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The encapsulation of lipophilic bioactive compounds, such as flaxseed oil, is usually done using O/W emulsions
as carrier matrix. The aim of this study was to understand the stabilization mechanism of micro-nano cellulose
crystals produced from acid hydrolysis in O/W emulsion. Effects of emulsification process conditions using
ultrasound on the cellulose particles properties were evaluated varying the proportion of oil-cellulose particles in
the emulsion formulation. Cellulose structure did not change using different conditions of emulsification and X-
ray diffraction showed major presence of cellulose I. Particle size distribution of cellulose was bimodal and mean
particle size reduced after hydrolysis. Emulsions stabilized by cellulose were opaque, homogeneous and showed
good kinetic stability. The largest microcrystals were displayed between the oil droplets, preventing the floc-
culation of the droplets while smaller particles were adsorbed on the oil-water interface. The mechanism of
droplets stabilization was not associated to the reduction of interfacial tension. Stabilization was associated to
significant effect of electrostatic repulsion and increase in viscosity. Moreover, the flaxseed oil droplets were
completely surrounded by cellulose nanocrystals, showing also Pickering-type stabilization. Therefore, emul-
sions with cellulose crystals were stabilized by different mechanisms and have interesting properties and
characteristics for the protection of lipophilic compounds that could be applied in food and cosmetics products.

1. Introduction

Pharmaceutical, cosmetics and food industries have increased in-
vestments to replace synthetic additives by natural compounds meeting
expectations of an increasingly demanding consumer for related health
care (Piorkowski & McClements, 2013). In this way the encapsulation of
bioactive compounds is relevant to increase functional value to pro-
ducts. Essential fatty acids, aromas, antimicrobial agents, vitamins and
antioxidants are examples of bioactive compounds widely used in food
products. Flaxseed containing about 36-40% oil is the richest vegetal
source of polyunsaturated fatty acids (PUFA) and can be considered as
bioactive compound. The total PUFA amount of flaxseed oil is around
80-90%, and the high level of a-linolenic acid (®»-3) (40-60% of total
fatty acids) characterizes this oil as one of the greatest sources of
omega-3 (Goyal, Sharma, Upadhyay, Gill, & Sihag, 2014). Health
benefits associated with flaxseed oil consumption have been demon-
strated, which are related to prevention of cardiovascular diseases and
cancer, reduction of cholesterol level, inflammations relief, protection
against renal toxicity and autoimmune disorders (Rodriguez-Leyva,
Bassett, McCullough, & Pierce, 2010; Wang et al., 2017). However,
there are some challenges to incorporate PUFA rich oils into aqueous
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food matrices due to their lipophilic nature. In addition, the high oxi-
dation rate of flaxseed oil shows the relevance to use encapsulating
systems to protect this oil, which could be done in emulsions.

Simple and multiple emulsions present a high potential for en-
capsulation of active compounds, mainly because of the different po-
larity between disperse and continuous phases (McClements, 2010).
Food emulsions are usually stabilized by monomeric surfactants, bio-
polymers and nano/micro nonsurfactant colloidal solids. These dif-
ferent substances can stabilize the interface of a colloidal system by
different mechanisms (Sanfeld & Steinchen, 2008; Santana, Perrechil, &
Cunha, 2013). Nano/microparticles are adsorbed onto the oil-water
interface in Pickering emulsions, protecting emulsion droplets against
flocculation, coalescence and Ostwald ripening by a steric barrier. In
addition attraction forces between the particles at the interface and
interactions between the particles and the liquid phases of the emulsion
form an energy barrier (desorption energy) (Chevalier & Bolzinger,
2013; Costa, Gomes, & Cunha, 2018).

Cellulose is a linear biopolymer of (3(1-4)-D-glucose residues linked
by glycosidic oxygen bonds and it is the most abundant natural oc-
curring polymer (Klemm, Heublein, Fink, & Bohn, 2005; Tang, Sisler,
Grishkewich, & Tam, 2017). Different materials with technological
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applications can be obtained from cellulose such as microfibrillated
cellulose, cellulose nanofibers, carboxymethyl cellulose, hydroxyethyl
cellulose, microcrystalline cellulose and cellulose nanocrystals (Klemm
et al., 2005). Cellulose nanoparticles are often prepared using a top-
down approach, isolating the semi-crystalline individual nanofibers or
extracting the crystalline portion in a controlled process (Capron, Rojas,
& Bordes, 2017). The preparation of crystalline cellulose particles, such
as colloidal microcrystalline cellulose or cellulose nanocrystals, usually
employs strong acids or specific enzymes to hydrolyze the amorphous
domain and release the crystalline domain (Domingues, Pereira,
Sierakowski, Rojas, & Petri, 2016). Cellulose nanocrystals (CNCs) show
a number of interesting properties such as low density, easy chemical
manipulation, environmental sustainability, abundance of surface hy-
droxyl groups, high surface area (~250m?/g), high tensile strength
(7500 MPa) and high stiffness (Young's modulus up to 140 GPa)
(Grishkewich, Mohammed, Tang, & Tam, 2017; Lam, Male, Chong,
Leung, & Luong, 2012). Different sources of cellulose, as well as dif-
ferent hydrolysis conditions, have considerable impact on the size dis-
tribution, crystalline structure and colloidal stability of the produced
cellulose micro and nanoparticles (Capron et al., 2017; Oguzlu,
Danumah, & Boluk, 2017).

Some works have shown the potential of cellulosic particles as
emulsifiers and stabilizers mainly for oil-in-water emulsions.
Microcrystalline cellulose deposited on oil-water interface can form a
network around the oil droplets, providing a mechanical barrier that
stabilizes the emulsion without decreasing the interfacial tension (Oza
& Frank, 1986). Cellulose nanocrystals can also stabilize the oil/water
interface promoting the formation of stable monodisperse oil droplets.
The amphiphilic properties, size and shape of the particles, can influ-
ence the process of emulsification and stabilization (Kalashnikova,
Bizot, Bertoncini, Cathala, & Capron, 2013; Kalashnikova, Bizot,
Cathala, & Capron, 2011, 2012). However the emulsion stabilization
mechanism produced by using anisotropic cellulose particles is not fully
understood. Two parameters are currently recognized as crucial drivers
of assembly and adsorption process of cellulose: the surface chemistry
and particles shape (Capron et al., 2017).

Different mechanical processes can be used for emulsion produc-
tion. Ultrasound is an emulsification process widely studied in the last
years, which is based on the application of an acoustic field that results
in cavitation phenomenon causing the formation of droplets (Jafari,
Assadpoor, He, & Bhandari, 2008). Emulsification by high-intensity
ultrasound can form stable emulsions with droplets in the sub-
micrometer range and narrow size distribution (Abbas, Hayat,
Karangwa, Bashari, & Zhang, 2013). A number of studies have been
developed using ultrasound to form emulsions in order to be applied in
encapsulation, solubilization, heteroagregation and controlled release
of bioactive compounds (Furtado, Mantovani, Consoli, Hubinger, & da
Cunha, 2017; Furtado, Michelon, de Oliveira, & da Cunha, 2016; Silva,
Gomes, Hubinger, Cunha, & Meireles, 2015; Silva, Rosa, & Meireles,
2015; Silva, Zabot, Cazarin, Mardstica, & Meireles, 2016). Nevertheless
there are few reports showing the effects of ultrasound process condi-
tions on the emulsions stabilization by cellulose crystals (Paximada
et al., 2016).

Therefore the aim of this research was to understand the mechanism of
emulsion stabilization using cellulose crystals that are generally re-
cognized as safe (GRAS) (Akhlaghi, Zaman, Peng, & Tam, 2015) for the
food industry. For this purpose the effect of mechanical process conditions
on the cellulose particles properties, the proportion of oil: cellulose par-
ticles on the emulsion properties, and the effect of the ultrasound process
on the emulsions stabilized by cellulose particles were studied.

2. Material and methods
2.1. Material

Cellulose micro/nanocrystals (CMNC) were prepared from
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microcrystalline cellulose powder (20um) purchased from Sigma
Aldrich Co. (St. Louis, EUA). Ultrapure water was provided from a
Millipore Milli-Q system (resistivity 18.2 MU/cm), hydrochloric acid
obtained from Synth (Sdo Paulo, Brazil) and flaxseed oil was kindly
donated by Cisbra (Rio Grande do Sul, Brazil).

2.2. Cellulose micro/nanocrystals (CMNC) preparation

Cellulose micro/nanocrystals (CMNC) were obtained from micro-
crystalline cellulose using hydrochloric acid (HCl) hydrolysis. For this,
28 g of microcrystalline cellulose was added to 1000 mL of 4 M hy-
drochloric acid under vigorous mechanical stirring at 80 °C during 3 h
45 min. After that, the dispersion was diluted two-fold in water and the
suspension was rinsed with three repeated centrifugation cycles
(10,000 rpm/15 min). Afterward, the dispersion was dialyzed using
dialysis tubing cellulose membrane with 12-14 kDa molecular weight
cut off purchased from Sigma Aldrich Co. (St. Louis, EUA), against
deionized water until dispersion reached pH 6 (Araki, Wada, Kuga, &
Okano, 1998).

2.3. Oil in water emulsion preparation

To understand the effect of emulsification process on the cellulose
micro/nanocrystals, firstly an aqueous suspension of cellulose micro/
nanocrystals (5% w/w) was submitted to the same conditions using
only step of rotor-stator (Control UT), two steps of rotor-stator
(UT + UT) and rotor-stator more ultrasound processes (UT + US) to
produce emulsions. Oil-in-water (O/W) emulsions were prepared using
different content of flaxseed oil (10%, 15% and 20% w/w) and cellulose
micro/nanocrystals suspensions (2.5%, 3.75% and 5% w/w). Coarse
emulsions were prepared by homogenizing cellulose micro/nanocrys-
tals (CMNC) suspensions and flaxseed oil using a rotor-stator homo-
genizer Ultra Turrax model T18 (IKA, Staufen, Germany) for 3 min at
10,000 rpm. The oil phase was added dropwise to the CMNC suspension
during coarse emulsion preparation. Fine emulsions were produced
from the coarse emulsion (40 g) subjected to an ultrasound process in
an ultrasonic processor (QR 750 W, Ultronique, Campinas, Brazil) with
a 13mm diameter titanium probe immersed 3 mm depth. Sonication
time, power and frequency were fixed at 4 min, 525 W and 20 kHz,
respectively (Furtado et al., 2016). A cold-water bath at 10°C was
connected to the ultrasonic processor to ensure that no significant
heating occurred during the homogenization process. In order to eval-
uate the influence of the ultrasound on the emulsification process, the
emulsion with flaxseed oil (10% w/w) and cellulose micro/nanocrystals
(5% w/w) was prepared using only the rotor-stator homogenizer for
3 min at 10,000 rpm and 4 min at 13,000 rpm. This latter additional
step was necessary to form stable emulsions (without ultrasound pro-
cess).

2.4. Characterization of cellulose particles and emulsions

2.4.1. Particle size distribution

Droplets size distribution of the CMNC and emulsions was de-
termined based on the static light scattering method using a Multi-
Angle Static Light-Scattering Mastersizer (Mastersizer 2000, Malvern
Instruments, Worcestershire, UK). Particle size distribution of CMNC
was also determined using Dynamic Light Scattering (DLS) (more de-
tails of the methodology in the 2.4.2 section). Measurements were done
in triplicate just after emulsions preparation and 7 days after storage.
The surface area mean diameter (D3, - En;d;>/Zn;d;2 and the poly-
dispersity (Span = (Dgp-D10)/Dso)) were calculated. Where n; is the
number of particles with diameter d;, and D¢, D5y and Do are dia-
meters at 10, 50 and 90% of cumulative volume, respectively.

2.4.2. Zeta potential and dynamic light scattering (DLS)
The zeta potential of CMNC suspended in Milli-Q water (0.01% w/



A.A.D. Meirelles, et al.

w) was determined in triplicate in a Nano-ZS Zetasizer equipment
(Malvern Instruments, Worcestershire, UK).

DLS measurements were carried out after equilibrating CMNC sus-
pensions (0.1% w/w) at 25°C for 10 min. DLS measurements were
conducted using the equipment working at 173° scattering angle. Mean
particle size was reported as average hydrodynamic diameter (D = KT/
3nnDy), which was calculated according to the Stokes-Einstein relation
for rod-shaped particles (Chang et al., 2016). Where K is Boltzmann’s
constant, T is the absolute temperature, 1 is the viscosity, and Dt is the
translational diffusion coefficient. The polydispersity index (PDI) was
calculated from cumulant analysis of the measured dynamic light
scattering intensity autocorrelation function.

2.4.3. X-ray diffraction (XRD)

The aqueous CMNC suspension was freeze-dried (Terroni, model LS
3000, Brazil) for 24h before the measurements. The degree of crys-
tallinity was measured by X-ray diffraction (XRD) using a D8 Advance
(Bruker Corporation, USA) operating at a voltage of 40 kV. The X-ray
diffractograms were obtained at room temperature within a 26 ranging
from 5° to 40°. The crystallinity index of CMNC was calculated as the
ratio of height between the maximum intensity of crystalline peak close
to 20 = 22° (I5-) and the intensity of the non-crystalline material dif-
fraction peak close to 260 = 18° (I;g-) (Segal, Creely, Martin, & Conrad,
1959)

2.4.4. Fourier-transform infrared spectroscopy (FTIR)

Evaluation of functional groups was obtained with an infrared
Fourier-transform spectrometer (Perkin Elmer, Spectrum One model,
Ohio, USA) equipped with a universal attenuator total reflectance
(UATR). The range of infrared region was 550-4000 cm ™! with a re-
solution of 4 cm ™! and 16 scans (Vicentini, Dupuy, Leitzelman, Cereda,
& Sobral, 2005).

2.4.5. Interfacial tension and contact angle

The interfacial tension between the aqueous CMNC suspension and
oil phase was measured before emulsion preparation by the pendant
drop method using a Tracker S tensiometer (Teclis, Longessaigne,
France). A syringe was used and assays were performed with the for-
mation of a drop with 7 pL of the CMNC suspension (aqueous phase) in
the oil phase. The contact angle between the oil phase and cellulose
micro/nanocrystals was measured at 25 °C, using the same equipment
with some adaptations. Assays were performed with the formation and
detachment of an oil drop (4pL) kept in contact with compressed
samples of freeze-dried cellulose micro/nanocrystals. Contact angle
values were automatically measured during 60s.

2.4.6. Atomic force microscopy (AFM)

The aqueous CMNC suspension (1.0 pL) were placed on a grid with
mica surface and dried at room temperature to perform AFM analysis.
The images were obtained with a microscope (Anasys Instruments,
model nano IR2-S, Santa Barbara, United States) equipped with a

Table 1
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camera, under controlled conditions (relative moisture = 10% and
temperature = 25 °C).

2.4.7. Kinetic stability —Laser scanning turbidimetry

Emulsion stability was measured using the optical scanning instru-
ment Turbiscan ASG (Formulaction, Toulouse, France). Emulsions were
placed in cylindrical glass tubes with screw cap (14 cm height; 1.6 cm
diameter) and stored at 25 °C. The backscattered signal of fresh emul-
sion (just after preparation) and stored during 28 days was scanned
from the bottom to the top with a source light at 880 nm.

2.4.8. Optical and confocal laser scanning microscopy

Optical microscopy was performed on a Carl Zeiss Axio Scope Al
microscope (Zeiss, Oberkochen, Germany) and the images were cap-
tured with the software AxioVision Rel. 4.8 (Carl Zeiss, Germany).
Confocal laser scanning microscopy was performed on a Zeiss LSM780-
NLO confocal on an Axio Observer Z.1 microscope (Carl Zeiss AG,
Germany) using 63x and 100x objectives. Cellulose crystals-stabilized
emulsions were mixed to Congo Red, stirred for 5min, to dye the cel-
lulose particles. Images were performed using 488 nm laser line for
excitation and 605 nm emission filters for Congo Red.

2.4.9. Rheological assays

Flow curves of emulsions were obtained using a stress-controlled
rheometer (AR1500ex, TA Instruments, England) with a cone-plate
geometry (diameter = 40 mm, truncation 53 pm). The analysis was
done within the shear rate range between 0 and 300s?, in a three-steps
sequence: up-down-up. The third curve data was fitted to the Herschel
Buckley model (0 = g, + k(y)"). o is the shear stress (Pa), oy is the yield
stress (Pa), y is the shear rate (s~ 1), k is the consistency index (Pa s™)
and n is the flow behavior index (dimensionless). The emulsions were
evaluated just after their preparation and 7 days after storage. The
measurements were made in duplicate at 25 °C.

2.4.10. Statistical analysis

Results from droplets size distribution, rheological assays, zeta po-
tential, dynamic light scattering and contact angle were evaluated by
analysis of variance (ANOVA) using 5% level of significance. The dif-
ferences between the treatments were evaluated by the Tukey proce-
dure (p < 0.05). Triplicate measurements were performed. The sta-
tistical analyses were carried out using the software STATISTICA 7.0
(Statsoft Inc., Tulsa, USA).

3. Results
3.1. Effect of the emulsification process on the cellulose particles

Table 1 shows the cellulose micro/nanocrystals properties dispersed
in water after the different mechanical processes using the same con-
ditions to produce emulsions. Hydrolysis process reduced the micro-
crystalline cellulose size around four times, since the mean diameter of

Properties of cellulose micro/nanocrystals (CMNC) dispersed in water and subjected to different mechanical processes.

Sample Particle size distribution

Crystallinity (ICr %) Zeta potential (mV)

Mastersizer — Static light scattering measurement

Zetasizer — Dynamic Light Scattering measurement

1st peak (D3»/pm) (% Volume) Span 2nd peak (nm) (% Intensity) PDI
MCC (Sigma Aldrich) 20.31 * 0.32? 3.83 = 0.57° - - 81.38 + 0.27° -10.75 + 0.65°
Control UT 5.87 + 0.02° 7.24 + 0.57° 326.4 + 43.4° 0.31 % 0.02° 74.66 + 0.63" —25.14 + 0.15°
UT + UT 5.58 £ < 0.01° 3.92 + 0.18% 315.4 + 65.1° 0.67 = < 0.01° 77.95 + 0.39° —27.76 + 0.40"
UT + US 5.66 + < 0.01¢ 5.48 = 0.69°  274.9 + 58.4° 0.43 * 0.04° 79.10 + 0.81° —-30.83 + 0.87™

Control UT: (3 min/10,000 rpm); UT + UT: (3 min/10,000 rpm + 4 min/13,000 rpm); UT + US: (3 min/10,000 rpm + 4 min/525 W). Different letters in the same
column indicate significant difference (p < 0.05). UT = rotor-stator process, US = ultrasound process.
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the microcrystalline cellulose was around 20 um. Hydrogen ions pro-
duced by acid ionization could break the cellulose glycosidic bonds
reducing the particle size and resulting in a loss of non-crystalline re-
gion (Bondeson, Mathew, & Oksman, 2006). However the presence of
bimodal size distribution indicated that the process was not enough
efficient to produce only nanoparticles. Mechanical processes using
rotor-stator and ultrasound only promoted a slight reduction of the
cellulose crystals size, showing that these processes could break the
structure of cellulose crystals, but maintained the bimodal distribution
with part of the particles within the microscale. This finding is inter-
esting for Pickering emulsions, since micrometric and nanometric cel-
lulose particles act in different ways to form and stabilize emulsions
(Oza & Frank, 1986). A deeper discussion about these mechanisms is
presented in the 3.2 section.

FTIR spectroscopy technique was used to evaluate the main func-
tional groups of microcrystalline (MCC) and cellulose micro and na-
nocrystals (CMNC). This analysis aimed to observe if the mechanical
processes could change the chemical structure of the cellulose crystals.
Fig.S1 in supplementary file shows the FTIR-UATR spectra of the
samples. The peak at 3320-3330cm ™! corresponds to alcoholic hy-
droxyl groups. The amount of hydroxyl groups can increase in cellulose
crystals after acid treatment (Hedjazi & Razavi, 2018). However
changes in the amount of hydroxyl groups were not observed. Less in-
tense peaks between 2890 cm ™! and 2350 cm ™! correspond to C-H
bonds, while the peak observed at 1410-1430 cm ™" is associated to H-
C-H and O-C-H stretching. Peaks at 1150-1160 cm ~ ! indicate the pre-
sence of cellulose crystals and between 900 cm ™! and 1100 cm ™! show
that cellulose structures were primarily cellulose I. Changes in the
spectra of cellulose structures were not observed using different me-
chanical processes conditions.

The kinetics of interfacial tension between flaxseed oil and the
CMNC aqueous suspensions was investigated during 33 min (Fig. 1).
The interfacial tension between flaxseed oil and water was also mea-
sured to evaluate the surface activity of CMNCs. The initial interfacial
tension between flaxseed oil and aqueous suspensions containing either
cellulose micro/nanocrystal (CMNC UT), or cellulose micro/nano-
crystal treated with rotor-stator (CMNC UT + UT), or cellulose micro/
nanocrystal treated with rotor-stator and ultrasound (CMNC UT + US)
was around 20-22 mN/m. All the samples reached the equilibrium
interfacial tension ranging from 8.5 to 9 mN/m after approximately
20 min. Kinetics of the aqueous phase containing CMNC suspensions

CMNCUT+US x CMNC UT+UT|

[ © CMNCUT o Water

[
[o4]

ey
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Fig. 1. Dynamic interfacial tension between flaxseed oil and water or cellulose
micro/nanocrystals (CMNC) aqueous suspensions obtained after different
homogenization conditions using rotor-stator (CMNC UT + UT), ultrasonic
(CMNC UT + US) and control: UT.
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was similar to the water, indicating that CMNC did not change the in-
terfacial tension between the aqueous suspensions and flaxseed oil.
Water-in-soybean oil Pickering emulsions containing alkyl intercalated
cellulose nanocrystals were stabilized by steric hindrance rather than a
mechanism of interfacial tension reduction, because the interfacial
tension at the soybean oil-water interface was not reduced in the pre-
sence of alkyl intercalated CNCs (Guo, Du, Gao, Cao, & Yin, 2017). In
addition the equilibrium interfacial tension between water and flaxseed
oil was lower than other oils (Gomes, Costa, & Cunha, 2018; Gomes,
Costa, de Assis Perrechil, & da Cunha, 2016). Flaxseed oil could spon-
taneously form nanoemulsion even without any surfactant, because
flaxseed oil showed the lowest interfacial tension with water (4 mN/m)
in comparison with soybean and jojoba bean oil (Adamczak, Para,
Simon, & Warszynski, 2013).

Contact angle measurement is widely used to evaluate the wett-
ability of films with hydrophilic or hydrophobic materials (Yuan & Lee,
2013). The effect of mechanical processes on the hydrophobicity of
CMNC was measured by the contact angle of flaxseed oil and water in
CMNC films (Fig.S2 in supplementary file). Within a time range < 2 s of
analysis, the contact angle between the water and a microcrystalline
cellulose film varied between 27° and 13° (Pang, Liu, Liu, Peng, &
Zhang, 2018), which was also observed in our results. When the oil and
water drop spreads further on the cellulose micro/nanocrystal film, the
contact angle was low and a great affinity between the phases was
observed between oil and water with cellulose crystals. This behavior
could be due to the low interfacial tension between flaxseed oil and
water (< 10 mN/m), so the cellulose particles will have an affinity for
both water and flaxseed oil (Fig. 1). The contact angle values were very
small in the presence of both phases, showing values between 16° and
20° with flaxseed oil and between 12° and 15° with water. This suggests
that the cellulose crystals can form oil-in-water or water-in-oil emul-
sions, but the prevailing amount of water (80-90% w/w) favored the
formation of oil-in-water emulsions (Hunter, Pugh, Franks, & Jameson,
2008). Shear and cavitation effects produced by rotor-stator homo-
genizer and ultrasound only showed a slight effect on the contact angle
values.

Fig.S3 in supplementary file shows the X-ray diffraction pattern
obtained for cellulose micro/nanocrystals. Patterns of CMNC UT, CMNC
UT + UT and CMNC UT + US showed two peaks, closed to
20 = 18°and 26 = 22°. X-ray diffraction pattern of the three treatments
displays a major presence of cellulose I. Crystallinity is an important
factor determining thermal and mechanical properties of cellulose
(Tang, Yang, Zhang, & Zhang, 2014). Crystallinity index of the CMNCs
is presented in Table 1, showing that mechanical processes promoted a
slight decrease in CMNC:s crystallinity when compared with MCCs. This
indicates that the intermolecular hydrogen bonds of cellulose crystals
may broke during the homogenization process, causing the collapse of
the crystalline structure (Costa, Gomes, Tibolla, Menegalli, & Cunha,
2018; Winuprasith & Suphantharika, 2013). Crystallinity index values
were similar to those obtained by other authors. For example Li et al.
(2012) observed that crystallinity index of cellulose nanocrystals was
around 73% after ultrasonic treatment (1500 W/15 min). However non-
selective effect of ultrasonication can remove both amorphous and
crystalline domains of cellulose. Therefore, low-ultrasonic treatment
could be more favorable on the micro/nanocrystals crystallinity than
high-ultrasonic treatment.

Electrostatic stability of cellulose crystals was determined by the
zeta potential (Table 1). Cellulose crystals showed good stability against
agglomeration due to electrostatic repulsion, since stable suspension of
cellulose crystals should have an zeta potential values lesser than
—30mV or greater than 25-30mV (Mohaiyiddin et al., 2016;
Naduparambath et al., 2018). The high mechanical energy supplied by
ultrasound could promote better dispersion of the suspension and
greater contact between CMNCs and oxygen, favoring the generation of
negative charge on the particles surfaces due to the partial oxidation
and reduction of particles size (Costa et al., 2018; Winuprasith &



A.A.D. Meirelles, et al.

80

0 10 20 30 40
(A) Height (mm)

Food Research International 128 (2020) 108746

——Day0
Day7
Day 14
Day21

——Day 28

——Day41

10 20 30 40
Height (mm)

Fig. 2. Backscattering profiles (0, 7, 14, 21, 28 and 41 days of storage) of emulsions stabilized with cellulose micro/nanocrystals (CMNC) (5% w/w) obtained from
different homogenization conditions using rotor-stator (UT + UT) (A) and rotor-stator and ultrasound process (UT + US) (B).
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Fig. 3. Backscattering profiles (0, 7, 14, 21, and 28 days of storage) of emulsions stabilized with different proportions of cellulose micro/nanocrystals (CMNC) and
flaxseed oil homogenized with rotor-stator and ultrasound process (UT + US). r = ratio between CMNC concentration and oil concentration. Condition with * is an

emulsion produced only with rotor stator process (UT + UT).

Suphantharika, 2013).

Fig.S4 in supplementary file shows the atomic force microscopy
(AFM) obtained for cellulose untreated microcrystalline and cellulose
micro/nanocrystals (CMNC). Our results show that microcrystalline
cellulose, before all treatments, shows an agglomerate with large size,
as expected (20 um). After the acid treatment, centrifugation, dialysis
and agitation with rotor-stator (UT) and ultrasound process (US),
CMNCs were dispersed in a more separated network, with the shape of
needles that is characteristic of cellulose crystals (Hedjazi & Razavi,
2018).

3.2. Different proportions of cellulose crystals and flaxseed oil change the
properties of the emulsions

Kinetic stability of the emulsions was determined after 0 (fresh
emulsion), 7, 14, 21 and 28 days of storage at 25 °C. Kinetic stability of
the emulsions stabilized with cellulose micro/nanocrystals (CMNC) (5%
w/w) obtained from different homogenization conditions using rotor-
stator (UT + UT) and rotor-stator and ultrasound process (UT + US)
was performed up to 28 days of storage at 25 °C. The optical analyzer
(Turbiscan) apparatus has been successfully used to study the stability
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Fig. 4. Visual aspect of fresh emulsions (left) and after 7 days of storage (right), stabilized with different proportions of cellulose micro/nanocrystals (CMNC) related

to flaxseed oil.

® T —rrhemuson ——7thday’ ——cnine ]
faw = = =%

o § o° t\‘ \

750
0

Volume (%)

10
Droplet size (um)

Fig. 5. Micrographs and particle size distribution of emulsions stabilized with
different proportions of cellulose micro/nanocrystals (CMNC) related to flax-
seed oil. CMNCs were obtained from homogenization condition using rotor-
stator (UT + UT). Scale bar: 10 um.

of emulsions, foams and concentrated colloidal dispersions
(Lemarchand, Couvreur, Vauthier, Costantini, & Gref, 2003;
McClements, 2007; Mengual, Meunier, Cayre, Puech, & Snabre, 1999).
Turbiscan allows observing destabilization phenomena (coalescence,
flocculation, creaming or sedimentation) much earlier than the op-
erator naked eye, especially for opaque and/or concentrated systems
(Lemarchand et al., 2003). The backscattering (BS) profiles versus the
height of the glass tube are presented in Figs. 2 and 3. High BS per-
centages indicate great concentration and/or opacity of the samples.
Fresh emulsion produced using rotor-stator (control) presented BS va-
lues around 60%, while the emulsion produced by an additional rotor-
stator and ultrasound processing presented values about 70 and 80%,
respectively. BS values are inversely proportional to the droplet size,
which means that the ultrasound process further increased the disper-
sion of cellulose micro/nanocrystals and oil into the water phase, or
increased the drops concentration by reducing the droplet size.

The BS of emulsion produced using only rotor-stator (UT + UT)
decreased at the top (30-40 mm) of glass tube (Fig. 2) along the days.
These profiles indicate destabilization process due to the creaming of oil
droplets at the top of glass tube or sedimentation of possible CMNC
excess, promoting an emulsion clarification (clarified serum on the
bottom and cream layer on the top).

Fig. 3 shows the BS profiles of emulsions produced by ultrasonic
process varying the oil and CMNC concentration. Emulsions containing
10% (w/w) oil showed that the amount of cellulose crystals was not
enough or was in excess to prevent the system destabilization. BS de-
creased at the top of the emulsions, which is associated to an increase of
the oil concentration (creaming), and/or the sedimentation based on
the excess of CMNC (serum layer). However BS on the top (30-40 mm)
increased as the oil content increased, allowing to infer that even 2.5%
(w/w) of CMNC was used in excess (with 10% oil), i.e., the CMNC
covered all the oil droplets and the excess was dispersed into the aqu-
eous phase of the system. Consequently, the destabilization mechanism
was driven by sedimentation of CMNC (at least partly) producing a
clarified layer at the top of the sample. During the preparation of oil-in-
water emulsions, bridging flocculation is possible if the amount of
emulsifier or stabilizing particles available during homogenization is
not enough to fully recover the newly created interface (Dickinson &
Galazka, 1991; Dickinson, Flint, & Hunt, 1989). Bridging may occur in
the presence of biopolymers particles in excess (polysaccharide and
protein molecules) since the forces between them are strongly attrac-
tive, allowing the linkage of droplets by the CMNCs adsorbed onto the
surface of two or more droplets (Dickinson, 1998).

The BS profiles of emulsions with the ratio (CMNC concentration/oil
concentration) 0.17, 0.25 and 0.33 with 15% w/w oil supports this
argumentation since the same behavior was observed although with
less intensity than 10% oil. At the ratio (CMNC concentration/oil
concentration) 0.13, 0.19 and 0.25 with 20% w/w oil, such a behavior
was not observed, which means that a good proportion between CMNC
and oil could be achieved and/or the higher number of droplets (and
consequent interaction between them) avoided CMNC sedimentation.
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Fig. 6. Micrographs and particle size distribution of emulsions stabilized with different proportions of cellulose micro/nanocrystals (CMNC) related to flaxseed oil.
CMNCs obtained from homogenization condition using rotor-stator and ultrasound process (UT + US). Scale bar: 10 pm.

Interestingly, at this oil concentration, the BS slightly increased with
the CMNC content increase, which probably occurred due to the in-
crease of viscosity making difficult the CMNC sedimentation. The oil
concentration is an important factor for the stability of the emulsions as
can be observed for emulsions with the same ratio r = 0.25, since the
emulsion with 20% oil was more stable during the storage time. In
addition, it is noteworthy that the sedimentation phenomenon was not
observed on the BS profiles below 30 mm, which could be attributed to
the high particles concentration overcoming the equipment limit de-
tection. The visual aspect of these emulsions is presented in Fig. 4,
immediately after preparation and after 7 days of storage at room
temperature. All the emulsions were opaque, homogeneous and showed
only one phase, even after 7 days of storage.

The droplet size (D3,) was determined for fresh emulsion and at the
7th day of storage. An increase in the droplets size is associated to the
coalescence favoring emulsion destabilization (McClements, 2005).
Fresh emulsion produced using rotor-stator presented a monomodal
size distribution, but the highest values of droplet size (mode around
15 um) (Fig. 5). The size distribution of the cellulose particles in Fig. 5
is representing the values presented in the third line of Table 1
(UT + UT). In this condition of emulsions preparation, the droplet size
distribution and the CMNC size distribution were similar. In this case,
the cellulose particles probably may form a three- dimensional network
in the continuous phase, which immobilize the oil droplets and en-
hances emulsion physical stability (Horozov & Binks, 2006). Fresh
emulsion produced using the rotor-stator followed by ultrasound pro-
cess showed a bimodal size distribution, but with smaller droplet size
values (Fig. 6). Comparing both processes rotor-stator (UT + UT) and
ultrasound (UT + US), the UT + US process reduced the droplet size in
44% using the same emulsion condition (5% (w/w) of CMNC and 10%
(w/w) of flaxseed oil). The size distribution of the cellulose particles in
Fig. 6 is representing the mean value presented in the fourth line of
Table 1 (UT + US). Cavitation forces are predominant in ultrasound

process generating unstable bubbles and yielding implosions. These
implosions (disruption and mixing) cause the rupture of droplets and
may also disrupt cellulose crystals, contributing to the formation of
micrometer-sized emulsion droplets. At the same time, regions of hy-
drodynamic shear are created close to the tip of the probe, where
emulsification takes place (Costa, Gomes, Andrade, & Cunha, 2017;
McClements, 2007; Silva, Zabot, Toledo Hijo, & Meireles, 2017).

Table 2 shows mean the droplet size (D3,) and polydispersity index
(Span) of the emulsions. Droplet size increased when the CMNC con-
centration was increased keeping fixed the oil concentration, indicating
that there is an adequate proportion between CMNC and oil, as men-
tioned before. Increase of droplet size associated to increase of CMNC
concentration could affect the continuous phase viscosity (Chevalier &
Bolzinger, 2013; Li et al., 2018). Increasing CMNC content also in-
creased the total solid content of the dispersed phase, and consequently
led to a higher viscosity of the emulsion. However, the droplet size also
slightly increased when the concentration of oil was increased and a
same concentration of cellulose crystal was kept fixed, which was
confirmed by the emulsions structure (Fig. 6). A higher oil content re-
sults in a greater proximity of the droplets, which could favor the
coalescence or agglomeration of droplets (McClements, 2005). How-
ever no significant differences in droplet size were observed after 7 days
of storage for most of emulsions, showing that they present a good
stability. A trend was observed in the polydispersity, since it decreased
as the amount of oil increased in the emulsion. A higher number of
cellulose particles dispersed in continuous phase could move towards
the oil droplets increasing oil content, recovering interface and in-
creasing mean droplets size (Table 2). Therefore, the decreased number
of cellulose particles in the continuous phase contributed to the lower
polydispersity (Dapcevi¢ Hadnadev, Doki¢, Krstonosi¢, & Hadnadev,
2013).

Confocal micrographs showed the cellulose crystals (red color)
distribution onto the emulsion droplets (Fig. 7). Immediately after
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emulsion preparation, the largest microcrystals are between the oil
droplets, preventing the creaming. The flaxseed oil droplets were
completely surrounded by cellulose particles, which could be partly a
consequence of Pickering-type stabilization since the cellulose particles
may also form a three dimensional network in the continuous phase,
increasing the emulsion stability. This suggests that the particle ad-
sorption could be by depletion attraction (Hu, Ballinger, Pelton, &
Cranston, 2015; Kalashnikova, Bizot, Cathala, & Capron, 2011;
Schroder, Sprakel, Schroén, Spaen, & Berton-Carabin, 2018). Confocal
micrographs confirm the results of droplets size, since emulsions
formed from ultrasound process showed smaller droplet size compared
to the emulsion produced with rotor-stator.

Rheological properties of emulsions fitted very well to Herschel —
Bulkley model, showing pseudoplasticity and yield stress. Apparent
viscosity of emulsions with different concentration of cellulose particles
and oil are presented in Table 3. Increasing CMNC content increased the
emulsion apparent viscosity, once rigid particles disturb the normal
flow of the fluid causing greater energy dissipation due to friction
(McClements, 2005). Therefore the continuous phase may be “in-
directly” stabilizing the droplets by entrapment. Cellulose crystals in-
fluence emulsion stability by apparently affecting both the interfacial
region and the continuous phase (Capron et al., 2017; Kalashnikova
et al., 2013). In addition, the apparent viscosity and shear stress of the
systems increased as the oil content increased because a higher number
of droplets increases the energy dissipation associated with fluid flow
(McClements, 2005). For fresh emulsion, the ultrasonic process in-
creased the apparent viscosity around 20% in comparison to the rotor-
stator process. After seven days of storage, for all the conditions the
viscosity increased when compared with the fresh emulsion. This be-
havior was more evident with 10 and 15% oil, which could be asso-
ciated to more perceptible cremeation effects in these emulsions.
Therefore a more concentrated portion of the emulsions with 10 and
15% of oil (cream phase) could be taken out to be analyzed in the
rheometer. A viscoelastic network may be formed during the storage
probably due to the high quantity of cellulose crystals dispersed in the
continuous phase. Cellulose crystals are not only a viscosity builder in
water-oil systems, but they are wetted by oil as well as water. For this, it
would be also expected cellulose particles adsorption onto oil-water
interface, thereby providing a mechanical barrier to emulsion droplet
coalescence (Li et al., 2018; Oza & Frank, 1986).
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4. Conclusions

The effect of mechanical process conditions on the cellulose parti-
cles properties, the proportion oil:cellulose particles on the emulsion
properties, and the effect of the ultrasound process on the emulsions
stabilized by particles were studied. Mechanical processes using rotor-
stator followed by ultrasound promoted a reduction on the cellulose
crystals size, showing that these processes can break the structure of
cellulose crystals. However after the hydrolysis and mechanical pro-
cesses the cellulose crystals showed bimodal particle size distribution
showing some advantages to emulsion stabilization. The mechanical
processes promoted small changes in the CMNC properties during the
emulsion formation. Our results allowed establishing some mechanisms
to explain the phenomena associated to stabilization of o/w emulsions
containing CMNC particles. After emulsion preparation, flaxseed oil
droplets were surrounded by smaller crystals but the interfacial re-
duction mechanism was not relevant, corroborating that the CMNC
particles can initially stabilize oil-in-water interfaces by the Pickering
mechanism. The effect of the proportion between the concentration of
cellulose particles and oil was relevant for stabilizing properties. An
excessive amount of cellulose particles was associated to the bridging
flocculation phenomenon, in which the forces between particles are
strongly attractive promoting the creaming. Therefore an ideal pro-
portion of CMNC and oil should be achieved to produce more stable
emulsions. The viscosity increasing during storage suggests that the
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Different letters indicate significant difference (p < 0.05) for the same property. Small letters: differences in the same line between the storage time. Capital letters: differences in the same column between CMNC

Mean droplets size of emulsions produced from different mechanical processes and ratio between CMNC and oil concentration.
concentration. For Span statistical analysis: letters are presented inside parenthesis.

Table 2
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10 g

Fig. 7. Optical and Confocal micrograph of emulsion stabilized with cellulose micro/nanocrystals (CMNC) (5% w/w) obtained with rotor-stator and ultrasound

process (UT + US) and rotor-stator (UT + UT). Scale bar: 10 pm.

Table 3

Apparent viscosity at 10s ™! of emulsions produced by different process and ratio between CMNC and oil concentration.

Process CMNC (%, w/w) 10% oil (w/w) 15% oil (w/w) 20% oil (w/w)
n10s~! (mPa.s) n 10s~ '(mPa.s) n10s~! (mPa.s)
0 day 7th day 0 day 7th day 0 day 7th day
UT + US 2.5 108.88 + 0.57°* 120.37 + 0.29"* 160.22 + 0.47 176.79 * 0.527 169.14 + 1.324 172.79 + 0.43°*
3.75 218.08 + 0.12°® 230.28 + 0.32°¢ 327.94 + 0.68®° 403.89 + 0.88™ 254.01 = 0.17°® 268.90 + 0.76 9%
5 336.89 + 0.43"" 405.95 + 0.699° 469.64 * 0.24°C 542.38 + 0.36" 344.46 + 0.48*C 353.68 * 0.62C
UT + UT 5 264.71 + 0.73°¢ 207.62 + 0.43"8 - - - -

Different letters indicate significant difference (p < 0.05). Small letters: differences in the same line. Capital letters: differences in the same column.

high amount of big cellulose crystals contribute to form a viscoelastic
network. It was clear that the ultrasound process helped to improve
emulsions stability that showed higher kinetic stability, lower droplet
size and higher emulsion viscosity. We hope the results presented here
may contribute to better understanding of the stabilizing mechanisms
of emulsions containing cellulose crystals. Crystals with different sizes
can contribute effectively to stabilize emulsion in two ways: nano-
particles established formation of Pickering emulsion while micro-
particles formed a viscoelastic network entrapping oil droplets. This
could be an attractive system for encapsulation of lipophilic compounds
such as vitamins, aroma compounds, fatty acids to be applied in various
domains including food, cosmetics, and pharmaceutical applications.
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