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Abstract

Highly concentrated (HC) emulsions and or submicron emulsions amserasresting

strategy to encapsulate and transport labile lipophilic bioactive compounds such as

curcumin to be further incorporated into food formulations. The main factors affecting
HC-emulsions formation and stabilization are the homogenization process, the oil

YROXPH IUDFWLRQ 3 DQG WK HTKexthid) dHerBrQNC WR RLO UDW
emulsions were prepared by high-shear homogenization (HSH; 11,000 rpm, 2min),
ultrasonication (US; 10Am, 20-300 s) or microfluidization (MF; 800 bar, 1-5 cycles)

varying the 3from 0.4 to 0.7 (40%-70%v/w) and the SOR from 0.01 to 0.2. HSH led

to HC emulsions, whose particle sizes decreased from 14.46 tpr2.423), DV WKH 3
increased from 0.4 to 0.7. However, US afifd provoked the droplet breakup at oil

concentrations over 50%/w. Additionally, the higher the SO& D IL[HG 3 WKH VPDOC



the particle size of the resultant HC emulsions regardless the homogenization procedure
applied. Overall, particle size reduction produced a dramatic increase in emulsion
viscosity due to a high packing state of droplets that in turn prevented droplets re-
coalescence. MoreoveflC emulsions presented a high curcumin encapsulation

efficiency (>70%) and release (> 80 % after 48)hTherefore, this work contributes to
demonstrate that the small droplets size is governing the apparent viscosity in HC
systems, as well as to elucidate the factors affecting their formation to be used as

potential carriers of lipophilic bioactive compounds.

Keywords:highly-concentrated emulsions; nanoemulsions; curcumin; encapsulation
efficiency; oil-volume fraction

1 Introduction

Recently, there is a strong interest in the design of emulsion-based structures as
carriers of lipophilic bioactive compounds with numerous applications in the cosmetic,
pharmaceutic and food industries. The control of the physicochemical and rheological
properties of such emulsion-based systems is gaining attention in order to impnove the
processability, as well as the quality and functionality of the final products [1]. Highly
concentrated (HC) emulsions also referred as high internal phase emulsions (HIPES) or
gel emulsions are defined as dispersed systems of two immiscible liquids, being O/W or
WI/O, with a volume fraction § of the dispersed phase equal or higher than 0.46(40
wiw) [2,3]. The interest of O/W-HC emulsions as delivery systems rely on their
capability to carry a high load of lipophilic compound per unit of emulsion volume due
to their large oil concentration, thus being able to reduce storage and transport costs as

well as allowing the oral administration of high doses of bioactive compounds in the



case of nutraceutical design [4]. For the formation of HC emulsions, the concentration

of the dispersed phase may be increased Pt HUWDLQ YDOXH FRQVLGHUHG
until the emulsion breaks or inverts [5]. Typically, this phenomenon occurs at dispersed

3 H Tot bigher than 0.74 in monodisperse emulsions, when the dispersed droplets

start losing their spherical shape and adopt a polyhedral shape due to the tight packing

of the droplets [6]. Nevertheless, in polydisperse systems, the critical limit where
HPXOVLRQV SUHVHQW GHVWDELOL]DWLRQ DQG VXEVHTXH(
[1]. In this regard, the high droplet concentration and packing in HC emulsions leads to

a significant impact on their rheological properties, changing from elastic to viscoelastic
behavior due to the high increase in their apparent viscosity [7]. Therefore, the

stabilization of HC emulsions affected by their physicochemical properties remains as a

scientific challenge that needs elucidation.

In general, te formation of O/W emulsions is mainly affected by the oil droplet size
regardless the dispersed phase concentration, which is in turn determined by the
concentration of surfactant present in the system able to cover the interfacial area
created during the emulsification process. In general, emulsions with smaller oil droplet
sizes are more stable after their emulsification, presenting lower gravitation separation
and aggregation in comparison with emulsions with larger oil droplet sizes [8]. There
are several factors affecting the particle size of emulsions, being mainly the type and
intensity of the homogenization method and the concentration of surfactant available in
the system [9]. On the one hand, it is well-known that the application of high-shear
forces through several homogenizing devices, namely high pressure homogenization or
ultrasonication, is able to reduce the patrticle size of diluted emulsions, reaching the
production of submicron nanoemulsions with oil droplet radii below 100 nm [9]. In fact,

nanoemulsions, despite being thermodynamically unstable systems, present high kinetic
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stability without droplet size changes during several months [10]. On the other hand, the
higher the surfactant concentration the smaller the emulsion particle size, up to a
minimum value where the oil/water interfacial argaaturated with surfactant

molecules and an additional increase in surfactant concentration does not render smaller
particles [11]. These principles have been well studied for emulsions with dispersed
phase volumes up to 0.2 (20Wtw of lipid phase) and could be applicable to enhance

the stability of HC emulsions. However, the behavior of HC emulsions during
emulsification may significantly differ from diluted emulsions [2]. Actually, the

reduction of the particle size down to the nanometric range teaddramatic increase

in the viscosity of emulsions [125], which in the case of HC emulsions may be even
higher due to their high initial viscosity values. Therefore, the relationship between
particle size reduction and emulsion formation in the case of HC emulsions needs to be

studied.

Hence, the aim of the present work was to study the influence aj the (
emulsification method, being high shear homogenization (HSH), microfluidization
(MF) or ultrasonication (US), and their respective processing paramdéfeod; \(olume
fraction (3 0.4-0.7) andiii) surfactantto-oil ratio (SOR; 0.01-0.2) on the formation
Rl +& HPXOVLRQV LQ WHUPV RI WKHLU SDUptteritielH VL]H DQ
microstructure and apparent viscosity. Moreover, the use of HC emulsions as carriers of
a lipophilic bioactive compound, being curcumin, was studied in terms of evaluating the
curcumin encapsulation efficiency (EE in %) and its release kinetics in function of the

emulsification method used.

2 Material and methods

2.1 Materials



Corn oil, purchased from (Koipesol Asua, Deoleo, Spain), was used as lipid
phase for preparing all the emulsions. Tween 80 was purchased from Panreac
(Barcelona, Spain) and used as surfactant. Ultrapure water obtained from@ Milli-
filtration system was used for the preparation of all solutions. Curc@uoircma
longa) was purchased from Sigma-Aldrich (Darmstadt, Germdtthanol absolute
99.9% purity (Fisher Chemical, Thermo Fisher Scientific, Leicestershirgatikn-
hexane <95 % purity) (Scharlau, Scharlab S.L., Barcelona, Spain) were used as

organic solvents.

2.2 Methods
2.2.1 Highly-concentrated emulsions formation

Overall, HC emulsions were formed by mixing the lipid phase, being corn oil, and
the aqueous phase containing the hydrophilic surfactant with a T25 digital Ultra-Turrax
(IKA, Staufen, Germany) at 11,000 rpm during 2 min. Then, the emulsification method
and the processing parameters to prepare HC emulsions were evaluated agp first st
For this, the high-shear homogenization (HSH) was followed by 20-300 s of
ultrasonication (US) at 100m of amplitude with a UP 400S Hielscher sonifier
(Hielscher Ultrasound Technology, Teltow, Germany) or by 1-5 microfluidization (MF)
cycles with a microfluidizer device (M110P, Microfluidics, Massachusetts, USA)
working at 800 bar. Secondly, the effect of lipid phase concentration on the formation
of HC emulsions was assessed by increasingtiealculated through eq.(1)- from 0.4
to 0.7. Finally, the impact of surfactant concentration on the physicochemical properties

of the resultant HC emulsions was also studied by ranging the SOR from 0.01 to 0.2.

T L—J80x eq.(1)
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where Gij is the weight of oil expressed gand GmuisioniS the total weight of the

emulsion also in g.

2.2.2 Physicochemical characterization of highly-concentrated emulsions
2.2.2.1Droplet size and particle size distribution

The emulsion droplet size was measured by laser diffraction technique with a
Mastersizer 3000! (Malvern Instruments Ltd., Worcestershire, L.i6d was expressed
in terms of volume and surface diametds @nddsz, respectively) in um. The
refractive index of corn oil was 1.47. For the measurement of particleH{izes
emulsions were dispersed in distilled water using a dilution factor of 1:150 stomple-

water.

2.2.2.2 -Potential

The -potential (mV) was measured by phase-analysis light scattering (PALS)
with a Zetasizer Nano-ZS laser diffractometer (Malvern Instruments Ltd,
Worcestershire, UK). Samples were prior diluted in ultrapure water using a dilution

factor of 1:150 sampl&s-solvent.

2.2.2.3Apparent Viscosity
Viscosity measurements (mPa-s) were performed by using a vibro-viscometer (SV-
10, A&D Company, Tokyo, Japan) vibrating at 30 Hz, with constant amplitude and

working at room temperature.

Aliquots of 10 mL of each HC emulsion or nanoemulsion were used for the

determinations.

2.2.2.4Emulsions microstructure
Phase contrast microscopy images of undiluted fir€Slemulsions were taken

with an optical microscope (BX41, Olympus, Goéttingen, Germany) equipped with UIS2
7



optical system. All images were processed using the instrument software (Olympus

cellSense, Barcelona, Spain

2.2.3 Curcumin encapsulation in highly-concentrated emulsions

For the enrichment of corn oil with curcumin, the oil was heated at mild
temperature (50 °C) and mixed with 0.0&%wv curcumin powder for 10 minutes of
magnetic stirring followed by 5 minutes of sonication in an ultrasonic bath (J.P Selecta,
Barcelona, Spain) ensuring its complete dissolution. Afterwards, high-shear
homogenized (HSH-) emulsions and their respective ultrasonicateflditJS-
microfluidized (MF-) emulsions 6 2 5 D Q G Bere prepared as mentioned in
section 2.2.1. These emulsions were characterized in terms of particletential
and apparent viscosity as described in section 2.2.2. Moreover, the encapsulation
efficiency (EE) and the curcumin release both expressed in percentage were also

assessed.

2.2.3.1Encapsulation Efficiency

The concentration of curcumin loaded in the HC emulsion was determined
following the method proposed by Lin et al. (2018). In this method, 0.5 mL of each HC
emulsionis pouredin a solution containing 2 mL of ethanol absolute and 3 mL of n-
hexane, and vortexed (MS2, Fisher Scientific, Leicestershire, UK). Curcumin was
collected in the ethanol fraction and subsequently quantified. Its absorbance was
measured with a V-670 spectra photometer (Jasco, Tokyo, Jpamavelength of
425 nm and the concentration was obtained from the calibration curve. Afterwards,

encapsulation efficiency (EE, %) of the obtained emulsions was calculated By eq.(2

fagOR OaaslmoN?2QIEA0D Oa0LaU4
¢ TRN29Te ST eq.(2)
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where the total amount of curcumin is the initial concentration of the bioactive
compound added to the mixture and the free curcumin is the concentration not loaded in

the highly concentrated emulsion.

2.2.3.2Curcumin release

Aliquots of 10 mL of HC emulsion loaded with curcumin were placed inside a
dialysis tubing cellulose membrane of 43 mm x 27 mm (Sigma-Aldrich, Darmstadt,
Germany) and submerged in 20 mL of food grade ethanol. Curcumin release was
measured during 0.5, 1, 3, 5, 8, 24 and 48 h following the method described by
Behbahani, Ghaedi, Abbaspour, & Rostamizadeh (2017). The released curcumin was
quantified spectrophotometrically with a V-670 spectrophotometer (Jasco, Tokyo,

Japan) at 425 nm. The curcumin release was calculated with: eq.(3
4AHA=OA%:'TSLH eq.(3)

where Cis the released curcumin expressed in mg being the amount of curcumin found
in each sample and: G the total amount of encapsulated curcumin that was loaded in
the highly concentrated emulsions according to encapsulation efficiency results, also

expressed in mg.

The curcumin release curve over 24 hours showed a steep increase at short time
until reaching a plateau phase fitting a fractional conversion model to describe the
relationship betwee@R and t independent variables as shown in eq.(4). Curcumin
release was modeled by a fractional conversion method using JMP 12 Pro 12 software

(Statistical Discover§!, North Carolina, USA).



%A %4l s FRS eq.(4)

whereCRis the curcumin release expressed in %, t is the timE€Rajxis the

maximum estimated curcumin release (%) and k is the kinetic constant (h

2.2.4 Statistics

All the experiments were assayed in duplicate, and at least three replicate
analyses were carried out for each parameter. JMP Pro 12 software (Statistical
DiscoveryM, North Carolina, USA) was used to perform the statistical analysis. Tukey-
Kramer test was chosen to determine significant differences among treatments, at a 5%

significance level.

3 Results and discussion

Throughout this manuscript, the effect(pfthe homogenization method of HC
emulsions preparatiom €. high-shear homogenization, ultrasonication and
microfluidization),(ii) the influence of3 D Qi}sthe SOR, on the droplet size and
GURSOHW VL]H GLVWddntaKaNd Mdcostitivéed e Msultant HC
emulsions has been addressed. Additionally, their capacity as delivery systems of

curcumin was also assessed.

3.1Effect of emulsification method mthe physicochemical characteristics bIC
emulsions
The influence of the emulsification method on the formation of HC emulsions

was evaluated maintaining the oil volume fraction at 0.4 and the SOR at 0.1 while
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varying theUS processing time (s) working at an amplitude of 100 um and the number
of cycles ofMF at 800 bar, respectively. Subsequently, their particle size and particle
VL]H GLVWU paehwalviaQdde@Qried (Figure 1). Emulsions prepared by HSH
(11,000 rpm, 2 min) had a volume mean droplet diamdigrdf 14.46 + 1.87um and
exhibited a bimodal particle size distribution with a major intensity peak with particles
larger than 1Qum. The particle size of HC emulsions significantly decreased after
applying bothUS or MF treatments at increasing the intensity of the homogenization
method, reaching the formation of submicron emulsions (Figure 1). In fact, a gradual
displacement of the main intensity peaks towards the nanorange was observed in the
particle size distribution, reaching monomodal particle size distributions after 200 s of
US (Figure 1A). On the one hand, the average dropletdizeof ultrasonicated (US)
HPXOVLRQV JUDGXDOO\ GHFUHDVHG IURP ¢ P GRZQ WHF
sonication time from 20 to 200s (Figure 1B). Nonetheless, the dropletdizasddsy)

and the particle size distribution of HC emulsions did not show a significant decrease
after the application of US treatment beyond 200 s (Figure 1A-B). Salvia-Truijillo,
Rojas-Gral, Soliva-Fortuny, & Martin-Belloso (2013) reported that ultrasoundsawere
feasible technology to produce diluted nanoemulsionswidipid phase) with

particles sizes lower than 100 nm since cavitation forces generated by the sonicator can
induce disruption at droplets interface producing stable nanoemulsions. Nonetteless,
higher oil droplet concentration present in HC emulsions may diminish the efficiency in
particle size reduction byS in comparison with diluted emulsions, probably due)to (

a lower energy input per unit of dispersed phase, or)ta greater extent of

coalescence caused by higher collision frequency of oil droplets [4,7].

On the other hand/F led to the formation of submicron emulsions wdibbelow

0.6 + 0.02 m and monomodal distributions after the first cycle (Figures 1D and E,

11



respectively. The observed differences in the particle size of submicron emulsions
depending on the applied emulsification method could be related to technological
differences between the ultrasonicator and the microfluidizer [9]. Therefore, high shear
stress produced inside the microfluidizer channels can lead to more homogeneous
emulsions with lower particle sizes than high shear mixers and ultrasonicators [19].
Moreover, HC nanoemulsions reached awat FOH VL]H RI after'two P
cycles of MF, withanegligible decrease during the following cycles (Figure 1D).
Likewise, other works also suggest that a further increase in the number of cycles do not
lead to a significant reduction of the average droplet size provided that dropkets hav
reached their saturation size [20]. Indeed, interdroplet forces generated in HC systems
due to the oil droplets compacted structure, which are responsible for stabilizing
droplets against coalesce, may counteract the compression and tension forces created

inside the homogenization devices diminishing their efficiency [1].

The -potential ofHC emulsions treated by HSH was negative, with a value of -38
+2mV at neutralS + FR Q G L W&)RD@spite $hat Fween 80, used as surfactant in
this study, is considered a non-ionic surfactant, it has been consistently observed that it
may provide negative charge to emulsions and nanoemulsions [21]. In agreement to
this, it has been reported tt@H ions from the aqueous phase or HC&hd CQ? ions
from the dissolved atmospheric @@ay be oriented towards the oil/water interface
thus conferring negative charge to oil droplets [22]. It was observed that an increase in
the time of US treatment or the number of cycles through the microfluidizer led to less
Q HJ D Wdtental values in HC emulsions, reaching values of -26 + 2 mV or to -22 +
4 mV in the case of US- ddF-emulsions, respectively (Figures 1C or 1F,

respectively). It has been described that during homogenization processes48dr as

12



MF, Tween 80 molecules are better displaced and arranged at the oil/water interface,

thus contributing in reducing the negative charge [23,24].

3.2Influence of oil volume fraction on the physicochemical characteristics of HC
emulsions
HC emulsions with3between 0.4 and 0.7 were prepared by three different
emulsification methodd4SH (11,000 rpm, 2 minHSH followed by US (10@um, 200
s) or HSH followed by MF (800 bar, 2 cycle)KH LQFUHDVH RI WKH 3 IURP
a different effect on the particle size of the resultant HC emulsions depending on the

homogenization method applied (Figure 2A-C).

In the HSH-treated HC emulsions, the patrticle size decreased from 14.46 + 2.13 to
¢ P DV LQFUHDVLQJ WKH 3 |IThR® Particle\siZe J)LIXUH

decrease was visually observed in the microscopy images, where a clear particle size
reduction was detected when increasing the oil droplet concentration at constant HSH
treatment conditions (Figure/AR D, G, J and M). This phenomenon might be related to
the fact that a higher oil concentration can lead to the placement of oil droplets closer
together thus increasing their packing state. In turn, the droplets packing may contribute
to avoid or prevent droplets re-coalescence after emulsification thus rendering a smaller
particle size, which is in agreement with particle size distributions shown in Figure 2A.
This has been previously reported by other authors, who established that the increase in
the lipid phase concentration led to smaller oil droplet sizes being attributed to their
higher stress forces created during emulsification [25]. Additionally, the reduction of
HSH-treated emulsiorfparticle size caused the rise of their apparent viscosity, which
increased from 6.13 £ 0.73t0 624 + 21 mPAK H Q Widfamhedted from 0.4 to 0.7
(Figure 4A). In fact, the most pronounced viscosity increase (approximately 5 times)

was observed when rising tf&from 0.6 to 0.65 or from 0.65 to 0.7. According to this,

13

§



an increase in the dispersed phase concentration, which in this case is the oil phase,
obviously leads to an increase in the apparent viscosity of emulsions. Nonetheless, the
particle size reduction as a consequence of the dispersed phase concentration may have
significantly contributed in the apparent viscosity increase. Indacgnstant3 the

number of dispersed particles (droplets) will increase when particle size decreases,

which in turn may cause a higher packing state of droplets [26], thus explaining the
dramatic increase of emulsiohf DSSDUHQW Y L VASRaVdsuit,\tHe winlkberJ KHU 3
of interactions between particles might increases as well, leading to an overall increase

in viscosity [27].

In contrast, in US- and MF-treatdd P XOVLRQV W Kthe ldrgerkhd U WKH 3

emulsion particle size (Figures 2B and 2C, respectively). This opposite tendency
between HSH-emulsions and US or MF-emulsions might be explained by the
differences in each of the devices during emulsification. In US or MF devices, the
breaking of submicron droplets in the flow field may induce coalescence between the
highly deformed droplets [28]. This can be also perceived in the microscopic images
corresponding to US- and MF- emulsions contairrgpver 0.6, where an increase in
droplets particle size was observed suggesting the destabilization of the system after
emulsification (Figure 3H, K, N and 41, L, respectively). Therefore, the highe8 thaV K H
greater feasibility to provoke droplets coalescence in HC emulsions. In fact, emulsions
with 0.7 3were completly destabilized after the application of US emulsification
treatment, reaching particle si2eD O XHV R “ PAsimildX UH %
behavior was observed MF-emulsions, which suffered fast coalescence and
VXEVHTXHQW SKDVH VHSDUDW L R®as®IeMdHOBSWAGHel LUVW F\FO
2C). Moreover, both for US or MF-treated emulsions, increasing the oil concentration

rendered emulsions with larger particle size and with a higher apparent viscosity

14



(Figures 4B and 4C). In addition, increasing the dispersed phase concentration above
0.65 and 0.5 in US and MF respectively caused the emulsion breaking and the
subsequent fall of their apparent viscosity (Table 1) due to the complete separation of
the lipid and aqueous phases. Furthermore, at the Satime apparent viscosity &fS-

and MF-emulsions was higher than that of HSH-emulsions. This phenomenon can be
explained due to the submicron particle size of US- and MF-emulsions. According to
Luckham & Ukeje (1999), small droplets can fit into the gaps between large droplets
reducing particles interactions and losing the viscoelasticity previously acquired by the
high oil concentration. Therefore, HC submicron emulsions have similar viscosity
values than emulsions with larger droplet size yet using lower concentrations of the

lipid phase, which might be an advantage when formulating low fat emulsions.

The -potential of all the prepared HSH-emulsions and submicron emulsions was
negative but varied depending on the homogenization process applied (Table 1). HSH-
emulsions showedpotential values around -40 mV regardless $h®ppositely, in
US- andMF-emulsions the-potential was less negative than in the case of those HSH-
presenting values around -80/. In addition, in this case, thepotential depenet on
the 3 becoming less negative as increasing the oil concentration before the breaking of
emulsionsistructure (Table 1). Actually;potential of US-emulsions incremented from
-26 to -20 mV when theincreased from 0.4 to 0.6 (Table 1). Then, tpstential
decreased again reaching values even more negative than the initial ones (-37.0 + 2.6
mV). This jump corresponded with the destabilization of the US-emuls®ns (
suggesting that-potential is closely related to the particle size. The decrease in particle
size of HC emulsions inded by the increase of th8favors the location of surfactant

around oil droplets. Therefore, as has been discussed in section 3.1 the smaller the

15



particle size, the Tween 80 locates itself better at droplets interface neutralizing the

interfacial charge.

3.3 Impact of surfactant concentration on the physicochemical characteristics of

highly concentrated emulsions

Based on the results prior discuss8d,Z DV | L [ HSB1cB MC emulsions

containing this3could be processday the three emulsification methods (HSH, US or
MF). Subsequently, the influence of increasing the SOR from 0.01 to 0.2 on the
formation of HC emulsions was evaluated. The patrticle size of all the prepared HC
HSH- (11,000 rpm, 2Znin), US- (200 s, 10Qum) andMF- (2 cycles, 800 bar) emulsions
decreased at increasing the SOR from 0.01 to 0.2 (Figures 5A-C). Indeed, regarding
HSH-emulsions, the particle size in termsigfdecreased from 18.66 + 0.95 down to
6.72 £ 0.16 P thncreasing the SOR from 0.01 to 0.2 (Figure 5A). In general, it is
known that higher surfactant concentrations facilitates the oil droplet disruption during
emulsification and allows a faster coverage of the oil droplet coverage, thus rendering
emulsions with smaller particle sizes [4,30]. Therefore, the concentration of surfactant
may influence the formation of HC emulsions since an increase of Tween 80
concentration led to HC emulsions with smaller particle sizes, which favors its stability
over time [31]. Moreover, HSH-treated emulsions exhibited bimodal particle size
distributions regardless the SOR and significant differences were not observed for those
with aSOR of 0.05 and 0.07 (Figure 5A). In contrast, after US or MF, all the submicron
emulsions prepared with an SOR greater or equal to 0.05 presented smaller particle
sizes than those treated by HSH and monomodal particle size distributions (Figures 5B-
C). This can be explained since US and MF are more efficient techniques than HSH to

minimize the particle size leading to more homogeneous particle size distributions [1].
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Furthermore, microscopic images of emulsions showed an increase in the droplet
packing and consequently a reduction in their particleatirereasing surfactant
concentrations regardless the emulsification treatment applied (Figure 6). The
microscopic image of HSH-emulsion with a SOR of 0.2 (Figure 6M) exhibited a high
packing of droplets likewise tho&&s-emulsions (Figurel). Unlike HSH-treated
emulsions antlS-, MF-emulsions were undetectable by optical microscopy, regardless
their SOR due to that droplet sizes were below the detection limit of the device, being
below 3 P (Figure 60). In fact, the achievement of such small particle sizes involves a
very high packing of the droplets, which may suppress droplets collisions and

subsequent coalescence, thus rendering smaller particlg¢ldizes

The decreasi droplet size in turn contributed to increase the apparent viscosity
of emulsions regardless the emulsification method applied (Figure 7A-C). Nevertheless,
the most dramatic increase in the apparent viscosity in HC emulsions was observed
when they were treated by MF. In fact, in MF-treated emulsions increasing the SOR
from 0.1 to 0.2 led to a particle size reduction from 360 nm down to 240 nm, yet it led
to an apparent viscosity increase from 69 to 638 mPa.s. This means that a reduction in
the oil droplet size of aproximately 100 nm leads to a 10-fold increase in the apparent
viscosity of the HC emulsions. The dramatic increase in the apparent viscosity of those
HC emulsions with a SOR of 0.2, can be attributed to their nanometric particle size
since unlike section 3.2, in this experimental section the dispersed phase concentration
remained constant. This suggests that the particle size gakeaygparent viscosity of

HC emulsions.

HSH-emulsions and submicron emulsions showed negape¢ential values
regardless the concentration of surfactant (Taplé&ording to our results, the

tendency of -potential was to move towards less negative values in all the types of

17



emulsions (HSHUS or MF). Nevertheless, thepotential of HSH and submicron
emulsions were significantly different (p<0.05) among them becoming less negative
after ultrasonication or microfluidization process (Table 2). AbtualSH-emulsions
presented values ranging from -52.6 + 3.7 to -3#V3&s increasing the SOR from

0.01 to 0.2, respectively. Regarding thgotential of submicron emulsions, it was
approximately between -42 £ 2 and -24 £ 4 mV at the same surfactant concentration.
Indeed,US or MF reduced emulsion particle size contributing to increase the surface
area available to be covered by Tween 80. Hence, there will be less non-adsorbed

surfactant molecules in the continuous phase makingplogential less negative [32].

3.4 Encapsulation efficiency and curcumin release kinetics of highly-
concentrated emulsions

HC emulsions (HSH-US- andMF-) loaded with curcumin were prepared fixing the
3at 0.5 and the SOR at 0.1. All of them presented encapsulation efficiencies (EE)
greater than 70%. Nonetheless, significant differences were observed depending on the
type of the emulsification method. In faklC emulsion prepared by HSH (11,000 rpm,
2 min) exhibited the highest EE with a value of 78 + 3%, whereas tH&sg00um,
200 s) oiMF- (800 bar, 2 cycles) showed EE of 72.4 + 1.8 or 71.21 + 0.01%,
respectivey. Differences might be due to the curcumin degradation through the
cavitation or high pressure forces from the ultrasonicator or microfluidizer, respectively.
Curcumin is prone to suffer auto-oxidation when it is exposed to the aqueous media due
to its instability leading to the formation of degradation products [33]emulsions
subjected taJS reached temperatures over 60 °C at the outlet of the processing
equipment. Therefore, this temperature might be locally even higher inside the

ultrasonic treatment chamber generating species such as hydrogen peroxide able to
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accelerate the oxidation of curcumin. In fact, Riesz, Berdahi, & Christman (1985)
reported that cavitation phenomena induced by ultrasounds produce the collapse of air
bubbles within the fluid. This causes a local increase of the pressure and temperature,
which in turn results in the dissociation of water into hydroxyl radicals and hydrogen
atoms, appearing several molecular species in the media such as hydrogen peroxide
[35]. Further research also supported that high shear forces such as those inside the
microfluidizer may lead to high energy molecules like hydroxyl radicals, which can

cause chemical degradation [36].

Curcumin release kinetics during 48h is shown in Figure 8 along with their kinetic
parameters including the maximum estimated curcumin rel€&&e,J and the kinetic
constant (k Concerning the calculated kinetic parameters yielded by the adjusted
model showed in eq.(3), neither B&naxvalues (>80%) nor k valuesi{.031 h),
were significantly different regardless the typeH&@ emulsion. MoreoveHSH-, US-
and MF-emulsions were able to release more than the 60% of the curcumin amount after
48h of experiment. This suggested that all the prepared HC emulsions resulted efficient
as carriers and delivery systems of curcumin regardless the homogenization method
used for their preparation. Furthermore, sidgsof HSH-, US- and MF- emulsions was
completely different ( DQG P U,Ht e He-dstermided that

particle size did not affect the release rate.

4 Conclusions
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Either HSH (11,000 rpm, 2 min) alone or followedW$ (200 s, 10Qum) or MF (2
cycles, 800 bar) alload the preparation of HC emulsions. On the one hand, the increase
Rl WKH 3 FRQW U the panidieGizeé/dR HBHH &nXiIBibhs regardless the
processing conditions applied. This particle size reduction immediately provoked the
increase of HSHH P X O Vappa€em fiscosity due to the great droplet packing.
Oppositely, US- and MF-emulsions with &over 0.5 suffered coalescence after
emulsification since cavitation and high-shear forces causadtrer-processing. On
the other hand, it was observed that for a fixed oil concentration, the particle HiZe of
emulsions decreased as the SOR increased from 0.01 to 0.2 regardless the
emulsification method used. However, US and MF ldd@V XEPLFURQ HPXOVLRQV
0.5) with particle sizes lower than 500 nm when the SOR was at least 0.1. For this
UHDVRQ WKH VKDUS LQFUHDVH RI +&vdrPhigbeyafierQVY DSSDU
US or MF than in the case of HSH due to the presence of submicron particles. This
showed that, in fact, the increase of apparent viscosity is strongly determined by the
decrease in particle size. Our results evidence that HC emulsions with particle sizes in
the nanometer rangegZ200 nm) present much higher viscosity values in comparison
with emulsions with larger particle sizes, which may be interesting for the development
of emulsified systems with specific rheological characteristics using lower dispersed
phase concentrations. Moreover, all the emulsion-bd€esystems prepared during
the present study showed a high capability for the encapsulation and release of
curcumin according to their kinetic constants. Therefore, the present work contributes to
comprehend the role of particle size reduction on the formation of HC emulsions and
the effect of the emulsification method3 D Q Gor6t@ds final emulsion
characteristics allowing the preparation of HC nanoemulsions. The study of these

parameters is of great importance in order to design emulsion-based nanostructures with
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controlled characteristics, especially with highly concentrated phases, to be used as

efficient delivery systems of bioactive compounds.
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Figure 1.Particle size distributianvolume (d[4;3]) and surface (d[3;2]) mean droplet

] u § &- -poterttial of highly concentrated ultrasonicated emulsigAs Band G

respectively or microfluidized emulsiong¢D, Eand F respectively with a volume

fraction of 0.4 and a surfactant-oil ratio of 0.1. Ultrasonication was peréar during

20-300 s at 100 pm of amplitude and microfluidiation process was carried outgdili¥in

5 cycles at 800 bar.
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Figure 2 Patrticle size distributions of highly concentrated emulsions prapasehigh-
shear homogenization (11,000 rpm, 2 mi@) and their subsequent submicron
emulsions obtained by ultrasonication (100, 200 s)(B) or microfluidization (800

bar, 2 cycles)C) prepared with a surfactant-oil ratio of 0.1 and different volume
fractions ranging from 0.4 to 0.7.
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Figure 3 Microscopical phase contrast images of the highly concentrated emulsions
prepared by high-shear homogenization (11,000 rpm, 2 f)D, G, J and Mand
their subsequent submicron emulsions obtained by ultrasonication (00200 s)B,
E, H, K and Nyr microfluidization (800 bar, 2 cycle€}, F, | and Lprepared by a
surfactant-oil ratio of 0.1 and volume fractions of 0.4-0.7. Error bar is equival@ot
.m. The image of microfluidized highly concentrated emulsion comtgir).7 as

volume fraction is not reported since this sample could not been micdifles due to

its high viscosity.
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ACCEPTED MANUSCRIPT

¢ =0.65

*=10.70

Figure 4.Influence of oil volume fraction”] on the particle size (full lines in um) and
on the apparent viscosity (grey bars in mPa-s) of highly concentrated enwlsion
produced by high shear homogenization at 11,000 rpm, 2 {@A)nultrasonication at
100 um, 200 ¢B) and microfluidization at 800 bar, 2 cycl€)
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Figure 5 Patrticle size distributions of highly concentrated emulsions prepasehigh-
shear homogenization (11,000 rpm, 2 mi@) and their subsequent submicron
emulsions obtained by ultrasonication (10@, 200 s)(B) or microfluidization (800
bar, 2 cycles]C) prepared with a volume fraction of 0.5 and different surfactant-oil
ratio (0.01, 0.05, 0.07, 0.1 or 0.2).
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Figure 6 Microscopical phase contrast images of the highly concentrated emulsions
prepared by high-shear homogenization (11,000 rpm, 2 rf)D, G, J and Mgnd

their subsequent submicron emulsions obtained by ultrasonication (100200 s)B,

E, H, K and Nyr microfluidization (800 bar, 2 cycle&}, F, |, L and @yepared bya
volume fraction of 0.5 and surfactant-oil ratios of 0.01, 0.05, 0.07, 0.1 or 0.2. [&&ror

is equivalent a 20m.

SOR =0.01
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Figure 7.Surfactant to oil ratio (SOR) on the patrticle size (full lines in umparide
apparent viscosity (grey bars in mPa.s) of highly concentrated emulsionscpibdy
high shear homogenization at 11,000 rpm, 2 A} ultrasonication atLtO0 um, 200 s
(B) and microfluidization at 800 bar, 2 cycl€y.

22 50
20Ff A ]

lao @

1 4 )

18| 1 <

] o

16} | E

—_ 130 =

& 114f ]

~ ((;))

R 12t 2
= 4

20 =

10 F ] L

1 <

o
8t 1 o
110 <
6 F 2 1
4 : : : : )
0,00 0,05 0,10 0,15 0,20
Surfactant to oil ratio (SOR)
3,5 100
B |
30F 1 —

4 80 «

] &

25¢F ]

] =
=
=

— 4 60

g 20f 87
o

~ (8]

52} 2

<t 15} 1 >

=] ’ 4

1 40 =

L
1,0f 3
1 o
— 420 <€
- 4
0,5} —— I P
0,0 : : : : 0
0,00 0,05 0,10 0,15 0,20
Surfactant to oil ratio (SOR)
3,0 800
C
25} ] w
<
o
2,0r 1600 &
[ =
—_— =
E 72}
= sl 5]
™ T D
X 200 .2
=] 4
L [
1,0 o
i <
o
(e
r <
05
r = A
0.0F , ‘ ‘ ‘ o
0,00 0,05 0,10 0,15 0,20

Surfactant to oil ratio (SOR)

34



Figure 8 Curcumin release (%) of highly concentrated coarse emulsions prepared by
high-shear homogenization (11,000 rpm, 2 min) and their subsequent submicron
upgoe]}ve } 8§ ]v C MOSE +}v] $§]}v midrofludization (2.ayele$,E

800 bar) prepared with a surfactant-oil ratio of 0.1 and a volume fraction ®f O.

Emulsions were loaded with 0.01wWéw of curcumin. The estimated maximum release

(CRmax expressed in % and the kinetic constant (k) tnboth calculated with the
model: % 4. % 4 1=T | : s ¥ Pare specified within the table.
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Table 1. -potential (mV) and apparent viscosity (mPa-s) of high-shear homogenized,
XOWUDVRQLFDWHG V P2 cixless 800L Fa) RMighly LG L]H G
concentrated emulsions with a SOR of 0.1, at different oil volume fract®ns (

3 -potential (mV) | Apparent viscosity (mPa-s)

High-shear homogenized 0.4 |-37.9 + 2.5%° 6.13+0.73F2

emulsion 0.5 |[-38.6+2.8" 11.7 + 0.8°¢
0.6 |-34.9+28% 33.3+2.1P
0.65 |-38.7 + 1.9° 115 + 20

0.7 |-395+2.6P 624 + 21/

Ultrasonicated emulsion | 0.4 |-25.75+ 1.262 7.84

0.5 |-21.43+0.832

0.6 |-20+ 3"

0.65 [-28.9%0. 69 + 52

*0.7 | -374+ 33.1 + 1.4Fb

Microfluidized emulsion | 0.4 28.1 + 0.9°°

6+ 15Xk 63 + 92

& 20 + 0.5¢2

Q *0.65 23+ 0.8

abc Means me®bar with different letters are significantly different at p < 0.05

regardiffg the W EBCPEBVeans in same bar with different letters are significantly
nC)p

dif
uNgasocated or microfluidized). (*)Microfluidized emulsions containidg ¢
bilized after 1 cycle of microfluidization so thepotential could not be measured
nd the reported apparent viscosity was measured after 1 cycle. Likewise, ultrasonicated

< 0.05 in terms of type of emulsion (high-shear homogenized

emulsions with3= 0.7 suffered disruption after ultrasonication.
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Table 2. -potential (mV) and apparent viscosity (mPa-s) of high-shear homogenized,
XOWUDVRQLFDWHG \% P DQG PLFURIWYXLGL]HG
concentrated emulsions with a volume fractadr0.5, at different surfactant-oil ratios

(SOR).

SOR| -potential (mV) | Apparent viscosity (mPa-s)

High-shear homogenized 0.01 | -52.6 + 3.7°° 5.40 £ 0.3%2
emulsion 0.05 | -47.11+1.4%° |7.68+0.28"
0.07 | -40 + 3*° 8.6+ 0.78¢¢

0.1 |-42+ 45 11.39+0.8

0.2 |-37x3% 36+5

Ultrasonicated emulsion | 0.01 | -44.1 + 1.7°°

0.05 | -25.38+ 0.728 + (0.28Pb

0.07 3.53 £ 1.68
01 [-21 18.85+ 0.63%
73+ 9P
Microfluidized emulsion §.2 + 2.8 4.26 + 0.38P
& | 201+23% 16.9+ 2.3%C2
Q 0.07 | -25 + 252 32+ 45
@ 0.1 |-27+5% 69+ 954
O 02 |-22+4 638+ 777

ARCP Mpans in same bar with different letters are significantly different at p < 0.05
Ing thed 2P°Means in same bar with different letters are significantly different at
< 0.05 in terms of type of emulsion (high-shear homogenized, ultrasonicated or

microfluidized).
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