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ABSTRACT: Bioinspired bacterial cellulose (BC) composites are
next-generation renewable materials that exhibit promising
industrial applications. However, large-scale production of
inorganic/organic BC composites by in situ fermentation remains
di�cult. The methods based on BC mechanical disintegration
impair the mechanical property of dried BC �lms, while the static
in situ fermentation methods fail to incorporate inorganic particles
within the BC network because of the limited di�usion ability.
Furthermore, the addition of other components in the
fermentation medium signi�cantly interferes with the production
of BC. Here, a tough BC composite with a layered structure reminiscent of the tough materials found in nature (e.g., nacre, dentin,
and bone) is prepared using a semistatic in situ fermentation method. The bacterially produced biopolymer �-poly(glutamic acid)
(PGA), together with graphene oxide (GO), is introduced into the BC fermentation medium. The resulting dried BC�GO�PGA
composite �lm shows high toughness (36 MJ m�3), which makes it one of the toughest BC composite �lm reported. In traditional in
situ fermentation methods, the addition of a second component signi�cantly reduces the wet thickness of the �nal composites.
However, in this report, we show that addition of both PGA and GO to the fermentation medium shows a synergistic e�ect in
increasing the wet thickness of the �nal BC composites. By gently agitating the solution, GO particles get entrapped into the BC
network, as the formed pellicles can move below the liquid level and the GO particles suspended in the liquid can be entrapped into
the BC network. Compared to other methods, this method achieves high toughness while using a mild and easily scalable fabrication
procedure. These bacterially produced composites could be employed in the next generation of biodegradable structural high-
performance materials, construction materials, and tissue engineering sca�olds (tendon, ligament, and skin) that require high
toughness.
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� INTRODUCTION
With the increasing concern of environmental pollution, plastic
waste, and energy shortage worldwide, the green fabrication of
renewable bio-based materials is urgently needed.1 Biodegrad-
ab l e b i opo l yme r s i n c l ud i ng po l y e s t e r s [po l y -
(hydroxyalkanoate) (PHA),2 polylactide (PLA),3 and poly-
ethylene furanoate (PEF)3], polysaccharides [cellulose,4
chitin,5 and alginate6], and polyamides [�-poly(glutamic
acid) (PGA),6 silk,7 and collagen8] are drawing increasing
attention. Among them, cellulose is the most abundant
biopolymer found in nature.9 Due to its hierarchical �bril
structure and excellent mechanical strength, cellulose has
become a desirable building block for the construction of high-
performance structural materials.4,10 However, plant-based
cellulose is generally associated with hemicellulose, lignin,
and pectin,11 and the extraction of pure cellulose from the
nature requires a chemically hazardous deligni�cation proc-
ess.12 An environmentally friendly alternative is bacterial
cellulose (BC), which is secreted by microorganisms (e.g.,

Acetobacter13) in the form of a hydrogel-like pellicle.14 In
contrast to plant cellulose, BC is chemically pure (with almost
100% cellulose content15) and can be produced in a large scale
at the air�liquid interface with a static fermentation method
under mild conditions.16 The BC pellicle consists of a layered
nano�brous microstructure,11 a promising matrix substrate for
making biomimetic materials.17

Although BC shows excellent mechanical performance, pure
dried BC �lms lack certain properties such as high toughness
values (over 5 MJ m�3)18 and biocompatibility,19 which limit
their applications in various �elds.20 To endow dried BC �lms
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with certain functions and broaden the possible applications,
functional additives, including biopolymers21 and inorganic
particles, need to be incorporated into the �brous network of
BC.22 The preparation of BC composites can be done with an
ex situ method that involves mechanical crushing of the BC wet
pellicle into a BC �ber dispersion and blending it with other
components.23�25 This method destroys the natural �brous-
layered structure of the BC pellicle and may impair the
mechanical performance of the �nal BC composites. The
mechanical disintegration may also reduce the tensile strength
of dried reorganized BC �lms compared to dried pristine BC
�lms.26 To avoid this disadvantage, it is preferred to maintain
the natural structure of BC. For incorporation of a second
component into the BC structure, in situ impregnation27 or
vacuum �ltration28 methods are generally used. However,
when it comes to viscous polymers, the vacuum �ltration is
time intensive, while the natural impregnation procedure
without external force may result in an inhomogeneous
polymer distribution in the BC network. Therefore, the
incorporation of viscous polymers and inorganic particles
without using toxic chemicals or external force into the BC
�brous network while maintaining its native structure is
di�cult but attractive for the fabrication of BC-based high-
performance composites.

Static in situ fermentation provides a perfect solution to this
problem. During the static fermentation process, water-soluble
polymers or inorganic dispersions are added directly to the
initial fermentation medium before the BC solid pellicle is
formed.20 The dissolved polymers or suspended particles are
mixed together with the medium and thus become trapped
into the newly formed BC �bril network, resulting in the
formation of BC composites.20 To incorporate inorganic
particles into BC via in situ fermentation, sedimentation of
inorganic particles should be avoided during the fermentation.
Therefore, particles with abundant surface charges or polar
groups, like graphene oxide (GO), are favorable. Also, the use
of such additives may interfere with BC growth,29,30 resulting
in low yields and hence increased production costs for
industrial applications.29 The fabrication of inorganic par-
ticle-BC composites with a static in situ fermentation method
has thus been restricted to thin �lms with an overall wet
thickness smaller than 2 mm31 because the particles can only
remain suspended in the BC fermentation medium for a short
time. After being precipitated, the particles cannot be
entrapped in BC �bers at the surface.20 Therefore, such static
in situ fermentation methods fail to produce BC nano-
composites due to the limited di�usion of the nanoscale
units from the liquid medium to the upper surface layer of
growing BC.26

Here, a BC composite material with enhanced yield is
produced under mild conditions by a semistatic in situ
fermentation method (Figures 1, 2), where newly formed BC
composite layers are shaken below the air�liquid interface
once a day by simply moving the fermentation �ask. A
bacterially produced biopolymer, PGA, as well as GO is added
to the initial fermentation medium. Due to the combined e�ect
of PGA and GO, the yield (wet thickness) of the resulting
material increases signi�cantly. The yield is even slightly higher
than when pure BC is produced, which is hardly achievable by
other static in situ fermentation methods, where the wet
thickness of the �nal composites is generally reduced after the
addition of a second component in the initial fermentation
medium. The resulting material shows a considerably high

toughness (36 MJ m�3), making it one of the toughest BC
membrane reported so far. Compared to other methods, this
membrane is fabricated under mild conditions and shows
promising features for use as the next generation of
biodegradable structural high-performance materials and
construction materials and in tissue engineering applications
(tendon, ligament, and skin) due to its enhanced yield and
scalability.

� RESULTS AND DISCUSSION
Fabrication of BC�GO�PGA Composites. Compared to

ex situ methods,23�25 in situ biofabrication methods20 based on
the addition of components into the initial fermentation
medium are a straight-forward approach to incorporate other
elements into the BC network. Water-soluble polymers22,30 are
widely used in static in situ BC fermentation since they mix
readily with the bacterial medium and become trapped in the
BC network. However, it is di�cult to insert inorganic particles
into the BC network as these particles tend to be unstable at
the ionic strength required in the bacterial fermentation
medium.20 The agitated in situ fermentation method32 keeps
the inorganic particles suspended in the liquid medium and
inserts these particles into the BC network during
fermentation. However, this method can only produce small

Figure 1. Schematic of the hydrogen bonding interactions among
PGA, GO, and BC �bers.

Figure 2. Fabrication procedure of the BC�GO�PGA composites.
(a) Scheme of the fabrication method during the semistatic in situ
fermentation, where the earlier formed layers are moved below the
surface while the newly formed layers are formed at the air liquid
interface; (b�d) optical images of the BC�GO�PGA composites
after semistatic in situ fermentation; (e) BC�GO�PGA �lm after
drying.
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