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rennet-curd cheeses to increase the recovery of whey protein, enhance cheese yield, and/or improve the
texture of reduced-fat cheese. HTT results in denaturation and interaction of denatured whey proteins
with k-casein. The denatured whey protein/k-casein complexes remain with the para-k-casein micelle
following rennet hydrolysis, and impede its fusion during gelation and syneresis of the resultant curd, to
a degree that increases with severity of HTT. Consequently, cheese from HTT-milk has higher contents of
moisture and denatured whey protein, is softer, and has inferior melting properties on baking or grilling.
The effects of HTT can be partially mitigated by alteration of cheesemaking parameters to normalise
cheese composition, and/or addition of exogenous proteinases to improve melting properties.
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1. Introduction

High temperature treatment (HTT) of milk involves heating to
temperatures (e.g., 75—100 °C, 1-10 min) higher than those used
for conventional pasteurisation (e.g., 63 °C, 30 min, 72 °C, 15 s, or
89 °C, 1 s; FDA, 2019). Products made from HTT-milk or HTT-
recombined milk include medium- and high-heat milk powders,
dairy beverages and fermented milk products (e.g., yoghurt and
some fresh acid-curd cheeses) (Sanderson, 1999). HTT enhances the
heat stability of reconstituted skim milk powder, extends the shelf-
life of dairy beverages (Sharma, Jana, & Chavan, 2012), and is cen-
tral to the development of desired structure and viscosity in fer-
mented milks, yoghurt and some fresh fermented cheese products
such as cream cheese and thermo-quark. In the latter products
(yoghurt, fresh acid-curd cheeses), HTT promotes denaturation of
whey proteins, and their covalent interaction with k-casein at the
micelle surface and acid-induced co-gelation with the casein (CN)
micelles (Lucey, 2016). The denatured whey protein functions as
bridging material between the micelles, limits the degree of micelle
clustering during gel formation, and increases the concentration of
gel-forming protein. Consequently, fresh-fermented milk products
from HTT-milk tend to be firmer and more viscous, have a lower
tendency to wheying-off, and are less grainy and smoother than the
corresponding products from unheated- or pasteurised milk (Fox,
Guinee, Cogan, & McSweeney, 2017; Hinrichs, 2001). However,
the severity of HTT required for optimising the sensory properties
of fresh fermented milk products depends inter alia on the total
protein concentration and CN:whey protein ratio of the milk
(Jargensen et al., 2019).

HTT of milk for the manufacture of rennet-curd cheeses was
primarily investigated during the 1970—1990s, when whey was still
a relatively low-value by-product of cheese manufacture, as a means
of increasing the recovery of whey proteins to cheese (Banks, Law,
Leaver, & Horne, 1994; Banks, Stewart, Muir, & West, 1987),
enhancing cheese yield (Chromik, Partschefeld, Jaros, Henle, &
Rohm, 2010; Hinrichs, 2001; Marshall, 1986), and improving the
texture and sensory properties of reduced-fat cheese (Guinee et al.,
1998). Whey is no longer a by-product, but rather a coproduct of
cheese manufacture. This transition evolved from the 1980s in tan-
dem with developments in membrane-separation (e.g., ultrafiltra-
tion, UF, or microfiltration, MF, in combination with diafiltration, DF)
and enzyme technologies that enable the separation, fractionation,
concentration and/or controlled hydrolysis of whey proteins into
high-value protein ingredients with unique nutritional, bio-
functional and physicochemical properties that are desired in a va-
riety of applications including infant formula, sports and nutritional
foods and beverages (Minj & Anand, 2020; Solak & Akin, 2012; Yadav
et al., 2015). Nevertheless, the direct recovery of whey protein from
milk to cheese continues to have potential as a sustainable approach
of enhancing the nutritional and biofunctional status of rennet-curd
cheese, and removes the energy costs associated with separation,
concentration and drying of whey protein/protein fractions, and
their re-addition to cheese milk for such a purpose. Moreover, the
conditions of HTT can be varied to alter the proportions of native
whey proteins in the resultant cheese whey, thereby enabling the
provision of whey streams more suited to the manufacture of whey
protein ingredients for specific applications. However, in contrast to
yoghurt and many fresh-acid curd cheeses, HTT of milk for the
manufacture of rennet-curd cheese is challenging because of heat-

induced physicochemical changes that inhibit casein aggregation.
The impact of these changes on the manufacture and quality of
rennet-curd cheese is reviewed.

2. Overview of changes in the milk casein system during
rennet gelation and gel syneresis

Milk is a colloidal dispersion of CN micelles and fat globules in
serum consisting of water and dissolved solutes (lactose, whey
proteins, NPN, soluble salts, and salt anions and cations). The mi-
celles are a porous hydrated network of different caseins, self-
assembled mainly by hydrophobic and electrostatic interactions
into primary aggregates which are linked by calcium phosphate
nanoclusters into spherical particles of ~160 nm diameter (Huppertz
et al., 2017). The molar concentrations of serine (organic) phosphate
groups of individual CNs (i.e., asy, ~11 Mm; as1, ~9—13 M; B, 5 M; K,
1-3 m) markedly affects their ability to sequester Ca**, which de-
creases in the following order: as; > 051 > B > k. The phosphoserine
groups in asy, dsy and B-CNs occur in relatively close proximity,
which enhances their ability to cooperatively surround, sequester
and stabilise insoluble spherical inclusions, or nanoclusters
(~4—5 nm diameter), of insoluble inorganic calcium-phosphate
(referred to as colloidal calcium phosphate, CCP) within the
micellar casein network (Horne, 2017; Huppertz et al., 2017); the
CCP is considered to be colloidal calcium phosphate citrate with the
following proposed structure: 3Casz(PO4),CHCitr~ (Pyne & McGann,
1960). In contrast, the serine phosphate groups on k-CN, which have
been identified at amino acid-residue positions 148, 166 and 170
(Holland, Deeth, & Alewood, 2006), are not clustered. k-CN also
differs from the other CNs in that it is glycosylated, containing car-
bohydrate (galactose, N-acetylgalactosamine and N-acetylneur-
aminic acid) in the form of tetra-tri-saccharides attached toward the
C-terminal region of the molecule (Fox, Uniacke-Lowe, McSweeney,
& O'Mahony, 2015). These properties confer k-CN with a high hy-
drophilicity and a low tendency to calcium-induced aggregation. In
the micelle, k-CN is located predominantly at the surface, where the
glycosylated, negatively-charged C-terminal regions orient out-
wards into the surrounding serum as a hairy layer of flexible chains
(polyelectrolyte brush) that continuously change direction and
conformation by Brownian motion. The hairy layer creates electro-
static and steric repulsion between neighbouring micelles and,
thereby, stabilises them against aggregation and precipitation under
the physiological conditions in native milk (e.g., <37 °C, pH 6.6—6.7,
2—4 mm Ca’t).

During the manufacture of rennet-curd cheeses (i.e., most cheese
varieties including Cheddar, Gouda, Mozzarella and Emmental),
controlled destabilisation of the CN micelle is achieved by selective
enzymatic hydrolysis of the k-CN at the Metos—Valyeg peptide bond
using aspartyl proteinases (rennets) (Fox et al., 2017). This results in
the liberation of a soluble caseino-macropeptide (CMP,
Meti06—Valigg) and reduction in the steric and electrostatic repulsion
between the micelles. When ~86% of total k-CN is hydrolysed after
~15—20 min at 31 °C, the resultant micelles, denoted para-k-CN mi-
celles, are unstable and begin to touch and aggregate. As rennet hy-
drolysis proceeds towards 100% of total k-CN, the aggregates continue
to grow and form threadlike strands oriented in various directions
(estimated to be 10 micelles long, 4 micelles in thickness) that fuse to
form a space-spanning continuous network (gel) of calcium phos-
phate para-CN, which envelops the fat globules and serum. The
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process of gel assembly has been extensively researched and
reviewed (Horne & Lucey, 2017; Mellema, Walstra, van Opheusden, &
van Vliet, 2002). The interactions between the surfaces of aggregating
para-k-CN micelles may be considered to be largely similar to those
between the CN molecules constituting the micelle, i.e., electrostatic
bonds between calcium ions and negatively charged serine phos-
phate groups and carboxyl groups of acidic amino side-chain acid
residues, and hydrophobic interactions between non polar regions
(Mellema, Leermakers, & de Kruif, 1999). As the gel matures over
time, the contact region between the contiguous para-k-CN micelles
extends and the number of interactions increases, resulting in a
higher degree of fusion. These changes lead to a coarsening of the
network and an increase in the stiffness (firmness) of the gel strands,
and the gel as a whole, as confirmed by a sigmoidal-shaped increase
in storage modulus, G/, an index of gel strength (Fig. 1). Under typical
cheesemaking conditions, the gel attains a stiffness (G’ value) at
35—45 min that enables it to be cut cleanly into particles that resist
shattering (fracture into small pieces) when exposed to the me-
chanical stresses inflicted during subsequent cheesemaking
operations.

Syneresis (whey expulsion) is initiated by the controlled cutting
or breakage of the gel into pieces (curd particles) of desired di-
mensions, and is further promoted by remaining cheesemaking
steps that contribute to dehydration of gel (curd particles) to a curd
(cheese) with the desired moisture content. The basis of syneresis is
structural rearrangement of the calcium phosphate para-CN
network, as affected by the different steps, resulting in greater
interaction and fusion between the para-CN aggregates; conse-
quently, the network shrinks into a more compact structure and the
occluded whey is forced out (Fagan, O'Callaghan, Mateo, & Dejmek,
2017; Mellema et al., 2002). For a given milk composition and
gelation conditions, the degree of interaction within and between
the para-casein aggregates constituting the gel strands is deter-
mined by the reactivity of the casein, as affected by extent of in situ
acidification by the starter culture, calcium solubilisation, temper-
ature increase (cooking), residence time in the cheese vat and salt
addition, and by the spatial proximity of the stands as affected by
the level of external pressure (gradients) applied to the curd par-
ticles which in turn is controlled by speed of stirring of curd par-
ticles in the whey, removal (drainage) of the whey, moulding, and
pressing of the recovered curd (Fagan et al., 2017; Lodaite et al.,
2002; van den Bijgaart, 1988).

Storage modulus, G' (Pa)

Time (min)

Fig. 1. Changes in storage modulus as a function of time from rennet addition (setting)
for milk heated at 72 °C (@), 77 °C (0), 82 °C (1) or 88 °C (A) for 26 s. Redrawn from
data of Rynne et al. (2004).
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3. Effect of high temperature treatment of milk on whey
protein denaturation and changes in mineral equilibrium

HTT of milk, depending on severity, may result in a number of
changes, including denaturation of whey proteins, transfer of
minerals from the serum to the colloidal phase, dephosphorylation
of CN, hydrolysis of lactose to organic acids, pH reduction, and
Maillard reaction between lysine residues and lactose. CN
dephosphorylation and lactose hydrolysis occur to an appreciable
extent only at temperatures >100 °C, e.g., during UHT processing
(Fox et al., 2015), and are, therefore, unlikely to be of relevance for
cheese manufacture where HTT treatment generally involves the
use of temperatures at < 100 °C to minimise potential discoloration
(browning) associated with the Maillard reaction.

3.1. Effect of HTT of milk on denaturation of whey proteins and their
interaction with casein

Heating of milk to temperatures >70 °C results in denaturation
(unfolding) of whey proteins, exposure of reactive side-chain groups
that are normally buried within the native protein conformation,
and interaction with other whey proteins and/or k-CN through
disulphide, hydrophobic and electrostatic interactions (Anema &
Klostermeyer, 1997; Cho, Singh, & Creamer, 2003). The cysteine
thiol group of denatured B-lactoglobulin (B-lg) can interact with
other denatured whey proteins or k-casein through thiol-disulphide
interchange. The intermolecular disulphide interactions between k-
CN and denatured B-lg are thought to involve cysteine residues Cys1;
and/or Cysgg of the former and Cysigp, Cysi19 and/or Cysip of the
latter (Donato & Guyomarc'h, 2009); similar interactions are likely
to occur between k-CN and a-la; Dalgleish, van Mourik, & Corredig,
1997). Hence, the denatured whey protein/k—CN complex remains
on the surface of the para-k-CN micelle following rennet hydrolysis,
and is expected to restrict inter-micellar fusion during rennet-
induced gelation and subsequent syneresis. As the pH of milk
prior to HTT is adjusted from 6.5 to 7.5, k-CN dissociates increasingly
from the micelle to the serum where it interacts with denatured
whey proteins to form serum-soluble k—CN—f-lg/a-lactalbumin (o~
lac) aggregates (Kethireddipalli, Hill, & Dalgleish, 2010; Ménard,
Camier, & Guyomarc'h, 2005; Renan et al., 2006). The aggregates
are negatively charged with a zeta potential of —15 to —20 mV at
25 °C at pH 6.7 (Donato & Guyomarc'h, 2009), and have an esti-
mated hydrodynamic diameter of 60—100 nm (Jean, Renan,
Famelart, & Guyomarc'h, 2006; Vasbinder & de Kruif, 2003;
Vasbinder, Alting, & de Kruif, 2003) and an isoelectric pH of
~45—4.7 (Mollé, Jean, & Guyomarc'h, 2006). On addition of rennet
to high temperature-treated milk (HTT-milk), chymosin hydrolyses
the k-CN moiety of the aggregates, but the resultant para-k—CN—f-
lg/o-lac remains soluble (Mollé, Jean, & Guyomarc'h, 2006;
Vasbinder & de Kruif, 2003).

The extent of whey protein denaturation (WPD), as measured by
loss of solubility at pH 4.6, increases with temperature of HTT, e.g.,
from ~1 to 5% (of total whey protein) in pasteurised milk heated at
72 °C for 15 s to ~70% in HTT-milk processed at 100 °C for 120 s
(Fig. 2). Some authors (Green, 1990a; McMahon, Yousif, & Kalab,
1993) reported that whey protein denaturation was higher in
concentrated milk than in the corresponding non-concentrated
milk, e.g., increasing from 31 to 50% in milk to 54 and 78% in the
corresponding UF-concentrated (volume concentration factor, VCF,
~4 x ) milk on increasing the temperature from 90 to 96 °C,
respectively. The increase in WPD with UF-concentration may
reflect the reduction in the lactose:protein ratio and the linear
dependence of B-lg denaturation on concentration (Lyster, 1970;
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Fig. 2. Proportion of total whey protein denatured (combined levels of denatured B-
lactoglobulin and a-lactalbumin) as a function of heating time at different tempera-
tures: 75 °C (1), 80 °C (m), 85 °C (A), 90 °C (A ), 95 °C (O) or 100 °C (@). Redrawn from
Anema and Li (2003) Journal of Dairy Research, 70, 73-78, with permission.

Wijayanti, Bansal, & Deeth, 2014). However, Waungana, Singh, and
Bennett (1996) found that the proportion of denatured $-Ig in skim
milk and UF skim milk retentate (~2.5 x ) increased to the same
degree (from ~20 to 85% of total) when temperature was increased
from 80 to 140 °C for 4 s.
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Fig. 3. Changes in concentrations of phosphorous (M), calcium (@), citrate (), calcium
ion (0O), and pH (A) in ultrafiltrates prepared from milk (a) or skim milk (b) at different
temperature. Part (a) based on data from Pouliot et al. (1989a), and part (b) redrawn
from Rose and Tessier (1959).
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3.2. Changes in mineral equilibrium and pH

HTT of milk results in precipitation of calcium phosphate and
reductions in [Ca®*] and pH (Pouliot, Boulet, & Paquin, 1989a;
Singh, Chandrapala, Udabage, McKinnon, & Augustin, 2015; Tessier
& Rose, 1958). Rose and Tessier (1959) reported that incremental
increase in the temperature of milk from ~27 to 110 °C during UF
resulted in progressive reduction in the concentrations of Ca®*
(~2.5 mm), total Ca (~4.3 mm) and P (~2.7 mm) and a curvilinear
decrease in pH (~0.64 pH units) of the UF permeate (Fig. 3a); in
contrast, the distributions of Na, K, Mg or citrate between the
retentate and permeate were scarcely affected. These trends were
largely confirmed by Pouliot et al. (1989a) who examined the ef-
fects of incrementally increasing temperature (20—90 °C) of skim
milk for different holding times (0—120 min) during UF on the pH
and concentrations of Ca, P, Mg, Na, K and citrate in the permeate
(serum). The concentrations of Ca, P, and, to a lesser extent Mg and
citrate, in the permeate decreased with temperature (Fig. 3b),
reflecting their transfer from the soluble to the colloidal (sedi-
mentable) phase in the form of insoluble salts (e.g., di-and tri-cal-
cium phosphates, tri-calcium citrate); simultaneously, the pH of the
permeate decreased from ~6.7 to 6.1 reflecting the deprotonation of
phosphate groups (HPOZ~, H,POz). At each temperature, the
reduction (~60 and 35% for Ca and P after ~60 min) in serum con-
centration was most pronounced in the first 1-2 min and more
gradual thereafter as holding time was extended to 60 min. A
subsequent study (Pouliot, Boulet, & Paquin, 1989b) investigated
the changes in pH and mineral distribution on cooling HTT milk
(85 °C; 40 min) to 4, 20, 40 or 60 °C for holding times of up to 24 h
prior to UF at the same temperature. The concentrations of Ca and P
in the permeate increased with holding time and depth of cooling
temperature, indicating the solubilisation of calcium phosphate
precipitated during heating; ~90—95% of the Ca and 93—99% of the
P precipitated on heating was solubilised after cooling at 4 °C for
24 h. Simultaneously, the pH of the permeate increased from ~6.45
to ~6.8. However, calcium phosphate precipitated at higher tem-
peratures (e.g., 85—140 °C) is considered to differ from indigenous
CCP, formed under physiological conditions or on addition of cal-
cium chloride to milk (Fox, 1981; Jeurnink & de Kruif, 1995; van
Hooydonk, de Koster, & Boerrigter, 1987); the former contains hy-
droxyapatite, CasOH(PO4)3, which has no citrate and dissolves
much more slowly on cooling than the latter. Extrapolating, the CN
micelles of HTT-milk may release (solubilise) some of their native
CCP on cooling to fully restore the equilibrium between the serum-
and micellar-concentrations of Ca and inorganic P.

4. Effect of HTT of milk on rennet gelation

The increase in WPD with intensity of HTT is paralleled by a
marked deterioration of rennet-induced gelation properties of milk,
as evidenced by an increase in gelation time (GT), reductions in G’ at
a given time after rennet addition, and a prolongation of set-to-cut
time (SCT) when cutting at a standard firmness (Fig. 4;
Miloradovic et al., 2020; Schreiber & Hinrichs, 2000). Waungana,
Singh, and Bennet (1996) reported that G’ was more sensitive than
GT to denaturation of B-Ig on increasing the milk temperature from
60 to 120 °C for 4 s. The adverse effects of HTT reflect a diminution of
the aggregation and fusion between the para-k-CN micelles, asso-
ciated with reductions in the concentration of Ca?* and surface
protein hydrophobicity of the micelle (Chandrapala, McKinnon,
Augustin, & Udabage, 2010; Kethireddipalli et al., 2010; Schreiber,
2001), and an increase in the steric inhibitory effects of the dena-
tured whey protein, bound to the micelle surface (Ménard et al.,
2005; Vasbinder, Rollema, & De Kruif, 2003) or present in the
serum as soluble k-CN/B-lg aggregates (Anema, Lee, & Klostermeyer,
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2007). The findings of Kethireddipalli, Hill, and Dalgelish (2011)
suggest that serum-soluble para-k-CN/B-lg aggregates bind,
possibly via hydrophobic interaction, to the exposed regions of the
micelle surface (from which the k-CN has been cleaved by rennet
during primary stage of gelation) prior to the onset of clotting, and to
an increasing extent as the pH is reduced from 6.7 to 6.3. Hence, the
attached aggregates may behave as spherical ‘spacers’ between the
para-CN micelles, thereby impeding their potential to aggregate and
cohere into a more continuous, strong gel network. Whey protein
denaturation appears to have only a relatively minor effect on the
rennet-induced hydrolysis of k-CN (Anema et al., 2007; Vasbinder,
Rollema, & De Kruif, 2003).

From a practical viewpoint, the reduction in G’ with WPD is
undesirable. Where SCT is not extended, the weaker gel is more
prone to shattering, which in turn is conducive to higher-than-
normal fat losses to cheese whey and reduced dry matter cheese
yield. However, the effects of the weaker gels of HTT-milks may be
off-set somewhat by higher milk protein content, pre-acidification
and/or addition of CaCl, as discussed below.

4.1. Factors affecting the response of rennet gelation properties of
milk to HTT

4.1.1. Increasing protein content by membrane filtration

The negative effect of HTT on rennet gelation diminishes with
degree of milk protein concentration using UF (Green, 1990a; Guinee,
O'Callaghan, Pudja, & O'Brien, 1996; Waungana, Singh, & Bennett,
1998). Hence, the GT of HTT-milk with 54—78% WPD becomes pro-
gressively closer to that of pasteurised milk (1-5%, WPD) as the VCF
is increased from 1 to ~4.0-5.0 x , and becomes less at
VCF > 5.0 x (Supplementary material Fig. S1a). The reduction in the
GT of HTT-milk relative to pasteurised milk with VCF reflects an in-
crease in aggregation velocity, which is consistent with the increase
in the size of the para-CN micelles, commensurate with the surface-
binding of denatured whey proteins (Anema & Li, 2003). Though the
maximum gel firming rate (GFRhax) and gel firmness (GF) of both
pasteurised and HTT-milk samples increase with VCF, the adverse
effect of HTT is not compensated for by VCF despite the increase in
effective concentration of gel-forming protein (casein and co-gelling
denatured whey protein); hence, the relative difference between the
GFRmax and GF of pasteurised and HTT-milk samples scarcely
changes over the VCF range 1-6 x (Supplementary material Fig. S1b
Green, 1990a; Guinee et al., 1996).
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At a practical level, the negative impact of HTT on GF may be
exploited as a means reducing the rubberiness and chewiness,
increasing the water holding capacity, and preventing ‘weeping’ of
cheese products prepared directly by rennet-induced gelation and
acidification of liquid pre-cheeses, i.e., milk retentates or recombined
milks with total solids (TS) content similar, or very close, to that of the
finished cheese.

4.1.2. Addition of CaCl,

The addition of CaCl, to milk increases the concentrations of Ca%*
and micellar calcium phosphate, and reduces the zeta potential of
the CN micelle (Dalgleish, 1984; Guillaume, Marchesseau, Lagaude, &
Cuq, 2002). These changes increase the interactivity and aggregation
rate of the para-k-CN micelles of rennet-treated milk, and thereby
improve its gelation properties, i.e., reduce GT and increase GFR
(Green, 1987; van Hooydonk, Hagedoorn, & Boerrigter, 1986c).
Likewise, the rennet gelation and cheesemaking properties of HTT-
milk are improved by addition of CaCl,, to an extent dependent on
intensity of HTT, degree of milk protein concentration, pH and con-
centration of CaCl, added (Green, 1990a; Marshall, 1986; van
Hooydonk, Koster, & Boerrigter, 1987). Singh, Shalabi, Fox, Flynn,
and Barry (1998) found that the rennet coagulation time (equivalent
to GT) of HTT milk (90—100 °C, 10 min) was fully restored by the
addition of 3—4 mm CaCl; following cooling. Though the GF of HTT-
milk (88—100 °C, 10 min) also increased with added CaCl,, it did not
recover fully, even at added CaCl, concentrations of up to 10 mwm
(Lucey, Gorry, & Fox, 1993). This trend may reflect a reduced ability of
touching para-casein micelles to fuse, rearrange and contract to their
full potential owing to the steric constraint posed by the denatured
whey protein/k-CN complexes at the micelle surface in HTT-milk.

4.1.3. Acidification

Lowering the pH of milk from its native value (~6.7) to 6.0 re-
duces the negative charge, hydration/voluminosity and size of the
CN micelle, and increases the concentration of Ca** (Bouzid et al,,
2008; van Hooydonk, Hagedoorn, & Boerrigter, 1986a). These
changes enhance the rennet coagulation properties, as manifested
by an increase in the rate of k-CN hydrolysis, lower GT and higher
GF (Castillo, Payne, Hicks, & Lopez, 2000; Renault, Gastaldi, Cuq, &
Tarodo de la Fuente, 2000; van Hooydonk, Boerrigter, & Hagedoorn,
1986Db). In contrast, reducing the pH of milk while maintaining the
Ca®* concentration constant (e.g., by dialysis against bulk milk, or
by addition of a suitable mixture of sodium citrate/citric acid) leads
to a marked increase in GT as the pH is lowered to 6.5 and failure to
coagulate at pH values < 6.4, because of the increasing depletion of
CCP from the micelle (Shalabi & Fox, 1982).

Owing to its beneficial effects under normal conditions, acidifi-
cation (e.g., to pH values 6.4—5.8) of milk has also been exploited as a
means of mitigating the adverse effects of HTT on rennet gelation,
curd formation and syneresis (Banks, 1988; Banks et al., 1987). Singh,
Shalabi, Fox, Flynn, and Berry (1988) reported that the rennet
coagulation time of both unheated milk and HTT-milk (80, 90 or
100 °C, 10 min; 110, 120 or 130 °C, 5 min) decreased significantly as
the pH was reduced from 6.6 to 5.8, where coagulation of all samples
occurred within 1 min of rennet addition. A similar trend was
confirmed by Lucey et al. (1993), who also found that GF of HTT-milk
increased as pH was reduced from 6.6 to 6.2, but thereafter
decreased with further pH reduction to 5.8 (Supplementary material
Fig. S2). Analogously, Banks et al. (1987) reported that cheese curd
from HTT-milk (110 °C, 1 min) weakened considerably and became
unsuitable for cheese manufacture when the pH at renneting was
reduced to < 5.8. The beneficial effect of acidification to pH 6.2 is due
to the increases in [Ca®*] and charge neutralisation; however, at pH
values < 6.2, it is likely that the beneficial effects are more than offset
by excessive solubilisation and depletion of CCP, which is critical to
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the aggregation of the para-k-CN micelles, rearrangement of the gel
network and curd firming (Renault et al., 2000; van Hooydonk et al.,
1986a).

4.14. Acidification and re-neutralisation (pH cycling)

Acidification of HTT-milk improves curd forming properties,
therefore facilitating a high level of denatured whey proteins (e.g., up
to 50% of total at pH 5.8) to be recovered in the resultant cheese
(Banks et al., 1987). Nevertheless, a high level of acidification (e.g., to
pH < 6.2) is undesirable in practice. It creates the requirement for
significant alterations to cheese manufacturing protocols to achieve
normalised cheese composition and quality, and leads to higher-than-
normal levels of Ca and P in the whey (Renault et al., 2000; van
Hooydonk et al., 1986a), which in turn may necessitate extra pro-
cessing (e.g., demineralisation by electrodialysis, ion-exchange and/or
nanofiltration) to improve its quality for specific applications.
Consequently, the potential of acidification followed by re-
neutralisation (referred to as pH cycling) has been investigated as a
means of improving the coagulation properties of HTT-milk for cheese
manufacture (Imafidon & Farkye, 1993; Singh & Waungana, 2001).

Acidification to pH values < 5.5 followed by re-neutralisation
immediately, or after 2 h, to pH ~6.6 was found to restore the
rennet coagulation time and GF of HTT-milk (90—100 °C, 10 min) to
values comparable with those of unheated milk at pH 6.6 (Lucey
et al.,, 1993; Singh et al., 1988). Holding the acidified HTT-milk for
24 h at 4 °C prior to re-neutralisation further enhanced gel firmness
of the HTT milk, with milk acidified to pH 6.0 before holding and
neutralisation having similar curd firmness to the control unheated
milk (Lucey et al., 1993). The positive effect of pH cycling has been
attributed to an increase in [Ca**] of the acidified, re-neutralised
HTT-milk to a value higher than that of the non-acidified HTT-
milk, e.g., ~1.3 mm for HTT-milk (90 °C, 10 min) adjusted to pH 5.6,
held for 2 h at room temperature, and re-adjusted to pH 6.6 (Singh
et al., 1988).

In contrast to the trend for HTT-milk, Waungana et al. (1999)
found that pH cycling (acidification pH 5.5, holding at 20 °C for 2 h,
and re-neutralisation to pH 6.5) did not improve the rennet coag-
ulation properties of UHT-treated (140 °C, 4 s), UF-concentrated
(2x) milk, and, moreover, impaired those of a corresponding UF-
concentrated (3 x ) milk, as evidenced by a marked reduction in
G'. The negative impact of pH cycling on the rennet gelation
properties of UF-concentrated milk (>3 x ) may reflect the pro-
gressive reduction in the ratio of total calcium-and phosphate-to-
CN, associated with the increasing permeation of soluble Ca during
UF (Luo, Vasiljevic, & Ramchandran, 2016). Though the increase in
the concentration of [Ca®*] during pH cycling enhances rennet
gelation, the simultaneous depletion of CCP may more than off-set
the beneficial effect of the higher [Ca?*] in UF concentrates (>3 x )
because of their relatively low calcium-to-CN ratio (Malacarne
et al., 2014; McGann & Pyne, 1960).

5. Effect of HTT of milk on gel syneresis and cheese
composition

In the absence of process intervention, HTT of milk (e.g., heating
at 77—140 °C, ~35% WPD) results in higher contents of moisture,
moisture-in-non-fat substances (MNFS), lactose/lactic acid and
whey protein (e.g., from ~0.5 to 7% of total cheese protein), and
lower levels of fat, salt-in-moisture (S/M), total protein, calcium and
pH (Rynne, Beresford, Kelly, & Guinee, 2004); the extent of these
effects generally increases with temperature of HTT (Banks et al.,
1987; Ismail, Ismail, & Hashem, 2004; Li & Wang, 2016; Somers
& Kelly, 2002) and pH of milk prior to HTT (Banks et al., 1994).
The increase in moisture content of half-fat Cheddar cheese with
HTT of milk is ~0.18 (w/w) per 1% increase in WPD, or ~0.35% (w/w)
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per 1 °C increase in temperature in the range 72—90 °C (Guinee
et al., 1998).

The higher moisture content is consistent with reductions in the
aggregation and fusion of the para-k-CN micelles, curd shrinkage
and syneresis. This is supported by microstructural analysis, which
showed that the microstructure of freshly-prepared curd from HTT
milk (~35% WPD) was less-fused, more reticular and characterised
by a higher protein-whey interfacial area than that of curd from
pasteurised milk (3.2% WPD) (Green, 1990b; Li & Wang, 2016;
Marshall, 1986). Factors considered to constrain aggregation and
fusion of para-casein in curd from HTT-milk include the steric and
charge repulsion effects of the denatured whey protein/k-CN
complexes bound directly to the micelle surface in the form of
protruding appendages (Park, Nakamura, & Niki, 1996), and serum-
soluble k-CN/pB-lg aggregates that associate increasingly with the
para-casein micelle during renneting and early stages of gel for-
mation, cutting and stirring (Kethireddipalli, Hill, & Dalgleish, 2011;
Mollé et al., 2006); additionally, the lower concentrations of Ca%*
and/or indigenous CCP are expected to lower the extent of rear-
rangement of the para-casein network and thereby the propensity
of the curd to contract and synerese (Section 4.1.2). Vasbinder and
de Kruif (2003) noted that on rennet treatment of HTT milk at pH
6.7, the para-k-CN micelle per se is uncharged, whereas the para-«-
CN/denatured whey protein complex is negatively charged; hence,
the complexes are likely to contribute to higher water binding and
retention in curd from HTT milk.

6. Effect of HTT of milk on component recoveries, cheese
yield and whey composition

HTT of milk has generally been found to increase protein re-
covery (%PR), actual yield (Y,) and moisture-adjusted yield (Ypa) for
a range of rennet-curd cheeses, including Cheddar (Banks, 1988;
Banks et al., 1987, 1994), Cheshire (Marshall, 1986), Mozzarella
(Schafer & Olson, 1975), Gouda (Chromik et al., 2010) and brined,
goats' milk white-cheese (Miloradovic et al., 2017). The increase in
protein recovery and Y, are consistent with the binding and co-
gelation of the denatured whey proteins with the CN. Banks et al.
(1987) reported that the increases in Y, Yma and %PR for Cheddar
cheese from HTT milk (heated at 110 °C/60 s and then acidified to
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Fig. 5. a-Lactalbumin (a-la), B-lactoglubulin (B-lg), bovine serum albumin (BSA) and
caseinomacropeptide (CMP) as proportions of total nitrogenous material in cheese
whey from goats milk heated different temperatures: 65 °C for 30 min (white bar),
80 °C for 5 min (dotted bar), or 90 °C for 5 min (black bar). Determinations were made
using densitometric analysis of SDS-PAGE electrophoretograms of the cheese whey.
Drawn from data of Miloradovic et al. (2016).
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5.8) relative to pasteurised milk were 12, 4.7 and 8%, respectively;
~40 and 60% of the increase in Y, were attributable to the increases
in cheese moisture and protein recovery, respectively. In a later
study, Banks et al. (1994) found that increasing the pH of milk from
6.5 to 8.7 during HTT (90 °C, 30 s) significantly affected the re-
coveries of total protein, B-lIg and a-la to Cheddar cheese. The re-
covery of B-lg increased linearly from ~44 to 80% with pH, whereas
the respective recoveries of total protein and o-la remained
essentially constant at ~81 and 2% with pH in the range 6.5—7.1, but
increased linearly to ~86 and 54%, on further raising pH from 7.1 to
8.7. Likewise, the findings of Miloradovic et al. (2016) and Outinen,
Heino, and Uusi-Rauva (2010) indicate a higher recovery of B-lg
than ¢-la in Edam and brined, goats’ milk white-cheeses, respec-
tively, prepared from HTT milk (80—93 °C). The higher recovery of
B-lg relative to a-la is consistent with the overall higher heat lability
of the former (Anema & Li, 2003), and the increasing heat-
sensitivity of the latter to pH increase in the range 6.5—8.0 (Law
& Leaver, 2000; Vasbinder & de Kruif, 2003).

Results on the effect of HTT on percentage fat recovery (%FR) to
cheese vary, with Marshall (1986) reporting an increase (i.e., 0.7%)
and Banks et al. (1987) a decrease (i.e., 1.5%) on increasing milk
temperature from 72 °C, 15 s to 97 °C, 15 s or 110 °C, 60 s, respec-
tively. The impact of HTT on %FR depends on gelation (e.g., pH, SCT)
and cutting (e.g., gel firmness and rate of gel firming, cut speed,
number of knife revolutions) conditions which influence the degree
of curd particle shattering when handling the weaker HTT-milk gel.
Hence, optimising the effect of HTT on Ya and Yma requires
appropriate alteration of the cheesemaking procedure to avoid a
potentially higher-than-normal curd particle shattering and fat
loss, which would offset the gain associated with the higher %PR.

The higher recovery of whey protein from HTT milk to cheese
leads to changes in composition and profile of nitrogenous fractions
constituting total (crude) protein in the cheese whey. Outinen et al.
(2010) investigated the effect of blending HTT (93 °C, 15 s) and
pasteurised milk at a weight ratio of 25:75 on the composition of
Edam cheese whey. The partial-HTT process resulted in 10% dena-
turation of total whey protein in the blended HTT-milk relative to
the control pasteurised milk, and led to significant changes in whey
composition, i.e., reductions in the ratios of total (crude) protein-to-
TS, whey protein-to-total protein, and B-lg-to-total protein, and
increases in NPN and CMP as proportions of total whey protein.
Miloradovic et al. (2016) reported that the concentrations of TS and
total protein, and ratio of f-lg-to-total protein in cheese whey from
HTT goat's milk (80 °C, 5 min or 90 °C, 5 min) were significantly
lower than those of the corresponding whey from pasteurised milk
(65 °C, 30 min) (Fig. 5); in contrast, HTT resulted in significant in-
creases in the ratios of CN, CMP and a-lac to total protein. The HTT-
induced changes in the nitrogen composition of the whey are likely
to affect the types of whey processing treatments, and the func-
tionality and value of whey ingredients (Anand, Khanal, & Marella,
2013; Minj & Anand, 2020; Yadav et al., 2015).

7. Effects of HTT on cheese properties
7.1. Biochemical properties

Increasing milk temperature from 72 to 88 °C promoted more
rapid degradation of as1-CN and higher concentrations of pH 4.6
soluble N in reduced-fat Cheddar cheese over a 360 day maturation
period (Rynne et al., 2004). Likewise, Ismail et al. (2004) reported a
significantly higher content of pH 4.6 soluble N in Edam cheese from
HTT-milk (85 °C, 15 s) than in the corresponding cheese from pas-
teurised milk. The higher proteolysis in the foregoing studies was
consistent with the increase in MNFS and reduction in cheese pH
(Rynne, Beresford, Kelly, & Guinee, 2007), which favour greater
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proteolytic activity of residual chymosin (Fox, 1969). In contrast,
Miloradovic et al. (2017) found that HTT (80 or 90 °C, 5 min) resulted
in lower hydrolysis as1-CN in brined, goats’ milk white-cheese over a
40 d ripening period. Other studies have observed little, or no, effect
of HTT treatment at 75 °C, 1—10 min (Somers & Kelly, 2002) or at 80
or 90°C,1 min (Benfeldt, Serensen, Ellegard, & Petersen, 1997) on the
rate of degradation of as1-CN in Cheddar or Danbo cheeses, respec-
tively, matured for 3—4 months. The inter-study discrepancy on the
impact of HTT on the rate of as;-CN hydrolysis, may relate to dif-
ferences in severity of HTT, make procedure (e.g., type of coagulant,
pH at different stages of manufacture, scald temperature), cheese
variety and evolution of cheese composition (e.g., pH, S/M) on
maturation under different ripening conditions. It is noteworthy that
the proteolytic activity and specificity of chymosin on as1-CN is
strongly influenced by the interactive effects of S/M content and pH
(Mulvihill & Fox, 1980).

All the foregoing studies reported a negative effect of HTT on the
degradation of B-CN to y-CNs, with the extent of the effect varying
from slight to substantial, depending on the HTT temperature and
time, i.e., 80—90 °C, 15—-60 s. This effect has been attributed to
lower plasmin activity as a consequence of the thermal inactivation
of the plasminogen activation system (PAS) and thermally-induced
interactions between the components of the PAS and denatured f-
lactoglobulin (Benfeldt et al., 1997; Kelly & Foley, 1997).

7.2. Texture

Generally, cheese from HTT-milk has lower firmness, fracture
stress, fracture strain, surface hardness and/or fracture hardness
than the corresponding cheese from pasteurised milk (Guinee et al.,
1998; Miloradovic et al,, 2017; Rynne et al., 2004). These trends
reflect the interactive effects of altered composition (e.g., higher
moisture, and lower protein and pH), higher primary proteolysis
(Creamer, Zoerb, Olson, & Richardson, 1982; Visser, 1991; Watkinson
et al., 2001), and the attenuating effect of the denatured whey
protein/para-k-CN complex on the fusion between the para-CN
micelles constituting the load-bearing protein network of the
cheese matrix. The depressing effect of the higher moisture content
of HTT-milk cheese on its texture confirms the observations of
Marshall (1986), i.e., Cheshire cheese from HTT-milk was softer and
more crumbly than that from pasteurised milk, but when appro-
priate process intervention was implemented to normalise moisture
content, the sensory scores of the former for firmness and crum-
bliness improved and approached those of the latter. The lower pH
of HTT-milk cheese (e.g., from ~5.1 to 4.9 on increasing temperature
from 72 to 87 °C; Rynne et al., 2007) is conducive to lower firmness
and hardness because it favours a lower degree of calcium-induced
crosslinking of the CNs (O'Mahony, McSweeney, & Lucey, 2006), and
thereby weakens the stress-bearing capacity of the protein network.

7.3. Sensory properties

Marshall (1996) reported that 40—70 day-old Cheshire cheese
from HTT-milk (97 °C, 15 s) had a more intense, but lower-quality,
flavour, and was softer and more crumbly than cheese from pas-
teurised milk; the poorer flavour was associated with the percep-
tion of sourness and bitterness. Multiple regression analysis of the
data set, comprising ~110 cheeses, indicated that the intensity of
defects (sourness, bitterness softness, crumbliness) in the HTT-milk
cheeses correlated positively with moisture content. The data of
Banks et al. (1987) showed that HTT (110 °C, 60 s) in combination
with milk pre-acidification to pH 5.8 (to ensure satisfactory gela-
tion) adversely affected the sensory scores awarded for texture,
flavour and acceptability of Cheddar cheeses after ripening for 4 or
7 months; cheese from the HTT, acidified milk developed intense
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bitter and acidic flavours, and a very weak, brittle body/texture
during maturation relative to that from pasteurised milk. The au-
thors concluded that these defects were due to the combined ef-
fects of the increases in moisture content, calcium loss, chymosin
retention and proteolysis. These suggestions were supported by a
later study (Banks, 1988) which showed that a more moderate
degree of HTT (90 °C, 60 s) and pre-acidification (to pH 6.2) in
combination with a lower rennet dosage (90% of the control) nor-
malised cheese composition (moisture content, pH) and eliminated
the development of bitter/acid flavours in 5 month-old cheese.
Nevertheless, the quality and intensity of cheddar flavour of the
HTT-milk cheese remained inferior to that of the pasteurised-milk
cheese, an effect attributed to a possible imbalance in the ratio of
rennet-to-starter culture proteases.

Guinee et al. (1998) investigated the effect of HTT (77, 82, 84 or
88 °C, 15s) on the ‘aroma/flavour’ and ‘body/texture’ scores awar-
ded by commercial graders to half-fat Cheddar cheese prepared by
milling the curd at pH 5.35 or 5.75, and ripening at 7 °C. Increasing
the temperature of milk from 72 to 82 °C had little, or no, effect on
grading scores awarded to cheeses milled at pH 5.35 or 5.75 and
ripened for 180 or 270 d, and all cheeses were classed as having
good quality. However, the higher temperatures (84 °C, 88 °C)
contributed to downgrading, associated with poor ‘aroma/flavour’
and/or ‘body/texture’, especially where curd was milled at pH 5.75
(which had ~1%, w/w, higher moisture than the corresponding
cheese milled at pH 5.35) and matured for 270 d. In contrast to the
foregoing, Miloradovic et al. (2017) reported that brined, goats' milk
white-cheese from HTT-milk (90 °C, 5 min) scored significantly
higher for appearance, flavour and oral texture than the corre-
sponding cheeses from milk heated at 65 °C, 30 min or 80 °C for
5 min, throughout a 40 day ripening period. The former cheese was
perceived as being desirably mild and milky at 3 d, and rich in
flavour with a creamy texture at 40 d.

Banks et al. (1994) investigated the effects of HTT (90 °C, 30 s) at
adjusted milk pH (6.5, 6.7, 7.1 and 7.5) on the sensory attributes of
Cheddar-type cheese matured at 10 °C for 6 or 9 months; the HTT-
milk cheese was manufactured by a modified procedure whereby
the milk was pre-acidified to pH 6.0 and rennet dosage was reduced
by 50% relative to that used for cheese from pasteurised milk. At 6
months, cheeses from HTT-milk at pH 7.1 and 7.5 were more
acceptable and mature than those from pasteurised milk, whereas
that from HTT-milk at pH 6.7 was significantly less so because of a
bitter off-flavour. Overall, there was little difference in perceived
maturity or acceptability scores after 6 months between the cheeses
from the pasteurised milk and HTT-milk heated at pH 6.5. However,
after 9 months maturation, all HTT-milk cheeses were notably less
acceptable than the control, due to lower intensities of cheddar
aroma and flavour, higher intensities of bitterness and rancid fla-
vours, and more crumbly, grainy, and less-pasty mouthfeel. The
authors concluded that increasing the pH of the milk from 6.7 to
7.5 at HTT increased the respective recoveries of f-lg and a-la to 60
and 20% of total, and enabled the production of 6 month-old
Cheddar type cheese of acceptable quality. Nevertheless, all
cheeses from HTT-milk had inferior melting quality, as discussed
below.

7.4. Melting properties of cheese from HTT milk

There is relatively little information on the influence of HTT of
milk on the melting (e.g., flow and stretchability) properties of
cheese after heating to 95—100 °C. Banks et al. (1994 ) noted that the
meltability (flow) of Cheddar-type cheese from HTT milk (90 °C,
30s) was significantly lower than that from control pasteurised
milk, with the level of the effect increasing as the pH at HTT was
raised from 6.5 to 6.7 and remaining essentially constant on further
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increasing the pH to 7.1-7.5. Rynne et al. (2004) found that incre-
mentally increasing the temperature of milk (72, 77, 82, or 87 °C,
26 s) for half-fat Cheddar resulted in progressive increases in the
denatured whey protein content (DWP.) of the unheated cheese
(0.2, 0.6, 1.4 and 2.3%, w/w) and apparent viscosity at 70 °C, and
reductions in free (expressible) oil, flowability and extensibility of
the heated cheese (Fig. 6). Though the changes in apparent vis-
cosity, flow and stretch were not significant on increasing DWP,
from 0.2 to 0.6% (w/w), they were very pronounced at the higher
levels and persisted throughout ripening. The adverse effect of HTT
at 82 and 87 °C occurred despite the simultaneous increase in
moisture content (from ~45 to 50%, w/w) and more rapid degra-
dation of as-CN. A subsequent study (Guinee, 2002) showed that
the flow and maximum loss tangent (LTmax; index of fluidity of
heated cheese) on heating half-fat Cheddar cheese from 25 to 88 °C
decreased significantly as DWP, in the cheese increased from 0.33%
(w/w) to values in the range > 1.05—3.4% (w/w).

A prerequisite for desired melting properties (e.g., ability to
transition from a solid to viscous mass that exhibits the desired
degrees of flow and stretch) is a limited heat-induced destabilisa-
tion of the cheese matrix, whereby the calcium phosphate para-CN
network contracts resulting in micro-phase separation of
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Fig. 6. Age-related changes in flow (a) and stretch (b) of heated (~95—100 °C) half-fat
Cheddar cheese prepared from milk heated at different temperatures for 26 s: 72 °C
(@), 77 °C(0), 82 °C () or 88 °C (A). Cheese was ripened at 8 °C. Redrawn from Rynne
et al. (2004).
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entrapped serum (Pastorino, Dave, Oberg, & McMahon, 2002), and
fat globules partially coalesce resulting in exudation of free oil
(Guinee, Auty, Mullins, Corcoran, & Mulholland, 2000; Lefevere,
Dewettinck, & Huyghebaert, 2000). Rearrangement and contrac-
tion of the para-CN network reflects alterations in the balance of
interactions between the caseins (electrostatic, hydrophobic,
hydrogen) simultaneous with changes in temperature, pH, and ion
re-equilibrium between the network and the interpenetrating
solvent phase (Udayarajan, Lucey, & Horne, 2005). The free mois-
ture and oil behave as lubricants and confer the melting cheese
mass with greater mobility, allowing contiguous layers to displace
more easily in the form of quiescent flow (spread), and stretch/
stringiness when the molten cheese is extended during consump-
tion. Apart from mobility, these lubricants contribute to succulence,
opacity and surface sheen of the molten cheese mass. A tentative
explanation for the adverse effect of HTT-milk on the behaviour of
heated cheese is that the covalently-linked para-k-CN/whey pro-
tein complexes entrapped within the cheese matrix constrain the
heat-induced fusion/aggregation of the para-CN per se, and thereby
the contraction of the calcium phosphate para-CN network as a
whole. Moreover, serum-soluble para-k-CN/whey protein aggre-
gates formed on HTT treatment of milk (Donato & Guyomarc’h,
2009) are largely retained in the curd during cheese manufacture
and most likely undergo thermal-induced polymerisation/gelation
on heating (Cho et al., 2003; Doi, Ideno, Kuo, Ibuki, & Kanamori,
1983), especially in the cheese environment, where the pH is low
and the calcium ion concentration is high (Visschers & de Jongh,
2005). The deterioration in the melt properties of cheese with
severity of HTT is undesirable in most cooking applications (e.g.,
pizza, toasted sandwiches, cheese macaroni) where controlled
degrees of heat-induced flow, fluidity and/or stretchability are
sought, but highly favoured in others (e.g., paneer, halloumi, and
designed flow-resistant ingredient cheeses) where a high flow-
resistance is favoured (e.g., in casseroles and fried cheese applica-
tions) so that the prepared cheese pieces soften but retain their
shape and visual identity following cooking.

The melting properties of HTT-milk cheese are likely to be
improved by reducing the degree of calcium crosslinking of the
network (e.g., by pre-acidification of the milk), increasing the level
of primary proteolysis (e.g., by using more heat-stable rennet,
altering storage temperature), and optimisation of composition (e.g.,
pH, moisture, and fat-in-dry matter content within specification).
Perhaps, an alternative approach, which does not appear to have
been investigated to date, is the selective reduction of disulphide
bonds between the denatured whey proteins using encapsulated
food-grade molecules (e.g., L-cysteine, sodium bisulphite/sodium
metabisulphite and ascorbic acid) added to the milk (to ensure
uniform dispersion) in a temperature-sensitive encapsulated format
which would rupture during grilling/baking, releasing its contents
into the cheese matrix. Such a principle is applied in the bakery
industry to modulate the degree of inter- and intra-molecular
disulphide bonding between gluten proteins and, thereby, the
rheological properties of dough (Abedi & Pourmohammadi, 2020;
Pedersen, Kaack, Bergsge, & Adler-Nissen, 2005).

7.4.1. Melting properties of cheese from ultra-filtered milk

Milk for cheese manufacture is frequently subjected to concen-
tration by UF or ME. The VCF may be low (e.g., 1.4—2.5 x ), medium
(e.g.,2.5—4 x ) or high (e.g., >5 x ). The major difference between UF
and MF relates to the permeation of whey proteins, which are
concentrated and retained in the UF retentate, but are largely
permeated during MF to a degree dependent on VCF and membrane
fouling. Low concentration factor UF (LCFUF) is used mainly for
standardisation of milk protein content to a target value (e.g.,
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4.0—5.0%, w/w) throughout the cheesemaking season so as reduce
the impact of seasonal variation in milk composition on cheese
composition and quality, and/or to increase plant throughput
(Soodam & Guinee, 2018). For a typical milk, standardisation of milk
protein from 3.3 to 4.5% results in an estimated increase in whey
protein content of Cheddar cheese from ~0.21 to 0.30% (w/w), which
is significantly less than that (i.e., >0.6%, w/w; Rynne et al.,, 2004)
required to affect a significant deterioration in melting properties of
the resultant cheese. Consequently, the slight increase in the whey
protein content of cheese from LCFUF or LCFMF retentate has little, or
no, effect on the melting properties of cheeses including Cheddar and
low-moisture Mozzarella (Govindasamy-Lucey, Jaeggi, Johnson,
Wang, & Lucey, 2005; Reale et al, 2020); any effects noted are
more likely a consequence of differences in manufacturing parame-
ters often associated with the use of protein-standardised milk (e.g.,
rennet-to-CN ratio, starter-to-CN ratio, gel firmness at cutting, pH at
different stages of manufacture) and the resulting changes in
composition and biochemical parameters (e.g., moisture, pH, calcium
and proteolysis).

High concentration factor UF (HCFUF) of MF (HCFMF) has been
investigated as a means of manufacturing semi-hard/hard rennet-
curd cheeses. HCF retentates with a TS content similar, or very close,
to that of the finished semi-hard cheese are referred to as pre-
cheeses, and are converted directly to cheese with little, or no,
whey expression by gelation, acidification, moulding, salting and/or
further curd-processing procedures such as plasticisation (Brandsma
& Rizvi, 2001; Lo & Bastian, 1998; Madsen & Qvist, 1998; Qvist,
Thomsen, & Hoier, 1987). Alternatively, the curds from the rennet-
treated HCF retentates may be subjected to further syneresis for
the production of hard cheeses with higher dry matter content (e.g.,
56—62%, wjw), e.g., Cheddar and Gouda-type cheeses (Green, 1990b;
Guinee et al., 1995). Cheeses from HCFUF retentates generally have
relatively high contents of whey protein, e.g., ~1.0—2.4% (w/w)
depending on VCF and heat treatment of milk prior to UF or the
retentate after UF. Whey protein in the HCFUF retentate is mostly
native, where the milk or retentate is pasteurised, but partly dena-
tured where the heat treatment is higher, e.g., 85—100 °C which
results in WPD levels of ~5—65%. When the HCFUF retentates are
converted to cheese, the denatured whey proteins are concentrated
with the CN, while the undenatured proteins are lost to a degree
dependent on the level of whey expulsion, which is relatively low.
The approximate levels of total- and denatured-whey protein (%, w/
w) in reduced-fat Havarti cheese (~49—52% dry matter) made from
pasteurised milk, and milk heated at 72 °C or 85 °C, 17 s prior to
HCFUF (to ~44%, w/w, dry matter) were 0.48 and 0.04, 0.87 and 0.05,
and 1.85 and 0.90% (w/w), respectively (Lo & Bastian, 1998).

Madsen and Qvist (1998) showed that the meltability (flow) of
low moisture (LM) Mozzarella cheese from HCFUF retentate con-
taining ~1.2—1.7% (w/w) whey protein was markedly lower than that
of conventionally-made commercial LM Mozzarella of comparable
gross composition throughout a 5 week storage period at 5 °C. A
similar trend was reported by Ardisson-Korat and Rizvi (2004), i.e.,
LM Mozzarella from milk concentrated 6—9 fold by microfiltration
(MF) and containing ~1.5% (w/w) whey protein had significantly
lower flow and stretch than control cheese over a 30-day storage
period at 4 °C, despite having higher levels of moisture and pH 4.6
soluble protein. Moreover, the negative effect of HCFUF on cheese
meltability is carried forward to processed cheese products, as
indicated by an exponential reduction in meltability of processed
Cheddar as the weight proportion of cream-standardised HCFUF
retentate, or cheese base, in the formulation was increased from 0 to
80% (w/w) (Collinge, 1989; Sood & Kosikowski, 1979). Analogously,
the inclusion of whey protein at a level of 1-4% (w/w) in model
processed cheese formulations, as a partial replacement for young
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cheese or rennet casein, resulted in a progressive reduction in heat-
induced flow and fluidity (Gupta & Reuter, 1993; Mleko &
Foegeding, 2001; Mounsey & O'Kennedy, 2007), though the effect
is less pronounced when the whey protein is first denatured and
polymerised prior to addition (Lee, Huss, Klostermeyer, & Anema,
2013; Savello, Ernstrom, & Kalab, 1989).

The detrimental effect of using HCFUF or HCFMF milk retentate
on the meltability of cheese is due to the increase in whey protein
content. Denatured whey proteins in the retentate (and hence
cheese) may retard the heat-induced fusion and contraction of the
calcium-phosphate para-CN network during baking/grilling
(~100 °C), as in cheese from HTT-milk (Section 7.4), whereas
undenatured whey proteins most likely undergo thermal-induced
gelation, to an extent dependent on their concentration, pH and
type/concentration of salts present (Brodkorb, Croguennec,
Bouhallab, & Kehoe, 2016; Kavanagh, Clark, Gosal, & Ross-
Murphy, 2000; Rojas, Goff, Senaratne, Dalgleish, & Flores, 1997).

The inimical effects of high whey protein content in LM
Mozzarella made from HCFUF retentate can be off-set to a greater
or lesser degree by increasing the extent of CN hydrolysis, e.g., by
treatment of the retentate with Bacillus licheniformis proteinase
(Madsen & Qvist, 1998), or by increasing the level of added rennet
in combination with acidification using starter culture rather than
glucono-d-lactone (Brandsma & Rizvi, 2001). In corollary, the flow
of processed cheese made with a high level of added UF retentate
(Sood & Kosikowski, 1979) improved significantly on increasing the
extent of CN hydrolysis by treatment of the retentate with Bacillus
subtilis proteinase. Nevertheless, the specificity and proteolytic
activity of exogenous proteinases should to be carefully controlled
for this purpose, so as to avoid excessive proteolysis and deterio-
ration in the physical properties (e.g., sliceability, shreddability and
firmness), texture, flavour, and shelf life of the unheated cheese.

8. Recycling of whey proteins into cheese

Protein in cheese whey may recovered by different means
(Bansal & Bandhari, 2016) and recycled into cheese milk with the
purpose of increasing yield, enhancing nutritional quality and/or
altering the textural and cooking properties of cheese (Banks &
Muir, 1985; Hinrichs, 2001). The general methods of whey protein
recovery include: (i) concentration of the whey by UF/DF as a liquid
whey protein concentrate (WPC), in which the whey proteins may
be denatured (to a greater or lesser degree dependent on heat
treatment, pH and ionic composition) but not visibly sedimented
(e.g., at 31,000xg; Perreault et al., 2017), (ii) denaturation by HTT,
acidification (e.g., to pH 4.6), centrifugation and recovery as a liquid
concentrate of denatured, aggregated whey protein (WPCda); or
(iii) concentration of the whey by UF/DF followed by HTT and
cooling while subjecting to high shear to promote the formation of
denatured whey protein aggregates (micro-particulates, MWP) of
specific size dispersity (e.g., typically 1-5 pm) suited to different
applications (Spiegel, 1999). An overview of the effects of incor-
porating denatured whey protein into milk on the quality of
rennet-curd cheese is presented below.

8.1. Effects of recycled whey protein on the characteristics of
unheated cheese

The addition of WPCda to milk, at levels equivalent to 0.1-0.8%
(w/w) whey protein, has been found to increase moisture content,
Y, and Y, of various cheese types, with the magnitude of the in-
crease correlated positively with level of addition and degree of
denaturation (Baldwin et al., 1986; Banks & Muir, 1985; Punidadas,
Feirtag, & Tung, 1999). The addition of WPCda has been found to
have relatively little effect on grading scores awarded to Cheddar
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cheese for flavour, texture or overall acceptability during the first
2—4 months of ripening under typical conditions (e.g., <10 °C), but
promotes the development of off-flavours (e.g., over-acid, unclean,
whey taint) and defective texture (sticky, pasty) on maturation for
longer periods (e.g., >6 months). These defects have been attrib-
uted to the increase in moisture content, an effect in turn ascribed
to the water-binding and pore-blocking influences of the whey
protein aggregates occluded within the para-CN network (Hinrichs,
2001; Perreault et al., 2017).

The addition of MWP, e.g., Simplesse® or Dairy-Lo™, to cheese
milk has been found to improve the texture of reduced-fat hard-/
semi-hard cheeses such as reduced-fat Cheddar (Fenelon &
Guinee, 1997), Gouda (Schenkel, Samudrala, & Hinrichs, 2013),
Mozzarella (McMahon, Alleyne, Fife, & Oberg, 1996) and Kashar
(Koca & Metin, 2004; Sahan, Yasar Hayaloglu, Karaca, & Kaya,
2008), as reflected by reductions in fracture stress, fracture strain
or hardness), while having little or no influence on flavour. The
improvement in cheese texture in the foregoing studies generally
coincided with an increase in moisture content, likely to be a result
of the combined effects of increased water binding by the whey
proteins per se and the impedance to shrinkage of the para-CN
network by the occluded whey protein micro-particles. Never-
theless, Schenkel et al. (2013) found that the addition of Sim-
plesse® (53%, w/w, protein) at a level of 1% (w/w) to milk
significantly reduced the hardness, gumminess, cohesiveness and
springiness of reduced- and low-fat Gouda cheeses where the
moisture contents of the corresponding pairs of control and Sim-
plesse®-containing cheeses were similar. In contrast, Perreault
et al. (2017) concluded that the addition of experimental MWP
to milk, at a level of up to 0.1% (w/w) whey protein, had little, or no,
direct effect on low strain-deformation characteristics (complex
modulus, G* or LT at 20 or 60 °C) of model cheese curd where the
moisture content of the control and experimental curds were
normalised, and suggested that the typical reduction in cheese
firmness/rigidity observed on adding MWP to milk was due to the
concomitant increase in moisture content. The discrepancies be-
tween the latter studies may reflect differences in the character-
istics of MWP (e.g., dispersity and conformation of aggregates,
composition), level added, cheesemaking conditions, and cheese
composition (e.g., pH, Ca content).

8.2. Effects of recycled whey protein on the characteristics of heated
cheese

The addition of Simplesse® D100 (53%, w/w, protein) and Dairy-
Lo® (35% protein), at respective levels of 0.06 and 0.25% (w/w) to
cheese milk increased the moisture content of low-fat Mozzarella
cheese (e.g., by ~2%, w/w) but did not significantly affect the
flowability or apparent viscosity of the melted cheese over a 28 day
ripening period (McMahon et al., 1996). Koca and Metin (2004)
found a similar trend for reduced-fat (~7%, w/w) Kashar cheese
on addition of 1% (w/w) Simplesse® D100 or Dairy-Lo™ to cheese
milk. Nevertheless, a subsequent study (Sahan, Yasar, Hayaloglu,
Karaca, & Kaya, 2008) showed that the addition of 1% (w/w) Sim-
plesse® D100 increased the heat-induced flow of reduced-fat
Kashar cheese, even though the moisture contents of both the
Simplesse®-containing and control cheeses were similar (~55.5%).
Schenkel et al. (2013) reported that the addition of Simplesse® to
milk did not significantly affect LTnhax on heating the resultant
cheese from 20 to 80 °C, but significantly reduced both the melting
temperature (i.e., where G' = G”) and the temperature of LTax.

Overall, the various studies indicate that in contrast to HTT of
milk, the addition MWP to milk generally has relatively little, or no,
effect on the melting properties of cheese. This trend supports the
suggestion that microparticles behave essentially as inert fillers
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within cheese matrix, somewhat similar to fat globules (Schenkel
et al.,, 2013).

9. Conclusions

HTT of milk, typically at temperatures of 78—100 °C for
2—10 min, for the manufacture of rennet-curd cheeses has been
used to increase whey protein recovery, enhance cheese yield, and/
or attenuate the unappealing rubbery/firm texture of reduced-fat
cheeses. Nevertheless, HTT promotes physicochemical changes
(e.g., denaturation and association of whey proteins with the casein
micelle, precipitation of calcium phosphate, reduction in Ca?*) that
hinder aggregation of the micelles during cheese manufacture,
with effects that are generally considered undesirable: impaired
rennet gelation and curd syneresis; altered cheese composition
(e.g., higher moisture content, lower pH, higher primary proteoly-
sis) and texture (e.g., lower firmness and fracture stress); poor melt
properties on grilling/baking (inability to become fluid and flow);
and compromised sensory acceptability associated with soft, pasty
texture, lack of typical flavour, and/or development of flavour de-
fects such as bitterness and over-acidity where cheeses are
matured for a long period.

The undesirable effects of HTT on rennet gelation, curd syneresis,
cheese composition and flavour can be mitigated to a large extent by
optimising the interactive effects of changes to the cheesemaking
procedure, e.g., moderate pre-acidification of the cheese milk,
reducing rennet dosage, shorter set-to-cut times, and longer stir-out
times. Nevertheless, the diminution of melt properties with severity
of HTT of milk remains an issue for most cheese types, except for
those where low-melt and flow-resistance cheeses are desirable on
grilling or frying. Moreover, where a relatively high concentration of
native, non-denatured whey protein is present as in cheese from
HCFUF milk retentate, the denaturation and polymerisation of the
whey proteins at the high temperatures (90—100 °C) reached during
grilling/baking leads to a significant deterioration in the melt prop-
erties. Though the detrimental effects of HTT and whey protein
denaturation/aggregation on the melt properties can be ameliorated
somewhat by altering cheese composition (e.g., pH, Ca, moisture, fat-
in-dry matter) and increasing proteolysis, perhaps more radical ap-
proaches (e.g., reduction of disulphide bonding, targeted hydrolysis of
protein using exogenous enzymes) are worthy of investigation. In
contrast to HTT of milk, the addition of microparticulated whey
proteins (prepared from cheese whey of microfiltered milk permeate)
to milk has little, or no, effect on the melting properties of cheese.
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