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Abstract

This study was aimed at preparing nanoemulsionk tatcterial cellulose nanocrystals
(BCNCs) and cinnamon essential oil (CEO) with anttheut fish gelatin. The effect of CEO
concentration (0.2, 0.4, 0.8, 1.57, 2.34 and 3.149 and pH (3.5 and 5) on the droplet size,
(-potential, morphology, and encapsulation efficieEE) of CEO/BCNC emulsions was
investigated. It was observed théapotential was approximately -25 mV for the BCNC
emulsions, whereas it changed to positive valuesn(approximately 4 mV to 12 mV) in the
systems containing gelatin (3% w/w). In addition, the presence of gelatin, emulsions
exhibited larger droplets (450-1000 nm) than diel @EO/BCNC emulsions (350-550 nm),
as demonstrated by transmission electron microsc@M analysis also revealed the
surfactant activity of gelatin, which displacedweén the hydrophobic CEO nanodroplets
and the more polar BCNCs. The effect of pH on EE significant for the emulsions in the
presence of gelatin in that EE was higher at pHah tat pH 3.5 up to a CEO concentration of
0.24% wi/v. Finally, a direct relationship was esisdied between CEO concentration and EE

for emulsions with and without gelatin.

Keywords bacterial cellulose nanocrystals; essential digh gelatin; stabilization.
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Introduction

Essential oils (EOs) extracted from plants (e.gqinamon, thyme, oregano, and clove)
have inherent antimicrobial properties, includimdibiting the growth of bacteria, yeasts,
and fungi. For this reason, their potential useraong the shelf life of food matrices has
been widely investigated (Ju et al.,, 2019; Rib&emtos, Andrade, Ramos de Melo, &
Sanches-Silva, 2017). However, the use of EOsverely hindered by two main drawbacks.
Their high volatility and sensitivity to oxygen ardht decrease EOs’ stability during
processing and storage, eventually impairing theictional and economic efficiency. EO
encapsulation is a powerful strategy that overcothese limitations by controlling the
release of the encapsulated agent through the dkggra of the embedding material while
enhancing the EO’s physical stability (Reinecci2819; Anal, Shrestha, & Sadiq, 2019).
Although surfactants have been used extensivelyldorease the interfacial tension in
emulsions, new approaches that envision the usaraparticles as stabilizers have emerged
in recent years (Wu, Luo, & Wang, 2012; Zhang et28)12; Jimenez et al., 2014; Campos et
al., 2018; Silva et al., 2019). Emulsions stabdiby solid colloidal nanoparticles are referred
to as Pickering emulsions. The solid particles afsorbed onto the oil-water interface,
forming long-term steric protection that is mecloatly effective against droplet—droplet
coalescence (Dickinson, 2019; Hu, Ballinger, Pelt&nCranston, 2015). Previous studies
demonstrated that spherical, rod-like, and pldte-barticles can be used to obtain Pickering
emulsions. For example, cellulose nanofibrils (Zha&t al., 2020; Li et al., 2019); protein
nanoparticles from peanuts (Ning et al., 2020), €hy et al., 2020), gelatin (Ding et al.,
2019), ovotransferrin (Wei, Cheng, & Huang, 201&)d hordein (Boostani et al., 2020);
dietary fibers (He, Zhang, Li, Li, & Liu, 2020); ysaccharide nanoparticles (Yang, Liu, Li,
& Tang, 2019); and polysaccharide/protein complaraparticles (Ma, Zou, McClements, &

Liu, 2020; Sun, Zhao, Liu, Li, & Li, 2019; Li et.aR019) have recently been used.
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Gelatin has received extensive attention in thel fiodustry as a surfactant due to its high
stabilizing activity and good emulsifying propestie(Rostami, Yousefi, Khezerlou,
Mohammadi, & Jafari, 2019). While gelatin from maaiian sources has been widely used
as a food additive, the use of marine gelatin haseased over the years. The reason for this
is twofold: first, there is no risk associated witie use of fish gelatin as far as bovine
spongiform encephalopathy (BSE) is concerned; skdmsh gelatin meets the requirements
of Kosher and Halal dietary regulations (Karim &a&8h2009).

Cellulose nanofibrils (CNFs) and nanocrystals (CN@arived from plants and bacteria
have recently emerged as promising nanoparticles tdutheir outstanding mechanical,
thermal, and gas-barrier properties, which can titably exploited in various fields,
including medical and biomedical devices, purificat and cleaning systems (e.g.,
membranes), displays, green building materials.,(ergulating panels), and packaging
solutions (Rovera et al., 2018). More recently,hds been pointed out that cellulose
nanomaterials such as CNFs and CNCs have the @btentdevelop emulsions because of
their excellent mechanical properties, high aspatb, and good wet stability (Zhang et al.,
2020). Alike other nonspherical nanoparticles, CNfaa be more efficient in stabilizing
emulsions than spherical ones for several reasmrsexample, the mechanical properties of
CNCs monolayers disclosed an exceptionally highHaser modulus even at low surface
coverage, resulting in in more elastic monolayessngared to aggregate networks of
spherical nanoparticles of the same size (Chefalsin, & Capron, 2015). Anisotropic
particles, such as CNCs, allow lowering the petemtathreshold, which is of great
importance when providing an interface with mechbahirigidity in order to prevent
coalescence (Madivala, Vandebril, Fransaer, & Vetri2009). In addition, the simultaneous
presence of peripheral hydroxyl groups and crysldomains suggests that CNCs are

significantly amphiphilic and can be involved intbgolar and hydrophobic interactions
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(Dankovich & Gray, 2011; Lindman, Karlstrom, & Stgpn, 2010). For these reasons,
cellulose nanoparticles have been advantageousploged as stabilizers in Pickering
emulsions. In previous studies, bacterial celluloarocrystals (BCNCs), in particular, have
been used to emulsify olive oil (Yan et al., 20XQe bran oil (Angkuratipakorna, Sripraia,
Tantrawonga, Chaiyasitb, & Singkhonrata 2017), amaldehyde, eugenol and limonene
(Mikulcova, Bordes, & Kasparkova 2016), oreganoegsial oil (Zhou et al.,, 2018),
peppermint oil (Kasiri & Fathi, 2018), canola oWgranasi et al., 2018), palm oil (Wang et
al., 2016), and D-limonene (Wen et al., 2011) tigtostable Pickering emulsions. However,
in these studies the final droplet size was inrdrge of a few microns, that is, the droplet
size was much bigger than the size of the cellulmm®ocrystals. This is in line with one
distinct disadvantage of relying on the Pickeringgchmanism for the stabilization of
emulsions: it normally involves the formation ofthar large (micrometer-sized) droplets
(Dickinson, 2019).

In this study, we explored the possibility of prepg cinnamon essential oil (CEO)
emulsions using BCNCs with and without fish gelatith final nanoscale dimension. The
goal was to investigate the effect of BCNCs on @O nanodroplets, comparing the
stabilization mechanism with that of a conventioRalkering emulsion (i.e., solid particles
with smaller size than oil droplets). To this emee used BCNCs obtained from the acid
hydrolysis of bacterial cellulose (BC) producedKiymagataeibacter sucrofermentarssh
gelatin was used as a surfactant, and cinnamon d&xled as the source of the EO. The
effect arising from the addition of fish gelatin tve CEO nanoemulsions was investigated
by means of size, morphologypotential, and encapsulation efficiency analyssesaa

function of both pH and EO concentration.
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1. Material and methods

1.1. Materials

Type A (i.e., extracted by acid pretreatment) figblatin (GelA, Kosher and Halal
certified) with a gel strength of 200 Bloom was ghased from Weishardt (Graulhet,
France). CinnamonQinnamomum zeylanicymbark EO (E-cinnamaldehye: 70.6%; E-
cinnamyl acetate: 5.3%:caryophyllene: 5.1%; linalool: 4.2%; eugenol: 3;7E8-cineole +
B-phellandrene: 1.2% by GC-MS) was purchased fromntPITherapy Essential Oils
Corporate (Twin Falls, USA). BC was produced by tistafermentation using
Komagataeibacter sucrofermentan®SM 15973 (Leibniz Institute DSMZ-German
Collection of Microorganisms and Cell Cultures, Brachweig, Germany) according to the
procedure described elsewhere (Rovera et al., 2&L8juric acid (99% v/v), ethanol (96%
v/v), and dialysis tubing cellulose membrane (12ak@verage flat width 43 mm) were

purchased from Sigma-Aldrich-Merck (Milano, Italy).

1.2. BCNCs water dispersion preparation

BCNCs were prepared by acid hydrolysis of BC. liefh0.914 g of dry BC was added to
6.226 g of distilled water and 100 g of sulfurieda(50% w/w, in distilled water). The solid
particles were evenly dispersed using a DI 25 bhsimogenizer with an S25 N — 18 G
dispersing tool (lka-Werke GmbH & Co, Stanfen, Gany) at 9500 rpm for 3 minutes. The
hydrolysis reaction was carried out by stirrindp&®C for 2 hours at 800 rpm. Afterward, the
suspension was centrifuged for 50 minutes at 8060 (6260 rcf or g-force) to facilitate the
removal of excess sulfuric acid. After centrifugati the supernatant was replaced with
distilled water. After 5 washing cycles, equal abts of the suspension were transferred to
two dialysis tubes and placed inside a beaker ountadistilled water. The water was

replaced every 4 hours until the solution’s pH hesk 3.5 in one dialysis tube and 5 in the
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other. These two pH values were selected to asisegsH influence on the properties of the
final emulsions. In particular, based on prelimynarals, pH 3.5 was the lowest pH limit to
keep the emulsion stable (i.e., with no visible gghaeparation) over time. The highest value
(pH 5) was selected as a reference value (Wanb, &04.6). At this point, the BCNC water
dispersions were put in a beaker and ultrasonicéed5 minutes using a UP200St
ultrasonicator (200 W, 26 kHz — Hielscher, Telto®ermany) mounted with an S26d7D
titanium sonotrode (surface area 42 hmt approximately 20 W (pulse: 25%, amplitude
30%) to achieve full nanocrystal dispersion. Fiwater dispersions (BCNC concentration of

0.4% wi/w) were stored at 4°C before further prejana

1.3. CEO emulsion preparation

To evaluate the influence of CEO concentration @iddn the emulsion’s final properties,
2.25 g of BCNC suspension (BCNC concentration Ow#®) at pH 3.5 and 5 (Fig. 1a) was
added to various amounts of CEO (4.5, 9, 18, 36784uL). Hence, a series concentration of
CEO at 0.2, 0.4, 0.8, 1.57, 2.34 and 3.1% v/w waained, then emulsified using the same
ultrasonicator as before for 5 minutes at 40 WqpuR5%, amplitude 60%) in an ice bath to

prevent sample overheating (Fig.1b).

1.4. Addition of fish gelatin to CEO emulsion

A stock solution (10% w/w) of fish gelatin was paeed by adding the gelatin powder to
distilled water and heating the mixture to 60°C emcbnstant stirring (800 rpm) for 2 hours.
Then, 8.25 g of distilled water (60°C) was addeditovials, each containing 4.5 g of the
stock solution. After decreasing the temperaturétC, 2.25 g of each CEO emulsion was
added dropwise into the six gelatin solutions &.% mL/min rate by means of a 10 mL

disposable syringe mounted on a syringe pump (M&d1000, New Era Pump Systems Inc.,
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USA). The emulsion was then stirred for 15 min#e4000 rpm. The final emulsions (15 g)
included BCNCs and gelatin at a concentration 66% w/w and 3% w/w, respectively,
while the final CEO concentrations were 0.03, 0@482, 0.24, 0.36, and 0.48% v/w (Fig.

1c).

1.5. Characterization of BCNCs, CEO/BCNC emulsions, @eD/BCNC emulsions after

the addition of gelatin (CEO-GelA/BCNC)

1.5.1. Particle size, polydispersity index af¢potential

The size distribution and polydispersity index (P@F BCNCs and droplets in the
emulsions were measured using a Nanotrac Flex zarabased on 180° heterodyne dynamic
light scattering (DLS, Microtrac, MontgomeryvillelSA). A Litesizer™ 500 (Anton Paar,
Rivoli, Italy) was used to measure tidepotential of BCNC water dispersions and the
emulsions. Before the DLS analysis, a 1/100 (w/igtidn in phosphate-citrate buffer (0.05
M, pH = 5) was performed for the CEO/BCNC emulsjcarsd a 1/20 (w/w) dilution in the
same buffer was performed for the CEO/BCNC emutsionthe presence of gelatin. A
dilution of 1/15 (w/w) with phosphate-citrate bufi@®.05 M, pH = 5) was performed for both
emulsions before thé&-potential measurements. All measurements were umted in

triplicate at 25 + 0.5°C.

1.5.2. Transmission electron microscopy

Transmission electron microscopy (TEM) was usedhiserve the morphological features
of BCNCs and CEO/BCNC emulsions (e.g., size angldtocoverage) with and without
gelatin. A LEO 912 AB energy-filtering transmissioalectron microscope (Zeiss,
Oberkochen, Germany) operating at 80 kV was usezmhpbure the images. Digital images

were recorded with a ProScan 1K Slow-Scan CCD carfferoScan, Scheuring, Germany).
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Samples for the TEM analyses were prepared acgptdithe negative staining technique by
drop-casting 10 pL of dispersion (1/10 dilution}@ma glow discharged Formvar-coated Cu
grid (400-mesh), letting the samples rest for 5utes, then blotting the excess of suspension

and contrasting with uranyl acetate (2% w/v in wate

1.5.3. Encapsulation efficiency

The encapsulation efficiency (EE) of the CEO/BCN@I &£EO-GelA/BCNC emulsions
was measured spectrophotometrically using a Lan@ifa UV-visible spectrophotometer
(PerkinElmer Inc., Waltham, USA) according to aistly modified version of the method
proposed by Jiulin et al. (2015) and Silva et 201@8). Emulsions were centrifuged at 12000
rpm (7890 rcf or g-force) for 30 minutes to separdte nanoparticles and the liquid phase.
The supernatant was then transferred into Falcbesticovered with aluminum foil. The
absorbance of the supernatant at 287 nm was retadeé inserted into the regression
equation of the standard curve, y = 11.258 %%M®.9915), which was obtained using a series
of known CEO concentrations in the range 5-50 pu’lhe EE was determined using the

following equation:

EE(%) =

WOV o

whereW (g) is the total amount of encapsulated CEXJg/mL) is the concentration of CEO

in the supernatant, and(mL) is the total volume of the emulsion.

2. Resultsand Discussion
2.1. Characterization of BCNCs
Table 1 displays the average size (length, nm), BRd{-potential (mV) of BCNCs at pH

3.5 and 5. Previous studies on the acid hydrolg6iBC using HSO, reported an average
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length of approximately 855 nm (Kalashnikova, BjZdathala, & Capron, 2011), 290 + 130
nm (George & Siddaramaiah, 2012), 260 nm (Yan et28l17), and from 231 to 296.5 nm
(Singhsa, Narain, & Manuspiya 2018). Our resulfgpfaximately 320 nm) are in line with
the literature, and differences are ascribableifferdnt experimental procedures (e.g., time
of hydrolysis and concentration of the acid). lagtingly, there was no statistically
significant difference in size between BCNCs staie@H 3.5 and pH 5, suggesting that the
pH values did not change the nanocrystals’ stasggfegation.

Concerning the(-potential, highly negative values are expected He&O,-hydrolized
BCNCs due to the presence of the sulfate gj)Sgroups along the molecular backbone (Lu
& Hsieh, 2010). In this study-potential values of -25.6 + 0.91 and -27.72 * Ovide
obtained for BCNCs stored at pH 3.5 and pH 5, retspdy. The more negativé-potential
values recorded at higher pH values are in lind Wit decreased concentration dfibins
due to an extended dialysis process.

Our values are in line with previous works. Singletaal. (2018) reported BCNG-
potential values slightly lower than -30 mV, whichn be explained by the fact that they
continued the dialysis process until neutralityn¥& al. (2017) reported BCNC emulsion
potential values of about -34.8 mV. This emulsioaswderived from carboxyl groups
introduced by oxidation on the pyranose ring mediaby hydrogen peroxide. The
potential values obtained in this work are negatereugh to generate a sufficient
electrostatic repulsion to prevent the aggregatain BCNCs, hence their adequate

dispersibility and stability in water.

2.2. Effect of pH and CEO concentration on the size @pdtential of emulsions
Various parameters such as oil/water ratio, pHtiggarconcentration, and solid particles

concentration affect the stability of emulsionspganeed in the presence of solid nanoparticles

10
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(Leal-Calderon, Thivilliers, & Schmitt, 2007). Oand solid particle concentrations in
particular affect the size of the droplets andrts&bility to coalescence (Aveyard, Binks, &
Clint, 2003). In addition, pH plays an importanteron adjusting electrostatic interactions
between adjacent nanopatrticles at the oil-waterfentes (Zoppe, Venditti, & Rojas, 2012).
In this work, the average particle size obtained DS increased when the CEO
concentration increased for both emulsions (witd aithout gelatin) (Fig.2a and b). This
trend, which is in agreement with the results reggbby Cherhal, Cousin, & Capron (2015),
Mikulcova et al. (2016.), Yan et al. (2017), andodhet al. (2018), can be explained by the
increase in the droplets’ interfacial area duehtoihcreased CEO concentration. Because the
amount of BCNCs was the same for all the formufetjoless cellulose is available to
stabilize the interfacial area. Hence, an increastie CEO concentration would lead to a
less extensive coverage of the surface of the eiroply the available BCNCs, resulting in an
increase of the droplet volume in order to decrélaseotal interfacial area.

In the case of the emulsions encapsulated in ge{&ig. 2b), a marked increase in the
droplet size occurred at the lowest pH (3.5). Ttes be tentatively explained by the
isoelectric point (pl) of type A gelatin, which approximately 8.5 (Duthen et al., 2018;
Farris, Cozzolino, Introzzi & Piergiovanni, 2009t the lowest pH used in this work (3.5),
the higher positive charge density on the gelatckbone is expected promote a more
intense unfolding of the protein due to electrosta¢pulsion between positively-charged
amino groups of lysine (Schrieber & Gareis, 200@)turn, this would positively affect the
coverage of CEO nanoparticles by gelatin, with Himate increased size (diameter) of the
spherical nanopatrticles.

TEM images (Fig. 3) showed that in the absence eétop (Figure 3a), some CEO
nanodroplets were partially covered by BCNCs viadman jammed packing (Kalashnikova,

Bizot, Bertonini, Cathala, & Capron, 2013). Howeveome other particles (especially the

11
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266

smallest ones) were not adequately surrounded BY@C due to the hindrance caused by
the bigger size of the solid particles compareth® CEO nanopatrticles. This represents a
distinctive difference between the emulsion pregane this study and a conventional
Pickering emulsion. In the presence of fish gel@Eigure 3b), it was possible to visualize
the successful coverage of CEO by gelatin (seéahle shell around the nanodroplets), with
BCNCs forming a cage-like structure around the G&€A complex. It can be thus
highlighted the amphiphilic behavior of gelatin, ialih acted as a surfactant by interacting
with BCNCs most likely through polar interactions.d., electrostatic and dipole-dipole
forces) and CEO by weak dispersive forces (e.qy, dex Waals interactions). From TEM
images, it was also possible to confirm the oveaafier size observed for CEO-GelA/BCNC
emulsions. Under this scenario, it can be highéghthat BCNCs and gelatin played a
different role toward the CEO nanoemulsion. On tm® hand, gelatin acted as a true
emulsifier, forming a continuous shell around CEdh@particles that stabilized the emulsion
by both reducing the interfacial tension and actie@ physical barrier to coalescence. At the
same time, gelatin layer can be seen as a pragelstivrier against light and oxygen (Farris,
Introzzi & Piergiovanni, 2009), which may represemb main factors of degradation of the
essential oil. On the other hand, the outer BCNsZsdamore like a scaffold around the CEO-
GelA droplets, contributing to the stability of themulsion by preventing gravitational
separation of CEO droplets (i.e., creaming). HoweB&€NCs did not contribute to protect
the CEO nanoemulsion (e.g., against light and oxydee to uneven coverage (Figure 3c).
Compared to previous studies, we were able to me®dmulsions in the presence of
BCNCs with an overall smaller size. Kalashnikoved Cathala, & Capron (2011) reported
a minimum average diameter of approximately 4 prenWt al. (2011) obtained an average
size of 4.2 um and 6.9 um; Cherhal et al. (201%&iobd particles of approximately 4 pum,

and Wang et al. (2016) reported an average siapmfoximately 3 um; Angkuratipakorn et

12
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al. (2017) obtained particles with a minimum diaenetf 4.45 um; Laitinen, Ojala, Sirvio, &
Liimatainen, (2017) reported droplet sizes betwéem and 10 pm, whereas the size of the
particles obtained by Yan et al. (2017) ranged betw5 pm and 15 um; Varanasi et al.
(2018) obtained two groups of particles with sizés2.5 um and 2.7 um, respectively,
whereas Zhou et al. (2018) measured an averagéetichameter of 1.2 um and 2.9 um. To
explain these values, it must be considered thallithe studies mentioned above, a much
higher volume of oil was used to prepare the fidmkering emulsions. In this study, the
lower volume of CEO led to nano-sized particles llanahan the BCNCs, differently than
what would occur in a typical Pickering emulsiomisTis also the reason why the mechanism
underlying the stabilization of the CEO emulsionB¥NCs is different from a conventional
Pickering emulsion, as described before.

Fig. 4 shows the influence of CEO concentratiortten(-potential of CEO/BCNC (Fig.
4a) and CEO-GelA/BCNC (Fig. 4b) emulsions at pHueal of 3.5 and 5. For both systems
(CEO/BCNC and CEO-GelA/BCNC) and for a same pHjrenease in CEO concentration
caused no statistically significant change {#potential, which can be ascribed to the
nonpolar and uncharged nature of the EO. In additior both CEO/BCNC (Fig. 4a) and
CEO-GelA/BCNC (Fig. 4b) emulsions it was possibte dbserve that the&-potential
evolution at the two different pH values followeddetsame trend, with the experimental
points obtained for the lower pH (3.5) shifted tosvanore positive values. This reflects the
different charge properties of BCNCs prepared aetttho different pH values, with more
positive-potential values at pH 3.5. (see Table 1). Hnaillwe compare the two emulsion
types (i.e., with and without fish gelatin), theepence of gelatin in the BCNC emulsion led
to a dramatic increase in tidepotential to positive values, as can be obseryedomparing
the plots in Fig. 4a and b. This marked increasebm explained by the extensive positive

charge along the gelatin molecules at acidic pHiesl(a pl value of approximately 8.5 for
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type A gelatin), especially at pH 3.5 (hence thghbr{-potential values at pH 3.5 than at pH
5). However, the positivé-potential is much less than 30 mV, which implietheoretical
lower stability for CEO-GelA/BCNC emulsions than GBCNC emulsions. However, both
systems (CEO/BCNCs and CEO-GelA/BCNCs) proved sthdyl 30 days at 42°C, as shown
by the digital camera images displayed in Figure I8Inust also be noted that, from a
practical point of view, the stability of the CEGeIB/BCNCs is somehow preserved by the
sol-gel transition of the gelatin-based emulsion€aooling (that is, from approximately 40°C
to room temperature). During this transition, tledagin chains partially recover the original
triple-helix structure of collagen through a diserrebrder rearrangement (Farris, Schaich,
Liu, Piergiovanni, & Yam, 2009). This transitionkés place within a few hours, during
which the emulsions encapsulated with gelatin &ables (no phase separation was visually
observed throughout the experiments before satatifin). At the same time, this transition
is reversible and the original conditions can aed on melting for temperatures slightly
above 40°C.

The effect of CEO concentration and pH on the EEhswn in Fig. 5. For CEO/BCNC
and CEO-GelA/BCNC emulsions, an overall EE incrdase approximately 30-40% up to
80% was observed as a function of CEO concentratiorparticular, for both emulsion
systems (i.e., CEO/BCNCs and CEO-GelA/BCNCs) the [Ereased steeply in
correspondence of the two lowest CEO concentratiamd eventually reached a linear trend
at the highest CEO concentration. This seems itr@sinto previous works in which gelatin
was used to encapsulate essential oils (Jiulih,e2@15; Silva et al., 2018). We are prone to
consider this deviation from the non-linearity asansequence of the centrifugation step,
which plausibly was not able to separate adequdleyfinest (smallest) emulsion droplets

that remained in the main continuous phase. In tipgc this would lead to an
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underestimation of the EE for the lowest CEO cotre¢ions (0.2 and 0.4% v/w for the
CEO/BCNC emulsions and 0.03 and 0.06% v/w for tB©c5elA/BCNCs emulsions).

The effect of pH on EE was not statistically sigraht for the CEO/BCNC emulsions.
This suggests that BCNCs’ ability to entrap thedodplets was not affected by pH, probably
because this change did not significantly affe@ flystem’s overall stability (see tide
potential values in Fig. 4). On the contrary, axgigant effect of pH on EE was observed for
the emulsions stabilized with gelatin up to a CEShaentration of 0.24% v/w, with the
highest EE values determined at the highest pHnénwith our previous discussion, the fact
that this significant difference concerned the fingar part of the EE evolution suggests that
the recovery of CEO by centrifugation was probaflgre effective at pH 5, i.e., for the
highest negative charge density on the BCNCs aeddWwest positive charge density of
gelatin. This seems to be corroborated by the tfadt i) as discussed before, coverage of
CEO droplets by gelatin is less effective at pH)SCNCs with higher surface charge density

form less stable emulsions (Kalashnikova, Bizoth@k, & Capron, 2012).

3. Conclusions

In this study, oil-in-water emulsions were prepamsthg CEO and BCNCs. The stability
of the CEO/BCNC emulsions was successfully achidgheaugh both electrostatic repulsion
(C-potential values of approximately -25 mV) and #rapment of the oil droplets in
BCNCs scaffolds that primarily prevented creamifige addition of gelatin led to a different
scenario, with the protein acting as a surfactaat tadsorbed onto the oil surface fully
covering the CEO nanodroplets and offered stertegtion against oil droplet coalescence
even after 30 days. This study’s findings can dysofitably in the food industry to design
new systems that can benefit from the effect agifiom a conventional surfactant and solid

nanoparticles of biological origin. This type ofsggms might function as carriers of
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encapsulated bioactive compounds mixed directlp ithte food matrix or as films and

coatings.
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Figure captions

Fig. 1. Addition of CEO in the 6 series concentration BGN®@ater dispersions (a),
CEO/BCNC emulsions after ultrasonication (b), aielDQZBCNCs emulsions encapsulated in
fish gelatin (c). Both emulsions were preparedrat36b. A zoomed image is provided at the

left of each panel.

Fig. 2. Evolution of the particle size of CEO/BCNC (a) a0BO-GelA/BCNC (b) emulsions

as a function of CEO concentration and at two ckifié pH values.

Fig. 3. (a) Transmission electron microscopy images of (EEDIC and (b) CEO-
GelA/BCNC emulsions at the highest CEO concentna®1 and 0.48% v/w, respectively).

Schematic representation of CEO/BCNC emulsion aitth without gelatin (c).

Fig. 4. Variation of the(-potential of CEO/BCNC (a) and CEO-GelA/BCNC (b)damons

as a function of CEO concentration and at two dkifié pH values.

Fig. 5. Variation of the encapsulation efficiency (EE) oEQ/BCNC (a) and CEO-
GelA/BCNC (b) emulsions as a function of CEO corttion and at two different pH

values.

26



558

559

560
561

562

563
564

565

566

Tables

Table 1 Size, polydispersity index arddpotential of BCNCs at two different pHSs.

pH Length (nm) PDI (-potential (mV)

3.5 319.64 + 16.22 0.527 + 0.047 -25.60 + 0.91

5 322.08 + 30.02 0.340 + 0.117 -27.72+0.18

Values are reported as average + standard devidtemnsuperscripts refer to statistically

significant differences within the same group (ivéthin the same parameter) (p < 0.05).
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Figure3
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Highlights

* Anoil-in-water emulsion was obtained using cinnamon essential oil

» Bacteria cellulose nanocrystals (BCNCs) were used as solid nanoparticles

e Emulsions with and without fish gelatin were also prepared

» Oil concentration and pH affected several physical properties of the emulsions

» Nanoemulsions stabilized by gelatin and BCNCs were obtained
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