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Abstract In this work, nanofibrillated suspensions
of bacterial cellulose (BC) were produced via
microfluidization. The effects of the size of the
openings of the microfluidizer chamber and ultrason-
ication on the nanofibril properties were evaluated.
The results of the X-ray diffraction analysis indicated
a considerable reduction in BC crystallinity (86—-65%)
and crystallite size (5.8-4.0 nm) after microfluidiza-
tion and ultrasonication. Thermal analysis showed a
remarkable reduction from 337 to 283 °C in the initial
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temperature of degradation along the several steps of
BC deconstruction. Moreover, infrared analysis indi-
cated that both processes led to an increase in the Ig
content (43-66%) of the fibers. Morphological anal-
ysis showed that the fibrillation process used exposed
the internal faces of the ribbon-like nanofibrils, and
thus, increased the surface area of the cellulose
network, and produced fibers with a high aspect ratio
(L/d). A thermally stable nanofibrillated suspension
could be obtained by adding carboxymethyl cellulose
as a simple and effective way to maintain cellulose
fibers dispersed in the solution during sterilization by
autoclaving.
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Introduction

Bacterial cellulose (BC) is an extracellular microbial
product mainly produced by Komagataeibacter (for-
merly known as Gluconacetobacter) and is secreted
into the aqueous culture medium directly in the form
of nanofibers that form a pellicle in the culture
medium. In contrast to other well-known types of
cellulose, such as those from wood, BC is chemically
pure, since it is free of lignin, pectin, hemicelluloses,
and other biogenic compounds. In fact, depending on
the plant source, the extraction process of cellulose
may require corrosive chemicals that are hazardous to
the environment, resulting in high economic, environ-
mental, and social costs (Jonoobi et al. 2009; Gea et al.
2011; Vasconcelos et al. 2017).

BC could be produced in synthetic media contain-
ing mostly glucose and organic nitrogen (yeast extract
and/or peptone). However, these pure nutritional
components are costly and have limited BC produc-
tion on an industrial scale. On the other hand, culture
media composed of agroindustrial sources or waste
add value to agroindustrial chains, favors the produc-
tion of BC in a large scale at a low cost, besides are an
alternative for the use of some wastes that are
discarded in an inadequate way in the environment.
The synthesis of BC from fruit juices, molasses, waste
water of candied jujube-processing industry, food
supply chain waste and agricultural by-products,
mesquite extract, among others is well documented
in the literature (Kurosumi et al. 2009; Cakar et al.
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2014; Li et al. 2015; Molina-Ramirez et al. 2017;
Nascimento et al. 2016).

One of the great fields of application of BC is the
Biomedical area, for example as artificial vascular
grafts, wound dressing, treating of damaged peripheral
nerves, membranes in orthodontic treatment, cartilage
replacement, matrix for drug delivery, in the compo-
sition of matrices used in bone repair (Sulaeva et al.
2015; Huang et al. 2014; Yin et al. 2015; Ullah et al.
2017). However, the use of BC in the form of films or
membranes, as it is produced by static culture
fermentation, limits the application of this material.
To overcome this limitation, it is possible to transform
the 3D structure of the microfibril network in a
stable suspension of nanofibrillated cellulose (NFC),
thus, adding versatility and new features to this
cellulosic material.

Over the years, the technology for the production of
NFC has evolved. New sources of cellulose, new
mechanical processes, and new pre- and post-treat-
ments have been developed, with the aim of reducing
energy consumption and producing new NFC-based
materials on an industrial scale. Microfluidization
exerts great shear stress on the fibers compared with
other processes, and is capable of synthesizing high-
performance nanofibrils (Qing et al. 2013). In this
method, fibers pass through an intensifier pump that
increases the output pressure, followed by passage
through an interaction chamber, wherein the fibers are
defibrillated by shear forces due to the collision
against the walls of the channel at a constant shear rate.
Moreover, the interaction chamber can be designed
with different geometries to produce different sized-
materials (Khalil et al. 2014).

An important issue for materials intended for
biomedical applications is the obtainment of a sterile



Cellulose (2019) 26:5851-5864

5853

end product. In the case of BC membranes, this
material generally is sterilized by autoclaving (pres-
sured vapor sterilization) (Andrade et al. 2013), a
method which is simple, economic, fast, nontoxic, and
safe for the environment. However, in case of the
suspension of nanofibrillated cellulose, steam steril-
ization can lead to particle aggregation. In fact,
sterilization of NFC suspensions is scarcely reported
in the literature, despite the essential importance of
this step for the preparation of cellulose suspensions
with application in the pharmaceutical or medical
fields. In this context, the aims of this work was the
production and characterization of a stable and sterile
nanofibrillated cellulose suspension with potential for
application in the biomedical field.

Experimental procedures
Materials
Reagents and medium components

Sodium dodecyl sulfate (SDS), sodium hydroxide, and
low-viscosity (50-200 cps, 4% in H,O at 25 °C, MW
90 kDa) carboxymethyl cellulose (product no. C5678)
were purchased from Sigma-Aldrich (St. Louis, Mis-
souri, US).

Bacterial cellulose

Bacterial cellulose was obtained from HTK Food Co.,
Ltd (Ho Chi Minh City, Vietnam). To remove possible
microbial, protein, and lipid contamination, the raw
material was first washed with 0.4% NaOH, and then,
with distilled water until neutralization. After that,
cellulose was immersed twice in 5% SDS solution.
Finally, the BC was washed with distilled water for the
complete removal of SDS. After purification, the BC
pellicles were autoclaved (121 °C, 15 min), and stored
at 4 °C before use.

Preparation of NFC suspensions

First, the BC membranes were crushed using an
ultraturrax (T50 Basic, IKA-Werke, Staufen, Ger-
many) at 700 W for 10 min, and subsequently
lyophilized (L101, Liobras, SP, Brazil). After
lyophilization, the BC was passed through an

analytical mill (Ika-Werke, Staufen, Germany). Aqu-
eous dispersions of cellulose (0.85%, m/v) were
prepared, and subsequently processed in a microflu-
idizer (M-110EH, Microfluidics, Westwood, MA,
US). To obtain nanofibers with different characteris-
tics, operating pressures between 20,000 and 25,000
psi, and chambers with openings of size 400, 100, and
87 micrometers were sequentially used; 20 cycles
were performed in each chamber (in order to assure the
production of a homogenous suspension), and thus, 60
cycles were performed using the samples processed in
the three microfluidizer chambers, while 20 and 40
cycles were performed using the samples processed in
one and two chambers, respectively.

In the second step, sonication (Desruptor Unique,
SP, Brazil) was carried out in an ice bath for 30 min or
60 min at 100 W with the more deconstructed fiber
suspension (NFC-87), which was processed using the
three chambers of the microfluidizer, in order to
separate the nanofibril bundles through cavitation, and
to assess the effect of ultrasonication on the fiber
properties. Table 1 summarizes the different process-
ing conditions tested, and the corresponding codes
used throughout this paper.

Production of colloidal dispersions of CMC-NFC

Since we observed that autoclaving promotes the
aggregation of the nanofibrillated cellulose disper-
sions, carboxymethyl cellulose (CMC) was used as a
stabilizer. Three different concentrations of CMC (0.2,
0.5, and 1.0%) were added to the NFC-US60 formu-
lation containing 2 mg/mL of nanofibrils. A pure
CMC solution at 1% was used as the control. After the
dissolution of CMC, the mixture was ultrasonicated
(Desruptor Unique, SP, Brazil) in an ice bath for
10 min at 100 W, and autoclaved at 121 °C for
15 min. Finally, the CMC-NFC dispersions obtained
were characterized.

Characterization of the NFC colloidal dispersions
Zeta potential

The surface charge was estimated by analyzing the
zeta potential of aliquots of the aqueous NFC suspen-
sions using a Zetasizer NanoZS (Malvern Instruments,

Worcs UK). Three measurements were performed for
each suspension.

@ Springer
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Table 1 Processing methods for the production of nanofibrillated cellulose (NFC) from bacterial cellulose and NFC properties

(crystallinity, crystallite size, infrared index data)

Experiment  Processing method/chamber size Crystallinity ~ Crystallite size  Infrared ratio a1372/ MBHS Agy/
code (%)* (nm) a2900° Aly

Pellicle 86 £ 0.33 5.8 £0.16 0.92 2.13
NFC-UT uT 80 £ 0.15 5.7 £ 0.07 0.87 4.42
NFC-400 UT + MFD (400 pm) - - 0.68 4.65
NFC-100 UT + MFD (400 and 100 pum) 73 £ 2.10 4.6 &£ 0.25 - -

NFC-87 UT + MFD (400, 100, and 87 pm) 75 £ 0.46 44+ 0.1 - -
NFC-US30 UT + MFD (400, 100 and 74 £0.19 42 4+ 0.08 0.61 6.88

87 pm) + US (30 min)
NFC-US60 UT + MFD (400, 100 and 65 + 0.41 4.0 &£ 0.05 0.50 6.97

87 um) + US (60 min)

UT, ultraturrax; MFD, microfluidization; US, ultrasonication; Chamber size used (400 pm, 100 pm, and 87 pm); —, not determined

Crystallinity obtained by DRX calculated using the Segal Method

"Crystallinity index by Nelson and O’Connor (1964)
“Mean strength of the hydrogen bond

FTIR studies

The vibrational spectra were obtained using a spec-
trophotometer (Agilent Cary 660 FTIR spectrometer,
Santa Clara, CA, US). Samples were ground and
pelletized using KBr (1:10, w/w), and subjected to
uniaxial pressure. Spectra were obtained between
4000 and 400 cm ™" at a resolution of 4 cm ™" over 100
scans. The comparative crystallinity of cellulose
samples was measured through the ratio of peak
heights at 1372 and 2900 cm ™" (Nelson and O’ Connor
1964). The mean strength of the hydrogen bond
(MHBS) was calculated according to Levdik et al.
(1967) as the ratio of Aon/Acph, Where A is the integral
intensity of the stretching vibration bands of the
subscript group.

% 1 determination

In the FTIR spectra of cellulose, hydrogen-bonding
vibrational bands are present in the 700-800 cm™'
range (Szymanska-Chargot et al. 2011). The bands at
750 and 710 cm™' are characteristic of I, and Ig
allomorphs, respectively, and they have been used for
the estimation of the ratio of these cellulose dimorphs
obtained from various organisms (Pecoraro et al.
2008). For all spectra, a Gaussian function was fitted
under the peaks around 750 and 710 cm™ !, and then,
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the area under the peaks was calculated. The percent-
age of the I form in the fibers was calculated by using
the following equation (Szymarnska-Chargot et al.
2011):

%I = Az10/(A710 + Azso) % 100

where A9 and Ayso correspond to the areas of the
bands around 710 and 750 cm ™. Baseline corrections
were performed using MagicPlot Student 2.5.1
Software.

XRD studies

X-ray diffraction analyses of the fibers were per-
formed on an X-ray diffractometer (Rigaku DMaxB,
Tokyo, Japan), using Cu Ka radiation. The diffraction
data were collected between 10° and 50° (20 values) at
a scanning speed of 0.5° min~'. The crystalline index
(CI) was determined using the method described by
Segal et al. (1959).

The cellulose crystallite size was calculated from
the width of the peak at 20 around 22.4° by means of
the Scherrer equation (Vanhatalo et al. 2016):

CS=k-A/B-cosb



Cellulose (2019) 26:5851-5864

5855

where CS is the size of the crystallite, k is the Scherrer
constant (0.94), A is X-ray wavelength,  is the full
width at half maximum in radians, and 0 is the Bragg
angle.

Thermogravimetric analysis (TGA)

The thermal stability of the NFCs was assessed by
using a thermogravimetric analyzer (Model STA
6000, Perkin Elmer; Shelton, USA). Dried samples
(2.5-6.7 mg) were heated in the temperature range of
30-700 °C in a nitrogen atmosphere (40 mL/min) at a
heating rate of 20 °C min~"'. The activation energy of
the decomposition of the samples was obtained by heat
flow mode, under the same thermogravimetric anal-
ysis conditions. The curve from the empty porcelain
pan was used as reference for the baseline. The amount
of energy in decomposition reaction (E) of the samples
was calculated as the integral of peak areas using Start
Pyris software.

Scanning electron microscopy (SEM)

Lyophilized NFCs were mounted on stubs with
conductive carbon tape, and sputter-coated with
platinum. The images of the prepared samples were
taken by using a scanning electron microscope (Zeiss
DMS-940, SP, Brazil) at a working distance of 13 mm
and accelerating voltage of 15 kV. The widths of the
freeze-dried fibers were measured from 50 individual
fibers.

Transmission electron microscopy (TEM)

A drop of the NFC or NFC-CMC suspension was
placed on a 300-mesh copper grid. After 10 min,
excess of the sample was removed carefully using a
filter paper. Following this, one drop of 1% phospho-
tungstic acid solution (w/v) was added, and the excess
was removed using filter paper after 30 s. The samples
were then placed in a desiccator for 24 h, and then,
analyzed using FEG-SEM Mira3-LM (TESCAN, SP,
Brazil) equipped with a scanning transmission elec-
tron microscopy detector (STEM) with a magnifica-
tion of up to 1,000,000x.

Results and discussion
NFC characterization
Zeta potential

The results of the zeta potential analysis showed that
the zeta potential of bacterial cellulose (NFC-UT) was
negative with a module of about 28 mV (Table 1)
prior to microfluidization. It is noteworthy that a zeta
potential of about 30 mV is needed for good colloidal
stability (Mirhosseini et al. 2008); therefore, the
nanofibrils tend to aggregate when stored for a long
period of time.

The results also showed that the zeta potential
appeared to decrease with decrease in the length of the
fibers, as the BC was subjected to microfluidization
and ultrasonication (Table 1). Similar to our results,
Tonoli et al. (2012) observed that the stability of
cellulose micro/nanofiber suspensions from Eucalyp-
tus kraft pulp was compromised, since the value of the
zeta potential changed from — 49.8 mV (of the “only-
milled” fibers) to — 19.1 mV after sonication. In the
work reported by Tsalagkas et al. (2015), the exposure
of a BC suspension to ultrasonication yielded a drop in
the zeta potential from — 35.9 to — 21.8 mV. Ana-
lyzing our results together with those of other authors,
there appears to be a tendency in the decrease of the
zeta potential to close to neutrality when cellulose
fibers are treated with mechanical process. It’s a
possibility that when fibers are exposed a long time to
changes in the pH of the aqueous medium, due to the
presence of the dissolved CO,, the zeta potential of the
fibers become more negative, while the newly exposed
faces of the fibers are more neutral as would be
expected for pure cellulose. However, a more in-depth
study is needed to understand this phenomenon.

X-ray diffraction studies

Microfluidization and ultrasonication had impacted on
the structure of crystalline cellulose, as revealed by the
CI values and crystallite sizes (CS) (Fig. 1, Table 1).
The mechanical process had decreased the NFC
crystallinity from 86 to 74%, and 60 min of ultrason-
ication had further decreased this value to 65%. It is
noteworthy that the crystallinity is direct related to the
tensile strength and rigidity of cellulose fibers due to
the greatly ordered and compact molecular structure

@ Springer
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Fig. 1 XRD pattern of BC pellicle and the nanofibrillated cellulose fibers

among cellulose molecules (Li et al. 2014; Sakurada
et al. 1962), this way the reduction of the CI during
microfluidization may be explained to the fact that
during this process, the cellulose fibers collides under
very high pressure (25,000 psi) against the walls of the
chambers, which preferentially break the fibers in their
crystalline regions, given their higher rigidity in
structure than the amorphous regions.

A reduction in the CS of the NFCs by 24%
(5.8-4.4 nm) was observed with decrease in the size of
the chamber openings (as well as increase in the
number of cycles); decreases in the CS of the NFCs by
27.6% and 31% after 30 min and 60 min of ultrason-
ication were also observed, respectively (Table 1).

The reduction in cellulose crystallinity during
cavitation could be explained by the hot-spot theory
proposed by Noltingk and Neppiras (1950). The
cavitation phenomenon (sequential formation, growth,
and collapse of many microscopic vapor bubbles in a
liquid), which is produced by ultrasonication creates
highly localized hot spots. These transient, localized
hot spots in cold liquids drive high-energy chemical
reactions that occur at temperatures of ca 5000 °C,
pressures of about 1000 atm, and heating and cooling
rates above 10'° K/s. These high cooling rates in the
hot spots interfere with the reorganization and crys-
tallization of cellulosic material, and transform the
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crystalline region into amorphous region, resulting in
lowered crystallinity.

It is known that the crystallographic properties of
reinforcing materials may influence the mechanical
and thermal performance of a composite material. In
the case of celluloses, higher crystallinity is related to
greater mechanical strength and higher thermal sta-
bility (Dufresne 2012). Therefore, for the biomedical
applications of composite materials, a filler with
moderate mechanical resistance may be required,
though other factors (such as composition of the
matrix, concentration of the reinforcement, interfacial
adhesion between the matrix and the fibers and so on)
affect the mechanical performance of the final product
(Ku et al. 2011). In any case, it seems possible to
modulate these properties according to the method
used to deconstruct the BC structure.

FTIR studies

To evaluate the effects of microfluidization and
ultrasonication on the chemical structure of BC,
especially the Ig content, infrared analyses were
performed. In this case, only fibers at very distinct
stages of the deconstruction process (namely, BC
pellicle, NFC-400, NFC-US30, and NFC-US60) were
analyzed.
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Fig. 2 FTIR spectra of the BC pellicle and the BC suspensions

Figure 2 shows the typical infrared (IR) spectrum
of NFCs. The broad absorption bands at
3500-3200 cm™' were attributed to the stretching
frequency of the —OH group as well as to the
intramolecular and intermolecular hydrogen bonds.
The band around 2900 cm ™" was due to C—H stretch-
ing and —CH, asymmetric stretching vibrations. The
band at 1645 cm ™' was due to the bending mode of the
absorbed water. The bands around 1420 and
1320 cm ™" were attributed to —CH, scissoring and —
OH bending vibration, respectively. The band at
1060 cm ™! was due to OCH-O-CH, stretching (Vas-
concelos et al. 2017). The results presented in Table 1
showed that the crystalline index obtained through
FTIR analysis using the method proposed by Nelson
and O’Connor (1964) were in agreement with the
XRD results. From the FTIR results is also possible to
observe that the mean strength of the hydrogen bond
(MBHS) increase along with the deconstruction
process, which indicates that weaker hydrogens bonds

were cracked during these processes and the contri-
bution of strong hydrogen bonds to the mean values
increased.

Cellulose has several polymorphs, however, only
cellulose I is found in nature. This native cellulose is in
turn, composed of two crystalline phases (I, and Ig).
The proportion of I, and Ig varies, depending on the
source of the cellulose. Generally, cell walls of higher
plants abound in cellulose I, whereas celluloses found
in algal cell walls or produced by some bacterial
species are rich in the I, allomorph (Dufresne 2012).

Figure 3 shows the FTIR spectra of the BC pellicle
and the NFC suspensions in the region between
800 cm ™" and 650 cm™'. The FTIR spectra indicate
that the ratio of cellulose I, to total crystal phases in
the nanocellulose had decreased after both microflu-
idization and ultrasonication, and in the latter case, for
only up to 30 min.

Similar results were obtained when another
mechanical process (aqueous counter collision) was

@ Springer
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Fig. 3 FTIR spectra of the BC pellicle and the NFC suspensions in the region between 800 cm™' and 650 cm™". The deconvoluted
absorption peaks were attributed to the I, (750 cm™ ') and I (719 cm™ Y crystalline forms of cellulose

applied to produce microfibrillated cellulose (Kose
et al. 2011) or when Briois et al. (2013) studied the
effect of low-frequency sonication on cellulose
microfibrils obtained from the microalga, Glaucocys-
tis nostochinearum (also rich in the I, allomorph). The
fibrillation was accompanied by a change in the
proportion of the two allomorphs; at the same time that
the I, phase decreased from 90% to only 36%, the Ig
component increased from 10 to 64%, and moreover,
crystallinity had decreased from 72 to 60%.

As mentioned previously, the cavitation phe-
nomenon produced by ultrasonication creates local-
ized hot spots (Noltingk and Neppiras 1950).
Therefore, we hypothesized that the high localized
temperature/pressure attained by cavitation, which is
higher than the cracking temperature of intermolecular
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hydrogen bonds in cellulose I, (200 °C) (Wada et al.
2003) and cellulose Ig (230 °C) (Wada et al. 2010)
induced the thermal expansion of the crystal lattice
with the formation of a “high temperature intermedi-
ate” structure (Wang et al. 2015). During the cooling
process, the barrier to the formation of Ig is much
smaller than that to the formation of I, and hence,
kinetics favor the formation of Ig (Matthews et al.
2012), resulting in the transformation from the I,
phase to the I phase.

The transformation from the I,, phase to the Ig phase
proceeds from the surface to the interior of large
microfibrils, and thus, reaching the outermost region
of the cellulose bundles first (Matthews et al. 2012).
The fact that the percentage of Ig does not vary
considerably after the initial 30-min ultrasonication is
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probably since, at this point, some of the crystalline
domains are destroyed because of prolonged cavita-
tion and converted to amorphous cellulose at the same
time that the I, phase is transformed to the Ig phase. As
a matter of fact, the CI had decreased substantially
from 30 to 60 min of ultrasonication (as described in
the section on the results of the XRD analysis).

TGA

Lyophilized NFCs exhibited three main thermal
events similar to those described in others reports on
BC (Vasconcelos et al. 2017). The first one occurred at
approximately 30-100 °C, and was due to the pres-
ence of a small amount of moisture. The second
event—characterized by a sudden loss in weight
within a small temperature range—started at approx-
imately 280-340 °C (Ty,4;) and continued to ~
400 °C and was related to cellulose degradation
(dehydration, decomposition, and depolymerization of
the glycoside units). The third thermal event, which
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continued over a range of 400-650 °C was related to
the oxidation and breakdown of carbonaceous residues
(Fig. 4).

Table 2 summarizes the initial degradation tem-
perature, maximum weight loss temperature and the
enthalpy variation of the degradation reaction of the
main degradation stage of BC pellicle and NFCs
suspensions. The maximum weight loss temperature
was the temperature at which the derivative of the TG
curve reached a maximum.

The onset temperature of thermal degradation of
NFCs varied from 282 to 323 °C while the DTG peak
varied from 334 to 367.5 °C (Fig. 4, Table 2). It is
noteworthy that the onset degradation temperature as
well as the DTG peak had decreased as the BC pellicle
was deconstructed by microfluidization and ultrason-
ication. The results of the TGA are in agreement with
those of the XRD analysis, since it is well reported in
the literature that a decrease in crystallinity leads to a
decrease in the thermal stability of cellulose (Dufresne
2012).
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Fig. 4 TGA and DTG curves of a BC pellicle, b NFC-87, ¢ NFC-US60 and d NFC10 samples
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Table 2 Thermal

Experiment code 2nd event Topeer (°C) DTG peak (°C) E (J/g)*
properties of bacterial
cellulose and NFCs (onset Pellicle 337 367.5 112.9
degradation temperature, NEC-UT 301 359 1102
DTG peak maximum, ’
activation energy of NFC-400 316 356 241.1
degradation) NFC-100 317 355 345.7

NFC-87 309 352.4 461.85

NFC-US30 294 338.4 145.5
#Activation energy of the NEC-US60 283 334 66.7

degradation reaction

Even though there was a reduction in the thermal
stability of 28 °C and 54 °C after microfluidization
and ultrasonication, respectively, this reduction does
not compromise the use of NFCs as reinforcements for
implantable devices; this is because, the material
would be exposed to the sterilization temperature
(121 °C by autoclaving), as well as the body temper-
ature, which is well below the thermal degradation
value of cellulose.

Analyzing the results from the activation energy of
the degradation reaction (E), there was no difference
between the values from BC pellicle and the NFC-UT,
since the ultraturrax process promote a mild physic
effect on the cellulose fibers. On the other hand, an
increase is observed for the NFC-400, NFC-100 and
NFC-87. As already said during the microfluidization
process weaker hydrogens bonds were cracked and the
contribution of strong hydrogen bonds to stabilize the
structure increased. Thus, during the thermal degra-
dation more energy is necessary to broke down the
polymer backbone. However, the contrary effect is
observed for both NFC-US30 and NFC-US60. In this
case, probably both the crystalline degree and crys-
tallite size affected the activation energy, in which is
the lower the CI and CS the lower is the activation
energy.

Morphological studies

Scanning and transmission electron microscopic
images were taken in order to examine the structural
differences among the nanofibrillated cellulose sam-
ples. The SEM images can be accessed in the Online
Resource of this article.

Owing to the self-aggregation, bundling, and over-
lapping of individual NFCs during sample preparation
for observation by STEM, the accurate measurement
of dimensions was difficult. For this reason, the
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dimensions of only well-dispersed nanocellulose
fibers were measured using a FEG-SEM with a STEM
detector.

The resulting materials were nanofibrils with an
average width of 30 £ 7 nm (Fig. 5b), while the
average width of the nanofibers of the intact pellicle
was 71 = 16 nm (Fig. 5a), which shows that the
fibrillation process exposed the internal faces of the
ribbon-like nanofibrils, and thereby, increased the
surface area of the cellulose network. The average
length (L) of the fibers produced in this work was too
long or the ends of the individual fibers could not be
clearly identified for accurate measurement by elec-
tron microscopy. Thus, by microfluidization, it was
possible to separate the fibers in the complex 3D
network of BC pellicles into a suspension of individual
nanofibers with a high aspect ratio (L/d).

Characterization of NFC-CMC suspension

It is known that bacterial cellulose pellicles are
stable after autoclaving (Andrade et al. 2013), and
therefore, this sterilization method was utilized to
obtain a sterile suspension of cellulose nanofibers that
could be of use in the biomedical field. However, the
dispersion showed poor colloidal stability, and the
nanofibrils aggregated immediately after sterilization.
In a way, this was an expected outcome, since NFC
suspensions possess a zeta potential module under
30 mV.

The colloidal stability and dispersion of cellulose
fibers can be enhanced in different ways, such as by
using molecules or polymers that interact with the
colloidal particles. Carboxymethyl cellulose (CMC) is
frequently used to disperse fibers, since it reduces
flocculation because of its ability to reduce fiber-to-
fiber friction (Liimatainen et al. 2009). CMC is a
water-soluble, linear, anionic polysaccharide derived
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Fig. 5 SEM micrograph of the BC pellicle (a), TEM image of the NFC solution taken using a FEG-SEM equipped with a scanning

transmission electron microscopy detector (STEM) (b)

from cellulose, which is composed of B-(1,4)-linked
d-glucopyranose chains, and is characterized by its
high viscosity, non-toxicity, non-allergenicity, and
biodegradability, as well as low production cost (Jin-
shu 2014; Ramli and Wong 2011). An obvious
advantage of utilizing CMC to increase charge is that
the sorption of this macromolecule yields a high
surface charge without adversely affecting the fiber
properties.

To evaluate the effect of CMC on the stability of the
nanofibril suspension after autoclaving, 0.2, 0.5 or
1.0% CMC was added to the NFC-US60 solutions.
The CMC used in this work was of low viscosity
(50-200 cps, 4% in H,O at 25 °C) as indicated by the
manufacturer, and is less affected by autoclaving than
CMC of medium and high viscosity.

The results of the zeta potential analysis of the
NFC-CMC solutions showed (Table 3) that the mod-
ules increased to values ranging from 55 to 60 mV.
After autoclaving at 121 °C for 20 min, no aggregate
was observed in the NFC-CMC solutions. Moreover,
after centrifugation at 2000 rpm during 20 min the
NFC-US60 fibers precipitate while the NFC-CMC
fibers remained in suspension (Fig. 6a, b, respec-
tively). In an additional step, the NFC-CMC was
lyophilized, then resuspended in distilled water and
ultrasonicated (100 W; 5 min), followed by a cen-
trifugation at 2000 rpm during 20 min. As can be se in
Fig. 6¢c, the NFC-CMC fibers were completely resus-
pended and sowed to be a stable colloidal solution.

The IR spectra (see Online Resource) of all the
samples containing CMC show the typical absorption

Table 3 Properties (onset degradation temperature, DTG peak maximum and zeta potential) of the CMC-NFC suspension

Experiment Composition Tonset (°C) DTG peak (°C) E (J/g)* Zeta potential
code (mV)
1st 2nd 1st 2nd 1st 2nd
event event event event event event
CMC CMC 1.0% 268 50 295 73 35.6 123.6 — 625+ 35
NFC02 NFC-US60 4+ CMC 273 46 308 66 59.75 115.6 —572+£16
0.2%
NFCO05 NFC-US60 + CMC 275 44.5 305 65 111 130 —555+£19
0.5%
NFC10 NFC-US60 + CMC 274 53 300 81 221.75 327.9 —60.1 £0.5
1.0%

CMC carboxymethyl celulose

*Activation energy of the degradation reaction
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Fig. 6 Microfluidized BC suspension after centrifugation at
2000 rpm and 20 min. a NFC-US60 and b, ¢ NFC-CMC. ¢ The
suspension was lyophilized and resuspended before being
centrifuged

of the cellulose backbone as well as the presence of the
carboxymethyl ether group at 1590 cm ™' (Chai and
Isa 2013).

The TGA analysis revealed that CMC had greater
loss in weight than cellulose in the first stage, as a
consequence of the highly hydrophilic nature of the
carboxyl group. CMC initiated the process at lower
temperatures compared to cellulose because of possi-
ble decomposition through decarboxylation. Accord-
ing to Basta et al. (2016) and Yadollahi and Namazi
(2013) the presence of a second peak between 250 and
400 °C may be related to the decarboxylation and
decomposition of cellulose, and the occurrence of a
third-stage peak above 700 °C is related to the rapid
volatilization and oxidation of char and formation of
Na,COs. Table 3 shows that the onset temperature of
the 2nd event (the thermal degradation of cellulose)
was 268 °C for CMC, which thus, agrees with the data
found in the literature (Basta et al. 2016; Yadollahi and
Namazi 2013). The values of T, of the CMC-
containing NFC suspension were low (273-275 °C)
when compared to that of pure NFC-US60 (283 °C)
and slightly higher than that of CMC (268 °C) and
demonstrate the contribution of both the bacterial
cellulose fibers and carboxymethyl cellulose compo-
nents in the thermal properties of CMC-containing
NFC suspension. The activation energy required in the
degradation reaction is lower in CMC, however the
presence of CMC in NFC suspensions increase E,
showing that the number of interaction forces between
the cellulose fibers increase with the presence of CMC
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and more energy is necessary to broke down the
polymer backbone.

When the NFC-CMC solution was analyzed by
using SEM (See Online Resource), the spaces between
the nanocellulose fibers seemed to be completely filled
with CMC. The STEM analyses showed that the
nanofibers dispersed in CMC exhibited a width of
40 £+ 4 nm, a value which was slightly high when
compared to the width of the nanofibers from the pure
NFC solution, however, this difference was not
significant. Possibly, the presence of surface charge
generated by CMC had led to a slight swelling of the
fibers. Although the mechanism underlying the non-
ionic attachment of CMC, which is a polyelectrolyte,
to cellulose fibers is not completely clear, it was
proposed that CMC acts as a “bifunctional” material
with charged and uncharged segments that increase
the tendency for cooperative hydrogen bonding
between the free cellulose segments on the CMC
backbone and the surface of the cellulose fibers. Thus,
CMC modifies the surface by strong adsorption, and it
increases the charge density of fibers (Kargl et al.
2012; Zemljic et al. 2006).

The results of the characterization of the CMC-
NFC suspensions showed that the addition of CMC
had slightly decreased the thermal stability of the fiber
suspension, however, even at its low concentration
that was tested (0.2%), CMC was capable of stabiliz-
ing the dispersibility of NFCs after autoclaving.

Conclusions

By microfluidization and ultrasonication, it was pos-
sible to separate fibers from the complex 3D network
of BC pellicles into a suspension of individual
nanofibers with a high aspect ratio (L/d). Both
processes generate morphological changes leading to
the reduction in the crystallinity and crystal size,
which was accompanied by a partial allomorphic
change from I, to Ig phase. The addition of CMC was a
simple and effective way to disperse the cellulose
fibers in the solutions without any chemical change in
the BC fibers; additionally, it allowed for the produc-
tion of a stable cellulose suspension after pressured
vapor sterilization with potential for application in the
biomedical field, such as the reinforcement or fillers of
hydrogels for implants.
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