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3D Neuronal Networks

Multiscale Modulation of Nanocrystalline Cellulose
Hydrogel via Nanocarbon Hybridization for 3D Neuronal
Bilayer Formation
Dongyoon Kim, Subeom Park, Insu Jo, Seong-Min Kim, Dong Hee Kang,
Sung-Pyo Cho, Jong Bo Park, Byung Hee Hong,* and Myung-Han Yoon*

Bacterial biopolymers have drawn much attention owing to their unconventional

three-dimensional structures and interesting functions, which are closely integrated
with bacterial physiology. The nongenetic modulation of bacterial (Acetobacter
xylinum) cellulose synthesis via nanocarbon hybridization, and its application to
the emulation of layered neuronal tissue, is reported. The controlled dispersion of
graphene oxide (GO) nanoflakes into bacterial cellulose (BC) culture media not
only induces structural changes within a crystalline cellulose nanofibril, but also
modulates their 3D collective association, leading to substantial reduction in Young’s
modulus (≈50%) and clear definition of water–hydrogel interfaces. Furthermore,
real-time investigation of 3D neuronal networks constructed in this GO-incorporated
BC hydrogel with broken chiral nematic ordering revealed the vertical locomotion
of growth cones, the accelerated neurite outgrowth (≈100 µm per day) with reduced
backward travel length, and the efficient formation of synaptic connectivity with
distinct axonal bifurcation abundancy at the ≈750 µm outgrowth from a cell body.
In comparison with the pristine BC, GO-BC supports the formation of well-defined
neuronal bilayer networks with flattened interfacial profiles and vertical axonal
outgrowth, apparently emulating the neuronal development in vivo. We envisioned
that our findings may contribute to various applications of engineered BC hydrogel
to fundamental neurobiology studies and neural engineering.
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In various fields of biotechnology, genetically engineered
microorganisms have been broadly employed as versatile
tools for synthesizing valuable molecular products such as
biofuels[1–3] and drugs.[4–7] In parallel, several specific strains
of bacteria have shown great potential for producing functional materials with 2D or 3D well-organized nanoscale
architecture, which are particularly useful for many purposes
because they are extremely difficult to construct via either
synthetic chemistry or sophisticated bottom-up nanotechnological fabrication. Bacterial cellulose (BC), which contains
cellulose fiber bundle-based mesh with natural chemical
purity and elongated polysaccharide chain length compared
with plant cellulose, has gained growing attention due to its
unique structure as well as its innate cellulose characteristics.[8–10] Recently, several research groups reported that
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postengineered BC hybrid materials exhibit many interesting
properties and applications in the fields of flexible electronics
and regenerative medicine.[11–19] Furthermore, a cell-free
system with essential cellulose-producing enzymes has been
realized as a novel approach to generate the cellulose with
enhanced structural and physicomechanical.[20–22] Nonetheless, there have been very few studies that demonstrate the
feasibility of using nongenetically engineered microorganisms to produce 3D well-organized functional materials with
nanoscale architectures by cleverly controlling the extracellular environment, which is delicately connected with cellular
synthesis and bacterial colony dynamics.
In this work, the cellulose-producing microorganism,
Acetobacter xylinum, was manipulated nongenetically to
produce a nanocarbon-hybridized cellulose hydrogel for use
as a transparent 3D neuronal culture scaffold. Nanofiber
crystallinity and 3D nano- to microscale superstructures
were judiciously engineered. To prove the concept of nongenetic control over bacterial cellulose synthesis, graphene
oxide (GO) was chosen as a multiscale modulator because
GO flakes exhibit good hydrophilicity and biocompatibility,
and enable postprocessability.[23–25] Furthermore, GO is a
nanoscale 2D material that may be advantageous over longchain polymers and high-aspect-ratio carbon nanotubes in
terms of close interaction with OH-enriched cellulose chains
at the molecular scale. Upon the seamless hybridization of
nanocarbon with cellulose nanostructures during bacterial
material synthesis: (i) The mechanical properties of cellulose nanofibers were effectively modulated via crystallinity
control. (ii) The mesoscale symmetry in collective fibrillar
alignment was broken by weakening the cellulose-mediated
bacterium-to-bacterium interactions, leading to a 3D porous
nanofibrillar network structure without helical planes. (iii) The
microscopic surface profiles of the BC-based hydrogel were
planarized by the accelerated BC pellicle formation.
In order to understand the mechanism behind such a
multiscale modulation of 3D nanocrystalline cellulose material, various physical properties of pristine and GO-hybridized BC (GO-BC) were intensively analyzed by transmission
electron microscopy (TEM), X-ray diffraction (XRD), thermogravimetric analysis (TGA), and atomic force microscopy
(AFM). Simultaneously, the 3D nanofibrillar orientations
in BC-based hydrogel scaffolds were carefully examined by
confocal reflection microscopy (CRM) and scanning electron
microscopy (SEM). Furthermore, to construct a bilayered
neuronal network with mature synaptic connectivity, primary
neuronal culture was performed on GO-BC using embryonic
rat hippocampal neuronal cells, and the results were compared with those of cells grown on the pristine BC. Finally,
we demonstrated the potential of multiscale engineered BC
scaffolds to act as a transparent 3D neuronal culture platform by comparing the morphological characteristics and the
real-time dynamics of neuronal cell outgrowth on BC-based
nanofibrillar scaffold materials with those of cells grown by
conventional neuronal culture on 2D flat glass substrates.
First, the structural properties of GO-hybridized BC were
carefully investigated in comparison with those of pristine
BC (Figure 1a). The synthesis and translocation of polysaccharide chains are known to be catalyzed by pore-shaped
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bacterial cellulose synthase BcsA and BcsB complexes on
the inner membrane of cellulose-forming bacteria.[26,27]
During this process, the spatial orientation of synthesized
polysaccharide chains contributes to the facile crystallization of cellulose fibers.[28–32] Therefore, nanoscale GO flakes
present and well dispersed in an aqueous bacterial medium
can be directly involved in the course of the in situ formation of crystalline cellulose bundles with altered molecular
associations (Figure 1b), similar to that reported in the previous literature.[29,31,33,34] Indeed, the high-resolution TEM
images show the subtle differences between the pristine and
GO-hybridized BC structures. Even after a freeze-drying
process, which can stimulate cellulose crystallization, GO-BC
exhibits the segmented lattice arrangement rather than the
long-range ordered lattice lines that are manifest in the
pristine BC (Figure 1c; Figure S1, Supporting Information).
Nonetheless, the solid-state NMR spectra confirms that the
intrinsic cellulose-I phase was preserved in GO-BC similar
to the pristine BC, without the appearance of the energetically more favorable cellulose-II phase, where individual
polysaccharide chains are aligned in an antiparallel direction (Figure S2, Supporting Information).[35,36] Furthermore,
the degrees of cellulose crystallization in the pristine and
GO-hybridized BC were examined by XRD and TGA. Note
that all the XRD spectra (Figure 1d) were taken using BC
materials before purification because the crystal structure of
BC is changed during the purification step at low pH conditions (Figure S3, Supporting Information). Interestingly,
ImGO-BC, the BC immersed into a GO-dispersed solution
after bacterial synthesis is terminated, exhibits an XRD peak
profile almost identical to that of the pristine BC, however,
GO-BC shows much lower peak intensities at 14.8° and
22.5° than the pristine BC (Figure 1d). It is also noteworthy
that the BC prepared with GO and amphiphilic comb-like
polymer (APCLP) as stabilizer showed reduced cellulose
crystallinity, while the control sample without APCLP exhibited higher crystallinity than GO-BC with APCLP. Nonetheless, the sample with the APCLP-free GO inclusion (GO-BC
without APCLP in Figure 1d) also showed reduced crystallinity. However, the pH of the culture medium decreased
during the prolonged cultivation, leading to destabilized GO
dispersion and inhomogenous GO hybridization in BC.[37–40]
The TGA of GO-BC showed that the maximum weight loss
occurred at ≈310 °C, which is significantly lower than that
of the pristine BC (≈360 °C) due to the substantial crystallinity disturbance in GO-BC (Figure S4, Supporting Information). However, the total yield (in grams) of BC pellicles
after two weeks was only slightly affected by the concentration (weight percentage) of GO in the medium during the
bacterial cellulose synthesis (Figure S5, Supporting Information). Therefore, the GO inclusion in the bacterial medium
was fixed arbitrarily at 1.0% (w/v). All the above-mentioned
evidence suggests that the modulation of BC’s physical and
chemical properties is achieved mainly by perturbing the in
situ nanoscale crystallization of individual polysaccharide
chains with APCLP-stabilized GO during bacterial cellulose
synthesis.[29–31]
Next, the bacterial pellicles were optically imaged in
order to correlate the physiological state of bacteria and the
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Figure 1. Molecular interaction in cellulose–GO (graphene oxide) hybrid nanofibrils. a) A schematic of nongenetic modulation of bacterial cellulose
synthesis via inclusion of external material in the bacterial culture medium. b) The proposed mechanisms for bacterial cellulose synthesis in the
absence (upper) and presence (lower) of nanocarbon flakes in the culture medium, showing the in situ modification of cellulose nanofibrils and
the perturbation of bacterium-to-bacterium interactions. c) Representative high-resolution transmission electron microscopy (HRTEM) images of
pristine (left) and GO-hybridized (right) BC nanofibers with fragmented crystalline cellulose indicated by red lines (scale bar: 5 nm). Insets represent
the fast Fourier transformed images, where the white arrow indicates the periodicity in polysaccharide bundles. d) X-ray diffraction spectra of
pristine BC without APCLP (pristine BC w/o APCLP), BC synthesized in the presence of only APCLP (pristine BC w/APCLP), GO-hybridized BC with
APCLP (GO-BC w/APCLP), GO-hybridized BC without APCLP (GO-BC w/o APCLP), and pristine BC immersed with GO (ImGO-BC). e) Representative
confocal differential interference contrast (DIC) images of bacteria (cultivated for 1 d) at the top surface of pristine (left) and GO-hybridized (right)
BC scaffolds (scale bar: 10 µm). f) The statistics of the average bacterial size (blue, left axis) and Young’s modulus (red, right axis) at each surface
of pristine and GO-hybridized BC. The moduli of wet BC specimens were measured by liquid atomic force microscopy (n = 100 bacteria; 961 spots
for each location).

resultant BC properties depending on the presence of GO in
the bacterial culture medium. Differential interference contrast imaging with a confocal microscope was chosen because
small 2017, 1700331

live bacterial morphologies at the bottom and top surfaces of
BC could be obtained without the fixation or staining of bacterial cells in a given culture medium (Figure 1e; Figure S6,
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Supporting Information). Interestingly, the average cell size
in the GO-dispersed BC culture was much smaller than that
in the pristine BC culture. The statistical distributions of bacterial pellicle sizes were plotted to determine the dependence of bacterial size on the location (i.e., the top or bottom
surface of hydrogel scaffold) and the medium condition (i.e.,
with or without GO incorporation) as shown in Figure 1f
(left axis). In the pristine BC culture, bacteria at the bottom
surface of the BC hydrogel exhibit relatively short cell size
and almost no movement at all compared with those at the
top surface possibly due to the lack of oxygen since the bacteria located at the upper surface of BC pellicles use the most
of oxygen supply from the interface between the medium
and the air.[20,21] In the GO-incorporated BC culture, however, bacteria at the top surface are much shorter than those
at the same location of GO-absent BC culture, even though
cellulose was actively produced without the issue of oxygen
limitation (Figure S7, Supporting Information). In addition,
Young’s moduli of the pristine and GO-incorporated cellulose were measured at the top and bottom surfaces using
liquid AFM (Figure 1f, right axis). Remarkably, the average
modulus data exhibits an empirical correlation with the
bacterial length at the corresponding BC type and location,
which suggests that the longer bacteria are capable of synthesizing stiffer cellulose bundles with enhanced crystallinity.
Since these bacteria can adapt the number of pore-shaped
BcsA and BcsB complexes in response to the external orientation of polysaccharide chains, the natural ordering of polysaccharide chains during the bacterial synthesis can induce
the alignment of bacterial pores by elongating the shape of
the cell body. Moreover, this process may facilitate the in situ
cellulose crystallization, which is induced by stacking among
the already-synthesized polysaccharide chains via hydrogen
bonding. Therefore, we suppose that when the ordering
among the as-synthesized polysaccharide chains is disrupted
by the interaction between hydrophilic nanocarbon atoms
and cellulose chains during bacterial synthesis, bacteria produce the cellulose nanofibrils with reduced crystallinity and
decrease the number of Bcs-A and -B arrays, leading to a
substantial reduction in bacterial size (Figure S8, Supporting
Information). The reduction in bacterial cell size may modulate the bacterium-to-bacterium interactions, and thus, the
spatial orientation of the resulting cellulose nanofibrils at
the microscale (vide infra). Further study on the relationship
between bacterial size and the molecular weight of cellulose
in the corresponding BC will deepen the molecular-scale
understanding of the role of nanoscale modulators in bacterial cellulose synthesis.
In parallel, we investigated the 3D alignment of cellulose
nanofibrils in the pristine and GO-hybridized BC hydrogel.
Previous studies demonstrated that the alteration in bacterial size can affect the collective dynamics of bacterial locomotion,[41,42] which implies that the 3D architecture of the
bacterial synthesis product can be modulated by controlling
bacterial colony dynamics. It is noteworthy that through the
oxygen-consuming respiratory process, the as-synthesized
BC is located at the interface between the air and the culture medium, while the pre-existing BC moves down toward
the bottom of the vessel, where the bacterial activity is
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more sluggish due to the oxygen scarcity (Figure 2a). The
detailed 3D alignment of cellulose crystalline nanofibrils
was optically imaged using wet BC hydrogel after removing
bacterial bodies. The 3D stacked depth-dependent images of
nanofibers were reconstructed by employing laser scanning
confocal scattering microscopy, in which the light scattered
at the refractive-mismatched interface (i.e., between BC
nanofibril and water) was collected (Figure 2b,c; Movie S1,
Supporting Information). First, the highly ordered nanofiber
arrangement was observed in the pristine BC starting from
100 µm below its top surface, which implies that a concerted
bacterial motion may be involved in the cellulose synthesis
(vide infra). GO-BC, however, exhibits a randomly oriented
fibrillar network by breaking the mesoscale symmetry with
GO inclusion. Such a well-ordered nanofibrillar structure
could be more clearly recognized in Figure 2d, where the
nanofiber directionality angle versus the depth from the top
surface was plotted with the appearance frequency coded in
color (see also Figure S9, Supporting Information). Interestingly, there exists a dominant angle of nanofiber alignment at a given depth, and this angle gradually rotates in a
counterclockwise direction as it goes deeper from the top
surface, which is indicative of a left-handed chiral orientation. To our knowledge, this is the first reported instance of
the clear verification of such a specific spatial orientation or
helical nanofiber arrangement in wet BC hydrogel, although
several previous studies mentioned the existence of hierarchical nanofiber organization in BC from the SEM images of
freeze-dried BC (Figure S10, Supporting Information).[43,44]
The chiral orientation of cellulose nanofibrils is seemingly
reminiscent of a chiral nematic ordering of nanocrystalline cellulose in water via molecular interactions, however,
the actual dimension of the helical pitch in Figure 2d is
exceptionally large, ≈200 times greater than the pitch measured from nanocrystalline cellulose with chiral nematic
ordering.[45–48] Such an extremely long-range ordering with
a specific chirality suggests that the specific spatial ordering
in bacterial cellulose hydrogel is strongly related to bacterial
colony dynamics during cellulose synthesis.
The overall intensity of light reflection, which can be
translated into the nanofiber density at a given depth, is
reduced in GO-BC compared with the metric at the corresponding location of the helically organized region in the
pristine BC (Figure 2e). In addition, the scaffold pore volume
in BC scaffolds, which was calculated according to Brunauer–
Emmett–Teller theory, indicates an increased porosity
in GO-BC compared with the pristine BC (Figure S11,
Supporting Information). This result suggests that the collective bacterial dynamics with a specific spatial orientation
may accommodate the condensed fibrillar network formation. Furthermore, both the cross-sectional CRM and SEM
(inset) images of freeze-dried pristine and GO-hybridized
BC show that the nanofiber density is much higher and the
surface profile is more well-defined with substantial planarity
at the bottom of GO-BC than at the corresponding location
of pristine BC (Figure 2f; Figures S12 and 13, Supporting
Information). The perspective view of CRM images also
exhibits a relatively dense nanofibril distribution in GO-BC
(Figure 2g; Movies S2 and S3, Supporting Information), and
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Figure 2. Modulation of 3D nanofibrillar alignment via in situ GO hybridization. a) A schematic of bacterial pellicle growth over time. b) 3D
reconstructed confocal reflection microscopy (CRM) image of pristine BC nanofibrils showing left-handed out-of-plane helicity (scale bar: 10 µm).
c) Cross-sectional (X–Y) CRM images of pristine (left) and GO-hybridized (right) BC nanofibrils taken 200 µm away from the top surface (scale
bar: 10 µm). d) Plot of nanofibril orientation angle frequency versus depth in pristine and GO-hybridized BC hydrogel scaffolds. e) Light reflection
intensity plotted at different depths in the region of pristine and GO-hybridized BC (n = 5 samples imaged for pristine and GO-hybridized BC, 5 µm
interval in the perpendicular direction from the pellicle surface; the shaded region represents the 99.9% confidence interval). f) Representative
cross-sectional CRM images of pristine and GO hybridized BC at the bottom region (scale bar: 20 µm). Insets show the scanning electron microscope
(SEM) images taken at the corresponding region (scale bar: 5 µm). g) 3D perspective CRM images of pristine and GO-hybridized BC at the bottom
region (scale bar: 20 µm). h) Local regression of reflected light intensity measured at the top and bottom surface of pristine and GO-hybridized
BC (n = 9 and 12 samples imaged at the top and bottom surface of pristine and GO-hybridized BC, respectively, with a 200 nm interval in the
perpendicular direction from the pellicle surface; the shaded region represents the 99.9% confidence interval).

the depth-profile of cellulose fiber density reveals the same
overall trend (Figure 2h). All these results suggest that despite
the reduced cellulose crystallinity in GO-BC, the initial BC
pellicle formation was accelerated in the GO-included BC
culture, resulting in the densification of cellulose nanofibrils,
and thus the microscale planarization of the BC hydrogel
surface (Figure S14, Supporting Information).[30]
BC, a special type of hydrogel material which is composed of ≈100 nm thick crystalline cellulose nanofibers, has
strong potential as a 3D neuronal culture scaffold due to its
optical transparency, sufficient porosity, and minimal immunogenicity. Nonetheless, the detailed structural parameters of
this promising class of hydrogel need to be optimized, particularly for the purpose of 3D neuronal culture scaffolds
(vide infra). In this research, an in vivo-like neuronal network was constructed on BC scaffolds using primary cultured
small 2017, 1700331

hippocampal neurons. Specifically, rat embryonic (E18) hippocampal neurons were sequentially deposited on each side
of the pristine and GO-hybridized BC scaffolds so that a
long-range neuronal network was formed with two separate
neuronal layers connected vertically. First, neurons cultured
on the pristine BC showed excellent cell viability and preserved proper calcium activity (Figure S15, Supporting Information). While the cell bodies with spherical shapes remained
on each side of the hydrogel, the individual neurites penetrated into the BC scaffold with the elongated morphology
of growth cones, as clearly visualized by confocal florescence
microscopy (Figure 3a,b; Movie S4, Supporting Information).
It is remarkable that the optical passage was not significantly
hindered by BC nanofibers and, therefore, the 3D optical sectioning and reconstruction were permitted down to a depth
of several millimeters, even using a conventional confocal
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Figure 3. 3D bilayered neuronal network (minibrain) constructed on pristine and GO-hybridized BC hydrogel. a) A representative pseudo-colored
SEM image of embryonic rat hippocampal neurons cultured on pristine BC after fixation and freeze-drying [5 d in vitro (DIV), scale bar: 10 µm].
b) 3D confocal fluorescence images of hippocampal neurons on pristine BC represented with BC scaffold overlaid with (left) and without CRMimaged scaffold nanofibrils (right). Microtubules and actin filaments were labeled with tuj1 (red) and phalloidin (green) antibodies, respectively.
Scale bar: 20 µm. c,d) 3D confocal fluorescence images of tuj1-labeled neurons cultured on pristine and GO-hybridized BC hydrogel, respectively
(20 DIV, scale bar: 500 µm). e) Neurite tracing results from neuronal cells in (d), divided into two subtypes: pyramidal and nonpyramidal neurons.
f) Representative pyramidal neuron tracing extracted from (e). g) A histogram of neuronal branching points extracted from (e) with respect to depth.

microscope. In the case of the bottom side of pristine BC, neuronal cells settled down with random discontinuous surface
profiles because the bottom surface of pristine BC exhibited
the less organized surface with very low nanofibril density
(Figure 2f–h). Although cell bodies appeared to be embedded
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inside the pristine BC scaffold, neuronal cell bodies did not
migrate inward, and only axons penetrated into the hydrogel
scaffold (Figure 3c; Movie S5, Supporting Information).
Additionally, the neurite outgrowths followed the overall
cellulose nanofiber alignment as shown in Figure 2c, resulting
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Figure 4. Neuronal dynamics analysis from live-imaged neurons on glass substrate, pristine BC, and GO-BC. a) Representative confocal
microscopic images of immunostained neurons (1 DIV; map-2 (red), tau (blue), and actin (green); scale bar: 20 µm). b,c) Representative confocal
microscopic images of immunostained neurite and growth cone on glass and GO-BC [1 DIV; tau (red) and actin (green); scale bar: 10 µm].
d) Statistical distributions of neurite length (n = 18, 16, and 21 for glass substrate, pristine BC, and GO-BC, respectively, collected from three
separate experiments, ***p < 0.0001, ns = 0.37). e) Statistical distributions of growth cone aspect ratio (n = 34, 18, and 38 for glass substrate,
pristine BC, and GO-BC, respectively, collected from three separate experiments, ***p < 0.0001, ns = 0.67). f) A collective plot of growth cone
trajectories traced using kymograph. The blue lines represent the average growth cone position over time (n = 20, 20, and 16 for glass substrate,
pristine BC, and GO-BC, respectively, collected from three separate experiments). g) Statistical distributions of overall growth cone speed processed
from (f) (***p < 0.0001, ns = 0.30). h) Statistical distributions of retrograde travel length processed from (f) (***p < 0.0001, ns = 0.34).

in the lateral or tilted extension of neurites (Figure S16,
Supporting Information). By contrast, neuronal culture on
GO-BC exhibited neurite outgrowth and branching mainly in
the vertical direction on each well-defined hydrogel surface
(Figure 3d; Figures S16 and S17 and Movie S6, Supporting
Information). Note that such a bilayered 3D neuronal network supports the long-term viability of primary cultured
neurons and permits 3D optical sectioning and real-time
live cell imaging (Figure S18, Supporting Information). We
propose that this culture platform may be useful as a simple
but realistic model of a 3D neuronal network mimicking
the in vivo neuronal network.[49,50] As an example, a group
of entangled neurites stemming from the well-defined upper
surface in GO-BC could be traced using an ImageJ module
as shown in Figure 3e. Intriguingly, certain neurons that were
imaged in Figure 3d show the extension of mature axons in
the vertical direction, while the neurite branching frequency
peaked predominantly at ≈800 µm travel depth. Note that
such a tendency of axon branching is reminiscent of pyramidal neurons in vivo (Figure 3f,g). The detailed investigation
of the possible origin of the observation mentioned above is
currently in progress.
Finally, we demonstrated the potential application of BCbased nanofibrillar hydrogel for the realistic emulation of in
vivo neuronal tissue environments. Specifically, neuronal cell
morphology at the early developmental stage was monitored
small 2017, 1700331

on BC-based scaffolds and compared with that on conventional flat glass substrates. Neurons on flat glass substrates
showed mainly the early-stage dendrites at 1 d in vitro (DIV).
In the case of neurons cultured on BC-based hydrogels,
however, the elongated morphology and accelerated development of neuronal processes were verified by labeling a
microtubule-related protein as an axonal marker (Figure 4a;
Figure S19, Supporting Information). Additionally, most of
the growth cones that were submerged in the BC-based scaffolds exhibited the narrow spreading of actin filament expression, which enables neurite elongation into the densely
nanofibrillated BC scaffold (Figure 4b,c). Such neuronal morphology is reminiscent of neuronal outgrowth on nanotopographic substrates.[51] Therefore, the numerous nanofibrillar
structures in the BC-based scaffold may stimulate neuronal
development and, eventually, guide the neurite path-finding
process. Nonetheless, the pristine and GO-hybridized BC cultures exhibited similar developmental processes and growth
cone shapes (Figure 4d,e). Next, the neurite outgrowth
dynamics at the early developmental stage were monitored
by performing time-lapse microscopic imaging of growth
cone areas at 1 DIV. The cumulative distribution of retrograde/anterograde motions and the final trajectory of neurites were plotted as functions of time (Figure 4f). While the
growth cones on glass substrates frequently repeated both
the anterograde and retrograde motions, those on BC-based
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hydrogels consistently moved forward, which is similar to
the behavior of the growth cone in vivo in the presence of
nerve guiding factors.[52] Interestingly, the total cumulative
travel length of the growth cone was much longer on glass
substrates, while the final displacement of the growth cone
was much longer on BC-based scaffolds. These results suggest that both the cytoskeleton assembly and disassembly
processes occur frequently, and the anterograde motion is
mostly canceled by the anterograde motion on the flat surface. By contrast, despite the sluggish growth cone dynamics,
the anterograde motion is dominant over the less frequent
retrograde one on BC-based hydrogels, leading to the elongated net forward movement of growth cones (Figure 4h).
Overall, there were only marginal differences between the
pristine and GO-hybridized BC in the statistics of growth
cone dynamics, indicating that the GO incorporation into
the BC fibrillar network minimally affected the nature of the
interaction between neurites and BC nanofibrils.
In this research, we report nongenetic control over bacterial cellulose synthesis by altering the bacterial culture
environment so that it provided well-stabilized nanocarbon
structures for recruitment. The GO-based multiscale modulator for bacterial cellulose synthesis effectively controlled
the physical properties of cellulose nanofibrils in conjunction
with bacterial cell length, broke the mesoscale left-handed
symmetry in 3D fibrillar orientation by changing the collective bacterial dynamics, and planarized the microscale surface profiles with well-packed nanofibril densification. Finally,
GO-BC was successfully employed to support the primary
culture of a two-layered 3D neuronal network in a manner
emulating the in vivo environment in brain tissue. Long-term
culture viability and neuronal activity were well preserved.
As demonstrated in this study, extracellular environmental
control may play a critical role as a multiscale modulator
in prokaryotic microorganisms. Our approach could be feasible for developing a new methodology to produce 2D- or
3D-structured functional materials from bacteria without
altering bacterial genes.

Experimental Section
The APCLP was synthesized by free radical polymerization of methyl
methacrylate (Aldrich), poly(ethylene glycol) methacrylate (Aldrich,
Mn 360 g mol−1, corresponding to n = 6), and poly(ethylene glycol)
methyl ether methacrylate (Aldrich, Mn 475 g mol−1, corresponding
to n = 9) in tetrahydrofuran for 18 h, and purified before use.
A. xylinum (KCCM 40216) was obtained from the Korean Culture Center of Microorganisms. The bacterium was cultured in a
medium containing 2.5% (w/v) mannitol, 0.5% (w/v) yeast extract,
and 0.3% (w/v) bacto-peptone. The culture media were sterilized
in an autoclave at 120 °C for 20 min and then poured into a 500 mL
flask. The preinoculum for all experiments was prepared by transferring a single A. xylinum colony grown on agar culture medium
into a 100 mL Erlenmeyer flask filled with the culture medium.
For the biosynthesis of pristine and GO-hybridized BC hydrogel
materials, the precultured cell suspension inoculum was introduced into 1% (w/v) GO and 0.1% (w/v) APCLP dispersed culture
medium (pH 6.0) at a ratio of 1:10, and incubated at 28 °C for two
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weeks. The GO-BC membrane biosynthesized in the medium was
harvested and purified by boiling in 1% (w/v) sodium hydroxide
for 2 h at 90 °C. Subsequently, the BC membrane was thoroughly
washed with flowing distilled water, after which it was soaked in
1% (w/v) aqueous sodium hydroxide solution for 24 h at room
temperature to eliminate the bacterial cell debris and the culture media residue. The pH was then reduced to 7.0 by repetitive
washing with distilled water. Next, the membrane was bleached by
immersion in 1% (w/v) aqueous sodium hypochlorite for 2 h, after
which it was thoroughly washed with flowing distilled water until
pH 7 was attained. Finally, the resultant BC scaffold was vacuumdried at 60 °C for 12 h. The pristine BC hydrogel was prepared by
harvesting a single A. xylinum colony in mannitol culture medium
without GO inclusion, purified, and bleached as described above.
The modulus measurements of pristine and GO-incorporated
BC hydrogel scaffolds were performed using a liquid atomic force
microscope (XE-100 AFM, Park Systems). Silicon cantilever NSC-36
C (Mikromasch Inc.) with pyramidal tips of 10 nm nominal radii
of curvature and a cantilever spring constant of 0.60 N m−1 was
used. Topological data were acquired by using a compressive load
of 10 nN during scanning. After obtaining topography images, the
z-scanner displacement versus force curves were recorded. Forward and backward rate was 0.3 µm s−1, and the maximum compressive load of 40 nN was applied to the surface during the data
acquisition. The Young’s modulus (E) of each sample was calculated using the Hertzian model equation. Poisson’s ratio (ν) was
set to 0.5 and the parabolic geometry of the indenter was set.
The hippocampi were dissected from embryonic (E 18) rats
(Sprague Dawley, Damul Science, South Korea) using conventional
surgical tools under Hank’s Balanced Salt Solution (HBSS, SigmaAldrich). The dissected hippocampi tissue fragments were treated
with 140 mL papain (Worthington Biochem, Corp) and 10 mL HBSS
for 30 min in a CO2 incubator. Subsequently, papain was deactivated with 10% fetal bovine serum-supplemented HBSS, and, then
the tissue fragments were mechanically dissociated with 30 µL
DNase (Invitrogen) in 2 mL of HBSS. The dissociated neurons were
placed on purified bacterial cellulose immersed in a serum-free
DMEM (Dulbecco’s modified Eagle’s Medium, Invitrogen) medium.
After 1 h of plating, the whole medium was replaced with freshly
prepared neurobasal media supplemented with 5.0 × 10−3 m
GlutaMAXTM (Invitrogen) and 1 × B-27 (Invitrogen). The medium
was changed every 3 d. The animal surgical experiment was
approved by the Animal Care and Ethics Committees of the
Gwangju Institute of Science and Technology.
For immunostaining, the neurons cultured on BC scaffolds and
poly(d-lysine)-coated glass coverslips were fixed with 4% (w/v) paraformaldehyde and 4% (w/v) sucrose-containing phosphate buffered saline (PBS, Gibco) solution for 30 min. After permeabilization
with 0.025% Triton X-100 (Sigma-Aldrich)-supplemented PBS for
5 min, the nonspecific binding sites were blocked with 5% BSAsupplemented PBS overnight. Thereafter, the cells were treated with
primary antibody-supplemented 3% BSA in PBS overnight at 4 °C,
and then treated with the secondary antibody overnight after extensive gentle washing. Then, the stained samples were rinsed with
PBS gently to eliminate the residual fluorescent antibody. The primary antibodies used in this study were as follow: actin filaments
(phalloidin, Lonza Group Ltd), dendrite (MAP-2, Santa Cruz Biotechnology, sc-20172), axon (tau, Santa Cruz Biotechnology, sc-32274),
and neurite (tuj1, Abcam, ab18207). The corresponding secondary
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antibodies used were labeled with AlexaFluor dyes (Invitrogen). The
viability assay of neuronal cells was performed by immersing the
cultured substrate into a PBS solution (3 mL) containing ethidium
homodimer-1 (2 µL) and calcein AM (1 µL) (Invitrogen).
Time-lapse imaging was performed using an ITO glasscovered live cell imaging chamber (Chamlide TC-ST, Live Cell Instrument) maintained under incubation conditions and placed on a
wide-field inverted microscope (Olympus IX-71). The outgrowing
neurites of 1-DIV neurons on poly-D-lysine coated glass, pristine,
and GO-hybridized BC scaffolds were optically imaged by phasecontrast mode at 5 s intervals for 1 h using an EMCCD camera
(iXon3, Andor).
The 3D images of immunostained neuronal cells were recorded
using an upright laser scanning confocal microscope (BX-61WI,
Olympus) equipped with water dipping objective lens (XLUMPLFLN-W, Olympus). The CRM imaging was performed by opening
emission filters with the confocal microscope.
For calcium imaging, 5 µg calcium indicator, Oregon Green 488
BAPTA-1 (Molecular Probes) was dissolved in 20% (v/v) Pluronic
F-127 containing dimethyl sulfoxide solution, mixed with 1 mL
neurobasal medium, and permeated into neuronal cells cultured
on poly-d-lysine-coated glass, pristine BC, and GO-hybridized
BC scaffolds. After the 10 min incubation, the existing medium
was replaced by freshly prepared prewarmed (37 °C) neurobasal
medium and incubated for 30 min. Subsequently, the culture dish
was placed in a prewarmed (37 °C) 5% CO2 air supplemented
ambient live-cell imaging chamber (Chamlide TC-ST, Live Cell
Instrument) placed on the stage of an upright fluorescence microscope (BX-61, Olympus). The time-lapse images were acquired
using EMCCD (iXon3 885) with xenon light source.
The simple neurite tracing, kymograph, fiber directionality
analysis, image stitching, and calcium peak detection were carried
out with the ImageJ plugin (NIH). The statistical significance was
calculated by the pairwise t-test method with Holm adjustment
using the statistical computational language R. All of the error bars
denote the standard error of the mean.
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