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Abstract

In this study, olive oil-in-water emulsions (30% oil, v/v) were prepared by using high-pressure homogenization 
and different concentrations of modified corn starch particles (6–10% w/v). After a preliminary physical charac-
terization, the modified starch particles were used to produce olive oil-in water (o/w) emulsions whose droplet 
size and distribution, flow behavior, microstructure, and physical stability were evaluated. The stabilization by 
Pickering phenomena was observed, as well as the formation of a starch network able to entrap oil particles. 
Increasing the starch concentration enhanced the emulsion physical stability by improving the oil particles’ stabi-
lization within the starch network.
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Introduction

Oil-in-water (o/w) emulsions are amongst the most wide-
spread multiphasic systems and, because of their role in 
providing a proper structure, desirable appearance, and 
mouthfeel properties to lipid-containing matrices, they 
are of crucial importance in a wide range of emulsified 
products from the food, pharmaceutical, and cosmetic 
industry (Yang et al., 2017).

In recent years, studies on Pickering stabilization of the 
oil/water interface by solid particles which get absorbed 
on the interfacial layer and act as a physical barrier have 
been progressively increasing (Tavernier et al., 2016; Xiao 
et al., 2016). Indeed, due to the high adhesion energy at 
the liquid–liquid interface, particle adsorption is consid-
ered to be much stronger in comparison to low molec-
ular weight surfactants (McClements and Gumus, 2016; 
Ravera et al., 2020; Wu and Ma, 2016). Solid particles 
can thus reside at the interface of droplets, thereby pro-
viding Pickering emulsions with high resistance against 

coalescence and instability phenomena like Ostwald 
ripening.

In preliminary works, inorganic particles such as clay, 
silica, and latex were used as stabilizers in Pickering 
emulsions (Abend et al., 1998; Aveyard et al., 2003; Binks 
and Lumsdon, 2000); however, due to rapid biodegrad-
ability, poor bioavailability, and above all, the increasing 
attention of consumers toward more natural ingredients, 
their use in the food industry was largely limited, high-
lighting the need of using natural biopolymer particles as 
stabilizers in Pickering emulsions (Berton-Carabin and 
Schroën, 2015; Dickinson, 2012).

Recently, starch has obtained an increased interest as a 
potential stabilizer biopolymer in Pickering emulsions for 
both food and pharmaceutical applications thanks to its 
low cost, high natural availability, nontoxicity, ease in pro-
duction, and high bioavailability (Ge et al., 2017; Lee and 
Chang, 2019; McClements and Gumus, 2016; Tavernier 
et al., 2016). However, native starch particles are generally 
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stabilized by starch-zein nanoparticle complexes were 
studied as starting material to produce biocomposite edi-
ble films (Farajpour et al., 2020; Qian et al., 2020).

The aim of this work was, thus, to study the colloidal 
properties, flow behavior, and physical stability of olive 
oil-in-water emulsions obtained by means of HPH and 
stabilized with corn starch granules modified by esteri-
fication with citric acid. In a preliminary step, the phys-
ical properties, microstructure, and size of corn starch 
granules after esterification were initially evaluated. 
Moreover, to evaluate any likely effect induced by high 
dynamic pressure, the properties of the modified starch 
subjected to HPH at conditions similar to those applied 
during the emulsion preparation were also studied. 
Finally, the o/w emulsions were characterized for droplet 
size and distribution, flow properties, and physical stabil-
ity over a storage time of 30 days.

Material and Methods

Experimental plan

The investigation was carried out according to the fol-
lowing steps:

Step I: Starch particles’ modification by esterification 
with citric acid.

Step II: Emulsifying activity of modified starch toward 
olive oil.

Step III: Characterization of emulsions’ colloidal prop-
erties and physical stability.

Materials

Native corn starch was provided by Roquette Italia S.P.A. 
(Cassano Spinola, Italy). Commercial extra virgin olive 
oil was purchased from a local market. Anhydrous citric 
acid (99.5% purity) was purchased from Sigma-Aldrich 
(Steinheim, Germany). All other chemicals were of ana-
lytical grade.

Methods

Starch particles’ modification by esterification
Native corn starch (NS) was esterified with citric acid 
according to the method of Kim et al. (2017) with some 
modifications. Briefly, citric acid (30% on starch dry basis) 
was dissolved in 50 mL distilled water and subsequently 
the pH of the solution was adjusted to 3.5 using 10M 
NaOH. An aliquot of 50 g of NS was added in the cit-
ric acid solution with continuous mixing and the mixture 
was then left at room temperature for 16 h. The mixture 

not hydrophobic and present a low capacity to absorb 
at oil/water interfaces. Among the methods available to 
increase starch hydrophobicity, esterification is one of the 
most commonly used (Khan and Ahmad, 2013). Indeed, 
esterification improves the performance of starches by 
making them more amphiphilic and hence more suitable 
for the stabilization of emulsions. Esterification is a com-
monly used process in which an acid or its derivative is 
used to react with the hydroxyl groups of starch, replac-
ing them with ester groups which are more hydrophobic 
(Fang et al., 2002). As a result, a more hydrophobic starch 
with reduced retrogradation and improved emulsifying 
properties is produced (Ghanbarzadeh et al., 2011; Xie 
and Liu, 2004; Zhou et al., 2016). For esterification pur-
poses, among the various organic acids used, citric acid, 
a trifunctional carboxylic acid, is most widely used due to 
its low cost, high effectiveness, and environmental sus-
tainability (Jiangping et al., 2019).

High pressure homogenization (HPH) is a technology 
applied for obtaining finely dispersed o/w emulsions 
characterized by higher physical stability and resistance. 
In general, a pre-homogenized, coarse, pre-emulsified 
mix of the oil and water phases is passed through a small 
valve under dynamic pressure to produce the final fine 
dispersion (Friberg et al., 2003). It is well known that 
HPH induces starch gelatinization; however, this high-
pressure-induced gelatinization is significantly different 
form the heat-induced gelatinization as starch granules 
retain their structure and only little amount of amylose 
oozes out (Rubens and Heremans, 2000; Stute et al., 
1996). Moreover, high-pressure-treated starch granules 
comprise two different zones: the inner zone, which is 
completely destroyed due to high pressure and forms 
a gel-like network, and an outer zone, which largely 
remains undisturbed (Błaszczak et al., 2005). So far the 
use of HPH is largely focused on stabilizing the traditional 
emulsions using the chemical surfactants and biomol-
ecules while the use of HPH in stabilizing the Pickering 
emulsions is rarely investigated. To the best of authors 
knowledge so far no study is published which investigate 
the use of HPH in stabilizing the Pickering emulsions with 
starch particles, using olive oil as dispersed phase. While 
HPH is largely used to produce emulsions with conven-
tional emulsifiers, its use in the formation of Pickering 
emulsions has been scarcely investigated and, to the best 
of authors’ knowledge, no studies are available in the lit-
erature on its application to olive oil o/w emulsions stabi-
lized with starch particles. Currently, very few works are 
available on starch-stabilized olive oil emulsions as well 
(Farajpour et al., 2020; Qian et al., 2020); in the work by 
Quian and coworkers, the use of corn starch nanocrystals 
with increasing levels of acetylation was explored to pro-
duce, by means of a rotor-stator device, Pickering olive 
oil emulsions characterized by different levels of visco-
elasticity. In another work, Pickering olive oil emulsions 
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experimental data were modeled using the Power Law 
equation (Eq. 2)

	 σ = Kγn 	 (2)

where σ = shear stress (Pa), K = consistency index, γ = 
shear rate (1/s), and n = flow behavior (dimensionless).

Physical stability of  o/w emulsions
The physical stability of emulsions was measured using 
the creaming index (CI) during a storage period of 30 
days at room temperature. Emulsions were photographed 
at 1-week intervals and the images were processed using 
ImageJ software. The cream volume was measured and 
the creaming index was obtained as a ratio between the 
total volume (Vt) and cream volume (Vc) using the fol-
lowing equation

	 c

t

Creaming Inde Vx 100
V

= × 	 (3)

Optical microscopy
The microscopic observation of the Pickering emulsions 
was carried out using an Olympus-BX53 light micro-
scope at 10× and 40× magnification. The photographs 
were taken with a 12-bit digital camera (QIQAM Fast 
1394, Surrey, Canada) connected with the microscope. 
The starch was stained with Lugol’s solution; samples 
were placed on the microscope slide and covered with a 
glass cover before observation.

Scanning Electron Microscopy (SEM)
A Scanning Electron Microscope (model Leica 
Cambridge, UK) at 5kV was used to evaluate the micro-
structural properties of esterified starch. About 100 mg 
of sample with double-sided adhesive tape was mounted 
on the SEM stub, and to avoid the charging effect due to 
electron beam it was sputter coated with gold.

Statistical analysis

All experiments were performed at least in triplicates. 
The analysis of variance (ANOVA) was performed using 
SPSS version 24 (SPSS, Chicago, USA). Ducan’s test was 
used for reporting the significance difference results at 
95% confidence level (P < 0.05).

Results and Discussion

Effect of citric acid treatment and HPH on corn starch 
particles

The emulsifying ability of starch granules as Pickering 
particles toward o/w emulsions is highly dependent on 

was than dried in a hot air oven at 60°C for 3–4 h till the 
5–10% (w/w) moisture content was achieved followed 
by grinding and drying at 140°C for 4 h. The dried starch 
was then ground using a pestle and mortar and washed 
with distilled water thrice to remove the leftover citric 
acid. Finally, the starch was dried at 45°C for 24 h and 
finely powdered by a ball-miller (Fritsch, Idar-Oberstein, 
Germany) and passed through a 90-micron sieve.

Preparation of  o/w Pickering emulsions
The 30% (v/v) o/w emulsions were prepared by mixing 
the modified starch (MS) suspension at different concen-
trations (6.0, 8.0, 8.5, 9.0, 9.5, and 10.0%) (w/v) and olive 
oil with a rotor-stator device (DI 25 basic, IKA, Stufen, 
Germany) at 20,000 rpm for 2 min; the pre-emulsions 
were then submitted to HPH using a Panda Plus 2000 
homogenizer (GEA, Parma, Italy) at 55 bar with a circu-
lation time of 5 min.

Degree of  substitution of  esterified starch
The method of Jeon et al. (1999) with some modifica-
tions was used to determine the degree of substitution 
(DS) of the modified starch. Both the native and modified 
starches (1 g) were slowly dissolved in the 10 mL solu-
tion of DMSO at 70°C for 10 min and left to cool down 
at ambient temperature. Then, after the addition of a 
few drops of phenolphthalein indicator, the solution was 
titrated against a standardized 0.05M NaOH solution 
till a light pink color was attained as the end point. The 
DS values were calculated using the following equation 
(Zhang et al., 2017):

	
[ ]
0.162(A M / W)

1 0.210 (A M W
D

/
S

)
×

− ×
= 	 (1)

where, A = volume of NaOH used, M = molarity of 
NaOH, and W = weight of the starch sample used.

Particle size measurement of  starch granules and o/w 
emulsions
The particle size distribution of starch granules and oil 
droplets in the emulsions was measured by laser dif-
fraction (Mastersizer 3000, Malvern Instruments Ltd. 
Malvern, UK). For starch, a refractive index of 1.52 was 
used (Loisel et al., 1998). For emulsions, refractive indi-
ces of 1.33 and 1.59 were used for water and olive oil, 
respectively. Droplet size measurements are reported as 
particle size distribution curves and surface mean diam-
eter (D3,2).

Flow behavior of  o/w emulsions
The flow curves of Pickering emulsions were determined 
by using a controlled stress–strain rheometer (MCR 
302, Anton Paar, Graz Austria) equipped with a concen-
tric cylinder configuration. Flow curves were measured 
at 20°C at increasing shear rates from 3 to 300 s−1. The 
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starch (12.54 ± 0.04 µm and 20.84 ± 0.12 µm, respec-
tively), likely due to the structural modification of corn 
starch induced by the citric acid pretreatment.

The hydrophobic properties of starch particles as a con-
sequence of both esterification and esterification in 
combination with the HPH process were evaluated by 
measuring the degree of substitution (DS). During the 
esterification process, hydrophobic groups are intro-
duced to the amylose residues, causing an increase of 
the DS, resulting in enhanced surface active properties 
(Zhou et al., 2016). The DS of MS was 0.22 ± 0.01, signifi-
cantly higher than that of NS whose DS value was equal 
to 0.01 ± 0.00, confirming the efficacy of the esterification 
process applied. This result is in agreement with literature 
data where significantly higher DS values were reported 
after esterification of maca starch with citric acid (Lee 
and Chang, 2019). HPH did not affect the hydrophobic 
properties of the starch particles of both native and mod-
ified starches as the DS of both HPH-NS and HPH-MS 
was not significantly different than the not homogenized 
sample (data not shown).

The changes induced in the morphology and microstruc-
ture of the NS and MS are highlighted in the SEM images 

their composition, structure, and granule size (Timgren 
et al., 2013). In order to evaluate any likely effect of HPH 
on starch particles’ morphology and functionality, corn 
starch was preliminarily modified by using citric acid and 
then subjected to the homogenization process conditions 
used for emulsion preparation. It is known that HPH can 
significantly affect starch properties and induce gelatini-
zation (Wang et al., 2008) ; however, in this work, pres-
sure of homogenization was kept low (55 bar) to limit 
state transition of the starch particles dispersed in the 
aqueous phase.

In Figure 1, the microstructural properties of native (NS) 
and citric-acid-modified corn starch (MS) subjected 
to HPH (HPH-NS and HPH-MS) are shown, while in 
Figure 2 their particle size is reported as D3,2. Regardless 
of the treatments applied, all the starch samples were 
characterized by a poly-dispersed population. However, 
HPH significantly (P < 0.05) reduced the particle size 
of both the native starch (Figure 1B) and modified corn 
starch (Figure 1D), as also confirmed by the results of 
the volume/surface (D3,2) and particle size of the samples 
(Figure 2). The size reduction was more evident on the 
citric-acid-modified corn starch whose median value was 
significantly lower (P < 0.05) compared to native corn 

(A) (B)

(C) (D)

Figure 1.  Micrographs of starch particles taken by light microscope: NS (A), HPH-NS (B), MS (C), HPH-MS (D). HPH: high pres-
sure homogenization; NS: native starch; MS: modified starch.
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Figure 2.  Particle size (D3,2) of the differently treated corn 
starch particles. Different letters on each bar indicate sig-
nificant differences among the mean values (P < 0.05). NS: 
native starch; MS: modified starch; HPH: high pressure 
homogenization.

modified starches at increasing concentrations were used 
to prepare o/w emulsions made of olive oil as dispersed 
phase (fixed concentration 30%, v/v), homogenized by 
means of HPH. Regardless of the concentration tested, 
no emulsifying capacity was observed when NS was used 
as the emulsions readily destabilized; hence, NS was not 
further taken into consideration. On the contrary, fine 
olive oil o/w emulsions were obtained when MS was used 
as emulsifier: Figure 4 thus shows the size class and par-
ticle size distribution of the olive oil o/w emulsions pre-
pared with MS in the concentration range of 6.0–10.0% 
(w/v). Such a result can be related to the improvement 
of the emulsifying capacity due to the introduction 
of ester groups during modification (Lee and Chang, 
2019). Indeed, some authors evidenced that esterifica-
tion increases the amphiphilic properties of starch gran-
ules and this leads to a decrease of the surface tension 
between the oil–water interface with respect to that 
observed in the corresponding native, unmodified ones 
(Królikowska et al., 2017), favoring the formation and 
stabilization of the fine oil droplets formed during the 
homogenization process.

With regard to the dispersion degree, of all the MS con-
centrations tested, the particle size distribution was char-
acterized by a high degree of polidispersity (Figure 4A) 
with at least three oil droplet populations with a relative 
maximum average at particle sizes of around 2, 5, and 
50 mm, respectively. At increasing starch concentrations, 
a progressive higher particle size was observed along 
with a relative higher amount of larger particles, with no 
variation in the size range distribution. This behavior was 
also reflected in the results of the surface mean droplet 
size D3,2 of the emulsified samples (Figure 4B) with the 
smaller droplet diameter observed in the emulsions 
made with lower starch concentration (5.94 ± 0.73 µm). 
Then, by increasing the starch concentration, the drop-
let particle size increased up to a plateau value of about 

2 µm EHT = 500W WD = 8.3 mm Mag = 5.00 KX Signal A = InLens 2 µm EHT = 500W WD = 8.3 mm Mag = 5.00 KX Signal A = InLens

Figure 3.  SEM micrographs of NS (A) and MS (B) particles (NS: native starch; MS: modified starch).

reported in Figure 3. NS granules (Figure 3A) present a 
smooth outer surface while after the citric-acid-modifi-
cation slight groves and corrosion appeared on the sur-
face of the MS granules (Figure 3B). However, overall, the 
esterification did not significantly alter the main struc-
ture of the starch granules or their size. These results 
are similar to those reported by other authors reporting 
that chemical modification of native starch only affects 
the outer surface of the granules while no changes in the 
morphology and structure of the starch granules occur 
(Mbougueng et al., 2012; Zhang et al., 2017). The surface 
modification of the starch granules induced by the ester-
ification has been related to the weathering effect of acid 
hydrolysis (Alimi and Workneh, 2018).

Emulsifying capacity of modified starch toward olive oil

In order to study the emulsifying capacity of starch par-
ticles toward olive oil, suspensions of both native and 
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magnifications are reported in Figure 5, as an example of 
systems’ microstructure. The micrographs highlight that 
the emulsions present a complex structure where small 
oil droplets are dispersed in an aqueous phase that con-
tains a large amount of starch (black spots in the images) 
that are in some cases interacting (Figure 5A), likely due 
to the effect of the high dynamic pressure during emul-
sification. Moreover, it could be clearly evidenced that 
oil droplets are stabilized by adsorbed starch particles 
(Figure 5B). As previously observed in the literature, the 
overall emulsified dispersed state of the emulsions can be 
due to both the Pickering mechanism by starch particles 
adsorbed on the o/w interface as well as the stabiliza-
tion and immobilization of oil droplets within the starch, 
gel-like granules network formed during the HPH pro-
cess (Dickinson, 2020). Indeed, it could be affirmed that 
during the high-pressure homogenization, the Pickering 
emulsions were stabilized by several mechanisms occur-
ring simultaneously, which are the adsorption of starch 
particles on the oil/water interface, the release of amylose 
from the starch granules which formed complexes with 
the oil droplets, and the formation of the gel-like network 
of starch granules which immobilized the oil droplets. 
Indeed, these stabilization phenomena have been pre-
viously reported in Pickering emulsions prepared with 
corn starch under HPH (Meng et al., 2014; Villamonte 
et al., 2016).

Flow behavior of Pickering olive oil emulsions

Flow behavior of Pickering emulsions at different MS 
concentrations is reported in Figure 6. All dispersed sys-
tems presented a non-Newtonian shear-thinning behav-
ior as, at increasing MS concentration, the shear stress 
increased. The shear-thinning behavior can be explained 
by a weak droplet association where the network under-
went breakage as the shear force was increased, the rate 
of starch network deformation was higher than the ref-
ormation rate, resulting in lower viscosity because of 
reduced intermolecular resistance, behavior which has 
been previously observed for starch-stabilized o/w emul-
sions (Ye et al., 2017).

The experimental data were fitted by using a power law 
model (σ = Kγn) where σ is the shear stress (Pa), K the 
consistency index, γ the shear rate (1/s), and n = flow 
behavior (dimensionless). The extent of shear-thin-
ning behavior in a non-Newtonian fluid is calculated 
using the flow behavior (n). If the value of n is <1, it is 
shear-thinning fluid and >1 indicates a shear-thickening 
fluid (Rezaei et al., 2017). In Table 1, the flow behavior 
(n) and consistency index (k) values of the differently 
made emulsions are summarized. All samples presented 
an n value <1 confirming the shear-thinning behavior; it 
significantly (P > 0.05) increased from 6.0 to 8.0% starch 

10 µm. This result is in disagreement with data reported 
in the literature, as higher starch concentration allows 
more particles to be able to absorb at the oil/water inter-
face and stabilize the interfacial layer and thus decrease 
the particle size (Li et al., 2013; Marefati et al., 2017). This 
disagreement could be due to several causes, such as a 
difference in the starch particles’ properties and size; the 
emulsified systems, like the oil to water volume ratio; and 
the homogenization conditions used with respect to the 
current study.

However, it is worth observing that emulsions presented 
a surface mean droplet size lower or equal to 10 µm, 
which, according to some authors, indicates good emul-
sification capacity and emulsion stability toward physical 
destabilization phenomena such as creaming and floccu-
lation, when compared to emulsion with larger droplets 
(Saari et al., 2016). So, it can be generally affirmed that in 
the range of concentrations tested and under the process 
conditions applied, the modified starch particles exerted 
good emulsifying properties, determining the formation 
of fine o/w olive oil dispersed systems.

Images of emulsions made with 9.5% MS (w/v) eval-
uated by light microscopy captured at two different 
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Figure 4.  Droplet size distribution (A), and surface mean 
droplet size (B) of o/w Pickering emulsions prepared with 
different concentrations of modified corn starch. Different 
letters in the same columns indicate significant differences 
(P < 0.05) (n = 3).
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(A) (B)

Figure 5.  Optical microscope images of Pickering emulsions prepared with 9.5% MS at different magnifications (10× in A, 40× 
in B). MS granules appear to be black in color (MS: modified starch).
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Figure 6. Flow behavior of the o/w Pickering emulsions prepared with different concentrations of modified corn starch (6.0–
10.0% w/w).

Table 1.  Consistency index and flow behavior of the 30% o/w Pickering emulsions stabilized by high pressure homogenization and MS 
particles.

MS
 6.0%

MS
 8.0%

MS
 8.5%

MS
9.0%

MS
9.5%

MS
 10.0%

K 0.027a ± 0.01 0.017a ± 0.01 0.022a ± 0.00 0.034a ± 0.01 0.033a ± 0.01 0.036a ± 0.01

n 0.740a ± 0.03 0.856b ± 0.06 0.83ab ± 0.02 0.783ab ± 0.04 0.784ab ± 0.02 0.783ab ± 0.03

K = consistency index, n = flow behavior, *R2 value for all the measurements was greater than 0.977. Different letters in the same rows indicate 
significant difference (P < 0.05) (n = 3). MS: modified starch.

concentration while no significant increase was observed 
afterward. The lowest consistency index (K) was found in 
emulsions stabilized with 6.0% of MS while an increase 
was observed at all the remaining concentrations, even 
though with no significant differences among them (P < 
0.05). From these data, it could be concluded that con-
sistency index largely remained unaffected by increasing 
starch concentration while the flow behavior was only 
significantly affected up to a certain level (6–8% of MS) 
and afterward it also remained unaffected by increasing 
starch concentrations.

Creaming stability of o/w Pickering emulsions

Stability of the Pickering emulsions was investigated by 
the evaluation of the creaming index (CI) as a parameter 
that could indicate the extent of droplet aggregation in 
an emulsion, which in turn affects its physical stability. 
The higher the creaming index, the more the droplets 
clump together (Sun-Waterhouse et al., 2013). Figure 7 
shows the CI of o/w Pickering emulsions over a storage 
period of 1 month at room temperature. It is possible to 
note that the higher the starch concentration, the lower 
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dispersed systems were obtained. The microscopic 
images demonstrated the emulsions’ stabilization by the 
occurrence of a mixed mechanism based on Pickering 
phenomena by solid starch particles absorbed on the o/w 
interface and the formation of a starch network able to 
entrap oil particles. The flow properties of the Pickering 
emulsions showed a shear-thinning non-Newtonian 
behavior; increasing the starch concentration enhanced 
the emulsion physical stability as evaluated by the cream-
ing index by improving the oil particles entrapment 
within the starch network. Further work is needed to 
explore the emulsifying properties and exploitability of 
starch particles in more complex food systems formu-
lated with olive oil as the lipid phase.
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