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Flow-induced 2D nanomaterials intercalated
aligned bacterial cellulose

M.A.S.R. Saadi1, Yufei Cui2, Shyam P. Bhakta 3, Sakib Hassan4,
Vijay Harikrishnan1, Ivan R. Siqueira 5, Matteo Pasquali 1,5,6,
Matthew Bennett 3, Pulickel M. Ajayan 1 & Muhammad M. Rahman1,7

Bacterial cellulose is a promising biodegradable alternative to synthetic
polymers due to the robustmechanical properties of its nano-fibrillar building
blocks. However, its full potential of mechanical properties remains unrea-
lized, primarily due to the challenge of aligning nanofibrils at the macroscale.
Additionally, the limited diffusion of other nano-fillers within the three-
dimensional nanofibrillar network impedes the development of multi-
functional bacterial cellulose-based nanosheets. Here, we report a simple,
single-step, and scalable bottom-up strategy to biosynthesize robust bacterial
cellulose sheets with aligned nanofibrils and bacterial cellulose-based multi-
functional hybrid nanosheets using shear forces from fluid flow in a rotational
culture device. The resulting bacterial cellulose sheets display high tensile
strength (up to ~ 436MPa), flexibility, foldability, optical transparency, and
long-term mechanical stability. By incorporating boron nitride nanosheets
into the liquid nutrient media, we fabricate bacterial cellulose-boron nitride
hybrid nanosheets with even bettermechanical properties (tensile strength up
to ~ 553MPa) and thermal properties (three times faster rate of heat dissipation
compared to control samples). This biofabrication approach yielding aligned,
strong, and multifunctional bacterial cellulose sheets would pave the way
towards applications in structural materials, thermal management, packaging,
textiles, green electronics, and energy storage.

Growing concern over the harmful effects of petroleum-based, non-
degradable materials on the environment has intensified the demand
for sustainable alternatives, such as natural or biomaterials1–5. Cellu-
lose, a polysaccharide with glucose-based repeating unit, has
emerged as a potential biomaterial that is naturally abundant, bio-
degradable, and biocompatible2,4. Specifically, bacterial cellulose
(BC), produced from aerobic bacteria, including Acetobacter and
Agrobacterium, can be engineered to exhibit desirable and con-
trollable mechanical properties by leveraging its nanoscale structure.
These bacteria produce β−1,4-glucan chains and form cellulose

microfibrils6,7, which are further arranged in a 3D reticulated network,
providing BC sheets with high porosity, enhanced tensile strength,
and high water retention capacity8. Unlike plant cellulose, BC is free
from hemicellulose, lignin, and other biogenic components, is highly
pure, and has higher crystallinity6,9. These intrinsic characteristics of
BC, along with its flexibility, optical transparency, and low thermal
expansion coefficient, make it an attractive candidate for numerous
applications such as biomedical, healthcare devices, packaging,
bioelectronics, photonics, energy storage, and structural material,
etc2,4,10–18.
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Despite the recent demonstration of several emerging applica-
tions of BC, its full potential is yet to be realized owing to several
factors. One of themajor limitations of BCmacrostructure as a sheet is
its lowmechanical properties, e.g., strength and stiffness, compared to
their theoretical values1,15,19. The building block of BC, i.e., ribbon-
shaped individual nanofibrils, possesses extraordinary theoretical
mechanical properties such as tensile strength of 6–7GPa20 and
Young’smodulus of 120–140GPa21 due to the highly alignedmolecular
chain. However, translating these exceptional properties to macro-
scale bulk material (BC sheet) is challenging. This stems mainly from
the misalignment of the nanofibrils in the macroscopic or bulk coun-
terparts, coupled with boundaries, voids, defects, and entanglements
among nanofibrils1,15,21. Conventional cultivation of BC yields a ran-
domly oriented web-like fibril network due to the free movement of
the bacteria, which contributes to the challenges of translating
mechanical properties from the nano to macro scale. Several research
efforts have been devoted to improving the alignment of BC nanofi-
brils and, hence, anisotropic mechanical properties of BC sheets,
including template molding, electromagnetic field-assisted cultiva-
tion, post-harvest processing, etc1,15,22–26. Among these, post-harvest
processing—particularly stretching the BC hydrogel—has garnered
significant attention. For instance, Rahman et al.1 increased the BC
nanofibrils alignment using a 3D printed polydimethylsiloxane (PDMS)
mold that confined the movement of the bacteria inside the groove of
the mold and, hence, improved the orientation of fibers during sheet
formation1. The resulting BC sheetwas thenwet-stretchedup to 20% to
increase the degree of anisotropy, and consequently, the mechanical
strength of the BC sheets improved to 260MPa. Similarly, Wang et al.15

reported the production of an ultra-strong cellulose film after a stag-
gering 40% of wet drawing strain with the aid of vigorous shaking.
Thus, post-harvest stretching has demonstrated significant potential
for meeting application demands by enabling targeted mechanical
enhancements in BC sheets. However, post-harvest stretching requires
additional equipment for controlled stretching. It might also induce
local damage in the BC hydrogel structure due to their inherent kinks
and entanglement during the exertion of force27,28. Additionally,
existing techniques for aligning BC nanofibrils are limited in their
ability to simultaneously impart added functional properties (e.g.,
thermal, electrical, optical, etc.) to BC sheets—features that are
essential for expanding their application potential. A mechanically
robust and multifunctional BC sheet could unlock a broader range of
applications compared to those currently available. Therefore, to
address the demands of advanced applications, it remains imperative
to explore strategies that can concurrently overcome mechanical
limitations and integrate functional properties.

One approach to enhance both the mechanical and functional
attributes of BC is through the incorporation of nanoscale building
blocks with exceptional properties into the BC nanofibrillar network,
thereby developingBC-based hybrid nanosheets29–31. The conventional
process of fabricating BC-based hybrid nanosheets involves the dis-
integration of 3D network structure for solution processing, which
seriously impairs the mechanical performance of BC32. Static fermen-
tation, on the other hand, failed to produce a uniform hybrid system
due to (1) the diffusion-limited transfer/intercalation of nanoscale
units from the liquid medium to the upper surface layer of newly
grown BC and (2) the dispersion stability of the secondary nano
inclusions33. Although aerosol/in situ spray-assisted synthesis of BC
can infusemultifunctionality, the free motion of bacteria on the solid/
liquid substrate cannot produce aligned and strong BC in a single
step33,34. Consequently, BC structures with concurrent structural and
functional attributes could not be realized due to the lack of dis-
tributed secondary nanoscale building blocks in the BC network and
the misalignment of the nanofibrils. Therefore, additional work is
required to develop an assembly strategy for generating BC-based
robust multifunctional nanosheets.

Herein, we report a facile, sustainable, and single-step bottom-up
biosynthesis technique based on fluid flow-assisted shear alignment,
which enables in situ layer-by-layer deposition of anisotropic BC
nanofibrils and BC-based hybridnanosheets. Specifically, we introduce
a custom-designed rotation culture device where cellulose-producing
bacteria are cultured in a cylindrical oxygen-permeable incubator
continuously spun using a central shaft to produce directional fluid
flow. This flow results in consistent directional travel of the bacteria
that significantly improves nanofibril alignment in bulk BC sheets. The
BC sheets from the rotation culture device displayed high tensile
strengthwith excellent flexibility, foldability, optical transparency, and
long-term mechanical stability. The improvement in the nanofibrillar
alignment and its effect on themechanical properties of the BC sheets
were investigated using a holistic approach of multiscale experiments
and theory. We also overcome the limitations of BC-based hybrid
nanosheet fabrication by the simultaneous directional growth of BC
nanofibrils and distribution of nanoscale building blocks, in this case,
boron nitride (BN) nanosheets (BNNS), within the BC network. The
rotationalflowprovides dispersion stability to the BNNS in thenutrient
media that homogeneously distribute them within the 1D BC nanofi-
brillar network, forming a robust 1D–2D BCBN hybrid nanosheet with
excellent mechanical and thermal properties. Our approach to pro-
ducing BC and BC-based hybrid nanosheets could open pathways
towards its ubiquitous utilization in myriad applications ranging from
structural, thermal, packaging, textile, green electronics, and energy
storage.

Results and discussion
Biosynthesis of bacterial cellulose sheet in rotational
culture device
The liquid medium containing the bacterial strain, Novacitomonas
hansenii ATCC 5358235, and the culture nutrients were placed in a
custom-designed rotational culture device (Fig. 1a, and Supplementary
Fig. 1), which consist of five main parts: base, cap, shaft, tube and a
motor (Supplementary Fig. 2 and Supplementary Movie 1 and 2). The
device schematic and dimensions are depicted in Supplementary
Fig. 3. The cylindrical body of the device wasmade using PDMS, which
is oxygen-permeable to facilitate the growth of the aerobic bacterial
strain. The PDMS tube was sealed tightly by a 3D-printed cap and base
toprevent diffusionofoxygen (thus preventing the formationof BCon
top and bottomof the liquid) and fluid leakage from the bottomof the
system, respectively. The cap also enables the connection (through a
hole) between the DC motor (glued to the top of the cap) and a 3D-
printed rectangular shaft attached between the cap and the base
(Supplementary Fig. 2). The shaft sits on a protrusion from the center
of the base, which holds it at the center of the PDMS tube. The DC
motor supplies power to rotate the shaft around the center axis,
creating a continuous rotational fluid flow in the device. The shaft
pushes the nutrient media with cellulose-producing bacteria to move
along the same direction of fluid rotation, thus producing fluidic shear
forces between the edge of the shaft and the inner walls of the PDMS
tube. The innerwalls of the PDMS tube, whereoxygen availability is the
highest inside the bioreactor, act as the substrate for the formation of
BC nanofibrils (since this class of bacteria requires oxygen for their
survival and, hence, move towards the highest oxygen gradient)
(Fig. 1b). Thus, BC hydrogel pellicle with anisotropic nanofibrillar
alignment is produced on the inner surface of the PDMS tube (Fig. 1c).
Once the BC nanofibrils are synthesized and deposited, they form a
hydrogen-bonded network that stabilizes the fibrils in their aligned
configuration. In the wet state, the strong interfibrillar hydrogen
bonding prevents the nanofibrils from relaxing back to a random
orientation. The rotation speed for our experiment was optimized at
60 rpm based on the mechanical properties of the BC sheets obtained
from different rotational speeds (Supplementary Fig. 4). After 10 days
of culture at a constant 60 rpm rotation speed, we collected the
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Fig. 1 | Fabrication of bacterial cellulose (BC) in rotation culture device.
a Schematic of the rotational culture device for producing aligned BC and the key
stages in the rotationalprocess. The red arrow shows the directionof BCalignment.
b Longitudinal cross-sectional view (i), top view (ii) and zoomed-in cross-sectional
view (iii) of the rotational culture device shown in (i) during the production of
aligned BC. c Optical photographs of the rotational device during culture before

and after cellulose formation. d BC tubular pellicle (i) grown on poly-
dimethylsiloxane (PDMS) tube surface after culture period and (ii) on a glass plate
after washing. The red arrow shows the direction of BC alignment. e Highly trans-
parent BC sheet after drying throughwhich the logo and letter “RICE” can be easily
seen. The red arrow shows the direction of BC alignment.
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tubular BC hydrogel from the rotation culture device and immediately
washed it with 0.5MNaOH to remove residual bacteria, followed byDI
water rinse (Fig. 1d). We dried the BC samples at room temperature by
sandwiching them between two Whatman filter papers. This drying
method resulted in no lateral shrinkage in the X and Y directions, while
the samples exhibited ~98% shrinkage along the Z-axis. After drying,
the BC sample was highly transparent (Fig. 1e) and flexible enough to
be easily folded tomake an origami plane (Supplementary Fig. 5). Also,
after unfolding, the sample retained its structural integrity, showing no
fracture, and the folding lines were almost invisible and recoverable.
For our bioreactor configuration and a growth period of 10 days, the
dry BC sheet yield was determined to be 7.5 ± 0.9mg/day. Note that
the yield in this case was not optimized and can be influenced by
factors such as oxygen availability (exclusively through the PDMS
tube), dynamic growth conditions, growth period, and the bioreactor
design36.

Alignment in bacterial cellulose sheet
Traditionally, BC is synthesized using a static culture which produces
BC sheets with random fibrillar alignment due to random motion of
the bacteria. With random alignment of the nanofibrils, BC sheets fail
to utilize the full mechanical strength of the fibrils. Therefore, the
rotational culture device was designed to produce BC sheets with
anisotropic nanofibrillar alignment, which generally leads to excellent
mechanical properties. To understand the degree of alignment of the
BC nanofibrils from rotation culture, we performed wide-angle X-ray
scattering (WAXS) and compared it to BC grown in static culture
(Fig. 2a). We observed in both cases that a diffraction peak at
q = 1.25 Å−1 (2θ = 17.6°) was aligned along the equatorial direction and
was well separated from other peaks (Fig. 2a–ii, v). Therefore, we fit
this peak to determine the extent of the orientation of the cellulose
(Fig. 2a–iii, vi). From the fit, we calculate Herman’s Orientation (HO)
parameters, whose value ranges from 0 to 1, indicating random and
perfect orientation, respectively37–39. From the calculation, we found
that theHOparameter for the rotational BC is ~0.489, and for static BC
is 0.027. Therefore, this increased HO value confirms the excellent
alignment of nanofibrils in the BC grown from rotation culture. To
visualize and further confirm BC nanofibril alignment inside sheets
formed in the rotation culturedevice, themorphologyof the BC sheets
(both static and rotational) was investigated under high-resolution
scanning electron microscope (SEM). The BC nanofibrils produced in
the rotation device exhibited alignment and compactness as com-
pared to the randomly oriented BC fibrils in the static culture sheet
(Fig. 2b). Such alignment and compactness stem from the shearflow in
the gap between the rotating shaft and the inner wall of the tube. The
atomic force microscope (AFM) images also clearly indicate that the
nanofibrils in the BC network become highly oriented for the rota-
tional device samples (Fig. 2b inset). Finally, polarized light is a well-
known methodology to assess a material’s anisotropy or alignment40.
Typically, birefringence (a dark-light pattern) can be obtainedwhen an
anisotropic or aligned sample is circularly rotated 45°. The minimum
light intensity is obtained when the sample is placed at 0° from the
incident polarized light, whereas the maximum light intensity appears
when placed at 45°. As shown in Fig. 2c, static BC films did not exhibit
light polarization at 0° and 45° (Fig. 2c-ii, v), confirming the random
distribution of the fibrils. On the contrary, the rotational device-grown
BC gave dark-light patterns of light when disposed at 0° and 45° from
the incident polarized light beam, respectively (Fig. 2c–iii, vi), con-
firming the alignment of the BC nanofibrils.

Mechanical characterization and performance comparison of
bacterial cellulose sheets
The mechanical performance of the BC sheets produced by the rota-
tional device was evaluated by uniaxial tensile testing and compared
with the BC sheets from static culture. Figure 3a compares the

representative tensile stress-strain curve for static and rotational BC
sheets. Figure 3b and Table 1 show the statistical comparison of ulti-
mate tensile stress (UTS), Young’s modulus (YM), and toughness or
work of failure (WoF)41 calculated from the stress-strain plots (Sup-
plementary Fig. 6). Compared to static BC, the average tensile strength
of the rotational BC sheets grew by ~137% (from 165.7 ± 5.9MPa to
393.3 ± 30.5MPa). We attribute this significant enhancement
(p = 0.00713) in the tensile strength of the rotational BC sheets to the
enhanced alignment of nanofibrils. Cellulose nanofibrils can carry
more load when the loading direction is the same as the longitudinal
direction of the fibrils (i.e., aligned fibrils between the tensile grips).
The tilted or off-axis fibers undergo shear forces under tensile loading,
leading to early fracture (Supplementary Fig. 7). Therefore, the control
samples with randomly aligned BC fibrils experience more shear for-
ces, resulting in decreased tensile properties. The alignment of the
nanofibrils also aided in improving the elastic response of the BC
sheets. From Fig. 3b, the average Young’s modulus of rotational BC
increased by ~96% (from 16.6 ± 1.5 GPa to 32.6 ± 2.3GPa) than static BC
(p = 0.00118). Note that a compliance correction procedure was per-
formed to account for the effects of external compliance (e.g.,
machine compliance). Details of the compliance correction procedure
canbe found in Supplementary Information and Supplementary Fig. 8.
The stress-strain plots of the static BC can be further analyzed to
observe an interesting trend: a linear relationship with a steep slope
(YM1) up to ~0.6% strain, followed by a slight curvature (decreasing
stress) and then another linear relationship with a relatively low
(compared to the first linear region) slope (YM2) at higher strain values
up to the UTS (Fig. 3c). This suggests structural damage to the 3D
network of static BC. Randomly oriented nanofibrils are expected to
have more kinks and entanglements compared to aligned fibrils,
which, when deformed, would result in structural damage in the form
of bond breaking, early fiber (kink or entanglement) breakage, fiber
sliding, twisting and breaking etc27,28. The onset of such fiber failure
events is marked by a dotted circle in Fig. 3c. Consequently, for the
static BC, YM2 (6.9 ± 0.7 GPa) is lower than YM1 (17.0 ± 3.3 GPa) by
~60%, suggesting a substantial decrease in the load-bearing capacity of
the static BC beyond a limited % strain (~0.6% strain). On the contrary,
when an aligned sample is strained, there is less local damage due to
fewer kinks and entanglement compared to randomly aligned control
samples during the exertion of force upon the chains. As a result, there
is less structural damage and/or fiber failure in the rotational BC sheets
compared to static BC. Thus, for the rotational BC, the reduction of
YM2 (17.0 ± 3.3 GPa) from YM1 (32.6 ± 2.3 GPa) is relatively low (~48%).
Note that YM2 of the rotational BC (17.0 ± 3.3GPa) is significantly
(p = 0.0286) higher (~146%) than YM2 of static BC (6.9 ± 0.7 GPa). This
suggests that the rotational BC can carry significantly more load even
at higher strain values due to lessfiber failure.On theother hand, fewer
fibers carry the tensile load at higher strain values for the static BC,
resulting in a lower YM2 and, ultimately, UTS. Similarly, The toughness
of the rotational BC quantified as the area under the stress-strain curve
(also referred to as theWoF)41 exhibited a significant increase ( ~ 166%),
rising from 178.5 ± 21.5MJ/m3 for static BC to 475.2 ± 17.2MJ/m3 for
rotational BC (p =0.000148). Additionally, the fracture strain of the BC
produced using the rotational culture device was higher (2.1 ± 0.1%)
compared to the BC obtained from static culture (1.8 ± 0.2%). This
simultaneous enhancement of both strength and toughness is note-
worthy, as theseproperties are typically consideredmutually exclusive
in materials engineering42. We hypothesize that the straightened
nanofibrils in the rotational BC form a denser, less porous structure
(Supplementary Fig. 9) with enhanced interaction among fibers via
hydrogen bonding43. Under tensile stress, these fibrils begin to slide
relative to each other, with subsequent fiber pull-off and fracture
leading to material failure. The fiber sliding/slippage for rotational BC
under tensile loading becomesmore energetic, compared to static BC,
due to the enhanced interfibrillar interaction facilitated by more
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Fig. 2 | Alignment and morphological study of rotational device grown bac-
terial cellulose (BC) sheet. a Typical 2D wide-angle X-ray (WAX) scattering pat-
terns for BC sheets from (i) static culture (control) and (iv) rotational culture.
Intensity versus scattering vector q and azimuthal angle χ for (ii) control and (v)
rotational culture, as labeled, within a q rangeof 1.1 to 1.36Å−1. This range contains a
strong equatorial diffraction peakof cellulose at q = 1.25 Å−1 (2θ = 17.6°). (iii, vi) Two-
dimensional fits to the corresponding data in (ii) and (iii). From these fits, Herman’s
orientation parameters are obtained. b Representative SEM image of the BC sheet
produced from (i) static culture device shows the random alignment of nanofibrils.
Similar morphological features were consistently observed in three independently

repeated experiments. Inset. AFM image of the BC sheet produced from static
culture. Representative SEM image of BC sheet from (ii) the rotational device shows
increased alignment in the direction of rotation. Similar morphological features
were consistently observed in three independently repeated experiments. Inset.
AFM image of the BC sheet produced from rotational culturedevice. cVisualization
under a polarized optical microscope of the BC sheet from (i–iii) static culture and
(iv-vi) rotational device culture. The first column shows transmitted light, while the
second and third column shows polarized light at 0° and 45° (incident polarized
light beam vs sample orientation) respectively. Samples are circularly rotated
within the same plane, perpendicularly to the incident polarized light beam.
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hydrogen bonding (Supplementary Fig. 10). As more bonds break due
to fiber sliding, rotational BC sheets can effectively dissipate more
energy, thereby contributing to the enhanced WoF observed.

Next, we investigate the mechanistic effects of nanofibrillar
alignment on the mechanical properties of the BC sheets and attempt
to quantify the degree of alignment from a theoretical perspective. BC
structures from static culture are assumed to have N number of fibrils

with a random uniform distribution, N φð Þ; while the relatively aligned
samples from rotational culture have been modeled by a Weibull dis-
tribution, N0 Xð Þ with two parts. The proportion of fibers, X, that are
aligned to the direction of tensile loading has been modeled by a
Weibull distribution (shape parameter = 0.8), while the remaining
fraction of fibers follows the random uniform distribution. (Supple-
mentary Fig. 11). We apply a 5° tolerance to fibers’ orientation,
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suggesting that our model recreates the BC structures with X fraction
of fibers aligned to (0 ± 5)° to the direction of loading.

Krenchel proposed the phenomenal theory of fiber-reinforced
composites by modeling the efficiency factor of reinforcement, η as:

η=
X

n
an: cos

4φn ð1Þ

Here, φn is the angle between the longitudinal direction of fibers and
loading direction, and an is the proportion of fibers which are oriented
at an angle φn. The basis of Krenchel’s model is dividing all the fibers
into groups of parallel fibers. Each of the members of the summed
series,an, is thus equal to theparticular group’s proportion to the total
fibers. According to Krenchel, for randomly aligned samples, η = 3=8,
while that for perfectly aligned samples is 144. Using Krenchel’s deri-
vation and a simple rule of mixture (X fraction of fiber is perfectly
aligned and 1-X fraction is randomly aligned), an analytical model can
be established (the derivation is shown in Supplementary Information)
as a relation betweendegree of alignment,X andpercentage changeof
YM (%4YM):

%4YM =
5
3
× 100

� �
X ð2Þ

Due to the Hookean nature of the analysis, we investigated the elastic
properties (YM) of ourmodeled BC sheets and predicted the %4YM as
a function of X . To incorporate the effect of distribution of fibers/fiber
alignment, we combine Krenchel’s model with our model distribu-
tions, N Xð Þ and N0 Xð Þ :

%4YM =

P
n
N0 Xð Þn

N : cos4φn �
P

n
N Xð Þn
N : cos4φnP

n
N Xð Þn
N : cos4φn

ð3Þ

At first, to validate the model distribution, we calculate the value
of %4YM at specific X values as a function of N and find that N = 5000
brings the model prediction sufficiently close to the analytical model,
indicating that the results are independent of N for N > 5000 (Sup-
plementary Fig. 12). Note that the tensile cross-sectional area (width:
3mm, avg thickness: ~25 microns) of the samples used in our experi-
ment can accommodate nanofibers on the order of 108 (assuming fibril
width ~ 50−100 nm and thickness ~ 4−10 nm). Therefore, N = 5000
significantly reduces the computational cost. Figure 3d shows that our
model prediction converges with the Krenchel analytical relation. We

can use our model to estimate the fraction of fiber alignment, X, by
comparing it with the experimental value of %4YM. The experimental
%4YM is ~ 96%, which corresponds to XKrenchel analytical =0:576 and
XModel prediction =0:584. Thus, according to our model, rotational BC
has 58.4% of fibers aligned within (0 ± 5)° of the loading direction. A
model BCsheetwith 58.4%alignment is shown in Fig. 3d inset. Thepink
band depicts the experimental standard deviation error and ranges
from X =0:43 to X =0:75:Note that the HO factor determined from
WAXS measurement (also ranges from 0 to 1) was ~0.489. Thus, the
range of degree of alignment, predicted by our model, is close to the
experimentally observed HO factor. The observed discrepancy might
stem from the fact that themechanical properties of BC sheets depend
on several factors, e.g., fiber length, diameter, alignment, interfibrillar
bonding, etc44. However, not all these factors were considered in our
model, and the %4YM was assumed to be a functionof fiber alignment
only. Nonetheless, our analysis provides a decent estimation of the
degree of alignment of BC sheets obtained from rotational culture
devices.

Figure 3e shows the cross-sectional image of the control BC film
with a small number of pulled-out nanofibers and a porous layer-by-
layer structure. Such a porous fracture surface suggests a weak
hydrogen bonding between the randomly oriented fibrils, resulting in
a low tensile strength15. On the contrary, the cross-sectional surface
imageof the rotational BCfilm (Fig. 3f) shows a large number of pulled-
out cellulose nanofibers and a relatively denser fracture area. The fluid
flow-assisted shear forces induce nanoscale alignment of the nanofi-
brils and form densely packed microfibril bundles, indicating the
strong interaction (mainly refers to hydrogen bonding here) among
the cellulose nanofibers. It is further supported by the calculated
density comparison of the BC sheets (Supplementary Fig. 9). The
density of the BC sample from the rotation culture device was
1361.1 ± 101.4 kg/m3, which was more compared to 966.9 ± 69.4 kg/m3

density of BC from static culture. This indicates that rotation culture
flow improved the nanofibrillar packing in the cellulose network and
formed a more compact structure. Based on the experimental density
of BC samples, the porosity of each sample was calculated to be
40.3 ± 4.3% and 16.0 ± 6.3%, for static and rotational BC sheets,
respectively, using the theoretical density value of 1.62 g/cm3 of crys-
talline cellulose. Finally, the grammage of BC sheets from static
(27.9 ± 4.9 g/m²) and rotational culture (27.2 ± 2.0 g/m²) were com-
parable, indicating that variations in grammage and/or coverage did
not contribute to differences in the mechanical properties of BC. This

Fig. 3 | Mechanical property characterization and performance comparison of
BC sheet. a Typical tensile strain-stress curve for static (control) and rotational BC
sheets. b Statistical comparison of ultimate tensile stress (UTS), Young’s modulus
(YM) and work of failure (WoF) of the BC sheets from static and rotational culture
with themean values noted atop. YM1 and YM2 represent the slopes of linear fits to
the low-strain (<0.6%) and high-strain (>0.6%) regions, respectively. Bars represent
mean values, and errorbars indicate standarddeviation (n = 3 independent samples
per category). Statistical significance was determined using two-sided independent
Welch’s t-tests. Asterisks indicate significance levels: p ≤0.05 (*), p ≤0.01 (**), and
p ≤0.001 (***). Exact p values: UTS (p =0.00713), YM1 (p =0.00118), YM2
(p =0.0286), and WoF (p =0.000148). c Linear fittings to the strain-stress curve,
shown in (a) for calculating YM1 (red line) and YM2 (black line). d Correlation
between % improvement in YM and the degree of alignment using Krenchel ana-
lytical model (square symbol), our model prediction (circle symbol) and experi-
mental data (pink shaded area). Inset shows two model BC sheets with 58.4%

alignment (green) and random alignment (grey). Representative SEM image the
fractured surface of BC sheets from (e) static culture and (f) rotational culture.
Compared to the static grown BC, rotational device grown BC shows directional
alignment and more fiber pull-out. Similar morphological features were con-
sistently observed in three independently repeated experiments. g Comparison of
tensile strength across various single-step synthesismethods forBC. Bars represent
mean values, and error bars indicate standard deviation. h Ashby plot of strength
and density shows that the BC grown from rotational culture has higher strength
than polymers and glass (indicated in red star). i Ashby plot of Young’s modulus
and density shows that BC (indicated in red star) has Young’s modulus higher than
most of the natural materials and even comparable to somemetals. j Cyclic tensile
loading (10,000 cycles) rotational BC at 50 ± 30MPa. Inset shows zoomed-in (red
dotted area) cyclic loading for first 1min of the cycling depicting triangle-shaped
loading input. k Tensile stress–strain curves of the rotational BC before and after
10,000 cycles of loading.

Table 1 | Mechanical properties of static and rotational BC

UTS (MPa) YM1 (GPa) YM2 (GPa) WoF (MJ/m3) Fracture strain (%)

Static BC 165.7 ± 5.9 16.6 ± 1.5 6.9 ± 0.7 178.5 ± 21.5 1.8 ± 0.2

Rotational BC 393.3 ± 30.5 32.6 ± 2.3 17.0 ± 3.3 475.2 ± 17.2 2.1 ± 0.1
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is further corroborated by the observed differences in the mechanical
properties of the BC sheets at two distinct grammage levels (Supple-
mentary Fig. 13). At both low (~10 g/m²) andhigh (~30 g/m²) grammage
levels, the rotational BC exhibited superior mechanical properties
compared to the control samples. This suggests that the dominant
factor contributing to enhanced mechanical performance in our sys-
tem is the nanofibril alignment induced by the rotational biosynthesis
process45,46. Note that BC is a porousmaterial, and thepore volumeand
density (thickness measurement can be easily underestimated or
overestimated due to the unevenness of the surface) can be under-
estimated or overestimated. Therefore, instead of directly calculating
the stress, i.e., force per unit area, a more realistic way is to use a
specific stress or indexed stress (σw), which simply means a division of
the force (F) by the width (b) and grammage (w) and then multiplying
with the theoretical density ρtheoretical = 1:62 g=cm

3
� �

. In this way, we
obtained the stress F

bw :ρtheoretical

� �
, which reflects the mechanical

properties of the solid material regardless of the pore volume47.
Fabricating anisotropic materials involves a tradeoff: while

properties along the aligned direction are significantly enhanced,
performance in the transverse direction is often compromised.
However, this tradeoff can be strategically leveraged, as anisotropic
materials offer unique advantages for both structural and functional
applications48. For example, fiber-reinforced composites with aniso-
tropic fiber alignment are highly desirable for load-bearing applica-
tions and for optimizing directional properties like thermal or
electrical conductivity49,50. Similarly, the fibrillar alignment in our
rotationally grown BC imparts anisotropic characteristics to the
material (Supplementary Fig. 14). Note that despite this inherent
anisotropy, the mechanical properties in the transverse direction
(90°) are comparable to those of the control samples from static
culture. Nonetheless, the anisotropic nature of the material requires
careful consideration when tailoring properties for specific uni-
directional applications.

We compared the mechanical properties of the BC sample from
our rotational device to those of other existing methods. Due to
improved nanofibrils alignment, the rotation culture device success-
fully yielded BC samples with higher tensile strength compared to
other existing methods. For example, our rotationally cultured BC
samples (393.3 ± 30.5MPa) achieved more than 2 times as high tensile
strength as BC produced from the wrinkled PDMS template
(~178.1MPa)25. Another study that used a 3D-printed mold to grow
aligned BC achieved ~260.4MPa tensile strength after 20% post-
harvest stretching, which is still lower than our rotational culture-
grown BC1. So far, our rotational BC demonstrated the highest tensile
strength among all reported values for BC harvested directly from the
culture in a single step1,15,25,51–53 (Fig. 3g). Note that in our work, BC
sampleswere not post-processed (e.g., stretched), thus eliminating the
need for additional stretchingmachinery, time, effort, and costs of the
post-processing and circumvents the risk of sample tearing during
alignment by stretching. As a result, wedid not compare our rotational
BCwith thoseusing post-harvest processing. Nonetheless, weenvisage
that with continued refinement of our engineered biosynthesis pro-
cess, the properties of our BC can be further improved. We positioned
our BC sheet against different syntheticmaterials,metal/alloys, natural
materials, composites, etc., to strength or Young’smodulus vs. density
in the Ashby plot (Fig. 3h, i). We observe that the mechanical strength
of our BCsheet exceedsmany important classes ofmaterials, including
polymers and a majority of metals, alloys, and glass. Young’s modulus
of our BC sheet is higher than all polymers, almost all naturalmaterials,
and in the range of metals and composites while being lightweight.
Thus, this material can be suitable for different applications54, such as
structural, textile, green electronics, etc.

In addition to high mechanical strength and stiffness, the rota-
tional BC exhibits fatigue resistance, which is important to maintain
stable mechanical properties during long-term use55. To further

explore the applicability of our rotational BC in practical settings,
cyclic tensile tests were systematically carried out in which samples
experienced cyclic (triangular-shaped input) loading at 50± 30MPa
(Supplementary Fig. 15). This corresponds to 13 ± 8% of the average
UTS (393.3MPa) of rotational BC. Remarkably, after 10,000 loading
cycles, the tensile behavior of the rotational BC remained almost
unchanged (Fig. 3j). Moreover, the sample surface, after the aggressive
cyclic tensile loading, didnot showany sign of structural damagewhile
maintaining the compactness and nanofibrillar alignment (Supple-
mentary Fig. 16), highlighting the robustness of its 3D network struc-
ture. This mechanical stability was further confirmed by the nearly
identical stress-strain curves recorded before and after the cyclic tests
(Fig. 3k). Additionally, the UTS of rotational BC after 10,000 cycles was
approximately 440MPa—about ~166% higher than the average UTS of
control BC—demonstrating its superior durability under complex
loading conditions.

Robust multifunctional bacterial cellulose-hexagonal boron
nitride hybrid sheet
Limited diffusion of nanoscale building blocks from the liquidmedium
to theupper surface layers of newlygrownBC33 anddispersion stability
of the nanomaterials in a static environment throttles the realizationof
robust multifunctional BC-based hybrid systems (Supplementary
Fig. 17). However, our rotational culture method offers the advantage
of seamless and homogeneous integration of nanoscale building
blocks into the aligned BC network by simply adding the nanoscale
additives in the nutrient media (Fig. 4a). Moreover, the moving rotor
provides dispersion/colloidal stability to the nanoparticles via its
continuous motion. As the nanoscale model system, we chose hex-
agonal boron nitride (hBN) nanosheets (BNNS), a promising two-
dimensional (2D) inorganic nanomaterial with excellent mechanical
properties (Young’s modulus ~0.8 TPa), thermal properties (thermal
conductivity ~ 300–2000Wm−1 K−1) and biocompatibility56. After the
incubation period, the tubular sheet of bacterial cellulose-hexagonal
boron nitride (BCBN) hydrogel was harvested from the device and
dried overnight to obtain a flat, homogeneous, transparent, and flex-
ible BCBN sheet (Fig. 4b and Supplementary Fig. 18) with an average
thickness of ~10μm. Morphological investigation of the film under a
high-resolution SEM reveals encapsulated 2D BNNS within the 1D BC
nanofibrillar network, thus resulting in a hierarchical 1D–2D hybrid
nanosheet (Fig. 4c, Supplementary Fig. 19) with uniformly distributed
BNNS (Supplementary Figs. 19 and 20). Note that while those BNNS
buriedwithin the BCnetwork are fully encompassed by the nanofibrils,
those on the surface remain partially exposed and thus appear slightly
coarse, especially around the edges. This is a natural outcome of the
dynamic biosynthesis process, where the BNNS becomes physically
entangled on the surface of the BC nanofibrillar network and does not
get fully enclosed by the subsequent BC layer. This can also be
attributed to the size difference between the BNNS, which are on
average 1 µm in lateral width, and the BC nanofibrils, which are on the
order of nanometers. Nonetheless, full enclosure of BNNS and spatial
locking caused by entanglements of BC fibrils occurswithin the bulk of
the network.

The presence of both BC and BNNS in the BCBN hybrid nanosheet
is confirmed by X-ray diffraction (XRD) (Fig. 4d). Specifically, the
hybrid nanosheet retains the broad peak of BC at 14.4 and 22.7° and a
minor peak at 16.8°, corresponding to the diffractions of (110̅), (200),
and (110) planes of cellulose I, respectively57. Additionally, the XRD
peaks corresponding to the (002) and (004) planes of BNNS indicate
the BNNS structure is well-preserved in the BCBN hybrid nanosheet.
Interestingly, the BNNS diffraction peak slightly shifts from 26.65° for
pristine BNNS to 26.70° for BCBN, which corresponds to a decrease in
d-spacing from 3.342 Å to 3.336Å and may be associated with the
stacking process of the BNNS in the BC network under the shear force
of the rotational culture. Further, the disappearance of all other peaks
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except (002) and (004) peaks in BCBN suggests that the (001) plane of
BNNS is oriented parallel to the face of the hybrid nanosheet.

Thermogravimetric analysis (TGA) reveals that the thermal stabi-
lity and decomposition behavior of the BCBN hybrid nanosheet
improved throughout the whole range of temperatures upon the
addition of BNNS in the BC network (Supplementary Fig. 21). Specifi-
cally, the BCBN hybrid nanosheet exhibited excellent thermal stability

up to 300 °C, compared to 275 °C for the control BC. As the tem-
perature increases, BNNS continues to inhibit the decomposition of
the polymers by transferring the heat mostly through the BNNS. At
higher temperatures above 500 °C, BCBN demonstratesmore residual
weight compared to BC due to the higher thermal stability of BNNS.
The TGA analysis determined the wt% of BNNS in the BCBN hybrid
nanosheet to be around 5–6%.
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Themechanical performanceof the BCBN sheets produced by the
rotational device was evaluated by uniaxial tensile testing and com-
pared with the BC sheets from static and rotational cultures. Figure 4f
shows the statistical comparison of UTS, YM, and WoF of the samples
with standard deviation, and Supplementary Fig. 22 shows a repre-
sentative and comparative stress-strain plot of BCBN. The average
tensile strength of the rotational BCBN sheets increased by ~172 %
(from 165.7 ± 5.9MPa to 451.0 ± 79.0MPa) than static BC and by ~15%
(from 393.3 ± 30.5MPa to 451.0 ± 79.0MPa) than rotational BC. The
averageYMof theBCBNwas found tobe ~84%higher than thatof static
BC (from 16.6 ± 1.5 GPa to 30.6 ± 12.0 GPa), while not showing
improvement compared to the BC grown from rotational device (from
32.6 ± 2.3GPa). Note that the YM is determined from the initial linear
region of the stress-strain plot and, hence, can depend on the interface
of BC and BNNS. Therefore, the discrepancy might stem from the
discontinuous and non-engineered interface of BC and BNNS (BNNS
are known to possess exceptional chemical stability). The averageWoF
of the BCBN sheets increased by ~338% (from 178.5 ± 21.5MJ/m3 to
781.3 ± 374.0MJ/m3) and ~64% (from 475.2 ± 17.2MJ/m3 to
781.3 ± 374.0MJ/m3) compared to that of static and rotational BC
respectively. Evidently, with the incorporation of BNNS, the strength
and toughness (WoF) improved, suggesting the simultaneous
strengthening and toughening effect of BNNS. The observed differ-
ence in the mechanical properties is due to (1) the physical intercala-
tion of the 2D BNNS and 1D BC nanofibril and (2) the effective
distribution of BNNS in the BC network. During the tensile stretching
process, the nanofibrils are stretched, followed by slippage between
adjacent fibrils. The presence of BNNS physically resists the sliding of
the nanofibrils, resulting in the stress being uniformly dispersed in the
BCBN network58. Consequently, fiber pull-out and BNNS pull-out could
be observed from the cross-sectional SEM image of the BCBN
hybrid (Fig. 4g).

Next, we investigated the thermal properties of BCBN. To
understand the thermal behavior, the steady-state heating of BC and
BCBN under illumination by a white supercontinuum laser was studied
using high-resolution spatial and temporal mapping of temperature
variations with a thermal infrared (IR) camera59,60. As shown in Fig. 4h,
the induced heat for BC was found to be concentrated with high
intensity compared to BCBN, which demonstrates a rather diffused
circle with low intensity. This indicates better heat transfer/dissipation
behavior of BCBN. The single-line temperature profiles were extracted
from temperature mapping captured by the IR camera and analyzed
(Fig. 4h). When illuminated with a laser of the same power, the line
profile of BC showed higher peak temperature (maximum surface
temperature ~100.34 °C) and a broader full-width half maximum
(FWHM) than those of BCBN (maximum surface temperature
~60.3 °C). The significantly low surface temperature of the hybrid
nanosheet indicates an improved thermal conductivity and/or heat
transfer rate, thereby homogenizing the heat generatedby the laser. At
the same time, the narrow FWHM suggests complete heat dissipation
within a very short range. To observe the time-dependent heat dis-
sipation behavior, temporal changes in the maximum surface tem-
perature are also recorded, which shows better performance for BCBN

(Fig. 4i). Specifically, under a given illuminationpower,BCBNexhibits a
significantly faster thermal response, compared to BC, to reach the
expected steady-state surface temperature.We also calculated the rate
of heat dissipation from the temporal mapping of the surface tem-
perature variations after the illumination ceased. Both BC and BCBN
showed a third-order temperature decay, with a three times higher
calculated decay rate for the BCBN hybrid nanosheet (Supplemen-
tary Fig. 23).

Overall, the rotational culture device offers several advantages
over traditional static culture while being sustainable and scalable
(Supplementary Fig. 24). The flow-assisted shear-aligned BC has pro-
ven to be mechanically stronger than the static BC sheets. In this
regard, the rotational BC shows improvement in both strength and
toughness, which are traditionally deemed as mutually exclusive
properties. Moreover, the freedom of developing robust BC-based
hybrid nanosheets by simply adding nanoscale additives to the nutri-
ent media underpins the efficacy of our dynamic biosynthesis
approach. When compared to BC reinforced with other nanosheets
reported in the literature, such as graphene, nanoclay, carbon nano-
tubes (CNTs), etc., our BCBN exhibits markedly superior performance
in both strength and stiffness (Supplementary Fig. 25 and Supple-
mentary Table 1). In theory, this approach holds the potential for
incorporating different nanoscale building blocks in the BC network,
thus enabling on-demand tuning of functionalities. However, this
remains a subject for future research to experimentally validate and
demonstrate its feasibility. Nonetheless, we envision the robust mul-
tifunctional BCBN hybrid nanosheet synthesized using our method,
finding potential use in advanced applications such as green electro-
nics, thermal management, and energy storage.

In summary, we report a simple, one-step method to produce
strong BC by aligning nanofibrils in situ using directionalmedia flow in
a custom-designed rotation culture device. The high alignment of
nanofibrils in the BC produced in this study resulted in mechanical
properties comparable to strong materials such as metals and glasses
while maintaining superb flexibility, foldability, lightweight, and eco-
friendliness. This is obtained in a single processing step, reducing
additional machinery, time, and cost because the rotational culture
device is simple, inexpensive, scalable, and can be built upon existing
chemical incubators. We also demonstrate the versatility of the
method by developing robust BC-based hybrid nanosheets with
nanoscale building blocks uniformly distributed in the nanofibrous
networkof BC.Ourdynamicprocess enabledus to combine theunique
properties of BC and BNNS, resulting in improved characteristics and
multifunctionalities that surpass those of the individual components.
We envisage our aligned, strong, and multifunctional BC sheets will
pave the way towards a wide range of practical applications.

Methods
Design and 3D printing of rotational culture device
The rotational culture device consisted of five parts: a base, cap, shaft
(width: 20mm, thickness: 3mm, and length: 90mm), PDMS tube
(inner diameter, ID: 36mm, outer diameter, OD: 38mm, and length:
90mm), and DC motor (60 RPM 6V). The dimension of the base was

Fig. 4 | Biosynthesis, characterization and performance evaluation of bacterial
cellulose-hexagonal boron nitride (BCBN) hybrid nanosheets. a Schematic of
the biosynthesis process for growing in situ BCBN hybrid nanosheet using our
rotational culture device. The partially enlarged schematic on the right shows
boron nitride nanosheet (BNNS) diffusion in the shear flow and its intercalation in
the fibrous BCnetwork.bOptical photographof the dried BCBNhybrid nanosheet.
c Representative SEM image of BCBN showing intercalated BNNS within the BC
network. Similar features were consistently observed acrossmultiple regions of the
same sample. d XRD comparison of BC, BNNS, and BCBN. e Statistical comparison
of UTS, YM, and WoF of the BC sheets from static culture, rotational culture, and
BCBN from rotational culture with the mean values noted atop. Bars represent

mean values, and errorbars indicate standarddeviation (n = 3 independent samples
per category). Statistical significance was assessed using two-sided one-way
ANOVA. The double asterisk (**) denotes a statistically significant difference among
the groups (p ≤0.01).p value forUTS is 0.0025. fRepresentative cross-sectionSEM
image of the fracture surface of BCBN film shows both BC and BN pull-out. Similar
features were consistently observed across multiple regions of the same sample.
g Comparison of single line temperature profile from temperature mapping of BC
and BCBN using IR camera under 25-mW laser illumination in air. The temperature
profile shows higher temperature for BC compared to BCBN. Inset shows thermal
mapping of control (left) and BCBN (right) samples under laser illumination.
h Temporal heat dissipation behavior of BC and BCBN.
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fixed such that the tubewasfirmly fixed to the base and did not lead to
any fluid leak from the system. The cap is an essential component that
enables the connection between the DC motor and the agitator
through a hole acting as a bridge. The DC motor is a single-speed
brushless motor powered by a 6 V power supply. The dimensions of
the individual parts are depicted in Supplementary Fig. 3. The indivi-
dual parts of the rotational culture device (base, cap, and shaft) were
3D-printed using a Formlabs stereolithography (SLA) printer (Form 2,
USA) with a 405 nm laser source. The parts were printed with gray
photopolymer resin (Formlabs Gray Resin V4 1 L, USA). After printing,
all parts were separated from the substrate, washed in isopropanol
(IPA) for 5min to remove excess resin, and then air-dried. The air-dried
parts were UV-cured at 50 °C for 20min.

Frozen stock preparation of cellulose-producing bacteria
Novacetimonas hanseniiNQ5ATCC 53582 (formerlyKomagataeibacter
and Gluconacetobacter) lyophilized cells were obtained from the
American TypeCulture Collection (ATCC). The cellswere resuspended
in 0.5mL Hestrin-Schramm (HS) broth. HS broth was prepared using
20 g glucose, 5 g yeast extract, 5 g casein tryptone, 1.5 g citric acid
monohydrate, and 10.8 g disodium phosphate in 1 L ultrapure water
adjusted to pH 5.5 using NaOH. A portion of the resuspended broth
was streaked on HS agar to screen for opaque cellulose-producing
(Cel+) colonies. HS agar was prepared by adding 15 g/L agar to the HS
broth, followed by pouring in 100mm Petri dishes, dried for 24 h and
stored at 4 °C in tightly sealed bags. One of the colonies from the HS
agar was dispersed in 2mL HS broth supplemented with 2% V/V cel-
lulase (SigmaC2730) to inhibit pellicle formation. It was then grown in
a culture tube by shaking at 200 rpm, 30 °C, 24 h, before mixing with
equal volume 50% V/V glycerol and then stored at −80 °C as a frozen
cell stock.

Preparation of boron nitride nanosheets
8 g of commercial hBN micro-powder (~30 microns, Lower Friction
Lubricants, MK Impex Corp.) was dispersed in isopropyl alcohol (IPA)
(2 L, purity ≥99.5%). The dispersion was sonicated in an iced sonic bath
for 48 h and then centrifuged at 771 × g for 20min. After centrifugation
of the dispersions, the supernatant was decanted, and the supernatant
was then filtered via vacuum filtration. After filtration, a BN cake was
obtained, which was dried for 4 h in an oven at 60 °C. The dried BNNS
powder was used as the secondary inorganic phase for the hybrid
nanosheets after grinding using a ceramic mortar-pastel. The exfo-
liatedBNNShad an average lateral size of 1 µmand thickness of 3–4nm.

Bacterial cellulose and bacterial cellulose-hexagonal boron
nitride sheet production
To prepare for bacterial cellulose (BC) growth, frozen cell stock was
scraped and streaked onto HS agar plates, then incubated at 30 °C for
3-4 days until colonies approximately 1–2mm in diameter formed.
Several colonies were picked and dispersed into HS broth supple-
mented with 2% V/V cellulase and precultured by shaking at 200 rpm
and 30 °C for 48 h. The resulting culture was centrifuged at 2000× g
for 5min, and the pellet was washed oncewith an equal volume of 10%
glycerol to remove residual cellulase before being resuspended in
fresh HS broth. The optical density (OD600) of the washed cell sus-
pension was measured using a Thermo Scientific NanoDrop spectro-
photometer. Fresh HS broth was inoculated with an appropriate
volume of the cell suspension to achieve an OD of ~0.015.

For static cultures, 50mL of the inoculated broth was transferred
into 250mL Erlenmeyer flasks. For rotational cultures, 65mL of the
inoculated broth was loaded into UV-sterilized rotational culture
devices, prepared inside a laminar flow hood. The rotation devices,
equipped with DCmotors wired through a breadboard and connected
to an AC power supply, were operated inside an incubator at 30 °C for
10 days.

After incubation, BC sheets were harvested from the inner surface
of the PDMS tubing using a spatula and transferred to 100mm Petri
dishes. The sheets were treatedwith0.5MNaOHat 90 °C for 20min to
remove bacterial residues, then thoroughly washed with deionized
(DI) water until the pH reached 7.0. Finally, the BC sheets were dried at
room temperature by sandwiching them between two Whatman filter
papers. BC-BN composite sheets were prepared following the same
procedure, with the addition of 150mg of boron nitride nanosheets
(BNNS) to the culture medium during inoculation.

Characterizations
Mechanical testing (uniaxial tensile test) was performedon anARESG2
Rheometer (TA Instruments). Rectangular specimens of ~3mm width
and ~30mm length were tested at a gauge length of 10mm and a
crosshead speed of 5mmmin−1. At least three samples were tested for
each category. The dried BC sample was sandwiched between two
paper cards to avoid sample damage and/or slippage during tensile
testing. Supplementary Fig. 24 depicts the steps involved and relevant
dimensions used for the testing. The weight was measured using a
microbalance, and sample density was calculated using weight divided
by volume. Cyclic tensile tests were systematically carried out using
Instron ElectroPuls E3000. Rectangular specimens of ~3mmwidth and
~30mmlengthwere tested at a gauge length of 10mmand a crosshead
speed of 0.2mmmin−1 with cyclic (triangular-shaped input) loading at
50 ± 30MPa (Details can be found in Supplementary Fig. 15).

Wide-angle X-ray scattering (WAXS) was performed using Xeuss
3.0 (Xenocs). The X-ray wavelength was 1.54 Å, the sample-to-detector
distance was 55mm, and the exposure time was 30min. Samples were
taped directly to a sample holder so that no substrate or capillary was
needed. A Pilatus3 300k detector was used to collect scattered X-rays.
Raw two-dimensional scattering patterns were converted to intensity
versus scattering vector q and azimuthal angle χ using the pyFAI
Python library. This data was then fitted in two dimensions using the
SciPy curve_fit Python library. The peak was fitted with a Gaussian line
shape in q and a Poisson distribution in χ, as well as a linearly varying
background (I = aq + b).

Scanning Electron Microscopy (SEM) was performed using a FEI
Helios NanoLab 660 SEM/FIB. Dried BC samples were coated with
10 nm thick of goldusing aDentonDeskVSputter system. The samples
were imaged with 5 kV at different magnifications. Elemental mapping
was performed using a FEI Helios SEM/FIB instrument. Atomic force
microscopy (AFM) images were obtained using a Park NX-20 micro-
scope in tapping mode. The measurements were conducted in the air
using AC160TS-R3 cantilevers (Oxford instruments) at room tem-
perature. Optical/light microscopy was performed with a Zeiss Axio-
plan 2 microscope equipped with a Zeiss Axiocam 208 camera. Each
set of polarized optical microscopic (POM) images received the same
contrast adjustments. All images for this analysis were taken using the
same microscope illumination settings.

Thermogravimetric analysis (TGA) was performed using aMettler
Toledo TGA/DSC 3+ system. Samples were placed in alumina pans and
heated from 25 °C to 900 °C at a rate of 10 °Cmin−¹ under a nitrogen
atmosphere.

X-ray diffraction (XRD) measurements were conducted using a
Rigaku SmartLab diffractometer with Cu Kα1 radiation (λ =0.154 nm).
Diffractionpatternswere collectedover a 2θ range of 20° to 90°,with a
scan rate of 10° min−¹ and a step size of 0.01°.

An in-situ thermal imaging was conducted to monitor the surface
temperature measurements using a FLIR A615 infrared camera. The
heating of samples was achieved by irradiating them with a super-
continuum laser source (Fianium, 485–700nm, 78MHz), which was
focused onto the sample surface through a 75mm focal length lens,
producing an illumination area of approximately 1.5mm². A neutral
density filter (Thorlabs, NDC−100C-4M) was used ensuring a constant
illumination power of 25mW during testing. For measurement
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consistency, samples were positioned on an inverted glass petri dish
(93mm diameter) placed atop an optical table. The laser beam was
oriented perpendicularly to the sample surface, while the IR camera
was fixed at a 25° observation angle relative to the beam axis. Prior to
data acquisition, the camera focus was carefully optimized and main-
tained throughout the experiment. Thermal images of the illuminated
samples were then collected using the IR camera. For time-dependent
thermal response analysis, we monitored the maximum surface tem-
perature as a function of time during both the heating phase (30 s of
continuous illumination) and the subsequent cooling phase (30 s after
the laser was blocked).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
All data needed to evaluate the conclusions in the paper are present in
the paper and/or the Supplementary Information. All data underlying
the study are available from the corresponding author upon request.
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