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ABSTRACT

The quality and commercial value of cheese are pri-
marily determined by its physico-chemical properties 
(e.g., melt, stretch, flow, and color), specific sensory 
attributes (e.g., flavor, texture, and mouthfeel), usage 
characteristics (e.g., convenience), and nutritional prop-
erties (e.g., nutrient profile, bioavailability, and digest-
ibility). Many of these functionalities are determined by 
cheese structure, requiring an appropriate understand-
ing of the relationships between structure and func-
tionality to design bespoke functionalities. This review 
provides an overview of a broad range of functional 
properties of cheese and how they are influenced by 
the structural organization of cheese components and 
their interactions, as well as how they are influenced by 
environmental factors (e.g., pH and temperature).
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INTRODUCTION

Overall, the global consumption of cheese is in-
creasing continuously and is projected to increase by 
~13.5% between 2016 and 2025 (OECD/FAO, 2016). 
Simultaneously, consumers/end-users have increasingly 
been demanding enhanced physico-chemical proper-
ties, sensory and nutritional quality, and optimal usage 
characteristics of cheese, all at a reasonable cost. This 
is primarily driven by factors such as growing consumer 
awareness of the role of diet in health and well-being, 
the potential to use structure to influence flavor release 
and sensory experience, and the extensive use of cheese 
as an ingredient in food retail applications. Such ex-
panding consumer demands have triggered the focus 
of food researchers and cheese producers toward the 
improvement in the quality of existing products or the 
design of new innovative products.

It is now well recognized that many of the desirable 
properties of cheese are largely determined by its struc-
ture. For example, structure plays an important role in 
determining the mechanical, rheological, and cooking 
properties of heated and unheated cheese (Lucey et 
al., 2003; Guinee, 2016), eye formation in several types 
of hard (e.g., Swiss type or Emmental) and semi-hard 
(e.g., Maasdam type) cheese (Daly et al., 2010), and 
texture perception (Rogers et al., 2009). More recently, 
it has also been reported that food structure plays a key 
role in flavor release (Taylor, 2002) and in the digestion 
and the absorption of nutrients (Parada and Aguilera, 
2007; Singh et al., 2015). Apart from containing basic 
nutrients, the nutritional value of food can also be en-
hanced by introducing health-promoting and bioactive 
compounds, such as polyphenols and peptides. In this 
context, the cheese matrix can potentially be used as 
a delivery vehicle for bioactives and probiotics (Sharp 
et al., 2008; Rashidinejad et al., 2016). Thus, a better 
understanding of the complex interrelationship between 
structure and functionality (i.e., the so-called structure-
function relationship) is necessary to design of cheese 
types with specific functionalities. However, the full 
extent of the relationships between structure and func-
tionality of cheese is not fully understood. The aim of 
this review is to provide an appropriate knowledge of 
how cheese structure may be manipulated to control 
and predict the functional properties of cheese.

CHEESE COMPONENTS AND STRUCTURE

Caseins, the main structural component of cheese, are 
present in the form of a network in the cheese matrix 
in which fat globules, water, minerals, bacteria, and 
dissolved solutes such as lactose, lactic acid, soluble 
salts, and peptides are all interspersed. The spatial ar-
rangements of these components and their interactions 
determines the structure of cheese, which is influenced 
by relative volume fractions of each component and 
their properties (e.g., residual charge on the casein, 
composition of membrane materials of fat globules, and 
state of minerals, water, and fat), cheese manufacturing 
procedures, maturation conditions, and environmental 
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conditions (e.g., pH, temperature, and solvent quality/
ionic strength), among other factors.

Like other food types, cheese encompasses a hierarchi-
cal structure, with scales that span from the molecular 
to the macroscale (Figure 1). At a macroscopic level, 
cheese is the assembly of curd particles (resulting from 
cutting of the gel in the case of brine-salted cheeses), 
or curd chips or pieces (resulting from milling of curds 
and dry salting, such as in Cheddar and Stilton cheese 
manufacture; Guinee, 2016). Eyes, slits/cracks, visible 
crystals, and mechanical openness are also macrostruc-
tural features of cheese. At the microscopic level, cheese 
is composed of microstructural components, such as the 
casein network, fat globules, and water droplets. At fur-
ther higher levels of magnification (nano or molecular 
scale), microstructural components of cheese are formed 
from molecules and atoms. Structures at the macro, 
micro, nano, and molecular levels of organization all 
have an important role in various properties of cheese. 
Various techniques to study cheese structure, such as 
microscopy, rheology, magnetic resonance, and dynamic 
light scattering, have been reviewed extensively (e.g., 
Everett and Auty, 2008; El-Bakry and Sheehan, 2014).

From a materials science perspective, cheese can be 
viewed as a 2-phase composite material (also called 
“filled gels” or “gelled emulsions”) containing fat glob-
ules as a filler in a protein gel matrix (Barden et al., 
2015). Several researchers used this approach to study 
the role of milk fat and protein network on the me-
chanical and rheological properties of cheese (Rogers 
et al., 2010; Barden et al., 2015; Thionnet et al., 2017).

MOLECULAR INTERACTIONS WITHIN  
THE CHEESE MATRIX

Various molecular forces and interactions that act 
between the cheese components are considered impor-
tant as they can influence the functionality of cheese. 
For example, it is suggested that the localized balance 

of the attractive and repulsive forces between casein 
controls the melting of heated cheese (Lucey et al., 
2003). Moreover, the nature and extent of interactions 
of flavor compounds and nutrients with the food matrix 
can influence their release patterns in the mouth during 
mastication and in the gut during digestion, and this 
can in turn affect the sensorial and nutritional proper-
ties of food (Parada and Aguilera, 2007; Gierczynski 
et al., 2011). For such reasons, knowledge of molecular 
interactions and forces that act between cheese compo-
nents is vital.

Some studies have characterized the interactive forces 
in milk gels and cheese curd using different dissociating 
agents such as urea, SDS, and EDTA (Lefebvre-Cases 
et al., 1998; Gagnaire et al., 2002; Zamora et al., 2012). 
These dissociating agents are known to disrupt specific 
types of bond or interaction; for example, hydrophobic 
interactions and hydrogen bonds can be disrupted by 
SDS or urea, respectively, whereas ionic bonds involv-
ing calcium salts are broken by the chelating effects 
of EDTA (Zamora et al., 2012). Lefebvre-Cases et al. 
(1998) characterized the interactive forces in rennet- 
and acid-induced milk gels using different dissociating 
agents, and the results of their study suggested that 
hydrophobic interactions and calcium bonds were the 
most important forces for the stabilization of the struc-
ture of rennet milk gels. The contribution of hydrogen 
bonds seemed comparatively less important for the sta-
bility of rennet gel structure than the aforementioned 
forces. In acid-induced milk gels, hydrophobic and elec-
trostatic interactions and hydrogen bonds have been 
shown to be important forces, whereas the contribution 
of calcium bonds have been found to be less important, 
most probably due to solubilization of colloidal calcium 
at low pH (Lefebvre-Cases et al., 1998). Calcium bond-
ing, electrostatic interactions, and hydrogen bonds (to a 
lesser degree) contribute to the formation and stability 
of the para-casein matrix (after pressing) in Emmental 
cheese (Gagnaire et al., 2002). The major interaction 

Figure 1. Characteristic length scales in cheese. HFG = homogenized fat globules, CGJ = curd granule junction.
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forces responsible for the structural organization of 
cheese components are defined as follows.

Electrostatic Interactions

Electrostatic interactions are important for food com-
ponents that have a permanent electrical charge, such 
as dipoles or ions (McClements et al., 2009). Cheese is 
a complex system, and many components present in 
the cheese matrix are known to have electrical charge. 
For example, casein contains several AA residues with 
ionizable groups along their polypeptide chains, includ-
ing phosphoseryl residues (Horne, 1998).

Electrostatic interactions between charged species 
are sensitive to the surrounding environment, particu-
larly pH and ionic strength. The electrical charge of 
ionizable groups of food components depends on their 
pKa values relative to the pH of the surrounding aque-
ous solution (McClements et al., 2009). The aqueous 
phase of the cheese matrix contains several monovalent 
(e.g., Na+) and multivalent ions (e.g., Ca2+), and their 
level determines the ionic strength of the aqueous phase 
of the cheese matrix. The magnitude and range of the 
electrostatic repulsion between the casein in the cheese 
matrix may decrease with increasing ionic strength of 
the surrounding aqueous solution due to electrostatic 
screening effects (McClements et al., 2009).

Calcium-sensitive casein can cross-link with free 
calcium ions via calcium bridging, which is a type of 
electrostatic interaction (Dalgleish, 1983). Such inter-
actions are considered important for the aggregation 
of renneted casein micelles during coagulation of milk 
(Dalgleish and Corredig, 2012). The binding of calcium 
by casein is suggested to decrease with increasing ionic 
strength and with decreasing temperature (<40°C; 
Horne and Lucey, 2014).

Hydrophobic Interactions

Hydrophobic interactions are strong attractive forces 
between hydrophobic side groups of molecules in aque-
ous solution. The molecular origin of hydrophobic 
interactions is the fact that water molecules can form 
relatively strong hydrogen bonds with other water mol-
ecules, but not with nonpolar groups (McClements et 
al., 2009). Caseins have a significant fraction of nonpo-
lar regions along their polypeptide chain (Horne, 1998). 
Thus, it is expected that the hydrophobic interactions 
may play an important role in determining the casein 
interactions in the cheese matrix (Lucey et al., 2003). 
The strength of hydrophobic interaction tends to in-
crease with increasing temperature (McClements et al., 
2009). Thus, it is believed that these interactions may 

make a significant contribution to the functionality of 
heated cheese (Lucey et al., 2003).

Hydrogen Bonding

Hydrogen bonds are simply an interaction between 
an electronegative atom (e.g., O, N, F, and Cl) and a 
hydrogen atom covalently bound to similar electronega-
tive atoms. This is the one type of electrostatic force 
that tends to decrease in strength as the temperature 
increases (McClements et al., 2009). Hydrogen bonding 
is known to play a major role in hydration of proteins 
(Petukhov et al., 2004). Protein, including casein, con-
tains several groups, such as carbonyl, amine, amide, 
and hydroxyl, which are able to interact with water 
through hydrogen bonding. Hydration of casein is 
considered important for the development of desirable 
texture and cooking properties of some cheese types, 
such as Mozzarella (Guo et al., 1997). Moreover, several 
studies have also suggested that the texture and cooking 
properties of low-fat cheeses can partially be improved 
by increasing the water-binding capacity of the protein 
matrix through approaches, such as modulation of pH, 
and varying the level of colloidal calcium phosphate 
(CCP) and sodium chloride (NaCl) of the cheese ma-
trix (Paulson et al., 1998; Sheehan and Guinee, 2004; 
McMahon et al., 2005; Johnson et al., 2009).

Disulfide Bonding

Disulfide bonds are a covalent bond formed between 
2 thiol groups. This bond is considered important for 
cheese made from high heat-treated milk (e.g., queso 
blanco). High heat treatment of cheese milk unfolds 
heat sensitive whey proteins, exposing thiol groups 
that can form disulfide links with other reactive thiol 
groups of whey protein and casein through classical 
thiol-disulfide exchange reactions (Kethireddipalli and 
Hill, 2015). This type of reaction is influenced by redox 
potential (Poole, 2015), although little is published on 
this with regard to cheese matrices.

FUNCTIONAL PROPERTIES OF CHEESE

Key Properties for Use as an Ingredient

Cheese is extensively used as an ingredient in many 
foods. Two main functional requirements of cheese 
when used as an ingredient are (1) machinability (the 
ability of cheese to be shredded/diced/cut/sliced), and 
(2) specific cooking and melting properties (Lucey, 
2008). Functional requirements of cheese largely de-
pend on end-use application. For example, when cheese 
is used a topping on pizzas and lasagna, it needs to 
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melt and stretch in a specific manner, whereas melting 
is undesirable when visual identity and shape of cheese 
on cooking is required, such as for queso blanco and 
paneer, although a certain degree of softening is desir-
able (Guinee, 2016). The various functional properties 
required when cheese is used as ingredients have been 
discussed extensively (Lucey, 2008; Guinee, 2016).

Texture Perception

Texture is an important factor determining the qual-
ity and identity of food, including cheese (Lawrence 
et al., 1987; Foegeding and Drake, 2007). For cheese, 
the main evaluation of texture occurs in the mouth 
(during mastication). However, in some eye-forming 
cheese types, such as Emmental and Maasdam, visual 
properties are also important. Proper eye development, 
encompassing number, size, shape, luster, and distribu-
tion, is an important textural property in those cheese 
types (Lucey et al., 2003; Daly et al., 2010).

During consumption, food is subjected to a complex 
series of oral manipulations, including ingestion, size 
reduction, and mixing with saliva, to form a bolus for 
safe swallowing, collectively termed as oral processing 
(Foegeding et al., 2010). Behavior of food during oral 
processing, such as breakdown patterns and extent of 
interaction (coating) with the oral surfaces, is thought 
to play an important role in the texture perception, 
and the structure and chemical composition of food can 
influence their behavior during oral manipulation (van 
Vliet et al., 2009; Foegeding et al., 2010). For example, 
the desirable texture of full-fat Cheddar cheeses com-
pared with low-fat cheeses is considered to be partly 
due to role of fat in the desirable breakdown patterns 
of cheese during oral manipulation (Rogers et al., 
2009; Foegeding et al., 2010). Similarly, the desirable 
texture of aged cheese is attributed to the age-related 
structural changes in the protein matrix, resulting in 
specific breakdown pattern during chewing (Rogers et 
al., 2009). Moreover, several studies of emulsion gels 
have reported that the properties of emulsion droplets, 
extent of droplet-matrix interactions, distribution of 
emulsion droplets, and characteristics of the gel matrix 
can all influence texture perception (Sala et al., 2007; 
Liu et al., 2015; Oliver et al., 2015). Thus, a fundamen-
tal knowledge of how the structure of cheese influences 
a specific textural response could be useful for design-
ing cheese with desired texture profiles.

Flavor Release and Perception

Like texture, flavor (comprising taste and aroma) is 
also an important attribute of cheese. The heteroge-
neous mixture of several hundred volatile and nonvola-

tile flavor compounds in cheese are the result of com-
plex biochemical reactions during maturation, such as 
proteolysis, lipolysis, and glycolysis (McSweeney, 2004). 
During consumption, flavor compounds are released 
from the food matrix and diluted with saliva, which 
need to be transported to the flavor receptors in the 
mouth and nose for flavor perception to occur (Taylor, 
2002). The correct balance and concentration of a wide 
range of flavor compounds, their release profile during 
oral processing, and the concentration and the rate at 
which those flavor compounds reach the receptors can 
all influence overall flavor perception (Taylor, 2002).

Food structure appears to play a key role on release 
of flavor compounds. Several studies on pure gels (e.g., 
protein gels, carrageenan gels), mixed gels (e.g., whey 
protein-polysaccharides), emulsion-filled gels (where 
emulsion droplets are embedded within a gel matrix), 
or solid lipoproteic colloid foods have shown that the 
gel structure affects volatiles and tastant release profile 
(Stieger and van de Velde, 2013; Kuo and Lee, 2014); in 
general, weaker gel textures and more porous structures 
gave higher flavor compound release during mastica-
tion. For example, Kuo and Lee (2014) reported that 
the rate of sodium release increased with increasing 
porosity and pore size of solid lipoproteic colloid foods. 
Proteolysis weakens the structure of protein network 
due to breakdown of the protein network; thus, it may 
be assumed that proteolysis facilitates the release of 
sapid compounds during mastication (Sousa et al., 
2001).

Other factors, such as properties of the flavor com-
pounds (e.g., volatility, solubility, and affinity toward 
the food matrix), and the subject’s oral processing be-
havior (e.g., chewing, saliva flow rate, and air flow rate 
through the mouth and nose), can also influence the 
release of flavor compounds from the food matrix dur-
ing oral manipulation (Taylor, 2002; Gierczynski et al., 
2011). In addition, it is now well accepted that overall 
flavor perception can also be influenced by perceptual 
interactions between various sensory modalities (e.g., 
aroma, taste, and texture). For example, Visschers et 
al. (2006) reported that the intensity of aroma per-
ceived by subjects decreased with increasing firmness 
of the food. In another study, the odor of Comté cheese 
enhanced the perception of saltiness in model cheeses 
(Lawrence et al., 2011).

Based on the above considerations, it is clear that 
the flavor profile of food/cheese can potentially be 
enhanced by modifying food structure. This approach 
could be manipulated to facilitate reduction of sodium 
and saturated fat without significantly altering flavor 
attributes or to ameliorate flavor defects in reduced-fat 
and reduced-salt cheeses. Such approaches merit fur-
ther research.
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Nutritional Properties

Cheese, a nutrient-dense dairy product, is a good 
sources of proteins, vitamins, and minerals, particu-
larly calcium, and phosphorus. However, the traditional 
method for evaluation of the nutritional quality of food 
(i.e., based on its composition) has recently been criti-
cized because the method often neglects the effect of 
food matrix (structure) on nutrient release and absorp-
tion (Parada and Aguilera, 2007; Singh et al., 2015). 
For example, in an in vivo study using 6 mini-pigs, 
Barbé et al. (2013) reported that a renneted-gel matrix 
slowed down the rate of digestion of protein and ab-
sorption of AA as compared with liquid milk, probably 
due to lesser accessibility for digestive enzymes. In an-
other study, Lamothe et al. (2012) studied the digestion 
pattern of Cheddar and Mozzarella cheese using an in 
vitro stomach model. The results of their study sug-
gested that the degradation of protein and the kinet-
ics of fatty acid release are closely associated with the 
physical characteristics of the cheese matrix; cheeses 
that exhibited greater cohesiveness and elasticity were 
more slowly degraded during digestion and gave slower 
rates of fatty acid release. More recently, some studies 
have reported that calcium in cheese can influence the 
free fatty acid bioaccessibility by producing insoluble 
calcium soaps with long-chain fatty acids at intestinal 
pH conditions (Ayala-Bribiesca et al., 2017). A better 
understanding of the role of cheese structure on diges-
tion and absorption of nutrients within the gastroin-
testinal environment is key to designing cheese with 
enhanced nutritional quality. This area was reviewed in 
detail recently by Singh et al. (2015).

Delivery of Bioactives and Probiotics

Several studies have reported the potential for using 
the cheese matrix as a delivery vehicle for bioactives, 
such as vitamins (Madziva et al., 2006), minerals, and 
polyphenols (Rashidinejad et al., 2016). For example, 
Rashidinejad et al. (2016) successfully used full-fat 
hard cheese as a delivery vehicle for liposomal nano-
encapsulated green tea catechins. Moreover, the cheese 
matrix can also serve as a vehicle for probiotic delivery 
(Sharp et al., 2008). High buffering capacity and the 
dense protein network of cheese are thought to protect 
probiotic bacteria against the harsh acid environment 
in the stomach (Gomes da Cruz et al., 2009), making 
cheese a potentially suitable carrier for probiotics.

However, it should be noted that many bioactives 
have an undesirable taste and odor, such as metallic 
taste of mineral salts, bitter taste of peptides, and fishy 
taste and odor of marine oils rich in n-3 fatty acids 
(Augustin and Sanguansri, 2008), which can alter the 

sensory properties of cheese. Moreover, the metabolites 
from high numbers of viable and metabolically active 
bacterial cells can also alter the sensory attributes 
of cheese. Therefore, these details need consideration 
when using cheese as a delivery vehicle for bioactive 
compounds and probiotics.

ROLE OF STRUCTURAL ELEMENTS AND THEIR 
INTERACTIONS ON FUNCTIONAL  

PROPERTIES OF CHEESE

The composition and the structural organization of 
cheese determine its functionality. In this section, we 
therefore focus on how the properties and the structural 
organization of the different phases of cheese, and the 
interactions between them influence cheese functional-
ity. For the sake of simplicity, we have divided cheese 
structure into 4 phases: (1) protein phase, (2) fat phase, 
(3) aqueous phase, and (4) gas phase, particularly car-
bon dioxide (CO2).

Protein Phase

Formation and Rearrangement of Protein 
Network. Formation of a protein network is a crucial 
step in cheese manufacture. The destabilization of ca-
sein micelles is one of the first steps in the manufacture 
of cheese. The mechanisms of destabilization of casein 
micelles by different means have been discussed exten-
sively elsewhere (Dalgleish and Corredig, 2012). The 
destabilized casein micelles aggregate into chain and 
clusters, leading to formation of a 3-dimensional gel.

Several studies have reported that the factors, such 
as concentration of casein (Karlsson et al., 2007), 
properties of casein micelle (e.g., casein micelle size; 
Logan et al., 2014), and coagulation conditions (e.g., 
pH, temperature, and rennet concentration; Wium et 
al., 2003; Ong et al., 2011a, 2012), can all influence 
the coagulation process. This may influence the ar-
rangement of casein into protein matrix and also the 
microstructure and the quality of the final cheese. For 
example, milk renneted at lower pH (pH 6.1) gave 
gels with more compact protein network than in gels 
renneted at higher pH (pH >6.3; Ong et al., 2012). 
Moreover, the texture of resulted Cheddar cheese was 
different; that is, cheese made using milk renneted at 
lower pH (pH 6.1) had lower chewiness, gumminess, 
cohesiveness, and springiness than cheese made using 
milk renneted at higher pH (pH 6.7 or 6.5). Increased 
solubilization of CCP, accelerated rennet activity, and 
reduced charge repulsion between micelles at a lower 
milk pH are most likely to alter the rate and extent of 
aggregation, possibly leading to different microstruc-
tures of gels and cheese curds (Ong et al., 2012). In 
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other studies, the coarseness of the protein network of 
the gel or cheese increased with increasing coagulation 
temperature (Wium et al., 2003; Ong et al., 2011a). 
This is probably due to enhancement of the protein 
network rearrangement and increasing strength of hy-
drophobic interactions at higher coagulation tempera-
tures. Moreover, the calcium-binding by para-casein 
is suggested to increase with increasing temperature 
within the normal milk-coagulation temperature regi-
men, which may influence the aggregation kinetics of 
fully renneted casein micelles (Dalgleish, 1983; Horne 
and Lucey, 2014). This suggests that the functionality 
of the final cheese can be modified by optimization or 
modulation of initial cheese-making conditions. Thus, 
the influence of initial cheese-making conditions on the 
final properties of cheese should not be underestimated.

Rennet-induced gels are inherently unstable and likely 
to undergo intraparticle, interparticle, and interstrand 
rearrangements (Mellema et al., 2002). The ultimate 
result of such rearrangements is syneresis (expulsion 
of whey; Mellema et al., 2002). The rate and extent of 
syneresis is promoted by various cheese-making pro-
cesses, such as cutting, stirring, scalding, and pressing 
(Dejmek and Walstra, 2004). Syneresis is considered as 
an essential step during cheese manufacture because it 
affects the composition and texture of final cheese, as 
reviewed extensively by Dejmek and Walstra (2004). 
However, in some cheese types, such as Quark (also 
called Quarg) and cottage cheese, syneresis can also 
occur in the finished product during storage, termed 
wheying-off, which is generally considered as undesir-
able (Guinee, 2016).

To date, there is significant knowledge on how milk 
composition and renneting conditions affect the gel 
structure. However, the link between gel structure and 
macroscopic behavior of the gel, such as syneresis and 
water-holding, is not yet fully understood. Structural 
parameters, such as dimensions of protein strands, 
network pore size, and volume fraction of the pores 
and protein network, can be characterized at differ-
ent structural levels by using different microscopic 
techniques (Langton and Hermansson, 1996; Ong et 
al., 2011b). Such structural information is relevant in 
understanding the effects of milk composition and gela-
tion conditions on the macroscopic behavior of gels, 
such as syneresis and water-holding properties of gel.

Casein-Mineral Interactions. In cheese, signifi-
cant levels of minerals are associated with the protein 
network (Lucey and Fox, 1993). Calcium and phos-
phate (PO4) are the 2 most important minerals found 
in cheese, and are present in both soluble and colloidal 
form. However, it is well recognized that the calcium 
and phosphate associated with the casein are an im-
portant structural unit in cheese. The level of calcium 

associated with casein (micellar calcium) varies widely 
between cheese types, ranging from less than 5 mg/g 
of protein in feta and cottage cheese to ~24 mg/g of 
protein in Gouda and Emmental cheese (Remillard and 
Britten, 2011).

Modulation of levels of colloidal calcium in the cheese 
matrix can alter the texture and cooking properties of 
cheese. For example, decreased levels of colloidal cal-
cium is associated with the softening of cheese texture 
[at least in Cheddar; O’Mahony et al. (2005)] and 
increased melt and flow properties (O’Mahony et al., 
2006; Choi et al., 2008), attributed to the reduction 
in calcium-induced casein-casein interactions (Lucey et 
al., 2003). This mechanism is supported by the studies 
of Pastorino et al. (2003a) and McMahon et al. (2005), 
who observed a more homogeneous microstructure 
in cheeses with low levels of calcium than those with 
high levels of calcium, when observed using scanning 
electron microscopy; this indicates the proteins in the 
former are less aggregated than in the latter cheeses.

Micellar calcium levels in cheese are considered 
important in conferring an elastic texture to cheese 
(Lucey and Fox, 1993), which is important in the case 
of eye-forming cheese types, such as Emmental and 
Gouda, to accommodate gas produced during warm-
room ripening for smooth eye formation (Daly et al., 
2010). Moreover, an elastic texture is also important for 
sliceability of cheese without fracturing or crumbling or 
sticking to cutting implements (Guinee, 2016).

It has also been reported that increased hardness due 
to increase in micellar calcium levels slowed down the 
disintegration during in vitro digestion, which in turn 
can affect nutrient bioaccessibility (Ayala-Bribiesca et 
al., 2016).

Age-Related Changes in the Protein Matrix. 
During maturation, the structure of the protein net-
work alters due to complex physical and biochemical 
changes in the cheese matrix, such as proteolysis by 
various proteolytic agents, demineralization of casein, 
and hydration of the casein networks (at least in Moz-
zarella), as reviewed by Guinee (2016).

Recently, fermentation-produced camel chymosin has 
received attention because of its much higher ratio of 
milk clotting to general proteolytic activity than bo-
vine chymosin (Kappeler et al., 2006). Cheddar cheeses 
made using recombinant camel chymosin were generally 
found to be harder with less bitter and brothy flavors, 
and with lower levels of proteolysis than cheeses made 
from bovine chymosin or microbial rennet (Hannilase; 
Bansal et al., 2009; Soodam et al., 2015). Moynihan 
et al. (2014) suggested the use of recombinant camel 
chymosin to extend the shelf-life performance of low-
moisture partly skim Mozzarella because its baking 
properties, such as blister quantity, strand thickness, 
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hardness, and chewiness, on baked pizzas were main-
tained for a longer time in storage than in cheeses made 
with bovine calf chymosin. Apart from residual coagu-
lants, indigenous milk enzymes and enzymes produced 
by starter and nonstarter bacteria also contribute to 
the proteolysis of cheese, particularly in high-cooked 
cheese varieties in which the residual chymosin activity 
is very low, most probably due to heat denaturation 
of chymosin (Sousa et al., 2001; Sheehan et al., 2007). 
Plasmin is considered the most important indigenous 
milk proteolytic enzyme, and its activity in high-
cook cheese varieties (e.g., Emmental and grana-type 
cheeses) is comparatively higher than those in low-cook 
cheese varieties, (e.g., Cheddar), most probably due to 
thermal inactivation of inhibitors of both plasminogen 
activators and plasmin (Sheehan, 2013). Plasmin has an 
optimum pH of ~7.5 and thus makes a major contribu-
tion to the ripening of cheese types with high pH (~7), 
such as mold-ripened (e.g., Camembert) and smear-
ripened (e.g., Tilsit) cheese varieties (McSweeney, 
2004; Sheehan, 2013). The role of plasmin and other 
indigenous milk enzymes in casein hydrolysis and their 
contribution to the quality of cheese has been reviewed 
extensively (Sousa et al., 2001; Kelly and McSweeney, 
2003; McSweeney, 2004; Kelly et al., 2006).

Varying degree of hydrolysis of casein in different 
cheese types have been reported (Table 1). The rate 
and extent of casein hydrolysis is influenced by fac-
tors, such as cheese type, ripening temperature, level 
and types of coagulant, and cheese compositions (e.g., 
moisture in nonfat substance, Table 1). αS1-Casein has 
been considered to be the principal structural element 
in several cheese varieties, such as Cheddar and Em-
mental (Lawrence et al., 1987; Gagnaire et al., 2002), 
with the hydrolysis of αS1-CN thus being associated 
with a weakening of the protein network (Creamer and 
Olson, 1982). However, more recent studies have shown 
that softening of cheese in the early stages of ripening 
is primarily due to solubilization of CCP (O’Mahony 
et al., 2005).

Some studies indicated that the specific hydrolysis 
patterns of casein and the resulting peptide profiles 
can influence the melting and stretching properties 
of cheese. For example, Bogenrief and Olson (1995) 
observe a degree of melt of Cheddar cheese is more 
closely related to the extent of β-CN hydrolysis than 
the hydrolysis of αS1-CN. In another study, Emmen-
tal cheeses made with Lactobacillus helveticus as a 
starter culture exhibited greater stretchability (2.5 
times higher) than those with Lactobacillus delbrueckii 
(Richoux et al., 2009). Moreover, the stretchability of 
cheese was strongly correlated with the proportion of 
hydrophobic peptides in the pH 4.6-soluble nitrogen 
fraction. This finding is further supported by the study 

of Sadat-Mekmene et al. (2013), who also observed high 
stretchability in Swiss-type cheese made with 2 different 
strains of Lactobacillus helveticus (i.e., ITGLH77 and 
ITGLH1). Moreover, the stretchability was correlated 
with hydrophobic peptides, regardless of casein origin 
(i.e., whether αS1-CN, αS2-CN, or β-CN), and with a 
lower degree of proteolysis. These hydrophobic peptides 
may interact with the protein matrix or with other 
large peptides via hydrophobic forces, possibly forming 
fibers in the cheese matrix (Richoux et al., 2009).

Fat Phase

During cheese manufacture, milk fat globules are en-
trapped within the protein gel network, and processes 
such as scalding, cheddaring, hot water stretching, 
and pressing, can cause aggregation, coalescence, and 
disruption of the fat globules. In the cheese matrix, 
fat globules can exist as intact (spherical fat globules 
covered with native membrane materials), aggregated 
(clumps of circular fat globules), coalesced (spherical 
but larger than typical milk fat globules), elongated 
(especially in pasta-filata cheese-types), or even non-
globular forms (Michalski et al., 2007; Rogers et al., 
2010; Ong et al., 2011b) (Figure 2). The microstructure 
of fat globules can influence the physical properties 
of cheese. For example, although Everett and Olson 
(2003) did not find a correlation between fat-globule-
circularity and free-oil formation in Cheddar cheese, fat 
globule size (Feret’s diameter) in Mozzarella cheese has 
been positively correlated with meltability and free oil 
in a study by Ma et al. (2013).

Several factors, such as fatty acid compositions, na-
tive milk fat globule (NMFG) size, level of fat, and 
properties of fat globule membrane materials, can influ-
ence various properties of cheese.

Fatty Acid Composition. The fatty acid composi-
tion of milk fat [which is influenced by factors such as 
stage of lactation, breed of cow, genetics, and diet com-
position, Månsson (2008)] can alter the rheological and 
textural properties of cheese. Palmitic acid (C16:0) and 
oleic acid (C18:1) are the major saturated and unsatu-
rated fatty acids in milk that have high and low melting 
points, respectively (Coppa et al., 2011); a higher ratio 
of C18:1 to C16:0 is known to produce more creamy 
and less firm cheese (Coppa et al., 2011; Bocquel et al., 
2016). Bocquel et al. (2016) observed ~30% decrease in 
hardness of Raclette cheese when the ratio of C18:1 to 
C16:0 in cheese milk increased from 0.8 to 1.0. In the 
case of Raclette cheese, increased hardness increases 
the risk of cracks forming, which significantly affects 
the quality of cheese (Bocquel et al., 2016). The effect 
of fatty acid composition on the mouthfeel of cheese is 
not yet fully understood. However, it may be assumed 
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that the complex crystallization behavior due to fatty 
acid composition can alter the in-mouth coalescence of 
fat globules during oral processing, which can in turn 
affect the fat-related sensory perception. For example, 
high solid fat content in emulsion droplets enhances the 
coalescence of emulsion droplets and reduces friction 
during oral processing of emulsion-filled gels (Liu et 
al., 2015).

Native Milk Fat Globule Size. The size of NMFG 
ranges from <0.2 to >15 µm, with an average diameter 
of ~4 µm (Huppertz and Kelly, 2006). Studies have 
shown that the cheese manufactured from milk with 
different fat globule size differ compositionally and tex-
turally. For example, Camembert and Emmental cheese 
produced from milk with small fat globules (SFG, 

~3 µm), separated using microfiltration, had higher 
moisture content, softer texture, and underwent greater 
proteolysis during ripening than cheese made from milk 
with large fat globules (LFG, ~6 µm; Michalski et al., 
2003, 2004). More recently, Logan et al. (2017) reported 
that the Cheddar cheese made from milk with SFG 
(~2.7 µm) was less firm at the early stages of ripen-
ing, and was less cohesive, less chewy, and less springy 
throughout maturation than cheese made from milk 
with LFG (~5 µm). However, the exact effect of NMFG 
size on cheese properties was not determined in these 
studies because the effect of NMFG size is confounded 
with the cheese moisture level.

In another study, Michalski et al. (2007) made Em-
mental cheeses from milk with SFG and control milk, 
and adapted the process to obtain similar moisture con-
tent. The authors found that Emmental cheeses with 
SFG exhibited higher stretchability and elasticity, and 
improved sensory characteristics compared with control 
cheeses, despite the moisture content being similar for 
both cheeses. This may be attributed to the effect of 
NMFG size on microstructure of cheese. Emmental 
(Michalski et al., 2007) and Cheddar (Logan et al., 
2017) cheeses made from SFG appeared less aggregated 
and less coalesced than control cheeses or cheeses made 
from LFG, when observed using confocal laser scan-
ning microscopy. Moreover, more intact fat globules 
covered with phospholipids were observed in Cheddar 
cheeses from SFG than those from LFG when observed 
using confocal laser scanning microscopy (Logan et al., 
2017). A recent study of an emulsion-filled gel system 
has reported that the mechanical properties of emulsion 
gels are influence by the magnitude of droplet cluster-
ing or aggregation. Droplet clustering or aggregation 
enhanced the stiffness of emulsion-filled gels (Oliver et 
al., 2015).

Moreover, the fat globule size can alter the casein 
strand formation during rennet-induced coagulation 
of milk; this could be another reason for observed dif-
ferences in the properties between the cheeses made 
from milk with small and large fat globules. Depending 
on the size of NMFG and the pore size of the pro-
tein network, the NMFG can act as an “inert-filler,” 
“structure-breaker” (Michalski et al., 2002), or has even 
been suggested as being held weakly within the protein 
matrix (Everett and Olson, 2000; Logan et al., 2015).

Level of Fat. A reduction in levels of fat without 
a proportionate increase in the levels of moisture will 
increase the concentration of casein in the protein ma-
trix, leading to a compact protein matrix and a lower 
degree of fat coalescence (at least in Cheddar; Guinee 
et al., 2000; Rogers et al., 2010; Figure 2). Such changes 
on the cheese structure may have consequences for tex-
ture, opacity, and rheological and cooking properties of 

Figure 2. Column A shows the confocal laser scanning microscopy 
images (100 µm × 100 µm) of Cheddar cheese (age: 12 wk) at 3 dif-
ferent fat levels (8.5, 20.3, and 33.3%). Column B is the schematic 
representation of Cheddar cheese microstructure, with intact fat glob-
ules, aggregated fat globules, coalesced fat globules, and nonglobular 
fats. The dark and gray areas represent fat globules and protein net-
work within the cheese matrix, respectively. Adapted from Rogers et 
al. (2010) with permission. Copyright (2010) American Dairy Science 
Association.
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cheese (Guinee et al., 2000; Johnson et al., 2009; Rogers 
et al., 2009; Rogers et al., 2010). The effect of fat reduc-
tion on texture, flavor, cooking properties, and color of 
cheese has been reviewed by Johnson et al. (2009).

To better understand the role of milk fat content 
on the mechanical and rheological properties of cheese, 
and to simplify the complex cheese system, model filler 
particles, such as Sephadex beads (Barden et al., 2015) 
or glass beads (Thionnet et al., 2017), have been used 
instead of milk fat in some studies. These studies sug-
gested that the mechanical properties of cheese depend 
on the rheological properties of both the gel matrix 
and filler particle and on the volume within the cheese 
occupied by the filler particles (Barden et al., 2015; 
Thionnet et al., 2017). This knowledge may be useful 
in developing the replacement of milk fat in low-fat 
cheeses with other fat-like components, such as hydro-
colloids (Thionnet et al., 2017).

Interactions Between Fat Globules and Pro-
tein Matrix. The interactions between milk fat glob-
ules and the protein matrix in cheese largely depend on 
the composition of fat globule membrane materials. Al-
though a subject of debate (Everett and Auty, 2008), it 
is generally accepted that the NMFG membrane, which 
is composed mainly of specific proteins and phospholip-
ids, does not chemically interact with the surrounding 
protein matrix (Michalski et al., 2002).

The nature and extent of interactions between fat 
globules and protein network can be controlled by 
modifying the surface properties of fat globules. Such 
modulation of fat-protein interactions can alter the 
cheese structure, which in turn can affect the mechani-
cal, rheological, and sensorial properties of cheese. For 
example, Everett and Olson (2003) compared the 
microstructure and rheological properties of Cheddar 
cheese manufactured from recombined milk containing 
fat globules coated with casein or whey proteins. The 
microstructure of fat globules appeared elongated and 
clustered in cheeses made from milk with fat globules 
coated with αS2-CN (a relatively poor emulsifier) com-
pared with other experimental cheeses in which fat 
globules were coated with other proteins. Moreover, the 
former cheeses fractured at a lower strain and with a 
lower stress than the other experimental cheeses.

The effect of interactions between fat globules and 
protein matrix on texture perception of cheese is not 
yet fully understood. However, several studies on 
emulsion-filled gel systems reported a significant effect 
of filler-matrix interactions on the texture perception. 
Emulsion-filled gels are prepared by embedding emul-
sion droplets into a gel matrix, and are a representative 
model food system for a broad variety of food products, 
including cheese (Sala et al., 2007). Depending on the 

properties of the emulsifiers on the surface of emulsion 
droplets, emulsion droplets can either be bound to the 
gel matrix (called bound filler) or not (called unbound 
filler; Sala et al., 2007). Unbound fat has been found 
to be related to the enhancement of fat-related sensory 
perception rather than bound fat droplets in emulsion-
filled gels (Sala et al., 2007; Liu et al., 2015). The 
unbound droplets underwent more coalescence than 
bound droplets during oral manipulation, leading to 
lower friction and enhancement of fat-related sensory 
perceptions (Liu et al., 2015).

Aqueous/Serum Phase

Water. Water in cheese can be broadly classified as 
bound or bulk water. Bound water is strongly associ-
ated with protein and other components of the cheese 
matrix, and this water is not available as a solvent, 
whereas bulk water is loosely associated within the pro-
tein matrix and retains a large solvent capacity and is 
freezable at −40°C (McMahon et al., 1999). Bulk water 
may be either present within the channels surrounding 
the fat (free water) or entrapped within the protein 
matrix (entrapped water). The distribution and state of 
water in cheese depends on factors such as cheese-type 
and age. In most cheese varieties, most of the water is 
present within the protein matrix. However, in young 
Mozzarella cheese, a significant amount of water is 
present in the fat-serum channel. During aging, this 
water is gradually absorbed into the protein matrix, 
which has been confirmed by studies undertaken us-
ing nuclear magnetic resonance technique (Kuo et al., 
2001; Smith et al., 2017). Moreover, during maturation, 
hydrolysis of each peptide bond releases 2 new charged 
groups (NH3

+/COO−) that can bind the available free 
water and thus can alter the state of water in cheese 
(Creamer and Olson, 1982). This might be a possible 
reason for a slight decrease in water activity (aw) in 
Cheddar cheese during ripening, from a mean of ~0.965 
at 1 d to ~0.956 at 270 d (Hickey et al., 2013).

Cheese generally becomes softer as the levels of mois-
ture increase. Two main reasons have been reported for 
the texture softening effect of moisture: (1) water in the 
cheese matrix plays the role of a plasticizer (low-viscos-
ity lubricant; Marshall, 1990), and (2) increasing the 
levels of moisture results in a corresponding decrease in 
the levels of casein, which is the principal structuring 
component (McMahon et al., 2005). However, the effect 
of water on melt properties of cheese is rather complex. 
Increasing total moisture content of cheese does not 
necessarily increase the meltability of cheese (Pastorino 
et al., 2003c; McMahon et al., 2005). Instead, melt 
properties of cheese are reported to be more related to 
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casein-water interactions (which are largely influenced 
by pH, ionic strength, and the levels of CCP) than total 
moisture content (McMahon et al., 1999).

Components of the Aqueous/Serum Phase. 
The components present in the aqueous phase, such 
as nitrogen fractions (water-soluble protein, enzymes, 
peptides, or free AA), minerals, carbohydrates (lactose, 
galactose, and glucose) and organic acids, and their 
level influence the environment, mainly pH, aw, and 
ionic strength, of the cheese matrix (Salaün et al., 2005; 
Hickey et al., 2013). This can in turn affect the struc-
ture of the protein phase in cheese and thus on the tex-
ture, rheological, and cooking properties. Moreover, the 
correct balance and concentration of components of the 
serum phase can influence the flavor profile of cheese. 
Components, such as hydrophobic peptides, lactose, 
lactate, and free AA, have been found to be positively 
associated with bitter, sweet, sour, and umami flavor 
intensities, respectively (Møller et al., 2013).

The level of ions and their valance determines the ion-
ic strength of serum phase of the cheese matrix, which 
can alter protein interactions. Salt (NaCl) has a major 
contribution to the ionic strength of the cheese matrix, 
because a varying amount of salt, ranging from ~0.5% 
(wt/wt) to 6% (wt/wt), is added in cheese, mainly for 
flavor and preservation (Guinee, 2004). Addition of 
salt up to certain concentrations can promote protein-
water interactions, probably due to a “salting-in” effect, 
leading to hydration and swelling of the casein matrix 
(Guinee, 2004). Several studies have elucidated the role 
of salt in hydration and solubilization of casein. Guo et 
al. (1997) observed a higher levels of intact casein in 
the serum phase obtained from centrifugation (~12,500 
× g for 75 min at 25°C) of brine-salted Mozzarella 
cheese than in unsalted cheese. Pastorino et al. (2003b) 
observed a more homogeneous protein matrix with less 
serum pockets in Munster cheese injected with salt 
than cheese without salt injection, as observed by scan-
ning electron microscopy. Everett et al. (2014) reported 
an increase in NaCl-soluble proteins with increasing 
concentration of salt solution up to 6% (wt/wt) when 
unsalted Cheddar curd was immersed in varying brine 
concentrations (0–25%, wt/wt). However, very high 
salt concentrations can promote protein-protein inter-
actions, probably due to a “salting-out” effect, leading 
to protein aggregation and contraction of the cheese 
matrix.

Salt in the cheese matrix not only contributes to 
the saltiness of cheese, but can also enhance the flavor 
intensity of sapid compounds; moreover, salt can sup-
press the unwanted flavor, e.g., bitterness (Møller et 
al., 2013). Thus, reduction in salt content is sometimes 
associated with flavor defects. For example, the flavor 

profile of Cheddar cheese deteriorated when the level 
of salt was reduced by 50% (Møller et al., 2013). In 
another study, consumer liking for low-salt cheeses was 
low and they were able distinguish even a 30% salt 
reduction (Ganesan et al., 2014).

The effect of salt in structure, texture, rheological, 
and cooking properties of cheese has been discussed 
extensively (Guinee, 2004; Everett et al., 2014). A gen-
eral overview of the role of salt in cheese is depicted in 
Figure 3.

Gas Phase (Particularly Carbon Dioxide)

Formation of smooth eyes in eye-forming cheese 
types, such as Emmental and Maasdam, is consid-
ered an important quality parameter. Cheese matrix 
structure, the rate and extent of gas production and 
its behavior in the cheese matrix (e.g., solubility and 
diffusivity), and the presence of nuclei are known to 
play an important role in desirable eye formation (Daly 
et al., 2010). In this section of review, we focus on the 
role of CO2 in the eye formation.

An appropriate understanding of CO2 production, 
and its solubility and diffusivity in the cheese matrix, 
is necessary to obtain desirable quality of eyes without 
splits and cracks. Carbon dioxide in the cheese matrix 
is mainly produced due to lactate fermentation by pro-
pionic acid bacteria during the warm room ripening. 
The rate and extent of CO2 production is influenced 
by factors, such as strains of propionic acid bacteria, 
ripening temperature, and cheese composition (Daly et 
al., 2010). Acerbi et al. (2016a) determined the rate of 
production of CO2 in semi-hard cheese to be ~10 to 15 
mmol/kg∙d at constant temperature (25°C) and salt-to-
moisture ratio (2%, wt/wt). Carbon dioxide solubilizes 
in the fat and aqueous phases of cheese. However, its 
solubility is largely temperature dependent [i.e., the 
solubility of CO2 in the fat phase is lower at low tem-
perature (e.g., 4°C) than at high temperature (at least 
up to 20°C)]; the opposite holds true for the solubility 
of CO2 in water (Jakobsen et al., 2009). The solubil-
ity of CO2 in semi-hard cheese was determined as ~37 
mmol/kg∙atm at 2°C and ~30 mmol/kg∙atm at 25°C 
(Acerbi et al., 2016b). Thus, any changes in the ripen-
ing conditions or cheese composition or both can alter 
the solubility of CO2 within the cheese matrix, which 
in turn can affect the internal pressure of cheese. It 
is necessary to control the internal pressure of cheese, 
because overpressure can lead to slits or cracks, which 
are unappealing to consumers. Moreover, these cheeses 
can produce a lot of fines or broken portions during 
size reduction operations, such as slicing and dicing, 
resulting in lost revenue to manufacturers (Martley 
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and Crow, 1996). On the other hand, small or no eyes 
(“blind” cheese) will be formed if the gas pressure is 
inadequate.

Carbon dioxide produced in the cheese matrix diffus-
es within the cheese matrix or escapes from the cheese. 
The diffusion of CO2 within the cheese is thought to 
obey the second law of Fick [Equation [1]; where D is 
the effective diffusivity coefficient (m2/s)], which de-
scribes the change in concentration (c) with time (t) at 
any place (x) as a function of the local concentration 
gradient for a mono-directional diffusion (Acerbi et al., 
2016c).

 
dc
dt

D d c
dx

=










2

2
. [1]

Diffusion of CO2 to nuclei generates pressure at nuclei 
which are the primary site for eye formation. Diffusiv-
ity of CO2 within the cheese matrix is one of the most 
important factors affecting eye growth in eye-forming 
cheese types, and it is influenced by cheese composition 
and structure, and ripening conditions. For example, 

a higher level of diffusivity of CO2 has been observed 
in more aged semi-hard cheeses compared with young 
cheeses, and this has been attributed to age-related 
changes in the cheese matrix, such as proteolysis and 
demineralization of casein (Acerbi et al., 2016c).

EFFECT OF ENVIRONMENTAL FACTORS  
ON STRUCTURAL AND FUNCTIONAL  

PROPERTIES OF CHEESE

pH

It is widely recognized that pH has a strong influence 
on the texture, rheological, and cooking properties of 
cheese, mainly via altering the casein-casein, mineral-
casein, and casein-water interactions, through its effect 
on casein charge and calcium solubility. At higher pH 
values (~5.4), the proportion of calcium associated with 
casein (micellar calcium) is relatively higher than at 
low pH [unless colloidal calcium is solubilized by other 
means, such as addition of calcium chelators; Choi et 
al. (2008); McAuliffe et al. (2016)]. Higher levels of 
micellar calcium promote casein-casein interactions 

Figure 3. Role of salt in cheese. S/M = salt-to-moisture ratio.
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within the cheese matrix. Such strong casein-casein in-
teractions are known to increase the structural rigidity 
of the cheese matrix; as a consequence, cheese tends 
to be more firm, elastic, and less meltable (McMahon 
et al., 2005). At intermediate pH (~5.1), casein-casein 
interactions decrease as the negatively charged regions 
of the casein (e.g., phosphoserine residues) are exposed 
due to partial solubilization of micellar calcium, and 
the resultant cheese tends to be softer and more melt-
able (Lucey et al., 2003). However, lowering the pH 
toward 4.7 increases the strong casein-casein interac-
tions as the casein approach their isoelectric point, and 
adversely affects the melt, flow, and stretch properties 
of cheese (Lucey et al., 2003; Pastorino et al., 2003a).

It seems that that pH may have an indirect effect 
related to its influence on the distribution of calcium 
(soluble or casein-associated) at pH above 5 (at least in 
Cheddar and direct-acidified nonfat Mozzarella cheese; 
Pastorino et al., 2003a; McMahon et al., 2005). Be-
low 5, pH seems to have a direct effect (i.e., charge 
neutralization). If the cheese curd has very low levels 
of calcium, then increasing pH may simply increase 
protein-water interactions, probably due to increases 
in electrostatic repulsion forces between the charged 
groups of protein, which is illustrated by the work of 
Monteiro et al. (2009). Those authors investigated the 
effect of pH on the microstructure and functionality of 
hot-pack cream cheese, in which calcium level is very 
low, by using exposure to acetic acid or ammonia vapor 
to modulate pH after manufacture. The microstructure 
of cheese appeared more continuous or swollen with 
increasing pH (Figure 4), indicating that the casein is 
increasingly hydrated with increasing pH; moreover, 
cheese firmness decreased, whereas cheese meltability 
increased, with increasing pH.

The pH of cheese can alter the size of the protein 
aggregates and their arrangement in the protein matrix 
(Hall and Creamer, 1972; Lawrence et al., 1987; Pasto-
rino et al., 2003a). Pastorino et al. (2003a) developed a 
model for the protein matrix of cheese at different pH, 
and reported that the diameter of protein aggregates 
were relatively higher at pH 5.3 (10 to 12 nm) than at 
pH 4.7 (2 to 4 nm) in their model. Moreover, the protein 
aggregates at pH 5.3 have relatively more well-defined 
structure than those at pH 4.7. The proposed model 
is in agreement with the study of Hall and Creamer 
(1972), who observed bigger protein aggregates (10 to 
15 nm) in Gouda cheese (pH, ~5.3) than in Cheshire 
cheese (3 to 4 nm), with relatively low pH (~4.6), when 
examined using scanning electron microscopy; more-
over, the protein in latter cheese is less well organized. 
Taneya et al. (1992) also reported a less well-defined 
protein network structure of curd at pH 5.0 than at pH 
5.4 when observed with transmission electron microsco-

py, and the authors concluded that curd having pH 5.4 
is suitable for stretching during manufacture of string 
cheese. Pastorino et al. (2003a) speculated that the size 
of the protein aggregates and their arrangement in the 
cheese matrix may alter the texture, rheological, and 
cooking properties of cheese because the strength of 
material is known to be influenced by factors such as 
the extent of cross-linking, and the orientation or the 
structural regularity of the constituents of the material 
(Pastorino et al., 2003a).

It is well known that mold-ripened cheeses (e.g., 
Camembert and Brie), have a macroscopic pH gradient 
between the surface and interior of cheese (McSweeney, 
2004). However, it has recently been found that cheese 
can have a microscopic pH gradient. Burdikova et al. 
(2015) observed pH micro-heterogeneity in natural 
cheese matrices using fluorescence lifetime imaging mi-
croscopy (Figure 5). The local variation of pH in cheese 
matrix may influence the molecular interactions at lo-
cal level, which may lead to local heterogeneity in the 
microstructure of cheese. Nevertheless, more research is 
needed to gain greater understanding in this area.

Temperature

Temperature influences the structure of cheese 
through its effect on the components of cheese and their 
interactions, including changes in the physical state of 
fat and the molecular interactions between the casein. 

Figure 4. Scanning electron micrographs (9,000×) of hot pack 
cream cheese with different pH values. Cheese sample were exposed to 
ammonia vapor to increase the pH or acetic acid vapor to decrease the 
pH. The pH of the untreated control cheese was 4.92. P = protein ma-
trix, F = spherical imprints in the protein matrix left by fat globules 
that were extracted during sample preparation. Scale bar represents 1 
µm. Adapted from Monteiro et al. (2009) with permission. Copyright 
(2009) Institute of Food Technologists. Color version available online.
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These changes in the structure of cheese are important 
to the textural, rheological, and cooking properties of 
heated or unheated cheese. At low temperatures (below 
20°C), a significant proportion of milk fat is in a solid 
state (Lopez et al., 2006). Lopez et al. (2006) observed 
more than half (~54% of total fat content) of the milk 
fat present in Emmental cheese is in crystallized form 
at 4°C. Solid milk fat in cheese is known to act as re-
inforcing fillers, contributing to elastic properties of 
unheated cheese (Rogers et al., 2010; Shima and Tani-
moto, 2016). Moreover, it has been suggested that the 
contact area between the casein increases with decreas-
ing temperature as they expand at low temperature, 
probably due to weakening of hydrophobic interactions 
(Lucey et al., 2003). Thus, the firmer texture of cheese 
at low temperature (<20°C) is considered due to the 
combined effect of higher proportion of solid fat and 
increased contact area between casein. The firm tex-
ture of cheese at low temperature is generally suitable 
for size reduction operation because it is easier to cut 
cheese cleanly (Lucey, 2008).

During heating of cheese, the proportion of liquid 
fat increases dramatically; at ~40°C, almost all fat in 
cheese is in a liquid state (Lopez et al., 2006). Liquid 
fat acts as a plasticizer between casein strands, making 
cheese more soft and flexible (Shima and Tanimoto, 
2016). Although fat has an important role in the ini-
tial softening of cheese during heating, it is now well 
accepted that the casein interactions have a major 

role on the melting properties of cheese. Lucey et al. 
(2003) proposed a mechanism for melting of cheese 
during heating based on the dual-binding model pro-
posed by Horne (1998). The authors speculated that 
the localized balance of the attractive and repulsive 
forces between casein controls the cheese melting and 
the behavior of cheese at elevated temperature. Dur-
ing heating, casein networks in cheese are thought to 
contract, probably due to strengthening of hydrophobic 
interactions. Magnetic resonance studies have also indi-
cated that contraction of the protein network occurs in 
cheese with increasing temperature, since levels of free 
water in cheese increased as it was heated from 20 to 
60°C (Vogt et al., 2015; Smith et al., 2017). Contraction 
of the casein network is suggested to reduce the size of 
the contact area between casein, leading to weakening 
of the cheese matrix (Lucey et al., 2003). Weakening 
of the cheese matrix during heating is indicated by the 
changes in the rheological parameters, that is, decreases 
in dynamic moduli (G′ and G″) and an increase of loss 
tangent with increasing temperature. More recently, 
mid-infrared and synchronous fluorescence spectrosco-
pies, coupled with chemometrics, have been suggested 
as valuable tools for understanding the role of tempera-
ture on the melt behavior of cheese (Boubellouta and 
Dufour, 2012).

Kim et al. (2011) investigated the effect of baking 
temperature (180°C for 25 min) on the properties of 
reduced-fat and full-fat Cheddar cheeses by reacting 
heated cheeses with different dissociating agents, such 
as SDS, EDTA, and urea; the results indicated that 
the skin formation in reduced-fat cheeses is the result 
of a high degree of protein-protein interactions, which 
involve disulfide bonds and hydrophobic interactions 
and, to some extent, ionic bonds with calcium.

CONCLUSIONS

This review documents the current understanding on 
structure-function relationships in cheese. A fundamen-
tal knowledge of how the structure of cheese influences 
various functionalities is necessary to design cheeses 
with enhanced physico-chemical properties, and of op-
timal sensory and nutritional quality. Such knowledge 
is particularly important for the improvement of the 
quality of cheeses such as those with low fat content 
because fat reduction is often associated with undesir-
able changes in texture, flavor, and cooking properties. 
Similarly, reduction in sodium has also been linked 
particularly with flavor defects. Cheese structures have 
been shown to play an important role in texture per-
ception and in release of flavor compounds during mas-
tication. Structuring of the cheese matrix for controlled 
release of nutrients, and delivery of bioactives and pro-

Figure 5. Fluorescence lifetime imaging microscopy (FLIM) im-
age of natural cheese sample stained with Oregon Green 488. Shown 
are apparent local variations of fluorescence lifetime and thus pH. 
Localized spots with pH as low as 4.0 are observed. The dark areas 
most likely represent fat within the cheese matrix. The pseudocol-
or scale of the FLIM images is calibrated both in lifetime (τm) and 
pH values. Reprinted with permission from Burdikova et al. (2015). 
Copyright (2015) Lausanne: Frontiers Research Foundation. Color ver-
sion available online.
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biotics is an area of key importance in the development 
of functional cheese with beneficial properties beyond 
basic nutrition. A detailed knowledge of molecular 
interactions and forces that act between cheese compo-
nents is vital as they can influence the functionality of 
cheese, such as physico-chemical properties of heated 
and unheated cheese, and also the release patterns 
of flavor compounds or nutrients in mouth during 
mastication or in the gut during digestion. This also 
creates a need to further develop analytical methods 
for determination of molecular forces or interactions 
within the cheese matrix. Similarly, advanced micros-
copy techniques allied with image analysis, mathemati-
cal modeling, and computer simulations will also help 
to establish a greater knowledge of the link between 
structure and functionality of cheese. In addition, the 
growing number of studies using model food systems, 
such as emulsion-filled gels and solid lipoproteic colloid 
foods, offers potential, and such approaches need to be 
applied to research and innovation in natural cheeses. 
Overall, an appropriate knowledge of structure-function 
relationship is key to the design of future cheese types 
with specific functionalities.
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