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A B S T R A C T   

To understand shearing on cheese curds during high shear extrusion, the controlable parameters of a twin-screw 
extruder were related with measured and calculated parameters that characterise the extrusion process effects on 
product properties. Curd properties were correlated with specific mechanical energy SME (23–390 kJ⋅kg− 1), Texit 
(22–54 ◦C) and residence time RT (36–507 s); the wide experimental range studied provided new insights 
regarding extrusion of cheese curds. Longer and finer fibers were produced at low SME (23–27 kJ⋅kg− 1), high 
Texit (50–54 ◦C) and short RT (55–60 s). Whereas extruded curds produced at high SME (166–390 kJ⋅kg− 1), low 
Texit (22–23 ◦C) and long RT (371–396 s) tend to form a compact structure with less fiber formation. Temperature 
in the heating section, Th, and temperature of the cooling die, Tc, were found to determine critical curd phase 
transitions during extrusion, from viscoelastic solid to viscoelastic liquid and vice versa, that are important for 
the creation of fibrous cheese curd structures. Tc was the most important factor influencing SME, indicating the 
considerable contribution of the cooling process in increasing the shear forces. Curd composition and textural 
properties were significantly influenced by Th and Tc, showing that a higher Th enhances curd elasticity and 
reduces melt strength while a higher Tc induces lower water content and increases melt strength. We concluded 
that a variety of structured mozzarella products with customized properties can be produced by controlling the 
extrusion parameters.   

1. Introduction 

Pasta-filata cheese processing involves a unique cooking-stretching 
step, during which the cheese curd is cooked in hot water or by steam 
injection and stretched in rotating screws of variable configuration. 
Phase transition, molecular redistribution and mass loss occur in cheese 
curd during these processes. The purpose of the cooking step is to reach 
the gel-sol transition temperature necessary to plasticize the cheese curd 
in order to obtain a fibrous protein structure during the following 
stretching step (Bahler et al., 2016). Water temperature and screw speed 
are two key controllable parameters that influence curd temperature, 
specific mechanical energy (SME) and residence time (RT) of cheese 
curd inside the cooker-stretcher, and subsequently influence structural 
and functional properties of the cheese (Feng et al., 2021a; Yu & 

Gunasekaran, 2005). 
Although the cooker-stretcher is the most used device for mozzarella 

manufacture, twin-screw extruders are of increasing interest as they are 
more flexible, and a large diversity of products can be created. Extruders 
have the advantages of saving materials by minimizing loss, allowing 
extensive variation in thermal and mechanical energy inputs and effi-
cient mixing (Bouvier & Campanella, 2014). An extruder typically 
consists of two distinct functional sections: screw and die. Thermo-
mechanical stresses are generated by the screws, inducing structural 
changes on the material, that is forced to flow through the die where the 
final structure and shape of the products is defined (Emin & Schuch-
mann, 2017). Process conditions in the screw section can be varied 
through process parameters, such as configuration of the screws, screw 
speed, and temperature along the barrel (Dhaval et al., 2020; Pietsch 

Abbreviations: A1, proton abundancy/intensity of the less mobile water fraction determined by low field nuclear magnetic resonance; L, barrel length; LF-NMR, 
low field nuclear magnetic resonance; Pmax, maximum power; RT, residence time; SME, specific mechanical energy; SP, screw speed; SPmax, maximum screw speed; 
T2, relaxation time; T2,1, relaxation time of protons in the less mobile water fraction determined by LF-NMR; Tc, cooling temperature; Texit, exit temperature; Th, 
heating temperature; torquenet, net torque; τ, actual torque; τempty, empty torque. 
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et al., 2017). Different types of screw elements (i.e. conveying, kneading 
and mixing) can be selected depending on the product to be processed 
(Poulesquen et al., 2003). Process conditions in the die section can be 
varied through the die geometry and cooling temperature. It is impor-
tant to note that although the different process conditions can be 
designed and/or controlled independently, their effect on the processed 
material will be interconnected. All of these controlled variables provide 
the flexibility of the extrusion process and possibility to structure foods 
with a diversity in properties. 

Studies regarding extrusion of dairy proteins are limited. It has been 
reported that incorporation of whey ingredients in corn, rice and potato 
flour for the production of extruded snacks resulted in reduced SME, and 
whey concentration above 25% affected the product hardness (Onwu-
lata et al., 1998). Moreover, the degree of extrusion-induced denatur-
ation, and the gel strength was found to be dependent on extrusion 
temperature and moisture content (Onwulata et al., 2003; Qi & Onwu-
lata, 2011a; Qi & Onwulata, 2011b). A shear cell has been used to study 
the formation of fibrous structure in calcium caseinate dispersions, 
showing that fat and air are important factors for formation of aniso-
tropic protein structures (Manski et al., 2008; Wang et al., 2019a, 
2019b). Recent studies using single screw extrusion have shown the 
possibility to waterless produce homogeneous extruded pasta-filata 
cheese, thus reducing wastewater and milk solids loss, compared to 
conventional cooker-stretchers (Kern et al., 2019). These studies have 
also shown a correlation between the degree of texturization (anisot-
ropy) of casein-based gel and the temperature in the die (Kern et al., 
2020). 

To our knowledge, the possibility to structure cultured cheese curds 
by extrusion at higher SME than the ones typically found in a cooker- 
stretcher (i.e. ‘high shear cooking extrusion’) has not been reported, 
and we hypothesize that innovative cheese-like products with a variety 
of properties can be created under such conditions. Hence, the current 
study aims to investigate the shearing process of cheese curds in a twin- 
screw extruder, and understand the effect of extrusion parameters on the 
compositional and structural properties of the extruded curd product in 
terms of content and mobility of water, and textural properties, such as 
elasticity and melt strength. 

2. Materials and methods 

2.1. Curd material preparation 

Renneted and cultured ‘Cagliata’ mozzarella curd (24.0% protein, 
27.0% fat, 43.7% moisture, 0.82% Ca) was provided by Arla Foods 
(Denmark). The curd was brined and frozen (-20 ◦C) after draining. Prior 
to processing, the curd was defrosted and stored at 4 ◦C overnight, kept 
at room temperature for at least 2 h and grinded for 10 s before the 
shearing process. 

2.2. Curd shearing in a twin-screw extrusion 

2.2.1. Extrusion process 
A lab co-rotating twin-screw extruder Process 11 Hygienic (Ther-

moScientific, Germany) with a screw diameter of 1.1 cm and length to 
diameter ratio of 40 was used for the shearing process. To cool down the 
extrudates, a 13.5 cm cylindrical cooling die (channel) with 0.5 cm 
diameter was connected at the end of extruder barrel. The volume 
occupied by the twin screws is approximately 48 cm3. Taking the screws 
into consideration, the extruder barrel can hold up to 44 cm3 material, 
which is divided into seven zones that can be heated separately. Grinded 
curd was fed through a custom build feeding tube. Constant supply was 
guaranteed via a plunger and weight applied to the column of feeding 
material. Four parameters at two levels were selected to understand the 
processing behavior and the effects on product properties: heating 
temperature (Th, 80 or 90 ◦C), screw speed (SP, 50 or 150 rpm), barrel 
length (L, half or full) and temperature of the cooling die (Tc, 10 or 

30 ◦C), see Table 1. For extrusions with full-L and half-L (the curd is fed 
through zone 1 and 4), about 40 cm3 and 20 cm3 material can be 
retained in the barrel, respectively; 2.6 cm3 material can be accommo-
dated in the cooling die. The obtained curds are coded via a combination 
of the four experimental parameters throughout this manuscript. For 
example, 80150f10 indicates Th is 80 ◦C, SP is 150 rpm, full-L (half-L is 
indicated by ‘h’) and Tc is 10 ◦C. To evaluate the effect of cooling, 
processing without the cooling die step was also carried out at the same 
Th, SP and L. Exit temperature (Texit) of curd was measured by inserting a 
thermometer in the extrudates at the exit of cooling die. Torque and 
pressure were recorded during the process. When torque stopped 
increasing and remained stable for a few minutes, the process was 
considered to be in a steady-state, during which the samples were taken 
for measurements. Each production was done in duplicate, and the 
collected samples were vacuum-packaged and aged at 4 ◦C for 2 weeks 
before analysis. 

2.2.2. Calculation of mass flow, residence time, net torque and specific 
mechanical energy 

Mass flow (g⋅s− 1) was calculated as: 

Mass flow =
Mass
Time

(1)  

where Mass is the total mass of curd that flowed through the extrusion 
system (including the screw and die sections) during steady-state, which 
was calculated based on the same mass (140 g) for all the extrusion runs. 

RT is the residence time of curd in the extrusion system that consists 
of both heating and cooling sections. Therefore, a longer RT simulta-
neously indicates longer heating, cooling and shearing. RT (s) of curd in 
the extrusion system was calculated as: 

RT =
Mass in system

Mass flow
(2)  

where Mass in system was the assumed mass of curd held in the full- (30 
g) or half-extrusion (15 g) system. 

Net torque (%) was calculated as: 

Torquenet = τ − τempty (3)  

where τ and τempty are the actual and empty torque (%). 
Specific mechanical energy is the mechanical energy of an object per 

unit of mass. In accordance with a previous study (Kristiawan et al., 
2018), SME (kJ⋅kg− 1) was calculated as: 

SME =

SP
SPmax

×
Torquenet

100

Mass flow
× Pmax × 1000 (4)  

where SP and SPmax are the actual and maximum screw speed (1000 
rpm), and the maximum power of extruder Pmax is 1.5 kW. 

2.3. Analytical methods 

2.3.1. Imaging 
Images of the curd strips were taken by the Videometer system 

(Videometer A/S, Hørsholm, Denmark). 

2.3.2. Confocal laser scanning microscopy 
The sample preparation and microscopy method were adapted based 

on our previous work (Feng et al., 2021a). A piece of curd (1 mm 
thickness) was cut parallel and vertical to the extrusion direction using a 
razor blade. Observations were performed with a Leica SP5 microscope 
using 20x (NA 0.7) objective. 

2.3.3. Water and fat content 
Water content was determined by the oven-drying method at 105 ◦C 

by mixing 2 g curd with 20 g sand (Horwitz, Chichilo, & Reynolds, 
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1970). Fat content was determined by Gerber method (IDF, 1981). The 
analysis was performed in duplicate. 

2.3.4. Water mobility 
Low field nuclear magnetic resonance (LF-NMR) experiment was 

performed using an Oxford Instruments spectrometer (UK). Curd strips 
were placed into NMR tubes (1.8 cm diameter). T2 relaxation times and 
the corresponding area fractions were obtained using the Carr, Purcell, 
Meiboom and Gill (CPMG) pulse sequence. All measurements were 
conducted at 20 ◦C with the following parameters: receiver gain of 5.0%, 
tau value of 100 μs and 8 scans with 8000 echoes. The measurement was 
done in triplicate. A two-component model was used to fit the expo-
nential decay. The component with the shorter relaxation time, T2,1 
corresponded to protons in a less mobile fraction of water within the 
curds, corresponding to water that is tightly bound. The second 
component, T2,2 might be ascribed to protons either from the fat phase 
(Noronha et al., 2008) or a more mobile fraction of water (Kuo et al., 
2001), as will be discussed later. 

2.3.5. Elasticity 
The tensile test was carried out with a TA.XTplus texture analyzer 

(Stable Micro Systems, Godalming, UK) to determine the elasticity of the 
curds after extrusion. 20 cm of curd was assembled to the Spaghetti 
tensile grips (A/SPR) with an initial distance of 2 cm between the grips. 
A trigger force of 1 g was used for testing. Pre-test speed was 0.1 cm⋅s− 1, 
test speed 0.3 cm⋅s− 1 and post-test 1.0 cm⋅s− 1. The tensile force was 
recorded until breaking of the curd strips and the distance was used to 
evaluate tensile behavior, expressed as elasticity (cm). Measurements 
were done in at least triplicate at room temperature (18 ◦C). 

2.3.6. Melt strength 
A TA.XTplus texture analyzer (Stable Micro Systems, Godalming, 

UK) and extensibility rig A/CEA commonly used to measure the exten-
sibility of melted cheeses were used to measure the melt strength of the 
extruded curds. The test was adapted from our previous study (Feng 
et al., 2021a), where 40 g extruded curd strips were placed in the vessel 
and heated at 200 ◦C for 10 min and hold at 55 ◦C for 2 min before 
measurement. The test was carried out with a test speed of 2 cm⋅s− 1 and 
distance of 27 cm. Measurements were done in triplicate. The melt 
strength, representing the viscosity and elasticity of the melted cheese, 
was determined as the force at the breaking point (Fife et al., 2002). 

2.4. Experimental design and statistical analysis 

The experiments were performed according to a 24 factorial design 
and the samples were coded as described previously. The effect of each 
of the extrusion parameters alone, as well as their interactions on 
measured and calculated parameters of extrusion process (SME, tor-
quenet, mass flow, RT, pressure and Texit of curd), curd water and fat 
content, water mobility and textural properties was evaluated by mul-
tiple linear regressions using JMP pro 15.0.0 (SAS Institute Inc., USA). 
Statistical significance was defined as P < 0.05 based on Student’s t- 
tests. 

3. Result and discussion 

3.1. Characterization of the extrusion process 

The technical replication of the curd extrusion process was very 

Table 1 
Measured and calculated parameters of extrusions at varied extrusion process conditions.1  

1 Abbreviations: Th (heating temperature), SP (screw speed), L (barrel length), Tc (cooling temperature), SME (specific mechanical energy), RT (residence time), Texit 
(exit temperature), Torquenet (net torque), NA (not applicable). 
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good, as the replicates of the 16 experimental conditions resulted in a 
pooled SME with a standard deviation of 5.5 kJ⋅kg− 1, and a coefficient of 
variation over the design of 7.2%. Backed by this good reproducibility, 
average values have been used in data analysis. The measured and 
calculated extrusion parameters obtained with and without cooling die 
(pressure, mass flow, RT, Texit, torquenet and SME) resulting from 
varying the controllable extrusion parameters (Th, SP, L and Tc) are 
presented in Table 1. Without cooling process, the pressure value was 
always 0. Mass flow showed a range in 0.14–0.41 g⋅s− 1, corresponding 
to an RT of 37–210 s. Texit of curds ranged between 76 and 86 ◦C, and 
torquenet ranged between 2 and 6%. SME can be interpreted as a mea-
sure for intensity of the mechanical treatment. SME when non-cooling 
was used is evidently higher at low Th (80 ◦C) full-L (25 kJ⋅kg− 1) 
compared to high Th (90 ◦C) half-L conditions (≤10 kJ⋅kg− 1). Without 
cooling die, SME varied from 10 to 32 kJ⋅kg− 1 while it ranged from 18 to 
390 kJ⋅kg− 1 when the cooling die was in place, which translates to an 
SME increase of up to 25 times (curd 80150h10). This was due to fact 
that during cooling the curd underwent the phase transition from a 
viscoelastic liquid to a viscoelastic solid with a remarkable increase in 
viscosity, pressure and shear stress (Kern et al., 2020). Consequently, the 
increased torquenet and decreased mass flow (i.e. longer RT) of the curd 
induced even more shear forces on the curds (Table 1). 

Table 1 clearly shows that when the cooling die is present, the curds 
processed at high pressure (up to 35 bar), low mass flow (down to 0.04 
g⋅s− 1) and low Texit (down to 22 ◦C) had high SME values (up to 390 
kJ⋅kg− 1). The RT values 37–507 s were significantly lower compared to 
that of curd processed by a cooker-stretcher (263–627 s) reported in our 
previous study (Feng et al., 2021a) due to the different designs of 
equipment (e.g. screw configuration, capacity) and parameters (e.g. SP). 
To better understand the effect of controllable extrusion parameters on 
measured and calculated parameters, multiple linear regressions were 
performed focusing only on the data collected when extrusion was 

performed with the cooling die (Table 2). 
Tc was the most important factor influencing SME, indicating the 

considerable contribution of the cooling process in increasing the shear 
forces (Table 2). In protein- and fat-rich matrices, like cheese curds, 
liquid fat acts as a lubricant on the casein matrix by reducing the shear 
stress at higher temperatures (Fox et al., 2017a). As Tc, L and Th in-
crease, more heat is transferred/kept in the curd and the proportion of 
liquid fat increases, while curd viscosity and shear stress decrease, 
leading to an increase in the mass flow and a decrease of SME. In 
comparison to other parameters, SP showed a positive but less signifi-
cant effect on SME because increased SP can not only induce increased 
SME, but also reduce RT of curd in the extruder, which lowers SME and 
eventually cause an overall insignificant SME change. In addition, SME 
showed statistically significant effects for all the individual and second-, 
third- and fourth- order interactions between the controllable parame-
ters. The interaction between L and Tc shows the highly significant 
positive effect on SME, indicating a synergic influence of the two factors 
on mechanical work when they both increase or decrease. 

The extrusion pressure was negatively influenced by Th, L and Tc 
(Table 2) which can be explained by changes in the curd viscosity 
(Pietsch et al., 2017). The cooling process greatly reduced the curd 
temperature at the inlet of the cooling die, leading to a rapid increase in 
curd viscosity and consequently an increase of pressure. Table 1 also 
shows that pressure was generally higher for half-L (7–35 bar) compared 
to the full-L (3–25 bar). This was probably due to the less heat trans-
ferred to the curd when passing through only half of the heated section, 
resulting in more viscous curd that was impeded by the cooling die, 
explaining the higher pressure. The interaction, especially between Th 
and Tc, and between L and Tc, also showed significant influence on 
pressure. 

Table 2 shows that the effect of all the four parameters Th, SP, L and 
Tc on mass flow was positive, with SP playing a major role. For example, 

Table 2 
Effect1 of controllable extrusion parameters on the measured and calculated parameters.2  

1 The significance/magnitude of an extrusion main effect, as well as their interactions is based on Student’s t-tests. Bars toward right (green) and left (red) indicate 
positive and negative influence, respectively. The empty cells are due to non-significant relationships (P > 0.05). 

2 Abbreviations: Th (heating temperature), SP (screw speed), L (barrel length), Tc (cooling temperature), SME (specific mechanical energy), RT (residence time), Texit 
(exit temperature), Torquenet (net torque). 
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extrusion of curd 90150f30 exhibited a high mass flow (0.50 g⋅s− 1), 
which was 10 times higher than that of curd 80050h10 (0.04 g⋅s− 1) 
(Table 1). As expected, the curds were transported more quickly at a 
faster SP, and the higher Th and Tc ensured sufficient heat transfer and 
retention in the curd that lowered curd viscosity and promoted flow. The 
increased mass flow was also reflected in a reduced RT, which was 
particularly affected by SP and Tc (Table 2). Texit also reflected the 
positive effect of the four extrusion parameters. As expected, Tc was the 
most crucial influencing factor for Texit since the cooling temperature 
directly links to the final curd temperature. SP affected Texit by changing 
mass flow, and thus the RT of curd in the system. The shorter RT of curd 
in the cooling die at a higher SP resulted in enhanced heat retention and 
consequently an increased Texit. In addition, a significant effect of the 
interaction between Th and SP was observed for both mass flow and Texit, 
and consequently the enhanced mass flow and Texit can be achieved 
when the two parameters are both at their higher levels. 

Torquenet, which is a direct contributor to SME, represents the 
resistance to the flow, the degree of filling in the extruder and properties 
of the material (e.g. melt/viscosity) in the screw channel and at the die 
(Akdogan, 1996). Increased process and cooling temperatures signifi-
cantly decreased torquenet values (Table 2). This has been attributed to 
the lower curd viscosity and the subsequently decreased shear stress at 
elevated processing temperatures (Banville et al., 2016; Taylor, 1934). 
The increased torquenet value at lower Tc could also be related to the 
filling degree of curd (i.e. load of material) in the extrusion system, since 
the cooled curd in the die could, to some extent, limit free flow when 
entering the cooling die. The interaction between Th and Tc also had a 
noticeable effect, since the torquenet values for Tc 10 ◦C were higher at Th 
80 ◦C (7–10%) than at Th 90 ◦C (5–6%). 

Extrusion of cheese curd used in this study at Th ≤ 70 ◦C could not be 
carried out due to the extremely high pressure achieved at the taper inlet 
prior to the cooling die. As mentioned, pressure is related to the curd 
viscosity, which is determined by the heat transfer from the extruder to 
the curd. It is therefore speculated that the heat transfer was insufficient 
for the occurrence of gel-sol transition before the curd approaches the 
cooling die. However, based on previous experiments using a rheolog-
ical temperature sweep test in the range of 20–100 ◦C, the gel-sol 
transition was not observed for this curd (Feng et al., 2021b), even 
though the extrusions at 80–90 ◦C in this study were successful. The 
determination of the gel-sol temperature is dependent on a variety of 
factors, such as equipment (extrusion system, rheometer, etc), residence 
time, frequency/shear rate, etc (Kern et al., 2019; Seighalani et al., 
2021). Consequently, the gel-sol transition temperature measured in the 
rheometer does not seem comparable with the extrusion system used in 
this study. 

3.2. Properties of the extruded curds 

3.2.1. Appearance and microstructure of extruded curds 
The comparison of curd extrusion with and without the cooling die 

section, showed that the presence of the cooling die is necessary to 
produce structured curd products. Selected images of the extruded curd 
strips obtained after the product passed the die are shown in Fig. 1, for 
both the inner structure/cross-section after cutting and the formed 
protein fibers after tearing the strings. In some samples, a straight and 
bright line in the center parallel to the flow direction can be observed. 
This line is recognized as a fat channel caused by fat separation due to a 
higher temperature in the center than at the wall in the cooling die 
section. Casein- and fat-rich areas are consequently visible as separated 
phases, presented as a darker boundary region and brighter centerline, 
respectively. Further observations by confocal laser scanning micro-
scopy of extruded curd in the parallel (along the flow direction) and 
perpendicular cross sections (example for 90150f10 in Fig. 2), showed 
that the fat (red area) converged to the center of the extruded curd and 
the protein network (green area) was aligned in the direction of the flow. 
The fat channel is wider for curds extruded at higher Th and Tc since 

these higher temperatures promote phase separation. The fat channels in 
the half-L processed curds - especially 80150h10 and 80050h10 - were 
less clear than that in full-L curds (Fig. 1). This observation is relevant to 
understand protein fiber formation. Curds produced at 80 ◦C Th, half-L 
and 10 ◦C Tc clearly exhibited less fiber formation, appearing as insep-
arable blocks. These conditions indicate less heat transferred to curd, 
which formed a more rigid protein matrix that did not allow the protein 
network to align in the flow reducing anisotropy and fiber formation. 
Moreover, these extrudates were produced with high SME 166–390 
kJ⋅kg− 1, low Texit 22–23 ◦C and long RT 371–396 s. In contrast, curds 
extruded at 90 ◦C, 150 rpm and full-L showed easily separated, longer 
and finer fibers, with lower SME 23–27 kJ⋅kg− 1, higher Texit 50–54 ◦C 
and shorter RT 55–60 s, suggesting relationships between fiber forma-
tion with these measured and calculated parameters. This fiber forma-
tion impacts on textural properties of extruded cheese curds, which will 
be discussed in the following sections. 

3.2.2. Water and fat content in the extruded curds 
As shown in Fig. 3, water content of the extruded curds ranges from 

42.8 ± 0.3% (80150f30) to 48.6 ± 0.5% (80050h10). Since the water 
content of the original curd is 43.7 ± 0.5% (w/w) as indicated by the 
lines in the figure, values higher than this are attributed to the loss of 
other components, specifically fat during the extrusion process. Fat 
content of the extrudates ranges from 18.5 ± 1.0% (80050f10) to 29.0 
± 0.0% (90150f10) (Fig. 3), most of which show lower values compared 
to fat content of the original curd at 27.0 ± 0.0% (w/w). Previous 
studies reported that application of heat (70–90 ◦C) and mechanical 
shear usually results in extensive oiling-off and moisture exudation 
during processing that were attributed to (1) fat liquefaction and shear- 
induced removal of milk fat globule membrane and fat coalescence; (2) 
dehydration, aggregation and shrinkage of the para-casein network as a 
result of the increased hydrophobic casein-casein interactions and pre-
cipitation of soluble calcium and phosphate that leads to calcium 
phosphate-mediated interactions between the para-casein molecules 
(Fox et al., 2017b; Tamime, 2011). 

Fig. 1. Images from cross-sectional view and fiber formation of curds extruded 
under varies conditions. 
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To understand the relationships between the extrusion parameters 
and curd properties, the effect of the four extrusion parameters and their 
interactions are presented in Table 3. Tc is the only factor that signifi-
cantly influences water content of the extruded curd, where a lower Tc 
resulted in higher water content. At the lower Tc, the curds with lower 
temperature and higher viscosity tend to retain more water in the pro-
tein matrix, even after 2 weeks of storage (data not shown). However, 
another aspect to consider is the occurrence of phase separation as 
previously discussed. The curd separates into casein-rich domains close 
to the cooling wall and fat-rich domains at the center. A higher Tc could 
induce a more significant phase separation, resulting in more fat 
retained at extrudates center, and consequently a relatively high fat and 
low water content. In addition to Tc, fat content was also positively 
affected by SP and L. 

Furthermore, the influence of the extrusion process on curd prop-
erties was assessed by plotting these against SME (representative of 

mechanical effect), Texit (representative of thermal effect) and RT 
(extrusion processing time) (Fig. 4). Data points are colored blue or red 
for extrudates cooled at 10 and 30 ◦C, respectively, since the cooling 
process considerably influenced extrusion (Table 2). It was observed 
that the data points of curds produced at Tc 30 ◦C mainly distributed at 
lower SME, higher Texit and shorter RT, as also shown in Table 2. No 
clear correlation between water content of the curd and SME is observed 
(Fig. 4a) in the range studied. However, for SME < 166 kJ⋅kg− 1, two 
groups may be identified. One group at 18-55 kJ⋅kg− 1 SME where the 
curds show a 42.8–44.6% water content and another group at 44–106 
kJ⋅kg− 1 SME where the curds show a higher water content in the range 
of 46.0–48.4%. As shown by from the color-coded symbols, it was 
noticeable that the majority of the extrudates in the low water content 
group were produced at Tc 30 ◦C, while the high-water content group 
were produced at Tc 10 ◦C, again reflecting the significant effect of Tc on 
water content. Fat content seems to decrease as SME increased until 166 

Fig. 2. Microstructure of curd heated at 90 ◦C, 150 rpm, full barrel length and cooled at 10 ◦C (90150f10) observed from parallel and perpendicular (to the flow 
direction) cross-sections by confocal laser scanning microscopy. Green and red areas respectively indicate curd protein matrix and fat particles. (For interpretation of 
the references to color in this figure legend, the reader is referred to the web version of this article.) 

Fig. 3. Water(rigth) and fat (left) content of curds produced at varied extrusion process conditions. Water and fat content of the original curd are 43.7% and 27.0%, 
respectively, as indicated by the dotted lines. 
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kJ⋅kg− 1 (Fig. 4d), indicating that increased shear forces led to fat loss 
possibly by disrupting fat globules (Lopez et al., 2015). 

Water content is negatively and positively correlated to Texit (Fig. 4b) 
and RT (Fig. 4c), respectively, whereas fat content shows opposite ten-
dencies (Fig. 4e and 4f). In agreement with the previous discussion, Texit 
increases with the increase in SP, L and Tc (Table 2) that was found to 
negatively influence water content and positively influence fat content 
(Table 3). More water evaporation at the exit of the extruder at a higher 
Tc might also play a role in the lower water content. The positive cor-
relation between water and fat content and RT is consistent with our 
previous study with a conventional cooker-stretcher, which reported an 
increased water content as cooking residence time of the cheese curd 
increased. This observation was attributed to the extensive loss of pro-
tein and fat from the curd into the cooking water (Feng et al., 2021a). 
Although a waterless extruder was used in the current study, fat sepa-
rates out of the curd with longer RT, which consequently induced an 
increased water content, as previously discussed. 

3.2.3. Water mobility in the extruded curds 
Relaxation times T2 (obtained from LF-NMR analysis) of the extruded 

curds was represented by two fractions. The component with a shorter 
relaxation time constant, T2,1, corresponds to the protons in a less mo-
bile fraction of water that is associated with the protein matrix (Kuo 
et al., 2001) showed the most interesting results. A higher T2,1 value 
indicates higher mobility of the corresponding component, which pre-
sents a range of 13–19 ms (Fig. 5). The length of the barrel had a sig-
nificant effect on T2,1 values (Table 3). All T2,1 values were < 17 ms (T2,1 
value of the original curd) for the half-L extrudates while most values for 
full-L were > 17 ms. This suggests that an extrusion process with a full-L 
barrel could generate curd with more mobile water molecules due to 
more protein–protein bonds rather than protein-water interactions 
(Noronha et al., 2008). The most direct effect of L is the heat transfer 
between the heated section and the curd. The half-L process probably 
could not ensure enough heat transferred to the curd and the completely 
softened proteins, which impedes the accumulation of water and fat and 
thus the low water mobility since the chemical potential of water in 
these fat-serum channels accumulated between the protein strands is 
higher than that entrapped in the protein matrix (Kuo et al., 2001). The 
influence of heat on water mobility is further reflected in the interaction 
between Th and L (Table 3), showing that the effect of L reached the 
maximum at Th 80 ◦C. This is because, at the lower temperature, curd 
properties are more dependent on the heat obtained from the extruder, 
making the extrusion length a crucial impact factor of T2,1. 

The abundance A1 is the relative measure of the amount of water 
corresponding to a T2,1 state (relative percentage in relation to the two 
proton/water populations observed for all extrudates). A higher A1 
value indicates a shift of water molecules from mobile to less mobile 
fraction, which here ranged from 77 to 86% (Fig. 6). A1 value of the 
original curd is 86% as indicated by the lines in the figure. A reduction of 
A1 was found for almost all of the curds after extrusion, indicating that 
the extrusion process can enhance curd water mobility. Again, the 
enhanced water mobility in extrudates was related to the phase sepa-
ration as shown in Fig. 2 because the microstructural observation was 
extremely different from that of the original curd with evenly distrib-
uted, small, native fat globules, as well as the cook-stretched cheeses 
with coalesced fat domains, which were reported in our previous study 
(Feng et al., 2021a). However, no statistically significant effect of 
extrusion parameters on A1 was observed. 

T2,1 and A1 have been plotted versus SME, Texit and RT in Fig. 4. No 
clear correlation is observed between T2,1 and SME (Fig. 4g). A1 seems 
to increase as SME increased until 166 kJ⋅kg− 1 (Fig. 4j). This suggests 
that enhanced shear work input (18–166 kJ⋅kg− 1) can lead to an 
enhanced proportion of entrapped water, i.e. increased binding between 
water and protein in curds. It was reported that, based on microstruc-
tural observation, increased shear work inputs (1.3–166 kJ⋅kg− 1) 
resulted in smaller fat droplets and eventually disappearance of 
anisotropy in mozzarella cheeses manufactured using a twin-screw 
cooker (Sharma et al., 2017). It is therefore likely that the fat separa-
tion and the formation of fat-serum channels, as mentioned, were 
impeded by the high shear, leading to the promoted protein-water in-
teractions and consequently less mobile water molecules. However, 
once the shear work exceeds a certain value (166 kJ⋅kg− 1 in this study), 
the water mobility seems no longer to follow this tendency and more 
data points at higher SME range are required. 

T2,1 shows an increase with higher Texit (Fig. 4h), and a decrease with 
longer RT (Fig. 4i), while A1 displayed an opposite tendency (Fig. 4k-l). 
This indicates an increased water mobility at a higher curd temperature 
that can enhance formation of fat-serum channels. Longer extrusion 
processing time induces more entrapped water, which was linked to the 
increased water content and speculated reduction of fat content since 
the amount of expressible water was reported to proportionally increase 
with fat content of mozzarella cheese because fat globules serve to open 
up the protein matrix and allow water to accumulate in serum pockets 
(McMahon et al., 1999). 

Table 3 
Effect1 of controllable extrusion parameters on curd properties.2  

1 The significance/magnitude of an extrusion main effect, as well as their interactions is based on Student’s t-tests. Bars toward right (green) and left (red) indicate 
positive and negative influence, respectively. The empty cells are due to non-significant relationships (P > 0.05). 

2 Abbreviations: Th (heating temperature), SP (screw speed), L (barrel length) and Tc (cooling temperature), T2,1 (relaxation time of protons in the less mobile water 
fraction determined by LF-NMR). 
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3.2.4. Textural properties of the extruded curds 

3.2.4.1. Elasticity. During extrusion processing, an anisotropic struc-
ture is formed by the protein matrix being deformed by shear stresses in 

the cooling die, which can be evaluated in terms of tensile behavior 
(elasticity). Elasticity of the original curd was not carried out due to the 
difficulty to shape it in a geometry similar to the extruded curds. Curds 
90150f10 and 90150f30 were the most elastic, which could be extended 

Fig. 4. Correlations between curd properties, and specific mechanical energy SME, exit temperature Texit and residence time RT. Blue triangle and red circle data 
points respectively indicate extrudates cooled at 10 and 30 ◦C (the lines aim to guide the eyes). (For interpretation of the references to color in this figure legend, the 
reader is referred to the web version of this article.) 
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Fig. 5. Effect of the extrusion process on the less mobile fraction of water associated with protein matrix expressed by the LF-MNR component with shorter relaxation 
time, T2,1, at varied extrusion process conditions. T2,1 value of the original curd is 17 ms as indicated by the dotted lines. 

Fig. 6. Effect of the extrusion process on the abundance A1, which expresses (relatively) the amount of water corresponding to the T2,1 state from LF-NMR analysis, 
at varied extrusion process conditions. A1 value of the original curd is 86% as indicated by the dotted lines. 
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to 8 cm while the curds 8050h10, 80150h10 and 80150h30 could only 
reach 3 cm (Fig. 7). These observations are highly consistent with the 
curds appearance (fiber formation), as was shown in Fig. 1 that curds 
90150f10 and 90150f30 displayed the most fibrous structure, whereas 
those extruded at Th 80 ◦C and half-L showed little fiber formation. 

Th, L and SP positively influenced elasticity, from which Th showed 
the most significant effect (Table 3). Cheese tensile properties have been 
shown to be considerably depend on the strength of the protein network 
(Bast et al., 2015). On the one hand, at a higher Th and longer L, the 
more extensive heating could induce an increased hydrophobic associ-
ation and more insoluble calcium that promotes casein-casein in-
teractions (Kindstedt, 2007) and thus enhanced elasticity. On the other 
hand, at a lower Th and half-L, an insufficient heating process leads to 
less softened curd that could be easily damaged by shearing, which 
might deteriorate the protein network strength. It was also reported that 
a higher SP could result in a more ordered protein network with an 
increased level of protein–protein interactions, resulting in a firmer curd 
product (Aguilera & Kinsella, 1991; Zhong et al., 2004) and conse-
quently increased elasticity. This effect of SP was more significant at Th 
90 ◦C, shown as the interactive effect of Th and SP in Table 3. 

Elasticity was observed to increase as Texit increased (Fig. 4n) and 
decrease as RT (Fig. 4o) increased, while no clear relationship between 
elasticity and SME was observed (Fig. 4m). The positive thermal effect, 
represented by Texit, on elasticity is associated with the casein-casein 
interactions as mentioned. It can be seen that the data points show 
different linear behavior for curds produced at Tc 10 and 30 ◦C 
(respectively lower and higher slope). The positive correlation between 
water content and longer RT could be the reason for the decreased 
tendency of elasticity. Water acts as a plasticizer in the protein network, 
leading to a less elastic and firm product (Fox et al., 2017a). 

3.2.4.2. Melt strength. In this study, melt strength was used to assess the 
viscosity and elasticity of the melted cheese (Fife et al., 2002). Melt 

strength of the original curd was not determined because of the 
incomparable shapes (grinded flakes for original curd versus strings for 
extruded curds). As can be seen in Fig. 8, curds 80150h30 and 80050h10 
exhibited a high melt strength of over 10,000 g, whereas the melt 
strength of curd 80150h10 was<4,000 g. This last curd was treated as an 
outlier and excluded for the statistical analysis. According to Table 3, 
melt strength was negatively influenced by Th, L and Tc. As mentioned, 
curd produced by low-temperature, half-L extrusion received less heat 
and thus higher curd viscosity compared to that by high-temperature, 
full-L process. The higher viscosity of the curd protein matrix could 
promote the deformation and breakup of fat droplets (Kendler et al., 
2021), resulting in smaller fat globules embedded in the protein matrix. 
The dominating protein matrix then caused the firm texture of the curd 
and thus enhanced melt strength. 

Melt strength of the extruded curd exhibits an increase with 
increased SME up to 166 kJ⋅kg− 1 (Fig. 4p), which is highly dependent on 
curd viscosity. However, curd 80150h10 that produced at the highest 
SME (390 kJ⋅kg− 1) displayed the lowest melt strength. This is because, 
in order to be stretched, the curd must melt, soften and flow. If this is not 
the case the protein fibers will break (Lucey et al., 2003). It was also 
noticeable during experimentation that curd 80150h10 did not 
completely melt and easily broke when being pulled. The reason is that 
the extensive shear work limits fat migration through the protein matrix 
to the curd surface, resulting in surface drying and skin formation, thus 
inhibiting curd fusion and flow (Sharma et al., 2016). No clear tendency 
between melt strength and the other two parameters, Texit (Fig. 4q) and 
RT (Fig. 4r). 

4. Conclusions 

Extruded curd products with a variety of properties were obtained in 
this study and the presence of the cooling die was found necessary to 
produce structured fibrous curd products. Controllable parameters Th 

Fig. 7. Elasticity of curds produced at varied extrusion process conditions.  
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and Tc were found to determine critical curd phase transitions during 
extrusion, from viscoelastic solid to viscoelastic liquid and vice versa; 
they are important for the creation of fibrous cheese curd structures. 
Curd composition and textural properties are significantly influenced by 
Th and Tc, showing that a higher Th enhances curd elasticity and reduces 
melt strength while a higher Tc induces lower water content 
(42.8–48.6%) and melt strength. Based on the statistical analysis and 
correlations, the measured and calculated parameters SME (up to 106 
kJ⋅kg− 1), Texit and RT, characterizing mechanical, thermal and pro-
cessing time effects respectively, are more promising indicators to un-
derstand the extrudate properties compared to controllable parameters 
(Th, SP, L and Tc), since they comprehensively summarize the effect of 
multiple controllable parameters and the interactions. However, SME 
alone, in the range tested (23–390 kJ⋅kg− 1) did not show any clear trend 
with the curd properties. 

Easily separated, longer and finer fibers were formed at lower SME 
23–27 kJ⋅kg− 1, higher Texit 50–54 ◦C and shorter RT 55–60 s, conditions 
that were reached at Th of 90 ◦C, SP of 150 rpm and full-L of the 
extruder. The measured curd attributes exhibited more clear, linear 
correlations with Texit compared to that with SME and RT, suggesting 
that curd properties are more dependent on the thermal treatment and 
that the desired structure formation occurs once the gel-sol transition 
and adequate viscosity are achieved in the cooling die section. The 
relation between extrusion parameters, characteristics of the extrusion 
process and properties of the curd provided new insigths that can be 
further explored to produce structured mozzarella products with 
customized behavior. 
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