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Abstract
Numerous enzymes have the potential to upgrade biomass converting it into high-tech materials for new
technological applications. However, natural enzyme features, such as stability, often limit their use
beyond the chemical conversion of the substrate. The development of strategies for the enzymatic
conversion of biomass into high-value materials may broaden the range of applications of enzymes and
enzyme design techniques. A relevant case is Lytic Polysaccharide Monooxygenase (LPMO), a class of
enzymes that catalyzes the oxidative cleavage of glycosidic bonds. Here, we shoe that an ancestral
LPMO, unlike its modern counterpart, could e�ciently generate chitin nanocrystal (EnCNCh).
Physicochemical characterization of EnCNCh demonstrates modi�cations that make it superior
compared to nanochitin obtained either by acid treatment or modern enzymes. We showed that EnCNCh
was suitable for controlled 2D and 3D cell cultures, as well as for engineering a biomatrix that combined
with graphene oxide (GO) resulted in a hybrid conductive bioink for applications in bioengineering.

Introduction
In the biotechnology industry, enzymes are the basis of complex substrate transformations into valuable
chemicals for a myriad of applications, ranging from bioenergy to food industry1-5. Prominent examples
are the enzymatic transformation, under speci�c conditions, of biomass into smaller molecules such as
sugars, lignin, and chitosan6, 7. Conversely, material science involves established chemical, physical and
engineering procedures to transform and design novel materials, often by assembling small molecules
used as building blocks8. Interestingly, numerous enzymes have the potential for upgrading and even
creating novel high-tech functional materials9, 10. However, this potential remains largely unexplored.
Additionally, enzyme design and search techniques have not focused on optimizing the interaction of
enzymes with materials for transforming them into a distinctive material with properties unattainable by
conventional non-selective chemical and physical treatments.  Therefore, searching for enzymes with the
ability to upgrade rather than degrade materials stands up like a challenge for enzyme design techniques.

Cellulose and chitin are well suited for enzyme transformation into high performance materials. They are
highly abundant biopolymers in Nature. Cellulose is present in plants, while chitin is found in crustaceans,
insects, and fungi. Both have been suggested as the source of valuable materials for numerous
applications11-14. Numerous enzymes have been described to act on biomass including cellulases,
laccases, chitinases, transglutaminases, transaminases, expansins, among others. These enzymes
promote �ber disruption and chemical functionalization in a highly selective manner. Recently, a new
class of oxidases was described, Lytic Polysaccharide Monooxygenase (LPMO), that are cooper-
associated metalloenzymes that catalyze the conversion of crystalline polysaccharides such as chitin
and cellulose by oxidative cleavage of their β-(1→4) glycosidic bond15, 16, resulting in the selective
oxidation of C1 and C4 carbons17, 18. LPMOs expanded the toolbox of biomass-acting enzymes being
one of the few enzymes that can actually modify biomass physically and chemically, i.e., by �ber
disruption and chemical functionalization19.
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Biomass is per se a recalcitrant material that often requires aggressive chemical and mechanical
treatments, limiting the e�ciency and usability of enzymes. In recent decades, the improvement of
biomass-acting enzymes has been object of intense research, but mainly focused on improving their
e�ciency to degrade biomass20. Recently, we designed an endonuclease enzyme that was not only
capable of withstanding harsh conditions, but could also transform cellulose into high-performance
crystalline nanocellulose, with features unattainable by other enzymes or acidic treatments21, 22. Our
endonuclease was designed using Ancestral Sequence Reconstruction (ASR)21. ASR has been
traditionally used to trace the evolution of genes and proteins from extinct species to their modern
descendant23-25, as well as to study ancient environmental conditions26, 27. We and others realized that
ancestral proteins displayed outstanding features such as elevated stability, e�ciency, and chemical
promiscuity that, although signi�cant from an evolutionary point of view, could make enzymes potentially
useful for biotechnology28-30. Other reports have also suggested the potential of ancestral enzymes as
pharmaceuticals31. Today, we can consider ASR as a �ne enzyme design technique that exploits the
bene�ts of billions of years of molecular evolution on our planet.

In this work, we use ASR to design a new form of ancient LPMO. Using a vast collection of bacterial
LPMOs, we reconstructed an LPMO sequence from an Firmicutes/Actinobacteria ancestor, the last one of
our set of proteins (LFACA), about 3 billion years old. LFACA-LPMO displays typical traits of ancestral
enzymes, such as high temperature and pH stabilities. Furthermore, LFACA-LPMO was able to degrade
the complex structure of chitin (Fig. 1) into smaller �bers and nano�bers, much more e�ciently than its
modern counterpart from Bacillus thurigiensis (BtLPMO). However, the most important feature of the new
LPMO is that the enzymatic crystalline nanochitin produced (EnCNCh) showed physicochemical
modi�cations that enhance its ability to serve as a stable functionalized biomaterial for cell growth in 2D
and 3D cultures. Our results demonstrate that EnCNCh acts as versatile bioink that can also incorporate
graphene derivatives. Given the growing importance of chitin in the biotechnology industry, EnCNCh
emerges as a promising material for multiple applications11-13. This result again proves that ASR is a
valuable technique capable of transforming enzymes into novel biocatalysts for upgrading biomass into
high-performance materials.

Results
Ancestral sequence reconstruction of ancient LPMO. To infer the sequences of extinct bacterial LPMOs,
we �rst retrieved from the UNIPROT database the sequence of �fty-one extanct LPMOs from the AA10
family using as query sequence BtLPMO (Supp. Note 1), which has been described to act on chitin32. We
obtained a diverse collection of sequences from Actinobacteria, Firmicutes, and Proteobacteria phyla,
which diverged more than 3 Bya. This distribution indicates that LPMO were likely already present in
organism that lived in the Archean eon. This is consistent with the idea of the ancient origin of chitinolytic
enzymes in bacteria33.   All ��ty-one sequences were aligned, resulting in a compact and well-resolved
alignment with signi�cant conserved portions. Using the alignment, we obtained a phylogenetic
chronogram using Bayesian inference34, in which the three clades were well resolved (Fig. 2a). The tree
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was dated using information from the Time Tree of Life (TTOL) 35. Using both alignment and phylogeny,
we inferred the most probable ancestral sequence for each node using maximum likelihood36, 37,
resulting posterior probabilities ranging from 0.87 to 0.99 (Supp Fig. 1). We selected for reconstruction
the oldest node corresponding to the Last Firmicutes/Actinobacteria Common Ancestor (LFACA) of our
collection, which lived ~3 Bya (Fig. 2a). LFACA-LPMO shares 63% identity with BtLPMO.  

We used the ancestral LPMO and the extant BtLPMO sequences to predict their structure using the
AlphaFold2 structure prediction platform38, 39. This software can infer structures with near-experimental
accuracy.  The platform offers prediction using �ve structural models. We chose the model with the
highest con�dence for structural comparison. Given that no x-Ray structure has been resolved
for BtLPMO, this analysis is a good �rst approximation for both proteins. Five structural models were
predicted for each sequence and the model with the highest con�dence was chosen for the structural
analysis comparison. The estimated per-residue con�dence score pLDDT (Local Difference Distance
Test)40, is on average greater than 80 (Supp Fig 2 ), with lower values at the termini, as expected. We
performed a structural alignment with the inferred structures of both LPMOs yielding an RMDS value of
0.428 (Fig. 2b, c). We concentrated on the region where the functional copper cofactor is located.
Residues H1 and F158, which are important in Cu interaction, align well with no displacement between
the two enzymes. However, H85 seems to be displaced and the aromatic groups are positioned in
different planes (Fig. 2b, c), which may affect Cu interaction. Other than that, no big structural differences
are present between the two LPMOS despite the 40% difference in identity. The gene encoding LFACA-
LPMO was synthesized, cloned, and expressed in E. coli strains (Supp. Fig. 3a). Ancestral LPMO express
at higher levels than BtLPMO, approximately 25% more (Supp Fig. 3b), a common feature of ancestral
enzymes 41. 

LPMO activity and EnCNCh obtention: LPMO catalyzes the oxidative depolymerization of carbohydrates
such as cellulose and chitin. However, LPMO activity can be easily assayed by a colorimetric assay using
2,6-dimethoxyphenol (2,6-DMP) and H2O2

42 as substrate and co-substrate, respectively, releasing the
product coerolignone, with stoichiometry 1:1. Following this test, we determined the activity of LFACA-
LPMO in the temperature range 30-90 ºC and compared it with the activity of BtLPMO. As shown in Fig.
2d, LFACA-LPMO demonstrates higher activity at all temperatures, and the difference is especially
signi�cant in the 50-80 ºC range with maximum performance at 70 ºC for both. Similarly, the activity of
LFACA-LPMO is higher than that of BtLPMO in the pH range 3-10, especially above 5 (Fig. 2e). A higher
thermal and pH performance is a common trait of ancestral enzymes29.  

Given the ability of LPMO from family AA10 to depolymerize chitin, we tested the e�ciency of LFACA-
LPMO to generate nanochitin and compared it with extant BtLPMO. We used as substrate α-Chitin �akes
without prior treatment, incubated with both LPMO enzymes and measured the mass of nanochitin
produced at different times. As shown in Fig. 2f, nanochitin was obtained at much higher rate when using
the ancestral LFACA-LPMO, i.e., 4 mg/72 h for LFACA-EnCNCh versus 1.8 mg/72 h for BtEnCNCh. At
seventy-two hours of reaction, we obtained the narrowest size distribution nanochitin �bers (Suppl. Fig.
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 4). The morphology of these nanochitin products was analyzed using atomic force microscopy (AFM),
and compared with crystalline nanochitin obtanined by acidic treatment (AcCNCh). As shown in Fig. 3a,
CNCh is obtained after seventy-two hours reaction with both LPMOs. LFACA-EnCNCh shows an average
length of 458 nm and diameter of 32.3 nm, while BtEnCNCh features 502 nm in length and 35.5 nm in
diameter (Fig. 3b). These proportions contrast with the size of AcCNCh,178.6 nm of length and 15.0 nm
and diameter (Fig. 3b and Suppl. Table 1). EnCNCh with both enzymes mainly shows �ber-like shapes
preserving the natural and hierarchical structure of chitin, unlike acidic treatment that destroys
amorphous parts without preserving its native structure43. Longer reaction times (96h) seem to
agglomerate CNCh through hydrogen bonds and Wand der Waals forces, as previously reported for
crystalline nanocellulose44. 

To further analyze the chemical modi�cations made by enzymatic oxidative cleavage of LPMO in chitin,
we used FTIR technique (Fig. 4a). After 72 h reaction, we found that LPMO oxidative cleavage leads to an
oxidized EnCNCh, using either ancestral or modern LPMO. This is demonstrated by a new peak at 1710
cm-1 (Fig. 4b) corresponding to C=O stretching of COOH groups. In addition, the intensity of the peak at
1621 cm1 increases, which corresponds to C=O vibration region for carboxylic acid from amide I CO45, 46.
These peaks were not observed in the AcCNCh spectrum and are similar to those present in α-chitin
oxidized by TEMPO at 1740 cm-1, corresponding to free carboxyl groups47, 48. The absorption band
around 1740 cm-1 increases with reaction time (Suppl. Fig. 5 & 6). Furthermore, chemical analysis by
CP/MAS 13C NMR showed that EnCNCh maintained native chitin structure. Additionally, toxidative
cleavage is demonstrated by a shoulder at 178 ppm from carboxyl groups. We observe a shift in the peak
of C6 at 66 ppm for EnNCh related to COOH. Another new chemical signature in EnCNCh is demonstrated

by a peak at 25 ppm in the CP/MAS 13C NMR spectra (Fig. 4c) that we assume to be a methyl group
oxidized to CH2O-.TEMPO oxidized chitin or chitin nanocrystals do not show this peak49, suggestsçing
that LPMO-mediated oxidation goes beyond TEMPO oxidation. Nevertheless, we observed a slight effect
on thermal stability by LPMO oxidative cleavage; EnCNCh showed degradation temperature of 374 ºC
which is slightly lower than that of recalcitrant α-chitin at 394ºC and AcCNCh at 385 ºC (Fig. 4c and Suppl
Table 2). Finally, using XRD analysis, we found that EnCNCh maintains native crystal structure with a
crystallinity index (CI) of approximately 90%, higher than that of a-chitin (Fig. 4d and Suppl. Table 3). 

Overall, these results demonstrate that LPMO, whether ancestral or modern, can produce EnCNCh with
physical characteristics similar to native chitin, but chemically modi�ed by adding carboxyl group that
could serve as functional groups. However, what makes LFACA-LPMO special is its ability to e�ciently
produce EnCNCh, with the potential to be used as a distinct high-tech biomaterial.

Nanomaterial fabrication and 3D printing with EnCNCh. EnCNCh maintain native chitin features but also
incorporates chemical modi�cations such as carboxyl groups. The superior e�ciency of LFACA-LPMO to
produce EnCNCh brings the possibility of reuse this new form of chitin for further applications. We
wanted to test if the different properties found in EnCNCh versus AcCNCh would allow better performance
in bioprinting. This would be interesting to use nanochitin as a novel material for tissue engineering. In
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fact, chitosan obtained from chitin is already in use for this type of application. However, chitosan is
often mixed with other components, such as collagen, to generate a stable matrix for bioprinting50.
Therefore, the possibility of having a single-component matrix for bioprinting makes EnCNCh potentially
better than chitosan. To test the ability of EnCNCh obtained with LFACA-LPMO for bioprinting, we
concentrated a suspension to 10% EnCNCh and loaded it into a syringe extruder on a 3D printer (Fig. 5a).
The printed pieces perfectly maintain the shape of the programmed scaffold. Conversely, CNCh obtained
with chemical treatment was unable to form such stable scaffolds. We seeded HEK293T cells on the
EnCNCh scaffold and allows then to proliferate for three days. Cells were dyed with DAPI and CellOrange
to observe both the nucleus and cytoplasm of living cells that migrated and proliferated within the
EnCNCh matrix (Fig. 5b and 5c). Similarly, we tested whether EnCNCh could be assembled as a stable 2D
substrate for surface cell growth. We prepared EnCNCh �lms (Fig.  5d) that were stable immersed int
water (Suppl. Fig. 7) and cell culture media. HEK293T cells adhered well to the EnCNCh substrate and
were able to proliferate (Fig. 5e and 5f). Interestingly, EnCNCh did not support Staphylococcus aureus
attachment (Fig. 5g and 5h), which is in line with the antibacterial activity reported for chitin and
chitosan51. 

The above experiments demonstrate that EnCNCh is a distinct material resulting from the
physicochemical conversion of chitin by LFACA-LPMO, which can serve as a matrix and substrate for cell
proliferation. We also wondered if EnCNCh could be mixed with other materials to create functional
nanobiocomposites that potentiate the physical, chemical, and biological characteristics of EnCNCh.
Nanomaterials with controlled electrical properties are being investigated52, and a key aspect sought is
their biocompatibility for biomedical appliations53. We reasoned that a nanocomposite containing
EnCNCh and graphene oxide would ful�l these requirements, i.e., it would be able to form stable, printable,
conductive and biocompatible �lms.  

We prepared EnCNCh hybrid �lms containing graphene oxide (GO) in different proportions from 0.3 to
15wt% (Fig.  6a and Suppl. Fig. 8). GO mixed well with EnCNCh and chemically reduced after �lm
assembly(rGO). Using SEM, we analyzed the morphology and chemical composition of the reduced �lms
demonstrating the dispersion of rGO in the EnCNCh matrix (Suppl. Fig. 9). We also analyzed chemical
composition by FTIR (Suppl. Fig. 10) and no chemical changes were observed in chitin as  % rGO
increased.  We measured the conductivity of our reduced �lms observing and increasing conductivity with
rGO content (Suppl. table 4). The conductivity reached a plateau of 11.1 S/m at aoorixunately 10 wt%
rGO content. With these measurements we determined the electrical percolation threshold (ρc) following
the percolation theory54. We plotted the conductivity against the volumetric rGO content (Fig. 6b) and
calculated a ρc of 0.10% for EnCNCh. These value in our system corresponds to 0.25 wt% rGO, which is in
the range determined for other graphene nanocomposites55. AcCNCh could not form stable �lms with
rGO as they dispersed in water during the reduction step. This hybrid material could perfectly be used as
conductive ink for printing (Fig. 6c). To the best of our knowledge, this is the �rst time that CNCh has
been used to create hybrid nanocomposites with graphene that show printing and conductive
capabilities. 
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As mentioned above, we envision these �lms as the basis for obtaining printable conductive bioinks. We
prepared a mixture of EnCNCh 10 wt% suspension and added 5 wt% GO and used it for printing. The
printed ink was then freeze dried and the scaffold was further reduced. We seeded HEK293T cells onto
the 3D printed scaffolds to test the viability of the hybrid material (Fig. 6d). After three days of culture, we
dyed cells with DAPI and CellOrange dyes to observe both the nucleus and cytoplasm using �uorescence
microscopy (Fig. 6e). We also tested the ability of EnCNCh/rGO �lms for 2D cell growing and proliferation
by seeding �lms with the HEK293T cells (Suppl. Fig. 11). Altogether, we observed that HEK293T cells
adhere and proliferate well in our arti�cial substrate. 

Discussion
Protein design techniques have provided superb examples of improved enzymes for biotechnological
applications 56. But the vast majority of them are aimed at improving a speci�c feature needed for an
already known application57. In the case of biomass transformation, most modi�cations are directed
toward improving the degrading capability of enzymes under certain working conditions 58. Conversely,
other protein design techniques have been developed to generate enzymes with functions that do not
exist in natural proteomes 59, 60. However, very often, these techniques are aimed at transforming or
generating small molecules as chemical products, and not many examples exist of enzyme
improvements for the use of biocatalysts in material engineering.

Here, we report how ancestral sequence reconstruction, can be used to generate an entirely new ancestral
LPMO enzyme, transforming it into a biocatalyst capable of upgrading its natural substrate into a new
material, crystalline nanochitin, EnCNCh. This new material is modi�ed in a single-transformation
reaction and can be used as a single-component matrix for 2D and 3D cell culture. EnCNCh accepts well
a graphene derivative, making it a good candidate for inkjet-printing conductive inks that also allow the
attachment of living cells. Therefore, our results are important from a biochemical point of view, since
they provide a totally new enzyme with biochemical capabilities that are not obvious for any existing
LPMO; but we also generated a new upgraded form of chitin unattainable by any known procedure. We
propose that these materials alone or in combination may offer potential bene�ts in a myriad of
applications, representing a new class of enzymatically derived biomaterials.

Methods
Ancestral sequence reconstruction (ASR) of LPMO. Fifty-one LPMO from auxiliary activity family 10
(AA10) were downloaded from the NCBI database. Sequences belong to three bacterial phyla:
Proteobacteria, Actinobacteria, and Firmicutes. All sequence ID numbers are listed in Supplementary Note
1. The alignment of the sequences was performed using MUSCLE extension on the MEGA platform61. We
inferred the best evolutionary model using MEGA, resulting in the Jones-Tylor-Thornton (JTT) with
gamma distribution model. The phylogeny was carried out using BEAST v1.10.4 package software,
including the BEAGLE library for parallel processing and Bayesian inference using Markov chain Monte
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Carlo (MCMC). Phyla were well separated with no further action; however, we established monophyletic
groups for Proteobacteria, Actinobacteria, and Firmicutes to set priors. We set JTT model with eight
gamma categories and invariant distributions, Yule model for speciation, 20 million generations of length
chain, and sampling every 1000 generations. The divergence times were estimated by uncorrelated log-
normal clock model (UCLN), using molecular information from Time Tree Of Life (TTOL) with default
birth and death rates 35. Calculations were run in a multicore server. From the generated trees we
discarded the 25% of them as burn-in with the LogCombiner utility from BEAST. We veri�ed the MCMC log
�le using TRACER and ensured all parameters showed effective sample size (ESS)>100. Posterior
probabilities of all nodes were above 0.65, and most of them were near 1. Figtree software v1.4.2 was
used to visualize and edit the phylogenetic tree. Finally, ancestral sequence reconstruction was performed
by maximum likelihood using PAML 4.8 with a gamma distribution for variable replacement rates across
sites and the JTT model 62. Posterior probabilities were calculated for all amino acids, and the residue
with the highest posterior probability was chosen for each site. High posterior probabilities ensure the
correctness of each bifurcation given the sequence collection, alignment and model used. We selected
Last Actinobacteria/Firmicutes common ancestor (LAFCA) for laboratory resurrection.

Protein expression and puri�cation. We used previously described protocol for LPMO expression and
puri�cation63. Genes encoding the ancestral and extant LPMO proteins were synthesized, and codon
optimized for expression in E. coli cells (Life Technologies). A native signal peptide was included to
secure export to the periplasmic space (Supplementary Note 2). This translocation ensures cleavage of
the signal peptide leaving a histidine at the N-terminus, essential for copper cofactor binding 64. The
genes were cloned into pQE-80L vector and transformed onto E. coli BL21 cells (DE3) (Life Technologies)
for protein expression 65. Bacteria were incubated in LB medium at 37 °C until OD600 reached 0.6; IPTG
was added to the medium to 1 mM concentration for protein induction overnight at 20 ºC. Bacterial
cultures were collected by centrifugation for 10 min at 4000G and 4 ºC, and periplasmic extraction was
performed by osmotic shock method. Pellets were resuspended in 30 mL of spheroplast buffer (1 M Tris-
HCl pH 7.5, 0.5 M sucrose, 0.5 mM EDTA). Resuspended pellets were incubated on ice and then centrifuge
for 10 min at 5000G and 4 ºC. The supernatants were discarded and incubated for 10 min at room
temperature, followed by resuspension on 25 mL ice-cold water. After 45 seconds of the resuspension
step, we added 1.25 ml of cold 20 mM MgCl2. The mixture was then centrifuged at 15000 G for 10 min at
4 ºC. We collected the supernatant and �lter it (0.22 μm pore size).   The supernatants were copper
saturated by incubation with Cu(II)SO4 at a ratio of 1:3 for 30 min at room temperature 66. The proteins
were then further puri�ed, and the non-bonded copper was removed by size exclusion chromatography
using a Superdex 200HR column (GE Healthcare). The buffer used was 50mM sodium phosphate pH 7.0.
The puri�ed proteins were �nally veri�ed by SDS-PAGE with 12% acrylamide gels. The protein
concentration was calculated by measuring the absorbance at 280 nm in Nanodrop 2000C, using the
equation 280 of x M-1 cm-1 and MW of x g mol-1, with the theoretical extinction coe�cient of
 ε280=39,545 M-1cm-1 and molecular mass of 20 KDa without signal peptide.
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LPMO characterization. Reactions were performed in 96-well plates mixing 166 µL of 100 mM phosphate
buffer pH 8, 20 µL of 10 mM DMP (�nal concentration of 1 mM), 38 and 4 µL of 5 mM H2O2 (�nal
concentration of 0.1 mM). Finally, we added 10 µL of enzyme dilution at a suitable concentration to each
well in a �nal volume of 200 µL per well. Plates were orbitally mixed, and the reaction was carried out at
50 ºC. Activity was calculated by measuring the increase of absorbance at 469 nm for 5 minutes using
the molar absorption coe�cient of coerulignone (ε469=53,200 M-1cm-1) to calculate the peroxidase
activity of LPMO. For thermal stability assay, we preincubated the LPMO enzymes to the test
temperatures for 5 minutes in a 1.5 mL Eppendorf tube in a thermo mixer and then placed them on ice for
5 minutes. The reaction was carried out at a 96-well plate at 50 ºC, 169.5 µL 100 mM phosphate buffer
pH 8, 20 µL10 mM DMP as a chromogenic substrate to a �nal concentration of 1 mM, 0.5 µL of 5 mM
H2O2, and 10 µL of enzyme dissolution with adequate enzyme concentration to a �nal volume of 200 µL.
Absorbance at 469 nm was measured for 30 minutes at Epoch 2 spectrophotometer. For pH assay,
different pH buffer dissolutions were prepared from pH 3 to pH 10: 100 mM citric acid for pH 3-5, 100 mM
phosphate buffer for pH 6-7, 100 mM carbonate buffer for pH 8 and 100 mM Boric acid for 9-10.

Nanochitin enzymatic isolation and characterization. Commercial α-Chitin from Sigma Aldrich was used
as substrate. We used 2.5% α-Chitin suspension in water with a ratio of 10 mg of each enzyme (LFACA-
LPMO and BtLPMO) per gram of substrate. As reducing agent, we used 2 mM ascorbic acid from Sigma
Aldrich. The oxidative cleavage was carried out at 50 ºC in agitation for 72 hours. Reactions were stopped
by placing them on ice, and the mixtures were sonicated with a microtip sonicator UPH 100H Ultrasonic
Processor (Hielscher) for 25 min at 75% to separate aggregated nanoentities.  Nanochitin was isolated by
several centrifugation steps and concentrated by ultracentrifugation at 33,000 G for 30 minutes. Pellets
were resuspended in water or 2% acetic acid and lyophilized in a Telstar Lyoquest for physical and
chemical characterization by freeze-drying for 24 hours. Nanochitin produced by hydrochloric acid form
was donated from “Material and Technology group (GMT)” from UPV/EHU.

Fourier transform infrared (FTIR). The infrared spectra were recorded in attenuated re�ection (ATR) mode
to analyze functional groups of lyophilized samples of chitin, EnCNCh, and acid CNCh. We used a Perkin-
Elmer Frontier FTIR spectrophotometer equipped with an ATR sampling stage within the wavenumber of
4000 and 650 cm-1, with 32 scans and a resolution of 4 cm-1.

Atomic Force Microscopy (AFM). We used a Nanoscope V scanning probe microscope (Multimode 8
Bruker Digital instruments) using an integrated force generated by cantilever/silicon probes. Images were
obtained at room temperature, in taping mode, applying 320 kHz resonance frequency and 5-10 nm tip
radius and 125 µm long. Sample preparation was made by spin coating using a Spincoater P6700 at 200
rpm for 60 seconds on mica substrate. AFM height and phase images were collected simultaneously in
all the samples. The size of the images was 3x3 µm, and nano�bers of different sizes were distinguished.
The length and diameter of 100 nano�bers was measured to calculate the average length, diameter, and
aspect ratio (Length/Diameter).
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X-ray diffraction (XRD). Crystalline structure, crystallinity, and crystallite size of nanochitin was studied
using X-ray diffraction (XRD) powder diffraction patterns. Data were collected at room temperature using
a Philips X´pert PRO automatic diffractometer from 5 to 50 º and a PIXcel solid state detector (active
length in 2θ 3.347º) operating at 40 kV and 40 mA, in theta con�guration, a secondary monocromator
with Cu-Kα radiation (λ = 1.5418 Å) and a PIXcel solid state detector (active length in 2θ 3.347º). We used
an antiscattering slit and a �xed divergence giving a constant volume of sample illumination. From the
diffractograms, the crystallinity index (CI%) was calculated by Segal equation 67:

Crystallinity index (%) = (I110 - Iam) /I110 ×100

where I110 is the intensity of the cellulose crystalline peak and Iam is the intensity of the amorphous peak.
Crystallite size was measured using the Scherrer's equation:

β = κλ/τcosθ ×100

where λ is the wavelength of the incident X-ray, θ is the angle of the (110) plane, "β” is the full width at
half maximum of the (110) peak, τ is the crystallite size, and κ is a constant value.

13C CP/MAS NMR analysis. We used solid-state cross-polarization magic angle spinning 13C nuclear
magnetic resonance (13C CP/MAS NMR). 13C CP/MAS NMR spectra were measured using a 400 MHz
BRUKER system equipped with a 4 mm MASDVT TRIPLE Resonance HYX MAS probe. 2K scans were
taken at Larmor frequencies of 400.17 MHz and 100.63 MHz for 1H and 13C nuclei. Chemical shifts were
reported relative to the signals of 13C nuclei in glycine. Sample rotation frequency was 12 kHz, and
relaxation delay was 5 s. 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 used to study the thermal stability of nanochitin and hybrid
nanopapers. The data was recorded using TGA/SDTA 851 Mettler Toledo equipment, where 10 mg of the
samples were heated from 30 to 800 ºC in a nitrogen atmosphere with a scanning rate of 10 ºC/min. The
initial degradation temperature (To) is described as the loss of 5% of the weight of the total sample and
the maximum degradation temperature (Td) is the minimum of the degradation peak in the derivative of
the thermogravimetric curves (DTG).

Nanochitin EnCNCh/graphene �lms and bioinks. Nanochitin �lms were prepared by casting method with
an EnCNCh suspension of 1 wt% sonicated for 1 hour. The suspension was placed in a Te�on mold and
dried for 2 hours at 50ºC. Conductive �lms were fabricated by EnCNCh suspension and with graphene
oxide (GO) at different �nal concentrations: 0.3, 1, 2, 5, 10, and 15% wt of GO. GO (4 wt% water
suspension) was kindly supplied by Graphenea (San Sebastian, Spain). The mixture was sonicated in a
bath to assure homogeneity and cast with the help of a vacuum bomb using an Ultra�ltration disc of 30
KDa from Merck. The wet �lm was dried at 50ºC for 2 hours, obtaining �lms with a thickness of
approximately 50 µm. GO in the nanopapers was reduced by placing the �lms in ascorbic acid solution
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(30 mg/mL) for 2 hours at 95ºC and then washed using miliQ water before drying the �lms at 50 ºC for 2
hours.

Bioinks for 3D printing were prepared with 10 %wt EnCNCh suspension and 5 %wt graphene oxide. The
mixture was sonicated in a bath to ensure homogeneity. After printing and freeze-drying the scaffolds, GO
in the scaffold was reduced by placing the �lms in ascorbic acid solution (30 mg/mL) for 2 hours at 95
ºC and then washed using miliQ water before drying the �lms at 50 ºC for 2hours.

Scanning Electrical Microscopy. The morphology of the nanopaper surface and graphene was analyzed
by SEM using a FEI ESEM Quanta 200 microscope operating at 5–20 kV. Nanopapers were put on carbon
tape for adhesion.

Electrical conductivity was measured by a four-point probe method using a Probe Station 4 Everbeing.
The speci�c resistances (q) were calculated with the sheet resistances (Rs, Ω/squares) and the thickness
of the nanopapers (t, cm) in Eq.: 

q =Rs x t

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

r =1/q

The percolation threshold, ρc, was measured using a power-law equation based on the percolation
theory52:

σ= σf x (ρ- ρc) n

where σ is the conductivity of the nanopaper, ρf is the rGO conductivity, ρ is the rGO content expressed at
volume fraction, and n is the exponent describing the rapid variation of the conductivity near the
percolation threshold (ρc).

3D printing of EnCNCh-based scaffold. Scaffolds were printed using a Voladora 3D printer (Tumaker, S.L.
Spain) which has been modi�ed for layer-by-layer syringe extrusion 3D printing. Honeycomb like scaffold
and button like scaffolds were printed directly on poly- tetra�uoroethylene slides at room temperature
using a needle of 0.8 mm in diameter and speed of 5 mm/s.

2D and 3D cell cultures. HEK293T were maintained in DMEN+10% FBS medium supplemented with 1%
(w/v) L-glutamine and penicillin–streptomycin (100 IU/ml). Before growing cells in our material, EnCNCh
�lm and EnCNCh scaffold were sterilized by UV for 3 hours. 20,000 cells were seeded on each substrate
and let to growth for 3 days in the incubator at 37 °C in 5% CO2. Cells were �xed 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. After �xation, cells were dyed with DAPI solution (5
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mg/ml) and CellMask Orange Plasma membrane Stain (5 mg/mL) diluted in PBS (1:2000) and after
washing each sample three times with PBS. DAPI-Orange Plasma-stained cells were observed after 20
min of incubation by confocal microscopy.
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Figure 1

Illustration of α-Chitin enzymatic oxidative cleavage. The hierarchical structure of chitin allows
deconstruction into nanoscale particles. To obtain chitin nanoparticles enzymatic oxidative cleavage was
performed in natural α-Chitin. Here, we represent how LPMO a�nity to chitin �bers catalyses these �ber
degradations into smaller �bers. Controlling cleavage time, we can obtain nanochitin with different sizes.
Chitin nanocrystals (CNCh) are small crystalline particles with lengths between 100 and 500 nm and
diameters between 3 and 40 nm.
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Figure 2

Ancestral LPMO reconstruction and characterization. (a) Uncorrelated lognormal relaxed-clock
chronogram of LPMO with geological time inferred with Bayesian inference. A total of �fty-one LPMO
homologous sequences were used. Geological scale and times are indicated in the upper bar. The
selected internal node for experimental validation is shown with a circle LFACA (Last Firmicutes
Actinobacteria Common Ancestor). (b) LFACA-LPMO (red) and BtLPMO (blue) Alphafold2 prediction
structure alignment with RMDS value of 0.428. (c) Active site Cu ion (yellow) and neighboring interacting
residues at approximately 5Å distance, conforming the so-called “histidine-brace”. (d) LFACA-LPMO (red)
and BtLPMO (blue) temperature assays from 30 ºC to 90 ºC. (e) LPMOs pH activity assay from pH 3 to
pH 10. (f) Generation of nanochitin over time by oxidative cleavage of α-Chitin by LFACA-LPMO (red) and
extant BtLPMO (blue). 
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Figure 3

Nanochitin morphology. (a) AFM images of nanoparticles produced by LPMO oxidative cleavage at
different times. The images have 3x3 microns dimensions and show the nanoparticles obtained from the
α-Chitin cleavage with LFACA-LPMO and BtLPMO at times of 24, 48, 72, and 96 hours. (b) Size
distribution of EnCNCh particles produced with LFACA-LPMO (red), BtLPMO (blue) and HCl hydrolysis
(yellow) using a-Chitin as substrate. Size distribution was calculated with the length of 100 particles from
each condition.
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Figure 4

Nanochitin pyshicochemical characterization. (a) FTIR spectra of CNCh produced by oxidative cleavage
of α-Chitin with LFACA-LPMO (LFACA-EnCNCh), BtLPMO (BtEnCNCh) and hydrochloric acid (AcCNCh).
Spectra from 4000 to 750 cm-1. (b) details of the signi�cant incipient peaks of CNCh at 1710 cm-1, C=O
vibration region for carboxylic acid from amide I CO at 1621 cm-1, and C-O stretching and bending shape
of the peak changing detail at 1070 and 1008 cm-1. (c) CP/MAS 13C NMR spectra of α-Chitin (black),
LFACA-EnCNCh (red) produced with LFACA-LPMO enzymatic oxidative cleavage, BtEnCNCh (blue)
produced with extant BtLPMO oxidative cleavage and AcCNCh (yellow) produced by hydrochloric acid
hydrolysis. (d) Thermogravimetric analysis curves of α-Chitin (black), LFACA-EnCNCh (red) produced with
LFACA-LPMO enzymatic oxidative cleavage, BtEnCNCh (blue) produced with BtLPMO enzymatic
oxidative cleavage and AcCNCh (yellow) produced by hydrochloric acid hydrolysis. Inset of weight loss
curves and derivative from TGA curves. (e) XRD diffractogram for crystalline α-Chitin, LFACA-EnCNCh,
BtEnCNCh, AcCNCh.
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Figure 5

Cell culture on EnCNCh. (a) Image of LFACA-EnCNCh cylindric scaffold 3D printing, were HEK293 cells
were seeded. (b) Confocal microscopy image at 10X and (c) 100X of HEK293T stained nuclei with DAPI
and cell membrane with Orange Plasma. Cells proliferated embedded on EnCNCh matrix after 3 days of
culture. (d) Picture of EnCNCh �lm where HEK293T cells were grown. (e) Confocal microscopy image at
10X and (f) 100X of HEK293T stained with DAPI and Orange Plasma seeded and grown on the �lm. (g)
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Representation  of EnCNCh �lm where S. aureus bacteria do not grow after 24 hours of incubation. (h)
Confocal images of EnCNCh �lm after incubating S. aureus.

Figure 6

EnCNCh/rGO �lms fabrication. (a) Detail of CNCh �lms from left to right: AcCNCh �lm, EnCNCh �lm
(obtained with LFACA-LPMO), EnCNCh �lm 1%wt rGO, 5%wt rGO and 10 wt rGO. EnCNCh is transparent
and had good integrity unlike AcCNCh that was very weak and not as translucent (b) Conductivity of
EnCNCh for different reduced graphene contents: 0.3, 1, 2, 5, 10 and 15 wt% rGO. Calculations were made
with volumetric % of reduced graphene oxide. In the inset, a log-log plot for the determination of electrical
percolation threshold of the material (Pc). (c) Image of 3D EnCNCh + 5% GO 3D printing of a stable
honeycomb like scaffold. (d) Picture of a EnCNCh + 5% GO 3D printed bottom shape scaffold where
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HEK293 cells were grown. (e) Confocal microscopy image at X10 of HEK293T-stained nuclei with DAPI
and Orange Plasma seeded and grown on the hybrid material.
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