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To manufacture mozzarella cheese with customized attributes the relationships between processing parameters
and cheese functionality need to be identified. In this study, cooking residence time (CRT) and stretching resi
dence time (SRT) of cheese curd in the cooker-stretcher were determined to differentiate the effect of the cooking
and stretching processes on cheese properties. Residence times were linked to cheese composition, micro- and
macro-structural characteristics (microstructure, fat globule size, anisotropy and rheology) and functional
properties (meltability, oiling-off, browning and stretchability). In the stretcher used, CRT was significantly
longer than SRT independent of curd temperature or screw speed. Linear correlations were found between CRT
and cheese composition, anisotropy and storage modulus. SRT had a less significant effect on cheese properties,
due to the low specific mechanical energy 0.15–0.46 kJ kg− 1 and relatively short SRT. It was concluded that CRT
and SRT are promising factors to understand and control mozzarella cheese characteristics during manufacture.

1. Introduction
Mozzarella is one of the most popular cheeses worldwide (Francolino
et al., 2010). Low-moisture mozzarella has been widely used as pizza
topping having a desired meltability and stretchability after ageing for
one to three weeks (Bertola et al., 1996). As a member of the pasta-filata
cheese family, mozzarella has a unique fibrous texture. To reach this
characteristic texture, the stretching process plays an important role in
fiber structure formation. Instead of traditional manual stretching,
mozzarella curd today is cooked and stretched in industrial stretchers
having various configurations: batch or continuous processes, based on
single or twin screw systems designed with different materials, barrel
geometries and heating methods. Twin-screw cooker-stretchers with
recirculating hot water or direct steam injection are the two most used
configurations. The screws push and knead the curd through the ma
chine, aligning the curd proteins to generate a fibrous texture in the
product.
Phase transition, compositional loss and molecular redistribution
occur in mozzarella curd during the process that combines a cooking and
a stretching phase. Typically, the water temperature set in a cooker-

stretcher ranges from 60 to 85 ◦ C, to achieve a temperature from 50
to 65 ◦ C in the curd mass (Renda et al., 1997). After achieving the
desired temperature, the proteins, mainly caseins, are kneaded and
extruded as parallel strands (i.e. stretched), thus creating a fibrous
structure similar to e.g. chicken breast. The fat globules in mozzarella
accumulate between the protein fibers and physically hinder the protein
strands from fusing (McMahon et al., 2005). This anisotropic structure
can be observed both at the micro- and macroscopic level. Functional
properties - e.g. meltability, oiling-off, browning and stretchability - are
not only linked to cheese composition but also influenced by the struc
tural arrangement of the constituents (Smith et al., 2018).
Few studies have investigated the effect of cooker-stretcher param
eter settings such as water temperature (WT) and screw speed (SP) on
cheese end-properties. Higher SP was reported to increase cheese pro
tein content and hardness, and decrease fat content, moisture content,
meltability and oiling-off (Renda et al., 1997; Yu and Gunasekaran,
2005). To characterize the stretching process, independent of scale,
Mulvaney et al. (1997) and Yu and Gunasekaran (2005) investigated
system variables, namely specific mechanical energy (SME), curd tem
perature (CT) and filled section length (FSL). They established the

Abbreviations: Ca:protein, calcium-to-protein ratio; CT, curd temperature; CRT, cooking residence time; D[4, 3], mean fat globule size; FSL, filled section length;
G′ 1, storage modulus at 1Hz; PCA, principal component analysis; RT, total residence time; SME, specific mechanical energy; SP, screw speed; SRT, stretching
residence time; Tc, crossover temperature; WT, water temperature; A, cross-sectional area; ρ, density; U, voltage; I, current; ω, frequency.
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relationships between SP, WT and these system variables, and correlated
them with mozzarella cheese properties. Renda et al. (1997) pointed out
that a better understanding of the interaction between WT and SP is
needed to improve the process and to control the mozzarella cheese
functionality and yield. However, the cheese structure formation in the
cooker-stretcher is mainly determined by the CT and the shear forces
applied during the process, which are not only defined by WT and SP,
but also influenced by the residence time of the curd in the hot water
(CRT) and the residence time that the shear forces (SRT) are applied.
These residence times are determined by the equipment design and curd
flow through the system, but also by the curd temperature, as the vis
cosity of the curd influences the SRT. Thus, we hypothesize that the
quantification of the residence times during cooking and stretching
separately is important to evaluate cooker-stretcher equipment perfor
mance and to describe the impact of the process on cheese curd.
Consequently, they are useful parameters to better understand the for
mation of the cheese fibrous structure and the associated cheese func
tional properties.
Although the influence of the stretching process on mozzarella
cheese properties has been explored for decades, the separated contri
bution of the cooking and stretching phases has not been fully eluci
dated. This study aims to investigate the potential use of the residence
times of cheese curd during cooking and stretching, i.e. respectively
cooking residence time (CRT) and stretching residence time (SRT) in a
cooker-stretcher to provide knowledge to produce mozzarella with
customized functionality and to improve the cooker-stretchers design.
Thus, the effects of WT and SP and typical cooker-stretcher parameter
settings, on residence times (CRT, SRT) were determined and conse
quently CRT, SRT were linked to mozzarella cheese composition, microand macro-structural characteristics and functionality.

total of 3.8 kg curd was hand-fed at a rate of 0.2 kg min− 1. When the
(measured) current over the motor driving the extrusion screws stopped
increasing and remained stable for a few minutes, the process was
considered to be in a steady-state, and curd exiting the process was
sampled into molds and immediately cooled for 1 h in ice water. Finally,
the cheeses were removed from the molds, vacuum-packaged and aged
at 5 ◦ C for two weeks. Voltage, current, FSL and CT were recorded
during stretching. The measurement of FSL was performed as described
by Yu and Gunasekaran (2005). The stretcher was emptied and cleaned
between each production run.

2. Materials and methods

2.2.2. Specific mechanical energy calculation
Two sensors were installed in the stretcher, around the energy used
by the driver motor. One gave the voltage supplied, U (J⋅C− 1), which
was constant during stretching and a linear function of SP, while the
other voltmeter continuously logged the voltage drop across a 4 Ω
resistor installed on the screw motor power supply. The value of electric
current can consequently be calculated using Ohm’s law. SME (kJ⋅kg− 1)
was calculated as:

2.2. Cooker-stretcher characteristics
2.2.1. Residence time estimation
The total residence time (RT) (s) of the curd in cooker-stretcher was
calculated as the mass of curd in the cooker-stretcher divided by the
output flow rate (kg⋅s− 1) at steady-state that was approximately equal to
feed rate 0.0033 kg s− 1. The stretcher can be divided into two sections
(Fig. 1a and b): the initial part that is filled with water (cooking section)
and a second part without water (stretching section). SRT (s) of the curd
was calculated as the mass of curd that filled the stretching section
divided by output flow rate of cheese. This mass was calculated by
multiplying steady-state FSL (m), cross-sectional area A (0.00325 m2) of
the cooker-stretcher and cheese density ρ (1.064 kg m− 3). CRT (s) of the
curd in hot water was thus estimated by subtracting SRT from RT:

2.1. Cheese production
Frozen (− 20 ◦ C) cultured ‘Cagliata’ mozzarella curd (24.0% protein,
17.8% fat, 43.7% moisture, 0.82% Ca and 0.69% NaCl) was provided by
Arla Foods (Denmark). The curd block was stored in a 5 ◦ C refrigerator
for three days before the stretching treatment, cut into 1–1.5 cm3 cubes
and used within two days. A twin-screw, counter-rotating cookerstretcher (Supreme EUS-SP-0351, SSF, USA) was used to plasticize,
knead and extrude the curd (Fig. 1). 7 kg cooking water containing 2.5%
(w/w) NaCl was recirculated during the process. The experiments were
performed using a 22 factorial design with a triplicate center point. The
cheese curds were treated at WT 65, 75 or 85 ◦ C and SP 8, 18 or 28 rpm,
and the obtained cheeses are coded with a combination of WT and SP
throughout this manuscript: 65–08, 65–28, 75–18, 85–08 and 85–28. A

RT = Mass of curd/Output flow rate

(1)

SRT = FSL⋅A⋅ρ/Output flow rate

(2)

CRT = RT − SRT

(3)

SME = U⋅(IS − I0 )⋅0.7/1000/Output flow rate

(4)

where Is (C⋅s− 1) is the current measured in steady-state and I0 (C⋅s− 1) is
the current measured under no-load condition.
2.3. Cheese compositional analysis
Nitrogen, fat and moisture content were determined by the Kjeldahl
(ISO, 2014), Soxhlet (AOAC, 2006) and the oven-drying methods,
respectively. All analysis were performed in at least duplicates. Protein
was quantified by Kjeldahl using a nitrogen conversion factor of 6.38.
The moisture was determined at 105 ◦ C by mixing 2 g sample with 20 g
sand. Calcium and sodium content were measured by Inductively
Coupled Plasma Optical Emission Spectroscopy (ICP-OES; Agilent
Technologies, Santa Clara, CA, USA). Before analysis, 0.25 g of sample
was digested with 8 ml HNO3 (65%), 2 ml HCl (37%) and 2 ml H2O2
(30%) using a Multiwave GO microwave (Anton Paar, Graz, Austria).
Standards in a range of 0.04–20 mg L− 1 were prepared from
multi-element (Ag, Al, B, Ba, Bi, Ca, Cd, Co, Cr, Cu, Fe, Ga, In, K, Li, Mg,
Mn, Na, Ni, Pb, Sr, Tl, Zn) standard solution IV from Merck KGaA.
Standard curves were determined at the wavelengths of 396.847 nm and
588.995 nm for calcium and sodium, respectively.

Fig. 1. Schematic of cooker-stretcher (a) top view, (b) front view.
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2.4. Cheese structural analysis

Hz, and n is the degree of frequency dependence.
In temperature sweeps, amplitude and frequency were 0.1% and 1
Hz respectively and the temperature was increased from 20 to 100 ◦ C.
The rate of the Peltier heating system was set at 2 ◦ C⋅min− 1. All rheo
logical measurements were conducted in triplicates.

2.4.1. Confocal laser scanning microscopy
The sample preparation and microscopy method were adapted based
on previous work by Ong et al. (2011) and Lamichhane et al. (2020). A
piece of cheese (5⋅5⋅1 mm) was cut using a vibratome (VT1000S, Leica
Microsystems Nussloch GmbH, Germany) and a razor blade at room
temperature (20 ◦ C). Fast Green FCF and Nile Red of concentration
0.01% (w/v), prepared in deionized water and 1,2-propanediol respec
tively, were mixed in a ratio of 1:3.50 μL of the prepared dye was poured
on the cheese samples. After 10min staining, observations of fat and
protein were performed with a Leica SP5 microscope using 20x (NA 0.7)
and 63x (NA 1.2) objectives, with excitation at 488 and 633 nm and
emission at 555–620 nm and 660–710 nm for Nile Red and Fast Green
FCF, respectively. The image pixel resolution was 1024 × 1024. The
imaging was performed with Leica LAS AF software and showed the
cheese fat in red and protein in green. Observations were performed in
duplicate for any given cheese.

2.5. Cheese functional properties
2.5.1. Meltability
A test modified from the Schreiber test was used (Kindstedt et al.,
1988), in which a cheese cylinder (15 mm thick, 25 mm in diameter)
was placed in a glass Petri dish in a 200 ◦ C oven, kept for 2min, and
cooled to room temperature. Images of the samples were taken by the
Videometer system (Videometer A/S, Hørsholm, Denmark). The area of
melted cheese was measured using image analysis software Fiji (Fiji
1.53c, USA). Meltability was evaluated as dividing the area of cheeses by
the original area of the cheese cylinders. Measurements were done in
triplicates.

2.4.2. Laser light scattering measurement
Mean fat globule size for curd and cheese was measured by laser light
scattering, as described previously (Michalski et al., 2001; Banville
et al., 2016) with some modifications. 1 g of diced cheese (2–3 mm
edges) was stirred for 0.5 h (25 ◦ C) in 10 g of dissociating buffer (6 M
urea, 0.1 M EDTA, 35 mM SDS, and 20 mM imidazole buffer; pH 7.0).
Urea and EDTA were used as casein dissociating agents and SDS was
used to dissociate fat globule clumps (Michalski et al., 2001). A Mas
tersizer 3000 particle size analyzer (Malvern Instruments, UK) was used
to estimate the milk fat globule sizes with refractive indexes of 1.460 at
470 nm and 1.458 at 632.8 nm. The refractive index of 1.333 was used
for Milli-Q water. The mean fat globule size (D[4, 3]) was calculated by
the instrument software. Analyses were performed in at least triplicates.

2.5.2. Oiling-off
Oiling-off was determined by the method of Breene et al. (1964) with
some modifications. Whatman No.1 filter paper was placed on top of an
aluminum pan. A test cheese cylinder (5 mm thick, 25 mm in diameter)
was placed on the filter paper, put in an 80 ◦ C oven for 10min, and
cooled at room temperature for 30 min. Images with the area of each oil
ring formed on the filter paper were measured by Fiji image analysis
software. Oiling-off was evaluated by dividing the oily area of cheeses by
the original area of cheese cylinders. Measurements were done in
triplicates.
2.5.3. Browning
A browning test was adapted based on a previous study (Ayyash and
Shah, 2011). 20 g grounded cheese sample was weighed into an
aluminum pan. The pans were placed into an oven at 200 ◦ C for 15 min
after which the samples were cooled to room temperature. Histograms
of the images were analyzed by Fiji image analysis software. The mean
value based on pixel intensity was used as an indicator of the degree of
browning. Browning was represented by dividing the value of curd by
the value of each sample. Hence, the browning value of curd is one and
the cheeses that have a higher value are browner. Measurements were
done in triplicates.

2.4.3. Anisotropy
The tensile test method was adapted from Bast et al. (2015) with
some modifications. The cheese was cut into dumbbell-shaped samples
(30⋅20⋅5 mm) in both longitudinal and perpendicular orientations of
extrusion using a wire cutter and 18 mm diameter cork borer. Tensile
tests were carried out with a TA.XTplus Texture Analyzer (Stable Micro
Systems Ltd., Godalming, UK). Tensile grips with serrated jaws were
used with an initial gap of 18 mm between the jaws. The crosshead speed
was 2 mm s− 1 and trigger force was 0.01 N. Measurements were done in
quadruplicates, where the anisotropy ratio was calculated as true strain
in the longitudinal orientation divided by that in the perpendicular
orientation.

2.5.4. Stretchability
The stretch test was carried out with a TA.XTplus texture analyzer
(Stable Micro Systems, Godalming, UK) and a probe set suitable for
testing stretching properties of melted cheese. Extensibility rig A/CEA,
consisting of a vessel and a double-sided fork, was applied. The method
was provided by the texture analyzer company with some modifications.
Cheese (40 g) was grated, put evenly in the vessel, and cover plus fork
was inserted into the vessel. The unit was then heated in an oven at
200 ◦ C for 10 min and transported into a 55 ◦ C oven for 2 min. The
stretch test was carried out with a test speed of 20 mm s− 1 to 270 mm
distance. The ratio of the final-force to peak-force was used to evaluate
stretchability. Measurements were done in quadruplicates.

2.4.4. Rheological analysis
Rheological properties of cheese were determined by the methods of
Sharma et al. (2016) with some modifications. The rheological proper
ties of the cheeses were studied on a rheometer (Discovery HR-2, TA
Instruments) with 25 mm diameter serrated parallel plates. Disc-shaped
cheese samples of 25 mm diameter and ~2 mm thickness were prepared
and equilibrated for 5min at the test temperature. A 1 N normal force
was used to define the measurement gap. A ring of paraffin oil was
placed around the sample periphery to avoid moisture loss during
rheological measurements.
Strain amplitude sweeps ranging from 0.001 to 10% were conducted
at 1 Hz and at 10 ◦ C to determine the linear viscoelastic limit of the
cheeses. Frequency sweeps were conducted by applying frequencies in
descending order from 50 Hz to 0.1 Hz at 10 ◦ C using 0.1% strain
amplitude. The data of storage modulus G’ was fitted to the following
equation:
G’ = G’1 ⋅ωn

2.6. Experimental design and statistical analyses
The cheese samples were coded as described previously with four
numbers that are combinations of WT (65, 75 or 85 ◦ C) and SP (8, 18 or
28 rpm): 65–08, 65–28, 85–08, 85–28 and triplicates of the center-point
75–18, according to a 22 factorial design. The data were subjected to
principal component analysis (PCA) using LatentiX 2.12 (LatentiX ApS,
Frederiksberg, Denmark). One-way analysis of variance (ANOVA) fol
lowed by a Duncan test was done to verify differences between means
using IBM SPSS Statistics 27 (IBM Corporation, Somers, NY, USA). Dif
ferences were considered significant at the probability level P < 0.05.

(5)

where G′ 1 is the storage modulus measured at 1 Hz, ω is the frequency in
3
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The influence of WT and SP alone, as well as that of the interaction of the
two factors, on system variables (CRT, SRT, CT and SME), cheese
composition, structure and functional properties was evaluated by
factorial design analysis using Minitab 19.2 (Minitab Inc., State College,
PA). Influence was considered significant at the probability level P <
0.05.
3. Result and discussion
3.1. Principal component analysis
An overview of the measurements performed - given to evaluate the
cooker-stretcher characteristics and cheese properties, organized by
nature and origin of the information collected - is shown in Fig. 2. The
relationships between system variables and cheese characteristics are
summarized in the PCA in Fig. 3 (all measurements auto-scaled to an
equal variance of one). X and y axes are defined by PC1 and PC2 scores,
respectively. Codes of each cheese (65–08, 65–28, 75-18a, 75-18 b, 7518c, 85–08 and 85–28) indicate the two controllable cooker-stretcher
settings, i.e the first two numbers WT (water temperature) and last
two numbers the SP (screw speed). Cheeses 65–28, 85–08 and 85–28
exhibited clearly different characteristics and are distinct from cheese
65–08 and triplicates of 75–18. Cheeses stretched at 28 rpm, i.e. 85-28
and 65–28, are respectively positively and negatively loaded on PC1
(explaining 41% of the total variance in the data ensemble), while
cheeses stretched at 8 rpm, i.e. 65-08 and 85–08, are respectively
positively and negatively loaded on PC2 (24% variance explained).
Accordingly, in the cooker-stretcher used and under the conditions
studied, WT played a more dominant role in influencing system vari
ables and cheese properties than SP. Interpreting the figure further, the
properties of cheese 85–28 are more correlated to CRT, CT, SME,
moisture and calcium-to-protein ratio (Ca:protein), than protein and fat
content and G′ 1, while cheese 65-28 shows an opposite dependency.
Cheese 85–08 is more influenced by SRT and fat globule size D[4, 3]. As
expected CT and CRT are strongly correlated, which makes sense
because a longer CRT will induce a higher CT at the end of the stretcher.
To better understand these differences, the results of the individual
system variables and cheese characteristics are shown and discussed in
detail in the following sections.

Fig. 3. PCA bi-plot of system variables and cheese characteristics.

stretcher settings, WT and SP on system variables (i.e. CRT, SRT, CT
and SME) that are expect to have a more direct effect on the cheese
properties, significant differences can be observed as shown in Table 1.
For the equipment used and under the conditions studied, CRT was
significantly longer than SRT, ranging from 62 to 90% of the total
residence time (RT). Cheese 65–28 exhibited the shortest CRT and SRT,
of respectively 223 and 40s, which resulted in the lowest CT of only
57 ◦ C. Cheese 85-08 showed the longest SRT, 239s (~6 times longer
compared to cheese 65–28) while cheese 85-28 showed the longest CRT,
399s (~2 times longer) and highest SME of 0.46 kJ kg− 1. A higher WT
resulted in both a longer CRT and SRT because the well-melted, sticky
cheese curd resulting from higher process temperatures was not so easily
transported by the screws throughout the stretcher. Increased SP
conveyed the curd more quickly leading to shorter CRT and SRT. Curd
temperature CT increased with WT (P < 0.05) but was not significantly
influenced by SP, which indicated an efficient heat transfer from the
cooking water recirculated in the stretcher cooking basin to the cheese
curd. Specific mechanical energy SME increased by 33% at 8 rpm and
140% at 28 rpm with an increase of WT from 65 to 85 ◦ C, and increased
by 27% at 65 ◦ C and 130% at 85 ◦ C with increased SP from 8 to 28 rpm.
WT and SP alone significantly influenced all the system variables (P <
0.05) described in Table 1. However, the interaction between WT and SP
were significantly reflected only in CRT and SRT (P < 0.05) and there
fore will be further discussed in the following sections.

3.2. Effect of water temperature and screw speed on residence times, curd
temperature and specific mechanical energy

3.3. Cheese composition

Analyzing in more detail the effect of the two controllable cooker-

Table 2 shows the composition of curd and cheeses. The curd had
24.0% (w/w) protein, 17.8% (w/w) fat, 43.7% (w/w) moisture and
0.82% (w/w) calcium, and looking at the contents of these components
in the cheeses, it can be noticed that significant losses from curd into the
cooking water took place. Cheese 65–28 exhibited the highest retained
Table 1
Steady-state system variables, i.e. total residence time (RT), cooking residence
time (CRT), stretching residence time (SRT), cheese temperature (CT) and spe
cific mechanical energy (SME) of the cheeses stretched at varied stretching
conditions.
System
variables

Cheese samples
65–08

65–28

75–18

85–08

85–28

RT (s)
CRT (s)

434
329
(76%)
105
(24%)
59
0.15

263
223
(85%)
40 (15%)

336 ± 6*)
270 ± 2
(80%)
66 ± 5
(20%)
64 ± 1
0.15 ± 0.03

627
388
(62%)
239
(38%)
71
0.20

441
399
(90%)
42 (10%)

SRT (s)
CT (◦ C)
SME (kJ kg− 1)

57
0.19

72
0.46

*) 75–18 is the center point of the design, which was performed as technical
triplicate; second entry shows standard deviations over runs.

Fig. 2. Cooker-stretcher characteristics and cheese properties involved in
the study.
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protein content at 24.8%, while cheeses 75–18, 85–08, 65–08 and 85-28
show a decreasing order of protein content. Fat concentration was the
lowest for cheese 85–28 (9.0% w/w). The moisture of the cheeses 65–28,
65–08, 85–08, 75–18 and 85–28 varied from 48.6 to 59.3% in increasing
order, showing an increase of water trapped in the cheese matrix at
higher temperatures. Important to point out, it was noticed that
although cheese 85-28 had a much higher moisture content than other
cheeses, it showed severe syneresis. The low protein content of this
cheese may contribute to its lower water holding capacity. A similar
observation was reported by Banville et al. (2016) where the cheese
showed relatively increased moisture as processing temperature and
time increased. This increase of moisture linked to a higher proportion
of expressible serum, was attributed to the contracted protein network
caused by increased hydrophobic interactions under the more extensive
thermal treatment. Slightly more calcium was retained in our cheese
85–08 (0.76%) compared to cheeses 75–18 and 85–28 (0.71%), which
can be attributed to the intense heating process of cheese 85–08 (higher

Table 2
Composition of the curd and cheeses stretched at varied stretching conditions,
reported as means ± SD.
Concentration

Curd

65–08

65–28

75–18

85–08

85–28

Protein (%)

24.0 ±
0.8ab
17.8 ±
0.8a
43.7 ±
0.5e
0.82 ±
0.03a
0.0342

21.0 ±
0.9c
11.7 ±
0.3b
50.1 ±
0.2cd
0.73 ±
0.01bc
0.0348

24.8 ±
0.4a
12.7 ±
0.9b
48.6 ±
0.2d
0.73 ±
0.01bc
0.0294

23.2 ±
0.2ab
13.1 ±
1.1b
53.1 ±
1.3b
0.71 ±
0.02c
0.0306

23.0 ±
1.7b
12.8 ±
1.1b
52.0 ±
0.3bc
0.76 ±
0.01b
0.0330

18.6 ±
1.0d
9.0 ±
0.5c
59.3 ±
0.2a
0.71 ±
0.03c
0.0382

0.69 ±
0.62a

0.89 ±
0.02a

1.02 ±
0.02a

0.92 ±
0.08a

0.92 ±
0.07a

1.02 ±
0.03a

Fat (%)
Moisture (%)
Calcium (%)
Ca:protein (− )
*)
NaCl (%)
a–

Values within a row with different superscripts differ significantly (P < 0.05).
*) Ca:protein = Calcium-to-protein ratio.

Fig. 4. Correlations of (a–b) protein, (c–d) fat, (e–f) moisture and (g–h) Ca:protein (calcium-to-protein ratio) with cooking residence time (CRT) and stretching
residence time (SRT).
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WT and longer CRT) since calcium is less soluble and more prone to bind
caseins upon heating (Kindstedt, 2007). Looking at Ca:protein values, an
increased order from 0.0294 to 0,0382 was observed for cheeses 65–28,
75–18, 85–08, 65–08 and 85–28. NaCl concentration did not signifi
cantly vary between the samples.
Statistical analysis showed that protein, fat, moisture and Ca:protein
of cheeses were all mainly influenced by the interactive effect of WT and
SP (P < 0.05) and better correlated to the residence times, especially the
CRT (Fig. 4). The shortest and longest CRT of cheeses 65–28 and 85–28
are respectively associated with the minimal and maximal composi
tional changes. Fig. 4a and c clearly show a decrease in protein and fat
with the increase of CRT, while moisture (Fig. 4e) and Ca:protein
(Fig. 4g) increased as CRT increased. A longer CRT indicates that the
curd stayed longer in the cooking water and the protein and fat thus had
more time to flow out from the curd. Higher WT softens the curd and
accelerate the mass loss, and thus causes a reduction of the protein level
and consequently increases the Ca:protein value. Similarly, the decrease
in fat content was also related to the higher WT, which is attributed to
the melting and flowing characteristics of fat by previous studies (Bähler
et al., 2016; Banville et al., 2016). It is interesting to note that although
SP had only a minor contribution to CRT, a faster SP (28 rpm) enhanced
the contact surface area between the cheese and cooking water and
synergistically accelerate the leakage of protein and fat from the curd.
Despite the extensive loss of protein and fat, a relative increase in
moisture and Ca:protein ratio is observed as CRT increased, which is also
WT dependent.
No clear trend is observed regarding compositional changes and
increased SRT (Fig. 4b, d, f and h) because the stretching section con
tains no water to flush away the components. It is interesting to note that
the NaCl concentration was only significantly influenced by SP (P <
0.05). An increase of SP resulted in an increase of NaCl by accelerating
the transfer from the stretching brine (i.e. the cooking water) to the
inner structure of the curd.

under different conditions are presented in Figs. 5 and 6 for 20× and
63× magnification, respectively. Curd showed a homogeneous protein
matrix (green) with tiny spherical fat globules (red) and few serum
pockets (black) distributed over the protein phase. During the initial
part of the stretching process (cooking), the protein matrix and the fat
globules of curd are softened and molten in hot water. The fat globule is
then disrupted by the shear forces during the transport through the twin
screws, leading to fat coalescence observed as larger fat domains (Lopez
et al., 2015) at the same time that proteins fibers are formed.
Cheeses processed at 65 ◦ C exhibited a number of large fat domains
that partially occupied the serum pockets, while those obtained at 85 ◦ C
presented a majority of smaller fat domains that were more uniform in
size (Fig. 5). Fat globule size is an important attribute of cheese that has
been associated with cheese functional properties such as meltability
(Noronha et al., 2008) and oiling-off (Schenkel et al., 2013). In line with
the microstructural observation, Fig. 7a (D[4,3] vs. processing condi
tions) shows that the fat globules in curd (9.9 μm) were significantly
smaller than the processed cheeses (24.8–41.0 μm) (P < 0.05). D[4,3] of
cheese was significantly influenced by the interaction of WT and SP (P <
0.05). The plot of D[4,3] versus CRT and SRT (Fig. 8a and b) shows a
maximal D[4,3] at intermediate CRT (329 s) and SRT (105 s) for cheese
65–08, indicating a non-linear relationship between the mean fat
globule size and residence times, with cheese at 85 ◦ C presenting a
clearly different behavior. This might be because, with a short CRT, the
fat globules would not have enough time to coalesce, while for a long
CRT, greatly coalesced fat globules occur that could be easily broken up
under shearing to form small particles in the end product. As for SRT, a
low value indicates fast shearing while a high value indicates a long
shearing process, both of which could reduce the fat globule size.
The network with protein filaments enclosing fat droplets and serum
cavities is clearly observed in images of cheeses produced at 65 ◦ C taken
at 63× magnification (Fig. 6). In comparison, cheeses produced at 85 ◦ C
formed a continuous protein phase and no clear fiber formation is
observed. This observation is in agreement with values of the anisotropy
ratio (Fig. 7b). Anisotropic behavior was absent for curd and clear in the
cheeses processed at lower temperatures. Cheese 65–28 exhibited the
highest anisotropy ratio of 2.9 while cheeses 85–08 and 85-28 showed

3.4. Cheese structural properties
The microstructure of the mozzarella curd and cheeses stretched

Fig. 5. Representative confocal laser scanning microscopy images of curd and cheeses stretched at varied conditions at 20× magnification.
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Fig. 6. Representative confocal laser scanning microscopy images of curd and cheeses stretched at varied conditions at 63× magnification.

Fig. 7. (a) D[4, 3], (b) anisotropy ratio, (c) G′ 1 (storage modulus at 1 Hz), (d) Tc (crossover temperature of storage modulus and loss modulus), (e) meltability, (f)
oiling-off, (g) browning and (h) force ratio of curd and cheeses processed at varied conditions.

low values of anisotropy ratio. A decreasing trend of anisotropy was
observed as CRT increases (Fig. 8c) but less influenced by the SRT
(Fig. 8d). We noted a very similar trend for the decrease of protein
content (Fig. 4a) and increase of Ca:protein (Fig. 4g) with CRT increase,
which may indicate the importance of protein and calcium concentra
tions to anisotropic behavior. It was reported that reduced micellar
calcium may cause increased fracture stress and fracture strain (Fox,
1970), which could as a result change the protein network strength in

different fiber directions.
3.5. Cheese rheological properties
To understand the rheological properties of the cheese, Fig. 7c and
d show the storage modulus measured at 1 Hz G′ 1 and crossover tem
perature of storage modulus and loss modulus (Tc) of curd and cheeses,
respectively. G′ 1 indicates the strength of the elastic interactions that
7
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Fig. 8. Correlations of (a–b) D[4,
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3]

(mean fat globule size), (c–d) anisotropy ratio, (e–f) G′ 1 (storage modulus at 1 Hz) with cooking residence time (CRT) and

equipment, represented by the SME of 0.15–0.46 kJ kg− 1. In compari
son, Mulvaney et al. (1997) and Yu and Gunasekaran (2005) reported
increased elastic property of the mozzarella cheese with higher SME,
which had wider ranges of 0.35–3.95 kJ kg− 1 and 1.2–6.5 kJ kg− 1,
respectively.

structure the cheese matrix (Banville et al., 2016). Cheese 65–28 pre
sented the highest G′ 1 value, which was 62% higher than the lowest G′ 1
of cheese 85–28. A decrease of G′ 1 was observed with increased CRT
(Fig. 8e), which was consistent with the decreased protein and fat
content (Fig. 4a and c). This makes sense since G′ 1 is a representative
parameter of protein strength. A change of G′ 1 with increased SRT could
be expected but the data obtained are not easily interpreted (Fig. 8f). It
seems that cheese at 65–28 and 85-08 have different behavior, which
may reflect an over- or under-structuring of the proteins. Tc is an indi
cation of the “softening point” of cheese during the temperature sweep
test, which can be associated to the point at which the cheese can rapidly
melt and flow (Gunasekaran et al., 2002). Thus, a high Tc value indicates
a slowly melted cheese. Curd and cheese 85–28 exhibited high Tc values
of 68 and 66 ◦ C (Fig. 7d). The late-melting behavior of curd is attributed
to its small fat globules (Fig. 7a) that were protected by the protein
layers (Figs. 5 and 6) since the softening of the cheese protein matrix
occurred at a much higher temperature range (50–65 ◦ C) than the
melting of the fat phase (20–35 ◦ C) (Sharma et al., 2016). The second
highest Tc of cheese 85-28 might be related to its high Ca:protein
(Table 2), which indicates more binding sites between casein particles,
resulting in a tough cheese texture and enhanced temperature required
for cheese softening (Joshi et al., 2003).
We expected that SRT could have a considerable influence on the
structural and rheological properties of mozzarella cheese due to the
applied shear forces. However, the trends between these properties and
SRT are not clear, which is attributed to the low degree and narrow
range of the shearing occurred during stretching in this specific

3.6. Cheese functional properties
The effect of cheese composition and the fat globule size has been
related to meltability. Higher fat content and bigger fat globule sizes
were reported to induce higher meltability (Rowney et al., 2003;
CaiS-SokolińSka and Pikul, 2009). As shown in Fig. 7e, cheeses pro
duced at 65 ◦ C acquired significantly higher meltability compared to the
curd and cheeses produced at 85 ◦ C (P < 0.05). According to Fig. 9a and
b, a maximum of meltability for cheese 65–08 was reached at interme
diate CRT (329 s) and SRT (105 s), which is similar to the mean fat
globule size D[4,3] (Fig. 8a and b). This observation suggested a positive
correlation between fat globule size and meltability of cheese. Smaller
fat globules can delay the melting process because they are embedded in
the protein network.
Oiling-off of mozzarella cheese during baking is important. It is un
desirable in excess but a proper amount can improve the appearance of
e.g. the mozzarella on pizza (Renda et al., 1997). Higher oiling-off is
usually linked to larger fat globules (Schenkel et al., 2013) and a higher
degree of proteolysis that indicates the breakdown of the protein
network (Yun et al., 1993). The stretching process increases the
oiling-off behavior where the curd presented the lowest oiling-off due to
8
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Fig. 9. Correlations of (a–b) meltability, (c–d) oiling-off and (e–f) browning with cooking residence time (CRT) and stretching residence time (SRT).

its well-protected small fat globules as seen in Fig. 7f. Cheese 65–28
exhibited the highest oiling-off, which was 51% higher than that of
cheese 65–08. The interactive effect of WT and SP had a significant in
fluence on oiling-off (P < 0.05). Fig. 9c and d shows that a minimum of
oiling-off was obtained for cheese 65–08 at intermediate CRT (329 s)
and SRT (105 s). However, as observed in Fig. 7a, cheese 65-08 dis
played the maximal D[4,3], suggesting that fat globule size is not the
determining factor concerning oiling-off of cheeses in our study. Pro
teolytic actions of the starter culture might play a role in influencing the
oiling-off. In the range of CRT (223–329 s) and SRT (40–105 s), more
heat transfer occurred with longer residence times that could inactivate
the starter culture, resulting in decreased proteolysis and thus in
decreased oiling-off. As for cheese 85–08 with even longer CRT at 388 s
and SRT at 239 s, its slightly higher oiling-off indicates that the
heat-induced decrease of proteolysis was no longer the determining
factor of oiling-off when the heat treatment reached a certain level. The
reason of this slight increase of oiling-off needs to be further studied.
Cheese browning during heating is mainly caused by the Maillard
reactions between reducing sugars and free amino acid groups (Thomas,
1969). As shown in Fig. 7g, curd exhibited the most extensive browning.
Not being stretched in hot water, curd contains active starter bacteria
that produces amino acids during ageing, contributing to the browning
during oven heating. Cheese 85-28 showed the least browning, while
cheese 75-18 displayed moderate browning which is considered ideal
for consumption. Browning does not show a trend with increased CRT
(Fig. 9e), while it presented an upward trend with increased SRT as
shown in Fig. 9f; this can be related to oiling-off (Fig. 9d). The decreased

oiling-off promoted the drying of the cheese surface, thus accelerated
the browning. However, cheese 85–08 is an exception that exhibited the
highest browning even though its oiling-off was not the lowest measured
value, interpreting this unexpected behavior requires further study.
Stretchability is defined as the capacity of melted cheese to form
fibrous strands that extend without breaking under tension (Rowney
et al., 1999). The ratio of the final-force to the peak-force is used as an
indicator of stretchability. A higher force ratio suggests that the cheese
strands do not lose much strength after stretching to a certain length,
thus resulting in a higher overall stretchability. As is shown in Fig. 7h,
curd exhibited the lowest force ratio due to a lack of fibrous structure.
Both cheese 65–08 and 85–28 exhibited good stretchability where less
than 10% force was lost after being stretched. Although stretchability
was significantly influenced by the interaction of WT and SP (P < 0.05),
it does not show any obvious trend when correlating with CRT or SRT
individually due to the confounding factors. For instance, on one hand,
the longer CRT could slow down the proteolysis, resulting in more
continuous protein strands that promoted stretching-performance
(Clark et al., 2009). On the other hand, the lower fat content with
longer CRT (Fig. 4c) would result in less lubrication between protein
strands, which in turn would fracture more easily and hinder stretching
(Zisu and Shah, 2005). Investigation of the influencing factors of
stretchability – of great interest for consumer preference in e.g. pizza
mozzarella - deserves a more detailed study in the future.
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4. Conclusions
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The cooking residence time (CRT) and stretching residence time
(SRT) in cooker-stretcher were differentiated as they represent the
interactive effect of water temperature (WT) and screw speed (SP)
during the curd processing and were found to provide better under
standing about the performance of the cooker-stretcher and the conse
quences for cheese properties. Linear correlations were found between
CRT and cheese composition, anisotropy and storage modulus. Nonlinear relationships were observed between CRT and SRT and fat
globule size, meltability, oiling-off and browning. In the equipment
used, under the conditions studied, SRT had a less significant effect on
cheese properties and functionality, which may be due to the long CRT,
shorter SRT and low shearing effect (SME of 0.15–0.46 kJ kg− 1). The
residence times CRT and SRT that can be calculated based on control
lable parameters of the cooker-stretcher showed to provide better un
derstanding about the structure formation of the curd in the cooking and
stretching sections of the cooker-stretcher equipment and to further
understand the importance of these phases for the composition and
functionality of mozzarella cheese. Thus provide a good base for opti
mization of cheese properties during manufacture.
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