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Understanding foods as soft materials
Foods make up some of the most complex examples of soft condensed matter (SCM) with 

which we interact daily. Their complexity arises from several factors: the intricacy of components, 

the different aggregation states in which foods are encountered, and the multitude of relevant 

characteristic time and length scales. Because foodstuffs are governed by the rules of SCM 

physics but with all the complications related to real systems, the experimental and theoretical 

approaches of SCM physics have deepened our comprehension of their nature and behaviour, 

but many questions remain. In this review we discuss the current understanding of food science, 

by considering established SCM methods as well as emerging techniques and theoretical 

approaches. With their complexity, heterogeneity and multitude of states, foods provide SCM 

physics with a challenge of remarkable importance.
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When targeting the physics of foods, the intrinsic 
complexity of the topic represents a challenging 
problem. One has to capture suffi  cient detail of the 
material food components whilst using theoretical 
tools or experimental methods that are not always 
entirely adapted to the complexity of these systems. 
Consequently, food science has been evolving in 
line with the progress being made in other branches 
of soft  condensed matter (SCM) physics, triggered 
by a continuously improving insight into the nature 
of biomaterials and by the development of new 
experimental techniques1.

A fi rst great diffi  culty when dealing with processed 
foods is that the various components of the food are 
generally not found in their natural environment and 
conditions, but in a state far from equilibrium. As a 
consequence, on external perturbation, such as changes 
in pH or temperature, the structure of a food will tend 
to revert towards the equilibrium confi guration. An 
additional degree of complexity is added by the fact 
that foods structured at diff erent typical length scales 
normally follow very diff erent kinetics to attain their 
equilibrium confi guration. If correlation length scales 
are small, very short times are needed to re-organize 

molecules to attain equilibrium, whereas if correlation 
length scales are large, very slow kinetics will be 
followed. Th is explains why, to name two extreme 
cases, foams, where length scales reach the order of 
millimetres, can be stable for long times despite the 
high internal energy associated with the presence of 
very large interfaces, whereas self-assembled liquid 
crystalline foods, whose typical feature size is a 
few nanometres, are almost always observed at the 
equilibrium. Looking at food components at diff erent 
typical characteristic sizes will also reveal the molecular 
complexity of these materials. At the smallest feature 
size, water, the most commonly used solvent in foods, 
is far more complex than other organic solvents, as it 
can be viewed as a structured solvent. Th e presence 
of hydrogen bonds in water leads to unique aspects, 
such as the clustering and correlation of molecules 
at short length scales, which are lost at larger scales2, 
or their ability to hydrate molecules or polymers 
with hydrogen-bond-accepting sites3. In terms of the 
solution thermodynamics, these eff ects greatly decrease 
the translational entropy of water compared with 
solvents of comparable molecular size.

At larger length scales, surfactants such as 
monoglycerides and phospholipids are common 
molecules in foods because they are used to stabilize 
interfaces. Th ey can be charged or neutral, but in both 
cases the enthalpy of mixing of their hydrophilic and 
the hydrophobic parts is very high, which confers on 
them their typical amphiphilic nature.

At even larger length scales, two main classes 
of macromolecules are found: polysaccharides and 
proteins. Polysaccharides are to foods what polymers 
are to SCM. Th ey can be neutral or charged, linear 
or branched. Th eir molecular mass distribution can 
be either narrow or broad, but will always diff er 
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substantially from synthetic polymers. Proteins 
are certainly the most complex macromolecule 
encountered in foods. Th is complexity is evident in 
their secondary structure, which is intrinsically related 

to the sequence of amino acids along the backbone. 
As a consequence, various proteins with diff erent 
amino-acid sequences will also diff er in structure, and 
thus in their physical properties.
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Figure 1 Schematic state diagram of colloidal particles with short-range potentials. (Redrawn after ref. 11, copyright (2004) with permission from Elsevier.) In the main diagram 
(centre),  the solid line of the energy/composition diagram represents the boundary for the formation of disordered solids, the ‘gel’ or ‘glass’ line. At low volume fractions  and large 
interaction potentials U , locally fractal gels are formed, whereas at large volume fractions and low interaction potentials glasses are formed. At intermediate volume fractions and 
strength of the attraction a coexistence curve is found for a viscoelastic phase separation, where the intersection with the ‘gel line’ leads to the formation of a transient gel18. Also 
shown are three different examples from food systems whose properties can directly be linked to this state diagram. a, Casein micelles as hard spheres: low shear viscosity, η0, 
normalized by the viscosity of the background, μ, as a function of volume fraction Φ, for milk-powder suspensions. The dashed line corresponds to the behaviour found for hard-
sphere systems24,106, the full line is a guide to the eye indicating the divergence of the viscosity and the transition to a completely arrested state. The pictures show a sample below 
and above the jamming transition. b, Viscoelastic phase separation in mixtures of Xanthan and casein micelles. This is a schematic phase diagram for a colloid–polymer mixture such 
as casein micelles and Xanthan. The three micrographs from confocal microscopy show the different ways in which phase separation can occur through spinodal decomposition 
in casein–Xanthan mixtures: formation of either casein- or Xanthan-rich droplets or bicontinuous structures27. c, d, The third example shows two types of gel formation: the two 
scanning electron micrographs illustrate the close analogy between the structure of dense colloid gels (d, SiO2 particles, courtesy H. Wyss, see ref. 35 for details) used in sol–gel 
ceramics production and casein particle gels produced in yoghurt formation (c).
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Th e fi eld of food science is enriched by the range 
of diff erent aggregation states in which foods are 
encountered. Although beverages can be viewed as 
dilute solutions, the great majority of viscous liquid 
foods are emulsions. Milk, yoghurts and sauces are 
typical example of low-volume-fraction emulsions. 
Butter and margarine are high-volume-fraction 
emulsions, where the dispersed phase occupies most 
of the space. Foams are the air–liquid analogue of 
emulsions, and constitute another big category of foods. 
Finally, foods can be found in highly viscoelastic forms 
or even in glassy states. Liquid crystals based on lipids 
and water are important examples of highly viscoelastic 
foods where either phase can be loaded with a specifi c 
aroma, fl avour or active ingredient, whilst preserving 
the overall rheological properties. Because the structure 
controls, to varying degrees, the taste, perception and 
physical properties as well as the dynamics by which 
diff erent phases of heterogeneous foods are modifi ed 
and interact with the body, these have to be fi nely 
controlled when designing complex heterogeneous 
products. In what follows we use the perspective of 
SCM physics to discuss some of the key structural 
elements found in foods and to highlight the associated 
scientifi c challenges.

FROM MODEL COLLOIDS TO COMPLEX FOOD SYSTEMS

Food science and technology have started to profi t 
enormously from parallel developments made in SCM, 
materials science and nanotechnology. Particularly 
important recent progress in SCM research is linked to 
questions of interparticle interactions, particle stability, 
phase separation, gel and glass formation and the quest 
for new experimental tools that allow characterization 
of complex fl uids and soft  solids over a very large range 
of length and timescales4–6. Th ese issues are of central 
relevance for food science and technology. Analogies 
and diff erences between the resulting phase diagrams 
of colloidal suspensions and atomic and molecular 
systems have already considerably improved our 
understanding of food materials.

However, colloidal systems oft en become 
undercooled, supersaturated or trapped in gel-
like states, so the investigation of non-equilibrium 
properties of soft  matter is important for food 
sciences. Particular attention has recently been given 
to fl uid–solid transitions such as ‘dynamical arrest’, 
‘jamming’ or ‘gelation’ frequently encountered in 
colloidal suspensions7–11. Arrested states of soft  matter 
are oft en valuable in food research, where yoghurt or 
cheese manufacture are the food scientist’s analogue 
of sol–gel processing in modern ceramics formation12. 
On the other hand, uncontrolled or unexpected 
dynamical arrest can have disastrous consequences for 
materials or food processing.

Th e presence of solid-like structures such as 
particle gels or colloidal glasses has been found 
under conditions where either repulsive or attractive 
interactions dominate. In the central part of Fig. 1, 
we summarize the current state of understanding 
of dynamical arrest as a function of the strength of 
the attractive part of the interparticle interaction 
potential11. For ideal hard-sphere particles, we observe 
a transition from a liquid to a disordered solid phase 

— a glass — at volume fractions of about Ф ≈ 0.58 
(ref. 13). If a weak and short-ranged attraction is now 
turned on, this leads to the astonishing observation of 
a melting of the glass, followed by a ‘re-entrant’ glass 
or solid formation at even stronger attractions7,8,14.

For colloidal suspensions, such an attraction 
can, for example, be induced through depletion 
mechanisms. If a small entity such as a non-adsorbing 
polymer is added to an otherwise stable suspension of 
large colloids, the centre of mass of the small species 
cannot exist within a shell around the colloid. Th is 
leads to a gain in the free volume available to the 
polymer when the colloids approach each other such 
that their excluded volumes overlap. A net osmotic 
force is exerted on the large particles and thus there is 
an eff ective attraction whose range and strength can 
be tuned by means of the size and concentration of 
the added polymer15.

In the other extreme case of very strong 
interparticle attraction, we reach the regime of 
‘irreversible aggregation’ where one observes the 
formation of soft  fractal gels at very low volume 
fractions16,17. Th e analogy between colloidal glasses at 
high densities and colloidal gels at low volume fractions 
has stimulated considerable eff ort into exploring new 
ways to characterize, understand and use amorphous 
solid-like soft  matter systems11. But we are still far from 
having developed a general theoretical framework that 
is capable of unifying the entire range of concentrations 
and type of interactions that have been investigated.

At intermediate-strength attraction, the 
situation is even more complicated because phase 
separation into a dilute (gas-like) and a concentrated 
(liquid-like) suspension can occur5. Th e position 
of the corresponding coexistence curve can then 
intersect with the arrest or gel line, and the phase 
separation can subsequently lead to the formation 
of a long-lived ‘interaction network’ (a transient gel) 
of particles, if the attractive interactions between 
them are strong enough. Th e signifi cance of this 
viscoelastic phase separation in pattern formation 
in nature and its engineering applications has been 
pointed out in the past18.

Th e resulting schematic state diagram is, however, 
not only relevant for colloidal model systems, but 
can now be used to rationalize the behaviour of food 
systems and provide guidelines for creating tailored 
food structures and materials. Th is is illustrated 
with three examples in Fig. 1. Food colloids such as 
casein micelles closely follow theoretical descriptions 
originally developed for colloidal model systems19–22. 
Th e analogy between the state diagram for model 
hard spheres and the behaviour of casein micelles is 
demonstrated in Fig. 1a, where the zero-shear viscosity, 
η0, normalized by the solvent viscosity, μ, is shown as a 
function of the volume fraction of casein hard spheres 
for aqueous suspensions of a milk powder23. Th e 
concentration dependence of η0 is indeed reminiscent 
of hard-sphere systems13,24. However, this resemblance 
only holds over a limited range of concentrations; above 
some critical concentration we fi nd strong deviations 
from the hard-sphere behaviour. Th e viscosity 
continues to increase and diverges at a concentration 
signifi cantly larger than the one expected for hard 
spheres. Th is behaviour in fact closely resembles 
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that found for another class of model colloids, the 
‘microgels’, which are soft  spherical colloids formed by 
weakly crosslinked polymers25. We even observe the 
formation of a jammed state with solid-like properties, 
a phenomenon of considerable potential importance 
in the processing of foods. It is clear that the colloid 
analogy has its limits because of the complex internal 
subunit structure of casein micelles which may lead 
to rearrangement and fragmentation under certain 
conditions, but it provides important guidelines on how 
the properties of complex food systems can oft en be 
analysed (and predicted).

Th e second example in Fig. 1b illustrates the 
existence and importance of polymer-induced 
depletion interactions and the subsequent viscoelastic 

phase separation in foods. Most food systems are of 
complex colloidal and polymeric nature, making their 
investigation even more diffi  cult. But as we have already 
seen, in fundamental SCM research it is common 
knowledge that the addition of a non-adsorbing 
polymer to a dispersion of colloidal particles induces 
an eff ective attraction between the particles5,15,26. 
Analogous behaviour can thus be expected for food 
systems, where the balance between diff erent repulsive 
interparticle interactions and the depletion-induced 
attraction will determine their long-term stability. Th is 
is illustrated with the schematic phase diagram for a 
colloid–polymer mixture such as casein micelles and 
Xanthan shown in Fig. 1b. Th e three micrographs show 
the diff erent phase-separation scenarios that can be 
observed in casein–Xanthan mixtures, where phase 
separation proceeds through spinodal decomposition 
and we observe the initial formation of either casein- or 
Xanthan-rich droplets or bicontinuous structures27. 
At suffi  ciently high Xanthan and casein concentration 
this can indeed lead to the formation of an arrested 
network. Depletion-induced phase separation 
and gelation thus represent additional complications, 
but also another opportunity for controlling the 
stability, microstructure and mechanical properties 
of food systems.

AGGREGATION AND GEL FORMATION

Th e third example in Fig. 1 (micrographs c and 
d) leads us to another area in which fundamental 
soft  matter science has recently produced 
important fi ndings that are highly relevant to food 
materials: the infl uence of attractive interactions 
on aggregation and gel formation in colloidal 
systems16,17,28–34. Th e examples in Fig. 1c and d aim at 
demonstrating the link between casein aggregation 
and gelation (used for example in yoghurt or 
cheese manufacture) and irreversible aggregation 
through diff usion or reaction-limited cluster–cluster 
aggregation, which has been intensively investigated 
in basic colloid research and heavily used in modern 
ceramics processing12,28,35. Th e two scanning electron 
micrographs shown in Fig. 1c and d illustrate the 
close analogy between the structure of dense colloid 
gels used in sol–gel ceramics production and casein 
particle gels produced in yoghurt formation.

More generally speaking, food gels are essential 
in many technological applications, and are a useful 
way to modulate texture and sensory perception 
of foods starting from very dilute solutions. Th ey 
consist mostly of water with the solid character 
being provided by a biopolymer-based space-fi lling 
network (proteins, polysaccharides) or particles 
(for example, casein micelles) and mixtures thereof. 
Various processing routes such as control of ionic 
strength, change in pH, heating and the use of 
enzymes are used to produce food gels with desirable 
mechanical properties. Numerous attempts have 
been made to profi t from the considerable progress 
made in fundamental soft  matter science, and 
analogies to either polymeric or colloidal gels have 
commonly been drawn.

Our understanding of biopolymer-based food gels 
has profi ted enormously from the analogies drawn 
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Figure 2 The sol–gel transition, from model systems to yoghurt and ceramics. The fi gure 
shows aggregation, formation of large primary clusters with fractal dimension dF, and subsequent 
secondary aggregation to build a space-fi lling cluster gel at a critical cluster radius RC, on salt-induced 
destabilization of a charge-stabilized particle suspension. Also shown are the subsequent changes 
in the particle dynamics, characterized by the self-diffusion coeffi cient Ds(c) from the fast brownian 
motion of the initial monomers, to cluster diffusion and to locally constrained motion of the individual 
particles connected to the gel. The reduction of the stabilizing energy barrier in the interaction potential 
between charge-stabilized colloidal particles on the addition of salt is shown in the lower left corner, 
where the interaction potential is plotted as a function of the interparticle distance r normalized by 
the particle diameter 2a (for details see ref. 17). This evolution of the local particle dynamics is also 
demonstrated (inset, lower right) for casein aggregation in the yoghurt formation process as monitored 
by in situ diffusing wave spectroscopy (see Box 1). We see that the average mean square displacement 
(MSD) <Δr(τ)2> initially shows a linear time dependence typical for classical brownian motion of 
particles and clusters (black and blue points). After the sol–gel transition this abruptly changes to a 
stretched exponential and a clear plateau at long times characteristic for the constrained subdiffusive 
motion of colloids attached to a (locally fractal) particle gel (green and orange points)12,32–34,44.
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to classical polymer sciences36 combined with the use 
of new optical techniques that allow non-invasive 
and time-resolved investigations of complex, soft  
and fragile food gels37,38. An overview on some recent 
developments in the characterization of complex 
colloid and polymer systems with considerable 
potential in foods is given in Box 1. Here we focus 
on particle gels, where close analogies have been 
drawn with irreversible aggregation and gelation 
in fundamental SCM research. Th e route towards 
nanostructured and locally fractal gels is schematically 
shown in Fig. 2: the addition of salt reduces the 
stabilizing energy barrier in the interaction potential 
between charge-stabilized colloidal particles. Th is 
salt-induced destabilization leads to aggregation, the 
formation of large fractal clusters, where the fractal 
dimension dF is a measure of the compactness of the 
individual cluster16, and fi nally to the formation of a 
space-fi lling cluster gel with solid-like properties11. 
Th e aggregation and gelation are also refl ected in 
the particle dynamics, characterized by the particle 
self-diff usion coeffi  cient Ds. Th ese change from 
initial fast brownian motion, which slows down 
because of aggregation and cluster growth, to a 
locally constrained motion of individual particles 
incorporated into the gel17.

An important technological challenge in 
materials sciences and food technology is to 
optimize the mechanical properties by controlling 
interparticle interactions from net repulsive (stable) 
to net attractive (unstable)28–31. Considerable 
eff orts have been made to obtain a detailed 
understanding of the relation between microscopic 
and macroscopic properties. For gels formed at low 
particle concentrations this has been successfully 
accomplished using fractal concepts32. But it is 
only recently that attempts have been made to 
understand aggregation and gelation at high particle 
concentrations and under conditions relevant for 
food systems12,17,29,33,34,37,39. Th e progress is due to the 
availability of new experimental methods such as 
diff using wave spectroscopy (DWS; for details see 
Box 1), and the use of much more refi ned computer 
simulations that include reversibility and restructuring 
events. Nevertheless, understanding the relationships 
between interparticle forces, structure and rheology of 
particle gels remains a diffi  cult problem29.

Gel formation in milk represents an essential 
step in the manufacture of various dairy products. In 
unheated milk at its natural pH (pH 6.7), dispersed 
casein micelles are stabilized by a ‘hairy’ layer of 
κ-casein molecules that acts like a polyelectrolyte 
brush on synthetic colloidal particles. Th ey can 
subsequently be destabilized by slow acidifi cation 
through lactic acid bacteria (for example, yoghurt), 
by enzymatic action of chymosin (cheese), or by 
combinations thereof (for example, quark; signifi cant 
acidifi cation and minor enzymatic action). Once 
destabilized, the casein particles start to aggregate 
and fi nally form a three-dimensional network 
entrapping the serum phase12,19–22.

Over the past 15 years, acid-induced gel 
formation in milk has attracted growing interest 
from  research groups all over the world. Methods 
such as oscillatory rheometry40–43, DWS12,44–49 and 

ultrasonic spectroscopy45,50,51 have been used to 
investigate various aspects of the dynamics of gel 
formation. Protein network microstructure in acid 
milk gels has also been investigated over a range of 
length scales by transmission and scanning electron 
microscopy (TEM, SEM)52 and confocal laser 
scanning microscopy (CLSM)41,43,49,53. Examples are 
given in Fig. 3 and illustrate once again the close 
analogy between food particle gels and those obtained 
in sol–gel ceramics processing. Microscopic analysis 
has also been carried out to visualize structural 
organization during the process of gel formation, on 
the length scales both of casein particles (TEM)54,55 
and of the network (CLSM)56.

Despite recent progress, we still seem to be far 
from a full understanding of the mechanisms and 
kinetics of acid milk gelation. Although theoretical 
approaches such as the adhesive sphere, percolation 
or fractal model applied to acid-induced gel 
formation in milk may successfully explain specifi c 
aspects of the process, none of these can rationalize 
its kinetics57. Th e challenge for future research lies in 
developing a theory that links particle interactions, 
internal micellar changes, structure formation 
(particle aggregation and network assembly) and 
rheological properties into a model that explains 
the kinetics of gel formation and the physical 
properties of the resulting gels, including the eff ects 
of processing parameters such as temperature and 
acidifi cation kinetics.

2 μm 2 μm

a b

c d

Figure 3 Gel network structure obtained by SEM (a, b) and TEM (c, d) of gels fermented 
with Streptococcus thermophylus under different conditions. a, c, Fermentation at 30 °C 
without chymosin representing slow acidifi cation, and b, d, 40 °C with chymosin representing a 
fast acidifi cation. In the purely acid-induced gel the casein micelles tend to form fi lament-shaped 
aggregates (a, c), whereas in the case of the combined acid- and chymosin-induced gel (b, d), the 
micelles tend to arrange themselves into more compact aggregates allowing the formation of junctions 
with several neighbouring micelles. The structure indicates that the faster the colloidal dispersion of 
casein micelles is destabilized, the coarser is the resulting gel network. In c and d, scale bars represent 
0.2 μm; reprinted from ref. 107, copyright (2003) with permission from Elsevier.
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Box 1 New light scattering techniques for turbid suspensions

Figure B1 Range of applicability of classical DLS, 3D-DLS and DWS. a, Schematic representation of 
a standard SLS/DLS experiment in the single scattering limit and the temporal fl uctuations caused by 
the brownian motion of the colloidal particles that are analysed in a DLS experiment37. b, A 3D-DLS 
experiment, showing how the 3D arrangement of the two individual scattering experiments that are 
then cross-correlated results in exactly the same scattering vector q (refs 37,111,112). c, Schematic 
view of a DWS experiment in transmission, where a single mode fi bre detection system and a charge-
coupled device (CCD) camera are combined to yield a very broad range of accessible timescales, and 
a description of the succession of scattering events resulting in a diffusive transport of light in a turbid 
sample37,114–116. d, The result of a DWS-based optical microrheology experiment with a casein gel 
obtained with acidifi ed skim milk, and a comparison with a classical rheological measurement using a 
standard rheometer with the sample12,44.
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Dynamic light scattering (DLS) or photon correlation 
spectroscopy (PCS) is one of the most popular 
experimental techniques in the investigation of 
colloidal suspensions, and it has played an important 
role in recent developments where it has helped to 
gain invaluable data on the dynamic properties of 
colloidal systems (Fig. B1a). However, its application 
to many systems of industrial relevance has oft en 
been considered to be too complicated because of the 
very strong multiple scattering in undiluted solutions. 
Th ere are two recent solutions to this problem, which 
have now also started to play a major role in the 
characterization of complex food systems37.

A very interesting approach aims at effi  ciently 
suppressing contributions from multiple scattering 
from the measured photon correlation data. 
Th e general idea is to isolate singly scattered 
light by performing two scattering experiments 
simultaneously on the same scattering volume 
and to cross-correlate the signals obtained110. A 
particularly interesting scheme is the ‘3D cross-
correlation’ experiment (3D-DLS) schematically 
shown in Fig. B1b. Several research groups110,111 
have demonstrated the feasibility of such an 
experiment and clearly shown that dynamic 
light scattering need not be restricted to dilute 
suspensions of small particles, but that it can be 
used successfully to characterize extremely turbid 
soft  matter such as undiluted skim milk or turbid 
heat-set protein gels112,113.

A second approach, known as diff using wave 
spectroscopy (DWS), is based on a completely 
diff erent principle. Whereas DLS relies on the 
suppression of multiple scattering, DWS works in 
the limit of very strong multiple scattering, where 
a diff usion model can be used to describe the 
propagation of light across the sample (see Fig. 
B1c for a schematic description)114,115. It is thus 
still possible to study the dynamics of a colloidal 
suspension by measuring the intensity fl uctuations 
of the diff using light observed either in transmission 
or backscattering geometry. Although DWS does not 
yield explicit information on angular dependence 
of the scattered intensity and thus on particle size, 
shape and polydispersity, it is capable of providing 
unique information on particle motion such as 
the time dependence of the particle mean-square 
displacement on very short time and length scales.

A particularly interesting application of DLS or 
DWS in fundamental soft  matter research as well 
as in food science and technology has been ‘optical 
microrheology’37,116. Th e underlying idea is to study 
the thermal response of small (colloidal) particles 
embedded in the system under study. By analysing the 
thermal motion of the particle it is possible to obtain 
quantitative information about the loss and storage 
moduli, G'(ω) and G"(ω), over an extended range of 
frequencies37,117. As DWS allows access to a broad 
range of timescales, this results in an unprecedented 
large frequency range covered by DWS-based optical 
microrheology (Fig. B1d).
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FOAMS AND BUBBLY LIQUIDS

Foams are metastable inclusions of gas in a fl uid phase 
which are ubiquitous in foods owing to their ability 
to generate a sensation of lightness and creaminess, 
both of which are powerful drivers of preference. Some 
typical examples of food foams are cappuccino, beer 
‘head’, ice cream, dessert mousses, bread, cakes, wafers 
and whipped cream. At present, the exact sensory 
stimuli responsible for this perception remain unclear, 
although there is general agreement that the origin is 
probably largely rheological. Th e metastability is from 
at least two perspectives. First, draining is caused by 
the large density diff erence between the internal gas 
and continuous fl uid phase and results in creaming 
phenomena similar to, but much faster than, that 
observed in emulsions such as milk. Second, Ostwald 
ripening or disproportionation is the dynamic change 
in bubble size distribution caused by the Laplace 
pressures of the bubbles and modulated by the gas 
solubility in the continuous phase. Because the Laplace 
pressure is inversely proportional to the bubble radius, 
the large bubbles grow at the expense of the small 
ones, which will eventually disappear. Experiments on 
disproportionation kinetics have recently been carried 
out58. Figure 4 illustrates Ostwald ripening through a 
sequence of optical micrographs.

As a consequence of metastability, foams used in 
food products require stabilization, which is broadly 
achieved by tailoring either the bulk or interfacial 
rheology. Oft en we need to have a foam stabilized 
at relatively low volume fraction in something like a 
chocolate mousse, in which case the matrix is usually 
gelled by hydrocolloids in the continuous phase. 
Assuming that the matrix is then ‘solid’, the material 
is stable for as long as desired. Frequently, the change 
of matrix state is achieved by temperature swing, an 
extreme case of this being ice cream, in which the 
matrix is actually frozen. Th e second approach to 
stabilization is to use a surfactant, which may be either 
short-chain or a longer polymer such as a protein. 
Generally, short-chain surfactants are added to reduce 
the surface tension of bubbles, which in turn increases 
the capillary number. It then becomes easier to entrain 
gas into a fl uid, making initial manufacture easier. In 
the long term, a short-chain surfactant has a negligible 
eff ect on drainage, but reduces the Laplace pressure 
and hence the theoretical rate of Ostwald ripening. 
Eff ects with respect to coalescence are less clear, 
although it is likely that Marangoni stresses, which 
are caused by gradients in surfactant concentration, 
couple to the local hydrodynamics to reduce the 
rate of bubble ‘collisions’ and presumably the rate of 
coalescence. Th ese kinds of issues are more relevant to 
beverage foams, which are generally dry foams (called 
so when bubbles are no longer spherical), although in 
practice proteins usually play an important role (for 
example the ‘head’ on a pint of beer).

An important consequence of the metastability 
of foams is that they are, by defi nition, far from their 
equilibrium state and so their ‘stability’ is a poorly 
defi ned concept. In most cases ‘stability’ loosely 
refers to the rate of the coarsening of the bubble 
size distribution, or in some cases the lifetime of 
the foam volume. Both of these are kinetic and not 

thermodynamically determined quantities and as 
such can be considered as structural relaxation times. 
Clearly, the larger a structural entity becomes, the 
less it is likely to be controlled by local molecular-
scale details and more by the far-fi eld, mean-fi eld or 
coarse-grained interactions. Nonetheless, throughout 
food technology, the eff ects of processing on the 
creation and stability of the foam structure have 
been systematically underestimated in favour of 
formulation science. Perhaps one reason for this is that 
it is extremely diffi  cult to measure the dynamics of 
bubble size distributions in a dynamic and non-invasive 
manner. Optical methods are generally diffi  cult owing 
to the inherent multiple scattering of visible light, but 
conductive and ultrasonic tomographic techniques 
can give an indirect indication of bubble size, whereas 
other techniques are becoming available to study 
‘wet’ foams59. Another problem specifi c to foams 
and bubbly liquid foods is the diffi  culty in fi nding 
short-chain food-grade surfactants60. In fact very 
few exist other than non-ionic mono-glycerols and 
tweens (polyoxyethelene sorbitan mono-oleate), and 
‘zwitterionic’ (simultaneously positively and negatively 
charged) phospholipids. Presumably this is because 
surfactants tend to have detrimental eff ects on cell 
membranes, and as a consequence most natural foods, 
and indeed biological structures, are stabilized by 
other means such as proteins. Proteins are interesting 
surface-active macromolecules, which exist naturally 
in either globular (tightly structured and particle-
like, for example β-lactoglobulin) or near-random 
coil  (β-casein) confi gurations. Because proteins have 
both hydrophilic and hydrophobic regions they can 
be thought of as long-chain, multiblock copolymers, 
although the folded structures are intricate and 
complex. Th is structuring endows proteins with a 
complex behaviour at an interface, because the protein 
conformation changes aft er adsorption61. In turn the 
stepwise unfolding of the structure creates an extremely 
large activation energy for the desorption process, 
which makes protein adsorption appear to be an 
irreversible process. As a result of this unfolding it is 
possible to create multilayer protein membranes, which 
act as extremely eff ective structural stabilizers, mostly 
by means of viscoelasticity62.

Interfacial rheometry of protein layers is a fairly 
new science, owing to the complexity of instrument 
design and the inherent bulk hydrodynamic coupling 
with the interface. Illustrative work in this area 

a b

c d

100 μm

Figure 4 Time-lapse 
sequence (extracted 
from a video) illustrating 
Ostwald ripening. Bubble 
circumferences are drawn 
in red a, at the beginning 
of the experiment, and b-d, 
after 25, 50 and 75 minutes, 
respectively, showing the 
progressive loss of small 
bubbles due to gas diffusion 
towards big bubbles which 
progressively enlarge. Courtesy 
of G. Mayor. 
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has been carried out using a dilatational bubble 
apparatus63, and Fuller and co-workers have pioneered 
the development of a fl oating needle shearing device 
powered by a Helmholtz coil64.

Given the apparent irreversibility of protein 
adsorption to an interface, it is initially surprising to 
fi nd that short-chain surfactants such as tweens can 
quickly displace proteins from interfaces. Presumably 
this is because the adsorbed smaller molecules crowd 
the proteins and force them to refold, which lowers 
the energy barrier and hence raises the probability for 
a protein molecule to desorb. Recent thermodynamic 
models consistent with protein desorption driven 
by short-chain surfactants are perfectly capable of 
predicting this behaviour in a qualitative and to 
some extent quantitative manner, and are in line 
with experimental evidence65,66. Attempts have been 
made67 to compare brownian dynamics simulations of 
competitive protein and short-chain surfactants with 
experimental measurements made by atomic force 
microscopy on real fi lms, and these seem to suggest 
some correlation between the two. Figure 5 illustrates, 
by means of CLSM, the complex and inhomogeneous 
distribution of proteins at the liquid–air interface of a 
protein-stabilized foam.

In the past couple of years, the idea of using 
particles to stabilize interfaces (oft en called Pickering 
stabilization) has resurfaced. Essentially, a small particle 
can be adsorbed to an interface, with a free energy 
change of the order of 100 kT or more. Clearly these 
particles are well anchored to the interface and as such 
can have a strong stabilizing infl uence, which for food 
is a big advantage, as potentially many food-grade 
particles are available. But there appear to be many 
subtle eff ects at work, as particles are oft en also used to 
destabilize interfaces. Seemingly there is a balance to be 
made between the particle surface properties, particle 
size, interfacial curvature and fi lm thickness68,69. It 
seems extremely unlikely that Marangoni eff ects occur 
for adsorbed proteins, although they may be present 
with adsorbed particle systems.

Foams have an interesting and rich rheological 
behaviour70. At dilute volume fraction of gas and 
constant pressure, they seem to behave in a broadly 
similar manner to emulsions and suspensions, as the 
eff ects of bubble interactions are second order and 
above with respect to the volume fraction. But this 
is a generalization, because the local hydrodynamics 
close to a bubble are controlled to a large extent by 

the mobility of the interface and the internal phase, 
which in turn is intimately coupled with the surfactant. 
Nevertheless, in the far fi eld the two materials are 
essentially identical. For this reason, coupled with the 
reduced rates of drainage and Ostwald ripening, a 
fair amount research that purports to relate to foam 
is actually based on experiments with emulsions71. As 
the volume fraction is further increased, depending 
on the polydispersity of the bubble radii, the critical 
packing fraction is reached so that the spherical bubbles 
must become deformed in order to fi ll the required 
space. Once the bubbles become deformed, the 
structure becomes cellular in nature and can support 
small strains with a shear modulus, G, scaling with 
the Laplace pressure diff erence across the air–liquid 
interface according to the ‘Stamenovic estimate’72. 
Naturally these disordered ‘glassy’ materials (or ordered 
‘crystalline’ for monodisperse bubbles) support a 
fi nite yield stress, beyond which they will plastically 
deform and bear a structural resemblance in some 
ways to a macroscopic version of an amorphous 
metal. Most rheological models for foams are based 
on a more or less cellular, unit cell structure and 
range in complexity from early, somewhat simplistic, 
two-dimensional73 analytic analyses to more recent 
computer simulations74. Th e eff ects of post-yield fl ow 
are generally not discussed because they are beyond 
the scope of these simulations. Th ey are conceptually 
possible, yet would be computationally expensive.

Th e eff ect of pressure is an important although 
little discussed factor. It diff erentiates foams from 
emulsions, as it acts directly on the volume fraction 
because of the compressibility of the gas. Clearly it 
is possible to induce a ‘glass transition’ (or ‘jamming 
transition’) just by reducing the pressure, which may 
occur simply by pumping a foam down a pipe. As this 
is a common processing operation, it is perilous in the 
extreme to ignore such eff ects.

SELF-ASSEMBLED LIQUID-CRYSTALLINE FOODS

When scaling down the design of foods to the 
nanometre scale, suitable physics to describe these 
systems has to be tackled from a diff erent perspective. 
Unlike foods with larger characteristic length scales, 
here intra- and intermolecular forces rule the self-
aggregation of molecules. Th is is the case for liquid 
crystalline foods which are nanostructured materials 
based on the self-assembly of short surfactants, such 
as monoglycerides or phospholipids and water75. Th ey 
can be found, for example, at the oil–water interface of 
emulsions such as salad dressing75. Th ese systems can 
be used either directly in the bulk state or re-dispersed 
in water to form colloidal dispersions with an internally 
ordered structure76. Th ey constitute effi  cient building 
blocks for more complex functional foods, and can 
be used as carriers of specifi c ingredients dispersed 
in either the hydrophobic or hydrophilic phase77–79. 
Finally, they are also used as ‘nanoreactors’ to run 
and control food-specifi c chemical reactions, such as 
the Maillard reaction (where amino acids and sugars 
react yielding fl avours and aromas), within confi ned 
geometries and under controlled conditions80. Liquid-
crystalline foods have rich phase diagrams that admit 
a broad range of structures including isotropic fl uid 

10 μm

Figure 5 Three-dimensional 
reconstruction of foam 
interface consisting 
of biopolymers using 
confocal microscopy. 
Clearly the interface is not 
homogeneously covered 
with proteins (labelled with a 
green fl uorescent dye). The 
protein distribution is believed 
to be strongly infl uenced by 
the hydrodynamics of the 
continuous phase during 
the bubble formation. This is 
shown by the elongated zones 
of proteins at the interface 
adjacent to the lamellae, 
whereas the protein-rich 
regions are circular in proximity 
to the plateau borders. 
Courtesy of E. Kolodziejczyk.
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(LII), lamellar phases with amorphous (Lα) or crystalline 
lipid domains (LC), inverted columnar hexagonal 
cylinders (HII), bicontinuous double gyroidal (Ia3d), 
double diamond (Pn3m) and primitive (Im3m) cubic 
phases76,81,82 (see Fig. 6).

Th ese mesophases have viscoelastic properties 
that depend strongly on their specifi c structure and 
include purely plastic materials (lamellar), viscoelastic 
fl uids (hexagonal) or strong rigid structures (cubic), 
with storage moduli ranging between 10 and 106 Pa 
(refs 82,83). In other words, when classifi ed according 
to their elasticity, they cover a range of behaviour 
equivalent to that spanning from viscous fl uids to 
rubbery solids. Th e rigidity of cubic phases (106 Pa), 
in particular, is remarkably high bearing in mind 
the surfactants’ low relative molecular mass and the 
fact that the water and lipid phases are not physically 
connected, as in the case, for example, of micro-
segregated block copolymer structures. Th e prevailing 
view is that the high storage modulus of cubic phases 
is mostly attributable to the interfacial tension of the 
interpenetrated lipid–water interfaces. Nevertheless, 
unlike for other liquid-crystalline phases, the physical 
mechanisms responsible for the complex viscoelastic 
behaviour of bicontinuous cubic phases are still 
controversial. At small deformations, in the linear 
viscoelastic regime, several relaxation mechanisms 
contribute to the overall viscoelastic response of the 
cubic phases, which can be attributed to the lipid–
water interfaces and the confi nement of the phases 
within nano-domains82,84–86. At large deformations, 
in the nonlinear viscoelastic regime, relaxation takes 
place diff erently and is apparently dominated by a 
cooperative diff usion of surfactant molecules along 
crystalline planes87–89.

Th e thermodynamics governing the structures 
of liquid crystalline phases is also still being debated. 
Although suitable experimental techniques are well 
established and have provided detailed topological 
information81,90,91, no general quantitative theoretical 
framework is currently available that is capable of 
interpreting the lyotropic behaviour (that is, the 
structure changes arising with changes in temperature 
and composition). It seems evident that, despite the low 
relative molecular mass, lipids and water self-assemble 
into ordered structures owing to the enormous 
enthalpy of mixing existing between the two phases 
formed by (i) the solution of water and hydrophilic 
lipid heads and (ii) the hydrocarbon-based lipid tails. 
By measuring the activity of alkanes partitioning in 
water at room temperature, and using Flory–Huggins 
formalism, one can estimate this enthalpy to be of the 
order of χ ≈ 3. If one notes that for macromolecular 
amphiphiles the order–disorder transition occurs when 
χN ≈ 10.5  (where N is the number of segments of the 
polymer backbone)92, one can very well appreciate that 
in the case of lipids, the threshold in molecular mass of 
the surfactants for self-assembly is N ≈ 3–4 segments. 
Because for hydrocarbon chains the total number of 
segments N is obtained by dividing the total number of 
atoms by four93, the order–disorder transition in water–
lipid systems is expected for surfactants of the order of 
12–16 atoms. Th is crude argument illustrates why in 
foods, where typical lipid-based surfactants always have 
a molecular mass beyond this threshold, self-assembly 

is routinely observed. Th erefore, in contrast with block 
copolymers and synthetic amphiphiles, self-assembly of 
liquid-crystalline foods is principally ruled by enthalpy, 
rather than by competing enthalpy and entropy of 
mixing. Th is fact, as we shall see below, has by no 
means simplifi ed theoretical approaches aimed at the 
prediction of phase diagrams in lipid–water systems.

A simple but effi  cient approach extensively used 
for a fi rst rough classifi cation of the various structures 
of liquid-crystalline foods is based on the concept of 
critical packing parameter (CPP)94. Th is is expressed 
as the ratio between the volume of the hydrophobic 
lipid tail, ν, and the product of the cross-sectional 
lipid head area, A, and the lipid chain length, l. Th us, 
diff erent liquid-crystalline phases may be predicted 
from the curvature of the water–lipid interface94,95 

(see Fig. 7) Th e critical packing parameter can explain 
qualitatively a number of features of liquid crystalline 
foods, such as their thermotropic behaviour. For 
example, raising the temperature decreases the 
number of water molecules hydrating the polar heads 
of the lipids, owing to breaking of hydrogen bonds. 
Consequently A decreases and the CPP increases, 
inducing a cubic to HII, transition, which corresponds 
to experimental observations81. Similar arguments 
have been used to explain the Lα-to-cubic transition 
with increasing temperature. Nevertheless, the 
approach based on CPP remains mostly qualitative; 
it can neither fully describe liquid-crystal phase 
diagrams nor provide detailed insight into the 
topology of complex structures such as bicontinuous 
cubic phases. Figure 7 illustrates the richness of 
phase diagrams in liquid-crystalline foods and the 
usefulness of the CPP concept in their interpretation.

Advances in the description of topology of cubic 
phases encountered in foods have been made by 
applying triply periodic minimal surface concepts96. 
Bicontinuous cubic phases have been described as 
three-dimensional periodic lipid bilayers with zero 
mean curvature at each point. Th is requirement allows 
the interfacial energy and the frustration of lipid chains 
to be minimized simultaneously97. Th e interface is then 
described by a parametric general integral equation 

50 nm 50 nm 50 nm

a b c

Figure 6 Cryotransmission electron micrographs of some liquid crystalline phases encountered 
in foods, re-dispersed in water. a, Dispersion of columnar reversed hexagonal cylinders, HII, in water, 
also referred as hexasome. Reprinted in part with permission from ref. 108. Copyright (2005) American 
Chemical Society. b, Dispersion of Pn3m bicontinuous cubic phase in water, also referred to as Pn3m 
cubosome. Reprinted in part with permission from ref. 76. Copyright (2004) American Chemical 
Society. c, Dispersion of Im3m bicontinuous cubic phase in water, also referred to as Im3m cubosome. 
Reprinted from ref. 109 with permission from Blackwell.
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(Weierstrass–Enneper), which captures the nature of 
Ia3d, Pn3m and Im3m cubic phases when the set of 
parameters is suitably changed. However, this approach, 
which is purely mathematical, is not suitable to describe 
phase diagrams of charged/neutral lipid–water systems.

A general approach has recently been proposed98,99 
for describing quantitatively the physics of self-
assembly for lipids and water as a function of 
temperature and composition. Th e model is based on 
a mean-fi eld approach, in which the individual lipid 
chains ‘see’ the fi eld exerted by the other surrounding 
chains. Th is method is well known in polymer physics 
and has been successfully applied to polymer–polymer 
interfaces and block copolymer melts, yielding 
remarkable quantitative agreement with experimental 
phase diagrams. Despite the great fl exibility of this 
powerful method, in the case of lipid–water mixtures 
the quantitative agreement remains poor. Th is is 
due mostly to two limitations of the method, at least 
in the form it was applied to lipid–water systems. 
Th e fi rst drawback is related to the way lipid tails 
were treated. For simplicity and direct analogy with 
polymer melts, lipid tails were considered as fully 
fl exible chains, and their contribution to the overall 
free energy of the system was that of a typical random 
walk with gaussian statistics. In reality, lipid chains 
behave more like semi-fl exible chains than random 
walks. Eventually, if several unsaturations are present 
along the backbone of the lipid tails, these can even 
act as rod-like segments. Th us the fi rst improvement 
needed to allow quantitative predictions would be to 
implement semi-fl exible chain models for the lipid 
tails100. A further complication with lipids is that the 

enthalpy of mixing between polar heads and lipid tails 
increases with temperature, rather than decreasing 
as for most synthetic polymer pairs. Th is is due to 
the breaking of hydrogen bonds between the polar 
head and water caused by temperature, and it is the 
same mechanism responsible for the existence of a 
lower critical solubility temperature in water-soluble 
polymers3,101. Molecular dynamics simulations are 
then needed to assess, as a function of temperature, 
the variation of the enthalpy of mixing between the 
lipid tail and polar heads in the presence of water. 
Th us, this method could be used to evaluate the 
polar head/lipid tail enthalpy of mixing needed to 
build that total free energy functional, which needs 
to be minimized in the mean-fi eld-theory approach, 
to yield equilibrium self-assembled structures. One 
fi nal diffi  culty to overcome in order to improve the 
quantitative predictive capability of self-consistent 
fi eld models of lipid/water systems is to describe water 
properly as a structured solvent. Th is can be done, 
in principle, by introducing a suitable interaction 
potential between individual water molecules.

PROSPECTS FOR STIMULI-RESPONSIVE FUNCTIONAL FOODS

Although interest in functional foods is rapidly 
growing, foods with fi nely controlled structure and 
functionality are not routinely designed102. A functional 
food must be structured in such a way as to accomplish 
a specifi c function whilst being palatable enough to 
eat. If active ingredients are to be released, the food 
needs to alter its structure in response to an external 
environmental change such as in temperature or pH 
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fast enough to be an effi  cient delivery carrier, but slow 
enough to preserve the structure during the tasting 
and perception process. Th e engineering of these 
properties is necessary and extremely challenging. As 
a corollary, along with the limited possible ingredients, 
nutritional considerations tend to restrict possibilities 
further by suppressing sugars and fat as building 
blocks. Clearly, complex functional foods able to 
respond to stimuli such as pH or temperature will 
have to be heterogeneous and designed at multiple 
length scales. At the nanometre level, hierarchical 
supramolecular assemblies based on hydrogen bonds 
or ionic interactions, such as those used to design 
soft  materials103,104, could be an appealing strategy. 
With this approach, complex foods at or close to local 
thermodynamic equilibrium can be generated by 
self-assembly of simpler food-grade components such 
as protein, polysaccharides and lipids, without need 
of covalent bonds, which could alter the food-grade 
nature of the assembly.

Because structural elements relating to food 
texture are usually of micrometre scale and above, 
these are almost inevitably non-equilibrium structures 
and as such are the result of the interaction of 
processing and thermodynamics. For these kinetically 
controlled structures the control needs to be very 
fi ne with respect to the transport phenomena (fl ow, 
heat and mass transfer). Microfl uidics and micro-
manufacturing techniques would seem to have a key 
role to play, as they off er the possibility of separately 
controlling crucial parameters, which in industrial 
processing cannot be as fi nely tuned105. Th e challenge 
for tomorrow’s food scientists will be to integrate 
technology and SCM physics over a broad range of 
relevant length scales and states.

DOI:10.1038/NMAT1496

REFERENCES
1.  Donald, A. Food for thought. Nature Mater. 3, 579–581 (2004).
2.  Barnes, P., Finney, J. L., Nicholas, J. D. & Quinn, J. E. Cooperative eff ects in 

simulated water. Nature 282, 459–464 (1979).
3.  Matsyama, A., & Tanaka, F. Th eory of solvation-induced reentrant phase-

separation in polymer-solutions. Phys. Rev. Lett. 65, 341–344 (1990).
4.  Pusey, P. N. in Liquids, Freezing and the Glass Transition (eds Hansen, J. P., 

Levesque, D. & Zinn-Justin, J.) 763 (North-Holland, Amsterdam, 1991).
5.  Anderson, V. J. & Lekkerkerker, H. N. W. Insights into phase transition 

kinetics from colloid science. Nature 416, 811–815 (2002).
6.  Frenkel, D. Playing tricks with designer ‘atoms’. Science 296, 65–66 (2002).
7.  Dawson, K. A. Th e glass paradigm for colloidal glasses, gels, and other arrested 

states driven by attractive interactions. Curr. Opin. Colloid Interface Sci. 7, 
218–227 (2002).

8.  Pham, K. N. et al. Multiple glassy states in a simple model system. Science 296, 
104–106 (2002).

9.  Weeks, E. R., Crocker, J. C., Levitt, A. C., Schofi eld, A. & Weitz, D. A. Th ree-
dimensional direct imaging of structural relaxation near the colloidal glass 
transition. Science 287, 627–631 (2000).

10. Trappe, V., Prasad, V., Cipelletti, L., Segre, P. N. & Weitz, D. A. Jamming phase 
diagram for attractive particles. Nature 411, 772–775 (2001).

11. Trappe, V. & Sandkühler, P. Colloidal gels—low-density disordered solid-like 
states. Curr. Opin. Colloid Interface Sci. 8, 494–500 (2004).

12. Schurtenberger, P., Stradner, A., Romer, S., Urban, C. & Scheff old, F. Aggregation 
and gel formation in biopolymer solutions. Chimia 55, 155–159 (2001).

13. Pusey, P. N. & van Megen, W. Phase-behaviour of concentrated suspensions of 
nearly hard colloidal spheres. Nature 320, 340–342 (1986).

14. Sciortino, F. One liquid, two glasses. Nature Mater. 1, 145–146 (2002).
15. Tuinier, R., Rieger, J. & de Kruif, C. G. Depletion-induced phase separation in 

colloid-polymer mixtures. Adv. Colloid Interface Sci. 103, 1–31 (2003).
16. Lin, M. Y. et al. Universality in colloid aggregation. Nature 339, 

360–362 (1989).
17. Schurtenberger, P. et al. in Mesoscale Phenomena in Fluid Systems, ACS Symp. 

Series 861 (eds Case, F. & Alexandridis, P.) 143–160 (2003).

18. Tanaka, T. Viscoelastic phase separation. J. Phys. Condens. Matter 12, R207–
R264 (2000).

19. de Kruif, C. G. & Zhulina, E. B. κ-casein as a polyelectrolyte brush on the 
surface of casein micelles. Colloids Surf. A 117, 151–159 (1996).

20. de Kruif, C. G. Casein micelles: diff usivity as a function of renneting time. 
Langmuir 8, 2932–2937 (1992).

21. de Kruif, C. G. & May, R. P. κ-casein micelles: structure, interactions and 
gelling studied by small-angle neutron scattering. Eur. J. Biochem. 200, 
431–436 (1991).

22. Alexander, M., Rojas-Ochoa, L. F., Leser, M. & Schurtenberger, P. Structure, 
dynamics and optical properties of concentrated milk suspensions: an analogy 
to hard sphere liquids. J. Colloid Interface Sci. 253, 35–46 (2002).

23. Dahbi, L., Alexander, M., Trappe, V. & Schurtenberger, P. Rheological and 
structural properties of casein suspensions: an analogy with microgels. 
Langmuir (in the press).

24. Meeker, S. P., Poon, W. C. K. & Pusey, P. N. Concentration dependence of the 
low-shear viscosity of suspensions of hard-sphere colloids. Phys. Rev. E, 55, 
5718–5722 (1997).

25. Senff , H. & Richtering, W. Temperature sensitive microgel suspensions: 
colloidal phase behaviour and rheology of soft  spheres. J. Chem. Phys. 111, 
1705–1711 (1999).

26. Fuchs, M. & Schweizer, K. S. Structure of colloid-polymer suspensions. J. Phys. 
Condens. Matter 14, R239–R269 (2002).

27. Bhat, S. K. & Schurtenberger, P. Viscoelastic phase separation in 
biopolymer mixtures—from model systems to tailored food materials. Soft  
Matter (in the press).

28. Brinker, C. J. & Scherer, G. W. Sol-Gel Science: Th e Physics and Chemistry of 
Sol-Gel Processing (Academic, San Diego, 1990).

29. Dickinson, E. Structure and rheology of simulated gels formed from 
aggregated colloidal particles. J. Colloid Interface Sci. 225, 2–15 (2000).

30. Dickinson, E. in Food Colloids. Proteins, Lipids and Polysaccharides (eds 
Dickinson, E. & Bergenstahl, B.) 107–126 (Royal Society of Chemistry, 
Cambridge, 1997). 

31. Dickinson, E. in Food Colloids, Biopolymers and Materials (eds Dickinson, E. & 
van Vliet, T.) 68–83 (Royal Society of Chemistry, Cambridge, 2003). 

32. Krall, A. & Weitz, D. A. Internal dynamics and elasticity of fractal colloidal 
gels. Phys. Rev. Lett. 80, 778–781 (1998).

33. Romer, S., Scheff old, F. & Schurtenberger, P. Th e sol-gel transition of 
concentrated colloidal suspensions. Phys. Rev. Lett. 85, 4980–4983 (2000).

34. Wyss, H., Romer, S., Scheff old, F., Schurtenberger, P. & Gauckler, L. J. Diff using 
wave spectroscopy of concentrated alumina suspensions during gelation. 
J. Colloid Interface Sci. 241, 89–97 (2001).

35. Wyss, H. Microstructure and Mechanical Behavior of Concentrated Particle Gels 
Th esis, ETH Zürich (2003).

36. De Gennes, P.-G. Scaling Concepts in Polymer Physics (Cornell Univ. Press, 1979).
37. Scheff old, F. & Schurtenberger, P. Light scattering probes of viscoelastic fl uids 

and solids. Soft  Mater. 1, 139–165 (2003).
38. Heinemann, C. et al. Tracer microrheology of gamma-dodecalactone induced 

gelation of aqueous starch systems. Carbohydrate Polym. 55, 155–161 (2004).
39. Diez Orrite, S., Stoll, S. & Schurtenberger, P. Off -lattice Monte Carlo 

simulations of irreversible and reversible aggregation processes. Soft  Matter 
(in the press).

40. Anema, S. G., Lee, S. K., Lowe, E. K. & Klostermeyer, H. Rheological 
properties of acid gels prepared from heated pH-adjusted skim milk. J. Agric. 
Food Chem. 52, 337–343 (2004).

41. Lucey, J. A., Tamehana, M., Singh, H. & Munro, P. A. Eff ect of interactions 
between denatured whey proteins and casein micelles on the formation and 
rheological properties of acid skim milk gels. J. Dairy Res. 65, 555–567 (1998).

42. Roefs, S. P. F. M., de Groot-Mostert, A. E. A. & van Vliet, T. Structure of acid casein 
gels. 1. Formation and model of gel network. Colloids Surf. 50, 141–159 (1990).

43. Schorsch, C., Wilkins, D. K., Jones, M. G. & Norton, I. T. Gelation of casein-
whey mixtures: eff ects of heating whey proteins alone or in the presence of 
casein micelles. J. Dairy Res. 68, 471–481 (2001).

44. Stradner, A., Romer, S., Urban, C. & Schurtenberger, P. Aggregation and gel 
formation in biopolymer solutions. Progr. Colloid Polym. Sci. 118, 136–140 (2001).

45. Dalgleish, D. G., Alexander, M. & Corredig, M. Studies of the acid gelation 
of milk using ultrasonic spectroscopy and diff using wave spectroscopy. Food 
Hydrocolloids 18, 747–755 (2004).

46. Horne, D. S. & Davidson, C. M. in Protein and Fat Globule Modifi cations 
199303 (special issue), 267–276 (International Dairy Federation, 1993).

47. Horne, D. S., Hemar, Y. & Davidson, C. M. in Food Colloids, Biopolymers 
and Materials (eds Dickinson, E. & van Vliet, T) 17–25 (Royal Society of 
Chemistry, Cambridge, 2003).

48. Vasbinder, A. J., Alting, A. C. & de Kruif, C. G. Quantifi cation of heat-induced 
casein-whey protein interactions in milk and its relation to gelation kinetics. 
Colloids Surf. B 31, 115–123 (2003).

49. Vasbinder, A. J., van de Velde, F. & de Kruif, C. G. Gelation of casein-whey 
protein mixtures. J. Dairy Sci. 87, 1167–1176 (2004).

50. Corredig, M., Alexander, M. & Dalgleish, D. G. Th e application of ultrasonic 
spectroscopy to the study of the gelation of milk components. Food Res. Int. 
37, 557–565 (2004).

51. Kudryashov, E. D., Hunt, N. T., Arikainen, E. O. & Buckin, V. A. Monitoring 
of acidifi ed milk gel formation by ultrasonic shear wave measurements. High-

nmat1496.indd   739nmat1496.indd   739 14/9/05   12:18:21 pm14/9/05   12:18:21 pm

Nature  Publishing Group© 2005



REVIEW ARTICLE

740 nature materials | VOL 4 | OCTOBER 2005 | www.nature.com/naturematerials

frequency viscoelastic moduli of milk and acidifi ed milk gel. J. Dairy Sci. 84, 
375–388 (2001).

52. Kalab, M., Allan-Wojtas, P. & Phipps-Todd, B. E. Development of microstructure 
in set-style nonfat yoghurt—a review. Food Microstruct. 2, 51–66, (1983).

53. Lucey, J. A., Teo, C. T., Munro, P. A. & Singh, H. Microstructure, permeability 
and appearance of acid gels made from heated skim milk. Food Hydrocolloids 
12, 159–165 (1998).

54. Davies, F. L., Shankar, P. A., Brooker, B. E. & Hobbs, D. G. A heat-induced 
change in the ultrastructure of milk and its eff ect on gel formation in yoghurt. 
J. Dairy Res. 45, 53–58 (1978).

55. Heertje, I., Visser, J. & Smits, P. Structure formation in acid milk gels. Food 
Microstruct. 4, 267–277 (1985).

56. Auty, M. A. E., Fenelon, M. A., Guinee, T. P., Mullins, C. & Mulvihill, D. M. 
Dynamic confocal scanning laser microscopy methods for studying milk 
protein gelation and cheese melting. Scanning 21, 299–304 (1999).

57. Horne, D. S. Formation and structure of acidifi ed milk gels. Int. Dairy J. 9, 
261–268 (1999).

58. Söderberg, I., Dickinson, E. & Murray, B. S. Coalescence stability of gas 
bubbles subjected to rapid pressure change at a planar air/water interface. 
Colloids Surf. B 30, 237–248 (2003).

59. Terrill E. J., Melville, W. K. & Stramski, D. Bubble entrainment by breaking 
waves and their infl uence on optical scattering in the upper ocean. J. Geophys. 
Res. 106, 16815–16823 (2001).

60 Walstra, P. Physical Chemistry of Foods (Marcel-Dekker, New York, 2003).
61. Finkelstein, A. V. & Ptitsyn, O. B. Protein Physics (Academic, Amsterdam, 2002).
62. Pereira, L. G. C., Johansson, C., Radke, C. J. & Blanch, H. W. Surface forces 

and drainage kinetics of protein-stabilized aqueous fi lms. Langmuir 19, 
7503–7513 (2003).

63. Fruhner, H. & Wantke, H. K. D. A new oscillating bubble technique for 
measuring surface dilational properties. Colloids Surf. A 114, 53–59 (1996).

64. Brooks, C. F., Fuller, G. G., Frank, C. W. & Robertson, C. R. An interfacial 
stress rheometer to study rheological transitions in monolayers at the air-water 
interface. Langmuir 15, 2450–2459 (1999).

65. Miller, R., Fainerman, V. B., Leser, M. E. & Michel, M. Kinetics of adsorption of 
proteins and surfactants. Curr. Opin. Colloid Interface Sci. 9, 350–356 (2004).

66. Binks, B. P. & Lumsdon, S. O. Infl uence of particle wettability on the type and 
stability of surfactant-free emulsions. Langmuir 16, 8622–8631 (2000).

67. Pugnaloni, L. A, Dickinson, E., Ettelaie, R., Mackie, A. R. & Wilde, P. J. 
Competetive adsorption of proteins and low molecular weight surfactants: 
computer simulation and microscopic imaging. Adv. Colloid Interface Sci. 107, 
27–49 (2004).

68. Kraynik, A. M. Foam fl ows. Annu. Rev. Fluid Mech. 20, 325–357 (1988).
69. Princen, H. M. Rheology of foams and highly concentrated emulsions. 1. 

Elastic properties and yield stress of a cylindrical model system. J. Colloid 
Interface Sci. 91, 160–175 (1983).

70. Princen, H. M. Rheology of foams and highly concentrated emulsions. 2. 
Experimental study of the yield stress and wall eff ects for concentrated oil-in-
water emulsions. J. Colloid Interface Sci. 105, 150–171 (1985).

71. Weaire, D. & Hutzler, S. Th e Physics of Foams (Oxford Univ. Press, Dublin, 2000).
72. Bolton, F. & Weaire, D. Th e eff ects of plateau borders in 2-dimensional soap 

froth. 2. General simulation and analysis of rigidity loss transition. Phil. Mag. 
B 65, 473–487 (1992).

73. Kralchevksy, P. A., Ivanov, I. B., Anathapadmanabhan, K. P. & Lips, A. On 
the thermodynamics of particle-stabilized emulsions: curvature eff ects and 
catastrophic phase inversion. Langmuir 21, 50–63 (2005).

74. Mackie, A. R. et al. Growth of surfactant domains in protein fi lms. Langmuir 
19, 6032–6038 (2003).

75. Krog, N. J. in Food Emulsions (eds Friberg, S. E. & Larsson, K.) 141–188 
(Marcel Dekker, New York, 1990).

76. de Campo, L. et al. Reversible phase transitions in emulsifi ed nanostructured 
lipid systems. Langmuir 20, 5254–5261 (2004).

77. Saturni, L., Rustichelli, F., Di Gregorio, G. M., Cordone, L. & Mariani, P. Sugar-
induced stabilization of the monoolein Pn3m bicontinuous cubic phase during 
dehydration. Phys. Rev. E 64, 040902 (2001).

78. Mariani, P., Rustichelli, F., Saturni, L. & Cordone, L. Stabilization of the 
monoolein Pn3m cubic structure on trehalose glasses. Eur. Biophys. J. Biophy. 
28, 294–301 (1999).

79. Lindstrom, M., Ljusberg-Wahren, H., Larsson, K. & Borgstrom, B. Aqueous 
lipid phases of relevance to intestinal fat digestion and absorption. Lipids 16, 
749–754 (1981).

80. Vauthey, S. et al. Structured fl uids as microreactors for fl avor formation by the 
Maillard reaction. J. Agric. Food Chem. 48, 4808–4816 (2000).

81. Qiu, H. & Caff rey, M. Th e phase diagram of the monoolein/water system: 
metastability and equilibrium aspects. Biomaterials 21, 223–234 (2000).

82. Mezzenga, R. et al. Shear rheology of lyotropic liquid crystals: a case study. 
Langmuir 21, 3322–3333 (2005).

83. Pitzalis, P. et al. Characterization of the liquid-crystalline phases in the glycerol 
monooleate/diglycerol monooleate/water system. Langmuir 16, 6358–6365 (2000).

84. Hu, H. W. & Granick, S. Viscoelastic dynamics of confi ned polymers melts. 
Science 258, 1339–1342 (1992).

85. Granick, S. Motions and relaxations of confi ned liquids. Science 253, 1374–
1379 (1991).

86. Dhinojwala, A. & Granick, S. Relaxation time of confi ned aqueous fi lms under 
shear. J. Am. Chem. Soc. 119, 241–242 (1997).

87. Jones, J. L. & McLeish, T. C. B. Concentration fl uctuations in surfactant cubic 
phases: Th eory, rheology, and light scattering. Langmuir 15, 7495–7503 (1999).

88. Jones, J. L. & McLeish, T. C. B. Rheological response of surfactant cubic 
phases. Langmuir 11, 785–792 (1995).

89. Rodriguez-Abreu, C., Garcia-Roman, M. & Kunieda, H. Rheology and 
dynamics of micellar cubic phases and related emulsions. Langmuir 20, 
5235–5240 (2004).

90. Monduzzi, M., Ljusberg-Wahren, H., & Larsson, K. R. A C-13 NMR study of 
aqueous dispersions of reversed lipid phases. Langmuir 16, 7355–7358 (2000).

91. Th ies, M. et al. Liquid-like ordered colloidal suspensions of lipid A: the 
infl uence of lipid A particle concentration. J. Chem. Phys. 116, 
3471–3483 (2002).

92. Hamley, I. W. Th e Physics of Block Copolymers (Oxford Univ. Press, New 
York, 1998).

93. Cochran, E. W. & Bates, F. S. Th ermodynamic behaviour of 
poly(cyclohexylethylene) in polyolefi n diblock copolymers. Macromolecules 
35, 7368–7374 (2002).

94. Israelachvili, J. N. Intermolecular and Surfaces Forces 2nd edn (Academic, New 
York, 1991).

95. Jonsson, B., Lindman, B., Holmberg, K. & Kronberg, B. Surfactants and 
Polymers in Aqueous Solutions (Wiley, Chichester, 2001).

96. Scriven, L. E. Equilibrium bicontinuous structure. Nature 263, 
123–125 (1976).

97. Schwarz, U. S. & Gompper, G. Bending frustration of lipid-water mesophases 
based on cubic minimal surfaces. Langmuir 17, 2084–2096 (2001).

98. Muller, M. & Schick, M. Calculation of the phase behaviour of lipids. Phys. 
Rev. E 57, 6973–6978 (1998).

99. Li, X. J. & Schick, M. Th eory of tunable pH-sensitive vesicles of anionic and 
cationic lipids or anionic and neutral lipids. Biophys. J. 80, 1703–1711 (2001).

100. Flory, P. J. Statistical thermodynamics of semi-fl exible chain molecules. Proc. 
R. Soc. Lond. A 234, 60–73 (1956).

101. Bekiranov, S., Bruinsma, R. & Pincus, P. Solution behaviour of polyethylene 
oxide in water as a function of temperature and pressure. Phys. Rev. E 55, 
577–585 (1997).

102. Mezzenga, R. & Ubbink, J. Delivery of functionality in complex food systems. 
Trends Food Sci. Technol. (in the press).

103. Ikkala, O. & ten Brinke, G. Functional materials based on self-assembly of 
polymeric supramolecules. Science 295, 2407–2409 (2002).

104. Antonietti, M., Conrad, J. & Th unemann, A. Polyelectrolyte-surfactant 
complexes—a new type of solid mesomorphous material. Macromolecules 27, 
6007–6011 (1994).

105. Link, D. R., Anna, S. L., Weitz, D. A. & Stone, H. A. Geometrically mediated 
breakup of drops in microfl uidic devices. Phys. Rev. Lett. 92, 054503 (2004).

106. Phan, S. E. et al. Phase transition, equation of state, and limiting shear 
viscosities of hard sphere dispersions. Phys. Rev. E 54, 6633–6645 (1996).

107. Aichinger, P. A. et al. Fermentation of a skim milk concentrate with 
Streptococcus thermophilus and chymosin: structure, viscoelasticity and 
syneresis of gels. Colloids Surf. B 31, 243–255 (2003).

108. Yaghmur, A., de Campo, L., Sagalowicz, L., Leser, M. E. & Glatter, O. 
Emulsifi ed microemulsions and oil-containing liquid crystalline phases. 
Langmuir 21, 569–577 (2005).

109. Sagalowicz, L. et al. Cryotem study of the crystallographic structure and 
morphology of dispersed monoglyceride self-assembly structures. J. Microsc. 
(in the press).

110. Schätzel, K. Suppression of multiple-scattering by photon cross-correlation 
techniques. J. Mod. Opt. 38, 1849–1865 (1991).

111. Pusey, P. Suppression of multiple scattering by photon cross-correlation 
techniques. Curr. Opin. Colloid Interface Sci. 4, 177–185 (1999).

112. Urban, C. & Schurtenberger, P. Application of a new light scattering 
technique to avoid the infl uence of dilution in light scattering experiments 
with milk. Phys. Chem. Chem. Phys. 1, 3911–3915 (1999).

113. Nicolai, T., Urban, C. & Schurtenberger, P. Light scattering study of turbid 
heat-set globular protein gels using cross-correlation dynamic light scattering. 
J. Colloid Interface Sci. 240, 419–424 (2001).

114. Weitz, D. A. & Pine, D. J. in Dynamic Light Scattering: Th e Method and Some 
Applications (ed. Brown, W.) 653–720 (Oxford Univ. Press, Oxford, 1993).

115. Maret, G. Diff using-wave spectroscopy. Curr. Opin. Colloid Interface Sci. 2, 
251–257 (1997).

116. Scheff old, F. et al. New trends in optical microrheology of complex fl uids and 
gels. Prog. Colloid Polym. Sci. 123, 141–146 (2004).

117. Gisler, T., Weitz, D. A. Tracer microrheology in complex fl uids. Curr. Opin. 
Colloid Interface Sci. 3, 586–592 (1998). 

nmat1496.indd   740nmat1496.indd   740 14/9/05   12:18:27 pm14/9/05   12:18:27 pm

Nature  Publishing Group© 2005



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (None)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 450
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 450
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 2400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck true
  /PDFX3Check false
  /PDFXCompliantPDFOnly true
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    0.30000
    0.30000
    0.30000
    0.30000
  ]
  /PDFXOutputIntentProfile (OFCOM_PO_P1_F60)
  /PDFXOutputCondition (OFCOM_PO_P1_F60)
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /Description <<
    /JPN <FEFF3053306e8a2d5b9a306f300130d330b830cd30b9658766f8306e8868793a304a3088307353705237306b90693057305f00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /FRA <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU <FEFF004e005000470020005000520049004e005400200050004400460020004a006f00620020004f007000740069006f006e0073002e002000320032006e0064002000530065007000740065006d00620065007200200032003000300034002e002000500044004600200031002e003300200043006f006d007000610074006900620069006c006900740079002e>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [665.858 854.929]
>> setpagedevice


