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Abstract: This work aimed to prepare nanocellulose-based Pickering emulsions using cinnamon es-
sential oil. Different formulations were investigated by varying the preparation time, homogenization
speed, oil and nanocellulose concentration, and morphology. The emulsions were first characterized
by droplet size, morphologies, and storage stability. The Design of Experiments (DoE) was used to
evaluate the parameter’s effects on the emulsions’ stability, and the emulsions with optimum particle
size and stability were evaluated by antimicrobial activity. The more stable emulsions required higher
energy in the system to obtain efficient emulsification. The cellulose nanocrystal (CNC) emulsions
showed a 30% oil volume as a constant to obtain a low creaming index (34.4% and 42.8%) and zeta
potential values around −29 mV, indicating an electrostatic stabilization. The cellulose nanofiber
(CNF) emulsions showed 100% stability after a month using a 20% oil volume as a constant and
Zeta potential values around −15 mV, indicating a steric stabilization. CNF-emulsions’ inhibition
halos for Bacilus subtilis were 30.1 ± 3.7% smaller than those found in CNC-emulsions (65 ± 2.9 mm),
while Pseudomonas aeruginosas almost do not present differences in the inhibition halos. These results
suggest that the nanocellulose morphology may promote a regulation on the EO migration to the
medium, as well that this migration ratio does not affect the bacteria.

Keywords: cinnamon cassia; cellulose nanocrystals; cellulose nanofibers; design of experiments;
antibacterial activity

1. Introduction

Essential oils (EOs) are a popular and widely used class of antimicrobial and antioxi-
dant substances used in various applications. EOs have a history of use that dates back to
the dawn of humanity, playing a relevant role in folk medicine, and hygienic and therapeu-
tic uses. According to ISO DIS9235.2 (International Organization for Standardization), an
EO is “a product prepared by water or steam distillation or by mechanical processing of
citrus peel or by dry distillation of natural materials” [1]. These natural compounds can
be found in a wide variety of plants and microorganisms. The active compounds present
in EOs are mainly monoterpenes (limonene, sabinene, P-cymene), monoterpenoids (thy-
mol, carvacrol, citronella, and borneol), and phenylpropanoids (cinnamaldehyde, vanillin,
eugenol, and safrol) [2]. This compounds’ proportion varies according to the material
source and its characteristics, such as geographic origin, development stage, year season,
plant age, among others [3]. This class of materials is listed as Generally Recognized as
Safe (GRAS) by the FDA USA in 21 e-CFR (electronic Code of Federal Regulation) part
182.20 [4–6]. There are various essential oils already used, and the cinnamon EO has more
than 160 separate and identified components, such as terpenoids and phenylpropanoids,
with cinnamaldehyde being the most representative component [7,8].
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Due to the essential oils’ bioactive properties, there is a growing demand for their use
in different applications, such as alternative medicine, cosmetics, cleaning products, food,
and packaging. However, due to their chemical structure and intrinsic properties, EOs have
high volatility, hydrophobicity, photosensitivity, high susceptibility to oxidation, intense
aroma, low stability, and poor solubility [9]. In addition, some studies have demonstrated
cinnamaldehyde instability when exposed to air since reactive unsaturated aldehyde is
easily oxidized to cinnamic acid, which causes volatility and instability. Decomposition can
also occur before the essential oil can perform its bactericidal activity, requiring stabilization
under appropriate conditions [10,11].

A promising strategy to stabilize the essential oils is the incorporation of nanoparticles
to prepare a colloidal system with superior stability and ease of application, the so-called
Pickering emulsions. In this system, solid particles are adsorbed at the oil/water interface,
altering the free energy of the system and the balance of surface energies. In addition,
the particles prevent phase separation and increase emulsion stability through mechan-
ical and steric protections that prevent droplets’ coalescence [12,13]. Previous studies
investigate numerous particles to stabilize oil-in-water emulsions, such as nanoplates [14],
chitin nanocrystals [15], multiwalled carbon nanotubes [16], hydrophobically modified
nanocellulose [17], fibrous nanocellulose [18], protein [19], nanorods [20], and others.

Nanocellulose has received extensive attention due to its variable morphology and
surface chemistry [21]. The morphology and size of the nanoparticles change the emulsion
rheology, capillary forces, aspect ratio, and ordering effects of the particles around the
droplets (interface configuration), making it possible to modulate the emulsion charac-
teristics to obtain a highly stable configuration [22]. These nanoparticles can be found
in the following two main morphologies: nanocrystals (CNC) or nanofibers (CNF). Both
morphologies are good options for stabilizing interfaces between different polarity liquids,
as they have an amphiphilic nature and are anisotropic, requiring low levels of solids for
percolation, resulting in high viscosity self-assembled gels and structures [23,24]. However,
the emulsion stability depends not only on the solid phase characteristics but also on the
essential oil and preparation parameters. Sanchez-Salvador et al. investigated the use of
cellulose microfibers (CMF) as a solid phase in oil in water emulsion [25]. The authors used
different O/W ratios and CMF concentrations, and the results indicated that the lower
O/W ratios generated unstable emulsions with an oil phase on the top of the emulsion.
Similarly, Mikulcová et al. prepared emulsions stabilized with nanocellulose, a varying
oil concentration and CNC or CMF concentrations [26]. The authors reported that high
oil and low cellulose concentrations resulted in reasonably good stability for 8 weeks of
storage. However, the authors did not vary the processing parameters in both works, such
as homogenization speed or time.

Moreover, the literature reports several works using nanocellulose as a solid phase
in Pickering emulsions with different essential oils [18,27–29]. Yu et al. prepared CNC-
stabilized clove oil Pickering emulsions and observed high stability to coalescence [30].
However, the emulsions showed flocculation and creaming, probably due to the poor
surface coverage at the O/W interface. Shin et al. developed CNC-stabilized thyme white
Pickering emulsions with high stability and bactericidal and larvicidal activities [31]. Seo
et al. prepared CNC-stabilized Pickering emulsions of nutmeg and massoia essential oils
with high stability for 10 storage days and potential larvicide against Aedes albopictus [32].
This work aimed to investigate the influence of process parameters and nanocellulose
morphology on stabilizing cinnamon essential oil via the Pickering emulsion. The in-
vestigated parameters were processing time, essential oil concentration, homogenization
speed, nanocellulose morphology, and nanocellulose concentration, which were evaluated
through size, morphology, and storage time. The Design of Experiments (DoE) was used to
evaluate each parameter’s effects on the emulsions’ characteristics, and their influence on
emulsion instability and droplet size, individually and in pairs. The most stable emulsions
were characterized by the Zeta potential and antimicrobial effect against B. subtillis and
P. aeruginosa.
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2. Materials and Methods
2.1. Materials

Cellulose nanocrystals (CNC) (2.0 ± 0.8 µm in length and 131.1 ± 29.6 nm in diameter,
L/D = 15, ζ potential of −33.0 ± 1.0 mV) were prepared and characterized according
to our previous works [33,34]. Cellulose nanofibrils (CNF) (4.0 ± 1.0 µm in length and
66.3 ± 20.5 nm in diameter, L/D = 60, ζ potential of −33.2 ± 3.2 mV) were donated by
Suzano Papel e Celulose (São Paulo, Brazil) [35]. Cinnamon essential oil (Cinnamomum
cassia, CAS Number 84961-46-6, main compound: cinnamaldehyde (80%)) was provided
by Ferquima Indústria e Comércio Ltd.a. (São Paulo, Brazil). Microbiological Nutrient
broth and Agar nutrient were supplied by HIMEDIA (Mumbai, India). Microorganisms’
seeds were provided by Adolfo Lutz Institute (São Paulo, Brazil).

2.2. Methods

The CNC or CNF were previously dispersed, and the cinnamon essential oil was
added to this solution. The mixture was homogenized in an Ultra-Turrax Blender (IKA
T25 model, IKA Werke, Staufen, Germany). The investigated parameters were selected,
aiming to establish maximum and minimum values for adequate emulsion stability. The
selected parameters were nanocellulose morphology (CNC or CNF), nanocellulose concen-
tration (0.5 or 1 wt%), processing time (3 or 7 min), homogenization speed (10,000 rpm or
12,000 rpm), and essential oil concentration (20 or 30% v/v). Table 1 shows some works
that present the different parameters used in the literature. The parameters selected in
this paper were based on an extensive literature search, mainly the references of Table 1,
associated with several experimental tests.

Table 1. Preparation parameters of several Pickering emulsions from published articles were used to select this paper’s
adopted methodology.

Reference Oil Speed O/W Ratio Time Cellulose
Morphology

Cellulose
Concentration Stability

[35]
Ho wood 5000 rpm 20/80 40 min CNF 0.75 wt% 50%

Cinnamon 5000 rpm 20/80 40 min CNF 0.75 wt% 65%

[30] Clove oil 22,000 rpm 10/90 1 min CNC 0.1, 0.25, and
0.5 wt% “good”

[36] Dodecane 11,000 rpm 10/90 4 min CNF 0.05, 0.1, 0.15,
and 0.2 wt% “high”

[27] Palm oil 10,000 rpm 50/50 3 min CNF 1 wt% “high”

[37]

Corn oil,
Silicone oil,

and
Limonene

15,000 rpm 25/75 3 min
Semicrystalline

cellulose
oligomers

0.2, 0.4, 0.6, 0.8,
1.0, and
1.2 wt%

Between 40
and 100%

[38] Dodecane 10,000 rpm From 10/90
to 50/50 2 min CNF 0.1–0.5 wt% Between 60

and 100%

[12] Dodecane 24,000 rpm 20/80 and
35/65 2 min CNF 0.1, 0.5, 1.0,

and 1.5 wt%

Low oil con-
centration ->
low stability

[39] Dodecane 12,000 rpm 10/90 3 min Microcrystalline 0.5–2 wt% “high”
[23] Almond oil 20,000 rpm 30/70 5 min Cationic CNF 0.5 and 1 wt% 99%

[40] Palm olein 10,000 rpm 20/80 5 min CNC 0.15 and 0.3
wt% 100%

[41] Olive oil 12,000 rpm 10/90, 30/70,
and 50/50 2 min CNF 0.05, 0.1, 0.2,

and 0.25 wt%
Between 60
and 100%

Figure 1 illustrates the adopted methodology, indicating the selected processing
parameters.
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Figure 1. Illustrative representation of the adopted methodology and the selected processing param-
eters varied in this work.

These work samples were selected using an experimental design through the Design-
Expert® software (Trial version 12.0.0, Stat-Ease, Inc., Minneapolis, MN, USA). For this,
a Regular two-level factorial design was conducted, with the 25−1 configuration. Table 2
presents the samples’ nomenclature. Design-Expert® was also used for the statistical
experimental design.

Table 2. Adopted samples nomenclature, where the green color represents the CNC-stabilized
emulsions, and the red color represents the CNF-stabilized Pickering emulsions.

Nomenclature Processing Conditions

PE 1-1CNC-12-30-3 1% CNC, 12,000 rpm, 30% oil, 3 min
PE-0.5CNC-10-30-3 0.5% CNC, 10,000 rpm, 30% oil, 3 min
PE-1CNC-10-20-3 1% CNC, 10,000 rpm, 20% oil, 3 min

PE-0.5CNC-12-20-3 0.5% CNC, 12,000 rpm, 20% oil, 3 min
PE-1CNC-10-30-7 1% CNC, 10,000 rpm, 30% oil, 7 min

PE-0.5CNC-12-30-7 0.5% CNC, 12,000 rpm, 30% oil, 7 min
PE-1CNC-12-20-7 1% CNC, 12,000 rpm, 20% oil, 7 min

PE-0.5CNC-10-20-7 0.5% CNC, 10.000 rpm, 20% oil, 7 min
PE-1CNF-12-30-3 1% CNF, 12,000 rpm, 30% oil, 3 min

PE-0.5CNF-10-30-3 0.5% CNF, 10,000 rpm, 30% oil, 3 min
PE-1CNF-10-20-3 1% CNF, 10,000 rpm, 20% oil, 3 min

PE-0.5CNF-12-20-3 0.5% CNF, 12,000 rpm, 20% oil, 3 min
PE-1CNF-10-30-7 1% CNF, 10,000 rpm, 30% oil, 7 min

PE-0.5CNF-12-30-7 0.5% CNF, 12,000 rpm, 30% oil, 7 min
PE-1CNF-12-20-7 1% CNF, 12,000 rpm, 20% oil, 7 min

PE-0.5CNF-10-20-7 0.5% CNF, 10,000 rpm, 20% oil, 7 min
1 PE is an abbreviation for Pickering Emulsion.

2.3. Characterization
2.3.1. Optical Microscopy

The droplet microstructures were analyzed using a Leica DM KM optical microscope
(Leica Microsystems GmbH, Wetzlar, Germany). An emulsion droplet was added to a glass
slide, and representative images were obtained. The droplet diameters were measured
using the ImageJ software as an average number of 120 droplets.
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2.3.2. Stability under Storage

Fresh samples were added to glass tubes and stored at room temperature for a month.
The emulsion stability (%) was measured on days 0, 10, 15, 21, and 30 in triplicate. The
creaming index (CI) was calculated following Equation (1), where Hcream is the cream layer
height, and Ht is the total height.

CI =
Hcream

Htotal
× 100 (1)

2.3.3. Stability toward Shear

Shear stability was evaluated using emulsion centrifugation. After two hours of
preparation, the emulsions were centrifuged (Thermo Scientific 75,002,42, Thermo Fisher
Scientific, Waltham, MA, USA) for 1 min at 12,000 rpm [12]. The emulsions were evaluated
visually, and the stability was calculated according to Equation (2) [42], where EE is the
emulsification efficiency, HE is the emulsified phase height, and HT is the total height of
the sample.

EE =
HE
HT

× 100 (2)

2.3.4. Zeta Potential

The Zeta (ζ) potential was measured in Zetasizer Nano ZS equipment (Malvern
Instruments, Malvern, UK), which determines the values using electrophoretic mobility
measurements and converts the values using the Helmholtz–Smoluchowski equation. The
emulsions were diluted at a concentration of 0.05% (v/v).

2.3.5. Antimicrobial Tests

Antibacterial activity tests were conducted based on the methodology proposed by
JIS 2010 (Japanese Industrial Standard) [43] and previously applied [44]. The procedures
are described briefly. Pre-seeded and adjusted to 105 CFU.mL−1 (counting forming units
in Nutrient Broth), Bacillus subtillis (Caron Beta A 155) and Pseudomonas aeruginosa (ATCC
10145) were spread-plate inoculated in 90 mm diameter plates, using Agar nutrient medium.
For the inhibition zone assays, 10 µL of the emulsions were placed in contact with the
inoculum plates, which were incubated at 30 ± 0.5 ◦C to B. subtilis and 36 ± 0.5 ◦C to
P. aeruginosa, for 48 h with 85% humidity. The inoculums viability was confirmed via
pour-plate method on Agar nutrient, as the positive control.

2.3.6. Statistical Analysis

The measurements were carried out at least in triplicate and reported as mean ± stan-
dard deviation. One-way analysis of variance (ANOVA) was applied, and the Tukey test
was used to evaluate the significant difference between samples, using PAST software
(version 4.03) and a confidence level of 95%.

3. Results and Discussion

Figure 2 shows the Pickering emulsions developed in this work. The CNC stabilized
emulsions showed a white color and homogeneity, indicating that all the oil was emulsified
during the preparation. The emulsions stabilized by the CNF showed a whitish color, but
some samples had oily layers between the visibly gelled structure, indicating an excess of
non-emulsified essential oil. These samples are PE-1CNF-12-30-3, PE-1CNF-10-20-3, and
PE-1CNF-10-30-7.
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3.1. Particle Size

Figure 3a,b presents the average droplet sizes of the CNC- and CNF-stabilized emul-
sions, respectively, measured using optical microscopy. From Figure 3a, the average
diameter of all the emulsions ranged from 25 to 50 µm, while the CNF-stabilized emulsions
showed emulsions with larger droplet sizes, varying from 30 to ~100 µm.
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Sample PE-0.5CNC-12-30-7 presented the highest values of drop diameters, indicating
that these parameters were not adequate for small droplet formation. This sample is
statistically different from the other ones (Table S1), indicating that the diameters are high,
possibly due to a low homogenization. Since this sample was prepared with the highest
speed, oil concentration, and time, this may be an indication that there was an excess of
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energy, which may not have been beneficial for the emulsions’ preparation, and after the
preparation, there was droplets coalescence, resulting in phase separation and reflecting in
larger drops.

In Figure 3b, samples PE-1CNF-12-30-3 and PE-0.5CNF-10-30-3 were statistically
different from the other emulsions with larger droplet sizes (Table S2). These emulsions
have the essential oil concentration (30%) and preparation time (3 min) in common, and
the larger droplet sizes indicate that at high oil concentrations, greater energy is required to
dissociate oil droplets. In addition, the high concentration of essential oil may be a limiting
factor for stabilization using CNFs, since there is an OE limit capable of being effectively
stabilized without excess or the tendency to coalescence. Zhai et al. [45] tested different
peanut oil concentrations stabilized by bacterial cellulose nanofibers and observed that
25% is the best oil concentration. The authors reported that the particles could be adsorbed
at the oil/water interface, generating a surface layer with nanofibers that prevent droplet
coalescence. Moreover, sample PE-0.5CNF-10-20-7 showed smaller droplet sizes, which are
associated with emulsion stability.

3.2. Morphology

Figure 4a shows the optical microscopy images obtained for CNC-stabilized cinna-
mon emulsions. It is possible to observe the spherical drops and small sizes distributed
homogeneously. In addition, small white dots are identifiable in some images, indicating
tiny stable droplets. The drops in larger sizes were identified in a state separate from the
others, which, according to Chen et al. [46], is not a flocculation trend and represents that
even with larger droplet sizes, the emulsion is stable, and the diameters are associated with
insufficient energy to break all the droplets into smaller droplets. This stability that keeps
the drops away from each other is probably due to electrostatic forces resulting from the
coating of oil droplets by CNCs, which cause the repulsion of the droplets to each other
due to the negative charges resulting from CNC-free hydroxyls [47].

Figure 4b shows the optical microscopy images obtained for CNF-stabilized cinnamon
emulsions. The emulsions presented an entirely different morphology from that observed
in Figure 4a, with a gel layer, opaque and irregular, easily distinguishable just below the
drops.

Samples PE-1CNF-12-30-3, PE-1CNF-10-30-7, and PE-0.5CNF-10-20-7 showed larger
and closer drops to each other and packaged, indicating a possible coalescence [48]. How-
ever, according to Lu et al. [18], this behavior is observed in the emulsions stabilized with
anisotropic particles and is related to “network organization”, in which the drops seek
their thermodynamically favorable state of the organization. We obtained separated and
well-distinguished droplets in this work, reflecting the steric repulsion and physical stabil-
ity generated by the CNFs. Yuan et al. [49] used cellulosic fibers to stabilize the emulsions
and obtained large particle clusters.
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3.3. Stability over Storage Time

Figure 5 shows the digital photograph (physical stability) of all the developed emul-
sions stabilized with CNCs at days 0 and 30. The fresh samples showed good stability to
coalescence, sedimentation, and creaming conditions.
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Figure 5. Representative photographs obtained using optical microscopy of cinnamon and water emulsions stabilized with
CNC.

After 30 storage days, visible sedimentation occurred, forming a cream layer at the
bottom of the tube due to the differences in the density of the two phases [50]. Table 3
shows the creaming index (CI) values of all the emulsions, and a higher CI indicates a
lower physical stability. Samples PE-1CNC-12-30-3 and PE-0.5CNC-12-30-7 showed CI
values of 34.4 and 42.8% after 30 storage days, respectively, being the most stable CNC-
stabilized samples. Both samples showed the homogenization speed and oil concentration
as common parameters between the samples, i.e., in addition to the EO concentration, the
energy amount transferred to the system is also an essential factor in emulsion stability.

Table 3. Creaming index values for cinnamon Pickering emulsions stabilized with CNC.

Sample CI
Day 0 Day 10 Day 15 Day 21 Day 30

PE-1CNC-12-30-3 0 30.7 33.1 33.9 34.4
PE-0.5CNC-10-30-3 0 45.8 47.5 49.1 49.2
PE-1CNC-10-20-3 0 48.7 49.1 50.4 52.3

PE-0.5CNC-12-20-3 0 55.8 59.2 59.4 59.5
PE-1CNC-10-30-7 0 41.1 42.7 43.4 45.3

PE-0.5CNC-12-30-7 0 41.4 41.6 42.8 42.8
PE-1CNC-12-20-7 0 45.9 48.2 49.9 52.3

PE-0.5CNC-10-20-7 0 50.1 54.0 55.2 55.6

Figure 6 shows the digital photograph (physical stability) of all the developed emul-
sions stabilized with CNFs at days 0 and 30.



Polysaccharides 2021, 2 617

Polysaccharides 2021, 2, FOR PEER REVIEW 10 
 

 

Figure 6 shows the digital photograph (physical stability) of all the developed 
emulsions stabilized with CNFs at days 0 and 30. 

 
Figure 6. Representative photographs obtained using optical microscopy of cinnamon and water 
emulsions stabilized with CNF. 

Unlike the CNC-stabilized emulsions, the CNF-stabilized emulsions presented a gel-
like aspect due to the cellulose nanofibers’ self-assembling characteristic that tends to form 
a porous three-dimensional network. The porous structure “encapsulates” the oil drops, 
preventing the coalescence and flocculation phenomena. All the cinnamon emulsions 
showed 100% stability after 30 days of storage, confirming the high long-term stabilization 
potential of the prepared Pickering emulsions. 

Although all the samples are 100% stable, i.e., do not show creaming or 
sedimentation, samples PE-1CNF-12-30-3, PE-1CNF-10-20-3, and PE-1CNF-10-30-7 
presented visually perceptible free oil inside the test tube, indicating that these samples 
were not homogeneously emulsified. Moreover, samples PE-0.5CNF-10-30-3, PE-1CNF-
10-30-7, and PE-0.5CNF-12-30-7 presented a thin surface oil layer on the top, indicating 
that during the 30 storage days, a part of the oil was unfastened and coalesced. 

Based on the results presented, the most stable samples were PE-0.5CNF-12-20-3 and 
PE-1CNF-12-20-7, having the lowest essential oil content (opposite of that observed for 
cellulose nanocrystals) and higher rotation in common. 

3.4. Design of Experiments 
An ANOVA was used for the Reduced 2FI model, and an R2 of 0.98 and 0.97 were 

obtained for the creaming and droplet size, respectively. Figure S1 presents the response 
surface graphs obtained for the creaming index of CNC-stabilized cinnamon emulsions, 
generated using software Design Expert 11. The graphs allow for the identification that in 
emulsions stabilized with CNC, the preparation pattern is the concentration of 30% of oil 
and the homogenization speed of 12,000 rpm. This analysis was also performed for 

Figure 6. Representative photographs obtained using optical microscopy of cinnamon and water
emulsions stabilized with CNF.

Unlike the CNC-stabilized emulsions, the CNF-stabilized emulsions presented a gel-
like aspect due to the cellulose nanofibers’ self-assembling characteristic that tends to form
a porous three-dimensional network. The porous structure “encapsulates” the oil drops,
preventing the coalescence and flocculation phenomena. All the cinnamon emulsions
showed 100% stability after 30 days of storage, confirming the high long-term stabilization
potential of the prepared Pickering emulsions.

Although all the samples are 100% stable, i.e., do not show creaming or sedimentation,
samples PE-1CNF-12-30-3, PE-1CNF-10-20-3, and PE-1CNF-10-30-7 presented visually per-
ceptible free oil inside the test tube, indicating that these samples were not homogeneously
emulsified. Moreover, samples PE-0.5CNF-10-30-3, PE-1CNF-10-30-7, and PE-0.5CNF-12-
30-7 presented a thin surface oil layer on the top, indicating that during the 30 storage days,
a part of the oil was unfastened and coalesced.

Based on the results presented, the most stable samples were PE-0.5CNF-12-20-3 and
PE-1CNF-12-20-7, having the lowest essential oil content (opposite of that observed for
cellulose nanocrystals) and higher rotation in common.

3.4. Design of Experiments

An ANOVA was used for the Reduced 2FI model, and an R2 of 0.98 and 0.97 were
obtained for the creaming and droplet size, respectively. Figure S1 presents the response
surface graphs obtained for the creaming index of CNC-stabilized cinnamon emulsions,
generated using software Design Expert 11. The graphs allow for the identification that in
emulsions stabilized with CNC, the preparation pattern is the concentration of 30% of oil
and the homogenization speed of 12,000 rpm. This analysis was also performed for droplet
size, as shown in Figure S2. Analyzing the data, the most promising samples in terms of
stability and particle size were PE-1CNC-12-30-3 and PE-0.5CNC-12-30-7. These samples
possibly presented better interfacial coating by rigid cellulose nanoparticles. The lower
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CNC concentration required a longer preparation time, and the higher the concentration
was, the shorter the required amount of time was. For the higher concentration CNCs,
the emulsions reached an equilibrium time of 3 min, and additional times do not alter
the dispersion state since the energy input is too low to promote more deformation and
particle breakage. In lower concentrations, more time was needed to achieve this state of
equilibrium [51].

Figure S3 presents the response surface graphs obtained for the droplet size of CNF-
stabilized cinnamon emulsions. The graphs indicated that lower essential oils concen-
trations resulted in particles with smaller diameters, the opposite of that observed for
CNC-stabilized emulsions. This behavior variation between CNCs and CNFs can be as-
sociated with a difference in the viscosity and the flow of emulsions, which results in a
variation in particle dispersion. Kempin et al. reported that previously there had been
no influence of emulsion volume and its phases on drop size distribution, indicating that
this behavior is an innovative discovery for cinnamon essential oil [51]. Another param-
eter that tended to lower particle sizes were higher rotation, similar to that observed for
the emulsions stabilized by CNCs, indicating that the cinnamon essential oil requires a
higher homogenization speed, i.e., higher energies to achieve an efficient dispersion of
the drops, and consequently, the breakdown of the oily phase into smaller droplets. The
CNF-stabilized emulsions that stood out were PE-0.5CNF-12-20-3 and PE-1CNF-12-20-7.

From the ANOVA results, the ultimate equations for the creaming index (Equation (3))
and droplet size (Equation (4)) concerning coded factors (A: particle concentration, B: oil
concentration, C: speed, D: time, and E: nanocellulose morphology) were obtained.

CI = 74.4 − 1.42·A − 3·B − 0.83·C + 0.03·D + 25.5·E − 0.11·AB − 0.52·AC +
1.33·AD + 1.43·AE + 3.0·BE + 0.84·CE − 0.03·DE

(3)

Droplet size = +52.8 − 0.86·A + 4.3·B − 3.5·C − 2.1·D + 11.3·E + 0.84·AB +
5.08·AC − 2.33·AD + 2.46·AE + 6.78·BE + 3.64·CE − 6.19·DE

(4)

The individual parameters that influenced the emulsion creaming layer, and conse-
quently, their instability, were time and nanocellulose morphology, while the droplet size
was affected by oil concentration, which was a constant in the selected emulsions. Con-
sidering the parameters’ interactions in pairs, the particle concentration and morphology
were highly affected by all the others, i.e., the solid phase characteristic is an essential
parameter that should be considered to obtain a stable emulsion without phase separation.
By ignoring the nanocellulose morphology, since both morphologies were investigated in
this work, the nanocellulose concentration showed a high dependency on the other factors
for all the emulsions.

Figure 7 shows a schematic illustration compiled from the main information and
results of the final formulations selected. Figure 7 was divided considering cellulose
morphologies, where the green rectangle represents CNC-stabilized emulsions, and the
red one represents the CNF-emulsions. The selected emulsions based on the previously
discussed results were presented with their respective appearance and optical microscopies.
Moreover, the stabilization mechanism of each emulsion was illustrated: an electrostatic
mechanism for CNC, based on solid rigid particles with low L/D and oil droplets repulsion,
and steric mechanism for CNF-emulsions, based on the formation of a three-dimensional
network resulting from cellulose nanofibers entanglements and oil droplets entrapped
inside the CNF network. Both systems showed the same oil concentration and homoge-
nization speed for the optimum samples, considering the CNC or CNF-emulsion pairs.



Polysaccharides 2021, 2 619
Polysaccharides 2021, 2, FOR PEER REVIEW 12 
 

 

 
Figure 7. Schematic illustration of the main results and final formulation of cinnamon Pickering 
emulsions stabilized with CNC and CNF. 

3.5. Final Formulations 
As shown in Figure 8, based on particle size and physical stability, the samples PE-

1CNC-12-30-3, PE-0.5CNC-12-30-7, PE-0.5CNF-12-20-3, and PE-1CNF-12-20-7 were 
selected to evaluate the properties of the emulsions, i.e., stability toward shear, zeta 
potential, and antimicrobial activity. 

Figure 7. Schematic illustration of the main results and final formulation of cinnamon Pickering
emulsions stabilized with CNC and CNF.

3.5. Final Formulations

As shown in Figure 8, based on particle size and physical stability, the samples PE-
1CNC-12-30-3, PE-0.5CNC-12-30-7, PE-0.5CNF-12-20-3, and PE-1CNF-12-20-7 were selected
to evaluate the properties of the emulsions, i.e., stability toward shear, zeta potential, and
antimicrobial activity.

3.5.1. Stability toward Shear

The stability toward shear is related to the interactions between the phases present
in the system (essential oil, water, and nanoparticles) and the presence of agglomerates,
which can be segregated into separate units, forming larger clusters or droplets aggregated
by coalescence [35,42]. Figure 8 shows the emulsions after centrifugation to evaluate
the stability of the samples. After centrifugation, there was no separation of the phase,
sedimentation, or creamy phase fraction, indicating that the emulsions remained stable,
even with high shear. Similar results were reported by Gestranius et al. [12], confirming
the efficiency of nanocellulosic materials as Pickering emulsion stabilizers.
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Figure 8. Emulsions after centrifugation to assess stability toward shear, followed by their inhibition
halos obtained against the Gram-positive B. subtilis and Gram-negative P. aeruginosa. The green color
represents the CNC-stabilized emulsions, and the red color represents the CNF-stabilized Pickering
emulsions.

3.5.2. Zeta Potential

The Zeta potential values of PE-1CNC-12-30-3 and PE-0.5CNC-12-30-7 were −29.3 ± 3.9
and −28.3 ± 1.7, respectively. The ζ potential values are associated with the surface groups’
ionization, small molecules or ion adsorption, the continuous charges associated with
crystalline structures, or the combined mechanisms [52]. The first emulsion was prepared
with 1% CNC and the second with 0.5% solid phase, and both have the same concentration
of essential oil; the difference in the ζ potential values can be attributed to the availability of
CNC-free hydroxyls. However, as the values were remarkably similar, it is correct to affirm
that both emulsions showed similar colloidal stability governed by electrostatic forces.
Shao et al. [53] prepared cinnamaldehyde emulsions stabilized with Ulva fasciata, a natural
polysaccharide, and found ζ potential values between −26 and −38 mV, depending on the
solid phase concentration. According to the authors, the particles increased the emulsion
negative surface charges, increasing the system’s electrostatic charges and repulsive forces,
resulting in a stabilized Pickering emulsion. These Zeta potential results demonstrate that
the nanocellulose concentration did not impact electrostatic stability, i.e., for cinnamon
essential oil, under appropriate process conditions (12,000 rpm and 30% oil), a low CNCs
concentration is sufficient to generate a physically stable system.

The ζ potential values of PE-0.5CNF-12-20-3 and PE-1CNF-12-20-7 were −18.3 ± 1.4
and −11.1 ± 0.9, respectively. Stabilization with cellulose nanofibers resulted in low zeta
potential values, indicating that the emulsion’s electrostatic charge is low. These values
were expected because the nanofibers are organized in a three-dimensional network, as pre-
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viously presented, and prevent oil drops from approaching through physical impediment,
i.e., steric stabilization. He et al. [54] prepared emulsions using Flammulina velutiper fibers
as stabilizers and found ζ potential values similar to that found in this study. The authors
reported that emulsions in steric stabilized by the electrostatic charges are less influential
for emulsion stability. The negative values may be associated with the CNFs adsorbed
on the oil drops’ surface, leading to the formation of a thicker interfacial layer, which
altered the location of the effective shear plane where the zeta potential is measured [55].
Different from that observed for emulsions stabilized by CNCs, the emulsions containing
CNF showed differences in their zeta potential values for the different concentrations of
solid particles, and the sample containing 1% CNF presented the lowest absolute value.
This result may indicate that the highest CNF concentration was necessary for forming the
interfacial layer to ensure good stability.

3.5.3. Antimicrobial Tests

The Pickering emulsions’ antimicrobial activity was tested against B. subtilis (Gram-
positive) and P. aeruginosa (Gram-negative). As shown in Figure 8, all the emulsions showed
strong inhibitory activity, capable of inhibiting the growth of both Gram-negative and
Gram-positive bacteria. Both CNF emulsions against B. subtilis showed halos 30.1 ± 3.7%
smaller than those found in CNC (65.8 ± 3.7 and 64.2 ± 2.2 mm) emulsions. The PE-1CNC-
12-30-3 and PE-0.5CNC-12-30-7 presented the lowest zeta potential values (~−30 mV),
facilitating the approximation of the emulsion droplets and bacteria, potentiating antimi-
crobial activity [56]. Moreover, the CNC concentration has no impact on inhibition zone
diameters. This result highlights the importance of the screening stage of the emulsion
process parameters since the most stable emulsions presented similar characteristics of
drop size, physical-chemical properties, and antimicrobial properties, even with different
solid-phase concentrations. Huang et al. prepared Cinnamon Cassia emulsions stabilized by
chitin nanofibrils and reported a strong influence of solid content on antimicrobial proper-
ties [57]. These findings corroborate the discussion made above regarding the nanocellulose
morphologies and their interaction with the EOs. Different regulation of the EO migration
to the medium is promoted in CNF, since it creates a solid and dense three-dimensional
network that results in a more tortuous path to the oils than the CNC [31,44], reducing the
oil volatility, preventing its rapid release to the environment, and, consequently, influencing
the inhibitory concentration of the EOs in the medium.

P. aeruginosas’ inhibition zone diameters were lower than those observed for B. subtilis
and similar for the CNC- and CNF-stabilized emulsions. This notorious difference indicates
that the migration ratio does not affect the Gram-negative bacteria as it does for the less
resistant Gram-positive species [58].

4. Future Perspectives

Recently, there has been an increasing demand for the application of Pickering emul-
sions in various industries due to their combined advantage in terms of cost, quality, and
sustainability. Pickering Emulsions (PEs) stand out due to their considerably higher creep
resistance than conventional emulsions due to the irreversible adsorption of solid particles
at the interfaces of two immiscible liquids [59]. In addition to its excellent advantages in
terms of stability over time, the demand for new, non-toxic, and environmentally friendly
solid particles has emerged as an innovative solution to allow for the application of Pick-
ering emulsions in various fields, such as food, packaging, cosmetics, the recovery of oil,
drug delivery, and others. Various solid particles can be used in Pickering emulsions, and
the resulting emulsions have some excellent benefits such as good mechanical attributes,
high stability, less toxicity, less foaming problems. Among the particles that can be used,
environmentally friendly particles stand out, especially polysaccharides, such as starch,
chitin, gelatin, proteins, and nanocellulose [15,19,22,60,61]. The reasons behind the growing
interest in cellulose-based particle-stabilized emulsions are not only their low cost, readily
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available, safe, and sustainable natural characteristics, but also the fact that they are readily
accessible to physical or chemical modification and have a low risk of toxicity.

Nanocellulose is a versatile material with a high surface area and varying proportions
depending on its morphology. These multifunctional nanomaterials are mainly found as
nanocrystals (CNC) or nanofibers (CNF), and the morphology directly impacts the type
of emulsion stabilization. The adsorption process of nanocellulose at the oil and water
interface is related to the diffusion of particles through the liquid and their positioning on
the interfaces, which depend on the chemical parameters and the surface charges. Its use
has been widely reported, mainly to stabilize essential oils with bactericidal activities. In
their stabilized form, essential oils are an excellent choice for use in active packaging, as
they have antibacterial and antifungal properties [62–64]. The development of intelligent
films for pharmaceutical, food, and cosmetic applications aims to improve functional
properties such as drug delivery and mechanical and barrier properties, while increasing
safety concerns [65,66]. Thus, the emulsions developed in this work have a high potential
for applying highly efficient antimicrobial products, a growing demand by the consumer
market.

5. Conclusions

This work investigated the cinnamon emulsification process using the Pickering
emulsion approach with nanocellulose as a solid phase. The processing parameters and
cellulose morphology and concentration were varied to investigate their influence on
emulsion stabilization. The CNC-stabilized emulsions showed spherical droplets with
average diameters between 25 and 50 µm. After 30 storage days, CNC emulsions showed
a cream layer at the bottom of the tubes, and the most stable samples showed a creaming
index of 34.4 and 42.8%; the homogenization speed (12,000 rpm) and oil concentration
(30%) were standard parameters, indicating a pattern for CNC-stabilized emulsions. The
CNF-stabilized emulsions showed spherical droplets with average diameters between
30 and 100 µm, without phase separation after 30 storage days. The gel-like aspect,
formed due to the cellulose nanofibers’ self-assembling characteristic, resulted in high
stability, and the standard parameters of stable emulsions were the homogenization speed
(12,000 rpm) and oil concentration (20%). The final formulations showed 100% stability
toward shear, without sedimentation after centrifugation, and the zeta potential confirmed
the stabilization mechanism of each nanocellulose, i.e., electrostatic for CNC-emulsions
and steric for CNF-based emulsions. Both CNC- and CNC-stabilized emulsions present
an inhibition effect against Gram-negative and Gram-positive bacteria, confirming the
antimicrobial potential of the Pickering emulsions. This work can act as a template for
researchers to understand the influence of Pickering emulsion process parameters and their
relationship with solid stabilizers and essential oil, being a guideline for future studies. The
reported results showed application potential for an antimicrobial essential oil in several
products and industries.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/polysaccharides2030037/s1, Table S1: Tukey test for CNC-stabilized emulsions for droplet
sizes of fresh emulsions. Table S2: Tukey test for CNF-stabilized emulsions for droplet sizes of fresh
emulsions. Figure S1: Effects of parameters processing on the emulsions creaming index, analyzed
using response surface plots. Figure S2: Effects of parameters processing on the emulsion’s droplet
size, analyzed using response surface plots. Figure S3: Effects of parameters processing on the
emulsion’s droplet size, analyzed using response surface plots.
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