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Given the abundance of cellulose and the potential of nano/microcellulose, here in this work we analyze the
prospects of five cellulosic sources for obtaining nano/microcellulose. We assess the impact of three
different enzymes (ancestral reconstructed endoglucanase, cellulase and a-amylase) on a mechano-
enzymatic process. The characterization of the resulting material has been carried out using
spectroscopic, diffraction, thermal and morphological techniques. The results indicate that enzymatic
extraction slightly contributes to the increase in nano/microcellulose extraction efficiency, reaching
~12.5% with endoglucanase, which is higher than the ~8% achieved without the enzyme, increases the
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1 Introduction

The past few decades have witnessed a significant surge in the
exploration of polymeric and composite materials derived from
renewable sources, reflecting both industrial and scientific
interests. Cellulose, as the most abundant and renewable
biopolymer on Earth, stands out as a promising raw material
due to its unique properties and versatile applications.>?

The intrinsic properties of nanocellulose have motivated
intense research pursuing innovative applications.* Nano-
cellulose, categorized into cellulose nanocrystals (CNCs), also
known as nano-whiskers, cellulose nanofibrils (CNFs), and
microfibrillated cellulose (MFC), preserves the biodegradability
and biocompatibility of cellulose while offering enhanced
properties such as high specific strength, large specific surface
area, high aspect ratio and high crystallinity.>” The properties
of these materials promise practical applications in commercial
products driven by their nature, properties, size, and function-
alities. The high crystallinity of the material supports its use as
a gas barrier, due to the difficulty that gas molecules face in
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passing through crystalline domains.® Crystallinity has a similar
effect in preventing the penetration of certain particles, such as
grease,’ due to the tortuosity of the material. Its large specific
surface area promotes the absorption and retention of gases,
which is useful for packaging, as it allows for regulating oxygen
or moisture inside.' Also, this high specific surface area allows
materials like micro- or nano-celluloses to enhance the rigidity
and strength of a product without increasing its weight. This
could be a great advantage for the production of certain bio-
nanocomposites.>*"*?

Various cellulose to nanocellulose conversion methods,
including acid* and enzymatic hydrolysis,*® ionic liquid treat-
ment,'? or combined treatments in which mechanical forces are
also applied in addition to the above processes,'* have been
employed to obtain highly purified nanocellulose from different
renewable sources such as cotton and wood," or from wastes
such as waste office paper'® and waste tissue paper.® In nature,
cellulases, a multicomponent enzyme system, play a crucial role
in catalyzing the hydrolysis of cellulose, with endoglucanase
and cellobiohydrolase being the primary enzymes involved.” In
addition to the previous extraction advancements, it has been
demonstrated that the combination of enzymatic hydrolysis
with mechanical forces enhances the hydrolysis reaction yield,
achieving an increase in the aspect ratio of the fibers.'*"
Spagnuolo et al.*® reported that incorporating a 10 minute ball
milling step prior to the enzymatic treatment led to a 9%
increase in extraction yield compared to enzymatic treatment
alone. Remarkably, extending the milling duration to 50
minutes resulted in a yield improvement of up to 69%.
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Furthermore, the evolution of enzyme technology presents
promising avenues for cellulose utilization and processing.
Ancestral sequence resurrection has emerged as a novel
approach to engineering enzymes, offering enhanced thermal
operability and activity under demanding industrial condi-
tions.* Reconstructing ancestral endoglucanases from ancient
bacterial species, researchers have demonstrated superior
enzyme efficiency over a wide range of temperatures and pH
levels, alongside enhanced substrate usage and catalytic
promiscuity.*® These findings hold significant implications for
industrial bioprocessing, particularly in the context of sustain-
able bioproduct generation from cellulose-rich substrates. This
was demonstrated by Alonso-Lerma et al,*® who reported
extraction yields of approximately 15% after 24 hours of incu-
bation at 50 °C using the ancestral endoglucanase, substantially
higher than the 3-5% obtained with other commercial
endoglucanases.

In conclusion, the integration of enzymatic processes into
nanocellulose production and the exploration of cellulose at the
nanoscale, oriented towards recycling initiatives, emphasize
a multifaceted approach to sustainable biomaterial develop-
ment. Leveraging these advancements offers promising avenues
for addressing environmental challenges and fostering the
transition toward a circular economy.

In this work, the enzymatic activity towards nano/
microcellulose (NMC) generation of a reconstructed endoglu-
canase (EmNMC) was compared with a commercial cellulase
and with an a-amylase. To identify the most suitable cellulose
source for NMC production, a preliminary screening was con-
ducted using various substrates, including Avicel, production
paper, filter paper, cleaning paper, and Kraft pulp, without
using any additional pretreatment step. Based on extraction
yields, filter paper was selected as the optimal substrate.
Subsequently, an exhaustive study of the properties of the
NMCs produced from filter paper was carried out using various
physico-chemical, thermal and morphological characterization
techniques such as Fourier-Transform Infrared Spectroscopy
(FTIR), X-ray Diffraction (XRD), Thermogravimetric Analysis
(TGA), Dynamic Light Scattering (DLS), Atomic Force Micros-
copy (AFM), and Scanning Electron Microscopy (SEM). This
study focuses on a detailed characterization to understand the
effect of the incubation time on the morphology or chemical
composition of the resulting material.

2 Materials and methods
2.1 Raw materials

Commercial filter paper (Whatman Lot. 17723451), containing
only cellulose, was used as the substrate for NMC production. In
order to analyze the yield of the process, it was compared with
four other substrates as cellulose sources: cleaning paper
(Vadrisa, 1200), Avicel PH-101 (Sigma-Aldrich Lot. BCBW4188),
Kraft pulp (Zicunaga paper mill, Hernani, Spain) and Lappo-
nian paper (Dr Kurt Miiller). A summary was prepared,
providing the cellulose percentage and the production method
for each substrate based on the available information obtained
from each supplier (Table S17). As part of the study, in addition
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to the reconstructed ancestral endoglucanase, some other
commercial hydrolytic enzymes were used to compare the
extraction yields: a-amylase (Sigma-Aldrich, 10065) from Asper-
gillus oryzae and cellulase (Sigma-Aldrich, 22178) from Asper-
gillus niger, both produced by fungi.

2.2 Ancestral endoglucanase reconstruction

The ancestral endoglucanase sequence used to produce NMC
was previously developed by the Nanobiotechnology group at
CIC nanoGUNE."” To summarize the whole process of recon-
structing the ancestral sequence, the following steps were
undertaken.

First, Bacillus subtilis was chosen as the query sequence for
the reconstruction due to its importance in the industrial
sector, and a list of homologous sequences of organisms from
different phyla (Firmicutes, Proteobacteria and Actinobacteria)
was obtained from the US National Center of Biotechnology
Information (NCBI).** Then, applying some bioinformatic tools
such as Molecular Evolutionary Genetics Analysis (MEGA),
MUltiple Sequence Comparison by Log-Expectation (MUSCLE)
and Bayesian Evolutionary Analysis Sampling Trees (BEAST),
among others, the alignment of the sequences was performed
and cleaned manually to get the best reconstructed phyloge-
netic tree. Finally, Phylogenetic Analysis by Maximum Likeli-
hood (PAML) software was used to carry out the reconstruction
of ancestral sequences from the selected phylogenetic tree
shown in Fig. 1A.

Three nodes were selected, corresponding to the recon-
structed enzyme sequences, which were dated according to
fossil estimates and divergences collected by Time tree of Life:
Last Firmicutes Common Ancestor (LFCA), Last Clostridia
Common Ancestor (LCCA) and Last Actinobacteria Common
Ancestor (LACA).

2.3 Endoglucanase production and purification

Three ancestral endoglucanase DNA sequences obtained as
described in Section 2.2. were sent to an external company
(GenScript, New Jersey, USA). The company synthesized the
endoglucanase sequences, linked them to a 6-histidine tag and
cloned them into three different pQE8OL vectors, forming three
plasmids, as shown in the first steps represented in Fig. 1C. The
codon usage was optimized for expression in Escherichia coli.

After that, E. coli BL21 (Life Technologies, California, USA)
was transformed with the plasmid, and the transformed cells
were mixed with 1 L of Luria-Bertani (LB) medium and 1 mL of
0.1% w/v carbenicillin and grown in an incubator (Multitron
Standard, Infors HT) at 37 °C and 4 x g for around 8 h until the
optical density (ODgg0) is 0.6-0.8. Then, the cell overproduction
was induced using 1 mL of 0.1% w/v isopropyl B-p-1-thio-
galactopyranoside (IPTG) and the culture was incubated at 37 ©
Cand 4 x g overnight (around 16 h). After the induction period,
the culture was centrifuged to separate the bacteria from the
medium. The centrifugation conditions were 14 500 x g, at 4 °C
for 20 minutes (Sorvall Lynx 4000, Thermo Scientific) and then
the supernatant was discarded.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(A) Phylogenetic tree of the ancestral endoglucanase adapted from Barruetaberia et al.;** (B) SDS-PAGE of a-amylase, cellulase and

ancestral endoglucanase (from left to right). The concentration of the samples loaded onto the acrylamide gel was around 3.3 mg mL; 25 mg mL;
50 mg mL~?, respectively; (C) scheme of the endoglucanase production and purification protocol.

With the aim of breaking the cell membrane, the pellet of 1 L
of culture was resuspended in 15 mL of 50 mM sodium-
phosphate buffer (pH 7) containing 300 mM NaCl. The cell
disruption was done by sonication. The resuspended cells were
sonicated in ice for 5 cycles of 30 seconds on and 4 minutes off
using an amplitude of 70% (Vibra-cell 75115, Bioblock Scientific).
Once the sonication was finished, the lysed cells were centrifuged
at 33000 x g, 4 °C for 50 minutes (Sorvall Lynx 4000, Thermo
Scientific). Then, the supernatant containing proteins from 1 L of
culture was collected and mixed with 5 mL of cobalt affinity resin
(HisPur Cobalt Resin, Thermo Scientific), before being deposited
in a polypropylene column (disposable 10 mL polypropylene
columns, Thermo Scientific). Once the endoglucanase was bound
to the Co”>" ions of the resin via the 6-histidine tag, the non-
bounded proteins were eluted using 10 mL of 50 mM sodium-
phosphate buffer (pH 7) containing 300 mM NaCl. Finally, in
order to elute the endoglucanase, 10 mL of 50 mM sodium-
phosphate buffer (pH 7, 300 mM NaCl) and 150 mM imidazole
were added to detach the 6-histidine tag linked to the endoglu-
canase from the Co”" ions of the resin. From each 1 L of cell
culture, 0.5 g of endoglucanase were collected.

© 2025 The Author(s). Published by the Royal Society of Chemistry

Once the protein was eluted, 12% v/v sodium dodecyl-sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) was run to verify
that the purification was successfully completed. 15 pL of each
sample were mixed with 15 pL of loading buffer, composed of
Laemmli sample buffer and 2-mercaptoethanol, and heated for
5 minutes at 95 °C. 10 pL of protein ladder and each sample
were charged onto the gel well, the gel was run (Mini Gel Tank,
Invitrogen) for 1 h and then developed (Molecular Image Gel
Doc XR+, Bio-Rad). The weight of the ancestral endoglucanase
was ~33 kDa and therefore the protein band should appear
between the reference ladder bands of 15 and 35 kDa, as seen in
Fig. 1B. The endoglucanase was stored in the elution buffer
(50 mM sodium-phosphate buffer (pH 7, 300 mM NacCl) and
150 mM imidazole) in a refrigerator at 4 °C.

This protocol was performed in parallel with the three
reconstructed endoglucanase sequences and, after performing
some activity tests, the LFCA node was chosen as the best
sequence because it was the enzyme that showed the greatest
efficiency in a wider range of pHs at high temperatures.™

Also, in order to determine the size difference between the
ancestral endoglucanase and the other commercial hydrolytic

Nanoscale Adv., 2025, 7, 5625-5636 | 5627
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enzymes used in the study (¢-amylase and cellulase), an acryl-
amide gel was tested, as shown in Fig. 1B.

2.4 Nano/microcellulose production

The substrates were cut by hand and homogenized using
a blender for 5 minutes at the maximum speed in order to
facilitate the subsequent action of the enzyme on the different
substrates. After producing the endoglucanase, 40 g of cellulose
substrate were mixed with 1 L of deionized water, and 5 mg of
enzyme per gram of substrate were added and incubated at 50 °©
C in a 230 rpm orbital stirrer for five different times: 1, 5, 24, 48
and 72 h, as shown in Fig. 2A. Although Barruetabeiia et al.*®
showed slightly higher enzymatic activity at pH 5 compared to
pH 7, pH 7 was chosen to align with more scalable and indus-
trially relevant conditions, since maintaining acidic pH at larger
scales can be challenging and may increase process complexity
and cost. To quantify the impact of the enzyme on the extraction
yield, a blank without enzymes for each incubation time was
also performed.

After incubation, the mixture was tip sonicated (Vibracell
75115 sonicator, Bioblock Scientific) in an ice bath for 2 h, with
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30 second on/off cycles, at 30% amplitude. Then, 8 L of deion-
ized water were added in order to recover the NMC from the
substrate. NMC isolation was performed by mixing the hydro-
lysate with deionized water, followed by centrifugation at 4200
x g for 5 minutes at 4 °C to remove larger particulates from the
substrate. The resulting supernatant, containing the dispersed
NMC (approximately 8 L), was then subjected to ultracentrifu-
gation at 14 500 x g for 45 minutes at 4 °C to ensure the removal
of any residual endoglucanase. The NMC was recovered as
a pellet at the bottom of the centrifuge tube. Prior to testing the
samples, part of the NMC was lyophilized (LyoQuest lyophilizer,
Telstar) for 24 h via the freeze-drying method in order to
perform some characterization tests, and the other part was
kept in aqueous solution to carry out the morphological tests
(AFM and SEM). A similar procedure was carried out with the
commercial o-amylase and cellulase in order to assess the
impact of different enzymes and the effect of a purely
mechanical process (i.e., the blank of the process).

The NMCs were designated EmNMC (Em for enzyme +
mechanical stimulus) and mNMC (m for only mechanical
stimulus), respectively, depending on whether or not enzymes
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D
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(A) Flask incubation for NMC extraction; (B) extraction yields of mMNMC using five different substrates and different incubation times. Error

bars indicate standard error (SE; n = 3); (C) extraction yields of EmMNMC using five different substrates and different incubation times. Error bars
indicate standard error (SE; n = 3); (D) extraction yields using three hydrolytic enzymes (EmMNMC, EmMNMC,_.myiase: and EMNMCcqyase) USiNg
filter paper as the substrate at different incubation times. Error bars indicate standard error (SE; n = 3).
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were used to produce them. NMCs produced using o-amylase or
cellulase were specified as EmMNMC,,.amylase OT EMNMCeeiiulases
respectively.

2.5 Nano/microcellulose yield

The yield was determined from small scale experiments, start-
ing with 1 g of five different substrates. These were placed in
50 mL falcons with 20 mL of deionized water, following the
same protocol as described in 2.4. Finally, the NMC samples
obtained were weighed in order to calculate the extraction
yields.

Eqn (1) was applied to calculate the reaction yield from each
sample.

Nano/microcellulose mass
Initial substrate mass
x 100

Nano/microcellulose yield (%) =

(1)
2.6 Fourier-transform infrared spectroscopy

Fourier-transform infrared (FTIR) measurements were per-
formed using a FTIR Spectrometer with an Attenuated Total
Reflectance (ATR) accessory (Frontier spectrometer, Perki-
nElmer). Samples were analyzed by applying a gauge force of 85
at room temperature, acquiring the spectra from 4000 to
650 cm ™' at 4 cm " resolution and 20 scans per sample.

2.7 X-ray diffraction

The X-ray Diffraction (XRD) analyses were carried out using
a diffractometer (Empyrean diffractometer, Malvern Pan-
alytical) at 45 kv and 40 mA. The diffraction data of samples
were collected at room temperature over a 26 range of 5-50°.
The beam wavelength was 1.5406 A, the step size was 0.026°,
and the time per step was 1.76 s. Then, the crystallinity index
(CIgegal) Was calculated using the Segal method,* as represented
in eqn (2).

(]200 - Iam)

CIchal (%) =100 x
1200

@)
where I, is the diffraction signal intensity of the crystalline
cellulose, I,, is the signal intensity of the amorphous
cellulose.

Additionally, a Gaussian deconvolution model was applied
to the X-ray spectra. Deconvoluted peaks were used to calculate
crystallinity index (Clgec) using eqn (3).%

A
Clyee (%) =100 x =% 3)
Ar
where A,,, represents the area of the crystalline peak and
the Ar is the sum of all the peak areas.

The crystallite size was determined using the Scherrer

equation® shown in eqn (4).

_ kx2a
T_ﬁxcosé?

(4)

where 7 is the crystallite size, k, a constant related to the crys-
tallite shape, that is taken as 0.9, according to literature

© 2025 The Author(s). Published by the Royal Society of Chemistry
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consensus,”?® 1 is the X-ray wavelength, § is the width of the
peak of crystalline cellulose at half of its height and 6 is Bragg's
angle, the angle between the incident ray and the dispersion
planes. The full width at half maximum (FWHM) was deter-
mined manually after normalizing the spectra. From the base-
line, the height of each crystalline peak was measured and
divided by two, and the peak width at this midpoint was then
manually measured.

2.8 Thermal analysis

The thermogravimetric analyses (TGA) were performed using
a TGA (TGA/DSC 3+, Mettler Toledo). Around 5 mg of each
sample were analyzed under a nitrogen atmosphere with a gas
flow rate of 50 mL min ', a heating rate of 10 °C min~", and
a temperature range from 25 to 800 °C.

2.9 Atomic force microscopy

The morphology and size of NMC samples were analyzed by
Atomic Force Microscopy (AFM). The concentration of aqueous
NMC samples was adjusted to 1% w/v using deionized water.
These samples were first sonicated for 30 minutes using 30
second on/off cycles at 30% amplitude. 10 pL of sample were
micropipetted and added dropwise onto a mica substrate and
dried in a vacuum atmosphere at 30 °C for 24 h. The images
were taken using a Multimode AFM system (Multimode 8,
Bruker) and Nanoscope V scanning probe microscope
(Nanoscope V, Bruker). A TESP-V2 cantilever with a spring
constant of 37 N m~ " and a frequency of 320 kHz was used to
perform these tests. The AFM silicon cantilever has a tip radius
of 7 nm and a length of 125 pm. The mean and the standard
deviation values of NMC length and diameter were calculated
based on measurements from 50 fibers from each sample.

2.10 Scanning electron microscopy

Scanning Electron Microscopy (SEM) in the liquid phase was
carried out employing 1% w/v sample solutions using an Envi-
ronmental Scanning Electron Microscope (ESEM Quanta,
Elecmi) equipped with a backscattered electron detector in
STEM mode for image acquisition. These samples were soni-
cated in a sonication bath for 30 minutes with 30 second on/off
cycles at 30% amplitude and then they were suspended in water
and sandwiched between two amorphous carbon membranes
mounted on a 400-mesh copper grid for Transmission Electron
Microscopy (TEM) (AGS160-4, Agar Scientific). Measurements
were conducted at a chamber pressure of 620 Pa and a 94.5%
relative humidity. The system operated at an accelerating
voltage of 20 kv and a working distance of 13.3 um.

2.11 Dynamic light scattering

The size distribution of NMC samples was measured by back-
scatter Dynamic Light Scattering (DLS) (ZetaSizer Ultra, Malvern
Panalytical). Samples were adjusted to a concentration of 0.1%
w/v and sonicated in a liquid bath for 30 minutes with 30
second on/off cycles at 30% amplitude. The measurements were

Nanoscale Adv., 2025, 7, 5625-5636 | 5629
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carried out at room temperature, using a beam with a wave-
length of 632.8 nm with the beam angle set at 173°.

2.12 Statistical analysis

The results were analyzed using the One-Way Analysis of
Variance (ANOVA) statistical model to determine whether the
differences between the group means were significant. One-
way analysis was performed at a 0.05 level of significance (p
< 0.05). After the ANOVA analysis, the Tukey test was also
performed to identify specifically which group means (among
those found to differ significantly by ANOVA) were significantly
different from each other. The software used to analyze the
dataset was Origin version 8 (OriginLab Corporation, North-
ampton, USA).

3 Results and discussion
3.1 Nano/microcellulose yield

To verify whether the nanocellulose extraction yields varied
significantly depending on the cellulose source, the protocol is
described in Section 2.5. for NMC production was conducted.
The data obtained are represented in Fig. 2B and C.

No significant differences in yield were observed between the
alternative cellulose substrates studied (see above); however,
the best yield was obtained at almost all incubation times when
filter paper was used as the substrate. As an example, EmNMC
after 24 h of incubation increased the reaction yield from
around 7.9 £ 2.6%, when no endoglucanase was used, to about
12.4 £+ 0.7%, when endoglucanase was used, this being the
highest yield of all the series in this work. This result is in
agreement with those obtained by Alonso-Lerma et al.>® After
analyzing the data statistically, it was determined that the yield
difference obtained from EmNMC and when filter paper was
used as the substrate was significant (ANOVA, p < 0.05). Similar
patterns were observed in most of the samples, where the
maximum yield was reached after 24 h of incubation, after
which it began to decrease. However, the reached yields were
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intensities, normalized with respect to that of 2903 cm™*
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not as high as those obtained when employing filter paper as
the reaction substrate.

With the aim of comparing the activity of endoglucanase
with two other commercial hydrolytic enzymes, a-amylase and
cellulase, the same assay applying the same experimental
conditions was performed at 3 different incubation times: 5, 24
and 72 h. The yield results are shown in Fig. 2D. Similarly to the
blank and experiment with the endoglucanase, the maximum
reaction yield was achieved after 24 h of incubation, decreasing
when the incubation was longer. This fact could be related to
the aggregation of NMC after a long period of stirring.”® This
aggregation was also reported by Khan et al.,”” who obtained
similar results when performing acid hydrolysis, attributing
this fact to the high abundance of hydroxyl groups in the
cellulose. Under the above hypothesis, acid hydrolysis facili-
tated the formation of hydrogen bonds between cellulose
molecules. Li et al.>® showed that, in the presence of NaCl in the
NMC suspension, the NMC tended to aggregate. This aggrega-
tion could be related to the elution buffer, hindering the activity
of the hydrolytic enzymes and decreasing the reaction yield.

The highest yield was 12.4 £ 0.7% with the endoglucanase
enzyme after 24 h of incubation, followed by 10.4 £+ 1.3% ob-
tained with the a-amylase enzyme after 24 h of incubation.
These values were found to be statistically different (p < 0.05).
Moreover, the extraction yield decreased when the incubation
time was longer than 24 h, both without enzymes and with any
of the enzymes used.

According to some authors, the presence of cellulose could
have an inhibitory effect on a-amylase activity, reducing its
extraction yield.***° This fact could be in line with these results,
in which the extraction yield obtained was slightly lower than
that obtained from EmNMC, clearly observed after 24 h of
incubation. Regarding cellulase activity, some authors noted
that the production of NMC after short incubation periods was
higher than that achieved with longer incubation times, and
this has been attributed to the final stage of degradation
resulting in glucose monomers rather than the production of
only small particles of NMC.*"*

- 3334 cm”’
[ 1335 cm”!
I 1160 cm”!
[ 1060 cm”!
. 1030 cm”!
I 895 cm”’

[J705¢cm’

mNMC EmNMC

Filter Paper

(A) FTIR spectra of mMNMC and EmNMC after 24 h of incubation and filter paper; (B) variations of the indicated mMNMC and EmNMC bands
, after 24 h of incubation with filter paper as substrate.
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Considering that the extraction yield was slightly better when
using endoglucanase to degrade filter paper and obtain NMC,
the following characterization was carried out with this
substrate.

3.2 Fourier-transform infrared spectroscopy

The following graph (Fig. 3A) represents the spectra obtained
from FTIR spectroscopy analysis of mNMC, EmNMC, and filter
paper. Similar bands appeared in both the substrate and the
products, both obtained with enzymes and without them
(Fig. S1, S3 and S57). The study of the differences between the
intensity of the stretching and bending bands of each material
was performed to understand the structural and molecular
composition of the substrates and the samples obtained at
different times, both by mechanical forces and by combining
mechanical forces and endoglucanase (Fig. S2, S4 and S6+). This
analysis also aimed to identify the characteristic functional
groups and observe if there were any variations among them, as
shown in Fig. 3B, where the characteristic bands of filter paper
and mNMC and EmNMC after an incubation of 24 h were
compared.

The initial band at 3334 cm ™~ corresponded to hydroxyl
group stretching.®® The subsequent band at 2903 cm ™' corre-
sponded to the stretching of methyl groups.” Regarding the
fingerprint region, which spanned from 1800 to 600 cm ™' and
was inherent to each material, several bands stand out. The
band at 1635 cm™ ' was attributed to the bending of hydroxyl
groups in water molecules remaining in the material.> The
bands at 1430 and 1365 cm™ " corresponded to CH vibrations,*
and the one at 1335 em ™" corresponded to the bending of the
methyl group.®® Bands within the range of 1205 to 1000 cm ™"
aligned with the stretching vibrational bands associated with
C-0-C and C-O bonds.** Within this range, the band at
1060 cm™ " was significant due to the pyranose ring, which was
characteristic of the carbohydrates found in the cellulose
structure.’” At 895 cm™*, a subtle band was observed, resulting
from the vibration of the pB-glycosidic linkage among the
monomers constituting cellulose.’ And, finally, at 705 cm ™" the
absorption band of B-type cellulose was observed.

The bands shown within the range of 4000-2995 cm ™" and at
2903, 1365, 895 and 705 cm ' are essential to determine
whether cellulose is in a crystalline or amorphous state.*® In
order to more deeply review whether the enzymatic method for
obtaining NMC altered its chemical structure, the ratio between
the bands of the functional groups was determined using the
methyl group stretching band at 2903 cm ™" as a reference. The
most relevant ratio differences were shown at 1060, 1030, 895
and 705 cm ™. The band located at 1030 cm ™, characteristic of
cellulose type I,** indicates the presence of cellulose type I in the
samples studied. Zuluaga et al.*® reported that the bands at 750
and 705 ecm ™! provide information about the conformation of
the anomeric carbon, confirming the presence of a phase rich in
cellulose I type B, as there is a lack of the band at 750 cm™*
representing the o conformation. Lu et al.*® determined that the
bands at 1160 and 1060 cm™ ' correspond to the vibrations of
the C-O-C bond between glucose units and the pyranose ring,

1
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respectively, and assumed that an increase in the intensity of
these bands is associated with a higher content of crystalline
cellulose in the sample. Similarly, the same trend is observed in
the present work when comparing EmNMC with mNMC, as the
intensities of these bands are higher in the sample treated with
endoglucanase. However, when compared to the substrate, the
intensities remained similar, suggesting that the effect of the
enzyme slightly increases the crystallinity relative to mNMC, but
not compared to the substrate, as shown in Fig. 3B.

When comparing these results with the band ratios obtained
at different incubation times (Fig. S4 and S67), differences in
the band at 895 cm ™' could be observed between the mNMC
and the EmNMC spectra, with the ratio being slightly higher in
the samples treated with endoglucanase. This difference could
also be attributed to the extraction process of NMC itself rather
than the use of endoglucanase.

To summarize, this was the regular spectrum of cellulose
type I, reported by many of the previously mentioned authors.
It could also be appreciated that the presence of endogluca-
nase during the process of obtaining NMC had not resulted in
a shift of the functional groups; therefore, its chemical struc-
ture was not modified and its B conformation was retained,
even when the incubation time increased. Indeed, the spectra
of NMCs were quite similar when compared with each other, as
well as when compared with the spectrum derived from the
substrate.

3.3 Thermogravimetric analysis

TGA was performed to evaluate the effect of the enzyme on the
substrates and to prove the thermal stability of the samples. The
TGA results of mNMC and EmNMC are represented in Fig. 4A
and B. The cellulosic material degradation mechanism has only
two stages: (I) light volatiles and residual humidity evaporation;
(I1) active pyrolysis, corresponding to the decomposition of the
cellulose, as the filter paper used as substrate was solely
composed of cellulose.*!

At the beginning of the assay, all the samples exhibited
a weight loss at around 63 °C due to the evaporation of residual
moisture remaining after lyophilizing the samples. Then, the
initial degradation temperature of the samples was around
250 °C and the degradation reaction ended at 375 °C, corre-
sponding to the active pyrolysis stage. This fact is consistent
with the results obtained by Chen et al,*” where it was
concluded that the cellulose degradation temperature was from
276 to 407 °C. This behavior was also observed in the samples
incubated at different times (Fig. S7-S10t), suggesting that
longer incubation times do not affect the thermal stability of the
material, as observed in Hernandez-Becerra et al.*

As could be observed, the curves representing the degrada-
tion of mNMC exhibited an initial degradation temperature
barely higher than that of EmNMC, thus indicating slightly
higher thermal stability. Jin et al.** observed that, when per-
forming enzymatic degradation, cellulose chains could be
broken, fracturing parts of the cellulose structure and
decreasing the thermal stability of the sample. Considering
this, it would be reasonable to expect that with the enzymatic
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treatment, the sample degrades at lower temperatures due to its
increased accessibility.

At the point where the samples lost 40% of their mass, the
curves inverted, with the slope of mNMC increasing, leaving an
approximate residue of 9% at 600 °C. However, EnNMC showed
a slower mass loss, resulting in a residue of ~15% at the same
temperature. This large residue could be due to the presence of
enzyme residues (Fig. S11 and S121). However, for it to be so
significant in the case of the NMC, it is possible that the reason

Fig. 5
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(A) Weight loss curves and (B) first derivative of the weight loss curves of mMNMC, EmNMC, and filter paper.

for this residue lies elsewhere. It should be noted that similar
results were found by other authors.”

3.4 Size distribution

The images obtained through AFM and SEM are presented in
Fig. 5, showing (A and C) mNMC and (B and D) EmNMC after
a 24 h incubation period. As for the NMC length, it could be
said that the length of NMC in both samples was in the order

T T
I mNMC 24h
I EmNMC 24h

Counts

100 200 300 400 500 600 700
Diameter (nm)

1 mNMC 24h
[ EmNMC 24h |

lh. |

1000 10000
Size (nm)

s

10 um 10(.)I|IIII

(A) AFM image of mMNMC and (B) EmMNMC obtained from filter paper after a 24 h incubation period; SEM images of (C) mNMC and (D)

EmNMC obtained from filter paper after a 24 h incubation period; (E) histogram presenting the diameter size distribution of MNMC and EmNMC
measured by AFM; (F) size distribution of mMNMC and EmNMC measured by DLS.
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of microns. However, the diameter of the mNMC fibers was
around 441 + 126 nm, while the diameter of the EmNMC
fibers was approximately 360 £ 146 nm. In order to better
appreciate the size distribution of both samples, a histogram
representing 50 diameter AFM measurements was performed
(Fig. 5E). As could be seen, most of the NMC diameters ob-
tained by both methods were between 300 and 600 nm. Con-
cerning EmNMC, the size distribution appeared to consist of
slightly smaller sizes (between 300 and 400 nm), while the size
distribution of mNMC was between 300 and 600 nm. These
values are consistent with the AFM ones obtained by
Hernandez-Becerra et al.** The mNMC and EmNMC samples
were also analyzed at different extraction times, showing
a similar morphology to that of the 24 h samples (Fig. S13
and S14t).

Although it is well known that DLS is suitable for spherical
nano-entities, it has also been used for evaluating the size of
heterogeneous and larger nanoparticles.*> A bimodal distri-
bution pattern of EmNMC was confirmed by DLS measure-
ments presented in Fig. 5F. This also occurred in most of the
samples incubated at different times that were analyzed
(Fig. S15 and S167). There is no clear pattern in the particle size
of the samples, but the average of the smaller particles was
around 300 nm and the average of the biggest ones was
approximately 800 nm. Reported studies showed that longer
mechanical processes do not significantly decrease the particle
size.*® In the case of mNMC, it is very likely that there were also
measurements above 1000 nm, but these were probably dis-
carded by DLS software because the correlation model was not
the most accurate for samples of this shape. The distribution
of small sizes from DLS, measurements between 100 and
1000 nm, approximately corresponded to the diameter distri-
bution measured by AFM. The measurements above that
number could be due to the contribution of the length of the
NMCs in the samples that were not possible to measure by
AFM. These results could indicate that the use of endogluca-
nase in the extraction process promoted the formation of
slightly smaller NMCs compared to those obtained by solely
mechanical means.

A I (200) .

(110) (110)

Intensity (A.U.)

—— mNMC 24h

—— EmNMC 24h

—— Filter Paper
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10 20 30 40
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Fig. 6
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3.5 X-ray diffraction

To determine the impact of the extraction processes on the
crystallinity of the products, the diffraction patterns obtained by
XRD of the filter paper were compared with those of mNMC and
EmNMC, as illustrated in Fig. 6A. For the diffraction profile of
cellulose type I, there were several peaks that must be consid-
ered to determine the cellulose pattern in the sample. Those
peaks appeared at 14.8° (110), 16.5° (110), 20.6° (102/012), 22.7°
(200), and 34.6° (004), where the (200) peak represents crystal-
line cellulose and the amorphous scattering could be repre-
sented by the intensity at the minimum, at about 18.6°, between
the (110) and (200) peaks.***®

Regarding the NMC samples produced, both follow the
diffraction pattern of the filter paper substrate from which they
were produced (Fig. S171). In addition, the same pattern was also
obtained when analyzing mNMC and EmNMC produced using
different incubation times (Fig. S18 and S197%). Peak deconvolu-
tion was applied in order to isolate and characterize separately
the peaks shown in the diffractograms. Initially, the crystallinity
index was calculated using the Segal method, which is based on
peak intensity values. Then, the X-ray diffraction spectra were
deconvoluted, and the crystallinity index was recalculated using
the integrated areas of the deconvoluted peaks. In addition, the
crystallite size was determined using the Scherrer equation,
applying the FWHM of the deconvoluted peaks. The values ob-
tained for mNMC and EmNMC at 24 h incubation time are
summarized in Table 1. When comparing the results obtained
from both mathematical methods, a similar trend is observed.
However, the crystallinity index values calculated through peak
deconvolution are significantly lower than those obtained using
the Segal method. Park et al.*® investigated this discrepancy and
found that, when analyzing the same X-ray diffraction data, the
Segal method consistently overestimated crystallinity compared
to peak deconvolution analysis. Also, to analyze the behavior of
the samples incubated for different periods, the same analysis
procedure was applied to all X-ray spectra. The resulting values,
used to calculate the crystallinity index, are presented in
Table S2.1 Huang et al.* observed a decrease in the crystallinity

Endoglucanase digesting
amorphous regions

Cellulose fiber

Macrofiber

Elementary fibrils

(A) X-ray diffractograms of mNMC, EmNMC, and filter paper; (B) proposed hypothesis for the nano/microcellulose extraction process,

where the dark green areas represent the crystalline regions of cellulose, and the light green areas correspond to the amorphous regions

selectively degraded by endoglucanase.
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Table 1 Values of crystallinity index obtained by Segal method and by peaks deconvolution, and crystallite size of the mNMC and EmNMC, and

filter paper
Crystallinity index (%) Crystallinity index (%) Crystallite size (nm) determined
Sample determined by the Segal method determined by deconvolution by deconvolution
mNMC 84 65 7
EmNMC 89 69 7
Filter paper 90 70 6

index over time that was attributed to the partial destruction of
the crystalline structure and the production of more disordered
regions. This could be the reason why some samples incubated
for longer periods have lower crystallinity than others, as shown
in Table S2.f Moreover, the crystallinity index of EmNMC was
slightly higher than that of mNMC. This fact could point out that
the endoglucanase directly targets the amorphous part and the
disordered regions of cellulose, because they are more acces-
sible, leaving the crystalline part intact and, thereby, increasing
the crystallinity of the sample.>*"** This hypothesis was backed
up by the results obtained from FTIR, where slightly higher ratios
at 1160 and 1060 cm ' bands were observed in the EmNMC
sample, indicating a slightly higher amount of crystalline cellu-
lose in the sample.** The hypothesis of nano/microcellulose
extraction using endoglucanase is shown in Fig. 6B.

According to results from other authors, the crystallinity index
and crystallite size varied significantly depending on the process
used to obtain the samples, the pretreatment applied (if any), and
other factors, as reviewed by Li et al.,”® who described the treat-
ment, morphology, and crystallite size of the samples. Wang
et al.® hydrolyzed cellulose using both a chemical and a biological
process in parallel. The cellulose obtained by both methods was
then treated with cellulase and pectinase to produce nano-
cellulose. After analyzing the two nanocelluloses, they found that
the one produced through the chemical method was mainly
cellulose type II, while the nanocellulose from the enzymatic
method was cellulose type I, which exhibits higher crystallinity
than type II. They concluded that the enzyme initially targeted the
amorphous part of the cellulose during nanocellulose produc-
tion, leaving a large part of the crystalline cellulose unhydrolyzed,
resulting in higher crystallinity and smaller crystallite size.

Comparing these results to those obtained after analyzing the
diffraction patterns, it could be observed that the presence of
endoglucanase did affect the crystallinity index of the sample,
barely increasing it. In terms of crystallite size, there was no clear
trend observed considering that the difference shown between
the three samples cannot be considered as representative. Overall,
the presence of endoglucanase did not alter the native structure of
NMC because the same diffraction pattern was observed.
However, slight changes in the crystallinity index suggest that
some microstructural modifications might have occurred.

4 Conclusions

This work shows the yield differences of NMC obtained using
different hydrolytic enzymes: commercial cellulase and o-
amylase and reconstructed endoglucanase. The enzymatic

5634 | Nanoscale Adv., 2025, 7, 5625-5636

treatment of the cellulosic material (Whatman filter paper)
resulted in a slight increase of the extraction yield from
approximately 8% without the enzyme, mNMC, to 12% when
the endoglucanase enzyme (EmNMC) was used, demonstrating
its effect compared to the blank and the commercial hydrolytic
enzymes. Additionally, the physicochemical, thermal, and
morphological characterization of mNMC and EmNMC
revealed a decrease in the average diameter of NMC and an
increase in crystallinity for EmNMC compared to mNMC,
though not in comparison to the untreated substrate.

In the near future, it would be necessary to consider
exploring synergies with other enzymes to further enhance yield
in cellulose extraction reactions and try to improve some
substrate properties, such as enzyme accessibility or surface
functionality, in order to reach significant differences when
performing enzymatic extraction. After conducting this study, it
would be very necessary to balance the benefits of the use of the
enzyme on the efficiency of the extraction process against the
costs associated with its use, such as production, purification,
etc., due to the modest impact it has had on the extraction
process and the material properties.
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