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Abstract

The role of emulsion structure and interactions on the material and technical
functionality of an alternate make cheese (AMC) was investigated. Lab scale cheese
samples (25 g comprising 23 wt.% fat and 20 wt.%) were prepared by recombining
model emulsions with a separate protein phase under controlled temperature, shear
speed and residence time in a rapid visco analyser (RVA). Sodium caseinate and Tween
20 were used respectively to stabilize fat globules for the model emulsions. Preliminary
experiments were carried out for samples prepared using either calcium caseinate or
sodium caseinate as protein phase. Structural characterisation of samples showed
emulsion structure and distribution within these phases to be dependent on protein
type. It was inferred that the calcium from calcium caseinate matrix modified the
interfacial layer of the emulsions stabilised by sodium caseinate, as indicated by the
increased fat globule size distribution after cheese making. In comparison, the size of fat
globules covered with sodium caseinate appeared relatively stable in cheese produced
form cheese curd. Based on these observations, caseinates were subsequently replaced

by cheese curd as the protein phase for the remainder of the study.

For cheese samples prepared with low fat cheese curd, fat droplets stabilised with
sodium caseinate were hypothesised as binding with the surrounding protein matrix,
and thereby these fat globules could be considered as ‘active fillers’. Confocal laser
scanning microscopy supported this hypothesis showing homogeneously dispersed fat
droplets within the protein network. This emulsion system did not show fat-protein
phase separation in baking (170 °C 10 minutes) as droplets were prevented from

coalescing as a consequence of entrapment within the protein phase.

Fat globules covered with Tween 20 were hypothesised as behaving as ‘inactive fillers’,
with the adsorbed layer not anticipated to form bonds with the surrounding protein
network. Confocal and scanning electron microscopy instead showed localised domains
of fat droplets within the protein structure that underwent partial coalescence on
cooling of the cheese after manufacture. Cheeses comprising Tween stabilised droplets

exhibited phase separation on baking and visible oil-off on the surface of cheese arising
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from extensive coalescence taking place within the localised regions of fat due to
melting of the partially coalesced structures. Additional rheological analysis of cheeses
was carried out to determine the effect of droplet-protein interactions on the material
properties of the cheese samples. Notably, findings were presented in relation to a non-
fat control cheese. Findings showed that, at temperatures below 30 °C when fat was
crystallized, both inactive and active fillers had a higher relative modulus to the non-fat
sample. However, at elevated temperature without fat crystals, inactive fillers resulted
in a relative reduction in storage modulus when compared to the non-fat cheese, while

active fillers increased relative storage modulus.

Model cheeses prepared with either sodium caseinate or Tween 20 stabilised emulsions
were then compared to cheese samples comprising non-homogenised cream as the
emulsion phase. Structural analysis of samples determined that cheeses comprising fat
globules stabilized with native milk fat globule membrane behaved in a manner
analogous to samples prepared with the Tween stabilised emulsion, indicating the
presence of inactive droplets. However, it was also observed that increasing the
residence time of cheese production within the RVA caused a transition of the
interaction behaviour of the emulsion from inactive to active, as evidenced by

corresponding changes to structural, material and functional properties of the cheese.

Further exploration of this transition determined that the mechanical work applied
during cheese preparation was sufficient to homogenise fat droplets during extended
shearing, resulting in a reduction to fat droplet size. Droplet homogenisation during
shearing was also found to have disrupted the native milk fat globule membrane,
allowing protein adsorption to take place. It was also determined that whey proteins
were the predominant interfacial fraction adsorbed as a consequence of extended
shearing, and were considered responsible for the transition of droplets from inactive to
active. Combined findings have shown that the material and functional properties of an
alternate make cheese composition could be strongly influenced by the interactions of
the emulsion phase with the surrounding protein network. These interactions could, in
turn, be manipulated through formulation and/or process design, providing greater

control over product properties.
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Figure 5.6: (a) Fat globule size distribution before and after AMC_NC producing. The samples are
natural cream used for AMC_NC making (<), fresh AMC_NC made in 10 minutes without cooling
(<) and fresh AMC_NC made in 30 minutes without cooling (X); (b) Fat globule size distribution

of AMC_NC after 7 days storage at 4 °C. AMC were made in 10 minutes (<), 20 minutes (A), and
30 MINUEES (X), FESPECTIVEIY. .eeueeeeiiee ettt et s e e et e e sataessaeesareeenesneennneeas 84

Figure 5.7: The cheeses were produced in 10 minutes using the natural cream, and the fat
globule size distribution was monitored during cheese cooling down in a -18 ° C storage room.
Green curve (<) is the fresh cheese just after manufacture at 40 ° C. The cheese was cooling to
8°Cin 3.5 min (X). The other two samples were the cheeses stored at -18 ° C for one day (A\)
and 7 days (O), FESPECTIVEIY. ....c.ecveeriirieiecee ettt ettt et et steete e e e st eteeaesteeteereereeneenens 86

Figure 5.8: Small strain rheological properties from 4 °C to 80 °C in AMC after 7 days storage at

4 °C. (a) Storage modulus (G’) of AMC made from different residence time. Samples are 10
minutes AMC_NaCas (9 ), 30 minutes AMC_NaCas (<), 30 minutes AMC_Tween (@) and 60
minutes AMC_Tween (O). (b) Storage modulus of AMC within fat fillers (G’) was compared to
non-fat AMC of 68 % moisture (Gn’). The non-fat AMC includes the same ratio of protein to

water as AMC within fat fillers. In (G’/ G.’) indicates the impact of fat fillers on cheese texture.
Samples are 10 minutes AMC_NaCas within milk fat (), 10 minutes AMC_NaCas within canola
oil (<), 30 minutes AMC_Tween within milk fat (@) and 30 minutes AMC_Tween within canola
oil (O). (c) Comparison of AMC_NC made in 10 minutes ( A ), 20 minutes (A) and 30 minutes (A).

Figure 5.9: Cheese melting after 10 minutes baking at 170 °C. AMCs were made from anhydrous
milk fat without emulsifier (a) and milk fat stabilised by NaCas (b) and Tween 20 (c). Photo (d) is
the sample (b) with anhydrous milk fat brushed at cheese surface. The cheese area before baking
was indicated by yellow dotted circles, which is the same area for all samples, and the large
yellow dashed circles indicate cheese flowing in baking. The arrows indicate directional flowing
DY AITFICUIE MBI et ettt et e st st e e st b e e sbeeesaeeesane 95

Figure 5.10: Cheese melting after 10 minutes baking at 170 °C for AMC made from natural cream
in 10 minutes (a) and 30 minutes (b). The cheese area before baking was indicated by yellow
dotted circles, which is the same area for both samples, and the large yellow dashed circles
indicate cheese flowing in baking. The arrows indicate directional flowing by difficult melt........ 96

Figure 5.11: Free oil after 10 minutes baking at 170 °C was compared in AMCs within four types
of fat fillers: manipulated fat globules covered with NaCas (4) or Tween 20 (@); the anhydrous
milk fat without emulsifier (x) and fat globules from natural cream ( A ). X-axis is residence time
OF AIMICS iN RVA PrOCESSING. wvveieieiiieeeiiiieeeeeitteeeeetteeeeeetreeessbaeeessssaeeeesestaeeeesssaeessassaeeesnsseneesanannes 99

Figure 5.12: Water loss after 10 minutes baking at 170 °C was compared in AMCs within four
types of fat fillers: manipulated fat globules covered with NaCas (9) or Tween 20 (@); the
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anhydrous milk fat without emulsifier (x) and fat globules from natural cream ( A ). X-axis is
residence time of AMCS in RVA PrOCESSING. ....uvieeurieeiiieeeiieecieeesiteesteeesieeesteeestaeessteeenraeesnseeennaens 101

Figure 5.13: Schematic diagrams of fat and water dynamic dispersion in cheese melting. Melting
behaviour in AMC within active or inactive fat fillers are described and concluded.................... 103

Figure 6.1: Comparison of total shear work in cheese produced at 60 °C ([.]) and 70 °C (A). ...106

Figure 6.2: CLSM images of AMC made from natural cream in 20 minutes (a), 30 minutes (b) and
40 minutes (c) at 70 °C. The photos were taken using the lenses of x 40 (left) and x 25 (right). Red
is fat and green is protein, black is SEruM OF Qir.......ccocuiiiiiiiiiiinie e 108

Figure 6.3: The change of average fat globule size in cheese to the total shear work made at
60 °C or 70 °C. Fresh cheeses without cooling (60 °C: [J, 70 °C: A) are compared to the cheeses
after 7 days storage at 4 °C (60 °C: M, 70 °C: A ). coooiiieiieieieee et 110

Figure 6 4: Fat globule size distribution of AMC after 7 days storage at 4 °C. Three cheese
samples were made at 70 °C in 20 minutes ( A, 26.8 kJ/kg total shear work), 30 minutes (A, 42.9
kJ/kg total shear work) and 40 minutes (A, 77.5 kl/kg total shear work), and another cheese
sample was made at 60 °C in 30 minutes (m, 78.9 kl/kg total shear work)........c.cccceevvveveeniennnn. 111

Figure 6.5: Cheeses were baked at 170 °C for 10 min. The amount of free oil released to cheese
surface is decreasing when total shear work is increasing. Cheeses were made at 60 °C ([1) and
70 °C (A), respectively. Three images of molten cheese are attached: cheese (a) was 30 minutes
made at 60 °C within 78.9 kl/kg total shear work; cheese (b) was 30 minutes made at 70 °C
within 42.9 kJ/kg total shear work; and cheese (c) was 40 minutes made at 70 °C within 71.3
kJ/kg. The cheese area before baking was indicated by yellow dotted circles, which is the same
area for all samples, and the large yellow dashed circles indicate cheese flowing in baking. The
arrows indicate directional flowing by difficult melt...........cccooviiniiinn e 113

Figure 6.6: The cheeses made from the maximum shear rate of 600 rpm (49) and 1200 rpm (O),
respectively, at 60 °C. (a) Comparison of total shear work in cheese production. The total shear
work was calculated after the first 5 minutes when temperature is constant at 60 °C. (b)
Comparison of viscosity shown in the RVA. Yellow: shear speed profile; Red: cheese produced at
600 rpm; Blue: cheese produced at 1200 FPM. ..cciiiiviieeiiiiieeeeiiieeeeeiree e ssire e e saee e s sireeesssebeeeeeas 115

Figure 6.7: CLSM images of cheese made at 600 rpm 60 °C for 10 min (a), 20 min (b) and 40 min
(c). The photos were taken using lenses of x 40 (left) and x 25 (right). Red is fat and green is
protein, black iS SEIUM OF @il ....cuuiiiicciiee et e e e et ae e e e ebra e e s seanabraeeean 117

Figure 6.8: CLSM images of cheese made at 1200 rpm 60 °C for 10 min (a), 15 min (b) and 20 min
(c). The photos were taken using lenses of x 40 (left) and x 25 (right). Red is fat and green is
protein, Black iS SEIUM OF @il. ....ccuviiiicciiee e e e ae e e e eabb e e e e snnabaaeeean 118

Figure 6.9: The fat globule size distribution is compared between cheeses made at low shear
speed (600 rpm) and cheeses made at high shear speed (1200 rpm) at 60 °C. Figure (a) and (b)
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are the cheese samples in 7 days storage at 4 °C. (a) The cheeses made at low shear speed in 10
minutes (®, 4.9 kl/kg total shear work), 20 minutes (4, 24.7 kl/kg total shear work) and 40
minutes (@, 45.3 ki/kg total shear work), respectively. (b) The cheeses made at high shear speed
in 10 minutes (@, 19.0 kl/kg total shear work), 15 minutes (@, 35.0 kJ/kg total shear work) and
20 minutes (@, 63.7 kJ/kg total shear work), respectively. (c) Overview of the average particle
size D[4,3] in fresh cheeses without cooling (600 rpm: <>, 1200 rpm: O) and the cheeses in 7
days storage at 4 °C (600 rpm: €, 1200 rpm: @). A, B and C are the three samples shown in
figure (a); D, E and F are the three samples shown in figure (b). .....cccoveeeviiieeiiciieee e, 121

Figure 6.10: Cheeses were baked at 170 °C for 10 min. The amount of free oil released to cheese
surface is decreasing when total shear work is increasing. Cheeses were made at 600 rpm (4)
and 1200 rpm (O), respectively. Three images of molten cheese are attached: Cheese (a) was 40
minutes made at 600 rpm (45.2 kJ/kg total shear work); cheese (b) was 10 minutes made at 1200
rpm (19.0 kJ/kg total shear work); and cheese (c) was 15 minutes made at 1200 rpm (35.0 kJ/kg
total shear work). Small yellow circles are the size of unbaked cheeses and large yellow circles
show cheese flowing extent after baking. The arrows indicate directional flowing when cheeses
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Figure 6.11: It is gathering of fat globule size distribution of average size D[4,3], the top 10 %
smallest particles d(0.1) and the top 10 % largest particles d (0.9) comparing to the increased
total shear work in cheese producing. Cheeses were produced at 60 °C (m, @, ) and 70 °C (A)
without cooling. The constant shear speed for cheese producing is 600 rpm (4), 800-1000 rpm
(m, A)and 1200 rpm (@). The particle size of milk fat globules before cheese making is marked
DY X e e ettt et sa et e at e e e bt e e a bt e e bt e e abeeebteeea bt e e sateesbeeenateens 125

Figure 6.12: Amount of free oil release in cheeses produced in varied shear speed and
temperature, in relation to average particle size D[4,3] without cooling. Cheeses were produced
at 60 °C (m, @, @) or 70 °C ( A ) without cooling. The constant shear speed is 600 rpm (4 ), 800-
1000 rpm (m, A) and 1200 rpm (@), ..cceooveeeeeeeeeeeieeeeeeete ettt ettt et eae ettt eeteete e eaeeaeene 127

Figure 6.13: CLSM images of dissociated cheese in Walstra solution without Tween. The images
are shown in two separated photos. Fat membrane is in red on left photos and proteins are in
green on right photos. Image (a) is from cheese made in 10 minutes at 800 rpm (8.3 kJ/kg total
shear work); Image (b) is from cheese made in 10 minutes at 1200 rpm (19.0 kJ/kg total shear
work); Image (c) is from cheese made in 15 minutes at 1200 rpm (35.0 kJ/kg total shear work).

Figure 6.14: Cheeses were produced using preheated natural cream. (a) Fat globule size
distribution is compared in fresh uncooled cheese (m), 7 days stored cheese at 4 °C (m) and the
cream (m) used for cheese producing; (b) CLSM images were taken using lenses of x 40 (left
photo) and x 25 (right photo) on cheese in 7 days storage at 4 °C. The cream was premixed with
water in RVA for 30 minutes at 800 — 1000 rpm 60 °C, and then cheese was produced using this
cream in 10 minutes at 800 rPmM 60 “C. ..veiiiiiiiiieiiiiiee e eeiieee e ssiree et e e sae e e e s sabeee e ssaae e e s ssareeeeean 131

Figure 6.15: Cheeses were produced using preheated natural cream adding NaCas. The cream
was premixed with 4 wt.% NaCas in RVA for 30 minutes at 800-1000 rpm 60 °C, and then cheese
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was produced using this cream in 10 minutes at 800 rpm 60 °C. (a) Fat globule size distribution is
compared in fresh uncooled cheese (x), 7 days 4 °C stored cheese (x) and the cream (x) used for
cheese producing; (b) CLSM images were taken using lenses of x40 (left photo) and x25 (right
photo) on cheese in 7 days storage at 4 °C; (c) Molten cheese in 10 minutes baking at 170 °C,
where cheese area is compared before and after baking which were marked by yellow circles.

Figure 6.16: The change of protein composition in serum from non-fat cheese. The serums were
collected from non-fat cheese produced in 7 minutes (red), 10 minutes (blue) and 30 minutes
(green). Skim milk was used as the control sample in the measurement. A: a-lactalbumin; B: B-
lactoglobulin; C: B-casein; D: 0= CASEIN. ...ccuiieiieeciieeciee e e etee et ee e etae e st e s erae e sbe e e eaeeesareeennns 135

Figure 6.17: CLSM images of cream diluted by the EDTA solution without Tween. The cream was
after sonication with the serum from 30 minutes non-fat cheese. The images are shown in two
separated photos. Fat membrane is in red on the left photos and proteins are in green on the
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Figure 6.18: Cheeses were produced using the cream after sonication with serum collected from
non-fat cheese. The cheese was produced in 15 minutes at 800 rpm 60 °C. (a) Fat globule size
distribution is compared in cheese (fresh cheese, m; 7 days 4 °C stored cheese, m; and the cream,
m) used for cheese producing; (b) CLSM images were taken using lenses of x 40 (left photo) and x
25 (right photo) on cheese in 7 days storage at 4 “Cu....oceeeciienieeneenieeie et 137

Figure 6.19: Small strain rheological properties are compared in cheese heated up from 4 °C to

80 °C. G’ is cheese storage modulus and Gm’ is cheese matrix storage modulus, which was
measured on non-fat cheese of the same ratio of water to protein. Cheeses were made by varied
constant shear speed, producing temperature and preheated natural cream. Cheese made in 40
minutes 600 rpm 60 °C () within 45.3 kl/kg total shear work; cheese made in 10 minutes 1200
rpm 60 °C (O) within 19.0 kJ/kg total shear work; cheese made in 15 minutes 1200 rpm 60 °C (@)
within 35.0 kJ/kg total shear work; cheese made in 30 minutes 1000 rpm 70 °C (A ) within 42.8
klJ/kg total shear work; cheese made in 10 minutes 800 rpm 60 °C and the cream was precooked
with 4 % NaCas (X); cheese made in 15 minutes 800 rpm 60 °C and the cream was after
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Alternate make cheese

Alternate make cheese produced from emulsified fat fully covered with
sodium caseinate

Alternate make cheese produced from emulsified fat fully covered with
Tween 20

Alternate make cheese produced from fat globules with native milk fat
globule membrane

Alternate make cheese produced from anhydrous milk fat without
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min minutes
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SDS-PAGE Sodium dodecyl sulfate-poly acrylamide electrophoresis
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Tris Tris(hydroxymethyl)aminomethane
ul Microliter
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w/v Weight/ volume
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