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Cellulose nanocrystals are a renewable biomaterial with nanoscale properties which have useful applications. In
this study, an enzymatic treatment, an approach much more environmentally friendly than the traditional harsh
acid hydrolysis, was performed to obtain bacterial cellulose nanocrystals (BCNC). The combination of an
oxidation by a lytic polysaccharide monooxygenase (LPMO) and a hydrolysis with a mixture of glycosyl hy-
drolases was effective to produce nanocrystals from bacterial cellulose. Morphology and size were confirmed by
electron microscopy and laser diffraction, respectively. Thermal stability was also measured and determined to
be higher relative to native bacterial cellulose. Additionally, it was found that the negative charges generated by
the LPMO increased the dispersion of the nanocrystals in aqueous solution, measured by the zeta potential. The
BCNC were used to coat pre-existing cellulosic materials. The obtained composites displayed improved me-
chanical properties, an elevated water retention capacity, and impermeability to oil. These attractive features
could lead BCNC-containing polymer nanocomposites to make an impact in the field of biocompatible and

biodegradable packaging materials.

1. Introduction

There is a need to create a sustainable material that could replace
traditional plastic packaging. In order to reduce packaging waste
created by non-degradable petroleum based packaging materials, in the
last decades, there has been a rising effort to produce various biode-
gradable polymers for the development of edible films [1]. However,
these biopolymer edible films have some limitations regarding their
mechanical properties and water sensitivity. An alternative to overcome
them is the use of nanomaterials, which can reinforce biopolymers by
the formation of nanocomposites [2]. Nanocomposites are defined as the
combination of two types of individual materials: the matrix and the
material imbedded on it, being at least one of the two of nanometre-
sized dimension [3]. The reinforcement provided by the nanomaterial
provides improved mechanical, thermal, optical, and physicochemical
properties in comparison to the polymer alone [2,4], even at very low
fractions [5]. Thus, the nanometric size and the increased surface area of

the reinforcing material provides this new nanocomposite unique
properties [6].

From the wide range of natural resources, cellulose is the most
abundant macromolecule on Earth, and it is seen as an exciting alter-
native to fossil-fuel plastics. In fact, cellulose nanocrystals (CNC) ob-
tained from plant sources are commonly used as nanomaterials [7].
These CNC are highly crystalline and exhibit excellent properties like
high tensile strength [8]. The conversion of cellulose fibres into nano-
crystals results in the formation of the well-known whiskers, rod-like or
ribbon-like shape with large aspect ratio, mainly due to their nanoscale
dimensions. When compared to cellulose fibres, CNC possess many ad-
vantages apart from their appealing intrinsic nanoscale dimension such
as high surface area, unique morphology, low density, renewability,
biodegradability and high mechanical strength [9-11]. According to
their structure, CNC have an abundance of hydroxyl groups on the active
surface, which allows both, the hydrogen bonding with the fibres [12]
and further functionalization [13]. The applications of CNC can be of
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two types. On the one hand, they suppose a suitable material for a wide
range of applications such as synthesis of antimicrobial materials,
enzyme immobilization, green catalysis, biosensing and drug delivery
[14-16]. On the other hand, CNC can act as a reinforcing agent [5], with
potential uses ranging from barrier films to pH sensors [17-20].
Nevertheless, bacterial cellulose (BC) is more preferred over plant cel-
lulose for CNC obtention as it is available in relatively pure form and has
better physic-chemical properties than plant cellulose [21]. BC is pro-
duced mainly by bacteria from the genera Komagataeibacter as an exo-
polysaccharide. Even though in terms of chemical structure BC is
identical to the vegetal one, it is synthetized chemically pure as it does
not present hemicelluloses or lignin [22]. Consequently, it does not need
to be purified, reducing the economic and the environmental impact. In
addition, BC displays a higher degree of crystallinity, a higher tensile
strength, a higher water-holding capacity and a finer three-dimensional
nanofibre network [23,24]. BC is a versatile biomaterial with numerous
biotechnological applications [25]. Besides, its addition to other cellu-
loses is well known to decrease porosity, improving barrier properties,
which is interesting in packaging applications [26]. Nanocrystals
derived from bacterial cellulose (BCNC) can be physically incorporated
into various polymer matrices to form polymer nanocomposites [27].

CNC suspensions can be obtained by submitting native cellulose to a
harsh sulfuric acid hydrolysis, often followed by ultrasound treatments,
as Ranby et al. described [28]. Under this acid treatment, the amorphous
regions that interconnect the crystalline regions are removed and
finally, the rod-like cellulose nanocrystals are isolated [29,30]. Even if
the acid hydrolysis has been improved in terms of time of hydrolysis,
choice of acid and its concentration, the principle of existing technolo-
gies for conversion of cellulosic biomass into CNC has barely changed
until the date. It should be noted that this method requires many haz-
ardous chemicals, which give alarming negative impacts to the envi-
ronment. Furthermore, it can affect the final properties of the CNC,
compromising their potential applications [31]. Thus, it is necessary to
search for new processes to produce high quality CNC, with low envi-
ronmental impact and without compromising their technological or
health applications. In this direction, enzymatic hydrolysis offers the
potential for higher selectivity, lower energy costs and milder operating
conditions than chemical processes [32]. For instance, the inclusion of
an enzymatic pretreatment in the process of preparation of micro-
fibrillated cellulose is a feasible approach, at least from kraft pulp, as
Lopez-Rubio et al. [33] and Svagan et al. [34] confirmed. In the enzy-
matic hydrolysis of cellulose, the main involved enzymes are the cello-
biohydrolases (CBH) or cellulases. To digest efficiently crystalline
cellulose at least three types of CBH are known to cooperate: (1) endo-
glucanases (EC 3.2.1.4) that cut cellulose chains in random locations; (2)
exoglucanases (EC 3.2.1.91) which peel cellulose in a processive manner
on the reducing or non-reducing ends of cellulose polysaccharide chains
and (3) beta - glucosidases (bGLs) (EC 3.2.2.21) which hydrolyse
cellobiose and various soluble cellodextrins into glucose [31,35]. Syn-
ergistic phenomena are widely observed in cellulose hydrolysis, with
many forms reported and proposed [32,36,37]. However, the accessi-
bility of the cellobiohydrolases to the crystalline regions was difficult to
understand, and authors hypothesized for decades about a “a non-
hydrolytic component” that, in nature, could disrupt the cellulosic
substrate, increasing its accessibility for the hydrolytic enzymes [38]. It
was not until 2010 that the oxidative cleavage of cellulose glycosidic
bonds was described, performed by a new type of enzyme, the lytic
polysaccharide monooxygenases (LPMO) [39]. LPMOs cleave cellulose
leading to the formation of aldonic acids when the C1 is oxidized and/or
4-ketoaldoses at the C4 position [40]. Since then, they have extensively
been reported to promote the efficiency of cellulases during cellulose
digestion [39,41,42]. They are thought to act in first place, making
crystalline cellulose accessible to glycosyl hydrolases [43,44].

In this study BCNC were obtained by an environmentally friendly
technique based on an exclusively enzymatic treatment of native BC.
First, BC paste was treated with the enzyme SamLPMO10C, a LPMO
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identified and cloned in the research group [44]. Then, it was digested
with a commercially available preparation of cellobiohydrolases. The
obtained BCNC were characterized in terms of morphology and chemi-
cal structure by electron microscopy and X-ray diffraction, respectively,
and their dispersive and thermal properties measured. Finally, BCNC
were used as reinforcing agent onto pre-existing eucalyptus sheets, and
the mechanical and barrier properties of the obtained composites were
evaluated.

2. Methods
2.1. BC synthesis and preparation of BC

Komagataeibacter intermedius JF2, a bacterial cellulose producer
previously isolated in the laboratory [45], was grown on the Hestrin and
Schramm (HS) medium, containing 20 g/L glucose, 20 g/L peptone, 10
g/L yeast extract, 1.15 g/L citric acid, 6.8 g/L NayHPOy4, pH 6. The
cultures were statically incubated at 25-28 °C for 7 days. After that time,
bacterial cellulose membranes generated in the air/liquid interface of
the culture media were harvested, rinsed with water and incubated in
1% (w/v) NaOH at 70 °C 18 h. Then, the BC membranes were thor-
oughly washed in deionized water until neutrality was reached. Mem-
branes were mechanically disrupted with a blender and homogenized
(Homogenizing System UNIDRIVE X1000) to obtain a BC paste con-
taining a suspension of BC fibres. The amount of BC was determinated by
drying samples of known weight at 60 °C until constant weight.

2.2. Expression and purification of SamLPMO10C

Escherichia coli BL21 star (DE3) harvesting pET11/SamLPMO10C
[44] was cultured in LB medium supplemented with 50 u/mL kanamycin
at 37 °C, and induced by 0,5 mM isopropyl p-D-1-thiogalactopyranoside
(IPTG) at O.D. 600 nm = 0.8. After cultivation at 21 °C for 18 h, cell
pellets were collected by centrifugation and resuspended in 50 mM Tris-
HCI pH 7. Cells were lysed using PANDA GEA 2000 homogenizer at 800
bar. Soluble fraction of the cleared cell extracts were mixed with 5% (w/
v) Avicel® PH-101 (Fluka) with gentle rotary shaking for 1 h at 4 °C.
Following, samples of SamLPMO10C were purified by polysaccharide-
binding as described previously [44], with some modifications: to
collect bound proteins, a centrifugation of 5 min at 14,000 x g was used
to separate the pellet of insoluble polysaccharides with adsorbed en-
zymes. The pellets were sequentially washed 3 times with fresh buffer
and centrifuged to remove non-specific protein binding. Pellets were
washed with 3 volumes of 1 M glucose, for 30 min each, at 4 °C with
gentle rotary shaking in order to elute adsorbed enzymes. Then, samples
were centrifuged at 14,000 x g for 5 min to separate supernatants (with
eluted SamLPMO10C) from pellet. Homogeneity of samples were ana-
lysed by sodium dodecyl sulphate polyacrylamide gel electrophoresis
(SDS-PAGE).

2.2.1. Copper saturation

Purified SamLPMO10C (Uniprot, A3KKC4) was saturated with cop-
per by incubation with a 4-fold molar excess of CuSO4 for 30 min at
room temperature as described elsewhere [40]. Excess copper and
glucose were removed by desalting the proteins using a PD-10 desalting
columns (GE Healthcare) equilibrated with 20 mM MES buffer, pH 5.5.
The concentration of desalted Cu®?" - saturated SamLPMO10C was
measured with NanoDrop® ND-1000 (NanoDrop Technologies, Inc),
using an extinction coefficient (¢) at 280 nm of 75.775 M_1 cm_1. The
enzyme solution was stored at —20 °C before used.

2.2.2. LPMO activity

Standard reactions were carried out by mixing 1% (dry weight) of
substrate with 5 pM of Cu? * - saturated SamLPMO10C, 2 mM ascorbic
acid and 20 pM of H,05 if necessary. Reactions were performed in 50
mM of ammonium acetate pH 5.5 with PASC (Phosphoric Acid Swollen
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Cellulose) and H,05, and BC, and incubated at 50 °C with shaking for 72
h and 24 h, respectively. PASC was obtained from crystalline cellulose
Avicel ® PH-101 (Fluka) treated with 70% of H3PO4 according to Wood
[46], using centrifugation for the sedimentation of the cellulose instead
of decantation during the washing process. Control reactions without
LPMO were run in the same way. All reactions were performed in du-
plicates at least three times. Soluble fractions generated in the degra-
dation reactions were analysed by matrix-assisted laser desorption/
ionization time of flight mass spectrometry (MALDI-TOF MS) for the
analysis of oxidized products. Reaction samples (3 ul) were mixed with
7 ul of acetonitrile. 1 pl of this solution was mixed with 1 pl of matrix
solution (10 mg/ml of 2,5-dihydroxybenzoic acid dissolved in acetoni-
trile-water [1:1, vol/vol], 0.1% [wt/vol] trifluoroacetic acid)0.1 pl of
the mixture was spotted in duplicated onto the MALDI-TOF MS plate and
allowed to dry before the analysis. Positive mass spectra were collected
with a 4800 Plus MALDI TOF/TOF (ABSciex 2010) spectrometer with an
Nd:YAG 200-Hz laser operated at 355 nm.

2.3. Cellulase cocktail activity

Enzymatic product MetZyme® BRILA™ (cellulase cocktail C2) was
kindly supplied by MetGen Oy (Finland) [47]. Reducing sugars resulting
from glycosil hydrolase activity were quantified by the DNS reagent
method [48]. Standard assays were performed at 50 °C in 50 mM po-
tassium acetate buffer at pH 5. Solid material was removed by centri-
fugation at 12.000 x g for 5 min and cleared supernatant was analysed.
One unit of enzymatic activity was defined as the amount of enzyme that
releases 1 umol of reducing sugar equivalent per min. A standard curve
of glucose was used to calculate activity units. All determinations were
made in triplicate at least two times.

2.4. Engymatic preparation of bacterial cellulose nanocrystals (BCNC)

Enzymatic hydrolysis of the BC paste was run using the enzymes
SamLPMO10C and the cellulose cocktail C2. Bacterial cellulose paste
(1% dry weight) was mixed with Cu® * - saturated SamLPMO10C and 2
mM ascorbic acid in 50 mM ammonium acetate pH 5.5. The mixture was
kept in 50 °C for 24 h. Then, 12.5U g_1 odp (oven-dried pulp) of C2 was
added and the mixture was incubated at 60 °C for 18 h. For control
reaction, the same dried weight of bacterial cellulose paste was incu-
bated in all the buffer components at the same conditions. All reactions
were incubated with shaking in a water bath. Hydrolysis was stopped by
heating up the reaction to 100 °C for 10 min. The obtained suspensions
were homogenized by ultrasonication (80 W, 0.8 s) in a Labsonic 1510
sonicator (B.Braun) for 5 min and kept at 4 °C.

2.5. Characterization of BCNC

2.5.1. Scanning electron microscopy (SEM)

Water suspensions of BCNC were analysed by SEM (JSM 7100F)
using a LED filter. Samples were graphite coated using a Vacuum
Evaporator EMITECH K950X221. EDS analysis was carried out to verify
their chemical composition. The diameter of the fibres was measured
using the ImageJ software.

2.5.2. Transmission electron microscopy (TEM)

Suspensions of BCNC were negatively stained with 2% uranyl ace-
tate, after dropping them on a Cu grid covered with formvar and a thin
carbon film, and allowed to dry at room temperature. The diameter and
length of BCNC were obtained using a transmission electron microscope
(TEM) model JEOL 1010. Images were taken at an accelerated voltage of
80 kV. The length (L) and width (D) were determined from at least 100
measurements using the ImageJ software.

2.5.3. X-ray diffraction
X-ray diffraction patterns of dried samples of BCNC were obtained
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with a PANalytical X’Pert PRO MPD Alphal powder diffractometer. The
samples were analysed at the radiation wavelength of 1.5418 A and
scanned from 2 ° to 50°, 20 range. Samples were fixed over a zero
background Silicon single crystal sample holder (pw1817/32), and the
ensembles were mounted in a PW1813/32 sample holder. The same
Silicon holder was used to measure all the replicates of each sample. Eq.
(1) [49] was used to calculate the crystallinity index (CI) of bacterial
cellulose:

Ic B Ium
CI(%) = =" x 100 D

c

where I, is the maximum intensity of the lattice diffraction and I, is the
height of the intensity at the minimum at 20 between 18 ° and 19 °,
which corresponds to the amorphous part of cellulose.

2.6. Zeta potential

BCNC suspensions and BC were previously diluted in distilled water
to a 1:5 and 1:10 sample:water ratio (v/v), respectively. Zeta potential
was then measured in a Zetasier NanoZS (Malvern Instruments, UK), in
triplicate.

2.7. Particle size determination

2.7.1. Light scattering (LS)

The particle size of BCNC was measured by laser diffraction in the
range of 0.375-20000 um in a Particle Size Analyzer (Beckman Coulter
LS 13320), using the Micro Liquid Module in aqueous suspension and
Fraunhofer optical model.

2.7.2. Filtration

After the enzymatic hydrolysis was complete, the final reaction
containing the BCNC was filtered by several filters with a decreasing
diameter pore size (50 ym, 6 um, 3 pm, 0.4 ym and 0.2 pm, Nangtong
FilterBio Membrane Co., Ltd). Then, the filters were left to dry at 80 °C
for 24 h and the retained biomass was weighted.

2.8. Thermogravity analysis (TGA)

The thermal stability of BCNC was measured by TGA on TGA/
SDTA851°¢ (Mettler Toledo). The experimental conditions were as fol-
lows: the test sample was heated at a rate of 10 °C / min to a maximum of
700 °C in nitrogen inert medium at a flow rate of 50 mL/min. The weight
of the dry sample was about 1 mg.

2.9. Composites formation and characterization

Eucalyptus/BCNC nanocomposites were obtained by a modification
of the solving casting technique [50,51]. BCNC were added at different
concentrations to preformed 10% (w/v) eucalyptus sheets on a 0.2 ym
pore size filter while applying vacuum. Finally, they were left to dry at
room temperature for 72 h under pressure. Water permeability was
measured by the water drop test (WDT) according to TAPPI standard
T835 om-08. The WDT involved placing a drop of deionized water on the
surface of paper and recording the time needed for complete absorption,
which was signalled by vanishing of the drop specular gloss. Ten mea-
surements per sample were made and averaged. Grease resistance was
determined by the standard UNE 5707174, where silica sand was placed
on the composite before dyed turpentine was added, and the time
needed to penetrate it was counted. Atomic force microscopy (AFM) —
Peak Force (PF) Quantitative Nanomechanical Mapping (QNM) mode —
was used to determine the tensile properties. Measurements were done
with an Antimony (n) doped Si from Bruker, model RTESPA-525 with
the characteristics: nominal tip radius 8 nm, cantilever length of 25 um,
resonant frequency 375-675 kHz.
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Fig. 1. MALDI-TOF MS analysis of soluble oxidized products from (A) PASC and (B) BC.

2.10. Statistical analysis

All determinations were performed after two replicas. In the case of
enzyme activity, two replicas of triplicates (six determinations per

sample) were measured. Experimental data were expressed as means +
standard deviations and were analysed statistically by the paired Stu-
dent’s t-test method and analysis of variance (ANOVA) if there were
more than two groups in STATGRAPHICS Centurion XVIII software
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Fig. 3. BCNC length distribution by filtration (A) and reducing sugars content (B) after the enzymatic treatment.

(Statgraphics.Net, Madrid). Scheffe’s multiple range test was used to
detect differences among mean values. A value of p < 0.05 was
considered statistically significant. Homogeneity of variance for all
samples was tested with Bartlett’s test. Residues normal distribution was
assumed after performing the Shapiro-Wilk test.

3. Results and discussion
3.1. SamLPMO10C and cellulase activity onto bacterial cellulose

Prior to bacterial cellulose nanocrystals obtention by enzymatic hy-
drolysis, the activities of purified SamLPMO10C, hereinafter SamC, and
cellulase cocktail C2 activities were tested. SamC standard reactions
were performed with PASC, routinely considered as the preferred
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Fig. 4. Particle size distribution of native BC and after enzymatic treatments.

substrate of cellulose active LPMOs [44], and BC. MALDI-TOF MS
detection of the soluble oxidized products from SamC activity is shown
in Fig. 1. The analysis of the reaction products revealed that, under the
reaction conditions used, SamC was active in both substrates, generating
oxidized cellooligosaccharides with different degrees of polymerization
(DP), of 4-7 in the case of PASC, and 4-6 for BC, in accordance with
previous results from the research group [44,52]. In all cases, the peak
assignment was in agreement to the size of C1-oxidized fragments from
released aldonic acid oligosaccharides.

Glycosyl hydrolase activity of C2 was measured by the reducing
sugars method on three crystalline cellulosic substrates: soluble cellu-
lose (CMC, carboxymethyl cellulose), insoluble microcrystalline cellu-
lose (Avicel) and BC, the most crystalline among them. As shown in
Fig. 2, the amount of reducing sugars increased over time until a
threshold was reached after 2 h of incubation, indicating, cellobiohy-
drolase activity. However, the activity for BC was notably higher indi-
cating that, likewise SamC, C2 had preference for crystalline substrates
as BC, the source of nanocrystals of this work.

3.2. Bacterial cellulose nanocrystals obtention and size distribution

To obtain BCNC, the BC paste was first treated with SamC and then
with cellulases C2. Reactions with only SamC or C2 were also run in
parallel. Mass spectrometry analysis were performed to detect soluble
oxidized products from SamC activity onto BC, as well as to discard
LPMO activity from the commercial cocktail C2 (Fig. A1). The particle
size distribution of the enzymatically treated samples was attempted by
filtering them through a series of membranes of decreasing pore diam-
eter. As can be seen in Fig. 3A, there was a significant shift towards
lower fibre sizes after cellulase hydrolysis of BC, in both cases, with and
without prior action of SamC. However, more than 80% of the biomass
of BC treated only with SamC is retained by 50 ym, while only 37% of
the biomass subjected to the action of cellulases exceeds that size,
corroborating that cellulases are the main responsible for the digestion
of BC. Considering particles < 50 um, the yield of BCNC obtained by C2
digestion would be of 62.9%, whereas for the pretreatment of SamC
followed by C2 cellulase activity would increase it up to 70.9%. Inter-
estingly, with the combined SamC-C2 treatment, more particles between
3 um and 400 nm were obtained than with only C2 digestion [57],

besides that for the bigger fractions all bars are smaller. These results
would suggest that with LPMOs the obtained BCNC would have a larger
length than those obtained with cellulases alone, which is in disagree-
ment with the generally accepted role of auxiliary activity of LPMO
[43,44,53]. This enzyme is thought to make crystalline cellulosic sub-
strates, as BC, more accessible to the glycoside hydrolases, boosting their
activity [44]. However, the reported pattern was found again after
measuring the reducing sugars of the filtrates 50 < 6 um and < 200 nm
of each treatment (Fig. 3B). The value of reducing sugars after the
combined SamC-C2 treatment was higher than those presented by the
samples treated only with SamC, indicating that cellulase digestion has
been effective. When comparing the two filtrates (50 < 6 um and < 200
nm) after C2 treatment, there are no apparent differences between them,
which could mean that the obtained particles are of small size, with a
low degree of polymerization. Nevertheless, for SamC-C2 treatment, the
value of reducing sugars is more elevated in the 50 < 6 um filtration than
in the < 200 nm one, reinforcing the prior hypothesis that a previous
treatment with SamC before the cellulases digestion resulted in larger
particles. Moreover, recent studies have reported severe impeding ef-
fects of Cl-oxidizing LPMOs on the activity of reducing-end cellobio-
hydrolases [54]. Even though not knowing the underlying mechanism of
this impeding effect, we justify the use of SamLPMO10C for the
dispersive properties of the obtained BCNC.

Fig. 4 shows the results of laser diffraction (LS) technique by light
scattering, which enabled determination of particle size, based on the
diffraction of incident light on a sample. Again, it is clearly visible the
effect of C2 onto the BC. In both treatments, SamC-C2 and C2, a shift
towards smaller sizes particles could be observed. However, it can be
noticed that particles obtained after SamC-C2 treatment had higher
percentages of higher diameters than those obtained without previous
SamC treatment. The high amount of particles of size greater than 2 ym
observed in Fig. 4 could be easily attributed to agglomeration [55].
Similar results were observed by other authors who explain this ten-
dency to agglomerate with presence of strong OH™ intermolecular bonds
occurring in cellulose [51]. It should be noted that this technique as-
sumes that the analysed particles are spheres [12], and cellulose nano-
crystals are rod-like particles, not spherical. Nevertheless, these results
corroborated the effect of the combination of SamC and cellulases
treatment on the size of BCNC found by the filtration method.
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Fig. 5. Electron microscopy images obtained by SEM: BC (A), BC-SamC (B), BCNC (C-F). The insert in (E) represents the energy dispersive X-ray spectrometer (EDS)

spectrum of BCNC.
3.3. BCNC characterization

3.3.1. Morphology

Electron microscopy images of BCNC are shown in Fig. 5 and Fig. 6.
Scanning electron microscopy (SEM) pictures of the native BC and
oxidized BC by SamC (Fig. 5A, B) show the typical reticulated structure
consisting of ultrafine cellulose fibrils with a diameter of about 50 — 70
nm and a length exceeding 20 pm, consistent with previous results
[3,56]. Treatment with SamC did not noticeably change the cellulose
structure, in agreement with other authors who oxidized BC with
SamLPMO10C [52] or 2,2,6,6-tetramethyl-1- piperidinoxyl (TEMPO)
[57]. In images of samples of BC enzymatically treated (Fig. 5C-F), rod-
like structures compatible with BCNC were observed, with a length (L)
in the range 80 nm - 2 um. Energy Dispersive X-ray spectroscopy (EDS)
confirmed that these structures were composed of cellulose.

Transmission electron microscopy (TEM) micrographs of BCNC
allowed a more detail analysis (Fig. 6A). The observed flat, rod-like
particles had a small number of laterally associated elementary crys-
tallites, usually from 3 to 5, as it has been previously described [28,58].
In TEM negatively stained preparations (Fig. 6B-G), the accumulation of
stain around the narrower parts of the nanocrystals suggested an alter-
nation of narrow and wide parts along the BCNC, indicating that they
would have a ribbon-like shape and that a homogeneous twist occur
[59]. This twist (Fig. 6H-I), which is rarely directly observed [59], is
especially clearly observed in well-dispersed ribbon-shaped bacterial
cellulose [60], even if it is not clear its origin. It could be attributed to a
rotational movement of bacteria or enzyme complexes or to the chiral
nature of cellulose, or a combination of both [59]. BCNC had a length
ranging from 80 to 2000 nm and a width ranging from 3 to 12 nm, which
represented an average length (L) and width (D) of 711 + 154 nm and 9
+ 5 nm, respectively. These sizes are in line with those reported for
BCNC obtained by acid hydrolysis by others. [61-65]. BCNC are usually
larger in dimension compared to those obtained from vegetal cellulose
as wood and cotton [66,67], hence there are lower fractions of amor-
phous regions that need to be cleaved resulting in the production of
larger nanocrystals [11]. Moreover, these dimensions lead to a higher

ratio of length to diameter (L/D). The aspect ratio L/D of the BCNC here
obtained was 80.1. The geometrical aspect ratio of cellulose nano-
crystals is very important in defining their reinforcing capability in
polymer matrices. Generally, nanocrystals exhibiting a ratio L/D greater
than 13 results in improved reinforcement properties of the final poly-
mer nanocomposites [11,68].

3.3.2. Crystallinity

Regarding chemical structure, XRD patterns were measured. Fig. 7
showed diffraction peaks at 20 angles around 18.5 6 and 22.7 6, corre-
sponding to the typical profile of cellulose in crystalline form [69]. The
estimated degree of crystallinity index (Eq. (1)) of the native BC was
97% and 95% for oxidized BC. For BCNC, obtained by SamC-C2 treat-
ment, or only by C2 treatment, the crystallinity index barely changed,
with a value of 85%. It should be noted that BC is one of the most
crystalline cellulosic substrates [52], and in this work an enzymatic
digestion has been performed. Consequently, some of the BC could have
been completely hydrolysed, reflected in this slight decrease in crys-
tallinity. In fact, it has been described that severe hydrolysis conditions
can result in a likely change in the orientation of the cellulose chains
[70]. However, the obtained BCNC displayed high crystallinity, even
higher than BCNC obtained by acid hydrolysis [70-72], suggesting that
the enzymatic treatment did not modify characteristics as mechanical
strength and interfacial properties of the cellulose fibre [73].

3.3.3. Dispersion stability

The zeta potential was measured to evaluate the dispersion stability
of BCNC suspensions in water (Fig. 8), where less negative the values
are, better is the stability [74]. Interestingly, suspensions of BCNC where
SamC was applied presented a zeta potential modulus much higher than
suspensions of BCNC obtained without SamC treatment (-6.5 mV and
—21.4 mV, respectively), indicating that SamC treatment was necessary
for their stability. These results suggested that after SamC mediated
oxidation, the negatively charged carboxylic groups would promote
electrostatic repulsion and prevent the aggregation of the nanocrystals.
CNC obtained by sulphuric acid hydrolysis often acquire a negatively
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Fig. 6. Electron microscopy images of BCNC obtained by TEM (A) and negative stain TEM (B-I). The arrows in (H) and (I) highlight the twist.

charged surface which promotes uniform dispersion in aqueous solution
due to electrostatic repulsions [75]. However, even if this sulfonation
results in a highly stable colloidal suspension, the obtained CNC are
prone to have a lower thermal stability as compared to the native cel-
lulose [76]. On the other hand, without these negative charges, CNC are
prone to aggregate because of their strong hydrogen bonding between
surface hydroxyl groups [64]. Consequently, this uniform dispersion
provided by sulphate groups is a challenge when more environmentally
friendly treatments, as the enzymatic ones, are applied. One of the more
efficient pretreatments to cellulose is the oxidation mediated by TEMPO,
as some authors have reported in the case of the obtention of oxidized
nanofibrillated bacterial cellulose [57]. Alternatively, LPMOs have
proved to contribute to a more sustainable production of cellulose
nanofibrils [41,52], and they could also have a key role, as oxidative
enzymes, in giving dispersion stability to BCNC obtained exclusively by
enzymatic treatment.

3.4. Thermostability

Thermal stability of cellulose often is drastically changed due to acid
hydrolysis during the process of cellulose nanocrystals obtention [76].

Therefore, it is important to establish whether the enzymatic treatments
have a similar effect. For this purpose, the thermal degradation profiles
of BC and BCNC were assessed by thermogravimetric analysis (TGA).
Fig. 9 represents the three mass loss events that can be observed during
TGA: the first event corresponds to the evaporation of residual water,
while the second is characterized by a series of degradation reactions of
cellulose [70,77]. This major degradation step is, though, associated
with a high loss of mass of cellulosic material, which is characterized by
the onset temperature (T, the temperature at 5% weight loss). The third
thermal event is related to the unburnable residue. As stated in Table 1, a
maximum decomposition point was observed for BC and BC-SamC
around 140 °C, even if they had slightly different onset temperatures.
Interestingly, enhanced thermal stability was noticed for BCNC, as the
maximum degradation rate was registered at a higher temperature:
211,3 and 237,1 °C for those obtained with C2 only and SamC and C2,
respectively. These differences could be related to the different defi-
brillation conditions [78,79]: in comparison with BCNC, BC and BC
treated with SamC have a more compact structure for the same weight,
leading to a better heat transference and therefore to a higher degra-
dation rate. BCNC with high thermal stability can be used, for instance,
for nanocomposites preparation where the polymers blending process
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Fig. 8. Results from zeta potential of suspensions of BC, BC treated with SamC (BC-SamC) and with C2 cellulases (BC-C2 and BC-SamC-C2).

requires high temperature.

3.5. Eucalyptus /BCNC nanocomposites

When a polymer is reinforced with a nanomaterial, a polymer
nanocomposite is obtained. The nanometric size and the increased sur-
face area of the reinforcing material provides this new nanocomposite
unique properties. Their incorporation in many polymers, even at very
low volume fractions, can significantly improve the mechanical per-
formance, thermal stability, and barrier and optical properties due to its
elevated crystallinity and better interfacial interactions, probably due to
high interfacial interactions [5,80]. For this purpose, to assure a good
adhesion between the coating and the cellulosic sheet, in this study
BCNC were physically incorporated in different doses to prepared 10%
(w/v) eucalyptus sheets by casting and water evaporation, one of the
most common and effective techniques to produce nanocomposite films
on a laboratory scale [11]. As described by other authors, CNC obtained
without sulphuric acid often reaggregate [64]. For this reason, CNC are
usually chemically modified to improve their dispersion [12].

Nevertheless, the BCNC obtained in this study were negatively charged
due to SamC treatment, and as stated by the determination of z poten-
tial, they were well dispersed. Overmore, their ratio L/D indicated a
high reinforcing capability. Consequently, the obtained composites were
homogeneous, no holes or big agglomerates were present in comparison
to those coated with BCNC obtained without oxidation. According to
literature, Xiang et al. [81] and Yuan et al. [82] proved that getting a
homogeneous distribution of BCNC matrix is a key for successfully
reinforcing paper in the paper industry. In further studies, these BCNC
could serve as a matrix for active compounds immobilization, and the
resultant nanocomposites could have special properties, as antimicro-
bial, antioxidant or catalytic ones [83-86]. They could also provide
functionality to biodegradable packages and ability to control microbial
population in the food, in the industry of food packaging [12].

3.5.1. Water permeability

All the nanocomposites showed an increased water impermeability
in comparison to the eucalyptus sheet (Fig. 10). Interestingly, water
retention time reached a threshold over 7 min at 4% BCNC addition.
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Table 1
TGA results for BC, BC-SamC and BCNC after enzymatic treatments with cellu-
lases (BC-C2) and SamC and cellulases (BC-SamC-C2).

Onset temperature
degradation (To) (°C)

Maximum degradation
temperature (Td) (°C)

BC 63 141.7

BC-SamC 89.3 142.7

BC-C2 85.7 211.3

BC-SamC- 107 237.1
C2

This effect can be easily attributed to the low hygroscopicity of highly
crystalline BCNC [64]. The water transmission preferentially occurs
through the amorphous areas of cellulose and their absence leads in an
increase of the time that the water drop is retained on the surface of the

nanocomposite. Overmore, the negative charged BCNC contribute to
this decrease in water permeability.

3.5.2. Oil impermeability

Regarding barrier properties, a threshold was reached again at 4% of
BCNC addition. As shown in Fig. 11, from this concentration the nano-
composite was able to hold the trementine solution for more than 30
min, indicating that it was grease resistant. This enhancement in barrier
properties is probably due to the reduction of eucalyptus sheets porosity
[12]. According to other authors, the high aspect ratio aspect of BCNC
would give this reinforcing effect, ensuring percolation, event at low
loadings [80,87]. Materials with low permeability to moisture and oil
are very much needed in food and biomedical packaging areas [88].

3.5.3. Mechanical properties
Loading of BCNC resulted in improved mechanical resistance. The
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Fig. 10. Water drop test values of the BCNC-eucalyptus composites with different loadings of BCNC. The black line represents the 5 min threshold according to TAPPI

standard T835 om-08.

10



C. Buruaga-Ramiro et al.

European Polymer Journal 163 (2022) 110939

0%

1%

2%

3%

4%

BCNC content (%)

5%

10%

20%

+30

+30

+30

+30

10

o
a1

T T T 1

15 20 25

Time (min)

Fig. 11. Barrier properties to oil of the BCNC-eucalyptus composites with different loadings of BCNC.

0%

1%

2%

3%

4%

BCNC content (%)

5%

10%

20%

5000 10000

o

15000 20000 25000

Young’s modulus (MPa)

Fig. 12. Young’s modulus parameters obtained for the tested composites with the addition of different BCNC loadings onto eucalyptus sheets.

highest values of Young’s modulus (YM) were observed for composites
with 20% loading of BCNC (Fig. 12). The addition of BCNC onto euca-
lyptus sheets lead to a increase of the yield strength, almost 15 times
when BCNC were added at 20%, from 246.42 4+ 190.1 MPa to 15.15 +
4.1 GPa. However, in the literature is very often reported that com-
posites with the smallest amount of filler are characterized by the
highest values of strength parameters, resulting from their better
dispersion [89-91]. Surprisingly, in our study, further increase of BCNC
resulted in improvement of YM parameters, as it has been also recently
described elsewhere [55,92].

4. Conclusions

In this work, bacterial cellulose nanocrystals have been obtained
using a green procedure. A pretreatment with the enzyme SamLP-
MO10C, followed by digestion with a mixture of cellulases, led to the
obtention of nanocrystals with high aspect ratio, high crystallinity index
and excellent thermal properties. The oxidative action of LPMO gener-
ated negative charges on the cellulose chains on the surface of the

nanocrystals that prevented aggregation and allowed good stability in
an aqueous environment. Eucalyptus cellulose sheets coated with a low
percentage of bacterial cellulose nanocrystals acquired water and oil
impermeability and improved mechanical properties. The properties of
the nanocrystals obtained by this enzymatic process make predictable a
wide range of applications.
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