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A novel pea protein-based emulsifier was used in the production of oil in water (O/W) nanoemulsions.

The regions of kinetically stabilized O/W emulsions were individuated in a pseudoternary diagram

containing different pea protein, sunflower oil, and water fractions. The stable O/W emulsion region was

widened by the addition of NaCl to the aqueous phase or, to a more significant extent, by high pressure

homogenization (HPH) processing. The HPH treatment caused the formation of very fine emulsions in

the nanometric range (<200 nm), with extremely high stability over time. HPH treatment affected the

protein properties, resulting in a reduced water surface tension. Changes in protein structure, which

were characterized by light scattering and SDS-PAGE, suggest the occurrence of the disruption of

disulfide bonds, thus changing the exposition and availability of hydrophobic groups.
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INTRODUCTION

In recent years, the encapsulation of bioactive compounds into
delivery systems, which can be easily incorporated into foods, has
attracted significant attention from both scientific and industrial
communities. The capsules can protect the bioactives from react-
ing with other food ingredients, thus efficiently preventing their
degradation as well as any other alterations of the food quality
and nutritional attributes (1). In addition, when the bioactive
compound is lipophilic, encapsulation may considerably increase
its solubility in water, which is of significant importance in both
functional foods and drug formulation (2).

Among encapsulation systems, oil in water emulsions appear
particularly suitable for food applications because they can be
constituted by natural food grade compounds such as natural
lipids and emulsifiers. Furthermore, when lipophilic active com-
pounds are encapsulated in fats, their bioavailability after inges-
tion is enhanced (3 ). This is due to increased dissolution and
solubilization by biliar and pancreatic secrections, increased
intestinal permeability, reduced metabolism, and excrection acti-
vity (4 ) as well as reduced transport resistances through the
aqueous boundary layer on the intestine walls (5). Finally, if the
encapsulating emulsion is of nanometric dimension, the absorp-
tion process is further accelerated because it is direct and does not
require intraluminal digestion (6).

Nanoemulsions are very fine emulsions made of lipid droplets
of nanometric size (50-200 nm), dispersed in an aqueous phase,
prepared bymeans of high energy comminutionwith the use of an
adequate emulsifier at the water/oil interface (7). Nanoemulsions
are kinetically stabilized by the very fine dimension of the droplets (1).

The most efficient and high-throughput comminution system for
the production of nanoemulsions is high pressure homogeniza-
tion (HPH). Because of the high level of pressure applied to the
process fluid (up to 300 MPa in commercial systems), elevated
fluid-mechanical stresses are exerted within the homogenization
valve on the suspended particles, contributing to reducing the
emulsion droplet size below micrometric size (7, 8) as well as to
obtaining a significant reduction of the microbial load present in
liquid foods (9).

To form a nanoemulsion, the choice of the emulsifier repre-
sents a key issue because both a high interface adsorption rate
and good interfacial activity are required to reduce the extent
of coalescence of newly formed surfaces as well as stabilize the
nanosized droplets (1).While for food grade artificial surfactants,
these properties can be tailored by molecular engineering, it is
more difficult to find natural emulsifiers which are suitable for the
production of nanoemulsions.

Although grain legumes have been consumed in many count-
ries for thousands of years, until only recently was their regular
intake acknowledged to have beneficial health effects (10 ).
Furthermore, grain legumes are an important source of proteins,
which are not only a source of energetic compounds such as
amino acids but also functional ingredients with direct bioactive
roles (10). In particular, vegetable proteins derived from grain
legumes were used as animal protein substitutes which could lead
to new types of novel foods with improved nutritional value,
texture, and shelf life (11).

The functional properties of these vegetable proteins provide
suitable emulsifiers for the preparation of food emulsions and
also offer the advantage of using natural products together with
the health-beneficial properties of the proteins themselves. For
instance, the production of oil in water emulsions using vegetable
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emulsifiers to fully replace egg yolk offers several dietetic advan-
tages (12, 13). Although egg yolk is the most commonly used
emulsifier in foods like mayonnaise or salad dressings due to its
favorable organoleptic and functional properties (14), alternative,
vegetable emulsifiers might contribute to decreasing cholesterol
and fat contents as well as increasing microbiological stabi-
lity (15 ). Several vegetable proteins with observed functional
properties are derived from soybean (16 ), fava bean (17 ),
lupin (13, 18), or pea (11, 19-21). More specifically, pea protein
isolate is a natural vegetable extract with several nutritional
qualities which include the absence of lipids, as well as appro-
priate physical and functional properties such as good solubility
in water (17), high oil in water emulsifying power (17, 22, 23),
stability at high temperatures, and good foaming capacity (24).

In this paper, the functional properties of a novel pea protein
product are studied with the aim of producing stable nano-
emulsion systems for the delivery of bioactive compounds. More
specifically, the ability of the protein products to act as emulsify-
ing agents and stabilize emulsions including nanoemulsions has
been studied, with a pseudoternary phase diagram having been
constructed. The effects of the high pressure homogenization
(HPH) processing parameters (i.e., pressure and processing
passes) on the emulsion droplet sizes as well as the eventual
modifications of protein structure and functionality have also
been investigated.

MATERIALS AND METHODS

Materials. Pea protein based emulsions were prepared in different
compositions by changing the emulsifier/oil/water ratios in order to
evaluate the kinetic stability of different compositions. Sunflower oil from
Sagra (Italy) was used as lipid phase, while a natural pea protein,
Naturalys F85M, a generous gift from Roquette, Italy, was used as
emulsifier. In general, pea seed proteins are composed of two families of
proteins, globulins (80-90% w/w), and albumins (10-20% w/w) (25).
Globulins are made of two major proteins, legumin and vicilin, with an
average ratio of approximately 1:1. In addition, a third globulin protein,
convicilin, is also present in small quantities (26). Naturalys F85 M was
extracted from dry pea (Pisum sativum), with an 85% protein content as
described in Table 1.

Emulsion Preparation. Raw or primary emulsions were obtained
by homogenizing water-pea protein-oil mixtures through high speed
homogenization (HSH) using Ultra Turrax T25 (IKA Werke GmbH &
Co., DE) equipped with a S25 N18 G rotor operated at 24000 rpm for
5min at 4 �C.The energy for emulsificationwas delivered to the systems as
inertial forces and shear stress by the rotor as a function of the rate of
revolution. The smallest size of the disperse phase attainable by HSH was
in any case larger than 2 μm (8,27). Primary emulsions were then reduced
into very fine secondary emulsions (nanoemulsions) by high pressure
homogenization (HPH) in a Nano DeBEE Electric Benchtop Laboratory
Machine (Bee Int., USA). The operating conditions varied between 100
and 300 MPa pressure levels, and the number of homogenization passes
varied from 1 to 20. The inlet temperature was set at 4 �C and the outlet
temperature, which was increased by the pressure energy release, was
rapidly reduced in a heat exchanger to 4 �C.

Screening of Emulsion Formulations. Nine different samples were
initially prepared by mixing a highly concentrated solution of pea protein
in water with oil of different proportions (from 1:9 to 9:1). Aqueous
solutions of pea proteins were prepared at 16.7% pea protein concentra-
tion, slightly higher than the solubility of the protein powder (28). After
homogenization by HSH, part of the sample was collected in a tube for
stability investigation,while the other partwas serially diluted inwater and
treated by HSH to generate the other points of the phase diagram, which
were all sampled and stored at room temperature. After 24 h from
preparation the state of the emulsified systems was visually evaluated
and classified in physically unstable or stable systems.

Samples which resulted fluid enough to be sucked and pumped by the
intensifier of the Nano DeBEE system, were further treated by HPH.

Particle Size Measurements. Two different particle size measure-
ment systems were used for HSH-treated and HPH-treated emulsions due
to the significantly different characteristic mean droplet size.

A photon correlation spectrometer (HPPS, Malvern Instruments,
Malvern, UK) was used for the particle size measurement of the HPH-
treated emulsions, whose characteristic size was always comprised in the
instrument sensitivity range (1-6000 nm). The droplet size distribu-
tion was characterized in terms of the hydrodynamic diameter (dH) or
z-diameter, which was determined by cumulant analysis of the intensity-
intensity autocorrelation function G(q,t) (29).

The particle size distributions (PSD) of the HSH-treated emulsions and
of the pea protein suspensions were instead measured by laser diffraction
(Mastersizer 2000, Malvern Instruments, Malvern, UK). In this case, the
PSD was characterized in terms of the Sauter diameter d3,2 and of d4,3,
whosemathematical expressions are reported in eqs 1 and 2,where xi is the
diameter of the single droplet and the sum is extended to the whole
population.

d3, 2 ¼
P

x3iP
x2i

ð1Þ

d4, 3 ¼
P

x4iP
x3i

ð2Þ

Surface Tension Measurements. Surface tension was measured at
the air-water solution interface, with different protein loadings in
the solution, by means of the pendant drop method. A CAM200 appa-
ratus (KSV Instruments, Finland), consisting of an experimental cell, an
illuminating, and viewing system to visualize the drop as well as a data
acquisition system, was used to determine the interfacial tension from the
pendant drop profile. Images of the drop are captured and digitalized, and
the drop contour is extracted for the determination of the radius of
curvature at the apex necessary for the calculation of interfacial tension.
Surface tension is automatically determined via a software by fitting the
shape of the drop (in a captured video image) to the Young-Laplace
equation which relates interfacial tension to drop shape.

Equation 3 reports the Young-Laplace equation, where φ is the angle
made by the tangent at the point (X, Z), s is the linear distance along the
drop profile, and dj/ds corresponds to the radius of curvature at the point
(X, Z) and β is the shape parameter, given by eq 4, where g is the
gravitational constant, σ is the effective density of the liquid drop, γ is the
surface or interfacial tension, and b is the radius of curvature at the origin.

dφ

ds
¼ 2þ βZ-

sin φ

X
ð3Þ

β ¼ -
gσb2

γ
ð4Þ

The reported results are the average of seven measurements.
SDS-PAGEElectrophoresis of Pea Proteins.The protein fractions

were analyzed by sodiumdodecyl sulfate-polyacrylamide gel electrophore-
sis (SDS-PAGE), following the procedure described by Laemmli (30).

30% Acrylamide:Bis solution (29:1), N,N,N,N-tetramethylethylenedi-
amine (TEMED), prestained SDS-PAGE standards broad range, and
Coomassie Brilliant BlueR250were obtained fromBio-RadLaboratories.
Glycerol, trizma base, glycine, SDS, 2-β-mercaptoethanol, bromophenol

Table 1. Essential Amino Acids Content of NUTRALYS Pea Protein (28 )

component mass fraction (g/100 g of protein)

cystine þ methionine 2.1

histidine 2.5

isoleucine 4.5

leucine 8.4

lysine 7.2

phenylalanine þ tyrosine 9.3

threonine 3.9

tryptophan 1.0

valine 5.0
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blue, methanol, glacial acetic acid, n-butanol, and ammonium persulfate
were obtained from Sigma Aldrich.

The control and HPH-treated protein solutions (4% pea protein in
water) were dispersed in a reducing buffer (containing 0.3M Tris/HCl pH
6.8, 10%glycerol, 4%SDS, 10%2-β-mercaptoetanol, 0.2%bromophenol
blue) and denatured in a boiling water bath for 5 min.

The samples were analyzed under a nonreducing buffer (2-β-mercapto-
ethanol replacedbydeionizedwater).A comparisonof gels under reducing
and nonreducing conditions made it possible to estimate the amount of
protein involved in disulfide-bonded complexes.

The sampleswere then subjected toSDS-PAGEelectrophoresis (30,31),
using 4%polyacrilamide upper gel and 10%polyacrilamide lower gel. The
electrophoresiswas carried out using aMini-systemapparatus (Eppendorf
AG, Germany) at room temperature, with an initial constant current of
40 mA. The electrophoresis current was increased after 1 h to 50 mA until
the bromophenol blue reached the bottom. After electrophoresis, the gel
was transferred to the staining solution, which contained 0.1%Coomassie
Brilliant BlueR250 dissolved inmethanol (50%)/glacial acetic acid (10%),
and stored in the staining solution for 2 h. Finally, the gel was kept in the
destaining solution overnight.

RESULTS

Stability of the Primary Emulsions. The emulsion-based nano-
metric delivery systems were prepared by high speed homogeni-
zation (HSH) for the formation of the primary emulsions, fol-
lowed by high pressure homogenization (HPH) for the formation
of the secondary nanoscale emulsions. The stability of the pri-
mary emulsions was evaluated for different formulations in terms
of emulsifier and oil contents and reported in a pseudoternary
phase diagram, as shown in Figure 1. Pseudoternary phase diag-
rams are frequently used, especially in the formulation of self-
emulsifying drug delivery systems (32), which are thermodyna-
mically stable emulsions. In this case, a pseudoternary diagram is
used as a compositional map for the identification of the optimal
conditions to obtain kinetically stable emulsions, through the
reduction of the droplet size and minimization of the amount
of emulsifier to be used. For this reason, in Figure 1, it is possible
to find additional information, such as the mean particle sizes
measured for the stable emulsions. In the triangular phase

diagram of Figure 1, the first vertex corresponds to water, the
second to sunflower oil, and the third to the protein-water
solution in 1:5 ratios (16.7% pea protein and 83.3% water).
Nine different samples were initially prepared by mixing only
the emulsifier and oil at different ratios (from 1:9 to 9:1),
which on the diagram are located on the right side of the triangle,
and emulsified byHSH. The other points reported in the diagram
are generated by the serial dilution of the original nine mixtures.
After 24h frompreparation, the state of the emulsified systemwas
visually evaluated and classified. The unstable systems include the
“precipitation” case, characterized by the physical separation of
the pea protein, which precipitated to the bottom of the tube,
the “emulsion/water” case, where two layers were observed with
excess water at the bottom and the emulsion on top as well as the
“oil/emulsion” case, where excess oil floated on top of the
emulsion. It has been observed that the unstable zone of the
diagram is confined to its lower part, while the stable conditions
all exist above the imaginary water dilution line that starts from
the middle of the right side of the phase diagram and reaches the
water vertex. Along this line, the pea protein to oil ratio is
constant and corresponds to 1:6, which can be considered the
minimum value to obtain a physically stable emulsion by HSH
processing.

The stable systems that were obtained were divided into two
large categories: the “cream” case, which included the emulsion
systems with amacroscopically non-Newtonian behavior and the
“stable emulsion” case, which included all the formulations
diluted to the points that exhibited a Newtonian flow behavior.
The “stable emulsion” systems were homogeneous and could be
used in the preparation of delivery systems. Theywere considered
to be the primary emulsions for further processing by HPH and
comminution to nanometric size for the production of the
secondary emulsions. Thus, on all the stable formulations experi-
mentally found, the Sauter diameters d3,2 were measured by laser
diffraction and reported in Figure 1. In agreement with the data
reported in current literature, a high speed homogenization
system can generate emulsions with mean particle sizes above

Figure 1. Pseudoternary phase diagram and stability of pea protein (F85M)-sunflower oil-water system homogenized by HSH. For stable emulsion
formulations, the d3,2 diameters of the droplets are reported in μm.
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2μm(8,27), with a larger size beingobtained closer to the instability
region.

The addition of NaCl to the aqueous phase was also investi-
gated as a means to increase the stability region in the pseudo-
ternary diagram by affecting the surface tensions of the oil and
water phase. NaCl, which is considered to be a natural stabilizer,
was added to the water phase at the concentration of 50 and
150 mM, within the limits defined for beverages (1), in different
formulations around the stability region reported inFigure 1. The
results show that the stability region is enlarged only above the
pea protein to oil ratio of about 1:10. Below this ratio, the NaCl
addition, at either 50 or 150 mM, does not contribute to the
stability of the systems, although it is effective as an emulsifier to
the oil ratio in the region between 5:5 and 4:6. Table 2 shows the
composition and Sauter diameters of the three different systems
in this region.

No significant differences were observed among the samples
with different NaCl concentrations, as shown in Table 2. The
slight increase in mean particle size upon increasing NaCl con-
centration may be explained due to the enhanced coalescence
when the salt concentration exceeds certain limits. This observa-
tion is coherent with previously reported results, which have
shown that the addition of salt could significantly affect the
viscosity and interdroplet interactions of protein-stabilized emul-
sions, but it did not influence their droplet size distributions (33).
More specifically, the addition of salt may induce two opposite
effects on emulsion stability. Protein-based emulsions can be
partly destabilized by the reduction of electrostatic repulsion
among the droplets, with the modification of hydrophobic inter-
actions between nonpolar amino acids residues due to the altera-
tion of the structural organization of water molecules at the
interface (34). In contrast, NaCl can also promote an increase of
effective adsorbed protein concentration to stabilize the film (35).

Whether the destabilizing or stabilizing effect predominates
depends on the concentration of salt and/or ionic strength (36).At
low ionic strengths, the influence that salt exerts on the protein
structure is governed by electrostatic interactions. At higher ionic
strengths, the stabilization of the protein structure is attributed
to the preferential hydration of the protein molecule as a result
of a salt induced alteration of the water in the vicinity of the
protein (37).

Stability of the Nanoemulsions.On the basis of the pseudotern-
ary stability diagram reported in Figure 1, the operative con-
ditions for the production of nanosized emulsions by HPH
processing were investigated. Screening investigations on the
process parameters were conducted on the formulation compris-
ing 6% oil, 4% pea protein, and 90% water. The d3,2 of the pri-
mary emulsion obtained byHSH for this formulation was 3.7 μm
(Figure 1). This emulsion was processed by up to 20 passes of
high pressure homogenization at three different pressure levels
(100, 200, and 300 MPa), and the mean droplet diameters were
measured, as shown in Figure 2. The production of nanoemul-
sions should be considered successful when mean droplet sizes
below 200 nm are reached. Below 200 nm, the passive mechan-
isms of absorption are activated due to the subcellular size of the
emulsion droplets. Figure 2 highlights that, in order to reach the

threshold of 200 nm, 3 or 20 passes are required at 300 or
200 MPa, respectively. However, at 100 MPa, the mean particle
sizes were never lower than 230 nm even after 20 passes. On the
basis of these results, the processing conditions were defined and
maintained at 300 MPa with five homogenization passes.

The high pressure homogenization process results in the
production of very fine emulsions with a narrow distribution of
particle sizes, thus enhancing the kinetic stability of the systems.
The consequence is that by HPH processing, it is possible to
further widen the stability region in the pseudoternary phase
diagram, making those kinetically stable formulations contain
only a small amount of the emulsifiers.

In the case of the emulsifier tested in this work, the main
advantage resides in the possibility to reduce its amount during
the formulation of the protein-based emulsions,with a less signifi-
cant impact on costs as well as the organoleptic properties of the
products where the emulsions are incorporated.

Figure 3 shows how the HPH treatment, carried out on the
noncreamy formulations, can alter the pseudoternary phase dia-
gram and widen the stability region. Interestingly, stable formu-
lations were also obtained for the pea protein to oil ratio lower
than 1:6, in contrast with what was observed for HSH processing
(Figure 1). Nevertheless, when considering the mean droplet sizes
(z-diameters) reported in Figure 3, it is quite evident that the
measured sizes did depend on the protein to oil ratios. In
particular, when larger fractions of the emulsifier were used the
droplet sizes were substantially independent from the composi-
tion. However, if less emulsifiers were used, droplets with larger
sizes but minimum surface coverage of the oil droplets were
obtained. These regions are exploded in Figure 4, where attain-
able particle sizes were reported as a function of oil and pea
protein concentrations.

It can be postulated that during the secondary homogeniza-
tion, the controlling step in the last region in determining particle
size is represented by the fraction of emulsifier required to obtain
surface coverage, so that when smaller droplets are formed, and
hence with only partial surface coverage, they rapidly coalesce to
form bigger particles until complete surface coverage is reached.
Alternatively, in the region rich in emulsifiers, the final particle
sizes aremainly determined by the efficiency with which the energy
is transferred to the fluid. Because the processing conditions are

Table 2. Composition and Sauter Diameter of NaCl-Stabilized Emulsions

d3,2 [μm] NaCl
oil

[%]

pea

protein

[%]

water

[%] 50 mM 150 mM

24.0 2.7 73.3 2.9 3.1

25.0 4.2 70.8 2.5 2.7

17.5 2.9 79.6 2.2 3.9

Figure 2. Evolution of z-diameter with pressure level and HPH number of
passes for an emulsion with the composition of 6% oil, 4% pea protein, and
90% water.
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always the same (5HPHpasses at 300MPa), similar particle sizes
are obtained in the submicrometer range (200 nm).

Figure 4 shows themean droplet size of the emulsions, reported
as z-diameter, obtained by HPH processing as a function of their
composition (Figure 4a) as well as surface coverage and oil to pro-
tein ratio (Figure 4b). It is clear that the transition from micro-
metric emulsions to nanoemulsions occurs when the pea protein
concentration in the emulsion is above a certain level, which
depends on the oil concentration. This dependence is more
explicitly showed in Figure 4b: it is not possible to obtain
nanoemulsions (<200 nm) when the surface coverage of the
emulsion is below 5mg/m2, which corresponds to theminimum
amount required to completely cover the oil surface at this
dimension.

It is interesting to observe that, evenwhen the surface coverage
was increased from 5 to 40 mg/m2, it is not possible to further
reduce the droplet size. In this case, the minimum attainable
diameter depends on the kinetics of the fragmentation rate and
recoalescence rate, which in turn depend on the adsorption rate of
the emulsifier at the newly formed droplet interfaces (38). Experi-
ments not reported here showed that under the same processing
conditions and with the same oil emulsifier ratios, the mean
droplet size was reduced to 80 nmwhen Tween 80 was used as the
emulsifier.

Protein Characterization upon HPH Treatment. The functional
properties of the pea protein can be correlated to the effect of
the hydrophilic emulsifier on water surface tension, which was
characterized at different pea protein concentrations, homoge-
nized with water by HSH (5 min at 24000 rpm), and reported in
Figure 5. Because it is known that HPH treatment may affect the
surface activity of proteins, the effect of different concentrations
of pea protein on water surface tension was also measured after
5 HPH passes at 300 MPa. It must be highlighted that HPH

treatment may have different effects on the properties of the
protein when carried out in solution and in emulsion systems. The
surface activity characterizationwas carried out in solution, while
during emulsion preparation, the untreated proteins were sub-
jected to HPH treatment in the presence of the emulsion droplets.

The results reported in Figure 5 show that HPH caused a
significant decrease in the surface properties of the pea proteins.
In fact, water surface tension, as measured in air by pendant
drop method, upon addition of 10% emulsifier is reduced from
74% to 65% when the water-protein system is HPH processed,
in comparison to a reduction to about 50% after only HSH.
Remarkably, the untreated pea proteins exhibit a strong effect on
water surface tension already at low concentrations, apparently
reaching the critical micelle concentration below 1.6% total
protein concentration and above that, only moderately affecting
the surface tension. From Figure 5, it is evident that from the
initial value for pure water (74 mN/m), at 1.6% pea protein,
the surface tension drops to 50 mN/m, and by further increasing
the pea protein concentration, it is not significantly affected,
decreasing to 47 and to 42 mN/m at 5.0% and 8.3% pea protein
concentration, respectively.

In contrast, when the pea protein is HPH treated, a linear
dependence of surface tension on the pea protein concentration
can be observed, with a less steep initial decrease (Figure 5). At a
1.6% pea protein concentration, the surface tension is only
reduced to 66 mN/m, and to 52 and 39 mN/m at a 5.0% and
8.3% pea protein concentration, respectively.

HPH processing undoubtedly affects the structure of proteins
and therefore their surface activity. For example, Figure 6 shows
the particle size distributions of pea proteins before and after
HPH treatment. The HSH-treated proteins exhibited a mono-
modal distribution of particle size, with a d3,2 diameter of 4.4 μm
and a d4,3 diameter of 7.2 μm. In contrast, the HPH-treated

Figure 3. Pseudoternary phase diagram and stability of pea protein (F85M)-sunflower oil-water system homogenized by HPH (5 passes at 300 MPa).
The z-diameters of the HPH treated emulsions are reported in μm.
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proteins exhibited a bimodal distribution of particle size, with a
d3,2 diameter of 2.7 μm and a d4,3 diameter of 22.3 μm. In
particular, shear phenomena associated with HPH processing
induced macroscopic changes in protein agglomeration, with the
formation of fine particles (10% of the particles were distributed

below 0.6 μm in HPH treated samples while they were below
2.2μminHSH-treated samples) and aggregation in large globules
(90%of the particles were distributed below 50 μm inHPH treated
samples while they were below 14 μm in HSH-treated samples).

To clarify the nature of these agglomeration changes, SDS-
PAGE tests were carried out on HSH and HPH treated proteins
under nonreducing and reducing conditions.

The results reported in Figure 7 suggest that HPH treatment
induces a modification of the average molecular weight of the
proteins. In fact, the SDS-PAGE results under nonreducing
conditions (Figure 7, lanes 1 and 2) show that a significant change
occurs in the HPH-treated sample, where a band between 49.1
and 80 kDa, highlighted in the box, disappeared. On the other
hand, under reducing conditions (Figure 7, lanes 3 and 4), the
pathways of HSH-treated and HPH-treated proteins became
identical. Because the reducing agent used (2-β-mercaptoethanol)
can disrupt disulfide bonds, it can be inferred that disulfide-
bonded complexes, with a molecular weight between 49.1 and
80 kDa, are likely to be disrupted by the HPH treatment applied
(5 passes at 300 MPa).

Figure 5. Surface tensions of water containing pea protein after HSH
treatment (5 min at 24000 rpm) and HPH treatment (5 passes at 300 MPa),
as measured by pendant drop method in air.

Figure 6. Particle size distributions of pea protein after HSH treatment
(5 min at 24000 rpm) and HPH treatment (5 passes at 300 MPa).

Figure 4. Mean droplet sizes (z-diameter, in μm) of the HPH-treated
emulsions (a) as a function of oil and pea protein fractions, and (b) as a
function of surface coverage of the emulsifier and oil to pea protein ratioR.
HPH treatment consisted of 5 passes at 300 MPa.

Figure 7. SDS-PAGE of protein samples after HSH treatment (lanes 1
and 3, 5 min at 24000 rpm) and HPH treatment (lanes 2 and 4, 5 passes at
300 MPa) under nonreducing (lanes 1 and 2) and reducing conditions
(lanes 3 and 4). Reference (Lane M) was prestained SDS-PAGE
standards of broad range.
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Previous characterizations of the effect of HPH treatment on
emulsifiers were carried out for methylcellulose (39) as well as
whey protein isolates (40,41). In both cases, and in contrast with
what has been observed, HPH did not influence the interfacial
tension of treated and untreated water-emulsifier solutions.
Nevertheless, in the case of methylcellulose, it was reported that
its average molecular weight was significantly decreased (39).
Similarly, the effect of HPH treatment on whey protein isolates
resulted in the irreversible disruption of the large protein aggre-
gates into small entities, without affecting the protein solubility
and conformation, as studied by SDS-PAGE (40). In addition, no
denaturation was observed after the treatment for whey proteins.
This observation was partly in contrast with isostatic high-
pressure treatment of proteins, which have shown that pressure
has marked effects on food protein functionality (42), primarily
related to the rupture of noncovalent interactions within protein
molecules as well as the formation of other intra- and inter-
molecular bonds (43). Nevertheless, the exposition time to high
pressure in theHPH treatment is extremely short to promote such
transformations, while shear stresses and high temperatures are
more likely to be responsible for the protein transformation
during HPH.

In contrast to the measurements obtained in this study, HPH
treated whey proteins showed better stabilizing properties due to
the increase of their surface hydrophobicity, even though the
equilibrium interfacial tension resulted in being independent of
the size of the proteins aggregates and therefore on the intensity of
the HPH treatment (40).

On the basis of the results reported in Figures 5, 6, and 7, it can
be postulated that the change in the functional properties of the
pea proteins induced by HPH treatment can be attributed to the
disruption of protein disulfide-bonded complexes, thus varying
the exposition and availability of hydrophobic groups.

In summary, the study of pseudoternary phase diagrams as
well as the stability of pea protein-based nanoemulsions showed
the suitability of using a commercial pea protein as an emulsifier
for the production of stable sunflower oil in water emulsions.
Moreover, further processing by high pressure homogenization,
despite the significant changes induced in proteins structure, with
the disruption of some disulfide bonds and the consequent
reduction of surface activities, produced extremely stable nano-
emulsions, with a mean droplet size smaller than 200 nm, under
composition ranges always characterized by protein to oil ratios
smaller than 1.

Ongoing studies are focused on the application of the pea
protein delivery systems for the encapsulation of vitamin E, by
characterizing the physical and chemical stability of the active
compound as well as its cell absorption in ex vivo studies.

ACKNOWLEDGMENT

We thank Pamela Ciliberti for her help in the experiments and
Luigi Esposito for his assistance in taking the laser diffraction
measurements.

Supporting Information Available: Pseudoternary phase

diagram. This material is available free of charge via the Internet

at http://pubs.acs.org.

LITERATURE CITED

(1) McClements, J. D., Food Emulsions: Principles, Practices and Tech-
niques, 2nd ed.; CRC Press: Boca Raton, FL, 1999.

(2) Huang, Q.; Yu, H.; Ru, Q. Bioavailability and Delivery of
Nutraceuticals Using Nanotechnology. J. Food Sci. 2010, 75,
R50–R57.

(3) Porter, C. J. H.; Pouton, C. W.; Cuine, J. F.; Charman, W. N.
Enhancing intestinal drug solubilisation using lipid-based delivery
systems. Adv. Drug Delivery Rev. 2008, 60, 673–691.

(4) Gershanik, T.; Benita, S. Self-dispersing lipid formulations for
improving oral absorption of lipophilic drugs. Eur. J. Pharm.
Biopharm. 2000, 50, 179–188.

(5) Nordskog, B. K.; Phan, C. T.; Nutting, D. F.; Tso, P. An examina-
tion of the factors affecting intestinal lymphatic transport of dietary
lipids. Adv. Drug Delivery Rev. 2001, 50, 21–44.

(6) Acosta, E. Bioavailability of nanoparticles in nutrient and nutr-
aceutical delivery. Curr. Opin. Colloid Interface Sci. 2009, 14, 3–15.

(7) Schultz, S.; Wagner, G.; Urban, K.; Ulrich, J. High-pressure homo-
genization as a process for emulsion formation. Chem. Eng. Technol.
2004, 27, 361–368.

(8) Schubert, H.; Engel, R. Product and formulation engineering of
emulsions. Chem. Eng. Res. Des. 2004, 82, 1137–1143.

(9) Dons�i, F.; Ferrari, G.; Lenza, E.; Maresca, P. Main factors regulat-
ing microbial inactivation by high-pressure homogenization: operating
parameters and scale of operation. Chem. Eng. Sci. 2009, 64, 520–532.

(10) Duranti, M. Grain legume proteins and nutraceutical properties.
Fitoterapia 2006, 77, 67–82.

(11) Tsoukala, A.; Papalamprou, E.; Makri, E.; Doxastakis, G.; Braudo,
E. E. Adsorption at the air-water interface and emulsification
properties of grain legume protein derivatives from pea and broad
bean. Colloids Surf., B 2006, 53, 203–208.

(12) Franco, J. M.; Raymundo, A.; Sousa, I.; Gallegos, C. Influence of
processing variables on the rheological and textural properties of
lupin protein-stabilized emulsions. J. Agric. Food Chem. 1998, 46,
3109–3115.

(13) Raymundo, A.; Franco, J.; Gallegos, C.; Empis, J.; Sousa, I. Effect
of thermal denaturation of lupin protein on its emulsifying proper-
ties. Nahrung;Food 1998, 42, 220–224.

(14) Rao, M. A., Viscoelastic properties of mayonnaises and salad
dressings. InViscoelastic Properties of Foods, Steffe, J. F., Ed.; Elsevier
Applied Science: London, 1992; pp 355-370.

(15) Riscardo, M. A.; Franco, J. M.; Gallegos, C. Influence of composi-
tion of emulsifier blends on the rheological properties of salad
dressing-type emulsions. Food Sci. Technol. Int. 2003, 9, 53–63.

(16) Rivas, H. S. Soy and meat proteins as food emulsion stabilisers. 1.
Viscoelastic properties of corn-oil-in water emulsions incorporating
soy or meat proteins. J. Texture Stud. 1982, 14, 251–265.

(17) Sosulski, F.M. Functionality of flours, protein fractions and isolates
from field pea and faba bean. J. Food Sci. 1987, 52, 1010–1014.

(18) Raymundo, A.; Franco, J. M.; Partal, P.; Sousa, I.; Gallegos, C.
Effect of the lupin protein/surfactant ratio on linear viscoelastic
properties of oil-in-water emulsions. J. Surfactants Deterg. 1999, 2,
545–551.

(19) Bower, C.; Gallegos, C.; Mackley, M. R.; Madiedo, J. M. The
rheological and microstructural characterisation of the nonlinear
flow behaviour of concentrated oil-in-water emulsions. Rheol. Acta
1999, 38, 145–159.

(20) Franco, J.M.; Partal, P.; Ruiz-Marquez, D.; Conde, B.; Gallegos, C.
Influence of pH and protein thermal treatment on the rheology of
pea protein-stabilized oil-in-water emulsions. J. Am. Oil Chem. Soc.
2000, 77, 975–983.

(21) Raymundo, A.; Gouveia, L.; Batista, A. P.; Empis, J.; Sousa, I.
Fat mimetic capacity of Chlorella vulgaris biomass in oil-in-water
food emulsions stabilized by pea protein. Food Res. Int. 2005, 38,
961–965.

(22) Naczk, M. R. Functional properties and phytate content of pea
protein preparations. J. Food Sci. 1986, 51, 1245–1247.

(23) Koyoro, H. P. Functional properties of pea globulin fractions.
Cereal Chem. 1987, 64, 97–101.

(24) Fernandez-Quintela, A.; Macarulla, M. T.; Del Barrio, A. S.;
Martinez, J. A. Composition and functional properties of protein
isolates obtained from commercial legumes grown in northern Spain.
Plant Foods Hum. Nutr. (New York, NY) 1997, 51, 331–342.

(25) Gwiazda, S. S. Isolation and partial characterization of proteins
from pea (Pisum Sativum L.). Nahrung 1980, 24, 939–950.

(26) Gueguen, J. V. Large-scale purification and characterization of pea
globulins. J. Sci. Food Agric. 1984, 35, 1024–1033.



10660 J. Agric. Food Chem., Vol. 58, No. 19, 2010 Donsı̀ et al.

(27) Stang, M.; Karbstein, H.; Schubert, H. Adsorption-kinetics of
emulsifiers at oil-water interfaces and their effect on mechanical
emulsification. Chem. Eng. Process. 1994, 33, 307–311.

(28) Roquette, http://www.pea-protein.com/, 2010 (accessed June 2010).
(29) Stepanek, P. Data analysis in dynamic light scattering. In Dynamic

Light Scattering: The Method and Some Applications; Brown, W.,
Eds.; Oxford University Press: Oxford, U.K., 1993; pp 177-241.

(30) Laemmli, U. Cleavage of structural proteins during the assembly of
the head of battriophage T4. Nature 1970, 227, 680–685.

(31) Maguire, G. F.; Lee, M.; Connelly, P. W. Sodium Dodecyl-Sulfate
Glycerol Polyacrylamide Slab Gel-Electrophoresis for the Resolu-
tion of Apolipoproteins. J. Lipid Res. 1989, 30, 757–761.

(32) Patel, D.; Sawant, K. K. Self Micro-Emulsifying Drug Delivery
System: Formulation Development and Biopharmaceutical Evalua-
tion of Lipophilic Drugs. Curr. Drug Delivery 2009, 6, 419–424.

(33) Martinez, I.; Riscardo,M. A.; Franco, J. M. Effect of salt content on
the rheological properties of salad dressing-type emulsions stabilized
by emulsifier blends. J. Food Eng. 2007, 80, 1272–1281.

(34) Srinivasan, M.; Singh, H.; Munro, P. A. The effect of sodium
chloride on the formation and stability of sodium caseinate emul-
sions. Food Hydrocolloids 2000, 14, 497–507.

(35) Palazolo, G.G.;Mitidieri, F. E.;Wagner, J. R. Relationship between
interfacial behaviour of native and denatured soybean isolates and
microstructure and coalescence of oil in water emulsions;Effect of salt
and protein concentration. Food Sci. Technol. Int. 2003, 9, 409–419.

(36) Shenstone, F. S., Egg quality. In A Study of the Avian Egg; Oliver &
Boyd: Edinburgh, UK, 1968; pp 26-58.

(37) Harrison, L. C. Influence of frozen storage time on properties of
salted yolk and its functionality inmayonnaise. J. FoodQual. 1986, 9,
167–174.

(38) Innings, F.; Tragardh, C. Analysis of the flow field in a high-pressure
homogenizer. Exp. Therm. Fluid Sci. 2007, 32, 345–354.

(39) Floury, J.; Desrumaux, A.; Axelos, M. A. V.; Legrand, J. Effect of
high pressure homogenisation on methylcellulose as food emulsifier.
J. Food Eng. 2003, 58, 227–238.

(40) Bouaouina, H.; Desrumaux, A.; Loisel, C.; Legrand, J. Functional
properties of whey proteins as affected by dynamic high-pressure
treatment. Int. Dairy J. 2006, 16, 275–284.

(41) Desrumaux, A.; Marcand, J. Formation of sunflower oil emulsions
stabilized by whey proteins with high-pressure homogenization
(up to 350MPa): effect of pressure on emulsion characteristics. Int. J.
Food Sci. Technol. 2002, 37, 263–269.

(42) Messens, W.; VanCamp, J.; Huyghebaert, A. The use of high
pressure to modify the functionality of food proteins. Trends Food
Sci. Technol. 1997, 8, 107–112.

(43) Smith, P. K. Measurement of protein using bicinchoninic acid. Anal.
Biochem. 1985, 150, 76–85.

Received for review May 11, 2010. Revised manuscript received

August 9, 2010. Accepted August 17, 2010.


