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Improving the efficiency of enzymes towards decomposing substrates has been one of the
central goals in the biotechnology industry. However, the modification of enzymes for
upgrading natural materials to high-value performant materials is largely unexplored. Here,
we demonstrate that the ancestral form of a Cel5A bacterial endoglucanase, unlike its
modern descendant from Bacillus subtilis, was able to generate cellulose nanocrystals
(EnCNC) chemically pure, maintaining native cellulose structure and displaying higher
thermal stability and crystallinity than standard CNC obtained by acidic treatment. We
demonstrate that EnCNC alone is a suitable matrix to grow cells in 2D and 3D cultures.
Importantly, EnCNC accepts well graphene derivatives to fabricate conductive hybrids inks
forming a stable flat surface where cells also attach and proliferate. Our results demonstrate
that EnCNC has physicochemical properties unattainable with standard CNC, making it a
unigue material ideal as a matrix for the design of biocompatible advanced materials for
tissue engineering and other applications.
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ver the past decades, the biotechnology industry has

incorporated a plethora of enzymes to numerous bio-

conversion processes, ranging from bioenergy! to food
industry?. Generally, most enzymes are improved to achieve high
catalytic yields under the desired conditions?. Towards this end,
several techniques for enzyme design have been central for the
development of the biotechnology industry*-°. Interestingly, a
less investigated aspect in biotechnology is how to modify
enzymes in order to upgrade or transform substrates into high-
value performants to be used as platform materials”. Such
development would expand the range of applicability of enzymes,
making them useful not only for downgrading but also upgrading
new biomaterials derived from enzymatic transformations. This
can contribute to the development of a sustainable bio-based
technology.

Biomass is a traditional target for enzyme decomposition due
to the numerous products that can be obtained from
bioresources®®. However, given the polymeric nature of bior-
esources such as chitin, starch or cellulose, it would be desirable
to transform them into high-value materials for application in
material science and biotechnology. One such material is nano-
cellulose, a nano-sized form of cellulose. The extraordinary
physicochemical features of nanocellulose have made it an
attractive material for applications in material science and
biotechnology!®!1. Nanocellulose is obtained from cellulose
whose hierarchical organization renders different types of nano-
cellulose (Fig. 1). One of the most sought-after forms is cellulose
nanocrystals (CNC)!2, which are small crystalline particles with
lengths ranging from 100 to 500 nm. Currently, CNC production
is mainly achieved through chemical treatments using sulfuric
acid that swells cellulose amorphous regions keeping the crys-
talline part. This process leaves sulfate groups attached to the
CNCs surface affecting their physicochemical properties!3.
Enzyme hydrolysis has been proposed for nanocellulose pro-
duction®. However, CNC obtention has only been possible
through the use of complex enzyme systems”. Obtention of CNC
by a single enzyme ex profeso has remained challenging.

Ancestral sequence reconstruction (ASR) has been proposed
for enzyme engineering!41. This technique is commonly used in
molecular evolution studies!®17, but previous studies reported
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that ancient enzymes show extraordinary physicochemical
properties!®-2l, making them potentially suitable for bio-
technology. We have recently reconstructed a 2.8 billion-year-old
ancestral endoglucanase (ANC EG) from bacteria species that
showed superior performance in comparison with modern
ones!4. Here, we show that ANC EG alone can produce pure
nanocellulose (EnCNC). The same CNC form could not be
obtained by using a modern descendant from Bacillus subtilis, or
other endoglucanase forms. EnCNC is chemically pure, displays
higher thermal stability, crystallinity, and mechanical strength
than standard CNC isolated by acid hydrolysis (AcCNC), being a
grenner and sustainable process. Unlike AcCNC, EnCNC can be
used as stable matrix for cell growth for 2D and 3D cultures. Also,
EnCNC mixes well with graphene to fabricate hybrid conductive
biomaterials where cells attach and proliferate. We present
EnCNC as a potential platform for bioinks, biosensors, and other
biocompatible advanced materials.

Results

EnCNC production and characterization. ANC EG belongs to
the last common ancestor of firmicutes (LFCA) and has been fully
characterized previously, including its substrate-interaction
mechanism!4, demonstrating high activity over a wide range of
conditions and in several substrates. This enzyme can be used in
two forms, only the catalytic domain or linked to a carbohydrate-
binding module (CBM). In nature, most bacterial EG have a CBM
that helps in the degradation of cellulose over recalcitrant sub-
strates. In this work, we have obtained the catalytic domain ANC
EG as well as the form containing the CBM, i.e., ANC EG+CBM,
given the impossibility of constructing an ancestral CBM, we used
the CBM from B. subtilis. Both variants were used to hydrolyze
pure cellulose at 50 °C, monitoring nanocellulose production
versus hydrolysis time (Fig. 2a). We compared the yield to that of
the modern descendant from B. subtilis, used as query sequence
for the ancestral reconstruction with its own CBM, therefore the
difference between ANC EG and B. subtilis EG can be only
attributed to the catalytic domain. We also used a modern bac-
terial EG from Thermotoga maritima, that does not have a native
CBM. In all cases the ancestral variants showed a higher yield,
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Fig. 1 lllustration of cellulose enzymatic hydrolysis. The hierarchical structure of cellulose fiber permits its degradation into nano scale particles.
Enzymatic hydrolysis was performed in water at 50 °C at different times in agitation with different endoglucanase. Here, we show how endoglucanase with
CBM can attach to the cellulose fiber placing the catalytic domain in the fiber surface and improving its activity. Enzymes degradation can produce
nanocellulose with different sizes depending on the hydrolysis time and enzyme usage. Cellulose nanocrystals (CNC) are small crystalline particles with

lengths between 100 and 500 nm and diameters between 3 and 40 nm.

2 COMMUNICATIONS MATERIALS | (2020)1:57 | https://doi.org/10.1038/s43246-020-00055-5 | www.nature.com/commsmat


www.nature.com/commsmat

COMMUNICATIONS MATERIALS | https://doi.org/10.1038/s43246-020-00055-5

ARTICLE

~ m ANC EG+CBM
“ » ANCEG
A T. maritima EG
B. subtillis EG

5h

101

T. reesei EG

24 h

Nanocellulose conversion (%)

48 h

T T T
0 10 20 30 40 50
Time (hours)

ANCEG ANC EG+

CBMT. maritima EG B. subtilis EG T. reesei EG

l i!

¥

c d
2000] 50+ — ANC EG+CBM
= 1 —— ANC EG
g 1600 -l < 40 —— T.maritima EG
= \ b B. subtilis EG
51200 ;/5 £ 30 e
0} o
© 800 i O 204
> 3
@ 400 A 104 )\&
>
< \ 1 om

0+ 0
0 10 20 30 40 50 0
Time (hours)

400 800 1200 1600
Size (nm)

Fig. 2 Nanocellulose yields from enzymatic hydrolysis, average particle length and AFM images. a Nanocellulose conversion from filter paper using ANC
EG, ANC EG+CBM, and EG from T. maritima, B. subtillis, and T. reesei at 50 °C at different times. The average yield and S.D. were calculated from three
independent experiments. b AFM images of nanoparticles produced by EGs hydrolysis at different time points (5 um x5 um). The images show the
nanoparticles that the EGs produced at 1, 5, 24, and 48 h using filter paper as a substrate. ¢ Average size of nanocellulose from filter paper using ANC EG,
ANC EG+CBM, and EG from T. maritima, B. subtillis, and T. reesei at 50 °C at different times. The smaller length was measured after 24 h ANC EG+CBM
hydrolysis. The average yield and SEM were calculated from three independent experiments. d Comparison of size distribution of nanocellulose produced
with enzymatic hydrolysis and AcCNC. The distribution was calculated with the length of 100 particles from each condition. e AFM images of nanoparticles
produced with ANC EG+CBM hydrolysis and AcCNC (3 um x 3 um). Height images (I) of nanocellulose produced by ancestral endoglucanase with CBM at
24 h hydrolysis using filter paper as substrate and (II) of nanocellulose produced by sulfuric acid hydrolysis purchased from Maine University. (lll) A 3D
image of a single EnCNC, showing the needle-like shape and (IV) a 3D image from the AcCNC sample with ribbon-like shape.

with the variant ANC EG+CBM reaching eight-fold that of T.
maritima.

After hydrolysis we analyzed nanocellulose morphology using
atomic force microscopy (AFM) (Fig. 2b and Supplementary
Table 1). ANC EG+CBM hydrolysis produced smaller particles
compared to ANC EG (Fig. 2¢). At 1-h hydrolysis we observed a
mixture of EnCNC and cellulose nanofibers (CNF) of ~1 um and
above. After 24 h hydrolysis we obtained a homogenous EnCNC
suspension with average length of 408 nm and diameters of 12.5
nm, measurements described as CNC?2. After 48 h hydrolysis we
observed bigger particles in both cases probably due to CNCs
aggregations (Fig. 2c). Also, the activity of ancestral endogluca-
nase deceased after 24h, favoring the agglomeration of the
crystals at longer times. In the case of EGs from B. subtilis and T.
maritima EG, they mostly provided CNF of ~800 nm and above
(Fig. 2c). We have been able to obtain smaller particles (~600 nm)
using an enzyme preparation from Trichoderma reesei but still
with lower efficiency than that of ANC EG+CBM (Fig. 2c). We
have been able to obtain smaller particles (~600 nm) using an
enzyme preparation from T. reesei but still with lower efficiency
than that of ANC EG+CBM (Fig. 2c). We plotted the size
population distribution from all enzymatic hydrolysis to analyze
the suspensions homogeneity (Supplementary Fig. 1). The aspect
ratio of EnCNC obtained with ANC EG corresponded to CNC
with cellulose I polymorph?? and it is within the interval usually
measured in CNC (<100)24.

We also compared commercial AcCCNC with EnCNC produced
after 24 h hydrolysis (Fig. 2d, e), and EnCNC obtained using
ANC EG+CBM was longer but maintained similar diameters to
AcCNC (Supplementary Table 1). EnCNC showed a needle-like
morphology due to its high aspect ratio. Conversely, AcCNC has
a ribbon-like morphology with lower aspect ratio, which is in
agreement with previous reports, and allows to classify EnCNC as
cellulose I and AcCNC as cellulose 112>, Analysis using FTIR and
its second derivatives spectra confirm the native cellulose
structure of EnCNC when compared to AcCNC2® (Supplemen-
tary Figs. 2-5). AcCNC spectra also display the sulfate groups
from the acidic hydrolysis measured at 0.95% (Supplementary
Fig. 6). Sulfate groups have a direct impact on the physicochem-
ical properties of nanocrystals, allowing AcCNC to generate a
stable suspension in water due to negatively charged OSO;~
groups. Meanwhile, EnCNC generates an opaque dispersion in
which aggregates and sedimentation are apparent due to the
absence of charged groups (blue diagram in Fig. 3a). The stability
of EnCNC and AcCNC water dispersions were analyzed by
measuring the zeta potencial ({). The zeta potential values for
EnCNC was —32mV and for AcCNC was —54 mV, highlighting
the good stability of both suspension?”. This difference showed
the higher surface charge of AcCNC due to the sulfate groups
which is reflected in the higher stability. Although, the lower zeta
potential of EnCNC suspension is desired for biomedical
applications?8,
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Fig. 3 Nanocellulose physicochemical characterization. a Aqueous suspension of ENnCNCs and AcCNCs. lllustration of free -OH groups in EnCNC surface
and the random -OSO3~ groups anchored by the sulfuric acid treatment in the AcCNC surface. b Topography images from EnCNC and AcCNC samples
used for nano-FTIR measurement. Color circles mark the analyzed nanocrystals. €, d Spectra from EnCNC and AcCNC nanocrystals selected in two
different regions, 3600 to 3200 cm~! and 1800 to 750 cm~". Spectra form EnCNC and AcCNC showed different peaks due to its different polymorph
structure and AcCNC sulfate content. e X-ray diffraction analysis of the filter paper, EnCNCs produced by 24 h hydrolysis of ANC EG and ANC EG+CBM
and AcCNCs. Figure shows the diffractograms of cellulose | in the filter paper and EnCNCs. The different planes are indicated. f Thermogravimetric analysis
curves of filter paper, ENCNCs produced by 24 h hydrolysis of ANC EG and ANC EG+CBM and AcCNCs. Weight loss curves and derivative from TGA

curves.

We further analyzed single EnCNC particles using nano-FTIR,
which allows infrared analysis with nanoscale resolution (Fig. 3b)%°.
The color circles in the topography images in Fig. 3 mark the
crystals selected for the measurement, and the corresponding nano-
FTIR spectra are shown in Fig. 3c, d. We observe that only the
nano-FTIR spectra of AcCNC fibers show the shoulders at around
3486 and 3441 cm~! (marked with orange lines) that confirm the
cellulose 1T structure. The peak at 814 cm™! (marked with orange
lines) indicates the sulfur present in individual crystals. Nano-FTIR
offers improved sensitivity compared to FTIR, showing intensified
O-H peaks at 3300, 3345, and 3400 cm~! (marked with blue lines).

Furthermore, only the spectra of AcCNC show a clear peak at
around 1250 cm™! (marked with orange line), which could be
attributed to the asymmetrical vibration associated to sulfate
groups>0. Nano-FTIR spectra of AcCNC are reproducible; however,
the spectra of EnCNC vary significantly suggesting that the EnCNC
nanocellulose crystals have higher spatio-chemical variations
(Supplementary Fig. 7).

The previous analysis probes that EnCNC is structurally and
chemically different than AcCNC. We also investigate the
physical properties of EnCNC. One of the most important
features of CNC is its crystallinity because it correlates to its
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thermal and mechanical properties. The measurements of the
crystallinity index (CI) using X-ray, demonstrate that EnCNC has
a higher CI than AcCNC. Determined as 88% and 85% for
EnCNC using ANC EG and ANC EG+CBM, respectively, versus
80% for AcCNC. The CI value of EnCNC is in the order of the
value for bacterial CNC, which are considered the purest and
more crystalline’!. EnCNC also displays higher crystallite size,
determined as 5 vs. 4nm for EnCNC and AcCNC, respectively
(Supplementary Table 2). This difference also correlates with the
transformation from cellulose I to cellulose II during the acidic
treatment, forming a less crystalline polymer32. This transforma-
tion as well as the lower crystallinity are also corroborated in the
CP/MAS 13C NMR experiments reported in Supplementary
Fig. 8. EnCNC produced by T. reesei EG hydrolysis was also
analyzed to study the ability of modern EG in CNC production
(Supplementary Fig. 9a, b). FTIR spectrum was similar to that of
EnCNC obtained with the ancestral form, as expected. However,
EnCNc produced with T. ressei EG displayed a reduction in CI%,
77.2%, in comparison with EnCNC produced by ANC EG+CBM.

We hypothesized that the observed chemical and structural
differences may be reflected in physical properties such as thermal
stability. CNC thermostability can be determined using TGA
analysis that provides a measure of the weight loss and its
derivative (DTG) (Fig. 3f and inset). In Supplementary Table 3, the
onset degradation temperature (T,), the maximum degradation
temperature (Ty), and char weight (%) are shown for EnCNCs and
AcCNC and also for filter paper for comparison purposes.
Maximum degradation temperature corresponded to filter paper
at 361 °C33 closely followed by ANC EG+CBM with T4 of 356 and
337°C for ANC EG. This variation between the two ANC EGs
could be explained to the fact that ANC EG acts randomly in the
fiber in comparison with ANC EG+CBM that is processive. These
values contrast with the thermal stability of AcCNC that has a T,
of 269 °C and a Ty of 298 °C. Although it has been described that
cellulose II is more thermostable than cellulose 13234, the sulfate
groups on the crystal surface of AcCNC seem to decrease the
thermal stability3°. Besides, this analysis was performed in EnCNC
sample obtained with T. reesei EG (Supplementary Fig. 9¢, d). This
sample showed lower T, (223 °C) than EnCNC produced by ANC
EG+CBM, and similar Ty. The lower crystallinity could catalyze
the thermal degradation of this material. The lower T, and CI%
from of T. reesei EG EnCNC highlight the different physicochem-
ical properties of EnCNC obtained with the more efficient
ancestral EG.

EnCNC as matrix for cell culture. All the above determinations
corroborate that EnCNC obtained with the ancestral EG is indeed
a unique material with physical and chemical features distin-
guishable from those of standard CNC. To probe the importance
of that uniqueness, we envisioned applications of EnCNC where
standard AcCNC shows limitations. Both CNF and CNC are
currently used in bionkins for tissue engineering due to their
mechanical stability, biocompatibility, and surface chemistry
possibilities; however, in the case of CNC it is mostly used as
additive to prepare hydrogels as it lacks the ability to form stable
matrices for 2D and 3D cultures of living cells®®. A stable pure
CNC hydrogel would greatly expand the possibilities for tissue
engineering as it would provide a single platform for chemical
modifications. We suspected that the properties of EnCNC would
make it possible to have a pure CNC hydrogel for 2D and 3D
printing. We first studied the printability of EnCNC to form
stable 3D pieces (Fig. 4a), we concentrated EnCNC suspension at
10 wt% and printed a piece resembling a human ear that holds
shape fidelity (Fig. 4b), EnCNC showed similar printability as
modified CNFs alone”. We also printed a scaffold for cell growth

using only EnCNC as ink (Fig. 4c) that acted as matrix for living
cell to growth between the nanocellulose (Fig. 4d). HEK293T
were seeded onto the scaffold and let then in the incubator for
3 days (Fig. 4e), cells were dyed with DAPI to observe the nucleus
of the living cells that migrated and proliferated within the
EnCNC matrix (Fig. 4f). AcCNC could be printed at a con-
centration of 20 wt% but the scaffolds were unable to hold the
shape in the culture medium without introducing other compo-
nents such as alginate or collagen.

We also analyzed the ability of EnCNC and AcCNC to produce
nanopaper-like materials as 2D substrate for cell proliferation
(Fig. 4g). Unlike AcCNC, EnCNC was able to form a thin film
with transparency and integrity to be submerged in aqueous
solutions (Supplementary Fig. 10). HEK293T were seeded over an
EnCNC film that maintained its shape in the culture medium for
3 days and cells were able to attach to its surface (Supplementary
Fig. 11). We use scanning electron microscopy (SEM) to observe
that cell attached properly (Fig. 4h), and that they proliferate and
divide well attached to the EnCNC film (Fig. 4i). These
experiments demonstrate that EnCNC could serve as unique
platform to make bioinks, in which other components, such as
proteins, polymers, or surface groups could be incorporated to
create a tailored matrix for tissue engineering or drug delivery.

EnCNC/GO materials fabrication and characterization.
Another application where CNC has been suggested to be of
interest is in the preparation of substrates and matrices for
nanocomposites>® with controlled electrical and mechanical
properties®®. These nanocomposites also need structural con-
sistency. In this vein, we investigate the fabrication of a bioma-
terial combining EnCNC with graphene forms. Our reasoning for
such combination resides in the ability of EnCNC to form stable
matrices in which the physical properties of graphene could be
combined to those of EnCNC, thus generating an advanced
hybrid material suitable for biocompatible devices. The first
integration of graphene in EnCNC was the fabrication of con-
ductive inks in the form of nanopapers. Thereafter, we fabricate
nanopapers of EnCNC as a matrix containing graphene oxide
(GO) in different proportions, that were chemically reduced to
rGO when the paper was assembled (Fig. 5a, b). We measured the
zeta potential of these EnCNC/GO suspension and all the values
were very similar to the EnCNC suspension, which shows that
stability was maintained after GO addition (Supplementary
Table 4). We analyzed the morphology and chemical composition
of the nanopapers, demonstrating the homogeneity of the GO/
EnCNC mix (Supplementary Figs. 12-17).

An important new feature that rGO gave to the EnCNC film is
the ability to conduct electricity. We measured the conductivity of
our films observing and increasing conductivity as the content of
rGO increases (Supplementary Table 5). We fabricated nanopa-
pers with a rGO content of 0.3-15 wt% that were used to measure
conductivity. We measured conductivity in all samples, but the
conductivity reached a plateau of 25.2 S/m at around 10 wt% rGO
content. Using these measurements we determined the electrical
percolation threshold (p.) following the percolation theory*’. We
plotted the conductivity against the volumetric rGO content to
apply the theory (Fig. 5¢) and calculated a p. of 0.16%, that in our
system corresponds to 0.25wt% rGO, which is in the range of
that determined for other graphene nanocomposites*!. These
nanopapers show higher conductivity than other composites
using CNF4243, and bacterial cellulose (BC)** at similar
concentration of rGO.

Similarly, we analyzed the mechanical behavior of EnCNC
films with different rGO contents (Supplementary Fig. 18) by
measuring tensile strength and Young’s modulus (Fig. 5d and
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Fig. 4 Cell proliferation on EnCNC 2D and 3D cultures. a Schematic representation of 3D printer using EnCNC suspension as ink. b Image of a
human ear-like piece of ~1cm3 printed with 10 wt% EnCNC suspension. ¢ Scaffold of 1.5 cm3 made with 10 wt% EnCNC suspension for 3D cell culture.
d Representation of cells embedded on EnCNC matrix. e Portion of a 24-well plate containing a 3D-printed scaffold of EnCNC bioink similar to the one
in ¢ and HEK293 in cell culture medium. f Confocal microscopy image at x63 of HEK293T-stained nuclei with DAPI. Cells proliferated embedded on EnCNC
matrix after 3 days of culture. g Schematic representation of 2D EnCNC for 2D cell culture. h SEM images of HEK293T living over EnCNC film after 3 days
of culture. Cells were colored in pink and EnCNC film in blue. i Close-up image of two HEK293 cells dividing over EnCNC film.

Supplementary Table 6). When rGO content increased tensile
strength decreased for films containing 2 and 5wt% rGO and
increased at 10wt% rGO concentration, reaching 49.6 MPa
(Supplementary Table 6). Young’s modulus changed similarly
with rGO addition. The improvement at 10 wt% rGO could be
the result of an enhanced interaction between graphene sheets in
the matrix. This is in agreement with other studies performed
using CNF*2%_ In addition, we used WCA technique and
determined that the contact angle increased with rGO content
due to the graphene sheets hydrophobicity (Fig. 5e). Finally, the
addition of rGO does not change the thermal stability of EnCNC
as measured by TGA (Supplementary Fig. 19 and Supplementary
Table 7). The DTG curves are similar in all cases. These
conductive nanopapers could be used in applications at high
temperatures and humid environment where plastic materials
fail. Also, this composite may serve as the basis for obtaining
conductive printable inks. In addition, we prepared a mixture of
EnCNC 10 wt% suspension and added 10% rGO. We seeded
HEK293T cells into the material to test the viability of the hybrid
material for 2D cultures. After 3 days of culture, we dyed cells
with DAPI and observe by confocal microscopy the nucleus of
living cells in this material. This shows that rGO at this
concentration allows cell proliferation (Fig. 5f). We hypothesize

that this hybrid material could be useful for studies where neuron
or muscle cells are grown and studied using electrical impulses.
For comparative purposes, we fabricated nanopapers with
EnCNC from T. reesei EG+10% rGO. We measured similar
conductivity, 20 vs. 25.2 S/m for EnCNC made with ANC EG
+CBM. However, nanopapers produced with T. reesei EG
EnCNC had lower thermal stability (Supplementary Fig. 20), a
T, 193 °C, was measured in this sample. This is likely related to
the faster thermal degradation of this EnCNC produced with T.
reesei EG. This demonstrates the important role of CNC when
used as matrix for nanomaterials.

Finally, we tested the ability of EnCNC to serve as substrate by
transferring graphene sheets synthesized by chemical vapor
deposition (CVD) (Fig. 6a, b). Graphene monolayer (EnCNC
ML) was successfully transferred, as confirmed by Raman
spectroscopy (Supplementary Fig. 21), showing high transparency
and transmittance (Supplementary Fig. 22). We also demonstrate
the good conductivity of the material (Fig. 6c). ENCNC ML shows
a resistance of 949 + 300 () per sq, a value that increases to 11873
+300Q per sq in EnCNC BL, probably due to defects
(Supplementary Fig. 23). The EnCNC ML value is in the range
of other CVD deposited over polymeric materials, but EnCNC
ML resistivity was higher in comparison with metal substrates,
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Fig. 5 EnCNC/rGO nanopapers characterization. a |llustration of hybrid nanopaper, the conductive nanopapers were produced by mixing graphene oxide
(GO) with nanocellulose and its posterior reduction once the paper was assembled. b Photographs of films prepared with EnCNC and EnCNC with different
reduced graphene content: 2, 5, and 10 wt% rGO addition produced a black appearance to the films. ¢ Conductive of EnCNC films at different rGO content
(volumetric %), inset shows a log-log plot for determination of electrical percolation threshold of the (p.). d Young's modulus of the EnCNC film and
EnCNC films with different rGO concentrations. e Water contact angle measurement for neat EnCNC and nanocomposites with different rGO content. The
average values and S.D. were calculated from five independent experiments (*P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001). f Confocal microscopy
image at x10 and zoom at x63 of adhered HEK293T dyed with DAPI in a substrate made of 10 wt% EnCNC suspension with 10% rGO. Cells proliferate in
the composite substrate after 3 days.
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Fig. 6 CVD graphene over nanocellulose film. a lllustration of CVD graphene monolayer transferred over nanocellulose transparent film. b Photographs
and EFM images of EnCNC film, CVD graphene monolayer (EnCNC ML), and CVD graphene bilayer (EnCNC BL) over EnCNC. EFM height and phase
images from EnCNC, EnCNC ML, and EnCNC BL. Topography of the films was shown in the height images and the phase showed the response of the films
to different voltage bias O, 2, 4, and 6V, from the AFM tip to the sample. ¢ Sheet resistance measurement of ENCNC ML and EnCNC BL. The average
values and SD were calculated from two independent experiments (*P <0.05; **P < 0.01; ***P < 0.001; ****P < 0.0007).

such as nickel*® or copper?’, likely due to the roughness of the
surface®8. The two preparations present a similar topology upon
application of a bias voltage between a conductive AFM tip and
the sample (Fig. 6b). Resolution and detail increased with voltage
due to higher conductive response of CVD layers. Phase images
with a constant voltage were taken at 5, 0, and —5V, from both
EnCNC ML and EnCNC BL (Supplementary Fig. 24), showing
that they are uniformly conductive. The topography profile
measured in the AFM height images show similar pattern,
highlighting the good contact and adhesion of graphene over the
EnCNC film (Supplementary Fig. 25).

Discussion

In this work, we report that the ancestral form of an endogluca-
nase Cel5A is able to upgrade cellulose to a nanomaterial suitable
for high-performance applications, EnCNC. This material could
not be obtained by the two other bacterial endoglucanases tested,
including the modern descending of ANC EG. Interestingly,
EnCNC differs also from other CNC obtained using complex
enzyme systems and preparations. To the best of our knowledge,
this is the first attempt to generate, in an efficient manner, CNC
using a single enzyme. Although some reports can be found in the
literature reporting the use of enzymes or organisms to hydrolyze
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cellulose¥->3, no method reports the design of a specific enzyme
that offers special capabilities towards crystalline nanocellulose
obtention. The evolutionary reasons behind the ability of ANC EG
to hydrolyze cellulose to crystalline particles below 500 nm, unlike
its modern counterpart, are unknown; but we hypothesize that
ancient cellulose may have had a high proportion of crystalline
cellulose that required a more efficient enzyme to hydrolyze it.
Therefore, ASR captures a chemical phenotype of Cel5A enzymes
that has been lost, as lignocellulosic biomass became more com-
plex and other enzymes, such as xylanases, exoglucanases and
even laccases were required for biomass decomposition, thus
specializing the job of each enzyme. Luckily, ASR brings back the
ability to generate CNC in one single reaction by one enzyme
alone. This may be related to the processive activity reported for
the ancestral EG, that demonstrated endo-activity and exo-activ-
ity, unlike its modern counterparts!'4.

From the physicochemical characterization studies, we conclude
that EnCNC is a unique nanocellulose that conserves cellulose I
structure with elevated stability, crystallinity, and controlled aspect
ratio. The enzymatic obtention of nanocellulose is a green and
sustainable method that renders EnCNC as an empty canvas for
further surface modification as opposed to AcCNC that contains
sulfate groups on the surface. Moreover, this enzymatic method
for nanocrystals obtention could be applied to other natural
polysaccharides such as chitin and starch®®. The features of
EnCNC make it a good platform for numerous applications, but
we envision a good potential implementation in tissue engineering
due to its good printability, shape fidelity, surface modification
possibilities, and good proliferation of cells. We also foresee a good
implementation of EnCNC for conductive inks due to the inte-
gration of graphene derivatives. These applications combined
allow envisioning the design of matrices for artificial biointelli-
gence where the ability of printing circuits could be integrated
with different types of cells that can feel and react to electrical and
optical stimuli. In the same direction, these materials may pave the
way towards fabrication of biocompatible biosensors for wearable
or implant devices for diagnosis®.

Methods

Protein expression and purification. ANC EG, ANC EG+CBM, T. maritima EGs
protein-encoding genes were synthesized and codon optimized for E. coli cell
expression. ANC EG, ANC EG+CBM, T. maritima were cloned in pQE80L
expression vector (Qiagen) and transformed in E. coli BL21 (DE3) (Life Tech-
nologies) for protein expression. B.subtillis EG gene cloned in pET-28a vector was
kindly supplied by Dr. Mério Tyago Murakami. The CBM used belongs to B.
subtilis, the species used as query sequence in the reconstruction, due to the
impossibility of reconstructing an ancestral CBM!4. Cells were incubated in LB
medium at 37 °C until ODg, reached 0.6, IPTG was added to the medium to 1 mM
concentration for protein induction overnight. Cells were pelleted by centrifugation
at 4000 rpm. Pellets were resuspended in extraction buffer (50 mM sodium phos-
phate, pH 7.0, 300 mM NaCl) and mechanically lysed using French Press. Cell
debris was separated by ultracentrifugation at 33,000xg for 1h. For purification,
the supernatants were mixed with His GraviTrap affinity column (GE Healthcare)
and eluted in elution buffer (50 mM sodium phosphate, pH 7.0, 300 mM NaCl,
150 mM imidazole). Proteins were further purified by size exclusion chromato-
graphy using a Superdex 200 HR column (GE Helthcare) and eluted in 50 mM
citrate buffer pH 4.8. For protein purification verification sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was used with 12% gels.
The protein concentration was calculated by measuring the absorbance at 280 nm
in Nanodrop 2000C. Cellulase from Trichoderma reseei was purchase from Sigma
Aldrich (C2730).

Enzymatic nanocellulose isolation. Whatman® filter paper was used as substrate;
0.4 g of filter paper was used for each hydrolysis prepared in small squares of 1 cm?.
The reaction was conducted in 40 ml of water and 5 mg of each EG was used (ANC
EG, ANC EG+CBM, and T. maritima, B. subtillis, and T. reesei EG) per gram of
substrate. Hydrolysis was incubated at 50 °C with agitation for different times (1, 5,
24, and 48 h). Reactions were stopped by incubating the hydrolysis on ice and the
mixtures were sonicated with a micro-tip sonicator UPH100H ultrasonic processor
(Hielscher) for 25 min at 75%. Nanocellulose was isolated by gradual centrifugation
steps and concentrated by ultracentrifugation at 33,000xg for 1h. Pellets were

resuspended in water and lyophilized in a Telstar Lyoquest for physicochemical
characterization by freeze-drying for 24 h. CNC produced by sulfuric acid treat-
ment and used for comparison were purchased from Maine University (Lot# 2014-
FPL-CNC-065).

CNC/graphene nanopapers films. The nanocellulose nanopapers were prepared
by casting method using an EnCNC suspension with 1 wt% of concentration.
Nanocellulose suspension was sonicated for 1h and then casted in a Teflon mold
and dried for 2 days at 37 °C. The conductive nanopapers were produced by mixing
GO with EnCNC and its posterior reduction once the paper was assembled. GO
(4 wt% water suspension) was kindly supplied by Graphenea (San Sebastian,
Spain). Different concentrations of GO were added to an EnCNC water suspension
with 1 wt% concentration, to prepare nanopapers with 0.3, 1, 2, 5, 10, and 15 wt%
of graphene. EnCNC and GO were mixed by sonication for 1 h and then casted in
Teflon molds and dried for 2 days at 37 °C, obtaining films with a thickness around
100 um. The GO in the nanopapers was then reduced by submerging the films in
an ascorbic acid solution (30 g/1) for 2 h at 95 °C that kept nanocellulose unaltered.
The reduced films were washed with miliQ water for ascorbic acid removal and
dried at room temperature overnight. The nanopapers were named as “EnCNC+x
% rGO”, where x was the content of rGO in the total mass of the nanopaper.
Monolayer and bilayer graphene were grown on copper (Cu) foils and deposited by
CVD. The graphene synthesis was carried out in a cold-walled CVD reactor
(Aixtron BM) at 1000 °C and at low pressure using methane as the carbon source.
Prior to the growth the Cu foils were annealed at 1000 °C under a hydrogen and
argon flow. After the synthesis, a poly(methyl methacrylate) (PMMA) support
layer was spin coated onto the graphene covered Cu foil. The Cu was etched using a
ferric chloride-containing solution and the layer of graphene transferred onto the
nanocellulose film. Finally, the PMMA layer was removed by dipping into acetone
and isopropanol. The EnCNC papers covered with CVD graphene monolayer and
bilayer were designed as EnCNC ML and EnCNC BL, respectively.

Characterization of materials. Nanocellulose conversion was calculated by
weighting the freeze-dried nanocellulose from each hydrolysis and using the fol-
lowing Eq. (1) to calculate the yield:

Nanocellulose mass

Nanocellulose yield (%) x 100 (1)

" Initial cellulose mass

AFM was used for the study of nanocellulose and GO morphology. Images were
captured at room temperature, in tapping mode, using a Nanoscope V scanning
probe microscope (Multimode 8 Bruker Digital Instruments) with an integrated
force generated by cantilever/silicon probes. The applied resonance frequency was
320 kHz. The cantilever had a tip radius of 5-10 nm and was 125 pm long. The
samples were prepared by spin-coating (Spincoater P6700) at 2000 rpm for 130's
by casting a droplet of nanocellulose suspension on mica substrate. AFM height
and phase images were collected simultaneously from all the samples. From
nanocellulose images we measured the length and the diameter of 100 nanoparticles
for each sample to calculate the average of the length and the diameter and the
aspect ratio (length/diameter).

Fourier transform infrared (FTIR) spectroscopy was used to study cellulose,
GO, and rGO functional groups and their evolution in hybrid nanopapers spectra.
FTIR spectra were measured by a Nicolet Nexus spectrometer provided with a
MKII Golden Gate accessory (Specac) with a diamond crystal at a nominal
incidence angle of 45° and ZnSe lens. Spectra were measured in attenuated
reflection (ATR) mode between 4000 and 650 cm ™!, with averaging 32 scans and a
resolution of 4 cm™1. Scattering-type scanning near-field optical microscopy (IR s-
SNOM) and nanoscale-resolved FTIR (nano-FTIR) permit to study the infrared
spectra from a single nanocellulose particle of a suspension. The IR s-SNOM
images and nano-FTIR spectra, as well as the corresponding AFM images, were
recorded with a neaSNOM system (Neaspec GmbH, Germany) comprising both s-
SNOM and nano-FTIR capabilities. Nano-FTIR spectroscopy of the nanocellulose
suspension was performed with illumination from a mid-infrared laser
supercontinuum, using Au-coated AFM tips. The total acquisition time of each
spectrum was 15 min and the spectral resolution was 16 cm~!. The spectra were
normalized to that obtained on a clean silicon surface (reference measurements).

Sulfate content on AcCNC was measured by conductometric titration at 25 °C with
a Crison ECMeter GLP 31 conductometer that was calibrated with 147, 1413, and
12.88 uS/cm standards. We diluted the AcCNC powder in 25 ml of water and
sonicated for 30 min, then we added 10 ml of 10 mM HCI. The dispersion was
continuously titrated with 10 mM NaOH?>°. We measured the NaOH consumption for
the sample titration and the blank, and we calculated the sulfur content using Eq. (2):

32X MxV
8(%) = 222 100 @)
w

where M is the NaOH concentration, V is the volume of NaOH solution that we need
to titrate the sample (without the volume used to titrate the blank) and w is the weight
of AcCNC used.

The Zeta potential ({, mV) of EnCNC and AcCNC water suspensions (0.1 wt%)
were measured using a Zetasizer Ultra (Malvern Intstrument).

X-ray diffraction (XRD) was used for the analysis of the cellulose crystalline
structure, crystallinity, and crystallite size. X-ray powder diffraction patterns were
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collected by using a Philips X’pert PRO automatic diffractometer operating at 40
kV and 40 mA, in theta-theta configuration, a secondary monochromator with Cu-
Ka radiation (A = 1.5418 A) and a PIXcel solid state detector (active length 20 =

3.347°). Data were collected from 5° to 50° 26 (step size 0.026 and time per step

80s) at room temperature. A fixed divergence and antiscattering slit, which give a
constant volume of sample illumination were used. From the diffractograms, we

calculated the CI% using the Segal Eq. (3)°”:

Lo — 1.
Crystallinity index (%) = (Boo = L) x 100 (3)
200
where Ly, is the intensity of the cellulose crystalline peak and I, is the
intensity of the amorphous peak. The crystallite size was measured from the
diffractograms using the Scherrer’s Eq. (4)°8:

KA

%100 (4)
Tcos 0

B =
where A is the wavelength of the incident X-ray, 0 is the angle of the (200) plane, 8
is the full width at half maximum of the (200) peak, 7 is the crystallite size and « is a
constant value.

Solid-state cross-polarization magic angle spinning !3C nuclear magnetic
resonance (13C CP/MAS NMR) was used to study cellulose structure. 13C CP/MAS
NMR spectra were recorded on a 400 MHz BRUKER system equipped with a 4 mm
MASDVT TRIPLE resonance HYX MAS probe. Larmor frequencies were 400.17
and 100.63 MHz for 'H and !13C nuclei, respectively. Chemical shifts were reported
relative to the signals of 13C nuclei in glycine. Sample rotation frequency was
12kHz and relaxation delay was 5s. The number of scans was 2k. Polarization
transfer was achieved with RAMP cross-polarization (ramp on the proton channel)
with a contact time of 5 ms. High-power SPINAL 64 heteronuclear proton
decoupling was applied during acquisition.

Thermogravimetric analysis (TGA) was performed to determine thermal
stability of nanocellulose and hybrid nanopapers. The analysis was performed
using TGA/SDTA 851 Mettler Toledo equipment. Up to 10 mg of the samples were
used and were heated from 30 to 800 °C in a nitrogen atmosphere at a scanning
rate of 10 °C/min. The initial degradation temperature (T,) is described as the loss
of 5% of the weight of the total sample and the maximum degradation temperature
(Ty4) is the minimum of the degradation peak in the derivative of
thermogravimetric curves (DTG).

Raman spectra were measured using the Raman microscope alpha 300R
(WITec GmbH) with a laser in an excitation wavelength of 532 nm. 100
accumulations were recorded and the laser intensity was 1 mW. The spectra were
normalized by the highest peak in the range of 800-3600 cm~ 1.

The mechanical properties of the nanopapers were measured using a Miniature
materials tester Minimat 2000, Rheometric Scientific, equipment, at room
temperature with a 200 N load cell and an elongation rate of 2 mm/min. We cut the
samples to a width of 0.5 cm and a length of 2 cm. The stress-strain curves, the
Young’s modulus, tensile strength, and strain at break were calculated from five
samples of each nanopaper. The hydrophilicity of the surface of the nanopapers
was measured by static water contact angle (WCA) using a Dataphysics OCA20
equipment at room temperature. In this technique, we deposited a deionized water
drop in the film surface to analyze the contact angle value that the water drops
formed, that depend on the chemical interactions between the water and the
material surface. When the material is hydrophilic the contact angle is small and
increases with the hydrophobicity. The contact angle (6.) values of 10 water drops
of 2 pl deposited by a syringe tip were averaged for each sample. The transmittance
of EnCNC and CVD graphene containing EnCNC films was evaluated by UV-Vis
using UV-Vis-NIR spectroscopy (3600 Shimadzu). The morphology of the
nanopaper surface and the CVD graphene deposited over nanocellulose film was
analyzed by SEM using a FEI ESEM Quanta 200 microscope operating at 5-20 kV.
Nanopapers and CVD samples were put on a carbon tape for adhesion. Electrical
conductivity was measured by a four-point probe method using a Probe Station 4
Everbeing. The specific resistances (q) were calculated with the sheet resistances
(Rs, Q/squares) and the thickness of the nanopapers (¢, cm) in Eq. (5):

q=Ryxt (5)

We used the specific resistance calculated to infer the corresponded
conductivity (S/cm) with the following Eq. (6) that was transformed to S/m.

r=1/q (6)
The percolation threshold, p., was measured using a power-law equation based
on the percolation theory:

a=oclp—p)" ()

where o is the conductivity of the nanopaper, py is the rGO conductivity, p is the
rGO content expressed at volume fraction, and # is the exponent describing the
rapid variation of the conductivity near the percolation threshold (p,).
Electrostatic force microscopy (EFM) permits us to measure the electrostatic
force between the AFM tip and the surface of a sample. CVD graphene samples
measurement were carried out in a dimension icon scanning probe microscope
operating in the lift mode (100 nm) in ambient conditions and equipped with a Pt/
Ir-coated tip (ca. 75 kHz resonant frequency). The secondary imaging mode
derived from the tapping mode that measures the electric field gradient distribution

above the sample surface was detected by applying different voltages to the
cantilever tip.

3D printing of EnCNC-based scaffold. Pieces were printed with a Voladora 3D
printer (Tumaker, S.L. Spain) which has been modified for layer by layer syringe
extrusion 3D printing. Scaffold (human ear-like) were printed directly on poly-
tetrafluoroethylene slides at room temperature with a needle of 0.8 mm in diameter
and speed of 5 mm/s.

2D and 3D cell cultures. HEK293T cells were a kind gift of Dr. Maria Mufioz
Caffarel. Cells were maintained in DMEN+10% FBS medium supplemented with
1% (w/v) L-glutamine and penicillin-streptomycin (100 IU/ml). EnCNC film and
EnCNC scaffold were sterilized by UV for 3 h. 20,000 cells were seeded on each
substrate and let to growth for 3 days in the incubator at 37 °C in 5% CO,. Cells
were dyed with DAPI solution (5 mg/ml) diluted in PBS (1:2000) after washing
each sample three times with PBS. DAPI-stained cells were observed after 5 min of
incubation by confocal microscopy. EnCNC films were fixed for SEM examination
in 4% formaldehyde for 30 min and washed with PBS. Films were dehydrated by
increasing concentration of ethanol solution until 100% concentration of ethanol
was reached.

Data availability
Data, images, samples of EnCNC, and other material are available upon reasonable
request.
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