14-1.0P, Jensen Global Inc, Santa Barbara, CA).
PDMS-PDMS Reversible Bond
The PDMS device layer of the microgrowth chamber and a flat piece of previously
prepared PDMS were washed and dried as
described above. Both were then exposed to
air plasma for 2 minutes on high. After
exposure, the layers were immediately brought
into contact and pressure was applied as
described above. This yielded a semipermanent, water tight bond and the devices
could be separated by gently pulling the two Figure 2: Schematic of rectangular silicon stamp
used to create a micro-culture chamber for the
layers apart allowing samples to be removed production of aligned cellulose nano-fibers.
after culture. Growth chambers remained under
pressure a minimum of 10 minutes and were stored in a vacuum chamber until use.
Micro-Growth Chamber Cellulose Production
The micro-growth chamber was first cleaned with ethanol and rinsed with DI
water before being primed with 100uL of inoculated culture media. 1000uL pipette tips
were inserted into the inlets of the micro-environment and used as media reservoirs.
Aluminium electrodes were then placed in the reservoirs and electric fields between 0.1
and 5V/cm were applied. Cultivation was allowed to proceed for 72 hours before the
electric field was removed. The micro-environments were then opened and the resulting
scaffolds were placed in liquid nitrogen to halt cellulose production.
The scaffolds were then freeze dried in a Labonco FreeZone 2.5 Plus (Labconco
Corp., Kansas City, Missouri) freeze dryer for 48 hours without any further processing to
leave the bacterial cells in situ. 5nm of gold was then deposited on the scaffold and
Field Emission Scanning Electron Microscopy (FESEM) was conducted at a working

distance of 6mm and 5kV electron beam intensity using a LEO Zeiss 1550 FESEM (Carl
Zeiss SMT, Oberkochen, Germany).
Results and Discussion
Cellulose production in a test
tube is altered dramatically under the
presence of an electric field. In static
culture with no electric field, cellulose
production occurs only at the liquid-air
boundary. Under the application of an
electric field, cellulose production is
induced and applied field of 0.67V/cm
resulted
in
significant
cellulose
production
below
the
liquid-air
boundary as shown in Figure 3. Fiber
Figure 3: Cellulose production modified by application of
alignment was not visible under these electric field
conditions since 3D effects including
gravity and buoyancy influenced the network
structure.
Experiments
in
10mL
beakers
attempted to minimize 3D effects and to limit
the influence of macro-scale forces including
gravity and buoyancy. Cellulose production
was immediately visible at the anode during
the application of 10V and 15V DC. This is
likely due to the production of oxygen via
hydrolysis. As time progresses a circular
region of cellulose around the anode becomes
visible. This circular region begins to deform
and stretch out towards the cathode as shown
in Figure 4. This process is likely due to
electrokinetic forces driving the bacterium
from one edge of the beaker to the other. The
4: BC Production after 20 minutes in a 100mL
application of 20V results in minimal cellulose Figure
beaker w/ 10V applied by aluminum electrodes
production and the cells may be moving too
fast to produce cellulose chains or their
metabolic processes may be impeded in
some manner.
The OptiCell culture chambers
provided an ideal, confined, 2mm deep
chamber to observe cellulose production
under the application of an electric field.
These experiments were conducted with
the OptiCell chambers orientated so that
the gravitational force was parallel with the
electrodes. Without an applied electric
field a random cellulose network was
produced between the oxygen permeable Figure 5: Fibers stretching across OptiCell culture platform
produced by the application of 2.0V

membranes. Application of 5V yielded some cellulose; however, cellulose production
was notably diminished. For smaller applied fields, such as 0.33V/cm shown in Figure 5,
cellulose fibers could be seen extending across the chamber after 24 hours. These
fibers are not exactly perpendicular to the electrodes due to gravitational forces.
The micro-growth chambers provided the optimum platform for producing
cellulose scaffolds for visualization. Without an applied electric field, the bacteria
produce a dense random network as reported previously by numerous authors. Under
high electrical fields, the bacteria are moved too quickly, or their metabolic processes
are inhibited by the applied field, and cellulose production is switched off. However,
there are experimental conditions in which the motion of the bacteria can be controlled
while simultaneously producing cellulose. Specifically, electric fields between 0.25V/cm
and 1.0V/cm were used to guide the bacteria through the micro-growth chamber by
electrokinetic forces. Under these experimental conditions, the bacterial cells are being
controlled with velocities on the order of 1 micron/s. Within this range, variations in the
strength of the applied field change the morphology of the cellulose structure produced.

Figure 6: Field Emission Scanning Electron Microscopy (FESEM) of the cellulose network produced by A. xylinum in a micro-growth
chamber environment under (left) 0.303V/cm and (right) 0.45V/cm electric fields.

We have successfully demonstrated direct control over a biofabrication process
to create a structure that is morphologically different from the material produced
naturally and Figure 6(left) shows an FESEM image of the cellulose produced under an
electric field of 0.303V/cm. The interwoven strands of nanocellulose fibrils are aligned in
the direction of the applied electrical fields to which the bacteria were exposed.
Increasing the field strength to 0.45V/cm produces a more finely stranded cellulose
structure as visible in Figure 6(right). These figures are in clear contrast with Figure 1,
which shows a randomly distributed network of nanocellulose. The ellipsoid shaped
particles on top of the strands in Figure 6(right) are the bacteria that have been fixed to
the cellulose fibers during the freeze drying process. Inspection of the branching
nanofiber network shows that mitosis continues as the bacterium was guided through
the microchannel creating an interwoven structure in which all of the nanofibers project
in the same direction. The results in the Figure 6 clearly show that the orientation of
cellulose fibers and the architecture of the network can be predictably controlled using
electric fields.
Control of the 3D morphology of scaffolds from the nanoscale to the macroscale
is a critical aspect in developing customizable implants and scaffolds for tissue
engineering, since the biological responses of cells in these scaffolds is strongly

correlated to the nanoscale topography[23]. We have demonstrated that this can be
attained by controlling the movement of A. xylinum at the nanoscale. In this process the
motion of A. xylinum is controlled by electric fields in a microfluidic environment to
create custom cellulose networks. We have demonstrated the first direct control over a
bottom up biofabrication process in three dimensions. By carefully controlling the
electrokinetic forces, we can navigate the bacteria under simultaneous extrusion of
cellulose networks. The manipulation of electrokinetic forces acting upon a bacterial cell
can produce complex cellulose patterns on the nanoscale not achievable in static
culture.
This offers, in addition to control of the material architecture, benefits from an
environmental point of view. Our biofabrication process uses sugar and nutrients which
can come from directly agricultural waste streams. Further, we do not use chemicals,
operate at room temperate, use weak electric fields and the materials produced are
biodegradable.
Conclusion
The ability to control the direction of fiber orientation could be readily expanded
to weave structures of multiple fiber layers, with each layer grown in a prescribed
direction, by simply changing the orientation of the applied electric field, and these
structures could be tailored to have the desired mechanical properties for a variety of
applications including tissue engineering, MEMS, textiles, and electronics. Future work
will focus on evaluating the mechanical properties of scaffolds with aligned fibers and
creating scaffolds with complex fiber orientations suitable for biomedical implants. We
are convinced that A. xylinum is not the only example of a biological system which can
be controlled and the combination of multiple biological agents could be used to
produce distinctive materials, connected at the nanoscale, which are morphologically
and mechanically different from existing materials.
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